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Brannerite-type solid solutions in the system MnV,04~LiMoVO¢-Mo0,0s (MnLi¢$) were studied by
high-temperature drop-solution calorimetry and X-ray diffraction. Enthalpies of mixing, referred to
brannerite standard states, are AHqx = y(1 — y)}24.8 — 51.7y) kJ/mole for (1 ~ y)MnV,0, —
yLiMnVO, (MnLi) and A Hi;, = 23.4x(1 — x) for (1 — x)MnV,0¢ — xMo0,0, (Mné). A fit to all the data
simultaneously (the two joins above, three ternary points, and one point along Lig) gives values
similar to those above for A H;,(MnLi) and A H,x(Mn¢) while suggesting a negative heat of mixing
along the Li¢ binary and negligible ternary excess terms. Parameters for the transformation of M0,0,
from the MoO, structure to the hypothetical brannerite structure are estimated to be: AH = 10.0 kJ/
mole Mo,Og, AV® = 7.65 cm*/mole. Both the MnV,0,~LiMoVQy system studied here and the
MgV,04-LiMoV O, system studied previously show positive heats of mixing at MnV,04- or MgV,04-
rich compositions and negative heats of mixing at LiMoVOg-rich compositions. In each case, a linear
correlation of the enthalpy interaction parameter, Ay, and the volume interaction parameter, Ay, is
observed. Both systems show that positive heats of mixing correlate with negative volumes of mixing
and negative heats of mixing correlate with positive volumes of mixing, but the MgL.i correlation has a
steeper slope than that for MnLi. This rather unusual but systematic behavior thus persists in several

systems with brannerite structure.

Introduction

Recently we presented a paper about en-
ergetics of brannerite-type solid solutions
in AV,0¢~LiVMo0Q¢ (A = Zn, Mg) systems
(1). Now we bring attention to the systems
with divalent Mn. It is known that MnV,
O¢ forms solid solutions with the general
formula Mnl—nt—y(bx LiyVZ—Z.x—y M02x+y06
(MnLi¢) (2), where ¢ represents a vacancy
in the *“A”’ site. Mn?", Li*, and ¢ substitute
randomly on one sublattice and V°* and
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Mo+ substitute randomly on the other (3,
4). Detailed descriptions of brannerite-type
structure can be found in (/, 3-5). The ex-
treme cases of MnLi¢p are Mn¢o =
MUI“X¢XV2~3MOZXO6 (at y = 0), MnLi =
Mn,_,Li,V,-,Mo0,06 at (x = 0), and Li¢ =
Li],X¢XV]-xMO|+X05 (at X+y= 1) (2) The
first represents solid solutions between
MnV,0, and MoO; (or M0;0g), the second
between MnV,0 and LiVMoO¢ (also a
compound with the brannerite structure)
and the last between LiVMo0O, and MoO;.
Only MnLi solid solutions exist over the
full range of compositions (2). Mn¢ phases
are known to x = 0.53 (3, 4) and Li¢ phases
exist to x = 0.16 3, 6, 7).
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The purpose of the present study is to
obtain thermodynamic data for MnLi and
Mn¢ solid solutions. In particular, we find
how the high concentration of vacancies in-
fluences the thermodynamics of solid solu-
tions and if these solid solutions are in fact
thermodynamically stable. High-tempera-
ture calorimetric techniques have been
used to obtain enthalpies of mixing in the
Ml’leOs—LiVMOOﬁ and MDVzoﬁ—MOO3
solid solution series.

Experimental

Sample Preparation

Samples were prepared by two methods:
the amorphous citrate precursor method (2)
and solid-state synthesis from MnCO;,
V,0s, and MoQOj at 823-923 K for 100 hr.
Samples obtained by the precursor method
were annealed in oxygen at 773-823 K for
17 hr and afterward again annealed in air at
this same temperature for 20 hr. Annealing
in oxygen was performed in order to re-
move any remaining carbon deposit from
the samples. Several of the MnLi solid so-
lutions prepared by the precusor method
were the same samples used in the previous
study (2). The sample of Mn¢ with x = 0.53
was that investigated by Kozlowski and
Stadnicka (4), and was ground from single
crystals. Elemental analysis, atomic ab-
sorption spectroscopy, and classical flame
photometry for Li of some selected samples
proved stoichiometry within +1% in the ab-
solute weight of the metals. The samples
were dried at 423 K for 24 hr and were
stored in a desiccator before calorimetry.

