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HAHOPO3MIPHICTIO, BIOTEHHUM YNHHHUKOM I
I3OMOP®PHUMMU 3AMIIIEHHAMMN KAJBIIIO 3D-METAJIAMHAX
SJEKTPOHHOE CTPOEHME M CBOMCTBA AITATUTOIIOJOBHBIX
CTPYKTYP HA OCHOBE KAJIBIIUSA, THULIMUUPOBAHHBIE
HAHOPAZMEPHOCTBIO, BMOTEHHBIMHU ®PAKTOPAMHU N
N30MOP®HBIM 3AMEINEHUEM KAJIBIIUA 3D-METAJIJIAMUA

Summary. Calcium apatites due to their physicochemical properties,
high biological activity deservedly attract special attention not only in view of
purely scientific interest, but also in connection with the use of drugs
synthesized on their basis. in practical traumatology. dentistry, i.e. in those
areas of medicine that are relevant to the treatment and restoration of bone
tissue. As a rule, the basic elements are samples of nanometric dimensions.
Electronic properties, features of chemical bond, structural parameters
demonstrate high sensitivity to size reduction. In this paper, the nature of
chemical bond, redistribution of electron density in energy and real space,
isomorphically substituted hydroxyapatites based on calcium are studied with
the complex application of such methods as photoelectron and X-ray
spectroscopy, nuclear magnetic resonance, atomic force spectroscopy.

Key words: calcium apatites, isomorphic substitution, chemical bond,

electronic spectrum, density of states.

Anomauia. Kanvyicei anamumu 3a605Ku c80imM  Qi3UKO-XIMIUHUM
BIACMUBOCAM,  BUCOKIU  OIONOCIYHIUL ~ AKMUBHOCMI — YIIKOM — 3AC/IYHCEHO
npusepmaroms 0coOIU8y y6az2y He MINbKU 3 027180y HA YUCMO HAYKOBUU
inmepec, ane i 8 38'4A3K)y i3 3ACMOCYBAHHAM NPenapamis, CUHME3068aHUX HA iX
OCHOGI. Y NPAKMUYHIU MpasMamoJioeii. cmomamonoeii, moomo y mux 2any3ax
MeOuyuHu, AKi Maoms GIOHOWEHHs 00 NIKY8AHHS MA GIOHOBIEHHS KiCMKOBUX
mKanun. Ak npasuno, 6azoeum eremenmom € 3pa3Ku HAHOMEMPUUHUX POIMIPIS.

Enexmpounni  éracmusocmi, ocobausocmi XiMiuH0o20 38'3KY, CMPYKMYPHI
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napamempu 0eMOHCMPYIOMb BUCOKY YYMIUBICMb w000 pedyKyii po3mipie. B
Oauiti pobomi i3 KOMNAEKCHUM 3ACMOCY8AHHAM MAKUX Memoois, 5K
gomoenekmpoHHa I pPeHmeeHiBCbKA CHEeKMPOCKONis, S0epHUll MASHIMHULL
PE30HAHC, AMOMHO-CUNO8A CHEKMPOCKONIA BUBUAEMbCA NpUpooa XiMiuHO20
38'53Ky, nepeposnodin eieKmpoHHOT SYCMUHU 68 eHePeeMUYHOMY Mda PearbHOM)
npoCmopi, i30MopghHO 3aminyeHux 2i0poKcoanamumis Ha OCHOBI Kabyilo.
Knrwuoei cnosa: xanvyicsi anamumu, i3omMopgue 3amiujeHus, XiMivHUl

38'5130K, e1IeKMPOHHUL CNEeKMp, 2YCMUHA CIAHIE.

