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The formation of MgAl2O4 from a freeze-dried nitrate precursor was studied by thermo-
gravimetric analysis, differential thermal analysis, powder X-ray diffraction, transmission
electron microscopy, 27Al magic angle spinning NMR, and high-temperature solution
calorimetry. A single phase, slightly alumina-rich spinel of composition Mg0.957Al2.028O4 was
obtained from the precursor by calcination at temperatures g 1073 K. Transmission electron
microscopy revealed that material calcined at 1073 K was nanocrystalline, with grain sizes
on the order of 20 nm. 27Al NMR revealed that this material had an unusually high degree
of cation disorder, with an order parameter of 0.59 at room temperature. This degree of
disorder, which has previously only been achieved in MgAl2O4 via neutron bombardment,
provides strong thermodynamic evidence that the freeze-dried precursor contained a highly
disordered and probably close to random mixture of cations. Significant levels of five-
coordinated Al3+ were detected in amorphous samples calcined at 973 K. Increasing
calcination temperatures resulted in a decrease in the percentage of tetrahedral Al3+ and a
simultaneous increase in the average particle size of the material. Drop solution calorimetry
in 2PbO‚B2O3 at 975 K revealed an enthalpy difference of 39.9 ( 7.4 kJ mol-1 between the
disordered nanophase MgAl2O4 synthesized at 1073 K and the well-crystallized material
synthesized at 1773 K. Particle size, cation distribution, and adsorbed H2O affect the
energetics, with the surface energy term dominant.

Introduction

The solid-state reaction between MgO and Al2O3
yielding spinel, MgAl2O4, is relatively well studied, and
reports of the reaction mechanism,1 kinetics,2,3 and
thermodynamics4,5 are abundant in the literature. This
makes MgAl2O4 an attractive material for evaluating
the utility of a nonconventional solid-state synthesis,
and indeed MgAl2O4 has been synthesized by numerous
solution-based methods, such as spray-drying,6 freeze-
drying (the cryochemical method),7 and sol-gel meth-

ods.8 These solution methods have the common goal of
producing a precursor in which Al3+ and Mg2+ ions are
intimately mixed, ideally on the atomic scale. This
enhanced homogeneity greatly reduces the diffusion
distance necessary for product formation and enables
synthesis of traditionally high-temperature phases un-
der comparatively mild reaction conditions. Because
lower temperatures can often be used in such syntheses,
limited sintering and grain growth occur and the
production of nanocrystalline materials9 is possible in
some systems. Although these methods are often suc-
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cessful in their goal of synthesizing high-quality materi-
als under milder reaction conditions, the results are
often wholly attributed to this shortening of diffusion
paths (i.e., kinetic factors). With few exceptions,10 the
energetics of the processes are ignored, and the differ-
ences in structure and energetics between nanocrystal-
line and coarse-grained samples have seldom been
detailed.
MgAl2O4 is the parent compound of the spinel struc-

ture, which ideally consists of a cubic closest packing
of O2- ions with Al3+ ions occupying one-half of the
octahedral interstices and Mg2+ ions occupying one-
eighth of the tetrahedral interstices. However, devia-
tions in the cation distribution in MgAl2O4 are common,
especially at high temperatures. The cation distribution
can be expressed as (Mg1-xAlx)[MgxAl2-x]O4, where x is
an order parameter, and parentheses denote tetrahedral
sites, square brackets octahedral. Then x ) 0 corre-
sponds to a “normal” spinel, x ) 2/3 corresponds to a
statistically random distribution, and x ) 1 corresponds
to an “inverse” spinel. Synthetic MgAl2O4 is generally
10-30% disordered (i.e., x ) 0.1-0.3) when quenched
from temperatures above ∼1273 K.11-13 Natural
MgAl2O4 specimens, which have slowly cooled over
geologic time periods, have order parameters near
zero.14 MgAl2O4 with a nearly inverse cation distribu-
tion has recently been obtained via neutron bombard-
ment of single crystals.15 Here we describe the cryo-
chemical preparation of MgAl2O4 with a nearly random
cation distribution. The crystallization of MgAl2O4 from
freeze-dried nitrates was studied through powder X-ray
diffraction and simultaneous thermogravimetric and
differential thermal analysis. The variation in cation
distribution with increasing calcination temperature
was studied by 27Al magic angle spinning NMR, and the
particle size and morphology of the materials was
studied by transmission electron microscopy. High-
temperature oxide melt solution calorimetry was used
to study the evolution of the total energy of the material
with heat treatment and to elucidate the energetic
pathway to product formation.