X-Ray Measurements

X-ray measurements were performed on
a Scintag Pad V automatic diffractometer
using CuKea radiation and a solid-state de-
tector. The detailed procedure was the
same as in our previous study (/).

Calorimetric Measurements

Preliminary experiments showed that
the Mn-containing brannerites dissolved
readily in molten sodium molybdate,
3Na,0 - 4Mo0s, near 973 K. This solvent
has been used previously for drop solution
calorimetry of Mg and Zn containing bran-
nerites (/). Mn-containing brannerites can-
not be maintained at 973 K because of
phase transitions to high-temperature poly-
morphs and/or melting reactions, so, simi-
larly to the Mg and Zn systems studied pre-
viously (/), drop solution calorimetry was
used instead of solution calorimetry be-
cause the latter requires several hours of
preequilibration at calorimetric tempera-
ture.

It is possible that Mn?* in Mn-containing
solid solutions could oxidize to higher va-
lence states during the dissolution in molten
sodium molybdate. This point was investi-
gated carefully by weight analyses. About
0.5 g of MnV,04 was dissolved at about 1.5
g of sodium molybdate at 973 K in air. A
very small increase in weight was seen after
dissolution. If this were all due to oxidation
of Mn?* to Mn3*, then no more than 0.97%
of all Mn?* ions could oxidize to Mn3*.
However this increase may very likely
result, instead, from the high hygroscopic-
ity of the solvent rather than from oxida-
tion. All analyses were performed in closed
crucibles but one could not avoid a few sec-
onds of contact of flux with air during trans-
ferring and weighing samples. A control ex-
periment performed with flux alone showed
a similar increase in weight. The solvent
with dissolved MnV,0 and that resulting
from calorimetry of all samples were light
in color with none of the dark brown to
black coloration characteristic of manga-
nese in higher oxidation states. We con-
clude that Mn-brannerite solid solutions
dissolve in 3Na,O - 4MoOs without change
of oxidation state.

In drop solution calorimetry the sample
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is dropped from room temperature into the
solvent in the calorimeter at high tempera-
ture (976 K). The heat effect measured is
the sum of a heat content (Hgyq — Ha95) and
heat of solution. As before, a twin Calvet-
type microcalorimeter (8), calibrated by the
Pt drop method (9) was used. Detailed pro-
cedure was described previously (/). Series
of experiments were done on the MnLi,
Mn¢, MnLi¢ solid solutions, one sample of
Li¢ solid solution, and MoQ;. The molar
enthalpies observed (sum of heat content
and heat of solution) were in the range 149—
197 kJ/mole with errors (two standard devi-
ations of the mean) of 0.35 to 1.93 kJ/mole
(0.19 to 1.05%). LiVMoO, was measured
during the previous investigation (/) giving
194.8 = 1.0 kJ/mole from 28 experiments.
This study gave 195.6 = 1.5 kJ/mole from 7
experiments. A final average of 194.9 = 0.8
kJ/mole from all experiments was used.
Because enthalpies of mixing (see below)
are derived from the difference in observed
enthalpies of the solid solutions and the
weighted average of the end-members, it is
necessary to make certain that the ob-
served enthalpies are indeed independent
of the concentration of dissolved compo-
nents in the solvent (10). To check that this
infinitely dilute or Henry’s law limit was
applicable, a number of experiments were
done in which, in a series of three samples
dissolved in the same solvent, the composi-
tion of each subsequent sample was varied.
Within the uncertainities given above, there
was no difference in the enthalpy of, for
example, MnV,0 dissolved as the first
sample in the solvent, as a second or third
sample in a solvent containing MnV,0q, or
in a flux containing MnV,0¢ or MoOs. In
addition, mechanical mixture of the two
end-members (MnV,0¢ and MoO;) with
composition x = 0.40 and x = 0.53 was in-
vestigated. They gave values which fit on
the straight line between MnV,0¢ and
Mo,0¢ (see Fig. 2b). This confirms that the
observed enthalpies are indeed indepen-

dent of the concentrations of dissolved
component in the solvent.

Two solid solutions (Mn¢, x = 0.40, and
Lip, x = 0.16) and two mechanical mix-
tures (MnV,0¢ and MoO; and LiVMoO
and MoQ; with the same compositions as
the solid solutions) were investigated by
drop solution calorimetry from 824 to 978
K. In this case samples were equilibrated at
824 K in the furnace gradient above the cal-
orimeter and then dropped into the solvent
at 976 K. Temperature was measured by
two thermocouples, one at the top and one
at the bottom of the sample. The difference
was <2 K.

