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Abstract
To facilitate the long term osteointegration of Ti implants of various forms,
methods aiming to facilitate hydroxyapatite deposition and enhance its adhesion to
the Ti surfaces have to be developed. This work investigates the novel route of Ti
surface functionalization with self-assembled monolayers (SAMs) in order to
facilitate hydroxyapatite deposition and strengthen its bonding with the Ti surface and
further

equip

the

surface

with

localized

antibiotic

delivery

to

combat

post-implantation infections. The main findings demonstrate that the formation of
SAMs on non-model Ti substrates is challenging, since it requires the simultaneous
control of many factors to achieve a densely packed well-organized SAM on a large
surface area. By pre-treating the substrate with techniques such as electropolishing,
the initial surface contamination can be kept at minimum while the hydroxylated
surface remains smooth for the formation of well-oriented SAMs. Hence, after
electropolishing, the Ti surface could be functionalized with molecules carrying
reactive or neutral groups to facilitate hydroxyapatite deposition and/or antibiotic
immobilization. Such a surface functionalization is found to facilitate hydroxyapatite
deposition. The hydroxyapatite formed on SAM-modified Ti surfaces is made of
small crystals of 6 nm and a 12 µm thick hydroxyapatite film, which can grow in 1
month. The SAM modified surfaces are covered with hydroxyapatite spheres in less
than 7 days, while no spheres are observed on the unmodified Ti surface under
similar conditions. Enhanced hydroxyapatite deposition rates on SAM-modified
surfaces are explained by a decrease of nucleation barrier for hydroxyapatite.
Additionally, preliminary investigations demonstrate the possibility of further
functionalizing the Ti surface to allow the immobilization of antibiotic (Ciprofloxacin
here) simultaneously with hydroxyapatite growth. The release of Ciprofloxacin was
found to occur after 1 day and continue up to 20 days. The combination of these two
functionalities on the Ti surfaces could find applications in load-bearing implants.
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Introduction
The interaction of biomaterials with the biological environment happens
through a bio-interface. The interfacial properties of the biomaterials determine both
the kind and strength of such interactions. Although some biomaterials have excellent
bulk physical properties, they often do not possess the surface properties required for
specific interactions with the biological surrounding environment. For this reason,
surface modification methods have gained importance in terms of transforming the
materials into valuable modified products in the field of surface science and
technology.
One distinct example of this is titanium (Ti) and its alloys. Thanks to their
biocompatibility, relatively low elastic modulus, good fatigue strength, low specific
weight and corrosion resistance [1-3], they are among the most widely used metallic
materials in medicine, especially in load-bearing orthopaedic implants. In terms of the
bone-bioactivity, Ti can bond to bone [4], however, the osteointegration does not
occur so well with the unmodified Ti surfaces [2] and the rather bio-passive
properties of the Ti makes the healing process slower compared to other bioactive
implant materials, such as calcium phosphates (CaPs) [5].
The most thermodynamically stable CaP at physiological pH is hydroxyapatite (HA)
that can form strong chemical bonds with the surrounding bone [6, 7]. However, HA
cannot be applied alone in the load-bearing implants due to its low fracture toughness
and high elastic modulus [8]. Therefore, by coating the Ti surfaces with the HA, the
remarkable biological activity and osteoconductivity of HA combines with the
excellent mechanical properties of the Ti, and a suitable candidate for load-bearing
implants is obtained. Although various physical methods have been developed to coat
Ti surfaces with HA [1, 9], they all possess two major drawbacks, i.e. high processing
temperatures and poor coating integration with the metal surface. Low temperature
biomimetic-based methods have been developed as an alternative to coat Ti surfaces
with the HA with the strong chemical bonding [10-18].
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In order to improve and complement surface properties of Ti for accelerated
biomimetic growth of HA and ensuring a strong integration of HA onto the surface,
the use of self-assembled monolayers (SAMs) has also drawn attention [19-23].
SAMs are ordered molecular structures that form spontaneously on the surface upon
immersion in the solution in which the molecules are suspended. Application of
SAMs aims at the tailoring of the surface of material while preserving the bulk
properties of the underlying support.
Although there is a very comprehensive investigation on the growth of silane-based
SAM on silicon surfaces [24-44] and other substrates, such as mica [36, 45, 46], glass
[47-50] and aluminum [48], less attention has been paid to the fundamental issues of
the formation of SAM on Ti substrates. There is only limited work on the growth of
silane-based [19, 20, 51-55] and phosphate-based SAM on Ti substrates [56-59],
which has mostly been carried out on the silicon substrates coated with TiO2.
Obtaining a highly ordered and fully covering SAM on real Ti surfaces still remains a
challenge.
Apart from the problems encountered in the coating of Ti-based implants with HA,
post-implantation infection also remains a major difficulty related to orthopaedic
implants. This bacterial infection is normally treated with antibiotics. The antibiotic
can be delivered through the alimentary tract or parenterally. But the local delivery
has gained interest because of the possibility of delivering higher therapeutic drug
concentrations in the relevant tissues and reducing the necessary treatment duration
[60, 61]. Many methods are also being developed in incorporating the antibiotic
directly onto the surface of implant. However, none has been clinically approved.
The aim of this project is to study the effect of various surface pre-treatments on the
surface properties of standard Ti substrates in order to identify the optimum surface
for the formation of a well-ordered and densely packed SAM. Our goal is to employ
SAMs of different functional groups in an attempt to bring a solution to the major
difficulties related to the application of Ti-based implants: fast and strong integration
of crystalline HA coating onto the Ti surface and the local elution of antibiotic from
the Ti surface. The ultimate goal is to make the surface of Ti-based implant in such a
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way that could induce strong nucleation and growth of crystalline HA and deliver
antibiotic simultaneously.
The outline of this thesis is as follows. In Chapter 1, current knowledge on the Ti
surface as a biomaterial is summarized. In particular, knowledge from the literature
concerning the Ti surface properties after different pre-treatments and different
techniques in the HA coating of the Ti surfaces are speculated. Moreover, a general
introduction to the basics of SAMs with the important factors and specific problems
affecting their growth will be given, and finally, different methods in immobilization
and release of the antibiotics are reviewed.
In Chapter 2, the list of materials applied in this project, the preparation of samples
and the experimental techniques are given. In Chapter 3, experimental results
regarding the various attempts to clean and modify the surface of Ti are presented.
We show that current surface chemical treatment methods do not provide efficient
surface properties for the formation of well-organized SAM. However, it is
speculated that the electropolished surface of Ti possess desirable surface properties,
which can help in the formation of densely packed and well-ordered SAM.
In Chapter 4, the chemically and electrochemically treated Ti substrates are applied to
form SAM and further confirm that which surface properties lead to high quality
SAMs. While the rough surface of chemically treated Ti substrates result in the
formation of disorganized SAM, the smooth and hydroxylated surface of
electropolished Ti leads to the formation of well-ordered SAM. Moreover, the effect
of different parameters, such as temperature, duration and solution concentration, on
the quality of SAM is studied and the optimum condition is obtained.
In Chapter 5, suitable conditions for the HA nucleation and growth via a biomimetic
route are obtained on chemically treated Ti surfaces that are commonly used in the
literature. We try to bring an explanation to the kinetics and mechanism of HA
nucleation and growth via biomimetic routes. For the first time, the bioactivity of
electropolished Ti surfaces was assessed and it is found that the surface has desirable
surface properties to induce nucleation and growth of HA. Finally, SAM on the
electropolished Ti surface is applied in the nucleation and growth of HA in order to
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study the effect of SAM in the mechanism and kinetics of HA nucleation and growth.
We show that SAM with functional groups of high nucleating activity accelerates the
nucleation of HA, while the SAM with weak nucleating ability can inhibit the
nucleation of HA.
Chapter 6 contains the preliminary experimental work on the immobilization and
release of an antibiotic. We study the effect of SAM in the direct immobilization and
release of the antibiotic from the SAM layer. We show that the antibiotic can
successfully be immobilized on the SAM and could also be released with a biphasic
behaviour: initial burst followed by a sustained release. Moreover, the simultaneous
immobilization of the antibiotic with the nucleation and growth of HA on the surfaces
with SAM is examined and it is shown that SAMs of different functional groups
behave differently in the immobilization of the antibiotic. Finally, the general
discussion of the results, main outcomes of this work and future plans to work
towards the remaining aims are resumed in Chapters 7, 8 and 9, respectively.
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Chapter 1: Titanium – The material of
choice for load-bearing implants

1.1 Introduction
This chapter includes existing knowledge on the surface properties of Ti, the
growth mechanism of hydroxyapatite (HA) on the Ti surfaces to improve its
osteoconductivity and the growth of self-assembled monolayers (SAMs) as a means
of HA inducers on the standard Ti surfaces.
Bone is mainly made of collagen (20 wt.%), calcium phosphates (CaPs) (69 wt.%)
and water (9 wt.%). Therefore it behaves as a ceramic-organic composite and exhibits
high toughness and relatively low modulus. The stiffness of the bone is provided by
the inorganic components (CaPs) that are in the form of HA (Ca10 (PO4)6 (OH)2)
and/or amorphous CaP, while the low elastic modulus is due to the organic
components (mainly collagen) [62]. This mixture of hard inorganic and resilient
organic components of the bone contributes to its excellent mechanical properties
[63]. Therefore a suitable candidate for the bone-related implants should show similar
mechanical properties and surface chemistry in order to induce osteointegration (i.e.
direct contact between living bone and the implant material [64]).
Ti and its alloys are popular biomaterials for the load-bearing orthopaedic implants,
because they show a combination of favourable properties in terms of adequate
mechanical strength (relatively low elastic modulus and good fatigue strength),
sufficient formability, low specific weight, excellent corrosion resistance and
biocompatibility (i.e. the ability of the material to perform with an appropriate host
response in a specific application) [1, 2][65].
In terms of the bone-bioactivity, bone can bond to Ti oxide layer [4]. However, the
osteointegration does not occur so well with unmodified Ti surfaces [2]. Moreover,
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the rather bio-passive properties of the Ti makes the healing process slower in
comparison to other bioactive implant materials, such as CaPs [5]. To alter the
properties of Ti in order to give it bone-like characteristics, surface coatings with
CaPs have been suggested [13]. Furlong et al. [66] and Geesink [67] were the first
who observed substantial improvements in the osteointegration of Ti hip implants
coated with HA.
Among CaPs, HA is thermodynamically stable at physiological pH and thus it takes
part in the bone bonding by forming strong chemical bonds with the surrounding
bone [6, 7]. The HA cannot be applied alone in hip implants due to its low fracture
toughness and high elastic modulus [8]. Coating the Ti surfaces with HA, combines
the remarkable biological activity and osteoconductivity of HA with excellent
mechanical properties of Ti, making it a suitable candidate for the load-bearing
implant materials. Various physical methods have been developed for the HA coating
of the Ti surfaces [1, 9]. However, they all possess major drawbacks, which are
mainly high processing temperatures and poor coating integration with the metal
surface. Low temperature biomimetic-based methods have been developed as an
alternative to coat the Ti surfaces with HA with strong chemical bonds.
Apart from the problems that are encountered in the HA coating of the Ti-based
implants, post-implantation infection related to orthopaedic implants also remains a
major difficulty and could cause loosening and failure of the implant. This bacterial
infection is normally treated by systemic antibiotic delivery. However, due to the
associated side effects, local delivery of the drugs has gained interest, because it
offers many advantages, such as higher therapeutic drug concentrations in the
relevant tissues and reduction in the necessary treatment duration [60, 61]. Many
methods, which are still under development, have been suggested to incorporate
antibiotics onto the implant surface. However, none of them has been clinically
approved.
In this chapter, the intrinsic surface properties of the standard Ti is described and the
effect of different modification methods on the surface properties of Ti is examined.
We will also review various coating techniques that have been employed in the HA
coating of the Ti surfaces. In particular, a review will be given of the progresses made
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on the biomimetic coating, which will be applied in this project for the deposition of
HA on the Ti surfaces. Finally, general knowledge about the structure and formation
of

SAM

will

be

described

and

different

methods

of

the

antibiotic

immobilization/release will be reviewed.

1.2 Ti as a biomaterial
In this section, some of the important characteristics of the Ti surface, such as
its biocompatibility and surface chemistry, are summarized. Moreover, several
surface treatment methods that have been developed to modify the surface properties
of Ti for different applications are reviewed.

1.2.1 The biocompatibility of Ti
Ti is a highly reactive metal and is readily oxidized in the presence of oxygen
(in the air or in an aqueous environment). The oxidation kinetics is extremely fast at
the early stages of the process. The initial events happen at a time scale of a few
nanoseconds, but continue very slowly afterwards. The thickness of the oxide layer
varies between 3 to 7 nm. However, its exact value depends on the history of the
sample, time, temperature and humidity during the exposure to oxygen [2]. Ti is
classified as a resistant metallic biomaterial due to the presence of this “inert” oxide
film on its surface [68].
The biocompatibility of the metallic implants is closely related to their corrosion
behaviour in the biological environment [13]. From the Pourbaix diagram
(Figure 1. 1) [69], the Ti surface is passivated at physiological pH (~ 7) and the oxide
layer is chemically stable. This explains the excellent corrosion resistance of Ti and
its wide use in biological applications in comparison to other metals. In the immunity
zone, Ti is thermodynamically stable. In the corrosion zone, it is actively dissolved
and the formation of a stable (poorly soluble or insoluble) oxide film is prohibited. In
the passivation zone, Ti is inert and its practical applications are limited to this zone
[2].
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The biocompatibility of Ti is also attributed to the spontaneous formation of a CaP
layer when exposed to the biological environment. The formation of such CaP layer is
an important factor for the integration of the implant with the bony tissue [70, 71].
Therefore Ti is used in load-bearing surgical implants, such as hip prostheses and
dental implants [1]. Since the interactions between an implant and its surrounding
environment are mediated by the surface of implant, a detailed understanding of
physical and chemical properties of the Ti surface is essential.

Figure 1. 1: Pourbaix diagram for Ti/TiO2.H2O at 25 oC [69].

1.2.2 Surface chemistry of Ti
The Ti surface with its native oxide layer contains contaminants, surface
hydroxyl groups and a physisorbed water layer under normal conditions
(Figure 1. 2.a) [2]. The growth of native oxide layer is influenced by many factors,
such as temperature, time and humidity during Ti exposure to the atmosphere.
Sittig et al. [72] have monitored the growth of native oxide layer on a fresh Ti metal
surface at room temperature over a one-year period using XPS. They show that the
oxide layer starts to form within a very short time with a thickness of ~ 3.7 nm and
continues to grow very slowly afterwards, reaching a maximum thickness of ~ 6 nm
within one year.
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The hydroxylation of the Ti oxide surface is a result of dissociative water adsorption
[73]. Depending on the chemical treatment method deployed, the Ti surface can be
decontaminated and become neutral, negatively or positively charged according to the
type of surface hydroxyl groups and the environment (Figure 1. 2.b). The surface will
also be covered with physisorbed water.
H
…O
H
H
…O
H

H
…O
H
(a)

(b)

Figure 1. 2: Schematic view of (a) the Ti surface with its native oxide layer and (b) the clean
surface of Ti [2].

Physisorbed water and the surface hydroxyl groups are relatively stable under normal
conditions. According to Zhuravlev [74] and Primet et al. [75], 200 oC under vacuum
is required to completely remove all the physisorbed water from the surface 1. Further
increase in the temperature leads to the decomposition of the surface hydroxyl
groups. At above 800 oC, almost all of the hydroxyl groups are destroyed and the
surface is totally covered with Ti-O-Ti bonds (Figure 1. 3). The dehydroxylation
process on the Ti surface can be reversible upon introduction of water, but the exact
process is not well understood yet. This process would happen very slowly and at
some stages higher temperatures (e.g. 100 oC) are required to speed up the kinetics.

1

On the surface of anatase TiO2 powder.
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(a)
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Figure 1. 3: Schematic of the hydrated and hydroxylated Ti native oxide surface as function of
temperature increase. (a) The Ti surface under normal conditions; The Ti surface under vacuum
(b) at 25 oC; (c) at 200 oC; (d) at 250 - 350 oC; (e) at 400 oC; and (f) at above 800 oC. The
reversibility of the reactions is not well understood yet (Adapted from [74]).

Furthermore, the hydroxylated Ti surface shows amphoteric properties, i.e. exhibits
both acidic and basic properties depending on the polarization of the Ti-O bond
[2, 73, 76-78]. The hydroxide bounded to two surface Ti ions (bridge coordination)
exhibits an acidic character (denoted as OHa), whereas the hydroxide bounded to one
Ti ion (top coordination) exhibits a basic character (denoted as OHb), see Figure 1. 4
[79, 80].
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Figure 1. 4: Schematic view of a structurally ordered TiO2 surface with basic and acidic
hydroxyl groups coordinated to one and two Ti cations, respectively [2].

According to Munuera et al. [73] 2, 2.5 H2O.nm-2 adsorb preferentially onto five
coordinated Ti cations at room temperature by locating their oxygen atoms at the
vacant ligand position on the unsaturated Ti cations forming OHb and completing the
preferred six-fold coordination of Ti. The remaining dissociated protons from water
molecules attach to the adjacent bridging oxygen atoms of the oxide structure,
forming OHa. The density of these strongly bound hydroxyl groups is typically
5 - 6 OH.nm-2.
Further strong adsorption of water molecules (2 - 3 H2O.nm-2) occurs via nondissociative (molecular) adsorption onto unoccupied Ti and corresponds to addition
of 5 - 6 hydroxyl groups to the ones mentioned above. Finally, weak adsorption
(physisorption) of the water molecules happens by hydrogen bonding with the oxidehydroxide surface and forms mono- to multilayer depending on the ambient
conditions (humidity, temperature, etc.) [2, 73].
Although these values have been calculated on either TiO2 particles or single crystals,
it is likely that the surface of Ti plate with its native oxide film exhibits similar
2

On rutile TiO2 powder.
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density [2]. McCaffery et al. [81] experimentally determine the total density of the
surface hydroxyl groups on the Ti oxide layer of a Ti foil using XPS. They report a
total hydroxyl concentration in the range of 9 - 13 OH.nm-2 for as-received, ultrasonic
cleaned and argon plasma treated Ti foils.
The surface hydroxyl groups determine the ability of the surface to react with its
surrounding environment. These reactions depend on the density and the type of Ti
surface hydroxyl groups as well as the overall charge of the surface. The surface
overall charge is determined by the point of zero charge (PZC) of the oxide. The PZC
of an oxide is the pH for which the net surface charge of the oxide is zero [82]. For
different Ti oxide powders, the PZC has been determined to be in between 4.4 and 7.2
by titration methods [83]. The surface PZC depends on the pK of the surface
hydroxyl groups. A pK of 12.7 and 2.9 have been reported for OHb and OHa on
anatase powder, respectively [84]. These pK values may vary according to the
substrate nature (e.g. solid or powder) and different exposed crystallographic planes
of the Ti surface.
Hence, assuming a value of 6.2 for PZC of the Ti oxide, varying density of the
different hydroxyl species would be found on the Ti surface, see Figure 1. 5 [85]. If
the Ti oxide is in a solution with the pH < pK (OHa), the OHa groups will be
protonated and the surface will be positively charged. However, at pH > pK (OHb),
the OHb groups will be deprotonated and the surface will be negatively charged. At
pK (OHa) < pH < pK (OHb), the surface will have a mixture of both OHa and OHb.
Finally, the concentration of OHa and OHb will be equal at pH = PZC and the surface
will be neutral.
Depending on the pH of the surrounding environment, different types of surface
hydroxyl groups would exist on the Ti surface. The difference in the nature and
behaviour of the Ti surface hydroxyl groups as well as the influence of each
modification technique on the hydroxylation state of the surface should be taken into
account for successful modification of the surface properties. For example, Feng et al.
[77] show that the surface OHb groups play a major role in the osteoblast-titanium
interactions. Therefore in applications where higher bioactivity of Ti is desirable,
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adequate surface treatment should be chosen in order to produce a higher number of
OHb than OHa, e.g. using a highly basic medium, such as NaOH.

Figure 1. 5: Concentration of the different charged and uncharged hydroxylated species on a Ti
oxide surface as a function of pH of the aqueous solution [85].

1.2.3 Modification of Ti surface properties
Specific surface treatment methods on the surface of Ti-based medical devices
are usually required to enhance the surface biocompatibility. Various surface
modification schemes have been suggested in this regard that can be classified into
three major groups: mechanical, chemical and electrochemical methods. A
comprehensive overview of these methods have been given previously [1, 2]. The
following section offers a brief overview of the advantages and drawbacks of the
methods that will be employed in this work.

1.2.3.1 Chemical methods
Chemical pre-treatments are generally used to improve the surface properties
prior to the HA coating and are mainly based on solvent cleaning, acid and alkaline
etching. Solvents (e.g. ethanol and acetone) are commonly used to remove greases.
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Acid and alkaline etching is generally used for the cleaning of the remaining organic
contaminants (e.g. H2SO4 + H2O2), removal of the native oxide layer (e.g. HF),
increasing the density of the surface hydroxyl groups (e.g. NaOH) and increasing the
surface roughness [86]. Evidently, the etching condition will affect the crystallinity
and morphology of the Ti oxide. For example, alkaline etching with NaOH produces
a thick titanate gel layer on the Ti surfaces with an irregular topography and a high
porosity. This method is generally used as a pre-treatment for apatite coating
applications [87-91]. Another example is the mixture of an acid (e.g. H2SO4) and an
oxidant (e.g. H2O2) that leads to the formation of a fresh oxide layer along with the
removal of the native oxide layer. It has been shown that if H2O2 is applied, a Ti
oxide with a gel-type structure forms on the Ti metal surface, see Figure 1. 6 [92, 93].

Figure 1. 6: Gel-type structure of the Ti oxide [92].

This gel-type layer is more likely to be a hydrogenated polymeric matrix and
probably strongly hydrated (e.g. TiOOH (H2O)n or Ti(OH)4 (aq.)) [94]. The formation
of this gel layer is investigated by Tengvall et al. [94-96]. According to their results,
the gel would form via reactions 1 - 8. These reactions are initiated by the catalytic
decomposition of H2O2 on the metal surface (M).
M + H2O2 → M+ + OH- + OH.

(1)

H2O2 + OH. → H2O + HO2

(2)

HO2 ↔ H+ + O2-

(3)

M+ + O2- → M + O2

(4)

M + HO2 → M+ + HO2-

(5)

+

-

M + HO2 → M + HO2

(6)
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The formation of Ti-peroxy gel happens through following reactions and is highly
related to the HO2 species:
Ti (IV) + HO2 → Ti (IV)O2- + H+

(7)

Ti (IV)O2- + HO2 → Ti (IV)O2 2- + O2 + H+

(8)

Ti (IV)O2 2- is catalytically decomposed at the Ti surface creating free Ti (IV) through
the following reaction:
Ti (IV)O2 2- + H+ → Ti (IV) + HO2-(s)

(9)

Therefore stable complexes of Ti (IV)O2-- Ti (IV) or Ti (IV)O2- - Ti (IV)O22- are
formed at or near the surface during the catalytic processes [94-96]. However, the
density and the type of hydroxyl groups on such a gel layer have not been reported.
Alkali treatment also produces a hydrogel layer of alkali titanate on the Ti surfaces
[97]. During the alkali treatment, the corrosive attack of hydroxyl groups from the
solution partially dissolves the Ti oxide layer according to reaction (10) and the
hydration of the Ti surface happens simultaneously according to reactions (11) – (13).
TiO2 + NaOH → HTiO3- + Na+

(10)

Ti + 3OH- → Ti (OH)3+ + 4e-

(11)

Hydration
Ti(OH)3+ + e- → TiO2.H2O + ½ H2
of Ti
Ti(OH)3+ + OH- → Ti(OH)4

(12)
(13)

If the hydrated TiO2 is further attacked by the hydroxyl groups, a negatively charged
hydrated surface is produced via reaction (14).
TiO2.nH2O + OH- ↔ HTiO3-. n H2O

(14)

These negatively charged species combine with the Na+ ions from the aqueous NaOH
solution to produce a sodium titanate hydrogel layer. Heat treatment dehydrates and
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densifies the hydrogel layer forming a stable amorphous or crystalline sodium titanate
layer (Figure 1. 7) [97].

Figure 1. 7: Schematic of
surface structural change of
the Ti. (a) The formation of
alkali titanate hydrogel by
treatment in NaOH aqueous
solution and (b) densification
of hydrogel layer into alkali
titanate after heat treatment
[97].

(a)

(b)

The major drawback related to these methods is that they drastically modify the
morphology of Ti surface by increasing the surface roughness. This may be
advantageous for some applications, for instance, an enhanced cell adhesion has been
reported on the rough Ti surfaces [98]. However, such rough surfaces may not be
desirable in some cases. For example, in the formation of SAMs, it is desirable to
have a smooth surface for monitoring the growth behaviour of monolayer and
obtaining a well-oriented film [56, 58].

1.2.3.2 Electrochemical methods
An alternative to chemical treatments is electrochemical polishing.
Electrochemical methods involve different chemical reactions occurring at an
electrode surface placed in an electrolyte and connected to a power supply. During
electropolishing, the surface is decontaminated, the native oxide layer is removed and
a smooth surface is obtained. The dissolution of Ti and the formation of oxide layer
happens according to the reactions (15) – (18) [99].
Ti → Ti4+ + 4e-

Anodic dissolution of Ti

(15)

O2 + 4 H+ + 4e- → 2H2O

Oxygen reduction at the cathode

(16)

2H2O + 2e- → H2+2OH-

Water reduction at the cathode

(17)
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Ti + 2 OH- → Ti oxide +H2O + 2e-

Formation of a passive oxide film

(18)

Practically, the specimen to be electropolished is placed at the working electrode side
(anode), while the counter electrode (cathode) is made of an inert material, such as
Au or Pt [2], see Figure 1. 8.

Ti4+

Figure 1. 8: Schematic of a set-up for electropolishing of the Ti surfaces. Dissolution rate is
higher at the sharp edges of the surface.

The electropolishing process leads to the formation of soluble products. In order to
control the dissolution rate of Ti and to obtain a smooth surface, it has been shown
that the electropolishing process should occur at low temperatures. This is due to the
formation of a compact viscous layer of Ti salts in which the mass-transport of Ti4+
ions is constant [100].
The Ti surface produced by electropolishing is relatively flat with the local RMS
roughness of 1.1 nm as measured by AFM [101]. The surface is generally covered by
a thin oxide layer, the composition of which is mainly TiO2 with a thickness of
3 - 5 nm as measured by XPS [102]. Electropolished Ti surface is polycrystalline with
a mirror finish, which appears perfectly smooth under SEM (Figure 1. 9) with the
exception of occasional pits located preferentially at grain boundaries [2, 100, 103].
Furthermore, as revealed by SEM, the grain structures appear as regions of varying
contrast, because the grains are differently oriented and they have different secondary
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electron emission yields [102]. To date, there are no reported results on the density
and type of surface hydroxyl groups on an electropolished Ti surface.

Figure 1. 9: SEM micrograph of an
electropolished
Ti
surface.
The
electropolished sample has been ion
sputtered to a depth of 5 nm to remove
the surface oxide and enhance the
contrast between the different grains
[103].

A main drawback of this method is that the electropolished Ti surface contains both
organic and inorganic contaminants. Organic contaminants are mainly carbonaceous
species originating from the alcoholic electrolyte or exposure to the air. Inorganic
contaminants include traces of Cl originating from ClO4- containing electrolytes
[102]. From Auger depth profile measurements, Jobin et al. [104, 105] confirm that
Cl contamination is mainly at the Ti oxide surface and some Cl may also be located
within the oxide layer. They suggest that the Cl- is weakly bounded to the surface as
the related peak disappears during Auger observation by electron-stimulated
desorption. Such results are also confirmed by Lausmaa et al. [103].

1.2.4 Surface chemistry of Ti after UV irradiation
The density of the Ti oxide surface hydroxyl groups on a Ti foil has been
reported to be in the range of 9 – 12 OH.nm-2 depending on the applied cleaning
procedure [81]. It is believed that this density could be increased by UV irradiation,
irrespective of the surface crystalline nature [106]. The UV irradiation not only
causes the decomposition and oxidation of the adsorbed surface organic species
[107], but also increases the density of surface hydroxyl groups by the involvement of
the photo-generated holes [108].
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The mechanism of the formation of hydroxyl groups by UV irradiation is not clear
yet, but the following hypothesis has been suggested. Upon irradiation, photogenerated electrons reduce Ti4+ sites into Ti3+, producing a photo-generated hole. The
lattice oxygen traps one hole and is oxidized to O- (Figure 1. 10.b), which can be
further oxidized by a second hole to form a neutral O. radical (Figure 1. 10.c). The
coupling of two radicals produces a molecule of O2, forming two oxygen defective
sites on the surface (Figure 1. 10.d). Dissociative water adsorption on these vacancies
creates more hydroxyl groups on the surface and increases the hydrophilicity of the
surface (Figure 1. 10.e). The photo-induced hydrophilic process always reverses
slowly in the dark, because the oxygen in the air oxidizes the hydrophilic surface via
Ti3+ to Ti4+ state during storage in the dark [106-109].

Figure 1. 10: Mechanism of the photo-induced hydrophilic conversion of TiO2 surfaces [108].

According to Sakai et al. [106], XPS investigations of the UV modified TiO2 anatase
films do not clarify which types of the hydroxyl groups are formed on the surface.
However, it is believed that during UV illumination, one hydroxyl group double
coordinated to Ti atoms at the bridging oxygen defective sites is converted to two
hydroxyl groups single coordinated to each Ti atom. Therefore considering the
explanation given by Bohem [79], it can be speculated that one OHa on the lattice
bridging oxygen is converted to two OHb after UV irradiation. This is because the
produced hydroxyl groups are attached to one Ti atom each (Figure 1. 10.a,e).
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1.2.5 Summary
Despite numerous investigations on the Ti surface chemistry, the modifications
occurring after chemical treatments are not clear. In some cases, the density of
surface hydroxyl groups is known to be increased by the chemical treatments, but it
has not been measured quantitatively. The type of surface hydroxyl groups has also
not been identified in many cases and the amphoteric nature of these hydroxyl groups
adds more complexity to the understanding of the effects of chemical treatments.
Moreover, most of the surface treatment methods lead to the formation of a rough
surface, which is not desirable in some applications. Another drawback is the
difficulty of controlling the reactions involved during the chemical treatments. In the
current project, a standard Ti substrate will be used. Consequently, a comprehensive
examination of the surface chemistry and physical properties after different
modification methods has to be considered prior to its further application in the
formation of SAM, HA coating and drug attachment.

1.3 Improving the bioactivity of Ti by HA coating
The HA coating of the Ti-based implants has been shown to improve the
osteointegration of Ti, which does not occur so well with uncoated Ti surfaces [2].
Moreover, the rather “bio-passive” properties of Ti makes the healing process slower
in comparison to CaPs [5]. The popularity of HA in the wide range of CaPs is due to
its osteoconductivity, structure similarity to the mineral phase of the bone [63] and its
stability in contact with the body fluid [110]. However, the HA coating of the Ti
surfaces is not a simple process and it requires specific modifications of the Ti surface
in order to obtain a strong bonding between the HA coating and Ti surface. In this
regard, several physical and chemical methods have been developed and reported in
detail [1, 9].
The HA-coated Ti implants have better properties with respect to bioactivity and
osteointegration: First, tissue ingrowth into the pores of the coated metallic implant is
enhanced and strong biological bonds are formed with the bony tissues without the
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formation of concomitant fibrous connective tissue [111]. Second, possible metal-ion
release from the implant is prohibited and the surrounding bone is protected [112].
Moreover, excellent adhesion between the implant and the contiguous bone is
accelerated (biointegration), early load transfer from the implant to the bone is
facilitated and finally there will be a low tendency to evoke cytotoxic responses
[113, 114]. In the following section, a brief explanation of the HA structure and its
properties will be given. Physical and chemical techniques that are most commonly
applied in the HA coating of the Ti surfaces will be reviewed and finally, the
nucleation of HA and its growth mechanism will be discussed.

1.3.1 Structure and properties of HA
The HA with the chemical formula of Ca10 (PO4)6 (OH)2 is a compound that
belongs to the group of CaP minerals and has a Ca/P ratio of 1.67. Its crystal structure
is schematically shown in Figure 1. 11.

1

Figure 1. 11: A perspective view of crystal
structure of the stoichiometric HA viewed down
the [0001] plan. P1 - P6 are the six phosphate
ions, Ca ions are presented by crosses and OH1 OH2 are the two hydroxyl groups [115].

2

The HA in the bone may not exist in its pure form and depending on the location of
the bone, it may incorporate impurities. For example, many hydroxyl groups in the
HA crystal structure of tooth enamel are substituted by carbonate ions, accounting for
almost 11% of total carbonate in this particular tissue [116].
The HA that is formed in aqueous solutions at low temperatures is also a compound
of varying composition due to several phenomena. The incorporation of some
impurities, such as sodium, fluoride and carbonate, in the HA crystal structure can
cause changes in the chemical composition of HA. For example, carbonate can
substitute the phosphate or hydroxyl ions to form a HA called type-B or type-A,

38

respectively. Biological apatites are type-B apatites and they contain 4 – 6% carbonate
by weight [117]. These two types of substitution can happen simultaneously and
result in AB-type carbonate apatite [11, 118-121]. The formation of the vacancies on
the Ca and OH sites as well as the protonation of phosphate groups may also result in
compositional change of HA. The range of compositions that can be achieved in this
way is expressed by the general formula of Ca(10-x) (HPO4)x (PO4)(6-x) (OH)(2-x) ,
x = 0 - 1 [122]. For example, the creation of a vacancy on one of the ten Ca sites, one
of the two hydroxyl sites and the protonation of one of the six phosphate groups (the
formation of HPO4 groups) result in the formation of calcium-deficient HA
(Ca9 HPO4 (PO4)6 (OH)) with the Ca/P ratio of 1.50.
The thickness of the HA coating has an effect on the mechanical performance of the
coating. On the one hand, it has been shown that a thick plasma-sprayed HA coating
(e.g. 200 µm) is more likely to fail mechanically than a thin one (e.g. 15 - 20 µm)
[123]. On the other hand, dissolution of ~ 15 µm of the coating is expected within the
first few months of implantation [124]. Therefore a compromise thickness of 50 µm
has been suggested for plasma-sprayed HA coating, where the coating is under a
tensile load [123].
Crystallinity of the HA coating is another important factor that has a significant
impact on the HA resorption. Maxian et al. [125] have found that amorphous or less
crystalline HA (60% crystalline) is more resorbable than highly crystalline coatings
(75% crystalline) and only coatings with high crystallinity maintain a stable boneimplant bond without considerable solubilisation of the coating. However, there is
also evidence suggesting that the amorphous or low crystalline HA may be more
beneficial for early mechanical fixation and early bone ingrowth than a highly
crystalline HA coating [126]. Nevertheless, a resorbable coating may be preferable, if
the bone bonding strength increases with the greater coating dissolution [125]. Food
and Drug Administration guidelines and the ISO standards have given requirements
for the HA coatings as given in Table 1. 1 [9]. There is not a specific suggestion for
the coating thickness, but the minimal required crystallinity is 62%.
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Property
Thickness
Crystallinity
Phase purity
Ca/P ratio
Density
Heavy metals
Tensile strength
Shear strength
Abrasion

Specification
Not specific
62% minimum
95% minimum
1.67 – 1.76
2.98 g/cm3
< 50 ppm
> 50.8 MPa
> 22 MPa
Not specific

Table 1. 1: Requirements for the HA coatings according to FDA guidelines and ISO standards
[9].

1.3.2 HA deposition routes
Different types of coating techniques have been developed for the deposition
of HA on the Ti surfaces. These methods are classified in two major groups: (a)
physical methods, including plasma spraying, pulsed laser deposition, sputtering
process and electrophoretic deposition and (b) chemical methods, such as biomimetic
coating.

1.3.2.1 Physical deposition routes of HA

Plasma spaying method has been the only commercially accepted method for
the production of the HA coatings. Usually coatings of 30 – 200 μm thick are obtained.
The popularity of plasma spraying is due to its ease of operation, rapid deposition rate
and cost effectiveness [9]. By plasma spraying, crystalline coatings are produced
(60% crystalline with normal deposition [127]) that directly bond to the bone and
promote early and enhanced bone ingrowth [128]. In practice, a high temperature
ionized gas (plasma) is produced, which acts as the spraying heat source. The coating
material in the form of powder is carried in an inert gas stream into the plasma jet,
where it is heated and propelled at a high speed towards the substrate. The substrate is
placed away from the spraying torch and is coated by a layer having a close
composition to the initial powder [4]. The main disadvantages of this method include
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alterations in the purity and crystallinity of HA due to the high coating temperatures,
varying or poor coating-metal adhesion, non-uniformity in the density and thickness
of the coating, uneven coatings on porous metal surfaces and unsuitability of the
technique for coating of the materials with complex shapes [15, 127, 128].
Pulsed Laser Deposition (PLD) method has been developed for some biomedical
applications, such as dental implants, where it is desirable to minimize the coating
thickness. In PLD, repeated short pulses (30 ns) of an excimer laser are used to ablate
HA, which is then deposited on a substrate. The HA film produced by this method is
highly crystalline with a thickness of 0.05 – 5 μm [9] and is relatively free from other
CaP phases. Selective coating (crystallinity and thickness) is possible with this
method by varying the conditions used during the deposition (e.g. substrate
temperature, wavelength of the laser beam) [129]. However, major disadvantages of
this method are the possible destruction of the expensive targets [130] and the
deposition of the particulates on the film [131].
Ion beam sputtering is another thin film coating method for producing HA films of
0.5 – 3 μm in thickness [9]. In this method, ionized Ar is used to sputter atoms from
a HA target. The sputtered atoms are ionized and subsequently deposit on a metallic
substrate [132]. Although dense and uniform HA coatings with excellent adhesion
may be produced on the substrates [133], the method is time consuming, expensive
and the HA film produced is amorphous [9].
Electrophoretic deposition is another coating method that produces coatings with
uniform thickness of 0.1 – 2.0 mm [9]. This method is rapid, simple and involves low
equipment cost. The method is based on a three-electrode configuration of an
electrochemical cell. The working electrode of the cell is the substrate to be coated
and the counter electrode is usually platinum. The third electrode is a reference
electrode and the potentials are measured versus this reference electrode. The
electrolyte is usually a solvent in which powder of the material to be deposited is
suspended [134]. Although this method can be applied for coating the substrates with
complex shapes, it involves high sintering temperatures and it is very difficult to
produce crack-free coatings [9].
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1.3.2.2 Chemical deposition routes of HA
Chemical deposition is achieved by mimicking the biomineralization process
of bone. In practice, the substrate to be coated is immersed at physiological
temperature and pH in a supersaturated aqueous solution with respect to apatite. The
solution has an ionic composition similar to that of human blood plasma (e.g.
simulated body fluid (SBF)). The deposition of HA through this method is believed to
happen in two ways: (a) by homogenous nucleation, i.e. precipitation of HA in the
solution and consequent deposition of the precipitates on the substrate surface or (b)
by heterogeneous nucleation at the solid-liquid interface [135]. HA films of ~ 30 μm
thick are usually obtained [9].
There are some problems associated with this method, including the time required to
obtain a thick coating (i.e. several days to months), the need for replenishment of the
solution and maintaining a constant pH of the solution [9]. However, it offers four
main advantages: (1) it is a low temperature process and is applicable to heatsensitive substrates, such as polymers; (2) it leads to the formation of bone-like
apatite, which is highly bioactive and resorbs well; (3) the deposition on/into porous
or complex implant geometries is possible and (4) it allows the incorporation of bonegrowth-stimulating factors [15]. The exact growth mechanism of HA by such a
method is still a matter of debate. Different hypotheses have been advanced in this
regard, which will be further discussed below.

1.3.2.2.1 HA nucleation and growth mechanism
The surface charge of an oxide layer plays an important role in its reaction
with the surrounding aqueous environment. Once in a solution, the charged surface of
the oxide layer yields a potential adjacent to the surface, which affects further ion
exchange between the substrate and the solution. Such a phenomenon occurring on
the surface of oxide at the oxide/solution interface has been described by several
models, including the Stern model (Figure 1. 12).
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In this model, the substrate surface charge forms a first layer compensated by a
second layer of adsorbed counter ions. A third diffuse layer then compensates the
charges of adsorbed ions. The potential across this diffuse layer decreases as the
distance from the surface increases [136, 137]. Evidently, such potential would
control the adsorption of calcium and phosphate ions on the Ti oxide surfaces. For
instance, if a substrate is negatively charged in the physiological pH, the
concentration of counter ions including Ca2+ will be higher in the Stern layer
compared to the solution.

Figure 1. 12: Schematic of an electrical double layer at the solid-liquid interface.

Therefore the Ti oxide surface can bind to both calcium and phosphate ions [71]. For
example, it has been proven that in Ca2+ containing solutions with no phosphate ions 3
small amounts of calcium were found on the Ti oxide surface after immersion in the
solution for 24 h, confirming that Ca2+ ions do not require phosphate ions to adsorb
on the surface [2]. In a similar way, it has been shown that phosphate ions can also
adsorb on the Ti surface [138].

3

Earle’s balanced salt solution with phosphate depletion.
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Evidence given in the literature is very controversial with respect to the mechanism of
deposition of CaP phases on the Ti surface via biomimetic method. Early models for
the deposition of CaP on an oxide layer have been developed by Stumm [139].
According to his results, the adsorption of cations and anions at the metal oxide
surfaces occurs via surface complexation. Hence, cations coordinate with the oxygen
donor atoms (OHa) at complexation and protons are released from the surface
(reaction (19)). However, the adsorption of anions (e.g. H2PO4-) occurs via ligand
exchange with basic surface hydroxyl groups (OHb) according to reaction (20).
Ti

Ti
OHa + Ca2+

O - Ca+

↔

Ti

(19)

Ti

Ti - OHb

O-

Ti - O
+ H2 PO4- ↔

Ti - OHb

+ H+

P
Ti - O

+ 2H2O

(20)

O

In other models, such as those described by Ellingsen [140] and Feng et al. [77], it is
believed that the adsorption of Ca2+ is due to an electrostatic interaction of Ca2+ with
the negatively charged surface hydroxyl groups. This claim is confirmed by showing
that a CaP film with lower thickness and reduced Ca/P ratio is formed on the Ti
surface in solutions with lower pH (pH ~ 5.8). This reflects the fact that the Ti surface
is less negatively charged (or positively charged) at acidic pHs, which leads to a
reduced electrostatic interaction of Ca2+ ions with the surface and a slow deposition
rate of CaP [2]. Therefore it is suggested that for the formation of CaP on the Ti
surface, the adsorption of Ca2+ ions is a prerequisite for the deposition of phosphate
ion [141].
It is noteworthy that the reaction of calcium ions with an oxide surface is not so
trivial, since Ca2+ can form different calcium hydroxides depending on the pH and the
concentration of calcium in the solution (Figure 1. 13) [142]. However, this can only
happen in a basic medium and not under physiological conditions.
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Figure 1. 13: Solubility diagram for calcium hydroxide as function of pH (Logarithmic ordinate)
[142].

Different types of phosphate ions can also exist in the solution depending on the pH
of the solution (Figure 1. 14). However, around physiological pH, the dominant
species in the solution are H2PO4- and HPO42 -.
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Figure 1. 14: Alpha plot for phosphoric acid as function of pH [143].

In terms of phosphate adsorption, it has also been suggested that phosphate ions can
form different types of complexes at the oxide surface (Figure 1. 15) [77, 138].
Hence, Healy et al. [138] propose that H2PO4- or HPO42- (in the solution) could
directly adsorb on the Ti oxide surface by replacing one OHb as shown in
Figure 1. 15.
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Figure 1. 15: Schematic of proposed mechanism for phosphate adsorption on the Ti surface
[77, 138].

In practice, an SBF solution is used to deposit HA on the Ti surface. The SBF is a
complex mixture of various cations and anions (K+, Na+, Ca2+, Mg2+, HPO42-, SO42-,
CO32-, HCO3-, Cl-). Therefore there will be a competitive adsorption among different
ions in the solution. For the interpretation of experimental results, this problem can be
partially simplified, because the tendency of alkali and earth alkali cations to form
complexes at the oxide surface increases with the ionic radius of the ion, i.e. for
K+ > Na+ and Ca2+ > Mg2+ [144]. Therefore the competition between Ca2+ and Mg2+
ions can be neglected.

1.3.2.2.2 Surface pre-treatments for improved HA coating
Because the nucleation and growth of a HA film by biomimetic means can be
very slow on the unmodified Ti surfaces, various treatment methods have been
investigated to facilitate calcium and phosphate adsorption on the Ti surfaces. These
methods will be reviewed in the following part. The underlying challenge in all
methods is to understand what is driving the deposition of HA at the early stages of
nucleation. This will be further discussed below.
One of the most common and relatively simple methods is alkali treatment with
NaOH, which has been first proposed by Kim et al. [97]. They show that a sodium
titanate layer (Na2Ti5O11 [145] or Na2Ti6O13 [146]) forms on the Ti surface after
treatment with NaOH. The mechanism of apatite formation on the alkali treated Ti
surface in the SBF has been explained schematically (Figure 1. 16) [8]. Upon
immersion in the SBF, Na+ ions are exchanged with H+ ions. As a result, negatively
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charged surface hydroxyl groups are protonated and the pH increases near the
surface. This increase in the pH favours the deprotonation of acidic hydroxyl groups
on the surface and thus the electrostatic adsorption of Ca2+ ions. Further Ca2+
adsorption causes the surface to become positively charged and therefore, the
phosphate adsorption can proceed. The amorphous film obtained from calcium and
phosphate adsorption transforms into apatite, which is the most stable phase in the
physiological environment.

- - - - -

-

- -

(a)

(b)

(d)

(c)

(e)

Figure 1. 16: Schematics of the apatite formation process on the NaOH-treated Ti surface. (a)
Before immersion in the SBF. (b) The formation of Ti-OH groups. (c) The adsorption of Ca2+
ions. (d) The formation of amorphous calcium phosphate film. (e) The formation of Apatite [8].

Furthermore, it has been shown that the heat treatment of the as-formed amorphous
alkali titanate hydrogel layer increases its stability. During heat treatment, the
amorphous layer is converted to a dense and crystallized sodium titanate layer. The
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reduction of Na+ from the structure after heat treatment has been shown to slow down
the growth of HA from the SBF [147]. However, Uchida et al. [148] show that
removal of sodium ions from the sodium titanate gel structure by conjoining water
and subsequent heat treatment enhances the surface bioactivity. This is explained by
the fact that applying water and subsequent heat treatment converts sodium titanate
gel to the anatase structure. The (110) plane of the anatase formed during heat
treatment provides a suitable structural arrangement for the epitaxy of apatite crystals.
The position of hydroxyl groups on the (0001) plane of a HA crystal and that of
oxygen (hydroxyl groups) on a (110) plane of anatase provide a close superposition
of hydrogen-bonding groups in these crystals [149]. Their findings are in contrast to
the observations of Li et al. [150], who suggest that a high density of surface
hydroxyl groups and a negatively charged surface are necessary for the deposition of
HA.
In fact, Pham et al. [151] suggest that not just the surface hydroxyl groups, but the
combination of three factors affect the supersaturation level of HA near the surface,
i.e. surface hydroxyl groups, their pH dependent deprotonation equilibrium and
surface microtopography.
In summary, alkali treatment results in the formation of a titanate gel layer that
possesses improved surface chemistry, i.e. the formation of acidic hydroxyl groups
under physiological conditions. These hydroxyl groups reveal negative charges in the
physiological solutions. Therefore they have the tendency to combine with calcium
ions and promote the formation of bone-like apatite layer. However, the formation of
apatite cannot happen on such gel structures, unless they are converted to the anatse
structure by heat treatment around 600 oC.
This kind of bioactive gel layer on the Ti surface can also be formed by acid
treatment of the Ti surface with HCl in the presence of H2O2. This pre-treatment
method has also been shown to facilitate the deposition of HA on the Ti surface. The
amorphous titania gel layer formed after treatment with a mixture of HCl and H2O2 at
80 oC for up to 1 h can be crystalline upon heat treatment. The obtained anatase
structure exhibits excellent bioactivity in SBF. The mechanism of titania gel
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formation through this method has not been investigated and is not well understood
yet [152].
Another method to enhance the formation of apatite on the Ti surface is implantation
of ions, such as Na+, Ca2+ and Mg2+ [151, 153-155]. For example, pre-treated Ti
surface implanted with Na+ ions yields to the formation of sodium titanate
incorporated within the surface. Such ion-implanted surfaces promote the nucleation
and growth of HA from the SBF and thus enhance the surface biocompatibility
[151, 153]. This is explained by the fact that upon sodium titanate hydrolysis, NaOH
is released. The release of NaOH results in an increase of pH and favours the
deprotonation equilibrium of hydroxyl groups. Therefore an additional way to
increase the surface charge density is provided. The increase of the surface charge
will increase the supersaturation level with respect to HA in the double layer near the
substrate surface and will enhance the HA coating.
Similar improvements in the growth of HA were observed upon Ca2+ implantation
[6, 155]. Surface calcium ions react immediately with oxygen in the air and form
CaO. Further adsorption of H2O and CO2 results in the formation of Ca(OH)2 and
CaCO3. Once in the SBF, calcium-ion-implanted Ti surface is shown to be more
positively charged due to the dissociation of hydroxyl radicals [156]. Ca2+ ions are
also released into the SBF upon immersion and change the supersaturation level of
the SBF (destroying the equilibrium status). Therefore the concentration of negatively
charged HA particles in the solution increases and they electrostatically adsorb on the
positively charged Ca-implanted Ti surface [155].
However, Feng et al. [157] have found that the deposition of HA was occurring
through a heterogeneous nucleation. It has been confirmed that a small amount of
CaTiO3 and CaCO3 from the surface partially dissolve into the SBF and increase the
supersaturation level of the SBF with respect to HA. Simultaneously, the adsorption
of phosphate ions onto the positively charged surface happens. This results in the
formation of large CaP nuclei on the surface, which finally transform into a HA film
[157].
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Similar phenomenon occurs when Mg2+ ions (the forth abundant cation in the human
body) are implanted on the Ti surface [154]. The improvements are explained by the
reaction of Cl- ions in the solution with the Mg(OH)2 on the surface. This reaction
results in the corrosion of Mg(OH)2 and subsequent formation of MgCl2. The release
of Mg2+ from the surface increases its concentration in the double layer and results in
an elevated Ca2+ concentration. Consequently, it increases the supersaturation level of
the solution with respect to HA and thus promotes the nucleation of HA.
In summary, the principle of ion implantation is to increase the supersaturation level
of the physiological solution with respect to HA and hence facilitate the nucleation of
HA by releasing positively charged ions in the solution. However, it is very difficult
to determine the optimum amount of ions to be released in order to accelerate the
growth of HA. Moreover, controlling the amount of ions released in the surrounding
solution is also challenging. Many factors, such as duration of ion-implantation,
ion-beam current density and ion energy, need to be organized in order to control the
amount and location of implanted ions on the surface.

