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The enthalpies of drop solutioHgs) for several polymorphs of Zr¥®s (cubic, orthorhombic, trigonal,
and amorphous), ZrM@;g (cubic, trigonal, monoclinic, and amorphous), and Hfag(cubic, trigonal,
and amorphous) have been measured in molten@GM&00; at 975 K. Using the values atHys for
the binary oxides, we calculated enthalpies of formation from the oxides at 298 K. Monoclinic@sMo
is the only polymorph examined that is enthalpically stable relative to the binary oxidtgs«(= —5.1
+ 3.5 kd/mol), and even that stability is marginal. Thl o values for cubic and trigonal ZrM@s are
45.2+ 5.3 and 32.2+ 4.5 kJ/mol, respectively; for cubic and trigonal Hfb@y, 55.8+ 3.1, and 46.5
+ 3.6 kJ/mol, respectively; and for cubic, orthorhombic, and trigonal Z04/64.8+ 2.8, 50.6+ 3.0,
and 49.8+ 4.1 kJ/mol, respectively. Therefore, these phases are either entropically stabilized and/or
their formation/persistence is kinetically controlled. The enthalpies of formation from the oxides, at ambient
pressure, for the amorphous phases recovered after compression of the cubic polymorphs in a multianvil
press are more positive than those of the crystalline polymorphs: 498.9 kJ/mol for ZrM@Qs, 102.0
=+ 6.3 kJ/mol for HfM@QOg, and 127.8+ 5.5 kJ/mol for ZrWOg. The entropies of the amorphous phases
are probably greater than those for the cubic ones and thus the pressure-induced amorphous phase can
be entropically (as well as volumetrically) favored, and the pressure-induced amorphization boundary
probably has a negative—T slope. Nevertheless, these amorphous phases could be metastable with
respect to more dense crystalline polymorphs, either in th& Range where they are observed or at
higher pressure.

Introduction At ambient conditions, all of these cubic compounds are

The family of cubic AMOs compounds (A= Hf, Zr; M metasta_ble with respect to the binary oxidé3.o date, only
= Mo, W) has recently received considerable attention, as the cubic tungstates are known o be thermodynamically
they all exhibit negative thermal expansion (NTE).In stable at h'gh temp.eraturesl400—1500 K)# whereas the
contrast to most other NTE materials, the expansion behaviorCorreSpomjlng cubic molybdates seem to be metastable at
is isotropic and occurs over a large temperature range,aII temperatureé.The cubic tungstates and rr_lol_ybdates of
including at room temperature. NTE materials have potential Zr and Hf are isostructural and show very similar charac-
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applications in composites, as they can be used to tailor thetﬁ”s’t'cj_'ﬁ In addmonil_each clompourr:_d c]ian exist in tV\l’)c_’ or

overall expansion coefficient of the materidl. three difierent crystalline polymorphic forms at ambient
conditions*>1%1*Amorphous phases of AMDg composition
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Table 1. Synthesis and Stability Range for the Studied Polymorphs of ZrMgDg, HfMo 20g, and ZrW ;Og

material conditions of formation

reported range of stability

cubic ZrMo,Og

trigonal ZrMo,Og
by prolonged heating at 663°K

monoclinic ZrMaOg

dehydration of ZrMeO7(OH)»2H,0 at 623-663 K>
from the oxides at 973 K or from the cubic phase

from the oxides by heating at 923 K for 3 months

0to~1 (0.7-2.0) GP&160—660 K5

0to~1 GP&8& %0 (forms a monoclinic phase different
from the one below at-1.1 GPa)T > 952 K1
decomposes when heated to 1013 k-4tGPas

or heating to=818 K at 1.3 GPa 051063 K under

1.3-4.0 GPa®¢
amorphous ZrMgOg

cubic HfMo,Og
trigonal HIMo,Og
heating at 663 K

amorphous HfMgOg compression at above 4 GPa (RT)

cubic Zr'W,Og from the oxides at 1423 K

orthorhombic ZrWOg from cubic at 0.2-0.6 GP4

trigonal Zr'W,Og non-hydrolytic sol-gel routé?®

amorphous Zr\WOs compression at 2:55.0 GPa or higher (RT}

compression at 1:54 GPa or higher (RT 18

dehydration of HfM@O7(OH)»2H,0 at 623-663 K°
from the oxides at 923 ® or from cubic by long

monoclinic when heated to 898 K at 3.2 GPa,
decomposes when heated to 1013 K4tGP4&¢
0to~1 (0.7-2.0) GP& 0—660 K

monoclinic when heated to 833 K a2 GP&3

crystallization to trigonal starts at 473 K
0.2 GP&}0.3—-1050 K and 1386-1530 K&
transforms to cubic at 393K
decomposes on prolonged heating at 1023 K
crystallization to cubic phase at 925K

Table 1 (with references therein) summarizes the condi- purely of academic interest; the changes in expansion

tions for the formation of the different AMDs polymorphs.
Trigonal ZrMa,QOs, trigonal HfMo,Og, and cubic Zr\WWOg can

characteristics that accompany it can be detrimental to
applications as the processing or use of composites may

be made directly from the binary oxides, although the trigonal involve high pressure¥: 6 Although the mechanism of PIA
HfMo,0Og sample in this study was prepared by dehydration in cubic ZrWsQOs,12141517.37cubic ZrMa,Og,*¢18 and some

of a precursor. Monoclinic ZrM@sg can also be prepared

other NTE materiaf83°38 has been studied, very little is

from the binary oxides, but its formation appears to be known about the relative thermodynamic stability of crystal-
kinetically hindered and requires extended heating (severalline and amorphous phases of NTE materials. A recent

months at ambient pressure). Cubic ZH® and cubic

HfMo,0Os have only been prepared by dehydration of

AMo0,07(OH),:2H,0, whereas trigonal Zr¥Ds has only
been obtained via non-hydrolytic segel chemistry. The
amorphous materials as well as orthorhombic ZDd/can
be prepared by compression.

