Pre prints.org

Article Not peer-reviewed version

Effect of Mn Substitution on Structural
Features and Properties of
Hydroxyapatite

Vladimir Sergeevich Bystrov , Ekaterina Vladimirovna Paramonova , Leon Aleksandrovich Avakyan,
Svetlana Vitaljevna Makarova , Natalia Vasilievna Bulina

Posted Date: 25 January 2024

doi: 10.20944/preprints202401.1800v1

Keywords: hydroxyapatite; manganese substitution; density functional theory; lattice parameters; formation
energy; mechanochemical synthesis; energy band levels; band gap

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2259024
https://sciprofiles.com/profile/3140125
https://sciprofiles.com/profile/1818568
https://sciprofiles.com/profile/970648

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2024 doi:10.20944/preprints202401.1800.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Effect of Mn Substitution on Structural Features and
Properties of Hydroxyapatite

Vladimir S. Bystrov *, Ekaterina V. Paramonova !, Leon A. Avakyan 2, Svetlana V. Makarova 3
and Natalia V. Bulina 3

1 Institute of Mathematical Problems of Biology - Branch of Keldysh Institute of Applied Mathematics, Russian Academy
of Sciences, 142290 Pushchino, Russia; vsbys@mail.ru (V.B.); ekatpll@gmail.com (E.P.);

2 Physics Faculty, Southern Federal University, Rostov-on-Don 344090, Russia; laavakyan@sfdeu.ru(L.A.);

3 Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch, RAS, Novosibirsk, 630090 Russia;

makarova@solid.nsc.ru (S.M.); bulina@solid.nsc.ru (N.B.);

Correspondence: vsbys@mail.ru (V.B.); bystrov@impb.ru (V.B.)

Abstract: Hydroxyapatite (HAP) is the mineral component of bones tissue and mainly used in medicine for the
bone tissue restoration. The crystal structure of HAP is quite flexible and easily integrates various ions into it.
This significantly affects many HAP properties. One of the important cation substituents is manganese (Mn).
This paper presents the new results obtained by high-precision density functional theory calculations using
hybrid functionals, for studies of the Mn/Ca substitutions in HAP-Mn in a various manganese amount. The
experimental data on the HAP-Mn samples obtained using the mechanochemical synthesis with different Mn
quantities are also presented. The comparison of the computed and experimentally measured data shown good
agreement: the unit cell parameters and volume decrease with increasing of Mn/Ca substitution. These results
are similar as recently obtained for Mg/Ca substitutions in HAP-Mg [25]. However, a significant difference in
the change of electronic and optical properties has been established here with the introduction of Mn into HAP
in compare with Mg. It is shown that new electronic energy levels appear inside the band gap Eg of HAP-Mn,
while in HAP-Mg not any energy levels inside band gap, only Eg change width was observed. Moreover,
depending on the Mn concentration and change the photo-excitation energy of HAP, making its effective value
Eg* less than the band gap Eg in the initial pure HAP, and generally changing the photo-electronic properties of
HAP. In addition, HAP-Mn exhibits an important magnetic properties proportional to the amount of the
introduced Mn, which is not observed in HAP-Mg.. It was established that the formation energy of the
substitutions Mn/Ca depend on the Ca position (Cal or Ca2) and on the Mn concentration. It has been shown
that the replacement of Ca with Mn occurs predominantly at the Ca2 position.

Keywords: hydroxyapatite; manganese substitution; density functional theory; lattice parameters; formation
energy; mechanochemical synthesis; energy band levels; band gap

1. Introduction

Hydroxyapatite (Ca1(POs)s(OH)2, HAP) is a widely used multifunctional biomaterial for various
medical applications [1-5], it has natural biocompatibility with bone tissues of the human body, due
to the fact that it is the main mineral inorganic component of its bones and teeth [3,4]. In addition,
HAP is used in other areas: environmental purification, catalysis, photoluminescence,
chromatography, drug delivery and others [3-7]. However, its main and most important applications
are in orthopedics, traumatology and surgery, as a filler and coating for bone implants [1,6-8]. It is
well known that biological bone HAP distinguishes from synthetic compounds in its stoichiometric
differences and the presence of a large number of impurity ions and ionic groups [4-12]. Moreover,
the crystal structure of HAP itself allows a wide range of different substitutions, which affect all the
properties of the material - from its mechanical to the antimicrobial properties [8-14]. Therefore, to
achieve the desired effects and better biocompatibility, it is extremely important to correctly select
the used substituents. Among the many known ions that influence the properties of HAP, manganese
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(Mn) ions have long attracted the attention of researchers to be incorporated into various HAP-based
bioceramics due to their positive therapeutic effects [14-18].

