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Hydroxyapatite (HAP) is frequently used as biocompatible coating on Ti-based implants. In this context, the
HAP-Ti adhesion is of crucial importance. Here, we report ab initio calculations to investigate the influence
of Si incorporation into the amorphous calcium-phosphate (a-HAP) structure on the interfacial bonding
mechanism between the a-HAP coating and an amorphous titanium dioxide (a-TiO,) substrate,
contrasting two different density functionals: PBE-GGA, and DFT-D3, which are capable of describing
the influence of the van der Waals (vdW) interactions. In particular, we discuss the effect of dispersion on
the work of adhesion (W,4), equilibrium geometries, and charge density difference (CDD). We find that
replacement of P by Si in a-HAP (a-Si-HAP) with the creation of OH vacancies as charge compensation
results in a significant increase in the bond strength between the coating and substrate in the case of
using the PBE-GGA functional. However, including the vdW interactions shows that these forces
considerably contribute to the W,q. We show that the difference (W,q — Waq(vdW)) is on average more
than 1.1 3 m=2 and 0.5 J m~2 for a-HAP/a-TiO, and a-Si-HAP/a-TiO,, respectively. These results reveal
that including vdW interactions is essential for accurately describing the chemical bonding at the a-HAP/
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Introduction

In recent years, ceramics based on hydroxyapatite (HAP,
Ca,(PO,)s(OH),) are commonly considered as coating materials
on metallic implants and scaffolds for tissue engineering because
of their biocompatible and osteoconductive properties.”> The
most commonly used substrates for HAP coating deposition are
titanium (Ti) and its alloys, which are clinically used as metal
implants due to their good bulk properties, such as relatively low
modulus, good fatigue strength, and high corrosion resistance.>
By properly selecting the processing parameters of coating
formation, a strong bonding of the ceramic coating to the
substrate can be achieved. Nevertheless, during the surgical
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implantation and clinical use of a high-loaded bone implant, the
ceramic coating can chip or delaminate from the metal surface
for a number of reasons, which might cause the implant rejec-
tion. From a clinical perspective, this is to be avoided at all cost.
As a result, improving the adhesion of such kind of metal-
ceramic interfaces remains an important problem. There are
some commonly accepted guidelines regarding how to enhance
the adhesion at the HAP/Ti interface,” including a denser
microstructure and thinner HAP coatings resulting in high
bonding strength,*” reducing the residual stress,® doping HAP
with other elements such as Si, Sr, and Ag,*® controlling the Ti
substrate surface texture and compositions,'®" and controlling
the choice of deposition method and its operating conditions.">**

Although the large number of research groups actively work
in the field of studying and applying thin biocompatible
ceramic coatings, it is nevertheless still difficult to quantita-
tively comprehend the detailed interatomic interaction mech-
anism at the Ti-ceramic coating interface by conventional
experimental methodologies.

Nevertheless, various theoretical approaches, such as density
functional theory (DFT) can provide complementary under-
standing of the interfacial structure and the electronic proper-
ties of the interface, which no experimental technique can
directly reach.

This journal is © The Royal Society of Chemistry 2020
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In standard DFT approaches, such as local-density approxi-
mation (LDA) and the generalized gradient approximation
(GGA), the functionals provide an accurate description of
physical properties of many atoms, molecules, and solids.
However, these approximations fail to reproduce non-local
dispersive forces, generally denoted as van der Waals (vdW)
interactions, whose role is obviously important for the study of
the interactions at the interfaces.

In recent years, several functionals were developed to
consider vdW forces for the description of the adhesion
mechanism correctly. The most successful and commonly used
approaches are the dispersion-corrected DFT (DFT-D)*>* and
the vdW density functional (vdW-DF).>> Among them, the so-
called DFT-D3 method was successfully used in both molec-
ular and solid-state applications.?® The main advantage of DFT-
D3 is that it is obtained at negligible computational cost, which
makes it particularly attractive in applications to large
systems.”” The DFT-D3 method,*® proposed by Grimme et al. in
2010, suggests to define the dispersion correction energy
between two atoms 7 and j as:

NG G
E;Y = sefs (ry) r%"'s&fs (ry) r_gs (1)

ij ij

In this formalism, damping of the following form is used:

Sﬂ
Jalry) = - 2
0 = TG )T @
p
here, s,, s, and «, are empirical parameters; R; = Sl.j is the
6

cutoff radius associating with the pair of atoms i and j.

