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Systematic Thermodynamics of Magnéli-Phase and Other Transition Metal Oxides
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Both the molar enthalpies of formation and the absolute entropies of eight transition metal oxides are found to correlate
very strongly with their formula unit volumes at room temperature. The metals are Ti, V, Cr, Nb, Mo, Ce, Pr, and Th.
In particular, the thermodynamic values of additive entities (such as TiO, in Ti,O5,—1) in Magnéli phases (that is,
recombination phases based on rebuilding after shear) are very close to those of the entity as a pure compound. Thus,
reliable values of these thermodynamic properties can readily be predicted for unmeasured or even unsynthesized
examples, and literature values can be checked. These assertions are checked against published results for which
incomplete data is available. The contributions of the disordered regions which form between the added entities is

tentatively estimated.

Introduction

The oxides and chalcogenides (O, S, Se, Te, Po) of transi-
tion metals are materials of significant theoretical and indus-
trial interest, for their structural, physical, tribological, elec-
trical, magnetic, optical, and catalytic properties. Partly
because of the variable valencies of the parent metal, they
can form extended series of compounds, of which the mixed-
valence Magnéli phases are important representatives. The
Magnéli phases (formed from oxides of Ti, V, Nb, Mo, W,
and mixtures thereof) may be described as recombination
phases based on rebuilding after shear,' corresponding to
sequences of chemical formulas such as TiO, (rutile) yielding
Ti,,0,,..1. The superstructures formed display recurrent shear
planes wherein there is edge-sharing, rather than vertex-
sharing, among MOg octahedra. Consequently, there is
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added disorder in such superstructures as compared with
standard idealized crystallographic phases.

Considerable effort” has been devoted over an extended
period to the measurement of thermodynamic quantities of
materials such as these, but results tend to be presented as
isolated sequences of values. Furthermore, measured results
are now seldom added since they are both difficult and
tedious to determine; it is therefore both appropriate and
important that predictive methods are developed to supple-
ment published values. Theoretical methods (quantum me-
chanical and semiempirical) are expensive, requiring both
computational resources and expertise in their application.
Instead, empirical additive procedures are widely and reliably
used, and require little specialist knowledge.

We have earlier® classified additive procedures as being of
order from zero to fourth: zero order methods depend only on
the nature of the material under consideration (such as the
Dulong—Petit rule of constant atomic heat capacity being
applicable to elements); first order are molecular-based rela-
tions (such as dependence of entropy on formula volume);
second order involves additivity of atomic properties (such as
formula volume being a sum of constituent ion volumes);
third order involves additivity of local linkages (such as a
molecular energy being the sum of the energies of the
constituent bonds); while fourth order involves additivity of
group properties (on identifying the properties of groups,
such as alcohols, esters, and so on). A feature of these
additivities is that the number of descriptive parameters
required increases rapidly with the order of the method.

(3) (a) Glasser, L.; Jenkins, H. D. B. Chem. Soc. Rev. 2005, 34(10), 866—
874. (b) Glasser, L.; Jenkins, H. D. B. Inorg. Chem. 2008, 47(2), 6195-6202
(extensive lists of applications of VBT by ourselves and others may be found in
refs 7 and 8, respectively, of this publication).
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It is the principal purpose of the present communication to
show that intimate relationships exist among the thermo-
dynamic properties of these materials through the simple first
order method of close linear dependence on molar volume.
These insights are extensions of much recent work® which has
demonstrated that molar volume is a strong correlating
parameter for the thermodynamics of both inorganic and
organic condensed-phase materials, largely independent of
structural details of the materials. The results will be com-
pared with those of a fourth order method (the Simple Salt
Approximation,* SSA) which requires knowledge of the
values of the properties of the supposed constituents of the
materials. It will be found that, where sufficient data are
available to apply SSA, the methods are complementary.

The simplest of the various volume-based thermodynamic
(VBT) relations is the linear relation between entropy and
molar volume:

S"208/J K~ mol ' A k(V/nm® formula unit ™) + ¢ (1)

where k and ¢ are constants. The relation can equivalently be
expressed in terms of density, p:

S"298/J K mol "'~ k/[(M /g mol ") /(o/gem )] +¢ (2)

where M is the formula mass of the material and k' is a
constant related to k:

K = k/602.3 (2a)

where the factor 602.3 [= N, /(10°)’] converts between
nm?® per formula unit and cm® mol ™', using the Avogadro
constant, Ny.