Manganese is one of the most important microelements for human health, which is present in
very small quantities (about 50 ppm) in the mineral phase of bone tissue. Interestingly, this is also
one of the elements found in natural bioapatites of igneous origin. Manganese contributes to normal
bone growth, bone metabolism and the body's ongoing process of bone remodeling. The presence of
manganese in the structure of HAP can change the adhesion of bone cells to the implant material,
which promotes the activation and proliferation of bone cells - osteoblasts [13,14]. Manganese can
cause changes in the mineralogical structure, physical properties, reactivity and solubility of HAP,
and also, due to its spin properties, affects the magnetic properties of the substance [19].

The incorporation of Mn into the crystal structure of HAP has been studied by many different
experimental and theoretical methods, including studies on the possible preferences of positions of
the Ca atom for substitution by the Mn atom [14-22]. It is known that calcium can occupy two
different positions in the structure of HAP: Cal and Ca2 [9]. This is important both for the synthesis
of Mn-substituted HAP (HAP-Mn) and for its various applications. Here it is necessary to correctly
understand the mechanisms of Mn incorporation into the structure of HAP, as well as the resulting
structural changes in the crystal lattice of HAP. To solve such problems, modern theoretical methods,
modeling methods and calculations from first principles are also used, including methods of density
functional theory (DFT) [23-29].

The purpose of this work is precisely to study the influence of manganese on the structural
features and properties of HAP both by theoretical methods, using high-precision DFT methods with
hybrid functional [30-34] and experimentally, using the mechanochemical synthesis method [35-38].
The obtained experimental and theoretical results are analyzed and compared with a gradual change
in different concentrations of replacement of calcium cations with manganese cations. The results of
these studies are very important for practical implantology and bone tissue engineering.

2. Materials, models and methods
2.1. Experimental part: Synthesis of Mn-substituted HAP

The synthesis of HAP-Mn samples was carried out using the mechanochemical method [35-38]
similarly to HAP-Mg samples synthesis as in [25], where are all detailed information about one. The
starting components for the synthesis of HAP-Mn were chemically pure reagents: anhydrous calcium
hydrogen orthophosphate CaHPOs (pure grade), freshly calcined calcium oxide CaO (pure grade)
and manganese (II) dihydrogen phosphate dihydrate Mn(H2PO4)2-2H20 (pure grade). The starting
components were used in stoichiometric ratios, based on the relation between of the calcium cations
are replacing magnesium cations according to the following reaction:

(6~2x)CaHPO:s + (4+x)CaO + xMn(H2PO:)2-2H20 — Cao-Mnx(PO1)s(OH)2 + nH20 (1)

where x =0, 0.125, 0.25, 0.5, 0.75, 1.0.

Samples are labeled as “xMn”, where x corresponds to the concentration of the substituted
calcium atoms in the chemical formula of HAP (reffered to one unit cell).

Diffraction patterns of the obtained samples were recorded on a Bruker D8 Advance
diffractometer in the Bragg-Brentano geometry with CuKa-radiation. X-ray diffraction analysis of the
compounds was carried out using the ICDD PDF-4 powder X-ray diffraction database (2011).
Refinement of the structural characteristics of the HAP phase, such as the parameters of the unit cell
(a2 and ¢) and its volume (V), was carried out using the Rietveld method in the Topas 4.2 program
(Bruker, Germany).

2.2. Computational and modeling part

In this work, we applied a previously developed computational approach for two-steps high-
precision DFT calculations [24,25,30-34] on the HAP model of one unit cell and supercell. The
computational methodology is based on the Perdew, Burke, Ernzerhof (PBE) functional in the
generalized gradient approximation (GGA) [39] (at the 1st step) and the hybrid exchange-correlation
functional Heyd, Scuseria, Ernzerhof (HSE, HSE06) [40,41] (at the 2nd step).

doi:10.20944/preprints202401.1800.v1
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All performed DFT calculations with the specified functionals were carried out using the
QUANTUM ESPRESSO package [42] based on the optimized norm-conserved (ONCV) DFT
pseudopotentials [43,44].

