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Thermochemistry of Metal Nitrides in the Ca/Zn/N System

James M. McHale, Glen R. Kowach, Alexandra Navrotsky,* and Francis J. DiSalvo

Abstract: The energetics of ternary oxide formation is reasonably well understood, but
little 1s known of the energetics of ternary nitride formation. We have developed new

procedures for high-temperature oxide melt solution calorimetry on metal nitrides
and employed them to study compounds in the Ca/Zn/N system. The calorimetry
utilized the easy reduction of MoQO, in the solvent to supply a pathway for rapid
oxidation of “N3~" to N, gas. These experiments represent the first high-temperature
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solution calorimetry of ternary metal nitrides. The resuits indicate that Ca,N, acts as
a basic nitride analogous to CaO in oxide systems, while Zn;N, acts as an acidic nitride

(**N*~" acceptor) in this ternary nitride system.

Introduction

Many new and structurally diverse ternary metal nitrides have
been discovered in recent years,!'! but little is known of the
thermodynamics that controls their formation. High-tempera-
ture solution calorimetry has been very useful in elucidating the
energetics of ternary (and higher) oxide formation,'?! and the
technique has been extended to many classes of oxide materials,
including metastable phases,!® hydrated phases,!*! variable oxi-
dation state materials,!* and microporous materials.'®! The ma-
Jor obstacle preventing the utilization of high-temperature solu-
tion calorimetry for study of nitride materials has been the lack
of a suitable solvent. The nitride ion, “N3~>, is a very unstable
species compared with dinitrogen, N,, which makes N*~ a
strong reducing agent. The solvent of choice for oxide calorime-
try, 2PbO-B,0,, is unsuitable, as PbO in the melt is easily
reduced to Pb® at around 973 K. Solution calorimetry relies on
the formation of a well-defined final state after dissolution, to
which heat effects can be linked and for which enthalpies of
formation calculated by appropriate thermodynamic cycles. As
enthalpy is a state function, the production of Pb® is not a
problem in itself, as long as it is reoxidized to PbO during the
calorimetric experiment. However, this lead metal attacks Pt,
and as some of the lead will remain in (or on) the Pt crucibles
that contain the solvent, the reaction does not provide a repro-
ducible final state.

Some success has been achieved in nitride calorimetry by
Elder et al.,!”! who used oxidative reaction calorimetry to deter-
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mine enthalpies of formation of LiMoN,, Na,WN,, and
Na,WO;N. In this method, nitride pellets were dropped
into a calorimeter at ~973 K under flowing O,. The heat
effect from the ensuing reaction of the nitride with O, to form
liquid oxides and nitrogen gas (a stable final state) was used
to determine enthalpies of formation through appropriate ther-
modynamic cycles. However, our initial experiments have
shown that all of the nitrides in the Ca/Zn/N system do not
completely react with O, after 2 h at 973 K. This was quite
surprising as most of these compounds will decompose in a
matter of minutes upon exposure to air at room temperature.
The products of this room-temperature decomposition are
metal hydroxides (or hydrous oxides) and NH;, which indicates
that the reaction with H,O has a significantly lower activation
energy than the reaction with O,. In fact, based on our prelim-
inary studies with more than ten ternary and binary metal
nitrides, it appears that the complete and rapid reaction with
0, at 973 K utilized by Elder et al.l”) is an exception rather than
the rule.

