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Abstract. The article presents the results of a study of the electrostatic potential and
the work function of the hydroxyapatite (HAP) surface. To study the electrostatic
potential and the electron work function of the HAP surface, modeling of the HAP
structures and calculation of their properties using density functional theory (DFT)
methods were used. To perform these simulations and calculations, a HAP
supercell model was used, extended to a structure that includes a region of vacuum
space near the HAP surface. The electron work function was calculated using the
Quantum ESPRESSO program. To construct the model, a surface with the (001)
orientation was taken, the thickness of the entire model is L ~ 26.5 A, the thickness
of the HAP substrate is ~ 12.5 A, and the vacuum layer is ~ 14 A. The equilibrium
state of the entire model is achieved by relaxation of its surface HAP layers,
leaving the internal layers at z < zo = 5.2 A with fixed atoms positions. After
optimizing the initial HAP structure, surface layer modifications (substitution of Ca
for Mg, Mn, Sr, and Se; removal/addition of Ca) were simulated, and the change in
the work function and potential profile were calculated. The analysis of the
obtained results with known data yields a good agreement.

Key words: hydroxyapatite, density functional theory, surface, work function,
electrostatic potential, substitutions, cations, defects

INTRODUCTION

Modern studies have shown that the formation of bone tissue on the implant surface is
determined by the quality of biocompatibility of the implant surface coating material with
bone tissue cells [1-6]. Only cells attached to such an implant surface are involved in tissue
regeneration when the implant serves as a scaffold. In this case, the influence of the
physicochemical properties, morphology and surface roughness of the implant coating on the
attachment of bone cells is very important [7]. The attachment of any specific protein
molecule, which is part of a cell, to such a surface is based on the features of particle adhesion
based on the theory of aggregation stability of lyophobic dispersed systems [8]. This theory
takes into account the dispersion and electrostatic interactions between the particle and the
substrate (or support). An important role here is played by the electrostatic potential, which
has a strong influence on the capture of the electrically charged part of the cell when it is near
the surface of the substrate covering the surface of the implant. This electrostatic interaction
can be enhanced by changing the electric charge of the surface of this substrate (implant
coating). This approach is applicable to a number of dielectric biomaterials, such as calcium
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phosphates [3, 4], including Hydroxyapatite (HAP) [4, 5], one of the most widely used
materials in medicine [9]. HAP is a mineral component of human bones and teeth [3, 4, 9] and
it has a natural biocompatibility with the bone tissues of the human body. Therefore, the field
of application of HAP is orthopedics, bone and dental surgery, and its use as a filler and
coating for bone implants [1-6].

The electric charge of the HAP surface layer can be changed by irradiation [10],
polarization [11], doping and surface reconstruction, atomic-molecular interactions
[5,9, 12, 13], etc. The surface charge of HAP nanoparticles used to create implant coatings
depends on both the radius of these particles [9, 12] and their composition. In this regard, the
surface roughness of the coating made of such HAP material, which has peaks and valleys (or
troughs) characterized by different radii and compositions of structural elements (HAP can be
different from the stoichiometric composition, and with different cationic substitutions,
vacancies and inclusions), will affect the surface charge of the HAP coating. Depending on
the emerging structure of the surface layer of the HAP coating, both the value of the electron
work function from the HAP surface and the corresponding distribution of the electrostatic
potential change, which determines the entire surface charge of the HAP coating, which
affects the cells of growing bone tissue attached there. At the same time, the coatings applied
to the implant material must adhere well to its surface. Titanium and titanium-based alloys are
currently widely used for the manufacture of implant bases [14]. They are biocompatible and
corrosion-resistant due to the oxide layer formed on their surface [15].

In general, such biocoatings must be both biocompatible with body tissues and corrosion-
resistant in a biological environment, as well as have high adhesion and bond strength to the
implant base material. This problem is currently being addressed by using various methods
for forming coatings on the surface of medical implants [4, 16, 17]. The surface morphology
of HAP is usually modified, and there are a number of methods exist for forming HAP
coatings, such as sol-gel [18], plasma spraying [19], magnetron sputtering [20], and others
[21]. However, all of these methods have their drawbacks and limitations.

Among the many existing methods, microarc oxidation (MAQ) is considered to be one of
the most suitable for forming a textured and rough (porous) HAP surface. It is a complex
multi-stage plasma-chemical and electrochemical process. However, this MAO method is
more convenient and effective for producing HAP coatings on complex-shaped implants, and
it provides them with good physicochemical properties [22, 23]. The application of such HAP
coatings in a microarc discharge involves high-temperature chemical processes in the zone of
localized microplasma and microarc discharges under the influence of an external high-
voltage source [22-25]. The coating is formed due to the oxidation of the base material and
the transfer of an ultradispersed phase present in the electrolyte into the coating. The coatings
obtained by the MAO method have a complex polyphase composition and exhibit good
physicochemical properties (high corrosion resistance, hardness, and chemical stability in
aggressive environments).

Ti ETiO mix | HAP-fix HAP-vary | (H,0) vacuum

2

Fig. 1. Schematic representation of the layered structure model "Ti-TiO2-HAP-medium-vacuum®: the
scheme of layers, where in the central region HAP-fix is the crystalline structure of HAP with atoms that
occupy fixed positions in the depth of the HAP volume, the HAP-variable layer is a transition layer on the
surface of HAP, in which the positions of the atoms relax to the optimal minimum energy of the entire
system, taking into account the vacuum layer (and water molecules, if they are included in the model); the
other side includes an internal transition layer mix between titanium oxide TiO, and the HAP-fix layer
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In this case, HAP interacts with the implant surface (titanium and, primarily, titanium
oxide — rutile) and a transition layer is formed between HAP and TiO.. Also, the outer surface
of the HAP is formed with the surrounding medium (this is usually an aqueous medium or
electrolyte; in the simplest model, a vacuum). An approximate layer diagram of the "Ti-TiO-
HAP-medium-vacuum® structure is shown in Figure 1.