The computational details of these our DFT calculations are fully described in [25]. Recently
we used this our method to calculate the substitution of Mg cations in the HAP supercell model [25]
(this basic model is shown in Figure 1, cited from [25]). In this work, we carry out similar
calculations, but for another ion important for cationic substitutions in HAP - for the manganese ion
(Mn). And we specifically compare the results of these DFT calculations for the cases of two different
cations, obtained by the same methods - to show their difference in results.

2.3. Basic models of calculated HAP-Mn structures

In this work, we consider substitutions associated with manganese ions Mn/Ca. For numerical
studies, we used a 2x2x2 orthogonal HAP super-cell containing 8 unit cells (containing 44 atoms),
which corresponds totally to 352 atoms. One unit cell of the HAP structure has 10 Ca cations located
in two different positions: 4 cations are in the Cal position and 6 cations are in the Ca2 position [9].
The super-cell model contains 80 Ca atoms: 32 Ca cations in the Cal position and 48 Ca cations in
the Ca2 position (Figure 1). For clarity, the supercell model is presented in such a way, that two OH-
channels are at its center. For the model of unsubstituted HAP, the following parameters of the HAP
cell were used (for a super-cell and in terms of one unit cell) [16,17]: a =b = 18.962 A/2=9.481 A and
c=13717 A/2=6.8585 A.

The degree of substitution was determined based on the reaction (1) in the unit cell of HAP in the
following form: : CawxMnx(PO4)s(OH)2 . This means that at x = 1 in the unit cell, only 1 Ca atom out
of 10 available atoms is substituted by a Mn atom. For a 2x2x2 super-cell consisting of 8 unit cells,
these values should be multiplied by 8, and 8 calcium atoms will be replaced by Mn at x = 1. The
substituted structure of HAP-Mn was modeled by replacing Ca atoms with Mn atoms in the Cal and
Caz2 positions in different quantities in the super-cell: nMn/Cal, nMn/Ca2, wheren=1, 2, 4, 6, 8. This
was done in the same way as in work [25].

= [(H-Ca1)
— r(0-Ca2)

Figure 1. The HAP super-cell model (from 352 atoms) and its relation to the model of a hexagonal
unit cell (44 atoms, black thick lines outlined), Z axis view. The two types of calcium positions are
shown: Cal (green circle) and Ca2 (blue circle line). Colour notation: light blue — Ca, red — O, brown
— P, white — H atoms. Cited from article [25].

3. Results and discussion

3.1. Experimental results
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Figure 2 presents XRD patterns of the samples synthesized with the addition of manganese in
different concentrations according to reaction (1). The figure shows that all substances have an
identical diffraction profile containing reflections characteristic of the HAP phase (PDF 01-76-0694).
Consequently, all the initial reagents reacted during mechanical treatment to form the Mn-
substituted HAP phase.

The presence of a manganese cation in the structure of HAP is also confirmed by a decrease in
the parameters of the unit cell and its volume with an increase in the concentration of manganese
introduced into the reaction medium (Table 1). The observed dynamics are consistent with the change
in ionic radii during the substitution under consideration: r(Ca2+) =1.00 A, r(Mn2+) =0.89 A.

Intensity

10 15 20 25 30 35 40 45 50 55 60 65
20 (dergees)

Figure 2. XRD patterns of samples synthesized with the introduction of different concentrations of
the introduced manganese (x).

Table 1. Unit cell parameters of the HAP phase in samples synthesized with the introduction of
different concentrations of manganese.

COI‘I;ZI:;;?tIOn a0 A o A VA
0 9.437(2) 6.894(1) 530.7(2)
0.25 9.434(2) 6.882(1) 530.5(2)
0.5 9.429(2) 6.871(1) 529.1(2)
1 9.420(2) 6.847(1) 526.1(2)

