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Abstract

Geometries and energies of isolated CaC,04H,0, CaCy04, CaCO3, CaO, H;0, CO and CO»
were determined at the ab initio level using effective core potential valence basis sets of double-
zeta quality, supplemented with polarization functions. The effects of electron correlation were
taken into account at the second order Maller-Plesset level of theory. For CaC;04-H20, the cor-
relation for the basis set superposition error was also included. Common routines were employed
to evaluate entropies, heat capacities, as well as enthalpies and free enthalpies of formation of all
entities. The enthalphies and free enthalpies of consecutive dehydration of CaC>04H20, decar-
bonylation of CaC,0,4 and decomposition of CaCQj towards CaO and CO; were determined on
the basis of available data from the literature or those predicted theoretically. Assuming that upon
all the above mentioned processes the system maintains equilibrium, the fractions reacted, ent-
halpy changes and differential dependencies of these vs. temperature were derived and compared
with experimental thermoanalytical data.
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Introduction

Calcium oxalate monohydrate is used as a standard substance in thermal
analysis [1, 2]. Investigations revealed that upon both dynamic [1, 3-6] and
quasi isothermal-isobaric [2] thermoanalytical experiments the compound loses
water, carbon monoxide and finally carbon dioxide at around 470, 650 and 920
K, respectively [2]. The nonvolatile product is CaO. Numerous works have
been devoted to elucidation of the thermodynamics [6-8] and kinetics [4-6,9]
of the processes, but only on the purely phenomenological bases. The aim of
this study is to get an insight into the nature of decomposition on the molecular
level. This was achieved combining quantum chemistry with statistical thermo-
dynamics and appropriate use of thermochemical data of experimental origin
available in the literature.
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Methods

Stationary geometries and force field calculations

Stationary geometries of all the entities at unconstrained symmetry were de-
termined at the Hartree-Fock level of the theory (HF) employing Baker’s optim-
ization procedure [10] together with the relativistic compact effective core
potentials of Stevens et al. [11, 12] and their valence, energy optimized, shared
exponents, contracted-Gaussian basis sets supplemented with standard polariza-
tion functions [13] labeled subsequent as SBKJ* (examples are given in Fig. 1).
For the C and O atoms 2 electrons and for Ca 18 electrons were incorporated
into the pseudopotential. To model chemically active 2s and 2p orbitals, in the
case of C and O, or 4s and 4p orbitals for Ca, the double-zeta quality s and p
basis sets were used.

Validity of geometry optimization was proved in the subsequent hessian (sec-
ond derivative of the energy vs. nuclear coordinates) calculations followed by

Fig. 1 Geometries of isolated CaC;04-H,0, CaC;04 and CaCO; determined at the ab initio
level
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the normal mode analysis. For all stationary points corresponding to the minima
on the potential energy surfaces all curvatures were found to be positive. This
enabled determination of vibrational frequencies in the harmonic approximation
(used subsequently in evaluation of enthalpy (H-E.) and free enthalpy (G-E) of
an entity relative to its total energy (E:) on the basis of the statistical thermody-
namics).

All the quantum mechanical calculations were carried out on the Hewlett-
Packard 730 Apollo workstation employing the GAMESS program package
[14].

Thermochemical quantities

The energies of formation of gaseous species A were determined following
Hess’s Law, i.e. subtracting from the energy of molecules the energies of gase-
ous atoms (C, Ca) and molecules (Hz, O;) in the lowest electronic state. As val-
ues of thermodynamic quantities are usually affected by the electron correlation
effects [13], the HF results were supplemented with the second order Mgller-
Plesset (MP2) electron correlation correction {15] calculated at the SKBJ* ge-
ometry (relevant values are referred to as MP2/SBKJ*||HF/SBKJ*). For
CaC;04H;0 the correction for the basis set superposition error was included
additionally [16].

The enthalpies (A¢29sH) and free enthalpies (Ag20sG) of formation of gaseous
molecules were evaluated analogously as in the case of A« [17]. For this pur-
pose routine incorporated in GAMESS [14], based on the statistical thermody-
namics, were used to determine entropies (2085), heat capacities (208C;,), as well
as enthalpies and free enthalpies of all entities relative to their ab initio ener-
gies. To bring As29sH and Ar,205G to standard conditions in the usual sense (rele-
vant values are referred to as Arz0H° and A¢20sG’), the ab initio energies of C
and Ca were lowered by (in kJ-mol™) 716.7 and 178, in the case of enthalpies,
or 671.3 and 144, in the case of free enthalpies, respectively, i.e. enthalpies or
free enthalpies of atomization [18, 19].