Experimental Section

A. Freeze-Dried Precursor Preparation. The reagents
used were Al(NO3)3‚9H2O and MgO (g99.9% metal basis,
Johnson Matthey). The Al(NO3)3‚9H2O was analyzed ther-
mogravimetrically to determine its water content. A nitrate
solution was prepared by dissolving 0.1000 mol of MgO and
0.2000 mol of Al(NO3)3‚9H2O in 2000 mL of distilled and

deionized H2O acidified with 13.0 mL of 16.8 M HNO3. Upon
complete dissolution of the reagents, the solution was vacuum-
filtered to reduce the concentration of dissolved gases. The
resulting solution was then atomized through an ultrasonic
spray nozzle (Sonotek) and rapidly frozen by allowing the
aerosol to fall into rapidly stirred liquid nitrogen. The frozen
solution was placed in a commercial freeze-drying apparatus
and dried at a primary sublimation temperature of 243 K and
a background pressure (at the condenser) of 45 mTorr. After
several days sublimation was complete and the temperature
of the sample was raised to 298 K at a rate of 5 K h-1 yielding
the freeze-dried precursor. Further details of the procedure
are provided elsewhere.16

A portion of the original solution was not frozen but was
evaporated to dryness by heating in open air to 353 K. The
residual solid material was subjected to several of the experi-
ments outlined below as a comparison, and to evaluate the
effectiveness of the freeze-drying procedure with respect to
phase purity and overall quality of products. This sample is
referred to below as the mechanical mixture, to distinguish it
from freeze-dried precursors which, ideally, have cations mixed
on the atomic scale.
B. Thermal Processing. The freeze-dried Mg(NO3)2:2Al-

(NO3)3:nH2O mixture contained significant amounts of H2O,
and the as-prepared material would dissolve in its waters of
hydration upon thermal processing. This “melting” is a source
of phase separation and destroys the intimate mixing of cations
achieved through the freeze-drying procedure. Phase separa-
tion can be avoided if the waters of hydration are carefully
removed below the solidus of the precursor. This was achieved
by slowly (10 K h-1) heating the precursor under vacuum (∼1
Torr) to 338 K, holding at this temperature for 15 h, and then
slowly heating to 383 K and holding at this temperature for
20 h. The resulting dehydrated precursor showed no visible
signs of melting during calcination. Identical dehydration
procedures were used for the mechanical mixture.
The dehydrated precursor was calcined in Pt crucibles by

plunging into a box furnace (Lindberg model #51848) at
temperatures ranging from 873 to 1373 K for 1 h. The samples
were then quenched to room temperature by quick removal
from the furnace. Additional samples were calcined at 1473,
1573, 1673, or 1773 K in a high-temperature furnace (Deltech
DT31) by plunging the dehydrated precursor in Pt crucibles
to 1073 K, heating at 50 K min-1 to the desired temperature,
holding at the desired temperature for 1 h, and cooling at 50
K min-1 to 1273 K. They were then quenched from 1273 K to
room temperature by quick removal from the furnace.
C. Precursor and Sample Characterization. The

freeze-dried and dehydrated precursors were studied by
powder X-ray diffraction (XRD) with a Scintag PAD V diffrac-
tometer using Cu KR radiation. Samples were mounted from
an acetone slurry onto quartz zero-background plates. Data
were collected from spinning samples while continuously
scanning 2Θ at 1 °2Θ min-1. Calcined MgAl2O4 samples were
studied by XRD using identical equipment and procedures.
Full widths at half-maximum were calculated using Pearson
VII profiles by a curve-fitting program in the Scintag software.
Dehydrated precursors were also studied by simultaneous
thermogravimetric and differential thermal analysis (TGA/
DTA) using a Netzsch STA 409. TGA experiments were run
at a heating rate of 10 K min-1 from 298 to 1773 K under
flowing Ar or He.

