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Abstract: The paper considers the possibility of forming a continuous series of
solid solutions in the binary system Ca;o(PO4)s(OH), - Caio(VO4)s(OH),, the
extreme members of which belong to the structural type of apatite. The objects
of the study were obtained by solid-phase reaction, the monophasicity of the
products was confirmed by powder X-ray and IR spectroscopy. The detected
anomalous deviations of the dependence of unit cell parameters on linearity
(Vegard's rule) confirm the hypothesis of a possible ordering of phosphorus and
vanadium atoms in solid solutions. The constancy of the volumetric coefficient
of thermal expansion of the composition Ca;o(PO4)3(VOs);(OH), has been
established with a change in temperature.

Keywords: apatite; isomorphism; phase analysis; IR spectroscopy; in situ thermo
X-RAY diffraction.

INTRODUCTION

Materials based on stoichiometric synthetic calcium hydroxyapatite
Cai0(PO4)s(OH):2 are currently considered as the basis for the creation of implants
for bone restoration due to the crystallochemical identity of native bone.!*?

However, despite the proximity of the parameters of the structure and
composition, such materials do not meet the requirements of resorbability after
implantation.>* In addition, there are a number of more general problems
associated with the implantation of materials, such as the risk of periprosthetic
infection. Currently, antibiotics added to the implant material or applied to the
surgical site on a resorbable carrier are used to eliminate this risk factor.>® This
approach is also not without drawbacks — it is difficult to control the dosage of
antibiotics and their toxic effect on the body.

To solve these problems, a number of scientific groups are developing
approaches for chemical modification of the hydroxyapatite matrix to form
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additional properties of the material, including increased strength, improved
resorbability, antibacterial properties, efc.’

However, works focused on achieving specific properties, as a rule, have the
disadvantage of lacking a theoretical foundation for the possibility of such
modifications of compositions from the point of view of the crystallochemical
features of the system, which leads to a phenomenological description of the
results.®?

In this paper, the theoretical and practical possibility of modifying synthetic
hydroxyapatite with vanadium is considered as one of the most promising
antimicrobial agents, including being a necessary ‘ultramicroelement for the
formation and normal functioning of solid tissues of the human body.!° In addition,
thermal deformations of the crystal structure during isomorphic P-V substitution
have been studied, the results of which are necessary in the development of ceramic
materials based on the solid solutions under consideration and modelling their
behaviour at varying temperatures.

EXPERIMENTAL

Individual compounds of the compositions Caio(PO4)s(OH), and Ca;o(VO4)s(OH), were
considered as the object of the study. The possibility of obtaining a continuous series of solid
solutions of the composition Cao(PO4)sx(VO4)x(OH), was also studied (x = 0-6, step 1).

The synthesis of individual compounds and solid solutions was carried out by the solid
phase reaction method according to the reaction scheme indicated below:

9Ca(NO3)2:4H20 + Ca(OH)2 + (6-x)(NH4)2HPO4 + xNH4VO4 —
— Caio(PO4)6-x(VO4)x(OH)2 + gaseous products

The reagent mixture was weighed (analytical electronic scales BEL DA-723C, BEL
ENGINEERING, weighing accuracy + 0.001 g) in the required stoichiometric ratio, placed in
a porcelain crucible and heated to a temperature of 150 °C, since calcium nitrate tetrahydrate
begins to melt in its own water at a temperature of 42.7 °C and finally loses crystallization water
at 132 °C, and the decomposition temperatures of ammonium metavanadate are 138 °C, and
ammonium dihydrogen phosphate are 100-155 °C. Next, the temperature was raised at a rate of
25 degrees / hour to 600 °C, followed by exposure at 600 °C for 6 hours to decompose calcium
nitrate. Further heat treatment involved stepwise heating to 1000 °C in increments of 100
degrees with exposure for 6-8 hours, dispersion in an agate mortar and control using X-ray
diffraction at each stage. At a temperature of 1000 °C, the samples were calcined for 12 hours.

