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A new process is developed to functionalize an inorganic substrate with an organic polycarboxylic chelating
agent to obtain a biomimetic template for mimicking biomineralization for the synthesis of films or coatings. A
titanium plate is first placed in ethylenediaminetetracetic acid (EDTA) solution to effect chemisorption and self-
assembly of EDTA molecules on the plate. The plate is then aged in supersaturated hydroxyapatite
[(Ca;o(PO4)s(OH),, HA] solution to mimic biomineralization. The functionalization process is found to be very
effective in creating a surface with an organized arrangement of carboxylate ions (-COO ™) with the orientation
of lone pairs of electrons on O perpendicular to or radiating from the substrate surface. The coating is formed
through the plate-like outgrowth of HA grains along the [001] direction under the mediation of the
functionalized surface, giving rise to the coexistence of two kinds of microstructural patterns in coating. One is
a parallel arrangement of the plate-like HA grains with (001) planes preferably parallel to the substrate surface,
the other is a radial arrangement of the plate-like HA grains with the [001] direction radiating from one surface

core and the (111) planes preferably parallel to the surface. The mineralization mechanism is discussed on the
basis of the conformation of the self-assembled EDTA molecules and the interfacial molecular recognition,
analogous to the biomineralization, including electrostatic interactions, hydrogen bonding, stereochemical

arrangement and geometrical correspondence.

1 Introduction

The synthesis of inorganic materials through a process
mimicking biomineralization, ie. biomimetic synthesis, has
been regarded as a promising approach to the synthesis of low-
cost inorganic materials with the desired properties."* The
archetypes of the interesting process originate from biominer-
alization in organisms, where minerals nucleate and grow from
supersaturated aqueous solution under the mediation of an
organic matrix secreted by the cells.’ There are four stages of
construction resulting in the development of organized
biomineralized architectures.®” Stage I is supramolecular
preorganization, where an organized reaction environment is
built through self-assembly of an organic matrix before mineral
nucleation. At the interface between the assembled organic
matrix and the inorganic solution, there are functional groups
(-SO;H, -OH, -OPO,H, -NH,;, etc.) to provide the organic
matrix (collagen, polysaccharide, etc.) with a functionalized
surface. Stage II is interfacial molecular recognition, where
inorganic mineral nucleates from an inorganic solution at the
interface under the direction of preformed organic supramo-
lecular assemblies. The molecular recognition between mineral
nuclei and organic surfaces leads to site-directed inorganic
nucleation. Such recognition can be considered analogous in
part to the interactions between substrates and enzyme
receptor sites, antigens and antibodies. The possible mechan-
isms of molecular recognition involve the complementarities of
lattice geometry, electrostatic potential, polarity, stereochem-
istry, spatial symmetry and topography.” Stage I1I is vectorial
regulation, where mineral nuclei grow vectorially into crystals
and the crystals are assembled into minerals. At this stage, the
growth direction, orientation, texture, crystal size and shape
are controlled through regulation of the organic matrix. Stage
IV is a cellular process associated with a variety of construc-
tional processes, where higher-order architectures with elabo-
rated ultra- and micro-structural properties are built with the
active participation of the cell. This stage leads to differences

between biological and synthetic materials. According to the
functions of the four stages, biomineralization can be mimicked
with the four stages as biological archetypes.

So far, a variety of inorganic materials have been synthesized
by this process, such as nanoparticles,l thin films,> coatings,2
porous materials® and materials with complex forms.* The key
point lies in the design and preparation of an organized
functionalized surface. In biomineralization, an organized
functionalized surface results from the preorganization of an
organic matrix through a self-assembly process.>® In biomi-
metic synthesis, the organization of functional groups can be
realized either through a self-assembly process of amphiphilic
surfactant (lipid, stearic acid, etc.) in liquid state systems such
as Langmuir monolayers, microemulsions, liquid crystals and
so on,"™*8 or through grafting or adsorption of functional
groups or organic molecules on solid substrates.? The former
process is suitable for the biomimetic synthesis of nanoparti-
cles, porous materials and materials with complex forms.'™*
The latter process is suitable for the biomimetic synthesis of
films or coatings on solid substrates.’

For the biomimetic synthesis of coatings on inorganic
substrates, e.g. phosphates on titanium as bone implants, the
functionalization methods usually used include self-assembly
of organic silanes>” and chemical treatment by inorganic acid
or base.'™!! Recently, we tried to develop a new functionaliza-
tion method where an organic chelating agent with several
functional groups such as ethylenediaminetetracetic acid
(EDTA, labeled as H,Y) is strongly chemisorbed and self-
assembled on the inorganic substrate with several remnant
functional groups exposed. EDTA is a single hexadentate
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chelon (Scheme 1).!2 The four oxygen atoms in four carboxyl
groups (-COOH) and two nitrogen atoms all have the ability to
coordinate with metal ions due to their lone pairs of electrons.
The existing form of EDTA, which can be HgY?*, HsY ™,
H,Y, H;Y ", H,Y?", HY?", Y*", or a mixture of some of
them, depends on the pH of the solution.'> When EDTA
coexists with “free” metal ions (M), a complex with
stoichiometry of 1:1 (EDTA:M) will be formed.'> When
EDTA solution interacts with surface metal ions on a solid
oxide substrate, adsorption of EDTA takes place as a rather
rapid surface complexation process.!* !¢ The adsorption of
EDTA on oxides has been widely investigated owing to its
important role in the chemical dissolution of metal oxides such
as rnagnetite17 and y-A1203.18 However, no results have been
reported about the adsorption of EDTA on titanium with a
surface oxide layer.

In recent years, self-assembled monolayers (SAMs) have
been studied extensively owing to their important role in
surface/interface science and technology,'® and biomimetic
materials synthesis.”® The formation of SAMs of carboxylic
acids on metals has been investigated in systems such as n-
alkanoic acids on the native oxides of Al, Ag and Cu,*??
dicarboxylic acids on the native oxide of AL? and acid
derivatives containing biphenyl or naphthyl groups on the
native oxides of Ag and Au.?* However, no researchers have
considered the possibility of the self-assembly of polycar-
boxylic acids such as EDTA molecules on the native oxide of a
Ti surface and further creation of a functionalized organized
surface as a template for biomimetic synthesis.

