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Abstract 

A critical review is presented of the enthalpies of the thermal dissociation (AH,) and 
formation (AH,) available in the literature, as well as the crystal lattice energies (E,) for 
inorganic and organic hexahalogenozirconates Mi(or M”)ZrX,, where M’ and Mu denote 
monovalent and divalent cations respectively, and X denotes a halogen. The enthalpies of 
formation of the salts were determined from known AHa values and the enthalpies of 
formation of the decomposition products of hexahalogenozirconates, taken from the litera- 
ture. The combination of the values of the enthalpies of formation of hexahalogenozirconates 
thus evaluated, and those of the literature, with the literature values of the enthalpy of 
formation of cations and the theoretically determined enthalpies of formation of ZrXz- (or 
the electrostatic lattice energies of the salts) has afforded lattice energies of the salts (or 
enthalpies of formation of gaseous ZrXz-). Values of AH,. were also assessed, taking 
theoretically determined electrostatic lattice energies of the salts and enthalpies of formation 
of ZrXz-, and literature or theoretically determined values of the enthalpy of formation of 
gaseous cations. Finally, the lattice energetics was examined following the Kapustinskii-Yat- 
simirskii approach which enabled an independent set of crystal lattice energies and thermo- 
chemical radii for ZrXg- and complex cations to be obtained. The various thermochemical 
quantities correlate with each other reasonably well, thus increasing their reliability. 

INTRODUCTION 

Hexahalogenozirconates are one of the simplest derivatives of zirconium, 
an element of great interest owing to its scientific and applicative impor- 
tance [l-4]. Of particular interest are octahedral ZrXg- ions which, due to 
their high symmetry, have long been of interest [l-8]. Compounds contain- 
ing these species have often been taken as models in studies of the structure 
and behaviour of complex salt-like derivatives. Despite the extensive interest 
in hexahalogenozirconates, only scattered, fragmentary information regard- 
ing their thermochemistry is available. The aim of this work is, therefore, to 
summarize the available information on the thermochemistry of hexa- 
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halogenozirconates, to subject the data to critical review and, finally, to 
evaluate new characteristics on the basis of current knowledge of the 
problem. 

THERMOCHEMISTRY OF HEXAHALOGENOZIRCONATES 

Thermodynamics of the thermal decomposition 

At elevated temperatures, hexahalogenozirconates undergo decomposi- 
tion into smaller fragments, accompanied by volatilization of all or some of 
the products. Table 1 summarizes the available information on the dissocia- 
tion, without considering the mechanism of the process. It is, however, 
known from the literature that the decomposition of some hexahalogenozir- 
conates in the absence of oxygen proceeds in two stages [9- 171, e.g. in the 
case of alkali metal (Ma) hexafluorozirconates 

MaiZrF, (s) -+ Ma’ZrF, (g) + Ma’F( g) 

and 

(1) 

Ma’ ZrF, (g) + Ma’F( g) + ZrF4( g) (2) 

Inorganic hexachloro- and hexaiodozirconates, however, decompose in 
one step, which is reflected schematically in Table 1. The thermal decompo- 
sition of hexachlorozirconates of nitrogen aromatic bases, carried out in 
contact with the atmosphere, results in the release of gaseous bases 
and HCl, and in the instantaneous oxidation of the remaining ZrCl, to 
ZrO, [7]. 

All the enthalpies of decomposition listed in Table 1 are derived from 
direct or indirect vapour pressure measurements. In their determination, it 
was assumed that equilibrium was achieved under experimental conditions, 
which justified the application of the van? Hoff equation and enabled 
evaluation of the AH& values. The data obtained initially were relevant to 
the temperature range in which the pressure was measured (in Table 1, only 
mean temperatures are listed (T)). To adjust them to standard conditions 
(AHzlg8), we modified the AH& values by adding the heats of solid-state 
phase transitions and melting, in the case of organic hexahalogenozir- 
conates, and for all the systems examined, by subtracting the heat capacity 
term (estimated by considering changes in the possibilities of the storage of 
energy in translational and rotational degrees of freedom of only the 
gaseous reactants upon transfer from T to 298 K and assuming their perfect 
behaviour) [ 71. 