27Al magic angle spinning (MAS) nuclear magnetic reso-
nance (NMR) spectroscopy was performed using a home-built
spectrometer based on a Nicolet 1280 data system. MAS was
performed at 9-10 kHz at an Ho magnetic field of 11.7 T (500
MHz 1H frequency) using a Doty Scientific probe. Pulse
lengths were 1 ms, 1/6 of the solid 90° pulse length, to minimize
possible differential signal loss and consequent spectral effects
of a likely range of 27Al quadrupole coupling constants in the
samples. The amount of Al detected in a particular coordina-
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tion was determined via integration of the central spectral
peaks. Because the Al[6] peak is broadened to negative
chemical shift values due to unaveraged second-order quad-
rupole effects, the small Al[4] sideband sits on the tail of the
Al[6] peak. This, along with the nonsymmetrical peak shape,
made curve fitting difficult, and the peak areas obtained are
accurate to only about (5%. However, the relative values,
which were used to determine order parameters, are consider-
ably more accurate (about (2%).
Bright field transmission electron microscopy (TEM) images

were obtained using a Philips CM30 TEM. Powders were
collected from an acetone suspension using a holey carbon grid.
This grid was then air-dried and examined immediately.
D. Calorimetry. High-temperature drop solution calo-

rimetry was performed in a Tian-Calvet twin microcalorimeter,
which has been described in detail by Navrotsky,17 operating
at ∼975 K with 2PbO‚B2O3 as the solvent. Samples were
pressed into pellets of 10-20 mg, weighed on a semimicro-
balance to (0.01 mg, and dropped from room temperature into
the hot zone of the calorimeter. The measured heat effect is
a combination of the heat content and heat of solution of the
MgAl2O4. The heat effect was calibrated with the heat content
of Pt by dropping small (∼250 mg) pieces of Pt wire from room
temperature into the calorimeter. Due to the small particle
size and high surface area, samples calcined below 1373 K
readily adsorbed atmospheric H2O. The removal of this
adsorbed H2O upon sample dissolution in 2PbO‚B2O3 also
contributed to the measured heat effect. As it was very
difficult to maintain a constant H2O content in relatively
anhydrous samples during pelletizing and handling prior to
calorimetry, they were left exposed for several days to the
precisely controlled atmosphere of the calorimetry laboratory
(295 ( 1 K and 55 ( 2% relative humidity). The resulting
steady-state water content was then determined by TGA/DTA
(Netzsch STA 409) or by heating weighed pellets of the
material to 1373 K for 12-20 h in Pt boats and attributing
the weight loss of the sample to H2O. To confirm that all
weight loss could be attributed to H2O, evolved gas analysis
(EGA) was performed in conjunction with the TGA/DTA
experiments with a Balzers MS500 Thermocube mass spec-
trometer, sampling the exit gas of the TGA/DTA system. To
correct the solution calorimetric data for the heat effect due
to removal of adsorbed H2O, transposed temperature drop
calorimetry, wherein the sample is dropped from room tem-
perature into the calorimeter without solvent present, was
performed on two of the hydrated nanophase MgAl2O4 samples.
All calorimetric experiments were performed under flowing Ar
(90 mL/min) to expel evolved H2O(g) from the calorimeter and
to avoid baseline shifts. The calorimetric procedures for
dealing with hydrated phases have been previously estab-
lished.18

Results and Discussion

A. Sample Characterization. The freeze-dried
precursor was a white, highly voluminous and hygro-
scopic powder. The XRD pattern of the material (Figure
1) consisted largely of amorphous scattering with the
only identifiable peaks being indexed to Mg(NO3)2‚
6H2O. The largely amorphous XRD pattern from the
precursor is evidence for a lack of long range order in
the material. This is consistent with the achievement
of an atomic level mixing of ions through the freeze-
drying procedure. The detection of crystalline
Mg(NO3)2‚6H2O may be the a result of water adsorption
and crystallization during sample mounting and data
collection. This idea is supported by the detection of
Mg(NO3)2‚6H2O peaks in the XRD pattern of the

dehydrated precursor (Figure 1), which should not have
contained any highly hydrated nitrates after the vacuum
heat treatment.
Elemental analysis of the dehydrated precursor via