study suggests a positive enthalpy change and therefore
an increase in entropy in the amorphous to crystalline
(cubic) phase transition in Zr¥s.2° This counterintuitive
behavior was inferred from endothermic recrystallization
seen by differential thermal analysis (DTA) and rationalized
by postulating that increased vibrational entropy in the

Since the amorphization of hexagona| ice under compres- CrySta”ine material overrides the loss of Configurational

sion has been reportédl pressure-induced amorphization
(P1A) has been observed for many different matefd&l3’

entropy.
There are no literature reports of enthalpies of formation

The phenomenon is not uncommon for open framework (AHr) or Gibbs free energies of formatioAGy) for any of
structures and occurs at relatively low pressures in severalthe AM:0g polymorphs with the exception of trigonal

NTE material$:1216.29.30A possible theoretical link between
NTE and PIA has been suggesfédSeveral different

AMo0,0s, where AH; and AG; have been estimated using
isoperibol solution calorimetr{f 42 AGr and AGy o« by the

structural mechanisms have been proposed for PIA, sometranspiration techniqdé**andAHs, AGy, andAGi.x by the

of which are related or can operate simultaneotfsi§?53+32

EMF method®® 4" As both thermodynamic and kinetic

Typically, the amorphous phase produced on compressionfactors determine which polymorphs of Al can be
is viewed as a metastable intermediate between the low-Obtained using a given synthetic method and under
pressure Crysta”ine phase and the high_pressure thermodyWthh conditions decompOSItlon to the blnary oxides will

namic equilibrium product¥:?>PIA in NTE materials is not
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Table 2. Sample Naming Scheme and Results of Drop Solution Calorimetty

AHs ox (kd/mol) AH; e (kd/mol) molar volume
sample no. material no. of pellets  AHgs (kJ/mol) from oxides from elements (cm¥/mol)

1 Zros85 9 19.7+ 1.8 0 —1097.46% 211

2 HfO,56 23 20.0+ 2.2 0 —1150.64* 20.8

3 W03 8 91.68+ 1.34 0 —842.9% 31.9

4 MoOs 12 76.21+ 1.47 0 —745.17t 32.0

5 cub. ZrMeOs n/a 128.35+ 2.17 43.77+ 3.18 —2544.03+ 3.18 114.6

6 cub. ZrMaOs 10 125.57+ 3.52 46.55+ 4.22 —2541.25+ 3.64 114.6

5-6 average for cub. ZrM®s n/a 45.16+ 5.28 —2542.64+ 4.13 114.6

7 trig. ZrMo,Og 10 141.65+ 2.34 30.47+ 3.30 —2557.33+ 3.30 104.7

trig. ZrMo,Og 6 138.17+2.01 33.95+ 3.07 —2553.85+ 3.07 104.7

7—8 average for trig. ZrMgOg n/a 32.21+ 451 —2555.59+ 4.51 104.7

9 mono. ZrMoeOs 9 177.25+ 2.6 —5.13+3.49 —2592.93+ 3.49 86.2
10 am. ZrMeOsg 4 73.19+ 4.37 98.93+ 4.95 —2488.87+ 6.42

11 cub. HfM@Og 6 116.67+ 1.56 55.75+ 3.07 —2585.23+ 2.96 114.4

12 trig. HfM0,Og 9 125.91+ 2.43 46.51+ 3.59 —2594.47+ 3.59 104.2
13 am. HfMaOg 4 87.95+ 5.76 101.99t 6.34 —2556.51+ 7.06

14 cub. Zr\WOsg 7 138.24+ 1.60 64.82+ 2.76 —2718.46+ 2.76 115.6

15 ortho. ZrwOg 8 152.41+ 2.07 50.65+ 3.05 —2732.63+ 3.05 109.6

16 trig. ZrW>Og 10 153.29+ 3.48 49.77+ 4.14 —2733.51+ 4.14 98.2
17 am. ZrWOs 7 75.30+ 5.02 127.76+ 5.50 —2655.52+ 7.03

aErrors in the heats of dissolution and heats of formation are given as two standard deviations of the mean. Enthalpies of formation from the
elements and molar volumes are also shown for reference. Heats of dissolution foy adONG were measured in this work, values for ZrO
and HfQ, were determined previously at the Thermochemistry Facility at UC D&¥fsSynthesis methods: samples 5 and 6, dehydration of
ZrMo207(OH),:2H,0; 7, solid-state reaction; 8, heating sample 5; 9, solid-state reaction; 11, 12, dehydration of oOH{®),:2H,0; 14, solid-state
reaction at 1200C; 15, from sample 13 by compression to 0.6 GPa; 16, non-hydrolytieggdlchemistry; 10, 13, and 17, high-pressure synthesis at 7.5
GPa and RT.

the pressure-induced amorphous phases relative to the Cubic Zr'WsOg was prepared from a stoichiometric mixture of
crystalline starting materials as well as the binary oxides ZrO; and WQ by heating at 1423 K (sample 14). A part of sample

will help us better understand the occurrence and mechanismit4 was converted to orthorhombic Ze@% by compression at 0.6
of PIA. GPa in a He-gas pressure cell at the Intense Pulsed Neutron Source

of the Argonne National Laboratory, Argonne, IL (sample 15).