1.3.2.2.3 Surface functionalization for improved HA coating
Inspired by nature, a new idea has recently emerged to facilitate the growth of
HA and strengthen its adhesion on the metal surfaces [61, 158]. In nature, living
organisms, such as bones and eggshell membranes, employ various acidic
macromolecules to control the nucleation and growth of their mineral phase. These
macromolecules, such as polysaccharides with sulfate groups, some proteins with
carboxylic acids and phosphate groups, are rich in negative charges at crystallization
pH and thus are capable of binding with soluble ionic precursors [158].
Many strategies have been developed for the functionalization of the surfaces, such as
attachment of SAMs, electrochemical deposition of functionalized polymers and use
of Langmuir-Blodgett films. The idea was first tested by Campbell et al. [158] and
promising results have been obtained by applying alkylsilane SAM with sulfonic acid
functional groups on a Ti-Al6-V4 alloy surface to induce the nucleation of CaP. The
details of structural properties and formation of SAM will be given later in this
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chapter. Campbell et al. [158] show that the nucleation of unwanted mineral phases
could be avoided by controlling the pH, ionic concentration and temperature of the
solution in a regime where the solution is supersaturated with respect to one specific
mineral phase.
The idea has also been used by Tanahashi et al. [135] to further understand the
deposition of HA and mineralization processes on the charged surfaces. They suggest
various interaction modes between participating ionic species with the surface
functional groups as illustrated in Figure 1. 17. In particular, they show that the potent
substrates for the nucleation of apatite are negatively charged, as the growth rate of
apatite decreases in the following order: PO4H2 > COOH >> CONH2 ≈ OH > NH2 >>
CH3 ≈ 0. Therefore according to these results, the HA kinetics of growth would be
controlled by a negatively charged surface. Their findings are in agreement with the
findings of Li et al. [150], who suggest that negatively charged surfaces are
successful substrates in inducing apatite. These findings do not necessarily contradict
with the idea of cation implantation, because functionalized surfaces maintain
negatively charged groups that induce HA. However, cation implanted surfaces
release cations in the surrounding solution and promote the nucleation of HA by
increasing the supersaturation level of the solution with respect to HA.
Liu et al. [19] also confirm that PO4H2 has stronger HA nucleating ability than
COOH. However, Onuma et al. [159] argue that one Ca2+ ion can rarely interact with
two neighbouring COO- groups (COO- - Ca2+- COO-) as suggested by
Tanahashi et al. [135], because the distance between two neighbouring COO(0.5 nm) is longer than the diameter of one Ca2+ ion (0.2 nm) (Figure 1. 17). In fact, if
Ca2+ binds to two COO- groups, the positive charge of Ca2+ ion will be compensated
by the negative charges of COO- groups and the phosphate counter ions cannot be
attracted towards the surface to form CaP film. Hence, Onuma et al. [159] suggest
that one Ca2+ should combine with one COO- to leave a positively charged surface
that can eventually attract negatively charged phosphate ions. Moreover, it is shown
that COOH terminating surfaces induce apatite films with slightly higher Ca/P ratio
compared to that of stoichiometric HA, proving that the adsorption of Ca2+ on such a
surface may be facilitated in detriment of phosphate [160].
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Low apatite forming ability on the surfaces with CONH2 and OH functional groups
has been explained to be due to the weak ionic-polar interactions of Ca2+ ions with
CONH2 and OH groups compared to the strong electrostatic adsorption of Ca2+ ions
with PO4H2 and COOH groups [135]. The poor apatite forming ability of OH groups
has also been confirmed by Liu et al. [19]. These results are in contrast to the findings
of Toworfe et al. [160], who show that OH terminating surfaces have the ability to
form an apatite film similar to stoichiometric HA.
The absence of HA film on NH2 functional groups may be due to the lack of
Ca2+complexation with the already adsorbed negatively charged phosphate ions to the
positively charged amine groups [135]. This has also been confirmed by Sato et al.
[161]. However, this hypothesis is contradicted by Calvert et al. [162], who postulate
that relatively low charge density of the phosphate anions in the SBF prevents them to
compete effectively with the chloride adsorption on the positively charged Ti
surfaces. In contrast to the finding of Tanahashi et al. [135], Toworfe et al. [160]
form HA on the NH2 terminating surfaces with a considerably low Ca/P ratio
compared to that of stoichiometric HA. This is explained by the adsorption of more
phosphate ions and inhibition of Ca2+ ion adsorption. Moreover, cracks are observed
on the apatite film on NH2 functionalized surfaces. This is explained by the low
nucleation rate and poor adhesion to the substrate. Therefore Toworfe et al. [160]
stress that the adsorption of Ca2+ ions is an important initial step in the formation of
apatite, and the nucleation of apatite is preceded by the precipitation of Ca2+ ions first.
The effect of amine functional group on the adhesive strength and microstructure of
the HA coating has also been investigated [163]. A significantly thicker HA coating
on the SAM modified surfaces is detected in comparison to HA on the bare surfaces,
which contrasts with the observations of Tanahashi et al. [135]. Tape peel test also
shows that a small part of the HA coating is removed from the NH2 functionalized
surface, while a little HA coating is left on the unfunctionalized surfaces after the test
[163].
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Figure 1. 17: Various interaction modes between calcium and phosphate ions with the surface
functional groups in the formation of the apatite film [135].

Another explanation for the deposition of HA on the positively charged surfaces is
given by Zhu et al. [164-166]. They suggest that the nucleation of HA is a site
selective process and may happen via two different mechanisms on the charged
surfaces. These two mechanisms include: (1) heterogeneous nucleation on negatively
charged surfaces; and (2) homogenous nucleation on positively charged surfaces.
Heterogeneous nucleation is a result of the electrostatic adsorption of positive Ca2+ to
the negatively charged surfaces in the stable SBF followed by phosphate counter ion
adsorption. Once apatite nuclei form on the surface, they continue to grow to form a
dense HA film (Figure 1. 18.1). Homogeneous nucleation occurs due to the
electrostatic attachment of negatively charged apatite microparticles formed inside
the unstable SBF [164]. Once a layer of negatively charged microparticles is formed
on the surface, it further grows to form a particulate HA film (Figure 1. 18.2) [165].
The occurrence of these mechanisms highly depends on the temperature, ionic
concentration and pH of the solution. It is suggested that the stability of the SBF
depends on its pH if other parameters are kept constant and an SBF with the ionic
concentration 1.5 times of conventional SBF (1.5 SBF) with pH < 7.4 at 50 oC is
stable, while 1.5 SBF with pH > 7.4 at 50 oC is unstable [166]. This would explain the
discrepancy in the reported results. Hence, depending on the experimental conditions,
the deposition of HA may occur through homogenous or heterogeneous nucleation.
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In order to further understand the effect of pH and temperature on the properties of
induced HA film on functionalized surfaces, Majewski et al. [20] focus on the
formation of HA coating from the SBF solutions of varying pH (7.4, 8 and 8.4) at
different temperatures (room temperature and 37 oC) on NH2, SH and SO3H
functionalized surfaces. They have found that the SBF of pH = 7.4 at 37 oC favours
the formation of HA, because higher pH values at higher temperatures lead to a very
unstable solution. Moreover, at higher pH values the formation of HA precipitates in
the bulk of the solution are favoured causing a quick reduction in the supersaturation
level of the SBF and a reduction in the formation of HA by heterogeneous nucleation.
Apatite films are detected on all functional groups. However, only SH terminating
SAM results in a sufficient thick layer (~ 10 μm) with a Ca/P ratio close to that of
stoichiometric HA. All others show a much lower Ca/P ratio [20].
The crystallinity of HA has been examined on OH, COOH, SO3H and PO4H2 in the
SBF [167]. Although the formation of HA is observed on all functional groups, the
growth of crystalline film is only observed on COOH functionalized surfaces.
However, Li et al. [18] could form crystalline HA on sulfonic-terminated SAM
(SO3Na) in 1.5 SBF with additional F- ions in the solution at 50 oC. They show that
addition of F- ions in the solution has a marked effect on the composition and
morphology of deposited apatite film by substituting some OH- in the HA lattice.
In terms of CH3 terminating surfaces, no interaction between calcium and CH3 groups
can happen in theory and the formation of apatite should not be expected [135].
However, the HA coating is observed on CH3 terminating SAM [168]. Once more,
CH3 is neutral and an interaction with calcium or phosphate ions cannot be expected.
Therefore it is believed that the nucleation of apatite has probably been induced by
the Ti surface and not the CH3, since the Ca/P ratio for the unmodified Ti and CH3
terminating surface is relatively similar in their results.
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Figure 1. 18: 1. Heterogeneous nucleation of apatite on the negatively charged surfaces: (a)
Surface patterned with OH and NH2 terminating SAM; (b) The nucleation of HA on OH-SAM
due to the electrostatic adsorption of Ca2+ ions; and (c) Dense HA film after heterogeneous
growth. 2. Homogenous nucleation of apatite on the positively charged surfaces: (d) Surface
patterned with OH and NH2 terminating SAM; (e) Selective adhesion of HA microparticles; and
(f) The formation of particulate apatite film [164].

In fact, in the above studies, the orientation and full coverage of the SAM on the
substrate surface have not been verified. Without such information, it would be
impossible to distinguish between HA that has been induced by the SAM and by the
substrate surface. Moreover, if the SAM is not well organized and the functional
terminal groups are not exposed to the SBF, the HA film may be induced by other
routes and the interpretation of the results would be confusing. Therefore it is
important to assess the SAM properties and ensure a well organized densely packed
SAM on the surface prior to study its effect in inducing the nucleation of HA. In this
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project, the SAM coverage and orientation on the standard Ti surface will be
examined in detail prior to its application in the HA coating.

1.3.3 Summary
Proposed physical methods for the HA coating on solid surfaces involve high
temperatures and poor coating adhesion due to the physical integrity of HA to the
surface. Alternative methods that can act as chemical binders of the HA film to the
substrate surface at low temperatures have gained interest to improve HA integrity
with the surface and to eliminate the disadvantages related to high processing
temperatures. Chemical treatment of Ti with NaOH or acid has been shown to
improve the bioactivity of Ti and biomimetic deposition of HA. Another alternative is
surface functionalization with SAMs, which can act as chemical binders of HA onto
the Ti surface.
However, the controversies in the nucleation and growth mechanism of HA via such
routes limit the defining of an ideal condition for the formation of HA on the solid
surfaces. It is evident that the biomimetic nucleation of HA is a highly conditiondependant process and a slight change in the temperature, pH and ionic concentration
of the solution as well as the surface properties (chemical and physical) of the
substrate could have a significant impact on the morphology and composition of the
final HA film. Moreover, the formation of SAM at the Ti surfaces, their orientation
and the surface coverage have not been carefully investigated prior to their
application as HA inducers. This may explain the discrepancies observed among
different results.

1.4 Self-assembled monolayers
The formation of SAMs on the bare surfaces of metals and metal oxides was
first reported in the “new scientist” in 1983 [169]. Since then, it has found many
applications in the immobilization of bio-molecules, protective coatings, friction and
lubrication control, surface functionalization etc. [170]. As discussed above, SAMs
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also provide another means to tailor the surface properties of Ti for facilitated growth
of HA leading to an increased bioactivity.
SAMs are two-dimensional ordered molecular structures in the range of nanometres
to micrometres. This ordered structure (crystalline or semi-crystalline structure) is
formed spontaneously via chemisorption of a number of independent macromolecules
suspended in an organic solvent or gas phase on a solid surface. Several reviews have
discussed this subject comprehensively [170-175]. A schematic of a SAM with its
constituents is given in Figure 1. 19.

Figure 1. 19: Schematic of a SAM.
The
yellow
circle
indicates
chemisorbing head group and the
dark blue circle indicates the end
group, which can be chosen from
variety of chemical functionalities.

The formation of a SAM from a simplistic point of view happens in two major stages:
first is the chemisorption of the head group of the molecules to the substrate surface.
This is the primary and the most exothermic driving force behind the self assembly
process. As a result of this exothermic interaction, molecules try to occupy all
available binding sites on the surface by pushing together the already adsorbed
molecules. After the molecules are on the surface, spontaneous adsorption brings
molecules sufficiently close together and at this second stage, the exothermic van der
Waals interactions between alkyl chains become important. Van der Waals
interactions are considered as second driving forces in the self assembly process
[176].
However, in reality, the mechanism of SAM formation is much complicated and it
could be very challenging depending on the substrate and type of SAM. Moreover,
the phenomena that occur during the formation of SAM remain unclear and forming a
monolayer fully covering the large surface areas is still challenging.
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The adsorption of sulphur-containing molecules (alkanethiols) has received a lot of
attention due to its ease of preparation and it serves as a model system in the field.
The adsorption of alkanethiols has been investigated on various metals, such as gold,
mercury, platinum and copper and the formation of well-defined organic surfaces
with useful and highly alterable chemical functionalities have been reported [171].
The self assembly method has several advantages over the conventional chemical
surface treatment methods: (1) SAM methods do not need high processing
temperatures [177]; (2) it provides tunable surface properties at the macroscopic scale
and functionalization of surfaces at the molecular level [170]; (3) SAM can be used
for the preparation of ordered structures as well as the creation of supramolecular
materials, in which constituent units are highly regular nanostructures [178] and (4)
SAM also makes it possible to uniformly coat the complex-shaped and microporous
substrates with HA [23].
In the following part, the growth mechanism and kinetics of SAM, various factors
influencing its growth, and some problems associated with its growth and
characterization will be discussed.

1.4.1 SAM on the Ti oxide surfaces
Although there are some reported data on phosphate-based SAM on model Ti
surfaces [56-59], the formation of silane-based SAMs on standard Ti surfaces have
not comprehensively been investigated. A lot of work has been carried out on silicon
oxide surfaces with silane-based SAMs, resulting in a considerable debate. Silanebased SAMs have the general chemical structure of R-Si(X)a (a= 0 - 3) [179], where
X is a readily hydrolysable group (e.g. X= H, Cl or OCH3) and R is the hydrocarbon
chain that can bear different functionalities (e.g. CH3, CH=CH2, etc.). One of the
most popular silane-based SAMs feature the use of long chain molecules, particularly
OTS (CH3 (CH2)17 SiCl3) because of three labile groups on the head group (i.e. Si-Cl)
[170, 172, 174, 180, 181].
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The main advantage of silane-based SAMs is the possibility of forming strong
covalent bonds between Si and the substrate [174], resulting in mechanical and
thermal robustness [172]. Moreover, strong cross-polymerization between the alkyl
chains is also believed to improve the stability of monolayer [182]. According to
Stevens [183], cross-polymerization cannot easily happen due to the steric hindrances
and density considerations for a full coverage. The typical Si-O length is 1.6 Å and
the maximum distance between Si atoms (i.e. Si-O-Si) is 3.2 Å with a Si-O-Si angle
of 180o. The van der Waals diameter for C is 3.5 Å and for H bonded to C is 2.5 Å.
Therefore shorter length of Si-O-Si in comparison to the van der Waals diameter
implies an overlap of the C atoms, not allowing the alkyl chains to be parallel. In
other words, the cross-polymerization causes the splay of the alkyl chains and thus a
dense monolayer fully covering the substrate surface cannot be formed in theory
[183].
However, Rye et al. [38] claim that the steric repulsions imposed on the alkyl chains
could be reduced by a tilt of the chains. In fact, according to Ulman [184], two types
of cross-polymerization can happen by axial or equatorial connection of the alkyl
chains on the surface (Figure 1. 20). In the case of axial polymerization, a C-C
distance is 4.25 - 4.35 Å (Figure 1. 20.a), which requires a tilt angle of ≤ 15o. For
equatorial isomers, a C-C distance is 4.90 - 5.00 Å (Figure 1. 20.b), which requires a
tilt angle of ≥ 30o.

(a)

(b)

Figure 1. 20: Space-filling models of siloxane trimers: alkyls in (a) axial and (b) equatorial
positions.
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Additionally, the chain length of the molecules affects the tilt angle of the monolayer.
An increase in the chain length of the molecules decreases the tilt angle of the
monolayer molecules and the tilt angle increases by 3o as the chain length decreases
from 16 to 14 carbons. This is because the chain-chain interaction is increased in very
long-chain molecules, while the head group-substrate interaction remains fixed. This
will result in the occurrence of deviations and gauche-defects [185] 4 will become
important. However, for very short chains (less than 8 carbons in their alkyl group),
the head group-substrate interactions will dominate over the chain-chain interactions
leading to a change in energy balance [170].

1.4.2 Factors affecting the formation of SAM
Several parameters are important for reproducible formation of well-ordered
SAMs (i.e. densely packed with full surface coverage), such as substrate surface,
water content, cleanliness of the environment, temperature and rinsing procedure after
the formation of SAM [180, 186]. There has been broad research on such factors as
summarized below.

1.4.2.1 Effect of substrate defects
In order to have a high quality SAM, the substrate surface should be relatively
smooth, defect free, hydrated/hydroxylated and clean of any contaminants. Cleaning
the substrate is a very important procedure and differs for different substrates [170].
For example, for the removal of possible organic contaminants from silicon
substrates, a Piranha solution is frequently employed and a smooth and hydroxylated
SiO2 surface is usually obtained. However, such chemical cleaning and hydroxylating
methods may not be suitable for Ti surfaces, as they would alter the morphology of
the surface and increase the surface roughness due to excessive corrosion. For silane-

4

Conformational defects interrupt a sequence of ordered trans conformations by disrupting their
packing and increasing their motion without breaking of chemical bonds. Gauche-defects are common
conformational defects caused by an approximately 120 o rotation about the backbone bond in the
positive or negative directions.
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based SAM, the surface must also contain sufficient OH adsorption sites in order to
achieve a full coverage [174, 187, 188].
In reality, the structures of SAMs on solid surfaces are more complex than the highly
ordered arrangements commonly assumed. These structures contain a few intrinsic
and extrinsic defects (Figure 1. 21) [171].

Figure 1. 21: Schematic of the intrinsic and extrinsic defects in SAMs formed on polycrystalline
gold substrates. The dark line at the metal-SAM interface is a visual guide indicating
topographic changes of the substrate [171].

Some external factors, such as unclean substrate surfaces and impurities in the
solutions, are also responsible for the formation of defective SAM layer. Furthermore,
impurities in the solvents and reagents can complicate both the final structure of the
SAM and the kinetics of its growth by blocking adsorption sites. The surface of many
polycrystalline metals shows intrinsic structural defects and irregularities, such as
intergrain boundaries and atomic steps, which could also affect the conformational
order of the SAMs. Moreover, some defects are intrinsic to the dynamic nature of the
organic component of the SAM itself. For instance, the dynamic chains are subject to
a variety of complex phase transitions, such as thermally driven gauche conformers
and tilt-order phase transitions [171].

1.4.2.2 Assembly time and film coverage
The structure of SAM continues to evolve over immersion time, producing
well-oriented densely packed SAM with increased surface coverage and decreased
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conformational defects in the alkane chains [171]. The immersion time may vary
from a few seconds to several days depending on the SAM type, the substrate and the
solvent. Therefore it is important to allow sufficient time for the SAM to form on the
substrate from the solution. For example, in the adsorption of thiols on gold surfaces,
three time scales have been reported. The first and fastest step is related to the
chemisorption of the head group to the surface (lying down phase). The second step,
which is 3 to 4 times slower than the first, is seen to comprise the straightening of the
hydrocarbon chains (standing up phase). The third and final step, which is 35 to 70
times slower than the second, is related to the reorientation of the terminal groups.
According to the study, the adsorption of the last few percent of the thiol molecules
induces the ordering and alignment of the terminal groups [189]. If the assembly time
is too short, the molecules will not have enough time to be organized into a dense
layer. Hence, the film formed at the early stages of the adsorption will be either a
loosely packed or a lying down film, i.e. the carbon chains are lying down on the
surface.
The kinetics of adsorption also depends on the surface chemistry of substrate,
temperature of the process, solvent and solute’s 5 chain length [170]. As the chain
length of the solute increases, the molecules exhibit reduced mobility. This
consequently slows down the initial chemisorption process. In addition, the initial
adsorption of the solute will be slower in solvents comprising long molecules,
because the solvent molecules will be more likely to adsorb to the surface and hinder
the adsorption of the other molecules in the solution [190]. In a similar way, surface
contaminants would slow down the kinetics of the SAM formation [170].

1.4.2.3 Temperature and growth behaviour
The growth behaviour of SAM is highly dependent on the temperature.
Brozska et al. [191, 192] show that a transition temperature (Tc) controls the
formation of long chain alkylsilane monolayers. This critical temperature has been

5

The molecules to be adsorbed.
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found to be an intrinsic property of the alkylsilane macromolecules: it depends on
their chain length and is independent of the nature of the solvent.
The existence of such a critical temperature is explained as follows. Above Tc, the
thermal energy is larger than the energy involved in the alkane-alkane chain
interactions of the molecules already adsorbed on the substrate surface. As a
consequence, this large thermal energy induces a strong rotation of the alkane chains.
This effect shields the substrate surface and limits the access of molecules in the
solution to vacant adsorption sites [193]. Therefore the films prepared at temperatures
above Tc exhibit a low surface coverage and a high conformational disorder [41]. In
contrast, below Tc, vacant adsorption sites are free to access and the alkane-alkane
interactions facilitate both the adsorption of new molecules and their orientation
(through van der Waals energies) [41].
Furthermore, it has been shown that this critical temperature can be related to the
triple point observed in the phase diagram of Langmuir-Blodgett monolayers, which
are formed at the air-water interface. Hence, depending on the temperature, the
monolayer can show different thermodynamic states. As the density of the monolayer
increases, several physical states, including gas (G), liquid expanded (LE) and liquid
condensed (LC) can be observed (Figure 1. 22). In the LC state, the alkylsilane
molecules are well organized in a dense structure and the alkyl chains are fully
stretched. However, in the LE and G states, the monolayer is disorganized,
alkylsilanes show gauche-defects and these molecules can be isolated at the substrate
surface. At high temperatures (above Tc1 and Tc2), the film of alkylsilane formed on
the surface can evolve from the G state to the LE state and finally, to the LC state as
the density of adsorbed molecules increases. However, at low temperatures below Tc,
the G phase is directly followed by the LC phase. At Tc, the three phases coexist as
the density of alkylchain increases [37, 41, 191, 192].
Furthermore, a linear relationship between Tc and the chain length of alkylsilane
SAM has been observed (Figure 1. 23) [37, 38, 41, 191, 192, 194]. Tc varies with a
slope of 3.5 oC per additional methylene group [41].
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1.4.2.4 Water content and SAM polymerization
One important parameter that plays a major role in the growth kinetics and quality
of the final silane-based SAM is water content either in the solution or on the
substrate. The adsorption of SAM with –SiCl3 head groups on a hydroxylated
metallic surface (M) in an anhydrous solvent has ideally three major steps: First,
hydrolysis of Si-Cl bonds to Si-OH happens via physisorbed water on the substrate
surface. Second, the attachment of hydrolyzed molecules to the OH groups happens
via Si-O-M bonds and water is released. Finally, intermolecular cross-polymerization
occurs between adjacent Si-OH groups via Si-O-Si bonds and water is released
[38, 195].
Temperature

Tc2
LE

LC

Tc1
G T > Tc

LC+LE

Tc

LE+G
Tt
LC+G

T < Tc
Surface coverage

Figure 1. 22: Schematic phase diagram of a Langmuir film [37, 191]. The black dashed lines are
two isotherms, below and above Tc temperature [196]. The blue dashed line is the border of two
critical points Tc1 and Tc2. Also drawn is schematic structure of an alkylsilane monolayer on a solid
surface in each of the phases.
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Transition temperature - oC

Figure 1. 23: Dependence of the
transition temperature Tc versus the
chain length for alkytrichlorosilanes
deposited on silicon oxide surfaces
[191].

Chain length of
Trichloroalkylsilanes

Therefore it is important to control the hydrolysis of the molecules and water content
during the formation of SAM. However, this is a very challenging process due to the
inconstant release of water in the system during experiments. Therefore the
dependence of the monolayer growth kinetics on water content is still far from being
understood. Several studies have reported the influence of water present either in the
bulk solution or at the substrate surface on the packing and conformation of the
SAMs [29, 46, 49, 195, 197, 198].
Although Angst et al. [199] show that OTS molecules attach to a dry SiO2 surface
and form a film of disordered alkyl chains (poor quality), Tripp and Hair [200, 201]
claim that OTS molecules do not attach to the silica substrate in the absence of water.
They show that the presence of water, either in solution or on the substrate, is
necessary for the hydrolysis of molecules prior to adsorption. Silberzan et al. [198]
also suggest that small traces of water in the solution are necessary to form a
complete monolayer and would accelerate the growth of the monolayer.
However, it is obvious that a relatively small amount of water in the solution would
lead to the polymerization of the alkylsilane molecules, which will finally attach to
the substrate surface as large aggregates and block vacant adsorption sites on the
surface. Consequently, the formation of well-defined SAMs will be prevented
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(Figure 1. 24.a) [46, 202]. However, a thin water layer on the substrate surface could
not only act as a water reservoir for hydrolysis of the molecules, but also as a
lubricating layer for the adsorbed molecules to move laterally on the surface and
gather into a densely packed monolayer [46, 49, 197]. Moreover, if water in the
system is only on the substrate surface and the solvent is hydrophobic, the water
molecules on the substrate tend to stay on the surface and hydrolyze the arriving
molecules only at the substrate surface. Therefore a well-defined densely packed
monolayer would form (Figure 1. 24.b) [46, 195].
Solute concentration and solution volume are also two parameters that may determine
the adsorption mechanism. At low concentrations, it is less likely for multiple
molecules to simultaneously arrive at close adsorption sites and thus the possibility of
cross-polymerization is decreased. In large volumes, however, there is a decreased
probability for a hydrolyzed molecule in the solution to reach the surface as an
impurity, because the molecule is lost in the solution. Therefore high solution
concentration in the presence of a thick surface water layer causes a polymerized but
weakly bound film, while a low solution concentration would result in a covalently
bound layer [38].
HCl

H 2O
H2O

HCl

H 2O
H2O

OTS
H2O
OH
Oxide layer

Figure 1. 24: Schematic of OTS growth mechanisms on an oxide layer in (a) wet and (b)
anhydrous conditions [195].
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Although an increase in the concentration of the solute will cause an increase in the
initial growth rate [190], at very high concentrations the adsorption of the organic
molecules on the substrate is too fast to allow the formation of ordered and densely
packed films. In this case, the thickness of the formed film may be half the thickness
of a complete layer. Prolonged exposure to the solution will not convert this
incomplete layer to a full monolayer either, since the surface is blocked by the
irregular chemisorption of the molecules during initial phase of the growth process
[30].

1.4.2.5 Challenging characterization of SAMs
The adsorption of a single molecule on a substrate surface is relatively
complicated to characterize due to the lack of experimental techniques. Many
different thin film characterization methods have been applied to the SAMs with a
detailed overview given in previous studies [170, 173].
One of the most popular techniques is AFM. AFM can provide a direct image of the
structure, including defects or mixture of different structures, as well as information
about surface coverage and the film thickness. However, AFM imaging is only
possible for perfectly smooth starting substrates with no (or very little) initial surface
roughness. Moreover, if the growth of monolayer does not proceed via a specific
pattern (e.g. island growth) and the film spreads randomly all over the surface, it
would be difficult to define the optimum feedback loop parameters of AFM and start
imaging on the right spot. This proves difficult the use of AFM especially at the early
stages of the film growth when there is a partial surface coverage. The tip also
induces artefacts that have to be considered during interpretations. Depending on the
size and shape of the tip, the obtained image will be a representative image of the
SAM rather than a true image. In addition, depending on the imaging mode, it is
possible for the tip to strongly interact with the adsorbed molecules and consequently,
destroy or remove them from the surface. This will result in the misinterpretation of
the film thickness and coverage.
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Other techniques, such as FTIR and XPS, can also be used to determine the formation
and orientation of SAM on the surface. For instance, in the case of FTIR
spectroscopy, the order of the SAM has been shown to be related to the position of
the vibrational peaks arising from the molecules’ backbone (i.e. CH2 and/or CH3).
However, the spectrum obtained is an average spectrum that only contains
information on the area where the incident IR beam is focused. In other words, it is
extremely difficult to have a clear idea about the film orientation all over the surface
and the spectrum only provides information about a specific site.
In the case of XPS, the experiments are carried out in high vacuum, which may alter
the SAM structure. The change in the amount of carbon content from C1s spectra
over time is usually monitored to measure the growth kinetics. However, possible
presence of organic contaminants on the surface will lead to inaccurate interpretations
with the experimental conditions in XPS that are far from in situ conditions.
Water contact angle measurement is another method that is used to assess the film
existence on the surface. If the film has not covered the surface homogenously,
different contact angle values will be obtained according to the position of the water
droplet. Moreover, in the case of a partial coverage, the area covered by the water
droplet may be much larger than that covered by the SAM film and thus the contact
angle obtained will not be the true angle.

1.4.3 Stability of SAMs
The stability of SAM is also an important parameter to be considered
especially for its bio-related applications. Assessment of SAM stability with time,
under temperature and in the solution is required. In this regard, several investigations
were carried out in the past.
Wang et al. [25] have investigated the systematic stability of various alkylsilane
SAMs on a silicon surface in vitro in a saline solution (0.9% NaCl in deionized water)
at 37 oC for up to 10 days. They show that SAM with hydrophobic end groups and
longer chains (e.g. OTS) show better stability compared to SAM with hydrophilic end
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groups and shorter chains. The reason could be that the hydrophobic SAMs prevent
water penetration and the longer chain molecules form closely packed films due to
increased van der Waals attractions among the backbone alkyl chains.
McElwee et al. [203] speculate that monolayer packing and mobility may affect its
thermal stability. Using thermogravimetric analysis curves, they show that the
degradation of alkylsilane SAM happens through pyrolysis of the hydrocarbon chains
via cleavage of the C-C and Si-C bonds, and the inorganic portion of the molecule
remains attached to the surface. The maximum weight loss is obtained at
~ 400 - 450 oC for trifunctional and at ~ 250 oC for monofunctional alkylsilanes.
Furthermore, according to Cohen et al. [204], OTS-based SAMs on the silicon
surfaces are stable up to 125 oC.
The stability of alkyltrichlorosilane SAM has also been investigated by
Wassserman et al. [43]. They show that CH3-terminated siloxanes are stable for
18

months

storage

in

the

air.

They

also

confirm

the

stability

of

tetradecyltrichlorosilane in contact with the acid (0.1N HCl) at room temperature.
However, 50% of the film is etched in the basic solution (0.1N NaOH) within 80 min.

1.4.4 Photo-degradation of SAMs in selective functionalization
One of the advantages of SAMs is that they can be functionalized in order to
meet different requirements. SAMs are photo-reactive, i.e. susceptible to photooxidation and UV-degradation. This photoreactivity provides a convenient route to
selectively modify functional groups of SAMs for various applications and allows
tailoring the wettability, adhesion and electrical properties of the monolayers.
The main mechanism for the photo-degradation of SAM is explained as follows.
During photo-degradation, oxygen radicals are produced. These species can be
generated either using UV light of 245 nm in the presence of ozone
(O3 + hv → O2 + O.) or UV light of < 200 nm wavelength in ambient conditions
(O2 + hv → 2O.). In either case, the oxygen radical oxidizes the alkyl chain to CHO
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and COOH groups and upon prolonged exposure, the whole SAM is dissociated from
the substrate.
A number of studies have investigated the effect of UV irradiation with different
wavelengths on the degradation of alkanethiols with different functional groups. In
some studies, the ozonolysis was claimed to be the only mechanism of SAMs
oxidation during UV irradiation [205, 206] and wavelengths competent for O3
formation (< 200 nm) in the presence of O2 are necessary for the oxidation to occur.
In the case of the alkanethiols, it was suggested that photo-generated ozone attacks
the SAM thiolate head groups, resulting in C-S bond scission. Subsequently,
desorption of the hydrocarbon chain happens followed by oxidation of sulphur head
group to sulfite and sulfate species. However, in another study, an ozone-free UV
lamp (wavelength of 245 nm) was also shown to be capable of rapidly photooxidizing SAMs [207]. Therefore it was speculated that the photochemistry of SAMs
may be strongly influenced by the chemistry of the SAM terminal functional groups.
The photo-degradation of alkylsilane SAM by UV irradiation has also been
investigated by many researchers. A major difference between the photo-degradation
behaviour of alkanethiol and alkylsilane SAM was observed using a 254 nm UV light
in the presence of ozone [208]. Ozone molecules readily react with the unsaturated
C-C bonds in thiol-based SAM and dissociate them from the surface. However,
saturated C-C bonds of silane-based SAM cannot react with the ozone molecules. In
contrast, Ye et al. [209] show that the hydrocarbon chains of silane-based SAM
instead of their head groups are reactive sites under UV irradiation.
Further investigations on the UV-degradation of silane-based SAMs have been
conducted using a 172 nm vacuum UV light in order to explain the mechanism of
degradation in detail [210-212]. It has been suggested that under such conditions,
initially oxygen atoms are generated through vacuum UV excitation of atmospheric
oxygen molecules. These oxygen atoms oxidize the C-C and C-H bonds in the alkyl
chains to CHO and then COOH groups before alkylsilane SAM degrades completely
from the surface [210]. Finally, the SAM is etched completely almost after 30 min of
exposure with the formation of volatile species, such as CO2 and H2O [212], and the
underlying substrate is exposed [211].
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1.4.5 Summary
The formation of thiol-based SAM on gold and silane-based SAM on the
silicon oxide surfaces have served as standard systems over decades. Highly ordered
one molecular thick films with a full surface coverage have been reported on these
systems. The formation of SAM has been reported to be influenced by several
parameters, such as temperature, concentration and water content of the solution as
well as the substrate surface chemistry and roughness. Such parameters have to be
controlled simultaneously to form a well-organized SAM. In reality, the control of
some of these factors is impossible. This could explain observed differences in the
growth behaviour and kinetics of SAM. Existing data mostly report the formation of
phosphate-based SAM on the model Ti oxide surfaces that have been deposited on
the gold or silicon substrates by sputtering methods. The formation of SAM on a
standard Ti substrate remains unstudied.

1.5 Antibiotic immobilization and release
One of the risk factors associated with orthopaedic surgery is post-implantation
bacterial infection, which is usually treated with antibiotics. Local delivery of drugs
offers more advantages than systemic delivery. Some of these advantages may
include effective therapies, decreased systemic toxicities and side effects, higher
therapeutic drug concentrations in the relevant tissues and reduction in the necessary
treatment duration [60, 61]. Besides significant advantages of local delivery, there are
considerable drawbacks related to this method, including: (1) the possible toxicity of
the applied synthetic carrier materials, (2) undesirable by-products from the
degradation of carrier materials, (3) need for surgery to implant or remove the carrier
system, (4) the chance of patient discomfort from the delivery device and (e) the
higher cost of controlled-release systems compared to the traditional pharmaceutical
formulations [60].
Over a long period of time, the most commonly used carriers for local drug delivery
in clinical applications have been polymers, composites and ceramics. A wide range
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of pharmaceutical substances has been incorporated with them, including hormones,
antibiotics, anticancer drugs, anticoagulants, growth factors, proteins, insulin,
painkillers, etc. [213, 214]. However, the clinical use of such systems have been
restricted due to several factors, such as non-bioresorbability, non-bone-bioactivity,
the need for a second operation to remove the non-absorbable material, etc. [215].
In order to address these problems, various strategies have been investigated to
directly immobilize the antibiotic on the surface of implants and release it locally.
One of these methods is the immobilization via electrostatic adsorption. For example,
Dunn et al. [216] show that antibiotics, such as gentamicin, could be immobilised on
Ti-6Al-4V oxides prepared by anodic oxidation. The anodized surface is negatively
charged and gentamicin is positively charged in PBS solution of pH = 8.5. The
gentamicin is initially attached to the surfaces by electrostatic interactions followed
by multilayer adsorption as schematically illustrated in Figure 1. 25. Moreover, the
degree of gentamicin attachment and retention is a function of the oxide surface
morphology and chemistry, because more negatively charged surfaces retain
gentamicin for longer periods of time. The main drawback of this method is that any
unexpected changes in the pH of the solution result in a change of the surface charge.
Consequently, this change can lead to the release of the drug. Therefore it may be
very difficult to control the release of the drug via such a route.

Figure 1. 25: Schematic
illustration of gentamicin
attachment to the anodizied
Ti-6Al-4V
surfaces
in
gentamicin sulfate containing
PBS solution at pH= 8.5.
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Another approach is to directly encapsulate the antibiotic within the HA coating
during the deposition of HA. For instance, Campbell et al. [61] immerse the HA
coated Ti-6Al-4V substrates in a chlorhexidine gluconate aqueous solution followed
by immediate dipping into a phosphate solution. As a result, chlorhexidine phosphate
precipitated on the HA layer. They show that the incorporation of the drug inside the
HA layer does not cause the dissolution of the HA layer or changes in the mineral
phase. It is shown that almost 80% of the drug is released into the saline solution
within the first 3 - 4 h due to desorption or partial dissolution of chlorhexidine
phosphate layer.
A similar approach has been reported by Wu et al. [217]. They immerse precalcified
Ti surfaces in a mixture of SBF and cephradine and showed simultaneous adsorption
of cephradine and formation of CaP film on the surface. They speculate that the
negatively charged COO- groups of cephradine at first facilitate the electrostatic
adsorption of cephradine on the positive charges of the surface (due to the presence of
Ca2+ ions). Furthermore, according to their results, cephradine adsorption also
facilitates the precipitation of calcium and phosphate ions and thus the growth of HA.
Stiger et al. [218] also incorporate antibiotic tobramycin into the HA coating on the
Ti-6Al-4V substrates. They immerse the substrates coated with a thin amorphous CaP
layer in a mixture of calcium phosphate supersaturated solution and tobramycin.
Tobroamycin with an isoelectric point of 8.2 is positively charged at mineralization
pH. Therefore it interacts with the ions in the mineralization solution and is captured
by the phosphate ions adsorbed onto the surface. Moreover, the release is shown to
happen at the same rate as the HA layer dissolution. Stiger et al. [219] incorporate a
variety of other antibiotics, such as cephalothin, carbenicilin, amoxicillin,
cefamandol, gentamicin and vancomycin, and suggest that the incorporation of
antibiotic is highly affected by its chemical properties. They show that the acidic
antibiotics (e.g. chephalothin) with carboxyl groups incorporate better and are
released slower due to a strong chemical binding with Ca2+ ions in the HA layer.
However, basic antibiotics (e.g. gentamicin) that lack carboxyl groups are
incorporated poorly and released faster than acidic ones.
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All these methods reviewed above possess some disadvantages. For instance, when
the antibiotic is mixed with the mineralization solution, high concentration of the
drug in the solution may inhibit the formation of HA or may result in uneven and thin
HA coatings. Therefore high amounts of antibiotic could not be incorporated by this
method [218]. Moreover, phase change of HA film can be expected due to the
interaction of the drug with calcium and phosphate ions in the solution and change in
the kinetics and mechanisms of HA growth [217]. The mechanical stability and
solubility of HA films may also be affected by the incorporation of the drug [218].
Therefore several groups have looked for novel methods that could offer the
attachment and release of therapeutic agents directly from the surface without
affecting the HA coating. The application of SAMs is one of these new techniques
that have gained interest recently. Some research has been carried out using SAMs in
the immobilization of a variety of therapeutic agents, such as proteins (enzymes)
[220-223], antibiotics [224, 225] and anti-inflammatory drugs [226-228].
There are some examples associated with the immobilization of proteins on the
SAMs. For instance, Oliveira et al. [220] immobilize

glucose oxidase on NH2

terminating SAM on the Ti oxidized surfaces by dip coating in the aqueous solution
of glucose oxidase. Barrias et al. [221] evaluate the efficacy of different functional
groups of SAMs (CH3, OH and COOH) on the adsorption of glucocerebrosidase by
dip coating the SAM modified gold substrates in aqueous solution of
glucocerebrosidase with different pH. They show that depending on the pH of the
solution, the adsorption mechanism of enzyme can occur due to hydrophobic
interactions, hydrogen bonding or electrostatic forces. Goncalves et al. [223] have
employed CH3 terminating SAM to immobilize human serum albumin by dip coating
method. They show that an increase in the surface hydrophobicity results in a rise of
albumin adsorption.
Although there are very limited studies on the immobilization of antibiotics on
SAMs, this process is very likely to rely on the same principle described for the
immobilization of proteins. Therefore by controlling the pH and SAM density on the
surface, it should be possible to control the amount of both immobilized and released
antibiotic.

74

An example of the immobilization of an antibiotic on SAMs has been described by
Lu et al. [225]. They immobilize the antibiotic Kanamycin onto thioglycolic acid
SAM on the gold surfaces from a mixture of Kanamycin and SAM precursor
molecules in the acetone solution. They claim that thiols first adsorb onto the gold
surface to form SAM and then the Kanamycin is immobilized on the SAM by
esterification between the hydroxyl group of Kanamycin and the carboxyl terminal
groups of SAM. However, they did not show any evidence of monolayer formation
on the surface.
Another approach has been investigated by Doadrio et al. [224] and Song et al. [226]
using porous materials as drug carriers. The pore walls of mesoporous silica SBA-15
has been functionalized with CH3 and NH2 terminated SAM and dip-coated in a
solution of erythromycin and ibuprophen, respectively. It is found that the
functionalization of pores strengthenes the interaction between the erythromycin and
the surface and slows down the release rate. Samples containing the largest amount of
CH2 groups showed the slowest release rate [224]. In the case of NH2 terminated
SAMs, a strong electrostatic interaction between carboxyl groups of ibuprophen and
protonated amine groups of SAM (-NH3+….COO--) is observed. This interaction
effectively controls the release of the drug [226]. Therefore it is evident that the
immobilization and release of the drug are influenced by the type of applied
functional groups.
Similar approach has been pursued by Mahapatro et al. [227, 229]. They use a dip
coating method for the immobilization of ibuprophen on OH-terminating and
perphenazine on COOH-terminating SAMs attached to 316L stainless steel surfaces.
The novelty of their work is that they applied a lipase biocatalyst for the esterification
reactions of the COOH group in ibuprophen with OH terminating SAM and the OH
group of perphenazine with the COOH-terminating SAM (Figure 1. 26). An increase
in the ibuprophen elution during the first 14 days is confirmed followed by a decrease
in the rate of elution up to 35 days [230].
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Figure 1. 26: Lipase catalyzed esterification of OH terminating SAM with ibuprophen [229].

In general, for the immobilization of a drug on SAMs via esterification routes three
different mechanisms have been suggested, including: (a) acid chloride esterification
by immersing functionalized substrates in the drug containing thionyl chloride for 1 h,
(b) dry heat esterification by heating the drug spread functionalized surfaces up to
150 oC in the air for 4 h, and (c) direct esterification by immersing the functionalized
substrates in the drug containing toluene solution at 60 oC for 4 h [228]. For example,
Mani et al. [231] have used acid chloride esterification route for the immobilization
of aspirin on OH terminating SAM. They confirm the formation of ether (C-O-C) and
ester (O=C-O) bonds after aspirin attachment to the OH groups on the SAM.
However, the detailed mechanisms of the interactions have not been explained by the
authors. A similar approach has been investigated in the immobilization of flufenamic
acid on OH terminating SAM to study the effect of the above mentioned esterification
routes in the release of the drug (Figure 1. 27) [228]. Furthermore, Mani et al. [228]
suggest that acid chloride esterification is not a suitable immobilization route, since a
large standard deviation is observed on the release profile of the drug for the samples
prepared by this route. The amount of the drug loaded and released by the direct
esterification method is more than that of the dry heat esterification route and the
release shows an initial burst followed by a sustained release for up to 2 weeks.
In conclusion, the functionalization of the surface with SAM offers a promising
technique in the immobilization and sustained release of drugs. The most common
method that has been used in the past for the immobilization of a drug on the SAM is
the simple dip coating of SAM functionalized substrate in the drug containing
solution. According to the chemical structure of the drug and the SAM terminal
groups, the immobilization of the drug may happen via hydrogen bonding,
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esterification, electrostatic adsorption or hydrophobic interactions. The elution of the
drug is commonly carried out in a buffer solution under a condition that simulates the
physiological environment. It is desirable to have an initial drug burst followed by a
sustained release.

Figure 1. 27: Schematics of flufenamic acid attachment to OH terminating SAM on the Ti
surfaces by esterification [228].

1.6 Summary
Various surface treatment methods have been developed to improve the
bioactivity of the Ti surface. In particular, chemical pre-treatment methods have
shown promising results. However, the control of related reactions is very
challenging and it still remains unclear what kind of changes in the chemical
properties of the surface occurs after each treatment method. Furthermore, the
amphoteric nature of the Ti surface hydroxyl groups adds more complexity to the
understanding and controlling the reactivity of the Ti surface. In addition, most of the
surface treatment methods result in the formation of a rough Ti surface, which is not
desirable in some applications. In this regard, the surface chemistry and physical
properties of the Ti surfaces that will be used in this project after different
modification methods will be examined comprehensively. This will in turn help
identify an optimum modification method for a specific application, e.g. the
formation of SAM or HA coating.
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Concerning the HA coating of the Ti surfaces, many physical methods have been
developed that suffer from major drawbacks, such as high processing temperatures
and poor HA adhesion to the substrate (physical integrity). To overcome these
problems, chemical methods, such as biomimetic coating, have been suggested.
However, defining an ideal condition for the formation of HA on the Ti surfaces via
this method is very complicated due to controversies in the nucleation and growth
mechanism of HA. One major disadvantage of the biomimetic formation of HA is
that it is a highly condition-dependent process. A slight change in the temperature, pH
and the ionic concentration of the solution as well as the surface properties of
substrate (chemical and physical) could have a significant impact on the morphology
and composition of the final HA film. Moreover, growth kinetics is slow and
obtaining a thick HA layer may take in the order of days to months. To accelerate the
growth of HA and improve its integrity with the surface, surface functionalization
with SAMs can be an alternative to conventional methods if a suitable method for the
formation of SAM can be developed.
The formation of thiol-based SAM on gold and silane-based SAM on the silicon
substrates have served as standard systems over decades. Many parameters related to
the solution and substrate influence the mechanism of SAM formation and have to be
controlled simultaneously to obtain a well-organized densely packed SAM film.
These parameters include temperature, concentration and water content of the
solution as well as the substrate surface chemistry and roughness. In reality, the
control of some of these factors is not feasible, which could explain the differences in
the observed growth behaviour and kinetics. Furthermore, existing data mostly report
the formation of phosphate-based SAM on model Ti surfaces that have been
deposited on the gold or silicon substrates by sputtering methods. The formation of
SAM on the standard Ti substrate remains unstudied.
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Chapter 2: Materials and experimental
methods

2.1 Materials
All chemicals including acetone, ethanol (GPR grade), sulphuric acid
(>97.5%, AR grade), hydrogen peroxide 30 wt.% and 50 wt.% in water (ACS
reagent), methanol (AR grade), perchloric acid (ACS grade, ≥ 69%), 1-butanol (ACS
grade, ≥ 99.5%), octadecyltrichlorosilane (> 90%), carbon tetrachloride (> 99.8%),
chloroform (AR grade), potassium permanganate ( ACS reagent, ≥ 99.0%), sodium
periodate (ACS reagent, ≥ 99.8%), potassium carbonate (ACS reagent, ≥ 99.0%),
phosphate buffer solution (1 M), all chemicals listed in Table 2.1 for the preparation
of the SBF (ACS reagent) and antibiotic ciprofloxacin (≥ 98.0%) 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.
10-undecenyltrichlorosilane (> 90%) was purchased from Gelest.
Pure Ti plates were purchased from Goodfellow and cut to 1 x 1 cm2 or 1 x 2 cm2 as
the substrates.

2.2 Experimental methods
The following section explains in detail the methods of preparing the substrates and
the conditions under which the experiments were carried out.
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2.2.1 Cleaning of as-received Ti and preparation of Piranha-treated
Ti
In Chapter 3 - § 3.2.1:
Method 1: As a standard, as-received Ti substrates of size 1 x 1 cm2 were sonicated
in deionized water, ethanol and acetone and then dried in the air.
Method 2: A freshly prepared Piranha of H2SO4 : 30 wt.% H2O2 = 2:1 (v:v) was used
to clean and hydroxylate the Ti surface. The sample that was prepared according to
method 1 was treated for about 30 min and then dried at 120 oC in an oven for 1 h.

2.2.2 Mechanical polishing of as-received Ti prior to chemical
treatments
In Chapter 3 - § 3.3:
Method 3: As-received Ti plates were first cleaned with a #1000, #2400 and then a
#4000 silicon carbide grinding paper using a Struers Knuth-Rotor grinding machine.
Afterwards, Ti substrates were successfully polished with 3 µm, 1 µm and 0.25 µm
polycrystalline diamond suspensions on velvet mats to obtain a relatively uniform and
smooth surface. The polished Ti substrates were sonicated in distilled water, ethanol
and then acetone, and finally dried with blowing Ar. Substrate prepared with this
method is denoted as Po-Ti.

2.2.3 Varying acid concentration of the Piranha solution
In Chapter 3 - § 3.3.1:
Method 4: Solutions of varying acid concentrations (H2SO4:H2O2) were prepared
(1:1, 2:1, 3:1, 5:1 and 7:1) and the Po-Ti substrates (prepared according to method 3)
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were immersed for 30 min at 100 oC (temperature of a freshly prepared Piranha
solution).
Method 5: Po-Ti substrates (prepared according to method 3) were immersed in the
2:1 Piranha solution from 5 to 30 min.