Other expressions’ (not invoked in the current paper)
relate lattice energies and enthalpies to volume and charge
(through an ionic strength factor). Correlation of formation
enthalpy to volume has not received prior consideration
because formation enthalpy depends upon the properties of
the constituent elements; these have no absolute basis, so
formation enthalpies can only be related (as here) within a
group of materials consisting of the same elements in differ-
ing proportions.

VBT relations are here explored with reference to se-
quences of transition metal oxides. Stoktosa and Laskowska
have very recently collated much of the enthalpy and volume
information for oxides, and analyzed the data through
their relation to either their atomization enthalpy per oxygen
or through “bond lengths” (using the cube-root of the
formula volume, V,,, per oxygen as their measure). While
their results are valid, some of the quality of the relationships
is lost through reliance on (commonly used) empirical for-
mulas, such as M, ,O (that is, based on the number of metal
ions per oxygen ion) rather than on more broadly applicable
basis of the stoichiometric chemical formula, M,Oy, and
confused by including peroxides among the oxides. The issue
that arises from utilizing empirical chemical formulas such as
Pr0.5460 (for Prlezz) or, Similarly, Tb01_72 (for Tb7012) is
that important chemical relations to congeners, such as

(4) Yoder, C. H.; Flora, N. J. Am. Mineral. 2005, 90, 488-496.

(5) (a) Stoktosa, A.; Laskowska, B. High Temp. Matls. Proc. 2007, 26,93~
102. (b) Stoktosa, A.; Laskowska, B. High Temp. Matls. Proc. 2007, 26, 317
327. (c) Stoktosa, A.; Laskowska, B. High Temp. Mater. Processes 2007, 26,
329-339.

(6) (a) Stoktosa, A.; Laskowska, B. J. Chem. Crystallogr. 2008, 38, 279—
284. (b) Stoklosa, A.; Laskowska, B. J. Chem. Crystallogr. 2008, 38, 913-925.
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ProO6 or Tb;;0,, are obscured or even lost, and there is
no simple method of conversion of their correlation para-
meters from the empirical formula sequence to the stoichio-
metric formula sequence. Furthermore, the analyses of
Stoktosa and Laskowska make no reference to the special
features of the Magnéli phases of some of the materials with
which they deal. The utility of the stoichiometric chemical
relations will become clear in what follows.

Thermodynamics and Molar Volumes

Although the thermodynamic information for the oxides is
by no means complete, sufficient is available from the
standard databases” that the present systematic study be-
comes feasible. For some of the groups under consideration,
available data is rather sparse, and these will be dealt with
only briefly.

Formula unit volumes are less readily accessible than unit
cell volumes and need to be collated from a variety of
sources,” which may report either crystal structures (too
often, even in the primary source, without noting Z, the
number of formula units per crystallographic unit cell, Ve,
which then needs to be inferred), or density (which does not
require a value for Z, but is subject to greater experimental
error). The following formulas are used to generate the
required volume results:

Vin/em® mol ™' = (602.3V,1/Z) /nm’
= (0.6023Va1/Z) /A’

=M(gmol ") /p(gem ™) (3)

If the molar volume is not listed, it may be calculated from the
cell constants, according to the general formula:

Vi = (aber/1— cos? o — cos? f—cos? y + 2 cos o cos 3 cos y)/Z
(4)

or, in simplified form (for all except the rhombohedral and
triclinic crystal systems)

Vi = abcsinn/Z (5)

where # is the unique oblique angle or, if there is no such
unique angle, 7 = 90°, in which case

Vi = abc/Z (6)

Table 1 lists molar volumes and thermochemical data for
oxide sequences with an extended range of compositions for
the metals Ti, V, Mo, and Pr. (An extended Table S1 appears
in the Supporting Information containing data for all of Ti,
V, Cr, Nb, Mo, Ce, Pr, and Tb.) The Magnéli phases
(indicated by * in Table 1) are represented by the formulas
T1,02,-1, V,02,.1, Nb,0,,,.;, and Mo, 03,,.;. The tabulated
data are analyzed in the Figures which follow.