3.2. Results of DFT calculations

3.2.1. Changing unit cell parameters

Figure 3 presents the results obained by the DFT calculations of the HAP-Mn unit cell
parameters and the volume, in which atoms in the Cal and Ca2 positions are replaced by manganese
atoms in various concentration x(Mn) after relaxation of the HAP-Mn structure to its equilibrium
state during performed DFT optimization. It is clearly seen that the introduction of manganese into
the crystal lattice of HAP-Mn leads to a decrease in the unit cell parameters (Fig. 3a) and to the
common compression of the unit cell volume (Fig. 3b). These results generally correspond to the
known literature data («Mn_expl» [45]) and are also confirmed by our own experimental data
(«Mn_exp2», Fig.3a, 3b). At the same time, DFT calculations show that there is also the occurrence of
inequality of cell parameters a and b. This results in the loss of the original hexagonal symmetry of
the HAP (P63 group), where a = b. This effect is similar to the Mg/Ca substitutions previously found
in [25]. Note that such an insignificant difference in the unit cell parameters for insufficiently
crystallized samples is currently impossible to experimentally detect. Moreover, when magnesium is
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localized in statistically random positions of the crystal lattice, these effects “blur”, which complicates
their identification. In our experimental data presented here, there is a mixed effect of finding Mn/Ca
substitutions in both positions Cal and Ca2, but in different ratios, which contribute to the overall
total measurement result and, therefore, cannot be distinguished.

—=—a(MnCal) -O-b(MnCal) —O-c(MnCal)
aA —e—a(MnCa2) -O-b(MnCa2) —-O-c(Mnca2) | D:A © A
9.56 --#--a (Mn_exp1) - b (Mn_exp1) -<O--¢ (Mn_exp1) 9,56 — - 6.92 -” -
i =% a (Mn_exp2 -Q:b Mn_exp2) ~¢-c (Mn_exp2 I :_ 634 —-—Vo:ume, MnCa1
E (-
9.54 T o] 890 g Volume, MnCa2
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~ 3
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Figure 3. Changes in the parameters (a) and volume (b) of the hexagonal cell of HAP at different
concentrations x(Mn) of Mn/Ca substitution in the Cal and Ca2 positions in comparison with
experimental data (Mn_exp1 - data from [45]; Mn_exp2 - experimental results of this work).

More noticeable differences between parameters a and b are observed here in the region of low
concentrations (x < 0.5) for the Mn/Cal and Mn/Ca2 substitutions (Fig. 3a). In the concentration range
1.0 > x > 0.5, there is a noticeable change in the behavior of the calculated parameter c - it increases
slightly here. However, in this case, a more noticeable decrease in the calculated parameters a and b
occurs, so that as a result, the cell volume continues to decrease proportionally (Fig. 3b). At the same
time, the difference between the parameters for the Mn/Cal and Mn/Ca2 substitutions increases, so
that parameters 2 and b for the Mn/Cal substitutions decrease more noticeably. As a result, the cell
volume for Mn/Cal becomes smaller than the cell volume for Mn/Ca2 substitutions (Fig. 3b).

At the same time, experimental data show a smoother behavior - a gradual regular decrease in
cell parameters. Although, according to the data of work [45], for the region x = 1 parameter c
experiences some relative slowdown in such a decrease.

In general, increasingly large differences in the distances between the atoms of the crystal
structure of HAP are noticeable for the Mn/Cal and Mn/Ca2 substitutions; shifts and symmetry
violations appear, especially more pronounced for the case of Mn/Ca2 substitutions (in the Ca2
position) and near the OH channel axis (Fig. 4). The observed distortions are similar to those
occurring when calcium is replaced by magnesium Mg/Ca2 in HAP at Ca2 position [25]. In this case,
the case of Mn/Cal substitutions is characterized by the development of stronger bonds with oxygen
ions of the surrounding POs groups and a corresponding more significant compression in these areas.
All these structural characteristic effects were also noted in cases of calcium substitution with
magnesium Mg/Ca in HAP [25].
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Figure 4. Change in distances between atoms of the HAP lattice with increasing concentration x(Mn)
with gradual relaxation of atoms in the computational process of DFT optimization of the HAP crystal
lattice (indicated by an arrow) using the example of the calculation case for substitutions 8Mn/Cal
and 8Mn/Ca2 (n =8, x = 1). One can see a characteristic symmetry distortion near the OH channel axis
for the case of Mn/Ca2 substitutions compared to Mn/Cal. The manganese atom is colored magenta.

At the same time, in the case of the replacement of calcium with manganese Mn/Ca in HAP, a
significant difference arises compared to the replacement of calcium with magnesium Mg/Ca [25],
associated with the appearance here of additional new energy levels Ei within the original band gap
Eg and in the corresponding change in the system of all electronic levels energies of the band structure
of HAP. In the case of Mg/Ca substitutions in HAP, there are no such energy levels Ei and only a
change in the HAP band gap Eg occurs.