Thermochemical data for calcium oxalate monohydrate and its decomposi-
tion products are compiled in Table 1.

Thermodynamics of decomposition

Decomposition of calcium oxalate monohydrate is accomplished in three
stages, which are represented by reactions (1)—(3) (Table 2). Enthalpy and free
enthalpy changes for these processes, demonstrated in Table 2, were determined
using data from Table 1. These former characteristics were subsequently used
to evaluate the equilibrium extent of decomposition (o) for each step, which is
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equal to the equilibrium constant (K) in the case of heterogeneous processes
[24]. When equilibrium is maintained between exclusively gaseous reactants,
K =a?/(1-a). If reactions (1)—(3) are separated in the temperature scale
(which indeed has been confirmed experimentally [1, 2] the fraction of weight
loss (TG) is given by the equation

M [H,0] (1-0uy)+M [COJ(1-0u)+M [CO,J(1-a3)+M (CaO]
M [CaC;04H;0]

TG =1- C))

where M denote molar masses of species given in square brackets and o;,02,05-
fractions decomposed corresponding to reactions (1), (2), (3), respectively.

TG vs. T dependencies arising from experimental thermochemical data were
revealed combining van’t Hoff equation with the Kirchhoff Law. Heat capacity
changes necessary for determination of these dependencies were taken to be 4R,
in the case of reaction (1), and 3.5 R for reactions (2) and (3), i.e. were as-
sumed to result from the increase in the possibilities of the storage of energy in
translational and rotational degrees of freedom of molecules released to the
gaseous phase. TA dependency was obtained analogously, taking into account
relevant enthalpy changes.

TA = 0t1Aq 208 (1) + 02Aq 268 (2) + 03 208H° (3) (5)

Finally, differential curves, i.e. DTG and DTA were derived analytically start-
ing from expressions for TG and TA, respectively. The results are presented in
Fig. 2B.

Expressions (4) and (5) were also employed if thermoanalytical depend-
encies referred to all gaseous reactants. In this latter case o values were ob-
tained using enthalpy changes for decomposition processes predicted by ab
initio method and employing statistical thermodynamics to reveal dependencies
of H and G on temperature. Differential curves were derived by standard itera-
tive procedure. Thus predicted dependencies are shown in Fig. 2A.

Comparison of both predicted sets of equilibrium thermoanalytical curves
with experimental dependencies reveals that the general pattern of these is rea-
sonably well reflected by theory. Differences in temperatures of thermal effects
can be accounted for by deficiencies of theory. But they may also result from
the fact that thermoanalytical experiments are markedly affected by conditions
of their realization [1, 2]. Nevertheless, the approach presented emphasizes the
importance of chemistry in consideration of the mechanism of heterogeneous
processes involving solids on the molecular level.
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Fig. 2 Equilibrium thermoanalytical curves (DTG, DTA, TG) predicted on the basis of litera-
ture data of experimental origin (A) and the theoretical ones (B); bars indicate charac-
teristic temperatures of dynamic (D) DTA and DTG curves (peaks) or quasi isother-
mal-isobaric (Q) TG curve (steps)
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Zusammenfassung — Geometrie und Energien von isoliertem CaC;04H20, CaCy04, CaCOs,
CaO, Hz0, CO und CO> wurden auf dem ab initio Level unter Anwendung von Kernpotential-
Valenz-Basissets, erginzt durch Polarisationsfunktionen bestimmt. Die Effekte der Elektronenk-
orrelation wurden auf dem Moller-Plesset level zweiten Grades beriicksichtigt. Fiir CaC204-H20
wurde auch die Korrelation fiir den Basissetiiberlagerungsfehler inbegriffen. Zur Ableitung der
Entropien, Wirmekapazitiiten als auch Enthalpien und freien Bildungsenthalpien aller Gebilde
wurden die @iblichen Routinen verwendet. Die Enthalpien und freien Enthalpien der konseku-
tiven Dehydratation von CaC;04-H20, der Dekarbonylierung von CaC>04 und der Zersetzung
von CaCO3 zu CaO und CO; wurde auf der Grundlage der zuginglichen Literaturangaben bes-
timmt. Unter der Annahme, dafl das System in allen oben erwihnten Prozessen im Gleich-
gewicht bleibt, wurden die Enthalpieinderungen und differentialen Abhingigkeiten derselben
von der Temperatur abgeleitet und mit den experimentellen thermoanalytischen Angaben ver-
glichen.
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