In this paper, taking the biomimetic synthesis of a
biocompatible hydroxyapatite (HA) coating on titanium,
which is one of the promising bone implant materials, as an
example, we hope to functionalize the titanium with EDTA, to
understand the chemisorption and self-assembly behaviour of
EDTA molecules on the solid surface and the mechanism of
biomineralization. In addition, unlike the self-assembly process
of surfactants in liquid state systems'™ or the chemisorption
of functional molecules on the surface of a single crystal
substrate,”® which can result in a homogeneous organized
functionalized surface, chemisorption and self-assembly on
polycrystalline inorganic substrates give rise to inhomogeneous
surfaces where the functional groups form different uniform
“lattices” in different domains across the whole substrate
surface. Therefore, we shall also show that such inhomogene-
ities will result in the coexistence of several mineralized
microstructural patterns. In fact, in the area of histochemical
and bioinorganic chemical studies of bones and teeth, EDTA
has been widely used as a demineralizing agent for separating
proteins (e.g., collagen, phosphoproteins), that are insoluble in
the EDTA solution, from the calcified bones and teeth with
preservation of the activity of cells and organic matrix by
dissolution of biominerals (e.g., hydroxyapatite) due to the
acidity of EDTA, and its ability to chelate calcium ions.?>~*
The dissolution of HA in the bone will be promoted by the
formation of complexes of Ca’>" and EDTA.** For example,
Glimcher er al*%?%3% studied successfully the characteristics
and roles of organic matrix (collagen) in the biomineralization
of bones and teeth through the extraction of the EDTA-
insoluble organic matrix from tissue as an initial step.

2 Experimental
2.1 Biomimetic mineralization

A supersaturated solution of HA ([Ca’t]=4 mM) was
prepared according to the procedure reported in ref. 8. The
disodium salt of EDTA (Na,H,Y) was used to prepare the
EDTA solution because it has a higher solubility in water than
pure EDTA.'? The EDTA solution ([H,Y?> ]=0.05mol1 ")
was controlled at pH=4.4 to give EDTA in the solution in the
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form of H,Y?".!2 A 2 mm thick titanium plate, prepared by
rolling deformation, was cut into small square pieces
(1 emx 1 cm). The plates were polished metallographically
with SiC emery paper to remove the oxide surface layer. The
final polishing was performed with no. 800 paper and the final
thickness of the polished plates was ca. 1 mm. The plates were
ultrasonically washed in acetone for ca. 10 min and rinsed in
deionized water for 1 min. The plates were divided into two
groups. The first group was aged in water at room temperature,
and are denoted AS-Ti. The second group was aged in the
EDTA solution at room temperature, and are denoted EDTA-
Ti. Both groups were taken out after one day and rinsed in
deionized water for 1 min and then dried at 60 °C for one day.
Subsequently, one plate of each group was placed separately in
a 50 ml supersaturated solution of HA at room temperature for
up to 2 months to induce coating formation.

2.2 Characterization

The Ti substrates after aging in EDTA solution were
characterized by X-ray photoelectron spectroscopy (XPS) on
an ESCALAB 220i-XL system with a Mg-Ka source.
Reflection—absorption infrared (RAIR) spectra of the adsorbed
EDTA layer on Ti were taken with a Nicolet Magna IR 750
spectrometer. The angle of incidence was 80° (near grazing)
with p-polarized light. A gold coated wafer was used as the
reference for the spectra. To avoid the effect of adsorbed water
vapour on the measurements, the sample was dried at 60 °C for
1 h before IR experiments. An L116C ellipsometer was used for
thickness measurements of the adsorbed EDTA layer. The
He—Ne laser light was incident at 70° on the sample. A real
refractive index of 1.47 was assumed in the thickness
calculations.?! The changes of pH values during the aging of
Ti in the HA solution were measured in situ with a digital pH
meter. The phase composition and orientation of the substrate
and coating were determined by X-ray diffraction (XRD) on a
Rigaku D/max RD diffractometer with a Cu target. To observe
the morphology of the coatings by scanning electron micro-
scopy (SEM), a knife was used to cut between the coatings and
the substrate, and then the coatings were fractured to expose a
fresh fractured cross section, followed by coating with gold by
ion beam sputtering. The SEM images were observed using a
Hitachi S-450 scanning electron microscope coupled with an
energy dispersive X-ray analysis (EDAX) system.

3 Results and discussion
3.1 Surface adsorption, self-assembly and functionalization

3.1.1 Surface adsorption. The transmission infrared spectra
of isotropic crystalline EDTA and its di- and tetra-sodium
salts, as well as its metal chelates were investigated pre-
viously.**® These can be used in comparison with the RAIR
spectra to obtain useful information about the stereochemistry
of the adsorbed EDTA molecules. Such a comparison is based
on a surface selection rule which gives rise to a preferential
excitation of vibrational modes with dipoles normal to highly
reflecting metallic surfaces.>>*® It should be stated that the
surface of the titanium plates is very flat after sequential
polishing with different emery papers, which is confirmed by
the fact that no pits and cracks were observed on the surfaces of
the plates by SEM. Such flatness makes certain the applicability
of the surface selection rule of the grazing RAIR in the present
experiments. The RAIR spectra for an EDTA layer on
titanium are shown in Fig. 1. The low-frequency region
(Fig. 1a) may contain several important features of structural
significance of the monolayer assembly that are relevant to
molecular orientation, interfacial chemistry and crystallinity.
There are four peaks at 1500-1800 cm ! which correspond to
the COO stretch modes in different groups.**>® The strong
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Fig. 1 Reflection—absorption IR spectra for a monolayer of EDTA on
Ti. (a) Low-frequency region. (b) High-frequency region.

peak at 1786 cm™ ! corresponds to the free carboxyl groups

(~COOH). The bands at 1654 and 1554 cm ™' are assigned to
the asymmetric stretch mode (v,) for carboxylate ions
coordinated to surface titanium ions (-COOTi) with different
coordination configurations, whereas the bands at 1536 cm ™! is
attributed to v, for uncoordinated (free) carboxylate ions
(-CO07).*® These assignments are based on the following
demonstrated results.