2.2.4 Surface decontamination and smoothing with varying H2O2
concentration of the Piranha solution
In Chapter 3 - § 3.3.2:
Method 6: Po-Ti substrates (prepared according to method 3) were treated under four
different conditions:
(a) in a 2:1 Piranha solution (v:v, H2SO4: H2O2) at 100 oC for 10 min (substrate
denoted as c_Pi-Ti);
(b) in a diluted Piranha solution of 1/20th the above concentration at room
temperature for 2 h to mitigate the effect of acid (substrate denoted as
d_Pi-Ti);
(c) in a diluted H2O2 solution (15 wt.%) at room temperature for 2 h (substrate
denoted as d_HP-Ti); or
(d) in a 50 wt.% H2O2 over night (substrate denoted as c_HP-Ti).
All the substrates were rinsed with a copious amount of distilled water and then dried
in blowing Ar. The reasons for the choices are: (a) was chosen due to its highest
hydrophilicity that was obtained in the previous part. (b) was tested to mitigate the
effect of the acid in the solution and to be able to obtain a smoother surface in
comparison to (a). (c) and (d) were chosen to assess the effect of varying
concentrations of H2O2 in the absence of acid.
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2.2.5 Electrochemical polishing of Ti
In Chapter 3 - § 3.4:
Method 7: Before electropolishing, the as-received Ti plates were cut to 2 x 1 cm2
and cleaned with a #1000 and #2400 silicon carbide grinding paper to partially
remove the native oxide layer. The polished Ti substrates were cleaned by sonicating
in distilled water, ethanol and then acetone. Immediately after electropolishing with
the unit illustrated in Chapter 3 - § 3.4, the Ti substrate was dismounted from the cell
and sonicated in methanol, ethanol and water. It was finally dried in blowing Ar
(substrate denoted EP-Ti) and stored in clean vials under Ar.

2.2.6 Head group – substrate chemisorption using SiCl4 molecules
In Chapter 4 - § 4.2.1:
Method 8: A solvent mixture of 1 mL carbon tetrachloride, 1.5 mL chloroform and
10 mL IsoparG was dried over aluminium oxide under blowing Ar. The water content
in the solvent was determined to be ~ 10 ppm by Karl Fisher titration. For preliminary
investigations, the Po-Ti (prepared according to method 3) was immersed in 1M SiCl4
in the solvent for 2 h in a glove box under Ar. Then, the Po-Ti was sonicated in
carbon tetrachloride, chloroform, ethanol and acetone for 5 min in each solvent
followed by drying with blowing Ar.

2.2.7 Effect of water on the SiCl4 adsorption
In Chapter 4 - § 4.2.2:
Method 9: The effect of water on the hydrolysis of the SiCl4 molecules and their
chemisorption under laboratory conditions, four conditions were introduced with
varying water content as follow:
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Case 1: Vacuum dried substrate in a hydrous solvent (no water layer on the
substrate, but some water in the solution);
Case 2: Humidified substrate in the anhydrous solvent (a thick water layer on the
substrate, but no water in the solution);
Case 3: Vacuum dried substrate in the anhydrous solvent (no water on the
substrate and the solution); and
Case 4: As-prepared substrate in the anhydrous solvent (some water on the
substrate, but no water in the solution).
The Po-Ti substrate (prepared as described in method 3). In case 1, the Po-Ti
substrate was dried under vacuum at 200 oC for 2 days to remove any physisorbed
water from the surface and immersed in the as-received solvent (not dried). In case 2,
the Po-Ti was humidified in a sealed chamber containing water at 50 oC for 2 days
and immersed in the anhydrous solvent. Vacuum dried Po-Ti was immersed in the
anhydrous solvent for case 3. Finally in case 4, as-prepared Po-Ti without further
treatment was dipped in the anhydrous solvent. In all cases, the immersion time was 2
h at room temperature under Ar. After 2 h, the substrates were removed and sonicated
in carbon tetrachloride, chloroform, ethanol and acetone for 5 min in each solvent and
dried with blowing Ar.

2.2.8 Initial attempts in the OTS-based SAM growth
In Chapter 4 - § 4.3:
Method 10: Preliminary experiments in the formation of OTS-based SAM were
carried out on chemically modified Ti substrates (i.e. Po-Ti, d_HP-Ti, d_Pi-Ti and
c_Pi-Ti), which were prepared as described in methods 3 and 6. SAM formation was
conducted by immersing the above substrates in a 10 mM OTS solution using an
anhydrous solvent (prepared according to method 8) at room temperature for 24 h.
The substrates were then washed with CCl4, chloroform, ethanol and acetone and
dried with blowing Ar.
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2.2.9 OTS-based SAM growth on electropolished Ti surfaces
In Chapter 4 - § 4.4:
Method 11: OTS concentrations of 5, 10, 30, 50 and 100 mM were applied in 6 mL
of the anhydrous solvent (prepared according to method 8). The vials were tightly
sealed and kept at varying temperatures (5, 10, 23 and 40 oC) and durations (20 min,
1, 4, 7 and 24 h). In all cases, a Ti substrate electropolished for 5 min (EP-Ti5) was
used (prepared according to method 7). After the adsorption of OTS, the substrates
were removed from the solution and sonicated in carbon tetrachloride, chloroform,
ethanol and acetone for 5 min each. They were finally dried with blowing Ar and
stored under Ar atmosphere for the characterizations.

2.2.10 Growth of UTS-based SAM on electropolished Ti surface
In Chapter 4 - § 4.5:
Method 12: The EP-Ti5 substrate (prepared according to method 7) was immersed in
a 10 mM UTS solution in the anhydrous solvent (prepared as described in method 8)
for 24 h at growth temperature of 0 oC.

2.2.11 Functionalization of the UTS-based SAM
In Chapter 4 - § 4.5.2:
Method 13: 5 mM KMnO4,195 mM NaIO4 and 18 mM K2CO3 stock solutions were
prepared using high purity water. 1 mL of each of these solutions was diluted with
7 mL high purity water and a mixture with the final pH of ~7 was prepared at room
temperature. The EP-Ti5 substrate with the UTS film (prepared according to method
12) was immersed in the solution at room temperature for 24 h. It was then rinsed
with a copious amount of water and ethanol and dried with blowing Ar.

84

2.2.12 HA growth on the chemically treated and electropolished Ti
surfaces
In Chapter 5 - § 5.2:
Method 14: As standards, the as-received Ti substrates were cleaned by sonication
consecutively in water, ethanol and acetone. The cleaned Ti substrates were then
treated under four conditions:
(a) in a 2:1 Piranha solution (v:v, H2SO4: H2O2) at 100 oC for 10 min (substrate
denoted c_Pi-Ti);
(b) in a 5 M sodium hydroxide (NaOH) solution at room temperature for 24 h
(substrate denoted Na-Ti);
(c) in a mixture of 8.8 M H2O2 + 0.1 M HCl at 80 oC for 1 h (substrate denoted
Cl-Ti);
(d) electropolished for 5 min as described in method 6 (substrate denoted as
EP-Ti5).
All the substrates were rinsed with a copious amount of distilled water and then dried
under blowing Ar.

2.2.13 Preparation of SBF and nucleation of HA
In Chapter 5 - § 5.2.2:
Method 15: A solution of 1.5 SBF was prepared by dissolving the chemicals shown
in Table 2. 1 in sequence in 1000 ml high purity water in a polyethylene beaker at
36.5 oC. It was purged with Ar continuously throughout the preparation process to
avoid the dissolution of CO2 and unwanted pH shifts. The solution was buffered at
36.5 oC and pH = 7.5. The stock solution showed no precipitation after 1 month at 4
o

C. The samples were suspended with a cotton thread in 20 ml of 1.5 SBF at 36.5 oC

in plastic bottles. The bottles were purged with Ar, sealed well and stirred throughout
the experiments. Samples were left in 1.5 SBF for varying durations and the solution
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was refreshed occasionally. Once the substrates were removed from the solution, they
were gently washed with high purity water and dried with blowing Ar. The substrates
were stored under Ar until being characterized.
#

Chemicals

Amount (gr) for 1.5 SBF
in 1000 ml water

1

NaCl

10.806

2

NaHCO3

1.472

3

Na2CO3

4.072

4

KCl

0.45

5

K2HPO4.3H2O

0.476

6

MgCl2.H2O

0.622

*

7

HEPES

23.856

8

CaCl2

0.586

9

Na2SO4

0.144

10

1M-NaOH

3 ml

* HEPES: 2-(4-(2-hydroxyethyl)-1-piperazinyl) ethane surfonic acid)
Table 2. 1: Composition of 1.5 SBF listed in sequence of dissolution.

2.2.14 Stable immobilization of CFX on OTS-based SAM
In Chapter 6 - § 6.2.2:
Method 16: A solution was prepared by dissolving 5 mg/ml of CFX in the
hydrophobic solvent as prepared in method 8 (i.e. a mixture of CCl4, IsoparG and
Chloroform). The Ti substrate (i.e EP-Ti5 – prepared according to method 7) with the
OTS-based SAM (prepared from a 10 mM solution according to method 11) was dipcoated with the CFX. As a reference, the EP-Ti5 substrate without SAM was also
coated with the CFX. The substrates were then left at room temperature until the
solution evaporated. The dip-coating was repeated 10 times. To remove any
physisorbed CFX, the substrates were then sonicated in water for a couple of minutes
and finally dried with blowing Ar.
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2.2.15 CFX release from the Ti surfaces with the OTS-based SAM
In Chapter 6 - § 6.2.2:
Method 17: The substrate with CFX was immersed in 20 ml high purity water
(18.2 MΩ.cm) at 37 oC for up to 26 days. At specific time intervals, the substrate was
removed from the solution, gently washed with high purity water and dried under
blowing Ar.

2.2.16 Immobilization of CFX within the HA film
In Chapter 6 - § 6.3:
Method 18: 25 mg of the CFX powder was dissolved into 20 ml of 1.5 SBF. The
EP-Ti5 substrates with and without –COOH and OTS-based SAM were immersed in
the solution and continuously stirred at 37 oC (similar to the procedure described in
method 15). After 7 days, the substrates were removed, rinsed with high purity water
and dried with blowing Ar.

2.2.17 Release of CFX from the HA/CFX film
In Chapter 6 - § 6.3.5:
Method 19: The release of CFX was assessed in the phosphate buffer solution (PBS)
over one month period. At specific time intervals (i.e. 1, 7 and 21 days), 1 mL of the
solution was removed and sealed well until being characterized by the elemental
analysis of carbon content.
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Chapter 3: Ti surface modifications

3.1 Introduction
Surface properties of a biomaterial, such as surface chemistry and topography,
initiate its interaction with the physiological environment and influence consequent
biological responses. A precise control of such parameters would provide a surface
with suitable properties for practical applications of the biomaterial.
Various Ti surface modification methods have been reported in the literature as an
intermediate step for its biological application. However, not much attention has been
paid to their in-depth-effects on the physical and chemical properties of the Ti
surface. Detailed examination and understanding of such properties will provide
valuable knowledge to define a suitable method in favour of specific applications.
Hence, in this project, the aim is to modify the Ti surface chemistry with SAM in
order to facilitate the deposition of HA and the immobilization of a drug. As
mentioned in Chapter 1, a clean and smooth surface with a sufficient density of the
hydroxyl binding sites is necessary to obtain a well-oriented densely packed
silane-based SAM. Therefore it is important to find a treatment method that would
give optimum surface properties for the growth of SAM.
Previous studies have shown that classical chemical treatment methods could be used
to grow well-organized and dense SAM films. Therefore it will be first attempted to
evaluate these methods for the purpose of this project (i.e. the formation of SAM).
Further work will focus on electrochemical etching in order to obtain a very smooth
surface. Techniques including SEM, AFM, XPS and water contact angle
measurements will be used to characterize the surface modifications obtained in terms
of surface chemistry and morphology. Detailed information on the characterization
methods and the applied instruments are given in appendix 1.
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3.2 Preliminary investigations on the Ti surface properties
Before applying any surface modification techniques, the surface properties of
the as-received Ti substrate were studied in order to better understand the effects of
future chemical treatments, such as the commonly used Piranha treatment.

3.2.1 Surface chemistry of the as-received and Piranha-treated Ti
As a standard, a substrate was prepared according to method 1. The surface
morphology of the as-received substrate under SEM is shown in Figure 3. 1.a. The
surface is microscopically rough with pores of different sizes ranging between
1 - 5 µm. The water contact angle of this surface is ~ 80o. The surface is hydrophobic
and this is probably due to the presence of organic contaminants (Figure 3. 1.b).
0

50

100

150

200

250

0

50

water
100

80o
Ti

150

(a)

(b)

Figure 3. 1: (a) SEM image and (b) water contact angle of the as-received Ti.

Piranha solution (98% H2SO4 + 30 wt.% H2O2) is commonly used to clean Ti
surfaces. The method is also believed to increase the density of hydroxyl groups. The
Ti substrate prepared according to method 1 was treated with method 2 (Piranha
treatment). From the related SEM image, it is evident that the Piranha treatment
increases the surface roughness by creating more pores and crevices (Figure 3. 2.a).
As shown in Figure 3. 2.b, a considerable increase in the surface hydrophilicity is
observed as the water contact angle decreases from 80o to 23o. Advincula et al. [232]
have reported similar water contact angle (20o) on the Piranha treated Ti layer (with
its native oxide) thermally evaporated on the Si wafers. Liu et al. [19] have also
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shown a reduction in the water contact angle of a pure Ti substrate from 68o to 45o
after Piranha treatment. Such reduction in the water contact angle is explained by the
removal of organic contaminants and/or an increase in the density of surface hydroxyl
groups [19, 232]. Furthermore, Piranha treatment creates an amorphous gel-type
structure on the Ti surfaces [94, 232] as described in Chapter 1 - § 1.2.3.1 with the
XRD pattern given in Figure 3. 2.c.
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Figure 3. 2: (a) SEM image, (b) water contact angle and (c) XRD pattern of the Ti surface after
Piranha treatment.

Schematic representation of the bulk structure of this gel-type Ti oxide is illustrated in
Figure 3. 3, in which each five coordinated Ti (5c-Ti) is associated with a 2c-O atom.
This model has been created based on the model proposed by Symons [93] and
Ragai et al. [92]. Water is more likely incorporated inside the gel structure as well as
physisorbed on the surface (not shown in Figure 3. 3). The dissociative adsorption of
water on the surface results in the formation of both types of hydroxyl groups, i.e.
OHa and OHb, on the gel surface.
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Figure 3. 3: Schematic representation of
the bulk structure of a gel-type Ti oxide.
Pink, red and white spheres are Ti, O and
H atoms, respectively.
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The evolution of the surface chemical status of the Ti substrate before and after
Piranha treatment was characterized by XPS. The XPS survey spectra obtained are
compared in Figure 3. 4. Peaks related to Ti, oxygen and carbon are observed as well
as the Auger peaks for Ti, O, N and C at higher binding energies.
As-received Ti
Piranha-treated Ti
Intensity (a.u.)

C (Auger)
N (Auger)
Ti (Auger)
O (Auger)
O1s
Ti2p
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Figure 3. 4: XPS wide-scan spectra of the as-received and Piranha treated Ti substrates.

XPS narrow-scan spectra in the C1s region (Figure 3. 5) reveals two major peaks at
284.5 and 286.3 eV: the former is due to hydrocarbons (C=C, C-C, C-H) [86, 233235] and the later corresponds to C bonding with O (C-O) [84, 236-239]. The weak
peak at higher binding energies around 288 eV is related to C=O [84, 236-239]. All
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these carbon peaks are due to CO2 and organic contaminants. As evidenced by the
intensity of the peaks, the Piranha treated Ti substrate shows considerably lower
contamination in comparison to the as-received substrate.
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Figure 3. 5: XPS narrow-scan spectra of C1s for the (a) as-received and (b) Piranha-treated Ti
substrates.

The XPS narrow-scan spectra of Ti2p (Figure 3. 6) shows two main peaks at 458.8
and 464.4 eV, corresponding to TiO2 on both substrates [77, 86, 234, 240]. A
relatively weak peak due to Ti0 can also be observed at a lower binding energy
( 453.0 eV) on the as-received Ti substrate only [2]. Therefore the Piranha
treatment does not change the oxide type on the surface. However, the absence of Ti0
peak means that the Ti oxide layer after Piranha treatment is thicker than that of the
as-received Ti (the thickness of the oxide layer has increased beyond the penetration

Intensity (a.u.)

depth of the photoelectrons, i.e. 7 nm).
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Figure 3. 6: XPS Narrow-scan spectra of Ti2p for the (a) as-received and (b) Piranha-treated Ti
substrates.
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The XPS narrow-scan spectra in the O1s region reveals several peaks at 530, 531.5
and 532.5 eV, which can be attributed to oxygen in bulk TiO2 (Ti-O) [84, 157, 239],
surface OHa and OHb groups, respectively (Figure 3. 7) [77, 157, 241, 242]. In both
cases, the major contribution to the O1s peak is due to Ti-O. It is also noticeable that
the total density of the OH groups decreases in favour of the formation of Ti-O after
Piranha treatment. However, this result is not in agreement with those of Nanci et al.
[55], which show an increase in the density of the surface hydroxyl groups after the
Piranha treatment (1:1) of a pure Ti substrate by using XPS. Majewski et al. [20] also
apply the Piranha treatment (1:1) on a Ti foil substrate and claim the facilitated
hydroxylation of the Ti surface without showing supportive data. Moreover, from the
results it can be concluded that the formation of OHa is favoured, while a
considerable amount of OHb is removed after Piranha treatment.
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Figure 3. 7: XPS narrow-scan of O1s for the (a) as-received and (b) Piranha-treated Ti
substrates.

In conclusion, the Piranha treatment increases the surface hydrophilicity by
decreasing the surface contaminations. The density of the surface hydroxyl groups is
decreased after treatment and the oxide layer is thickened. The freshly formed oxide
layer after Piranha treatment is mainly TiO2 with a gel-type structure and the surface
contains mainly OHa groups.
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3.2.2 Heat treatment and crystallinity
It has been proven that the thermal treatment of the Ti surfaces above 200 oC
leads to strengthening and thickening of the oxide layer from a few nm to tens of nm.
Furthermore, by heat treatment, the amorphous oxide layer crystallizes and shows a
better bioactivity [2].
Therefore the effect of heat treatment on Piranha-treated substrate (prepared as
described in method 2) has been investigated. Upon heat treatment at 400 and 800 oC,
the gel layer crystallizes, as shown by XRD patterns in Figure 3. 8. XRD results show
the formation of anatase structure after heat treatment at 400 oC (peak at 25.3o in
Figure 3. 8.a). Further heat treatment at 800 oC converts the anatase into rutile
structure (peaks at 27o, 36o, 39.2o, 41.2o and 44o in Figure 3. 8.b). Similar XRD
patterns were obtained for the heat treated titania gel coatings produced by the
chemical treatment of the pure Ti substrate with the H2O2+HCl solution [152].
According to SEM characterization, the surface morphology changes slightly after
heat treatment at 400 oC and in some parts, the grain boundaries disappear
(Figure 3. 8.c). A considerable change is also observed after heat treatment at 800 oC
and almost all of the grain boundaries disappear (Figure 3. 8.d). This means that the
heat treatment at high temperatures increases the thickness of the oxide layer.
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Figure 3. 8: (a,b) XRD patterns and (c,d) SEM images of the Piranha-treated Ti substrates after
heat treatment at 400 and 800 oC for 1 h, respectively. The scale bars on both SEM images are
10 µm.

3.2.3 Wettability

Heat treatment is shown to reduce the concentration of the surface hydroxyl
groups [2]. To understand the effect of heat treatment on the density of the surface
hydroxyl groups, different heat-treated substrates were characterized by water contact

Water Contact Angle (degree)

angle measurements. The results are shown in Figure 3. 9.
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Figure 3. 9: Water contact angle values of the as-received Ti and those after Piranha etching and
subsequent heat treatment.

The hydrophobic surface of the Ti becomes hydrophilic after Piranha etching. This is
due to the removal of organic contaminants and/or hydroxylation of the surface as
previously discussed. However, heat treatment at 400 oC decreases the surface
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hydrophilicity almost to half. Further increasing the temperature to 800 oC converts
the surface to the hydrophobic state close to t he as-received substrate.
Although the hydrophobicity of the starting surface is due to the presence of organic
contaminants, the hydrophobicity of the heat-treated substrates is also due to the fact
that heating the substrates at higher temperatures results in the removal of the
physisorbed water from the surface and reduction of the number of the surface
hydroxyl groups by bridging the Ti atoms with Ti-O-Ti bonds at high temperatures
(as explained in Chapter 1 - § 1.2.2).

3.2.4 UV irradiation
As observed in preliminary investigations, the density of the hydroxyl groups
decreases after Piranha treatment. Heat treatment also decreases the density of the
hydroxyl groups as revealed by water contact angle measurements. Therefore other
methods were investigated to increase the density of the hydroxyl groups.
As described in Chapter 1 - § 1.2.4, UV irradiation increases the hydrophilicity of the
TiO2 surfaces. This was explained by the decomposition of organic contaminants
from the surface and/or an increase in the number of the hydroxyl groups [107, 109,
243, 244]. Therefore it was attempted to increase the surface hydrophilicity of the
above samples by UV irradiation using a 365 nm UV light under the laboratory
conditions in the air. Water contact angle measurements were carried out after UV
irradiation for 20 min and compared to those before UV irradiation (Table 3. 1).
These results clearly show that the surface becomes more hydrophilic for all the Ti
substrates after UV irradiation regardless of the surface crystallinity.
To further clarify what has resulted in the increased hydrophilicity, i.e. decomposition
of the organic contaminants or increased density of the hydroxyl groups, the surface
chemistry of the untreated Ti substrate was investigated by XPS narrow-scan spectra
of C1s and O1s (Table 3. 2).
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Piranha-etched Ti
substrates heat-treated at
(oC)
120

Water contact angle (degree)
before UV irradiation
23

Water contact angle
(degree) after UV
irradiation
19

400

49

27

800

83

48

Table 3. 1: Water contact angle values of different Ti substrates before and after UV irradiation
for 20 min.

According to the narrow-scan spectra of C1s, three peaks are observed at 284.5, 286.2
and 288.1 eV related to C-C/C-H, C-O and C=O of organic contaminants before and
after UV irradiation. The concentration of C-C/C-H and C-O is decreased after
irradiation, while a slight increase in the concentration of C=O is observed. This is
possibly because the light source applied can only decompose single-bound carbons.
However, a considerable increase in the intensity TiO2 peak is observed, which can
be due to the removal of organic contaminants and better exposure of the oxide film.
No change in the density of the hydroxyl groups is observed in contrast to what is
proposed by Sakai et al. [106, 108]. They applied UV treatment on the TiO2 film
(anatase) prepared by a dip coating method on the glass substrate and showed that the
increase in the surface hydrophilicity was due to the increase in the number of surface
hydroxyl groups (determined by using XPS). This contradiction in the results could
be either due to the different experimental conditions (e.g. light source, substrate,
etc.) or shorter exposure time. Further examinations, especially on the heat-treated
substrate with prolonged irradiation are required to draw a definite conclusion.

3.2.5 Summary
The Ti surface is initially covered with a porous oxide layer, mainly TiO2, and
is highly contaminated. The surface has both kinds of acidic and basic hydroxyl
groups. The Piranha treatment removes the contaminants, etches the native oxide
layer and forms a fresh oxide layer, mainly TiO2. After Piranha treatment, the surface
contains mainly OHa and most of the OHb is removed. The fresh oxide layer has a
high surface roughness and a gel-type structure. Heat treatment at high temperatures
above 400 oC can convert the gel to the crystalline anatase and rutile structure.
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However, the surface wettability decreases. This is believed to be due to a decrease in
the number of the surface hydroxyl groups.
Before UV irradiation

After UV irradiation for 20 min

(a) From C1s spectra
Area
50001.35
16417.63
6232.162
Total:
72651.142

Peak
C-C,C-H
C-O
C=O

Position
284.599
286.224
288.194

Area
42917.65
13753.65
7381.125
Total:
64052.425

Peak
C-C,C-H
C-O
C=O

Position
284.596
286.232
288.37

Peak
TiO2
OHa
OHb

Position
529.783
531.226
532.252

(b) From O1s spectra
Area
94170.47
48107.83
32732.55
Total:
175010.85

Peak
TiO2
OHa
OHb

Position
529.769
531.296
532.55

Area
142633.5
42401.6
32362.21
Total:
217397.31

Table 3. 2: (a) Carbon content and (b) hydroxylation state of the untreated Ti substrate before
and after UV irradiation for 20 min.

UV-irradiation increases the surface hydrophilicity for the heat-treated substrates.
Under experimental conditions, this increase in hydrophilicity is due to the
decomposition of the organic contaminants and not the increase in the density of the
surface hydroxyl groups. The preliminary investigations showed that the Piranha
treatment results in a high surface roughness, which is not desirable for the formation
of SAM. Reducing the immersion time or changing the concentration of the acid or
oxidant in the Piranha solution may influence the surface roughness and result in a
smoother surface. Therefore further investigations are required to assess the effect of
varying Piranha conditions to obtain a smoother surface. In the following part, the
effect of different Piranha conditions (i.e. immersion time, acid and oxidant
concentrations) on the surface properties of the Ti substrate will be investigated
comprehensively.
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3.3 Improving the conditions for chemical treatments
Although Piranha treatment is one of the most common methods for the
modification of Ti surfaces, the effect of varying parameters, such as acid and oxidant
concentration and the duration of processing, have not been investigated in detail.
Several studies have employed this treatment method with different conditions
without explaining the reason of choice. As discussed in Chapter 1 - § 1.4.2, smooth,
clean and hydrophilic surface with high density of the hydroxyl groups is a
prerequisite for the formation of SAM. Therefore a Piranha condition that could
produce such a surface should be obtained. The aim of this part of the work is to
evaluate the influence of the acid and oxidant concentrations in the Piranha solution
or alone on the Ti surface chemistry and roughness.
Prior to investigations, as-received Ti substrates were prepared according to method 3
and denoted as Po-Ti. The water contact angle of such a substrate has been measured
to be 75o. Lim et al. have reported a similar water contact angle value (65o) on a pure
Ti substrate polished with a #800 grinding paper [245].

3.3.1 Acid concentration and the surface roughness
To investigate the role of acid in the Piranha solution, Po-Ti substrates were
treated with Piranha solutions of varying acid concentrations according to method 4.
According to the SEM characterization (Figure 3. 10), after treatment in 1:1 solution,
the surface seems less porous compared to that of the as-received Ti surface. Further
increase in H2SO4 volume in the solution increases the porosity of the surface.
Moreover, crevices are formed after etching in the 2:1 Piranha, which are less
pronounced in the 5:1 Piranha and do not form in the 7:1 Piranha. These crevices are
believed to be at the grain boundaries, which are preferentially corroded by H2O2 in
acidic media. Therefore when the acid concentration increases in the solution, the
influence of H2O2 on the surface corrosion is decreased and no crevices are observed
at very high acid concentrations. This will be further investigated later in this chapter.
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Figure 3. 10: SEM images of the (a) as-received Ti with its native oxide layer, and the Ti
substrate oxidized in (b) 1:1; (c) 2:1; (d) 3:1; (e) 5:1 and (f) and 7:1 Piranha (v:v H2SO4:H2O2).
Scale bars on all are 10 μm.

Investigations by AFM analysis further reveal the nature of surface roughness. The
local RMS roughness of the treated Ti substrates was measured by AFM in the
contact mode. The tip was scanned over 3 different areas (50 µm x 50 µm) on each Ti
substrate and the mean value was calculated. The Ti surface with its native oxide
layer has a local RMS roughness of 200 nm (Figure 3. 11.a). The surface local RMS
roughness decreases considerably after treatment with the Piranha solution and a
negligible change is observed for different acid volumes in the solution. However, the
surface is very rough with an average local roughness of ~ 100 nm in all cases.
100

The wettability of the substrates was examined by placing a 0.1 µl distilled water
drop on 3 different locations on each Ti substrate and a mean value of advancing
angles was calculated. As shown in Figure 3. 11.b, a negligible increase in the
hydrophilicity is observed in the 1:1 Piranha solution compared to the as-received Ti.
This is in agreement with the findings of Lewandowska et al. [246], which confirm a
contact angle decrease from 62o for a Ti mesh substrate before treatment with a
similar Piranha solution to 59o after treatment. The treatment of the Ti surface with
the 2:1 Piranha solution results in a decrease in the hydrophobicity. For treatments
with the 5:1 and 7:1 Piranha, the surface is almost as hydrophobic as the as-received
Ti substrate. It is evident that with increasing the concentration of H2SO4,
decontamination and/or increase in the density of the hydroxyl groups does not occur.
Therefore it is concluded that the H2O2 concentration is affecting the surface
wettability and when its concentration decreases in the solution, the surface becomes
more hydrophobic. This can be explained by the fact that H2O2 is growing a fresh Ti
oxide layer on the surface and/or removing organic contaminants, while H2SO4 is
etching the oxide layer and exposing the Ti metal. This will be further investigated
later in this chapter.
In order to investigate the effect of processing time on the surface roughness and
wettability, Po-Ti substrates were treated with the 2:1 Piranha solution according to
method 5. There are no considerable differences in the local RMS roughness of the
surfaces with prolonged treatment durations (Figure 3. 12.a). This is probably because
the Piranha solution is a very strong etchant and even with a short exposure most of
the porous native oxide layer is dissolved. A slight increase in the surface
hydrophilicity is observed with prolonged processing durations from 10 to 30 min
(Figure 3. 12.b). This means that prolonged exposure to the Piranha solution further
cleans the surface without affecting its roughness.
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Figure 3. 11: (a) Local RMS roughness and (b) water contact angle measurements of the Ti
substrates treated with different acid volumes in the Piranha solution. The dashed line is a guide
to the eye.
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Figure 3. 12: (a) Local RMS roughness and (b) water contact angle measurements for the Ti
substrates treated in the 2:1 Piranha with different immersion times. The dashed line is a guide
to the eye.

According to the above results, it is observed that changing the acid concentration in
the solution does not affect the surface roughness significantly and the surface
remains quite rough with a local RMS roughness of ~ 100 nm. However, the surface
wettability changes considerably and the most hydrophilic surface is obtained in the
2:1 Piranha solution. Therefore it is believed that the role of the acid in the solution is
to remove the native oxide layer and in fact, H2O2 plays the major role in the surface
wettability, either by decontamination or further hydroxylation. It would therefore be
beneficial to optimise the concentration of H2O2 to further increase the surface
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hydrophilicity. Reducing the overall concentration of the solution could also be
favourable in keeping the surface smooth.

3.3.2 Improving the conditions for surface decontamination and
smoothing
It was shown above that the surface remains quite rough with varying acid
concentrations in the Piranha solution and a rough surface is unsuitable for the
formation of SAM and characterization. Moreover, it was speculated above that the
H2O2 concentration plays a main role in the surface hydrophilicity. Therefore to
obtain a surface that is both smooth and hydrophilic various conditions with different
H2O2 concentrations were tested. Substrates were prepared according to method 6 and
characterized with AFM, SEM, XPS and water contact angle measurements, and the
results obtained are discussed below.

3.3.2.1 Morphological evolution
From the SEM images (Figure 3. 13), the polished Ti substrate (Po-Ti) is
relatively flat (Figure 3. 13.a) with some scratches as a result of polishing.
Pre-treatment in the Piranha solution only for 10 min results in severe surface etching
and the formation of rough crevices of ~ 2.5 µm wide (Figure 3. 13.b). These crevices
are believed to be related to the grain boundaries as explained in preliminary
investigations. To mitigate the effect of concentrated Piranha and to obtain a
smoother surface, the Po-Ti was treated with a diluted Piranha solution for 2 h. The
surface remains relatively smooth with a few crevices (Figure 3. 13.c). Pre-treatment
in the H2O2 solution (15 wt.%) also results in the formation of some wide crevices
and the surface is as rough as that treated with the Piranha solution (Figure 3. 13.d).
Similar effects of H2O2 on the Ti-6Al-4V surfaces are observed by Shigematsu et al.
[247]. The effect of H2O2 in increasing the surface roughness is further confirmed by
the SEM image of the Ti surface treated with the concentrated H2O2 (50 wt.%)
(Figure 3. 13.e). This surface is very rough with pores and crevices of varying size.
The surface is micro-porous as shown in Figure 3. 13.f.
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Further characterizations by AFM confirm the changes observed by SEM. The
surface roughness and the local RMS roughness is about 1.5 nm for the Po-Ti
(Figure 3. 14.a) and 30.6 nm for the c_Pi-Ti (Figure 3. 14.b). This is in agreement
with previous observations related to the increase in the surface roughness after
Piranha treatment of the Ti surfaces [55, 233, 248]. Some scratches on the surface of
the Po-Ti can also be observed by AFM, which are due to polishing. Pre-treatment in
the diluted Piranha solution (d_Pi-Ti) and the diluted H2O2 solution (d_ HP-Ti) lead
to a local RMS roughness of 2 and 6.6 nm (Figure 3. 14.c,d), respectively. Therefore
using a diluted Piranha solution is beneficial to the surface morphology.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. 13: SEM images of the (a) Po-Ti, (b) c_Pi-Ti, (c) d_Pi-Ti , (d) d_HP-Ti and (e) c_HP-Ti.
(f) is the magnified image of (e). Scale bars on images (a-e) and (f) are 10 μm and 100 nm,
respectively.
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3.3.2.2 Evolution of surface chemistry
The evolution of the surface chemical status of the Ti substrate was
characterized by XPS. The XPS survey spectra of all the substrates prepared with
method 6 are compared in Figure 3. 15 and all show peaks related to Ti, O and C. The
Auger peaks for Ti, O, N and C are also present in the spectra at higher binding
energies.

(a)

(c)

(b)

(d)

Figure 3. 14: AFM images (5µm x 5µm) of the (a) Po-Ti, (b) d_Pi-Ti, (c) c_Pi-Ti and (d) d_HP-Ti.
Local RMS roughness was obtained 1.5 nm for (a), 2.0 nm for (b), 30.7 nm for (c) and 6.6 nm for
(d).

It is noteworthy that no sulphur peaks were detected by XPS on the Piranha treated
samples, which is in contrast with those reported by Takeuchi et al. [86], due to
different treatment methods. Takeuchi et al. have used acetone to rinse their
substrates. Since acetone is not as polar as water, electrostatically adsorbed SO4- from
the Piranha solution exists when acetone is used. Moreover, Nanci et al. [55] do not
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detect any sulphur peaks by XPS spectra as the substrates were thoroughly rinsed
with water.
C (Auger)
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Figure 3. 15: XPS wide-scan spectra of the untreated and chemically treated Ti substrates.

Surface contamination by carbon was also determined by XPS. As shown in Figure 3.
16.a, three peaks are observed at 284.4, 286 and 288 eV. The first peak is due to
hydrocarbons (C=C, C-C, C-H) [86, 233-235] and the last two peaks correspond to C
bonding with O (C-O and C=O or OH-C=O, respectively) [84, 236-239]. All peaks
are due to CO2 and organic contaminants, and their intensity decreases as the
concentration of the Piranha solution or H2O2 increases. Furthermore, it is noticed
from Figure 3. 16.b that the level of carbon contamination depends on the
concentration of the oxidant. Therefore the removal of carbon from the Ti surface is
due to the use of H2O2, a strong oxidant, and not H2SO4.
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Figure 3. 16: (a) XPS narrow-scan spectra of C1s and (b) level of carbon contamination on the Ti
substrates as function of the applied pre-treatments and associated H2O2 concentration.

Furthermore, the XPS narrow-scan spectra of Ti2p show two main peaks at 458.8 and
464.4 eV, corresponding to TiO2 (Figure 3. 17) [77, 86, 234, 240]. A relatively weak
peak due to Ti0 can also be observed at a lower binding energy ( 453.0 eV) [2]. The
intensity of this peak has an inverse relationship with the oxide layer thickness. The
intensity of this peak is the highest for the d_Pi-Ti and the lowest for the c_Pi-Ti.
Therefore as the concentration of the H2O2 increases, the thickness of the Ti oxide
layer also increases beyond the penetration depth of the photoelectrons (i.e. > 7 nm)
and the underlying Ti metal is not detected. However, a higher intensity of Ti0 peak in
the c_HP-Ti in comparison to the c_Pi-Ti is observed. This can be explained by the
fact that H2O2 not only takes part in the oxidization of the Ti surface, but also
participates in the oxide etching. This will be further explained later in this chapter.
Therefore prolonged exposures to very high concentrations of H2O2 results in the
etching of the Ti oxide layer and exposing the bare metal.
A higher intensity of Ti0 peak in the d_Pi-Ti and d_HP-Ti than in the Po-Ti is
probably due to the slow kinetics of the oxide growth and short exposure time of the
Ti substrate to the acidic solution. Therefore in the case of d_Pi-Ti and d_HP-Ti, the
chemical treatment has resulted in etching of the native oxide layer as well as
decontamination exposing the bare metal without the formation of a fresh and thick
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oxide layer. From these results, it is evident that H2O2 is involved in the formation of
a fresh oxide layer on the Ti surfaces during treatments.
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Figure 3. 17: XPS Narrow-scan spectra of Ti2p of the Ti substrates.

Further analysis of the XPS spectra in the O1s region reveals several peaks at 530,
531 and 532.5 eV, which can be attributed to oxygen in bulk TiO2 (Ti-O) [84, 157,
239], surface OHa and OHb groups, respectively (Figure 3. 18) [77, 157, 241]. The
XPS results in the O1s region are summarized in Table 3. 3. In all cases, the major
contribution to the O1s peak is due to Ti-O, and it is noted that the density of the
hydroxyl groups decreases in favour of the formation of Ti-O. This result is in
contradiction to what has been assumed so far, i.e. chemical oxidation facilitates the
hydroxylation of the Ti surface [20, 55].
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In addition, the contribution of OHa to the O1s peak is higher than that of OHb. Both
d_Pi-Ti and c_Pi-Ti show that almost no OHb remains after the treatment, whereas
the amount of OHa has increased, compared to the d_HP-Ti. Consequently, treating
Ti in the Piranha solution favours the formation of OHa, rather than OHb. For the Ti
substrate treated in the diluted H2O2, such an effect is not observed and the amount of
OHb is almost half of that of OHa. This is in agreement with the report by
Matsumura et al. [249], which shows by XPS analysis that the amount of OHb
increases considerably (the intensity of the OHb peak is doubled) after the treatment
of Ti with H2O2. This is further confirmed by the O1s spectra of the c_HP-Ti, which
show that the concentration of OHb is even slightly more than OHa.

3.3.2.3 Wettability
Chemical treatments in general promote the surface wettability. As shown in
Figure 3. 19, the water contact angle reduces from 75 to 15 after different
treatments. Furthermore, the following order of increasing hydrophilicity is observed:
Po-Ti < d_Pi-Ti < d_HP-Ti ~ c_Pi-Ti < c_HP-Ti. This corresponds to the same trend
observed for the evolution of carbon contamination as a function of H2O2
concentration (Figure 3. 16.b). The lower the carbon contamination, the higher the
surface hydrophilicity. Once again, the increased hydrophilicity is due to the
decontamination - not further hydroxylation - of the Ti surfaces, as believed in the
past [250]. Therefore from wettability point of view, Ti surfaces treated with the
diluted/concentrated H2O2 and concentrated Piranha solutions are the most
hydrophilic surfaces. However, morphological analysis shows that the concentrated
Piranha and H2O2 solutions lead to a very rough surface. The surface of d_Pi-Ti is
smoother with similar (or slightly more) concentration of the hydroxyl groups than
that of the c_Pi-Ti. The surface of d_Pi-Ti is also more hydrophilic than that of Po-Ti.
Hence, a compromise could be considered by treating the substrate with the diluted
Piranha solution for SAM applications.
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O1s (Ti-O)

O1s (OHa)

O1s (OHb)

Eb(eV)

529.8

531.3

532.6

Ai (cs-1eV)

94170.47

48107.83

32732.55

Ai/∑Ai (%)

53.8

27.5

18.7

Eb(eV)

530.4

531.6

532.6

Ai (cs-1eV)

171525

43894.27

17254.56

Ai/∑Ai(%)

73.8

18.8

7.4

Eb(eV)

529.9

531.3

532.5

Ai (cs-1eV)

145858

54423.2

17595.02

Ai/∑Ai(%)

66.9

25

8.1

Eb(eV)

529.9

531.4

532.8

Ai (cs-1eV)

156008.4

62285.3

1650.675

Ai/∑Ai(%)

71

28.3

0.7

Eb(eV)

529.9

531.4

532.8

Ai (cs-1eV)

118756.6

44600.63

48359.01

Ai/∑Ai(%)

56

21.1

22.8

Po-Ti

d_HP-Ti

d_Pi-Ti

c_Pi-Ti

c_HP-Ti

Table 3. 3: Peak fitting parameters in the O1s region for all the Ti substrates. Ai is the area
under peak, Eb is the binding energy of the peak, and Ai/∑Ai is the contribution of each peak in
the substrate.
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Figure 3. 18: XPS narrow-scan of O1s for the (a) Po-Ti, (b) d_HP-Ti, (c) c_Pi-Ti, (d) d_Pi-Ti and
(e) c_HP-Ti.
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Figure 3. 19: Water contact values of the chemically modified Ti substrates. The dashed line is a
guide to the eye.

3.3.2.4 Is it possible to improve the conditions?
Considering the above results, it is evident that the chemical treatments of the
Ti surface alter both the surface chemistry and physical properties, such as surface
roughness. Treatment with H2O2 increases the surface hydrophilicity by removing
organic contaminants, while the concentration of the surface hydroxyl groups is not
increased. In fact, H2O2 treatment favours the formation of the OHb. This is
confirmed by a significant increase in the concentration of the OHb compared to that
of the OHa by prolonged treatment of the Ti substrate with a highly concentrated
H2O2. The surface morphology is also influenced and crevices are created on the
surface by H2O2 treatment. On the other hand, acid treatment in combination with
H2O2 results in the formation of rough surfaces, but the surface roughness and
hydrophilicity are independent of the acid concentration. Diluted acidic solutions in
combination with H2O2 can be applied to mitigate the effect of concentrated solutions
on the surface roughness with negligible change in the concentration and type of the
surface hydroxyl groups. Although the surfaces obtained by diluted acidic solutions
are not as hydrophilic as the ones treated with only H2O2, they are more hydrophilic
than the starting surfaces.
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In fact, it is impossible to control the reactions that are involved in the chemical
treatments, because the surfaces involve a range of competing reactions, i.e.
dissolution and re-precipitation of the oxide layer as well as the corrosion of the Ti
substrate once the oxide layer is dissolved, as summarized below. In an acidic
medium (H2SO4 in the present case), the oxide layer on Ti will first be dissolved
according to the following reaction [251, 252]:
TiO2 + 4H+ → Ti4+aq. + 2H2O

ΔE0 = 1.1 V

(1)

where ΔE0 is the standard redox potential.
Once free from the oxide and in its active state, the Ti surface may be corroded
according to the main reactions (4) and (5) [253].
Ti + 2H+→ Ti2+aq. + H2

ΔE0 = 1.63 V

(4)

2Ti + 6H+→ 2Ti3+aq. + 3H2

ΔE0 = 1.37 V

(5)

In the aerated solutions the dissolution of Ti will be enhanced according to the
reactions (6) and (7) [253].
2Ti + O2 + 4H+ → 2Ti2+aq. + 2H2O

ΔE0 = 2.85 V

(6)

4Ti + 3O2 + 12H+ → 4Ti3+aq. + 6H2O

ΔE0 = 2.60 V

(7)

Comparison of the ΔE0 shows that the dissolution of the oxide layer is the slowest
step in the corrosion process of Ti. Furthermore, the addition of H2O2 further
enhances the corrosion of Ti (8).
3H2O2 + 6H+ + 2Ti → 2Ti3+aq. + 6H2O

ΔE0= 3.14 V

(8)

Hence, H2O2 in highly concentrated acidic media, i.e. Piranha solution, is likely to
induce preferential corrosion in highly defective areas, such as grain boundaries, and
thus favour the formation of large crevices (Figure 3. 13.b). This effect can be
mitigated by reducing the concentration of oxidants. However, a very low
concentration of H2O2 is ineffective to remove the carbon contaminants as shown by
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XPS analysis (Figure 3. 16). Consequently, the acid and oxidant concentrations as
well as the duration of pre-treatment should be carefully adjusted to control the
surface roughness and to decontaminate the surface. The pre-treatment of Ti
substrates with the diluted Piranha solution for 2 h is appropriate to obtain a
relatively smooth, clean and hydrophilic surface.
During prolonged treatment, the surface could be further oxidized according to the
reactions (9) and (10).
H2O2 + Ti2+ → TiO2 + 2H+

ΔE0= 2.2 V

(9)

O2 + Ti2+ → TiO2

ΔE0= 1.73 V

(10)

As a result, the surface is likely to undergo a reconstruction leading to an amorphous
layer of Ti oxide with a gel-like structure [94-96]. According to XPS analysis, the Ti
oxide layer shows only a contribution from Ti in the +IV oxidation state, implying
that the gel is of amorphous TiO2. The number of the surface hydroxyl groups and in
particular the number of the OHb is reduced after the acidic pre-treatments of the Ti
substrates, as identified in Table 3. 3. The reduced number of the hydroxyl groups
could be due to a small number of oxygen defective sites on the surface of the Ti
oxide gel obtained. Therefore there is a lower probability for the dissociative water
adsorption and subsequent formation of the acidic and basic hydroxyl groups
[254-256].
Furthermore, the stability of these hydroxyl groups will depend on their acidity
constant, pKa. According to Schmidt and Boehm, the OHa and OHb on anatase
powder have a pKa of 2.9 and 12.7, respectively [79, 84]. Thus in an acidic medium,
the OHb will be prone to dissociation as shown in (12), leaving the surface mainly
covered with the OHa groups as observed by XPS (Table 3. 3). Therefore after
treatment with the concentrated Piranha solution, the surface is mainly covered with
the OHa and surface treatment with the concentrated H2O2 results in the formation of
more OHb.
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3.3.3 Summary
The investigations show that with increasing acid concentration and
immersion time in the Piranha solution, the surface roughness remains relatively
constant (~ 100 nm). However, the surface wettability decreases under such
conditions. Moreover, H2O2 in the Piranha solution is likely to induce preferential
corrosion in highly defective areas, such as grain boundaries, resulting in the
formation of large crevices and hence increasing the surface roughness. This effect
can be mitigated by reducing the concentration of oxidants. However, a very low
concentration of H2O2 is ineffective to remove the carbon contaminants.
Consequently, the acid and oxidant concentrations as well as the duration of
pre-treatment should be carefully adjusted to control surface roughness and to
decontaminate the surface. Moreover, there are major problems related to the Piranha
treatment, which are the simultaneous etching and oxidation of the surface and
uncontrollable reactions.
According to the above results, obtaining a relatively smooth and clean surface with
sufficient density of the surface hydroxyl groups suitable for the growth of SAM is
not feasible with such chemical modification techniques. In the best conditions, i.e.
the pre-treatment of the Ti substrates with the diluted Piranha solution for 2 h, a
clean, hydrophilic and relatively smooth surface with the local RMS roughness of
2 nm is obtained. However, this surface is only slightly more hydrophilic than the
polished Ti surface and has a similar density of the surface hydroxyl groups
compared to the polished surface. Therefore it is believed that this may not be an
ideal treatment for the formation of SAM and its characterization. Hence, further
effort is made to obtain smoother surfaces with the electropolishing methods.
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3.4 Electrochemical method
The as-received Ti plates were prepared according to method 7 for
electropolishing. The electrochemical cell was a simple set-up made in laboratory
(Figure 3. 20). It consists of a Pt/Rh foil as a cathode and the Ti substrate as an anode.
Both electrodes are mounted on a PTFE holder. The electrolyte was a mixture of
54 ml methanol, 25 ml 1-butanol and 6 ml perchloric acid. The electrochemical cell
was placed in a cooling bath containing dry ice to bring the temperature of the
electrolyte to -30 oC. Once the temperature was at -30 oC, an anodic potential of 9.5 V
was applied for 5 min. The electrolyte was vigorously agitated throughout the
process, which is a prerequisite to obtain a homogenously electropolished surface
[257]. The electropolished surface has a mirror finish as shown in Figure 3. 21.

Figure 3. 20: Schematic of the home made electropolishing unit.
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Figure 3. 21: (a) The photo of a substrate with the electropolished and non-polished half. The
reflection of the ruler on the electropolished part is clearly seen. (b) The evolution of the surface
mirror finish with the duration of electropolishing from 2 to 30 min. The reflection of the ruler
becomes clearer with time.

3.4.1 Morphological and topographical analysis
SEM images of the Ti substrate electropolished for 2, 5, 10 and 30 min
(denoted as EP-Ti2, EP-Ti5, EP-Ti10 and EP-Ti30, respectively) are given in
Figure 3. 22. After 2 min, the surface is partially electropolished and unpolished parts
are observed in the form of islands. However, the surface of EP-Ti5 appears to be
smooth with occasional pits located preferentially at the grain boundaries. The grain
size is ~ 10 µm, which has also been observed previously on the SEM images of the
electropolished Ti surfaces using a similar electropolishing condition [100, 103]. The
surface morphology of the EP-Ti10 is similar to the EP-Ti5 except for the additional
pits. After 30 min of electropolishing, the grain boundaries are observed clearly and
the pits widen.
Further characterizations were carried out by AFM (Figure 3. 23). Comparing the
topographic image of the EP-Ti2 with its morphological image, the rough feature in
the middle of the image is related to the edge of the polished and non-polished parts
with the average roughness (Ra) of 3 - 3.50 nm. However, at the smoother areas, Ra is
~ 1 nm. If the topographic image of the EP-Ti5 is compared with its morphological
image, the grain boundaries in the morphological image appear on the topographic
image too. Ra at the grain boundaries is between 0.4 - 0.5 nm. It is expected that the
EP-Ti10 would have a similar (or slightly higher) Ra compared to the EP-Ti5 due to
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their structural similarity. After 30 min of electropolishing, the grain boundaries are
observed more clearly both on the morphological and the topographic image with the
Ra between 0.3 - 0.4 nm. These Ra values are in close agreement with the reported
data [100, 101]. Some residues are also observed on the surface, which may be the
deposits from the electrolyte. It should be noted that an unsuccessful attempt was
made to remove these deposits from the surface by vigorous sonicating in water and
methanol or blow-drying with high pressure Ar.
From the results, it is evident that the surface roughness does not change by
prolonged processing duration, while residues start to appear on the surface. In terms
of surface roughness, the surface of EP-Ti5 has a very similar Ra to that of the
EP-Ti30 and therefore, longer electropolishing is not necessary.