In this paper, we will consider the structure of the HAP layers and the transition layer
between HAP and the vacuum region. Water molecules at the HAP surface will not be
considered for now. We will also not examine the TiO>—HAP interface here, as this is a
separate task.

The main goal of this paper is to investigate the transition region between HAP and
vacuum and evaluate how changes in the structure of this surface layer during modification
(introduction/removal of calcium atoms, substitution of various calcium ions with other
ions—-Mg, Mn, Sr, Se, etc.) will affect changes in the electron work function and the
corresponding electrostatic potential at the HAP surface. It is important to evaluate these
effects in order to understand their influence on the adhesion of bone cells (osteoblasts and
others) and their activation for bone tissue growth.

To investigate these issues, this paper uses modeling of HAP structures and calculations
of their properties using density functional theory (DFT) methods, developed and applied by
us earlier in [13, 26-31]. To perform these modeling and calculations, we use the HAP
supercell model extended to a structure that includes a region of vacuum space near the HAP
surface (see Fig. 1 — the “HAP-fix + HAP-vary + vacuum” region, but without the inclusion
of water molecules). In such a model of lamellar geometry (“slab-plate: HAP-
substrate/vacuum” or “slab-vacuum” model), the electron work function (WF) can be
calculated “from first principles” by DFT methods, using the Quantum ESPRESSO (QE)
program [32]. The electrostatic potential inside the model of such a slab plate, calculated
using the QE program, is saturated to a constant value in the vacuum region and we can
determine its average value.

It is important to take into account that the WF varies depending on both the surface
orientation and its composition (morphology). In a material such as HAP, the surface
composition can vary greatly with different surface orientations and at different cleavage
points [9, 33, 34]. This also changes the electric charge of such a surface and the electrostatic
potential, as shown both experimentally [9, 35] and by various theoretical methods [36—-39].
Consequently, the WF can vary even by several eV [39]. In this study, we took a HAP surface
with the (001) orientation, which is closer to a number of experimental studies and known
data.

After optimization of the initial stoichiometric structure of HAP, we studied modifications
of the surface layers (removal/addition of Ca; substitution of Ca with Mg, Mn, Sr, Se, etc.),
and calculated changes in the work function and potential profiles. Good agreement between
the results and the experimental data in [12] was obtained.

BASIC APPROACHES, MODELS AND METHODS
Basic computational details and parameters of the DFT calculations

In this work, we applied the computational approach we had developed earlier, which
allows us to obtain highly accurate results by performing the DFT calculations in two stages.
This approach was successfully applied in [13, 26-31] for various DFT calculations, both for
the original HAP structures and for HAP with defects and various cation substitutions [40], on
the HAP model of a single unit cell and a supercell (Fig. 2).

It is based primarily on the Perdew, Burke, Ernzerhof (PBE) functional in the generalized
gradient approximation (GGA) [41] in the 1st main step of the calculations and in
combination with the Heyd, Scuseria, Ernzerhof (HSEO06) hybrid exchange-correlation
functional [42, 43] in the 2nd step. The ground state electronic structure was calculated using
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the QUANTUM ESPRESSO package (version 7.5) [32] within the DFT approach with the
functionals mentioned above. The electron ground states are described using the optimized
norm-conserved (ONCV) DFT pseudopotentials [44, 45]. The kinetic energy thresholds were
set at 60 and 240 Ry (1 Ry = ~ 13.6057 eV) for the Kohn-Sham wave functions and the
semilocal potential. The exchange operator value was calculated with an energy cutoff of
120 Ry. The forces acting on the atoms were estimated based on the calculated electronic
structure of the ground state. The search for a stable atomic configuration was performed
using the Broyden—Fletcher—Goldfarb—Shanno algorithm [46, 47] for numerical optimization
of the total energy, which continued until any component of the force on any atom was
greater than 0.01 eV/A and the energy difference was 10-4 eV. In this paper, we perform the
main TFP calculations in HAP with a vacuum layer using the PBE functional.

Main models of calculated HAP structures

In this paper, we consider the substitution of calcium ions by different ions. For numerical
studies, we use a 2 x 2 x 2 HAP supercell consisting of 8 unit HAP cells containing 352
atoms. For clarity, the supercell model is presented in such a way that two OH channels are in
its center (Fig. 2). For the pure HAP model, the following HAP cell parameters were used (for
the supercell per unit cell) [13,26-31]: a = b = 18.962 A / 2 = 9.481 A and ¢ = 13.717
A/2=6.8585A.

wee [(H-Ca1)
w— (0-Ca2)

(@) (b)

Fig. 2. The HAP supercell model (352 atoms) and its relation to the hexagonal unit cell model containing
44 atoms (marked by thick black lines), in projection along the z-axis (a); side view along the z-axis (b).
Cal (green circle) and Ca (blue circle) are shown around the OH channel axis. Atom designations: blue —
Ca, red — O, brown — P, white — H (image (a) is taken from [27])

Figure 3 shows the initial model structure of the "HAP-vacuum" constructed based on the
supercell model (Fig. 2) projected along the z axis. In this work, we took the HAP surface
with orientation along the (001) direction and assumed the thickness of the entire model equal
to L = 50 Bohr ~26.5 A (1 Bohr = 0.529 A), the thickness of the HAP substrate is ~ 12.5 A,
followed by a vacuum with a thickness of ~ 14 A. To obtain the equilibrium state of the entire
model structure, we first relax the atoms in the surface layers, leaving the internal deep HAP
layers at z < zo = 5.2 A with fixed atomic positions (other variants of the layer value zo are
also possible). The resulting equilibrium model, with atoms in the surface layer relaxed into
other positions under the influence of the vacuum layer, is now the initial (reference) model
for studying changes in the potential profile and work function after substituting calcium
atoms with various cations, as well as other changes in the surface layer. The main parameters
and characteristics of this model are shown in Figure 4 and Table 1.
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Fig. 3. Model of the “HAP-slab-vacuum” structure: (a) initial model structure; (b) relaxation of the model
structure - the region z < zo with fixed positions of atoms, then the relaxation region, including the
vacuum layer; (c) potential profile for the initial model structure cut off at —2 Ry for ease of monitoring
the potential changes (inset - full profile shown).; (d) potential profile after relaxation of the surface layer

It should be noted here that all relaxation and optimization procedures performed in this
work are carried out using the Broyden-Fletcher-Goldfarb-Shanno algorithm [46, 47] for
numerical optimization of the total energy of the modeled structure, embedded into the
Quantum ESPRESSO program [32]. It should also be noted that the proposed model with the
inclusion of a vacuum layer is in some ways similar to the approaches in [36—39], but we use
a more detailed and well-tested supercell model taking into account the transition surface
layer of relaxing atoms and a high-precision DFT method.

