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Abstract Computer  modelling  techniques  were
employed to investigate the effect of surface silanol groups
on the strength of adhesion of apatite thin films to silica
surfaces. To this end, we have studied a series of silica
surfaces with different silanol densities and calculated their
interaction with apatite thin films. Our findings indicate
that apatite does not attach strongly to surface hydroxy
groups, but that apatite should deposit at dehydrated silica
surfaces, especially when the surface silicon and oxygen
species rearrange to form O-Si—O links. Any dangling
silicon and oxygen bonds at the silica surfaces are saturated
by coordination to oxygen and calcium atoms in the apatite
layer, but the extra reactivity afforded by these under-
coordinated surface species does not necessarily lead to
more favourable substrate/film interactions. The lowest
energy silica/apatite interfaces are those where an undis-
torted apatite layer can be deposited on a regular, stable
substrate surface. Our simulations support the suggestion,
that in vivo surface hydroxy groups are first condensed to
form O-Si-O bridges before deposition and growth of
apatite.
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Introduction

Since the discovery of the bio-compatible properties of
Bioglass® revolutionized the field of bio-materials
research [1], most investigations have concentrated on
designing bio-active implant materials for hard tissue
replacement, which resemble as closely as possible the
structure and properties of natural bone. The mineral apa-
tite is the major component of natural mammalian bone
and tooth material and as such it may be a prime candidate
for the manufacture of artificial bones [e.g. 2, 3]. However,
the dense crystalline apatite material, although at the
atomic level chemically and structurally equivalent to the
mineral phase in bone, has very different mechanical
properties from the apatitic phase in natural bone, for
example the bending and compressive strengths and elastic
constants [4], and it is difficult to shape [5, 6]. One way to
still employ its excellent tissue response and osteocon-
ductivity properties is to deposit an apatite layer onto a
ceramic implant to promote integration of the implant with
the natural bone [7]. For example, Kokubo and co-workers
have found that bio-active ceramics, including glasses and
glass-ceramics, bond to living bone through a collagen-free
apatite layer [4], and formation of such an apatite layer on
the synthetic material before implantation in the body thus
encourages intergrowth with the living bone.
Alternatively, Bioglass® and other bio-active implant
materials are used directly as they tend to dissolve in the
body and to be resorbed into hard tissue, bonding to both
bone and soft tissue. On implanting, the surface itself forms
a biologically active apatite layer which provides the
bonding interface with tissues, such as collagen and other
proteins. The sequence of reactions leading to apatite layer
formation on bio-active glasses, following immersion in
tissue or body fluids is now thought to be reasonably well
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understood [8, 9]: Starting from the bulk bio-active glass, a
silica rich layer is formed at the surfaces through segre-
gation, where the surface hydroxy groups then form growth
nuclei for the attachment of the apatite layer. However,
Kokubo and co-workers found that in vitro quartz or silica
glass does not induce apatite formation at its surface,
whereas silica gel does [10]. They attribute the difference
in activity towards apatite formation in these chemically
similar materials to the different densities of Si—-OH groups
in the three materials. The silica gel contains many more
surface silanol groups than the glass or quartz crystal,
which they suggest induces apatite formation. It is not
entirely clear, however, whether the hydroxy groups
attach to the apatite through hydrogen-bonding [4, 10, 11]
or whether they first condense to O-Si—O bridges, via
dissolution of Si(OH), species, which then form the sorp-
tion sites for the deposition of calcium and phosphate
species [12].

Thus, as the precise nature of the attachment of the
apatite layer to the implant is not known, whether it is
attached before the implant is introduced into the body or
whether grown in vivo, there is a clear need to gain an
understanding of the interactions between the apatite and
the ceramic substrate at the atomic level. The present work
therefore reports a systematic computational study of the
attachment of apatite films to silica surfaces, where we
have concentrated in particular on the role of the sur-
face silanol groups in the adhesion of the apatite layer and
the resulting stabilities of the silica/apatite interfaces.

We have concentrated on o-quartz as a model structure
for a variety of silicate materials and silica-rich bio-active
glasses, systematically choosing a range of different sur-
face topologies to ensure that as far as possible the major
substrate/film structures and interactions are investigated.
We have used quartz as a substrate in this work, rather than
a silica glass, because the use of a crystalline material al-
lowed us to control the density and distribution of the
surface silanol groups very accurately, which would be
more approximate using a glassy material. As the subject
of this paper was to quantify the effect of the surface sil-
anol groups on the apatite film, we considered that the use
of a crystalline material was acceptable as the interaction
of the apatite with surface hydroxy groups and silicon
species will be the same for both materials, only the spatial
arrangement in the quartz will be more ordered than in a
glass surface.

Our approach is to employ energy minimisation tech-
niques to study the interactions of two thin film thicknesses
of apatite with a range of silica surfaces, containing dif-
ferent surface densities of silanol groups. As we create and
fully geometry-optimise the silica surfaces before attaching
the apatite films, the calculated structures and energies of
the silica/apatite interfaces are independent of the way in
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which the substrate surface was created, and this model
should hence be applicable to both melt-derived and sol-gel
derived bio-active glass surfaces.