Data Analysis

All model fittings were performed using
the program Statgraphics (version 2.6) and
weighting each point inversely to the vari-
ance. Uncertainities in composition were
not considered. The models were accepted
at a 95% confidence level.

Results

X-Ray Investigation

Our X-ray patterns for MnLi¢ solid solu-
tions show that ali the samples are single
phases with brannerite-type structures.
Calculated lattice parameters for Mn¢ and
MnLi solid solutions are given in Table I.
The results obtained agree very well with
previously published data for MnV,04 and
Mn¢ (see Table 1 for comparison). Figure 1
presents the dependence of molar volume
on composition for MnLi and Mn¢ solid
solutions, including results published previ-
ously.

The observed molar volume for MnLi se-
ries was fitted by least squares to a third-
order polynomial giving the expression,

V(cm3/mole) = 63.24(+0.02)y
+ 61.82(%=0.05X1 — y)
+ y(1 — y)[—0.69(=0.34)

+ 1.82(x0.53)y], (1)
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TABLE I
LATTICE PARAMETERS, UNIT CELL VOLUME, AND MOLAR VOLUME FOR MnLi AND Mn¢ SOLID SOLUTIONS

a (A) b (A) c (A) B (A) V(A V (cm*/mole)
MnV,0; 9.3131(14)«  3.5352(11)  6.7543(15)  112.582(15)  205.322(73)  61.829(22)
MiLi y=0.10 9.3116(12) 3.5479(8) 6.7398(8) 112.560(8) 205.619(40)  61.918(12)
y =020  9.3155(5) 3.5577(5) 6.7287(3) 112.521(5) 205.995(27)  62.031(8)
y =030  9.3274(17) 3.5705(5) 6.7209(8) 112.451(10)  206.823(39)  62.281(12)
y =040  9.3254(11) 3.5821(5) 6.7080(6) 112.356(8) 207.23531)  62.405(10)
y=10.50  9.3303(9) 3.5926(3) 6.6963(6) 112.220(7) 207.78923)  62.572(12)
y=0.60  9.3349(10) 3.6037(6) 6.6829(6) 112.107(8) 208.288(38)  62.722(12)
y =070  9.3404(14) 3.6143(14)  6.6765(11)  112.027(12)  208.943(73)  62.919(22)
y =080 9.3431(17) 3.6260(11)  6.6676(12)  [11.897(16)  209.571(55)  63.108(17)
y =090  9.3443(15) 3.6383(4) 6.6486(6) 111.765(8) 209.921(33)  63.213(10)
LiVMoOy 9.3418(5) 3.6449(3) 6.6342(5) 111.636(6) 209.980(20)  63.231(6)
MnV,05 9.3131(14) 3.5352(11)  6.7543(15)  112.582(15)  205.322(73)  61.829(22)
9.315(3) 3.5361()¢  6.754Q2)¢ 112.66(2)¢ 205.29¢ 61.818¢
Mné x =0.05  9.315920) 3.5443(6) 6.7521(8) 112.575(11)  205.861(51)  61.991(15)
x=010 9331717 3.5603(6) 6.7483(9) 112.610(14)  206.972(45)  62.325(14)
x=0.15  9.3419(14) 3.5664(6) 6.7487(9) 112.570(10)  207.626(42)  62.522(12)
x=020  9.3431(19) 3.5733(7) 6.7474(9) 112.536(14)  208.066(50)  62.654(15)
x=025  9.3625(13) 3.5855(6) 6.7536(11)  112.424(11)  209.568(42)  63.107(12)
=030  9.3655(14) 3.5951(6) 6.7548(8) 112.352(9) 210.345(40)  63.341(12)
x=035 9374311 3.6041(4) 6.7574(6) 112.239(7) 211.325(26)  63.636(8)
x=038  9.3809(26) 3.6094(7) 6.7609(17)  112.152(20)  212.025(63)  63.847(19)
x =040  9.3848(10) 3.6146(3) 6.7625(5) 112.104(6) 212.538(24)  64.001(7)
9.378(3)¢ 3.613(1)¢ 6.761(2)¢ 112.18(2)¢ 212.13¢ 63.880¢
x =053  9.4118(14) 3.6377(16)  6.7734(12)  112.034(13)  214.964(88)  64.732(27)
9.412(5)¢ 3.643(1)¢ 6.767(3)¢ 112.00(4)¢ 215.13¢ 64.781¢

Mo,05 (br)®

68.765(592)®

 Values in parentheses are standard deviations of the calculated lattice parameter.
b Value calculated from extrapolation of Eq. (4) to x = 1 (M0,0).