The proposed approach is based on our previous studies on the synthesis of solid solutions
with an apatite-type structure, including those involving the substitution of phosphate ions by
vanadate groups. ' The periodic alternation of heating and grinding cycles helps to prevent
the formation of secondary phases and to control the reaction rate. In essence, this constitutes a
necessary condition for carrying out the synthesis of solid solutions under uniform conditions,
since the end-member compositions are obtained at lower temperatures, whereas the
intermediate compositions require higher temperatures. Therefore, the final synthesis
temperature was chosen as the minimum temperature at which all of the investigated solid
solutions can be obtained.
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The chemical purity and elemental composition of the prepared samples were examined
by energy-dispersive X-ray fluorescence analysis carried out in air on a long-wavelength
dispersive X-ray fluorescence spectrometer (Shimadzu LAB CENTER XRF-1800). The
quantification was performed using the fundamental parameters (FP) approach with a single
certified reference material. The Ko emission line intensities were recorded in triplicate at an
accelerating voltage of 40 kV and a tube current of 50 mA, employing a Rh anode, as well as
flow proportional counter (FPC) and scintillation (SC) detectors.

X-ray phase analysis was performed using a Shimadzu XRD-6000 powder diffractometer
(CuKa radiation, A = 1.5406 A, Bragg-Brentano focusing, 20 = 10-60 °, scanning speed 2
deg/min). The Topas 3.0 software package was used for processing the results.’® X-ray
diffraction data of individual compounds Ca;o(PO4)s(OH),'° (this model is a more general case
of the hydroxyapatite structure, because the oxygen of the OH group is specified in position 4e
rather than 2a/2b) and Ca;o(VO4)s(OH),,'>!® with the apatite structure were used as models for
phase analysis as well as other substances that can be formed in the system under consideration
under the specified synthesis conditions (a-CayP,07,'? B-CaP207,° a-Caz(POy),2! P-
Ca3(PO4)3,22 Ca3(VO4)323).

Scanning electron microscopy (SEM) in the secondary electron detection mode (Signal A
= SE1) was used to obtain surface images of all compounds under study. Instrumental
parameters: accelerating voltage 8.00 kV, probe current 2 pA. The SE1 mode provides high
topographic contrast, which is ideally suited for examining the surface morphology of powder
particles.

Determination of thermal expansion features of compounds under investigation realized
using Shimadzu HA-1001 attachment (for the same diffractometer) in the range of 20 angles
from 10 to 60 ° with 100K step. Thermal expansion of compounds under study was analyzed
using program complex ThetaToTensor 2.0.%

The IR spectra of the study objects were recorded on a Shimadzu FTIR Prestige—21
spectrometer (wavelength range 400 — 4000 cm’, signal accumulation — 20 scans) from
suspensions in petroleum jelly placed between ZnSe plates. The assignment of vaseline bands
was carried out using the AIST Spectral Database for Organic Compounds.?

RESULTS AND DISCUSSION

As it follows from Table I the composition of the resulting compounds was
confirmed to be stoichiometric within a relative error of no more than 0.5%.

Table I. X-ray fluorescence analysis data for Ca;o(PO4)s.<(VO4)x(OH), samples (x = 0-6).

CaO, wt% P,0s, wt% V105, wt%
x calcld found calcld found calcld found
0 558 55,8 42,4 42,4 0 0
1 54,7 54,7 34,6 34,6 8,9 8,8
2 53,7 53,6 27,2 27,2 17,4 17,5
3 527 52,7 20,0 20,1 25,6 25,6
4
5
6

51,7 51,8 13,1 13,0 335 33,5
50,8 50,7 6,4 6,2 41,2 41,1
499 499 0 0 48,5 48,6
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According to the results of the X-ray diffraction analysis, the Caio(PO4)s(OH),. -
Ca9(VO4)s(OH), system is characterized by the formation of a continuous series of solid
solutions over the entire range of the studied compositions at temperatures above 1000 °C, as
evidenced by the characteristic diffraction pattern of the structural type of apatite, which
changes monotonously with changes in the composition of the object (Figure. 1). The observed
shift of the diffraction maxima toward lower 20 angles with increasing vanadium content is in
full agreement with the previously established unit cell parameters for the individual
compounds, ¥ as well as with the Bragg-Wolff equation, which describes the inverse
relationship between the interplanar spacing (and, consequently, the lattice parameters) and the
diffraction angle.