Methodology

The computer modelling of hetero-interfaces and grain
boundaries of ionic materials is still a new and little ex-
plored area of research, due to the complexity of the sim-
ulated systems and the difficulty of direct comparison with
experiment. Apart from the simplest type of interface,
where a single planar interface separates two otherwise
perfect crystals of the same or different crystalline phase
[13], more complex interfaces can also be considered, such
as tilt interfaces where the two crystal surfaces are tilted
with respect to each other at varying angles [14-16], or
twist interfaces as studied in this work, where the two
crystals are rotated relative to each other. Another factor to
take into account when modelling solid/solid interfaces, or
indeed when growing experimental thin films on substrate
surfaces, is the epitaxial misfit between the substrate and
the thin film parallel to the interface [17]. Sayle and co-
workers have shown, for example, that a large epitaxial
misfit may lead to significant reconstruction in the thin
film, including reorientation of the thin film to express a
different surface at the interface, the formation of extensive
dislocations and even amorphisation of the thin film in
extreme cases where the misfit between the crystal lattices
is 20% or larger [18, 19]. The interatomic potential-based
techniques employed in this work are the most suitable
techniques to investigate at the atomic level these solid/
solid interfaces between two complex materials, which
necessitates large simulations cells containing thousands of
ions. We have shown in earlier work that these methods
can be used successfully to calculate at the atomic level the
geometries and adhesion energies of solid/solid interfaces
[16, 20, 21] and we have therefore now employed the same
energy minimisation techniques to investigate the effect of
surface silanol groups on the strength of adhesion of the
apatite layer.

These atomistic simulation methods are based on the
Born model of solids [22], which assumes that the ions in
the crystal interact via long-range electrostatic forces and
short-range forces, including both the repulsions and the
van der Waals attractions between neighbouring electron
charge clouds. The long-range Coulombic interactions are
calculated using the Parry technique [23, 24] (which is
adapted from the well known Ewald method to 2D periodic
systems) whereas the short-range forces are described by
parameterised analytical expressions. The electronic
polarisability of the ions is included via the shell model of
Dick and Overhauser, where each polarisable ion is
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represented by a core and a massless shell, connected by a
spring [25]. The polarisability of the model ion is then
determined by the spring constant and the charges of the
core and shell, which are usually obtained by fitting to
experimental dielectric constants when available. In addi-
tion, it is often necessary to include angle-dependent forces
to allow for directionality in partially covalent bonds, for
instance in the silica groups and phosphate anion. We have
employed established interatomic potential parameters for
the silicate substrate [26-28] and recently developed
potentials for apatite, which have been shown to be accu-
rate in describing both bulk and surface properties of the
material [29]. The potential parameters describing the
interactions between the apatite film and silicate surface
were derived following the well-established approach of
Schroder et al. [30], and they have been used successfully
in previous work on the interaction of apatite with silica
[20, 21, 31]. The complete potential model is shown in
Table 1.

We have used the METADISE computer simulation
code for the calculation of the surface and interfacial
structures and energies [14], which is designed specifically
for the simulation of surfaces, interfaces and dislocations.
As such, periodic boundary conditions are employed only
in two directions in the plane of the surface/interface,
whereas there is no periodic boundary in the direction
perpendicular to the interface. This set up hence avoids
undesirable interactions between surfaces/interfaces across
a vacuum gap between repeating slabs, which is the more
usual set up for the simulation of surfaces with three-
dimensional periodic boundary conditions. The interfacial
systems are charge-neutral and no dipole is present
perpendicular to the interface, in order to avoid non-
convergence of the energies with system size due to surface
dipole effects [32].

Before energy minimisation of the interfacial system,
the apatite film was kept at a constant height above the
surface, but moved laterally with respect to the quartz
surface without relaxation of the substrate or film, i.e. the
apatite film would be moved systematically in two direc-
tions over the substrate surface and the interfacial energy
for this unrelaxed system would be calculated for a series
of points on a grid. The grid was determined by the surface
lattice vectors of the system in two directions, and the
interfacial energy was calculated at intervals of 1 A. This
scan thus supplied us with an interfacial energy at each
point on the grid, hence identifying the lowest-energy lat-
eral displacement of the film with respect to the substrate in
the unrelaxed system, which was then taken as the starting
point for our energy minimisation calculation of the sub-
strate/film interface. Once the most energetically favour-
able initial lateral film/substrate orientation was thus
identified, a full geometry optimisation was performed to

Table 1 Potential Parameters used in this work (short-range cutoff
20 A)