ICP revealed a 1.000 Mg to 2.115 Al ratio in the
material. Al2O3 and MgAl2O4 form a broad range of
solid solutions,19 and the slight (∼5%) excess Al2O3 does
not phase separate but after calcination yields an
alumina-rich spinel, Mg0.959Al2.028O4. Assuming all of
the Mg occupies tetrahedral sites, a more crystal-
lograpically accurate description of the material would
be (Mg0.959Al0.02700.014)[Al]2O4 , with 0 denoting vacan-
cies. This slightly alumina-rich stoichiometry was
probably a result of adsorbed H2O on the MgO used in
preparation of the original solution. Although the exact
composition of our samples is slightly different, the
products will still be referred to below as MgAl2O4,
unless the stoichiometry has an obvious bearing on the
result discussed.
The thermal decomposition of the dehydrated precur-

sor was studied by simultaneous TGA/DTA. TGA
revealed that the nitrate decomposition of the dehy-
drated precursor was essentially complete by 800 K
(Figure 2A). The weight change of the dehydrated
precursor from 298 to 1673 K was -69.4%. This value
is slightly less than the theoretical weight change for
the reaction

of -75.2%, which is not surprising, as the decomposition
of Mg(NO3)2‚6H2O and Al(NO3)3‚9H2O occurs through
hydroxynitrate intermediates rather than anhydrous
nitrates. (Various nitrogen oxide byproducts are pos-
sible, i.e., NOx ) NO, NO2, etc.) The nitrate decomposi-
tion of the dehydrated precursor is also evident through
DTA as a large endothermic peak at ∼450 K and a
second smaller endotherm at ∼750 K. An exothermic
peak was also detected at ∼1073 K. This latter tem-
perature corresponds to the lowest calcination temper-
ature at which crystalline MgAl2O4 was detected by
XRD (see below), and the exotherm is probably due to
this amorphous to crystalline transition.

(17) Navrotsky, A. Phys. Chem. Minerals 1977, 2, 89.
(18) Navrotsky, A.; Rapp, R. P.; Smelik, E.; Burnley, P.; Circone,

S.; Chai, L.; Bose, K.; Westrich, H. R. Am. Miner. 1994, 79, 1099.
(19) Navrotsky, A.; Wechsler, B. A.; Geisinger, K.; Seifert, F. J. Am.

Ceram. Soc. 1986, 69, 418.

Figure 1. XRD patterns from (A) the freeze-dried precursor
and (B) the dehydrated precursor. All identifiable peaks were
indexed to Mg(NO3)2‚6H2O.

Mg(NO3)2 (s) + 2Al(NO3)3(s) f

MgAl2O4(s) + 6NOx(g) + (10 - 3x)O2(g) (1)
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Some insight into the mixing of cations achieved
through the freeze-drying process can be gained by
comparison of the TGA/DTA data of the material with
those obtained from the mechanical mixture. TGA of
the dehydrated precursor (Figure 2A) gave a smooth,
continuous curve, with little or no sign that two separate
decomposition reactions may be occurring. The TGA
curve from the mechanical mixture, however, clearly
shows a shoulder beginning at∼573 K, and two discrete
endotherms are seen by DTA below 673 K (Figure 2B).
Comparison with TGA/DTA of Mg(NO3)2‚6H2O and Al-
(NO3)3‚9H2O (as obtained from Johnson Matthey) sug-
gests that the shoulder is due to decomposition of
Mg(NO3)2‚6H2O and the lower temperature decomposi-
tion is primarily that of Al(NO3)3‚9H2O (Figure 2C). The
decomposition of the freeze-dried material is clearly
different from that of the mechanical mixture, resem-
bling that of a single phase. The decrease in intensity
and shift to higher temperature of the ∼1073 K exo-
therm of the mechanical mixture is evidence that
MgAl2O4 can be obtained at lower processing temper-

atures through the use of freeze-dried nitrate precur-
sors.
The XRD patterns of samples obtained by calcining

the dehydrated precursor for 1 h at 973-1773 K vary
significantly (see Figure 3). Material calcined below
1073 K was amorphous to X-ray diffraction. The XRD
patterns of all samples calcined for 1 h at g1073 K
showed single-phase MgAl2O4. No impurity peaks were
detected. Significant peak broadening due to small
particle size was evident in samples calcined at e1373
K. A smooth and regular decrease of the full width at
half-maximum (fwhm) of the 311 peak (most intense
reflection in randomly oriented MgAl2O4) was evident
with increasing calcination temperature (Table 1). The
“excess broadening” (and therefore fwhm) of a diffraction
line is inversely proportional to the particle size of the
material by the Scherrer formula.20 The regular de-
crease in fwhm indicates a regular increase in particle
size with increasing calcination temperature, and sug-
gests that the particle size of the MgAl2O4 may be
selected by appropriate thermal processing. Similar
behavior has been found in nanocrystalline BaTiO3
prepared from freeze-dried nitrates.21 Although samples
were calcined for 1 h, this length of time was not
necessary for crystallization of MgAl2O4 at temperatures
g1073 K. Calcination times of 10 min (shortest time
period investigated) gave material with XRD patterns
nearly identical to those of samples calcined for 1 h at