Other solvents have been used for high-temperature solu-
tion calorimetry on oxide systems for which 2PbO-B,0, has
proved unsuitable. A sodium molybdate melt of composition
3Na,0-4Mo0, has been shown to be very effective for dissolu-
tion of titanium- and zirconium-bearing phases at 973 K that
dissolve only slowly in 2PbO-B,0,.18 %! We have found that
this solvent is perfectly suited for nitride calorimetry, mainly
as a result of a reduction process similar to that which has
proved problematic with 2PbO-B,0;. The MoO; in the melt
is reduced upon introduction of a nitride (at =973 K). How-
ever, the reduction does not proceed to the metal, but only
produces lower molybdenum oxides (see below), which do not
attack Pt. Reoxidizing the solvent provides a reproducible
final state. The ready reduction of Mo®* at 979 K provides a
rapid pathway for elimination of N3~ as N, gas. Herein we
describe the first high-temperature solution calorimetry of metal
nitrides.
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Results and Discussion

We have chosen the Ca/Zn/N system!'?- 1!) a5 the starting point
for our thermochemical studies of ternary metal nitrides. At
first, furnace experiments at 979 K were performed on the ni-
tride samples to see if they would dissolve in the solvent in a time
period suitable for calorimetry (=1 h). Upon addition of a ni-
tride, the solvent, which is initially a clear amber melt, turned
black and opaque. It returned to its original appearance with no
evidence of undissolved material in less than 1 h at 979 K for all
nitrides studied in the Ca/Zn/N system. To check if the MoO,
was being reduced to the metal, which would potentially alloy
with the Pt crucible and cause erroneous results, a 2 g sample of
the solvent was quenched from 973 K to room temperature
1 min after addition of 100 mg of Zn;N, (which is two orders of
magnitude higher in concentration than the actual calorimetric
experiment) and studied by powder X-ray diffraction and elec-
tron-beam microprobe. The XRD pattern of this quenched sol-
vent showed no evidence of metallic Mo. However, MoO, was
detected in addition to the expected phases Na,MoO, and
Na,Mo0,0,,;. Electron microprobe analysis revealed three
phases distinguished by levels of brightness in back-scattered
electron images. Energy-dispersive spectrometry revealed that
the two darker phases contained Na and Mo, and the third,
brightest population of crystallites (in the back-scattered elec-
tron images) contained little to no Na. However, wavelength
dispersive spectrometry revealed that these bright crystallites
contained significant amounts of oxygen and could not be
metallic molybdenum, but were probably MoQO,. As we were
mainly concerned with ruling out the possible formation of
metallic Mo, we did not attempt to determine quantitatively the
Mo:Na:O ratios in the phases. The results from the electron-
beam microprobe were in good agreement with XRD, which
showed the presence of two sodium molybdate phases and
MoO,.

We suspected that the reduction of MoO, in the solvent to
MoO, upon addition of a nitride was accompanied by rapid
oxidation of “N3~ to N, gas. To verify this assumption, a
10 mg pellet of Zn,N, was dropped into 10 g of sodium molyb-
date at 979 K in a vertical tube furnace. Oxygen was flushed
through the system at 90 mL min !, and the exit gas was sam-
pled by a Balzers Thermocube mass spectrometer. A rapid re-
lease of N, was observed immediately after addition of Zn,N,
to the solvent. This supports the conclusion that upon addition
of a nitride sample, a reaction with the stoichiometry in Equa-
tion (i) occurs, where M represents a metal in the 2+ oxidation

M,N, (s. 295 K) + 3MoO, (1, 979 K) ——» @

3MO (s, 979 K) + 3MoO, (s, 979 K) + N, (g, 979 K)
state. As written, this reaction does not represent a stable final
state that can be used in a thermochemical cycle. The MO, 45 «,
must dissolve in the sodium molybdate and the MoO, must be
oxidized to MoO, and returned to the solvent, as in reaction (ii),

3IMO (s, 979 K) + 3Mo0, (s, 979 K) + */,0, (g, 979 K) — (i)
3MO (soln, 979 K) + 3MoO; (soin, 979 K)
which is relatively slow compared with reaction (i). The
calorimeter glassware was therefore adapted to allow a 2 mm
inner diameter Pt tube to be inserted into the crucible; through
this, O, could be bubbled through the solvent (x5 mLmin~")
in addition to the O, already flowing through the calorimeter
above the melt. This served to speed up reaction (ii) by supply-
ing oxygen directly to the solvent. It also provided a means of
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stirring the solvent which accelerated the dissolution of any
solid material. Combination of Equations (i) and (ii) yields
equation (iii), which corresponds to the enthalpy change mea-