Island

Pits

(a)

(b)

Pit
(c)

(d)

Figure 3. 22: SEM images of the electropolished Ti substrate after (a) 2 min, (b) 5 min, (c) 10 min
and (d) 30 min.
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Figure 3. 23: AFM topographic image and the line analysis (on 3 different parts) of the Ti
substrate after (a) 2 min, (b) 5 min and (c) 30 min of electropolishing.
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3.4.2 Surface chemistry
The evolution of chemical composition of the EP-Ti surfaces as a function of
the pre-treatment was characterized by XPS. The XPS survey spectra show peaks
related to Ti, oxygen and carbon (Figure 3. 24). Additionally, the Cl2p peak at
199.6 eV is detected. This peak is due to the adsorbed ClO4- anions from the
electrolyte [102, 103, 258] and was proven to be restricted to the outermost surface
layer [103].
Three peaks are observed in the XPS narrow-scan spectra of C1s (Figure 3. 25)
located at 284.6, 286 and 288 eV. The former peak is due to hydrocarbons (C=C,
C-C, C-H) [86, 233-235] and the two later peaks correspond to C bonding with O
(C-O and C=O or OH-C=O respectively) [84, 236-239]. All peaks are due to CO2 and
organic contaminants. As it is evident from the results, for up to 10 min of
electropolishing, the carbon concentration decreases and after 30 min, an increase in
the carbon concentration is observed. This could be due to the deposition of residues
from the electrolyte on the Ti surface with prolonged exposures.
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Figure 3. 24: XPS survey-spectra of the electropolished Ti substrates for 2, 5, 10 and 30 min.
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XPS narrow-scan spectra of Ti2p (Figure 3. 26) show two main peaks for all the
substrates at 458.8 and 464.4 eV, corresponding to TiO2 [77, 86, 234, 240]. A peak
smaller in intensity was observed at lower binding energies ( 453 eV) and is
assigned to Ti0 [2]. An increase in the intensity of Ti0 is observed after 10 min
followed by a sharp rise after 30 min of electropolishing. It means that after 30 min,
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Figure 3. 25: XPS narrow-scan spectra in the C1s region of the Ti substrates electropolished for
(a) 2, (b) 5, (c) 10 and (d) 30 min.

The analysis of XPS narrow-scan spectra in the O1s region (Figure 3. 27) for all the
substrates reveals a major peak at 530 eV attributed to bulk oxygen of TiO2 (Ti-O)
[84, 157, 239]. The presence of the TiO2 layer is due to the oxidation of the substrate
during electropolishing as discussed in Chapter 1 - § 1.2.3.2. Moreover, upon
exposure to the air, freshly etched Ti substrates will readily oxidize. For all the
substrates, there is a peak at 531 eV associated with

the surface OHa groups
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[77, 157, 241]. Finally, a peak located at a higher binding energy (~ 532.8 eV) on the
EP-Ti30 is possibly related to the contributions from oxygen in O-C and C=O species
of the contaminations. These contaminations may be the residues from the electrolyte
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that decompose on the Ti surface with prolonged electropolishing.
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Figure 3. 26: XPS narrow-scan spectra in the Ti2p region of the Ti substrates electropolished for
2, 5, 10 and 30 min.

In all cases, the major contribution to the O1s peak is due to Ti-O and it is noted that
the density of the OHa groups remains relatively the same. This confirms that the
density of the OHa groups on the surface is independent of the electropolishing time.
Moreover, comparing the O1s spectra of the EP-Ti5 with that of the mechanically
polished Ti substrate (Po-Ti) (Table 3. 4), it is noticed that the intensity of the OHa
and Ti-O peak decreases on the surface after electropolishing and the peak related to
OHb totally disappears. The decrease in the intensity of the OHa peak can be
explained by the fact that the high carbon contamination level (C-O, O-C=O) on the
mechanically polished substrate has possibly contributed to the OHa peak and the
peak corrections may be required as explained by McCafferty et al. [259]. The
decreased intensity of the Ti-O peak on the electropolished substrate compared to the
mechanically polished substrate is due to the etching of the native oxide layer and the
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formation of a very thin oxide layer. Finally, the absence of the OHb peak for the
electropolished substrate is due to the application of a highly acidic electrolyte
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Figure 3. 27: XPS narrow-scan spectra in the O1s region of the Ti substrates electropolished for
(a) 2, (b) 5, (c) 10 and (d) 30 min.
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Table 3. 4: Comparison of the XPS narrow-scan spectra in the O1s region of the Ti substrates
electropolished for 5 min (EP-Ti5) and mechanically polished (Po-Ti).
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The amount of ClO4- incorporated on the surface with time is obtained from XPS
narrow-scan spectra of Cl2p (Figure 3. 28). There is a small amount of ClO4- on the
surface after 2 min and a considerable increase is observed after 5 min, followed by a
sharp decrease after 10 min. The amount of ClO4- remains relatively constant up to
30 min of electropolishing. As mentioned above, the oxidization is possibly occurring
faster than oxide etching within the first 5 min and Therefore the ClO4- is
incorporated on the surface with the freshly formed oxide layer. Between 5 - 10 min,
the dissolution of the oxide layer occurs and the incorporated ClO4- is etched from the
surface. Prolonged electropolishing up to 30 min does not remove all the ClO4- from
the surface, because some ClO4- may have penetrated through the oxide layer and
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Figure 3. 28: XPS narrow-scan spectra in the Cl2p region of the Ti substrates electropolished for
2, 5, 10 and 30 min.

In summary, by electropolishing the Ti surfaces, smooth surfaces are obtained that are
favourable for the formation of well-organized SAMs. The electropolished surface
contains only one type of surface hydroxyl groups, i.e. OHa, which will be shown in
Chapter 4 to favour the attachment of SAM molecules. However, the presence of
organic contaminants on the surface is not desirable, because these contaminants may
block the adsorption sites and may result in the partial surface coverage by SAMs.
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3.4.3 Wettability
Results corresponding to the surface wettability of the electropolished Ti
substrates are shown in Figure 3. 29. A sharp increase in the hydrophilicity of the
EP-Ti2 in comparison to that of normal Ti surface is observed. This shows that the
surface decontamination and/or hydroxylation start at the very early stages of the
electropolishing. The surface wettability remains relatively the same up to 10 min
with a contact angle value around 55. However, a sharp increase in the contact angle
value from 55 to 80 is observed after 30 min. This could be explained by the
contamination of the surface by organic matters from the electrolyte as shown by
XPS. From Figure 3. 29, it is evident that the carbon contamination follows the same
trend as the surface wettability. After 2 min, the organic contaminants of the initial
surface are cleaned and the carbon content decreases dramatically. This continues
almost up to 10 min, after when the contaminants from the solution start to adsorb on
the surface and result in the increase of carbon content.
These contaminants cannot be cleaned with normal sonicating methods. The UV
irradiation could be applied to remove most of the contaminants as described in
Chapter 1 - § 1.2.4. However, since UV irradiation changes the nature and the
stability of the surface OH groups (as explained in Chapter 1), this technique was not
used. Finally, the conditions resulting in the EP-Ti5 are believed to be the most
appropriate for the formation of a smooth and relatively clean Ti surface with a
reasonable density of the OHa groups.

3.4.4 Summary
The surface obtained by electropolishing is very smooth under SEM and AFM
with the roughness of Ra ~ 0.5 nm. Prolonged electropolishing does not change the
surface roughness, but some residues start to appear on the surface. These residues
are believed to be deposits from the electrolyte that decompose at the electrode
surface. Above 10 min, the surface hydrophobicity is increased due to the increase in
the amount of such organic contaminants. Electropolishing up to 5 min increases the
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amount of chlorine on the surface due to the incorporation of ClO4-. Above 5 min,
most ClO4- are removed, while small amounts incorporated deeper on the surface
remain. The incorporation of such ions may create a locally negatively charged
surface, which can be suitable for inducing HA coating from the SBF. The surface
only consists of the OHa groups, whose density is independent of the processing time.
Considering the properties of the electropolished Ti surface, in terms of surface
roughness, electropolishing may also help us produce the right surface for the
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Figure 3. 29: Water contact values of the electropolished Ti substrates.

3.5 Summary
Although Piranha treatment is applied in most of the Ti-based studies as an
intermediate modification step for further biological applications, investigations to
clearly understand the surface properties of Ti obtained have not been extensively
carried out. This part of the work aims at clarifying this issue and in this regard,
extensive research was carried out and the following results were obtained.
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Using Piranha treatment, the surface decontamination, native oxide removal and the
formation of a fresh oxide layer happen simultaneously on the surface. The oxide
layer obtained is mainly TiO2 and has a gel-type structure. The surface is hydrophilic
and has a very rough topography with crevices at the grain boundaries. The H2O2 in
the solution plays a major role in the formation of such crevices and in the increasing
of surface hydrophilicity by removing the contaminants. However, during such
treatment, the density of the surface hydroxyl groups remains unchanged. Therefore
in applications where a very clean surface is necessary, H2O2 treatment can be a
suitable method. The presence of the acid in the Piranha solution facilitates the
removal of the native oxide layer. Increasing the concentration of the acid in the
solution does not result in a considerable change in the surface roughness. However,
the type of the surface hydroxyl groups on the surface varies according to the pH of
the solution. In highly acidic solutions, the surface is free from the OHb, while in the
absence of an acid and excess of H2O2, density of the OHb is higher than that of the
OHa. This can be a matter of importance in the site-selective adsorption processes.
To address the problem of high surface roughness that is obtained with such chemical
treatment methods, electrochemical treatment of the surface was investigated. With
this method, a smooth, relatively clean and hydrophilic surface is obtained. The
surface oxide is mainly TiO2 and contains only OHa. The surface is believed to be
negatively charged at some local points due to the incorporation of ClO4- ions.
Therefore this surface can have the potential to be employed in inducing the HA
coatings from the SBF, where charged surfaces are of interest. Moreover, in the
formation of SAM, where smooth and hydrophilic surfaces are necessary,
electropolishing could be a method of choice in this particular case.
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Chapter 4: Silane-based self assembled
monolayers on the Ti surfaces
4.1 Introduction
Silane-based SAMs on the oxidized Si surfaces have served as model systems
for many years [170, 172, 174, 180] and have been investigated by many research
groups comprehensively [25-43, 160, 260]. Silane-based SAMs on other substrates,
such as mica [36, 45, 46], glass [47-50] and aluminium [48], have also been reported.
However, not much attention has been paid to the fundamental issues of SAM
formation on Ti substrates. Limited work has reported the growth of silane-based [19,
20, 51-55] and phosphate-based SAM [56-59] on Ti surfaces, but they have mostly
been carried out on sputtered TiO2 surfaces without describing the optimum surface
properties prior to the formation of SAM.
Considering the fact that silane-based SAMs have been successfully formed on
oxidized Si surfaces, silane-based SAMs were further applied on oxidized Ti
surfaces. Moreover, considering that all the research on the formation of SAM on Ti
surfaces has been carried out on model Ti surfaces, it is interesting to see how these
model systems can be transferred to more “real” Ti substrates. Since different surface
treatment methods have been developed to modify the surface properties of Ti, the Ti
surface chemistry was modified using such methods as explained in Chapter 3 - §
3.3.2. The aim of the investigations presented in this chapter is to assess the effect of
various chemical pre-treatments on the Ti surface in the formation of a wellorganized and densely packed silane-based monolayer.
Octadecyltrichlorosilane (OTS) precursor molecules with the chemical formula of
(CH3 (CH2)17 SiCl3) were chosen for the preliminary investigations. The reason for
this choice is that the neutral end group of the OTS molecules reduces the possible
deformations caused by steric repulsions between the charged end groups and in
theory, it should be easier to examine the SAM orientation and packing. Furthermore,
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the choice of an inert end group limits the possibility of binding molecules to the
substrate surface via end groups. In addition, a long carbon chain was chosen,
because long chains have better stability in aqueous media and at high temperatures
[25, 43, 203, 204].
As for the solvent, a highly hydrophobic solvent was chosen in order to keep the
water layer close to the substrate surface and to avoid the polymerization of the OTS
molecules in solution and subsequent formation of aggregates on the substrate
surface. The solvent is a mixture of carbon tetrachloride, chloroform and IsoparG,
which is further dried over aluminium oxide with blowing Ar. This mixture of the
solvents will be mentioned as “solvent” later in this work.
In this chapter, the formation of SAM was investigated on different chemically
treated Ti surfaces. Mechanism and kinetics of growth were studied as well as the
influence of different parameters, such as time, temperature and solution
concentration on the formation of a dense and well-ordered SAM. In particular, SiCl4
molecules were used to mimic the OTS head groups to further investigate the effect
of water content in the solution, the thermal stability of the film and the mechanism of
the reaction between OTS and Ti-OH. To achieve this aim, several techniques
including AFM, contact angle measurements, XPS and IR spectroscopy were used. In
the FTIR spectra, the vibrations corresponding to C-H stretching in between
2800 – 2900 cm-1 were used as indicators of the orientation of the film.

4.2 Application of SiCl4 prior to the OTS-based SAM growth
The most important driving force for the formation of SAM is chemisorption of
the head groups to the substrate surface. Therefore it will be beneficial to investigate
the head group - substrate interactions without the interference of other complicated
reactions involved in the formation of monolayer. Moreover, as mentioned in
Chapter 1 - § 1.4.2.4, the hydrolysable head groups of the OTS molecules are very
sensitive to the water content at the solution/substrate interface. Since the exact effect
of water in the formation of a dense SAM is not clear, it will be useful to study the
effect of water on the quality of SAM. To achieve these objectives, SiCl4 was
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selected, a commercially available compound that has a similar structure to the head
group of the OTS molecules, in order to help better understand the interfacial
reactions between OTS and the Ti surface.

4.2.1 Head group – substrate chemisorption
For preliminary investigations, the Po-Ti substrate prepared by method 3 was
immersed in SiCl4 solution according to method 8.
In general, the adsorption of the SiCl4 molecules on a hydroxylated surface in a
hydrophobic solvent should proceed through three major steps: First, the hydrolysis
of Si-Cl to Si-OH bonds happens via the physisorbed water on the substrate 6. Second,
the attachment of hydrolyzed molecules happens via ligand exchange with a surface
hydroxyl group via Si-O-Ti bonds. Finally, intermolecular cross-polymerization
occurs between adjacent Si-OH via Si-O-Si bonds [38, 195]. The occurrence of these
reactions and the formation of such bonds can be confirmed by FTIR (Figure 4. 1).
In Figure 4. 1, a broad peak at 3000 - 3500 cm-1 is observed and is related to the OH
stretching in Ti-OH or H2O. In general, free Ti-OH groups on the surface give a peak
at 3747 cm-1, a pair of Ti-OH groups mutually linked by a hydrogen bond gives a
peak at 3660 cm-1 and a Ti-OH linked to molecular water through hydrogen bonds
has a peak at 3540 cm-1. Physisorbed water molecules linked with a hydrogen bond
have a broad peak at 3400 - 3500 cm-1 (centred at 3450 cm-1) and their deformation
appears at 1620 cm-1 [199-201, 261-264]. However, it is impossible to distinguish
these peaks under normal conditions and only a broad peak can be detected.

6

However, as discussed in Chapter 1, the adsorption of SiCl4 molecules on the Ti surface can also
occur through the direct hydrolysis of SiCl4 molecules by the surface hydroxyl groups.
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Figure 4. 1: FTIR spectrum of the Po-Ti immersed in 1M SiCl4 in the solvent for 2 h.

OH stretching peak in Si-OH normally gives a peak at 3200 - 3700 cm-1 [265], which
is not detected because of the broad water peak (Figure 4. 1). In order to observe the
Si-OH stretching vibration, drying the substrate and characterization under vacuum
would be required. The Si-O stretching of Si-OH normally gives a peak at
835 - 955 cm-1 [265] and it appears around 890 cm-1 in Figure 4. 1. The Si-O-Ti
stretching peak normally vibrates at 900 - 950 cm-1 [265] and it is observed at 936 cm-1
in Figure 4. 1. The presence of the Si-O-Ti peak confirms the attachment of the SiCl4
molecules to the surface.
The intense double peaks at 1104 and 1216 cm-1 are related to the Si-O-Si asymmetric
stretching (Figure 4. 1). The peak at 475 cm-1 is associated with the Si-O-Si bending
and the peak at 735 cm-1 is related to the symmetric stretching of Si-O-Si [261, 262].
The existence of these peaks shows the occurrence of cross-polymerization among
SiCl4 molecules.
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The double peak of Si-O-Si asymmetric stretching is the result of longitudinal and
transverse vibration of this bond. In longitudinal optical mode, the displacement of
atoms from their equilibrium position coincides with the direction of the wave
propagation and this appears at 1200 cm-1. However, in transverse optical mode,
which appears at 1060 cm-1, atoms vibrate perpendicular to the propagation of the
wave [266]. A possible frequency shift in this double peak is related to the changes in
the Si-O-Si network angle [267]. In more cage-like structures, Si-O-Si bond angles
open to larger degrees and the position of Si-O-Si peak shifts to a higher frequency.
In more network-like structures, the bond angle reduces and the position of Si-O-Si
peak shifts downward to a lower frequency [268]. A high frequency asymmetric
Si-O-Si stretching vibration indicates a strongly cross-linked framework, whereas a
low frequency bond appears in the spectra of a weakly cross-linked framework [261].
Therefore the degree of cross-linking could be an indication of the surface coverage
by the SiCl4 film and a strong cross-linking may result in better surface coverage than
a weak cross-linking. In the present case, the Si-O-Si stretching vibrations are shifted
to higher frequencies (Figure 4. 1). This means that the SiCl4 molecules have
adsorbed on the Ti surface by forming a strong network.

4.2.2 Effect of water on the SiCl4 adsorption
Study was then focused on the effect of water on the hydrolysis of the SiCl4
molecules (and consequently, SAM head groups) and their chemisorption under
laboratory conditions. Such investigations will help the determination of the optimum
amount of water that is required in the system (solution, substrate or both) in order to
obtain a densely packed and well organized monolayer. In this regard, four conditions
were introduced with varying water content as follow:
Case 1: Vacuum dried substrate in a hydrous solvent (no water layer on the
substrate, but some water in the solution);
Case 2: Humidified substrate in the anhydrous solvent (a thick water layer on the
substrate, but no water in the solution);
Case 3: Vacuum dried substrate in the anhydrous solvent (no water on the
substrate and the solution); and
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Case 4: As-prepared substrate in the anhydrous solvent (some water on the
substrate, but no water in the solution).
It should be noted that the amount of water was not measured quantitatively and these
four conditions only offer a qualitative comparison of water content.
The Ti substrates were treated under these four conditions as described in method 9
and characterized by using FTIR. In the FTIR spectra of the Po-Ti substrates treated
according to cases 1 to 4 (Figure 4. 2), the Si-O-Si bending (470 - 480 cm-1), its
asymmetric stretching (1100 - 1215 cm-1) and symmetric stretching peaks (740 cm-1)
appear in all cases. This denotes the presence of a cross-linked Si-O-Si chain.
However, the following order of the shift towards higher frequencies for the
asymmetric stretching peak is observed: case 4 > case 2 > case 1 > case 3. As
mentioned above, the shift of this peak towards higher frequencies is an indicator of
the strong cross-linking and opening of the Si-O-Si bond angle to larger degrees.
Therefore a strong cross-linking has been formed on the as-prepared substrate in the
anhydrous solvent (case 4) in comparison to other cases.
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Figure 4. 2: FTIR spectra of the substrates prepared under 4 conditions with varying amount of
water.

133

The lowest frequency related to the Si-O-Si asymmetric stretching peak is observed in
case 3, which indicates the weakest cross-linking in the totally anhydrous system,
compared with the other conditions. This shift is related to the formation of a weak
structure with reduced Si-O-Si bond angle and therefore, it is concluded that the
presence of water evidently favours the formation of a strongly cross-linked network
and a higher surface coverage in comparison to the anhydrous systems.
However, the systems with increased amount of water (cases 1 and 2) show relatively
similar behaviour. Both show a weaker cross-linking compared to case 4 and a
stronger cross-linking compared to case 3. We notice that although an excess amount
of water on the substrate or in the solution is more favourable than a totally
anhydrous system, it may favour the cross-polymerization of the SiCl4 molecules in
the solution and formation of aggregates that may deposit on the surface and block
the surface adsorption sites. Thus, the as-prepared substrate with its “natural” water
layer may be more suitable for the growth of a high quality SAM.

4.2.3 Stability of the SiCl4 film
Assessing the thermal stability of the Si-O-Si network formed from SiCl4
adsorptions on the Ti surface may also provide indirect evidence on the formation of
the Si-O-Ti bond. Although the presence of the Si-O-Ti peak at 936 cm-1 on all
spectra (Figure 4. 2) confirms the attachment of the SiCl4 molecules onto the Ti
surface, vibration of Si-OH (between 835 - 955 cm-1) may also contribute to the peak
at 936 cm-1 (as discussed above). Therefore to distinguish between these peaks and to
ensure that the film is attached to the surface via strong covalent Si-O-Ti bond and
not a weak hydrogen bond (i.e. Ti-OH…OH-Si), the substrate was heated at 250 oC in
air for 3 h. Such hydrogen bonded molecules are expected to be removed upon heat
treatment [200].
Figure 4. 3 displays the FTIR spectra of the substrate before and after heat treatment.
The peak at 936 cm-1 related to Si-O-Ti bond remains on the spectrum after heat
treatment with a decreased intensity. The decrease in the intensity is due to the
removal of the hydrogen bonded Si-OH.
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Furthermore, the shift of Si-O-Si asymmetric stretching at 1200 and 1121 cm-1
towards higher frequencies (1223 and 1127 cm-1) and the sharpening of the double
peak indicates strengthening of the Si-O-Si network [269]. Therefore heat treatment
of silane-based films (not at very high temperatures) may be beneficial in
strengthening and organizing the films.
o
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Figure 4. 3: FTIR spectra of the Ti substrate in case1 before (black) and after (red) heat
treatment.

4.2.4 Site-selective adsorption of the SiCl4 molecules
Since the surface hydroxyl groups act as binding sites for the attachment of
SAM molecules [20, 270], they play a major role in the formation of a SAM. As
mentioned earlier in this chapter, the adsorption of the SiCl4 molecules on the Ti
surface in the anhydrous solvent could first involve the hydrolysis of Si-Cl to Si-OH
bonds with the water on the substrate surface (reaction 1). Then, the attachment of the
hydrolyzed molecules to the surface hydroxyl groups occurs via ligand exchange
following reaction (2) [20, 38, 195].
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Si-Cl +H2O → Si-OH + HCl

(1)

≡Ti-OH + Si-OH → ≡Ti -O-Si+H2O

(2)

However, the reaction of neutrally charged silanol with a surface hydroxyl group (i.e.
reaction (2)) should be relatively slow at room temperature. Hence, the first attempts
in forming an OTS film were unsuccessful by considering the results of the water
content obtained with SiCl4. We found out that regardless of the type of the substrate
(Po-Ti, d_HP-Ti, d_Pi-Ti and c_Pi-Ti) and water content (on the substrate, in solution
or in anhydrous conditions) a dense monolayer with full surface coverage could not
be imaged by AFM or detected by IR spectroscopy. While IR spectroscopy showed
vibrations of the C-H stretching corresponding to a disorganized film, AFM imaging
could not reveal an OTS film. In fact, the topography of the surface after the
adsorption of OTS seemed very similar to that of the starting Ti surface.
In a first approximation, such an outcome could be explained by the low density of
surface hydroxyl groups on the all the substrates, which would result in low surface
coverage. In this case, the OTS molecules would lie down on the Ti surface and
appear disorganized, as indicated by the results from the IR spectroscopy. But
previous investigations in this work have shown that the densities of the surface
hydroxyl groups are relatively similar for different chemically treated substrates
(Chapter 3, Table 3.3). This inspired us to further investigate the issues related to the
adsorption mechanism of OTS on the Ti surface.
In fact, the adsorption of the SiCl4 molecules can also happen through the direct
hydrolysis by the surface hydroxyl groups (reaction 3).
Ti–(OH) + SiCl4 → Ti-O-SiCl3 + HCl

(3)

Such reaction would be exothermic and is more likely to occur than reaction (2) on
the Ti surface at room temperature. Considering that the temperature of 10 °C has
been reported for the adsorption of a well-organized and dense OTS film, this may
explain why at such a temperature and in the presence of water at the
solution/substrate interface, the reaction (2) may only lead to a partial surface
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coverage by the OTS film. Furthermore, for the reaction (3) to occur, the surface
hydroxyl groups must have an acidic character in order to release a proton upon the
adsorption of SiCl4. Therefore it is speculated that only OHa can serve as adsorption
sites on the Ti surface in the adsorption of OTS. This means that the adsorption of
OTS on the Ti surface is a site-selective process. Therefore depending on the density
of the OHa on the Ti surface, achieving a full surface coverage may not be possible, if
the OHa sites are far apart from each other. In this case, cross-linking of the OTS
molecules will only happen locally and not all over the substrate, leaving certain areas
of the substrate uncovered.
To confirm this, a set of experiments was carried out in order to determine whether
there is a site-selective adsorption process between the head group of the OTS
molecules, i.e. SiCl3, and the Ti surface hydroxyl groups. Once again, SiCl4
molecules were used to monitor such a phenomenon on the substrates with different
densities of the OHa and OHb (i.e. Po-Ti, d_HP-Ti, c_HP-Ti, d_Pi-Ti and c_Pi-Ti).
One advantage of using SiCl4 molecules is that once adsorbed on the Ti surface, these
molecules can further react with water and other SiCl4 molecules in the vicinity to
form small aggregates. These aggregates can then be imaged readily by AFM to
monitor a potential site-specific adsorption. In contrast, when adsorbed on the Ti
surface, the OTS molecules would not further react with other molecules due to their
neutral end groups. Therefore these may lie down on the surface and thus cannot be
detected by AFM.
The experiments were carried out under anhydrous conditions (similar to case 4) to
ensure that there is no undesirable effect of water from the solvent on the reactions. A
solution of 1 M SiCl4 was prepared in the glove box under Ar atmosphere. The Po-Ti,
c_HP-Ti, d_HP-Ti, d_Pi-Ti and c_Pi-Ti (prepared as explained in Chapter 3 - § 3.3.2)
were immersed in the solution for 2 h. Figure 4. 4 shows the FTIR spectra of the
substrates in the Si-O stretching region after the adsorption of SiCl4 with the related
density of the surface hydroxyl groups.
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Figure 4. 4: (a) FTIR spectra of chemically treated substrates in the Si-O stretching region in 1M
SiCl4 solution for 2 h. (b) Related acidic and basic hydroxyl groups as determined by XPS
analysis.

From Figure 4. 4.a, high frequency Si-O-Si stretching peak appears at 1226 cm-1 for
the c_Pi-Ti and d_Pi-Ti, which is related to the surface coverage with a strongly
cross-linked Si-O-Si structure. The peak frequency decreases in the following order
d_HP-Ti ≥ Po-Ti > c_HP-Ti, which is an indicator of a weakly cross-linked Si-O-Si
structure. Si-O-Ti stretching peak at 936 cm-1 confirms the attachment of the film to
all the surfaces. However, this peak is sharper in the spectra for the c_Pi-Ti and
d_Pi-Ti, which means that the Si-O-Si network is possibly bound to the surface with
more Ti-OH [271, 272].
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XPS results of O1s spectra (Figure 4. 4.b) show that the Piranha treatment increases
the density of the OHa groups, while H2O2 treatment increases the concentration of
the OHb groups. Although the surface roughness and the total concentration of the
OHb and OHa groups are shown to be similar for the c_Pi-Ti and c_HP-Ti, there is a
considerable difference between their FTIR spectra. Considering the fact that the
strength of cross-linked Si-O-Si structure decreases in the following order: c_Pi-Ti >
d_Pi-Ti > d_HP-Ti ≥ Po-Ti > c_HP-Ti and the concentration of the OHa groups
follows the same trend, it can be speculated that the higher density of the OHa groups
on the surface acts in favour of strengthening the Si-O-Si structure.
These results were further confirmed by AFM (Figure 4. 5) for the three substrates.
The Po-Ti, c_Pi-Ti and d_HP-Ti were chosen for their different concentrations of
OHa. An island-type growth on the surface of d_HP-Ti can be observed. The islands
have a height and width of ~ 68 and 1.5 µm, respectively. This island-type growth is
also observed on the Po-Ti with the island height and width of ~ 87 and 0.6 µm,
respectively. On the surface of c_Pi-Ti, no patches are observed and the surface is
covered with a homogenous film.
According to the XPS narrow-scan spectra of O1s (Figure 4. 4.b), the c_Pi-Ti has the
highest concentration of the OHa groups, while the d_HP-Ti and Po-Ti have a similar
concentration of the OHa groups. Therefore it is believed that the difference in the
growth behaviour is related to varying concentration of the OHa groups. The smaller
size of islands on the Po-Ti in comparison to those on the d_HP-Ti may be due to the
higher amount of contaminants on the Po-Ti, which results in the blockage of binding
sites on the surface.
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Figure 4. 5: AFM contact-mode images (20 µm x 20µm) and line analysis of the (a) d_HP-Ti, (b)
Po-Ti and (c) c_Pi-Ti in 1M SiCl4 solution for 2 h.

From the results, it is concluded that in the adsorption of the SiCl4 molecules, not
only a high density of the surface hydroxyl groups is necessary, but their chemical
nature is also of great importance. It is claimed that the SiCl4 molecules recognize the
OHa as active binding sites and a dense film can form on the surfaces with high
concentration of the OHa groups (e.g. c_Pi-Ti). On the surfaces with low density of
the OHa (e.g. d_HP-Ti and Po-Ti), islands leading to partial surface coverage are
observed. This constitutes an important discovery for the formation of a dense OTS
monolayer on the Ti surface.

4.2.5 Summary
In summary, with the use of SiCl4 the adsorption mechanism underlying the
formation of a silane-based SAM on the Ti surface was better understood. It was
shown that the as-prepared Ti substrate without further drying or hydrating placed in
anhydrous conditions contains sufficient water for the hydrolysis of the SiCl4
molecules. Moreover, it was shown that the acidic OHa groups are recognized by the
SiCl4 molecules as the active binding sites and a high density of the OHa favours the
formation of uniform films. Considering these conditions, the OTS growth on the Ti
surfaces with different surface chemistry and topography was investigated, and the
results are given in the following section.
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4.3 Initial attempts in the OTS-based SAM growth
Following the first investigations with SiCl4, preliminary experiments on the
formation of OTS-based SAM were carried out according to method 10. Various
chemically treated substrates (i.e. Po-Ti, d_HP-Ti, d_Pi-Ti and c_Pi-Ti) were used to
assess the effect of different surface chemistry and roughness on the quality of the
SAM. The reason for using longer immersion time (i.e. 24 h) in comparison to the
adsorption of the SiCl4 molecules (i.e. 2 h) is that long chain molecules, e.g. OTS,
have lower mobility compared to short molecules, which may slow down the kinetics
of growth [170, 190]. Moreover, a diluted solution (i.e. 10 mM) was used in
comparison to the one used for the adsorption of the SiCl4 molecules (i.e. 1 M) to
reduce the possibility of fast and disorganized attachment of the OTS molecules to
the surface, which can also slow down the kinetics of growth [30, 190].

4.3.1 OTS adsorption on the Ti surface
IR spectroscopy was used to determine the adsorption of the OTS molecules
on the Ti surface. A typical IR spectrum obtained for all the substrates is displayed in
Figure 4. 6. This spectrum shows the Si-O-Si stretching at 1000 - 1200 cm-1. Three
peaks are also observed at 2960, 2920 and 2850 cm-1 related to as(-CH3), as (-CH2)
and s (-CH2), respectively, and correspond to a well-organized and densely packed
SAM [273-276]. A weak peak is also observed at 936 cm-1 related to the Si-O-Ti
stretching. Finally, the broad peak centred around 3600 cm-1 is due to the OH
stretching from H2O. Such an IR spectrum confirms the adsorption of the OTS
molecules to the surface.
The position of νas(-CH2) is an indicator of the conformation of hydrocarbon chains
[41, 49]. Moreover, the presence of a pronounced as(-CH3) vibration means that most
alkylsiloxane chains are nearly vertically oriented [277]. In the present case, νas(-CH3)
is pronounced and thus the OTS molecules should be well-organized.
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Figure 4. 6: Typical FTIR spectrum of a Ti substrate after immersion in 10 mM OTS solution for
24 h. This is a typical IR spectrum obtained for all the substrates in an ideal case where the OTS
film is well-organized.

4.3.2 Surface wettability
To further confirm the adsorption of the OTS film on the Ti surface and the
formation of an OTS monolayer, the surface wettability after the formation of SAM
was characterized with water contact angle measurements. As shown in Figure 4. 7,
the hydrophilicity of the substrates drastically decreases after immersion in the OTS
solution and the surfaces become hydrophobic with water contact angle values
between 100 - 110o (Figure 4. 8). This increase in hydrophobicity is due to the alkyl
chain of the OTS molecules covering the Ti surfaces and theoretically proves that the
surface is fully covered by the OTS molecules. A similar value (110o) has been
previously reported for an OTS monolayer fully covering the surface of a silicon
substrate [172, 195, 260].
The increased hydrophobicity only gives information about the surface coverage and
this does not necessarily mean that a fully organized monolayer has been formed on
the surface. An increase in the surface hydrophobicity would either be observed when
the OTS molecules are well-organized in their vertical position, or disorganized lying
on the surface. Therefore further characterization of the film is required.
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Figure 4. 7: Images of water droplets on the chemically treated substrates before and after the
formation of SAM from a 10 mM OTS solution for 24 h.
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Figure 4. 8: Water contact angle values of untreated and chemically treated Ti substrates (a)
before and (b) after SAM.

4.3.3 OTS film thickness and surface coverage
The structure and coverage of the film on the Ti substrates were examined by
AFM. Because of the high initial surface roughness of the c_HP-Ti, c_Pi-Ti and
d_HP-Ti, it was difficult to image the monolayer on these substrates. Therefore AFM
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analysis was only carried out on the Po-Ti and d_Pi-Ti, which have relatively smooth
surfaces.
The results obtained before and after the adsorption of OTS are shown in Figure 4. 9.
The surface of the Po-Ti (Figure 4. 9.a,b) is not fully covered by SAM due to an
initial hydrophobic surface and high hydrocarbon contamination as shown by XPS
results (Chapter 3, Figure 3.16). The OTS seems to have adsorbed and formed large
aggregates on specific sites. An average peak-to-valley maximum is 15.34 nm after
the adsorption of OTS. This indicates that the adsorbed OTS molecules may have
formed a multilayer structure (the length of the alkylsiloxane chain of OTS is
2.6 nm). In order to have a better overview of the Po-Ti surface with partial coverage
of the OTS-based SAM, a different area was imaged. On this part of the Po-Ti
substrate, a better film coverage was found (Figure 4. 10). The average peak-to-valley
maximum remains relatively same for this area.
In comparison, the d_Pi-Ti surface (Figure 4. 9.c,d) seems fully covered with a thin
film, though the thickness of the film is not very uniform. On some parts of the
substrate, a monolayer seems to exist (Area A, Figure 4. 9: a peak-to-valley height of
2.82 nm corresponds to the length of an OTS), whereas a multilayer structure exists
on other parts of the substrate (Area B, Figure 4. 9).

4.3.4 OTS film and site-selective adsorption
The order of the OTS film was assessed by FTIR (Figure 4. 11). According to
the spectra, only the substrates treated with the Piranha solution, i.e. d_Pi-Ti and
c_Pi-Ti, show vibrations at 2920, 2960 and 2850 cm-1, corresponding to a
well-organized and densely packed monolayer. Although as(-CH3) vibration is
clearly observed for the d_Pi-Ti, such vibration does not appear in the c_Pi-Ti.
Therefore in the case of c_Pi-Ti, the OTS molecules are not probably vertically
aligned. This may be due to the rough initial surface of the Ti substrate and a
consequent enhanced steric repulsion of the alkyl chains.
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Figure 4. 9: Contact-mode AFM images (5µm x 5µm) and line analysis showing the surface
roughness of (a,b) Po-Ti before and after the adsorption of OTS, and (c,d) d_Pi-Ti before and
after the adsorption of OTS.
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Figure 4. 10: AFM images of the Po-Ti surface with the OTS film and corresponding line
analysis showing the surface roughness. A partial surface coverage with the OTS film is observed
on the Po-Ti surface.

In contrast, on the relatively smooth surface of d_Pi-Ti, the alkyl chains of OTS are
likely to be organized in a dense and vertical structure. In the case of d_HP-Ti and
Po-Ti, there is a shift for all CH stretching vibrations to higher frequencies as shown
in Figure 4. 11. As a consequence, the OTS adsorbed on the surface of d_HP-Ti and
Po-Ti is not well-organized and most of the alkylsiloxane chains may lie on the
substrate or be organized into complex vertical polymeric structures [35, 41, 195,
278].
As discussed earlier in this chapter, the adsorption of the SiCl4 molecules on the Ti
surface follows a site-selective adsorption process and the SiCl4 molecules recognize
surface OHa groups as suitable binding sites. The same behaviour is also observed
with the OTS molecules. Referring to the XPS spectra in the O1s region in Table 3.3,
the comparison of the d_Pi-Ti and c_Pi-Ti shows that almost no OHb groups remain
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after treatment of the substrate with the concentrated Piranha solution, while the
density of the OHa groups is high. Such effect is not observed on the d_HP-Ti, on
which the density of the OHb groups is almost half of that of the OHa groups.
Considering the IR spectra of different substrates (Figure 4. 11), only the spectra of
the d_Pi-Ti and c_Pi-Ti show vibrations corresponding to a well-organized and
densely packed monolayer and a clear as(-CH3) vibration is only observed for the
d_Pi-Ti. This indicates the vertical orientation of the OTS molecules.
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Figure 4. 11: FTIR spectra (in the C-H stretching region) of the chemically modified Ti
substrates in 10 mM OTS solution for 24 h.

Therefore it can be concluded that not only the higher density of the surface hydroxyl
groups is in favour of a well-organized and densely packed SAM, the chemical nature
of these hydroxyl groups also affects the attachment of the SAM molecules, i.e. there
is a molecular recognition between the head groups of SAM with the surface OHa
groups.
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4.3.5 Overall success in the OTS monolayer formation
Once the Ti substrates are in contact with the OTS solution, the formation of
an organized and smooth OTS-based SAM onto the Ti surface depends on several
parameters, such as water concentration and the density of the hydroxyl groups on the
Ti surface [35, 38, 195]. According to previous investigations, the reaction of OTS
with the hydroxylated surfaces is relatively complex. It is not clear if this reaction
directly occurs through the hydrolysis of the chlorosilanes of OTS by the surface
hydroxyl groups, or the chlorosilanes needs to be pre-hydrolysed before reacting with
the surface hydroxyl groups (Figure 3. 12.a,b) [35, 38].
Depending on the water content of the solution, polymerization of OTS can also
occur in the solution, leading to the deposition of aggregates on the Ti surface. In
experimental conditions, a dry hydrophobic solvent was used to avoid crosspolymerization of the OTS molecules in the solution and to keep any water at the
solution/substrate interface within a thin layer, so that inevitable traces of water can
also induce the adsorption of the OTS molecules to the Ti surface. However, despite
these ‘favourable’ conditions, the formation of a uniform monolayer on the Ti surface
was not succeeded. The formation of a well-organized monolayer strongly depends
on several conditions (i.e. surface pre-treatments, density of the surface hydroxyl
groups, carbon contaminations of the surface, etc.). Simultaneous control of all these
parameters is challenging.
While the oxidation of the substrate by H2O2 did not yield a well-organized OTS film,
pre-treatments with the Piranha solutions did lead to the formation of an ordered
molecular layer as indicated by FTIR characterization (Figure 4. 11). However, this
layer is not of a uniform thickness. According to the XPS analysis, the density of the
hydroxyl groups and carbon contamination varies, if the substrates were treated with
the H2O2 only or with Piranha solutions. The substrates treated with the H2O2
(d_HP-Ti) and Piranha solution (c_Pi-Ti) show similar levels of carbon
contamination (Figure 2. 16.b) and different surface hydroxyl contents (Table 3. 3).
Therefore it is believed that the various structures of OTS observed on the surface of
the Ti substrates are mainly due to dissimilar hydroxylation states, i.e. density and
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acidity character 7. The substrates treated with the H2O2 solution show a lower density
of the hydroxyl groups than the one treated with the Piranha solutions (Table 3. 3).
As the cross-polymerization of silanols will occur within the double layer at the
Ti-OTS solution interface, the formation of a well-organized SAM will strongly
depend on the density of the surface hydroxyl groups. Hence, if a surface hydroxyl
group is close to the first adsorption site of an OTS molecule, further crosspolymerization of the OTS molecules will occur in a horizontal fashion and a
monolayer covalently bonded to the Ti surface will form (Figure 3. 12.c). Otherwise,
vertical polymerization occurs, resulting in the formation of polysilane aggregates
due to the lack of available surface hydroxyl groups (Figure 3. 12.d).

Figure 4. 12: Schematic representation of the adsorption mechanisms of OTS on the surface of
Ti: (a) Ligand exchange mechanism; (b) Direct hydrolysis of the chlorosilanes via a surface
hydroxyl group; (c) Horizontal polymerization showing the growth of the OTS monolayer under
a high density of the hydroxyl groups on the Ti surface; and (d) Vertical polymerization showing
the growth of the OTS monolayer under a low density of the hydroxyl groups on the Ti surface
following a ligand exchange mechanism.

7

Evidently, carbon contaminations would also affect the formation of a well-organized SAM by
blocking adsorption sites.
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Such behaviour is highlighted by the adsorption of OTS on the Po-Ti, for which the
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polymerization of the OTS molecules despite a large density of the hydroxyl groups
on the Ti surface. Hence, on the Po-Ti, once a monolayer is formed, further
polymerization continues on the silanols at the edges of the monolayer leading to the
formation of large aggregates as observed by AFM (Figure 4. 9). This polymerization
process is self-sustained by the water molecules constantly available in the double
layer (the reaction between silanols releases water) and explains the non-uniformity
of the obtained layers.
Since ‘well-ordered’ structures of OTS have only been obtained on the substrates
showing a high concentration of the OHa groups (see Piranha treated substrates,
Table 3. 3), different reactivities of the surface hydroxyl groups must also influence
the adsorption behaviour of OTS on the Ti surface. As previously mentioned, the
adsorption of OTS can either occur through ligand exchange (Figure 3. 12.a) or
hydrolysis by the surface hydroxyl groups (Figure 3. 12.b). The possible release of a
proton from a surface hydroxyl group would probably be the favourable adsorption
path, in detriment to the ligand exchange route, which involves exchanging an OH
with a hydroxyl from the neutrally charged silanol. Although these two reaction paths
have been considered equivalent in previous investigations [35], the results obtained
suggest a molecular recognition path at the Ti-OTS solution interface with the OTS
molecules recognising specific acidic adsorption sites. Such behaviour at solid-liquid
interfaces has been previously described in the adsorption of complexes on the silica
surface [279]. Hence, to achieve a homogeneous and full coverage of the OTS
molecules on the Ti surface, pre-treatment methods promoting the formation of the
OHa groups rather than OHb groups on Ti surfaces should be derived.
However, it is very challenging to achieve a well-organized OTS monolayer on the Ti
substrates with full coverage. Even on the surfaces treated with the Piranha solutions,
which favour OHa, a fully covered OTS monolayer could not be formed, because with
such acid etching methods a high surface roughness is obtained. The excessive
roughness will disrupt the orientation of the OTS molecules on the surface as
explained in Chapter 1 - § 1.4.2.1. Moreover, the formation of a well-oriented and
uniform film is disturbed by the presence of water in the system. Controlling the
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water content at the substrate/solution interface is rather difficult, because during the
adsorption and cross-polymerization of the OTS molecules, water is readily released
in the system. Such water release promotes the formation of aggregates and the
vertical polymerization of the OTS molecules and deters the formation of a uniform
film.

4.3.6 Summary
After SAM formation, the surface hydrophilicity decreased considerably,
leading to a water contact angle around ~ 100o for all the substrates, which is related
to a full surface coverage by the OTS molecules. However, uniform monolayer
coverage could not be obtained on any of the chemically treated substrates. Even on
the most ideal surface for the adsorption of OTS, i.e. d_Pi-Ti, which had a relatively
smooth surface with reasonable density of the surface hydroxyl groups, the formation
of monolayer and multilayer were observed. Although the investigations of the
chemically treated Ti surfaces with different surface chemistry did not result in the
formation of a successful OTS monolayer, an important observation was achieved
and that is the site-selective adsorption of the OTS molecules on the surface OHa
groups. On the surfaces with higher density of the OHa groups, the film was wellorganized compared to disorganized films on the surfaces with similar density of the
hydroxyl groups but with a low density of OHa.
In conclusion, OTS-based film could be formed on the chemically treated Ti surfaces.
The adsorption of the molecules on the Ti surface can proceed through two
mechanisms: Ligand exchange or hydrolysis of the SiCl3 head groups by Ti-OH.
Former mechanism should be avoided as it leads to vertical polymerization and deters
the formation of the monolayer. Latter mechanism is the preferred route and could be
promoted by increasing the density of the OHa. Although acid treatment favours the
formation of OHa, acid etching implies surface corrosion and increases the surface
roughness. This is detrimental to the OTS film order. Therefore the ideal surface
should be flat with high density of the OHa and a low degree of contamination.

151

4.4 OTS-based SAM on electropolished Ti surfaces
The previous attempts to grow a well-organized and densely packed
OTS-based SAM on the chemically treated substrates were not completely successful.
The main reason was the high and/or non-uniform surface roughness. Therefore the
growth of the OTS film on the electropolished Ti substrate (showing a relatively flat
surface) was investigated. This substrate has a flat surface with reasonable density of
the OHa as shown in Chapter 3 - § 3.4.1 and 3.4.2. The experiments were carried out
as described in method 11.
The formation of OTS-based SAM on the electropolished Ti surface was
characterized by the contact angle measurements, IR spectroscopy, XPS and AFM.
The effect of OTS concentration in the solution, duration of processing and
temperature on the quality of final SAM were also investigated.

4.4.1 Surface wettability and chemistry
The wettability of the EP-Ti5 before and after the formation of the OTS film
was assessed by water contact angle measurement. The surface becomes slightly
hydrophobic after 1 h immersion in the 10 mM OTS solution at 10 oC and the water
contact angle increases from 55o to 76o after 1 h. The surface hydrophobicity
increases drastically after immersion in the OTS solution for 24 h and the water
contact angle value increases to 110o (Figure 4. 13). Similar value has been reported
for an OTS monolayer fully covering the surface of a silicon substrate [172, 195,
260]. Therefore it is concluded that the OTS film has formed on the surface and is
fully covering the surface after 24 h.
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Figure 4. 13: Water contact angle measurements on the EP-Ti5 substrate (a) before, (b) 1 h and
(c) 24 h after immersion in 10 mM OTS solution at 10 oC.

From XPS narrow-scan spectra in the O1s region, it is evident that after immersion in
the OTS solution for 20 min, there are only two peaks at 530 and 531 eV related to
TiO2 (oxide layer) [84, 157, 195, 239] and the surface OHa [77, 157, 241],
respectively (Figure 4. 14.a). After 4 h, the peak at 531 eV disappears and a new peak
at 532 eV is observed (Figure 4. 14.b). This peak is related to the Si-O-Si or Si-O-Ti
bonds [280]. This result means that the OTS molecules have adsorbed on the Ti
surface forming Si-O-Ti bonds and have cross-polymerized forming Si-O-Si bonds.
After 24 h, the intensity of the peak at 532 eV increases, which means that more
molecules have adsorbed on the surface or further cross-polymerization has happened
(Figure 4. 14.c). The XPS results are in agreement with the water contact angle
measurements. The formation of OTS film on the EP-Ti5 is a long process.
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Figure 4. 14: XPS narrow-scan spectra of O1s of the EP-Ti5 after immersion in 10 mM OTS
solution at 10 oC for (a) 20 min, (b) 4 h and (c) 24 h.

4.4.2 Orientation of the OTS film with varying temperatures
The temperature at which the adsorption of the OTS molecules is performed
has a critical effect on the orientation of the film and the surface coverage
(see Chapter 1 - § 1.4.2.3). A critical temperature of 28 ± 5 oC has been reported for
the growth of the OTS-based SAM, and the formation of a well-organized OTS
monolayer has been confirmed to happen at 10 oC [41]. Therefore to confirm this
critical temperature under experimental conditions, the growth of the OTS-based
SAM was carried out over a wide range of temperatures, while keeping the
concentration and the immersion time constant. To do this, the EP-Ti5 substrates
were immersed in 10 mM OTS solution at 5, 10, 23 and 40 oC for 24 h. According to
the FTIR spectra, it is evident that above 10 oC, as (-CH2) and s (-CH2) peaks appear
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at 2927 and 2885 cm-1, which are related to a disorganized film (Figure 4. 15). At
10 oC, the whole spectrum is shifted towards lower frequencies and the peaks appear
at 2916 and 2845 cm-1 for as (-CH2) and s (-CH2), respectively. These peaks are
representative of a well-ordered and densely packed monolayer. Moreover,
pronounced as(-CH3) suggests that most alkylsiloxane chains are nearly vertically
oriented [277]. Parikh et al. [41] have reported similar FTIR peaks for the OTS-based
SAM at 10 oC on the surface of silicon.
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Figure 4. 15: FTIR spectra of the EP-Ti5 substrates in 10 mM OTS solution for 24 h at different
temperatures.

When the deposition of the OTS is done at 5 oC, despite being below the critical
temperature, an unexpected shift towards higher frequencies is observed. It is
believed that this shift is related to the fact that at lower temperatures the kinetics of
growth is slower than that at higher temperatures. Thus, the OTS molecules may
require longer time to organize themselves into a well-organized monolayer. To
further confirm this, the OTS film was prepared at 5 oC for 48 h. The related FTIR
spectrum now shows the peaks now shift to lower frequencies (Figure 4. 16). These
peaks are related to a well-organized SAM. Therefore it is concluded that 10 oC is a
suitable temperature to obtain a well-organized OTS film from a 10 mM solution for
24 h.
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Figure 4. 16: FTIR spectrum of the EP-Ti5 with the OTS film prepared in 10 mM solution at
5 oC for 24 h (red) and 48 h (green).

