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Abstract

Optimized experimental data and estimated values are utilized for the assessment of thermochemical functions of alkali-

earth cuprates. For the determination of temperature dependences of heat capacities the Neumann±Kopp additive rule was

employed. Values of standard enthalpy of formation and molar entropy of Ca2CuO3, SrCuO2, Sr2CuO3 and BaCuO2 were

optimized from experimental results. For the estimation of enthalpies of formation of CaCuO2 and Ba2CuO3 a linear

correlation between enthalpy of formation from oxides and ionic radius of alkali-earth cations was used. Molar entropy of

CaCuO2 and Ba2CuO3 was estimated using the modi®ed contribution method. # 1998 Elsevier Science B.V.
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1. Introduction

Alkali-earth cuprates (AEC), among others, became

a subject of vast experimental and theoretical inves-

tigation during the last years on account of the dis-

covery of high-temperature superconductors.

Thermochemical properties, i.e. heat capacity, molar

entropy and enthalpy of formation, are necessary for

the prediction and modeling of the synthesis of these

compounds as well as for the determination of the

stability of individual phases in the complex oxide

systems. Unfortunately, the experimental data on the

properties mentioned above are available only for a

few substances in the mixed oxide systems, and data

for the remaining phase have to be calculated by

appropriate correlation or estimation methods.

In this paper, thermodynamic functions for

MeCuO2 and Me2CuO3 (Me�Ca, Sr, Ba) binary

oxides are assessed. For Ca2CuO3, SrCuO2, Sr2CuO3

and BaCuO2, there is a large number of experimental

measurements. The thermodynamic functions of these

substances are, thus, mostly optimized from experi-

mental results. Since there is a lack of experimental

data for CaCuO2 and Ba2CuO3 phases, other methods

have to be used. Several estimation and correlation

methods were tested on other complex oxides, and the

most reliable ones were chosen to predict the thermo-

chemical functions of CaCuO2 and Ba2CuO3.

2. Thermochemical properties of basic oxides

For the evaluation of molar entropy and enthalpy of

formation for mixed oxides accurate data for simple
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oxides are necessary. For CaO and CuO, all thermo-

chemical properties were taken from the JANAF

Tables [1]. The value of standard heat of formation

of CuO is in good agreement with recently published

results [2±5] derived from EMF measurements of

Cu2O/CuO equilibrium. Standard heats of formation

of SrO and BaO were also taken from the JANAF

Tables [1]. Solution calorimetric measurements,

recently performed by Cordfunke et al. [6], con®rmed

these values. Molar entropies at 298.15 K for SrO and

BaO were calculated from low-temperature C0
pm mea-

surements published by Cordfunke et al. [7]. Tem-

perature dependences of heat capacities for SrO and

BaO were derived from data in Ref. [7].

3. Heat capacity

The determination of heat capacity is usually

performed in two separate temperature intervals:

low-temperature range (from ca. 4 to 300 K) and

high-temperature range (>300 K). Above 300 K, the

temperature dependence of C0
pm for solids is custo-

marily expressed by the following equation:

C0
pm�T� � a� bT � c=T2 (1)

The values of C0
pm were measured by low-tempera-

ture calorimetry for four oxides [8±10] (Table 1).

Unfortunately, no measurements have been carried

out at higher temperatures (above 350 K), and thus

temperature dependences of C0
pm have to be estimated.

The most frequent method used for the estimation of

C0
pm(T) of complex solid substances is the Neumann±

Kopp rule [11]. This method is based on the assump-

tion that there is no heat capacity change when a

complex substance is formed from its member com-

pounds. An alternative empirical method for the esti-

mation of heat capacities of predominantly ionic

binary compounds was proposed by Kubaschewski

and UÈ nal [12]. Heat capacity at 298 K is obtained as a

sum of ionic contributions, but for the determination

of temperature dependence the melting point is

required. Generally, the C0
pm(T) dependence, as

approximated by Kubaschewski, increases more

rapidly than that evaluated from the Neumann±Kopp

rule. At 1000 K, the difference between them is ca.

