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By the method of dynamic calorimetry in the range of 298.15-673 K, the heat capacity of titanium-manganite
LaCaTiMnO6, obtained by solid-phase interaction at 800-1200°C from lanthanum, titanium (II),
manganese (I11) and calcium carbonate oxides was studied. On the dependence curve Cp°~f(T) in the
specified temperature range, a A-shaped effect was detected at 598 K, probably related to the phase transition
of the second kind. A fundamental constant is determined — the standard heat capacity of LaCaTiMnO#,
equal to 221+14 J /(mol-K). Its standard entropy, equal to 206+6 J/(mol-K), was estimated by the approximate
method of ion increments. Based on experimental data, taking into account the temperature of the phase
transition, the equations describing the temperature dependences of C,°~f(T) and the thermodynamic
functions S°(T), H(T) — H°(298.15) and ®*(T) of the investigated titanium-manganite lanthanum and
calcium are calculated. The standard heat capacity of LaCaTiMnO®6 is also calculated using the Debye
method, the value of which is in good agreement with experimental data. According to the developed
methodology, the standard enthalpy of titanium-manganite formation was calculated, equal to — 3867.5
kJ/mol.

Keywords: Titanium-manganite, lanthanum, calcium, heat capacity, phase transition, enthalpy of formation,
thermodynamic properties.

Introduction

Manganites with an effect of colossal magneto resistance (CMR) have the significant innovative
perspectives such as the functional materials for sensors in the consumer and industrial electronics and
development of the information technologies [1-3]. Lanthanum manganites doped in B-sublattice with
titanium have the high electrical conductivity. They can be applied as cathodes of the high-temperature solid
oxide fuel cells, the ceramic membranes of the thermo-resistors and magneto-resistors. Titanium oxides with
transition metal impurities fix attention as the advancing materials to use in the spin electronics and
catalysis [4]. Many investigations described that the doping with TiO2 can increase the sensitivity and
capacity of devices [5]. Titanates of alkaline earth metals are semiconductors with a large band gap (3.0-3.2
eV). They can also be the potential photocatalysts under UV-irradiation [6]. The intensive studies of
perovskite-like manganites of the rare earth metals are a basis of materials for various devices, and however,
many fundamental problems of the chemistry of these oxides have not been studied well. Based on the
above, the purpose of this investigation is to study the thermodynamic properties of titanium-manganite of
LaCaTiMnOQe.

This titanium-manganite of LaCaTiMnOgs was synthesized by a method of solid-phase synthesis from
oxides of lanthanum (I11) (puriss. spec.), titanium (1V), manganese (I11) and calcium carbonate (p.a.) in the
SNOL furnace in four stages: 1) annealing at 800 °C for 5 h, cooling to 25 °Cand grinding; 2) annealing at
1000 °C for 10 h; 3) annealing at 1200 °C for 4 h and 4) low-temperature annealing at 400 °C for 10 h.

The identification of an equilibrium composition formation was determined through X-ray phase
analysis conducted on the DRON-2.0 diffractometer. The indexing of the X-ray photogram was performed
by the analytical method. A type of syngony and crystal lattice parameters was determined: LaCaTiMnQOs
(cube) — a=13.35+£0.02 A; V0 =2376.3 + 5.00 A% Z = 4; Veccar= 594.08 £ 1.25 A3; proent. = 3.96 g/cm?;
Ppick. = 3.95 + 0.02 g/cm?® [7].

1. Experimental technique

The investigation of the isobaric heat capacity of LaCaTiMnO6 titanium-manganite was conducted
using an IT-C-400 calorimeter over the temperature range of 298.15 K to 673 K. The calorimeter operates
based on the comparative method, using a dynamic calorimeter with a heat meter. Temperature
measurements were taken at fixed intervals of 25 °C. The device offers a precision of +10 %. To ensure
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accurate measurements, the device was calibrated based on the determination of the thermal conductivity of
the KT heat meter [8, 9].

A standard deviation (5 ) was computed for the averaged values of the specific heat capacity at each
temperature, as explained in [9]:

)

where n represents the number of experiments, C; denotes a measured value of specific heat capacity, and C
represents the arithmetic average of the measured values of specific heat capacity.
The random error was determined for the averaged values of the molar heat capacity, as outlined in [9]:

.5t
A =-—=".100, )
C

where, A - a random error in %, t,— Student coefficient (for n = 5, t,= 2.75 at p = 0.95 of the confidence
range).