(20) Cullity, B. D. Elements of X-ray Diffraction, 2nd edn.; Addison-
Wesley: London, 1978.

(21) McHale, J. M.; McIntyre, P. C.; Sickafus, K. E.; Coppa, N. V.
J. Mater. Res. 1996, 11, 1199.

Figure 2. TGA (dashed line) and DTA (solid line) curves for
(A) the dehydrated freeze-dried precursor, (B) the dehydrated
mechanical mixture, and (C) individual Mg(NO3)2‚6H2O (solid
line) and Al(NO3)3‚9H2O (dashed line).

Figure 3. XRD patterns of MgAl2O4 samples obtained from
calcination of the dehydrated precursor for 1 h at (from bottom)
973, 1073, 1173, 1273, 1373, 1573, and 1773 K. All peaks were
indexed to MgAl2O4.

1086 Chem. Mater., Vol. 10, No. 4, 1998 McHale et al.



the same temperature. This is a dramatic increase in
reaction rate over that achieved through conventional
ceramic processing. For example, a kinetic study by
Beretka and Brown2 has shown that reaction of a
mechanical mixture of 1-3 µm particles of MgO (peri-
clase) and Al2O3 (corundum) does not reach completion
after 90 h at 1573 K.
To study the morphology and particle size of the

material, transmission electron microscopy was per-
formed on a sample calcined for 1 h at 1073. Figure
4A shows a low-magnification bright field image of a
single MgAl2O4 agglomerate. The material has an
interesting fiberlike morphology, which might have
resulted from rapidly escaping gases during nitrate
decomposition. Higher magnification images (Figure
4B) show that this agglomerate is nanocrystalline,
comprised of crystallites with linear dimensions in the
range 10-20 nm. No amorphous material was detected
by TEM.
The variation in cation distribution in the MgAl2O4

with increasing calcination temperature was studied by
27Al magic angle spinning NMR (Table 1). O’Reilly22
examined the solid-state 27Al NMR of R-Al2O3 and
γ-Al2O3 and found that the NMR signal intensity from
a constant number of Al nuclei decreased with increas-
ing specific surface area. He concluded that the first
two molecular layers of the Al2O3 do not contribute to
the NMR signal, and attributed this to a large electric
field gradient on these surface Al atoms. More recently,
Huggins and Ellis23 have examined this phenomenon.
Although agreeing that the surface Al do not contribute
to the NMR signal, they attributed the loss of intensity
to dynamic events on the surface involving adsorbed OH
and H2O groups. In either case, our NMR data should
likewise mainly reflect the bulk cation distribution. The
amorphous material obtained via calcination at 973 K
contained approximately 10% of the Al3+ in 5-fold
coordination and a higher percentage of tetrahedral
aluminum than octahedral aluminum. Pentacoordi-
nated Al3+ has been previously detected in nanocrys-
talline γ-Al2O3, which suggests that the amorphous
material is very similar to a transitional alumina.24 The
percentage of octahedrally coordinated Al3+ increased
fairly regularly with increasing calcination temperature
(see Table 1). The order parameter of the sample

calcined at 1073 K, 0.59, is near the value (0.667) for a
completely random distribution. The large percentage
of Al3+ in tetrahedral sites cannot be attributed to the
off-stoichiometry of our samples. The excess alumina
(actual composition was Mg0.959Al2.027O4) can only be
responsible for an additional 4% of Al in tetrahedral
sites or an increase in x of 0.04. This sample still has
an order parameter >0.50 even when considering the
Mg deficiency. This is the highest degree of inversion
ever observed at room temperature in MgAl2O4 without
the use of neutron bombardment.15

(22) O’Reilly, D. E. Adv. Catal. 1960, 12, 31.
(23) Huggins, B. A.; Ellis, D. E. J. Am. Chem. Soc. 1992, 114, 2098.
(24) Coster, D. J.; Fripiat, J. J.; Mucsas, M.; Auroux, A. Langmuir

1995, 11, 2615.