(7) (a) National Institute for Materials Science (NIMS), Materials Data-
base Station (MDBS), Basic Database for Crystal Structures — Pauling File:
http://crystdb.nims.go.jp/. (b) Donnay, J. D. H.; Ondik, H. M. Crystal Data:
Determinative Tables, 3rd ed.; National Bureau of Standards: Washington, DC,
1973; Vol. 2. (c) American Mineralogist Crystal Structure Database: http://rruff.
geo.arizona.edu/AMS/amesd.php.



Article

Table 1. Literature-Based Thermodynamic Data for the Oxides of Ti, V, Mo,
and Pr’

Vin | S°/ AcH® | AG® |
cm’® mol™! JK 'mol! kJ mol™! kJ mol™!
TiO, 18.89 50.3 —944.7 —889.4
*Ti50039 (371 1015.4 —18533.0 —17460.4
*Ti10019 (183) 505.5 —9085.9 —8564.2
*TigOy7 164.28 454.4 —8141.2 —7674.6
*TigOy s 146.15 403.2 —7196.5 —6784.9
*Ti7013 126.94 351.9 —6251.5¢ —5894.9
*Ti01y 108.02 300.5 —5306.5 —5004.9
*Ti509 88.98 249.0 —4360.9 —4114.2
*Ti4O7 70.12 198.7 —3404.5 —3213.2
Tiz05 52.76 129.4 —2459.1 —2317.4
Ti,03 32.06 77.2 —1520.9 —1433.9
TiO 12.91 34.8 —542.7 —513.3
Tiz0, 105.5 —1085.4 —1028.3
V,05 54.2 130.5 —1551.0 —1418.6
VO3 335.0 —4456.0 —4103.2
VO, 19.1 51.8 —=713.6 —658.7
V>0, 38.2 103.5 —1427.2 —1317.4
*VgOis 137.1 401.7 —5522.5 —5110.0
*V5013 119.6 351.5 —4808.2 —4451.2
*VeOr1 101.5 322.2 —4094.0 —3798.6
*V5Oq 83.9 258.6 —3378.2 —3134.1
*V,4,04 69.9 218.0 —2640.0 —2454.2
*V305 163.0 —1933.0 —1801.1
*V,05 30.8 98.1 —1218.8 —1137.9
VO, 24 39.3 —523.4 —488.0
(= V130167
VO 11.6 39.0 —431.8 —403.6
MoO, 19.8 46.5 —587.9 —532.1
*MogOn3 262.2 590.8 —5817.0 —5221.9
MoO; 30.7 77.7 —744.6 —667.5
*Mo401; 134.2 290.0 —2807.0 —2523.1
*M09O»g 296.9 694.0 —6531.0 —5866.5
PrO, 25.4 79.9 —974.4 —915.0
Pr,03 47.8 158.0 —1809.6 —1720.9
PrsOyy 147.4 482.0 —5638.4 —5313.6
(=PrOy 533)
Pr;01» 176.4 559.4 —6677.7 —6323.3
(=PrO;.72)
Pr;,0,, 295.0 959.0 —12829.1 —12178.1

“Molar volumes, V,,; absolute entropies, S°, formation enthalpies,
A¢H°®; and calculated Gibbs formation energies, A¢G°, at 298 K. Those
oxides of Ti, V, and Mo which form Magnéli phases are labelled by *.
b Estimated formula unit volumes, based upon that of the closest
congener, TigO;7, using the formula (cf. Table 2): V;,, = Vi, (TigOy7) +
18.8An cm® mol ™. ¢The values of absolute entropy and enthalpy of
formation are obtained from Waldner P.; Eriksson, G. Calphad 1999,
23(2), 189—218. Waldner and Eriksson’s reported enthalpy of forma-
tion, AcH, of Ti;O3 (—3415k] molfl) is inconsistent with the values of
its neighboring congeners. Instead, the temperature-dependent Gibbs
energy value of Hashimoto and Abe (http://www.nims.jp/cmsc/pst/
database/o-elem/oti/oti_can. TDB) has been used, together with the
absolute entropy of Waldner and Eriksson, to evaluate AcH at 298 K.