Ton Charges (e) Core-shell interaction
eV A2
Core Shell
Ca +2.000
P +1.180
H +0.400
F +1.380 -2.380  101.2000
Phosphate +0.587 -1.632  507.4000
oxygen (Op)
Silicate +0.84819  -2.84819 74.92038
oxygen (Os)
Hydroxy +0.9000 —2.3000 74.92038
oxygen (Oh)
Ion pair Buckingham Potential
A (eV) p(A)  C(eV A%
Ca-Op 1550.0 0.29700 0.0
Ca—Os 2966.5 0.29700 0.0
Ca-F 1272.8 0.29970 0.0
Ca-Oh 1250.0 0.34370 0.0
Si-F 2545.6 0.29970 0.0
Si-Os 1283.9 0.32052  10.66
Si—Op 670.9 0.32052 3.76
Si—Oh 983.6 0.32052 10.66
H-Os 396.27 0.2500 0.0
H-Op 312.0 0.2500 0.0
H-Oh 312.0 0.2500 0.0
H-F 415.0 0.2463 0.0
Op-Op 16372.0 0.21300 3.47
Os—Os 22764.3 0.14900 27.88
Oh-Oh 22764.3 0.14900 6.97
Op-Os 16372.0 0.21300 3.47
Op-Oh 22764.3 0.14900 4.92
Os—Oh 22764.3 0.14900 13.94
Op-F 583833.7  0.21163 7.68
Os—-F 1117385.1 0.21163 14.6
Oh-F 35000.0 0.1750 154
F-F 99731834.0 0.12013  17.02423
Morse Potential
DEV) oA rn@) qpdo (%)
Peore—OPeore 3.47 1.900 1.600 100
H-Ohgpen 7.0525 3.1749  0.9485 0
Three-body Potential
k (eV rad?) e
OPcore—P—Opcore  1.322626 109.47
OSghen—Si—Osgpenn 2.09724 109.47

obtain the energy of the relaxed interfacial system, where
the optimisation algorithm used is the Newton-Raphson
variable matrix method, which takes into account not only
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the first derivative of the energy with respect to ion posi-
tion, i.e. the forces on the ions during minimisation, but
also the second derivative of the energy [33]. The initial
height above the surface was varied in a series of calcu-
lations to check that this parameter did not affect the final
energy and to ensure that the lowest energy configuration
had been obtained. During geometry optimisation, not only
was the apatite film free to move in any direction with
respect to the underlying quartz surface, but all atoms in
the apatite film and in a quartz surface region of about 22 A
into the bulk material were also completely unconstrained
so as not to prejudice the geometry of the interface. The
complete process was then repeated for a series of rotations
of the apatite thin film with respect to the quartz substrate
and the adhesion energies calculated. We found that with
this careful procedure, the lowest energy configurations for
each rotated system were unambiguous with well-defined
energy minima.

Results and discussion

In order to investigate the interactions between the apatite
material and the silica surfaces, and especially the effect of
the silanol groups, we have epitaxially fitted apatite films
of two thicknesses to the substrate surface, scanned the
films over the surface as described above, followed by full
geometry optimisations. A series of rotations of the thin
films with respect to each of the substrate surfaces as well
as different lateral displacements ensure that a large num-
ber of film/substrate configurations is sampled, thus inves-
tigating a comprehensive range of interactions between the
thin films and the substrate surfaces.

Apatite structure and chemistry

Apatites Ca;g(POy4)s(F,C1,OH), are a complex and diverse
class of materials, where the isomorphous series can be
represented by fluorapatite Ca;o(PO4)gF,, which is by far
the most common, chlorapatite Ca;o(PO4)¢Cl,, hydroxy-
apatite Ca;o(PO4)g(OH), and carbonate-apatite Ca;y(POy,
CO;,0H)4(F,OH), [34], in addition to a range of less
common substituted apatite materials [35 and references
therein]. Whilst the natural bone mineral is closest in
structure and chemistry to the hydroxy apatite, it still
contains a significant number of defects and impurities,
including carbonate defects, calcium vacancies and a
number of substitutions for the hydroxy groups, where
fluoride is especially important [2]. However, despite the
impure nature of the apatitic phase in bone, it is still rea-
sonably well described by the general apatite structure,
which we have therefore employed in this work, opting for
the use of the well-studied fluorapatite structure, where we
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can view the fluoride ions as a generic anion in the struc-
ture. Fluorapatite has a hexagonal crystal structure with
spacegroup P6;/m [34, 36]. The apatite structure is shown
in Fig 1, where the F~ ions in the structure are located one
above the other in a hexagonal column parallel to the c-axis
(into the plane of the paper in Fig. 1a). The fluoride ions in
the hexagonal channels are coordinated to three calcium
ions each in a triangular arrangement, where these calcium
triangles are alternated along the c-direction, hence form-
ing the hexagonal channel. For our simulations, we have
used the structure determined by Hendricks et al. [37] with
a=b=9370 A, ¢=6880A, where a=p=90°
y = 120°, which upon energy minimisation of the bulk
crystal relaxed to at a=b=9.375 A, c=6.871 A,
o= f? =90° y = 120°. The calculated properties of the
fluorapatite crystal, such as the structure, elastic and
dielectric constants and phosphate vibrational modes, are in
good agreement with experiment, as is fully discussed in
reference [29].

(a)

[0001]

Fig. 1 The hexagonal fluorapatite structure, showing (a) plan view of
the (0001) surface and (b) side view, showing the hexagonal channels
(Ca = mid grey, O = black, F = pale grey, PO, groups displayed as
tetrahedra)
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The structure of the silica substrate surfaces

We are primarily interested in the effect of the surface
silanol groups on the adhesion of the apatite material and
we have therefore first created a number of silica surface
simulation cells with different surface silanol densities in a
range of configurations. We have chosen the dominant
quartz (0001) surface as the substrate surface, using a
(2 x 2) surface supercell, for the adhesion of the apatite
films, also in the (0001) orientation. o-Quartz has lattice
parameters of a = b =4.913 A, ¢ = 5404 A, while the
lattice parameters of fluorapatite are a = b = 9.370 A,
¢ = 6.880 A [34, 37]. As we are considering the growth of
apatite thin films at existing substrate surfaces, the apatite
films need to fit epitaxially to the substrate surfaces, and
the film will thus necessarily be tensioned or contracted to
accommodate itself to the quartz surface lattice vectors
[13]. If we build a (2 X 2) simulation supercell of quartz,
the apatite (0001) plane fits the quartz (0001) surface as a
(2 X 2) overlayer with a lattice misfit of —4.6%, i.e. the
apatite layer is tensioned to accommodate itself to the
substrate surface.