Electron Work Function and Other Energy Characteristics

The main energy characteristics of our system can be represented as an energy level
diagram, shown in Figure 4. In a dielectric crystal, which is essentially a HAP is, the energy
band structure is determined primarily by the energy levels that electrons can occupy: the
highest occupied energy level Enomo (or the top of the valence band Ev) and the lowest
unoccupied energy level ELumo (the bottom of the conduction band Ec). The difference
between these levels forms the energy gap: the band gap width Eq = Ec — Ev (Fig. 4).
The thermodynamic equilibrium state of filling all energy levels with electrons is determined
by the Fermi level Er.

For an electron to leave the crystal and enter a vacuum, it must be energized to at least the
vacuum energy Evac. This can be accomplished either by photoexcitation by irradiating the
sample with light with a photon energy of A®

W = Ao = Evac — Ev=(Evac — Ec) + (Ec—Ev) =y + Eg, 1)
or, thermodynamically, by exciting an electron into a vacuum from the Fermi level energy.
® = Evac — Er, 2

where x = Evac— Ec - the electron affinity energy.
That is, the photoelectron work function W differs from the thermelectron work function
® of the electron by value o= ® — Er — called the Schottky barrier height.
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We obtain all these key characteristics by performing DFT calculations on the QE
program. To do this, we first perform a relaxation of the studied HAP system and a full self-
consistent calculation. Then we use a special QE subroutine (pp.x — post-processing program)
to calculate the electrostatic potential with the plane-averaged potential and output this data to
a special digital file and a plotted graph as a function of the z-coordinate (perpendicular to the
x-y surface), selecting the desired format and scale. On the plotted graph, the potential should
reach a plateau in the vacuum region, where it is constant — the value of this plateau is the
vacuum level Evac. This is schematically shown in the graphs in Figure 3c and d. This level is
determined using a special Python script subroutine.

A EVAC

Fig. 4. Energy level diagram of a dielectric crystal at the boundary with a vacuum. Here, Evac is the
vacuum level, W and @ are the photoelectron and thermelectron work functions of the electron, y is the
electron affinity energy, Er is the Fermi level, Ec = ELumo is the conduction band bottom, Ev = Enowmo iS
the valence band top, and Ey = Ec — Ev is the band gap

MAIN RESULTS AND DISCUSSION
Analysis of the initial data for the HAP-slab-vacuum model

To perform these calculations, we used the «kHAP-slab-vacuum» model (Fig. 3), in which
the vacuum layer is thick enough to avoid interaction between the periodic layers of this slab.
The parameters of our model are close to the data in [38, 39], where the thickness of the HAP
substrate was ~15 A, and the vacuum layer was ~10 A. We used periodic boundary conditions
in the directions parallel to the surface (x and y), and the vacuum layer in the direction (z)
perpendicular to the surface x —y. The main calculated characteristics of the model structures
are presented in Table 1.

For comparison, we present here the calculation results for a model of slabs of varying
total thickness L at fixed positions of all atoms. We also provide the values of the
fundamental energy levels for the original model of the HAP supercell in the crystal. We also
monitored the change in the potential profile for all models and found that at L = 50 Bohr, the
energy level in vacuum reaches a plateau (see Figure 3c), and this value of L can be taken as
the fundamental vacuum layer in our model. The inset in Figure 3c also shows the full
potential profile inside and outside the crystal (blue line) and its average potential level
(orange line). This clearly shows the difference in potential energy in the depth of the crystal,
on the surface, and in vacuum.

The main characteristics of the initial HAP model with a transition surface layer in the
vacuum region, in which the positions of all atoms are in the optimal relaxed state, correspond
to virtually pure (without impurities, defects, or substitutions) stoichiometric HAP and can be
used as a basis for studying various inhomogeneities in the HAP surface layer.
These characteristics are marked with asterisks) in the last column of Table 1. Comparing
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these values with known experimental data and theoretical estimates (3.8-5.6 eV), we see that
they correspond to these data [9-13, 35-39, 48-53].

Table 1. Main parameters and energy characteristics for the initial stoichiometric HAP supercell
model and its slab-vacuum model with a size of L = 50 A, Bohr = ~26.5 A, with a fixed atomic
position region at z < zo = 5.2 A, before and after relaxation of the surface layer atomic positions
at the vacuum boundary. All DFT calculations are made on the PBE GGA (QE 7.5)

Simulated structures based on the supercell and slab-vacuum layers
Model Slab r_nodel
of the original total thickness
Main HAP crvstal Slab model Slab model Slab model L =50 Bohr,
Parameters and su eréll total thickness | total thickness | total thickness with a
. up L =35 Bohr L =40 Bohr L =50 Bohr [transition layer
Energies without the at
vacuum layer 7>20=52 A
Calculation Fixed Optimized
mode calculation Fixed calculation [Fixed calculation [Fixed calculation| calculation:
after full for all atomic for all atomic for all atomic |atoms are fixed
optimization positions positions positions at
p 2<2=52A
\ Ewt, Ry \ —13235.4529 —13231.7924 \ —-13231.6833 —-13231.6576 —-13232.2718
\ Evac, eV \ - 6.7567 \ 6.4241 5.3116 5.6816%)
\ Ec, eV \ 11.1078 5.4501 \ 4.2753 2.8570 2.7867
\ Er, eV \ 7.2396 4.2210 \ 3.0474 1.6489 1.6580
\ Ev, eV \ 5.7394 3.7057 \ 2.7365 1.3635 1.1718
|1 =Evac—Ec, eV | - 1.3557 | 2.1488 2.4546 2.8949
\ ® = Evac — Er, eV \ - 2.5357 \ 3.3767 3.6627 4.0236%)
\ Eg=Ec—Ev, eV \ 5.3684 1.7444 \ 1.5388 1.4935 1.6149
W=Eg+y = - 3.1001 3.6876 3.9481 4.5098%
= Evac — Ev, eV