Thermodynamic Correlations for the Oxides

There is an extensive literature® on the thermodynamics
and structures of titanium oxides, in both Magnéli and other
phases. Figure 1 displays both the room temperature (298 K)
standard formation enthalpies and absolute entropies of
materials with increasing proportions of metal, from TiO,
to Ti30,; the corresponding data are reported in Table 1.
Materials of formulas Ti,0,,— (n = 4) are generally regarded
as Magnéli phases.

(8) Cancarevic, M.; Zinkevich, M.; Aldinger, F. CALPHAD 2007, 31,
330-342. Liborio, L.; Harrison, N. Phys. Rev. B 2008, 77, 104104.
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Figure 1. Entropy (squares) and formation enthalpy (diamonds) of
titanium oxides versus molar volume. The linear correlation for the
formation enthalpy has the formula: A¢H° = —49.9 (£0.3) V,, + 84
(££28) with R* = 0.999, while that for absolute entropy has the formula:
S°=2.81 (£0.04) Vy, — 6 (+4) with R*> = 0.998. The estimated standard
deviations listed for the linear correlations have been determined using de
Levie’s Excel macro, LS1.? (Note: Slight differences between the constants
here quoted and those obtained plotting data directly from Table 1 may
arise because of truncation of the data listed in the table.).
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Figure 2. Gibbs formation energies of titanium oxides versus molar
volume. The linear correlation for the Magnéli phases has the formula:
AG® = —47.4(£0.3) V,, + 119 (£28) with R> = 0.999.

The Gibbs energies of formation are plotted in Figure 2,
and a linear correlation obtained for the Magnéli
phase materials alone since the earlier oxides are some-
what aberrant.

As may be seen from Figures 1 and 2, the thermo-
dynamic values vary in a highly systematic fashion across
the whole composition range, largely independent of any
structural details. The entropy slope (2.81 J K~ ' cm ) should
be compared with our generic value'® of 2.26 JK ™' cm ™ for
ionic solids as a group. Plots (not shown) of the formula unit
volume, formation enthalpy, absolute entropy, and forma-
tion Gibbs energy against the number, n, of TiO, groups yield
the values given in Table 2.

The literature on the structures'' and thermodynamics'? of
vanadium oxides, both Magnéli and other phases, is con-
siderable. Horiuchi, et al.,"* developed a systematic descrip-
tion of the Magnéli phases (2 < n < 7) based on addition of

(9) de Levie, R. Advanced Excel for Scientific Data Analysis, 2nd ed.;
Oxford Univ. Press: Oxford, 2008; MacroBundle available from http://www.
bowdoin.edu/~rdelevie/excellaneous/.

(10) Jenkins, H. D. B.; Glasser, L. Inorg. Chem. 2003, 42, 8702-8708.

(11) Schwingenschlogl, U.; Eyert, V. Ann. Phys. (Leipzig) 2004, 13, 475—
510. Katzke, H.; Schlogl, R. Z. Kristallogr. 2003, 218, 432-439.

(12) Brewer, L.; Ebbinghaus, B. B. Thermochim. Acta 1988, 129, 49-55.

(13) Horiuchi, H.; Tokonami, M.; Morimoto, N.; Nagasawa, K.; Bando,
Y.; Takada, T. Mater. Res. Bull. 1971, 6, 833-843. Horiuchi, H.; Morimoto, N.;
Tokonami, M. J. Solid State Chem. 1976, 17, 407-424.
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Table 2. Linear Correlations (and Their Estimated Standard Deviations”) of Molar Volume (V,,), Formation Enthalpy (A¢H), Absolute Entropy (5°), and Formation Gibbs
Energy (A¢G), and Corresponding Increments Per Basic Structural Unit (TiO,, VO,, or MoOs3) of Transition Metal Oxide Phases at 298 K¢

Vn/cm® mol ™! AcH®/kJ mol ™! S°/7T K" mol™! AG°/kJ mol ™!