6%. The experimental and estimated values of C0
pm

(298 K) are in good agreement except for BaCuO2. In

this case, the experimental value is shifted by

5.7 J Kÿ1 molÿ1 to lower values.

Upon optimization of �Ho
f (298.15 K) and So

m

(298.15 K) of Ca2CuO3, SrCuO2, Sr2CuO3 and

BaCuO2 (discussed in Sections 4 and 5) temperature

dependences by the Neumann±Kopp rule correspond

better to experimental results than those calculated

using [12]. Therefore, we use the former method for

all AEC. For BaCuO2, the Neumann±Kopp rule was

modi®ed by adding a constant increment of

5.7 J Kÿ1 molÿ1 to the whole C0
pm(T) dependence.

The coef®cients a, b and c for all oxides are listed

in Table 2.

4. Standard enthalpy of formation

Standard enthalpies of formation, �H0
f (298.15 K),

of the four oxides mentioned above were optimized

from experimental data using weighted least square

regression analysis. Experimental values of molar

Table 1

Heat capacities of AEC at 298.15 K, EXP, from experimental

measurement; NK, estimated by the Neumann±Kopp rule; and

KUB, estimated by Kubaschewski and UÈ nal method

Substance C0
pm (EXP) C0

pm (NK) C0
pm (KUB)

CaCuO2 Ð 84.3 86.4

Ca2CuO3 136.1a [8] 134.8a 138.5a

SrCuO2 86.8 [9] 87.4 87.2

Sr2CuO3 134.7 [9] 132.5 131.1

BaCuO2 95.0 [10] 89.3 88.1

Ba2CuO3 Ð 136.4 132.8

a At T�350 K.

Table 2

Heat capacities of AEC

Substance C0
pm(T)�a�bT�cTÿ2 [J Kÿ1 molÿ1]

a b�103 c�10ÿ6

CaCuO2 98.949 11.615 ÿ1.608

Ca2CuO3 149.303 15.803 ÿ2.455

SrCuO2 98.468 10.457 ÿ1.261

Sr2CuO3 148.341 13.487 ÿ1.761

BaCuO2 106.841 9.378 ÿ1.300

Ba2CuO3 153.687 11.329 ÿ1.839
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enthalpies, molar entropies and molar Gibbs energies

of the given substance at given temperatures and their

inaccuracies were used as input data. These values had

to be ®rst recalculated to the desired temperature of

298.15 K by integrating the assumed C0
pm(T) depen-

dence and then averaged, using the inaccuracies as

corresponding weights. Input data for Ca2CuO3,

SrCuO2, Sr2CuO3 and BaCuO2 are listed in Table 3.

Inaccuracies were estimated from errors of measure-

ments and, in cases where the experimental results

were quite inconsistent with other measurements, they

were correspondingly higher.

Experimental data for Ca2CuO3 and SrCuO2 are in

very good agreement, and optimized values of �H0
f

have low standard deviations. Jacob and Mathews [19]

found the data of Alcock and Li [16] on the compound

Table 3

Experimental values of heats of formation of AEC: SC, solution calorimetry (solvent); EMF, electromotive force measurement; and TG,

thermogravimetry analysis

Authors and Method Temperature/ �H0
f Inaccuracy/

reference (K) (kJ molÿ1) (kJ molÿ1)

