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Electron structure of apatite-like compounds
with isomorphic substitution in tetrahedral
positions
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Effect of isomorphic anionic substitutions in the apatite-like calcium structures on
their electron structure has been investigated. Changes in the electron subsystem of the
first synthesized compounds Ca,y(PO,)s ,(VO,), (M), (where M =F~,ClI~, x =0, 1, 3, 5, 6)
caused by isomorphic anionic substitutions have been investigated using spectral and
structural methods. It is established that fluorine and chlorine containing compounds are
characterized by a general behavior tendency of the local electronic densities on calcium
and oxygen atoms at the variation of anionic group number that evidences the electron
structure independence of the anion type on the c-axis.

HccaenoBaHo BAMAHNE AHUOHHBIX M30MOPMHBIX 3aMEIeHUH B alaTUTOINOAOOHBIX CTPYKTYPax
KaJblMA HA UX 3JIEKTPOHHOe cTpoeHue. CIeKTPaIbHBIMU U CTPYKTYPHLIMU METOLAMU UCCJIEI0BA-
Hbl M3MEHEHUA B DJIEKTPOHHOM IIOACHCTEME IIPU H3OMOP(MHBIX AHMOHHBIX 3aMEILCHUAX BIIEPBbLIE
cuHTesnpoBaHHLIX coepuaennii Ca,3(PO,)s  (VO,),M),, Tne M=F-, CIF, x =0, 1, 3, 5, 6.
VceTaHoBIeHO, UTO COEAWHEHHUS ¢ (PTOPOM UM XJIOPOM XapaKTepU3yIOTcsa o0Ieil TeHgeHImeil
MOBeJeHNs JOKAJLHON DJeKTPOHHON IJOTHOCTH HA ATOMAX KAJLIUS U KHCJIOPoga MIPH BAa-
PLUPOBAHUHN KOJWUYECTBA AHWOHHLIX TIPYIN, YTO CBUAETEJILCTBYET O HE3aBHUCHMOCTH 3JIEK-
TPOHHOHN CTPYKTYPLI OT THUIA aHMOHA Ha OCH C.

Tetrahedral anion (XO4)3‘ is a structural
element in many crystalline compounds, in
particular, in garnets, spinels, and apatites;
as a rule, physico-chemical properties of
compounds applied in practice are defined
to a great extent by the tetrahedral sublat-
tice [1, 2]. So, vanadates with the apatite
structure are used in ionizing radiation do-
simeters and as catalysts, while alkaline-
earth metal hydroxyapatites are used as
laser crystals, luminophors, and biocompat-
ible materials [2—5]. Structural modification
by isomorphic substitution in the tetrahe-
dral sublattice causes considerable changes
in physical properties of apatites [6, 7].
Consideration of literature data allows to
conclude that the problem of isomorphic
substitutions in the tetrahedral sublattice of
fluoro- and chloroapatite has not been still
investigated comprehensively enough by
spectral methods that could provide the pre-
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conditions for spectrally directed synthesis
of the isostructural compounds with
planned design of properties [2].

In this work, influence of anionic isomor-
phic substitutions in the apatite-like calcium
structures on their electron structure is in-
vestigated. For the first time compounds
Ca10(PO4)6_X(VO4)X(M)2 (Where M= F_, Cl_,
x=0, 1, 38, 5, 6) with isomorphic anionic
substitutions have been synthesized, and
spectral and structural methods have been
used to investigate the changes in the elec-
tron subsystem thereof. X-ray photoelectron
spectra were obtained using a Series 800
XPS Kratos Analytical electron spectrome-
ter with a non-monochromatic Al K,
(1486.6 eV) X-ray source. Energy resolu-
tion, defined as the full width at half-maxi-
mum of Ag 3dj y-line, was 0.1 eV. The ac-
curacy of binding energy determination was

<0.1 eV. The electron binding energy E,
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was calibrated using standard C 1s-line of
hydrocarbon electrons on the surface of the
samples, E, (C 1s)=285.0 eV. Studied
specimens of Ca-HAP and isomorphically
substituted samples were finely dispersed
powders, pressed into tablets.