The silica structure is built up of a network of corner-
sharing SiO, tetrahedra with a Si—O bond length of 1.61 A
and O-Si-O angle equal to 109.3°. The quartz (0001)
surface may simply be considered as a SiO, network
consisting of neutral or charged silanol groups (SiOH,*,
SiOH or SiO"), depending on the pH of the aqueous
environment, where SiOH," groups only occur under

Fig. 2 The a-quartz surfaces
with SiO™ species, (a) side-view
of the unoptimised bulk-
terminated (0001) surface, and o
(b) plan view of the top two
layers of the unoptimised bulk-
terminated (0001) surface,
showing dangling bonds; (c)
side view and (b) plan view of
the top surface layer, showing %
the formation O-Si—O bridges
into surface 6-ring structures
(Si = pale grey, O = black)

(a)

(c)

y)\

[0001]

/\/\/\/\

[0001]

highly acidic conditions. (The concentration of SiOH,"
groups is found to be highest at pH = 0 [38]). When the
silica surface is created from the bulk material, it contains
under-coordinated silicon atoms which are bonded to three
oxygen atoms (Q3 sites) as well as singly coordinated
surface oxygen atoms, where the surface density of Q3
sites is 5 nm™2. These under-coordinated surface sites
are shown in Fig. 2(a + b) from the side and as a plan
view, for clarity showing only the first two surface layers
of the quartz crystal. Under highly alkaline conditions,
these dangling bonds would remain unprotonated and our
simulations show that on geometry optimisation the dan-
gling bonds rearrange in the surface to form O-Si-O
bridges in the surface, thus increasing the coordination of
the surface silicon and oxygen atoms to the stable bulk-
coordination numbers of four and two, respectively. The
relaxed (0001) surface is hence built up of six-rings of Si
and O atoms in the surface plane, which is shown in
Fig. 2(c + d).

Under less alkaline conditions, the dangling bonds be-
come protonated, forming —SiOH groups at the surface, and
the resulting structure for the fully protonated surface is
shown in Fig. 3, where dissociated water molecules are
adsorbed to the surface adding an OH™ group to the dan-
gling bonds of each Q3 Si and a proton to each singly-
coordinated O atom, resulting in each surface Si atom
becoming coordinated to two oxygen atoms in the bulk
material and two OH groups at the surface. However, the
maximum concentration of surface —SiOH groups is found

(b)
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Fig. 3 Side and plan views of (a)
the fully protonated o-quartz
(0001) surface, showing surface
silanol groups, (a) side view and
(b) plan view of the top two
layers of the (0001) surface

(Si = pale grey, O = black,

H = white, silanol groups
displayed as balls)

S

RV AV Vve

under slightly acidic conditions, at pH = 6 [38], and as
the pH of the body is about pH = 7.4, upon implantation
in vivo some of the silica surface species will remain
protonated as —SiOH groups, but the more alkaline envi-
ronment will also lead to a proportion of silanol groups
becoming deprotonated to form —SiO™ species, which then
would either remain as dangling bonds or form O-Si-O
bridges if the geometry of the surface permits. Clearly the
adhesion of apatite may well be different whether the silica
surface is fully protonated, fully deprotonated or in an
intermediate configuration. We have therefore not only
studied the completely deprotonated surface and the sur-
face fully covered by silanol groups, but also a number of
intermediate cases of 25, 50 and 75% —SiOH coverage,
taking into account the different geometries that can be
obtained for each coverage. As each Q3 Si site leads to two
surface silanol groups, the surface densities of the silanol
groups at the silica surfaces considered in this work are
thus 0, 2.5, 5, 7.5 and 10 nm_z, covering the range of
pH = 6 to pH = 8 [38].

Melt-derived bio-active glasses are thought to have a
network connectivity of two in order to be bio-active,
whereas our surfaces have an initial network connectivity
of three. However, although the surface silicon atoms are
initially bonded to two bonding oxygen atoms into the bulk
material and one non-bonded oxygen atom, after proton-
ation the dangling bond of the non-bonded oxygen atom
has been saturated by a proton and as a result, the surface
silicon species have become bonded to two hydroxy oxy-
gen atoms each (Fig. 3). Q2 surface silicon species with
two dangling bonds will be highly reactive and, whether
in vitro or in vivo, will almost instantaneously attract water
to saturate these dangling bonds. As a result, the Q2 Si
species will also become bonded to two surface hydroxy
groups, in much the same way as our initial Q3 surfaces
and we would therefore expect that the processes described
here will also apply to Q2 surfaces.