Annomayua. Kanvyuegvie anamumul 6Onazooaps ceoum Quauxo-
XUMUYECKUM CBOUCMBAM, BbICOKOU OUOI02UYECKOU aKMUBHOCMU 6NOJIHE
3ACTYIHCEHHO NPUBLEKAIOM 0C000e HUMAHUE He MOJbKO U3-3d YUCMO HAYYHO2O
unmepeca, Ho U 8 C653U ¢ NPUMEHEHUeM NPenapamos, CUHMe3UPOBAHHBIX HA UX
OCHOBE. 8 NPAKMUYECKOU MPABMAMOI02UU. CIMOMAMONI02UU, MO eClb 8 Mmex
obnacmsax MeOuyuHvl, KOMOpble UMelom OMHOUEHUEe K JIeYeHUIo U
80CCMAHOGNEHUsL KOCMHbIX mKaHell. Kax npaeuno, 0a308bim 31eMeHMOM
ABNAIOMCSL 00PA3YbL HAHOMEMPUHECKUX pPA3ZMepos. DIeKMPOHHble CBOUCMEd,
ocobenHocmu XUMUYECKOU ces3, CMpPYKMypHbvle napamempui
OeMOHCIPUPYIOM  8bICOKYIO UYBCMBUMENIbHOCMb K pedyKyuu pasmepos. B
OaHHOU pabome ¢ KOMNIJIEKCHbIM HNPUMEHEHUeM MAaKux Memooos, Kak
DOMOINIEKMPOHHASL U PEHMEEHOBCKASL CHEKMPOCKONUS, S0EPHbIll MACHUMHbIL
PE30HAHC, AMOMHO-CUNOBASL CNEKMPOCKONUSL U3YUAemCsl NPUPoOd XUMUUECKOUL
ces3u, nepepacnpeoeenue NeKMPOHHOU NIOMHOCMU 8 IHEPSeMUUeCKOM U
PEANbHOM NPOCMPAHCIEE, UBOMOPOHO 3AMEUWEHHBIX 2UOPOKCOANAMUMUE HA
OCHOB€ KATIbYUSL.

Knrouesvie cnosa: ranvyuegvle anamumvl, U30MOp@HOEe 3ameujeHue,

Xumudeckas Ce430b, 3JZ€Kmp0HHblL7 cnekmp, njilomHocnis COCMOSIHUIL.

Introduction. The problems of environmental safety and human health,

extending life expectancy and vital necessity to spread human civilization
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beyond the our planet have become the main challenge for humanity at the
beginning of the current millennium. In this context one of the most
fundamental tasks is to research and develop technologies for creation and
production of materials promising with point of view their biomedical and
environmental applications. Concerning the level of publications and scale of
undertaken in the area research apatite and apatite compounds occupy one of the
most notable place.

Natural minerals and synthetic compounds with apatite type structure
form a wide variety of chemical systems, namely Mo (XO4)sY> Where M = Ca,
Sr, Ba, Pb; X =P, V; Y = OH, F, Cl. The high tolerance to living tissue, along
with the peculiarities of electron and crystalline structure of apatite-like
compounds, determine their direct impact on technical, environmental and
biological applications. Materials based on apatite-like compounds are already
being used in a number of computer devices, for creation of quantum generators,
in the field of communication means, power engineering, nanomedicine,
nanobionics,etc.

One of the wide used methods to control the physical and chemical
properties of a substance is isomorphic substitution. Targeted synthesis of
compounds with the demanded and reproducible properties requires knowledge
of the electronic structure formation regularities, in their dependence on
composition, technological conditions of synthesis, changes in the dimensions
and elements topology. It is necessary to add that relationship between the
composition features and chemical and electron structure have to be taken in
account in order to realize the above mentioned purposes.

It is quite clear that understanding of nanostructures organization can not
be complete and settled without the extensive use of new physical methods to
study substances of interest and wide applications of quantum mechanical
treatment of their electronic structure and properties. In this work in order to

correct and unambiguous interpret the obtained experimental results a
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comprehensive approach has been applied. It consists in combined use of
advanced methods to investigate electron structure, surface morphology and
physical properties.

As it is well known a reduction of substances to the nanometer scale leads
to appearance of new properties different from ones that correspond to both
atoms and condensed matter state. To date, the noted change in these properties
is clearly expressed among others for apatite and apatite-like compounds of
nanoscale size. The most expected progress of such substances applications is
directly related to nano-size apatite samples investigations. Accordingly to a
number of reviews calcium hydroxoapatite turns out effective material to
produce medicines for fractures treatment or bone tissues defects. Thus studies
of physical and chemical properties of apatite with biogenic nature become not
only very interested but also vital necessary.