¢ From Refs. (2, 3).

with y = mole fraction of LiVMo0Os and r?
= 0.999. The volume of mixing is then
given by

AVIRY = y(1 — y)Ay 2
Ay = —0.69(20.34) + 1.82(+0.53)y. (3)

The observed molar volume for Mn¢ was
fitted by least squares to a second-order
polynomial giving the expression,

V(cm3/mole) = 68.77(%0.59)x
+ 61.80(x0.06)(1 — x)
— 2.55(+1.05)x(1 — x), (4)

with rZ = 0.999 and x = mole fraction of
Mo0,0¢. The volume of mixing is

AV = x(1 — x)Ay

with Ay = —2.55(%£1.05) cm?®/mole. (5)
Figures 3a and 3b present the calculated
volume of mixing, AV, for MnLi and
Mn¢ solid solutions according to the equa-
tions
AVISE = Vai — yViivmeo,

— (1 = »)Vmuv,0, (6)

AV = Vit — XViMo0s
— (1 = X)Vmav,0,, (7)
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FiG. 1. Molar volumes in (a) MnV,04-LiVM004 and MnV,04-M0,04 solid solutions. Curves are
from Egs. (1) and (4). Circles with error bars represent this work, crosses represent data in Ref. (2).

where ViMoo, = 68.77 = 0.59 cm?/mole is
extrapolated from the existing Mn¢ solid
solutions to x = 1 (this represents the vol-
ume of the hypothetical $M0,0 compound
with brannerite-type structure). Error bars
represent the standard deviation of the
mean for AVpix calculated from the propa-
gation of errors for the molar volumes of
MnV;04, LiVM00Os, ¢M0,0Os, and Mn¢
solid solutions. A third-order polynomial
for the MnLi series and a second-order
polynomial for the Mn¢ series are statisti-
cally warranted. The second-order polyno-
mial for the Mn¢ series results in negative
volumes of mixing and a negative regular
interaction parameter over the entire com-
position range. For the MnLi series, AVpix
is negative for y < 0.40 and positive for y >
0.40.

Calorimetric Results

Results of drop solution calorimetry are
given in Table II. The difference between
the drop solution enthalpy of a mechanical
mixture of the end-members (or, as dis-
cussed above, the weighted average of the
two end-member drop solution enthalpies)
and the observed drop solution enthalpy of
the solid solution gives the enthalpy of mix-

ing at room temperature of the solid solu-
tion having a structural state characteristic
either of the preparation temperature (823-
923 K) or of a somewhat lower temperature
where any reequilibration of cation and
vacancy distribution during quench has
ceased. The X-ray work refers to the same
samples, also measured at room tempera-
ture. Thus, rigorously, both heats and vol-
umes of mixing refer to those parameters at
room temperature for samples having a
structural state characteristic of high tem-
perature. The possible effect of tempera-
ture on heats of mixing is discussed below.

The observed drop solution enthalpy and
the enthalpy of mixing for the MnLi solid
solutions are shown in Figs. 2a and 3c. The
MnLi system shows definite deviation from
ideal enthalpy behavior. There are positive
heats of mixing for y < ~0.4 and negative
heats of mixing for y > ~0.4. The observed
enthalpy was fitted by least squares to a
third-order polynomial giving the expres-
sion,

MnLi
H obs

(kJ/mole) = 194.98(:0.40)y
+ 191.07(x0.47)(1 — y)
— y(1 — y)[24.80(£3.32)

— 51.66(+5.65)y], (&
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RESULTS OF DROP SOLUTION CALORIMETRY (295
TO 976 K) FOR MnLi, Mn¢, MnLi¢p, AND Li¢

SOLID SOLUTIONS

Composition Hy,, (kJ/mole)
MnV,0¢ 191.22 * 0.97(13)
MnLi y = 0.10 189.15 = 1.51(13)

y =020 189.64 + 1.09(11)
y =030 190.06 = 0.61(10)
y = 0.40 192.84 + 1.14(15)
y = 0.50 193.49 + 1.230)
y = 0.60 194.57 + 1.00(6)
y =070 195.52 * 1.21(6)
y = 0.80 196.97 *+ 0.65(19)
y = 0.90 196.84 *+ 1.69(6)
LiVMoOj 194.93 + 0.80(35)
MnV;0, 191.22 *+ 0.97(13)
Mné x = 0.05 186.54 = 0.35(6)
x = 0.10 181.75 *+ 1.53(4)
x = 0.15 179.19 = 1.55(6)
x = 0.20 175.71 * 1.45(6)
x = 0.25 173.05 *+ 1.24(4)
x =0.30 170.57 = 1.16(17)
x = 0.35 167.05 * 0.89(4)
x = 0.38 166.07 = 1.12(6)
x = 0.40 164.34 + 1.45(10)
x = 0.40° 173.08 * 1.43(4)
x =0.53 156.76 = 1.12(8)
x = 0,53 168.01 * 1.92(5)
Mo,0 (M0O; str.) 149.02 = 1.32(10)
MnLi¢