2. Results and discussion

The operation of the device was confirmed by determining of the heat capacity of a-Al,O3 (p.a.) (TU
6.09-426-75)). In order to prove measurements of the heat capacity of a-Al,Os, we compare our results with
new literature data [10] (Table 1).

Table 1
Comparison of the heat capacity of a-Al203 used to verify a calorimeter operation with the literature data in [10]

T K C, 1), J/(mol"K) T K C,qT), J/(molK)
’ Our data Data in [10] { Our data Data in [10]
180 44,50 43,83 400 94,12 95,21
230 64,86 61,18 450 100,26 101,8
250 70,37 67,08 500 105,47 106,1
280 77,07 74,82 550 110,09 109,7
300 76,31 79,41 600 114,29 1125
350 86,49 88,86 650 118,20 1149

The data shows that our scientific results of a-Al,O3 heat capacity between of 173-673 K satisfactorily
conform to results described in [10] within the operating accuracy of IT-C-400 calorimeter. Liquid nitrogen
was as a cooling agent in our experiments.

Results of the calorimetric studies are illustrated in Figure and Table 2.
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Figure. Diagram of dependence of heat capacity on temperature LaCaTiMnOsg
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Table 2
Experimental data of the heat capacity of LaCaTiMnOs

T.K Cot O J(gK) Crx A J(molk) | T-K CotO J(g'K) Crt A J/(mol'K)
298,15 0,5861 + 0,0136 221+ 14 498 1,0018 +0,0152 378 £ 16
323 0,7050 + 0,0188 266 +20 523 1,0622 +0,0223 401 £ 23
348 0,7805 + 0,0145 295+ 15 548 1,0954 +0,0211 414 £22
373 0,8128 +0,0177 307 +19 573 1,1096 = 0,0135 419+ 14
398 0,8397 +0,0149 317+ 16 598 1,1794 = 0,0289 446 + 30
423 0,8835+0,0133 334+ 14 623 0,9457 +0,0190 357 +£20
448 0,9195+0,0162 347 +£ 17 648 1,0880 +0,0177 411 £ 19
473 0,9476 +0,0216 358 +£ 23 673 1,1530+0,0153 436 £ 16

By analyzing the values presented in Figure and Table 2, a distinct and abrupt discontinuity was
observed in the temperature-dependent heat capacity of LaCaTiMnOs. The dependence curve, C2~f(T),
exhibited a A-shaped maximum. This remarkable behavior is likely associated with a second-order phase
transition occurring at a temperature of 598 K. The transition could be attributed to various factors such as
Schottky effects, the Curie and Neel points, alterations in magnetic resistance [12], modifications in
electrical conductivity, and changes in dielectric permittivity, and other.

Based on the revealed temperature of the phase transition, the equations of dependencies of C%~f(T),
[J/(mol-K)] were calculated:

CO= (172 +9) + (498.1 + 26.4) 10°T — (88.3 + 4.7) 105T2 (298-598 K), ?3)
C% = (2558 + 136) — (3532.4 + 187.6) 10°T (598-623 K), 4)
C%=— (619 + 3 3) + (1567.0 + 83.2) 10°°T (623-673 K). (5)

The graph depicted in Figure was generated using the KOMPAS-3D LT program, using experimental
data and equations 3-5 as the basis for plotting.

Direct calculation of S°(298.15) for LaCaTiMnO6 from the experimental data is not feasible with the
computational capabilities of the I1T-C-400 calorimeter. Therefore, it was estimated using a system of the
ionic entropy increments [11]. Then, based on the experimental values on C%(T) and a calculated parameters
of $°(298.15), functions of S%(T), H%(T)-H°(298.15) and ©**(T) were also calculated (Table 3).