Here are represented main results of investigations of minerals and
synthetic compounds with structural type of Caj;o(PO4)s(OH), by X-ray
photoelectron spectroscopy, X-ray spectroscopy, nuclear magnetic resonance
high-vacuum microscopy of atomic forcesmethods applying.

1. Electron structure of isomorphically substituted apatites and
morphology of calcium hydroxapatite.

As it follows from numerous references the isomorphic substitutions
allow to significantly affect the physical properties of apatites. The study of
crystal ensembles modificated by this treatment gives information about the
nature of acting forces, the impurities distribution and their localization as well
as mechanisms of influence of determined structural changes on the solid state
systems significant properties. In this context research of chemical bonds
specificity and electron states peculiarities of apatite-like compounds due to
their decisive impact on physical properties become not only important but also

really urgent.
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The results of studies of calcium apatite electronic structure reconstruction
due to the isomorphic replacement of calcium ions by nickel ions, and the results
of the practical applications based on nanodispersed calcium apatites set
properties arouse growing interest to them in terms of generally accepted
medical practices. The therapy efficiency is not least associated with
peculiarities of physical and chemical processes of above mentioned compounds
accumulation by apatite-containing bone tissues of living organisms including
humans.

Our dates show that the Kp2,5 spectra of calcium contained in
stoichiometric hydroxoapatite and the same spectra relative to hydroxoapatite
with various levels of isomorphic substitution of calcium by 3d metals has
manifested considerable similarity of spectra nearly the main maximum and

significant discrepancy in the long-wavelengh region. This fact can be explained

by strengthening of 7% oxygen matrix chemical bond with metall atoms and
weakening the Ca(Ni)—O—Ca(Ni) bodns along the hexagonal axis.

In calcium hydroxapatite isomorphic substitution of calcium ions by ones
of 3d-metal, namely magnesium, and strontium modifies insignificantly the
structure of the valence band occupied part. This energy region preserves a
pronounced band character with different widths of individual subbands, that is
the upper part of the valence band and the lower part of the same band. The
dominant contribution to the main features of the valence band upper part
formulation is associated with the hybridized s-, p-, and partially d-electron
states of the metal and phosphorus ions. The structure of the subvalent states is
determined by the s-states of oxygen and phosphorus (See Fig. 1).

The form of the main maximum of the K-band of calcium is mainly
determined by the features of F and G, which are formed by the d- and p-states
of calcium and the short-wave maximum of H, which is mainly related to the
manifestation of the p-states of oxygen and d-states of calcium (Fig. 1). The

splitting of the K-band main maximum of calcium in HAP takes place due to
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presence of two, namely, Ca(1) and Ca(2), its crystallographic positions. As for
as the F and G bands of complete density of states their general features are
formed by p-states of oxygen. mainly. Beside it the hybridization of the p-, d-
states of calcium and the p-states of phosphorus and oxygen contribute to form

of the G-band some significant peculiarities.
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Fig. 1. The X-ray spectra of isomorphically substituted hydroxoapatite (HAP) combined

on a single energy scale and complete densities of states

For isomorphic substitution of calcium ions by nickel simultaneous
increase in binding energy from both O1s and core levels of calcium has been
observed. This fact points out that as for as complete balance in chemical bonds
covalent component plays dominant role. In the same time the isomorphic
substitution of calcium ions by atoms of 3d metal, namely, magnesium or
strontium, in the all apatite structures for a wide dopant concentration range
leads to a decrease of electron density in calcium and oxygen atoms that maybe
can indicate on increase in the covalent component proportion in the total
balance of the chemical bond.

