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The effect of anionic tetrahedral substitution in hydroxyapatite structures on the
crystal and electron structure of Ca,y(PO,),(VO,) (AsO,),(OH),, compounds (x =1, 2, 4;
y=1,2,4;2=1, 2,4 (x+y + z=06) has been s{udied. The IR and MAS NMR analyses
indicate that progressively the phosphorus substitution by vanadium and arsenic results in
increasing lattice parameters that, in turn, is accompanied by changes in distances and by
an electron density redistribution in XO43‘ anions. Basing on the XPS and MAS NMR
data, it has been established that the distance increase between phosphorus and oxygen
results in a substantially increasing ionic component of chemical bond, however, the
charge redistribution occurs only between oxygen and appropriate chemical element inside
of XO43‘ and does not affect the metal sublattice.

WccnenoBaHo BAUsSIHNE AHWOHHBIX TETPAdAPUUECKUX 3aMEIeHUN B CTPYKTYpPE I'MIPOKCH-
alaTATA HA ATOMHOE M JJEKTPOHHOE CTPOCHHE COeIUHEHUN Ca1O(PO4)X(VO4)y(ASO4)Z(OH)z,
rme x=1, 2,4, y=1, 2, 4; z=1, 2, 4 (x + y + z=6). Merog IMP c Bpameruem mor
MarudecKkuMm yriaom coBmecTHo ¢ UK cmekTpockommeil mokasanu, urTo 3amerneHue docdopa
BaHAANEM U MBIIIbAKOM [PUBOAUT K YBEJWYEHUIO IIAPAMETPOB PEIIeTKU, YTO, B CBOIO Oue-
pelb, COIPOBOKIAETCS M3MEHEHHEM DACCTOSIHUM U lepepacipejesieHneM dJIeKTPOHHON ILIOoT-
HOCTU B XO43‘ anvoHax. Ha OCHOBaHWM JAaHHBIX, MOJYUYEHHBIX C ITOMOIIbI0 PEHTI'€HOBCKOI
(hoTO2/IeKTPOHHOH CIeKTpPOCcKOmnu, a Tak:xke JIMP, ycTaHOBJIEHO, UTO yBeJWUEHHUE PAaCCTOS-
HUN Mexay moHamu (pocopa W KUCIOPOJa NMPUBOAUT K CYI[ECTBEHHOMY YBEJIUUYEHUIO WOH-
HOM COCTABISAOIIEHl XUMUUYECKON CBA3U, NMPUUYEM IepepaclpejelieHre 3apsaga MTPOUCXOLUT
WCKJIIOUUTEIbHO MeMIy MOHAMHU KHUCJIOPOLA U COOTBETCTBYIOIIUM 3JI€MEHTOM BHYTPHU XO43‘
aHUOHA, He 3aTparuBasg MOAPEIIeTKY aTOMOB MeTaJlja.

1. Introduction

© 2010 — STC "Institute for Single Crystals”

Tetrahedral substitution in the apatite
structure attract today a considerable inter-
est in the study field of apatite-type sys-
tems. As is known [1], the electron struc-
ture of hydroxyapatite is mainly determined
by the tetrahedral sublattice of PO43‘ ani-
ons, where partial isomorphous substitution
allows to control purposefully the material
properties. In our previous work [2], we
have studied the effect of VO,3  substitu-
tion for PO43‘ groups on the electron struc-
ture and properties of calcium hydroxyapa-
tite. Calcium hydroxyapatite with a varying
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degree of substitution of phosphate tetrahe-
dron by the anion of VO,3~ or AsO,3~ was
studied in [3-6]. In particular, in [3] the
Ca10(PO4)6_X(VO4)X(OH)2 was investigated
where x = 0.3, 1.5, 3.0, 4.5, 6.0, in [6]
Cag(P,As;_,O4)3(OH) with a wide range of x
values was synthesized and studied.
However, presently, of a scientific inter-
est is to study the physical and chemical
properties of apatite with PO43‘, VO43‘ and
ASO43‘ simultaneously presented in the tet-
rahedral sublattice. Therefore, the purpose
of this work was to study systematically the
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effect of anion substitution on atomic and
electron structure of the apatite of mixed
composition Ca1O(PO4)X(VO4)y(ASO4)Z(OH)2,
where x =1, 2, 4, y=1,2,4;,2=1, 2, 4 (x
+ y + z = 6), depending on the variation of
XO43‘ anions, X =P/V/As, as well as of
arsenatapatite (Cag(AsQ,)s(OH),).