In particular, it should be noted that a spread of work function values is observed for
different HAP surfaces [9, 39, 52]. But, for the (001) surface model with OH-terminated ends
considered here, our data are consistent with the calculations in [38, 39], where they are
~ 5.1 eV, which is also consistent with the experimentally obtained values, which vary from
4.7 eV to5.1eV [39, 48]. It is also important to note that all experimental work on measuring
the photoelectron work function W from the HAP surface is usually carried out under vacuum
conditions and at photon energies in the range of 3-6 eV [9, 12, 48]. And here there is a
difference between the thermoelectron work function @ of the electron and the photoelectron
work function W (of the order of ~ 0.5 eV). This difference W > @, as can be seen from (1)
and (2), is equal to the value of the Schottky barrier. In this regard, it is interesting to note the
changes in the surface potential by a value of the order of ~ (0.3-0.5) V due to the possible
shift of the Schottky barrier by electron charges introduced during irradiation of the modified
HAP surface with low-energy electrons, which was established in [53] by measuring the
wettability of HAP.

Assessment of the effect of water or aqueous electrolytes, taking into account their
average permittivity € ~ 80, and that the vacuum layer medium in our model were filled with
such a liquid, yields a value for the potential at the outer boundary of the vacuum layer U =
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Evac/ (ge'€) = ~ 5.6816 eV/[(-1¢)-80] = -0.07102 ~ -70 mV. Here the charge ge = -1e is the
electron charge, and accordingly E = 1 eV yields a potential U = -1 V).

This value fits well within the potential range (from -40 mV to
-120 mV) measured experimentally on similar calcium phosphate coatings in studies of bone
cell adhesion, depending on the type of coating heterogeneity (thickness and roughness, the
size of the heterogeneity area — the presence of protrusions and recesses) [7]. Of course, for a
rigorous assessment, we will also need to conduct modeling and DFT calculations explicitly
incorporating water molecules into our layered HAP slab model, as well as solutions and
electrolytes.

The effect of substitution of calcium ions for other cations in the surface layer of HAP

To conduct these studies, we need to select a suitable Ca ion. In this case, we selected atom
#30 from the set of 80 Ca ions in our supercell. This atom belongs to the Cal ion type and is
located further from the OH channel axis than Ca2 ions. Its coordinates in the original model
are (x=9.4691 A, y=10.9512 A, z=10.2877 A). In this work, we replace this Ca ion with
Mg, Mn, Sr, and Se cations. We then perform the corresponding optimization of the surface
layer at the boundary with the vacuum layer, similar to the procedure described above. We
then compare the obtained results with the data for the undoped HAP slab model (Table 1)
and analyze the changes.

Effect of Mg/Ca substitutions on the HAP properties in the vacuum surface layer

The introduction of Mg/Ca substitution at the Cal position with the specified coordinates
of the Ca # 30 atom and subsequent optimization of the entire HAP slab structure leads to the
relaxation of atoms in the transition layer at the boundary with the vacuum and a change in
the potential energy profile, as well as the vacuum energy level Evac, as the average energy
level in the vacuum layer (Fig. 5).

An analysis of the dynamics of the transition layer optimization process to minimize the
total energy of the entire system revealed that, in the initial stages, the magnesium ion has no
direct chemical bonds with the nearest oxygen atoms of the PO4 groups and shifts slightly
toward the boundary with the vacuum region. However, chemical bonds then arise with the
oxygen atoms of the surrounding PO4 groups, and the magnesium ion in this bound state
relaxes slightly in the opposite direction. During this process, the atoms in the entire interface
layer gradually rearrange the PO4 groups shift slightly, unfold and rotate. The results of the
final structure are visible in Figures 5¢ and 5d; the change in the potential profile is shown in
the inset of Figure 5d. The actual shifts of the Mg ion positions along the z coordinate axis are
as follows: from the initial state with zo; = 10.2877 A, movement to position zz = 10.5599 A,
when a direct chemical bond arises with 3 oxygen atoms of 3 PO4 groups, and then relaxation
in this bound form to position z3 = 10.5046 A.

In the initial state, the distance from the Mg ion to the oxygen ions of the PO4 groups was
r(Mg-O) ~ 2.44 A, at which there was no chemical bond. In the final bound state, these
distances became equal to r(Mg-O) ~ 2.12 A (Fig. 6). These results are in good agreement
with the studies of the dynamics of changes in Mg/Ca substitutions at the Cal positions of
HAP performed in [27], where it was noted that the critical distance for the formation of the
Mg-O bond is r¢(Mg-0) ~ (2.09 - 2.19) A. These data correspond to the ionic radii of oxygen
r(0%) = 1.30-1.32 A [54]) and magnesium r(Mg®") = 0.69-0.89 A [54-56], which gives a
total range of r¢(Mg-O) ~ (1.99-2.21) A, when their stable chemical ionic bond is formed.