Beside it effects in the evolution of valence bands and charge states of
atoms due to type and level of stoichiometric HAP matrix doping by the 3d
metals, magnesium and strontium, are determined. Undertaken correlation in

positions and shape of spectral lines with experimental data and results of
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numerical evaluations indicates the predominant of dopant ions implantation in
apatite structure instead of Ca(2). The oxygen tetrahedra sublatice, as well as in
stoichiometric apatite, plays leading role in providing observed form and
features of the complete electron states density in isomorphically substituted

calcium apatites.
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Fig. 2. Morphology of nanodispersedhydroxapatite morphology

One of the important factors affecting the inherent properties of a substance
Is its structural state. In this work, we obtained nanodispersed calcium apatite
with a specific surface area about 500m2 / g by applying the method of sol-gel.
The morphology of synthesized samples of calcium nanodispersed apatite was
investigated by the method of high vacuum probe microscopy of atomic forces
with atomic resolution (Fig. 2). It is found that the average particle size is ~ 40
nm and one can also observe well pronounced characteristic shape and tendency
to needle texture of apatite particles formation.
2. Sorption capacity of hydroxoapatite based on *Sr
We have found the high sorption capacity of *°Sr and water molecules in
relation to the nanodispersed calcium apatite. We suppose that small particle
sizes as well as non-stoichometric structure are responsible for this effect. In
addition has been also discovered that the Sr** cations plays role of inhibitors in

calcium apatite dissolution. Thus we assume the suggestion that isomorphic
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substitution of Ca*" ions by ions Sr** of strontium takes place on the surface of
the HAP The process occurs accordingly to the scheme:

Ca(PO4)s(OH); + N Sr¥ " CaygnSra(P04)(OH)+ n-Ca?*

Formed by the above given scheme Sr2 + -substituted apatite determines
the rate of dissolution of calcium apatite. As the object of study the
nanodispersed calcium apatite has been chosen and we examined five samples.
Four of them numbered from 1 to 4 having weight 0,1 mg each (particle size
was about 40 nm) were poured over with 10 ml of an agueous solution with
various concentrations of *°SrNOs. The phase ratio was 1: 100. The sample Ne5
was prepared according to the following scheme: the initial gel weighing 1 g
was poured over with 25 ml of calibrated solution with the same concentration
of *Sr that was used for the sample Ne4. Then the colloidal solution of HAP was
periodically stirred during 24 houres after which it was filtered by applying the
Buchner funnel. After that, the degree of sorption and desorption of *Sr by
apatite samples Nel-4 were measured. As for the solid phase of the sample Ne5
this was subjected to heating at a temperature 650 ° C.

Increasing the concentration of radioisotope in water does not lead to a
noticeable increase in distribution coefficient, although the desorption index
with increasing of concentration shows almost linear increase (Table 1). Hence,
a significant amount of absorbed radioisotope is easily desorbed from
nanodispersed apatite. However under the same initial concentrations of **Sr in
solution, the sorption characteristics of sample Ne5 are reduced by almost 35%
in comparison with nanodispersed samples Nel-4, and the desorption rate is
reduced by about 30 times. Thus, the Sr radioisotope adsorbed by
nanodispersed apatite is strongly retained by its structure during the thermal

conversion of HAP to crystallized state.
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Table 1

Sorption characteristics of the studied samples in relation to *Sr.

Ne of Carried in, K, desorbed,
sample Be/ml mi/g Bc/ml
1 5.4 285 3.8
2 9.3 389 6.9
3 30.0 206 20.8
4 61.0 279 42.0
5 61.0 183 1.48

The high values of desorption for nanodispersed sediments (Table 1)
indicate that Sr** ions form weak bonds with the apatite structure. Perhaps they
become adsorbed by surface instead of OH groups protons and / or create Sr2”" -
nH,O aquacomplexes. Thermal treatment of the initial 90Sr-enriched precipitate
conducts to the sharp decrease in magnitude of desorption under sufficiently
high value of the coefficient Kd. This fact indicates that isomorphic implantation
of weakly bounded with the surface nanosized particles of Sr** ions into the
apatite structure takes place during the formation of large-sized apatite crystals
under special regime of heating.