(1) H,Y?™ ions exist in the disodium salt of EDTA as
structure A:*

-00C-CH,
N-CH,-CH,-N
uooc-cﬁ2

CH,-COOH

CH,-COO
A

(2) Polycarboxylic acids such as EDTA might be chemi-

sorbed on an oxide surface through reactions (1)—(3):*~#°

g/I-OH + HOOC-R ﬁA-OOC-R +H,0 M
/ /

?\4 + HOOC-R ?v[-ooc.R

% - @)
7 j

2\4 +°00C-R MOOC-R 3)

where M-OH, M, O, HOOC-R and ~OOC-R denote
chemisorbed hydroxy on the oxide surface, the coordinatively
unsaturated surface (c.u.s.) metal ions, the c.u.s. O*~ ions, the
carboxyl groups of EDTA, and the carboxylate ions of EDTA,
respectively. That is, no matter whether the surface metal ions
are highly hydroxylated or not, a large number of M—OOC-R
bonds may be formed to bind substrate and EDTA molecules
together. The titanium substrate is always terminated with an
oxide layer. Upon exposure to a water-containing environ-
ment, the surface oxide reacts rapidly with water molecules to
form a hydroxylated surface through the dissociative chemi-
sorption of water molecules.*® Therefore, when the titanium

substrate contacts an EDTA solution where the form of EDTA
is HyY>", EDTA will be chemisorbed onto the titanium
through reactions (1), (2) or (3).

(3) The frequencies of the COO asymmetrical vibrational
modes decrease in the sequence: -COOH groups, coordinated
carboxylate ions and uncoordinated carboxylate ions.>®

The frequencies of the symmetric vibrational modes (vs) of
coordinated or uncoordinated carboxylate ions are usually
between 1300 cm ™! and 1500 cm ™37 Since there are two v,
bands for —-COOTi groups with different coordination modes
and one v, band for -COO ™ ions, there should have been three
corresponding vs bands. It has been demonstrated that the
difference between v, and vy (denoted A) is different for
coordinated and uncoordinated carboxylate ions.*® For
~COO~ ions, the A value is ca. 144 cm™', whereas it varies
between 50 and 300 cm ™' for coordinated carboxylate ions
depending on the coordination modes.*® According to this
result, the v, corresponding to ~COO~ with v, at 1536 cm ™
will be ca. 1392 cm™!. Indeed, there is a shoulder band at
ca. 1392cm™! in Fig. la, which is much weaker due to the
surface selection effect inherent in RAIR,2}?22440 ;¢ the
dipole of the vy mode for free COO™ ions is at such a large angle
with respect to the surface normal that the projection
component of the vy mode along the surface normal is much
shorter than that of the v, mode. In the transmission IR
spectrum of the disodium salt of EDTA, the intensities of v,
and v, do not differ so much.>*>® A carboxylate ion can
coordinate to a metal ion in various configurations, from
bridging bidentate (B), chelating (C) to unidentate ligand (D).*®

O,
R—C R—c/ MR cf o
No—M \b/ 0—M
B c D

The two bands at 1450 cm™' and 1421 cm™! may thus
correspond to vy modes of two kinds of —COOTi groups
with different configurations. Table 1 lists the assignments of
the IR bands in the low-frequency region and the frequencies
for the corresponding bands reported in the literature. 2384850
The configurations of the -COOTi groups will be discussed in
Section 3.1.2. The existence of IR bands for C-O, CH,, C-N,
and C-H groups confirms the chemisorption of EDTA on Ti
and the correct IR band assignments of carboxyl groups and
carboxylate ions.

In the high-frequency region as shown in Fig. 1b, the O-H
stretching band for the —-COOH group is seen at
ca. 3300 cm~'3® which indicates that there are unionized
—COOH groups in the adsorbed EDTA molecules and thereby
confirms the correct assignment of v(COOH) at 1786 cm™ ..
The two bands at 2924 and 2851 cm ™' can be attributed to the
asymmetric and symmetric methylene vibrations, v,(CH,) and
vs(CH,), respectively.*® While the CH, groups are the most
abundant of all the groups in an adsorbed EDTA molecule, the
intensities of v,(CH,) and v((CH,) are however lower than
those of v,(COOTi) and v(COOH). This is due to the surface
selection effect,?!2%243%4% ; o the orientations of the six CH,
groups in one adsorbed EDTA molecular are not identical and
some of them are oriented so that the projection components
along the surface normal for both symmetric and asymmetric
stretching vibrations are nearly zero since the dipoles for
v.(CH;) and v(CH,) are perpendicular to each other.

The average ellipsometric thickness for the adsorbed EDTA
layer is ca. 0.74 nm through averaging over seven spots for a
given sample. This suggests a high coverage of the EDTA
molecular layer on the titanium substrate. In addition, the fact
that the grazing incidence RAIR experiment can be conducted
at all on such an adsorbed layer also confirms the high
coverage.

