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Abstract 

One of the ways to improve the fusion of an implant with bone tissue is through the use of 

biocompatible coatings, in particular, hydroxyapatite (HAp). It is important to assess the 

strength of the HAp adhesion to the implant. The measure of the strength of the bond of the 

coating with the substrate is the energy of this bond. Using density functional theory and 

molecular dynamics, the reaction path, reaction products, oscillation frequency, activation 

energy and bond energy between different combinations of component anions HAp and Ti (II) 

– the standard material of implants – are calculated. Using the computational chemistry 

software suite Gaussian 09 (Revision C.01 was used), the stable configurations of the reactants 

and products are found, and the binding energy of hydroxyapatite and titanium is then 

calculated based on the difference in ground energy of reactants and ground energy of 

products. Thus, the method of adhesion strength estimation between Hap coatings and Ti is 
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proposed based on numerical calculations using MD software, and suggestions are provided 

on which conditions would be the best for optimal binding strength. 

Keywords 

Hydroxyapatite; titanium; surface physics; density functional theory; molecular dynamics; bio 

nano-coatings; implants 

 

1. Introduction 

Strong osseointegration between an implant and the host bone tissue is the key to the long-term 

success of the aforementioned implant (Figure 1) (e.g., [1, 2]). Studies have shown that three key 

characteristics of an implant surface determine the degree and rate of osseointegration. These 

characteristics are as follows: mechanical, topological, physiochemical. Titanium (and several of its 

alloys) has exhibited strong mechanical properties that make it preferable for bone implants [3], but 

recent work has aimed to improve the topological and biological properties of these implants in the 

form of bio-nano coatings applied to the surface of a Ti- based implant (e.g., [4-6]). Hydroxyapatite 

(HAp) with the chemical formula Ca10 (PO4)6 (OH)2 (e.g., [7-9]), a specific chain of the broader 

Calcium-Phosphate (CaP) family of compounds, has been in wide use as a direct coating to a Ti 

implant for over a decade. The coating encourages osseointegration because of its bio-chemical 

similarity to host bone tissue; however, problems have been identified with its application. 

Traditionally, the HAp coating has been applied via thermal plasma-spraying (e.g., [10-14]) or via 

plasma and magnetron sputtering [15, 16], which results in suboptimal thickness, inconsistent 

phases with varying degrees of solubility, and inadequate crystallinity. Also a diffusion method of 

application of Hap to titanium was used [17], with incorporation of magnesium (Mg) into mineral 

phase of a scaffold. 

 

Figure 1 General view of a dental implant screwed into the jaw. 
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Since cases of delamination were observed in the clinic at the implant-coating interface [18], the 

study of the adhesion strength of HAp with titanium is an urgent problem. The characteristic of this 

strength is the binding energy between titanium and HAp. The purpose of this work was to 

determine the bond energy between functional groups (anions) of hydroxyapatite and titanium Ti 

(II) [19] using computational quantum chemistry (computational chemistry package Gaussian 09, 

Rev. C.01 [20]). 

There are some experimental research on the strength of the nanocoating with the substrate 

[21-23], although only a few experiments are accounted for because of the complexity of such fine 

detail at the nanometric level. However, with the advent of DFT and parallel fast computers, Modern 

Computational Physical Chemistry provides us new possibilities and methods to explore chemical 

reactions on the boundary of Ti and Hap, and investigate chemical processes and strength on ab 

initio, or atomistic level. Titanium is chosen for implants because of its said properties. Hap is chosen 

for the coating because of its similarity to the structure of bones. Therefore, we cannot change the 

chemical reactants. Nonetheless, how would they react? Would they adhere well onto each other? 

This is the main question that we are answering based on computations using methods of Modern 

Computational Physical Chemistry, which would complement laborious and expensive experiments. 