4.4.3 Disorganized OTS films with increased concentrations
The concentration of the solution is also one of the most important factors to
be controlled in the SAM growth (see Chapter 1 - § 1.4.2.4). While with high
concentrations multilayers of disorganized film will form within a short exposure, a
longer time is required with the diluted solutions to achieve well-organized and
densely packed monolayers. To evaluate this effect, the EP-Ti5 substrates were
immersed in the OTS solutions of five different concentrations (5, 10, 30, 50 and
100 mM) at 10 oC for 24 h.
The FTIR spectra of the substrates immersed in 5 – 30 mM OTS solutions show
peaks related to well-oriented monolayers (Figure 4. 17). When the concentration is
increased above 30 mM, a clear shift towards higher frequencies related to a
disorganized film is observed. This can be due to the fact that at very high
concentrations the adsorption of the OTS molecules on the substrate is too fast to
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allow the formation of well-ordered and densely packed films. In this case, the
surface is probably blocked by irregular chemisorption of the adsorbate molecules
during the initial phase of the growth process [30]. Therefore it is better to keep the
concentration below 30 mM to avoid fast adsorption of the molecules in an irregular
manner and a subsequent blockage of the adsorption sites. However, if the
concentration is too low, the adsorption mechanism may be too slow [190]. Therefore
the intermediate concentration of 10 mM has been chosen for future applications.
Similar concentration of OTS has been applied by many groups on silicon surfaces
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Figure 4. 17: FTIR spectra of the EP-Ti5 substrates with the OTS film using solutions of
different concentrations at 10 oC for 24 h.

4.4.4 Orientation and surface coverage of the OTS film with time
Immersion time affects the surface coverage by SAM, the film packing and its
orientation. It is evident that prolonged exposure to the solution results in more
surface coverage and at some point, the surface will be saturated without further
adsorption. The position of νas(CH2) peak is an indicator of the conformation of
hydrocarbon chains [41, 49]. Therefore to investigate the orientation of the film with
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different immersion periods, the EP-Ti5 substrates were immersed in 10 mM OTS
solution at 10 oC and the FTIR peak position of νas(CH2) from 20 min to 96 h was
monitored (Figure 4. 18).
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Figure 4. 18: FTIR peak position of νas(-CH2) vs. immersion time in 10 mM OTS solution at
10 oC. The dashed line is a guide to eye.

According to Figure 4. 18, the film is conformationally disordered after 20 min or has
a decreased density. Considering the peak shift towards a lower frequency after 1 h, it
is believed that the monolayer has started to organize itself into a vertically oriented
chain and/or densely packed film. However, the peak position is still related to a
disorganized or loosely packed film. The quality and coverage of the film remain
probably the same up to 7 h, as the position of νas(-CH2) does not change. Between 7
to 24 h, a considerable decrease in the peak position towards lower frequencies is
observed. The position of the peak after 24 h is related to all-trans highly ordered
and/or densely packed film. This peak position remains constant up to 96 h.
From these results, it can be deduced that the adsorption of OTS on the Ti surface
follows two stages: first stage, which is fast and happens within the first 7 h, and a
second stage, which is slower and occurs within the 24 h. The first stage may
correspond to the coexistence of the LC phase with the G phase. However, in the
second stage, the G phase is replaced by the LC phase and the growth is totally
related to the LC phase.
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In order to further confirm the film coverage on the surface, AFM analysis was
carried out on the EP-Ti5 1 and 24 h after the formation of SAM. Although the
surface of EP-Ti5 was shown to be very smooth on large scales (Chapter 3 - § 3.4.1),
it has a granular structure at nanometer scale with a corrugation < 2 nm in agreement
with the reported data by Olin et al. [282], which show a corrugation of ~ 2 nm for
the electropolished Ti surface with STM.

0 nm

0 nm

0 nm

Figure 4. 19: Non-contact mode AFM images of the EP-Ti5 surface before immersion in the OTS
solution and related line analysis showing the surface roughness.

159

After 1 h in 10 mM OTS solution at 10 oC, the surface is partially covered with the
OTS film (Figure 4. 20). However, an island growth behaviour of the OTS molecules
comparable to that reported on the silica and mica surfaces at a similar temperature is
not observed [30, 194, 283]. The OTS film has only formed on some parts of the
substrate. The thickness of the film varies from 1.3 to 2.7 nm on different locations on
the surface and the shift of νas(-CH2) peak towards higher frequencies in FTIR
spectrum (Figure 4. 18) confirms a poor surface coverage and a disorganized OTS
film.

0 nm

0 nm

0 nm

Figure 4. 20: Non-contact mode AFM images and related line analysis showing the surface
roughness of the EP-Ti5 surface in 10 mM OTS solution at 10 oC for 1h.
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After 24 h (Figure 4. 21), the surface seems to be homogenously covered. The film
thickness is in between 2.5 – 2.9 nm, which is equal to the length of a fully extended
all-trans OTS molecule (2.6 nm). Therefore it is concluded that a densely packed and
well-oriented OTS monolayer has successfully formed as confirmed by the related
FTIR peak position of νas(-CH2) (Figure 4. 18).

Figure 4. 21: Non-contact mode AFM images and related line analysis showing the surface
roughness of the EP-Ti5 surface in 10 mM OTS solution at 10 oC for 24 h.
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According to the above results, it is concluded that the OTS molecules are attached
vertically to the surface from the very early stages of the adsorption and prolonged
exposure to the solution only increases the surface coverage and the density of the
film. This result is in agreement with the water contact angle measurements, FTIR
and XPS analysis.

4.4.5 Growth kinetics and the evolution of phases
An effort was made to further understand the mechanism and related kinetics
of growth. Preliminary investigations on the kinetics of growth were carried out using
‘in situ’ FTIR. For this, a quartz sealable cell (Hellma) (Figure 4. 22) was used and
the EP-Ti5 substrate was placed in the cell containing 10 mM OTS solution at room
temperature. The cell was sealed under Ar atmosphere.

Figure 4. 22: Photo of the quartz cell for in situ FTIR studies.

The FTIR spectra were taken immediately after the substrate immersion in the
solution and continuously collected up to 24 h at room temperature. The intensity of
the peak at 2855 cm-1 (corresponding to s (-CH2) in OTS) was monitored to
determine the surface coverage by the OTS molecules. The evolution of the surface
coverage on the EP-Ti5 within the first 2 h is given in Figure 4. 23.a. The kinetics of
the growth is very fast within the first 40 min until it reaches a plateau and remains
constant (after 1 h).
Moreover, as shown in Figure 4. 23, the adsorption of OTS can also occur on the
walls of the liquid cell and after the first hour, the adsorption of OTS on the Ti
substrate cannot be monitored anymore due to negligible differences between the
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adsorption on the cell and on the Ti substrate. However, from these results, it can be
concluded that the adsorption of OTS happens relatively fast at the early stages of
growth. This could correspond to the first growth stage as previously identified
(Figure 4. 18).
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Figure 4. 23: In situ growth of the OTS-based SAM from a 10 mM OTS solution at room
temperature in the liquid cell (a) with the Ti substrate and (b) without Ti substrate (adsorption
on the cell only).

To overcome this problem related to the determination of the ‘in situ’ growth kinetics,
XPS was used as an ‘ex situ’ method to follow the evolution of Si content on the
surface with time. The Si content was used to determine the surface coverage by
SAM (Figure 4. 24). Once again, the kinetics curve shows a rapid adsorption of OTS
within the first 10 h and then slows down. We tried to fit the kinetics curve according
to the Langmuir equation as follows [33, 170, 284]:

 (t )  K ' (1  e  kt )

(4)

where

K'

and

C
K
C d
Ka

K = KaC + Kd

(5)

(6)
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θ is the fraction of surface covered, C is the concentration of OTS and Ka and Kd are
the adsorption and desorption rate constants, respectively. However, it was not
possible to fit the data (Figure 4. 24) with a single rate constant equation. By
introducing a second rate constant, a good fit could be obtained (equation (7)) and the
following rate constants were found: K1 = 1312.5 and K2 = 52.5 L.(mol.h)-1.

 (t )  1  e  k ct  e  k ct ,     1
1

(7)

2

where θ is the surface coverage at the time t and c is the initial concentration of OTS
in the solution. α and β are the coverage related to K1 and K2 adsorption rates,
respectively. Similar combination of two exponential functions has been reported
previously for the growth of octadecyltrimethoxysilane on the anatase powder [52].
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Figure 4. 24: Evolution of surface coverage as determined by the area under the Si2p peak from
XPS spectra for the substrates in the 10 mM OTS solution from 20 min to 96 h. The red line
corresponds to the best fit obtained by using equation (2).

Therefore it can be concluded that the growth of the OTS monolayer on the Ti surface
proceeds through two stages: one fast and one slow. The kinetics is very fast at the
initial stages of the monolayer growth and the adsorption of ~ 1312.5 L.(mol.h)-1
molecules occurs. This fast phase is related to the adsorption of the molecules on the
surface where a sufficient number of binding sites are available on the surface. The
fast phase continues approximately 10 h until most of the binding sites are occupied
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(~ 84% surface coverage). After 10 h, the reactions proceed slowly with an
adsorption rate of 52.5 L.(mol.h)-1 molecules. This slow phase may be related to the
adsorption of the molecules filling the gaps between the already adsorbed molecules.
This result, i.e. existence of two growth phases, is in agreement with previous
observations by FTIR (Figure 4. 18) and AFM analysis. These two stages should
correspond to the coexistence of the G and LC phases as described in
Chapter 1 - § 1.4.2.3.
Within the first 10 h, the fast adsorption of the molecules can be related to the
formation of the LC phase corresponding to the patches of the monolayer observed on
the surface by AFM (Figure 4. 25). During the first growth stage, the OTS molecules
may also adsorb in an isolated “manner” and this would correspond to the G phase.
By prolonged adsorption of OTS above 10 h, the kinetics of adsorption enters a
second growth stage and the adsorption of the OTS molecules slows down. In this
second stage, the surface finally reaches the full coverage and only LC growth phase
exists (Figure 4. 26).
G

G+LC

Figure 4. 25: Partial surface coverage with the liquid condensed and gas phases of the OTS film
on the EP-Ti5 surface after 1 h.
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LC

Figure 4. 26: Full surface coverage with the liquid condensed phase of the OTS film on the
EP-Ti5 surface after 24 h.

4.4.6 Stability of the OTS-based SAM
One of the applications of SAM in this project is to apply the SAM on a Ti
surface to enhance the HA coating from SBF. The goal is to use SAMs as a means of
inducing HA growth and stabilising the HA films on the Ti surfaces. Therefore it is
essential to assess the stability of the SAM under conditions similar to the biological
environment. If the monolayer is not well-packed and does not remain firmly attached
to the surface, the ions (i.e. H+, Ca2+, PO43-) may penetrate into the gaps between the
SAM molecules and the desorption of the SAM molecules may occur by the
competitive adsorption of the ions from the solution on the Ti surface.
For in vitro testing of the stability of the SAM, an OTS film was prepared on the
EP-Ti5 substrate from 10 mM OTS solution at 10 oC for 24 h. The stability of the
SAM was assessed in two solutions: (1) a saline solution (0.9% NaCl in deionized
water) for 10 days at 37 oC [25]; and (2) in an SBF of pH=7.4 (details of the
preparation of SBF will be given in Chapter 5) for 20 days at 37 oC 8. The substrates
8

Temperature in the human body.
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were then removed, sonicated in water and dried in the air. FTIR spectra of the
starting substrate and the substrates after immersion in the saline and SBF solutions in
the C-H stretching region were taken in order to verify the stability of the OTS film

Intensity (a.u.)

(Figure 4. 27).
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Figure 4. 27: FTIR spectra of the substrate before and after immersion in the saline and SBF
solutions for 10 and 20 days, respectively.

The positions of the νas (–CH2) and νs(–CH2) peaks change neither after immersion in
the saline solution for 10 days nor in the SBF for 20 days. This means that the OTS
film is stable in both cases. The stability of the film was also analyzed by XPS
(Figure 4. 28) using Si2p peak. The area under the Si2p peak at 102 eV shows a very
negligible decrease after immersion in water compared to the starting substrate, which
may be related to the desorption of very few molecules from the surface without
disturbing the orientation of the film. Therefore it is concluded that the monolayer is
densely packed. Moreover, the structure of the film remains unchanged after
immersion in the SBF and it is expected to remain unchanged during the nucleation of
HA.
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Figure 4. 28: XPS narrow-scan spectra of Si2p of the EP-Ti5 with OTS-based SAM (a) before
and (b) after immersion in water for 10 days.

4.4.7 Summary
A successful OTS monolayer was formed on the surface of electropolished Ti.
While highly concentrated solutions at increased temperatures resulted in the
formation of disorganized multilayers, prolonged immersion periods at 10 oC in a
10 mM OTS solution led to a well-organized and densely packed OTS monolayer. A
full surface coverage was obtained after 24 h. The film thickness is homogenous as
determined by AFM and it corresponds to the length of a fully stretched OTS
molecule. The stability of the film was assessed in water and SBF. While a very
negligible decrease in the surface Si content was seen from the XPS results, no
change was observed in the orientation of the film according to FTIR analysis.
Therefore it can be concluded that the film remains densely packed and stable under
physiological conditions.

4.5 Growth of UTS-based SAM and its characterization
The major aim in applying SAM on the Ti surface is to employ SAM in
inducing the nucleation of HA onto the Ti surface from the SBF. The OTS-based
monolayer does not have the potential for such an application, because the neutral and
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hydrophobic -CH3 end groups prevent the electrostatic adsorption of the calcium ions
from the SBF to the monolayer. However, such hydrophobic monolayer is a suitable
choice for the immobilization of hydrophobic antibiotics via hydrophobichydrophobic interactions, which will be explained in detail in Chapter 6. Therefore a
molecule with a suitable end group for the nucleation of HA should be used.
In this regard, 10-Undecenyltrichlorosilane (UTS) molecules with the chemical
structure CH=CH2–(CH2)9–SiCl3 were chosen. Such molecules can provide
hydrophilic and charged end groups by chemical alteration of -CH=CH2 groups to
COOH. Therefore they can be employed to induce HA coatings from the SBF. The
advantage of the structural similarity of UTS to OTS is that once the growth
mechanism of OTS monolayer is investigated and the optimum parameters for the
formation of a well-organized and densely packed OTS monolayer is obtained, these
parameters can be directly applied to the new UTS molecule without a need for
further investigations. As a successful OTS monolayer was formed on the
electropolished Ti surface, the growth of UTS on the same surface was investigated
using the conditions determined for the growth of OTS. The substrate was prepared
according to method 12. The reason to choose a lower temperature for the formation
of UTS-based SAM (i.e. 0 oC) than that of OTS-based SAM (i.e. 10 oC) was because
the alkyl chain of UTS has 10 carbon atoms and the critical temperature for the
alkylsilane with a similar number of carbon atoms has been reported to be 0 oC [38,
49].
A main difficulty related to the UTS-based SAM characterization is the problem of
detecting the FTIR peak related to –CH=CH2 with the instrument used 9. As the
-CH=CH2 vibrations are normally found at 1640 cm-1 [265, 285], this vibration
overlaps with the water overtones. The same problem is encountered in the detection
of the –COOH peak with FTIR, which normally vibrates at 1750 cm-1 [265, 285].
However, the orientation of the film can be determined from the CH stretching region
of the hydrocarbon chain. In addition, XPS and water contact angle measurements
were applied to confirm the presence of the UTS monolayer and the conversion of its
end groups to –COOH.

9

An FTIR instrument with a vacuum chamber would have been more appropriate.
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4.5.1 The formation of UTS-based SAM
The adsorption of UTS film on the Ti surface is confirmed by water contact
angle measurement, as the contact angle increases from 55 before the adsorption of
UTS to 95 after the formation of the film (Figure 4. 29). Wasserman et al. [43] have
reported a similar value (~ 100o) for the UTS film on the Si substrate.
(a)

(b)

55o

95o

Figure 4. 29: Water contact angle measurements on the EP-Ti5 substrate (a) before and (b) after
immersion in 10 mM UTS solution at 0 oC for 24 h.

The presence of the Si2p peak at 102 eV from the XPS spectra also proves the
formation of UTS film on the surface (Figure 4. 30). XPS narrow-scan spectra of C1s
and O1s after the adsorption of UTS are given in Figure 4. 31. Two main peaks at
284.4 and 285.4 eV are observed in the C1s region (Figure 4. 31.a) corresponding to
hydrocarbons (C-C, C-H, C=C) [84, 86, 233-239]. These two peaks are related to the
organic contaminants and the hydrocarbon chain of the UTS film.
Three main peaks in the O1s region are observed at 530, 531 and 532.5 eV
(Figure 4. 31.b). These correspond to the oxygen from the Ti oxide layer [84, 157,
239], from the surface OHa groups [77, 157, 241] and from the cross-linked Si-O-Si
network [280], respectively. The presence of the peak at 531 eV may be due to the
fact that some of the surface OHa groups are still vacant adsorption sites. This could
be explained by the fact that the adsorption of UTS is carried out at 0 oC and the
kinetics is slow at low temperatures. Therefore a longer immersion time (e.g. 48 h)
may be required in this case to complete the formation of the film.
Finally, the FTIR spectrum of the substrate shows peaks related to a well-oriented
monolayer (Figure 4. 32).

170

102

2000

Si2p

1800

Counts/s

1600
1400
1200
1000
800
94

96

98 100 102 104 106 108 110
Binding energy (eV)

284.4

Figure 4. 30: XPS narrow-scan spectrum of Si2p after the adsorption of UTS.
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Figure 4. 31: XPS narrow-scan spectra of (a) C1s and (b) O1s after the adsorption of UTS.
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Figure 4. 32: FTIR spectrum of the EP-Ti5 substrate after immersion in 10 mM UTS solution at
0 oC for 24 h.
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4.5.2 Functionalization of the UTS-based SAM
The –CH=CH2 end group can be converted to hydrophilic –COOH group to
induce the nucleation of HA from the SBF. To do this, the same procedure as
described by Wasserman et al. [43, 286] was pursued and was explained in method
13. Water contact angle measurements show that the surface becomes hydrophilic
after chemical modification and the contact angle decreases from 95o before
modification to 65o afterwards (Figure 4. 33). This means that some of the -CH=CH2
groups have been converted to –COOH groups.

(a)

(b)

95o

65o

Figure 4. 33: Water contact angle measurements on the UTS covered EP-Ti5 (a) before and (b)
after chemical conversion of the -CH=CH2 end groups to -COOH.

XPS narrow-scan spectra of C1s and O1s after oxidation of the –CH=CH2 groups to
–COOH are given in Figure 4. 34. Three main peaks at 284.4, 285.4 and 288.7 eV are
observed in the C1s region (Figure 4. 34.a). The first two peaks are due to
hydrocarbons (C-C, C-H, C=C) [84, 86, 233-239], which can be due to both organic
contaminants and hydrocarbon chain of the UTS film. The third peak corresponds to
C bonding with O (C=O, HO–C=O). This peak is not observed in C1s spectrum of the
UTS film prior to the chemical modification (Figure 4. 30.a). The presence of this
peak confirms the conversion of –CH=CH2 to OH–C=O, which is also in agreement
with the water contact angle measurements. Two main peaks in the O1s region are
observed at 530 and 532.1 eV (Figure 4. 33.b). They correspond to oxygen from the
Ti oxide layer [84, 157, 239] and oxygen from the cross-linked Si-O-Si network or
Si-O-Ti bonds [280], respectively.
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Figure 4. 34: XPS narrow-scan spectra of (a) C1s and (b) O1s after oxidation of the UTS film
(conversion of -CH=CH2 to COOH end groups).

No differences were observed between the FTIR spectra of the substrate before and
after functionalization (Figure 4. 35) and the monolayer remains well-oriented after
the conversion of the vinyl end groups to –COOH.
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Figure 4. 35: FTIR spectra of (black) the UTS-based SAM and (red) after conversion of the end
groups to -COOH.
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4.5.3 Summary
In conclusion, the UTS film was formed on the electropolished Ti surface
following the same preparation conditions as for the growth of OTS. The only
difference in the growth of UTS was the temperature, which was reduced to 0 oC.
While 24 h leads to a full surface coverage by the OTS film, a slightly longer
processing time may be required for the UTS molecules for increased surface
coverage. This was explained by the slow kinetics of the growth at lower
temperatures. Contact angle measurement and XPS results confirmed the formation
of the film on the surface as well as the oxidation of the -CH=CH2 end groups to
-COOH groups. FTIR spectra of the UTS-based film both before and after
functionalization were related to a well-organized film.

4.6 Summary
While the formation of silane-based SAM has been extensively investigated
on the silica surfaces, there is very limited work on Ti oxide surfaces, most of which
do not address the desirable surface properties (i.e. smooth and clean surface with
high density of the hydroxyl groups) for the formation of SAM. Moreover, all the
studies reported in the literature have been carried out on model Ti surfaces and no
attention has been paid to the formation of SAM on standard Ti surfaces. Therefore
the formation of SAM was carried out on both chemically and electrochemically
treated standard Ti surfaces.
The research on the formation of SAM was commenced by using SiCl4 molecules as
a model probe. The use of these molecules helped better understand the head groupsubstrate interactions and the effect of water in the growth of the film without the
interference of other complex mechanisms (e.g. molecular ordering, adsorption site
blockage, etc.) that may occur during the formation of OTS film. We observed that
the adsorption of the SiCl4 molecules on the surface is a site-selective adsorption
process and the molecules prefer OHa binding sites. Hence, a homogenous surface
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coverage was observed on the surfaces with high density of the OHa, while an islandgrowth and large aggregates were seen on the surfaces with a low density of the OHa.
The formation of the OTS-based SAM was then carried out on chemically treated Ti
surfaces by using intermediate conditions in terms of solution concentration,
temperature and immersion time. The chemically treated surfaces are almost free
from contaminants and therefore, all the hydroxyl binding sites are exposed to the
OTS molecules. In particular, it was further confirmed that the adsorption of the OTS
molecules through a direct hydrolysis route of the Si-Cl bonds by the Ti-OHa is the
straight way for the formation of a well-organized and densely-packed OTS film.
However, despite all the effort, a well-organized and densely packed OTS film that is
homogenously covering the surface could not be obtained. The major obstacle in this
regard is the surface roughness, which disturbs the film orientation.
Therefore the growth of the OTS-based SAM was carried out on the electropolished
Ti surfaces. The surface of electropolished Ti has a homogenous topography and is
smooth with a corrugation < 2 nm as measured by AFM. Moreover, the surface
possesses a reasonable density of the OHa. Therefore it provides a suitable surface for
the formation of the OTS-based SAM (OTS length: 2.6 nm) and its characterization.
We carried out the formation of the OTS-based SAM on the electropolished Ti
surface and characterized the properties of the film by AFM, XPS, FTIR and water
contact angle measurements. A successful OTS-based monolayer was formed on such
a surface and the effect of different parameters, such as solution concentration,
temperature and immersion time were optimised. The optimum growth condition to
achieve a well-organized and densely packed SAM was shown to be from a 10 mM
OTS solution at 10 oC for 24 h. The kinetics of growth showed a fast adsorption
phase for up to 10 h, a slow growth phase was detected up to 24 h and finally, the
growth was completed after 24 h.
The OTS monolayer prepared under the abovementioned condition was stable in
water for 10 days and in the SBF for 20 days. Therefore it was concluded that the film
is densely packed and sufficiently stable to allow the nucleation and growth of HA.
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Finally, to functionalize the SAM for facilitated growth of HA, the UTS-based SAM
was successfully formed on the electropolished Ti surface. According to XPS and
contact angle measurements, a full surface coverage was obtained. Moreover, the end
groups of the UTS film were successfully converted to –COOH groups as confirmed
by XPS and contact angle measurements. These functional groups could serve as
suitable binding sites for the attachment of ions promoting the nucleation of HA from
the SBF.
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Chapter 5: Hydroxyapatite coating

5.1 Introduction
The HA coating of the Ti surfaces is traditionally applied to improve the
bioactivity of Ti-based implants. However, the existing coating methods used in the
implant industry mainly suffer from high processing temperatures resulting in a
relatively poor adhesion of HA onto the Ti surface. Therefore extensive research is
still being carried out to improve the deposition of HA on the Ti surfaces.
Among the various methods under investigation, the biomimetic approach to the
deposition of HA shows promising results. However, this approach is highly
dependant on the processing conditions. The properties of the HA coating obtained is
influenced by the nature of the substrate surface and the nucleation process of HA.
Various Ti surface pre-treatments, e.g. by NaOH, have been applied to improve the
properties of the HA coating and more recently, surface functionalization with SAMs
has gained interest. However, there is a limited report on the HA coating facilitated
by SAMs. The main difficulty is to form a well-ordered SAM that fully covers the
surface and to functionalize such a SAM, so that the deposition rate of HA is
sufficiently rapid to obtain a crystalline HA coating in a short period of time.
In this chapter, the deposition of the HA on the Ti substrates with and without SAM
will be investigated. In particular, the behaviour of the electropolished Ti surface in
contact with the SBF 10 will be investigated. The properties of the HA film obtained
on the electropolished Ti surface will also be compared with the control substrates,
i.e. Ti substrates chemically treated with NaOH, Piranha and HCl+H2O2 solutions,
which have been reported to allow easy growth of thick, crystalline and well-bonded
HA films. The main aim is to study the bioactivity of functionalized Ti surfaces with
SAMs and to investigate the properties of the HA film obtained (i.e. thickness,

10

The bioactivity of electropolished Ti surfaces has not been studied to date.
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crystallinity, growth kinetics, etc.) compared to those achieved without SAMs. The
properties of the HA film will be characterized by SEM, XRD and FTIR.
The growth of HA will be carried out in the SBF. The reason to choose SBF over
other supersaturated CaP solutions (i.e. containing only calcium and phosphate ions)
is that the ionic composition of SBF is similar to that of human blood plasma and
therefore, the structure of the crystalline phase precipitated on the surface of bioactive
materials would be close to biological apatite present in human bone (i.e. carbonated
apatite). Moreover, according to the observations, the growth of carbonated HA
happens faster in the SBF than in other supersaturated CaP solutions. This could be
due to the fact that other ions in the SBF may also contribute to the mechanism and
kinetics of HA nucleation and growth. The reasons for this behaviour are not yet
understood.

5.2 HA growth on the chemically treated Ti surfaces without
SAM
The Ti substrates that were chemically modified using common pre-treatments as
reported in the literature, such as alkali treatment (NaOH), acid etching ((H2O2 +
H2SO4) and (HCl + H2O2)), were chosen as the control substrates. The
electropolishing was also used to modify the Ti surface as described in
Chapter 3 - § 3.4. The reasons for the choices are: H2O2 + H2SO4 etching was chosen
to assess the effect of OHa on the nucleation and growth of HA; NaOH and HCl +
H2O2 treatments were chosen due to their conventional application as pre-treatments
prior to HA coating as discussed in Chapter 1; and electropolishing was chosen to
assess the bioactivity of the electropolished substrate for the first time and to
determine the effect of SAM on the electropolished surface in the nucleation and
growth of HA. Studying the growth of HA on the electropolished Ti surface without
SAM would provide us with valuable knowledge about the properties of HA induced
by the substrate. It would also help us better characterize the deposition of HA on the
electroplished Ti surfaces with SAM. The substrates were prepared as described in
method 14.
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5.2.1 Surface morphology and chemistry of the substrates before
HA coating
The deposition of HA would depend on the surface chemistry of the substrate.
Therefore the morphological and chemical composition of the surface of all modified
substrates was characterized by SEM and XPS, respectively.
The surface morphology of the substrates was characterized by SEM before HA
coating (Figure 5. 1). The EP-Ti5 substrate shows a smooth surface (Figure 5. 1.a)
with grain boundaries clearly observed (see Chapter 3 - § 3.4.1). Treatment in the
Piranha solution results in severe surface etching and the formation of rough crevices
of ~ 2.5 µm wide (Figure 5. 1.b). These crevices are believed to be related to the grain
boundaries (see Chapter 3 - § 3.3.2.1). Modification of the Ti surface in the mixture
of HCl and H2O2 also result in a rough surface with pore size of ~ 1 µm and crevices
of ~ 2 µm long (Figure 5. 1.c). However, the Cl-Ti surface shows micro-pores at
higher magnifications (Figure 4. 2.a). This is in agreement with the findings of
Wang et al. [152], which show a similar microporous surface on the pure Ti surface
after immersion the mixture of HCl and H2O2. After alkali treatment, no crevices are
observed on the Ti surface (Figure 5. 1.d), but the surface shows well-etched patterns
(Figure 4. 2.b). A relatively similar morphology that is believed to be a sodium
titanate hydrogel layer has been reported previously on the alkali treated Ti and its
alloys [146, 148, 287, 288].
The evolution of surface chemistry of the Ti substrate was characterized by XPS 11. In
addition to Ti, O and C peaks, the results also show Na1s peak at 1072 eV on Na-Ti
and Cl2p peak at 199.6 eV on both Cl-Ti and EP-Ti5. The Na1s peak may be due to
the formation of sodium titanate on the surface as reported previously [289]. The
existence of this peak may also indicate the contribution of positively charged Na2+
ions to the surface. The Cl2p on EP-Ti5 is due to adsorbed ClO4- anions from the
electrolyte [102, 103, 258] and was proven to be restricted to the outermost surface
layer [103]. Similarly, the presence of the Cl2p peak on Cl-Ti can be explained by the
adsorption of Cl- ions (originating from HCl) on the Ti surface. The existence of the
11

See appendix 2 for the detailed results of XPS analysis.
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Cl2p peaks on Cl-Ti and EP-Ti5 may also indicate that these surfaces are negatively
charged.

(a)

(b)

(c)

(d)

Figure 5. 1: SEM images of (a) EP-Ti5, (b) c_Pi-Ti, (c) Cl-Ti and (d) Na-Ti. Scale bars on all are
10 μm.

(a)

1 µm

(b)

1 µm

Figure 5. 2: Magnified SEM image of (a) Cl-Ti and (b) Na-Ti showing the surface microporosity. Scale bars on both are 1 μm.

The density of the surface hydroxyl groups was determined by XPS. According to
XPS narrow-scan spectra of O1s, the density of the hydroxyl groups (both acidic and
basic) decreases in the following order: Na-Ti > c_Pi-Ti > EP-Ti5 ~ Cl-Ti. This
shows that the surface treatment of Ti with NaOH provides the highest density of the
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hydroxyl groups. This is in agreement with the reported data, which confirm an
increase in the intensity of the related XPS peak for the surface hydroxyl groups on
the Ti surface after alkali treatment [87, 289]. It should also be highlighted that the
EP-Ti5 and c_Pi-Ti surfaces only possess OHa, while the Cl-Ti and Na-Ti surfaces
only have OHb. Moreover, the surface contamination by carbonaceous species
increases in the same order as the density of hydroxyl groups decreases. This could be
due to the fact that organic contaminants block the surface and prevent the
hydroxylation of the surface.
In summary, the chemically and electrochemically modified substrates show large
differences in the surface morphology and chemistry. While the EP-Ti5 surface is
very smooth, the c_Pi-Ti, Cl-Ti and Na-Ti surfaces are very rough with micro-porous
structures observed on Cl-Ti and Na-Ti. In terms of the surface chemistry, the oxide
layer on the surfaces differs in thickness, concentration and type of the hydroxyl
groups. While the EP-Ti5 and c_Pi-Ti surfaces are enriched with the OHa groups,
only OHb groups dominate the Cl-Ti and Na-Ti surfaces. The surfaces have different
degrees of contamination decreasing in the following order: Cl-Ti > EP-Ti5 ~ c_Pi-Ti
> Na-Ti. The contaminations on the surfaces may block adsorption sites and may
delay or inhibit the growth of HA in the same order. Moreover, the surfaces of Cl-Ti
and EP-Ti5 may be negatively charged due to the presence of Cl- ions, while the
existence of Na+ ions on the surface of Na-Ti may leave this surface positively
charged.

5.2.2 Nucleation and growth of HA and its characterization
The deposition of HA was carried out on the above substrates with the main
focus on the bioactivity of EP-Ti5 compared to other surfaces. For the nucleation and
growth of HA, “revised” SBF according to the Kokubo’s recipe [290] was used,
which has the ionic concentrations equal to that of human blood plasma (i.e. Na+ =
[142], K+ = [5], Mg2+ = [1.5], Ca2+ = [2.5], Cl- = [103], HCO3- = [27], HPO42- = [1],
SO42- = [0.5] mM) 12. The preparation of the SBF solution and the experimental

12

SBF is supersaturated with respect to HA.
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methods of HA growth on the substrates are given in method 15. The coated
substrates were characterized by SEM/EDS, FTIR and XRD.

Figure 5. 3: The density of the surface hydroxyl groups (both OHa and OHb) for all the
substrates determined by the area under hydroxyl peaks (531 and 532 eV) in XPS narrow-scan
spectra of O1s. The carbon content of the substrates was obtained by measuring the area under
carbon peaks (284, 285 and 288 eV) in XPS narrow-scan spectra of C1s. The dashed line is a
guide to the eye.

5.2.2.1 Morphological evolution
Figure 5. 4 shows the surface morphology of the substrates after immersion in
1.5 SBF for 14 days. The EP-Ti5 surface is covered with ~ 1 μm spherical particles
(Figure 5. 4.a). However, the spheres are not densely covering the surface and the
underlying Ti substrate can still be seen in some parts between the spheres. These
spheres consist of dense flaky crystals as shown in the inset image. On the c_Pi-Ti
surface, a very thin and inhomogeneous film has been formed and the structure of the
underlying Ti surface is still visible (Figure 5. 4.b). This thin film is also covered with
particles of ~ 50 nm. In comparison, a dense film of spherical precipitates, ~ 0.5 μm
in diameter, has homogenously covered the surface of Cl-Ti, in agreement with a
similar finding in the literature (Figure 5. 4.c) [152]. The spheres consist of flaky
crystals similar to those observed in the case of EP-Ti5. Similar morphology is
observed on the Na-Ti (Figure 5. 4.d) in agreement with previous findings, which
show spherical CaP particles with flaky crystals on the alkali treated Ti surfaces [291,
292].
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Ti

1 µm

(a)

(b)

(c)

(d)
Figure 5. 4: SEM images of the (a) EP-Ti5, (b) c_Pi-Ti, (c) Cl-Ti and (d) Na-Ti after immersion
in 1.5 SBF for 14 days. Images on the right are two times magnified images of the left. The inset
on the right images are 10 times magnified images. Scale bars on all inset images are 100 nm and
on all others are 1 μm.
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In order to identify the effect of prolonged immersion in 1.5 SBF on the morphology
of the CaP film, the surface morphology was monitored over a period of 1 month and
no changes were observed in the film morphology on any of the substrates except for
the c_Pi-Ti. After 1 month, the surface of the c_Pi-Ti is covered with a dense film
that consists of spheres with structure similar to that on the Na-Ti and Cl-Ti after 14
days. Moreover, the CaP film on the c_Pi-Ti shows cracks (Figure 5. 5). The
formation of such cracks could be due to the rapid dehydration of the film once
removed from the SBF and dried under blowing Ar. From this result, it can be
concluded that the surface of c_Pi-Ti induces the deposition of CaP with slower
kinetics compared to the other substrates. Although the density of the hydroxyl
groups on the c_Pi-Ti was shown to be higher than that on the EP-Ti5, the slower
kinetics may be due to the fact that the surface of the c_Pi-Ti does not have the same
negatively charged ions as the EP-Ti5. These negatively charged ions may speed up
the process of CaP film growth as discussed in Chapter 1 - § 1.3.2.2.

Figure 5. 5: SEM images of the c_Pi-Ti after immersion in 1.5 SBF for 1 month. The Image on
the right is two times magnified image of the left. Scale bars on both are 1 μm.

5.2.2.2 Film thickness
The thickness of the films on all the substrates was determined by both the
intensity of Ti peak from the EDS spectra (Figure 5. 6) and cross-sectional SEM
imaging (Figure 5. 7). The intensity of the Ti peak in the EDS spectra decreases in the
following order: c_Pi-Ti > Na-Ti > EP-Ti5 > Cl-Ti. This means that the thickness of
the film increases in the following order: c_Pi-Ti < Na-Ti < EP-Ti5 < Cl-Ti
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(Figure 5. 6). The thickness of the film was measured in three different locations of
the cross-section of the substrates and an average value was obtained (Figure 5. 8).
The film has the highest thickness on the Cl-Ti and the mean thickness is measured to
be 6.5 μm. On the EP-Ti5, the film was found to be 5 μm thick, which is slightly
thicker than that on the Na-Ti (~ 4 μm). A similar value (i.e. 3.36 μm) has been
reported for the thickness of a HA film on the alkali treated Ti surfaces after
immersion in 1.5 SBF for 21 days [17]. Finally, the c_Pi-Ti has the thinnest film of
2.5 μm thick. After immersion in 1.5 SBF for 1 month, the thickness of the film on
the c_Pi-Ti increased to ~ 4 μm. These results are in agreement with the intensity of
the Ti peak from the EDS spectra (Figure 5. 8). These differences in the thickness of
the film on differently modified Ti surfaces can be explained by the fact that the
charged ions on the Cl-Ti, EP-Ti5 and Na-Ti surfaces accelerate the kinetics of the
film growth. Moreover, obtaining thicker films on the Cl-Ti and EP-Ti5 surface
compared to the Na-Ti is in agreement with the previously reported speculations.
These speculations are based on the fact that negatively charged surfaces favour the
HA growth more than positively charged surfaces (as explained in Chapter 1 § 1.3.2.2.1) [150].
250
c_Pi-Ti
Na-Ti
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Figure 5. 6: Intensity of the Ti peak from the EDS spectra for all the substrates.

After immersion in 1.5 SBF for 1 month, the samples show considerable increase in
the thickness of the film on the same substrates (Figure 5. 9). The thickness of the
film on the Cl-Ti increases to ~ 10 µm and the film consists of flaky structures
(Figure 5. 9.a, left). A very thick film with a different morphology is observed on the
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cross-section of the substrate (Figure 5. 9.a, right). This can be due to the fact that
different Ti planes show different behaviours in inducing apatite, which can
consequently result in different film morphologies. This hypothesis is in agreement
with previous investigations, which speculate that the lattice match between the
apatite and the crystalline substrate contribute to the nucleation of apatite [149, 293].
On the EP-Ti5, the film consists of two layers. An underlying film of ~ 1 µm thick
consisting of dense spherical particles is formed similar to that observed after
immersion in 1.5 SBF for 14 days (Figure 5. 9.b, left). On top of this film, an ~ 8 µm
thick film can also be observed after further CaP deposition (Figure 5. 9.b, right). The
film on the c_Pi-Ti surface also shows two layers. The underlying film has a ~ 1 µm
thick dense structure and the top layer consists of piled-up flakes with thickness of
~ 4 µm (Figure 5. 9.c). Finally, on the Na-Ti, a dense film of ~ 6 µm thick is observed
(Figure 5. 9.d).
EP-Ti5

Cl-Ti

Ti
Na-Ti

Ti
c_Pi-Ti

Ti

Ti

Figure 5. 7: Cross-sectional SEM images of the thickness of the film on all the substrates. Scale
bar on the c_Pi-Ti is 1 μm and the scale bars on all others are 10 μm.
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Substrates
Figure 5. 8: The thickness of the films measured on three different locations with cross-sectional
SEM imaging on all the substrates after immersion in 1.5 SBF for 14 days (black) and 1 month
(blue). The dashed lines are guides to the eye.

Therefore the deposition of the film on the Cl-Ti and EP-Ti5 surfaces after 1 month
seems to proceed well. However, on the Na-Ti and c_Pi-Ti surfaces, the deposition of
the film seems to be slow after reaching a thickness of ~ 5 - 6 µm. This may reflect
different growth mechanism and film composition that is formed by further
deposition of Ca2+ and PO43- on the surface of already existing film. Furthermore, the
observation of several layers denotes a multilayer growth process during which each
layer may grow with different kinetics [294].

5.2.2.3 Crystallinity of the films
The crystallinity of the films was investigated by XRD after immersion in
1.5 SBF for 14 days (Figure 5. 10). The XRD pattern of the EP-Ti5 prior to the
exposure to 1.5 SBF is used as a reference pattern. All the substrates showed peaks at
2θ = 25.9, 31.8, 35, 38.2, 40.1 and 52.7o.
The peaks at 2θ = 35, 38.2, 40.1 and 52.7o are attributed to the (100), (002), (101) and
(102) planes of Ti, respectively [151, 152, 154, 167, 295, 296]. Comparing the peak
at 2θ = 35o on the reference pattern to that on the other substrates, a slight shift in the
peak position is observed and a weak peak appears on the shoulder in the XRD
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patterns of the Na-Ti and c_Pi-Ti. This could be due to the superposition of the
carbonated HA or tricalcium phosphate peak around 2θ = 35.5 – 36o.

(a)

(b)

(c)

Cl-Ti

EP-Ti5

c_Pi-Ti

(d)

Na-Ti

Figure 5. 9: Cross-sectional SEM images of (a) left: the Cl-Ti and right: magnified image of the
Ti in cross-section, (b) left: the EP-Ti5 and right: magnified image of the top layer sediment, (c)
the c_Pi-Ti and (d) the Na-Ti after immersion in 1.5 SBF for 1 month. Scale bar on (a) is 10 μm
and the scale bars on all others are 1 μm.
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Except for the c_Pi-Ti, all the surfaces show characteristic peaks of the carbonated
HA at about 2θ = 25.9 and 31.8o. The former peak corresponds to the overlapping of
the (201) and (002) planes of carbonated HA, while the later is related to the
overlapping of the (211), (112) and (300) reflections [18, 154, 167, 296-299]. The
broad HA peaks indicate a very small crystal size and/or the superposition of different
reflexes at the region. The absence of these reflexes (and the low intensity of the
peaks) is probably due to the thinness of the film [20]. Moreover, the intensity of the
peak at 2θ = 25.9o is equal to that of 2θ = 31.8o in the patterns, while it should
normally be less than a quarter for the carbonated HA. This could be due to the
reflection of other crystalline phases.
For example, crystalline dicalcium phosphate has four characteristic XRD peaks at
2θ = 20.7, 23.2, 29.3 and 31.4° corresponding to the (021), (040), (111) and (221)
planes, respectively [300] and major XRD peaks of tricalcium phosphate are located
at 2θ = 25.7, 27.8, 31, 32.4 and 34.3° corresponding to the (1 0 10), (214), (0 2 10),
(128) and (220) planes, respectively [301, 302]. Both of these phases have peaks at or
very close to the carbonated HA peak at 2θ = 25.9o. These peaks may superimpose on
the peak at 2θ = 25.9o resulting in its higher intensity than that of carbonated HA.
In order to investigate whether a larger crystal size could be achieved, the immersion
period was extended to 1 month and the crystallinity of the HA films on the substrates
was characterized using XRD (Figure 5. 11). The intensity of both HA peaks at 25.9
and 31.8° increases considerably on the EP-Ti5 and c_Pi-Ti, which confirms the
formation of a thicker HA film. The intensity of these two peaks increases slightly for
other substrates, which means that not much change has occurred in the thickness of
the HA film. The peaks are still relatively broad in agreement with the SEM
evaluation of the film thickness.
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Figure 5. 10: XRD patterns of the CaP film on different substrates after immersion in 1.5 SBF
for 14 days.
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Figure 5. 11: XRD patterns of the CaP film on different substrates after immersion in 1.5 SBF
for 1 month.
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The crystal size (t) of HA crystals after immersion in 1.5 SBF for 14 days and
1 month on the substrates was determined using the Scherrer equation (equation (1))
[303]:

t

0.9
B cos 

(1)

where λ represents the wavelength of CuKα (i.e. 0.154 nm), B is the peak width at the
half-maximum intensity of the HA peak of (211) plane in radians and θ is the angle of
this peak in degrees. The HA crystal size after immersion in 1.5 SBF for 14 days is
~ 5.5, 4.4 and 3.5 nm on the Na-Ti, Cl-Ti and EP-Ti5, respectively. After immersion
for 1 month, the HA crystal size on the EP-Ti5, Na-Ti and Cl-Ti is increased to 6.4, 6
and 5.2 nm, respectively. On the c_Pi-Ti, the crystal size is relatively similar to that
on the Cl-Ti. Therefore it can be concluded that not only the thickness of the HA
films on the substrates but also the size of crystals have increased slightly after
1 month.

5.2.2.4 Chemical composition of the film
In order to determine the chemical composition of the film, EDS analysis was
carried out. Sharp peaks of calcium and phosphate were observed confirming that the
film is composed of a CaP phase. Depending on the thickness of the film, peaks of
different intensities related to Ti (and O) could also be observed (Figure 5. 12). A
peak related to C is detected, which is either due to the surface carbon contamination
or the carbonate ions in the CaP film. Moreover, a peak related to Mg is observed on
the spectra, showing the incorporation of Mg2+ ions in the CaP film structure. Similar
traces of Mg2+ have also been observed previously in the EDS and XPS spectra of the
CaP film on the alkali treated Ti surfaces [289, 304]. In theory, Mg2+ ions cannot
compete with Ca2+ ions in the adsorption process on the Ti surface due to their
smaller ionic radius, as explained in Chapter 1 - § 1.3.2.2.1. Therefore it is believed
that the Mg2+ ions must have substituted Ca2+ ions in the CaP lattice structure.
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Figure 5. 12: Typical EDS spectra for all the substrates after immersion in 1.5 SBF for 14 days.

In order to further identify the distribution of different elements in the HA film
structure, EDS line-scan was applied on the cross-section of the HA coated substrates
(Figure 5. 13). According to the spectra, distribution of Ca and phosphate follows a
similar trend on all the substrates, which means that the coating has a homogenous
CaP structure. The spectrum related to Mg shows that Mg exists within the coating
and not on the substrate surface. This confirms that Mg2+ ions do not compete with
Ca2+ ions in adsorbing onto the surface in agreement with Stumm [144]. They only
substitute for Ca2+ ions in the HA lattice structure upon prolonged exposure to the
SBF.
To determine the Ca/P ratio, EDS analysis was carried out on six different locations
of each substrate. Calcium to phosphate ratio (Ca/P ratio) was extracted for each
location and the values were averaged (Figure 5. 14.black data). It is evident that the
Ca/P ratio on the c_Pi-Ti is much lower than that of synthetic HA (i.e. ~ 1.67) and is
related to Ca/P of dicalcium phosphate (i.e. ~ 1). This small Ca/P ratio could be due
to either the low film thickness along with the low detection limit of the instrument or
the inadequate surface chemistry of the c_Pi-Ti in attracting Ca2+ ions. On the Na-Ti,
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EP-Ti5 and Cl-Ti surfaces, the Ca/P ratio of the film is ~ 1.50, which could be related
to Ca-deficient HA.
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Figure 5. 13: EDS line-scan spectra of the (a) c_Pi-Ti, (b) EP-Ti5, (c) Na-Ti and (d) Cl-Ti on the
cross-section of the HA films formed after immersion in 1.5 SBF for 1 month.

We also monitored the possible evolutions in the composition of the CaP film over
1 month period. The Ca/P ratio of the film on c_Pi-Ti is increased considerably after
1 month and becomes very close to that of synthetic HA (Figure 5. 14.red data). The
Ca/P ratio of the film on the Cl-Ti, Na-Ti and EP-Ti5 surfaces is also close to that of
synthetic HA. Therefore it can be concluded that once the film is in its equilibrium
state, the Ca/P ratio of the film is more or less the same on all the substrates
regardless of the early stages of nucleation process. The Ca/P ratio of the film on all
the substrates is mainly around 1.55 and is related to a Ca-deficient HA. This could
be explained by the fact that Mg2+ ions have substituted in Ca2+ positions resulting in
the formation of a Ca-deficient HA.
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Figure 5. 14: Ca/P ratio of the CaP film as determined by EDS analysis on the substrates after
immersion in 1.5 SBF for 14 days (black) and 1 month (red).

5.2.2.5 Apatitic nature of the CaP film
The existence of the apatite phase in the CaP films is normally indicated by
the presence of four IR vibrational modes of the phosphate ions that give rise to peaks
between 900 - 1200 cm

-1

(ν1 and ν3) and two other peaks between 450 - 700 cm

-1

(ν2 and ν4) [305, 306]. If the apatite film has a carbonated structure, four IR
vibrational modes related to the carbonate ions also appear, two of which are only
observed in the infrared spectra (ν2 and ν3). These peaks are usually located between
1400 - 1650 cm

-1

(ν3) and 850 - 890 cm

-1

(ν2) [118, 119, 306]. The ν1 mode of the

carbonate is masked by the v3 mode of the PO4 band and the v4 mode of the carbonate
appears very weakly at about 650 - 780 cm -1 [306].
The ν3 mode of C-O appears in the range of 1300 - 1650 cm-1 and according to
Rehman et al. [307], these peaks are related to the surface carbonate ions, rather than
the carbonate ions in the lattice of phosphate ions. However, Stoch et al. [308] assign
the peaks at about 1420 - 1450 cm-1 to carbonate ions incorporated in the apatite
structure. The presence of these peaks are believed to be due to CO2 dissolved in the
solution during the preparation process [309] or CO2 present in the chemical reagents
[291]. The ν2 mode of C-O normally appears at about 850 - 890 cm-1 and the peak
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position depends upon whether the carbonate ions substitute for OH- (A-sites) or
PO43- (B-sites), forming A-type or B-type carbonate apatite in the lattice, respectively.
These two types of substitution can happen simultaneously, resulting in AB-type
carbonate apatite [11, 118-121]. Vignoles et al. [310] indicate that the apatites poor in
carbonate are mostly A-type, while the increase in the carbonate content favours
B-type apatites. Moreover, it has been proven that the apatites obtained at nearly
neutral pH are always of AB-type [118]. Identifying these two kinds of CO32incorporation and assigning of the related peaks are controversial as various peak
assignments have been reported by different groups (Table 5. 1).
FTIR peaks of C-O
for AB-type (cm -1)
-

FTIR peaks of C-O
for A-type (cm -1)
1545

FTIR peaks of C-O
for B-type (cm -1)
1460, 1420 and 875

1452, 1470, 1500,
1545 and 1568
-

1535, 1463 and 879

1422, 1456 and 873

1545 and 882

1460, 1420 and 872

-

1414, 1447 and 1500

1550 and1457

References
Muller et al.
[11]
Rey et al.
[118]
Vignoles et al.
[310]
Cheng et al.
[120]

Table 5. 1: FTIR peak assignment of C-O (ν2 and ν3 modes) for A-type, B-type and AB-type
carbonated apatite by different groups.