Fig. 2 depicts the XPS spectra of Ti 2p, O 1s, and C 1s of the
EDTA-treated titanium surface after rinsing and drying.
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Table 1 IR vibration modes assignment for an EDTA layer on titanium

Mode description” Frequency in RAIR spectrum/cm™ ! Peak intensity in RAIR spectrum  Reported frequency/cm ™! Reference
v(C=0, in COOH) 1786 Very strong 1750 38
v,(COO in COOTi (1)) 1654 Strong 1604 38
v5(COO in COOTi (I)) 1450 Medium 1376 38
v2(COO in COOTi (I1))* 1554 Medium 1526 38
vs(COO in COOTi (II)) 1421 Medium 1449 38
v.(COO ™, uncoordinated) 1536 Medium 1560 38
v(COO™, uncoordinated) 1392 Weak 1416 38
pw(CH,) or v(C-0O) 1317 Medium 1333 or 1374 48,49
p(CH>) 1292 Medium 1288 22
o(C-H) 1155 Medium 1188 50
v(C-N) 1116 Medium 1116 35
p:(CHy) or n(CH) 898 Medium 912 or 855 38,48

“y, stretch; v,, antisymmetric stretch; v, symmetric stretch; py, wagging; p, twisting; J, deformation; p,, in-plane rocking; =, out-of-plane bending.
2COOTi (1), unidentate configuration. “COOTi (II), bidentate chelating configuration.

Curve-fitting of the Ti 2p spectrum (Fig. 2a) revealed that the
spectrum can be resolved into two peaks centred at 463.89 and
458.27 eV, corresponding to Ti2p;» and Ti2ps;, in TiO,,
respectively.®'>? It is thus evident that the surface oxide layer of
EDTA-Ti is TiO,. Many researchers also found that TiO, is
the natural oxide layer on titanium at room temperature.’>>*
Since the thermodynamically stable form of TiO, at low
temperature is  anatase  (tetragonal, «=0.3783 nm,
¢=0.951 nm, JCPDS 4-477),55 the surface oxide layer can be
regarded as the anatase form>® although rutile and anatase are
not differentiated by XPS. Curve-fitting of the O Is spectrum
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Fig. 2 XPS spectra of Ti2p, O 1s and C1s for an EDTA-treated
titanium plate.
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(Fig. 2b) showed three peaks with binding energies of 532.99,
531.49, and 529.74 eV, which correspond to O Is electrons in
—COOH groups and carboxylate ions (-COO™) in chemisorbed
EDTA,>"*” hydroxy in -COOH groups, chemisorbed hydroxy
groups and physisorbed H,0,’' and the oxide lattice of the
surface anatase layer,”'* respectively. The C Is spectrum
(Fig. 2¢) can be resolved into four peaks with binding energies
of 288.2, 286.24, 284.61, and 280.61 eV, corresponding to
carbon in —-COOH groups and —-COO™ ions of chemisorbed
EDTA, ~CH,— groups of chemisorbed EDTA, contamination
impurities inherent to the XPS spectrometer, and carbide
impurities introduced through the polishing by SiC emery
paper, respectively.’'>” The XPS results confirm the chemi-
sorption of EDTA on the surface anatase layer.

3.1.2 Self-assembly of EDTA molecules and configurations of
self-assembled EDTA molecules. To discuss the adsorption
mode of EDTA on an anatase surface layer, one should first
take into account the surface chemistry of anatase, which has
been extensively investigated.>® There are three types of c.u.s.
Ti** ions on anatase, as schematically illustrated in Fig. 3.
One is the four-coordinated Ti** ions on faces (11/) such as
110, 111 and 113 as well as at the edge of the 110 face. The
second is the five-coordinated Ti** ions which participate in
Lewis acid—base pairs (c.u.s.Ti*T—c.u.s.0?>7) on the most
characteristic faces such as 101=011 and 100=010. The
third is the five-coordinated Ti*" ions participating in Lewis

Fig. 3 Schematic illustration of the surface lattices of different exposed
planes of anatase (reprinted from ref. 55). e, c.u.s. Ti** jons; o,
saturated Ti** ions from the subsurface layers; @, c.u.s. O°~ ions; O,
saturated O%~ ions from the surface layers; 2, saturated 0%~ ions from
the subsurface layers. Notice that the dangling bonds for c.u.s. ions are
also shown.



acid-base rows of c.u.s. Ti** —c.u.s.0* —c.us. Ti* T —c.u.s.0% -
on faces such as 001 and 112 and at the edges 101 x 111. Ti**
ions from isolated acid-base pairs are more electrophilic and
thereby more acidic than those from acid-base rows in that the
electrophility decreases due to the formation of stronger bonds
with two not one c.u.s. 0>~ ion.>> The most appropriate centres
for dissociative adsorption are situated on face 110 because
face 110 contains the most acidic four-coordinated Ti** ions,
and two c.u.s. O~ ions act as a Lewis base.>® One can imagine
that a self-assembly process may take place after the
chemisorption of EDTA, just like the self-assembling of
alkanethiolates on gold, fatty acids on oxides, and organic
silanes on oxides.'”® A self-assembled monolayer (SAM) will
be formed, ie. organization of complex, semiflexible organic
molecules within a quasi-two-dimensional assembly, resulting
from a delicate interplay between substrate-adsorbate inter-
actions, non-bonded interactions between adsorbates—elec-
trostatic and van der Waals (VDW) forces—and
intramolecular interactions such as bond stretches, angle
bends, and torsions.'” The self-assembly process can be
driven by the non-covalent interaction between and within
chemisorbed EDTA molecules, such as electrostatic repulsion
and VDW forces.*

Tao?! investigated self-assembled monolayers of n-alkanoic
acids (CH3(CH,),,COOH) on the native oxide surfaces of Ag,
Cu and Al. He found that the structure of the adsorbed film
was strongly dependent on the underlying metal structure and
the metal substrate dominated the binding geometry of the
carboxylate head group and the packing density. The n-
alkanoic acids dissociated completely on all of these metals and
formed a carboxylate overlayer. The two oxygen atoms of the
—COO™ bound to the Ag surface (AgO) nearly symmetrically,
while the carboxylate bound to the Al and Cu surface (Al,O3
and Cu,0) asymmetrically. He considered that such differences
resulted from the different surface lattices of the metal oxides
and different binding strengths of carboxylate on each metal.
In the present study, EDTA is a polycarboxylic acid. RAIR
and XPS results have demonstrated that the chemisorbed
EDTA molecules contain undissociated -COOH, uncoordi-
nated -COO™ and coordinated -COO~ (-COOQOTi), i.e. not all
of the two carboxylic groups in H,Y?~ dissociate and bind to
the native oxide on Ti, possibly due to the strong acidity of the
EDTA solution and steric limitations on the surface.