2. The research methods

The infrared (IR) spectroscopy, nuclear
magnetic resonance (NMR), and X-ray pho-
toelectron spectroscopy (XPS) were used in
this work. To obtain IR spectra, the samples
were shaped as tablets. The transmission
spectra were recorded in absorption band of
X043 anion from 1400 cm'! to 400 cm™!
using a "Specord M80" double-beam spec-
trophotometer (recording range 4000-
250 ecm™1). The X-ray photoelectron spectra
were obtained using a JEOL JSPM-4610
photoelectron spectrometer with a non-
monochromatic MgK, (1253.6 eV) X-ray
source. During the experiment, the vacuum
in the analytical chamber was 10~7 Pa, the
accuracy of the electron binding energy was
determined to 0.1 eV. The test samples of
the arsenatapatite and the mixed composi-
tion apatites were prepared as a disperse
powder deposited on aluminum substrate. In
order to avoid the influence of the charge
accumulation on the insulating sample sur-
face during the experiments, a thin gold
layer was applied on its surface. The cali-
bration of X-ray photoelectron spectra was
carried out against the binding energy of
gold Au4f lines, thus providing to obtain a
high determination accuracy of electron
binding energies for elements of the sample
under study. The NMR spectra were re-
corded on a Bruker Avance 400 spectrome-
ter, at room temperature. The NMR spectra
were obtained for both static samples and
those being rotated under magic angle
(MAS NMR) at 10 kHz and 15 kHz frequen-
cies. The MAS NMR allows to exclude the
effects related to the anisotropy and to the
dipole-dipole interaction, but does not ex-
clude the second order quadrupole interac-
tion. To take into account the possible ef-
fect of a small quadrupole moment of vana-
dium nuclei on the 5V MAS NMR spectra,
the measurements of longitudinal and
transverse relaxation times had been carried
out for static samples. Magnetic field was
referenced against the '3C NMR spectrum
of adamantane, which was used as an exter-
nal standard for magnetic field calibration.

152

A
v,(VO,, AsO,)

BN

I
)
>

1 1 1

1200 1000 800 600

v, cm™’

Fig. 1. IR-absorption spectrum of apatites:
1 — Ca;((PO,)(VO,)4(AsO,)(OH),;

2 — Cay(PO4)»(VO,),(AsO,4),(0OH),;

3 — Ca;y(PO,)(VO,)(AsO,)4(OH),;

4 — Ca;((AsO,)g(OH),.

3. Results and discussion

Fig. 1 shows the IR absorption spectra of
the samples in the frequency range of
1400-400 cm~!. Basing on relative inten-
sity changes of the different spectral fea-
tures with the structure changes of the in-
vestigated compounds as well as on the lit-
erature data for similar compounds [3-5], it
is possible to define unambiguously the po-
sitions of various vibrational mode groups
for PO43‘, VO43‘, ASO43‘ ions. The number
of vibrational modes in each group can be
thus uses as a basis to determine the sym-
metry group of XO43‘ ion in the investi-
gated compound. So the free XO43‘ ion has
tetrahedral symmetry and belongs to point
group T,;. The normal modes of tetrahedral
ions are: v;, symmetric P-O stretching; v,
O-P-O bending; v3, P-O stretching, and v,,
O-P-0O bending. For undistorted tetrahe-
dron, the absorptions corresponding to vj
and v, vibrational modes can be observed
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only. The v; and v, vibrational modes be-
come infrared active with a symmetry re-
duce of XO43‘ anion due to the influence of
crystal lattice. Since, in the apatite lattice,
PO43‘ ion must have C, symmetry, the pos-
sible point groups for PO,3-, VO,3~, AsO,3~
anions in the compound are C,, C,, Cg,,
Dy, and T, [7]. The number of active infra-
red modes for possible symmetry groups is
presented in Table 1.

