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Synthesis, X-ray and quantum-chemical investigations of double tellurites of holmium

Complex oxide phases, namely new double tellurites of holmium. with'the composition HoMe"TeOa.s (where
Me!' — Sr, Ba) were synthesized with the ceramic technology from Ho(II), Te(IV) oxides and carbonates
SrCO3s, BaCO;3 in the range of 800—-1200 °C. For the first time the structure of tellurites was investigated by
X-ray phase analysis. X-ray phase analysis was performed on the DRON-2.0 device. The intensity of the dif-
fraction peaks was estimated on a stable scale. Radiographs of the synthesized powders were indicated by the
homology method. The type of syngony, unit cell parameters, radiographic and pycnometric tellurite densities
were determined. HoSrTeOus: a = 14.50; b = 14.05; ¢ =.9.04A; procnt. = 3.73; Ppyen. = 3.59 £ 0.04 g/em’;
HoBaTeO4s: a = 12.10; b = 5.49; ¢ = 11.49A; procht. = 4.07; ppyen. = 3.93 £ 0.06 g/cm?. The correctness of the
results of indexing radiographs of tellurites is confirmed by the good agreement between the experimental and
calculated values of the reciprocal values of the squares of interplanar distances (10%/d?) and the consistency of
the values of X-ray and pycnometric densities. It has been established that holmium tellurites are synthesized
in monoclinic syngony and have a perovskite-like structure. Quantum-chemical calculations of the stable ge-
ometry of the synthesized tellurites were carried out using the Gaussian-2009 software package with the help
of the UFF molecular method. In.this case, equilibrium internuclear distances (long bonds) and bond angles are
the parameters. Based on the results of quantum chemical calculations, models of the geometric structure of
new holmium tellurites are presented.

Keywords: double holmium tellurites, X-ray phase analysis, syngony, lattice parameters, quantum chemical
calculations, structure models.

Introduction

For a long time, the crystal chemistry of the phases of tellurium-containing oxides has been of interest to
many scientists. This interest is caused, on the one hand, by the heterogeneity of the compounds based on the
stereochemical activity of the lone electron pair of Te'V, on the other hand, on this basis, assumptions related
to the use of tellurites as new pyroelectric and nonlinear optical materials are caused.

Both tellurium dioxide (TeO,) and selenium (SeO») dioxide are widely used in the synthesis of many new
solid-state materials due to their lower melting point and triple points (733 for TeO», 340 for SeO,), respec-
tively. These available temperatures allowed them to be used for crystal growth [1]. In addition, the excellent
reactivity of TeO and SeO; allowed them to be used in the formation of many new oxide materials. Variable
coordination media of the Te*" and Se** cations are also of particular interest. In particular, they demonstrate
many structural motives, such as the trigonal pyramid and the square pyramid. If various coordination geom-
etries are combined with other multi-faceted fragments, a greater flexibility of the architecture of the structure
is possible. Finally, Te*" and Se*" cations, by their nature, have an asymmetric structural geometry related to
an unbound electron pair.

Non-centrosymmetric (NCS) materials are of current and technological interest due to their generation of
the second harmonic (SHG), piezoelectric, ferroelectric, and pyroelectric properties [2—5]. With oxide
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materials, structures (NCS) are often observed in materials that contain second-order Jan-Teller distorting cat-
ions, octahedral coordinated d° transition metal ions (Ti*", V3", W', etc.) and single pairs of cations (Se*", Te*,
I** ete.) [1].

In accordance with these postulates, new double and triple tellurites of a number of s-, d- and f~elements
have been synthesized as promising substances with multifunctional properties and their X-ray, thermody-
namic and electrophysical properties have been studied at the Department of Inorganic and Technical Chem-
istry of Buketov Karaganda State University [6—9]. Research in this direction continues.

The aim of this work is the synthesis, X-ray and quantum-chemical studies of new phases of double
tellurites of the composition HoMellTeOs s (Me'! — Sr, Ba).