3. Investigation of apatites by NMR and RFES

In the study of samples of natural origin apatites by NMR with *P nuclei,
a decrease in electron density on phosphorus atoms was observed. A slight shift
was observed for the apatite of native bone and to a much greater extent for the
mineral apatite (Fig. 3). Such behavior of the nature of the chemical bond in
natural apatites may be explained by the imperfection of the structure of natural
origin apatite, which causes the deformation of PQO,-tetrahedra. Such
deformations can be confirmed by a significant extension of the line *'P of the
MAS NMR spectrum, as well as by an increase in the half-width of the core

energy Is-level of oxygen of natural origin apatite.
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Fig. 3. *p MAS NMR spectrum of samples: - synthetic apatite, mineral apatite, native

bone

This indicates that the charge state of phosphorus is different for samples of
natural and synthesized apatite. According to the table (Table 2), binding energy
of the core 2p-level of phosphorus contained in natural apatite indicates a
decrease in electron density on the phosphorus atom. At the same time as the
charge on phosphorus atom decreases, one can observed some increase of the
electron density on oxygen atoms, which is confirmed by the increase of the
binding energy for 1s electrons of oxygen.

Table 2
Bond energy of the core electrons in a synthetic, natural Ca-HAP crystal

and a native bone mineral

substance Ca2P1/2 Ca2P3/2 P2p Ols
Calo(PO4)6

(synthetic) 351,2 3475 133,3 532,4
Cayo(POg)s(natural) | 351,2 3474 133,4 532,5
Native bond | 4¢ 5 3474 133.4 532,4
mineral

The decrease in electron density on phosphorus atoms is confirmed by
applying the method with a much higher resolution, namely the nuclear

magnetic resonance on *!P nuclei. The date of the NMR approach, represented

International Scientific Journal “Internauka” https://doi.org/10.25313/2520-2057-2021-2




International Scientific Journal “Internauka” https://doi.org/10.25313/2520-2057-2021-2

by Fig.3 and 1, show that, both for native bone and to a greater extent for
mineral apatite, the increase in chemical shift takes place indicating by this fact
some reduction of external magnetic field screening by phosphorus atom
electron shells. This effect points out a decrease in electron density on
phosphorus atoms.Such redistribution of electron density between phosphorus
and oxygen may indicate that ionicity degree of chemical bond phosphorus with
oxygen in the apatite of natural origin is slightly higher than in the synthesized
sample and turns out significantly higher for native bone pointing out a
significant increase in ion component in the crystal as a whole (1). Indicated
change in peculiarities of the chemical bond can be explained by imperfection of
the structure of natural origin apatite, which is accompanied by deformation of
PO, - tetrahedrons.

The valence electron density of calcium is formed mainly by Ca3d-states,
whose electron density suffers significant decrease with growth of distance from
the nucleus (Fig.4).

For the phosphorus atoms the electron density of the valence band
unoccupied part, mainly formed by P3p-states, accordingly to our results
manifests an anomalous spatial distribution. Directly near the nucleus the
electron density of unoccupied part of the valence band in the vicinity of
phosphorus atom is so small that it can be neglected. The electron density
achieves maximums at some distance from nucleus of the atom along the lines
connecting the phosphorus atoms with the centers of the oxygen faces, which
are along the lines finding at the maximum distance from the P-O chemical

bonds.
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Fig. 4. Complete density of states (CDS) of calcium and cadmium fluoroapatites

The results of AE (NOMO-LUMO) for calcium phosphate apatites
(Fig.5), determined by using the full-potential LDPH + LO method, can be
considered satisfactory, because the difference between experimental and
theoretical data does not exceed 0.3 eV, although for cadmium fluoroapatite, a
notable deviation of the GGA gap from experimental date was observed.
Transiting from Cal0(P04)6F2 to Cal0(P04)6 (OH)2, the energy gap decreases
in 0.5 eV, that can be explained by appearance of electronic H 1s and O (OH)
2p- states in the vacant part of valence band. At the same time the passage from
Cal0(P04)6F2 to Cal0(P04)6Br2 is accompanied by a considerable decrease, in
almost 1.5 eV , of the gap width caused due to appearance of Br valence band

4p-states nearly the “pre-Fermi” region. The decrease in the width of the gap by
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about 1 eV during the transition from calcium phosphate to calcium vanadate

apatites is caused by the appearance in the unoccupied part of the valence band

V 3d-states.