Ti,02,-1 —49.9(40.3) V,,, +84(428) 2.81(£0.04) V,,, —6(+4) —47.4(4£0.3) Vy,, +119(428)

A Vin/n = 18.8(x0.1) A(AcH)/n = —945.3(£0.3) AS°/n = 51.8(£0.5) A(AG)/n = —890.5(+0.4)
TiO, (rutile) 18.89 —944.7 50.3 —889.4
Magnéli V, 05, —40.4(+0.7) Vy, +49(£54) 2.93(£0.07) Vi +8(£6)
non-Magnéli V,0,,—, —37.5(x£1.4) V,,, +376(£145) 3.00(x£0.19) Vi, —29(£20)
V,0,,— A Vin/n = 17.8(+0.3) AAH)/n = —723.8(£3.3) AS°/n = 52.9(%2) AAG)/n = —664.6(+17)
V,0,/2 19.1 —713.6 51.8 —659.2
MoO; —=21.7(£0.5) Vi, —71(£87) 2.29(£0.06) Vy, —1(£11)

A Vin/n = 33.8(£0.8)

MoO; 30.7 —745.1
Pr—0 (no systematic
chemical formula)
PrO, 25.4 —974.4

AAH)n = —734.8(£10)

—43.4(£2.3) V,, +415(£386)

AS°/n = 77.6(£2) AAG)n = —6359.7(£8)
77.7 —668.0
3.24(£0.04) Vy, + 1(£6)

“Data for the Pr—O system, with no systematic chemical formula, is included.
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Figure 3. Entropy (squares and crosses) and formation enthalpy
(diamonds and triangles) of vanadium oxides versus molar volumes.
The linear correlation (full lines) for the formation enthalpy of the
Magnéli phases (diamonds) has the formula: A¢H° = —40.4 (£0.7) V,,, +
49 (£54) with R> = 0.997, while that for absolute entropy (squares) has
the formula: S° = 2.93 (£0.07) Vi, + 8 (£6) with R> = 0.996. For the
non-Magnéli phases (broken lines), the formation enthalpy (triangles)
has the formula: AcH® = —37.5 (£1.4) V,, + 376 (£145) with R* = 0.996,
while that for absolute entropy (crosses) has the formula: S° = 3.00
(£0.19) ¥y — 29 (£20) with R* = 0.989.

successive VO, groups, while Kuwamoto, Otsuka, and Sato'
extended the sequence to VoOy7.

Figure 3 displays both the room temperature (298 K)
standard formation enthalpies and absolute entropies of
materials with increasing proportions of metal, from V,Os
to VO, while the data are reported in Table 1.

As may be seen from Figure 3, the thermodynamic values
of the vanadium oxide Magnéli phases vary in a very
systematic fashion across the whole composition range,
largely independent of any structural details, while the values
for the non-Magnéli phases differ slightly. The entropy slope
for the non-Magnéli phases (2.93 J K~ cm™?) should be
compared with our generic value'® of 2.26 J K™' em ™ for
ionic solids as a group. Plots (not shown) of the formula unit
volume, formation enthalpy, absolute entropy and Gibbs
formation energy against the number, 7, of VO, groups yield
the values given in Table 2.

Data for the molybdenum oxides, which is much sparser, is
plotted in Figure 4. Again, we see that satisfactory linear

(14) Kuwamoto, H.; Otsuka, N.; Sato, H. J. Solid State Chem. 1981, 36,
133-128.

79.9 —915
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Figure 4. Entropy (squares) and formation enthalpy (diamonds) of
molybdenum oxides versus molar volume. The linear correlation for the
formation enthalpy has the formula: AcH° = —21.7 (£0.5) Vy,, — 71 (£87)
with R? = 0.998, while that for absolute entropy has the formula: $° = 2.29
(£0.06) Vy — 1 (£11) with R*=0.998. A linear correlation (not shown) of
Gibbs formation energy versus molar volume has the formula: AG° =
—19.5 (£0.4) Vy, — 66 (£78) with R* = 0.999.

correlations occur, within the range of the limited data set.
Plots (not shown) of the formula unit volume, formation
enthalpy, absolute entropy and Gibbs formation energy
against the number, n, of MoQOj3 groups yield the values given
in Table 2.