x=0.10 y=0.60
x=020 y=040
x=030 y=0.20
Li¢

x =0.16

x = 0.16*

189.70 = 1.39(6)
182.43 + 1.93(6)
173.12 = 1.69(6)

189.19 = 1.11(5)
189.46 = 0.83(5)

4 Error is two standard deviations of the mean; num-
ber in parentheses is number of experiments per-

formed.

& Mechanical mixture of end-members.

where y = mole fraction LiVMoQg, with r?

= 0.972. The curves representing the en-
thalpy of mixing, A Hx, and the enthalpy
interaction parameter, Ay, plotted in Figs.
3c and 3e, are given by the expressions:

AHpix = y(I = y)Ay ©)
Au = 24.80(+3.32) — 51.66(+5.65)y. (10)

Figure 3e shows a linear relationship be-
tween the enthalpy interaction parameter
Ay and composition. Extrapolation of Eq.
(10) shows that the enthalpy interaction pa-
rameter changes from 24.80 + 3.32 kJ/mole
for LiVMoOQq dissolving at infinite dilution
in MnV,04 to —26.56 = 6.54 kJ/mole for
MnV,0g dissolving in LiVMoOg.

The observed enthalpy and the enthalpy
of mixing for the Mn¢ solid solutions are
shown in Figs. 2b and 3d and in Table II.
The observed enthalpies for MnV,0¢ and 10
solid solution compositions were fit by

H ;¢ (kJ/mole) = 139.04(=4.47)x
+ 190.29(%0.29)(1 — x)
— 23.44(£8.05)x(1 — x), (11)

where x = mole fraction of M0,Og and r?2 =
0.998. Statistical analysis shows that the
second-order polynomial is appropriate.
The dashed line in Fig. 2b represents ideal
enthalpy behavior between MnV,04 and
Mo,0¢. On this line are also two points for
mechanical mixtures between MnV,04 and
Mo0,0¢ = 2Mo0O; with compositions x =
0.40 and x = 0.53. Figure 2b shows clearly
that all Mn¢ solid solutions are less stable
in terms of enthalpy than a mechanical mix-
ture of MnV,04 and MoO;.

Extrapolation of Eq. (11) to x = 1 (e.g.,
Mo,0¢) gives value for H,s(¢Mo0,0¢ (bran-
nerite structure)) = 139.04(+4.57) kJ/mole.
This is the drop solution enthalpy for the
hypothetical $M0,0¢ compound with bran-
nerite-type structure.

The enthalpy of mixing between end-
member with brannerite-structure standard
states is given by

HY¢ = x(1 — x)Ay, (12)

where Ay = +23.44(%8.05) kJ/mole.
Because data could only be obtained for
the attainable range of solid solutions, x <
0.53, and the value for $Mn,O¢ had to be
extrapolated from Eq. (11), a higher order
polynomial (asymmetric heat of mixing) is
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F1G. 2. Measured enthalpies (kJ/mole) for sample (brannerite structure, 295 K) — sample (dissolved
in 3Na,0 - 4Mo0;, 976 K) for (a) MnV,04~LiVMo00, (MnLi) and (b) MnV,0,-Mo,0¢ (Mné). Circles
represent data for solid solutions; bars represent data for mechanical mixtures of MnV,0, and Mo,04
(MoO; structure). Solid curves represent best fit of data by Eqs. (8) and (11). Dotted lines represent
ideal mixing between brannerite end-members. Dashed line shows enthalpy for a mechanical mixture

of MnV,0; (br) and Mo,0s (M0O»).

not warranted. Once Eq. (11) is used to fix
the enthalpy of $Mn,0s, the observed heats
of mixing (calculated as the difference in
drop solution enthalpies of a mixture of
brannerite end-members and the solid solu-
tion) appear to lie above the calculated val-
ues (though not outside the errors) for x <
0.3 (see Fig. 3d). This may suggest some
asymmetry in the enthalpy of mixing, with
AMn¢ greater near x = 0 than near x = 1.
However this conclusion depends on the
choice of enthalpy for ¢Mn,04 (brannerite)
and trying to extract three rather than two
parameters from the Mn¢ data, with all
parameters interdependent, is not useful.
Similar caution applies to the volume data.