The simulation cell of the fully protonated silica surface
contains eight hydroxy groups at the surface, and we cre-
ated the partially protonated surfaces by removing water
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molecules from the surface according to the following
process:

—Si(OH), — —Si0 + H,0 (1)

where —Si(OH), is the hydroxylated surface silica species
and SiO is the deprotonated surface silica species. The
consecutive removal of three water molecules from the
fully protonated surface thus created 75, 50 and 25%
protonated surfaces with 6, 4 and 2 hydroxy groups per
simulation cell, respectively (shown in Fig. 4). For the 50%
protonated surface, there are a number of possible geom-
etries of the hydroxy groups at the surface and the lowest
energy geometry is shown in Fig. 4b, which is mainly used
for further calculations of apatite attachment.

The 25% protonated surface, shown in Fig. 4a has be-
come rather distorted compared to the 0 and 100% pro-
tonated surfaces, shown in Fig. 2d and 3b respectively.
Most dangling bonds at the surface have rearranged to form
0O-Si—O bridges, but one three-coordinated Si atom re-
mains together with one dangling oxygen bond. On the
50% protonated surface all dangling bonds have rearranged
to increase the coordination of surface Si and O atoms to
their bulk coordination. The lowest energy configuration,
shown in Fig. 4b, then consists of rows of hydroxy groups
interspersed with rows of fully coordinated deprotonated Si
and O atoms in O-Si—O bridges. It is the regularity of this
surface geometry which makes this particular configuration
the most stable of the 50% protonated surfaces. Finally,
when 75% of the surface is protonated, shown in Fig. 4(c),
the surface simulation cell contains one three-coordinated
Si atom and one oxygen dangling bond, which cannot form
any O-Si-O bridges as the neighbouring species are all
protonated and hence already fully coordinated.

Apatite/Silica interfaces

We first studied the attachment of two apatite film thick-
nesses to the completely deprotonated silica surface,
comprising the surface six-rings made up of O-Si-O
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(b)

(c)

Fig. 4 Plan views of the partially protonated silica surfaces, showing
the lowest energy configurations of (a) 25%, (b) 50% and (c) 75%
coverages of silanol groups (Si = pale grey, O = black, H = white,
silanol groups displayed as balls)

bridges (Fig. 2c + d). As described in section 2.0, the
apatite film is brought down upon the substrate and later-
ally scanned over the substrate surface to identify the
energetically preferential lateral orientation of the interface
as a starting configuration, followed by a full geometry
optimisation of the complete system containing both sub-
strate and apatite film. The final structure of the interface is
shown in Fig. 5(a), where we see that the structure of the
quartz surface has not altered significantly upon adhesion
of the apatite film. The apatite interacts with the silica
surface through its calcium ions and oxygen atoms, but the
substrate’s silicon and oxygen atoms retain their four- and
two-fold coordination in the O-Si—O surface 6-rings, rather
than form direct bonds to the apatite thin film. The inter-
actions which are formed between the quartz surface and
the apatite film are therefore fairly weak as they are over
and beyond the normal coordination number of the oxygen
and silicon atoms in the substrate, with much longer

Si-Opuice (22.02 A) and Ca—Oguary, (22.52 A) distances
than in normal Si-O (~1.6 A) and Ca-O (~2.4 A) bonds.
The interface in general has a regular structure, without
mixing of the two materials, and the apatite film resembles
the bulk crystal. There is a distinct interfacial gap of 2.03—
2.16 A wide, depending on the rotation of the apatite film
with respect to the substrate, which is measured as the
distance in the c-direction only between an apatite Ca atom
and a quartz Si atom.

We next investigated the interface of the apatite thin
films with the fully protonated surface with a surface den-
sity of silanol groups of 10 nm™. This time the apatite film
can only interact with the oxygen and hydrogen atoms in the
silica surface as the silicon atoms are obscured by the hy-
droxy groups. As such, the two materials are kept together
by a number of hydrogen-bonding interactions between the
silanol hydrogen atoms and oxygen ions in the apatite films
(OH—Oppqice distances between 1.92 and 2.28 A, depending
on the rotation of the apatite film), but without any inter-
actions between surface Si and O atoms to apatite O and Ca
atoms. Again, the structure of the apatite film is hardly
affected by the substrate, as is shown in Fig. 5(b), and not
surprisingly the interfacial gap between the topmost Si
atoms and the bottommost Ca atom is wider at 2.49-3.42 A,
depending on the rotation of the apatite film.

Having first studied the interfaces of the apatite thin
films with the fully protonated and completely deproto-
nated silica surfaces, we next considered the formation of
apatite films at the partially protonated substrates to
investigate whether the density of surface silanol groups
affects the structure and strength of the interface. As could
perhaps be expected of an interface formed at a surface
containing both silanol groups and unprotonated oxygen
atoms, the apatite film interacts with the substrate both via
hydrogen-bonding through its oxygen ions as well as by its
Ca ions to the (under-coordinated) oxygen atoms of the
silica surface. The different substrate/film interactions per
simulation cell are summarised in Tables 2, 3 and for the
single and double apatite layers, respectively. We first
describe the interfaces of the single apatite film on the
silica substrates.