The absorption bands for apatites of mixed
composition corresponding to ~1050 em™!
and ~560 cm~! belong to the vg and v,
vibrational modes of PO43‘ ion (Fig. 1). In
the range of 944-956 ecm !, the vibrational
mode v; is observed for all investigated
compounds and is infrared active, that is
characteristic only for molecules possessing
a dipole moment. The vibration correspond-
ing to v, mode is observed for all the com-
pounds in the range of 452-470 cm~!l. The
presence of v; and v, modes in all investi-
gated compounds indicates the deformation
of XO43‘ tetrahedrons (Table 1), and, there-
fore, in all studied compounds, XO43‘ ion
may have a point symmetry C,, C,,, Cg,,
but not higher.

The conventional IR spectroscopy for
these compounds does not allow to estimate
uniquely the exact number of infrared ac-
tive modes in each subgroup and, conse-
quently, the symmetry of the ion being in-
vestigated. So, the vibrational mode v for
PO43‘ anion is partially overlapped with vg
mode for VO,3 and AsO,3 -anions, how-
ever, a noticeable shift of v; mode to lower
frequencies with increasing VO43‘ and
ASO43‘ content allows to assume [3] an in-
crease in P-O distances in PO43‘-anions at
increasing VO43‘ and ASO43‘ content. The
change of V-0 distances in VO43‘-anion can
be revealed using NMR. The shift of iso-
tropic peak in NMR spectra, suggests in
general a change of magnetic shielding for

Table 2. Chemical shift 9,

180

Ac-CSA (for static samples)

(ppm), half-width

Table 1. Possible point groups and vibra-
tional modes of PO43‘ ions [7]

Point Number of infrared active
group vibrational modes
V3 V1 vy Va
T, 1 0 1 0
Dy, 2 0 2 0
Cs, 2 1 2 1
Cy, 3 1 3 1
C, 3 1 3 2

nuclei of elements being investigated, that
is caused turn by the electron density redis-
tribution between atoms of the compound
and indicates the change in the chemical
bond nature of. According to Satoshi
Hayakawa et al. [8], displacement of iso-
tropic peak and, consequently, changes in
electron density near vanadium nuclei is as-
sociated with changes in V-O distances of
VO43‘ tetrahedrons. So, according to their
researches, the decrease of 'V MAS NMR
isotropic shift is accompanied by a nearly
linear increase in average V-0 bond length.
In the spectra obtained for these samples
(Table 2, Fig. 2¢), the isotropic vanadium
peak shifts to higher frequencies as the
VO43‘ and ASO43‘ content increases, thus it
can be suggested that the mentioned content
increase results in increasing distance be-
tween the vanadium and oxygen atoms. The
simultaneous increase of V—O and P-O dis-
tances suggests that introduction of large-
size VO43‘ and ASO43‘ ions results in an
increase of the lattice parameters and, con-
sequently, in increase of P-O distances in
PO,3- tetrahedron. This assumption is con-
firmed in [3], where an increase of lattice
parameters was observed as a consequence
of increased VO,3~ anion content. It should
be noted that, basing on NMR data, the
introduction of smaller size AsO,3~ ions