Table 3
Thermodynamic parameters of LaCaTiMnOs in the temperature range of 298.15-675 K

T, K Co(M)xA, Se(M+A, He(T)-H°(298.15)+ A |, ONT)xA,
J/(mol-K) J/(mol-K) J/mol J/(mol-K)
298.15 221+ 12 206+ 6 — 206+ 17
300 224 +£12 208 £17 445 + 20 206+ 17
325 25113 227+ 19 6380 + 340 207 £ 17
350 275 +15 246 +20 12960 + 700 209 +17
375 296 £ 16 266 +22 20100 + 1070 212 +18
400 316+ 17 286 £ 24 27760 £ 1470 216 £ 18
425 335+ 18 305 +25 35910 + 1910 221 +18
450 353+£19 325+27 44520 + 2360 226+ 19
475 370 +20 345 +29 53550 + 2840 232 +19
500 386 +£20 364 + 30 63000 + 3340 238 +£20
525 402 £ 21 383£32 72860 + 3870 245 + 20
550 417 £22 402 + 33 83090 + 4410 251 +21
575 432 +23 421 +£35 93710 + 4980 258 +£21
600 447 £ 24 440 £ 37 104700 £+ 5560 265 +22
625 350+ 19 456 + 38 114560 + 6080 273 £23
650 400 + 21 471 39 124060 = 6590 280 +23
675 439 +23 487 £ 40 134540 + 7140 288 +24
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For comparison with experimental values, the standard heat capacity of LaCaTiMnO6 was also
calculated using the Debye method [13]. For this calculation, the Debye characteristic temperatures (Qp, K)
of the constituent elements in the compound and the melting points of the elements in the compound (Tmp, K)
were utilized. The melting point of LaCaTiMnOs was determined to be 1273 K. The characteristic
temperatures (Qp) of the elements in LaCaTiMnQOs Were computed using the Koref equation [13]:

Q' =Q, VT T o (6)

where, T/mp. and Tmp. are melting points of the compound and element, respectively. Then the isochoric heat
capacities of the elements were calculated using Debye functions. They were summarized together to
calculate the isochoric heat capacity of LaCaTiMnQOs. lsochoric-isobaric heat capacity transition of
LaCaTiMnOg was made using the Nernst-Lindemann equation:

C, = Cy + 0.0051-T-Cp/ Trett. (7

Based on the above, the following data was used to calculate C°%(298.15) of LaCaTiMnQeg: Tmeir, K for
La = 1193, Ca — 1112, Ti = 1941, Mn = 1517, O, = 54.7; the characteristic temperatures: Qp, K for La =

135, Ca — 230, Ti = 380, Mn = 303, O, = 89 [13]. By equation (9) we calculated Q, K for La = 144.05;

Ca — 263.30; Ti = 307.74; Mn = 277.56; O, = 429.35. Then, the arguments of the Debye function (Qp /T)

were calculated using tabular data: (T=298.15) — La = 0.48; Ca — 0.88; Ti = 1.03; Mn = 0.93; and O, =
1.44.

The relevant isochoric heat capacities to Qp /T on the basis of tabular data are equal to La = 24.64; Ca,
24.02; Ti = 23.76; Mn = 24.02; O, = 22.68 J/(mol-K). Then we used the scheme for calculation:

Cv LaCaTiMnOe = CyLa + C,Ca + C,Ti + CyMn + 3C,0>. (8)

We calculated the isochoric heat capacity of LaCaTiMnOg equal to 164.48 J/(mol-K).

The standard isobaric heat capacity of C,°(298.15) of LaCaTiMnOg equal to 224.9 J/(mol'K) was
calculated using the Nernst-Lindemann equation (10). Its value was consistent with the experimental data of
221.0 J/(mol'K) with 1.73 % accuracy.

Based on our developed method [14] and similarly [15], we calculated the standard enthalpy of
formation of LaCaTiMnOs equal to 3867.5 J/(mol-K). The initial data for calculation were applied as
described in [13, 16-19].

Conclusions

1. The heat capacity of titanium-manganite of LaCaTiMnOs was first investigated by the dynamic
calorimetry in the interval of 298.15-673 K.

2. Using the experimental data, a fundamental thermochemical constant for the standard heat capacity
of LaCaTiMnQOsg Was determined.

3. The anomalous discontinuity in heat capacity was determined on the dependence curve of C%~f(T)
at 598 K. This feature is likely attributed to a second-order phase transition. Based on a temperature of the
phase transition, the equations of the temperature dependence of the studied titanium-manganite were
derived.

4. Using the experimental data obtained for C%(T) and the calculated value of $°(298.15) with a 25 K
step within the temperature range of 298.15 K to 673 K, the temperature dependencies of C%(T), as well as
the thermodynamic functions S°(T), H%(T)-H%(298.15), and ®(T), were calculated for LaCaTiMnO®6.