Calqumetrlc measu.r?mems Of_ heats of formgtlon are Trigonal Zr'W,0Og (sample 16) was synthesized by a non-hydrolytic
complicated by the difficulty of dissolving AMDs in all sol-gel routet0

Com“,’on aC|d§ and ,bases and t,he materials’ metastability. The materials prepared by solid-state reaction from the oxides
Solution calorimetry in molten oxide S_Olvents_ at _975)75 did not show any significant weight loss on firing. Therefore, the
K overcomes the problems of slow dissolution in aqueous fina| stoichiometry was assumed to be the same as that of the
solvents. Here, we report the measurement of heats ofstarting mixtures of predried oxides, with no additional volatiles
formation (from binary oxides) of various polymorphs of adsorbed.

ZrMo20s, HfM020s, and Zr\W0Og through thermochemical All amorphous samples (samples 10, 13, and 17) were prepared
cycles involving drop solution calorimetry (sample dropped by compressing the corresponding cubic materials in a Walker-
from room temperature into the hot melt) of these phases in type high-pressure multianvil pré8sit the Department of Geology,
molten 3NaO-4MoO; at 975 K. UC Davis, Davis, CA. The pressure cell consisted of a Pt sample
capsule in a 14 mm MgO octahedron surrounded by eight one-
inch WC cubes, all truncated on the corner facing the MgO. About
100 mg of cubic sample was placed into the Pt capsule and exposed
SynthesesTable 2 shows the samples used in this study. Cubic to a pressure of about 7.5 GPa at room temperatur2 foprior to
ZrMo,Og (samples 5 and 6) was synthesized by the careful Slow decompression.
dehydration of ZrMgO;(OH),:2H,0, which was prepared using a Characterization. The structures of the crystalline samples were
modification of our previously described procedéighe precursor confirmed by X-ray diffraction (XRD) on either a Scintag X1 or a
materials were (NisM070,4-4H,0 (J. T. Baker, Phillipsburg, NJ) Scintag PAD V diffractometer with Cu ¢ radiation operated at
and either ZrOGxH,0 (Alfa Aesar, Ward Hill, MA) and HCI (J. 45 kV and 40 mA. Lack of long-range order in the amorphous
T. Baker, Phillipsburg, NJ) (sample 5) or ZrO(C)}xH,O samples was confirmed by X-ray diffraction carried out on an Inel
(Aldrich, Milwaukee, WI) and HCIQ (Fisher Scientific, Fair Lawn, diffractometer (XRG 3000) at 30 kV and 30 mA using CuK
NJ) (sample 6). Trigonal ZrM®s was obtained by heating sample radiation. Samples were phase pure, with the exception of the
5 at 973 K (sample 7), and another sample was prepared by reactiormonoclinic ZrMaOs (sample 9), which contained a trace amount
of a stoichiometric mixture of the binary oxides at 973 K (sample of trigonal material, and the trigonal Zr\®s (sample 16), which
8). Monoclinic ZrMa0g (sample 9) was obtained by heating a contained a small amount of WOAII three amorphous phases
stoichiometric mixture of Zr@(Alfa Aesar, Ward Hill, MA) and were confirmed to have no detectable crystalline phases by X-ray

Experimental Section

MoOs (J. T. Baker, Phillipsburg, NJ) to 923 K for 3 months. diffraction.

Cubic and trigonal HfMgOs (samples 1112) were prepared Thermogravimetric analysis proved to be a very sensitive method
by dehydration of HfM@O;(OH),:2H,0 that had been synthesized for the elemental analysis of the molybdates. Ma©volatile at
using the same procedure as that used for Z@4avith HFOCl,: high temperatures and evaporates above 1023 K. Ternary or

xH,O (Alfa Aesar, Ward Hill, MA), (NH)sM070,44H,0 (Alfa
Aesar, Ward Hill, MA), and HCI (Fisher Scientific, Fair Lawn, (48) Walker, D.; Carpenter, M. A.; Hitch, C. Mdm. Mineral.199Q 75,
NJ) as starting materials. 1020.




Heats of Formation for Forms of AM®g and ZrW0Og Chem. Mater., Vol. 19, No. 3, 200471

quaternary compounds, however, are often stable to higher tem-AQ, (solid, 298 K)+ 2MO, (solid, 298 K)— AM ,0q
peratures. In the.case of ZrMog, excess Mo@ can be distin- (solid, 298 K)AH, .,
guished from that in the framework, as the excess evaporates around '
1023 K, whereas the framework molybdenum is lost above 1200 AO, (solid, 298 K)— AO, (dissolved, 975 KAH,

K. The stoichiometries of the molybdate samples were determined ) .

by measuring the evaporation of Mg@t high-temperature using MO; (solid, 298 K)— MO, (dissolved, 975 KAH,
thermogravimetric analysis (TGA) on a Seiko thermal analysis . . .

module. A heating rate of 20 K/min from room temperature to 1473 AMOg (solid, 298 K)— AG, (dISSOIV_Ed’ 975 K} 2MO,
K and a nitrogen gas flow rate of 150 mL/min were employed for (dissolved, 975 k\H;

the TGA analyses. AH; oy = AH; + 2AH, — AH,
ZrMo,0g and HfMo,Og are insoluble in all common acids and
bases, whereas MaQs easily soluble even in dilute base. This The enthalpies of formation from the elememd ) were

allowed us to attempt the removal of excess Ma®two of our calculated using the following thermochemical cycle
calorimetric samples (11 and 12 in Table 2) by washing with 0.05

M NaOH. Subsequent XRD and TGA analyses confirmed that A (solid, 298 K)+ 2M (solid, 298 K)+ 40,

stoichiometric samples of the desired A polymorph were .