AS (ppm) of MAS NMR spectrum lines and 5'V

Compound 31p 51y H
ico Ad Biso AS Ac-CSA diso  Ad
Ca,((PO,)(VO,),(AsO,)(OH), 4.53 1.52 |-606.95 12.48 65 0.68 0.69
Ca,5(PO,),(VO,),(AsO,),(OH), 4.17 1.89 |-613.18 14.92 69 0.68 0.69
Ca,((PO,)(VO,)(AsO,),4(OH), 4.03 1.70 |-614.20 11.22 68 0.65 0.56
Ca,((PO,)4(VO,)(AsO,)(OH), 3.63 1.48 |-622.61 16.55 72 0.63 0.61
Ca(AsO,)g(OH), - - - - - 0.71 0.37
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Fig. 2. 1P (a), 'H (b), °'V (c) MAS NMR spectra of compounds: 1-Ca;y(PO,)(VO,)4(AsO)(OH),; 2
— Cay((PO),(VO,)o(ASO,),(OH),; 3 — Cayo(PO,)(VO)(ASO,)4(OH)y; 4 — Cayg(PO,),(VO,)(ASO,)(OH)y; 5

— Ca,((AsO,)g(OH),.

causes a smaller increase of V-0 and P-O
distances in the tetrahedrons and, conse-
quently, to smaller increase in the lattice
parameters.

As it follows from the change in the
band half-width of v3 absorption mode for
PO43‘ anions (Fig. 3) and NMR data, the
change of lattice parameters is also accom-
panied by some distortion of XO43‘ tetrahe-
drons, depending on relative content of ions
of the appropriate type. Due to significant
overlap of IR absorption spectra of VO43‘
and AsO43~ tetrahedrons, the %'V NMR
spectra obtained for stationary samples
(Table 2) were used to determine the degree
of VO,3~ tetrahedron distortion. According
to these data as well being on the values of
51V MAS NMR isotropic shifts and the
Lorentz broadening associated with the
spin-spin relaxation time (Table 8) by the
relation 1/T5 = nAv, the anisotropy parame-
ters of the chemical shift tensor for vana-
dium were estimated for each of the samples
(Table 2). The small anisotropy size
(Ac <100 ppm) evidences that vanadium in
all samples is in a tetrahedral oxygen envi-
ronment of @, type and has a nearly spherical
symmetry of the chemical shift tensor [9].

The anisotropy parameter in this case is
defined by the different shielding of vana-
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Fig. 3. Intensity-reduced IR absorption spec-
trum of PO43‘ ions for compounds:

1 — Ca,((PO,4(VO,),(AsO,)(CH),,

2 — Ca;((PO,)(VO,)(AsSO,),4(OH),,

3 — Ca;((PO,)5(VO,),(AsO,),(OH),.

dium, depending on the orientation of
VO,3~ tetrahedrons with respect to the ex-
ternal magnetic field. Since, according to
the XPS (Table 4), the charge on calcium
remains unchanged at VO43‘ and ASO43 re-
placement for PO43‘, the differences in va-
nadium shielding for these substitutions
may be explained by changes of V-O dis-
tances inside of the VO,3 tetrahedron.

Functional materials, 17, 2, 2010
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Table 3. The longitudinal (T;) and transverse (T'y) relaxation of vanadium and phosphorus nuclei

of studied compounds

Compound \' \% P P

Ty, s Ty, us Ty, s Ty, ms
Ca,((PO,)(VO,),(AsO,)(OH), 3.9 357 31.9 19
Ca,5(PO,),(VO,),(AsO,),(OH), 5.2 539 20.2 18
Ca;,(PO,(VO,)(AsO,),4(OH), 6.1 639 34.1 19
Ca,((PO,),4(VO,)(AsO,)(OH), 8.7 697 19.4 17