3.2.2. Changes in the energy levels of electronic states of the band structure of HAP

In the case of Mn/Ca substitutions, significant changes occur in the energy band structure of
HAP, since additional local energy levels Ei of electronic states appear inside the band gap Eg [24,29].
They appear immediately as soon as only one Mn/Ca ion is replaced in the HAP cell. Then, gradually,
with an increase in x(Mn) and the number of substituting Mn atoms in the HAP cell, the number of
additional energy levels increases, and these changes shift the entire system of electronic energy
levels, thereby changing all the optical, electronic and luminescent properties of HAP-Mn.

Characteristic changes in electronic energy Ei levels for the case of HSE calculation (at the first
step of calculations after PBE optimization) are shown in Fig. 5. It can be seen that the photoexcitation
energy Eg* levels for the case of nMn/Ca2 are lower than for nMn/Cal. On average, the level of Eg*
~4.8eV (at Eg ~ 7.3 eV) for nMn/Ca2 substitutions, while for nMn/Cal we have Eg* ~ 5.4 eV (at Eg ~
7.4 eV).
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Figure 5. Change in band structure electronic energy Ei levels of HAP with x(Mn) increasing:

a) with nMn/Cal substitutions; b) with nMn/Ca2 substitutions. Here Eg = Ec — Ev, Eg* = Ec - Eil, AFEi
= Eil -E12 — a band of energy levels that appears within the range of the initial Eg and the changes
with increasing x(Mn); Eil and Ei2 are the upper and lower edges of the energy levels of the additional
energy levels AEi band.

Moreover, all energy levels depend on the changes in the concentration of manganese x(Mn): at
low concentrations x = 0.1 - 0.5, the width of the AEi band changes little and has a value of the order
of AEi = 1.5 eV for Mn/Cal and AEi = 2 eV for Mn/Ca2 substitutions; but then at x = 0.75 there is a
maximum of AEi ~ 3 eV for both types of substitutions (Cal and Ca2), and at x = 1 there is a slight
decrease in this band to a value of AEi ~ 2 eV. As a result, corresponding changes will also occur in
the values of the photoionization energy Eg*.

Figure 6a shows characteristic changes in Eg and Eg* for both cases of substitution. Here, at low
concentrations x = 0.1 - 0.5, the values of Eg* ~ 5.5 eV for Mn/Cal substitutions and Eg* < 5.0 eV for
Mn/Ca2 substitutions. Then at x = 0.75 there is a decrease and a minimum of Eg* ~ 4.5 eV is observed
with a slight rise at x = 1.0 for almost both types of substitutions.

Also in Figure 6b shows the change in magnetization with increasing manganese concentration.
Magnetization appears in a jump of 5 (Bohr mag)/cell when already 1 Mn ion is introduced into the
super-cell (substitution of one Ca ion out of 80 in the super-cell), and then increases linearly in
proportion to the number of substituting ions nMn/Ca in both calcium positions.
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Figure 6. Changes in the band gap Eg and effective Eg* corresponding to photoexcitation of electrons
(c) and the magnetization level of the HAP cell with increasing x(Mn) (d).

Inboth cases, when each Ca ion is replaced by a Mn ion, 5 new additional energy levels Ei appear
in the super-cell, so that for the calculated (using the HSE functional) substitutions at n = 8, each
super-cell already contains 40 energy levels Ei in the AEi bands (Fig. 5a and 5b). Each substituted Mn
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atom gives 5 (Bohr mag)/cell. At the considered values of substitution concentrations x(Mn),
magnetization does not saturate and its value reaches 40 (Bohr mag)/cell for both types of
substitutions (Fig. 6b).

In this case, there is also a proportional increase in the number of energy levels in the energy
band AEi = Eil - Ei2 for both types of substitutions, but with different values of these energy levels,
which is clearly visible in Fig. 7.

' 2Mn_Ca(l), HSE

6Mn_Ca(1), HSE 8Mn_Ca(1), HSE
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Figure 7. Change in the position and number of electronic energy levels Ei in cases of substitutions in
different positions nMn/Cal and nMn/Ca2 with increasing x(Mn) according to the results of HSE
calculations after PBE optimization of the HAP-Mn structure.

Note that these above magnetization values introduced by Mn atoms into the structure of HAP-
Mn refer only to the case of neutral charge Q = 0 of the Mn atom. In the case of Mn ions with other
charges Q = +1, +2 (Mn*!, Mn*?), magnetization values change. The DFT calculations performed
showed the dependence of the magnetization of the HAP-Mn structure on the charge Q (when
replacing one calcium atom with one manganese atom, in different positions of Cal and Ca?2). Table
2 shows these magnetization values.