Ca2CuO3

Idemoto, 1993 [13] SC(HClO4) 298.15 ÿ1434.0 0.8

Mathews, 1993 [14] EMF 1110±1260 ÿ1294.4 0.2

Mathews, 1993 [14] EMF 925±1250 ÿ1310.6 0.3

Suzuki, 1990 [15] EMF 1000±1220 ÿ1299.9 1.3

SrCuO2

Idemoto, 1993 [13] SC(HClO4) 298.15 ÿ771.5 2.0

Alcock, 1990 [16] EMF 1050±1150 ÿ697.3 0.8

Skolis, 1990 [17] EMF 1030±1260 ÿ680.4 0.7

Skolis, 1990 [18] EMF 1060±1250 ÿ679.6 1.7

Jacob, 1990 [19] EMF 900±1280 ÿ689.0 0.1

Suzuki, 1992 [5] EMF 923±1223 ÿ686.7 0.9

Sr2CuO3

Idemoto, 1993 [13] SC(HClO4) 298.15 ÿ1410.6 2.8

Alcock, 1990 [16] EMF 1050±1150 ÿ1243.4 5.7

Skolis, 1990 [17] EMF 1030±1260 ÿ1242.1 1.1

Jacob, 1992 [19] EMF 975±1260 ÿ1246.9 0.3

Jacob, 1992 [19] EMF 900±1280 ÿ1251.1 0.3

Suzuki, 1992 [5] EMF 923±1223 ÿ1244.2 0.9

BaCuO2

Grunin, 1989 [20] SC(HCl) 298.15 ÿ802.3 2.4

Monaenkova, 1990 [21] SC(HCl) 298.15 ÿ791.8 3.0

Morss, 1990 [22] SC(HClO4) 298.15 ÿ785.0 10.0

Garzon, 1991 [23] SC(HClO4) 298.15 ÿ804.2 7.9

Idemoto, 1992 [24] SC(HClO4) 298.15 ÿ780.0 4.4

Konkova, 1992 [25] SC(HCl) 298.15 ÿ772.7 2.1

Zhou, 1992 [26] SC (2PbO.B2O3) 977 ÿ718.0 2.4

Mackevich, 1993 [27] SC(HCl) 323 ÿ757.0 5.0

Monaenkova, 1994 [28] SC(HCl) 298.15 ÿ791.9 2.3

Rais, 1995 [29] SC(HNO3) 298.15 ÿ812.0 6.0

Zimmermann, 1995 [30] SC (2PbO.B2O3) 973 ÿ723.1 2.8

Fan, 1989 [31] EMF 950±1200 ÿ668.2 5.0

Skolis, 1990 [32] EMF 1101±1182 ÿ656.5 12.6

Voronin, 1990 [33] EMF 978±1101 ÿ700.0 6.8

Borowiec, 1990 [34] EMF 1073±1223 ÿ658.6 10.0

Shimpo, 1994 [36] TG 1100±1173 ÿ606.9 24.0
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Sr2CuO3 to be internally inconsistent; therefore, we

used a reassessed value, and the experimental error

was multiplied by ten. The thermogravimetric mea-

surement on BaCuO2 reported by Shimpo and Naka-

mura [36] gives a result that is very far from the rest of

experimental values and, thus, the inaccuracy was also

higher. Resulting standard enthalpies of formation are

listed in Table 4.

For the determination of �H0
f of CaCuO2 and

Ba2CuO3, several estimation and correlation methods

were examined. Aronson [37] suggested a method for

the estimation of enthalpy of formation for refractory

mixed oxides. In this method, a modi®ed Pauling

equation

�H0
f � ÿ96:5nO�X0Me ÿ 3:50�2 (2)

is applied where nO is the number of oxygen atoms in

the mixed oxide, X
0
Me the pseudoelectronegativity of

the entire metal group, and 3.50 the Pauling electro-

negativity value of oxygen. X
0
Me is calculated as the

geometric mean from the values of pseudoelectrone-

gativities of individual metal atoms that were deter-

mined using Eq. (2) and the known values of �H0
f of

basic oxides. Using this method, enthalpies of forma-

tion of all six mixed oxides and, consequently, enthal-

pies of formation from basic oxides (�H0
f;ox) were

calculated. All �H0
f are listed in Table 4.

An empirical method, proposed by Tsagareishvili

[38], can be used for the estimation of standard

enthalpy of formation of mixed oxides from basic

oxides. According to this method �H0
f;ox � ÿ29:3nO.