On the surface with 75% protonation of the surface
oxygen atoms (density of silanol groups = 7.5 nm2), the
lowest energy interface at a rotation of 120° (Fig. 6a)
shows that an apatite calcium ion forms a strong bond with
the singly-coordinated silica oxygen atom (Ca—Ogjjica =
2.19 A), hence saturating its dangling bond. There are
further non-bonded interactions between Ca and hydroxy
oxygen atoms (Ca—Oyjic, = 3.57 A) and hydrogen-bonded
interactions at H-Ogpagee = 2.13-2.21 A.

As described above, the most stable 50% protonated
surface with a silanol density of 5.0 nm™ does not contain
oxygen dangling bonds or three-coordinated silicon atoms
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Fig. 5 Apatite films on de-
protonated and fully protonated (a)
quartz surfaces, (a) single and
double layer of apatite attached
to the deprotonated surface and
(b) single layer of apatite
attached to the fully protonated
quartz surface (Ca = mid grey,
O = black, F = pale grey, PO,
groups displayed as tetrahedra,
Si = pale grey, O = black,

H = white, closest Si—Ojpagite
Ca—osilica and H_Oapatite
distances drawn in)

Thin layer

(b)

as rearrangement of these species in the surface has satu-
rated their coordination. The adhesion of the apatite thin
film to this surface (shown in its lowest energy 120°
rotation in Fig. 6b) is therefore mainly through hydrogen-
bonding to the apatite oxygen atoms at 1.87-1.97 A and
the interaction between Ca atoms and silica oxygens is

@ Springer

Thick layer

weak (closest Ca—Oyg;jica = 3.00 A). However, on this sub-
strate we also find interactions between apatite fluoride
ions and hydrogen atoms of the hydroxy groups, although
these only occur at the energetically less preferred rota-
tions, not the most stable interface of 120° rotation as
shown in Fig. 6(b), and the interactions are weak (Table 2).
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Table 2 Interatomic distances at different rotations of the interface between a single layer of apatite and silica surfaces containing different
concentrations of surface silanol groups

Interatomic distances (10\)

% surface OH Rotation ° Ca—Ogjiica Ca—Oppn Hou—Oapaite
75 0/360 2.20 3.44 2.12,2.14
60 2.19 3.60 2.25,2.29,2.35
120 2.19 3.57 2.13,2.17,2.21
180 2.23 3.39 2.01, 2.03, 2.06
240 2.20 3.59 2.05, 2.20, 2.27
300 222 3.68 2.10, 2.30, 2.43
Ca-O, Ca-Opy Hou—Oa F-H
50 0/360 2.96 3.06 2.24,2.28 2.92
60 3.96 3.13 2.14, 2.48
120 3.63 3.0, 3.09 1.87, 1.97
180 4.34 2.69, 3.04 2.11, 2.30 3.45
240 2.96 3.15 2.24,2.28 2.92
300 3.82 2.64, 3.16 2.03, 2.24 3.25
Ca-Oq4 Ca—Opn Hou—Oa Si—Oa
25 0/360 2.23 3.75 2.63, 2.82 -
60 222 4.09 1.95 -
120 2.27 3.57 1.75, 2.69 1.78
180 2.22 3.99 1.91 -
240 247,251 3.05 1.98 1.74
300 222 4.09 1.95

Table 3 Interatomic distances at different rotations of the interface between a double layer of apatite and silica surfaces containing different
concentrations of surface silanol groups

Interatomic distances (/&)

% surface OH Rotation ° Ca—Ogilica Ca—Opy Hou—Oupaiite
75 0/360 2.15 3.63 2.05, 2.28, 2.40
60 222 3.35 1.84, 2.08, 2.28
120 2.14 3.58 2.46, 2.47
180 222 3.81 1.84, 2.09, 2.28
240 2.15 3.63 2.05, 2.28, 2.53
300 222 3.35 1.84,2.09
Ca-0,4 Ca—Oon HouOupatite
50 0/360 2.15 3.63 2.05, 2.28, 2.40
60 2.64,2.72 3.03 2.06, 2.20
120 3.80 2.60, 2.97 1.98, 2.31
180 2.78 271, 2.85 2.00, 2.18
240 2.72 2.77 2.03, 2.04, 2.20
300 2.71,2.78 2.85 2.00, 2.18, 2.43
Ca—0,4 Ca—Opp Hou—Oapatite Si—Ojpaite
25 0/360 2.19 3.86 2.07 -
60 2.19 3.96 1.92 -
120 247,232 3.78 2.06, 2.52 1.76
180 2.22 3.76 2.13 -
240 2.86, 2.61 3.44 1.91, 2.25 1.79
300 2.19 3.96 1.92 -
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Fig. 6 Apatite thin films on
partially protonated quartz
surfaces: (a) 75% at a rotation
of 120°, (b) 50% at 120° and (c)
25% at 240° (Ca = mid grey,
O = black, F = pale grey, PO,
groups displayed as tetrahedra,
Si = pale grey, O = black,

H = white)