Experimental

Solid-phase synthesis of compounds was carried out by the method of ceramic technology from hol-
mium (III) oxides of the reagent grade, tellurium (IV) and carbonates of strontium and barium of the analytical
grade. Pre-dehydrated at 40 °C stoichiometric amounts of precursors were thoroughly mixed, ground in an
agate mortar. Then, they were annealed in alundum crucibles in the SNOL furnace first at 800 °C for 20 hours,
with periodic grinding in a mortar, then at 1200 °C for 23 hours, then the mixtures were cooled, mixed, and
thoroughly triturated. Low-temperature annealing of the compositions was carried out at a‘temperature of
400 °C also for 20 hours.

X-ray diffraction investigations of the new phases synthesized were carried out on'a DRON-2.0 diffrac-
tometer (CuKa-radiation, Ni-filter, U=30kV, /=10 mA, counter rotationmvelocity 2 rpm, scale range
1000 imp/s, T =5 s, 20 = 10-90°). The intensity of the diffraction peaks was estimated on a 100-point scale.
The radiographs of the obtained compounds were indexed by the homology method [10].

The improvement of the computational technologies of modern quantum chemistry led to the creation of
powerful commercial software products by individual companies, among which the company Gaussian (USA)
founded by John A. Pople stands out. The program «Gaussian-2009» is the latest development from the Gauss-
ian product series. This package of modeling electronic‘structures is used for developments in the field of
chemistry and biochemistry, physics, and other developing fields related to chemical processes [11]. Quantum-
chemical calculations of the stable geometry of thesynthesized tellurites were carried out using the Gaussian-
09 software package with the help of the UFF molecular mechanics method.

Results and Discussion

Each crystalline substance is characterized by its lattice, a certain chemical composition and a certain
distribution of atoms in the unit cell.of the lattice. The lattice geometry determines the set of interplanar dis-
tances (consequently, the Bragg angles 6 during diffraction at a given radiation). The individuality and distri-
bution of atoms determines the intensity of the diffracted rays. Qualitative X-ray phase analysis consists in the
identification of crystalline phases on the basis of their inherent interplanar spacing du«) values and the corre-
sponding intensities of the /) lines of the x-ray spectrum.

Figure 1 shows radiographs of the holmium double tellurites synthesized.
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Figure 1. Radiographs of the holmium double tellurites synthesized
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The results of the X-ray indexing of the holmium tellurites synthesized are shown in Table 1.

The results of indexing radiographs of holmium double tellurites

1/, % d A 10Y/dexp. hkl 10%dcarc.
HoSrTeOq 5
11 4.770 439 300 439
13 4.075 602 102 602
16 3.924 649 230 650
23 3.070 1061 411 1061
56 3.015 1100 10-3 1100
100 2.813 1264 050 1264
31 2.774 1299 322 1300
10 2.625 1451 341 1452
35 2.429 1695 422 1694
20 2.357 1800 42-3 1801
28 2.266 1947 061 1946
41 2.227 2016 260 2016
10 2.081 2309 36-1 2308
21 2.030 2426 162 2424
17 2.025 2439 532 2440
7 1.958 2607 071 2604
14 1.873 2851 271 2852
14 1.830 2987 732 2987
7 1.784 3144 005 3141
HoBaTeO4 5
6 4.857 424 201 424
24 3.097 1043 013 1042
48 3.018 1098 40-1 1097
100 2.960 1141 311 1142
24 2.630 1446 12-1 1446
5 2.420 1708 50-1 1708
37 2.091 2287 21-5 2287
16 1.882 2823 601 2824
17 1.845 2938 30-6 2938
4 1.790 3121 52-2 3120
34 1.707 3432 132 3433
5 1.610 3858 133 3858
9 1.585 3981 514 3981
5 1.572 4047 51-6 4046
5 1.478 4578 207 4577
11 1.322 5722 82 -1 5722
11 1.257 6329 813 6328
4 1.248 6421 308 6421
5 1.223 6686 822 6686
5 1.194 7014 336 7014

Table 1

Based on the X-ray indexing of the synthesized tellurites, it has been established that they crystallize in
a monoclinic syngony (Table 2). The correctness of the results of indexing radiographs of tellurites is con-
firmed by the good agreement between the experimental and calculated values of the reciprocal values of the
squares of interplanar distances (10%/d*) (Table 1), the consistency of the values of X-ray and pycnometric
densities (Table 2). In addition, the type of syngony and the unit cell parameters of the compounds are also
presented in Table 2.
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Table 2