The monophasicity of the obtained samples is confirmed not only by the absence of
diffraction peaks impurity phases, but also the results of the analysis of IR spectra recorded after
calcination of substances at 1000 °C (Figure 2-3).

Intencity (a.u.)

10 20 30 o ) 40 50 60

Fig. 1. XRD patterns of Caio(PO4)sx(VO4)x(OH), samples (x = 0-6) after calcination at
1000°C.
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Fig. 2. X-ray phase analysis of the solid solution of composition Ca;o(PO4)4(VO4)2(OH), with
Miller indices assigned to the diffraction maxima of the apatite phase (blue — experimental
diffraction pattern, red — simulated pattern, grey — difference pattern, blue triangles — positions
of diffraction maxima).

Despite the presence of bands in the spectra in the ranges of 650-150 and
1300-1500 cm ' wavenumbers due to the presence of petroleum jelly oil in the
system, the identification of the main modes of the phosphate and vanadates under
consideration can be carried out unambiguously. Thus, in the recorded spectra, the
following are observed

e _stretching modes of slightly distorted phosphate tetrahedra (v (PO4>)) in the
range of wavenumbers 900-1150 cm™,

e deformation modes of phosphate tetrahedra (8 (PO+’")) in the range of
wavenumbers 500-150 cm’!,

e stretching modes of vanadium tetrahedra (v (VO4*)) in the range of
wavenumbers 750 — 930 cm™.

The bands of deformation modes of vanadium tetrahedra are not visible, since
they are outside the range of operation of the used spectrometer (below 400 cm-
1).%6 At the same time, bands of pyrophosphate (P207*)?” and pyrovanadate groups
(V207*)?® are not observed.

The morphology of a powdered sample was investigated using SEM at a
magnification of x5000. All samples under study were found to consist of
polydisperse, irregularly shaped particles, predominantly in the size range of 0.5
to 7 um, with a tendency to form loose agglomerates. The particle surfaces display
pronounced micro-roughness, indicative of a high specific surface area. The
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uniform contrast and the absence of bright inclusions suggest compositional
homogeneity (Figure 4).
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Fig.3. IR spectra of Caio(PO4)sx(VO4)x(OH), samples (x = 0-6) (gray colour indicates the
areas of vibrations of the functional groups of petroleum jelly).
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Fig. 4. Typical scanning electron microscopy (SEM) image of the powdered sample of
Cayo(PO4)3(VO4);(OH), (SEI mode, x5 000, scale bar 2 um).

Based on the analytical indexing of powder XRD-patterns, the dependences
of the parameters of the unit cells of the objects of study on the composition were
calculated.

As can be seen from Figure 5, deviations from both the Vegard rule and the
Retgers rule are observed in this system.
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Fig.5. Dependences of the unit-cell parameters of the of samples Ca;o(PO4)s.x(VO4)x(OH), (x

= 0-6, step 1) on the composition (the dotted line shows the theoretical dependencies in
accordance with the rules of Vegard and Retgers).

