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The formation of the mixed anions PAsO,
in solid solutions Mg,P,0; _ Mg,As,0;

The article presents structural features at formation of solid solutions of the isostructural Mg,P,0, and
Mg,As,0; connections. In these compounds, complex P,O,* anions, As,0,* , as well as the formation of
complex PAsO,* anions, is not natural. The formation of solid solutions is confirmed by the linear depend-
ence of x-ray debaegram and optical refractive indices, depending on the concentration of P/As. In the article,
phosphates are involved in energy processes in cells. For the first time, the formation of mixed anions in pol-
yphosphates has been proven. The oscillatory spectra of pyro anions have intervals of localization of terminal
and bridging groups of atoms that have no intersection regions. Strip at 662—670 cm™ (between structures
from P: As=0.8:0.2 to 0.1-0.9), located between v,POP frequency in p — Mg,P,0- at 737 cm’™" and the fre-
quencies about 550 cm™ characteristic of fluctuations of v,AsOAs in alkaline pyroarsenates, is interpreted as
a strip of fluctuations of v,POAs of the mixed PAsO, ions. In the area, the strip at 925-902 cm’ is located be-
tween frequencies of fluctuations of v,,POP and v,;AsOAs. The fluctuations of mastic group P-O found in
ranges of infrared absorption allow establishing knowledge of the adjacent anions (PAsO;)* that it is possible
to confirm with quantum-chemical calculations in the subsequent.

Keywords: pyrophosphate, pyroarsenate, debaegram, empirical, refractometric, valence-force field, linear ap-
proximation.

Introduction

Solid solutions of Mg, (P, As),O; with molar contents of pyrophosphate and pyroarsenate varying in
10 % were obtained by thermal decomposition of the corresponding mixtures of MgHPO, and MgHAsO, at
900°C and characterized by refractometric analysis. The obtained solid solutions are colorless, the refractive
indices change linearly, with a composition from 1.585 for Mg,As,0; to 1.680 for a-Mg,P,0; (Figure 1).
Debaegrams are characterized by clear reflexes, and the values of interplane distances change smoothly as
the composition changes.

IR spectra of solid solutions (Specord-75 spectrometer, samples with a constant molar concentration for
all compositions obtained by pressing powders with KVG) are shown in Figure 2. The assignment of fre-
quencies in the Mg,P,0O; spectrum has already been discussed in the literature [1, 2]. The spectrum of
Mg,As,0; resembles that of isostructuredtorteuitite Sc,Si,O; [3] and the assignment of the frequencies of
valence oscillations of a complex anion can be carried out by analogy with interpretating the latter spectrum
(Table 1).

The structures of Mg,As,0; and a-Mg,P,0 are not identical: if the first is structurally quite similar to
thortveitite [4], the second differs from it by “curved” groups of P,O; (P2,/c, Z=2), but already under 68°C
undergoes an og transformation, and the structure of the type of thortveitite for the ; — form may be carried
out by statistical averaging over the configurations of P,O; groups, each of which separately may remain non
— centrosymmetric [5]. Judging by the sharp broadening of the bands characteristic of the cnekrpa-Mg,P,0,
spectrum, it is possible to switch to this type of structure from a-Mg,P,0; already at 10 % arsenate content in
solid solution (Figure 2).

In the spectra of solid solutions, it is possible to distinguish only three bands that have no analogues in
the spectra of the extreme members of the series: 925-902, 670662, 625-623 cm’™. The last of the bands is
selected (despite the presence of a band with the same frequency in the spectrum of a-Mg,P,05, table) based
on the dependence of its intensity on the concentration of the solid solution: this band appears when adding
10 % phosphate to the arsenate, and already with the composition of P: As=0.3:0.7 practically disappears: the
band 3-Mg,P,0; with the same frequency appears at P: As=0.5:0.5 and then monotonously increases.

The band at 662-670 cm™ (in the range of compositions from P: As=0.8:0.2 to 0.1-0.9), located be-
tween the v,POP frequency at Mg,P,0; at 737 cm™ and frequencies of the order of 550 cm™ characteristic of
vsAsOAs oscillations in alkaline pyroarsenates [6], is interpreted as the v;AsOAs oscillation band of mixed
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RAsO; ions. In the area between the vibration frequencies of v,POP and v;AsOAs, the band at 925-902 cm’
is located, which can be attributed to the antisymmetric oscillation of the ROAs bridge. It should be noted
that the lower value of the frequency v,As 829 cm™, obtained earlier when calculating the oscillations of the
PAsO; ion [7], can be explained by the excessively small value of the angle ROAs (120°) adopted for the
calculation, and by the rather low force constants of the P-O (As) and As-O (P) bonds.