Since the Hap coating is applied to titanium as a nano layer, the methods of DFT can be applied 

to the physics study of the processes during this reaction. Moreover, this topic attracted attention 

from the research audience, although only a few articles are available [19, 24-30]. In Jami and 

Jabbarzadeh [28-30] molecular dynamics (MD) simulations were used to find mechanical 

deformation, stress and temperature during the fast impact of a 3 nm HAp particle on a titanium 

surface. The same authors [31] conducted computation research on deposition of (TiO2) 

nanoparticles on a titanium (Ti) substrate, using MD simulation with embedded potentials. 

Depending on velocities of deposition, the temperature and stresses of the final compounds were 

calculated. In Grubova et. al. [26], the bonding mechanism between HAp coating and a rutile (rTiO2) 

substrate was investigated through Density Functional Theory (DFT), using the PBE (Perdew-Burke-

Ernzerhof) functional. VASP code was used to simulate the interaction between different phases of 

titanium dioxide (TiO2) and amorphous HAp. Grubova et. al. [26] discovered that of all the different 

forms of HAp and TiO2, amorphous HAp (aHA) and amorphous titanium dioxide (aTiO2) form on the 

interface with the strongest adhesion. In Grubova et. al. [27], ab-initio calculations were done to 

explore the adhesion strength between a-HAp and titanium dioxide with substitution of a P atom 

by Si (a-Si-HAP), which proved from numerical experiment, creates stronger adhesion between the 

coating and the substrate due to formation of OH-vacancies [27]. 

In this research, we use ab initio calculations to investigate the physics aspect of the reactions 

between hydroxyapatite functional groups (anions) and Ti(II) (titanium cation with plus 2 charge). 

Specifically, the binding energy of different combinations of the constituents of the hydroxyapatite 

coating with titanium are calculated and ranked in order of intermolecular interactions and stability 

of the final products. Using Density Functional Theory, the minimum potential energy was 

calculated, and the reactants were set up into minimum energy state. Then using the software 

complex of computational chemistry Gaussian 09, Revision C.01 [20], with the B3LYP functional and 

basis set of 6-31G, the geometric optimized structures for the reactants were calculated, and the 

positions of nuclei that deliver the ground state energy were found. The total energy of the system 

during the reaction decreased since the bonds on the surface between Ti and the coating formed. 
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The difference between the ground energy of the reactants and the ground energy of the products 

gives the binding energy of the coating with the titanium [24]. 

2. Computational Method  

We used Density Functional Theory [32, 33] to describe the chemical reaction of different 

configurations of HAp component ions and Titanium and to determine their geometric and chemical 

properties. By using the B3LYP hybrid-exchange-correlation functional (Becke three-parameter Lee-

Yang-Parr functional), we determined the ground state energy of polyatomic complexes in the Ti (II) 

-hydroxyapatite system. The goal is a theoretical calculation of the energy of bonds of the HAp and 

titanium coatings. 

2.1 Density Functional Theory Basics  

Density functional theory is a theory of approximations on the quantum level that allow a novel 

method of solving Schrodinger’s equation. Instead of relying on solving for the wave function 

directly, through a series of approximations, we can make the wave function dependent on the 

electron density functional, a calculable functional [34]. Let us begin with the time-independent 

Schrodinger equation, which describes the interactions of N particles. It states that when the 

Hamiltonian, Ĥ, acts on a wave function, 𝜓, it is proportional to the stationary state of the same 

wave function with a proportionality constant E (which is the total energy for the system): 

𝐻̂𝜓(𝑥1, 𝑥2, … 𝑥𝑁) = 𝐸𝜓(𝑥1, 𝑥2, … 𝑥𝑁), (2.1) 

The Hamiltonian operator, Ĥ, can be expressed by 

𝐻̂ = 𝑇𝑒𝑙𝑒𝑐(𝑟) + 𝑇𝑛𝑢𝑐(𝑅) + 𝑉𝑛𝑢𝑐−𝑒𝑙𝑒𝑐(𝑅, 𝑟) + 𝑉𝑛𝑢𝑐−𝑛𝑢𝑐(𝑅) + 𝑉𝑒𝑙𝑒𝑐−𝑒𝑙𝑒𝑐(𝑟). (2.2) 