Positive deviations from the empirical rules of isomorphism are observed for
compositions 0 < x < 3, i.e., when phosphate ions are introduced into the calcium
hydroxyvanadate matrix. A similar situation was observed with the substitution of
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phosphate and vanadium ions in the structure of Pbio(AO4)sCl2.!! Subsequently,
this apparent contradiction to the Goldschmidt-Fersman principle of directed
substitution?” was hypothetically explained by the ordering of phosphate and
vanadium tetrahedra, indirectly experimentally confirmed by the anomalous
thermal expansion of a solid solution of the composition Pbio(PO4)3(VO4):Cl2.>°
The minimal deviations from linearity in the dependences for parameters a
and V indicate that atomic substitutions in the tetrahedral position of the crystal
structure of apatite (even at Ar/r = 1 for phosphorus and vanadium)?!** do not affect
the size of atomic layers perpendicular to the direction ¢ (Figure 6), which is
determined in this structural type exclusively by the cationic sublattice.
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Fig. 6. Fragment of the crystal structure of Caio(PO4)s(OH): the blue spheres are Ca cations at
4f position, the yellow ones are Ca cations at 6/ position, the white ones are oxygens of
hydroxyl groups, and the black ones are hydrogens of hydroxyl groups. Orthophosphate

groups are represented as polyhedra.

The study of thermal deformations of the crystal structure of synthesized solid
solutions also confirms the hypothesis of the ordering of tetrahedral groups PO4
and VOs (Table 11, Figure 7). The typical values and linear dependences of the
volumetric coefficients of thermal expansion®** for the extreme terms of the series
degenerate into a constant ar with a temperature change in the composition
Cai0(P0O4)3(VO4)3(OH).
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Table II. Thermal dependencies of unit-cell parameters and linear and volumetric thermal
expansion coefficients for apatites under study

TK) a(A) 0, (K1) 10° c(A) (K 10° V(@A) oy (K1) 10°

x=0
298 9.829(1) 7.1(5) 6.9596(8) 10.3(9) 582.2(1) 24.4(1)
373 9.836(1) 8.6(4) 6.967(1) 12.4(7) 583.7(1) 29.5(9)

473 9.843(1) 10.6(3) 6.978(1) 15.1(5)  585.4(1)  36.4(6)
573 9.856(1) 12.7(2) 6.989(1) 17.8(4)  587.9(1) -~ 43.1(4)
673 9.868(2) 14.7(1) 7.001(2) 2053)  5904(2) 49.93)
773 9.886(2) 16.7(2) 7.016(2) 232(3) 1 593.8(2)  56.6(4)
873 9.903(2) 18.7(3) 7.032(2) 25.8(5) .5972(2)  63.3(6)
973 9.922(2) 20.7(4) 7.053(2) 28.5(7)  601.3(2)  70.0(8)
1073 9.943(3) 22.7(5) 7.075(3) 31.109) . 605.7(3)  76.6(1)

x=1
298 9.7613(8) 7.9(8) 6.980(1) 8.8(5) 575.9(1) 24.6(2)
373 9.768(1) 9.4(6) 6.985(1) 10.3(4) 577.1(1) 29.2(1)

473 9.777(1) 11.5(5) 6.991(1) 1233)  5787(1)  25.4(1)
573 9.787(1) 13.6(6) 7.00(1)2 143(2)  580.8(1)  41.5(7)
673 9.805(2) 15.7(2) 70130) 162(1)  583.8(2)  47.7(5)
773 9.822(2) 17.8(3) 7.025(2) 182(2)  586.9(2)  53.8(6)
873 9.839(2) 19.9(4) 7.038(2) 20.13)  590.022)  59.8(7)
973 9.861(3) 21.9(6) 7.053(3) 22.14)  59393)  65.9(1)
1073 9.881(3) 23.9(7) 7.069(3) 24.05) 5977(3)  71.8(3)

x=2
298 9.7239(8) 5.9(8) 6.9633(9) 6.4(6) 570.1(1) 18.1(2)
373 9.729(1) 7.2(6) 6.968(1) 7.9(6) 571.1(1) 22.3(2)
473 9.738(1) 9.0(5) 6.974(1) 9.8(4) 572.7(1) 27.7(2)

573 9745(1) 10.7(3) 6.980(1) 11.83)  574.0(1)  33.2(6)
673 £9.756(2) 12.5(2) 6.991(2) 13.7Q2)  5762(2)  38.6(5)
773 . 9.770(2) 14.2(3) 6.999(2) 15.6(2)  578.5(2)  44.1(7)
873 9.788(2) 16.0(4) 7.013(2) 17.6(4)  581.82)  49.5(3)