Rare-Earth Oxides'”

The three rare earth elements cerium, praseodymium, and
terbium have large series of oxides; these are, however, not
Magnéli phases. Praseodymium has the most extensive
published series, and we plot the corresponding data in
Figure 5 and list the correlation parameters in Table 2. Data
for Ce'® and Tb,'® together with that for Cr'” (another non-
Magnéli system) are relegated to the Supporting Information
since they provide the same basic information as for praseo-
dymium.

(15) Zhang, J.; Kang, Z. C.; Eyring, L. J. Alloys Compd. 1993, 192, 57-63.
Zhang, J.; Von Dreele, R. B.; Eyring, L. J. Solid State Chem. 1996, 122, 53-58.

(16) Zinkevich, M.; Djurovic, D.; Aldinger, F. Solid State Ionics 2006,
177, 989-1001. Shoko, E.; Smith, M. F.; McKenzie, H. Phys. Rev. B 2009,
134108. Kummerle, E. A.; Heger, G. J. Solid State Chem. 1999, 147, 485-500.

(17) Norby, P.; Christensen, A. N.; Fjellvag, H.; Nielsen, M. J. Solid State
Chem. 1991, 94, 281-293.
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Figure 5. Entropy (squares) and formation enthalpy (diamonds) of

praseodymium oxides versus molar volumes. The linear correlation for

the formation enthalpy has the formula: AcH® = —43.4 (£2.3) V,,, + 415

(££386) with R> = 0.992, while that for absolute entropy has the formula:
© = 3.24 (4£0.04) Vy, — 1 (£6) with R* = 0.999.

Application of the Correlations

We consider how the correlations here presented may be
applied. For this purpose, we note that the formula unit
volumes of Ti;¢O;9 and of Ti»,O39 are not available, although
their formation enthalpies and absolute entropies have been
published (see Table 1).

We may readily estimate their volumes, according to
footnote a of Table I:

Vin(Ti10019) = Vin(TigO17) + Vin(TiO5)

=183 cm’ mol™' and
Vm(Ti20039) = Vm(TigOn) + llem(TlOz)
=371 cm® mol !

where we have used V,,(TigO,7) as their closest congener to
minimize the resultant extrapolation of the correlation.

Correspondingly, we may use the thermodynamic volume
correlations in Table 1 to make the following estimates:

AHO(Ti 019)=—49.9 V;, +84=—9053 kI mol ' (with an
estimated standard deviation of 83 kJ mol™'). The value
reported in Table 1 is —9 085.9 kJ mol ™', which lies well
within the Predicted range. S°(Ti;oO9) = 281V, — 6 =
508.5J K~ ' mol ™' (with an estimated standard deviation of
11 TK~"mol™"). The value reported in Table 1 is 505.5J K
mol ™', which lies well within the predicted range.

AeH(TinO59) = —18 434 kJ mol™' (with an estimated
standard deviation of 195 kJ mol™"). The value reported in
Table 1 is —18 533 kJ mol~', which lies well within the
predicted range. S°(TinO3) = 1037 J K~ ' mol™! (with an
estimated standard deviation of 19 J K~' mol™"). The value
reported in Table 1is 1015 J K" mol ™!, which also lies well
within the predicted range.

As noted earlier, the Simple Salt Approximation® can yield
equivalent predictions, provided data for congeners is avail-
able, as in the current situation. The following results are
obtained, using the data in Table 1:

AfH°(Ti10019) = AfHO(T9017) + AfHO(TiOZ)

= —9085.9 kJ mol !

S°(Ti10019) = SO(T9017) + SO(TiOZ)

=504.7J K" mol ™!
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These SSA results match well with the experimental values
and also with those of the volume correlations.

AfHO(Ti20039) = AfHO(T9017) +1 lefHO(TiOQ)

—18533 kJ mol !

§°(Tixn039) = S°(T9Oy7) +11xS°(TiO,)

= 1008 J K ' mol !

(1% difference from reported value)

Further, it is possible to combine the above methods, by
addition of a salt value to a correlation value from Table 2, as
below:

ArH®(Tij9019) = AfH(T9O17) + A(AfH®)(TiO,)/n

= —8141.2-945.3 = —9086 kJ mol '

SO(Ti100]9) = SO(T9O17) + ASO(Ti02)/l’l

=506.2J K ' mol™!

