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Puc. 1. OpranonentuyHa OIiHKa IIeYNBA IiCOYHOTO

PospaxyHOK eHepreTuuHOI IiHHOCTI MTOKas3aB i1 3HM’-
skeuHs 1o 181,21kKau, mo ma 31% wmeHImre, HixK eHep-
TeTUYHA IiHHICTh KOHTPOJIbHOTO 3pasKa (264,38 kKaur).

BucnHoBKH. 3a paxXyHOK KOMOiHYBaHHA PisHUX poc-
JUHHUX KOMIIOHEHTIB, II10 € J>KepeoM BOJO — i :Ku-
POPO3SUYMHHUX BiTaMiHiB, MiHEpaJIbHUX PEUOBUH, Oa-
JIaCTHUX BYTJIEBOLIB, Ta iHIINX 0i0JOTiYHO AaKTUBHUX

peuoBUH 0YJI0 PO3POOJIEHO PEIENITYPY ITeUrnBa IIiCOUHOTO
cIieliaJbHOTO IPpU3HAYeHHA. BicyTHiCTD IIyKpPyY Ta
OOPOIITHA MIIIeHUYHOTO B 10TO CKJIa/li T03BOJAE BIKU-
BaTH HOTO IPU 3aXBOPIOBAHHI Ha I[YKPOBU miaber.
TTopsz 3 BICOKOO Xap4yoBOIO I[iHHICTIO OYJIO TOCATHEHHSA
3HUIKEHHS eHepreTnuHol iHuocTi Ha 31% mopiBHAHO
3 IeYNBOM IIiCOUHUM.
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ELECTRONIC STRUCTURE AND PROPERTIES OF APATITE-LIKE
CALCIUM-BASED COMPOUNDS, INITIATED BY NANODIMEMSION,
BIOGENIC FACTOR AND ISOMORPHIC SUBSTITUTION
OF CALCIUM BY 3D-METALLS

EJIEKTPOHHA bY0OBA | BJIACTUBOCTI ATATUTONOAIBHUX
CTPYKTYP HA OCHOBI KAJ/IbL|IO, IHILLINOBAHI HAHOPO3MIPHICTIO,
bIOTEHHUM YNHHUKOM | I30MOP®HUMU 3AMILLEHHAMHA
KAJbUIIO 3D-METAJIAMU

3NEKTPOHHOE CTPOEHUE U CBOMCTBA ANATUTONO0BHbIX
CTPYKTYP HA OCHOBE KAJibUUA, "THULUUPOBAHHbIE
HAHOPA3MEPHOCTbIO, BUOTEHHbIMU ®AKTOPAMU U
N30MOP®HbLIM 3AMELWLEHUEM KAJIbLIUA 3D-METAJIJIAMU

Summary. Calcium apatites due to their physicochemical properties, high biological activity deservedly attract special atten-
tion not only in view of purely scientific interest, but also in connection with the use of drugs synthesized on their basis. in prac-
tical 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.
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AHoTauif. Kanbuiesi anatuty 3aBgsiku CBOIM (i3MKO-XiMiuHUM BAACTUBOCTSIM, BUCOKIN 6i002i4Hil GKTUBHOCTI LiiIKOM 3a-
C/y>KeHo Np1BepTaloTb 0Co0MBY yBARY He TiflbKM 3 02/151gY HA YNCTO HAYKOBMIA iHTepeC, ae i B 383Ky i3 3aCTOCYBAHHAM pe-
naparie, CUHTE30BAHMX HA iX OCHOBI. Yy MPAKTUYHIi TpaBMATO/ORIi. CTOMATONORIl, TOOTO Yy TUX 2aNy35X MegULMHW, SKi MAKoTb
BIGHOLLIEHHS §O NiKyBAHHS T BigHOBIEHHSI KICTKOBMX TKAHMH. SIK NpaBuio, 6a30BMM eleMeHTOM € 3pa3Ki HOHOMETPUYHMX PO3-
MipiB. ENeKTpOHHI BAACTMBOCTI, 0COB/IMBOCTI XiMi4HO20 3B'93KY, CTPYKTYpPHI napameTpu geMOHCTPYIOTb BUCOKY YYTAMBICTb LLOGO
pegyKuii po3mipis. B gaHivi poboTi i3 KOMMEKCHUM 3aCTOCYBAHHSIM TAKUX METOQIB, SIK POTOENEKTPOHHA i peHT2eHIBCbKA Criek-
TpOCKOMisl, AgepHMIi Ma2HITHUI Pe30HAHC, aTOMHO-CM/I0BA CeKTPOCKOMisi BUBYAETbCA MPMUPOGaA XiMiYHO20 383Ky, Mepepo3nogin
€/1eKTPOHHOI 2yCTUHW B eHep2eTUYHOMY Ta peasibHOMY MPOCTOpI, 30MOPPHO 3aMilLieHnx 2igpPOKCOanaTuTIB HA OCHOBI Ka/IbLlo.