formed. However, AMgOs samples could contain amorphous (gas, 298 K~ AM,0q (solid, 298 K)Ava el
material after synthesis or NaOH washing. By amorphous content AO, (solid, 298 K)— AO, (dissolved, 975 KAH,

in the ambient pressure crystalline samples, we mean a material ) )

that did not crystallize under the synthesis conditions or that consists ~ MO; (solid, 298 K)— MO; (dissolved, 975 KAH,

of very small crystalline domains and is therefore amorphous to AM,0, (solid, 298 K)— AO, (dissolved, 975 Kj- 2MO,

X-rays. .
The mass fraction of water present in the amorphous H®4o (dissolved, 975 kjAH,

sample (the only amorphous sample available in sufficient quantity A (solid, 298 K)-+ 0, (gas, 298 Ky~ AO,
for such analysis) and the amorphous to crystalline phase transition (solid, 298 K)AH
were analyzed by TGA/DSC using a Netzsch STA 449 system. ! 4

The heating rate was 10 K/min to 1000 K, and dry Ar was used as M (solid, 298 K)+ 1.50, (gas, 298 Ky~ MO,

a purge gas. (solid, 298 K)AH,
Calorimetric Measurements. The calorimetric experiments were
carried out using a Tian-Calvet twin microcalorimé®eP with AH; o = AH; + 2AH, — AH; + AH, + 2AH;

sodium molybdate (3N®-4MoQ;) as a solvent. Enthalpies of drop
solution were measured by dropping5 or ~15 mg pellets The enthalpies of formation from the binary oxides are

(depending on the available sample quantity) from room temperaturegraphically displayed in Figure 1. The values for the two
into the solvent at 975 K. The calorimeter was calibrated with 5 cubic ZrMa,Og samples, 43.8& 3.2 and 46.6t 4.2 kJ/mol
and 15 mg pellets 0é-Al0;. Ex situ experiments were carried  (samples 5 and 6), agree within experimental error. The
out in a 975 K furnace. Several experiments were repeated byyglyes for the two trigonal samples (samples 7 and 8), 30.5
dropping 15 mg samples into a crucible containing molten sodium |- 3 3 gand 34.0+ 3.1 kJ/mol. are also in agreement. This
molybdate. After cooling, the sodium molybdate was dissolved in shows that the preparation method does not have a significant
deionized water. No undissolved residual material was found for effect on the heat of formation of the sample. The observed
any of the samples. These trials confirmed that all samples were Il difference. if real might be related to the larger surface

completely dissolved in the sodium molybdate solvent within 15 f le 8. M linic ZrM6 is th IV bh
min. The samples were dried before the experiments and kept in adr€a o sample ©. Monoclinic MO Is the only phase

desiccator. The low-temperature cubic samples, which absorb watefVith @ negative enthalpy of formatior;5.1+ 3.5 kJ/mol,
rapidly, were pressed into pellets in an argon-filled glove box Whereas amorphous ZrMOg has a significantly more

equipped with a molecular sieve to absorb any water. The Positive enthalpy of formation than any of the three crystal-
methodology was the same as that used previously for other ternaryIine polymorphs (98.9k 5.0 kJ/mol).
oxides?9:50 The enthalpy of formation from the binary oxides of the
ZrMo,Og polymorphs becomes more endothermic from
Results monoclinic 5.1+ 3.5 kJ/mol) to trigonal (32.2 4.5 kJ/
mol) to cubic (45.2+ 5.3 kJ/mol) and to amorphous
Enthalpies of drop solution along with the enthalpies of ZrMo,0g (98.9 £ 5.0 kJ/mol). In the case of the Hf\MOs
formation from the binary oxides are presented in Table 2. polymorphs, it also becomes more endothermic from trigonal
Enthalpies of formation from the elements and molar (46.5+ 3.6 kJ/mol) to cubic (55.8 3.1 kJ/mol) and to
volumes are also shown in the table for reference. The amorphous HfMgOg (102.04= 6.3 kJ/mol). Cubic (sample
measured heat effect consists of the heat content of thel4), orthorhombic (sample 15), trigonal (sample 16), and
sample from room temperature to 975 K and the heat of amorphous Zr\WOs gave AH; o values of 64.8+ 2.8, 50.6
solution in the solvent. Enthalpies of formatiakH; o) from + 3.0, 49.84+ 4.1, and 127.8t 5.5 kJ/mol, respectively.
the binary oxides at 298 K can be calculated from the Rietveld analyses were carried out on a mixture of known
following thermochemical cycle quantities of cubic ZrMgOg (samples 5 and 6) and,®s,
as well as cubic HfMgDs (sample 11) and XOs. Y,03; was
(49) Navrotsky, APhys. Chem. Minerl977 2, 89. used as an internal standard. The _commercizﬂg\{sa_mple_
(50) Navrotsky, A.Phys. Chem. Miner1997 24, 222. was assumed to be 100% crystalline. Its X-ray diffraction
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140 7 temperature. All other materials must be either entropically
120+ stabilized or metastable (or both, if the entropic stabilization
100 oA ¢A is not sufficient to overcome the enthalpic instability). Even
g 80 monoclinic ZrMgQg is only marginally more stable than a
3 60 eC ;g mixture of its binary oxides (by-5.1 &+ 3.5 kJ/mol).
T 40 g: o7 T There is a large discrepancy between the valueg\fay
20 obtained in this work and the previously reported values for
01 oM trigonal ZrMo,Og, which were determined by transpiration

measurement$ and isoperibol solution calorimetry in a
mixture of 10 M HF and 4.41 M bD,.4? Using the reported
enthalpies of formation from the elements2577.7 to
—2588.8 kJ/mol) and the enthalpies of formation for the
binary oxides tabulated by Robie and HemingWwayH;