This method was tested on various systems, including

the oxides in the Y±Ba±Cu±O system [39] and good

agreement was achieved. Results for AEC are also

listed in Table 4.

It follows from a comparison of estimated and

experimentally obtained values of �H0
f;ox that the

estimation methods mentioned above cannot be suc-

cessfully applied for AEC. Nevertheless, it was

empirically found that there exists a linear dependence

of the enthalpy of formation from oxides on ionic

radius of alkali-earth cations for titanates, zirconates,

hafnates, silicates and molybdates. Fig. 1 shows these

dependencies for �H0
f;ox calculated from data of

Knacke and Kubaschewski [40] and six-fold coordi-

nation ionic radii by Shannon [41]. Supposing the

same relationship for 1 : 1 alkali-earth cuprates the

value of �H0
f;ox for CaCuO2 can be estimated from

known values for SrCuO2 and BaCuO2 using linear

extrapolation. The obtained value �H0
f;ox �

42:9 kJ molÿ1 indicates that this phase is unstable.

This fact can be interpreted in view of the XRD studies

[42] that revealed only the existence of nonstoichio-

metric phase Ca1ÿxCuO2ÿy.

For 2 : 1 alkali-earth mixed oxides only a few

enthalpies of formation are known. A complete set

of data exists only for silicates where the same linear

relation was found (Fig. 2). Accordingly, the enthalpy

of formation for Ba2CuO3 �H0
f;ox � ÿ56:1 kJ. molÿ1

was estimated from data for Ca2CuO3 and Sr2CuO3.

The values obtained by linear extrapolation method

were selected as the most reliable. Enthalpies of

formation of all AEC together with enthalpies of

formation from oxides are summarized in Table 6.

5. Standard molar entropy

Standard molar entropies of Ca2CuO3, SrCuO2,

Sr2CuO3 and BaCuO2 were optimized from experi-

Table 4

Heats of formation of AEC from simple oxides. Exp� � �optimized values from experimental results, ARO� � �estimated by the Aronson method

[37]. TSA, estimated by the Tsagareishvili method [38]; and MRO, estimated by the linear correlation method (this work)

Substance �H0
f;ox(EXP)/ �H0

f;ox(ARO)/ �H0
f;ox(TSA)/ �H0

f;ox(MRO)/

(kJ molÿ1) (kJ molÿ1) (kJ molÿ1) (kJ molÿ1)

CaCuO2 Ð ÿ25.3 ÿ58.6 42.9

Ca2CuO3 ÿ5.2 ÿ41.2 ÿ87.9 Ð

SrCuO2 ÿ21.6 ÿ16.3 ÿ58.6 Ð

Sr2CuO3 ÿ31.4 ÿ27.9 ÿ87.9 Ð

BaCuO2 ÿ82.5 ÿ9.2 ÿ58.6 Ð

Ba2CuO3 Ð ÿ17.2 ÿ87.9 ÿ56.1
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mental data using the method mentioned above for

optimization of enthalpies. Input data together with

inaccuracies are listed in Table 5. In general, the

experimental results show larger scatter than the data

for enthalpies of formation, and the resulting devia-

tions for Ca2CuO3 and BaCuO2 reach up to 8%.

Methods proposed for the estimation of standard

molar entropy of binary compounds from ionic con-

tributions (for review, see [11,39]) were not proved to

be applicable for AEC. In principle, this method yields

the molar entropy of formation from oxides (�S0
f;ox)

equal to zero which does not agree with experimental

Fig. 1. Dependence of heats of formation from oxides on ionic radii of alkali-earth metals for several 1 : 1 mixed oxides. (&), MeO : CuO;

(&), MeO : SiO2; (�), MeO : TiO2; (�), MeO : ZrO2; ($), MeO : HfO2; and (�), MeO : MoO3.