Binding energies for core levels of stud-
ied compounds are shown in Table 1. To in-
terpret the results, the data for isomorphi-
cally substituted calcium hydroxyapatite ob-
tained before [8] were used. It is seen that
at partial or complete substitution in
Cag(PO,)3F, binding energy changes are ob-
served for all electron levels of the atoms.
The maximum of O 1s line remains essen-
tially unshifted at substitution of one an-
ionic group (PO, — VO,). The maximum in
calcium 2s curve is shifted towards higher
binding energy by 0.2 eV. The Ca 2p3/2 line
is shifted towards higher binding energy by
0.1 eV while the Ca 2py /2 line binding en-
ergy remains unchanged. The phosphorus 2s
line is shifted towards lower binding energy
by 0.3 eV while the P 2p line, by 0.2 eV in
the same direction. Thus, small shifts in
binding energy of caleium and phosphorus
electron levels occurs at this substitution.
Moreover, only levels with lower binding
energy and located close to the valence band
top are shifted.

Substitution of three anionic group in
the Cag(POy)sF results in still greater
changes in electron structure. O 1s electron
binding energy is shifted towards lower en-

ergy by 0.2 eV that evidences appearance a
new energy state of oxygen. The maximum
of calcium 2s-curve does not changed its
position, at the same time, Ca 2p3 5 and Ca
2py /2 lines are shifted towards lower bind-
ing energy by 0.3 eV. The phosphorus 2s
line is shifted towards lower binding energy
by 0.3 eV. The P 2p line is shifted in the
same direction by 0.1 eV. The V 2p3/2 line
is shifted towards lower binding energy by
0.6 eV. At this point, apparently, we can
suppose that the crystal lattice becomes
somewhat "loosen” as the new oxygen posi-
tions appear. Still more considerable
changes occur in the apatite electron struc-
ture due to substitution of five anionic
groups. The O 1s line is shifted towards
lower binding energy by 1.2 eV. Conse-
quently, the new oxygen states have an ap-
preciably higher negative charge on atoms
that evidences considerable changes in the
oxygen environment of Ca and V atoms in
the compound crystal lattice. The 2s cal-
cium line is shifted by 0.5 eV, and Ca 2pg 5
and Ca 2py/2, by 0.4 eV shifts towards
lower binding energy. The P 2s line is
shifted by 0.2 eV and the P 2p one, by
0.1 eV towards lower binding energy. Shift
of the V 2p3,, line by 0.5 eV occurs in the
same direction.

At partial or complete substitution in the
Cag(PO,4)3Cl, changes in binding energies
are observed for all atoms, too, but those
are more considerable. The maximum of O

Table 1. Electron binding energy E, (eV) of core levels for studied compounds.

Compound 0O 1s Ca 2s Ca 2p3/2 Ca 2p1/2 P 2s P 2p \% 2p3/2
Cayo(PO,)s(OH), 531.2 | 439.2 | 347.3 - - 133.3 -
Ca;((PO,)5(VO,)(OH), 531.2 439.2 347.3 - - 133.4 517.6
Ca,((PO,4)53(VO,)3(OH), 531.0 439.0 347.2 - - 133.2 517.4
Cayo(PO,)(VO,)5(OH), 530.2 438.8 346.8 - - 132.8 517.0
Ca((VO,)s(OH), 530.1 438.7 346.8 - - - 517.0
Cayg(PO,),F 531.5 439.2 347.5 351.1 191.1 133.6 -
Ca((PO,)5(VO,)F, 531.4 439.4 347.6 351.1 190.8 133.4 517.6
Cayo(PO,)5(VO,)sF, 531.3 | 439.2 | 847.2 | 350.8 | 190.8 | 133.5 | 517.0
Cayo(POLH(VO,)sF, 530.8 | 438.7 | 347.1 | 850.7 | 190.9 | 138.5 | 517.1
Cag(PO,),Cl 531.7 439.2 347.6 351.2 191.0 133.5 -
Ca,,(PO,)s(VO,)Cl, 531.2 | 439.2 | 347.4 | 851.0 | 190.8 | 133.6 -
Ca((P0O,)5(VO,);Cl, 531.2 439.2 347.7 351.2 190.6 133.3 517.7
Cayo(PO,L)(VO,)sCl, 530.3 | 439.1 | 847.1 | 850.7 | 190.5 | 183.5 | 517.3
Cag(VO,),Cl 530.1 | 438.8 | 347.0 | 850.5 - - 517.2

E, values are given relatively to E, (C 1s) = 285.0 eV. Accuracy of measurement £0.1 eV.
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1s line at substitution of one anionic group
(PO, - VO,) is shifted towards lower bind-
ing energy by 0.5 €V that evidences the ap-
pearance of a new energy state for oxygen,
as well as in the case of calcium fluoro-apa-
tite. The maximum of calcium 2s curve re-
mains unshifted, while Ca 2p3,, and Ca
2p1/2 lines are shifted towards lower bind-
ing energy by 0.2 eV. The phosphorus 2s
line is shifted towards lower binding energy
by 0.2 eV. The P 2p line is shifted towards
lower binding energy by 0.1 eV.