Multiplying Eg. (2.1) by 𝜓⃐ 𝑒𝑙𝑒𝑐 

𝛹⃐  𝑒𝑙𝑒𝑐𝐻̂𝑒𝑙𝑒𝑐𝛹𝑒𝑙𝑒𝑐(𝑟, 𝑅 ⃑ ) = 𝐸𝑒𝑓𝑓(𝑅 ⃑ )𝛹⃐  𝑒𝑙𝑒𝑐𝛹𝑒𝑙𝑒𝑐 

and taking into account the normalization of wave functions, this expression can be rewritten as  

𝛹⃐  𝑒𝑙𝑒𝑐𝐻̂𝑒𝑙𝑒𝑐𝛹𝑒𝑙𝑒𝑐(𝑟, 𝑅 ⃑ ) = 𝐸𝑒𝑓𝑓 (2.3) 

which means the minimization of quadratic functional with respect to 𝜓⃐ 𝑒𝑙𝑒𝑐 will give us the true 

energy minimum, 𝐸𝑒𝑓𝑓. 

In density functional theory, the electron density,  (r), is introduced as 

𝜌(𝑟) = 2 ∑ 𝜓𝑖(𝑟) 𝜓𝑖(𝑟)

𝑁/2

𝑖

 

and the quadratic functional then rewritten in terms of ρ(r) and minimized with respect to the 

electron density [35, 36]. 
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2.2 Method of Calculations. 

We found the reaction path, reaction products, oscillation frequency, activation energy, and 

bond energy between different combinations of component anions of HAp, namely OH-, PO4
3-, and 

Ti 2+. For this, we first set up the reactants OH-, PO4
3-, and Ti 2+ into local minima on the potential 

energy surface (PES) and found their stable configurations and ground state energies. Then, the 

reaction products of titanium and the constituents of the HAp coating were set up in a stable 

configuration on the PES (e.g., [34]), and the ground state energies for the products were found. To 

verify the convergence of the process to the local minimum on the 3N surface (N is the number of 

nuclei), we check control of the frequencies of the oscillations at the final stage. If the frequencies 

are negative, then the results are not a minimum and calculations are repeated from step zero, 

choosing a different initial configuration of nuclei.  

First, for simplicity and optimization of reactants and products and frequency calculations we 

used a basis set 321G, which gives convergence and positive frequencies. We calculated the final 

optimized structures (See Figures 2-5), single point energies, bond lengths, bond angles, dihedral 

angles, point charges and overall electrostatic distributions to understand the interactions of these 

substances and how they contribute to the process of Osteointegration. Then, we performed the 

same calculations with a more sophisticated basis set 6-31G+(d’), which requires a longer 

calculation time but gives more exact binding energies. In Table 1, we introduced the single point 

energies of different constituents of a hydroxyapatite coating with titanium base of an implant, 

calculated with basis sets 321G, and 631G+(d’) respectively, and their relative errors. We can see 

that the error of simplification (and taking a simpler basis set 321G instead of 631G+(d’)) increases 

with complexity of the structure of HAp coating. 

 

Figure 2 The product of the reaction between OH- and Ti2+. The big grey atom is Ti, the 

red atom oxygen, and the small grey atom hydrogen. Binding energy is .734 a.u. The 

charge of the Ti (big grey atom) reduced from 2+ to +1.124. 
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Figure 3 Stable configuration of the product of the reaction between two anions OH- 

and Ti2+ in the Ti (OH)2. Binding energy is 1.28 a.u. The charge of the Ti (big grey atom) 

reduced from 2+ to +0.486. 