Fig. 2. Dependence of heats of formation from oxides on ionic radii of alkali-earth metals for several 2 : 1 mixed oxides (&), 2MeO : CuO;

and (&), 2MeO : SiO2.

M. MroveÏc et al. / Thermochimica Acta 318 (1998) 63±70 67



®ndings. Some other methods were employed based

on the assumption that standard molar entropy of

mixed oxides can be expressed as a function of a

sum of entropies of basic oxides [43]. Although they

®t quite well for alkali-earth titanates and zirconates

they are not valid in the case of cuprates. In this work,

a modi®ed contribution method was used for the

determination of unknown values of standard molar

entropy of CaCuO2 and Ba2CuO3. According to this

method, standard molar entropy of a mixed oxide

within a chemically related oxide group is determined

as a sum of entropy contributions from constituent

basic oxides. The individual entropy contributions are

obtained from known experimental values for other

mixed oxides. It was con®rmed that, in the case of

alkali-earth titanates, silicates and aluminates, this

method provides signi®cantly lower deviations (ca.

2%) than simple entropy summing from constituent

oxides (deviations from 5 to 18%). Thus, the standard

molar entropies of CaCuO2 and Ba2CuO3 were

obtained from the following entropy contributions

of basic oxides determined before: S(CuO)�44.7,

S(CaO)�40.0, and S(BaO)�72.5 J Kÿ1 molÿ1. The

estimated error was ca. 2%. All standard molar entro-

pies of AEC and molar entropies of formation from

oxides are listed in Table 6.

6. Conclusions

In this paper, thermochemical properties of some

AEC are presented. In view of the lack of experimental

Table 5

Experimental values of entropies of AEC. AC, low-temperature adiabatic calorimetry; EMF, electromotive force measurement; and TG,

thermogravimetry analysis

Authors and Method Temperature/ S0
m Inaccuracy

reference (K) (J Kÿ1 molÿ1) (J Kÿ1 molÿ1)

Ca2CuO3

Mathews, 1993 [14] EMF 1110±1260 331.3 0.7

Mathews, 1993 [14] EMF 925±1250 317.1 0.7

Suzuki, 1990 [15] EMF 1000±1220 415.4 1.6

SrCuO2

Shaviv, 1990 [9] AC 298.15 96.9 0.9

Alcock, 1990 [16] EMF 1050±1150 220.5 1.4

Skolis, 1990 [17] EMF 1030±1260 230.5 1.4

Skolis, 1990 [18] EMF 1060±1250 231.2 2.2

Jacob, 1992 [19] EMF 900±1280 225.5 1.0

Suzuki, 1992 [5] EMF 923±1223 224.7 1.2

Sr2CuO3

Shaviv, 1990 [9] AC 298.15 148.5 1.3

Alcock, 1990 [16] EMF 1050±1150 346.7 1.8

Skolis, 1990 [17] EMF 1030±1260 346.7 2.1

Jacob, 1992 [19] EMF 975±1260 345.1 1.5

Jacob, 1992 [19] EMF 900±1280 340.8 1.5

Suzuki, 1992 [5] EMF 923±1223 343.6 1.6

BaCuO2

Gavrichev, 1993 [10] AC 298.15 118.3 1.1

Fan, 1989 [31] EMF 950±1200 234.8 1.5

Skolis, 1990 [32] EMF 1101±1182 243.7 2.3

Voronin, 1990 [33] EMF 978±1101 274.0 2.2

Borowiec, 1991 [34] EMF 1073±1223 257.7 2.2

Azad, 1991 [35] EMF 736±1102 278.8 2.2

Shimpo 1994 [36] TG 1100±1173 270.1 2.0
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data, several values were estimated and these should

be considered as less reliable.

For more accurate data further experimental work is

necessary. According to our opinion, these data can be

used for successful phase diagram predictions and

equilibrium composition calculation. Values recom-

mended in this paper are in quite good agreement with

critically assessed data recently published by other

authors [30,42,44±48].
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