5. The standard heat capacity of LaCaTiMnOs was calculated by an independent Debye method. It
corresponded satisfactorily with the experimental data.

6. According to a method developed by the authors, the standard enthalpy of formation of
LaCaTiMnOg was calculated.

7. The obtained results carry both theoretical and practical significance, enabling the prediction of
directed synthesis for similar compounds possessing valuable physical and chemical properties. Furthermore,
these results facilitate the analysis of heterogeneous equilibria involving this specific compound and other
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similar phases. The new thermochemical constants are initial data to load into the fundamental guides and
databanks of the thermodynamic constants of substances.
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Bb.K. Kacenos, I11.b. Kacenosa, XX.1. CarpiaracBa, C.O. baiicanos, H.IO. Jly,
K.C. bexrypranos, A.K. 3eifinunenos, E.E. Kyansimoexos

LaCaTiMnOs THTAH MAHTAHUTIHIH TEPMOJAMHAMHUKAJIBIK KacHeTTepi

298.15-673 K apanblfbIHIaFbl JUHAMHUKAJIBIK KaJOpUMETpHs omiciMeH nanrtad, tutad (II), mapranen (III)
TOTBIKTApbI JkoHe Kanbluii kapoonaTsl 800-1200°C ke3inae KaTThl (a3aiblk ©3apa dPEKeTTeCy HOTMKECIHAe
anpiarad  LaCaTiMnOs THTaH-MaHTaHUTIHIH JKBUTy CBHIMBIMABUIBIFBI 3€pTTeiiai. PeHTreHorpadusibik
omicTepMeH Oyl KOCBUIBIC TOp IapaMeTpiiepiMeH Kejeciied KyOTBIK CHHTOHHUSAA KPHUCTaJIIaHATHIHBI
aHBIKTAIIE: a = 13,35 £ 0,02 A; V0 =2376,3 = 5,00 A% Z = 4; VOuym = 594,08 + 1,25 AS; Ppenr. = 3,96
r/eM3; prma. = 3,95 + 0,02 r/em®. Kepcerinren Temmeparypanbik apaisikra Cp®~f(T) Toyenainik KuChIFbIHIA
598 K — me A-topizai ocep alkpiHmannsl, Oy II-TekTi ¢as3aiblk aybiCyFa KaTbICThl 00Jybl MYMKiH. OCBHI
¢azaneik ayeicy llottkn a¢ddexrinepiven, Kiopn, Henp HykTenepiHiH OOMybIMEH, MarHHTTIK KeAEpTiHIH
e3repyiMeH, 3JIEKTpP OTKI3TINITIKIEH, AUIIEKTPIIK OTIMALTIKICH jXKoHe T.0. GalaHBICTHI OOJYBI MYMKIH.
LaCaTiMnOs xocsutsIchIHEIH 221+14 JIx/(Mons-K)-re TeH GomaThH, ipresilik TYpaKThICHl — CTAHAApPTTHI
JKBUTY CHIMBIMBUIBIFBI aHBIKTANIBL. VIOHABIK MHKPEMEHTTEpIiHIH JKyBIKTaJFaH oniciMeH OHBIH 20616
JIx/(mMonb-K) —Te TeH GonmaThlH CTAaHOAPTTHI PHTPONMACH OaramaHibl. PaszaiblK aybicy TeMIIepaTypachlH
ecKepe KOHE TIKIPHOETiK MaTiMeTTepre CyiieHe OTBIPHIN, 3eTPTEIIN OTHIPFaH JaHTAH JKOHE KaJbIUH TUTAaH
manranuTiHig Cp°~f(T) TemmepaTypara ToyenIiIKTI CHIATTalTEIH TeHIEYIepl MeH Kagambl 25 K Gomatsia
So(T), HYT) — HO298.15) u ®*T) TepmomuHAMUKATIBIK QyHKIusIap ecentenmi. LaCaTiMnOe
CTaHIAPTTHI KBUTYy CHIMBIMIBUIBIFBI JIeO0all ONICIMEH /e CCENTeN i, OHBIH MOHI TOHKIPHOETIK JepeKTepMEH
JKaKChl yieceni. O3ipJieHreH omicTeMe OOWBIHIIA THTaH-MaHTaHUTTIH CTAaHIAPTTHI TY3UTy SHTAJBIHSICH!
ecenreni, o1 — 3867,5 kJ[»/Mob TeH.