Three samples of MnLi¢ and one of Lid,

= (.16, were investigated. The composi-
tion Lig, x = 0.16, represents the saturated
solid solution at 823-923 K of MoO; in LiV
MoOQg along the LiVMo00g-Mo0,0¢ join of
the pseudoternary MnV,0-LiVMoO¢-
Mo,0¢ system (2, 6, 7). The enthalpy of
formation of Li¢, x = 0.16, from LiVMoOs

and Mo,Gg is +0.3 = 1.4 kJ/mole at room
temperature.

All solid solutions and end-members
studied (total of 25 samples) were used to fit
simultaneously the eight parameters in a
model of the form

H b (kY/mole) = aHyay,o, (br)
+ bHyo0, (br) + cHyivmoo, — abA )™
~ acAf™ — benji® — abeAlii™¢, (13)

where A" = (a + B¢) and a, b, ¢ repre-

sent the mole fraction of MnV,0¢, M0,0s,
and LiVMoQOg in the MnLi¢ solid solutions,
respectively. This equation describes the
enthalpy of the system as consisting of con-
tributions from three sources: (a) drop solu-
tion enthalpies of the pure end-members,
Hunv,o, (br), Huo,o, (br), Hiivmoo, (br); (b)
regular solution binary mixing terms AM™®
and A} and a term, A}"Y, linearly depen-
dent on composition; and (c) ternary excess
term AM"% This formalism is similar to
that used by Navrotsky et al. in describing
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F1G. 3. Volumes of mixing in (a) MnV,0,-LiVMo00O
(MnLi) and (b) MnV,0,~Mo0,0s (Mn¢) (brannerite
standard states). Enthalpy of mixing in (c) MnV,0—
LiVMoOg and (d) MnV,0-Mo0,0 (brannerite stan-
dard states). Enthalpy (e) and volume (f) interaction
parameters in MnV,04-LiVMo0O;. Errors bars were
obtained by propagation of errors in original data.
Curves represent best fits to data; see text.

heats of mixing in ternary glass systems
(11, 12). 1t is rigorous for a regular solution
and approximate for systems less symmet-
ric than regular. Results show that ternary
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excess term is statistically unwarranted.
Next we fit the remaining seven parameters
to the 25 data points. All terms were statis-
tically significant and the fit gave an excel-
lent description of the observed experimen-
tal values. Table IIi compares these results
to the results obtained for individual binary
systems separately. The calculated values
of parameters using all the data points are
very similar to the ones derived separately
from MnLi or Mn¢ solid solutions only.
This indicates internal consistency of all
results for MnLi¢ solid solutions.

To test whether the heats of mixing, es-
pecially in vacancy-containing solid solu-
tions, depend on temperature (implying ei-
ther substantial excess vibrational heat
capacities or significant reequilibration of
structural state at intermediate tempera-
tures) several drop solution experiments
were done in which samples were dropped
from 824 K into solvent at 976 K (see Table
IV). Two compositions (Mn¢, x = 0.40,
and Li¢, x = 0.16) were studied and results
for solid solutions and mechanical mixtures
were compared at each temperature. In
both cases the heat of mixing is the same
within experimental error at both 295 and
824 K and the actual values of A H,ix do not
differ by more than 1 kJ/mole at the two
temperatures for each composition. Fur-
thermore, the difference between the 295
and 824 K drop solution data give the en-
thalpy (heat content), Hgyy — Haos, of the

TABLE III

COMPARISON OF PARAMETERS CALCULATED FROM Fi1s TO ALt DATA IN MnLi¢p TERNARY WITH
PARAMETERS FROM MnLi AND Mn¢ BINARIES TAKEN SEPARATELY

Humovao6 Hyivmoos Huoz06 A MnLi Al At
(kJ/mole) (kJ/mole) (kJ/mole) (kJ/mole) (kJ/mole) (k}/mole)
MaLig s.s. 190.26(+0.24) 194.99(x0.39) 138.67(+3.91) 20.28(£2.52) — 46.48(5.06)y 22.59(=6.82) —24.5%(=5.98)
(25 data points)
MnLi s.s. 191.07(x0.47) 194.98(0.46) — 24.80(%3.32) — 51.66(%5.64)y — —
(11 data points)
Mné s.s. 190.29%(+0.29) — 139.04(+4.57) — — 23.44(+8.05) —
(11 data points)
Experimental 191.22(+0.97) 194.93(+0.80) — — — — —

values
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TABLE IV

COMPARISON OF RESULTS OF DROP SOLUTION
CALORIMETRY FROM 824 K AND FROM
293 K (kJ/mole)