This paper is a continuation of our previous ab initio study*®
of interface interactions in HAP/Ti composites that was
concentrated foremost on the effect of substitutional Si doping
in the amorphous calcium-phosphate (a-HAP) structure on the
work of adhesion (W,q), integral charge transfer, charge density
difference (CDD) and theoretical tensile strengths between an a-
HAP coating and amorphous titanium dioxide (a-TiO,)
substrate.

The results revealed that the presence of Si dopants in the a-
HAP (a-Si-HAP) structure strongly alters not only the bioactivity
and resorption rates, but also the mechanical properties of the
studied interface.

However, despite the obtained insight gained into the nature
of the adhesion mechanism between a-HAP and a-TiO,, the
effect of the vdW forces on the adhesion mechanism is still
unclear, because of the GGA functional limitations, and further
study of the description of vdW interaction within the DFT
approach is needed.

Although numerous studies have been devoted to the
atomistic simulation of HAP properties, only a few theoretical
studies have analyzed the mechanism of the HAP interaction
with Ti at the coating/substrate interface. Moreover, no studies
to date have examined how the incorporation of Si affects such
nanoscale properties as vdW interactions, which can be critical
to the determination of the interfacial adhesion mechanism of
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the HAP/Ti composites and cannot be reached by experimental
approach.

Therefore, here we focus on the a-HAP/a-TiO, and a-Si-HAP/
a-TiO, interface interactions with the aim of comparing results
obtained with a reliable vdW functional to the results obtained
with the PBE-GGA functional, which are conventionally used to
describe only chemical bonding.

Thus, this paper aims to describe the adhesion mechanism
with a rigorous treatment of non-local interactions as well as the
effect of dispersion forces on the equilibrium geometries of
studied interfaces and the role of these forces in the binding
mechanism.

Calculation method

Our calculations are based on DFT as implemented in VASP
(Vienna Ab initio Simulation Package).>**¢ VASP is a complex
package for simulation of many-electron systems at an atomic
scale, which is widely applied for the numerical solution of the
challenges of quantum mechanical molecular dynamics and
calculations related to the electronic structure. The exchange-
correlation interactions are treated at the GGA level, employ-
ing the Perdew-Burke-Ernzerhof (PBE) functional*** using
plane-wave basis sets and the projector-augmented wave
method as implemented in VASP.>**® The plane-wave cutoff is
set to 550 eV, valence electrons are 1s" for hydrogen, 3s’3p® for
phosphorus, 3s?3p®4s® for calcium, 2s*2p* for oxygen, 3s>3p>
for silicon, and 3d*4s" for Ti. The total energy in the calcula-
tions is converged to within 0.01 eV, and a 6 x 6 x 1 I'-centered
k-point grid is used for k-point sampling. The DFT-D3 method is
used to account for dispersion corrections. A detailed descrip-
tion of the construction of the considered interfaces and the
amorphization procedure can be found in our previous
works**?” and ESI.} The atomic structures are visualized by the
VESTA 3 program.*®

Results and discussion

In our previous work,* we studied the effects of Si-doping on
the adhesion mechanism and ideal tensile strength of fully
relaxed a-HAP/a-TiO, interface structures using a GGA func-
tional. For creating the Si substituted interfaces we used the a-
HAP/a-TiO, model with two possible stacking positions, which
resulted in the best interatomic interaction.?’

In this study, the aim is to improve our understanding of the
interaction between the a-HAP coating and the a-TiO, substrate.
For this purpose, we focus on the comparison of the results
obtained for two best stacking positions of each considered
interfaces, and calculated with normal GGA and dispersion-
corrected DFT-D3 functionals. The initial geometry of the
studied interfaces are presented in Fig. 1.