KniouoBi cnoBa: kanbuieBi anatnty, i30MopPHe 3amilLieHHs], XiMiYHNI 3B'30K, eN1eKTPOHHMIA CreKTp, 2yCTUHA CTAHIB.

AHHOTauMs. KanbumeBble anatutbl 61a20gapsi CBOMM PU3MKO-XMMUYECKNM CBOMCTBAM, BbICOKOI G1OM02MYeCKO AKTUBHOCTM
BOJIHe 3aC/TyeHHO NMPUBeKalT 0coboe BHUMAHME He TOIbKO M3-3a YMCTO Hay4HO20 MHTepecd, HO 1 B CBSI3M C MPUMeHeHeM
MpenaparTos, CMHTE3UPOBAHHbIX HA MX OCHOBe. B PAKTMYeCKOl TPaBMATOI02UM. CTOMATO/1I02MK, TO eCTb B Tex 00/1aCTsX Megu-
LiMHbI, KOTOPbIE MMelOT OTHOLLIeHME K JIeYeHMI0 M BOCCTAHOB/IEHNS KOCTHbIX TKaHeli. Kak npasuio, 6a30BbiM 31eMeHTOM SBASIOTCS
00pasybl HAHOMeTp1YecKux pasMepoB. eKTPOHHbIe CBOMCTBA, 0COOEHHOCTM XMMNYECKOV CBS3W, CTPYKTYpPHble napameTpbi
geMOHCTPUPYIOT BbICOKYIO YyBCTBUTEIbHOCTb K pegyKLmn pasmepoB. B gaHHol paboTe ¢ KOMI/IeKCHbIM MpUMeHeHneM Takux
MeT0goB, KAk OTO/1eKTPOHHAS 1 PeHT2eHOBCKAS CIeKTPOCKONMS, IGePHbIii MA2HUTHbINA Pe30HAHC, ATOMHO-CU1I0BASI CIEKTPO-
CKOMMS U3y4aeTcs IPUPOga XMMMYeCcKoi CBsI3u, nepepacrpegesieHie 31eKTPOHHOI MIOTHOCTU B SHEP2ETUECKOM 1 PeaibHOM

NPOCTPAHCTBE, I/I3OMOPQSHO 3amMeLleHHbIX engpoKcoanaTnTuB Ha OCHOBE KaJibLusl.
KnioueBble c10Ba: KajbLneBble anaTuThbl, M3OMOP¢HO€ 3amelleHne, Xmummnyeckas CBA3b, 3ﬂ€KTpOHHbII;I CIMeKTp, MJI0THOCTb

COCTOSIHUN.

Introduction. The problems of environmental safety
and human health, extending life expectancy and
vital necessity to spread human civilization 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. Con-
cerning the level of publications and scale of undertak-
en 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 M, (XO,),Y, where M = Ca, Sr, Ba,
Pb; X =P, V; Y =O0H, 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, environ-
mental and biological applications. Materials based
on apatite-like compounds are already being used in
a number of computer devices, for creation of quan-
tum 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 reg-
ularities, in their dependence on composition, tech-
nological conditions of synthesis, changes in the di-
mensions and elements topology. It is necessary to add
that relationship between the composition features and
chemical and electron structure have to be taken in ac-
count in order to realize the above mentioned purposes.
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It is quite clear that understanding of nanostruc-
tures 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 electron-
ic structure and properties. In this work in order
to correct and unambiguous interpret the obtained
experimental results a 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 appli-
cations 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 structur-
al type of Ca, (PO,),(OH), by X-ray photoelectron
spectroscopy, X-ray spectroscopy, nuclear magnetic
resonance high-vacuum microscopy of atomic forces-
methods applying.