Table 4. Binding energy (eV) and half-width (in parentheses, eV) for core levels lines of the
atoms of studied compounds
Compound O1s P2p Ca2s |Ca2p3/2/Ca2p1/2| V2p3/2 | V2p1/2 |As3p3/2|As3p1/2
Cayo(PO,)(VO,)4(AsO,)(OH), | 531.0 | 133.8 | 439.1 | 347.4 | 351.1 | 517.6 | 525.4 | 144.5 | 149.5
(2.8) | (2.2) | (8.8) | (2.4) | (2.2) | (2.4) | (3.2) | (8.1) | (3.6)
Ca;g(PO,),(VO,),(AsO,4),(OH),| 531.3 | 133.5 | 439.0 | 347.5 | 351.1 | 517.6 | 525.9 | 144.3 | 149.2
(2.6) | (2.2) | (8.8) | (2.2) | (2.2) | (2.2) | (3.8) | (3.0) | (3.4)
Ca,n(PO,)(VO,)(AsO,)4(OH), | 531.5 | 133.9 | 439.1 | 347.6 | 351 | 517.3 | 524.9 | 144.3 | 149.2
(2.2) | (3.2) | (4.0) | (2.4) | (2.8) | (3.0) | (3.0) | (3.2) | (3.8)
Ca;((P0O4)4(VO,)(AsO,)(OH), | 531.4 | 133.3 | 439.2 | 347.6 | 351.1 | 517.3 - 144.1 | 149.4
2.4) | 4.7 | (2.1) | (2.5) 3.8) | (4.2)
Ca,((AsO,)s(0OH), 531.3 - 439.1 | 347.4 | 350.8 - - 144.2 | 149.0
(1.8) 3.8) | (2.4) | (2.4) 3.2) | (3.2)
Ca,z(PO,)g(OH), [1] 531.2 | 133.3 | 439.2 | 347.3 - - - - -
(2.0) | (2.9) (2.0)
Ca;((VO,)(0H), 1] 530.1 - 438.7 | 346.8 | 350.5 | 517.0 - - -
(2.8) (2.1) (1.8)

Thus, it was found that the maximum dis-
tortion of VO43‘ tetrahedrons is observed for
the compound Cayg(PO,4)4(VO,4)(AsO4)(OH),. A
further increase in the substitution degree
by vanadium which, as it has been shown in
[3], is accompanied by a gradual increase of
the lattice parameters, results in a decrease
of distortions both in phosphate (Fig. 3) and
vanadium tetrahedrons.

The relatively small deformations in
XO43‘ tetrahedrons cannot, however, ex-
plain the significant changes in the half-
width of the MAS NMR spectra. Basing on
the spin-spin relaxation values, it is possi-
ble to conclude that the half-width of MAS
NMR spectral band in this case indicates
the presence of close nonequivalent posi-
tions of phosphorus and vanadium nuclei in
the structures under study. To eliminate
the possibility of non-uniform distribution
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of PO43‘ ions, that could result in interac-
tion between the neighboring anions and
thus to broadening of IR absorption bands
in one of the samples, thus masking the
PO43‘ tetrahedron deformation, the spin-
spin relaxation times on 3P nuclei had been
measured for Ca10(PO4)(VO4)4(ASO4)(OH)2
and Ca10(PO4)(VO4)(ASO4)4(OH)2 Samples
containing the same amount of PO43‘ ions
(Table 3).

Since the relaxation times for these two
samples are practically the same, it is possi-
ble to state that the half-width of IR spec-
tra corresponds to the relative distortion
degree of PO43‘ ions in the samples. The
half-width of NMR spectra cannot be ex-
plained by the change in crystallinity degree
resulting from such substitutions, as the
maximum value for vanadium corresponds
to the minimum value for the phosphorus
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nuclei (Table 2). It seems that such broaden-
ing can be explained by the rotation of
XO43‘ anions providing them the opportu-
nity to occupy the maximum volume in the
structure. Accordingly, different rotation
directions and degrees of the tetrahedrons
define the set of possible nonequivalent po-
sitions of these elements. The presence of
VO43‘ and ASO43‘ anions in  the
Cag(PQ,4)2(VO,4)2(As0,4),(OH), in equal pro-
portions has the greatest influence on the
structure ordering degree. Thus, it is possi-
ble to assume that AsO,3 ions having a
smaller size in comparison with VO43‘ ion
and occupying an intermediate position in
the apatite structure increase the degree of
their mutual influence.