It can be noted, reviewing the data in Table 1, that values from refs. 18, 
19 and 25 are much lower than those from other sources. Moreover, the 
values of AHd for some of the compounds are very scattered, which is seen 
in particular in the case of NazZrCl,. It is thus difficult to evaluate the 
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reliability of these characteristics. We shall try to do this after using them to 
determine other thermochemical characteristics. 

Enthalpy of formation 

Values of this important characteristic were evaluated in two ways. 
Firstly, following the thermochemical cycle [7], the enthalpy of formation 

of monovalent alkali metal (Ma’) hexahalogenozirconates is expressed by 
the relationship 

AfG%~Wa%Xds>l = 2f%dMa’Wg or 4 

+ AfG598 WXd &I - AK&8 (3) 

In the case of salts containing nitrogen bases (B), the enthalpies of forma- 
tion are obtained from the equation 

~ff&d(BH~2Zr&Wl = 2 ~K&8-Wg)l + 2 ~GdB(g)l 
+ AHff;&r&k or ~11 - AfG& (4) 

where AHFzg8 denotes the standard enthalpy of formation of the species 
indicated in square brackets, and g or s indicates gaseous or solid (crystalline) 
state of the system, respectively. Determination of the enthalpies of formation 
by eqns. (3) or (4) requires knowledge of the AH&98 values. This method, 
therefore, was applied only in the case of compounds for which the thermal 
decomposition process was examined quantitatively, i.e. those listed in Table 
1. Other necessary data were as follows: the enthalpies of formation of 
crystalline alkali metal halides were taken from refs. 2, 28, 29, and of gaseous 
alkali metal fluorides from either ref. 29 (CsF) or obtained by adding heats 
of sublimation (in the case of RbF, KF and NaF from ref. 2, and LiF from 
ref. 9) to the former values; the enthalpies of formation of zirconium 
tetrahalides were also taken from the literature and modified, if necessary, 
by adding heats of sublimation (all in kJ mall’): AH&8[ZrF4(s)] = - 1912 
[ 2, 291 and AH,!& [ZrF,( g)] = - 1674 (adding heat of sublimation from ref. 
1); AH&98[ZrCl,(g)] = -870 [6]; AH&8[ZrI,(s)] = -482 [29]; and 
AH&8[Zr14(g)] = - 380 (adding heat of sublimation from ref. 27). Finally, 
the enthalpies of formation of gaseous nitrogen organic bases were taken from 
ref. 7, and for HF, HCl and NH3 were taken (in kJ mall’) as -271.2, -92.3 
and -46.1 [28,29], respectively. The determined and literature values of the 
enthalpies of formation of crystalline hexahalogenozirconates are compiled 
in Table 2 under column A. 

Secondly, the enthalpies of formation of solid hexahalogenozirconates are 
related to their lattice energies (EC) through the equation [7]. 

AHff;98[M:(or M”)ZrX,(s)] = 2(or l)AH,f;,,[M’+(or Mu2+)(g)] 

+ AHF2,,[ZrX? (g)l 
- E,“[M:(or M”)ZrX,(s)] -3(or 2)RT (5) 
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TABLE 3 

Enthalpies of formation and “thermochemical” radii of ZrXg 

Species AH&,/(kJ mol-‘) 

This work Ref. 8 Others 

rA Inm 

This work Others 

ZrFg- - 2503 0.281 0.273 [31] 

ZrClg- - 1612 - 1542 -1503 [6] 0.373 0.358 [31] 
- 1526 [ 6,291 0.376 [7] 
- 1549 [6] 
-1621 [6] 