Substitution of three anionic group in
the Cag(PQ,4);Cl gives rise to the shift of O
1s line towards lower binding energy by
0.5 eV. The maxima of calcium 2s and 2p; /5
curves remain unshifted, while Ca 2pz 5 is
shifted towards higher binding energy by
0.1 eV. The phosphorus 2s line is shifted
towards lower binding energy by 0.4 eV and
P 2p, by 0.2 eV. These changes, similar to
the case of calcium phosphate-vanadate, are
connected most likely with “loosening™ of
the crystal lattice at appearance of new oxy-
gen positions [8]. At substitution of five
anionic groups, the O 1s line is shifted to-
wards lower binding energy by 1.4 eV. The
maximum of calcium 2s curve is shifted to-
wards lower binding energy by 0.1 eV,
while Ca 2p3,5 and Ca 2py1/2, by 0.5 eV. The
phosphorus és line is shifted towards lower
binding energy by 0.5 eV. The P 2p line
remains unshifted and V 2pg,9 is shifted
towards lower binding energy by 0.4 eV.
The substitution of six anionic groups gives
rise to further decrease in binding energy of
oxygen, calcium, and vanadium electrons.
The O 1s line is shifted towards lower bind-
ing energy by 1.6 eV. Thus, similar to the
case of calcium phosphate-vanadate, the
new oxygen states bear an appreciably
higher negative charge on the atoms, that
indicates significant changes in the oxygen
environment of Ca and V atoms in the com-
pound crystal lattice. The maximum of cal-
cium 2s curve is shifted towards lower bind-
ing energy by 0.4 eV, while Ca 2p3/2 and
Ca 2py /2 by 0.6 and 0.7 eV, respectively,
and V 2p3 /9, by 0.5 eV.

Thus, i/or two different series of fluorine
and chlorine containing compounds, a com-
mon behavior tendency of local electron
density on calcium and oxygen atoms is ob-
served at a variation of anionic group num-
ber, evidencing that the electron structure
is independent of anion type on the c-axis.
The most significant decrease of binding en-
ergy amounting 1.6 eV is observed for O 1s
electrons of Cag(VO,)gCl compound. It is

Functional materials, 12, 4, 2005

Table 2. Lattice parameters of studied
compounds.

Compound a, A e, A
Ca;,(PO4)g(OH), 9.424 6.879
Ca;y(PO,)5(VO,)(OH), 9.492 6.903
Cayn(PO43(VO,)3(OH), 9.619 6.924
Ca;,(PO,(VO,)5(OH), 9.730 6.984
Ca;5(VO,)s(OH), 9.768 7.003
Cag(PO,),Cl 9.52 6.85
Ca (VO (PO,)sCI, 9.666 6.826
Ca,((VO,)3(PO,)5Cl, 9.864 6.821
Ca;x(VO,)5(PO,)CI, 10.072 6.799
Ca;g(PO,)6F, 9.370 6.883
Ca,o(PO,)5(VO,F, 9.400 6.900
Cayp(POL;3(VO,);F, 9.552 6.950
Cayo(POH(VO,)sF, 9.653 6.991
Ca;o(VO )eF, 9.67 7.01

possible to explain this change to that at
the prevailing content of vanadate tetrahe-
drons, the internal electronic level emerges
due to the electron density increase.

As to fluorine containing samples, a dif-
ferent behavior in position changes of vana-
dium V 2p;,9 and V 2pg 5 electron levels is
observed. As anionic groups PO, are substi-
tuted by VO,, the binding energy of V 2py 2
level increases and that of V 2ps,5 one de-
creases, that is explained by the different
nature of lone d-electron density on vana-
dium atoms. For binding energy of the P 2p
level, the changes are insignificant both in
calcium fluoro- and chlorovanadate-phos-
phate apatites and amount approximately
0.5£0.1 eV in calcium vanadate-phosphate
hydroxyapatites. Distinctions are observed
only for binding energy of P 2s level which
decreases insignificantly in  calcium
vanadate-phosphate fluorapatites (by
0.2 eV), while for calcium vanadate-phos-
phate chlorapatites, this decrease is essential
(about 0.5%0.1 eV), that seems to be connected
with a change in the spatial organization of
these crystals at concentration changes of
phosphate tetrahedrons (Table 2).