Based on the surface selection rule for grazing RAIR, the
following structural characteristics for the adsorbed EDTA
layer can be drawn from the RAIR results as shown in
Fig, 12122243940

(1) The intensities of the stretching mode of the carbonyl
group in —COOH (1786 cm ™) is very high, suggesting that the
carbonyl group in -COOH has a significant component along
the surface normal, and is most probably parallel to the surface
normal.

(2) The absorption band of the symmetric vibration mode
for uncoordinated -COO™ ions is very weak and overlapped
with the 1421 cm ™! band for vy(COOTi) with respect to the
stronger asymmetric vibration mode (1536 cm™'), indicating
that -COO™ ions are exposed so that the transition dipoles of
symmetric vibration modes have a much smaller component
along the surface normal than those of asymmetric vibrational
modes.

(3) There are two kinds of COOTi groups with v, at 1654
and 1554 cm™ L. On the other hand, there are two kinds of c.u.s.
Ti** ions, ie four-coordinated [e.g. on (110)] and five-
coordinated [e.g. on (100)], and the basicity of the former is
weaker than the latter.>> Tao?! found that the peak frequency
for symmetric carboxylate shifts to a higher value, reflecting the
higher coordination strength, when carboxylate is bound to
surface cations with stronger basicity. Moreover, the 4 value
for -COOTi with a unidentate configuration is usually higher
than the value for that with a bidentate chelating configura-

tion.*® Therefore, the 1654 and 1450 cm™' bands should be
assigned as v, and v, for carboxylate bound to the five-
coordinated c.u.s. Ti*" ions with a unidentate configuration
and a 4 value of 204 cm™! [COOTi(I)], whereas the bands at
1554 and 1421 cm™! correspond to v, and v, for carboxylate
bound to the four-coordinated c.u.s. Ti** ions with a bidentate
chelating configuration and a 4 value of 133 cm™ ! [COOTI(II)].

o N
R-C R T
o—Ti N
COOTi(l) COOTi(I)

(4) The substantial intensity of the v, mode with respect to the
low intensity of the vy mode for COOTi(I) indicates that the
carboxylate groups bind to the surface at an angle so that
the transition dipoles of the v, mode are at a smaller angle to the
surface normal than those of v, i.e. the transition dipoles of the v,
mode have a much larger component along the surface normal.

(5) The presence of both v, and v, peaks for COOTi(II) with
nearly identical intensities shows that the carboxylate head
group should bind to the surface in such an orientation that the
transition dipoles of the v, and vy modes are at a nearly
identical angle to the surface normal (i.e., close to 45°),
resulting in nearly identical projection components along the
surface normal.

It should be pointed out that an accurate comparison of the
intensities for IR absorption bands should be based on the
integrated intensities, i.e. the area of a band. Since the v, and v
bands for different carboxylate groups overlap with each other
and only their peak tips can be clearly identified, the above
comparison of the intensities is qualitative. However, it is good
enough to provide information on the stereochemical char-
acteristics of the adsorbed molecules.

In the XPS C 1s spectrum, the peak at 288.20 eV corresponds
exactly to the carboxylate ions (e.g. 288.20eV for
CH;C*OONa).’! The peak corresponding to Cls of
—COOH should be close to 289.30eV (e.g. 289.30¢V for
CH;C*OOH). Therefore, it may be overlapped by the former.
This result indicates that the surface concentration of -COOH
groups is low, although it shows a very strong absorption band
at 1786 cm ™! due to the surface selective excitation effect in
RAIR. ¥ Furthermore, during chemisorption and self-
assembly of EDTA on Ti, there might be a cooperativity, ie.
geometry matching, between the separation of the two Ti-OOC
bonds and that of two c.u.s. Ti** jons with which two separate
—COO™ groups of one EDTA molecule are bonded. The
distance between the two Ti-OOC bonds in one chemisorbed
EDTA molecule is determined, therefore, by the surface Ti**
sublattice. Moreover, the stereochemical conformations of the
three main component parts should be maintained during self-
assembly, and should thereby be considered to describe the
conformation of self-assembled EDTA molecules. One com-
ponent is the planar triangular conformation of resonance
stabilized carboxylate ions where the negative charge and ©
electrons are delocalized through resonance and are spread
equally over the two oxygen atoms. In addition, lone pairs of
electrons exist at the oxygen with directional character that are
not directly involved in chemical bonds.”® The second is the
pyramidal conformation of the tertiary amine group.> The
third is the tetrahedral conformation of the methylene group
(-CHp-).”

From these considerations and the possible chemisorption
reactions (1)—(3) as well as the RAIR, XPS and ellipsometric
measurement results, we consider that two typical adsorption
modes such as in Schemes 2 and 3 might be produced to reach
the thermodynamically stable configuration of c.u.s. Ti** ion,
i.e. the six-coordination nature of the Ti*" ion. Schemes 2 and
3 apply to the (h0l)=(0hl) faces with five-coordinated c.u.s.
Ti** ions, e.g. (100), and (11/) faces with four-coordinated
cus. Ti*" ions, eg (110), respectively. Schemes 2 and 3
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represent the most likely adsorption modes of EDTA on the
anatase surface. The -COOTi bonds in Schemes 2 and 3
correspond to COOTi(I) and COOTi(II), respectively.