Mn¢

x = 0.40 x =0.16

A H drop solution
(295 to 976 K)

Solid solution 164.34 = 1.45(10) 189.19 = L.11(5)

Mechanical mixture 173.08 = 1.43(4) 189.46 = 0.83(5)
A H drop solution
(824 to 976 K)
Solid solution 64.53 £ 3.91(4)  88.52 = 2.08(6)
Mechanical mixture 72.53 = 0.573) 87.72 = 0.99(3)
A H mixing at 295 K 89 =2.0 +03 1.4
A H mixing at 824 K 8.0 =39 -0.8 =23
Heat content (Hgs-Hos)
Solid solution 998 * 4.2 100.7 * 2.4
Mechanical mixture 100.6 + 1.5 101.7 £ 1.3

crystalline materials. For each composi-
tion, Hyyy — Hjos is the same within experi-
mental error for the solid solution and for
the mechanical mixture and the actual val-
ues obtained differ by 1 kJ/mole or less.
Even when comparing the two different
compositions, the heat contents, Hgy —
Hyos, are all within a range of 2 kJ/mole. We
conclude, therefore, that the correction to
heats of mixing arising from effects of tem-
perature in the range 293-824 K is unlikely
to exceed 1.0 kJ/mole and appears to be
zero within experimental error. The heats
of mixing measured by drop solution calo-
rimetry and referring to room temperature
thus also represent, within experimental er-
rors, values at high temperature.

Discussion

The enthalpy and volume of transforma-
tion of MoOs to the hypothetical brannerite-
type structure can be calculated. Based on
literature data for lattice parameters of
MoOs (13), the unit cell volume of MoO; is
202.98 A3 (Z = 4) equal to 61.124 cm® per
mole Mo,0¢. Using this value and our
results (Tables I and II) we calculate AH
and AV for transformation

Mo0:0¢ — $Mo0,04 (br) (14)

as +10.0 = 4.7 kJ and +7.65 cm? per mole
Mo,0q, respectively.

These values depend on the quadratic
polynomial used for volumes and to enthal-
pies in the Mn¢ system (Eqs. (4), (11)).
This is the best approximation to use
on statistical grounds (see above). Further-
more, although the enthalpy and volume
trends are definitely curved (see Figs. 1b,
2b), precluding a linear equation, a cubic
equation could introduce uncontrollable,
untestable, and unwarranted curvature in
the extrapolated region between x = 0.53
and x = 1.

Our data permit a thermodynamic esti-
mate of the solubility of MoO; (M0,Og) in
the Mn¢ solid solution as follows. Since the
solubility of MnV,0¢ in Mo0,O¢ with the
MoO; structure can be presumed negligibie,
the chemical potential of M0, in the two-
phase mixture of terminal brannerite solid
solution plus MoQO; is essentially identical
to that of pure Mo,0O¢ (M0O; structure).
One can then write

#(M0,06 (br)) = u(Mo0,0s(M0O3))
+ A H(M0,0¢(M00O; — br))
— TAS(M0,04(M00Oz — br))
+ Ah(Mo,0, br.ss.)

-~ TAs(Mo,Oq, br.ss), (15)

where AH and A S refer to the transforma-
tion of M0,0¢ from the MoQ; to the bran-
nerite structure and Ak and A§ refer to the
partial molar enthalpy and entropy of mix-
ing of Mo,Q, referred to a brannerite stan-
dard state. A H is 10.0 kJ/mole (see above).
A S is unknown. For solid-solid transitions
AS is generally small, and, for lack of a
better constraint, we set it to zero for the
present calculation. From Eq. (12), Ah =
23.44(1 — x)? kJ. We take A§ as the partial
molar configurational entropy of mixing for
the system Mn_,¢,(V,-2,M0,,)O06. Assum-
ing random mixing of manganese and va-
cancies on one set of sites and, indepen-
dently, random mixing of V and Mo on
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another set of sites, the configurational en-
tropy is given by
Sconf = "'R[XMn In XMn + X¢ In X¢]
-ZR[XV In XV + XMo In XMo]
—=3RIxInx + (1 — xIn(1 — x)].
(16)

This gives A5(Mo;06) = —R In x3. Then

10,000 + 23,440(1 ~ x)?
+ 8.3147 In x> = 0.