Syngony type and lattice parameters of HoSrTeO4.5 and HoBaTeO4.5

- - 3
Compound Syngony Lattice parameters, A VO, A3 7 Density, g/cm

a b C Proent. Ppycn‘
HoSrTeO4s | monoclinic 14.50 14.05 9.04 1816.16 10 3.73 3.59+0.04
HoBaTeO4s | monoclinic 12.10 5.49 11.49 747.30 4 4.07 3.93+0.06

The X-ray data show that the tellurites synthesized crystallize in the distorted perovskite structural type
Pm3m. Therefore, it can be assumed that these compounds can possess valuable electrophysical properties [12].
The results of quantum chemical calculations of the geometry of the structure of holmium double tellurites are

presented in Table 3.

Table 3

Basic geometric data of holmium double tellurites according to quantum chemicalcalculations

Bond d, A Bond angle ydegree
HoSrTeOyq 5
O()-Te(2) 2.033 Te(3)-0(1)-Te(2) 108
Te(3) -0 () 2.033 0@4)-Te(3)-0() 112
0 (5)—-Te(2) 2.025 06)-Te(3)-0 () 112
0N -Te(2) 2.024 0(®)-Te@)-0O0(1) 112
0 (4)—-Te(3) 2.025 OMN-Te(-01D) 112
0(6)-Te(3) 2.024 Sr(15)-0 (7)—Te (2) 104
Sr(15)-0 () 2.533 Sr(14)-0(5) —-Te (2) 105
Sr(149)-0(5) 2.533 0@®)=Te()=0 () 107
009 -Te(3) 2.024 09 -Te(3)-01) 107
0()-Te(2) 2.024 Ho (12)-0(9)-Te (3) 104
Ho (12)-0(9) 2.211 Ho (13) -0 (8) —Te(2) 104
Ho (13)-0(8) 2.211 O(11)-Ho (12)-0(9) 180
O (10)—Ho (13) 1.975 O (10)=Ho (13) - 0(8) 180
O(11)-Ho(12) 1.975
HoBaTeOy4 5

O()-Te(2) 2.003 Te(3)-0(1)-Te(2) 100
Te(3) -0 () 2.012 0@4)-Te(3)-0() 107
0()-Te(2) 2.032 06)-Te(3)-01) 107
0N -Te(2) 2.032 0B)-Te-01) 106
04 -Te(3) 2.010 OM-Te(-0(1) 106
0(6)-Te(3) 2.010 Ba (15)-0(7)—Te (2) 107
Ba (15) — 047 2.773 Ba(149)-0(5)-Te(2) 107
Ba (14) <0.(5) 2.773 0@®)-Te()-0() 109
0 (9)=Te(3) 2.025 09)-Te(3)-0(1) 75
0@ -Te(2) 2.024 Ho(12)-0(9)-Te (3) 105
Ho (12)-0(9) 2.212 Ho (13) -0 (8) —Te(2) 104
Ho (13)=0(8) 2.211 O(11)-Ho(12)-0(9) 180
0O (10)—Ho (13) 1.975 0O (10)—Ho (13) - 0(8) 180
O(11)-Ho (12) 1.975

Based on the results of quantum chemical calculations, models of the structure of new double tellurites
are presented. The spatial geometry of the studied compounds of the tellurium composition HoMTes s (M is Sr

or Ba) is shown in Figure 2.
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Figure 2. Models of the geometric structure of the holmium tellurites synthesized

Conclusion

In the work, new double tellurites of holmium-strontium HoSrTeO4 s and holmium-barium HoBaTeO4.5
were synthesized using the ceramic technology method. The X-ray phase analysis method was the first to
investigate the crystal characteristics of metal-mixed tellurites and to determine.the type of syngony, the unit
cell parameters, X-ray and pycnometric densities. It has been established that tellurites crystallize in a mono-
clinic syngony and have a perovskite-like structure. This suggests_that these compounds may have unique
electrophysical properties.

Based on quantum chemical calculations, models of the geometrical structure of the synthesized tellurites
have been proposed. The X-ray characteristics of the holmium tellurite can be the initial information files of
fundamental reference books and data banks and are of interest for chemical informatics.