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

As it follows from numerous references the iso-
morphic substitutions allow to significantly affect the
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physical properties of apatites. The study of crystal
ensembles modificated by this treatment gives infor-
mation about the nature of acting forces, the impuri-
ties distribution and their localization as well as mech-
anisms 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.

The results of studies of calcium apatite electronic
structure reconstruction due to the isomorphic replace-
ment 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 prac-
tices. The therapy efficiency is not least associated
with peculiarities of physical and chemical process-
es 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 met-
als has manifested considerable similarity of spectra
nearly the main maximum and significant discrep-
ancy in the long-wavelengh region. This fact can be
explained by strengthening of PO43’ 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 magne-
sium, and strontium modifies insignificantly the struc-
ture 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 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.

For isomorphic substitution of calcium ions by
nickel simultaneous increase in binding energy from
both Ols 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 elec-
tron 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. Under-
taken correlation in positions and shape of spectral
lines with experimental data and results of numerical
evaluations indicates the predominant of dopant ions
implantation in apatite structure instead of Ca(2). The
oxygen tetrahedra sublatice, as well as in stoichiomet-
ric apatite, plays leading role in providing observed
form and features of the complete electron states den-
sity in isomorphically substituted calcium apatites.

CaQ.ZN iOS(POl)S(OH )2

P®C
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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



// disnko-maremaTuyHi Haykm //

// MiskHapofHuit HaykoBUM XXypHan «lHTepHayka» // N2 2(102), 2021

12.24Mm

9.7HM

7.3um

4 O9Hm

2.40m

Fig. 2. Morphology of nanodispersedhydroxapatite
morphology

One of the important factors affecting the inher-
ent properties of a substance is its structural state. In
this work, we obtained nanodispersed calcium apatite
with a specific surface area about 500m?/g by applying
the method of sol-gel. The morphology of synthesized
samples of calcium nanodispersed apatite was investi-
gated 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 substitution of Ca?* ions by ions Sr2*
of strontium takes place on the surface of the HAP The
process occurs accordingly to the scheme:

Ca (PO,),(OH), + n-Sr**—Ca,, Sr (P0,),(OH),+ n-Ca*

Formed by the above given scheme Sr?* -substituted
apatite determines the rate of dissolution of calcium

apatite. As the object of study the nanodispersed cal-
cium 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 aqueous solution
with various concentrations of ?SrNO,. The phase ratio
was 1: 100. The sample Ne 5 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 Ne 4. 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 Ne 1-4 were measured. As for the solid
phase of the sample Ne 5 this was subjected to heating
at a temperature 650 °C.

Increasing the concentration of radioisotope in wa-
ter does not lead to a noticeable increase in distribution
coefficient, although the desorption index with in-
creasing 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 concentra-
tions of *°Sr in solution, the sorption characteristics of
sample Ne 5 are reduced by almost 35% in comparison
with nanodispersed samples Ne 1-4, and the desorption
rate is reduced by about 30 times. Thus, the *°Sr radio-
isotope adsorbed by nanodispersed apatite is strongly
retained by its structure during the thermal conversion
of HAP to crystallized state.

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 Sr** - nH,0 aquacomplexes. Thermal treat-
ment of the initial 90Sr-enriched precipitate conducts
to the sharp decrease in magnitude of desorption un-
der sufficiently high value of the coefficient Kd. This
fact indicates that isomorphic implantation of weakly
bounded with the surface nanosized particles of Sr2*
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 3'P nuclei, a decrease in electron density

Table 1
Sorption characteristics of the studied samples in relation to *°Sr.
Ne of sample Carried in, Be/ml K, ml/g desorbed, 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
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Fig. 3. 3p MAS NMR spectrum of samples: — synthetic
apatite, mineral apatite, native bone

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 PO, -tetrahedra. Such deformations can
be confirmed by a significant extension of the line 3'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.

This indicates that the charge state of phosphorus
is different for samples of natural and synthesized ap-
atite. 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 in-
crease of the electron density on oxygen atoms, which
is confirmed by the increase of the binding energy for
1s electrons of oxygen.

The decrease in electron density on phosphorus at-
oms is confirmed by applying the method with a much
higher resolution, namely the nuclear magnetic res-
onance on *'P nuclei. The date of the NMR approach,
represented 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 screen-

ing 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 de-
gree 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 nu-
cleus 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.