) ) values for formation from the oxides of 2.4 to 13.3 kJ/mol
peaks are sharp, and there is no “hump” in the pattern at e cajculated, which are significantly less positive than ours
low angle. The quantitative phase analyses indicated that the 3034 kJ/mol). Although the literature value obtained from
first cubic ZrMo,Og sample (sample 5) contained8 1% transpiration measurements, 13.3 kJ/mol, is within esdig

of noncrystalline material, the second one (sample 6) \3/mol), still consistent with our data, the 2:44.5 kd/mol
contained 5.5+ 0.5% amorphous material, and cubic yenorted by Bharadwaj et al. from isoperibol solution
HfMo0,0g (sample 11) contained ﬁ_ 1% of an amorphous calorimetry deviates from our results. The values determined
phase. The amorphous phase in the ambient pressurgy grop solution calorimetry have proven reliable for many
crystalline samples may be different from those resulting refractory phases containing Zr and Hf and the same
from pressure—_induced amorphization, which are denser ?”dexperimental approach was used for both the mixed and
may be of different structure. If we assume that this phinary oxides. The experiments conducted by Bharadwaj
amorphpus material is energetically |dent|cal_to the pressure-assumed a complex dissolution pathway, as is evident from
amorphized phase and correct the enthalpies of formationihe gleven equations necessary to complete their thermody-
from the oxides of the above cubic phases using the heats,amic cycle. There is no direct evidence for the formation
of drop solution for the corresponding pressure-amorphized of several species that are assumed to be present in solution,
phases, we gehH; o values slightly less endothermic than 5 the dissolution pathways of ZrBnd Mo metal could
those_ in Table 2 (39.0 instead of 43.8 kJ/mol for sar_nple 5, pe different from that of ZrMgOs. Furthermore, it is our
43.5 instead of 46.6 kJ/mol for sample 6. and 53_.2 instead experience that ZrMas cannot be dissolved completely in
of 55.6 kJ/mol for sample 11). However, these differences gny commonly used acid, and our attempt to reproduce the
would not alter our picture of the relative enthalpic stabilities experimental conditions for the isoperibol solution calorim-

of the polymorphs and are, in fact, comparable to our etry (dissolution in 100 mL of 10 M HF and 4.41 M8,
experimental errors. We do not consider the effect of this \yithin 5 min at room temperature) failed to give complete
possible amorphous phase further. . _ dissolution. Even after much longer times and additional
The enthalpies of formation from the binary oxides for peating, a small solid residue was observed. These problems
the cubic, trigonal, and amorphous phases of ZO#  might account for the discrepancy between the values
HfM0,0s, and ZrWOs show the same trend: they all  gpained by Bharadwaj and those obtained in our work.
increase from ZrMgOs to HfMo,Os and to Zr'WOs (see  According to our calculations, a dissolution that is only 90%

ZI’M0208 HfM0208 ZI‘WZOB

Figure 1. Enthalpies of formation from the binary oxides at 298 K for
cubic (C), trigonal (T), monoclinic (M), and amorphous (A) Zrj@g; cubic,
trigonal, and amorphous HfM@g, as well as cubic, orthorhombic (O),
trigonal, and amorphous Zr\®s.

Figure 1).
Thermogravimetric analysis on the amorphous Hio

complete in the reaction reported by Bharadwaj et al. would
change the enthalpy of formation from the elements to be

sample showed a water content of about 0.9 wt %. The heatjgss negative by about 36 kJ/mol. This would increase the

of drop solution of amorphous HfM®s was corrected for

calculatedAHs ok from 2.4 to about 38 kJ/mol, which would

the heat of evaporation of water and the heat required t0 g ¢jose to our results. On the basis of this, we estimate that

raise the temperature of water from 298 to 975'K.SC of

amorphous HfMgOs showed only exothermic peaks, prob-
ably corresponding to first the amorphous to cubic and then

the dissolution of ZrMeOg in the reaction scheme of
Bharadwaj et al. might have been only-985% complete.
Similar to ZrMag,Os, trigonal HfMo,Og is enthalpically

the cubic to trigonal phase transitions. XRD of the post-TG/ ore stable than its cubic polymorph (the enthalpies of
DSC sample showed that the final product was the trigonal ¢omation from the oxides are 465 3.6 kJ/mol and 55.8

phase.

Discussion

+ 3.1 kd/mol, respectively). Enthalpies of formation from
the elements for trigonal HfM®s have previously been
determined by transpiration measurem&hasnd isoperibol

The enthalpies of formation from the oxides show that, Solution calorimetrf* Using Robie’s values for the heats
among the materials in the present study, monoclinic Of formation for the binary oxide¥, AHy o, values of 2.2 to
ZrM0208 is the On|y entha|pica”y stable po'ymorph at room 16 kJ/mol are calculated for tr|gona| Hﬂ\émg All of these

(51) Bale, C. W.; Chartrand, P.; Degterov, S. A.; Eriksson, G.; Hack, K.;

Mahfoud, R. Ben; Melancon, J.; Pelton, A. D.; PeterserC&phad
2002 26, 189.

values disagree with our results, despite the large error of

(52) Robie, R. A.; Hemingway, B. $J.S. Geol. Surey Bull.1995 2131,
461.
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the transpiration measuremen#s22 kJ/mol). The discrep-  thermodynamic quantities, i.e., the assumption thil o«
ancy between our value and that obtained by isoperibol can be estimated using only the enthalpies of changes in the
solution calorimetry may arise from the same problems as coordination numbers for the metals.