 

Figure 4 The product of the reaction between PO4
3- and Ti2+. Grey big atom is titanium 

(with charge +0.124), orange atom is Phosphorus (with charge +1.198), 4 red atoms are 

oxygen. Binding energy is 1.88 a.u. The charge of the Ti (big grey atom) reduced from 2+ 

to +0.124. 
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Figure 5 Product of the reaction of HAp component anions OH-, PO4
3-, and Ti 2+ . Grey 

big atom is Ti (with charge -0.215), orange atom is Phosphorus (with charge +1.019), 4 

red atoms are oxygen, small grey atoms are hydrogen. The charge of the Ti (big grey 

atom) reduced from 2+ to -0.215, and so it becomes negative. Whereas the phosphorus 

charge does not change so dramatically and is still positive, +1.019. The binding energy 

for this complex is the greatest, 2.09 a.u. 

Table 1 Comparison of single point energy of different polyatomic complexes calculated 

using different DFT basis sets. 

Polyatomic complex 

Single point 

energy, basis set 

321G 

Single point energy, 

basis set 631G+(d’) 
Error of Calculations 

Ti(OH) 

 

-920.4 a.u. 

 
-924.9 a.u. 0.48% 

Ti(OH)2 

 

-996.2 a.u. -1001.1 a.u. 0.49% 

Ti(OH)2(PO4) 

 

-1635.2 a.u. -1643.7 a.u. 0.52% 
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3. Results of Calculation 

All calculations for the polyatomic complexes in the Ti (II) -hydroxyapatite system were 

performed using the DFT functional R3LYP in Gaussian 09 system. These images (Figures 2-5) 

demonstrate the geometry of the products and therefore give insight into the functionality of the 

compounds. 

The bond energies between individual constituents of HAp and Ti were obtained. For all final 

geometric structures after the reaction, the equilibrium angles and lengths of the Ti – O bonds, 

electron density distributions, and the ground state energy levels were calculated. 

All the structures were ranked in order of binding strength and intermolecular stability. The 

results are shown in Figures 2-5. Titanium atoms are big grey spheres, hydrogen atoms are small 

grey spheres, phosphorus atoms are orange spheres, oxygen atoms are red spheres. For all 

calculations, we need an electrostatic attraction between ions, so we take a cation Ti2+ and our 

polyatomic constituents participating in the reactions, OH-, PO4
3-, which are all anions. 

According to calculations of the complex [Ti(OH)2] (Figure 3), the charge of the Ti (II) ion 

decreases, from 2+ to 0.486+ (a big grey atom in the middle). In terms of the Density Functional 

Theory (DFT), this means that Ti2+ experiences an increase in the electron density due to its 

attraction with two negatively charged hydroxide ions, OH-. The Ti-O bond length is about 1.73 Å. 

The Ti-O bond angle is 126o, eigenvalues of Hessian index are positive, which gives real vibrational 

frequencies of a bond within molecules. 

We can see from Figure 4 that the charge of Ti ion for the complex [TiPO4]- became even less, 

0.124 a.u., and for the complex [Ti(OH)PO4]2- it becomes negative, - 0.215. (Figure 5). The charge of 

another big ion in the component, phosphate, stays almost the same, without changing. This shows 

the redistribution of electron density from oxygen atoms in favor of Ti, which makes the 

configuration more and more stable with its complexity, and also with the number of oxygen atoms 

in the configuration. 

From Figure 2 we can see that [TiOH]+ is a linear structure. The repulsion between the positively 

charged atoms of titanium and hydrogen are likely causing the linearity. 

For a complex Ti(OH)2 (Figure 3), higher frequencies are calculated between the titanium and 

oxygen atoms compared to [TiOH]+. The bond angle is slightly larger due to the oxygen-oxygen 

repulsion of Ti(OH)2. Additionally, the bond length between the oxygen atoms and the titanium 

atom has decreased compared to the [TiOH]+ structure, which suggests a more favorable higher 

binding energy for the titanium atom. 

In polyatomic complex [TiPO4]- (Figure 4), one of the oxygen atoms is not paired with the titanium 

atom (big grey atom) and instead develops a stronger and shorter bond to the phosphorus atom 

(orange) during the interaction. Electron density is shifted towards the Ti2+ atom in this interaction. 