M;N, (s, 295K) + */,0, (g, 979K) — (iii)
3MO (soln, 979 K) + N, (g, 979 K)

sured by drop solution calorimetry, AH,,. Elder et al.!”} ob-
served that the first LIMoN, or Na;WN, sample dropped into
the calorimeter reacted only slowly with O, at 973 K, as evi-
denced by heat being evolved for >90 min. Subsequent samples
reacted more rapidly. They attributed the enhancement to the
presence of the liquid Li,0:Mo0O; or Na,0: WO, mixture in the
calorimeter. It is now clear that the reaction was probably accel-
erated by the redox process discussed above. As the resulting
liquid levels in the calorimetry crucibles were much lower than
in the present study, the MoO, or WO, formed through the
oxidation of *N?*~” could be oxidized by the flowing O, with-
out a bubbling tube.

The results of drop solution calorimetry, which was per-
formed in a twin microcalorimeter (Tian—Calvet type) operat-
ing at 979 K described in detail by Navrotsky,!?) appear in
Table 1. The calorimetric signal generally returned to the stable

Table 1. Data used in thermodynamic cycles to determine nitride enthalpies of
formation from drop solution calorimetry (all values are in kYmol~?).

AH,, [a] Haqg — Hygq [b] AHY []
Zn,N, —980.0+3.2(8) - -
Ca,N, —1759.946.7 (7) - -
Ca,ZaN, —1464.81 6.5 (6) - -
CaO [d] —90.3+1.8 (6) - —635.09+0.88
ZnO +17.240.3 (6) - —~35046+0.27
0, - +21.98 -
N, - +21.31 -

fa] This work. Reported uncertainty is two standard deviations of the mean. Num-
ber in parentheses is the number of experiments performed. [b] Ref. [22].
[c] Ref.[23). {d] From drop solution calorimetry on CaCO;,.

baseline within 1 h of introducing a nitride sample, which is
indicative of trouble-free calorimetry. No adverse effects due to
the bubbling of O, through the solvent at a flow rate of
25 mL min ™! were observed, despite the significant mechanical
disturbance this must cause. With the AH,, values determined,
enthalpies of formation for the nitrides were obtained from
appropriate thermodynamic cycles. For Zn;N,, the thermody-
namic cycle is shown in Equations (iv)-(x).

Zn;N, (s, 295K) +3/,0, (g, 979K) — @iv)
3ZnO (soln, 979 K) + N, (g, 979 K)

ZnO (s, 295 K) — ZnO (soln, 979 K) v)
N, (8. 295K) — N, (g, 979K) (vi)
0, (g, 295K) — O, (g, 979K) (vii)
Zn (s, 295K) + !/,0, (8, 295K)  —— ZnO (5, 295K) (viii)
3Zn (s, 295K) + N, (2. 295K) —— ZmyN, (s, 295K) (ix)

AHYZn,N,) = AH, = — AH, + 3AH, + AH,, —%/,AH,, + 3AH,, (X)

The AH,, values for Zn,N, and ZnO in combination
with literature values for the heat content of O, and N, and
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AH; of ZnO (see Table 1) yield AH; = —24.1+3.3 kJmol ™!
for Zn;N,. This value is in good agreement with the
—22.6 kJmol ! reported in ref. [12] and the —22.2 kJmol ™!
reported in the early work of Hahn and Juza.l'3