Table 1. Results of Sample Characterization and Drop Solution Calorimetry Experiments

calcination
temperature (K)

fwhm of 311
peak (deg 2Θ)

estimated
surface area (m2 g-1)

order
parameter x

measured ∆Hds
(kJ mol-1 MgAl2O4‚nH2O)a

wt %
H2O

n (mole
fraction H2O)

∆Hcds (kJ mol-1
MgAl2O4)d

873 b 273.31 ( 2.10 (6) 20.10c 1.98 72.5 ( 19.9c
973 b 1.0256 240.5 ( 2.85 (8) 16.91 1.60 78.2 ( 16.3
1073 1.098 140 0.5880 198.50 ( 1.30 (13) 8.39 0.722 125.3 ( 7.3
1173 0.644 78 0.3776 163.21 ( 1.44 (7) 2.92 0.237 139.2 ( 2.8
1273 0.402 45 0.3496 155.45 ( 0.56 (3) 1.06 0.084 146.9 ( 1.0
1373 0.260 25 0.3084 161.63 ( 1.01 (13) 0.79 0.063 155.2 ( 1.2
1473 0.117 5.7 159.91 ( 0.88 (4) 0.00 0.00 159.9 ( 0.9
1573 0.093 2.5 0.2412 164.19 ( 1.08 (12) 0.00 0.00 164.2 ( 1.1
1673 0.085 1.4 162.43 ( 0.78 (6) 0.00 0.00 162.4 ( 0.8
1773 0.075 0 165.17 ( 0.97 (7) 0.00 0.00 165.2 ( 1.0

a Reported uncertainties are two standard deviations of the mean. Numbers in parentheses is the number of experiments performed.
b These samples were amorphous to XRD. c Sample also contained adsorbed NOx. d Heat effects were corrected for H2O removal using
101.4 ( 10.0 kJ mol-1 H2O.

Figure 4. (A) A bright field TEM image (scale bar ) 200 nm)
of an agglomerate of MgAl2O4 synthesized at 1073 K and (B)
a higher magnification image (scale bar ) 20 nm) of a region
of the same particle.
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The high degree of cation disorder in this sample
suggests that the freeze-drying procedure produces a
precursor with a random mixture of cations. The
equilibrium degree of disorder parameter for MgAl2O4
at 1073 K is ∼0.3.12,13 The greater disorder observed
in our sample synthesized at 1073 K is likely a result
of an initially random mixture of cations in the freeze-
dried precursor and mild calcination conditions.
B. Calorimetry. High-temperature drop solution

calorimetry was used to study the evolution of the total
energy of the material with heat treatment and eluci-
date the energetic pathway to product formation. The
MgAl2O4 samples readily dissolved in 2PbO‚B2O3 at
∼975 K, and the calorimeter signal usually returned to
a stable baseline in less than 1 h after dropping a
sample into the solvent. As discussed above, the heat
effect measured by drop solution calorimetry has three
contributions; the heat content of MgAl2O4 between 298
and 975 K, the heat of desorbing and heating of H2O to
975 K, and the heat of solution of the MgAl2O4 in
2PbO‚B2O3 at 975 K. The equilibrium adsorbed H2O
content of the samples is given in Table 1. Once the
calorimetric data is corrected for heat effects due to
removal of this H2O, the final state of all experiments
is the same (i.e., a dilute solution of MgO and Al2O3 in
2PbO‚B2O3 at 975 K). Any difference in the corrected
enthalpy of drop solution, ∆Hcds, then gives directly the
enthalpy difference between the samples at room tem-
perature. In general, ∆Hcds became more endothermic
with increasing calcination temperature. The major
factors contributing to this increase were crystallization,
changes in cation distribution, and decreases in surface
area. To evaluate these factors further, it is necessary
to discuss the correction of the calorimetric data for the
heat of removal of H2O, ∆HH2O.
1. Correction for Adsorbed H2O. The enthalpies of