described for ZrMgOs. Both cubic and trigonal HfM@s Al the amorphous materials are less stable enthalpically
appear to be even less stable than the correspondinghan the corresponding crystalline phases at ambient pressure.
isostructural zirconium molybdate. The results for cubic and This is generally the case for other materials; for example,

trigonal ZrMo,Og and HfMoOs suggest that the formation  amorphous zirconia was reported to have a 58 kJ/mol higher
of the cubic and trigonal phases is to a large part kinetically enthalpy than monoclinic Zr&ys

controlled. o . . . The possible phase transitions between the phases of the
The local coordination environments in the cubic and present study from the aspect of thermodynamic feasibility
orthorhombic polymorphs of Zr¥Ds are slightly different  (enthalpic or entropic driving forces) and kinetic hindrance
(e.g., another tungsteroxygen interaction develops). This  are summarized in Table 3. Entropies of formation could be
presumably makes the orthorhombic phase enthalpically estimated for only a few of the phases studied; therefore, it
more stable than the cubic phase. The cubic phase isis difficult to state specifically whether an enthalpically
kinetically stabilized at room temperature, but the orthor- gestabilized phase is entropically stabilized or kinetically
hombic to cubic transformation is kinetically inhibited.  controlled. Standard molar entropies have been reported for
Heating to~393 K at ambient pressure is required for back- c\pic ZrMo,0s and ZrW0g from heat capacity dathand
conversion of the orthorhombic phase to the cubic material. o, trigonal ZrMo,0s and HfMo,Os from measurements
As the cubic phase is less densfg(rthorhombic)~ 0.95/;- using a solid oxide galvanic céeft.From the standard molar
(cubic)), it is expected to have a higher entropy and might aniropies reported for cubic ZrMOs and cubic ZrwWOs
become more stable at higher temperatures (see the estimayom heat capacity measureméfisnd those of Zrg MoOs
tion of the entropy of transition later in the Discussion).  gnd WQ tabulated in Robie and Hemingw&the entropies
One might expect the enthalpies of formation for cubic of formation were estimated (using the formules =
and trigonal ZrWOsg to be similar, as the local environments Snam,0s — (Snac, + 2Snmo,), WhereS, is the standard molar
are very similar to one another, as demonstrated by EXAFS entropy) to be 48.5 J mot K~ for cubic ZrMo,Os and 55.8
studies of both polymorph8.The crystal structure of trigonal 3 mol? K- for cubic ZrW,0Og at 298 K. Using our standard
ZrWz0g has not been solved yet, but Rietveld analysis enthalpiesAH ) and the above entropies of formation, we
assuming a trigonal ZrM@®s structure with the molybdenum  poptained a standard Gibbs free energy at 298 K of 30.7 kJ/
exchanged for tungsten clearly indicates that the structuresmg| for cubic ZrMaOg and 48.2 kJ/mol for cubic ZryDs.
are closely related. However, our results show significantly Assuming thaAG < 0 at the formatiorT, it was calculated
different enthalpies of formation from the oxides for the cubic that cubic ZrMeOg would be stable, relative to the binary
and the trigonal polymorphs 64:8 2.8 and 49.8- 4.1kJ/  oxides, above 931 K and Zr\@s would be stable above
mol, respectively). The same is true for the molybdates, 1162 K. The latter temperature is not far from the actual
where the trigonal phase is also enthalpically more stable synthesis temperature (1423 K) for cubic Z@.
than the cubic, although the local molybdenum coordination g, phases produced by solid-state reaction at a given
environments are very similaf:***This is evidence that  yemnerature directly from the binary oxides, entropies of
the long-range structure (the lattice) affects stability as well 5 ~tion from the oxides can be estimated using the
as the local environment. The value &f; o« for trigonal equationAS = AH/T (from AG = AH— TAS whenAG <
ZrW0g is identical within error to that of the orthorhombic 5 ot the formationT). Of our metastable materials, only
polymorph (49.8+ 4.1 and 50.6t 3.0 kJ/mol, respectively). trigonal ZrMo,Og and HfMo,Og and cubic Zrwog can be

Amorphous ZrWOs exhibits the greatest positivAHox prepared directly from the oxides by solid-state reaction, and
among all phases in this study (12285.5 kJ/mol). the estimated entropies of formation at83.1 (at 973 K),
The enthalpies of formation from the oxides of cubic and -5 g (at 923 K), and=45.6 J mot? K1 (at 1423 K)
orthorhombic ZrWOs have been estimated before by yegpectively. Notable is that the entropies of formation for
Reznitskii>* In this work, the enthalpies were derived from ¢ \pic Zr\W,0, obtained by using two completely different
the changes in the oxygen coordination of cations upon theconstraints, 55.8 J mol K1 (from heat capacity data) and

formation of the compounds from their binary oxides. This - 45 5 3 mot® K-t (from enthalpy and formation tempera-
previous report also finds that the orthorhombic phase is MOrey re), are in reasonably good agreement.

stable than the cubic one and argues that this is because the
formation of the high-pressure phase from its constituent
oxides is not accompanied by changes in Zr coordination
number. Although the value for the enthalpies of formation
from the oxides of cubic Zr'\dDg (67 + 17 kJ/mol) agrees
with our results, the one for orthorhombic Zp®% (28 + 7
kJ/mol) deviates significantly (by23 kJ/mol). The differ-
ence may lie in the different approach used to derive the

In general, for all the crystalline polymorphs, the lower
density cubic phases should have the highest entropies. This
seems to be the case for the Zr)g polymorphs; the
entropy of formation of the trigonal polymorpt=83.1 J
mol~1 K1) calculated for 973 K is less than that of the cubic
(48.5 J mot! K1 at 298 K). The dependence aH; and

(55) Molodetsky, I.; Navrotsky, A.; Paskowitz, M. J.; Leppert, V. J.; Risbud,
S. H.J. Non-Cryst. Solid200Q 262 106.