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 experi-
mental and theoretical data does not exceed 0.3 eV,
although for cadmium fluoroapatite, a notable devi-
ation of the GGA gap from experimental date was ob-
served. Transiting from Cal10(P04)6F2 to Ca10(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 de-
crease, 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 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.

Bond energy of the core electrons in a synthetic, natural Ca-HAP crystal and a native bone minef:lble ?
substance Ca2P1/2 Ca2P3/2 P2p O1s
Ca,,(PO,), (synthetic) 351,2 347,5 133,3 532,4
Ca,,(PO,),(natural) 351,2 347,4 133,4 532,5
Native bond mineral 351,2 347,4 133,4 532,4
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Fig. 4. Complete density of states (CDS) of calcium and cadmium fluoroapatites

The value of the calcium apatites energy gap (Ta-
ble 3) is correctly described within the GGA approx-
imation, whereas for cadmium apatites the same ap-
proximation significantly reduces the width of the
energy gap. For cadmium apatites, the width of the
energy gap completely correlates with the electroneg-
ativity 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 apatites” — “phosphate apatites” the ef-
fective charges of valence electrons of oxygen ions
increase. The calculation of the electron density at the
nucleus of oxygen atoms averaged over all non-equiv-
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alent positions for the compounds Ca,, (V0,),(OH),,
Ca, (As0,),(OH),, Ca, (PO,), Ca (PO,),(OH), gives the
values 91.34, 91.25 and 89.96 A respectively, which
is in accordance with the experimental binding ener-
gies 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).

Applying a treatment based on the energy approach,
one can show that Ca, (P0,),(OH), and Ca, (P0,) F, be-
long to spatial group P6,/m instead of group P6,. At
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Fig. 5. Spatial distribution of electron density in the “pre-Fermi region” in the energy range
E (NOMO-LUMO-12¢B) for Ca,(PO,),F,

Table 3
Energy gaps of apatites
AE (HOMO- Energv gap. eV
substance LUMO), eV (ex g;a};-ig;llgilt)
(calculated) P
CalO(PO4)6F2 5.6 59
Ca,,(P0,),CL, 5.4 5.6
Ca,,(P0,),(OH), 5.3 5.4
Cdlo(P04)aF2 2.6 5.4
Cd, (PO,),(OH), 2.5
Cd,(P0,),CL, 2.3

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. Com-
paring vadanate apatites with their phosphate ana-
logues 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 calci-
um apatites in the series of Ca, (P0,),X,, where X = F,
SI, Br OH, at the contrary to cadmium analogues the
interactions XS-Os (P0,) and Xp-02p(P0,), where X is

a halogen or oxygen atom of a hydroxyl group atom
play really notable role.

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(P04)6X2, where Z =P, Vor 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 redistribu-
tion 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 Cal10(Z04)6(0OH)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
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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 na-
ture 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 ion de-
creases along the series Me10(P04)6C12—Me10(P0O4
)6F2—Me(P0O4)6(0H)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 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 electronegativ-
ity 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 ap-
atites 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 PO4- groups,

Ca, (PO,),(OH),

Ca,(PO,)Cl,

Ca, (PO,)F,

Sr,(PO,)(OH),

Sr (PO ))F,

Ba,,(PO,),(OH),

Pb,(PO,),(OH),

. | T L
-25 -20 -15 -10 -5 o
E, eB

Fig. 7. The total densities of the compounds under study
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the interaction of phosphorus with the oxygen inside
the PO, tetrahedra and the state of the OH-groups.

Isomorphic Ca — Ba substitution leads to an in-
crease in the ionic component of the barium chemical
bond with oxygen ions and to a narrowing of the bar-
ium apatite valence band (Fig. 7). The interaction of
barium cations with oxygen anions differs significant-
ly for barium in two non-equivalent crystallographic
positions. For barium, which is in the second crystallo-
graphic 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 be-
tween 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 compen-
sation, 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 substitu-
tion 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 calcu-
lated 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 Ca, p
and Ca , d-density through the states O, p.

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 stron-
tium 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.
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Table 4
Electron binding energies(eV) of the core levels of
compounds in study Measurement error is equal to

0.1eV
Substance Ols P2p
Ca (PO,),(OH), 531.2 133.9
Ba,(PO,),(OH), 530.0 132.2
Pb, (PO,),(OH), 530.7 132.9

One of the major differences between the electronic
structure of barium apatite Ba, (PO,),(OH), and cal-
cium apatite resulting from comparison of the cal-
culated 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 3'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 phospho-
rus 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.