Initially, the preferred configuration of the interfaces was
determined by quantifying the adhesion interaction, which is
characterized by the W,q, within the GGA approximation. By
neglecting diffusion and plastic deformation, W,q of an inter-
face can be defined by eqn (3):*

RSC Adv, 2020, 10, 37800-37805 | 37801
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Fig. 1 Side view of the structural models of a-HAP/a-TiO, (a and b)
and a-Si-HAP/a-TiO, (c and d) interfaces before relaxation for stacking
| (@and c) and Il (b and d). Red spheres, O; blue, Ca; white, H; violet, P;
dark blue, Si; orange, Ti.

1
Wi = m [Etot(int) - Etol(a-HAP) - Etot(a-TiOz)} ) (3)

where Eing is the total energy of the interface system in its
optimized geometry, Eia-nap) aNd Eioatio,) are the total
energies of the isolated component slabs (substrate and
coating) with the same geometry as that of the optimized
interface system, and A (A4 = 58.5471 A?) is the interface surface
area. The factor N in eqn (3) accounts for the presence of one
interface (in our case the N = 1, and hence the a-HAP/a-TiO,
interface model contains a single interface).

The results are shown in Table 1. As can be seen in the table,
including dispersion interactions in our calculations via the
DFT-D3 functional significantly changes the obtained values of
Waa. The higher the absolute value of the obtained W,q4 is, the
more stable the interfacial bonds.

The first feature to highlight is that for the PBE functional we
can observe that the Si substitution strongly increases the
interaction at the interface for both stacking positions, indi-
cating that the Si-doped a-HAP surface is more reactive. The

37802 | RSC Adv, 2020, 10, 37800-37805
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Table 1 Work of adhesion calculated with various exchange-corre-
lation functional

Functional Waa (J m™?)

System a-HAP/a-TiO, a-Si-HAP/a-TiO,
Stacking position 1 1I I I
Functional

PBE —0.690 —2.030 —1.370 —2.855
DFT-D3 —1.740 —0.930 —0.870 —2.315

increase of W,q is about 50% and 30% for stacking I and II,
respectively. The obtained data are in good agreement with
experimental results,* where doping the HAP structure by Si
was shown to lead to a decrease in crystal size and an increase in
their specific surface, which in turn determined the improve-
ment in the sorption properties of HAP. Also to note is the
discrepancy between the results obtained with the different DFT
functionals considered in this work. The less negative W,q were
computed with the DFT-D3 approach for the a-Si-HAP/a-TiO,.
However, in the case of a-HAP/a-TiO,, DFT-D3 correction lead to
the W,q larger than those obtained from the PBE-GGA scheme
for the stacking I and lower for the stacking II.

Thus, the semi-empirical method proposed by Grimme
describes the effect of dispersion forces on the interatomic
interaction at the considered interfaces. Analysis of the calcu-
lated data shows that the contribution of the vdW interactions
is rather high, since the value of (W,q — W,q(vdW)) is on average
more than 1.1 ] m~2 and 0.5 ] m~? for a-HAP/a-TiO, and a-Si-
HAP/a-TiO,, respectively.

Interactions at the interface lead to charge redistribution
due to electronic hybridization between the orbitals of the
coating and the substrate. Therefore, for gaining a better insight
in the influence of Si doping in the a-HAP structure with and
without dispersion DFT on the electronic interactions at the
studied interfaces, the CDD was evaluated as follows:**

Ap(r) = pa-tapr/a-Tio,(r) — Pa-rAP(F) — PaTio,(F), (4)

where paap/a-io,(r) is the charge density of the total a-HAP/a-
TiO, interface system, and p,.pap(r) and p,.rio,(7) are the charge
densities for the isolated a-HAP and a-TiO, slabs, respectively.