The measured AH, for Ca,N, was -—17599+
6.7 kJmol~!. With this information, the enthalpy of formation
of Ca,;N, was calculated from a thermodynamic cycle
analogous to that given for Zn,;N, above. To complete the cycle,
it was necessary to determine AH,, for CaO. Because of the
hygroscopic nature of CaQ, we performed drop solution
calorimetry on CaCO, and determined AH,, for CaO through
an appropriate thermodynamic cycle, as in ref. [14]. The result-
ing value for AH,, of CaO was —90.30+ 1.82 kJmol ™!, which
is ~4.6kImol~! more exothermic than the result we ob-
tained directly from drop solution calorimetry with CaO, the
difference presumably being due to adsorbed H,0O on the
latter. The value then obtained for AH, of Ca,N, was
—427.94+7.5kIJmol ™!, This is in good agreement with the
—430.9 kImol!~! reported in ref. [12] and the value obtained
from combustion calorimetry by Frank et all's! of
—429.3 kJmol ™!,

For the ternary phase Ca,ZnN,, we measured AH,, =
—1464.84+6.5kImol™'. The enthalpy of formation of
Ca,ZnN, was then obtained from the thermodynamic cycle
of Equations (xi)—(xix). From the values in Table 1,

Ca,ZnN, (s, 295K) + ¥,0, (2. 979 K) —» (xi)
2Ca0 (soln, 979 K) + ZnO (soln, 979 K) + N, (g, 979 K)

CaO0 (5, 295 K) — CaO (soln, 979 K) (xii)
ZnO (s, 295 K) — ZnO (soln, 979 K) (xiii)
N, (2. 295K) — N, (g, 979K) (xiv)
0, (g, 295K) — 0, (g, 979K) (xv)
Ca (s, 295K) + !/, 0, (g, 295 K) — CaO (s, 295K) (xvi)
Zn (s, 295K) + '/,0, (g, 295 K) — ZnO (s, 295K) (xvit)
2Ca (s, 295K) + Zn (5, 295K) + N, (g, 295 K) — (xviii)
Ca,ZnN, (s, 295K)
AH(Ca,ZnN,) = AH, ., = — AH, + 2AH; + AH (xix)

+ AH,, —/,AH, + 2AH,; + AH,

xvi xvii

AH? = —328.5+6.5kImol™! for Ca,ZnN,. With this value
for the enthalpy of formation of the ternary nitride, along with
the enthalpies of formation for the binary nitrides determined
above, the enthalpy of formation of Ca,ZnN, from the binary
nitrides, AH{N) [Eq. (xx)], was determined to be —35.2+
8.7 kIYmol~!. Although this would generally be considered a

2/,Ca,N, (s, 298 K) + Y/3Zn,N, (s, 298 K) — (xx)
Ca,ZnN, (s, 298 K)

rather small enthalpy of formation for a ternary phase, it is quite
significant compared with the enthalpy of formation of
Ca,ZnN, from the elements. No ternary calcium zinc oxides are
known with which to compare the enthalpy of formation from
binary oxides. It is known that large enthalpies of formation of
ternary oxides occur when a binary oxide of acidic character
combines with one of basic character.l*% 17 The optical basic-

1516

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

ities!'81 of CaO and ZnO are very similar (1.00 and 0.95, respec-
tively). If any ternary oxide did form between CaO and ZnO, it
would have a near-zero (~0+ 20 kJ mol~!) enthalpy of forma-
tion. The only data on ternary nitride formation with which this
value can be compared is again the work of Elder et al.!”) They
found the enthalpy of formation of LiMoN, from Li,N, Mo, N,
and N, to be —224.0 kJmol ™!, which was likewise very large
compared with the enthalpy of formation from the elements,
—386.0+6.4 kJmol~!. Table2 shows a comparison of the

Table 2. A comparison of the enthalpies of formation of Ca,ZnN, and LiMoN,
from the clements (AHY) and from binary nitrides (AH,(N)), with analogous values
for oxides in the same metal systems. The enthalpies of formation for the hypothet-
ical “Ca,ZnO,” phase were estimated from 2AH;(CaO) +AH7(ZnO) (all en-
thalpies are in kJmol ~*).