drop solution of MgAl2O4 samples from the dehydrated
precursor calcined at varying temperatures appear in
Table 1. Also included are the equilibrium weight
percentages of adsorbed H2O on the samples as deter-
mined by TGA. To determine ∆HH2O and to correct the
data for heat effects due to adsorbed H2O, transposed
temperature drop calorimetry was performed on samples
calcined for 1 h at 1073 and 1173 K. As these samples
had been calcined at a temperature more than 100 K
higher than the calorimeter temperature, little to no
grain growth or cation ordering would be expected to
occur during transposed temperature drop calorimetry,
and heat effects due to dehydration can be isolated. In
these experiments, pellets of nanophase MgAl2O4‚nH2O
were dropped into the calorimeter in the absence of
solvent. The measured heat effect, ∆Httd, which corre-
sponds to the reaction

was 171.9 ( 2.2 kJ per mole of MgAl2O4‚0.722 H2O for
the 1073 K sample and 118.7 ( 0.6 kJ per mole of
MgAl2O4‚0.160H2O for the 1173 K sample. These heat
effects contain two contributions. The first is the heat
content of anhydrous MgAl2O4

and the second is due to the removal and heating of
adsorbed H2O

The heat content of anhydrous MgAl2O4 (reaction 3) was
determined from transposed temperature drop calorim-
etry on a sample calcined for 24 h at 1773 K to be
+103.29 ( 0.71 kJ mol-1, which is slightly smaller than
the reported value, +106.95 kJ mol-1 MgAl2O4.25 Some
of this difference could be due to the nonstoichiometry.
To determine ∆HH2O, we subtracted our value for the
heat content from the ∆Httd obtained from the hydrated
samples and attributed the remaining heat effect to the
removal and heating of the adsorbed H2O. The result-
ing average value for both samples was then ∆HH2O )
+96.6 ( 4.3 kJ (mol H2O)-1. As in our previous study
of nanophase aluminas,26 TGA revealed that∼5% of the
equilibrium adsorbed H2O content was not removed
after a 1 h heat treatment at 975 K. It is therefore likely
that all of the adsorbed H2O was not removed during
transposed temperature drop calorimetry. The integral
heat of H2O desorption for the entire equilibrium
coverage is then at least 5% greater than our measured
value, and we adopt 101.4 kJ (mol H2O)-1 with an
estimated uncertainty of (10 kJ (mol H2O)-1 for ∆HH2O.
This correction was then applied to the ∆Hds data from
all hydrated samples to yield the corrected enthalpy of
drop solution calorimetry, ∆Hcds (Table 1). Evolved gas
analysis of the sample calcined at 873 K showed the
presence of adsorbed NO and NO2. Calorimetry was
performed on this sample, but these results should be
considered suspect as the presence of NOx introduces
some uncertainty into the initial and final states (before
and after solution in 2PbO‚B2O3) of the material.
Samples calcined at higher temperatures evolved no
detectable NOx.
2. Energetic Trends with Increasing Calcination

Temperature. Navrotsky et al.27 directly measured the
enthalpy of solution in 2PbO‚B2O3 at ∼975 K of con-
ventionally synthesized MgAl2O4 to be +61.07 ( 0.92
kJ mol-1, and earlier Charlu et al.28 measured this value
as +59.58 ( 0.58 kJ mol-1. Adding our measured heat
content of Mg0.957Al2.028O4, 103.29 ( 0.72 kJ mol-1,
places these values in fair agreement with the fully
crystallized samples in this study (those calcined at T
g 1573 K). Samples calcined below 1573 K gave lower
values of ∆Hcds, which indicates metastability in these
samples. Figure 5 shows a fairly regular increase in
∆Hcds with increasing calcination temperature. A large
jump in ∆Hcds occurs between the samples calcined at
973 and 1073 K. On the basis of the TGA/DTA and XRD
studies mentioned above, we can attribute this jump to
crystallization of MgAl2O4 from an X-ray amorphous
phase. The enthalpy difference between these samples,

(25) Knacke, O.; Kabaschewski, O.; Hesselmann, K. Thermochemi-
cal Properties of Inorganic Substances, 2nd ed.; Springer-Verlag: New
York, 1991.

(26) (a) McHale, J. M.; Navrotsky, A.; Perrotta, A. J. J. Phys. Chem.
B 1997, 101, 603. (b) McHale, J. M.; Auroux, A.; Perrotta, A. J.;
Navrotsky, A. Science 1997, 277, 788.