ZrB$ - 1323 -1163 0.387 

ZrIz- -938 - 829 0.403 

where M’ and M” denote mono- and divalent cations, respectively. The 
evaluation of AH, by this method requires knowledge of E,. We assumed 
that values of the latter quantity are well represented by the electrostatic 
lattice energies which are given in Table 2 under column C (from ref. 8). 
The combination of these with the enthalpies of formation of the gaseous 
cations, listed in Table 2, and the ZrX$- ions from ref. 8 (Table 3) yields 
the standard enthalpies of formation of crystalline hexahalogenozirconates 
which are shown in Table 2 under column B. One can consider the 
characteristics thus derived as being of solely theoretical origin. 

The enthalpies of formation determined by the two above-described, 
completely independent methods, correspond to each other reasonably well 
in the case of hexachloro-, hexabromo- and hexaiodozirconates. The ex- 
ceptions are those values resulting from the use of AH, values taken from 
refs. 18, 19 and 25 (listed under column A). It may be thought, therefore, 
that these latter characteristics do not correspond to the decomposition 
process shown in Table 1. Relatively large discrepancies in the values of 
AH+- of hexafluorozirconates of monovalent cations can also be noted. 
These may be the consequence of uncertainties in the evaluation of AHd in 
refs. 9- 15, which affect the values given under column A, as well as of 
difficulties in the determination of electrostatic lattice energies owing to the 
atypical crystal structure of the salts [8] and the charge distribution in the 
ZrFg- ion, which influence the values shown under column B. 

Crystal lattice energy 

Four different sets of lattice energies are shown in Table 2. Listed under 
column C are the electrostatic lattice energies from ref. 8. Values given 
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under column D were determined according to the equation [7] 

E,“[M:ZrX,(s)] = 2 AH&,[M’+(g)l + Af&dZrX~-(g)l 

- AH&,8[M:ZrX6(s)] - 3RT (6) 

using the enthalpies of formation of gaseous cations listed in Table 2 and 
of ZrXi- ions from ref. 8 (Table 3) and the enthalpies of formation of the 
salts shown under column A (Table 2). Column E gives literature values 
for the lattice energy. Lastly, lattice energies were determined employing 
the KapustinskiiiYatsimirskii method [38, 391. According to the authors, 
the crystal lattice energy of ionic compounds can be expressed by the 
equation 

E,/(kJ mol-‘) = 120.2 (C n)ZcZ, 1 _ 0.0345 

yC + yA 
r + O.O87(rc + YA) 1 (7) 

C 

where (C n) is the total number of ions in the simplest stoichiometric unit 
of the molecule, Z, and ZA denote the numerical values of the charges of 
cation and anion, respectively, and rc nd YA are the “thermochemical” 
ionic radii (in nm); rc values are given in Table 2. “Thermochemical” radii 
have so far been reported for only ZrFg- [31] and ZrClg- [7,31] (Table 3). 
The derivation of these values have, however, been based on a very limited 
number of crystal lattice energy values. Thus, we determined values of rA 
for ZrClg-, ZrBr$- and ZrIi- by using eqn. (7) the relevant rc value, and 
all crystal lattice energy values given under columns C, D and E (Table 2). 
The “thermochemical” radius of ZrFg- was evaluated from only the lattice 
energies of the ammonium salt given under column D. Other values of EC 
for hexafluorozirconates were not considered owing to their uncertain 
quality. The mean “thermochemical” radii of ZrXi-, shown in Table 3, 
were obtained by excluding those which did not fit the majority of the 
data. Such values were subsequently used to determine the lattice energies 
which are given in Table 2 under column F. 