Ca,ZnN, *Ca,Zn0;"” LiMoN, Li,MoO,
AHY —328.5+6.5 —1621420 ~386.0+6.4 —1520.30
AH(O) - 0+20 - —180.0
AH(N) -352+87 - —2240 -
AH/AH, 0.1072 0.0123 0.6095 0.0291

enthalpies of formation of Ca,ZnN, and LiMoN, from the
elements, AH;, and from binary nitrides, AH(N), with
analogous values for oxides in the same metal systems. The
enthalpy of formation for the hypothetical “Ca,ZnO," phase
was estimated from 2AH7(CaO) + AH(ZnO). In both cases,
AH(N)/AH; are more than an order of magnitude greater than
expected based on the values for oxides in the same metal sys-
tem. Although the formation of LiMoN, as calculated involves
oxidation of “Mo’-**” to Mo>*, which surely contributes to
the large value of AH(N)/AH;, the observed trend may be sig-
nificant, and is probably indicative of different acid/base prop-
erties for nitrides.

Some insight into the apparent energetic stability of Ca,ZnN,
with respect to the binaries can be obtained by comparison of
the structures of these phases. Ca,N, and Zn;N, crystallize in
the anti-Mn,0, structure, which is a supercell of anti-fluorite
(anti-CaF,). Six metal atoms and two vacancies occupy the
fluorine sites and four nitrogen atoms occupy the calcium sites.
The N is coordinated by six metal atoms in a distorted octahe-
dron and the metal atoms are tetrahedrally coordinated by four
nitrogen atoms.'® In Ca,ZnN,, which crystallizes in a
Na,HgO, type structure (space group /4/mmm), the nitrogen
atoms are likewise coordinated by six metal atoms (five Ca and
one Zn) and the calcium atoms have five nearest neighbors. The
Zn is linearly coordinated by two nitrogens, forming discrete
[N=Zn=N}*" anions; this is the most striking structural dis-
similarity between the binaries and the ternary.!'® Similar
{N=Fe=N]*" groups occur in Li,FeN,,?°! and trigonal planar
carbonate-like [MN,]®~ groups occur in Ca,CrN,.12" Such
groups are formed in ternary oxides when highly acidic oxides,
such as CO,, combine with more basic oxides, such as CaO. The
relatively large enthalpies of formation that accompany such
reactions have been discussed in terms of acid/base concepts
above. The existence of discrete [N=Zn=N]*~ anions and the
relatively large AH{(N) of Ca,ZnN, indicates that Ca;N, acts as
a basic nitride in exact analogy to CaO in oxide systems, while
Zn,N, acts as an acidic nitride (“N3~"" acceptor) in this ternary
nitride system. Further study of ternary nitride systems should
enable classification of binary nitrides into those of acidic or
basic character, and possibly lead to the design and synthesis of
new materials.
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Experimental Procedure