Figure 6 demonstrates the dynamics of changes in the state of the Mg ion in the surface
layer with vacuum during relaxation of the entire HAP-slab-vacuum with cation-substituted
Mg-HAP.
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<
Initial state | l

Fig. 5. Model of the "HAP-slab-vacuum"™ structure with the introduction of Mg/Ca substitution at the Cal
atom site No. 30 of the HAP supercell: (a) and (b) the initial state in projection perpendicular to the (X, y)
plane and along the c-axis (in the z-coordinate direction); (c) and (d) model structures in the same
projections after optimization of the entire structure and relaxation of the transition layer with vacuum.
The colors of the atoms are the same as in Figure 1, the color of the Mg atom is violet (purple). The
potential profiles and their changes are shown in the corresponding insets, where the Evac vacuum level
is also noted. The regions of relaxing transition layer atoms and potential changes are highlighted in green

Fig. 6. Fragments of the HAP-slab-vacuum structures with cation-substituted Mg-HAP, demonstrating
the emergence of Mg-O chemical bonds during optimization of the entire structure and relaxation of Mg
ions in the transition surface layer at the boundary with vacuum: (a) and (b) initial states of the structure;
(c) and (d) after optimization of the entire structure and the emergence of Mg-O chemical bonds with 3

oxygen atoms from PO, groups
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Table 2 presents the calculated results for all characteristics of the Mg-HAP slab-vacuum
structure after its optimization and relaxation of the Mg ion in the surface layer. It is clear that
the vacuum energy Evac has increased slightly compared to the state of the cation-
unsubstituted HAP slab-vacuum transition interface layer, and the photoelectron work
function W has become slightly higher.

The main conclusion, however, is a significant decrease in the thermelectronic work
function @ of the electron, almost to A® ~ -0.7 eV. This result is in qualitative agreement
with experimental data on measuring the electron work function of HAP and its changes
under the influence of magnesium introduced into HAP coatings on the implants, which
affects the adhesion and anchoring of bone cells [12, 57]. It should be noted that Mg is an
essential element for any living organism and is often used to improve the quality of HAP
coatings, their biocompatibility with cells, and implant survival rate [27, 58, 59].

Effect of Sr/Ca substitutions on the properties of HAP in the surface layer with vacuum

Strontium is also a key element [58-63], affecting the quality of implant coatings and the
active proliferation of living bone cells and bone tissue growth. Therefore, we have also
conducted and presented a study of the effect of Sr/Ca substitutions (in the analogous Cal
position and for atom #30 in our supercell model).

Figure 7 demonstrates a change in the HAP-slab-vacuum structure and potential profile
upon the introduction of a Sr ion and optimization of the entire structure until the final
relaxation of the simulated transition surface layer.

Initial state | (b)

ot
z

e, Py fLog Scale)

Fig. 7. Model of the HAP-slab-vacuum structure with the introduction of Sr/Ca substitution at the Cal
position for atom site No. 30 of the HAP supercell: (a) and (b) the initial state in projection perpendicular
to the (x, y) plane and along the c-axis (in the direction of the z-coordinate); (c) and (d) model structures
in the same projections after optimization of the entire structure and relaxation of the transition layer with
vacuum. The colors of the atoms are the same as in Figure 1, the color of the Sr atom is dark green. The
potential profiles and its changes are shown in the corresponding insets, where the Evac vacuum level is
also noted. The regions of relaxing transition layer atoms and potential changes are highlighted within the
green area
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Table 2. Key parameters, energy characteristics, and their changes for HAP structures upon
introducing cationic substitutions (at the Cal position of the Ca#30 atom in the extended
supercell model) compared to the initial stoichiometric HAP supercell model and slab-vacuum
model (L = 50 Bohr = ~26.5 A, with a fixed atomic positions at z < zo = 5.2 A), after relaxation
of all surface layer atomic positions at the vacuum boundary. The studied structures are Me-

HAP, where the substitutions are Me/Ca (Me

performed on PBE GGA (QE version 7.5)

Mg, Mn, Sr, Se). DFT calculations were

Simulated Me-HAP structures based on the supercell and slab-vacuum

Srion in the layer

layers
Slab model of
tﬁtell ;%'?gﬁfs Slab model Slab model Slab model Slab model
Main Parameters and _with a ' Mg-HAP Sr-HAP Mn-HAP Se-HAP
Energies transition laver total thickness | total thickness | total thickness | total thickness
at YL = 50 Bohr L =50 Bohr L =50 Bohr L =50 Bohr
1>20=52A
Optimized .
Optimized calculation . Optimized Optlr_nlzed_
. : : Optimized . ... [calculation with
calculation of | with Mg ion calculation with calculation with Se ion in the
the layer near | in the layer Mn ion in the

layer near the

Calculation the surface, the | near the layer near the
o near the surface, surface, the
mode remaining surface, the - surface, the L
. L the remaining - remaining
atoms are fixed | remaining . remaining atoms ;
atoms are fixed at - atoms are fixed
at atoms are 7<70=52 A are fixed at at
2<2=52A | fixedat o z<n=52A | _ T &
1<20=52A 0=
‘ Etot, Ry —13232.2718 |-13267.0685 | -13220.8626 —-13357.0333 | -13176.8170
‘ Evac, eV 5.6816 5.7441 5.8288 5.7699 5.6275
| Ecev 2.7867 2.7514 2.7639 3.1160 2.8038
‘ Ef, eV 1.6580 2.4254 1.6746 3.0332 2.2391
‘ Ev, eV 1.1718 1.1161 1.1224 3.0212 1.6979
‘ x = Evac - Ec, eV 2.8949 2.9927 3.0649 2.6534 2.8237
‘ ® = Evac — Ef, eV 4.0236 3.3187 4.1542 2.7368 3.3884
\ AD, eV 0 -0.705 +0.1306 ~1.2868 -0.6345
‘ Eg=Ec-Ev, eV 1.6151 1.6353 1.6415 1.8828 1.1059
W=Eg+y = 4510 4.628 4.706 4.53 3.9296
=Evac - Ev, eV
AW, eV 0 +0.118 +0.196 +0.027 -0.579