973 9.802 17.7(6) 7.025(3) 19.5(5) 584.5(3) 54.8(4)
1073 9.819(3) 19.4(7) 7.039(3) 21.3(6) 587.7(3) 60.2(5)
x=3
298 9.667(1) 6.948(1) 562.3(1)
373 9.684(1) 6.951(1) 564.5(1)
473 9.701(1) 6.95(1) 566.8(1)
573 9.718(1) 6.958(1) 569.1(1)
673 9.735(2) 18.0(2) 6.962(2) 6.2(5) 571.4(2) 41.1(4)
773 9.752(2) 6.9655(2) 573.7(2)
873 9.769(2) 6.969(2) 575.9(2)
973 9.786(3) 6.972(3) 578.2(3)

1073 9.803(3) 6.976(3) 580.5(3)
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T (K) a(A) a, (K1)-10° c(A) a. (K'H-10° V (A% ay (K1):10°
x=4
298 9.5482(8) 6.3(6) 6.9006(9) 7.9(6) 544.8(1) 20.5(4)
373 9.552(1) 7.8(6) 6.905(1) 9.2(5) 545.6(1) 24.8(2)
473 9.560(1) 9.7(4) 6.913(1) 10.9(3) 547.1(1) 30.4(6)
573 9.571(1) 11.7(3) 6.919(1) 12.6(2) 548.8(1) 35.9(6)
673 9.582(2) 13.6(2) 6.929(2) 14.3(2) 550.9(2) 41.5(4)
773 9.599(2) 15.5(2) 6.941(2) 16.0(2) 553.8(2) 47.1(5)
873 9.612(2) 17.4(4) 6.952(2) 17.7(3) 556.2(2) 52.6(8)
973 9.632(3) 19.3(5) 6.964(3) 19.4(5) 559.5(3) 58.0(3)
1073 9.649(3) 21.2(6) 6.979(3) 21.2(5) 562.7(3) 63.5(4)
X=5
298 9.4852(9) 4.9(7) 6.8829(9) 5.8(2) 536.2(1) 15.6(3)
373 9.489(1) 6.9(6) 6.888(1) 8.0(2) 537.1(1) 21.8(2)
473 9.498(1) 9.5(4) 6.892(1) 11.0(2) 538.4(1) 30.0(2)
573 9.505(1) 12.1(3) 6.899(1) 13.9(6) 539.7(1) 38.2(3)
673 9.521(2) 14.7(2) 6.910(2) 16.8(5) 542.4(2) 46.3(5)
773 9.535(2) 17.3(3) 6.925(2) 19.8(6) 545.2(2) 54.4(4)
873 9.553(2) 19.9(4) 6.943(2) 22.7(7) 548.7(2) 62.5(2)
973 9.575(3) 22.5(5) 6.958(3) 25.5(2) 552.4(3) 70.5(2)
1073 9.595(3) 25.1(7) 6.972(3) 28.4(4) 555.8(3) 78.5(3)
X=6
298 9.454(1) 10.7(6) 6.865(1) 7.0(6) 531.4(1) 28.5(2)
373 9.462(1) 11.4(6) 6.866(1) 8.0(5) 532.5(1) 30.7(2)
473 9.471(1) 12.2(4) 6.874(1) 9.3(4) 534.0(1) 33.6(7)
573 9.486(1) 13.03) 6.880(1) 10.5(3) 536.2(1) 36.5(5)
673 9.500(2) 13.8(2) 6.889(2) 11.8(2) 538.4(2) 39.4(4)
773 9.510(2) 14.6(3) 6.898(2) 13.1(3) 540.3(2) 42.3(5)
873 9.525(2) 15.4(4) 6.906(2) 14.3(4) 542.7(2) 45.2(7)
973 9.541(3) 16.2(5) 6.915(3) 15.5(4) 545.2(3) 48.0(2)
1073 9.557(3) 17.0(6) 6.928(3) 16.8(6) 548.1(3) 50.9(2)