This work was supported by the Ministry of Education and Science of the Republic of Kazakhstan [grant
numbers AP 05132001].
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K.T. Pycremb6exoB, M.C. KaceimoBa, E.B. Munaesa, JI.A. KalikeHOB

I'osbMui KOC TEJIYPUTTEPIH CHHTE3/1EY, PEHTTeHOTPaQusJIbIK
JKOHE KBAHTTBHI-XUMHUSAJIBIK 3epTTey

Kepamukainsik texaonorns oxicimer 800—1200 °C apansrsiana Ho(IT), Te(IV) okcuarepi skone SrCOs3, BaCOs
KapGoHATTapbIHAH Kypaeni okcuaTik pasanap — HoMe'TeOs s (Me!! — Sr, Ba) kypamsl ronbMuiiiiH sxaHa
KOC TeJUTypPUTTEpI CUHTE3 eI 1. AJIFall peT TeJUTy pUTTEPAiH KYPbUIbICHI pEHTIeHIIK (a3aiblK Tajay SiciMeH
3eprrenni. Perrrengaszansik tanpay JJPOH-2,0 annapareiana xypriziani. Audpakunsuiblk MaKCUMYMAAPIBIH
KapKbIHABUIBIFbI %KY3 Oas/IbIK HIKanaMeH Oaranan bl CHHTE3/1e/IIeH YHTAKTap IblH PEHTI€HOIPaMMalIapblH HH-
JUIIPIICY TOMOJIOTHS OiCiMeH KYpri3ingi. TemrypuTTepaiH CHHIOHUS THIII, SJIEMEHTap YSIIBIK MapaMerp-
Jepi, PEHreHOrpaUsUIBIK JXOHE NHUKHOMETPIIK THIFBI3ABIKTApHIHEIH MoHAepi aHbIKTanmpl: HoSrTeOss:
a=14,50; b = 14,05; ¢ = 9,04A; pperrr,=3,73; prmen. = 3,59 £ 0,04 r/cm’; HoBaTeOss; a = 12.10; b= 5.49;
¢ =11.49A; ppeur, = 4.07; puun. = 3.93 £ 0.06 r/cm>. TesuTypuTTEpIiH PEHTIEHOTPAMMAIAPBIH HHIUIHpJIEY Ho-
THOKEIIEPIHIH TYPHICTHIFBIH JKA3BIKTHIKAPAIBIK KAIBIKTHIKTHIH KBAIPATTAPLIHBIH Kepi mamackiubiy (10%d?) To-
KipHUOEITIK JKoHE TEOPHSUIBIK MOHIEPi MEH PEHTI€HOrpa(UsAIbIK XKOHE TMKHOMETPIIIK THIFBI3/IBIKTaPbIHBIH MOH-
nepiHiy coiikecTiri monenneHni. [OMbMUIIIH CHHTE3EIreH KOC TEJUTYPUTTEpI MOHOKIMHIIK CHHTOHHSAR
KPUCTAIIaHATHIHBI )KOHE EPOBCKHUT TIP3/l KYPhUIBICTHI €KEHIr aHbIKTanibl. CUHTE3/1eIreH TNy pUTTEPIiH
TYPaKThl TEOMETPHUSACHIH KBaHTTHI-XUMUSIBIK ecentey Gaussian—2009 GarnaprnaMaiblk HakeTi KeMeriMeH,
UFF Monekynanblk MEXaHUKa 9iCIMEH >Kypri3inai. by skarmaiina Teme-TeHAiK SApoapaiblK KAIBIKTBIKTaphI
(GaimaHbIc Y3BIHIBIKTAPHI) XKOHE BAJICHTTIK OyphIITapsl apaMmerpiepi Oombir Tadsimansl. KBaHTTHI-XHMES-
JIBIK €CENTeyJIep/iH HOTHKECIH e TOIBMHIIIH )KaHa KOC TEJLTyPHTTEPiHIH FEOMETPHUSIIBIK KYPBUIBIC MOCIb-
Jepi YCHIHBUIIBL.

Kinm coe3dep: TonbMuii KOC TEIUTYpUTTEPi, pEHTIeHba3aIbIK Tajlay, CHHIOHHUS, TOP. [TapaMeTpiepi, KBaHTThI-
XUMHMSUIBIK €CelTeyJep, KYpbUIbIC MOICIBIEPI.