The reduction of the electron binding energy in
oxygen and phosphorus atoms is also observed for the
sample of hydroxopyromorphite (Pb, (PO,),(0OH),),
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 Pb2" state, two
6s-electrons can be described as an uncoupled pair,
however, depending on the surrounding the unoccu-
pied 6p-orbit suffers hybridization with the 6s-orbit
that conducts to formation of a “stereochemically
active” no separated pair. Such an electron pair in-
tensely 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 crystallo-
graphic position, whereas for lead atoms in the second
crystallographic position, similarly hybridization is

significantly less expressed. Because of this fact for
the Pb(z) 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 crys-
tallographic 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 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 sit-
uated in the first crystallographic position.

Summary and conclusions

1. The displacement of the spectral band main max-
imum which corresponds to the d- and p-states of cal-
cium 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 at-
oms 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 cova-
lent 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 cal-
cium 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 in-
crease in the ionic component of the chemical bond of
barium with oxygen ions.

9. Substitution Ca — Pb leads to an increase in the
share of covalent chemical bond of lead atoms with
oxygen PO4-tetrahedron.
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MHAVYH IHhI1OUOL P

CN0BOTBOPYI MOJE/I HIMELLbKUX
IMEHHUKIB TA X BIANOBIAHUKU
B YKPATHCbKIIA MOBI

C/1I0BOOBPA30OBATEJIbHbIE MOAE/IN HEMELLKUX
CYWECTBUTEJ/IbHBIX U UX AHAJIOIU
B YKPAMHCKOM A3bIKE

WORD-FORMING MODELS OF GERMAN NOUNS
AND THEIR CORRESPONDENTS IN
THE UKRAINIAN LANGUAGE

AHoTauif. BUaBeHo, 10 CI0BOTBOPEHHS B LiIOMY, 03HAYAE, L0 HOBE CI0BO yTBOPEHO HA OCHOBI ICHYIOYMX B MOBI paHilue
C/1iB TG OCHOB. [1ig CocoboM CI0BOTBOPEeHHS! Cig PO3YMITH THI CI0BOTBOPEHHS b0 METOg, 3a gOMOMOR20I0 K020 YTBOPEHe
Te 4 iHLWe c10Bo. [1ig 3ac0bOM CI0BOTBOPEHHS C/lig PO3yMiTu Ti KOHKPETHI MOpgemu, L0 BUKOPUCTOBYIOTbCS, G/l yTBOPEHHS
HOBWX C/1iB, MOGIOHO go TO20, Ik 2paMaTU4Hi aikcy Ta rekcii BUKOPUCTOBYIOTbCS G/1sl YTBOPEHHS 2paMATUYHMX GOpM ciB. [Tig
C/I0BOTBOPYMMM MPaBuaamu abo 3aKOHamu C1ig po3yMiTi Ti GieBi HOPMM MOBM, LLO pe2Y/IOI0Tb BUKOPUCTAHHS crocobis abo
3aco0iB yTBOPeHHS! HOBUX IEKCMYHUX OGUHMLIb.

BignosigHo go cnoBoTBopYOi hopmu iMeHHMKM MOXYTb OyTH MOgineHi Ha KopeHesi.

Knrouosi cnosa: mogesb, iMeHHWKN KOPeHS, CKAAgHI iIMeHHUKM, MOXIGHI IMEeHHUKMN.

AHHOTAUMA. BbiSIB/1€HO, 4TO CHOBOO6PGBOBGHI/IH B LjeJioM, 03Ha4aet, 4TO HOBOE CJ1OBO O6PG3OBGHO Ha OCHOBe CyLLeCTBoBAaB-

LInX B f13blKe paHbLLe CJ10B 1 OCHOB. ”Og crnocobom C/'IOBOO6pCI3OBGHI/IH ciegyert NoOHUMATtb TUM C/'IOBOOﬁpCBOBGHI/Iﬂ nin Metog,
C NMOMOLLbIO KOTOPOCO O6PGBOBGHO TO WM nMHOe CJ10BO. ”Og cpegcTBom CHOBOO6PG3OBGHMH ciegyert NoHNUMATb Te KOHKPeTHbIe
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