The C-N, C-C and C-O bond lengths equal 0.1472, 0.1541
and 0.1233 nm, respectively.® From these data and the steric
geometrical relationships, one can calculate through the planar
projection on the plane of the diagram that the thickness values
of the monolayer as in Schemes 2 and 3 are ca. 0.75 and
0.76 nm, respectively, consistent with the ellipsometric thick-
ness (0.74 nm). Therefore, it is confirmed that a SAM of EDTA
has been formed on the native oxide surface of Ti. Moreover,
the bottom plane of the pyramidal geometry of the tertiary
amine group is on the plane of the diagram. Thus, the length of
the projection of the C-N bond on the plane of the diagram
equals 0.1383nm.>® Using the geometry of the planar
projection of Scheme 2, the interdistance between two
COOTi(I) bonds, through which one EDTA molecular is
anchored on the surface anatase layer, is ca. 0.72 nm. This
separation is approximately equal to two times the lattice
constant a (0.3783 nm) of anatase, i.e. two times the basic
periodicity of c.u.s. Ti** ions on (40]) = (0hl) planes along the
[010]=[100] direction. For Scheme 3, the separation for two
—COOTi(II) bonds is calculated to be ca. 0.50 nm, very close to
the length of the basic repeating unit of c.u.s. Ti** ions on (110)
planes along the [110] direction (2 danatase, i.e. 0.54 nm). These
calculations support the hypothesis of Schemes 2 and 3. It
should be stated that a slight relative rotation around the
substrate normal can be made between the triangle of the
carboxylate ions and the pyramid of the tertiary amine groups
to maintain the tetrahedral conformation of the -CH,— group.
The direction of the lone pairs of electrons on the oxygens of
the carboxylate ion®! and the relative geometrical relationship
between the directions of the asymmetric and symmetric
vibrational dipoles for the carboxylate and the surface
normal®’** are also shown in Schemes 2 and 3. The
orientations of the electron cloud of lone electron pairs on
the oxygen atoms of carboxylate and the angle between the
vibrational dipole for the carboxylate and surface normal are
different between and within the schemes.

In Scheme 2 the orientation of COOTi is idealized to let the
RAIR intensity of the symmetric stretching vibration of COO
become zero and should have been rotated by a small angle, as
illustrated by the orientation relationship between v, and v,
because its real intensity is very weak (but not zero) with
respect to that of asymmetric stretching vibration, as shown in
Fig. 1. Because the Ti substrate is (0001) textured, as will be
shown by the XRD in Fig. 5 (later), the exposed planes of the
surface anatase phase grown on such a substrate at room
temperature might be limited to only a few types such as (110)
and (100).9 Since the EDTA self-assembly will be determined
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Fig. 4 Time dependences of pH values in HA solutions containing
AS-Ti and EDTA-Ti.

partly by the surface lattice of the exposed planes where EDTA
molecules are situated and the polycrystalline surface anatase
layer, the surface state will be a mixture of adsorption
configurations with different stereochemistry such as Schemes
2 and 3. Walczac et al.®* also found that a SAM was made up of
mixed domains with different stereochemical orientations,
consistent with our considerations.

3.2 Biomimetic mineralization on an EDTA functionalized
substrate

3.2.1 Biomimetic mineralization. Precipitates appear on the
beaker wall and in the bulk solution for the HA solution
containing AS-Ti after ca. 2 days. No continuous and uniform
coatings are formed on AS-Ti except island-like white spots
which might have been picked up from the bulk solution. The
fact that the majority of the white spots can be washed away
confirms that the white spots are formed from precipitates
appearing from the bulk solution. For the HA solution
containing EDTA-Ti, however, no precipitates appear in the
bulk whereas a layer of uniform and continuous coating is
formed on the titanium substrate. Crystallization of HA can be
written in terms of eqn. (4):

10Ca*" 4 6PO,* 4 20H™ —Ca,,(PO,),(OH), (4)

Therefore, the pH reduction is a signal of HA crystallization on
titanium or in the bulk solution. Fig.4 depicts the time
dependences of the pH values of the AS-Ti and EDTA-Ti
solutions. For the EDTA-Ti solution, the pH value decreases
after ca. one day due to crystallization on the EDTA-Ti until
aging for ca. 10 days, and levels off at ca. 6.6. For AS-Ti, the
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Fig. 5 XRD patterns of EDTA-Ti before (a) and after (b) coating
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diffraction lines for HA. (O), Ti; (@), HA.

pH value decreases after 60 h more rapidly due to the
precipitation in bulk solution, and also levels off at ca. 6.6
after 170 h.

Fig. 5 depicts the XRD patterns of surface EDTA-Ti before
and after coating formation as well as that of the randomly
oriented HA powder. It is revealed that the coating consists
of nearly pure HA phase (hexagonal, «=0.9418 nm,
¢=0.6884 nm, JCPDS 9-432) within the detection limits of
XRD. The titanium shows an (001) preferred orientation,
which results from rolling deformation.®* Through careful
comparison of the XRD patterns of the HA coating and HA
powder, only some of the peaks expected for HA plus those for
Ti exist in the diffraction pattern of the coating, i.e. (00/) type,
(Il type, (211) and (112), while all the diffraction lines appear
for randomly oriented HA powder. In addition, the intensities
of the (00/) and (/) diffraction lines normalized to that of the
(211) line (the strongest one for randomly oriented HA
powder) of the HA in the coating are much higher than
those in the HA powder. Therefore, the HA coating is in a
highly preferred orientation with (00/) and (///) planes parallel
to the substrate surface.