@ Springer

Single layer before minimisation

Single layer before minimisation

Single layer after minimisation

Single layer after minimisation
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Like the 75% protonated surface, the 25% protonated
surface (density of silanol groups = 2.5 nm™) also con-
tains one dangling oxygen bond and one three-coordinated
silicon atom. The energetically preferred apatite/silica
interface formed at this substrate surface is shown in
Fig. 6¢, and we see that it is different from the previous
interfaces described above, in that the PO, groups have
rotated significantly in the apatite film to allow their oxy-
gen atoms to form bonds with the Q3 silicon atoms at
1.74 A, saturating the Si atom’s coordination to its bulk
value of four. Hydrogen bonds to apatite oxygen atoms are
formed at 1.98 A and two calcium atoms interact with the
singly coordinated oxygen atom on the silica surface at
fairly long Ca-O distances of 2.47 and 2.51 A. In the
energetically less favourable rotations, only one Ca-O
bond is formed at a shorter bondlength of 2.22-2.27 A, but
as the other interactions between the film and substrate are
similar for the various rotations, the presence of two Ca—
Ogsilica interactions, as well as a further fairly close Ca—OH
interaction (3.05 A), clearly outweighs the formation of
one, stronger Ca—O bond (plus weaker Ca—OH interactions
at 3.57-4.09 A).

The interfacial structures formed upon adhesion of
double layers of apatite at the substrate surfaces (Table 3)
are similar to those with single apatite layers. However,
due to the greater thickness of the apatite films, the struc-
ture of the films is less distorted compared to the single
apatite layers, where rearrangement and rotation of POy,
groups occurs more easily to maximise the substrate/film
interactions (see Fig. 7). The only exception is the film
attached to the 25% protonated substrate where the for-
mation of a bond between an oxygen in the apatite layer to
the Q3 silicon still causes rotation of its PO, group near the
interface. As a result of the lesser flexibility of the apatite
film, some of the interactions between apatite film and
silica substrate are more distant, especially the hydrogen-
bonded interactions. The Ca—O interactions on the other
hand are fairly similar, and often even closer (Table 3),
indicating that these interactions, especially with the singly
coordinated oxygen atom of the 75% and 25% protonated
surfaces, are particularly important for the stability of the
substrate/film interface.

Adhesion energies

We have calculated the interfacial structures and energies
as a function of rotation of the thin films with respect to the
substrate surfaces to ensure that we have investigated the
effect of relative orientation of the film and substrate sur-
face on the stabilities of the interfacial system. The strength
of interaction between the apatite film and the substrate
surface is described by the adhesion energy y.qn, Which is
defined as follows:

Fig. 7 Double layer of apatite film on the 50% protonated surface,
showing a maximum number of interactions between the silanol
groups and the apatite species (Ca = mid grey, O = black, F = pale
grey, PO, groups displayed as tetrahedral, Si = pale grey, O = black,
H = white)

Vadh = Eim - (Esurf,quilquz + nEapazite) (2)

where Ej, is the energy of the interfacial system, E. quart-
is the energy of the free substrate surface, n is the number
of formula units of apatite of energy E,paite in the thin film
and A is the surface area of the interface. The adhesion
energy is hence the energy per unit area which is expended
when the apatite is attached as a thin film onto the substrate
surface, where a low, positive number of 7,4, thus indicates
an energetically feasible interface. The adhesion energies
for the attachment of apatite films of two thicknesses onto
all of the substrate surfaces are listed in Table 4 (for the
fully deprotonated and fully protonated substrate surfaces)
and Table 5 (for the partially protonated surfaces). For the
partially protonated surfaces, we have only listed the
adhesion energies for the substrate surface configurations
that gave the energetically most favourable interfacial
adhesion energies.

If we first compare the adhesion energies of the de-
protonated surface with the O-Si—O 6-rings in the surface
plane with the fully protonated surface terminated by
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Table 4 Adhesion energies for apatite thin films at the deprotonated silica surface and at the fully protonated surface with silanol densities of 0

and 10 nm™> respectively

Rotation ° Adhesion energies (J m'z)
De-protonated (0001) surface Fully protonated (0001) surface
Single layer Double layer Single layer Double layer
0/360 0.58 0.83 1.36 1.64
60 0.57 1.05 1.45 1.63
120 0.57 0.89 1.37 1.63
180 0.73 0.83 1.35 1.63
240 0.55 0.82 1.36 1.64
300 0.65 1.11 1.45 1.63

Table 5 Adhesion energies for apatite thin films at partially protonated silica surfaces with surface silanol densities of 2.5, 5.0 and 7.5 nm™

2

Rotation ° Adhesion energies (J m'z)

25% protonated surface 50% protonated surface 75% protonated surface

Single layer Double layer Single layer Double layer Single layer Fs
0/360 1.26 1.52 1.14 1.40 1.19 1.46
60 1.20 1.49 1.18 1.34 1.17 1.44
120 1.06 1.32 1.04 1.40 1.16 1.44
180 1.32 1.42 1.17 1.38 1.16 1.44
240 1.01 1.56 1.14 1.22 1.18 1.46
300 1.20 1.49 1.14 1.38 1.17 1.44

surface silanol groups (Table 4), we immediately see, that
the interfaces formed through the interaction of the apatite
calcium and oxygen ions with the silicon and oxygen of
the de-protonated surface are energetically more favour-
able (i.e. lower adhesion energy) than those formed
through hydrogen-bonding to the silanol groups of the
protonated surface, which interactions are clearly much
weaker. We note from Table 4, that the adhesion energies
fall in a fairly narrow band for the different rotations,
especially for the fully protonated surface, indicating that
the relative orientation of the substrate and thin film is not
particularly important to the strength of interaction,
probably because no chemical bonds are formed. On the
de-protonated surface, the interaction between the two
materials is limited to non-directional electrostatic inter-
actions but no bonds are created as the Si and O atoms
remain fully coordinated in surface O-Si—O bridges. The
effect of surface protonation to form surface silanol groups
is to mask the substrate surface configuration from the
apatite layer. As the hydroxy groups at the quartz surface
are flexible [39], they can orientate themselves to form a
maximum number of hydrogen-bonded interactions with
the apatite layer, whatever its orientation.