Table 2. Dependence of magnetization (Bohr mag/cell) on charge Q when replacing one calcium atom
with Mn in the Cal and Ca2 positions.

Charge Q Mn/Cal Mn/Ca2
0 5.00 5.00
1 4.00 4.01
2 3.00 4.00

The highest expected value of magnetization is 5 Bohr magj/cell in the case of a neutral cell, that
is, replacing the Ca? ion with Mn?. With an increase in the charge of the ions (Mn¥*, Mn*), the
magnetization decreases to 4 or 3 Bohr mag/cell, and the latter value is observed only in the case of
replacement of Mn* in the Cal position.

3.2.2. Energy of formation of Mn/Ca substitutions

An important result of the high-precision DFT calculations is the determination of the
dependence of the formation energy of substitutions in the Cal and Ca2 positions on the
concentration x(Mn), which is shown below in Fig. 8.
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Figure 8. Dependence of the formation energy of Mn/Ca substitutions at different calcium positions
(nMn/Cal and nMn/Ca2) as a function of the concentration of manganese ions x(Mn).

This result is not only of theoretical significance, but also important for practical applications in
the synthesis of HAP-Mn with the required and desired concentration of manganese samples for the
preparation of coatings for bone implants.

The formation energy Ef of the substitution nMn/Ca at different values n of the amount of the
introduced Mn and at the different positions of calcium atoms (Cal and Ca2) is determined by the
following dependence, similar to work [25]:

Ei= Euot - Extar— n-[u(Mn) — p(Ca)], @)

where Enar is the total energy of the initial HAP, taken for the super-cell 2x2x2 = 8, which after the
HSE calculation has the value Enar = -180083.638 eV [25];

Eewot is the total energy of HAP-Mn, obtained after full DFT relaxation of the optimized super-cell
model with a number of replacements n of Ca atoms with Mn atoms (for different selected positions
of Ca atoms, nMn/Cal and nMn/Ca2); u(Mn) and p(Ca) are the chemical potentials of Mn and Ca ions
calculated, similarly as in [25]. Their values are follows: p(Mn) = -2706.004 eV and p(Ca) = -1003.756
eV; and their final difference: [p(Mn) - p(Ca)] =-1702.247 eV.

Values of the formation energy Ef is reduced to one formula unit (f.u.) of HAP-Mn, to compare
with related known data.. The 2x2x2 super-cell model used contains 8 HAP unit cells, each of which
includes2 f.u.. Therefore, the final energy values presented must be divided by the number of all f.u.,
which is 16. Figure 8 and in Table 3 shows the calculated behavior of Ef depending on the Mn
concentration at different substitution positions of Cal and Ca2. This dependence demonstrates an
ambiguous change in Er at different positions of substitutions. However, almost everywhere and
especially in the region of low concentrations x(Mn) = 0.1 — 0.5 the values are E(Cal) > E«(Ca2). That
is, replacing Mn in the Cal position requires more energy than replacing Mn in the Ca2 position.
Thus, substitution with Mn should occur predominantly at the Ca2 position. Note that this result also
corresponds to the experimental results obtained from recent EPR data [20,21].

Table 3. Energy values for the formation of Mn/Ca substitutions at different positions of Cal and Ca2
depending on the content of manganese ions in the unit cell of HAP-Mn (per 1 formula unit (fu) of
the chemical composition of HAP).

Ef¢/(nMn/Cal), Ef¢/(nMn/Ca2),
eV/fu. eV/fu.

Mn Content
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0 0 0 0
1 0.125 0.1396 0.1363
2 0.25 0.1371 0.12611
4 0.5 0.1348 0.1264
6 0.75 0.1345? 0.1279
8 1.0 0.1417 0.1277

1Tt is minimal value Et for Mn/Ca2; 2 It is minimal value Et for Mn/Cal.

In the case of charged ions Mn?, Mn* and Mn*, which also replace charged ions Ca?" - but
located in different positions Cal?* and Ca2?%, the energy of formation of such substitutions can be
calculated using formula (11) from [30] or a similar formula (1) from work [31].

The results of these calculations, taking into account the chemical potentials of charged ions, are
presented in Fig. 9.