Such discrepancy in the reported data is due the fact that the sensitivity of
spectrophotometers, assignment methods for CO32- bands and preparation condition
of the apatite (e.g. temperature, concentration, pH, etc.) are different [120]. Moreover,
it has been shown that the quantity of CO2 incorporated in the apatite lattice during
preparation in aqueous solutions increases with an increase in the pH of the solution.
With increasing pH from 4 to 9, the carbonate ions incorporate in A-sites. However,
maximum incorporation into B-sites happens at pH ~ 6 and almost no incorporation is
detected at pH = 9 [120].
In Figure 5. 15, the FTIR spectra of the substrates show peaks related to phosphate
and carbonate with the peak assignments given in Table 5. 2. According to these
results, the carbonate peak at 872 cm -1 is characteristic of a B-type apatite. However,
the ν3 vibration peaks are shifted towards higher frequencies than those of the B-type
apatite (more similar to those of the A-type apatite). Nevertheless, the characteristic
IR peak for the A-type apatite, i.e. at 1545 cm-1, is not observed. This is explained by
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the fact that the pH of SBF is ~ 7.5 and according to Cheng et al. [120], the
carbonate ions in the apatite film obtained must have replaced both the A and B-sites.
Moreover, it has been proven that the apatites obtained at nearly neutral pH are
always of AB-type [118]. Finally, the absence of the apatite OH stretching peaks at
3570 and 630 cm-1 [18, 119, 306, 311] could also partly confirm that the A-sites have
been substituted by the carbonate ions. This can be explained by considerably weaker
intensity of the OH stretching peaks compared to the strong P-O stretching vibration
because of the HA stoichiometry. Other possible explanation is the perturbation of the
OH stretching and bending modes by the hydrogen bonding of water molecules to the
surface hydroxyl groups [119].

(a)

FTIR peaks related to PO43ν4 : O-P-O bending
ν1 : P-O symmetric stretching
ν3 : P-O asymmetric stretching

Wavenumber (cm -1)
Doublet peaks at 571 and 604
960
Doublet peaks between 1015 - 1120

(b)

FTIR peaks related to CO32ν2 : O-C-O out-of-plane bending
ν3 : C-O asymmetric stretching
ν3 : O-C-O bending

Wavenumber (cm -1)
872
Doublet peaks between 1415 - 1490
Between 1640 - 1650

Table 5. 2: FTIR peak assignments for the (a) phosphate and (b) carbonate vibrations [119, 160,
297, 305, 309, 312]. The possible shifts in the peaks between 1015 – 1120 cm -1 compared to those
of stoichiometric HA are due to the presence of CO32-, HPO42- and crystal imperfections.

Extending the immersion period in 1.5 SBF to 1 month do not cause any considerable
changes in the FTIR spectra of the substrates, except for c_Pi-Ti (Figure 5. 16). After
1 month, the FTIR peaks related to the phosphate and carbonate vibrations become
sharper than those of the same substrate after 14 days. This is also in agreement with
the SEM/EDS results of the c_Pi-Ti after immersion in 1.5 SBF for 1 month, which
shows a thicker and denser film on the surface than the film on the same substrate
after immersion for 14 days.
A formula for the obtained HA film is suggested considering the fact that the trivalent
anionic phosphate sites can only be occupied by either the bivalent hydrogen
phosphates or carbonate anions. The trivalent phosphate anions are large and cannot
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accept vacancies, which may cause the destabilization of the crystal lattice structure.
However, the monovalent hydroxyl sites can only be substituted by a carbonate ion.
Finally, calcium sites can be occupied by other cations and can accept maximum two
vacant sites [313]. Therefore, the AB-type HA on the substrates may have the
following formula as proposed by Muller et al. [11]:
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Figure 5. 15: FTIR spectra of the substrates after immersion in 1.5 SBF for 14 days.
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Figure 5. 16: FTIR spectrum of the c_Pi-Ti surface after immersion in 1.5 SBF for 1 month.

5.2.2.6 Discussions on the mechanism of HA growth
The investigations on the nucleation and growth of HA film on the substrates
with varying surface chemistry show that the properties of the film obtained depend
highly on the surface properties of the underlying substrate. The mechanism of HA
nucleation and growth is not yet clear and many controversial explanations on the
mechanism of nucleation and growth have been given.
According to the classical nucleation theory, nucleation is defined as a process during
which the nuclei with a larger size than the critical size is created by overcoming the
nucleation barrier [314]. Once this barrier is overcome, the growth from the nuclei
into large crystals starts [315]. In fact, the nucleation and growth of HA depends on
two main factors:
1. A positive thermodynamic driving force () is required, which drives the
nucleation and growth and is given by equation (3) [314]:
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[a(Ca 2 )]5 [a ( PO43 )]3 [a (OH  )]
  kT ln(1   )  kT ln
K sp ( HA)

(3)

where k is the Boltzmann constant, T is the absolute temperature, Ksp is the solubility
product and  the supersaturation of the solution - the source of the driving force for
the mineralization in the solution.
2. The nucleation barrier (G*) at a given thermodynamic driving force ()
that needs to be overcome in order to start the nucleation. In the presence of foreign
particles (e.g. a substrate), the heterogeneous nucleation barrier (G*heter) is given by
equation (4) [314-316]:

G

*
heter

 G

*
hom o

f

with 0  f  1 and G

*
hom o



16 cf3  2

(4)

3

*
where G hom
o is the homogeneous nucleation barrier, f is the interfacial correlation
*
*
function related to the reduction of Ghom
o to Gheter due to the occurrence of foreign

bodies (e.g. a substrate),  cf is the specific interfacial free energy between the crystal
and the solution, and  is the volume of the growth unit. f  0 means that the
interaction between the nucleating phase and the substrate is optimal and the
heterogeneous nucleation is favoured. However, f  1 means that the substrate does
not have any influence on the nucleation barrier and homogeneous nucleation occurs.
Foreign bodies not only affect the nucleation barrier, but also have impact on the
nucleation rate (J) as described by equation (5) [316]:
 2  cf3
16
]
J  B exp[ f
3 (kT ) 3 [ln(1   )] 2

(5)

where B is the kinetic constant. According to equation (5), heterogeneous nucleation
( f  0) is always more kinetically favoured than homogeneous nucleation ( f  1).
Therefore according to equations (3,5), increasing the supersaturation (especially
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within the double layer) will not enhance the homogeneous nucleation as believed in
the past [315]. While on the one hand the presence of the substrate with active sites
on the surface promotes the nucleation, on the other hand it will have a negative
impact on the surface integration. This is because the nucleation on the substrate
reduces the effective surface of the nuclei for further growth. These contradictory
effects play different roles in different supersaturation levels. At low supersaturation,
the nucleation barrier is very high and heterogeneous nucleation of the crystalline
phase with optimal structural match with the substrate is kinetically favoured. At high
supersaturation, the nucleation barrier becomes less important and heterogeneous
nucleation of the crystalline phases with structural mismatch with the substrate with
larger f is favoured. Moreover, the heterogeneous nucleation rate could be enhanced
or retarded by cations and ligands that competitively bound to the surface [136].
Our morphological analysis of the film after 14 days shows that a globular film has
formed on all the surfaces. The globular structure of the HA coating is a result of
three-dimensional growth behaviour and is a typical morphology that is obtained
using biomimetic methods as observed by several groups [8, 148, 149, 288, 296, 317321]. The existence of such a globular structure would mean that HA is growing from
a nucleation point at specific adsorption sites for Ca2+ and/or phosphate ions
(i.e. PO43-, HPO42-, H2PO4-). As a very thin film is formed on the c_Pi-Ti, it can be
concluded that charged surfaces favour fast kinetics for the growth of the CaP film on
the Ti substrates. Moreover, the thickest film is observed on the Cl-Ti, which means
that negatively charged surfaces (and not positively charged surfaces) would favour
the CaP film growth in agreement with previous observations [150].
The behaviour of the Na-Ti surface in the SBF has been explained in detail by
Kim et al. [87, 97, 147] and was discussed in Chapter 1- § 1.3.2.2.2. According to
their results, the Na+ ions are released from the surface upon immersion in the SBF
and are exchanged by H+ ions. Therefore the pH increases near the surface resulting
in the deprotonation of the acidic hydroxyl groups. Consequently, the surface gets
negatively charged and favours the electrostatic adsorption of Ca2+ ions followed by
phosphate ions, forming the HA coating.
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In the case of EP-Ti5 and Cl-Ti with additional Cl- ions on their surfaces, the Cl- ions
may tend to stay on the surface upon immersion in the SBF. In this case, the basic
hydroxyl groups (pKa ~ 12.7) on the Cl-Ti will be protonated (i.e. positively
charged), while the acidic hydroxyl groups (pKa ~ 2.9) on the EP-Ti5 will become
deprotonated (i.e. negatively charged). On the EP-Ti5, the surface will have strong
negative charge due to the absence of the basic hydroxyl groups. However, the Cl-Ti
surface can only be negatively charged, if the density of Cl- anions is more than that
of positively charged basic hydroxyl groups. The negatively charged surface will
enhance the electrostatic adsorption of Ca2+ ions followed by phosphate ions and the
heterogeneous nucleation of HA will happen. To support these speculations on the
mechanism of HA growth on the surfaces with negatively charged ions, further
investigations of the changes in the surface PZC and the pH of the SBF are required.
In terms of the c_Pi-Ti, the surface is free from charged ions and contains only acidic
hydroxyl groups. These acidic hydroxyl groups get deprotonated in the SBF and the
surface becomes negatively charged. Therefore Ca2+ ions electrostatically attach to
these negatively charged hydroxyl groups followed by the adsorption of phosphate
ions, forming the HA coating. However, as it was shown in the above results, the
kinetics of HA nucleation and growth is slow on such a surface. This is because on
the Na-Ti surface, the deprotonation of the acidic hydroxyl groups is accelerated by
the pH increase near the surface due to the exchange of Na+ ions with H+ ions.
The presence of other ions in the SBF, specifically Mg2+ and CO32-, also influences
the HA nucleation and growth, its composition and kinetics of growth by either
forming complexes with the lattice ions and preventing them from participating in the
reactions, or adsorbing at the growth sites on the crystal surface [322]. It has been
shown that traces of Mg2+ ions reduce the overall rate of CaP crystallization and delay
the transformation of amorphous CaP to apatitic phases [323]. The Mg2+ ions hinder
the kinetics of HA nucleation by competing with chemically similar but larger Ca2+
ions for the lattice sites. Furthermore, Mg2+ can also bind to the phosphate ions in the
solution forming magnesium phosphates and reduce the amount of phosphate ions
that can participate in the formation of HA [322]. As a consequence, high
concentration of Mg2+ ions in the vicinity of negatively charged surfaces reduces the
growth of HA crystal size and thus favours heterogeneous nucleation of poorly
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crystallized tiny HA globules. This leads to a strong attachment of the HA coating
onto the substrate surface at the early stages of the HA formation [324]. Apart from
Mg2+, CO32- ions also may inhibit the growth of apatite crystal and reduce its growth
rate. Similar to Mg2+ ions, CO32- ions favour the attachment of HA crystals to the
substrate surface by limiting the crystal growth [324, 325]. The inhibitory effect of
Mg2+ and CO32- ions on the growth of HA can also explain the small crystal size of
HA (~ 4 - 6 nm) obtained in this work. Based on these explanations and the formula
given in equation (2) in § 5.2.2.5 of this chapter, the nucleation of HA in the presence
of Mg2+ and CO32- ions could be as follows (Figure 5. 17).
Figure 5. 17: Proposed
mechanism of the HA
nucleation in the presence of
Mg2+ and carbonate ions
on the TiO2 surfaces. (1) is
the Mg ion substitutes in
the Ca2+ positions in the
lattice structure or adsorbs
directly on the surface. (2)
The Mg2+ ion that forms
magnesium phosphate and
inhibits further adsorption
of Ca2+. (3) The CO32- that
substitutes a phosphate
position.
(4) Protonated
PO43- ions in the lattice
structure.

5.2.3 Summary
In summary, it was shown that the formation of bone-like apatite occurs on
the surface of all chemically treated substrates. The HA film obtained on different
substrates showed differences in the thickness, kinetics and mechanism of HA
growth. This is due to the dissimilarities in the surface properties of the substrates.
For the first time, the bioactivity of electropolished Ti surface was assessed in vitro
and it was found that the surface possesses suitable properties to induce bone-like
apatite layer. Therefore the electropolishing could be an alternative route to chemical
modifications of the Ti surfaces in order to enhance its bioactivity and consequent
apatite growth. However, the above findings contradict previous results obtained by
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Meirelles et al. [326], who evaluated the formation of bone on unmodified
electropolished Ti surfaces in vivo within 4 weeks and demonstrated that the surface
of unmodified electropolished Ti is not covered with a CaP layer [327]. Therefore a
comprehensive analysis of the properties of HA film on the electropolished Ti surface
in terms of its mechanical integrity and stability is required.

5.3 HA growth on the Ti surfaces after SAM formation
In this part, the effect of –COOH-based SAM on the mechanism and kinetics
of HA nucleation and growth will be investigated. Since densely packed and wellorganized monolayer was formed only on the EP-Ti5, the –COOH-based SAM was
formed on the EP-Ti5 substrates as explained in Chapter 3 (method 12) and the HA
was deposited on the SAM modified EP-Ti5 surface as described in method 15. The
obtained HA film is compared on the EP-Ti5 substrates with and without SAM. The
properties of the HA film is characterized by SEM/EDS, FTIR and XRD.

5.3.1 Morphological evolution
The morphology of the film on the EP-Ti5 substrate with and without
–COOH-based SAM after immersion in 1.5 SBF for 14 days is shown in Figure 5. 18.
The surface with –COOH-based SAM is homogenously covered with a film
consisting of spherical sediments of size varying between ~ 0.5 and 2 μm
(Figure 5. 18.a). A similar morphology of the film is observed on the surface without
SAM (Figure 5. 18.b).
In order to see the morphology of spherical sediments more clearly, one of the
substrates was removed from 1.5 SBF after 7 days. This substrate showed a less dense
film (Figure 5. 19.a). It is evident from Figure 5. 19 that the spheres have varying
sizes and consist of dense flaky crystals (Figure 5. 19.b). This once again shows a
three-dimensional CaP growth.
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(a)

1 μm

(b)

Figure 5. 18: SEM images of the EP-Ti5 (a) with –COOH-based SAM and (b) without SAM after
immersion in 1.5 SBF for 14 days. The images on the right are 6 times magnified images of the left.
Scale bars on all are 1 μm.

(a)

(b)
1 μm

Figure 5. 19: Spherical sediments on the EP-Ti5 with –COOH-based SAM immersed in 1.5 SBF
for 7 days. Image on the right is 10 times magnified image of a sphere on the left. Scale bars on
(a) and (b) are 1 μm and 100 nm, respectively.

Although the morphology of the film is similar for the EP-Ti5 with and without
–COOH-based SAM after immersion in 1.5 SBF for 14 days, extending the
immersion time to 1 month leads to a different morphological evolution on the two
substrates (Figure 5. 20). While on the surface with – COOH-based SAM a dense and
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cracked film is observed (Figure 5. 20.a), the film on the surface without SAM
remains with a globular morphology and is not as dense as the film on the
SAM-covered surface (Figure 5. 20.b). The cracks on the substrate with
–COOH-based SAM are probably due to the fast drying of the HA coating once
removed from the SBF [15].

(a)

(b)

Figure 5. 20: SEM images of the EP-Ti5 (a) with –COOH-based SAM and (b) without SAM after
1 month immersion in 1.5 SBF. Scale bars on (a) and (b) are 10 μm.

5.3.2 Crystallinity of the film
The crystallinity of the film was analyzed using XRD (Figure 5. 21). From the
XRD patterns, it is evident that the peaks related to carbonated HA at 25.9 and 31.8o
are observed on both substrates. However, the peak at 31.8o on the sample with
–COOH-based SAM is slightly sharper than that on the substrate without SAM.
Therefore larger crystals have formed on the surface with SAM.
In order to investigate the effect of extended immersion times on the growth of larger
crystals, the deposition of HA was prolonged up to 1 month on the EP-Ti5 substrate
with and without –COOH-based SAM. According to the XRD patterns (Figure 5. 22),
the intensity of the characteristic peaks of carbonated HA at 25.9 and 31.8o has
increased considerably. However, the peaks are still not very sharp.
We estimated the crystal size (t) of the HA crystals after immersion in 1.5 SBF for
14 days and 1 month on the EP-Ti5 substrates with and without SAM using the
Scherrer equation (equation (2))[303].
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Figure 5. 21: XRD patterns of the film on the EP-Ti5 substrate (black) with –COOH-based SAM
and (red) without SAM after immersion in 1.5 SBF for 14 days.
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Figure 5. 22: XRD patterns of the film on the EP-Ti5 substrate (black) with –COOH-based SAM
and (red) without SAM after immersion in 1.5 SBF for 1 month.
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The HA crystal size after immersion in 1.5 SBF for 14 days is ~ 5.3 and 4.4 nm on
the substrates with and without SAM, respectively. After immersion for 1 month, the
HA crystal size on the substrates with and without SAM has increased to 6.7 and
6.2 nm, respectively.
Therefore it can be concluded that the thickness of the HA films has increased
considerably, while the size of crystals has increased slightly after 1 month. Similar
XRD patterns have been presented previously for the HA coating on the
–COOH-based SAM [160]. However, the above findings are in contrast to those
reported by Liu et al. [167], who observe a significant increase in the intensity of the
XRD peaks related to the HA films (and consequent increased crystallinity) while
induced by –COOH-based SAM. A possible explanation is that they have applied
SAM on a different substrate (i.e. Piranha treated Ti foil) using an SBF with an
elevated level of Cl- anions.

5.3.3 Chemical composition of the film
In order to determine the composition of the film, EDS analysis was carried
out on six different locations of each substrate. Sharp peaks of calcium, phosphate
and oxygen were observed confirming that the film is a CaP phase. Depending on the
film thickness, peaks related to Ti are detected and a weak peak related to Mg can
also be observed (Figure 5. 23).
To determine which phase of CaP has formed, the Ca/P ratio was measured at several
locations and the values were averaged (Figure 5. 24). The Ca/P ratio of the film on
the EP-Ti5 is around 1.50 after immersion in the SBF for 14 days and the ratio
increases to ~ 1.60 after 1 month. However, the Ca/P ratio on the substrate with
–COOH-based SAM is around 1.75 after immersion in the SBF for 14 days and the
ratio decreases to 1.60 after 1 month. The Ca/P ratio on both substrates after 1 month
is relatively similar. The high Ca/P ratios obtained on the Ti surfaces with SAM could
be explained by the high density of the negative charges on the surface (i.e. –COOgroups) compared to the EP-Ti5 surface without SAM. These –COO- sites would
facilitate the nucleation of calcium cations nearby the surface, which would result in
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the higher Ca/P. However, upon prolonged exposure to 1.5 SBF and crystallization of
the CaP film, a replacement of Ca2+ cations or an addition of PO43- anions within the
CaP structure may also take place and a steady composition is reached after 1 month.
Then, the Ca/P ratio reaches to ~ 1.60 at the equilibrium state on both substrates.
2000

Ti,O

With -COOH-based SAM
Without SAM

Counts.s

-1

1500
1000

P
Ca

500

C
Mg

Ca

Ti

0
1.000

1.920

2.840

3.760

4.680

keV
Figure 5. 23: EDS spectra for the EP-Ti5 substrates with and without –COOH-based SAM after
immersion in 1.5 SBF for 14 days.
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Figure 5. 24: Ca/P ratio of the CaP film as determined by EDS analysis on the EP-Ti5 surface
with and without–COOH-based SAM after immersion in 1.5 SBF for (red) 14 days and (black)
1 month.
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The distribution of different elements in the HA film structure was analyzed with
EDS line-scan on the cross-section of the HA coated substrates (Figure 5. 25).
According to the spectra, the distribution of calcium and phosphate follows a
relatively identical trend on all substrates, confirming the homogenous structure of
the CaP film. The spectrum related to Mg shows that Mg exists throughout the
coating. This confirms that Mg2+ ions do not compete with Ca2+ ions in adsorbing
onto the surface in agreement with Stumm [144] and they substitute for Ca2+ ions in
the HA lattice structure upon prolonged exposure to the SBF.

Ti

HA

Ti
Ca, P
Mg
Ti
Ca, P
Mg

(a)

Ti

HA

(b)

Figure 5. 25: EDS line-scan spectra of the EP-Ti5 (a) without SAM and (b) with –COOH-based
SAM on the cross-section of the HA films formed after immersion in 1.5 SBF for 1 month.

5.3.4 Apatitic nature of the CaP film
The apatitic nature of the CaP film on the EP-Ti5 with and without
–COOH-based SAM was investigated by the IR spectroscopy after immersion in
1.5 SBF for 14 days and 1 month (Figure 5. 26). After 14 days, peaks at 571 and 604
cm-1 are observed on both substrates. These peaks are related to O-P-O bending
(ν4 mode) [305, 309]. A doublet sharp peak between 1000 - 1100 cm-1 is also seen and
is related to the asymmetric stretching of P-O in PO43- (ν3 mode) [119, 297, 305]. A
weak peak appears at about 960 cm-1 and it corresponds to the symmetric stretching
of the P-O bonds in PO43- (ν1 mode) [119, 297, 305].
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Vibrations related to CO32- are also observed. The peak at 1652 cm-1 is related to
bending of O-C-O in CO32- (ν3 mode) and the doublet peaks between
1410 - 1480 cm-1 are related to the asymmetric stretching of C-O in CO32- (ν3 mode)
[160]. The peak at 872 cm

-1

also corresponds to the out-of-plane bending of C-O

(ν2 mode) [312]. These peak positions confirm the existence of an AB-type apatite
film on both substrates.
The intensity of doublet carbonate peak between 1410 - 1480 cm-1 (IC-O) is almost
equal and half the intensity of the phosphate doublet peak between 1000 - 1100 cm-1
(IP-O) on the EP-Ti5 without and with SAM, respectively. The IC-O/IP-O was measured
to be 0.9 and 0.4 for the EP-Ti5 without and with SAM, respectively. This means that
more carbonate ions incorporate in the structure of the HA film on the substrate
without SAM, which could be due to the different mechanism of HA growth on both
surfaces.
After 1 month, while no considerable changes are observed in the FTIR spectrum of
the EP-Ti5 without SAM, some changes are observed on the spectrum of the
–COOH-based SAM. The intensity of the vibrations related to the asymmetric
stretching of P-O in PO43- has increased and the peaks have become sharper.
Furthermore, the position of vibrations related to the asymmetric stretching of C-O
has shifted towards lower frequencies. This could be due to the fact that the
carbonates ions on the B-sites are probably displaced by the phosphate ions upon
prolonged exposure to the SBF and therefore, more phosphate ions are found in the
HA structure giving rise to a sharper asymmetric stretching peak. This result is also in
agreement with previous EDS analysis results that showed a decrease in the Ca/P
ratio after 1 month (from 1.75 to 1.60).

5.3.5 Effect of SAM on the film thickness
From the SEM images, no differences were observed in the morphology of the
film formed on the EP-Ti5 with and without –COOH-based SAM. To further
characterize the kinetics of growth, the thickness of the film was measured by SEM.
To do this, a substrate with partial coverage of –COOH-based SAM was chosen
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(prepared as described in Chapter 4 - § 4.5 with the immersion time of 10 h) and was
immersed in 1.5 SBF for 10 days. The reason for choosing such a substrate is to be
able to characterize the thickness of the film on the same surface with and without
SAM and thus limit the experimental errors.
As observed by SEM, the film on the surface appears with varying contrast, which
confirms the inhomogeneity in the thickness of the film on the surface
(Figure 5. 27. a,b). The dark background is the bare Ti surface. The EDS spectrum of
the film on the brighter part shows peaks related to Ca and P, confirming that the film
is a CaP phase. A sharp Si peak related to the Si-O-Si network from the
–COOH-based SAM on the underlying substrate is also observed (Figure 5. 27.1).
Moreover, the Ti peak is not observed on this spectrum, confirming that the film is
thick. On the darker part of the film, Ca and P peaks are observed with a weak Ti
peak, which means that the film is thinner on this part. Moreover, Si peak is not
observed on the spectrum (Figure 5. 27.2), indicating that the CaP deposition has
been induced by the Ti surface without SAM. This CaP film is thinner compared to
that induced by SAM. Finally, as expected, the EDS spectrum of the background
shows peaks related to Ti and C only (Figure 5. 27.3).
The thickness of the HA film on both substrates was also measured using SEM
images on the cross-section of the substrates after immersion in 1.5 SBF for 1 month.
As shown in Figure 5. 28, the surface of EP-Ti5 without SAM is covered with an
underlying dense HA film of 1 μm thick and a top layer of large globular structures of
8 μm thick. These globular structures have formed by gathering of the spherical
sediments similar to those on the underlying film. Hence, it further confirms the
tendency of the HA growth in a three-dimensional multilayer style. On the EP-Ti5
with SAM, the underlying HA film is dense and 1 μm thick, while the top layer is
also a dense HA film of 11 μm thick. The results clearly show that the surface with
the –COOH-based SAM results in a thicker HA coating compared to the surface
without SAM. An HA film of 0.2 μm thick has been reported to form on the Si
surface with the –COOH-based SAM after immersion in 1 SBF for 21 days [160],
while Liu et al. [167] report the formation of 6.2 μm thick HA film on the Ti foil
surface with the –COOH-based SAM after immersion in 1 SBF for 1 month.
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Figure 5. 26: FTIR spectra of the (a,b) EP-Ti5 with the –COOH-based SAM and (c,d) EP-Ti5
without SAM after immersion in 1.5 SBF for 14 days and 1 month, respectively.
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Figure 5. 27: (a) SEM image of the EP-Ti5 partially covered with the –COOH-based SAM and
immersed in 1.5 SBF for 10 days. (b) is 100 times magnified image of the specified area on (a).
EDS spectra of (1) the HA film induced by the –COOH-based SAM, (2) the HA film induced by
Ti surface and (3) the bare Ti surface. Scale bars on (a) and (b) are 100 and 10 μm, respectively.
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Figure 5. 28: Cross-sectional SEM images of the
EP-Ti5 (a) without SAM and (b) with the
–COOH-based SAM after immersion in 1.5 SBF
for 1 month. (c) is the magnified image of the
underlying film on (b). Scale bars on (a) and (c)
are 1 μm and on (b) is 10 μm.
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5.3.6 Effect of SAM on the kinetics of HA growth
In order to investigate the effect of SAM on the kinetics of HA growth, 1 SBF
(instead of 1.5 SBF) was used (prepared according to method 15) to lengthen the
nucleation time of the HA crystals (i.e. slow down the kinetics of growth) and thus to
be able to monitor the differences in the kinetics of HA nucleation and growth
between the surfaces with and without SAM. According to the equation (5), the
kinetics of growth becomes slower with decreasing the supersaturation level. The
EP-Ti5 substrates with and without SAM were immersed in 1 SBF for 7 days at
36.5 oC.
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According to the SEM characterization, the morphology of the film obtained on the
SAM modified surface is similar to that obtained by 1.5 SBF (Figure 5. 29). Spheres
consisting of flaky crystals start to form on the surface with the –COOH-based SAM
after 7 days in 1 SBF. The EDS spectrum shows sharp peaks related to Ca and P and
a weak peak related to Ti. The Ca/P ratio of the spheres is ~ 1.80. However, on the
surface without SAM, only very small particles of a few nm are observed. The EDS
spectra of these particles show only the peaks related to Ca and Ti without any
phosphate peaks.
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Figure 5. 29: SEM images of the EP-Ti5
substrates (a) with the –COOH-based
SAM and (c) without SAM. (b) is 10 times
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related to the (1) spheres from the surface
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From these results, it can be concluded that the kinetics of HA nucleation and growth
on the Ti surfaces with SAM is much faster than on those without SAM. This also
confirms the ability of the SAM in lowering the activation energy barrier for the HA
nucleation and growth. Furthermore, the presence of only Ca peaks on the Ti surface
without SAM could confirm that the deposition of HA first occurs through Ca
deposition in agreement with the reported data [141].

5.3.7 Discussions on the mechanism of HA growth with SAM
According to the above results, similar morphology of the HA film is obtained
before and after applying the –COOH-based SAM on the Ti surface. However, some
differences are observed in the film thickness, chemical composition of the film and
the kinetics of HA nucleation and growth. According to the FTIR and XRD results,
the film on both substrates with and without SAM is a carbonated AB-type HA with
the chemical formula similar to the one proposed in the equation (2) of this chapter.
According to the Ca/P ratios obtained by EDS analysis, it is evident that the Ca/P
ratio is considerably high on the surface with SAM after immersion in the SBF for
14 days and is related to a Ca-rich HA film. A similar high Ca/P ratio has been
previously reported for the HA film grown on the surfaces with the
–COOH functional groups [160]. However, a low Ca/P ratio on the surfaces without
SAM is obtained and this is related to a Ca-deficient HA.
There are two possible routes for the deposition of HA on the Ti substrate with the
–COOH-based SAM as illustrated in Figure 5. 30. At pH = 7.4, the –COOH groups
(pKa ~ 4.5) are deprotonated to –COO- groups [221], which favour the electrostatic
attachment of Ca2+ ions. One Ca2+ ion can electrostatically bind to two negatively
charged –COO- groups of SAM (Figure 5. 30.1). Nucleation of the calcite form of
calcium carbonate via this route has been shown previously at the water surface with
the –COOH-based SAM with suitable distance between the end groups [136].
However, on the other hand, it is believed that even though the distance between two
–COO- groups is suitable for combining with one Ca2+ ion, the positive charge of
Ca2+ ion will be cancelled by two negative charges of –COO-. Therefore phosphate
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ions would not be attracted towards the surface and the nucleation of CaP would not
occur [135].
Another possible route is the electrostatic adsorption of one Ca2+ ion to one –COO(Figure 5. 30.2). In this case, the concentration of Ca2+ will be higher compared to
previous route. The concentration of Ca2+ will increase until the surface adsorption
sites become saturated and the surface gains an overall positive charge. This would
explain the high Ca/P ratios at the early stages of the formation of the film on the
surfaces with the –COOH-based SAM. This increase in the concentration of Ca2+ on
the surface will also result in an increase in the supersaturation level of the SBF near
the surface. The positively charged surface will attract phosphate ions and the HA
nuclei will form heterogeneously. With further adsorption of Ca2+ and PO43-, the HA
nuclei will grow and finally crystallize upon prolonged exposures. Moreover, the
substitution of Mg2+ ions with Ca2+ ions as well as the carbonate ions with the
phosphate and hydroxyl ions in the HA crystal lattice (similar to the earlier
explanation in this chapter) will result in reduced Ca/P ratios (i.e. ~ 1.60) as measured
after 1 month.
(1)

(2)

Figure 5. 30: Schematic of proposed compositional structure of HA adsorbed on the TiO2 surface
with the –COOH-based SAM. (1) is the route through which one Ca2+ ion combines with two
–COO- adsorption sites. (2) is the route through which one Ca2+ ion attaches to one –COOadsorption site.
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By applying a less supersaturated SBF, it was found that the kinetics of HA
nucleation and growth is accelerated on the –COOH-based SAM on the Ti surface.
While no HA nucleation was observed after immersion in 1 SBF for 7 days on the
surface without SAM, the HA crystals were observed on the surface with –COOHbased SAM and a Ca/P ratio of ~ 1.80 was measured related to a Ca-rich apatite. This
means that the nucleation of HA has been accelerated by applying SAM.

5.3.8 Summary
In summary, it was found that the kinetics and mechanism of HA growth on
the electropolished Ti surfaces with –COOH-based SAM differs from those without
SAM. A surface with full coverage of –COOH-based SAM possesses –COOH
adsorption sites that get negatively charged in physiological pH and favour fast
electrostatic adsorption of Ca2+ ions. Therefore at the early stages of HA nucleation, a
high Ca/P ratio is measured. Once the HA crystals grow to their equilibrium state,
magnesium and carbonate ions incorporate in the crystal structure and a bone-like
apatite is obtained. This nucleation and growth of HA on SAM happens via
heterogeneous nucleation. Moreover, a thicker HA film is obtained on the surfaces
with –COOH-based SAM compared to those without SAM within the same time
frame, because the kinetics of nucleation and growth is faster in the presence of SAM.

5.4 Inhibition of HA nucleation on the OTS-based SAM
As the SAMs with negatively charged end groups (i.e. –COO-) can be applied
to accelerate the nucleation and growth of HA on the Ti surfaces, SAM with neutral
end groups (i.e. -CH3) would also inhibit the nucleation and growth of HA. The
inhibition of the HA nucleation can be advantageous when a surface needs to be
tailored with dual or multiple functionalities. For example, the Ti surfaces can be
micro-patterned with two types of SAMs that have different functional groups of
different nucleating activity. Such a surface can induce the growth of crystalline HA
on the SAM with higher nucleating activity and keep the surface free of HA on the
SAMs with no nucleating ability. These uncoated parts (without HA) can then be
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used for other applications, such as the immobilization of antibiotics. Considering
that the OTS-based SAM will be employed for the immobilization of an antibiotic on
the Ti surfaces and may eventually combine the –COOH-based and OTS-based SAM
on the surface to have a surface with dual-application, the behaviour of the substrates
with the OTS-based SAM was assessed in 1.5 SBF.
The EP-Ti5 with the OTS-based SAM was prepared as explained in Chapter 4 - § 4.4
with the immersion time of 10 h. Such a surface would have a partial coverage of the
OTS-based film, which could inhibit the growth of HA, and would have the
unmodified parts free from SAM, which could induce the nucleation of HA. The
substrate was then immersed in 1.5 SBF for 1 day. The morphology of this substrate
was characterized by SEM. As shown in Figure 5. 31, the island growth of the OTS
molecules on the surface with partial coverage of SAM is observed. The size of the
islands vary between 0.3 to 1.7 mm. Similar patterns have been observed on the
micro-patterned surfaces with the OTS-based SAMs [135].

OTS-based
Ti

Figure 5. 31: SEM image of the EP-Ti5 substrate with partial coverage of the OTS-based SAM
after 1 day in 1.5 SBF. Image on the right is two times magnified image of the image on the left.
A voltage of 1 kV was used.

The magnified SEM images of one island and its border are shown in
Figure 5. 32.a,b. While there are particles outside of the island, no particles are
observed inside the island. The EDS analysis on the island reveals only peaks related
to Ti and C (Figure 5. 32.1). This is in agreement with the findings of
Tanahashi et al. [135], which confirm no apatite growth on the SAM with CH3 end
groups. On the white particles, the EDS spectrum gives clear peaks related to Ca and
P with a Ca/P ratio between 1.67 – 1.73 and a weak peak related to Mg
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(Figure 5. 32.2). This Ca/P ratio is very close to that of synthetic HA. Moreover, a
sharper C peak is observed, which means that the HA particles have a carbonated
structure.
After immersion in 1.5 SBF for 4 days, the island is still free from the HA film
(Figure 5. 33.a,b), which is also confirmed by the EDS analysis showing peaks
related to Ti and C only (Figure 5. 33.1). The surface outside the islands is covered
with more particles and the film becomes denser compared to the film after 1 day
(Figure 5. 33.c). According to related EDS analysis, the film becomes thicker
compared to the film after 1 day, because the Ti peak is observed with a lower
intensity (Figure 5. 33.2 and Figure 5. 32.2). Moreover, the EDS spectrum on the
particles shows clear peaks related to Ca and P with a peak related to Mg. A Ca/P
ratio between 1.40 – 1.51 is found. The decrease in the Ca/P ratio and the increase in
the intensity of Mg peak compared to that measured after immersion for 1 day means
that more Mg2+ ions substitute in the Ca positions of the HA crystal. A sharper C
peak is also observed corresponding to the carbonated structure of the particles.
It is also noteworthy that no large CaP particles on the surface of unmodified EP-Ti5
were observed up to 7 days immersion in 1.5 SBF. However, it is interesting to see
that the EP-Ti5 surface can induce CaP particles in the surrounding area of the OTS
islands even after immersion in SBF for 1 day. This could be due to an increase in the
supersaturation level between the OTS islands as explained by Aizenberg et al.
[328-331]. In summary, it can be concluded that the OTS-based SAM is stable under
physiological condition and can inhibit the nucleation and growth of HA.
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Figure 5. 32: (a) SEM image of the EP-Ti5 substrate with the OTS-based SAM in 1.5 SBF for 1
day. (b) is the magnified SEM image of the specified area in (a). (c) is the magnified image of the
specified area in (b). EDS spectra of (1) the area inside the island and (2) white particulates
outside the island.
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Figure 5. 33: (a) SEM image of the EP-Ti5 substrate with the OTS-based SAM in 1.5 SBF for
4 days. (b) is the magnified SEM image of the specified area in (a). (c) is the magnified image of
the specified area in (b). EDS spectra of (1) the area inside the island and (2) white particulates
outside the island.
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5.5 Summary
Although extensive research has been carried out on the nucleation and
growth of HA on the Ti surfaces with biomimetic methods, the reported data are
contradictory and many controversies exist in the mechanism of HA nucleation and
growth. The reason is that the HA coating through biomimetic route is highly
condition-dependant and a slight change in the experimental condition could result in
substantial differences in the properties of the obtained HA coating.
Therefore in order to find a condition for the growth of HA prior to assessing the
effect of surface functionalization in the growth of HA, some of the most common
surface pre-treatments that are used to enhance the bioactivity of Ti surfaces were
applied. Examining the behaviour of such surfaces in inducing HA with a biomimetic
way and comparing the obtained results with the reported data helped in two ways.
First, a condition was defined for the nucleation and growth of HA, which could be
applied on the SAM-covered Ti surfaces. Second, the mechanism and kinetics of HA
nucleation and growth on theses surfaces could be investigated and understood and
the findings could be used as standards to explain the nucleation and growth of HA
on the functionalized Ti surfaces.
Since a well-organized and densely packed SAM were only obtained on the
electropolished Ti surfaces, assessing the bioactivity of electropolished Ti surface
prior to the formation of SAM was of interest, so that the differences in the
bioacitivty of electropolished Ti surface with and without SAM could be
distinguished.
Different surface chemistry on the chemically and electrochemically treated Ti
surfaces resulted in dissimilar properties of the HA film. The HA film on all surfaces
consists of spherical structures with flaky crystals covering the surface of spheres.
The thickness of the film is high for the surfaces that are believed to be negatively
charged due to the incorporation of Cl- ions. The FTIR, XRD and EDS analyses show
that the HA film is a carbonated AB-type apatite, i.e. bone-like apatite with the Ca/P
ratio ~ 1.50 related to a Ca-deficient apatite. The presence of Mg peak on the EDS
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spectra proves that the deficiency of Ca is due to a partial substitution of the Mg2+
ions with Ca2+ ions within the HA crystal lattice. It was shown for the first time that
the surface of electropolished Ti is bioactive and can induce a HA film comparable to
that on the surface of alkali treated Ti. Therefore electropolishing of the Ti can be an
alternative surface pre-treatment for enhanced bioactivity. However, kinetics and
mechanism of HA nucleation should be investigated in detail in order to better
explain the bioactivity of the electropolished Ti.
Finally, the HA induction ability of the electropolished Ti surface was compared on
the surfaces with and without –COOH-based SAM. We noticed that the morphology
of the HA coating does not change on the surfaces with and without SAM. However,
there are differences in the thickness of the film and it was found that SAM
accelerates the kinetics of HA nucleation. The accelerated HA nucleation and growth
using the –COOH-based SAM is probably due to the high density of negatively
charged adsorption sites (-COO- groups). These adsorption sites adsorb Ca2+ ions
electrostatically and increase the supersaturation level of the SBF near the surface,
thus promoting the nucleation of HA. It was also shown that using SAMs with
functional groups that have no nucleating ability (i.e. –CH3), the nucleation of HA
could be prohibited. Therefore by choosing SAM with different functional groups, a
surface with dual application can be obtained.
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Chapter 6: Drug Delivery

6.1 Introduction
One

of

the

most

important

risk

factors

in

orthopaedic

surgery

is

implant-associated bacterial infection, which can be treated by antibiotic
administration. After infection, the bacteria form biofilms on the implant surface and
become more resistant to the systemic antibiotic treatments [332]. In this case,
localized delivery of the antibiotics can be advantageous. This is usually done by
using antibiotic loaded cements or antimicrobial coatings. However, by these routes,
the antibiotic is released slowly for a long period of time, which is a threat for the
antibiotic resistance in the body [333]. Moreover, the antibiotic loaded cements
release only a fraction of the antibiotic for the duration of implant function [334]. An
initial burst from the coating and the release of all loaded antibiotic within a specific
time period result in high levels of the antibiotic at the interface of the implant [335],
which can inhibit the formation of biofilms [228].
One of the existing methods for the local delivery of the antibiotics is incorporation of
the drug in the HA coating of the implant [217-219, 336]. However, there are
potential difficulties related to this method: a high concentration of the drug in the
mineralization solution (e.g. SBF) may inhibit the formation of HA or may result in
uneven and thin HA coatings [218]. Compositional change of HA can be expected
because of the interaction of the drug with the calcium and phosphate ions in the
solution and consequent change in the kinetics and mechanisms of HA growth may
happen [217]. The mechanical stability and solubility of the HA films may also be
affected by the incorporation of the drug [218]. Therefore novel methods, such as
application of SAMs, have gained interest recently and may offer the advantage of the
attachment and release of the therapeutic agents directly from the implant surfaces.
There are very limited studies on the immobilization of antibiotic on SAMs [224-226,
228, 229, 231, 337] and most of the existing studies are carried out by a simple
dipping method as an immobilization route.
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In this chapter, preliminary investigations are carried out on the direct immobilization
and release of the antibiotics from the Ti surfaces with SAM using a dip coating
method. Moreover, a method will be tested to simultaneously induce HA and
immobilize an antibiotic on the Ti surface. SEM/EDS, FTIR and elemental analysis
for carbon content will be used to characterize the samples. It should be noted that the
aim of this part of the work is only to examine the possibility of applying SAM on the
Ti surface as tools for the immobilization and release of the antibiotics. No further
attempts were made to enhance the immobilization and release profile of the
antibiotic or the amount immobilized/released, etc. This work only constitutes an
initial proof of concept.
To prove the concept, antibiotic Ciprofloxacin (CFX) with the chemical formula of
C17H18FN3O3 (Figure 6. 1) was used, which is one of the common antibiotics used in
the treatment of post-implantation bacterial infection [338, 339]. It has one –COOH
and one –NH head group. The former group can be deprotonated and the later could
be protonated according to the pH of the surrounding solution and therefore, these
groups can be used to immobilize the CFX via electrostatic adsorptions. Two pKa
values for CFX have been reported: pKa = 6.0 on the carboxyl head and pKa = 8.8 on
the amine head [340]. This antibiotic also consists of hydrophobic aromatic rings,
which also makes this compound suitable for the immobilization on hydrophobic
surfaces via hydrophobic-hydrophobic interactions.

Amine
Carboxyl

Figure 6. 1: Ball and stick model of antibiotic Ciprofloxacin created by Viewerlite. Blue: N,
Green: F, Red: O, White: H, Grey: C.
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6.2 Direct immobilization of CFX on the Ti surfaces with SAM
For the direct immobilization of CFX, a dip coating method was used. The
EP-Ti5 substrate with the OTS-based SAM was used, since such a surface is
hydrophobic and the immobilization of CFX is believed to occur through
hydrophobic-hydrophobic interactions between the CH3 end groups of the OTS
molecules and the aromatic rings of the CFX molecules.

6.2.1 Stable immobilization of CFX
The immobilization of CFX on EP-Ti5 substrates was carried out as described
in method 16. The concentration of CFX in the solution was chosen similar to the
concentrations used in previous in vitro studies [217, 219, 229]. The substrates were
characterized by SEM/EDS, FTIR and elemental analysis for carbon content.
In order to check the adsorption of the antibiotic on the Ti surfaces, FTIR was used
(Figure 6. 2). The FTIR spectrum of the substrate after the immobilization of CFX
gives a triplet peak at 2960, 2927 and 2852 cm-1 related to the aromatic C-H
stretching vibrations [265, 341]. A weak peak at 1617 cm-1 is also observed. This
peak corresponds to the symmetric stretching of C=C in the aromatic rings [342].
Furthermore, the peak observed at 1458 cm-1 corresponds to the C-H bending
vibration [343]. The symmetric stretching of C=O also appears at 1372 cm-1 [344]
and the peak at 1260 cm-1 corresponds to the C-F stretching vibration [341]. However,
on the EP-Ti5 substrate without OTS-based SAM, no CFX was detected by FTIR.
Therefore after sonication in water all CFX was washed off the surface. This shows
that the presence of the OTS-based SAM on the surface ensures strong attachment of
the CFX onto the surface.
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6.2.2 CFX release from the Ti surfaces with the OTS-based SAM
Experimental methods related to the release of CFX is described in method
17. The preliminary assessment of the release of CFX was carried out by using FTIR.
Because of its maximum intensity in the FTIR spectra, the triple peak related to the
C-H stretching vibrations between ~ 2800 - 3100 cm-1 was used to monitor the release

 C-F
s C=O
s C=C

of CFX with time.
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Figure 6. 2: FTIR spectra of the CFX powder (black) and the CFX immobilized on the
OTS-based SAM (red).

As shown in Figure 6. 3, the intensity of the C-H stretching vibrations decreases with
time. This means that the CFX is eluted from the surface. The area under the triplet
peak was used to estimate the approximate amount of CFX released from the
substrate surface 13. As shown in Figure 6. 4, a biphasic release profile is observed: a
fast release up to 4 days, during which almost 50% of the CFX is released from the
surface. After 4 days, a sustained release is seen up to 26 days when about 80% of the

13

Due to the lack of elemental analysis facilities, it should be noted that the exact amount of the CFX
that was immobilized on the surface was not measured, but it is expected to be very low due to very
small surface area of the Ti plates. Therefore, we report the percentage amount of the CFX.
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CFX is released. A similar release behaviour has been reported for the release of
ibuprofen from the amine-functionalized surfaces [226].
10
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Figure 6. 3: FTIR spectra of the substrate with the OTS-based SAM after the release of CFX in
water within 26 days in the C-H stretching region.

To further confirm the CFX release profile, the amount of CFX released in water was
assessed by measuring the carbon content of water over one month period using
elemental analysis for carbon content (Figure 6. 5). In agreement with the above
results, a biphasic release profile of the CFX is observed again. However, the initial
burst is seen up to 1 day, while it occurred up to 4 days according to the FTIR spectra.
Moreover, a sustained release is observed up to 10 days and the release is stopped
afterwards, while according to the FTIR spectra, the release continued for 26 days.
These could be explained by the fact that the IR beam is not exactly at the same
position every time when the spectrum is taken and this may explain the differences
in the two release patterns.
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Figure 6. 4: The CFX release profile in water within 26 days. The dashed line is a guide to the
eye.
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Figure 6. 5: The amount of CFX eluted in water (μg/ml) over one month period. The dashed line
is a guide to the eye.
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In summary, CFX was successfully immobilized on the hydrophobic surface of EPTi5 with the OTS-based SAM. This proves that hydrophobic-hydrophobic
interactions can be used to successfully immobilize and release CFX. The CFX was
also successfully released following a biphasic release behaviour: an initial burst
between 1 – 4 days, followed by a sustained release up to 10 days, after which the
release is stopped. With this method, the CFX could not be immobilized on the
unfunctionalized surfaces of electropolished Ti. This means that the presence of SAM
ensures a strong immobilization of the CFX onto the surface, while it can also be
released easily.

6.3 Immobilization of CFX within the HA film and its release
A Ti surface with dual functionality, which can both induce HA for a better
bioactivity and release CFX to combat bacterial infection, is of interest. Therefore it
was attempted to form a HA/CFX coating by mixing the CFX in the mineralization
solution (i.e. SBF). The immobilization by this method can happen via two routes: (1)
hydrophobic-hydrophobic interactions as mentioned above on the OTS-based SAM;
and (2) electrostatic interactions between the charged head groups of CFX and the
charged tail groups of SAM (on the -COOH-based SAM).
To do this, CFX was immobilized on EP-Ti5 substrates with and without
–COOH-based SAM as described in method 18 and the substrates were characterized
by SEM/EDS, FTIR and elemental analyzer for carbon content.

6.3.1 Evaluation of the Ti surface without SAM as a reference
After the growth of HA and immobilization of CFX, the surface of EP-Ti5
without SAM was characterized by SEM. Some scattered black and white residues
can be observed and the underlying Ti surface is also exposed (Figure 6. 6.a). From
the EDS spectra, it is evident that the C peak is more intense on the black residues
than on the underlying Ti surface (Figure 6. 6.1,2). Therefore it can be concluded that
these particulates are CFX. The EDS spectrum of the white particulates shows a sharp
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peak related to Ca, P and C with the Ca/P ratio varying between 1.40 - 1.90
(Figure 6. 6.3). This means that these particulates are related to the mixture of
Ca-deficient and Ca-rich HA microparticles. Such elevated Ca/P ratios were not
observed previously on the HA coatings on the EP-Ti5 surfaces without SAM in the
absence of CFX. The reason for this could be different kinetics of HA growth in the
presence of CFX. The pH of 1.5 SBF is ~ 7.4, which means that the amine heads
(pKa = 8.8) will be protonated (-NH2+) and the carboxyl heads (pKa = 6.0) will be
deprotonated (-COO-). Therefore the CFX can act as a nucleation site for the growth
of different CaP phases. Moreover, the incorporation of F- ions from the CFX in the
HA crystal lattice and their substitution in the phosphate positions can also explain
the elevated Ca/P ratio.
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Figure 6. 6: (a) SEM image of the EP-Ti5 surface after immersion in the CFX containing 1.5 SBF
for 7 days. (1,2,3) EDS spectra of black residues (CFX), bare EP-Ti5 and white particulates
(HA), respectively.
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6.3.2 Evaluation of the Ti surface with OTS-based SAM
After the growth of HA and immobilization of CFX, the surface of EP-Ti5
with the OTS-based SAM was characterized by SEM. The surface is mainly covered
with black residues and some scattered white particulates can also be observed
(Figure 6. 7.a). The underlying Ti surface is not exposed as on the EP-Ti5 surface
without SAM, which means that a dense coating has formed. From the EDS spectra,
the intense C peak observed on the black particulates indicates that these particles are
CFX (Figure 6. 7.1,2). The EDS spectrum of the white particulates shows Ca, P and C
peaks with the Ca/P ratio of 2.40 (Figure 6. 7.3) related to a Ca-rich HA. If the SEM
images of the EP-Ti5 surface with and without the OTS-based SAM are compared, it
is clearly observed that the surface with the OTS-based SAM contains more CFX.
This means that the hydrophobic surface with the OTS-based SAM has enhanced the
immobilization of CFX molecules compared to the hydrophilic surface of EP-Ti5
without SAM. As the surface with the OTS-based SAM is expected to inhibit the
growth of HA, the HA microparticles on the surface may have formed and adsorbed
nearby the charged groups of the CFX molecules.