Kinm ce30ep: TWTaH-MaHTaHUT, JaHTaH, KalbIMH, JKBUTy CBHIHBIMIBUIBIFEL - (ha3aibIK aybICy, Ty3iIy
SHTAIBNUSCHL, TEPMOINHAMHKAIBIK KACHETTEPI.

b.K. Kacenos, l11.b. Kacenona, )K.I. Carunraesa, C.O. baiicanos, H.1O. Jly, XX.C. bektypranos,
A K. 3eitnunenos, E.E. Kyaubim6exon

Tepmoannamuyeckue cBoiicTBa Tutano-mManranura LaCaTiMnOg

MetonoMm IuHaMUYECKOW KajopuMmerpuu B mHTepBaie 298,15-673 K nccnenoBaHa TEIUIOEMKOCTH TUTAHO-
manranuta LaCaTiMnOs, momydennoro TBepaodasusiM B3aumozneiictsueM npu 800-1200°C u3 okcHuoB
nantana, turaHa (), mapramma (Il1) uw xapOonata xampimsa. PeHTreHorpaduvyeckuMu MeETOZAMHU
YCTaHOBJIEHO, YTO JIaHHOE COCAWHEHHWE KPHCTAJUIN3YeTCS B KyOMUYECKOW CHHTOHHH CO CIEXyFOIMHU
napamerpamu pemretki: a = 13,35+ 0,02 A; V0 =2376,3 £ 5,00 A3; Z = 4; V0 = 594,08 = 1,25 A3; ppenr. =
3,96 r/eM®; puma. = 3,95 £ 0,02 r/cm®. Ha xpusoii 3aBucumoctn Cp°~f(T) B yKa3aHHOM HHTeEpBaye
TemIeparyp oOHapykeH A-00pa3Hsblii ¢ dext npu 598 K, oTHOCsAmuiics, BeposaTHO, K hazoBomy mepexoxny |l
pona. JlauHslii (ha30BbIii TIepexo/1, BO3MOXHO, cBsi3aH ¢ adpdekramu loTTku, Hammurem Touek Kropu, Heens,
W3MEHEHUSIMH MarHUTHOTO COTIPOTHBIICHUSI, SIEKTPOIPOBOIHOCTH, AUICKTPUUECKON MIPOHUIIAEMOCTH U JP.
Omnpenenena (pyHaaMeHTaTbHAS KOHCTaHTa — craHgaptHas TerioeMkocts LaCaTiMnOs, paBuas 221+14
JLx/(Monb-K). TlpnOnmkeHHBIM METOJIOM HOHHBIX WHKPEMEHTOB OIIEHEHa ero CTaHJapTHas SHTPOIHS,
paBnas 206+6 Jx/(momb-K). Ha oCHOBaHHMHM OTBITHBIX JAHHBIX C YYETOM TEMIEpaTyphl (pa3oBoro mepexona
BBIYMCIICHBI ypaBHEHUs, OIKCHIBaolMe Temreparyphble 3aBucuMoctH Cp°~f(T) m marom uepes 25 K
TepMmoauHamMuyeckue pynxuun S°(T), HO(T) — HO(298,15) u ®*(T) uccremyeMoro TUTaHO-MaHTaHUTA
nantaHa W kKanbuus. CranmaprtHas TeruoeMkocts LaCaTiMnOgs paccuurana Takke mo merony JleGas,
3HAUEHHE KOTOPOH XOPOILIO COTJIacyeTcs C ONBITHBIMH JaHHBIMH. [To pa3spaboTaHHOIT MeTOANKE BBIYHCICHA
CTaHJapTHAs SHTAJBIUS 00pa30BaHUs TUTAHO-MaHTaHWTa, paBHas 3867,5 kJ[x/Mob.

Kniouesvie cnosa: THTaHO-MaHTaHUT, JAaHTaH, KalbIMH, TEINIOEMKOCTb, (Da3OBBIN IMepexoi, SHTAIBIUSI
00pa3zoBaHus, TEPMOJHHAMIYECKHAE CBOMCTBA.
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