CDD with isosurface values of +0.002 eV A~* for a-HAP/a-
TiO, and a-Si-HAP/a-TiO, systems plotted for both functionals
(PBE, DFT-D3) are shown in Table 2. The isosurfaces of charge
redistribution at the interface indicate that the electron charge
was mainly localized in two near-boundary layers. The plotted
CDD helps to understand the chemical bonding mechanism at
the constructed interfaces. The yellow and the blue areas
represent the depletion and accumulation of electrons,
respectively. For all interfaces, we observe a charge depletion
near the O atoms from the a-TiO, slabs and a charge accumu-
lation near the Ca atoms, which means that covalent Ca-O
bonds are formed. The same character of the charge transfer is
observed between O atoms from the PO, groups and Ti atoms
along the Ti-O direction at the interface.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Charge density difference (CDD) for the a-HAP/a-TiO, interface and the a-Si-HAP/a-TiO, interface. The isosurface value is set to
+0.002 e A Yellow regions show electron depletion, and cyan regions represent electron accumulation. Interfacial bonding is shown as black

dashed ovals

a-HAP/a-TiO,

a-Si-HAP/a-TiO,

Stacking position I PBE
DFT-D3

Stacking position II PBE
DFT-D3

Further, it can be seen that Ti and Ca atoms act as electrons
acceptors (Lewis acid), whereas O atoms from the coating and
the a-TiO, slab act as electrons donors (Lewis base). The ob-
tained results are consistent with those reported in our previous
DFT studies.

The calculations show that the character of interactions at
the a-HAP/a-TiO,, strongly depends on Si dopants and the used
DFT functionals. Based on the visualization of CDD, for a-HAP/
a-TiO, there is one Ti-O bonds for both stacking positions in
the range of 1.83-2.03 A. Moreover, three covalent Ca-O bonds
in the range of 2.36-2.61 A were detected in the case of using the
DTF-D3 approach (for both stacking positions) and PBE func-
tional (for stacking position II) for a-HAP/a-TiO,. Nevertheless,
a-HAP/a-TiO, with the stacking position I calculated with the
PBE method shows only one covalent Ca—O bond (2.29 A)
(Table 2).

This journal is © The Royal Society of Chemistry 2020

As for the a-Si-HAP/a-TiO, case for both stacking positions,
the use of the DFT-D3 functional leads to the reduction of the

amount of bonds, which in turn decreases the adhesion
strength at the interface. The a-Si-HAP/a-TiO, interface (stack-
ing I, PBE) shows one Ti-O bond and two Ca-O bonds with
lengths less than 2.58 A. One Ti-O bond (1.99 A) and three Ca-O
bonds in the range of 2.19-2.49 A were generated across the a-Si-
HAP/a-TiO, (stacking II, PBE) interface, showing the quite
strong chemical bonding at the interface (Table 2).

The structural picture of the interaction at the a-Si-HAP/a-
TiO, (stacking I, DFT-D3) shows two Ca-O bonds of about 2.40
4 0.03 A. One Ti-O bond (2.76 A) and two Ca-O bonds (2.29 and
2.25 A) formed at the a-Si-HAP/a-TiO, (stacking II, DFT-D3)
interface. Thus, this structural analysis reveals that the disper-
sion forces induce the observed change in the W,q values. The
change in adhesion at the interface depends not only on the
composition, but also on the stacking positions. The bond

RSC Adv, 2020, 10, 37800-37805 | 37803
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lengths are mainly determined by a balance between the long-
range attractive vdW forces and the short-range Pauli repulsion.

Conclusion

In this study, first-principles calculations are performed to
investigate the influence of Si dopants on the interfacial adhe-
sion of the a-HAP/a-TiO, interface, contrasting two different
density functionals: PBE-GGA, and DFT-D3, which is capable of
describing the influence of the dispersion forces on the inter-
facial bonding mechanism. The W,q value of various interface
models with different stacking configurations and composi-
tions are evaluated. Our calculations indicate that the Si-doping
in the HAP crystal has a large impact on the adhesion properties
of the a-HAP/a-TiO, interface. In the case of a-Si-HAP/a-TiO, the
use of the DFT-D3 functional yields less negative values for W,q
than the PBE-GGA functional. However, in the case of a-HAP/a-
TiO, interface, the final adhesion at the interface depends also
on the stacking position. Moreover, the adhesion mechanism is
mainly supported by the formation of covalent (polar) Ca-O and
Ti-O bonds across the interface.

Thus, we can conclude that dispersion interactions play
a significant role in altering the adhesion mechanism and
charge distribution, and accounting for such interactions is
critical in molecular simulations.
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