Sample preparation: All manipulations were carried out in an argon- or helium-
filled glovebox. Ca;N, was synthesized from Ca metal (Aldrich 99 %) heated in an
Al,O, boat within a quartz flow tube under a backpressure of N, . The quartz tube
was protected from direct attack of Ca vapor by a piece of Ti foil. The metal was
fully nitrided by heating at 1273 K for 72 h. A brown-black product was obtained,
which, when ground into a fine powder, took on a reddish hue. It was identified as
a-Ca;N, by powder XRD by means of a Scintag XD S 2000 diffractometer. TGA
oxidation of the Ca,N, yielded a weight percent of 113.14%, suggesting a 0.3% by
weight impurity of CaO present in the nitride (pure nitride would have a final weight
percent of 113.48%). Zn,N, was synthesized from Za metal powder (Alfa 99.9%,
100 mesh) which was placed in an alumina boat and heated in a quartz flow tube
under a constant flow of NH,. The temperature was slowly raised to 773 K over
20 h, maintained at 773 K for 17 h, raised to 823 K over 1 h, maintained at 823 K
for 8 h, raised to 873 K over 1 h and maintained at 873 K for 24 h. During this
thermal treatment, about haif of the Zn metal vaporized and deposited on the cooler
ends of the flow tube, while the remaining Zn was converted to Zn,N,. This product
was identified by powder XRD; a few small ZnO peaks were observed at around
1% impurity. Ca,ZnN, was synthesized by reaction of a mixture of Ca,N, and Zn
metal powder. This powder was pressed into a pellet and placed in an alumina
crucible. The initial ratio of Ca:Zn was 3:2. Excess Zn is necessary to produce
single-phase Ca,ZnN, owing to Zn vaporization during the reaction. The pellet and
boat were placed in a flow tube apparatus similar to that used in the Ca;N, prepa-
ration. Under a N, backpressure the reaction was heated to 923 K over 10 h and
held there for an additional 62 h. The pellet had a brown color and was easily
powdered. This powder was subsequently heated to 773 K for 8 h to remove any
remaining elemental Zn. Ca,ZnN, begins to decompose to Ca,N, and Zn around
973 K. Samples annealed at 950 K always contained significant amounts of Ca,N,.
Calorimetry was performed on two Ca,ZnN, samples with levels of Ca,N, impurity
of 3% and =10%. The intensity ratio of the most intense XRD peak of Ca,ZnN,
and Ca;N, was plotted against the corresponding AH,, value. A linear extrapola-
tion to an intensity ratio of zero indicated that a pure Ca,ZnN, sample should have
AH, = —1464.0 kJmol~*, which is well within the error of our measurement on
the sample with ~3% Ca,N,. Therefore, the results reported here are from this
sample without any adjustment for the ~3% Ca;N, impurity.

Calorimetry: The Tian-Calvet microcalorimeter was calibrated by dropping small
(100 mg) pieces of a-Al,0, of accurately known mass into the calorimeter. As the
heat content of a-Al,O, in the temperature range of interest is well known, a
calibration constant in JuV~'min~' was calculated. The sodium molybdate sol-
vent, 3Na,0-4MoO,, was prepared from Na,MoO,-2H,0 and MoO, (obtained
from Johnson Matthey, ACS grade and 99.95% purity, respectively), dehydrated
and liquefied at 973 K, and quenched to room temperature by pouring into a
graphite dish. The melt does not quench to a glass, so the entire batch was ground
to a powder to homogenize it before it was loaded into the calorimetry crucibles. As
the composition is at a buffer region in the Na,0/MoO, system, small variations in
stoichiometry do not greatly affect the resulting enthalpies of solution [8,9]. With
the exception of Zn,N,, the nitride samples studied in this work are very air-sensi-
tive (Zn;N, is mildly air-sensitive), and special precautions were necessary to pre-
vent decomposition before calorimetry. In a He-filled glovebox, nitride samples
were pressed into pellets of ~10 mg, weighed to within +0.01 mg, and sealed in
small screw-top glass vials. Oxygen gas was flushed through the calorimeter above
the solvent at 90 mLmin~! and bubbled through the solvent at ~5mLmin~".

When a stable baseline signal was achieved, a sample vial was quickly opened and
the nitride was poured from the vial into the calorimeter. Exposure time to the
atmosphere was > 1s.

Acknowledgements: This work was supported by the U. S. Department of Energy,
Grant no. DE-FG02-89ER-45394, and the National Science Foundation, Grant no.
NSF DMR-95-08522. We thank Drs. L. Chai and L. Topor for uscful discussions
and Dr. E. Vicenzi for assistance with the electron microprobe.

Received: May 22, 1996 [F 396]

[1]) See for example: a) F. J. DiSalvo, Science 1990, 247, 649;b) S. H. Elder, L. H.
Doerrer, F.J. DiSalvo, J. B. Parise, D. Guyomard, J. M. Tarascon, Chem.
Mater. 1992, 4,928; c) T. Brokamp, H. Jacobs, J. Alloys Comp. 1992, 183, 325;
d) A.Gudat, R. Kniep, A. Rabenau, W. Bronger, U. Ruschewitz, J. Less-Com-
mon Metals 1990, 161, 31; ¢) D.S. Bem, H. P. Olsen, H. C. zur Loye, Chem.
Mater. 1995, 7, 1824.