According to 'TH MAS NMR spectra (Fig.
2b, Table 2), the structure disordering is
accompanied by the change of 'H chemical
shift belonging to OH™ groups, thus demon-
strating the change in magnetic shielding of
hydrogen nuclei. The minimum magnetic
shielding of protons for Cayg(AsO,)s(OH),
increases with replacement of arsenic ions
by vanadium and phosphorus, attaining its
maximum value for the compound
Cag(PO4)(VO,4)4(ASO,4)(OH),. Due to the
fact that, according to the XPS, such sub-
stitutions do not influence the metal sublat-
tice (within the measurement accuracy), the
change in protons shielding can evidence
either a weak charge redistribution between
calcium ions and hydroxyl group insuffi-
cient for registration by X-ray photoelec-
tron spectroscopy, or the changes in the
strength of hydrogen bond OH - - -OXOs,.

The previous studies [3], basing on the
displacements of the IR mode matched to
OH~ group, indicate an increase in hydrogen
bond strength with increasing vanadium
content for the Ca g(PO4)e_(VO4),(OH),
(x=0.3, 1.5, 3.0, 4.5, 6.0). An essential
overlapping of libration mode of OH™ group,
having a value of 632 cm™! for arsenatapa-
tite, with v, belonging to PO43‘ in mixed
composition apatites, does not allow to con-
clude unambiguously its displacement. How-
ever, due to the fact that hydrogen bond is
usually accompanied by a decrease in mag-
netic shielding of hydrogen nuclei of OH~
groups [10], for apatites with simultaneous
substitution of phosphorus by vanadium
and arsenic, increase in magnetic shielding
of OH~ group protons, as it follows from 'H
MAS NMR, indicates a strength reduction
of OH - . .OXO3 hydrogen bond with increas-
ing vanadium and arsenic ion content.
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The above-described changes in the struec-
ture of investigated compounds influence
naturally their electron structure. So the
XPS data (Table 4) in combination with
NMR ones indicate a substantial redistribu-
tion of electron density depending on the
substitution degree.

The shift of 3'P MAS NMR isotropic
peak towards higher frequencies (Fig. 2a)
and increase in the energy of phosphorus 2p
core electrons at the increase of both arse-
nic and vanadium ion content evidences the
electron density decrease on phosphorus.

Since the XPS spectrum is the superposi-
tion of signals from the entire sample sur-
face of the, the change in binding energy of
Ols oxygen core level cannot indicate un-
equivocally the electron density change on
oxygen for a particular type of tetrahe-
drons. However, taking into consideration
the fact that the energy of core electron of
calcium is practically the same for all com-
pounds studied, it is possible to assume the
charge transfer from phosphorus to oxygen
in PO,43~ tetrahedron. Such an electron den-
sity redistribution indicates the decrease of
initially strongly pronounced covalent com-
ponent of the phosphorus-oxygen bond in
hydroxyapatite. Thus, this substitution type
results in a marked increase of ionic compo-
nent in the P-O chemical bond for substitu-
tions of phosphorus by vanadium and by
arsenic, though substitutions by vanadium
influence essentially greater the chemical
bond ionicity. Increase of VO43~ ion content
results in some increase of the arsenic 3p
core electron energy that is possibly ex-
plained by the increase of lattice parameters
and, as in the case of phosphorus, causes
some increase in the chemical bond ionicity.

Superpositions of different binding ener-
gies in the XPS spectra cause that with
increase of VO43‘ anion content the half-
width of oxygen O1s core level increases
significantly. This seems to be caused by
the different ionicity of the oxygen-vana-
dium bond on the one hand, and oxygen
with phosphorus and arsenic on the other
one. Thus, the electron density on the oxy-
gen ions depends on the tetrahedron type to
which it belongs, and probably it is defined
by the fact that, in addition to the maxi-
mum ionic radius, vanadium has a signifi-
cantly different electronic configuration.
Participation of more localized 8d-orbitals
of vanadium in the chemical bond results in
that as the distance between vanadium and
oxygen ions increases, the overlap degree of
3d vanadium orbitals with 2p oxygen ones

Functional materials, 17, 2, 2010
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is reduced by a much greater extent than
the overlap of corresponding phosphorus
and arsenic orbitals with oxygen. Perhaps
this explains the bond ionicity difference in
the tetrahedrons of investigated compounds.