A characteristic difference between the Sr/Ca substitution case and the Mg/Ca substitution
case is the absence of any chemical bonds with any surrounding atoms (oxygen or calcium)
during the relaxation process. First, this is probably due to the differences in the radii of the Sr
and Mg ions, as well as the different lengths of the possible chemical bonds of these cations
with oxygen. Note that the Sr and Mg atoms are located next to each other in the same
column of the periodic table and have atomic radii: R(Ca) = 1.80 A, R(Sr) = 2.00 A,
R(Mg) = 1.50 A. This immediately leads to such a significant difference in the change in the
characteristics of HAP materials upon the introduction of Mg/Ca and Sr/Ca substitutions as
the behavior of the unit cell parameters and their volumes: for Mg-HAP, a decrease in the cell
parameters and its volume is observed [27], whereas for Sr-HAP, an increase in the cell
parameters and its volume occurs [63]. At the same time, the radius of strontium ions is
r(Sr**)~1.12-1.18 A [64], and considering that the radius of oxygen ions is
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r(0%) = 1.30-1.32 A [54], we find that the distance r(Sr-O) ~ 2.42-2.50 A is required for the
formation of a chemical bond here. There are also some differences in the formation of
chemical bonds in different types of crystals. For example, in strontium oxide (SrO) with a
cubic structure of the NaCl type, the bond length is usually even longer, about r(Sr-O)
~ 2.55 A [65].

In our case, the initial distances in the HAP supercell structure with the introduction of
Sr/Ca substitution are the same as for the initial state with Mg: r(Sr-O) ~ 2.44 A, which
prevents the immediate formation of bonds between Sr and O. Upon optimization and gradual
relaxation of the Sr-HAP structure in the surface layer, we obtain even larger distances in the
final optimal state, ranging from r(Sr-O) ~ 2.59 to 2.68 A, which also prevents the formation
of direct chemical bonds. This analysis clarifies the reasons for the absence of bonds.

At the same time, it is characteristic that, under the influence of the Sr ion, the
surrounding PO4 groups undergo shifts, rotations, and changes in their configurations, which
is clearly visible in their final state in Figure 7c. The potential profile in Figure 7d (inset) also
changes significantly. All calculated final energy characteristics are also presented in Table 2.
We note here an important difference between the Sr/Ca and Mg/Ca substitutions: here, the
change in the thermelecron work function ® of the electron, relative to the initial state,
occurred in the opposite direction. Here, an increase in the electron work function A® ~
+(0.13-0.15) eV was obtained. This is a significant difference and it is also observed
experimentally [12, 62]. At the same time, the vacuum level Evac and the photoelectron work
function W increased.

The Effect of Mn/Ca Substitutions on the Properties of HAP in the Surface Layer with
Vacuum

The case of Mn/Ca substitution is of a completely different nature: here, immediately
upon the introduction of a Mn ion instead of Ca in the Cal position, a chemical bond with 6
oxygen atoms of the PO4 groups is formed (Fig. 8), and all 6 bonds are formed at once
according to the coordination number [54]. This situation is completely consistent with our
earlier DFT calculations of the Mn-HAP structure, where the Mn-HAP structure is
compressed (atomic radius r(Mn) ~ 1.40 A < r(Ca) ~ 1.80-2.00 A) [29]. The radius of the
Mn?2* ion in this case is on average r(Mn?*) ~ 0.89 A [29], while the radius of the Ca ion is of
the order of r(Caz+) ~ 1.00 A, therefore, both a noticeable compression of the unit cell volume
and a decrease in all bonds and cell parameters occur here [29, 30]. Accordingly, since r(0?%)
~1.30-1.32 A [54], the critical Mn—-O bond length will be of the order of r.(Mn-O)
~2.19-2.21 A. Considering that the initial distances in our Mn-HAP structure are r(Mn-0O)
~2.44 A, all bonds here will be immediately activated upon compression of the Mn-HAP
structure (Fig. 8). In general, optimization of the structure and its relaxation in the surface
layer leads to a gradual compression of the distances between the Mn and O ions, as shown
for the bulk of the crystal in [29, 30].

The behavior of the Mn ion during relaxation in the surface layer of the Mn-HAP-vacuum
structure is interesting (Fig. 9). In the first stage, gradual compression and shortening of bond
distances occurs, but the Mn ion itself shifts more toward the vacuum surface, and its bonds
with oxygen ions located deeper from the surface are broken as the distances increase
(Fig. 9b). Then, the reverse movement occurs, and the bonds are restored. Ultimately, the
configuration of the Mn ion and six oxygen ions is restored, but with different bond lengths
(Fig. 9d).

The main energy characteristics of the Mn-HAP structure are listed in Table 2, and their
analysis is provided at the end of the article. Importantly, that a decrease in the thermoelectron
work function @ of the electron by almost A® ~ - (1.2-1.3) eV was observed.
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Fig. 8. Model of the HAP-slab-vacuum structure with the introduction of a Mn/Ca substitution at the Cal
position for atom site No. 30 of the HAP supercell: (a) and (b) the initial state in projection perpendicular
to the (x, y) plane and along the c-axis (in the z-coordinate direction); (c) and (d) model structures in the
same projections after optimization of the entire structure and relaxation of the transition layer with
vacuum. The colors of the atoms are the same as in Figure 1, the color of the Mn atom is purple. The
potential profiles and its changes are shown in the corresponding insets, where the Evac vacuum level is
also noted. The regions of relaxing transition layer atoms and potential changes are highlighted in green

Fig. 9. Images of the dynamics of changes in the configuration of Mn ion bonds during relaxation in the
surface layer of Mn-HAP at the boundaries with vacuum: (a) initial stages of bonds; (b) breaking of some
bonds when approaching the surface; (c) return into the depth and restoration of bonds; (d) final state of
the Mn ion in the surface layer

299
Mathematical Biology and Bioinformatics. 2026. V. 21. Ne 2. doi: 10.17537/2026.21.287



BYSTROV et al.

It should be noted that among the various ions affecting the properties of HAP, Mn
ions have long attracted attention due to their positive therapeutic effects, and the
incorporation of Mn into the crystal structure of HAP has been studied using various
experimental and theoretical methods [29, 30, 66-68]. However, the study of the changes
in work function under the influence of Mn has been little studied so far.