6.3.3 Evaluation of Ti surface with -COOH-based SAM
Similarly, after the growth of HA and immobilization of CFX, the surface of
EP-Ti5 with the -COOH-based SAM was characterized with SEM. The surface is
covered mainly with the white particulates and some scattered black particulates are
also observed (Figure 6. 8.a). The underlying Ti surface is also exposed and the
surface is not fully covered with the coating. Similar EDS spectra for the black
particulates with more intense C peak than on the underlying Ti surface is obtained
(Figure 6. 8.1,2). The EDS spectrum of the white particulates also shows the Ca, P
and C peaks with the Ca/P ratio of 2.23 (Figure 6. 8.3) related to the Ca-rich HA.
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Figure 6. 7: (a) SEM image of the EP-Ti5 surface with the OTS-based SAM after immersion in
the CFX containing 1.5 SBF for 7 days. (1,2,3) EDS spectra of black residues (CFX), bare EP-Ti5
and white particulates (HA), respectively.

If the SEM images of the EP-Ti5 surface with and without the –COOH-based SAM
are compared, it is evident that the surface with the –COOH-based SAM contains
more HA microparticles. This is due to the fact that the –COO- groups on the surface
have accelerated the nucleation of HA compared to the unfunctionalized

EP-Ti5

surface (As discussed in Chapter 5 - § 5.3). Moreover, due to the hydrophilic surface
of Ti with the –COOH-based SAM, the immobilization of CFX cannot happen via
hydrophobic- hydrophobic interactions. Therefore it is more likely that during the
growth of HA microparticles on the surface, the CFX molecules electrostatically
adsorb to the already adsorbed HA microparticles via their charged groups (i.e.
–COO- or –NH2+).
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Figure 6. 8: (a) SEM image of the EP-Ti5 surface with the -COOH-based SAM after immersion
in the CFX containing 1.5 SBF for 7 days. (1,2,3) EDS spectra of black residues (CFX), bare
EP-Ti5 and white particulates (HA), respectively.

The co-existence of the HA and CFX on the surfaces was further confirmed by FTIR
(Figure 6. 9). The peak observed at 1630 cm-1 is related to the symmetric stretching of
C=C in the aromatic rings of the CFX [343]. This peak appeared at 1617 cm-1 for the
CFX immobilized on the surface with the OTS-based SAM alone. The shift of this
peak towards a higher frequency may be a result of the attachment of the CFX
molecules to HA microparticles. The intensity of this peak decreases in the following
order: the surface with the OTS-based SAM > without SAM > with the
–COOH-based SAM. This is in agreement with the SEM images, which showed that
more CFX has adsorbed on the surface with the OTS-based SAM compared to the
surface without SAM and a little CFX was found on the surface with the
–COOH-based SAM. Doublet peaks at 1025 and 1107 cm-1 are related to asymmetric
stretching of P-O in HA and the intensity of these peaks is the highest on the surface
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with the –COOH-based SAM. This means that more HA microparticles have formed
on this surface as expected. Finally, the peaks at 2919 and 2846 cm-1 on the OTS and
–COOH-based SAM are related to the asymmetric and symmetric stretching of CH2
in the alkyl chain of SAM molecules, respectively.
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Figure 6. 9: FTIR spectra of the EP-Ti5 surface with and without the OTS and -COOH-based
SAM after immersion in the mixture of CFX and 1.5 SBF for 7 days.

6.3.4 Properties of the HA film in presence of CFX
In order to further assess the simultaneous growth of HA and adsorption of
CFX on the surface and monitor the possible changes in the density of the film, the
immersion period was extended to 21 days. According to SEM characterization, no
considerable change is observed in the film morphology on the surface of EP-Ti5
without SAM (Figure 6. 10.a). The HA film is still not dense and the underlying Ti
surface is exposed. However, the surface coverage with the CFX and HA
microparticles has slightly increased compared to the same surface after 7 days. On
the surface with the OTS-based SAM, larger CFX residues and more HA
microparticles are observed compared to the same surface after 7 days
(Figure 6. 10.b). The film is denser compared to that on the surface without SAM.
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However, the underlying Ti surface is still exposed in some parts. Finally, a very
dense film of HA and CFX has formed on the surface with the –COOH-based SAM
and the density of both HA microparticles and CFX residues have increased
considerably compared to the same surface after 7 days (Figure 6. 10.c). The HA
microparticles have the same crystalline morphology as previously observed
(Chapter 5 - § 5.3) and the CFX molecules are incorporated within the HA film
(Figure 6. 10.d).
EDS analysis of the surfaces (Figure 6. 11) shows Ca and P peaks on the HA
microparticles. Moreover, N and F peaks are also observed on the spectra, which are
related to the CFX molecules incorporated in the coating. The Ca/P ratio varies
between 1.50 - 1.73 and it is related to a mixture of Ca-deficient and Ca-rich HA.
This Ca/P ratio is lower than that measured on the surfaces after 7 days, which means
that at longer immersion times, the initial CaP phase transforms into a bone-like
apatite, which has a Ca/P ratio around 1.50. However, the Ca/P ratio of the HA
microparticles that have been formed in the presence of CFX is higher than 1.50 in
some parts. This means that after 21 days, the HA film has a similar composition to
that formed in the absence of CFX in some parts, while in other areas the kinetics and
mechanism of HA growth may be different due to the interference of charged groups
on CFX molecules. Therefore a higher Ca/P ratio is obtained.
Moreover, it is noteworthy that no Mg peak was detected in the EDS spectra of the
HA microparticles on these surfaces. This could also be explained by the fact that in
the presence of CFX, the adsorption of Mg is inhibited on the Ti surface and the CFX
may adsorb on the surface instead, blocking the adsorption sites of the Mg2+ ions.
Therefore a higher Ca/P ratio is observed. Finally, the EDS spectra on the CFX
residues show sharper peaks related to F, N and C compared to those observed after 7
days.
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(a)

(b)

(c)

(d)

Figure 6. 10: SEM images of the EP-Ti5 (a) without SAM , (b) with the OTS-based SAM, (c) with
the –COOH-based SAM after immersion in the mixture of CFX and 1.5 SBF for 21 days. (d) is 2
times magnified image of (c). Scale bars on (a,c) and (b,d) are 10 and 1 μm, respectively.

In order to investigate the effect of CFX on the crystallinity of the HA film, the
substrate with the –COOH-based SAM was immersed in the mixture of CFX and
1.5 SBF, and the coating was characterized by XRD after 21 days (Figure 6. 12).
According to the XRD pattern, the peak at 31.8o is related to the carbonated apatite
and a broad peak at 20.6o corresponds to CFX [341]. This means both HA and CFX
are crystalline. However, the peak related to the carbonated apatite is very broad
compared to that of HA formed in the absence of CFX. Therefore it can be concluded
that the CFX may slow down the growth of HA crystals.
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Figure 6. 11: EDS spectra of the HA microparticles and CFX residues on the EP-Ti5 surface
(a,b) with the -COOH-based SAM, (c,d) without SAM and (e,f) with the OTS-based SAM,
respectively.
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Figure 6. 12: XRD pattern of the –COOH-based SAM after immersion in the mixture of CFX
and 1.5 SBF for 21 days.

To further confirm the above results, IR spectroscopy was used. As shown in
Figure 6. 13, sharpest doublet peaks at 1065 - 1120 and 574 - 605 cm-1 related to the
P-O stretching are observed on the surface with the –COOH-based SAM. This is
because the thickest and/or densest HA film has formed on this surface compared to
the others. Moreover, the C-O stretching doublet peaks at 1416 - 1480 cm-1 and a
peak at 872 cm-1 are also observed, which confirms that the HA film has a carbonated
structure. The intensity of the C=C stretching peak at 1630 cm-1 has increased on the
surface with the –COOH-based SAM compared to that on the same surface after
7 days. The intensity of this peak is almost equal to the intensity of the same peak on
the surface with the OTS-based SAM. Therefore it can be concluded that relatively
same amount of the CFX has been immobilized on both surfaces after 21 days.
However, the C=C stretching peak has the lowest intensity on the surface without
SAM in comparison to other surfaces. Finally, the peaks related to the symmetric and
asymmetric stretching of CH2 in the alkyl chain of SAM are observed at 2920 and
2846 cm-1, respectively, on both surfaces with the OTS and –COOH-based SAM.
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Figure 6. 13: FTIR spectra of the substrates after immersion in the mixture of CFX and 1.5 SBF
for 21 days.

6.3.5 Release of CFX from the HA/CFX film
The release of CFX was assessed in the phosphate buffer solution (PBS) as
described in method 19 and the amount of CFX released was detected by elemental
analysis of carbon content (Figure 6. 14). The reason to choose PBS is because it is an
ionic solution with more compositional similarity to the simulated body fluid than
water and therefore, it would provide us with more realistic CFX release profiles. The
surfaces with and without the OTS and –COOH-based SAM show different
behaviours of the CFX release. The amount of CFX released from the surfaces with
the OTS and –COOH-based SAM after 1 day is approximately double the amount
released from the surface without SAM. This is due to the fact that more CFX had
been immobilized on the surfaces with SAM as shown by SEM images and FTIR
spectra. However, after 7 days, almost equal amount of the CFX has been released
from the surfaces with and without SAM. Finally, after 21 days, the release has
stopped on the surface without SAM, which means all the CFX has been released
from the surface, while it still continues on the surfaces with SAM.
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Figure 6. 14: The release profile of the CFX from the HA/CFX film on the EP-Ti5 surface (a)
without SAM, (b) with the –COOH-based SAM and (c) with the OTS-based SAM after
immersion in PBS for 21 days.

The release of CFX from the surfaces was also confirmed with the SEM images of
the surfaces after immersion in PBS for 1 month (Figure 6. 15). As observed from the
images, there are no traces of CFX residues on the surfaces. However, the HA
microparticles remain with the same density and morphology on the surfaces, which
shows the HA film that is obtained from the mixture of SBF and CFX is stable even
after the release of CFX from the coating. According to the SEM image of the
–COOH-based SAM after the release of CFX (Figure 6. 15.c), it is evident that the
underlying Ti is exposed after the release of CFX and the HA coating does not exist
underneath where the CFX had been adsorbed. This could be due to the competitive
adsorption between the CFX and Ca2+ and PO43- ions on the Ti surface. In this case,
the concentration of CFX in the solution would influence the formation of HA.

242

Hence, if a lower concentration is used, smaller CFX residues are adsorbed and the
surface coverage with the HA micropaticles is enhanced. Further investigations on the
optimum concentration of CFX in the SBF are required.

(a)

(b)

(c)
Figure 6. 15: SEM image of the EP-Ti5 surface (a) without SAM, (b) with the OTS-based SAM
and (c) with the –COOH-based SAM, with CFX/HA film after immersion in PBS for 1 month.

In summary, the surface of EP-Ti5 with the –COOH-based SAM provides suitable
properties to obtain a surface with dual functionality, i.e. a bioactive surface that can
deliver the CFX. The surface induces fast nucleation of the crystalline HA. However,
further investigations are required in order to determine the optimum amount of CFX
in the SBF and the optimum HA/CFX growth time. Chemical analysis of the HA film
needs to be carried out and compared to that formed in the absence of CFX to study
the possible changes in the chemical composition of HA and its kinetics of growth.

6.4 Summary
Post-implantation infection is one of the persistent problems associated with
the arthroplasty. Local delivery of the antibiotics has gained interest, as it can deliver
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high doses of the drug at the infection site and eliminate side effects of the systemic
delivery. One of the existing methods for the local delivery of antibiotics is the
incorporation of the drug within the HA coating of the implant and more recently,
application of SAMs have gained interest offering attachment and release of the
therapeutic agents directly from the implant surfaces.
In this chapter, the efficacy of the functionalized electropolished Ti surfaces with the
OTS and -COOH-based SAM were investigated in the immobilization of an
antibiotic, CFX. By using a dip coating method, the CFX could be immobilized
successfully on the Ti surfaces with the OTS-based SAM and the CFX release profile
showed an initial burst followed by a sustained release within 26 days. It would be
more advantageous to know the exact amount of the CFX that was immobilized on
the surface by this method, which could help in interpretation of the release profile,
facilitate the quantification of the released CFX and an accurate time within which
the total amount of the CFX is released from the surface.
In order to clarify if it is possible to develop a surface with dual functionality that can
both induce fast growth of HA and deliver CFX, a method was developed in which
the surface with the –COOH-based SAM was covered with the HA/CFX film using a
mixture of SBF and CFX. A dense coating was formed after immersion in the
solution for 21 days that could release CFX from the surface with an initial burst
followed by a sustained release. However, after the release of CFX, the surface did
not show a dense HA coating due to the attachment of large CFX aggregates.
Therefore comprehensive investigations are required to find the optimum amount of
the CFX that has to be dissolved in the SBF in order to avoid the adsorption of large
residues and ensure full surface coverage with HA. Moreover, the total amount of
CFX that is immobilized and the amount that is released with time need to be
quantified. The control of different factors, such as pH of the solution and
temperature, are also required to be further investigated.
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Chapter 7: General discussion

7.1 Surface modifications for SAM formation
Various Ti surface modification methods have been suggested in the literature
as a beneficial measure to improve its biological applications. However, little
attention has been paid to the detailed effects of the treatment on the physical and
chemical properties of the Ti surface. Prior to any surface modification, the surface
properties of the as-received Ti substrate were studied in order to better understand
the effects of future chemical treatments on surface properties. First of all, the
conditions of treatment are important to surface textures and properties. The SEM
image of the as-received Ti showed a microscopically rough surface with pores of
different sizes ranging between 1 - 5 µm (Figure 3. 1.a). The water contact angle
measurement on the surface showed a value of ~ 80o indicating a hydrophobic nature
(Figure 3. 1.b), likely to result from the presence of organic contaminants. The XPS
narrow-scan spectra in O1s region revealed both types of acidic and basic hydroxyl
groups on the surface (Figure 3. 5.a).
To clean the Ti surfaces, the Piranha solution (98% H2SO4 + 30 wt.% H2O2) is
commonly used, but there is little mechanistic report on the resulting surface
characteristics. Therefore a comprehensive research was carried out on the effect of

Piranha treatment on the surface properties of Ti. In general, the Piranha treatment
improves the surface hydrophilicity with a contact angle reduction from 80o to 23o.
Advincula et al. [232] have reported similar water contact angle (20o) on the Piranha
treated Ti layer (with its native oxide) thermally evaporated on Si wafers. Moreover,
Liu et al. [19] have shown a reduction in the water contact angle of a pure Ti
substrate from 68o to 45o after the Piranha treatment. Such reduction can result from
the removal of organic contaminants and/or an increase in the density of surface
hydroxyl groups [19, 232]. From the XPS results, it was noted that the total density of
the OH groups decreased in favour of the formation of Ti-O. This result is not in
agreement with those of Nanci et al. [55], which show an increase in the density of
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the surface hydroxyl groups after the Piranha treatment of a pure Ti substrate.
Majewski et al. [20] have also applied the Piranha treatment on a Ti foil substrate
and claim the facilitated hydroxylation of the Ti surface without showing supportive
data. Moreover, according to the XPS results, the formation of OHa was favoured
after the treatment, while a considerable amount of OHb was removed.
From the XPS spectra (Figure 3. 6.b), it was shown that the Piranha treatment not
only etched the native oxide layer but also formed a fresh oxide layer, mainly TiO2,
with a gel-type structure as proposed by Tengvall et al. [94]. According to the XRD
patterns (Figure 3. 8), the heat treatment of such a gel-type structure at 400 and
800 oC converted the amorphous gel structure to crystalline anatase and rutile
structures, respectively. Similar XRD patterns have been obtained by Wang et al.
[152] for the heat treated titania gel coatings produced by the chemical treatment of
the pure Ti substrate with the H2O2+HCl solution. However, the surface wettability
decreased after heat treatment (Figure 3. 9), which was explained by a decrease in the
number of the surface hydroxyl groups and bridging of the Ti atoms with Ti-O-Ti
bonds according to what has been explained by Zhuravlev [74] and Primet et al. [75].
Therefore for the applications that a high density of surface hydroxyl groups is
necessary (e.g. for the formation of SAMs), the heat treatment is not suitable.
In contrast, UV irradiation is believed to increase the hydrophilicity of the TiO2
surfaces by the decomposition of organic contaminants from the surface and/or an
increase in the number of the hydroxyl groups [107, 109, 243, 244]. However, under
experimental conditions, although the surface hydrophilicity was increased
(Table 3. 1), no change was observed in the density of surface hydroxyl groups after
UV irradiation as confirmed by the XPS analysis (Table 3. 2). Therefore it was
concluded that the increase in surface hydrophilicity after UV treatment was due to
the decomposition of the organic contaminants and not the increase in the total
density of the surface hydroxyl groups (OHa and OHb). This is in contrast to what has
been proposed by Sakai et al. [106, 108], who have shown by XPS analysis that the
surface hydrophilicity on the TiO2 film (anatase) increases after UV treatment due to
the increase in the number of surface hydroxyl groups. We explained that such a
contradiction in the results could be either due to the different experimental
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conditions (e.g. light source, substrate, etc.) or shorter exposure time in the present
case.
The preliminary investigations showed that the Piranha treatment resulted in a high
surface roughness, which may not be desirable for the formation of a well ordered
SAM for laboratory characterization, though rough surfaces can be desirable for bony
tissue in-growth in practical applications. In any case, reducing the immersion time or
changing the concentration of the acid or oxidant in the Piranha solution can tailor
the surface roughness, e.g. generating a relatively smooth surface. However, despite
the Piranha treatment being a common method, the effects of varying parameters,
such as acid and oxidant concentration and the duration of processing, have not been
investigated in detail. Therefore the influence of the acid and oxidant concentrations
in the Piranha solution on the Ti surface chemistry and roughness was evaluated. The
SEM images (Figure 3. 10) show that changing the acid concentration in the solution
did not affect the surface roughness significantly and the surface remains quite rough
with a local RMS roughness of ~ 100 nm as measured by AFM (Figure 3. 11.b).
However, the surface wettability changed considerably and the most hydrophilic
surface was obtained in the 2:1 Piranha solution (Figure 3. 11.a).
Prolonged treatment duration revealed no considerable difference in the local RMS
roughness of the surfaces (Figure 3. 12.a). This was explained by the fact that the

Piranha solution is a very strong etchant and even with a short exposure most of the
porous native oxide layer is dissolved. However, a slight increase in the surface
hydrophilicity was observed with prolonged processing durations from 10 to 30 min
(Figure 3. 12.b), which indicates that prolonged exposure to the Piranha solution
further cleaned the surface without affecting its roughness. According to these
findings, it was suggested that the role of the acid in the solution was to remove the
native oxide layer and in fact, H2O2 played a major role in improving the surface
wettability, either by decontamination or further hydroxylation of the surface. To
clarify this point, different concentrations of H2O2 were applied and it was shown by
XPS analysis that the level of carbon contamination decreased as the concentration of
the oxidant in the Piranha solution increased (Figure 3. 16.b). However, the total
density of surface hydroxyl groups (OHa and OHb) remained relatively the same with
varying H2O2 concentrations (Table 3. 3).
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Therefore it was concluded that the increased hydrophilicity was due to the
decontamination - not further hydroxylation - of the Ti surfaces, as believed in the
past [250]. This was further confirmed by water contact measurements (Figure 3. 19)
that showed increased hydrophilicity with the same trend observed for the evolution
of carbon contamination as a function of H2O2 concentration (Figure 3. 16.b). The
lower the carbon contamination, the higher the surface hydrophilicity. Moreover, it
was observed that H2O2 in the absence of acid favoured the formation of OHb
(Table 3. 3). This is in agreement with the report by Matsumura et al. [249], which
show by XPS analysis that the intensity of OHb peak is doubled after the treatment of
Ti with H2O2. Pre-treatment in the H2O2 solution in the absence of acid also resulted
in the formation of a very rough surface with wide crevices similar to that treated
with the Piranha solution (Figure 3. 13.d). Such effects of H2O2 on the roughness of
Ti-6Al-4V surfaces have been observed by Shigematsu et al. [247].
The results indicated that it is difficult to obtain a relatively smooth and clean surface
with sufficient density of the surface hydroxyl groups suitable for the growth of SAM
with such chemical modification techniques. The challenge is to control the
competing reactions during the chemical treatments, i.e. dissolution and
re-precipitation of the oxide layer as well as the corrosion of the Ti substrate once the
oxide layer is dissolved. For the purpose of understanding the mechanisms of
subsequent SAM formation, further effort was devoted to obtaining smooth surfaces
by the electropolishing methods.
By means of a home-made electropolishing unit, a very smooth Ti surface with a
mirror finish was obtained after 5 min of electropolishing (substrate denoted as
EP-Ti5) (Figure 3. 21). The grain boundaries were observed clearly under SEM
(Figure 3. 22.b) showing a grain size of ~ 10 µm, very similar to that observed on an
electropolished commercially pure Ti substrate by Lausmaa et al. [103]. The standard
roughness was measured by AFM to be around Ra ~ 0.5 nm (Figure 3. 23.b) similar to
the Ra values reported previously by using AFM [100, 101]. It was shown with the
XPS analysis that the oxide layer on the surface was mainly TiO2 (Figure 3. 26) and
only consisted of the OHa groups, whose density is independent of the processing
time (Figure 3. 27). The absence of the OHb on electropolished substrate was
explained to be due to the application of a highly acidic electrolyte (pH < 2) that
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caused the protonation of all OHb (pK > 11). To date, there are no reported data on
the density and type of surface hydroxyl groups on an electropolished Ti surface. By
prolonged electropolishing, the surface roughness was not reduced, but some residues
start to appear on the surface (Figure 3. 23). These residues were believed to be
deposits from the electrolyte that decomposed at the electrode surface.
Electropolishing up to 5 min increased the amount of chlorine on the surface due to
the incorporation of ClO4- as revealed by Cl2p peak of XPS (Figure 3. 28). It was
suggested that the incorporation of such ions may create a locally negatively charged
surface, which can be suitable for inducing HA coating from the SBF solution. This is
because the adsorption of Ca2+ ions has been shown to be a prerequisite for the
deposition of phosphate ions and can only happen on the negatively charged surfaces
[141]. Li et al. [150] have suggested that high density of the surface hydroxyl groups
and negatively charged surfaces are successful substrates in inducing apatite.
Moreover, Tanahashi et al. [135] have shown that the HA kinetics of growth would
be controlled by a negatively charged surface. Considering the surface properties of
the electropolished Ti, in terms of the surface roughness, electropolished Ti surface
seems a suitable candidate for the formation of well-organized SAMs. The only
problem related to such a surface was the presence of organic contaminants on the
surface, as confirmed by the XPS spectra, because these contaminants may block the
adsorption sites and may result in the partial surface coverage by SAMs. It should be
noted that an unsuccessful attempt was made to remove these deposits from the
surface by vigorous sonicating in water and methanol or blow-drying with high
pressure Ar.

7.2 Formation of well-ordered SAMs
Considering the fact that silane-based SAMs have been successfully formed
on the oxidized Si surfaces and have served as model systems for many years [170,
172, 174, 180], silane-based SAMs for the Ti surfaces were chosen. Although limited
work has reported the growth of silane-based SAM on the Ti surfaces [19, 20, 51-55],
not much attention has been paid to the fundamental issues of the SAM formation on
the Ti substrates. Moreover, the research has mostly been carried out on the sputtered
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TiO2 rather than “real” Ti surfaces without describing the optimum surface properties
prior to the formation of SAM. Therefore “real” Ti substrates were employed in the
formation of SAM and assessed the effect of various chemical and electrochemical
pre-treatments on the Ti surface in the formation of a well-organized and densely
packed silane-based monolayer. The research was started with the OTS precursor
molecules, because the possible deformations caused by steric repulsions between the
charged end groups are reduced using OTS and in theory, it should be easier to
examine the SAM orientation and packing. Furthermore, the choice of an inert end
group limits the possibility of binding molecules to the substrate surface via their end
groups. In addition, it has been proven that the molecules with long chains have better
stability in aqueous media and at high temperatures [25, 43, 203, 204].
It is well known that the most important driving force for the formation of SAM is
chemisorption of the head groups to the substrate surface and the process of
chemisorption is highly affected by the water content on the substrate and/or in the
solution [176]. Therefore SiCl4 molecules were applied to mimic the OTS head
groups to further investigate the effect of water content and the mechanism of the
reaction between OTS and Ti-OH. The use of SiCl4 molecules helped better
understand the head group-substrate interactions and the effect of water in the growth
of the film without the interference of other complex mechanisms (e.g. molecular
ordering, adsorption site blockage, etc.) that may occur during the formation of an
OTS film. Another advantage of using SiCl4 molecules is that once adsorbed on the
Ti surface, these molecules can further react with water and other SiCl4 molecules in
the vicinity to form small aggregates. These aggregates can then be imaged readily by
AFM to monitor a potential site-specific adsorption. In contrast, when adsorbed on
the Ti surface, the OTS molecules would not further react with other molecules due to
their neutral end groups. Therefore these may lie down on the surface and thus cannot
be detected by AFM.
The adsorption of SiCl4 on the mechanically polished Ti surfaces was carried out in 4
different conditions in terms of water content. We showed by Si-O-Si asymmetric
stretching peak in the FTIR spectra (Figure 4. 2) that the strongest cross-linking was
formed on the as-prepared substrate in the anhydrous solvent compared to other
hydrous and totally anhydrous conditions. Although an excess amount of water on the
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substrate or in the solution was more favourable than a totally anhydrous system,
water may favour the cross-polymerization of the SiCl4 molecules in the solution and
formation of aggregates that may deposit on the surface and block the surface
adsorption sites. Thus, the as-prepared substrate with its “natural” water layer in an
anhydrous solvent was shown to be appropriate for the growth of a high quality
OTS-based SAM.
Moreover, it was shown that the adsorption of the SiCl4 molecules is more likely to
happen through the direct hydrolysis of the molecules by the surface hydroxyl groups
(exothermic reaction) (Chapter 4 - reaction 3). For this reaction to occur, the surface
hydroxyl groups must have an acidic character in order to release a proton upon the
adsorption of SiCl4. Although it has been proven that the surface hydroxyl groups act
as binding sites for the attachment of SAM molecules [20, 270], the chemical nature
of the hydroxyl groups for such attachments has not been a matter of attention.
However, it was speculated that only OHa can serve as adsorption sites on the Ti
surface for the adsorption of SiCl4 molecules and the adsorption of SiCl4 molecules
(and OTS consequently) on the Ti surface is a site-selective process. To confirm this,
the adsorption of SiCl4 molecules was carried out on three Ti surfaces with different
densities of the OHa (i.e. Po-Ti, d_HP-Ti and c_Pi-Ti) as proved by XPS
(Figure 4. 4.b). The AFM analysis (Figure 4. 5) showed that the surface with the
highest density of OHa was covered with a dense film, while the surfaces with
relatively low densities of OHa only gained partial surface coverage with island-type
clusters. It was explained that depending on the density of the OHa on the Ti surface,
achieving a full surface coverage may not be possible if the OHa sites are far apart
from each other. In this case, the cross-linking of the molecules only happens locally
and not all over the substrate, leaving certain areas of the substrate uncovered. This
constitutes an important discovery for the formation of a dense OTS monolayer on
the Ti surface.
In terms of the adsorption of OTS molecules on the Ti surface, it has been shown in
previous studies [35, 38, 195] that once the substrate is in contact with the OTS
solution, the formation of an organized and smooth OTS-based SAM onto the surface
depends on several parameters, such as water concentration and the density of the
surface hydroxyl groups (though no particular indication of which types of the
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hydroxyls). According to earlier studies [46, 202], the presence of water in the
solution causes the polymerization of OTS in the solution and consequent deposition
of aggregates on the substrate. However, a thin water layer on the substrate surface
could act as a water reservoir for hydrolysis of the molecules and a lubricating layer
for the adsorbed molecules to move on the surface and gather into a densely packed
monolayer [46, 49, 197]. In the experimental conditions, a dry hydrophobic solvent
was used to avoid cross-polymerization of the OTS molecules in the solution and to
keep any water at the solution/substrate interface within a thin layer, so that inevitable
traces of water can also induce the adsorption of the OTS molecules to the Ti surface,
as suggested in the previous studies [46, 195]. In similar conditions, the reaction of
OTS with the hydroxylated surfaces has been shown to be relatively complex. It is
not clear if this reaction directly occurs through the hydrolysis of the chlorosilanes of
OTS by the surface hydroxyl groups, or the chlorosilanes needs to be pre-hydrolysed
before reacting with the surface hydroxyl groups [35, 38].
With the knowledge obtained from the adsorption of SiCl4 molecules, the adsorption
of OTS on the Ti surfaces was carried out under the same conditions as SiCl4
adsorption. Chemically modified Ti substrates (i.e. Po-Ti, d_HP-Ti, d_Pi-Ti and
c_Pi-Ti) were used to assess the effect of surface chemistry and roughness on the
quality of the SAM. After immersion in the OTS solution, the hydrophilicity of the
substrates drastically decreased and the surfaces became hydrophobic with a water
contact angle of 100 - 110o (Figure 4. 7 and Figure 4. 8). A similar value (110o) has
been previously reported for an OTS monolayer fully covering the surface of a silicon
substrate [172, 195, 260]. It was discussed that the increased hydrophobicity only
gives information about the surface coverage with the alkyl chain of the OTS
molecules and this does not necessarily mean that a fully organized monolayer has
been formed on the surface. An increase in the surface hydrophobicity would either
be observed when the OTS molecules are well-organized in their vertical position, or
disorganized lying over the surface.
Due to the difficulties in the imaging of the monolayer on rough surfaces (i.e. c_Pi-Ti
and d_HP-Ti), AFM analysis was only carried out on the relatively smooth surfaces
(i.e. Po-Ti and d_Pi-Ti) (Figure 4. 9). However, uniform monolayer coverage could
not be obtained on any of these substrates. The Po-Ti surface was not fully covered
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by SAM due to an initial hydrophobic surface and high hydrocarbon contamination.
Moreover, the OTS seemed to have adsorbed and formed large aggregates on specific
sites with an average peak-to-valley maximum of 15.34 nm. Considering that the
length of the alkylsiloxane chain of OTS is 2.6 nm, this indicated the formation of
multilayer structures. Even on the d_Pi-Ti, which was explained to be the most ideal
surface for the adsorption of OTS among all due to its relatively smooth surface and
reasonable density of the surface hydroxyl groups (particularly OHa), the formation of
both monolayer and multilayer were observed.
Assessment of the OTS film order by FTIR (Figure 4. 11) shows that only the
substrates treated with the Piranha solution (i.e. d_Pi-Ti and c_Pi-Ti) gave vibrations
corresponding to a well-organized and densely packed monolayer. It was discussed
that the OTS molecules were not probably vertically aligned on the c_Pi-Ti due to the
absence of as(-CH3) vibration peak. This was explained by the rough initial surface
of the Ti substrate and a consequently enhanced steric repulsion of the alkyl chains.
In contrast, the presence of as(-CH3) vibration peak on the relatively smooth surface
of d_Pi-Ti revealed that the alkyl chains of OTS were probably organized in a dense
and vertical structure. The FTIR spectra on the surface of d_HP-Ti and Po-Ti was
related to a disorganized film in which most of the alkylsiloxane chains may lie on
the substrate or be organized into complex vertical polymeric structures as described
in previous studies [35, 41, 195, 278].
According to the XPS analysis (Figure 3. 16 and Table 3. 3), the density of the
hydroxyl groups and carbon contamination varied, if the substrates were treated with
the H2O2 only or with Piranha solutions. The substrates treated with the H2O2
(d_HP-Ti) and Piranha solution (c_Pi-Ti) showed similar levels of carbon
contamination and different surface hydroxyl contents. Therefore it was suggested
that the various structures of OTS observed on the surface of the Ti substrates are
mainly due to dissimilar hydroxylation states, i.e. density and acidity character of the
hydroxyl groups.
In terms of the density of surface hydroxyl groups, the d_HP-Ti surface showed a
lower density of the hydroxyl groups than the one treated with the Piranha solutions
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(d_Pi-Ti and c_Pi-Ti). Therefore there was a low probability for a surface hydroxyl
group to be close to the first adsorption site of an OTS molecule, resulting in the
cross-polymerization of the OTS molecules in a horizontal fashion. In this case,
vertical polymerization could occur, resulting in the formation of polysilane
aggregates due to the lack of available surface hydroxyl groups (Figure 3. 12.d). Such
behaviour was highlighted by the adsorption of OTS on the Po-Ti, for which the
presence of

hydrocarbon

contaminants

probably

inhibited

the

horizontal

polymerization of the OTS molecules despite a large density of the hydroxyl groups
on the Ti surface. It was explained that on the Po-Ti, once a monolayer was formed,
further polymerization continued on the silanols at the edges of the monolayer leading
to the formation of large aggregates as observed by AFM (Figure 4. 9.b). This
polymerization process is self-sustained by the water molecules constantly available
in the double layer (the reaction between silanols releases water) and explains the
non-uniformity of the obtained layers.
In terms of the nature of the surface hydroxyl groups, the IR spectra of the substrates
revealed ‘well-ordered’ structures of OTS only on the substrates showing a high
concentration of the OHa groups (i.e. d_Pi-Ti and c_Pi-Ti), compared to the
disorganized films on the surface with similar density of the hydroxyl groups but with
a low density of OHa (i.e. d_HP-Ti). In other words, different reactivities of the
surface hydroxyl groups also influenced the adsorption behaviour of OTS on the Ti
surface.
It was discussed that the adsorption of OTS could either occur through ligand
exchange or hydrolysis by the surface hydroxyl groups. The possible release of a
proton from a surface hydroxyl group (OHa) would probably be the favourable
adsorption path, in detriment to the ligand exchange route, which involves the
exchange of an OHb with a hydroxyl from the neutrally charged silanol. We
speculated that the ligand exchange route should be avoided as it leads to vertical
polymerization of the molecules and deters the formation of the monolayer. Although
these two reaction paths have been considered equivalent in previous investigations
[35], the results obtained suggested that the OTS molecules recognise specific acidic
adsorption sites - a molecular recognition path at the Ti-OTS solution interface for the
formation of the SAM. These findings supported the results obtained with the SiCl4
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molecules recognizing the OHa as binding sites. Such behaviour at solid-liquid
interfaces has been previously described in the adsorption of complexes recognizing
specific sites on the silica surface [279]. Therefore it was shown for the first time that
not only the high density of the surface hydroxyl groups is in favour of a wellorganized and densely packed SAM as believed in the past [35, 38, 195], but also the
chemical nature of these hydroxyl groups affects the attachment of the SAM
molecules, i.e. there is a molecular recognition between the head groups of SAM with
the surface OHa groups. Hence, to achieve a homogeneous and full coverage of the
OTS molecules on the Ti surface, pre-treatment methods promoting the formation of
the OHa groups rather than OHb groups on Ti surfaces should be derived. Although
acid treatment favours the formation of OHa, acid etching implies surface corrosion
and increases the surface roughness. This may affect the ordering of the OTS film to
some extent, but may not be an issue if certain level of surface roughness encourages
tissue in-growth in orthopaedic applications. Therefore the ideal surface should
possess a high density of the OHa and a low degree of contamination.
The study of the growth of the OTS film on the EP-Ti5 substrate (showing a
relatively flat surface) is to further understand the mechanisms of SAM formation. To
date, there are no reports on the formation of OTS-based SAM on the electropolished
Ti surfaces. Moreover, to obtain an optimum OTS monolayer on the EP-Ti5 surface,
the effect of OTS concentration in the solution, duration of processing and
temperature on the quality of final SAM were also investigated.
After immersion in the 10 mM OTS solution at 10 oC for 1 h, the hydrophobicity of
the surface increased slightly and the water contact angle increased from 55o to 76o.
After 24 h, the water contact angle value increased to 110o (Figure 4. 13). Similar
value has been reported for an OTS monolayer fully covering the surface of a silicon
substrate [172, 195, 260]. This confirmed the full coverage of OTS film on the
surface after 24 h. According to the XPS spectra of the substrates immersed in the
OTS for varying durations from 20 min to 24 h (Figure 4. 14), it was shown that an
extended time up to 24 h was required for the formation of an OTS film on the
electropolished surface and subsequent cross-polymerization of the molecules.

255

As for the temperature, the existence of a critical temperature (Tc) has been confirmed
to be an intrinsic property of the alkylsilane macromolecules [191, 192]. Parikh et al.
[41], have reported a critical temperature of 28 ± 5 oC for the growth of the OTSbased SAM on the silicon surfaces and confirm the formation of a well-organized
OTS monolayer at 10 oC. According to the FTIR spectra of the EP-Ti5 immersed in
the OTS at varying temperatures from 5 to 40 oC (Figure 4. 15), it was observed the

as (-CH2) and s (-CH2) peaks related to a disorganized film above 10 oC. At 10 oC,
the same peaks are observed at frequencies representative of a well-ordered and
densely packed monolayer. Moreover, pronounced as(-CH3) peaks in the spectra at
10 oC suggested that most alkylsiloxane chains were nearly vertically oriented [277].
Parikh et al. [41] have reported similar FTIR peaks for the OTS-based SAM at 10 oC
on the surface of silicon. Below 10 oC, despite being below the critical temperature,
the position of the peaks was still representative of a disorganized and/or a low
coverage film. However, prolonged immersion in the OTS at such low temperatures
resulted in a shift of the FTIR peaks towards the frequencies representative of a wellordered film. We explained this behaviour with the slower kinetics of growth at lower
temperatures than that at higher temperatures and the OTS molecules required longer
time to organize into a well-organized monolayer.
In terms of the OTS concentration, Rye et al. [38] have shown that a high solution
concentration in the presence of a thick surface water layer causes a polymerized but
weakly bound film, while a low solution concentration would result in a covalently
bound monolayer. Immersing the EP-Ti5 in the solutions with varying OTS
concentrations from 5 to 100 mM showed FTIR peaks related to well-oriented
monolayers below 30 mM, however, peaks related to disorganized film was observed
above 30 mM (Figure 4. 17). Such behaviour at very high concentrations has been
explained by the fast adsorption of the OTS molecules on the substrate during the
initial phase of the growth process and blocking of the surface by irregular
chemisorption of the adsorbate molecules [30]. To avoid fast adsorption of the
molecules in an irregular manner in high concentrations and slow kinetics of growth
at very low concentrations, the intermediate concentration of 10 mM was chosen.
Similar concentration of OTS has been applied by many groups on the silicon
surfaces [30, 277, 281].
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As the position of νas(CH2) peak is an indicator of the conformation of hydrocarbon
chains [41, 49], the evolution of the film orientation and its conformational order with
different immersion periods were investigated by monitoring the position of νas(CH2)
peak in the FTIR spectra from 20 min to 96 h (Figure 4. 18). The film was
conformationally disordered after 20 min or had a decreased density. The shift of the
peak towards a lower frequency after 1 h confirmed that the monolayer had started to
organize itself into a vertically oriented chain and/or densely packed film. However,
the peak position was again related to a disorganized or loosely packed film. The
related AFM image after 1 h (Figure 4. 20) showed that the surface was partially
covered on some parts. However, no island growth behaviour of the OTS molecules
was observed similar to that reported previously on the silica and mica surfaces at a
similar temperature [30, 194, 283]. The thickness of the film was measured from 1.3
to 2.7 nm on different locations on the surface. Therefore the shift of νas(-CH2) peak
towards higher frequencies confirmed a poor surface coverage and a disorganized
OTS film. The quality and coverage of the film remained the same up to 7 h, as the
position of νas(-CH2) did not change. Between 7 to 24 h, a considerable decrease in
the peak position towards lower frequencies was observed and the position of the
peak after 24 h was related to all-trans highly ordered and/or densely packed film.
The related AFM image after 24 h (Figure 4. 21) showed that the surface was
homogenously covered. The film thickness was in between 2.5 – 2.9 nm, which was
equal to the length of a fully extended all-trans OTS molecule (2.6 nm). Therefore it
confirmed the successful formation of a densely packed and well-oriented OTS
monolayer after 24 h. The growth of the film stopped after 24 h as the position of
νas(-CH2) remained constant up to 96 h.
According to these results, the adsorption of OTS on the Ti surface was discussed to
follow two stages: Stage I is fast and happens within the first 7 h, and Stage II is
slower and occurs within the 24 h. Stage I may correspond to the coexistence of the
LC phase (well organized fully stretched alkylsilanes in a dense structure) with the G
phase (isolated alkylsilanes with gauche-defects). However, in stage II, the G phase
was replaced by the LC phase and the growth was totally related to the LC phase. In
general, the OTS molecules were attached vertically to the surface from the very early
stages of the adsorption and prolonged exposure to the solution only increased the
surface coverage and the density of the film.
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To further understand such mechanism of OTS growth on the surface and the related
kinetics, an unsuccessful attempt was made using ‘in situ’ FTIR due to the adsorption
of OTS on the walls of the liquid cell as well as the substrate. After 1 h, the
adsorption of OTS on the Ti substrate could not be monitored due to negligible
differences between the adsorption on the cell and on the Ti substrate (Figure 4. 23).
To overcome this problem related to the determination of the ‘in situ’ growth kinetics,
XPS as an ‘ex situ’ method was used to follow the evolution of Si content on the
surface with time. The Si content was used to determine the surface coverage by
SAM (Figure 4. 24). The kinetics curve showed a rapid adsorption of OTS within the
first 10 h and slowed down afterwards. We fitted the kinetics curve according to the
Langmuir equation (Chapter 4 – equation 4). Such a curve fitting method has been
applied previously on the investigation of the OTS growth kinetics on silicon [33,
170, 284]. As it was impossible to fit the data with a single rate constant equation,
combination of two exponential functions (Chapter 4 – equation 7) were applied.
Similar curve fitting has been reported by Davidovits et al. [52] for the growth of
octadecyltrimethoxysilane on an anatase powder. In agreement with the FTIR results
(Figure 4. 18), it was shown that the growth of the OTS monolayer on the Ti surface
proceeded through two stages: one fast and one slow. The kinetics was very fast at the
initial stages of the monolayer growth and the adsorption of ~ 1312.5 L.(mol.h)-1
molecules occurred. This fast stage was explained to be related to the adsorption of
the molecules on the surface where a sufficient number of binding sites were
available on the surface and continued approximately for 10 h until most of the
binding sites were occupied (~ 84% surface coverage). The fast stage was discussed
to be related to the formation of either the LC phase corresponding to the patches of
the monolayer, or the G phase corresponding to OTS molecules adsorbed in an
isolated “manner”, observed on the surface by AFM (Figure 4. 25). After 10 h, the
reactions proceeded slowly with an adsorption rate of 52.5 L.(mol.h)-1 molecules.
This slow stage was speculated to be related to the adsorption of the molecules filling
the gaps between the already adsorbed molecules. This result, i.e. existence of G and
LC growth phases, is in agreement with the previous observations by FTIR
(Figure 4. 18) and AFM analysis (Figure 4. 21 and Figure 4. 20). By prolonged
adsorption of OTS above 10 h, the kinetics of adsorption entered a second growth
stage and the adsorption of the OTS molecules slowed down. In this second stage, the
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surface finally reached a full coverage and only LC growth phase existed, as observed
in the AFM image (Figure 4. 26).
In summary, a successful OTS-based monolayer was formed on the surface of EP-Ti5
and the important parameters, such as solution concentration, temperature and
immersion time were optimised. The optimum growth condition to achieve a wellorganized and densely packed SAM was shown to be from a 10 mM OTS solution at
10 oC for 24 h. The kinetics of growth showed a fast adsorption stage for up to 10 h, a
slow growth stage was detected up to 24 h and finally, the growth was completed
after 24 h.

7.3 Induction of CaPs on SAM modified Ti surfaces
As the major application of SAM in this project was to employ the SAM on
the substrate as a means of inducing HA growth and stabilizing the HA films on the
Ti surfaces, the stability of the OTS-based SAM on the EP-Ti5 surface under
conditions similar to the biological environment (i.e. in the SBF for 20 days) was
assessed. As no difference was observed in the position of νas (–CH2) and νs(–CH2)
FTIR peaks before and after immersion in the SBF (Figure 4. 27), it was concluded
that that the film had a dense structure and prevented the ions in the SBF from
penetrating through the OTS molecules and destroying its structure. Therefore the
film was expected to remain stable during the nucleation of HA in the SBF.
Such a well-organized and densely packed OTS-based SAM with neutral and
hydrophobic -CH3 end groups could be a suitable choice for the immobilization of
hydrophobic antibiotics via hydrophobic-hydrophobic interactions. However, it
would prevent the electrostatic adsorption of the calcium ions from the SBF and
would not have the potential to induce the nucleation of HA onto the Ti surface from
the SBF. For this purpose, UTS was chosen with a chemical structure similar to that
of OTS and a different end group, i.e. -CH=CH2, which can be chemically converted
to hydrophilic COOH groups. The ability of COOH in facilitating the growth of HA
from the SBF has been confirmed in various reports [19, 135, 159, 160].
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Therefore the formation of a UTS-based SAM was carried out using the knowledge
obtained by the formation of an OTS-based monolayer. However, a different growth
temperature was used (i.e. 0 oC), because the alkyl chain of UTS has 10 carbon atoms
and the critical temperature for the alkylsilane with a similar number of carbon atoms
has been reported to be 0 oC [38, 49]. After the adsorption of UTS film on the EP-Ti5
surface, an increase in the water contact angle from 55 to 95 was observed
(Figure 4. 29). Wasserman et al. [43] have reported a slightly higher value (~ 100o)
for the UTS film on the Si substrate. The FTIR spectrum of the substrate showed
peaks related to a well-oriented monolayer (Figure 4. 32). After converting the
-CH=CH2 end groups to –COOH by a chemical route, the contact angle decreased
from 95o before modification to 65o afterwards (Figure 4. 33), which revealed that
some of the -CH=CH2 groups had been converted to –COOH groups. The XPS
analysis also confirmed the successful conversion of -CH=CH2 groups to –COOH
groups (Figure 4. 34).
Once a well-organized SAM with suitable end groups for inducing HA was formed
on the Ti surface, an attempt was made to investigate the effect of SAM on the
kinetics and mechanism of HA growth. Although the nucleation and growth of HA on
the Ti surfaces with a biomimetic method has been investigated extensively, the
reported data are contradictory and controversial [11, 13, 15, 16, 77, 141, 147, 149151, 158, 162, 166, 288, 324]. The reason is that the HA coating through a
biomimetic route highly depends on the experimental conditions and a slight change
in the condition may result in significant differences in the properties of the obtained
HA film. Therefore prior to assessing the effect of surface functionalization on the
growth of HA, a condition was obtained by which a successful growth of HA could
occur. This was investigated using some of the surface pre-treatment methods that are
commonly used to enhance the bioactivity of Ti surfaces (i.e. Piranha, NaOH and
HCl+H2O2 treatments, substrates denoted as c_Pi-Ti, Na-Ti and Cl-Ti, respectively)
and the mechanism and kinetics of HA nucleation and growth were investigated on
these surfaces prior to the surface functionalization. Since a well-organized and
densely packed SAM was only obtained on the EP-Ti5 surfaces, the bioactivity of
electropolished Ti surface was assessed for the first time, prior to the formation of
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SAM, so that the differences in the bioactivity of electropolished surface with and
without a well-ordered SAM could be distinguished.