The binding energy of calcium core level
electrons is almost the same for all substi-
tution types, hence it follows that the
charge redistribution takes place solely be-
tween the atoms of an individual anion and
does not affect the metal sublattice.

4. Conclusions

The substitution of phosphorus ions by
the vanadium and arsenic ones in the struc-
tures of mixed composition apatites has
been found to increase the lattice parame-
ters and to change the distances within the
tetrahedrons. It is shown that an increase
of P-O distances in PO43‘ tetrahedron is
influenced to much higher degree by the
introduction of VO43~ anions in the struc-
ture of investigated compounds, that seems
to be explained by large size of VO43‘ anion.
It has been noted that such substitutions
result in some size change of investigated
tetrahedrons, but influence much stronger
the spatial topology of tetrahedral sublat-
tice. It has been supposed that hydrogen
bond OH - . -OXOj5 strength reduces with in-
creasing vanadium and arsenic content in
the mixed composition apatites. It is shown
that the charge redistribution in the mixed
composition apatites occurs exclusively be-

tween sublattices of anions, without affect-
ing the metal sublattice. The electron den-
sity redistribution inside of an anion results
in an appreciable increase of the P-O chemi-
cal bond ionicity in PO43~ tetrahedron at
substitutions of phosphorus both by vana-
dium and by arsenic, but replacements by
vanadium, owing to its electronic structure,
have a significantly greater influence on the
chemical bond ionicity.
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EnxexTporHa OyaoBa MOTPIMHMX TeTpaeapUUYHHX
CTPYKTYP Ha OCHOBi amaTHUTY KaJbIil0

B.JI.Kap6ieécvruii, C.C.Cmonax, A.Il.lMInax,
I0.0.3azopooniii, B.X.Kacianenko

HocaigKeHo BILIMB aHIOHHUX TeTPaeAPUUYHUX 3aMill[eHb B CTPYKTYPi rizipoxcuamatuTry Ha
aTOMHY Ta eJeKTPOHHY OyZOBY CIIOIYK Ca1O(PO4)X(VO4)y(AsO4)Z(OH)2, gex=1,2,4,y=1,
2,4;2=1,2,4(x+y+ z=06). Merog SIMP 3 oGepTaHHAM IOiJ MariyHUM KYTOM CIIiJIBHO 3
IY-cmexTpockoniero mokasanu, 1m0 3aMimeHHA (Gocdopy BaHamieM i MU AKOM IPUBOIUTH
0 3POCTaHHA IapaMeTpiB IpPaTKH, IO B CBOIO UEPry CYIPOBOMKYETLCA 3MiHOIO Bigcraneii i
IePepPOsHOLiJIOM €JIEKTPOHHOI I'yCTUHU B XO43‘-aHiOHax. Buxopaum 3 faHUX, OTPUMAaHUX 34
JOTIOMOTOI0 PEHTTeHiBChKOI (POTOENeKTPOHHOI cIeKTpocKoIii, a Takox SIMP, BcraHoBIeHO,
mo 36inbITeHHA Bifcrani Mik ioHamu ¢ocdopy i KMCHIO IPUBOAUTEL A0 iCTOTHOTO 30ijbIIEH-
HA i0oHHOI CKJIamoBoi XiMiuHOro 3B’fBKY, IPUYOMY II€PEPOSIOAiJ 3apAny BifOYBaeThCA BUK-

JIFOYHO MiK loHAMM KHCHIO i BiAMOBiZHMM esieMeHTOM BCepemuHi XO4

Yy HA IiArpaTKy aTOMiB MeTasy.
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