Crystal lattice energies of hexahalogenozirconates determined by various 
methods, as with their enthalpies of formation, generally correspond to 
each other quite well. Relatively low values of EC, in the case of hex- 
achlorozirconates, are again noted when they originate from the AHd 
values taken from refs. 18, 19 and 25. The Evald method seems to 
overestimate the lattice energies of hexafluorozirconates (values listed 
under column C in Table 2) [8]. However, the values listed under 
column D (Table 2) for alkali metal hexafluorozirconates are most proba- 
bly underestimated owing to the uncertainties in the determination of 
AH* values. The crystal lattice energies resulting from the Kapustinskii- 
Yatsimirskii approach, therefore, seem to be quite reliable because they do 
not suffer from uncertainties of individual measurements or theoretical 
calculations. 
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Features of ZrXi 

The species common to all the compounds examined are the octahedral 
ZrXg- ions. The most important thermochemical characteristic of these is 
the enthalpy of formation. We have recently obtained values of this quantity 
on a purely theoretical basis using ab initio quantum chemistry methods 
(Table 3) [ 81. Thus determined, the value of AH&98[ZrC1g-(g)] compares 
excellently with those available in the literature [6]. Unfortunately, no such 
data are available for the other ions. Therefore, employing the equation 

~ff&8[ZrX~-W = C’[M.iZr&Wl - 2 AW&W’+(gN 

+ AH&8[M:ZrX6(s)] + 3RT (8) 

we derived enthalpies of formation of ZrClg-, ZrB$, and ZrIz- taking the 
electrostatic lattice energies given under column C, the enthalpies of forma- 
tion shown under column A and the enthalpies of formation of cations 
given in Table 2. The results are given together with the “thermochemical” 
radii of anions in Table 3. 

Generally speaking, conformity between the values determined here and 
the theoretical values of AH, is satisfactory considering that both sets of 
data were obtained completely independently. 

CONCLUSIONS 

In this paper, existing thermochemical data on the decomposition of 
hexahalogenozirconates have been compiled and critically reviewed. These 
characteristics were subsequently combined with others available in the 
literature, which enabled an evaluation of the enthalpies of formation of the 
above-mentioned salts. Values for the latter quantity thus determined or 
existing in the literature compare quite well with those predicted theoreti- 
cally on the basis of the electrostatic lattice energies and the enthalpies 
of formation of gaseous ZrXz- ions. This proves the theoretical methods 
can be very useful in determining the thermochemical quantities of solid 
substances. 

The simplest way of predicting theoretically the enthalpies of formation 
of crystalline ionic compounds requires a knowledge of the enthalpies of 
formation of the constituent ions and the crystal lattice energies (eqn. (5)). 
Enthalpies of formation of simple monoatomic ions have been determined 
very accurately by experiment and are generally available. The enthalpies of 
formation of complex cations, e.g. protonated organic bases, are also 
obtainable experimentally [ 401 and relatively easily theoretically [ 30,41,42]. 
This cannot, in general, be said about complex ions such as ZrXz-. To our 
knowledge, there is no possibility of the experimental determination of the 
enthalpies of formation of these species. We have demonstrated, however, in 
our latest [8] and present paper (Table 3) that these enthalpies can be 
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reliably predicted by the ab initio quantum chemistry methods. Finally, the 
determination of the enthalpies of formation of the salts requires a knowl- 
edge of the crystal lattice energies. This is not an easy problem to solve. In 
several of our latest papers, we restricted lattice energy calculations to the 
electrostatic term, neglecting the dispersive and repulsive interactions 
[43,44]. Although the latter two effects combined together do not markedly 
affect the values of the lattice energy, they should be taken into account in 
more advanced calculations. This is not, however, an easy task if one 
intends to approach it on a purely theoretical basis. Nevertheless, the 
present method seems to be an adequate way of determining the enthalpy of 
formation of crystalline solid substances. 

Examining the data in Table 2, it can be noted that the enthalpies of 
formation and the crystal lattice energies of hexahalogenozirconates deter- 
mined in various ways correspond to each other reasonably well. The same 
is true of the enthalpies of formation of ZrXi- ions given in Table 3. This 
suggests that the experimental and theoretical characteristics are consistent 
and both can be considered fully reliable. 
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