3 " " " 1 " " " 1
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Fermi energy, eV

Figure 9. Dependence of the energies of formation of Mn/Ca substitutions in the case of charged states
of ions in different positions of Cal and Ca2 on the position of the Fermi level. The blue line is a
diagram for Cal positions, the red line is a diagram for substitution positions in Ca2.

From the results of these calculations, shown in Fig. 9, it is clear that the replacement of the
charged Mn? ion in the calcium position Ca2 (or Ca2*) has a formation energy that is ~ 0.05 eV less
than in the Cal (Cal*) position. Whereas substitutions of Mn* and, especially, Mn* ions in the Ca2
(Ca2%) position lead here formation energies greater than in the Cal (Cal?) position.

Thus, calcium substitutions with Mn* and Mn* ions are more likely in the Cal position, and
substitutions with Mn?* ions are more preferable at the Ca2 position.

4. Conclusions

High-precision hybrid DFT calculations using the super-cell model, performed in combination
with experimental studies of Mn/Ca substitutions in the HAP lattice, showed that the HAP-Mn unit
cell parameters and volume gradually decrease with an increase in the amount of the introduced
substitutions, that is in line with literature data [45] and similarly to Mg/Ca substitutions in HAP
[25]. It has been established that the behaviour of the formation energies of substitutions have an
ambiguous character , which depends on the position of the replaced Ca atom: Cal or Ca2. The
benefits of Mn/Ca substitution at different positions of Cal and Ca2 are different and depend on the
manganese concentration. In general, this work shows that the replacement of calcium cations with
manganese in HAP should occur predominantly in the Ca2 position, and here there is a minimum
energy E¢/(nMn/Ca2) for the formation of substitutions at the concentration x(Mn) ~ 0.25. When the
manganese concentration increases to x(Mn) ~ 0.75, a minimum formation energy E¢/(nMn/Cal) is
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observed for Mn substitution at the Cal position. But, this minimum is still higher than E¢/(nMn/Ca2),
that is, the advantage of substitution in the Ca2 position remains. These data were also confirmed by
recent studies using EPR methods [20,21]. These results should be taken into account when
synthesizing HAP-Mn samples, since it affects the properties of the HAP-Mn material used in the
manufacture of bone implants.

Another important result is also the presence of a dependence of additional electronic energy
levels that appear in the band gap of HAP upon the introduction of Mn ions on its substituent
concentration. This gradually changes all the optical and photoelectronic properties of HAP. It is
shown that new electronic energy levels appear inside the band gap Eg of HAP-Mn, immediately
upon introduction of just one Mn atom,  while in HAP-Mg not any energy levels inside band gap,
only Eg change width was observed [25]. Moreover, depending on the Mn concentration and change
the photo-excitation energy of HAP, making its effective value Eg* less than the band gap Eg in the
initial pure HAP, and generally changing the photo-electronic properties of HAP.

This also changes the work function of the electron ¢ (since in HAP ¢ ~ Eg* in this case [23,24]),
which in turn changes the surface electrical potential of the HAP material [29]. And this is important
for the biocompatibility of an implant made of such a HAP-Mn material with bone tissue, which here
depends on the concentration of the introduced substituent. All this is also important and promising
for the development of further applications of HAP-Mn in other areas, such as photocatalysis [31,32]
and photoluminescence [5].

Also important is the new information obtained in this work regarding the magnetic
properties introduced by manganese into HAP when it is introduced into HAP-Mn, that also differs
sharply in physical properties from the introduced Mg [25], which itself does not have and does not
create such magnetic properties in HAP. Each substituted Mn atom gives 5 (Bohr mag)/cell
magnetization. At the considered values of substitution concentrations up to x(Mn) = 1.0, that
correspond to amount n = 8 of Mn atoms, magnetization does not saturate and its value reaches 40
(Bohr mag)/cell for both types of substitutions. These questions still require further study. But it is
possible that HAP-Mn may be a promising material for potential applications as agents in magnetic
resonance imaging [46], thermal centers for magnetic hyperthermia [47] and in targeted drug delivery
systems [48], similar to iron-doped HAP materials (Fe-HAp), which also has magnetic properties
[33,49].

The information obtained on the structural and energetic properties is important for
understanding the mechanisms of interaction of the HAP-Mn material with living bone tissue when
used as a coating for a bone implant and in other bone engineering methods in surgery and dentistry.
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