Table 1
Anion vibration frequencies in the IR spectra of solid solutionsMg,P,0; _Mg,As,0-
. Frequencies of absorption maxima in the IR spectrum (cm'l)
Frequency assignment :
at various phosphorus contents
Typeof | . veform 1,0 0,9 0,8 0,6 0,4 0,2 0,1 0,0
anion
I, 111 V,sPO;3 1206 1210 1210 1203 1200 1190 1190 1006
I, 11T V,sPO;3 1185 1115 1108 1100 1090 1089 1089 900
1136 1055 1050 1043 1042 1042 1000 879
II VasASOAS 1101 1005 1003 1003 1002 1000 880 845
I Vs POP 1080 985 970 975 975 910 845 820
III Vs POAS 1040 975 921 916 902 883 623 505
II, III VasASO3 990 925 732 850 850 845 592 440
970 735 620 727 665 660 505 406
I1, III VasASOs 737 620 588 665 590 625 440 405
I VosPOP 620 588 550 624 508 590 405 403
11 Vo POAS 600 550 510 590 402 505 402 405
II VasASOAS 588 510 440 550 400 405 400 400

*[ — P,0O5; 11 — As,05; I — PAsO;.

Thus, the appearance of vibration bands v{POAs and v,;POAs of mixed PAsO; ions convincingly
proves their formation in solid solution.

It should be noted that the band at 737-727 cm™ remains in the spectra of solid solutions up to the com-
position P: As=0.5:0.5, indicating the preservation of the curved configuration of pyrophosphate groups. The
presence of this band in the spectra of compositions characterized, apparently, by the structure of the type -
Mg,P,0; allows us to presumably explain the appearance of a band about 625 cm™ in the spectra of solid
solutions with P contents from 10 to 20 % by activating the v,AsOAs oscillation due to a violation of the sta-
tistical centrosymmetry of the Mg,As,0; structure. Thus, we can assume a curved configuration of the As,O
groups individually and in pure Mg,As,0-. Similarly, if the oscillation band of vAs-As is correctly identified
in the spectra of solid solutions, then the comparison of its frequency with the frequency of vAs-As indicates
(taking into account the results of calculating the oscillations of the RAsO; ion [8]) rather the curved shape
of the p-O-As bridge in this ion, i.e. the uniformity of the structure of complex anions of any composition in
the considered series of solid solutions.
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Figure 1. Change in light refraction index N of solid solution Mg,(P, As),0-
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Figure 2. IR spectra of solid solutions in system Mg,P,0; — Mg,As,0;

Relation P: As: 1-0,0:1,0; 2-0,1:0,9; 3-0,2:0,8; 4-0,3:0,7; 5-0,4:0,6; 6-0,5:0,5; 7-0,6:0,4; 8-0,7:0,3;
9-0,8:0,2; 10-0,9:0,1; 11-1,0:0,0

Oscillations of the crystal lattice and deformation properties of the crystal.

The structure of an ideal crystal with N atoms in a unit cell is described by specifying vectors a;, a,, a;
that determine the size and shape of the unit cell, and N vectors 1; that specify the coordinates of the atoms in
the cell. Homogeneous deformations are described by changes in the vectors and the increments of the vec-
tors Ar; form a basis convenient for describing the limit oscillations (long-wave) and the internal structural
relaxation of the lattice caused by its homogeneous deformations under external influences.
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For compactness of formula writing, generalized vectors are used. So, it is convenient to combine the
coordinates of atoms in a cell into a 3N-dimensional vector r = (Xy, yi, Zi, ...Z,), and describe small shifts of
sub-lattices with the vector Ar.

In the valence-force field (VFF) model, so-called natural coordinates defined as small increments of va-
lence bond lengths, angle values there between, etc. are selected as a coordinate basis for setting a potential
function and for describing deformation. The whole set of translational — non-equivalent natural coordi-

nates qn , 1s described by the generalized vector q, = (ql,qz,m,qwI ),The dimension of this vector M is

generally chosen to be greater than 3N, allowing the proposed nature of interatomic interactions in the VFF
model and taking into account the symmetry properties of natural coordinates with respect to crystal factor-
group operations.

The calculation of normal coordinates in the VFF model is based on the linear approximation between q
and Ar, described using the matrix B:

q=BAr

The potential energy of the lattice in the valence-force field model in natural coordinates is expressed as
a quadratic form:

The elements of the matrix F are force constants-fitting parameters for solving the inverse spectral prob-
lem.