Fig. 6 displays typical SEM micrographs of the HA coating
on titanium after aging for 300 h. The coating is uniform and
composed of plate-like grains which grow out from the
titanium surface, suggesting that the heterogeneous nucleation
occurred on the functionalized titanium at the substrate/
solution interface. EDAX analysis showed that the Ca/P molar
ratio is 1.587, very close to the stoichiometric value (1.67) for
HA. Moreover, two types of grain arrangements can be
observed. One is the parallel arrangement (Fig. 6b), ie. the
plate-like grains are parallel to each other along their long axes;
the other is the radial arrangement (Fig. 6¢), where the plate-
like grains radiate from a central core on the substrate along
their long axis to form an upward floret-shaped cone. On the
SEM images, the long axis of the plate-like grains in the radial
pattern that constitute the cone shape is at an angle of ca. 35°
with the substrate plane (Fig. 6a and c ). Previous studies have
shown that HA grains always tend to grow along the [001]
direction, which results in a plate habit, and the long axes of the
plate-like grains are parallel to the crystallographic [001]
direction.®> Thus, one can infer the type of preferred
orientation from the grain arrangements shown in the SEM
images. Obviously, the parallel arrangement in Fig. 6 corre-
sponds to a (001) preferred orientation, as schematically
illustrated in Fig. 7a. From the crystal structure of HA, the
angle between the (001) and (111) planes, and that between the
[001] direction and the (111) plane, can be calculated to be 55.6°
and 33.4°, respectively, consistent with the angles measured in

Fig. 6 SEM micrographs of HA coating on EDTA-Ti, (a) typical
morphology of cross-section; (b) parallel microstructural pattern in (a)
in higher magnification; (c) radial microstructural pattern in (a) in
higher magnification; (d) top-view morphology of the coating. Notice
that the angle between the long axis of the plate-like grains in the radial
pattern and the substrate plane, and the nucleating surface core are
denoted.

nucleating core < (111)

(b) radial pattern

Fig. 7 Schematic illustration of two types of plate-like grain arrange-
ments. (a) Parallel pattern; (b) radial pattern. The arrows denote the
[001] directions of HA grains.

the SEM image which is a projection perpendicular to the
cross-section (Fig. 6¢). Hence, the radial arrangement corre-
sponds to (111) texture with plate-like grains radiating along
the [001] direction, as illustrated in Fig. 7b. Therefore, the two
components of texture determined by XRD (Fig. 5), (001) and
(111), result from the parallel and radial arrangements of the
plate-like HA grains, respectively. The island-like surface of
AS-Ti after aging in HA solution makes it difficult to
characterize by XRD. Therefore, SEM and in situ EDAX
together form an alternative way of characterizing AS-Ti.
Fig. 8 depicts the top-view SEM morphologies of island-like
precipitates on AS-Ti after aging for 300 h. The EDAX
analysis suggests that the Ca/P molar ratio of the islands is
1.535, similar to the results for EDTA-TIi, indicating that the
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Fig. 8 Top-view SEM morphologies of island-like precipitates on AS-
Ti after aging for 300 h. (a) Whole morphology. (b) Three adjacent
islands (denoted with arrow in (a)) at higher magnification. (c) One
island as shown in (b) at much higher magnification.

precipitates consist of HA crystals. The islands are ball-like in
shape and consist of plate-like crystals. Their size varies
between 50 and 150 um. Since it is difficult to make a fractured
cross-section of one island, the length of the grains can not be
determined. However, analogous to the grains on EDTA-Ti,
the length of the plate-like grains may be ca. 30 pm. Most ball-
like islands are much thicker than the coating on EDTA-TI, i.e.
the height of an island does not equal the length of the crystal,
and there are several crystals along the normal direction. This
may be because the crystals can only grow on previously
formed crystals if they are not favoured to form on the bare
titanium substrate.

3.2.2 Mechanism of biomimetic mineralization. One of the
most striking results is that the mineralized coating is made up
of two types of microstructural patterns, i.e. parallel and radial
patterns, as shown in Fig.5 and 6. Analogous to the
biomineralized microstructure, the microstructural patterns
might also result from the mediation of mineral formation by
an organized template through which a site-directed and
directional interaction between the organic matrix and
inorganic species takes place.>” It is just the EDTA-
functionalized titanium surface that acts as an organized
template responsible for the formation of the observed
interesting microstructural patterns. Since the interaction
between the functionalized surface and the HA solution is
site-directed and directional, it should be discussed on the basis
of the detailed configuration of Schemes 2 and 3, ie. the
structural stereochemistry of adsorbed EDTA.

Since the EDTA-functionalized titanium plates are incu-
bated in the HA solution with an initial pH value of 7.0, the
—COOH groups, as shown in Schemes 2 and 3, will further
dissociate and reach an orientation the same as uncoordinated
—COO" ions after such plates are put into the HA solution.
After the dissociation rapidly reaches an equilibrium between
surface EDTA and the HA solution, the remnant concentra-
tion of surface -COOH will be very low. Therefore, the role of
—COOH in the mediation of mineralization will be considered
the same as that of uncoordinated -COO™ ions. Based on the
deduced conformation of the self-assembled EDTA molecules
as in Schemes 2 and 3, the mechanism of HA mineralization on
the titanium plate can be explored. The complex microstructure
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in the mineralized coating results from the controlled
nucleation of HA crystals by the self-assembled EDTA surface
layer through interfacial molecular recognition. Such recogni-
tion might originate from at least four aspects.

(1) Electrostatic interactions. The negatively charged
—COOQ" ions on the surface can attract the positively charged
Ca’* in the solution, which promotes further complexation
with PO,>~ and OH ™ and thereby satisfies the nucleation of
HA.%

(2) Hydrogen bonding interactions. The OH ™ ions from the
solution can be adsorbed on the substrate through hydrogen
bonding with O in -COO, i.e., -COO---H-O, which will favor
the formation of an OH™ sublattice for HA nucleation. The
formation of hydrogen bonds is a result of a specific interaction
that requires the contact between ‘specific”’ sites of the
partners: the “proton donor site” OH and the ‘“proton
receptor” site, the lone pair of electrons on O of —COO ™ jons.®!