From the c¢/a ratio for investigated com-
pounds, it is seen (Fig. 1) that the change
of structural parameters is essentially the
same both for vanadate-phosphate fluorapa-
tites and vanadate-phosphate hydroxyapa-
tites. However, for vanadate-phosphate
chlorapatite, a significant change in struec-

697



A.P.Shpak et al. /| Electron structure of ...

car
A—a
073F = T,
A ]
0.72F e \xn_%

071} \

070t \
0.63f *

0.68 \.3

067 x;O x;1 x;3 x=l5 x=IG

Fig. 1. The ¢/a ratio of lattice parameters for
the studied compounds Ca,y(PO,)s ,(VO,), (M),
for M: 1 —F,2 - 0OH, 3-CIL

tural parameters is observed with increase
in vanadate tetrahedron concentration,
that, most likely, is connected with symme-
try decrease within limits of the mirror
plane. A chloride ion, when substituting an
OH~ ion, will penetrate into the plane of
calcium ions "more deeply” than an ion OH~
due to presence of a sixth order rotation
axis [2]. Whereas chloride ions do not ar-
range equidistantly between the planes oc-
cupied by calcium ions, the structure loses
elements of mirror plane symmetry and,
thus, the symmetry decreases, that corre-
lates with decreased binding energy of core
levels in calcium vanadate-phosphate
chlorapatite. It follows from change curves
of the crystal unit cell size for studied com-
pounds (Fig. 2) that at a gradual isomorphic
substitution by vanadate tetrahedrons, a
general tendency to increase in the unit cell
volume is observed. Moreover, for chlorine-
containingo samples the cell volume is by
about 25 A3 larger, that it is possible to
explain by the size difference between chlo-
rine and fluorine atoms (the atomic radius
for fluorine is 0.50 A, for CI, 1 A).

Thus, the prevailing content of vanadate
tetrahedrons in the calcium wvanadate-phos-
phate chloro- and fluoroapatite results in that
the internal electron levels of calcium and
phosphorus emerge due to increase of elec-
tronic density. Fluorine- and chlorine-con-
taining compounds Cayy(POy4)g_(VO,) (M),
(where x =0, 1, 38, 5, 6; M=F-, CI) are
characterized by a common behavior trend
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Fig. 2. Change of the crystal unit cell size for
studied compounds Ca,y(PO,)s(VO,), (M), for
M:1-Cl, 2-F.

of local electron density on calcium and oxy-
gen atoms at variation of anionic group num-
ber, that testifies to electron structure inde-
pendence of anion type on a c-axis. For cal-
cium vanadate-phosphate chloroapatite, a
significant change of structural parameters is
observed with increasing concentration of
vanadate tetrahedrons, that correlates with
the obtained XPS data. The different behav-
ior in changes of vanadium electron levels
positions V p; 9 and V 2pg 5 for fluorine- and
chlorine-containing samples is explained by
behavior differences of lone d-electron density
on vanadium atoms.
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EnexkTponHa OymoBa amaTHTONOMAIOHUX CIOJYK
3 i3oMOp(HUM 3aMillleHHAM y TeTPaeAPMIYHHUX IMO3MIiAX

A.Il.Illnax, B..7I.I£ap6i60brcuﬁ,, H.A.Rypzan, €.1.'emovman,
A.H.Cenxeeuu, B.I.Mapuenko

Hocaig:keHO BIJIMBE aHIOHHMX isOMOpP(MHHX B3aMillleHb y aIlaTUTOHOAIOHUX CTPYKTypax
KaJbI[il0 Ha iX eqeKTPOoHHY O0yaoBy. CIeKTpaJlbHIMU TA CTPYKTYPHUMU METOLAMU TOCJiIMKe-
HO 3MiHNM y eneKTpoHHIi# miscmcremi Bmepmre cuuTesoBaHuMX crnoayk Ca,(PO,)s_,(VO,), (M),
(e M=F, ClI, x=0, 1, 3, 5, 6) nmpu izoMmopduMX aHiOHHHX 3aMimleHHaX. BeTamosiaeno,
10 CIONYKH 3 (PTOPOM Ta XJOPOM XapaKTepUBYIOTLCA 3arajbHOI0 TEeHAEHIIieI0 TOBeIiHKU
JIOKQJIBHOI eJIeKTPOHHOI I'YCTUHU Ha aTOMaXxX KaJbI[ilo Ta KUCHIO NIPU BapiloBaHHI KiJAbKOCTi
aHIOHHUX TPYH, IO CBIAUUTL PO He3aNMeyKHICTh eJIeKTPOHHOI CTPYKTYPU Bijg TUny aHioHa Ha
oci c.
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