The elements of which determine the relative amplitudes of changes in individual natural coordinates in
different normal oscillations.

From the above definitions, the relationship between the force constants, frequencies, and forms of
normal oscillations follows,

A= Q1+FQ1,

which is necessary for the analysis of various contributions to the elasticity of normal vibrations.

The elastic constants of the crystal are described by a matrix C (6 x 6), whose elements are defined as
the second derivatives of the energy density for various components of the vector of homogeneous defor-
mations: where Q is the volume of the unit cell.

The expression for elastic constants can be obtained by directly differentiating the expression for energy
if we introduce the concept of the uniform deformation form described in the linear approximation by the Q,
matrix:

q=Quu.

To calculate IR intensities and piezoelectric constants, information is needed about the change in the
polarization of the crystal under various lattice deformations. To do this, depending on the nature of the
structure of the object, different model representations are used (rigid or deformable ions, variable charges
on atoms, a valence-optical scheme, etc.), which describe the dependence of the dipole moment of the cell P
on the deformations Ar and u.

Conclusions

Structural features at formation of solid solutions of the isostructural Mg,P,O; and Mg,As,0;
connections are considered. In these compounds, there are complex P,O,* anions, As,O," , as well as the
formation of complex PAsO,* anions, is not natural.

Infrared absorption spectra depend on the composition of P/As. For removal of IR spectrums of solid
Mg,P,0; solutions — Mg, As,0; was used the modern Specord-75 spectrophotometer, samples with constant
molar concentration for all structures are received by pressing of powders with KBR. The oscillatory spectra
of pyro anions have intervals of localization of terminal and bridging groups of atoms that have no intersec-
tion regions. Strip at 662—670 cm’! (in the range of structures from P: As=0,8:0,2 to 0,1-0,9), located be-
tween v,POP frequency in p — Mg,P,0; at 737 cm™ and the frequencies about 550 cm™ characteristic of
fluctuations of v;AsOAs in alkaline pyroarsenates, is interpreted as a strip of fluctuations of v,POAs of the
mixed PAsO; ions. The strip at 925-902 cm’ is located between frequencies of fluctuations of v,,POP and
vasAsOAs. The fluctuations of mastic groups P-O found in ranges of infrared absorption — As allow to es-
tablish reliably education the adjacent anions (PAsO,)*-that it is possible to confirm with quantum-chemical
calculations in the subsequent.
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In the Mg,P,0,-Mg,As,0; system, a continuous series of solid solutions is formed, whose IR spectra
indicate the presence of mixed [RAsO,]* ions, characterized by a nonlinear configuration of P-O-As bridges.
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H.A. Maxenos, 3.P. Cri3ab1k0Ba

Mg,P,0; _Mg,As,0; KaTThl epiTiHaijiepae
PASO; apanac anHnoHIapbIHBIH Nalaa 601ybI

Maxkanaga Mg,P,0; xoHe MgyAs,O; H30KYPBUIBIMABIK KOCBUIBICTAPBIHBIH ~KATTBl  EpITIHIUIEPiHIH
Ty3inyiHzeri KypbUIbIMIBIK epeKIIeTiKTep KapacThIpblirad. OnapasiH Kypameiaaa P,O;* men As,0, kypaeni
auMoHmap Oap, an PAsO,' aHHOHIapeIHBIH Ty3imyi Taburu emec. KarTTel epitinginepiin Tysinyi P/As
KOHIICHTPALMSCHIHBIH (YHKIMACH PETiHIE PEHTTeHAIK aebaerpaMMaliap/iblH JKOHE ONTHKAIBIK CHIHY
KOPCETKILITEPiHIH CBHI3BIKTBIK TAYSNAUIrIMEH pacTaiaipl. MakajdaHblH ©3iHAIK epeKIIeNiri MbIHajga:
¢docdarTapaplH  KacyliagapAarbl  OHEPreTHKANbIK —IpOIeCTepre KaThICybl. ABTOpJap —aiiFall  per
nomudocdarrapna  apamac aHWOHAAPABIH TY3UTyiH JgomenaereH. [lupoaHmoHmapaslH — TepOenmeni
CIIEKTpJICPiH/Ie KHUBUIBICY aMaKTapbl KOK aTOMJAPIbIH COHFBI )KOHE KOIIPIIK TONTAPHIHBIH JIOKATU3AIHS
apabIKTapbl Goamel. 662670 cM xomars! (apasik Kypams P: As=0,8:0,2-1en 0,1-0,9-Fa seiiin) v,POP B
Mg,P,0; y 737cm’ xmimik apanmerreiHga koHe 550 oMl skmimik  periMen opmamacka, cinTinm
nupoapceHartapaarsl ViAsOAs tepbOenictepine ToH, PAsO; apanac noHmapsiabsiH V,POAs TepOemicTepiHiy
KOJarbl perinae Tycinmipineni. v, POP xone v,;AsOAs TepOermic KuiikTepi apachblHIarbl ayaaHaa 925—
902cm™ sxomaFel opHANAcKaH. VH(PAKBI3bLT CiHIpY CHEKTpiepiHIe aHbIKTamFaH P—O—As kemipiik
TONTapBIHBIH TepOemicTepi ipremec annontapasiE (PAsO;)* TysinyiH ceHiMi Typae aHBIKTayFa MyMKiHIIK
Oeperi, OHBI KeHiHHEH KBaHTTHIK XUMUSUIBIK €CETTeyJIePMEH pacTayFa O0Naibl.