(3) Stereochemical arrangement. The hydrogen bond is
characteristic of both stoichiometry and directionality.®! It is
stoichiometric because the number of hydrogen bonds that O in
—COO™ ion can form is determined by the number of lone pairs
of electrons. The directional character of the hydrogen bond is
a result of the directionality of the unshared electron pairs. For
resonance-stabilized —COO~ ions, the two lone pairs of
electrons form an angle of ca. 60° with the C=O direction.
As a consequence, a hydrogen bond with OH™ will try to adopt
a structure where the OH™ direction forms an angle of ca. 60°
with the C=0 direction,®' as shown in Scheme 4. The hydrogen-
bonded OH™ (O---H-O) can adjust its orientation to reach an
angle of ca. 60° with respect to C=0 directions, the most stable
configuration of hydrogen bond.”® Therefore, the O-H
direction in the HA nuclei will be determined by the direction
of lone electron pairs on O of -COO™ ions. On the other hand,
the arrangement of OH ™ ions surrounded by a Ca®* triangle
along the ¢ axis is characteristic of the HA structure.®”-*® Then,
if the direction of the O-H bond in the OH ™ ions is determined,
the ¢ axis of an HA nucleus constructed from these OH™ ions
will be fixed, consequently resulting in the oriented nucleation.
Furthermore, the HA crystals tend to grow along the [001]
direction, the fastest growth direction for HA, resulting in
plate-like morphology.>¢” Hence, the functionalization mode
such as in Scheme 2 will produce a surface area with an
arrangement of unshared electron pairs on O of surface
—COO" ions radiating from one surface core with an angle of
ca. 30° with the substrate plane, which leads to the formation of
nuclei with [001] directions radiating at an angle of ca. 30° with
the substrate plane and subsequent radiating growth along the
[001] direction as shown in Fig. 9a, and ultimately results in the
formation of the radial microstructural pattern (Fig. 7b).
Moreover, from Fig. 9a, one can deduce that the long axis of
the plate-like HA grains (i.e., the c-axis), will tend to be at an
angle of ca. 30° with the substrate surface, consistent with the
observed radiating angle of ca. 35° in the radial pattern (Fig. 6).
A functionalization mode such as in Scheme 3 will create a
surface area with an arrangement along the surface normal of
unshared electron pairs on O of surface -COO™ ions parallel to
the substrate normal, which results in the oriented nucleation
and subsequent oriented growth with the (001) plane preferably
parallel to the substrate surface, as shown in Fig. 9b, and
ultimately gives rise to the formation of the parallel micro-
structural pattern (Fig. 7a). It can thus be concluded that the
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Fig. 9 Schematic illustration of the formation mechanisms of (a) radial and (b) parallel microstructural patterns, taking (100) and (110) faces of

surface anatase layer as examples, respectively.

radial and parallel microstructural patterns originate from the
hydrogen bonding interaction between OH™ and -COO™ ions
which show radial (like Scheme 2) or parallel (like Scheme 3)
stereochemistry of lone pairs of electrons, as illustrated
schematically in Fig. 9.

(4) Geometrical matching. The separation along [001]
between the two rows of self-assembled EDTA molecules
which are situated on face 100=010 along [010]=[100] or on
face 110 along [110] with the configuration, such as in
Schemes 2 or 3, respectively, equals the lattice constant ¢ of
anatase (0.951 nm), and therefore is very close to the lattice
constant a of the HA nuclei (0.9418 nm). Therefore, on the
surface with a configuration like Schemes 2 or 3, the matching
of distance between the two rows of -COO™ ions along [001] of
anatase and that between two coplanar OH™ ions, or two
coplanar Ca?™ ions on the (001) plane of HA, might facilitate
the oriented nucleation of the (001) plane of HA together with
the mediation of OH™ orientation in HA by stereochemical
arrangement, as discussed in aspect (3) above (Fig. 9). This may
be another main reason for the formation of radial and parallel
patterns. It is possible that the radial and parallel patterns
might be favoured to form on the (400) = (0/0) face and on the
(110) face, respectively, because there is a periodicity of
0.9468 nm on the (hk0) planes of anatase, ie. the lattice
constant ¢ of anatase is very close to the periodicity on the (001)
plane of HA.

The existence of both (111) and (001) texture of the HA
coating revealed by the XRD patterns of the HA coating on

EDTA-Ti confirms the possibility of a geometrical match
between the EDTA functionalized titanium surface and HA in
light of the RAIR results. For the mineralization on EDTA
molecules on EDTA-Ti with the configuration of Scheme 2, as
shown in Fig. 9a, the direction of O-H groups attracted to the
surface due to the hydrogen bonding is controlled to be at a
radial angle of 30° with the substrate surface, and the distance
of such O-H groups recognized by the two rows of EDTA
molecules along [001],hamse 18 nearly equal to the lattice
constant a of HA. Therefore, HA will be nucleated with
(001)yA at an angle of about 60° to the substrate surface, which
will facilitate the formation of a radial pattern with (111)
texture. For the mineralization on EDTA molecules with the
configuration of Scheme 3, as shown in Fig. 9b, the direction of
O-H groups attracted to the surface due to hydrogen bonding
is controlled to be perpendicular to the substrate surface, and
the distance of such groups recognized by two rows of EDTA
molecules along [001],natse 18 nearly equal to the lattice
constant a of HA. Therefore, HA will nucleate with (001)y
parallel to the substrate surface, resulting in the formation of a
parallel pattern with (001) texture.

4 Conclusion

EDTA can be used to functionalize a naturally oxidized
titanium substrate to obtain a surface with an organized
arrangement of carboxylate ions, which can mimic the
preorganized organic matrix in biomineralization systems.
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EDTA molecules may have the ability to self-assemble into
functional arrays with two -COO™ groups bonding on two
coordinatively unsaturated Ti** ions as well as having—COOH
groups and —COO™ ions exposed for each adsorbed EDTA
molecule. The adsorption mode and self-assembled conforma-
tion of EDTA are determined by the interdistance and
coordination number of coordinatively unsaturated Ti*"
ions on different exposed substrate faces. The HA coating
mineralizes on the functionalized surface with the coexistence
of two types of microstructural patterns. One is the parallel
pattern with the (001) plane preferably parallel to the substrate
surface; the other is the radial pattern with [001] preferably
radiating from one surface core and (111) preferably parallel to
the substrate surface. The mineralization is a result of
controlled nucleation under the mechanism of interfacial
molecular recognition such as electrostatic interactions,
hydrogen bonding interactions, stereochemical arrangements
and geometrical correspondence.
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