7.3.1 CaP coating on the surfaces without SAM
The XPS analysis of the substrates prior to HA coating revealed differences in
their surface chemistry. The density of the surface hydroxyl groups (both acidic and
basic) showed a decrease in the following order: Na-Ti > c_Pi-Ti > EP-Ti5 ~ Cl-Ti.
The highest density of the hydroxyl groups on the surface treated with NaOH is in
agreement with the findings of Kokubo et al. [87, 289], which confirm an increase in
the intensity of the related XPS peak for the surface hydroxyl groups on the Ti
surface after alkali treatment. It was also highlighted that the EP-Ti5 and c_Pi-Ti
surfaces only possess OHa, while the Cl-Ti and Na-Ti surfaces only have OHb.
Moreover, the surface contamination by carbonaceous species increased in the same
order as the density of hydroxyl groups decreased. These contaminations on the
surfaces were explained to block the adsorption sites and may delay or inhibit the
growth of HA in the same order. Furthermore, it was discussed that the surfaces of
Cl-Ti and EP-Ti5 were probably negatively charged due to the presence of Cl- ions,
while the existence of Na+ ions on the surface of Na-Ti may have left this surface
positively charged.
In order to ensure the presence of a sufficient CaP coating on the surface for
characterization, the substrates were immersed in the SBF for 14 days at 37 oC. After
14 days, spherical particles consisting of dense flaky crystals were observed on the
EP-Ti5, Cl-Ti and Na-Ti surfaces using SEM (Figure 5. 4). The spheres on the
EP-Ti5 were not densely covering the surface and the underlying Ti substrate could
be seen in some parts between the spheres. However, the film on both Cl-Ti and NaTi surfaces homogenously covered the surface. Such a morphology has been reported
on the alkali and H2O2+HCl treated pure Ti substrates previously [152, 291, 292]. On
the c_Pi-Ti surface, a very thin and inhomogeneous film was formed and the structure
of the underlying Ti surface was visible. The surface morphology was monitored over
a period of 1 month and no changes were observed in the film morphology on any of
the substrates except for the c_Pi-Ti, which was covered with a dense film consisting
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of the spherical particles with a flaky structure. From this result, it was concluded that
the surface of c_Pi-Ti induced the deposition of HA with relatively slow kinetics
compared to the other substrates. Although the density of the hydroxyl groups on the
c_Pi-Ti was shown to be higher than that on the EP-Ti5, the slower kinetics was
possibly due to the fact that the charged surfaces favour fast kinetics of the CaP film
growth and the surface of the c_Pi-Ti did not have the same negatively charged ions
as the EP-Ti5. Moreover, it was discussed that the globular structure of the CaP
coating is a result of three-dimensional growth behaviour and is a typical morphology
that is obtained using biomimetic methods as observed by several groups [8, 148,
149, 288, 296, 317-321]. The existence of such a globular structure confirms that CaP
is growing from a nucleation point at specific adsorption sites for Ca2+ and/or
phosphate ions (i.e. PO43-, HPO42-, H2PO4-).
According to the intensity of the Ti peak in the EDS spectra, the thickness of the CaP
film increased in the following order: c_Pi-Ti < Na-Ti < EP-Ti5 < Cl-Ti (Figure 5. 6).
The thickness of the film on the substrates was also measured on the SEM crosssection images (Figure 5. 7). The highest thickness was measured to be 6.5 μm on the
Cl-Ti. On the EP-Ti5, the film was found to be 5 μm thick, which was slightly thicker
than that on the Na-Ti (~ 4 μm). A similar value (i.e. 3.36 μm) has been reported for
the thickness of a HA film on the alkali treated Ti surfaces after immersion in
1.5 SBF for 21 days [17]. Finally, the c_Pi-Ti revealed the thinnest film of 2.5 μm
thick. Such differences in the thickness of the film on differently modified Ti surfaces
were speculated to be due to the fact that the charged ions on the Cl-Ti, EP-Ti5 and
Na-Ti surfaces accelerate the kinetics of the film growth. Obtaining thicker films on
the Cl-Ti and EP-Ti5 surface compared to the Na-Ti confirmed previous speculations
based on the fact that negatively charged surfaces favour the HA growth more than
positively charged surfaces [150]. After 1 month in the SBF, the deposition of the
film on the Cl-Ti and EP-Ti5 surfaces proceeded well reaching a thickness of ~ 10 µm
on both substrates. However, the thickness of the film on the c_Pi-Ti and Na-Ti
increased slightly to ~ 4 μm and 6 µm, respectively (Figure 5. 9). Different growth
rates reflect different growth mechanism and film composition that is formed by
further deposition of Ca2+ and PO43- on the surface of already existing film.
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The XRD patterns on the substrate after 14 days showed peaks related to carbonated
HA, except for the c_Pi-Ti (Figure 5. 10). The broad HA peaks indicated a very small
crystal size and/or the superposition of different diffractions at the region. The
absence of these diffractions (and the low intensity of the peaks) was due to the
thinness of the film and/or poor crystallinity [20]. After 1 month, the intensity of HA
peaks increased considerably on the EP-Ti5 and c_Pi-Ti (Figure 5. 11) and a
negligible increase in the intensity of HA peaks was observed for Cl-Ti and Na-Ti
substrates.
By the Scherrer equation, the crystal size of the HA film on the Na-Ti, Cl-Ti and
EP-Ti after 14 days was measured to be ~ 5.5, 4.4 and 3.5 nm, respectively. After 1
month in the SBF, the HA crystal size on the EP-Ti5, Na-Ti and Cl-Ti was increased
to 6.4, 6 and 5.2 nm, respectively. On the c_Pi-Ti, the crystal size was similar to that
on the Cl-Ti. Therefore, it was confirmed that the size of crystals on all the substrates
increased slightly after 1 month.
The FTIR spectra (Figure 5. 15) revealed vibrational modes of the phosphate and
carbonate ions, confirming the apatitic nature of the film on all the substrates with the
peak assignments given in Table 5. 2. According to the peak position of carbonate
vibration, carbonate ions in the apatite film replaced both the A and B-sites. This is in
agreement with Rey et al. [118] proving that the apatites obtained at nearly neutral
pH are always AB-type.
The chemical composition of the film was confirmed to be a CaP phase with the EDS
spectra showing sharp peaks of calcium and phosphate (Figure 5. 12). Moreover, a
peak related to Mg was observed on the spectra, showing the incorporation of Mg2+
ions in the CaP film structure. Similar traces of Mg2+ have also been observed
previously in the EDS and XPS spectra of the CaP film on the alkali treated Ti
surfaces [289, 304]. In theory, Mg2+ ions cannot compete with Ca2+ ions in the
adsorption process on the Ti surface due to their smaller ionic radius [144]. Therefore
it was speculated that the Mg2+ ions have substituted Ca2+ ions in the CaP lattice
structure. This is in agreement with previous findings [322, 323], suggesting that the
Mg2+ ions not only hinder the kinetics of HA nucleation by competing with
chemically similar but larger Ca2+ ions for the lattice sites, but also bind to the
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phosphate ions in the solution forming magnesium phosphates and reducing the
amount of phosphate ions that can participate in the formation of HA [322]. Such an
effect could result in lower calcium to phosphate (Ca/P) ratio of the films than the
synthetic HA.
The Ca/P ratio of the films was measured on six different locations of each substrate
with EDS analysis in the SBF for 14 days and 1 month, and the values were averaged
(Figure 5. 14). After 14 days, the Ca/P ratio on the c_Pi-Ti was much lower than that
of synthetic HA (i.e. ~ 1.67) and it was related to Ca/P of dicalcium phosphate
(i.e. ~ 1). Such a small Ca/P ratio could be due to either the low film thickness along
with the low detection limit of the instrument, or the inadequate surface chemistry of
the c_Pi-Ti in attracting Ca2+ ions. On the Na-Ti, EP-Ti5 and Cl-Ti surfaces, the Ca/P
ratio of the film was ~ 1.50, which was related to a Ca-deficient HA. The Ca/P ratio
of the film on the c_Pi-Ti was increased considerably after 1 month and became very
close to that of synthetic HA. The Ca/P ratio of the film on the Cl-Ti, Na-Ti and
EP-Ti5 surfaces was also close to that of synthetic HA. Therefore once the film was
in its equilibrium state, the Ca/P ratio of the film was more or less the same on all the
substrates regardless of the early stages of nucleation process. The Ca/P ratio of the
film on all the substrates was mainly around 1.55 and was related to a Ca-deficient
HA. This could be explained by the fact that Mg2+ ions substituted in Ca2+ positions
resulting in the formation of a Ca-deficient HA. Moreover, high concentrations of
Mg2+ ions near the negatively charged surfaces reduce the growth of HA crystal size
and thus favours heterogeneous nucleation of poorly crystallized tiny HA globules
attaching onto the substrate surface at the early stages of the HA formation [324].
Apart from Mg2+, CO32- ions also may inhibit the growth of apatite crystal and reduce
its growth rate. Similar to Mg2+ ions, CO32- ions favour the attachment of HA crystals
to the substrate surface by limiting the crystal growth [324, 325]. The inhibitory
effect of Mg2+ and CO32- ions on the growth of HA can also explain the small crystal
size of HA (~ 4 - 6 nm) obtained in this work.
In summary, the formation of bone-like apatite was shown to occur on the surface of
all chemically treated substrates with differences in the thickness, kinetics and
mechanism of HA growth. For the first time, the bioactivity of electropolished Ti
surface was assessed in vitro and it was found that the surface possesses suitable
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properties to induce a bone-like apatite layer. Therefore the electropolishing could be
an alternative route to chemical modifications of the Ti surfaces in order to enhance
its bioactivity and consequent apatite growth. However, the findings in this work
contradict with previous results obtained by Meirelles et al. [326], who evaluate the
formation of bone on unmodified electropolished Ti surfaces in vivo within 4 weeks
and demonstrate that the surface of unmodified electropolished Ti is not covered with
a CaP layer [327].

7.3.2 CaP coating on the surfaces with SAM
With the knowledge obtained by the nucleation and growth of HA on the
electropolished Ti, e.g. the properties of the HA film and its kinetics of growth, the
HA induction ability of –COOH-based SAM on the electropolished Ti was compared
to that of electropolished Ti without SAM (used as a standard). After 14 days, the
surface with –COOH-based SAM was homogenously covered with a film consisting
of spherical sediments with flaky structure and varying size between ~ 0.5 and 2 μm
(Figure 5. 18), very similar to the morphology of the coating observed on the
electropolished Ti without SAM.
According to the XRD patterns (Figure 5. 21), the HA peak at 31.8o appeared slightly
sharper on the sample with –COOH-based SAM than that on the substrate without
SAM. This confirmed larger crystal formation and/or a thicker coating on the surface
with SAM. After 1 month, the intensity of the XRD peaks related to HA increased
considerably with not much change in the peak sharpness (Figure 5. 22). This showed
that with prolonged exposure to the SBF, the thickness of the HA film and/or the size
of crystals increased. With the Scherrer equation, the HA crystal size after immersion
in the SBF for 14 days was measured to be ~ 5.3 and 4.4 nm on the substrates with
and without SAM, respectively. After immersion for 1 month, the HA crystal size on
the substrates with and without SAM has increased to 6.7 and 6.2 nm, respectively.
Toworfe et al. [160] have reported similar XRD patterns for the HA film on the
–COOH-based SAM. However, the above findings are in contrast to those reported
by Liu et al. [167], which show a significant increase in the intensity of the XRD
peaks related to the HA films (and consequent increased crystallinity) while induced
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by –COOH-based SAM. We explained this controversy by considering that they have
applied SAM on a different substrate (i.e. Piranha treated Ti foil) using an SBF with
an elevated level of Cl- anions.
The chemical composition of the film on the substrates with and without SAM was
determined by EDS analysis and the peaks related to calcium and phosphate were
observed (Figure 5. 23) confirming the CaP nature of the film. The Ca/P ratio
(Figure 5. 24) of the film on the substrate without SAM was around 1.50 related to a
Ca-deficient HA after immersion in the SBF for 14 days and the ratio increased to
~ 1.60 after 1 month. However, the Ca/P ratio on the substrate with –COOH-based
SAM was around 1.75 related to a Ca-rich HA after immersion in the SBF for
14 days. A similar high Ca/P ratio has been previously reported for the HA film
grown on the surfaces with the –COOH functional groups [160]. The high Ca/P ratios
obtained after 14 days on the Ti surfaces with SAM could be explained by the high
density of the negative charges on the surface (i.e. –COO- groups) compared to the
surface without SAM. These –COO- sites facilitate the nucleation of calcium cations
nearby the surface and consequently result in the higher Ca/P. However, the Ca/P
ratio decreased to 1.60 after 1 month. We explained that upon prolonged exposure to
the SBF and crystallization of the CaP film, a replacement of Ca2+ cations or an
addition of PO43- anions within the CaP structure took place and a steady composition
was reached after 1 month. Then, the Ca/P ratio reached to ~ 1.60 at the equilibrium
state on both substrates. The apatitic nature of the film on the substrates with and
without –COOH-based SAM was confirmed by the presence of carbonate and
phosphate vibrational peaks in the FTIR spectra (Figure 5. 26). The peak positions of
the carbonate ion vibrations confirm the existence of an AB-type apatite film on both
substrates with and without SAM.
After 1 month in the SBF, the thickness of the HA film on the substrates with and
without SAM was investigated by the cross-sectional SEM images (Figure 5. 28). The
thickness of the film was higher on the surface with SAM (12 µm) than that on the
surface without SAM (9 µm). An HA film of 0.2 μm thick has been reported to form
on the silicon surface with the –COOH-based SAM after immersion in 1 SBF for
21 days [160], while Liu et al. [167] report the formation of a 6.2 μm thick HA film
on the Ti foil surface with the –COOH-based SAM after immersion in 1 SBF for
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1 month. The thicker film on the surface with SAM than that on the surface without
SAM could be due to the fact that the nucleation and growth of HA proceeded with a
faster kinetics on the surface with SAM. Therefore to investigate the kinetics of HA
nucleation and growth on the surfaces with SAM, a less supersaturated SBF was
used. With such an SBF, the kinetics of growth would slow down and the differences
in the kinetics of HA nucleation and growth between the surfaces with and without
SAM could be monitored. After 7 days immersion in a less supersaturated SBF, a
film was formed on the surface with SAM with a similar morphology (Figure 5. 29)
observed on the same substrate using 1.5 SBF (Figure 5. 19). By using the EDS
analysis, the chemical composition of the film was confirmed to be a CaP phase with
Ca/P ratio of ~ 1.80. However, on the surface without SAM, only very small particles
of a few nm were observed. The EDS spectra of these particles showed only the peaks
related to Ca and Ti without any phosphate peaks. From these results, it was clear that
the kinetics of HA nucleation and growth on the Ti surfaces with SAM was much
faster than on those without SAM. This also confirmed the ability of the SAM in
lowering the activation energy barrier for the HA nucleation and growth.
Furthermore, the presence of only Ca peaks on the Ti surface without SAM could
confirm that the deposition of HA first occurred through Ca deposition in agreement
with the reported data [141].
Considering these findings, it was suggested two possible routes for the deposition of
HA on the Ti substrate with the –COOH-based SAM (Figure 5. 30). At pH = 7.4, the
–COOH groups (pKa ~ 4.5) are deprotonated to –COO- groups [221], which favour
the electrostatic attachment of Ca2+ ions. One Ca2+ ion can electrostatically bind to
two negatively charged –COO- groups of SAM. Nucleation of the calcite form of
calcium carbonate via this route has been shown previously at the water surface with
the –COOH-based SAM with suitable distance between the end groups [136].
However, on the other hand, it is believed that even though the distance between two
–COO- groups is suitable for combining with one Ca2+ ion, the positive charge of
Ca2+ ion will be cancelled by two negative charges of –COO-. Therefore phosphate
ions would not be attracted towards the surface and the nucleation of CaP would not
occur [135]. Another possible route is the electrostatic adsorption of one Ca2+ ion to
one –COO-. In this case, the concentration of Ca2+ will be higher compared to
previous route. The concentration of Ca2+ will increase until the surface adsorption
267

sites become saturated and the surface gains an overall positive charge. This further
explained the high Ca/P ratios at the early stages of the film formation on the surfaces
with the –COOH-based SAM. An increase in the concentration of Ca2+ on the surface
also results in an increase in the supersaturation level of the SBF near the surface. The
positively charged surface will attract phosphate ions and the HA nuclei will form
heterogeneously. With further adsorption of Ca2+ and PO43-, the HA nuclei will grow
and finally crystallize upon prolonged exposures.
As the ultimate goal in this project was to simultaneously induce HA and immobilize
an antibiotic on the Ti surface, a surface with dual functionality was required
possessing functional groups of different nucleating ability. Such a surface would
induce the growth of crystalline HA on the SAM with higher nucleating activity (i.e.
–COO-) and keep the surface free of HA on the SAM with no nucleating ability (i.e. CH3). These uncoated parts (without HA) could then be used for the immobilization
of antibiotics. Therefore the inhibitory effect of OTS-based SAM on the HA
nucleation needs to be assessed. To do this, the electropolished Ti with a partial
coverage of the OTS-based SAM (OTS covered areas appeared as large islands under
SEM (Figure 5. 31)) was immersed in 1.5 SBF. After 1 day, while the CaP particles
were observed outside the OTS-covered islands, no particles were observed inside the
island. The EDS analysis on the island revealed only peaks related to Ti and C
(Figure 5. 32). This is in agreement with the findings of Tanahashi et al. [135], which
confirm no apatite growth on the SAM with CH3 end groups. On the particles outside
the OTS islands, the EDS spectrum gave clear peaks related to Ca and P and a weak
peak related to Mg. After 4 days, the island was still free from the HA film
(Figure 5. 33) and the EDS analysis showed peaks related to Ti and C only. Outside
the islands, the surface was covered with more particles and the film became denser
compared to the film after 1 day. From these results, it was concluded that the OTSbased SAM is stable under physiological condition and could inhibit the nucleation
and growth of HA.
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7.4 Loading of antibiotics on the SAM-modified Ti surfaces
After showing the high nucleating ability of the –COOH-based SAM and the
inhibition of the HA nucleation by the OTS-based SAM, a preliminary investigation
was carried out for the first time on the direct immobilization and release of the
antibiotics from the EP-Ti5 surfaces with the OTS-based SAM using a dip coating
method. Only the possibility of applying SAM on the Ti surface as tools for the
immobilization and release of the antibiotics was examined without attempting to
enhance the immobilization and release profile of the antibiotic or the amount
immobilized/released, etc. The electropolished Ti substrates with and without SAM
were dip coated in a ciprofloxacine (CFX) containing solution (without SBF) and
analyzed by FTIR (Figure 6. 2). While there were vibrational peaks related to CFX in
the FTIR spectra of the substrate with SAM, such peaks were absent on the FTIR
spectrum of the substrate without the OTS-based SAM. This partially confirmed that
the presence of the OTS-based SAM on the surface ensures strong attachment of the
CFX onto the surface via hydrophobic-hydrophobic interactions. The release profile
of CFX was investigated by monitoring the intensity of the C-H stretching vibrations
from the FTIR spectra (Figure 6. 3) within 26 days immersion of the CFX loaded
substrate in water. The intensity of the peak decreased with time, confirming that the
CFX was eluted from the surface. The area under the triplet peak was used to estimate
the approximate amount of CFX released from the substrate surface and a biphasic
release profile was observed (Figure 6. 4): a fast release up to 4 days, during which
almost 50% of the CFX was released from the surface. After 4 days, a sustained
release was seen up to 26 days when about 80% of the CFX was released. Song et al.
[226] have reported a similar release behaviour for the release of ibuprofen from an
amine-functionalized surface.
To further confirm the CFX release profile, the amount of CFX released in water was
assessed by measuring the carbon content of water over a period of one month using
elemental analysis for carbon content (Figure 6. 5). In agreement with the FTIR
results, a biphasic release profile of the CFX was observed with a slight difference to
that observed using FTIR. The initial burst was seen up to 1 day, while it occurred up
to 4 days according to the FTIR spectra. Moreover, a sustained release was observed
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up to 10 days and the release was stopped afterwards, while according to the FTIR
spectra, the release continued for 26 days. These were explained by the fact that the
IR beam was not exactly at the same position every time when the spectrum was
taken and resulted in a different release pattern.
Once the ability of OTS-based SAM in the immobilization and release of CFX was
confirmed, a surface with dual functionality was obtained, which could both induce
HA for a better bioactivity and release CFX to combat bacterial infection. For this, a
HA/CFX coating was formed by immersing the substrates with and without SAM in
the mixture of the CFX and 1.5 SBF. The immobilization by this method could
happen via two routes: (1) hydrophobic-hydrophobic interactions as mentioned above
on the OTS-based SAM; and (2) electrostatic interactions between the charged head
groups of CFX and the charged tail groups of SAM (on the -COOH-based SAM).
After 7 days, the SEM image of all the substrates revealed black and white residues
(Figure 6. 6, Figure 6. 7 and Figure 6. 8). The EDS spectrum of the black residues
showed a more intense C peak compared to that on the underlying Ti surface,
confirming that these particulates were CFX. The sharp Ca and P peaks on the EDS
spectra of the white particulates confirmed their CaP nature. The Ca/P ratio on the
electropolished Ti surface without SAM was measured between 1.40 - 1.90 related to
the mixture of Ca-deficient and Ca-rich HA microparticles. Such elevated Ca/P ratios
were not observed previously on the HA coatings on the EP-Ti5 surface without
SAM in the absence of CFX. The reason for this was explained by different kinetics
of the HA growth in the presence of CFX, as the amine heads (pKa = 8.8) of CFX are
protonated (-NH2+) and the carboxyl heads (pKa = 6.0) are deprotonated (-COO-) in
SBF with pH ~ 7.4. Therefore the CFX could act as a nucleation site for the growth of
different CaP phases. Moreover, F- ions from the CFX may be incorporated in the HA
crystal lattice and their substitution in the phosphate positions could also explain the
elevated Ca/P ratio. On the surface with an OTS-based SAM, the Ca/P ratio of 2.40
related to a Ca-rich HA was obtained with more CFX than the surface without SAM.
This was explained by the fact that the hydrophobic surface with the OTS-based
SAM enhanced the immobilization of CFX molecules compared to the hydrophilic
surface of the EP-Ti5 without SAM. Since the surface with the OTS-based SAM is
expected to inhibit the growth of HA, the HA microparticles on the surface may have
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formed and adsorbed on adjacent charged groups of the CFX molecules. Finally, the
Ca/P ratio of 2.23 related to a Ca-rich HA was obtained on the surface with –COOHbased SAM with more CaP microparticles than the surface without SAM. This could
be due to the accelerated the nucleation of HA in the presence of the –COO- groups
on the surface compared to the unfunctionalized surface. Moreover, the
immobilization of CFX could not happen via hydrophobic- hydrophobic interactions
due to the hydrophilic surface of EP-Ti5 with the –COOH-based SAM. Therefore it
was more likely that during the growth of HA microparticles on the surface, the CFX
molecules electrostatically adsorbed to the already adsorbed HA microparticles via
their charged groups (i.e. –COO- or –NH2+).
FTIR spectra of the substrates confirmed the co-existence of the HA and CFX on the
surfaces (Figure 6. 9). According to the spectra, the intensity of the peak related to
C=C stretching in the aromatic ring of the CFX decreased in the following order: the
surface with the OTS-based SAM > without SAM > with the –COOH-based SAM in
agreement with the SEM images (Figure 6. 6, Figure 6. 7 and Figure 6. 8). Moreover,
the intensity of the doublet peaks related to HA was the highest on the surface with
the –COOH-based SAM, confirming that more HA microparticles formed on this
surface as expected.
In order to monitor the possible evolutions in the density and properties of the
CFX/HA film on the surfaces, the immersion period was extended up to 21 days. The
SEM image of the surface without SAM showed no considerable change in the film
morphology (Figure 6. 10.a), while a slight increase in the surface coverage was
observed. However, the film was not dense and the underlying Ti surface was
exposed. On the surface with the OTS-based SAM, larger CFX residues and more
HA microparticles were observed compared to the same surface after 7 days
(Figure 6. 10.b). The film was denser compared to that on the surface without SAM
with the underlying Ti surface still exposed in some parts. On the surface with
–COOH-based SAM, a very dense HA/CFX film formed with considerable increase
in the density of HA microparticles and CFX residues compared to the same surface
after 7 days (Figure 6. 10.c). The HA microparticles showed a crystalline morphology
as previously observed in the absence of CFX, and the CFX molecules were
incorporated within the HA film (Figure 6. 10.d).
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The chemical composition of the film was examined with EDS analysis
(Figure 6. 11). The Ca and P peaks related to HA microparticles as well as N and F
peaks related to the CFX molecules were observed on the spectra. The Ca/P ratio
varied between 1.50 - 1.73 lower than that measured on the surfaces after 7 days and
was related to a mixture of Ca-deficient and Ca-rich HA. Therefore it was concluded
that with prolonged immersion periods, the initial CaP phase transforms into a bonelike apatite with a Ca/P ratio around 1.50. However, the high Ca/P ratio that was
found in some parts was explained by different kinetics and mechanism of HA
growth due to the interference of charged groups on the CFX molecules or the
inhibition of Mg adsorption by CFX molecules (no Mg peak in the EDS spectra). The
chemical composition of the film was further investigated by IR spectroscopy
(Figure 6. 13). The sharpest doublet peaks related to the P-O stretching were observed
on the surface with the –COOH-based SAM, which resulted in the formation of the
thickest and/or densest HA film compared to the other substrates. Moreover, the C-O
stretching peaks appeared, confirming the carbonated structure of the HA particulates.
The intensity of the C=C stretching peak related to the CFX increased on the surface
with the –COOH-based SAM compared to that on the same surface after 7 days. The
intensity of this peak was almost equal to the intensity of the same peak on the
surface with the OTS-based SAM, showing that relatively same amount of the CFX
was immobilized on both surfaces after 21 days.
The crystallinity of the HA/CFX film on the –COOH-based SAM was assessed by
XRD after 21 days (Figure 6. 12). According to the XRD pattern, the peaks at 31.8o
related to the carbonated apatite and at 20.6o corresponding to CFX were observed
[341]. This confirmed that both HA and CFX were crystalline. However, the peak
related to the carbonated apatite was very broad compared to that of HA formed in
the absence of CFX Therefore it was discussed that the CFX may slow down the
growth of HA crystals.
Preliminary investigations were carried out on the release of CFX in the phosphate
buffer solution (PBS) over one month period by the elemental analysis of carbon
content (Figure 6. 14). Different behaviours of the CFX release was observed from
the surfaces with and without the OTS and –COOH-based SAM. Because more CFX
had been immobilized on the surfaces with SAM, the amount of CFX released from
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the surfaces with the OTS and –COOH-based SAM after 1 day was approximately
double the amount released from the surface without SAM. However, after 7 days,
almost equal amount of the CFX was released from the surfaces with and without
SAM. Finally, after 21 days, the release stopped on the surface without SAM, which
confirmed that all the CFX was released from the surface, while it continued on the
surfaces with SAM.
In summary, the surface of EP-Ti5 with the –COOH-based SAM provides suitable
properties to obtain a surface with dual functionality, i.e. a bioactive surface that can
deliver the CFX. However, further investigations are required in order to determine
the optimum amount of CFX in the SBF and the optimum HA/CFX growth time.
Chemical analysis of the HA film needs to be carried out and compared to that
formed in the absence of CFX to study the possible changes in the chemical
composition of HA and its kinetics of growth.
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Chapter 8: General conclusions
In the present work, a comprehensive research was carried out on the effects of

Piranha treatment on the surface properties of “real” Ti substrates and the influence
of acid (i.e. H2SO4) and oxidant (i.e. H2O2) in the solution on the surface properties of
the Piranha treated Ti. Such chemically treated Ti surfaces have a high surface
roughness and the formation of well-organized SAM may be disrupted, if the
molecules are adsorbed inside the pores and crevices. To bring a solution for the
problem of high surface roughness, the electrochemical treatment of the Ti surface
was investigated. Once the surface properties of chemically and electrochemically
treated Ti surfaces were very well understood, the formation of silane-based SAM
were conducted and the effect of different parameters, such as surface roughness,
density and type of the surface hydroxyl groups, on the quality of SAM were
investigated. The SAM with the end groups of high nucleating ability can provide an
accelerated growth of HA with strong bonding of HA to the Ti surface that cannot be
achieved with common physical coating methods. After the formation of a wellorganized and densely packed SAM, an attempt was made to investigate the HA
nucleation and growth via a biomimetic method on the chemically and
electrochemically treated Ti surfaces prior to and after surface functionalization with
SAM. We examined the differences in the kinetics of growth and the properties of
CaP coating, such as morphology, film thickness, crystal size, etc., on different Ti
surfaces with more focus on the behaviour of electropolished surface in inducing HA
with and without SAM. Finally, further work was focused on the potential application
of SAMs in immobilizing and local release of the antibiotics to bring a solution to the
persistent problem of post-implantation bacterial infection. Such an application of
SAMs offers attachment and local release of the therapeutic agents (e.g. antibiotic)
directly from the implant surfaces without having the side effects associated with the
systemic drug delivery. Our achievements of such investigations are given below.
1. The Piranha treatment results in the simultaneous surface decontamination,
native oxide removal and the formation of a fresh and rough oxide layer,
which is mainly TiO2 with a gel-type structure. H2O2 in the solution plays a
major role in the formation of crevices and in the increasing the surface
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hydrophilicity by the removal of the contaminants without any change in the
density of surface hydroxyl groups. The acid in the Piranha solution
facilitates the removal of the native oxide layer and an increase in the
concentration of acid affects the type of surface hydroxyl groups on the
surface. In highly acidic solutions, the surface is free from OHb, while in the
absence of an acid and excess of H2O2 the density of OHb is higher than OHa.
This can be a matter of importance in the site-selective adsorption processes.
2. The electropolished Ti has a smooth, relatively clean and hydrophilic surface,
which is mainly covered with TiO2 and contains only OHa. To date, there are
no reports on the type of surface hydroxyl groups that form on the Ti surface
after electropolishing. In this work, it was shown for the first time that the
electropolished surface contains only OHa groups, which is due to use of a
highly acidic electrolyte. The electropolished surface is believed to be
negatively charged at some local points due to the incorporation of ClO4- ions
and can potentially be employed to induce HA coatings from an SBF solution.
Moreover, in the formation of SAM, where a smooth and hydrophilic surface
is necessary, electropolishing can be a method of choice.
3. Prior to the adsorption of SAM, the adsorption of SiCl4 molecules was
investigated as model probes on the Ti surface to better understand the
interactions between the surface hydroxyl groups and the SiCl3 head group of
silane-based SAM. For the first time, it was shown that the adsorption of SiCl4
molecules on the surface is a site-selective adsorption process and that the
molecules prefer to bind to OHa sites. Hence, on the surfaces with a high
density of OHa a homogenous surface coverage is observed, while on surfaces
with a low density of OHa an island-growth and large aggregates are seen.
4. The OTS-based SAM that was formed on the chemically treated Ti surfaces,
which are almost free from contaminants with most the hydroxyl binding sites
exposed to the OTS molecules, was not a well-organized and densely packed
OTS film inhomogenously covering the surface. The major obstacle was
explained to be the surface roughness. However, by such investigations, it was
noticed that not only the density of the hydroxyl groups but also their type is a
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matter of importance in the formation of SAM. We further confirmed that a
more probable route for the formation of a well-organized and densely-packed
OTS film is through a direct hydrolysis route of the Si-Cl bonds by the
Ti-OHa.
5. For the first time, the smooth electropolished Ti surface was applied in the
growth of OTS-based SAM and a successful OTS-based monolayer was
formed. After optimizing the growth parameters, such as solution
concentration, temperature and immersion time, it was shown that the
optimum growth condition to achieve a well-organized and densely packed
SAM is from a 10 mM OTS solution at 10 oC for 24 h. The kinetics of growth
showed a fast adsorption phase for up to 10 h, a slow growth phase is detected
up to 24 h, and finally, the growth is completed after 24 h. The OTS
monolayer prepared under the abovementioned condition is stable after 10
days in water and 20 days in SBF solution. This confirms that the film is
densely packed and stable enough to allow HA nucleation and growth.
Finally, to functionalize the SAM for facilitated HA growth, UTS-based SAM
was successfully formed on the electropolished Ti surface and a full surface
coverage was obtained. Moreover, the end groups of UTS film are
successfully converted to –COOH groups, which can serve as suitable binding
sites for the attachment of ions promoting HA nucleation from the SBF.
6. Preliminary investigations on the nucleation and growth of HA were carried
out using chemically treated Ti surfaces and immersion in the SBF for 14
days. A globular 3-D crystalline structure is formed on specific adsorption
sites for calcium or phosphate ions via the biomimetic method. It was
confirmed that the negatively charged surfaces and not positively charged
surfaces favour the HA growth. We also showed that the chemical
composition of the obtained HA via biomimetic route is a carbonated AB-type
apatite containing magnesium (bone-like apatite). Magnesium and carbonate
ions in the SBF act as inhibitor ions for the HA growth and they should be
avoided for elevated Ca/P ratios.
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7. For the first time, the bioactivity of electropolished Ti surface (prior to the
SAM formation) was assessed and it was shown that the electropolished Ti
surface is bioactive and can induce HA film comparable to that on the highly
bioactive surface of alkali treated Ti. Comparing the HA coating on the
electropolished Ti to that of the chemically treated surfaces showed that a HA
film with similar film morphology is obtained on the surfaces. A thicker HA
coating on the electropolished surface compared to that on the alkali and

Piranha treated surfaces is believed to be due to the incorporation of Cl- ions
on the surface that implies negative charge to the surface. The obtained HA
film is a carbonated AB-type apatite, i.e. bone-like apatite, with a Ca/P ratio
~ 1.50 related to Ca-deficient apatite. Deficiency of Ca is shown to be due to a
partial substitution of Ca2+ ions by Mg2+ ions in the HA crystal lattice.
Therefore electropolishing of the Ti can be an alternative surface
pre-treatment for enhanced bioactivity of Ti.
8. Finally, the effect of –COOH-based SAM in the HA induction was assessed
and compared to that of electropolished Ti without SAM. We noticed that the
morphology of the HA coating does not change on the electropolished Ti
surfaces with and without SAM. However, the application of SAM accelerates
the kinetics of HA nucleation and growth, because a thicker HA film forms on
the surface with SAM than without SAM within the same period of time. The
accelerated HA nucleation and growth using –COOH-based SAM is believed
to be due to the high density of negatively charged adsorption sites (-COOgroups) that electrostatically adsorb Ca2+ ions and increase the supersaturation
level of SBF near the surface, thus promoting HA nucleation. Moreover, a
slight increase in the crystal size is also observed on the surface with SAM.
We showed that while the SAM with –COOH end groups could induce the
growth of HA, the SAM with CH3 end groups could inhibit the HA formation.
Therefore by having both types of SAM on the Ti surface, a surface with dual
functionality can be tailored that could simultaneously induce HA and
immobilize an antibiotic.
9. We investigated, for the first time, the efficiency of the functionalized
electropolished Ti surfaces without and with OTS and -COOH-based SAM in
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immobilizing the antibiotic CFX. By using a dip coating method, it was
shown that CFX can be successfully (and more effectively) immobilized on
the hydrophobic surface with OTS-based SAM and CFX release profile shows
an initial burst followed by a sustained release up to 10 days.
10. Further attempts were focused on developing a surface with dual functionality
that can both induce fast induction of HA and deliver CFX. Simultaneous
induction of HA and immobilization of CFX is observed on the surface with
–COOH-based SAM from an SBF solution with dissolved CFX. A dense
HA/CFX coating is formed via this route on the Ti surface that has the
potential to release CFX from the surface with an initial burst followed by a
sustained release.

278

Chapter 9: Future work

1. This research was commenced with pure Ti due to its traditional
application in load-bearing implants (e.g. dental and orthopaedic implants)
and the simplicity in understanding its surface properties due to the
comprehensive knowledge that exists in this regard. However, more
recently, Ti alloys are being used in the load-bearing implants due to their
better mechanical properties compared to pure Ti. Therefore it would be
beneficial to apply the current work using Ti alloys, e.g. Ti6Al4V. If a
Ti6Al4V plate is used similar to the pure Ti plate that was applied in this
work, there will be differences in the effect of applied pre-treatments and
consequently in the obtained results due to the presence of different
metallic elements (i.e. Al and V). For example, the electropolishing of a
Ti6Al4V surface with the parameters suggested here for the pure Ti
surface may not give an appropriate electropolished surface on Ti6Al4V
surface, because Al and V have different oxidation rates compared to pure
Ti. If the density and type of surface hydroxyl groups on the Ti6Al4V
surface are not similar to those of the pure Ti, the surface coverage by
SAM on Ti6Al4V surface can differ from the surface of pure Ti and
consequently, the quality of SAM may be different. Therefore the
parameters that were assigned to obtain a densely packed and wellorganized SAM on the surface of pure Ti may not be suitable to obtain a
SAM of similar quality on the surface of Ti6Al4V.
2. In this project, a successful SAM was obtainedon the surface of a flat and
small Ti substrate. However, in real applications, larger surfaces with
complex shapes are applied. SAM formation on such surfaces may require
different parameters of SAM growth, such as volume and concentration of
solution, immersion time, etc. Moreover, if the surface of implant is highly
porous, circulating the SAM solution may also be required in order to
fully cover the surface inside the pores. In case of porous implants
surfaces, electropolishing may not be the ideal pre-treatment and other
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methods would have to be developed to successfully clean the surface and
maximize the density of surface hydroxyl groups. For example, plasma
treatment can be an alternative method to the chemical and
electrochemical pre-treatments. Furthermore, the formation of a wellorganized SAM with a full surface coverage can be enhanced using clean
room facilities, because such facilities allow in-situ surface pre-treatments
followed by SAM deposition under controlled atmosphere without
interference of environmental contaminations.
3. In terms of HA nucleation and growth, the experiments were started by
immersing the substrates in the SBF for 14 days to obtain a sufficient
coating that could be characterized easily with the available techniques.
However, it would be more beneficial to monitor the nucleation and
growth of HA at the early stages of the process (i.e. from less than an hour
in the SBF up to 14 days) by using in situ techniques, such as in situ AFM,
UV-vis, etc. This would provide us with important information about the
differences in the mechanism and kinetics of HA growth on differently
treated surface (with and without SAM). Moreover, it was shown in the
current work that the electropolished Ti surface is bioactive and can
induce nucleation and growth of crystalline HA. It would be more
valuable to comprehensively investigate the chemical composition of the
HA film obtained on such a surface (with and without SAM) by using
XPS and depth profile analysis to find out what is the chemical
composition of the HA film at the early stages of nucleation and later in
the growth phase. This will help to draw a more accurate and definitive
mechanism of HA growth on the Ti surfaces. Furthermore, the mechanical
integrity of the HA film formed on the electropolished Ti surfaces with
and without SAM has to be examined.
4. In the current work, antibiotic ciprofloxacin was successfully immobilized
on the SAM covered surfaces via two different routes: 1) by dip coating
directly onto the SAM and 2) within the HA film onto the SAM. The
antibiotic was also released with a biphasic behaviour in both cases, i.e. an
initial burst followed by a sustained release. Our investigations were the
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very first attempts in showing the possibility of immobilization and release
of an antibiotic from the SAM covered surfaces without addressing the
fundamental requirements for antibiotic immobilization/release. A lot of
research is required to be conducted to support the current results. For
instance, it will be more advantageous to know the optimum amount of the
antibiotic that is required to be delivered and the exact amount that is
immobilized on the surface via route (1). This will help in interpreting the
release profile, facilitating the quantification of the released antibiotic and
obtaining an accurate time within which the total amount of antibiotic is
released from the surface. Detailed investigations are also needed to find
the optimum amount of antibiotic that has to be dissolved in the SBF via
route (2) in order to avoid the adsorption of large residues and ensure full
surface coverage with HA. The total amount of antibiotic that is
immobilized and the amount that is released with time have to be
measured. Controlling different factors, such as pH of the solution and
temperature, is also necessary. More chemical analysis methods, such as
XPS, should also be applied, which can provide valuable information
about the mechanism of antibiotic attachment to the end groups of SAMs
and the formation of new chemical bonds. It is also important to study the
behaviour of antibiotic-loaded SAM surfaces in conditions similar to those
of implant sterilization and investigate the physical and chemical stability
of the antibiotic-loaded HA coating induced by SAM. Ultimately,
comprehensive in vivo investigations have to be carried out to clarify the
effect of released antibiotic on the bacteria.
5. Finally, it was shown in the current work that applying two types of SAMs
with end groups of different nucleating activity can induce fast growth of
HA or inhibit its nucleation according to the nucleating ability of the end
groups. It will be interesting to carry out more work in order to fully
control the growth of these two types of SAMs on the Ti surfaces by
micro-patterning routes in order to tailor a surface with dual functionality.
Such a surface can induce fast growth of HA in some parts and keep the
surface free in other parts for further attachment of antibiotics. A Ti
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surface with HA coating and immobilized antibiotic can be a potential
candidate for the orthopaedic applications.
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Appendix 1: Characterization methods and
instruments

1.

Water contact angle measurement

Water contact angle measurement is a simple and fast method for evaluating the
wettability of the surface. The contact angle of a liquid with the solid surface is
determined by Young’s equation [345]:

γsv = γsl + γlv cosθ

(1)

where θ is the measured contact angle and γ is the surface energy of the solid-vapor
(sv), solid-liquid (sl) and liquid-vapor (lv) interface (Figure 1).
Young’s equation is only valid under thermodynamic equilibrium - the drop is not
moving and the volume is not changing. Contact angle measurements in which the
drop volume is varied (dynamic), give different contact angle values (advancing and
receding contact angles). From these values or their difference (the hysteresis) surface
properties can be deduced [346]. Because dynamic measurements are difficult to
perform accurately on hydrophilic surfaces, main focus will be on the receding
contact angle measurements in this project.
We assessed the contamination level of the Ti surfaces after different pre-treatments
and the coverage of SAM on the Ti surface using this method. A home-built water
contact angle measurement unit equipped with a Qx3 microscope from IntelPlay was
applied and the contact angle was measured by using “Surftens” and “TWAIN”
software.
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Figure 1: (a) Picture of the water droplet on a Ti surface; (b) schematic representation of the
water contact angle θ and the respective interfacial energies.

2.

Fourier transform infrared (FTIR) spectroscopy

In IR spectroscopy, the radiation in the infrared region interacts with the
material or molecules and the excitation of vibrational modes of the chemical bonds
(within and between molecules) is probed via the wavelength-dependent attenuation
of the incident beam. Resonance occurs when the energy of the incident beam
corresponds to the vibrational energy level of a bond. In this case, energy from the
incident beam is absorbed and then detected. The position of a vibrational band in the
spectrum is related to the type of the chemical bond and deviations from typical
positions contain information about the chemical nature surrounding this bond [347].
Currently, IR spectrometers use Fourier transformation to increase speed,
signal-to-noise ratio and resolution resulting in fast and highly sensitive
measurements compared to conventional dispersive instruments. We have applied
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in this project,
which is a method that collects and analyzes scattered IR energy.
In DRIFTS method, when the IR beam reaches the sample, one part of the incident
beam is reflected at the solid surface (i.e. mirror reflection). Another part of the beam
can be transmitted through the solid where it can interact or re-emerge in many
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directions. This transmission-reflectance event can occur many times, which
increases the path length. Finally, this scattered IR energy is collected by a spherical
mirror and focused onto the detector (Figure 2) [348].

Figure 2: Schematics of DRIFTS.

By using this method, molecular packing and orientation of the self-assembled
monolayer as well as the apatitic nature of the obtained CaP film on the Ti surfaces
were assessed. A Digilab FTIR instrument was applied and the spectra were collected
with 128 scans at a resolution of 2 cm -1.

3.

Atomic force microscopy (AFM)

AFM consists of a micro-scale cantilever (typically silicon or silicon nitride)
with a sharp tip at its end that is used to scan the surface of a specimen with a radius
of curvature on the order of nanometers. AFM can be carried out in many modes;
however, only contact (Figure 3.a) and non-contact (Figure 3.b) mode imaging were
used in this work. In the contact mode, the probe tip comes in direct physical contact
with the sample and it scans across the surface. During scanning, varying topographic
features on the surface cause deflection of the tip and the cantilever. Therefore a laser
beam is bounced off from the cantilever and reflected onto a photo detector. The
amount of deflection of the cantilever (or the force it applies to the sample) is
calculated from the difference in the light intensity on the sectors using Hooke’s Law
[349]:
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F = -kd

(2)

where d is the cantilever’s motion, F is the force required to generate the motion and

K is the force constant of the cantilever (1 N/m or less). The contact mode AFM may
cause damage to the soft or fragile samples, such as biological specimens, because of
its direct contact with the surface. Therefore the non-contact scanning mode is
sometimes preferable.
In the non-contact AFM, the cantilever is oscillated at its resonant frequency and the
changes in the force between the tip and sample is detected, even though they are not
in contact. The force gradient changes when the probe gets closer to the sample
surface resulting in a change in both the oscillation amplitude and phase of the
vibrating cantilever. This change can be detected and used to control the tracking of
the probe over the surface (the feedback-control loop) [349]. In this project amplitude

detection was applied as the cantilever vibration was sufficiently high for a stable
feedback.

(a)

(b)
Figure 3: Schematic of (a) contact-mode AFM and (b) non-contact AFM [350].

A multimode SPM from Veeco was used in this project to examine the surface
features in 3-D before and after SAM on the Ti surfaces. Measurements were
performed in the contact mode on the Ti surfaces without SAM and in the
non-contact mode on the Ti surfaces with SAM. A silicon nitride contact mode
cantilever was used with a spring constant of 0.05 N/m and a resonance frequency of
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22 kHz. The non-contact mode silicon cantilever had a spring constant of 48 N/m and
a resonance frequency of 190 kHz. The images were recorded with a resolution of
300 x 300 pixels at a scanning rate of 1 Hz. The lateral resolution of AFM is 0.2 nm
and its vertical resolution is 0.001 nm.

4.

X-ray photoelectron spectroscopy (XPS)

This method is applied in gathering the knowledge about the chemical
composition of the surface with an analysis depth of 5 – 10 nm [2]. The interaction of
an X-ray photon with a sample in a vacuum environment leads to the ejection of the
core electrons with binding energy lower than the energy of the incident photons from
their inner-shell orbitals around an atom. The emitted electrons from the sample are
transferred to the focal point of the analyser by the lens assembly, where they are
electrostatically retarded before entering the analyser. The electrons whose energy
matches the pass energy of the analyser are transmitted between the analyser
hemispheres. They are then detected and counted by the electron detector and
associated electronics. A complete energy spectrum is recorded either in analogue or
digital form by plotting a spectrum of electron energy vs. number of the detected
electronsd [351]. A schematic of XPS is given in Figure 4.

Figure 4: Schematics of an XPS instrument.
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We applied XPS to examine the chemical composition of the chemically and
electrochemically modified Ti surfaces before and after the formation of SAM. A
VG-Microtech Mutilab 3000 spectroscope was used and the measurements were
performed in ultrahigh vacuum (less than 10-7 Pa) with an Al K source under
150 W.

5.

Scanning electron microscopy (SEM) and energy

dispersive X-ray spectrometry (EDS)
In SEM, the surface is scanned by an electron beam, which is composed of
primary electrons. This electron beam is produced from a tungsten filament and is
focused on an area of the surface with magnetic lenses in a high vacuum chamber
(Figure 5). When the primary electrons strike the sample, a variety of signals
(e.g. secondary electrons and X-rays), which can produce an image (SEM) or
elemental composition (EDS) of the sample, are generated and detected.
If the primary electrons are reflected from the surface without any energy
interchange, these high energy primary electrons (with their energy much higher than
the energy of the electrons bound to the nuclei), the electrons from the atoms
occupying the top surface will be knocked out (so-called secondary electrons). A high
resolution image can readily be produced from these secondary electrons. The high
resolution is due to the small diameter of the primary electron beam. The morphology
of the surface is determined by the contrast in the image.
The interaction of the primary beam with atoms in the sample causes shell transitions
and results in the emission of an X-ray. The emitted X-ray has an energy
characteristic of the parent element, and the detection and measurement of this energy
permits elemental analysis (EDS). EDS provides rapid qualitative or quantitative
analysis of the elemental composition with a sampling depth of 1 - 2 microns.
Moreover, maps or line profiles showing the elemental distribution in a sample
surface can also be deduced by using EDS [352].

288

Figure 5: Schematic of a scanning electron microscope [352].

The surface morphology and chemical composition of the pre-treated Ti surfaces
before the HA coating, the HA coatings on differently modified Ti surfaces and the
ciprofloxacin coating were characterized using a JEOL JSM-6301F field emission
SEM with a beam voltage of 5 or 10 kV and equipped with an energy dispersive
X-ray detector.

6.

X-ray diffraction (XRD)

XRD method is applied to reveal detailed information about the chemical
composition and crystallographic structure of the materials. The incidence of a
monochromatic X-ray beam onto a sample in addition to the absorption and other
phenomena causes scattering of X-ray with the same wavelength as the incident
beam. The scattering of X-ray from a sample is a function of the electron distribution

289

in the sample, and the intensity and spatial distributions of the scattered X-rays form a
specific diffraction pattern.
The relationship between the diffraction pattern and the structure of the material
(i.e. the diffraction of X-ray by a crystal) is described by Bragg’s law. The incident
X-rays hit the crystal planes in an angle θ with the reflection angle of θ. The
diffraction pattern is a delta function as in equation (3):
λ= 2d sin θ

(3)

where λ is the wavelength, d is the distance between each adjacent crystal plane
(d-spacing) and θ is the Bragg angle at which a diffraction peak is observed (Figure 6)
[353].
X-ray source

Detector

Sample
Figure 6: Schematic of an XRD.

We applied a Bruker thin film XRD with a Cu Kα radiation source and the starting
incident angle of 5o to examine the crystallinity of the obtained HA coating on the Ti
surfaces

before

and

after

the

incorporation

of

ciprofloxacin.

290

Appendix 2: Evolution of the surface chemistry on the
Ti surfaces before the HA coating
The evolution of surface chemical status of the Ti substrate was characterized
by XPS. The XPS survey spectra of all the substrates are compared in Figure 7 and all
show peaks related to Ti, O and C. Additionally, the Na1s peak at 1072 eV on the
Na-Ti and the Cl2p peak at 199.6 eV on both Cl-Ti and EP-Ti5 are detected
(Figure 8).

O1s

Ti2p
Ti2s

C1s
c_Pi-Ti

Na1s
Cl2p

Cl-Ti
EP-Ti5
Na-Ti

200

400

600
800
Binding energy (eV)

1000

Figure 7: XPS wide-scan spectra of the treated Ti substrates before the HA coating.

XPS narrow-scan spectra of O1s revealed a peak at 530 eV for all the substrates
attributed to oxygen in the Ti oxide layer (Figure 9) [3, 157, 239]. For the EP-Ti5
and c_Pi-Ti a peak at 531 eV is observed related to oxygen in surface OHa [77, 157,
241]. A peak at 532 eV is observed on the spectra of the Na-Ti and Cl-Ti substrates
corresponding to oxygen in surface OHb [77, 157, 241].
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Figure 8 : (a,b) XPS narrow-scan spectra of Cl2p in the EP-Ti5 and Cl-Ti, respectively. (c) XPS
narrow-scan spectrum of Na1s in the Na-Ti.
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XPS narrow-scan spectra of Ti2p (Figure 10) for all of the substrates show two main
peaks at 458.8 and 464.4 eV, corresponding to TiO2 [77, 86, 234, 240]. A peak
smaller in intensity can also be observed at lower binding energies ( 453.6 eV) in the
EP-Ti5 and c_Pi-Ti related to Ti0 [2]. The peak related to Ti0 has the highest intensity
in the case of EP-Ti5. This means that the oxide layer on both substrates is very thin.
The Ti0 peak is also observed for the c_Pi-Ti with a lower intensity related to a
thicker oxide layer compared to the EP-Ti5. Finally, this peak is not observed in the
Cl-Ti and Na-Ti indicating that the thickness of the Ti oxide layer has increased
beyond the penetration depth of the photoelectrons (> 7 nm).
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Figure 9: XPS narrow-scan spectra of O1s for the (a) EP-Ti5, (b) c_Pi-Ti, (c) Na-Ti and (d)
Cl-Ti.
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The contamination of the surface by carbon was also determined by XPS (Figure 11).
Three main peaks are observed at 284.4, 286 and 288 eV. The first peak is due to
hydrocarbons (C=C, C-C, C-H) [86, 233, 234, 354], and the last two peaks
correspond to C bonding with O (C-O and C=O or OH-C=O), respectively [84, 236239].
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Figure 10: XPS narrow-scan spectra of Ti2p for all the substrates.
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Figure 11: XPS narrow-scan spectra of C1s for all the substrates.
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