Fig. 5. Spatial distribution of electron density in the ""pre-Fermi region' in the energy
range E (NOMO-LUMO-12eB) for Ca;o(PO4)sF-

Energy gaps of apatites

Table 3

AE (HOMO-LUMO), eV

(calculated)

Energy gap, eV

(experiment)

substance

Cao(P04)6F2 5.6 5.9
Cao(P04)sCL, 5.4 5.6
Caio(P0s)s(OH), | 5.3 5.4
Cd10(P04)sF> 2.6 5.4
Cd1o(P0s)s(OH), | 2.5 -
Cd10(P04)sCL; 2.3 -

The value of the calcium apatites energy gap (Table 3) is correctly

described within the GGA approximation, whereas for cadmium apatites the

same approximation significantly reduces the width of the energy gap. For

cadmium apatites, the width of the energy gap completely correlates with the

electronegativity of the anion located on the axis of the sixth order. It can be

seen that as soon as electronegativity of the anion X decreases, the reduction of

the energy gap takes place. In the series of "vanadate apatites" — "arsenate
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apatites” — "phosphate apatites" the effective charges of valence electrons of
oxygen ions increase. The calculation of the electron density at the nucleus of
oxygen atoms averaged over all non-equivalent positions for the compounds
Cay (V04)6(OH),, Caig(As04)s(OH),, Cag(P04), Cayo(P0s)e(OH), gives the
values 91.34 , 91.25 and 89.96 A respectively, which is in accordance with the
experimental binding energies of the O Is levels. Thus in a sequence of calcium
apatites “vanadate” — ““arsenate” — ““phosphate”, the spatial localization of the
valence electron density of oxygen ions decreases in close vicinity of nuclei.
The theoretically calculated X-ray emission bands of the compounds studied

here turn out in good agreement in with the experimental data (Fig. 6).
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Fig. 6. Calculated and experimental X-ray emission bands of calcium phosphate apatites

Applying a treatment based on the energy approach, one can show that
Cay0(P04)s(OH), and Ca;o(P0,)F, belong to spatial group P63/m instead of group
P63. At addition a significant change in the nature of the Ca — O interaction
because of the transition from phosphate apatites to vanadate analogues has been
detected. Comparing vadanate apatites with their phosphate analogues shows an
increase in the spatial localization of the electron density of calcium and oxygen
at the direct vicinity of nuclei. As it has been determined for calcium apatites in
the series of Cay(P0,)eX,, Where X = F, SI, Br OH, at the contrary to cadmium
analogues the interactions XS-Os (P0,) and Xp-O2p(P0,4), where X is a halogen

or oxygen atom of a hydroxyl group atom play really notable role.
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The charge transfer from calcium atoms to oxygen atoms is much greater
in calcium apatites than from cadmium atoms to oxygen atoms in cadmium
apatites. The average charge of calcium ions in compounds Cal0(PO4)6X2,
where Z =P, V or As, and X = F, SI, Br, OH is equal to +1.61 of the electron
charge while of the cadmium ions charge in apatite Cd10(Z04)6X2 where Z =P
, 'V, As, and X = F, SI, Br, OH is about +1.370f the same electron charge. The
charge of metal ions changes little when the type of anion located on the sixth-
order axis changes, although the redistribution of the electron charge between
the first and second non-equivalent positions takes place. At the same time
decrease in the electronegativity of the anion situated on the sixth-order axis is
accompanied by an increase in the charge of the Me(1) ion and a decrease in the
charge of the Me(2) ion .

The transition from the apatites Ca10(Z04)6(OH)2 where Z =P, V or As
to their cadmium analogues is accompanied by a small increase in the ionic
charge of hydrogen and a significant decrease in the volume occupied by the H
atom. The last fact can be treated as the result of some decrease in the
elementary cell dipole moment along the c-axis, while the first of the facts
demonstrates a considerable change in the nature of the O-H interaction due to
the above appointed substitutions. Also the substantial spatial localization of Cd
4-d states at the direct vicinity of the nuclei is observed, while energetically
these states are localized nearly at the “preFermi region”.