(53) Auray, M.; Quarton, M.; Tarte, FActa Crystallogr., Sect. @986 (56) Stevens, R.; Linford, J.; Woodfield, B. F.; Boerio-Goates, J.; Lind,
42, 257. C.; Wilkinson, A. P.; Kowach, GJ. Chem. Thermodyr2003, 35,

(54) Reznitskii, L. A.Inorg. Mater.2002 38, 1020. 9109.




474 Chem. Mater., Vol. 19, No. 3, 2007 Varga et al.

Table 3. Summary of Possible Phase Transitions between the Phases of (a) Zri@g, (b) HfMo20sg, and (c) ZrW,Og of the Present Study with
Respect to Thermodynamic Feasibility and Kinetic Controf

(a) ZrMo,Og
trigonal monoclinic amorphous
c—T, C—M, C—A,
TD: irreversible, TD: irreversible, TD: feasible at P,
cubic K: slow, K: slow, may be reversible,
AHyans= —13.0, AHyans= —50.3, AHyans= 53.8
AV = —9.9(—8.6%) AV = —28.4(—24.8%)
T—M, T—A
TD: reversible on heating, TD: feasible at P, may be reversible,
trigonal K: slow, AHgans= 66.7
AHyrans= —37.3,
AV = —18.5(-17.7%)
M—A,
monoclinic TD: feasible at P may be reversible,
AHyans= 104.1
(b) HfM020g
trigonal amorphous
C—T, C—A,
TD: irreversible, TD: feasible at P may be reversible,
cubic K: slow, AHyans= 46.2,
AHirans= —9.3,
AV = —10.2(-8.9%)
T—A,
trigonal TD: feasible at P reversible,
AHgans= 55.5
(c) ZrwW,0g
orthorhombic trigonal amorphous
c—0, C—T: NO, C—A,
TD: reversible on heating, TD: irreversible, TD: feasible at P reversible,
cubic K: slow, K: slow, AHyans= 62.9
AHyrans= —14.2, AHyrans= —15.0,
AV = —6.0(—5.2%) AV = —17.4(-15.1%)
O—T: NO, O—A,
TD: feasible (H), TD: feasible at P,
orthorhombic may be reversible, may be reversible,
K: slow, AHyans= 77.2

AV = —11.4(-10.4%)
T—A: NO,
TD: feasible at P,

may be reversible,
AHyrans= 78.0

trigonal

a Enthalpy of transition values\Hxyansin kJ/mol) were calculated from th&Hs ox values; the accompanying volume chand® §n cm®mol and as %V),
where available, are also shown. Nomenclature: TD, thermodynamically; K, kinetically; H, enthalpically favored; NO, not observed; C, ciwoal, tri
M, monoclinic; O, orthorhombic; A, amorphous. %¥ AV x 100Mess dense phase

AS on temperature is most likely small or negligible in the polymorph%8-8 There are no entropy data available for cubic
298-1000 K range, therefore the above comparison can be HfMo,Og, but the cubic phase probably has a higher entropy
safely made. The entropy of formation for the monoclinic than the trigonal, analogous to the corresponding ZM4o
phase is most likely even smaller than that of the trigonal phases. Orthorhombic Zr\®@s can only be obtained by the
phase, although as the enthalpy of formation for monoclinic compression of the cubic phas&rom the known pressure
ZrMo,Qg is negative, its entropy cannot be estimated using of the phase transition (starting at 0.2 GPa) and the
the equatiom\S > AH¢/T. A lower entropy of the monoclinic ~ accompanying volume change & cn¥/mol), the standard
phase would suggest that a monoclinic to trigonal phase Gibbs free energy can be estimated using the equation
transition is feasible. Indeed, such a transition has beenAG%gs x < PAV. Knowing the change in Gibbs free energy
reportedt:5357Trigonal ZrMo,0Og becomes more stable than and the enthalpy of transition, we can estimate the entropy
the monoclinic phase at high temperature, above 932 K, of transition as well as the standard entropy of formation
which is in agreement with the formation of the monoclinic for the orthorhombic phase. The entropy of the cubic to
phase at slightly lower temperature (923 K). It should be orthorhombic transition is calculated to be-43.6 J mot*
noted that the reversible trigonal to monoclinic phase K1 Thus, the estimated entropy of formation for orthor-
transition on compression/decompression reported previously:

for ZrMo,Og involves a different, lower density monoclinic ~ (58) Carlson, S.; Krogh Andersen, A. Nhys. Re. B 2000 61, 11.
(59) Krogh Andersen, A. M.; Carlson, 8cta Crystallogr., Sect. R001,
57, 20.
(57) Serezhkin, V. N.; Efremov, V. A;; Trunov, V. lRuss. J. Inorg. Chem. (60) Muthu, D. V. S.; Chen, B.; Wrobel, J. M.; Andersen, A. M. Krogh;
1987 32, 1566. Carlson, S.; Kruger, M. BPhys. Re. B 2002 65, 064101.
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Table 4. Possible Thermodynamic Stability Fields of the Studied Polymorphs of ZrMgDg, HfMo20g, and ZrW ,Og: Enthalpies of Formation,
Entropies of Formation, and Gibbs Free Energies

AHs from the oxides estimated\S estimated Gibbs free energy
material at 298 K (kJ/mol) (I molFtK=1h (AG, kJ/mol)

cubic ZrMo,Og 452+5.3 48.5 at 298 K 30.7 at 298 K,

stable aff > 931.1 K
trigonal ZrMoOg 322+45 >33.1at973 K <0atTf=973K
monoclinic ZrMaOg —-5.14+35
amorphous ZrMgOg 98.9+ 5.0
cubic HIM0,Og 55.8+3.1
trigonal HfMo,Os 46.5+ 3.6 >50.8 at 923 K 0af; =923K
amorphous HfMgOg 102.0+ 6.3
cubic Zr'W,Os 64.8+2.8 55.8 at 298 K, 48.2 at 298 K,