In the last complex, [Ti(OH)PO4]2-, when compared to the standard vibrational behavior of 

phosphate, an increase in frequency between the titanium and oxygen is observed (Figure 5). This 

interaction suggests a higher energy interaction. Additionally, the bond lengths between titanium 

and oxygen have shortened, also suggesting a more favorable binding energy. 

4. Discussions 

After it reacts with hydroxide (Figure 2), the Ti2+ ion in the [TiOH]+ structure experiences a 

decrease of almost half of its initial charge as observed in its charge distribution. In the complex 
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[TiPO4]-, the Ti2+ experiences an even greater decrease of charge due to the electrons coming from 

three oxygen atoms (Figure 4). The three oxygen atoms develop a strong bond with the titanium (as 

observed with a shorter bond length) while the 4th oxygen atom is attracted to the phosphorus 

atom in [TiPO4]-. 

The shorter bond length between oxygen and titanium in the Ti(OH)2 structure (Figure 3) 

suggests a stronger bonding interaction between titanium and oxygen compared to the [TiOH]+ 

structure. This suggestion is also supported by the stronger binding energy in Ti(OH)2 compared to 

the binding energy of [TiOH]+. The increase in binding energy is demonstrated by means of a shorter 

and stronger bond between the oxygen and titanium due to their electronic exchange.  

In the polyatomic complex [Ti(OH)PO4]2- , we observe further lowering of the titanium charge as 

well as it becoming negative (Figure 5). The titanium atom consistently gains electron density from 

the oxygen atoms at a dramatic rate, whereas the charge of the phosphorus atom remains almost 

the same.  

Calculations showed that the binding energy increases with each structure due to the increasing 

electron orbitals around Ti, and, therefore, due to a stronger connection between Ti and oxygen 

atoms. Compared to the phosphorus, a titanium atom gains negative electronic charge at much 

more dramatic rate, whereas the phosphorus charge almost remains without changing. 

Furthermore, the more complex the structure is, the more negative titanium becomes, which finally 

creates a centrally negative structure and leads to a lower ground state energy of the products. The 

lower the ground energy of the products, the higher the binding energy between HAp and titanium 

is. One can see from Figures 2-5 that, since titanium develops strong electronic connections and 

forms bonds with surrounding oxygen atoms, there is a limited number of bonds that titanium can 

form with neighbor phosphate ions. That may give a constraint for the number of the phosphate 

atoms participating in this reaction, Hydroxyapatite coating – Ti. 

5. Conclusions 

The charge of Ti2+ decreases as the configuration gains more oxygen atoms due to the fact that 

the electron density around titanium increases at much higher rate than that around the 

phosphorus. It appears that the most significant factor regarding the strength of the bond of Ti(II) 

and HAp is the number of oxygen atoms in the structure and their interaction with the titanium 

atom, which means that the more complex the structure of constituents of HAp, the higher the 

binding energy between them and titanium. Furthermore, the increase of the electron density of 

titanium leads to the changing of other properties of structures such as stronger bonds, higher 

interaction frequencies, and more favorable geometries. 

In conclusion, we can say that the calculations demonstrated that the hydroxyapatite and 

titanium develop “right” binding strength and stable structures, which indicates that hydroxyapatite 

is not only a favorable material from the point of view of accelerating osteointegration on the 

boundary bone – HAp, but also a compatible material to have a good adhesion strength on the 

boundary hydroxyapatite coating – titanium implant. 

In dental practices, it is important to take into account that the chemicals that are attached to 

the implants should not interfere with the healing process. Because of this, it is important to 

maximize the adhesive strength of nano-coatings to not have unpleasant peeling processes of the 

coating in the future. This research shows ways of optimizing the structure of the calcium phosphate 
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coatings to have their highest adhesive characteristics through means of computer MD calculations, 

which will significantly reduce the volume, cost and efforts for expensive, scrupulous and, therefore, 

difficult experiments.  
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