Possible variants of the structure ordering are shown in Figure 8. Option a,
similar to the result of the "order-disorder" transition in the Cu-Au alloy,* seems
less likely, as does option b. In the case of variant ¢, a tetrahedron vanadate layer
"isolated" from phosphate arises, which, due to the greater deformability of the
electron shell of vanadium atoms compared to phosphorus, will ensure not only
the stability of volumetric thermal expansion, but also the predominance of
expansion along the crystallographic direction a compared to the direction ¢, which
is typical for purely vanadic apatites.
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Fig. 8. Possible ordering options for phosphate (green) and vanadium (brown) tetrahedra in
the crystalline structure of Caio(PO4)3(VO4)3(OH); solid solution

CONCLUSION

Thus, when considering the possibility of forming solid solutions in the binary
system Caio(PO4)s(OH)2 - Caio(VO4)s(OH)2 it has been established that a
continuous series of phases of variable composition can be formed, despite the
contradiction to the empirical rules of isomorphism (Goldschmidt's rule of 15%
difference in radii of substituted atoms). This result indicates the importance of
considering isomorphic substitutions without taking into account the structural
type and layout features of a particular crystal lattice.
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In turn, the established continuous substitution of vanadium for phosphorus.in
the hydroxyapatite structure makes it possible to develop biomaterials based on
substances of the chemical compositions under consideration with controlled, i.e.
a priori set properties.

The features of thermal deformations of the crystal structure associated with
the possible ordering of isomorphically replaceable structural units make it
possible to control the sintering processes of ceramic materials, avoiding the
accumulation of stresses in the structure and, as a result, cracking of the material
at the manufacturing stage.

Acknowledgements: The research was carried out with financial support via State
assignment in Research scientific laboratory of "Chemistry of natural products and their
synthetic analogues", grant number FSWR-2024-0002. The authors express their sincere
gratitude to the Candidate of Chemical Sciences, Assoc. Permin D.A., graduate student Krasnov
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H3BO

HUCITUTHUBAKBE U30MOPOHE P-V CYIICTUTYUUJE Y CTPYKTYPU KAJILIUIY M-
XUIOPOKCHAITATUTA IIPUMEHOM PEHATEHCKHUX U CIIEKTPAJTHUX METOJA

ELENA L. TIKHONOVA, TAISIYA D. BOLKHOVSKAYA, POLINA V. KORTIKOVA, U EVGENY N. BULANOV*
Lobachevsky University, 23 Gagarin ave, Nizhny Novgorod, Russia, 603022.

Y pany je pasmoTpeHa moryhHocT hopMUpama KOHTUHYHPaHOT HU3a YBPCTHUX pacTBopa y
OuHapHoM cuctemy Caw(PO4)s(OH)2 - Ca10(VOs)6(OH)z, uuju Kpajubu 4YMaHOBH NpHUNanajy
CTPYKTYPHOM THIY anaTuTa. MCMUTHBAHM Y30pLM NOOHMjeHH Cy peakuujoM y uBpcToj a3, a
jemHogasHOCT - MpOoM3BOJAa TOTBphHeHa je peHAreHckoM paudpakuujoMm Ha mpaxy © IR
CNEKTPOCKOMMjOM. YOo4UeHa aHOMaJTHa OfICTyIamba 3aBUCHOCTH TapaMeTapa jenuHuuHe henuje ox
JTUHeapHOCTH (BerapmoBor mpaBwia) moTBphyjy mpernoctaBky o moryhem ypehemy aTtoma
(ocdhopa u BaHagujyma y 4YBPCTUM pacTBOpHMMa. YTBpHeHa je KOHCTAHTHOCT 3allpEMHMHCKOT
KoeuuujeHTa TepMudKor mupema cacraBa Caio(P0O4)3(VO04)3(OH)2 npu mpomMeHu Temrneparype.

(ITpumrseno 1. maja; pesupupano 20. maja; mpuxsaheno 28. asrycra 2026.)
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