Taking in account an insignificant change of the PO4 tetrahedrals volume
we can conclude that the PO4 — tetrahedron shows high resistance against
transition from one type of apatite to another. At the same time the tetrahedral
form distortion of PO2~ioNn decreases along the series
Mel0(PO4)6CI2—Mel0(PO4)6F2—Me(PO4)6(OH)2, where Me=Cd, Ca,
moreover among calcium and cadmium apatites, the smallest distortion was
observed for hydroxoapatites. Thus, the interaction of the phosphorus ion with

the oxygen ion of the hydroxyl group for cadmium and calcium hydroxapatites
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Is less pronounced compared to the interaction of the phosphorus ion with the
fluorine one in calcium and cadmium fluorapatite.

For vanadate calcium apatites, a tendency inverse to the one observed for
the calcium phosphate apatites has been found, namely, the electron density on
the VO4 groups increases with decreasing electronegativity of the anion located
on the sixth-order axis.

Heavy metal apatites conserve the same tendency for valence band
formation as calcium apatite. The sublattice of tetrahedrons as well as for
calcium apatites is dominante for forming of the main features of the valence
band. The main features in the upper part of the valence band describe the
interaction of the metal cation with the oxygen of the POA4- groups, the
interaction of phosphorus with the oxygen inside the PO, tetrahedra and the state

of the OH-groups.

Ca,(PO,),(OH),

Ca,,(PO,)Cl,

Ca (PO,)F,

Sr,(PO,)4(OH),

Sr(PO)F,

Ba,(PO,),(OH),

Pb, (PO,),(OH),

-25 -20 -15 -10 -5 (e]
E,eB

Fig. 7. The total densities of the compounds under study

Isomorphic Ca — Ba substitution leads to an increase in the ionic

component of the barium chemical bond with oxygen ions and to a narrowing of
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the barium apatite valence band (Fig. 7). The interaction of barium cations with
oxygen anions differs significantly for barium in two non-equivalent
crystallographic positions. For barium, which is in the second crystallographic
position, the degree of ionicity of the chemical bond is significantly higher than
it takes place for the barium ions in the first position. As result we can observed
a change in the nature of the interaction between metal cation and OH-groups in
comparing it wit interaction peculiar to calcium and strontium apatites.

The substitution of Ca — Pb leads to an increase in covalent component
of the chemical bond of lead atoms in the first crystallographic position with
oxygen of PO, tetrahedra. In the total balance of charge compensation, an
increase in the chemical bond ionicity for lead atoms in comparison with
calcium apatite was found. However, an increase in the covalent component for
lead atoms in the first position leads to a decrease in the degree of chemical
bond ionicity in comparison it with the barium apatite chemical bond.

The difference found in the degree of chemical bond covalence for lead
atoms that occupy two different crystallographic positions, points out that
substitution of calcium by lead is more preferable for calcium situated in the
first crystallographic position, which affects the ability to ion exchange between
calcium and lead in different positions.

The joint study of the X-ray spectra and the calculated data of calcium and
strontium hydroxoapatites demonstrate notable differences in the formation of
their energy shells, in particular, revealed a significant increase in the partial
contribution of Hs-states to the total state density of Sr-HAP, as well as the shift
in 7 eV of the main Hs-density maxima correspondent to Sr-HAP in relation to
its counterpart belonging to Ca-HAP. For calcium hydroxoapatite, the band
splitting in the region of 15 eV is observed. This effect can be explained as the
result of a complex mechanism of hybridization of hydrogen s-density between

Cag) p and Cap d-density through the states O)p.
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For electron states density curves of fluorapatite atoms in comparison
with hydroxoapatite atoms can be observed more wide energy splitting. The
reason for this effect reduces to the higher symmetry of fluorapatite tetrahedra
compared to hydroxoapatite. As far as strontium hydroxoapatite it manifests a
significant widening of infrared band in comparison with fluorapatite, which
characterizes the symmetry of the tetrahedra vibration. Also, the strontium
fluorapatite F,p-states contribute more than O(p —states to the total density of
states. Changes of this nature lead to an increase in the bond of metal and
fluorine atoms and by this means to the strengthening of the crystalline lattice
along the c-axis.