The effect of Se/Ca substitutions on the properties of HAP in the surface layer with
vacuum

The interaction of Se ions in the hydroxyapatite crystal lattice remains poorly understood.
However, there are some interesting experimental data [69, 70] and various theoretical
estimates of the influence of Se/Ca substitutions in the hydroxyapatite structure, including the
effect on the electron work function [12]. Selenium has a significant effect on hydroxyapatite,
increasing its biocompatibility, bioactivity, and strength. Adding 0.30-0.50 % selenium to
hydroxyapatite-based implants improves their compatibility, accelerates bone regeneration,
and stimulates osteogenesis [71]. At the same time, selenium deficiency can cause
osteoporosis [72].

The main changes in relaxation dynamics are shown for our Se-HAP-vacuum model
structure below in Figure 10. As can be seen, there are specific features in the final
configuration-asymmetric bonds with oxygen from the surrounding PO4 groups arise.

(e s ] ®) |

Potencial, fed ILog Sealel

Fig. 10. Model of the "HAP-slab-vacuum" structure with the introduction of a Se/Ca substitution at the Cal
position for atom No. 30 of the HAP supercell: (a) and (b) the initial state in projection perpendicular to the
(%, y) plane and along the c-axis (in the z-coordinate direction); (c) and (d) model structures in the same
projections after optimization of the entire structure and relaxation of the transition layer with vacuum. The
colors of the atoms are the same as in Figure 1, the color of the Se atom is yellow. The potential profiles and
its changes are shown in the corresponding insets, where the Evac vacuum level is also noted. The regions of
relaxing transition layer atoms and potential changes are highlighted in green

The selenium ion radius is r(Se) ~ (1.15-1.40) A < r(Ca) ~ (1.8-2.0) A [64], which in
principle should lead to compression of the HAP crystal structure after introducing Se/Ca
substitutions. However, the selenium ion radius significantly depends on its oxidation state.
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And here there is a significant scatter in the data on the selenium ion radius. For example,
r(Se*) ~ 0.64 A, whereas with a negative charge the selenium ion radius reaches values of
r(Se?) ~ 1.84-1.98 A [73]. The selenium anion (selenide) is formed upon acceptance of
electrons, which is why its radius becomes larger than the atomic one. Some features of the
influence of Se are shown in Figure 11.

4 YA

Fig. 11. Images of the dynamics of changes in the configuration of Se ion bonds during relaxation in the
surface layer of Se-HAP at the boundaries with vacuum: (a) initial stages of bonds; (b) intermediate
state — the emergence of bonds with oxygen ions of PO, groups lying closer to the HAP surface at the
boundary with vacuum; (c) final state and bond lengths r(Se-O)

The effects of Se substitutions are shown in Figure 11. Differences in the lengths of the
forming bonds are clearly visible here. While in the initial state the bond lengths r(Se-O)
are ~2.38-2.42 A, and no bonds form here, in the intermediate state the Se ions shift
toward the vacuum boundary and the distances change asymmetrically (lengthening to
~2.83 A on one side and shortening to ~ 2.18-1.85 A on the other side, when bonds are
already formed). In the final state, the Se ion is shifted more toward the surface and is
asymmetrically located in the center, so that the bond length r(Se-O) is ~ 1.90 A, and the
distance to the oxygen ions on the other side reaches values of ~3.11 A, and here, of
course, no bonds are formed.

The main characteristics are presented in Table 2. Note that a decrease in the
thermelectron work function of the electron about of A® ~ -0.63 eV was also observed. At
the same time, a significant decrease in the photoelectron work function was also observed.

ANALYSIS OF RESULTS AND MAIN CONCLUSIONS

The main results obtained and all the characteristic changes in the structures of HAP with
the introduced cationic substitutions Me/Ca (Me = Mg, Mn, Sr, Se) are summarized here in
Table 2. The results are also presented in the graph of Figure 12, which shows changes in the
work function in accordance with the difference in the atomic radii of the introduced cations,
similar to what was done in [12]. The data on experimental measurements of the work
function and a number of theoretical estimates, which were also presented and analyzed in
[12], are also presented there.

The results of more accurate DFT calculations by using a new extended model of the HAP
supercell, which includes a transition surface region with a vacuum layer, convincingly
demonstrate characteristic changes in the A® electron work function under the influence of
the introduced cations, which alter the electrical potential of the HAP coating surface and
thereby affect cell adhesion.

These new calculated data obtained here are qualitative in nature. The changes Ad
obtained in the thermelectron work function ® of the electron demonstrate the fundamental
influence of a number of ions introduced into the surface layers of HAP (when they replace
calcium ions here) on the electron work function and the surface electric potential of the HAP
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coating. Thus, the possibility of regulating and controlling the electron work function and the
surface electric potential of the HAP using introduced cationic substitutions is clearly
demonstrated. This is necessary to create the required level of electric potential and its
distribution on the HAP surface for better adhesion of bone tissue cells (osteoblasts and
others) to the HAP coating [7].
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Fig. 12. Experimental and calculated data on the change in the electron work function for some cationic
substitutions Me/Ca (Me = Mg, Mn, Sr, Se) in HAP samples compared with the change in the atomic
radius relative to the Ca atom. Newly calculated data are indicated here by red triangles. For comparison,
previously calculated data (comp data 1) from [12] are presented, as well as experimental data obtained
for different cases of change in the electron work function (with a change only in the band gap width —
exp data 1; with the appearance of additional energy levels within the band gap — exp data 2) [12]