>45.6 at 1423 K stable afl > 1162.5 K,

<0atT; = 1423 K
orthorhombic ZrWOs 50.6+ 3.0 >12.2 at 298 K =—1.2at298K
trigonal Zr\W,0g 49.8+4.1
amorphous Zr\WWOg 127.8+5.5

hombic Zr'W,0Og, AS = 12.2 J mol! K71, is significantly (amorphous phase) on amorphization of both ZD4/and
lower than that of the cubic phase (55.8 J md{ ). This ZrMo,0g.5' These observations mean that, on pressure-
is consistent with the orthorhombic to cubic phase transition induced amorphization, the average metal coordination
being entropically favored (although kinetically controlled). numbers become closer to the coordination numbers seen in
Table 4 summarizes the calculated thermodynamic param-the binary oxides. Thus, from a structural point of view, and
eters for the phases studied. in the light of Reznitskii's papet our results do not support
Our results do not support the finding that the cubic phase the statement that the smaller the change in the coordination
is entropically favored relative to the amorphous phase, asnumber relative to the binary oxide, the more stable the
was reported for Zr\AOg by Perottoni et at® Both our DSC material. Thus, local coordination is clearly not the only,
results (exothermic recrystallization) and the drop solution and may not be the dominant, factor affecting energetics.
enthalpies (exothermic heats of the amorphous to crystalline A correlation between the enthalpies of transitiodf{ans
transition) suggest that the entropy of the amorphous phasecalculated from the enthalpies of formation from the oxides)
is greater than that of the crystalline phases. We calculatedand the changes in the volume per formula uAl/) is noted
the water content that could change the sign of the measuredn the crystalline to crystalline phase transitions of Zeag
enthalpy of the amorphous to cubic phase transition in (see values in Table 3). The enthalpy of transition increases
ZrW,0g from our approximately—63 kJ/mol (calculated  as the change in volume increases. This suggests that the
from the enthalpies of formation from the oxides in Table phase transitions that are accompanied by a greater reduction
2) to positive because of the endothermic release of waterin volume are enthalpically more favored. This is not true,
on heating and transformation. The calculation was carried however, for pressure-induced amorphization, which is in
out under the assumption that the water is bound only to theall cases accompanied by an increased (more positive)
surface. We calculate that the presence-8fwt % surface enthalpy of formation, whereas the volumes per formula unit
water can have such a significant effect on the energetics offor the amorphous materials obtained by compression are
the phase transition, i.e., can result in endothermic recrys-expected to be smaller than those for the corresponding low-
tallization, such as the one reported by Perottoni &% Hl. pressure crystalline polymorphs. The volume per formula
should be noted that an even smaller amount of chemically unit for a recently reported high-pressure polymorph of
bound water (having a larger heat of vaporization than liquid Zrw,0g with a cation-disorderedx-UsOg-type structure
water) is enough to cause the same difference. TGA onclaimed to be 35% smaller than that of orthorhombic
amorphous HfMgOg indicated that the amorphous material ZrW,0Og; that is, its molar volume is-71.2 cn¥/mol .15 The
contained about 1% water, despite the dry starting material AHyans— AV data pairs for ZrwOs showed no apparent
used for high-pressure synthesis and the product beingcorrelation. As the molar volumes for the amorphous
analyzed within days after synthesis. Most of the water materials are not known, only omeHans— AV data pair was
content of the sample was lost between 300 and 400 available for HfMoOQOs.
indicating that the water was most likely chemically bound.  considering the commonly accepted view of pressure-
This highlights the need for special care to ensure the drynes§nduced amorphization, which is that it arises due to kinetic
of the samples when studying the relative energetics of hindrance of an equilibrium phase transition to an even higher
different phases by calorimetry. density crystalline phase, our calorimetric data shows that
High-pressure XAS studies on amorphous 208" and  the pressure-amorphized phase is indeed higher in energy
ZrMoOg'® showed an increase in the average W coordination (and presumably in entropy) than the low-pressure cubic
number and a slight shift in the Mo coordination. This shift form. Whether it has a true stability field or is always
from tetrahedral coordination in the cubic material toward a metastable with respect to some kinetically hindered denser
more centrosymmetric coordination environment of the crystalline polymorph, we cannot say. The pressure-amor-
central atom in the amorphous material was definitive for

W in the tungstate. AnOth_er XAS study revea_led an Increase (61) Varga, T. Ph.D. Thesis, Georgia Institute of Technology, Atlanta, GA,
in the average Zr coordination from 6 (cubic phase) to 7 2005.
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phized states in AMDg phases have also been viewed as cubic phase by~14 kJ/mol. These results, in combination
precursors to decomposition; as reported for ZDd/ by with the observed phase-transition behavior, imply that cubic
Arora et al.f?2 and considered as a possibility for ZpDg” ZrW,0gs is entropically stabilized relative to the orthorhombic
and ZrMaOg'® by Varga et al. In that case, the pressure- phase and that the monoclinic to trigonal phase transition in
amorphized phase can be a metastable state between the low2rMo,Og should be entropically favored. The pressure-
pressure crystalline phase and a mixture of oxides with amorphized phases have significantly higher enthalpies and
different composition. presumably slightly higher entropies than the crystalline ones.
Our results suggest that the amorphous phase can be a
Conclusions metastable state on a pathway to some high-pressure equi-

Enthalpies of formation determined for a variety of librium phase or to decomposition.

ZrMo,0g, HfM0,0s, and Zr'W,Og polymorphs using drop
solution calorimetry showed that only monoclinic Zrp@y
is enthalpically stable with respect to the binary oxides. All
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