One of the major differences between the electronic structure of barium
apatite Ba;o(PO4)s(OH), and calcium apatite resulting from comparison of the
calculated state densities for these compounds and the experimental data (Table
4), is the increase of the ionic component of the barium cation chemical bond
with oxygen ions belonging to both the PO, tetrahedrons and the OH-groups,
which indicates an increase in Coulomb interactions in the Ba-HAP crystal and
leads to a narrowing of the valence band of barium apatite.

The increase in the ionic component of the chemical bond is also
confirmed by the NMR data, according to which the substitution Ba — Ca
causes the NMR *!'P spectrum towards the low frequencies wing by about 2.2
ppm and indicates an increase in the magnetic shielding of phosphorus nuclei,
which in this case means an increase in the electron density on phosphorus
atoms. It is shown by theoretical calculations that the ionic component of the
barium chemical bond in the second crystallographic position with the oxygen

of OH- groups is much more pronounced.
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Table 4

Electron binding energies(eV) of the core levels of compounds in study
Measurement error is equal to 0.1 eV

Substance Ols P2p

Ca1o(PO4)s(OH), 531.2 133.9
Baio(PO4)s(OH), 530.0 132.2
Pb1o(PO4)s(OH) 530.7 132.9

The reduction of the electron binding energy in oxygen and phosphorus
atoms is also observed for the sample of hydroxopyromorphite
(Pb1g(PO4)e(OH),), but one notable feature of its electron structure is the
possible contribution of electron pair 6s%, which shows a low binding energy.
Thus, for the Pb** state, two 6s-electrons can be described as an uncoupled pair,
however, depending on the surrounding the unoccupied 6p-orbit suffers
hybridization with the 6s-orbit that conducts to formation of a "stereochemically
active™ no separated pair. Such an electron pair intensely interacts with the
O2valent electrons of the surrounding oxygen and leads to the participation in
the chemical bond of lead - oxygen of a previously inactive electron pair. The
partial density of lead states obtained by quantum mechanical calculations
shows 6s-p-hybridization for lead atoms in the first crystallographic position,
whereas for lead atoms in the second crystallographic position, similarly
hybridization is significantly less expressed. Because of this fact for the Pb
atoms, covalent component of the chemical bond with the oxygen atoms is
slightly less than for the lead atoms in the first crystallographic position.Thus,
the reduction of the ionic component of the chemical bond in the complete
balance of charge compensation in lead apatites relatively to barium apatites
occurs mainly due to lead atoms, which are in the first crystallographic position
with a more pronounced covalent chemical bond component.

In the metal sublattice of calcium, barium and lead apatites, indirect

interaction between the metal atoms takes place. As it turns out for calcium and
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barium apatites, interaction between the metal atoms in the second position by

means of oxygen belonged to the hydroxyl group achieves quite tangible values.

In lead apatite, a pointed out interaction occurs due to the oxygen belonging to

the PO,-tetrahedron and lead situated in the first crystallographic position.
Summary and conclusions

1. The displacement of the spectral band main maximum which corresponds
to the d- and p-states of calcium towards the short-wavelength region has
been established. The found effect can be explained as the result of nickel
d-states impact due to its lower level of energy localization.

2. Amorphic replacement of calcium atoms by atoms of 3d-metals leads to a
decrease in the electron density at the calcium and oxygen atoms. Because
of this electron density modification the share of covalent component in
the total balance of chemical bond increases.

3. The valence band of calcium phosphate apatites is formed mainly by Ca-
3d states.

4. On base of this paper the crystal types of apatite particles texturing can be
determined.

5. The anomalous electron density of the part of the valence band formed by
P 3p-states has been found.

6. Spatial localization of core electronic 3p-states of calcium is insignificant.
As a rule 3p-electrons of calcium are distributed near the correspondent
nucleus.

7. High stability of PO4-tetrahedron at transition from one type of apatite to
another is established.

8. Isomorphic substitution Ca — Ba leads to an increase in the ionic
component of the chemical bond of barium with oxygen ions.

9. Substitution Ca — Pbleads to an increase in the share of covalent

chemical bond of lead atoms with oxygen PO4-tetrahedron.
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