]

(17)

For a temperature of 824 K, x = 0.41. This
compares favorably to reported solubilities
of x = 0.45 and x = 0.53 at that temperature
(2—4). In principle an analogous calculation
could be done for the whole MnLi¢ system,
but we believe the enthalpies of mixing in
the ternary are not well enough constrained
by only three ternary data points in MnLi¢
and one along Li¢ to make this comparison
meaningful.

Our previous study (/) showed a com-
plex relation between enthalpies and vol-

umes of mixing in MgV,04-LiMoVOg and
ZnV,04~LiMoVOg solid solutions, where
more positive A Hy,, correlated with more
negative AV;,. The present data for Mn-
containing systems show analogous trends.
In the MnLi series (MnV,0s~LiMoVOsg),
for y < 0.4, AH; is positive and AV is
negative (see Figs. 3a and 3c). For Y > 0.4,
when AV, becomes positive, A Hpx be-
comes negative. The relation between the
volume and the enthalpy interaction param-
eters is shown in Fig. 4. The slope of Ay vs
Au is steeper for the MgLi system than for
MnLi. Nevertheless, all systems studied so
far (MgLi, ZnLi, MnLi, and Mn¢) are simi-
lar in that they show increasingly negative
enthalpies of mixing as the volume of mix-
ing becomes more positive. Figure 4 con-
tains one point for the Mn¢ solid solution.
This correlates an average enthalpy interac-
tion parameter (A\y = 23 kJ/mole) and an
average volume interaction parameter (Ay
= —2.5 cm’/mole) obtained for the compo-
sitions studied (0 =< mole fraction M0;0Og =

A 2 —
(cm3/mol)

H
(kJ]mol)

F1G. 4. Correlation between enthalpy and volume interaction parameters. Filled circles and solid line
represent data (this work) for MnV,0,-LiVMo00Os (MnLi). Dashed line represents correlation for
MgV,0-LiVMoOs (MgLi) (/). Square represents average value for ZnV,0,-LiVMoOg (ZnLi) (/).
Triangle represents average value for MnV,04~Mo0,0s (Mn¢) (this work). Uncertainties are generally
+5 to =8 kJ/mole for Ay, 0.5 to =1 cm?/mole for Ay, estimated from propagation of errors.
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0.4). In this range, Ay and Ay show no de-
tectable composition dependence (within
uncertainities of about *10 kJ/mole and
about =1 cm’/mole, respectively).

The introduction of substantial vacancy
concentrations (up to 40% of Mn sites
empty) in the MnLi¢ system does not ap-
pear to lead to any strikingly new energetic
behavior compared to MnL.i. Referred to a
brannerite standard state for Mo0,Og, the
ternary solid solution shows negative heats
of mixing for compositions near the LiV
MoQs corner and positive heats of mixing
toward the MnV,0q4 corner. The enthalpies
of mixing toward Mo,0Os¢ are not well con-
strained because of the limited range of
solid solution but the absence of a strong
composition dependence for Ayns and the
apparent absence of significant ternary ex-
cess terms argue against any pronounced
destabilization within the brannerite struc-
ture due to the introduction of vacancies.
The rather small enthalpy of transition of
MoO; from the MoO; to the fictive branner-
ite structure (10.0 kJ/mole Mo,O¢ or 5.0 kJ/
mole MoQO») also argues against any large
destabilization of the brannerite structure
by the coupled substitution of vacancies.
Rather, the limits of solid solubility are de-
termined by a balance of slowly varying
energy and entropy factors in the solid
solutions relative to MoO;. Thus the
substitutions Mn + V = Li + Mo, Mn + 2V
= ¢ + 2Mo, and Li + V = ¢ + Mo behave
energetically and structurally as analogous
charge-balanced ionic reactions.

Possible structural reasons for the com-
plex energetic behavior in MV,0-Li
MoVO, were discussed in our previous pa-
per (/). The similarity in enthalpy behavior
between the Mn and Mg systems is striking.
The Mg system, on the other hand, shows
larger negative volumes of mixing, which
may be related, as suggested previously, to
relaxation from somewhat anomalously
large lattice parameters for MgV,0q. How-

ever, local order at Li-rich compositions
may also play a role. The lack of structure
refinements which would provide bond
lengths and polyhedral distortions for inter-
mediate compositions precludes more de-
tailed analysis of the relation between crys-
tal chemical and energetic factors.
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