Furthermore, the adhesion energies in Table 4 show that
most of the energy of formation of the interface is spent in
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adhesion of the first layer, while the attachment of the
double layer thin films increases the adhesion energies by a
relatively small amount, especially at the protonated sur-
face where attachment of the second layer costs an extra
0.28 Jm™2 at most, indicating that the formation of the
initial single layer onto the substrate surface will be the rate
limiting step and growth of further layers should follow.
The reason for the small energetic penalty to grow the
second layer of apatite is due to the interfacial structure. As
we have seen in Fig. 5, the apatite layers at the interface
are very regular and resemble the bulk structure of apatite.
Any structural readjustment of the apatite to accommodate
itself to the substrate surface occurs during the epitaxial
fitting of the initial layer to the quartz substrate and hence
the deposition of further apatite layers is relatively easy.
Comparing now the adhesion energies of the thin films
at the partially protonated surfaces, listed in Table 5, we
see immediately that the adhesion energies are much higher
than those obtained at the completely unprotonated surface,
even when the silica is only protonated for 25%. Clearly,
the presence of even a small number of hydroxy groups
prohibits the formation of a closely coordinated apatite film
at the silica surface. Perhaps somewhat surprisingly, where
the apatite film forms direct bonds to the under-coordinated
Si and O species, as is the case on the 25 and 75%
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protonated surfaces, the adhesion energy is actually higher
than for the 50% protonated surface, where the interaction
between apatite and silica is only through hydrogen-
bonding and non-bonded electrostatic interactions. We
further tested this finding by calculating the adhesion
energies for a thin film of apatite formed at one of the less
stable 50% protonated silica surfaces, which also contained
under-coordinated surface silicon and oxygen atoms.
However, the adhesion energies for this system were again
larger than the adhesion energies shown in Table 5 for the
more stable 50% protonated surface (by up to 0.8 Jm™).
Once again, the saturation of the dangling bonds through
bonding to the apatite Ca and O atoms did not lead to more
favourable adhesion energies.

Conclusions

Our comprehensive computational study of the formation
of apatite films at a number of silica surfaces with varying
surface densities of silanol groups suggest the following
conclusions:

The adhesion of apatite is stronger to the de-protonated
silica substrate rather than to any of the (partially) pro-
tonated surfaces, with the fully protonated surface leading
to the weakest film/substrate interaction. The density of
surface silanol groups does not have a significant effect on
the strength of interaction between the silica and apatite, as
the variation in adhesion energies at the partially and fully
protonated substrate is small. Only complete deprotonation
of the substrate leads to a significant increase in stability of
the interface.

Where possible, Ca—Ogjjica and Ogpaiie—Si coordinations
are formed in preference to O,pyie—H hydrogen-bonded
interactions. Although any dangling bonds present at the
silica surface are saturated by interactions with Ca and O
atoms in the apatite film, these interactions do not neces-
sarily lead to more strongly bonded apatite films than those
formed at the fully coordinated substrate species.

Where an equal number of surface silanol groups are
present at two different substrate surfaces (i.e. different
surface configurations of the 50% protonated silica sur-
face), the most favourable apatite/silica interface is formed
at the most stable substrate surface, which contains fewer
dangling bonds, rather than at the surface with a greater
number of under-coordinated, and hence more reactive,
surface sites. The structure and stability of the substrate
thus seems to play a greater réle in the formation of a stable
interface than the reactivity of the substrate surface sites.

The importance of the substrate stability is further
exemplified by the fully de-protonated surface, which is a
stable fully-coordinated surface, leading to the most
favourable interfaces. The interfaces are particularly

favourable where the absence of extensive interfacial
relaxation leads to an apatite film which closely resembles
the bulk apatite structure. Once the first apatite layer has
been laid down on the substrate surfaces, further apatite
growth is energetically not expensive, which should lead to
rapid growth of the apatite phase.

Our simulations support the suggestion that apatite
grows most easily on silica-containing surfaces where
condensation of surface hydroxy groups has led to the for-
mation of saturated O-Si—O bridges rather than through
hydrogen-bonding to surface silanol groups. We would
suggest that this is a general result, which also applies to
different materials containing hydroxy groups, for example
functionalised polymers which are increasingly used in
bio-compatible scaffolds for tissue engineering [40]. As
such, future work will include the investigation of apatite
nucleation and growth at titania surfaces to investigate
whether the above trends are generally applicable to other
oxide materials. In addition, accurate computational models
for bio-active glasses are now also available [41] and
molecular dynamics simulations will be carried out to study
nucleation and growth of apatite at bio-active glass surfaces
to investigate the nano-scale structure and interaction of the
growing apatite particles with the surface species on the less
ordered glass surface and with each other.
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