K.T. Pycremb6exoB, M.C. KaceimoBa, E.B. Munaesa, JI.A. KalikeHOB

Cunre3, peHTreHorpauyeckoe H KBAHTOBO-XHMHUYECKOE
HCCJIeI0BAHNSI IBOWHBIX TeJIJIYPUTOB IOJIbMUS

Meronom kepamudeckoit Texaonoruu u3z okennos Ho(Il), Te(IV) n kap6onatoB SrCOs3, BaCOs B unTepBane
800-1200 °C cuHTEe3MpOBaHBI CIIOXHBIE OKCHIHBIC ()a3bl — HOBBIE JBOIHBIC TEUTypPHUTHI TOJIBMHUS COCTaBa
HoMe!"TeOs s (rne Me!! — Sr, Ba). Me1oioM peHTTEH0(BA30BOr0 aHaIM3a BIIEPBBIE MCCIIENOBAHBI CTPYKTYPBI
TeJulypuToB. PeHTreHoga3oBblii aHaim3 nposenieH Ha ycranoBke JIPOH-2,0. InTeHcuBHOCTD qU)PaKIIHOHHBIX
MaKCHMYMOB OLIGHMBAJIU 110 CTAOMJIbHOM LIKase. PEHTreHOrpaMMbl CHHTE3UPOBAHHBIX TIOPOILIKOB HHAULIUPO-
BaHbl METO1I0M roMouioruy. OnpeeNneHb! THI CHHIOHUH, TapaMeTphl JIEMEHTapHOH a4eiiku, peHTreHorpadu-
YeckMe M MUMKHOMETpHuecKde MIoTHOCTH TeamyputoB. HoSrTeOss: a = 14,50; ¢ = 14,05; ¢ = 9,04A;
Ppenr. = 3,73;  prwen. = 3,59.¢ 0,04 r/cv®; HoBaTeOss: a=12,10; B=549; ¢ =11,49A; ppesr. =4,07;
P, = 3,93 £ 0,06 r/cM°. KOPpeKTHOCTE pe3yIbTaToOB MHAMITMPOBAHHUS PEHTTEHOTPAMM TEJUTY PUTOB MOITBED-
JKIAETCsI XOPOLIMM COOTBETCTBHEM IKCIIEPHMEHTAIIBHBIX U PACUETHBIX 3HAYCHUH 00paTHBIX BEJIMYHH KBaIpa-
TOB MEXKIUIOCKOCTHBIX pacCrostuuii (10%/d?) 1 coriacOBAHHOCTBIO BEJIMYUH PEHTIEHOBCKOM M IIMKHOMETPHYE-
CKOM IUIOTHOCTEH. Y CTaHOBJICHO, YTO CHHTE3HMPOBAHHbIEC BOWHBIC TEIUTyPHUTHI TOIBMUS KPHCTALIH3YIOTCS B
MOHOKJIMHHO!M CHHIOHHH M UIMEIOT IIEPOBCKUTOIION00HYIO CTPYKTYpPY. KBaHTOBO-XMMHYECKHE PacueThl YCTOM-
YHMBOI FEOMCTPUM CHHTE3UPOBAHHBIX TEJUIyPUTOB OBLIM NPOBEACHBI C IOMOIIBIO MPOrPaMMHOIO IaKeTa
Gaussian-2009, meronom Modnekyispaoir UFF. B nmanHOM ciyyae mapamerpamy SIBISIFOTCSI paBHOBECHBIC
MEXKBSIICPHBIC PACCTOSHNMS (JUTMHBI CBS3CH) U BaJIeHTHbIE yriibl. Ha OCHOBaHHH PE3yJIbTaTOB KBAHTOBO-XHMH-
YECKHX PacieToB MPEICTABICHBI MOJIEIN FEOMETPHYECKOTO CTPOCHHS HOBBIX JBOMHBIX TEIUTyPUTOB TOJIBMHSL.

Kniouesble cnosa: nBOWHBIE TEIITypUTHI TONBMHUS, PEHTT€HO(A30BbIH aHATN3, CHHIOHUS, TTAPAaMETPHI PEIICTKY,
KBaHTOBO-XMMHYECKHE PacIeThI, MOAEIN CTPOCHHSI.
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