Under experimental conditions, the created HAP and HAP-coating samples, of course,
have many features that are difficult to theoretically account for, including various structural
and compositional defects, deviations, impurities, etc. However, it is important that the
fundamental qualitative nature of the change in the electron work function and electric
potential on the surface of the HAP-coating can be modelled and calculated, thereby
predicting the necessary direction for creating the desired changes. In our case, by introducing
certain cation substitutions in the HAP. To match the proposed models to real samples, a
more detailed study of the various model variants and calculations is required. For example, it
is necessary to take into account the presence and influence of the hydroxyl OH vacancies and
the appearance of additional energy levels E; within the band gap Eq [12, 13]. It is also
necessary to consider the dependence on the introduction of the different cation
concentrations in the HAP layers near the surface with a vacuum, as was done in bulk HAP
models [26-31]. It is also necessary to study the introduction of substitutions in different types
of calcium positions: Cal and Ca2; as well as in different configurations of the positions of
the replaced atoms as their concentration increases. And, and, of course, further it is necessary
to consider in more detail the role and influence of water molecules, and in general water as a
medium in the vacuum layer region, as well as other media, such as various electrolytes,
which were used here in the experiment. For example, estimates made on the basis of the
relative permittivity € ~ 80 (the vacuum medium is filled with water) give the following
variations of values for the electric potential U = Evac/(Qe'¢): U(Mg) = ~ -71.8 mV,
U(Sr) = ~ -72.86 mV, U(Mn) = ~ -72.12 mV, U(Se) + ~ -70.34 mV compared to the native
U(HAP) =-71.02 mV.
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In general, the obtained values of the electron work function ®(Me) upon introduction of
Me/Ca substitutions in HAP (®(Mg) = 3.319 eV; ®(Sr) = 4.154 eV; ®(Mn) = 2.737 eV;
®(Se) = 3.388 eV) and for the initial unsubstituted HAP ®(HAP) = 4.024 eV, are in good
agreement with data on the work function of HAP [12, 57, 62]. And their changes relative to
unsubstituted HAP (A®(Mg) = 0705 eV; A®Sr) = +0.131 eV,
A®(Mn) = -1.287 eV: A®(Se) = -0.634 eV) (Fig. 12) show noticeable local changes in the
work function @ for different cations and are in good agreement with a number of known data
[12]. These changes can also be well registered experimentally by various methods, especially
by measurements on an atomic force microscope using the Kelvin probe method [74, 75] or
by using contact potential difference [76]. Surface potential can also be measured
experimentally by other known methods [7]. The further development the modeling and
calculation part of the proposed approach is necessary in order to adequately take into account
the sizes of the experimental samples and areas of their surface inhomogeneities, the sizes of
the changes in the surface relief and variations in composition.

This is especially important if we consider the changes that arise from the addition and
removal of just one Ca atom in the surface layer (see data in Table 3), which immediately
reveals noticeable shifts A® in the ®. Due to space limitations, we do not present detailed
images of the atomistic models and potential profiles for this DFT calculation here; we
provide only the most basic characteristics and their changes (in Table 3).

Table 3. Calculated changes in the energy parameters of the surface layer of HAP at the
boundary with vacuum upon removal and addition of one Ca atom in a column with atom Ca
# 30 along the z axis

Simulated structures
parameters and energies | with a transition transition layer — transition layer —
laver at 7 > 70 = 5.2 A when 1 of Ca-30 atom | when 1 atom of Ca-81
y 0= is removed is added
Optimized calculation of All atoms are fixed in| All atoms are fixed in | All atoms are fixed in
the HAP layer near the the depth at the depth at the depth at
surface with a vacuum 2<20=52A 7<2=52A 7<20=52A
Evac, 6V 5.6816 5.8966 5.8415
O = Evac — Ef, €V 4.0236 4.4042 2.2970
AD, eV 0 + 0.3806 —1.7266
W = Eyac — Ev, €V 4510 5.14637 4.28758
AW, eV 0 + 0.6366 -0.2222
U = Evac/(e-Ge), mV (e = 80) ~71.0203 —73.7072 ~73.0185

Here, it is immediately evident that there are noticeable changes A® in the work function
of opposite signs: = + 0.38 eV upon removal of 1 Ca atom, and A® = -1.72 eV upon addition
of 1 Ca atom. There are also differences in the magnitude of the electrical potential U. This
approach models the presence of "valleys™ ("pits" or “sockets”) and "protrusions” ("hills™) on
the surface of the HAP coating and, thus, demonstrates its surface roughness [7]. In this case,
with a difference in the positions of Ca atoms along the z axis of about ~7 A, the roughness
parameter can be estimated as Ra ~ 0.7 nm. This is, of course, very small compared to known
roughness values for known HAP coatings Ra ~ 1-5 um [7]. However, this model is still at the
atomic nanoscale; with an increase in the scale of the model, one can expect to obtain values
of these parameters that are closer to the experiment.

It is important to note that already at this atomistic nanoscale level of modeling, we obtain
results that are qualitatively consistent with the experimentally observed data on changes in
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the electron work function and electrical potential of the HAP surface when the chemical
composition and relief of the modified HAP coating on the implant change.

CONCLUSION

Calculations using DFT methods based on an extended HAP supercell model with a
vacuum layer enabled us, for the first time, to accurately and directly calculate the electron
work function from first principles and estimate the surface electric potential for such a
layered HAP-coating-vacuum model. We also calculated the change in the electron work
function upon introducing a series of Me/Ca cation substitutions (Me = Mg, Mn, Sr, Se) into
the structure of a modified cation-substituted Me-HAP implant coating based on the
developed Me-HAP-vacuum model. We also estimated the change in the work function and
surface electric potential of HAP with changes in the surface topography. This makes it
possible to estimate the change in surface electric potential, and opens the way for targeted
modeling of such structures and the search for experimentally synthesized HAP-based
coatings with various cation substitutions and topography changes that can more actively
adhere to bone tissue cells. Thus, it becomes possible to regulate and control the magnitude of
the electrical potential on the surface of HAP-coatings to improve bone cell adhesion and
proliferation, thereby enhancing bone tissue growth on an implant coated with this modified
HAP material. Further development of this approach requires more detailed and extensive
modeling of the structural features of the surface layers of HAP coatings with different types
of cationic substitutions and concentrations, as well as with various changes in their
topography.

The study was supported by a grant from the Russian Science Foundation No. 25-43-10027,
https://rscf.ru/project/25-43-10027/.
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