2] A. Navrotsky, Phys. Chem. Miner. 1977, 2, 89.

[3] E. Ito, M. Akaogi, L. Topor, A. Navrotsky, Science 1990, 249, 1275.

{4] A.Navrotsky, R. P. Rapp, E. Smelik, P. Burnley, S. Circone, L. Chai, K. Bose,
H. R. Westrich, Am. Mineral. 1994, 79, 1099.

{5] J. DiCarlo, 1. Yazdi, A. J. Jacobson, A. Navrotsky, J Solid State Chem. 1994,
109, 223,

[6] 1. Petrovic, A. Navrotsky, M. E. Davis, S. I. Jones, Chem. Mater. 1993, 5, 1805.

[7] S. H. Elder, F. J. DiSalvo, L. Topor, A. Navrotsky, Chem. Mater. 1993, 5, 1545.

[8] A. Navrotsky, O. J. Kleppa, Inorg. Chem. 1967, 6, 2119.

[9] A. Navrotsky, O. J. Kleppa, J. Inorg. Nucl. Chem. 1968, 30, 479.

[10] M. Y. Chem, F. J. DiSalvo, J. Solid State Chem. 1990, 88, 528.

[11] H. Yamane, F. J. DiSalvo, J. Solid State Chem. 1995, 119, 375.

[12] L. B. Pankratz, Thermodynamic Properties of Carbides, Nitrides and Other
Selected Substances, U.S. Dept. of Interior, Buil. 696, Washington, D.C.,
1995.

[13] a) V. H. Hahn, R. Juza, Z. Anorg. Allg. Chem. 1940, 244, 111; b) R. Juza,
V. H. Hahn, ibid. 1940, 244, 125; ¢) R. Juza, V. H. Hahn, ibid. 1940, 244, 133.

[14] L. Chai, A. Navrotsky, Contrib. Mineral. Petrol. 1993, 114, 139.

{15] H. H. Frank, M. A. Bredig, G. Hofmann, Narrwiss. 1933, 21, 330.

[16] A. Navrotsky, Physics and Chemistry of Earth Materials, Cambridge Universi-
ty Press, New York, 1994.

[17) A. Navrotsky in Solid State Chemistry: Technigques (Eds.: A. K. Cheetham, P.
Day), Oxford University Press, New York, 1987.

[18] a) J. A. Duffy, M. D. Ingram, J Chem. Phys. 1971, 54, 443; b) J. A. Duffy,
M. D. Ingram, J. Am. Chem. Soc. 1971, 93, 6448, c) J. A. Duffy, J. Non-Cryst.
Solids 1989, 109, 35.

[19] Y. Laurent, J. Lang, M. T. LeBihan, Acta. Crystallogr. 1968, B24, 494.

[20] A. Gudat, R. Kniep, A. Rabenaun, Angew. Chem. Int. Ed. Engl. 1991, 30, 199.

[21] D. A. Vennos, M. E. Badding, F. J. DiSalvo, Inorg. Chem. 1990, 29, 4059.

{22] R. A. Robie, B. S. Hemmingway, J. R. Fisher, Thermodynamic Properties of
Minerals and Related Substances at 298.15 K and | Bar ( 10° Pascals) Pressure
and at Higher Temperatures, Geological Survey Bull. 1452, Washington D. C.,
1979. '

{23] M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A. McDon-
ald, A. N. Syremid, JANAF Thermochemical Tables, 3rd ed., Vol. 4, ACS and
American Institute of Physics, New York, 1985.

Chem. Eur. J. 1996, 2, No. 12

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

0947-6539/96/0212-1517 $ 15.00+.25/0 — 1517