Kinm ce30ep: mapodocdar, mupoapceHar, nedaerpaMma, SMIUPUKAIBIK, pePpPaKTOMETPHSIBIK, BAICHTTIK-
KYII ©pici, CBI3BIKTHIK JKYBIKTAY.

H.A. Maxenos, 3.P. Cri3anikoBa

OO0pa3oBaHue cMelIaHHBIX aHHOHOB B PASO; B TBepAbIX
pacrBopax M92P207 _ MngSQO7

B cratbe paccMOTpeHBI CTPYKTYpHBIE 0COOCHHOCTH MPHOOPAa30BaHUS TBEPIBIX PACTBOPOB M30CTPYKTYPHBIX
coequHeHuit Mg,P,0; u MgyAs,0; B HUX CYIIECTBYIOT CIOKHBIE aHUOHBI P,0,*, As,0,", u obpasoBanue
CJIOXKHBIX aHHOHOB PAsO;" He siBisieTcs: 3akoHOMepHbIM. OOpa3oBaHKe TBEP/BIX PACTBOPOB MOATBEPKICHO
JIMHEWHOI! 3aBUCHMOCTBIO PEHTTCHOBCKHX JiebaerpaMM W ONTHYECKHX KOI(DHIMESHTOB MPEIOMIICHUS B 3a-
BHCHUMOCTH OT KOHIIeHTpauu P/As. OpUruHaNbHOCTh CTAThHU 3aKJIIOYAeTCs B TOM, 4TO (GocdaThl yuacTBYIOT
B SHEPreTHUYECKUX Mpolieccax B KJIETKax. ABTOpaMH BIEpPBbIE 10Ka3aHO 00pa30BaHNe CMEIIAHHBIX aHHOHOB B
nomudocdarax. KonebarenbHble CIEKTPH TUPOAHHOHOB UMEIOT WHTEPBAJIBI JIOKATU3AIIMN KOHIIEBBIX M MOC-
THKOBEIX IPYIII aTOMOB, KOTOphIE HE MMEIOT oGnacTeil nepeceuenns. Ilonoca y 662—670cm™ (B unTepBaie
coctaBoB oT P: As=0,8:0,2 mo 0,1-0,9), pacnonoxxeHnas mexny dactoroid vi,POP B —Mg,P,0;y 737em
4acTOTaMM MOpsIKa 550 cM™', XapakTepHbIMU UIs Konebanuii v,ASOAS B IIETOYHBIX THPOAPCEHATAX, C OUe-

Cepus «dunsukay. Ne 1(105)/2022 121



N.A. Mazhenov, Z.R. Syzdykova

BUIHOCTBIO HHTEPIIPETHPYETCA Kak moisioca konebanuit viPOAs cmemannbix noHoB PAsO,. B oGnactu mex-
Iy YacToTaMu KoIeGaHmil v,POP n v, AsOAs pacronoxena momoca y 925-902 cm™'. OBHapyxkeHHBIE B
CHEKTpax HHGPAKPACHOTO MOTJIOLUICHUS KOJIeOaHUsI MOCTHKOBBIX rpynil P—O—As M03BOJISIOT YCTaHOBUTH Ha-
JEKHO 06pa30BAHUE CMEKEHHBIX aHHOHOB (PAsO;)", UTO MOXKHO MOATBEPAUTH KBAHTOBOXHMHUECKUMH Pac-
YeTaMH B TIOCIIEAYIONIEM.

Kniouesvie cnosa: mapodocdar, nmupoapcenar, nebaerpaMma, SMINPUUECKUH, pepakTOMETpHIECKHH, Ba-
JICHTHO-CHJIOBOE TIOJIE, JIMHEIHAs IPUOIIVDKeHUS.
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