AfHo(Ti20039) = AfHO(T9017) + HXA(AfHO)(TiOZ)/n

= —18540 kJ mol !

SO(Ti20039) = SO(TQO]’]) + 11XASO(T102)/I1

=1024JK " mol ™'
(1% difference from reported value)

It is always appropriate to use a number of predictive
procedures to check the results against each other.

Observations and Conclusions

It is, perhaps, not unexpected that there should be con-
sistent linear trends in the thermodynamic properties of
materials formed by successive additions of the same formula
unit (e.g., TiO, for the Magnéli-phase titanium oxides).
However, it is striking that these thermodynamic properties
are strongly correlated with molar volume, relatively inde-
pendent of the details of crystal structure. While the electro-
nic properties can vary widely across such sequences, from
metallic conduction to insulation, this has little influence on
the relation between their structural and their thermo-
dynamic properties.

The close relation reported above between the values for
the pure oxides (TiO,, V,04/2, and M0Os) and the corre-
sponding incremental values for their respective oxide se-
quences then demonstrates that an assumption of additivity
for these thermodynamic quantities can be considered to be
reliable, and used for predictive purposes, as in the applica-
tions tested above. The excellent linearity of the correlations
between formation enthalpy and molar volume and absolute
entropy and molar volume, for the whole range of oxides here



10294 Inorganic Chemistry, Vol. 48, No. 21, 2009

considered, also suggests that this additivity can, with little
hesitation, be extended to the chalcogenides of the transition
metals in general.

The slopes of the correlations listed here should be com-
pared with our generic values,'” for example the value of
2.26 J K" em™* for the entropy correlation for ionic solids as a
group. The entropy correlation slopes for these complex
oxides are rather larger (even up to 3.62 J K~! cm ™ for the
terbium oxides), perhaps because of disorder introduced at
junctions between the additive groups. Indeed, we may even
speculate (following a suggestion by an anonymous referee)
on a disorder-based contribution to the thermodynamic
values, by calculating the excess between the correlated
difference per unit and that of the contributing unit. For
example, from Table 2:

AS(TiO,)/n —S(TiO,) =51.8-50.3 = 1.5J K ! mol

This implies that there is an entropy contribution of 1.5 J K !
mol ™! by the disorder for each mole of the parent TiO, which
isadded to form the Magnéli phase. Using the corresponding
differences, disorder increases the enthalpy contribution by
0.6 kJ mol ! while the Gibbs energy is stabilized by 1.1 kJ
mol ™" Similar values are obtained for the disorder contribu-
tions to the phases of V,,0,,_;.

We have here reported enthalpies of formation; that is for
reactions of the type

aM(s) +b/2 Oa(g)[ — aM(g) + bO(g)] — M,O4(s)

Glasser

This reaction is written as though proceeding (hypothetically)
through an atomization process.

The following reaction, which is the reverse of the second
part of the above formation reaction, corresponds to the
atomization reaction:

M,Ox(s) — aM(g) + bO(g)

In many ways, atomization enthalpies might be preferred'® to
formation enthalpies since they remove the complication of
including half the bond enthalpy of oxygen and the sublima-
tion enthalpies of the metals. However, atomization enthal-
pies are large quantities, which tends to obscure minor
differences between species (as, in particular, may be seen
in Figure 2 between the Magnéli and non-Magnéli phases,
which is not evident in a plot of atomization enthalpies). For
this reason, and for familiarity, we have used formation
enthalpies in these discussions.

Supporting Information Available: For all the transition metal
oxides considered (Ti, V, Cr, Nb, Mo, Ce, Pr, and Tb), Table S1
lists published molar formula unit volumes, standard absolute
entropies, and standard enthalpies of formation, as well as
calculated Gibbs energies of formation. Figures S1 to S4,
respectively, plot enthalpies of formation and absolute entropies
for the oxides of metals omitted from the main text; that is, for
Cr, Nb, Ce and Tb. This material is available free of charge via
the Internet at http://pubs.acs.org.
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