(27) Navrotsky, A.; Wechsler, B. A.; Geisinger, K.; Seifert, F. J. Am.
Ceram. Soc. 1986, 69, 418.

(28) Charlu, T. V.; Newton, R. C.; Kleppa, O. J.Geochim. Acta. 1975,
39, 1487.

nH2O (adsorbed on MgAl2O4 , 295 K) f

nH2O (g, 975 K) (4)

MgAl2O4‚nH2O (s, 295 K) f

MgAl2O4 (s, 975 K) + nH2O (g, 975 K) (2)

MgAl2O4 (s, 295 K) f MgAl2O4 (s, 975 K) (3)
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-47.1 ( 17.9 kJ mol-1, which represents the reaction

may be compared to the enthalpy of the reaction

where “s” refers to well-crystallized solids, -36.5 ( 1.1
kJ mol-1.4 The material synthesized at 1073 K is still
39.9 ( 7.4 kJ mol-1 less stable energetically than that
synthesized at 1773 K. Therefore the reaction

is accompanied by an enthalpy change of -87.0 ( 16.3
kJ mol-1. This shows that the energetic pathway to
fully crystallized MgAl2O4 from the amorphous material
is highly exothermic compared to the reaction of a
mechanical mixture of MgO (periclase) and Al2O3-
(corundum), suggesting that there are thermodynamic
benefits to synthesis of materials through freeze-drying
in addition to the well-documented kinetic enhance-
ments.7,16 As the products of reactions 6 and 7 are
identical (well-crystallized MgAl2O4), the extra enthalpy
of reaction 7 is solely due to the energetic instability of
the poorly crystalline reactants relative to corundum
and periclase. This instability places the amorphous
phase obtained from freeze-dried nitrates higher in the
system’s potential energy diagram, which makes acces-
sible any metastable states lying energetically above a
mechanical mixture of coarse-grained R-Al2O3 andMgO.
The MgAl2O4 calcined at 1073 K is actually metastable
(or only entropy-stabilized) with respect to a mixture
of coarse-grained R-Al2O3 and MgO, and such material
would not be accessible through conventional ceramic
processing of coarsely crystalline reactants.
3. Energetic Trends with Variation in Cation Distri-

bution and Particle Size. Some of the increase in ∆Hcds
for the MgAl2O4 samples with increasing calcination
temperature can be attributed to changes in cation
distribution. The interchange enthalpy was approxi-
mated by Navrotsky and Kleppa29 to be about -46 kJ
mol-1. ∆Hcds decreases fairly regularly with increasing

x. Following Navrotsky and Kleppa23 and assuming a
constant dependence of the enthalpy of disordering,
∆HD, a linear fit through the data yields ∼100 kJ mol-1
as the interchange enthalpy of Mg2+ and Al3+ in the
spinel structure, which is over twice the value estimated
by Navrotsky and Kleppa.23 O’Neill and Navrotsky30
suggested that ∆HD in simple spinels can be expressed
as a quadratic function of the type

where x is again the order parameter and R and â are
empirically determined coefficients that depend on the
charge and ionic radii of the metal ions under consid-
eration. The coefficients for MgAl2O4 were recently
evaluated by Maekawa et al.31 as R ) 35 kJ mol-1 and
â ) -32 kJ mol-1. Attempts at fitting our data (Figure
6) to this model yield coefficients which are 1 order of
magnitude greater than these values. These problems
may occur because coarsening occurs simultaneously
with cation ordering, making it impossible to separate
their energetics.
Assuming negligible surface energy in the 1573 K

sample, Figure 6 shows how ∆Hcds should vary, as
calculated using the O’Neill-Navrotsky model and
Maekawa’s31 coefficients. The difference between the
predicted and observed values should then be due to
excess surface energy. This difference (Figure 7) is a
nearly linear function of the fwhm of the 311 XRD peak,
strongly supporting such a role of the surface energy.
Due to a limited supply of material we did not quanti-
tatively determine the specific surface area of these
samples. However, if one assumes a uniform distribu-
tion of spherical particles of diameter d, (or cubes with
side of length d) the specific surface area, Asurf, can be
estimated via simple geometric arguments such as

where F is the density of the material (3.58 × 106 g m-3

for MgAl2O4). Because the broadening of a diffraction
peak is inversely proportional to the particle size of the
material, it is directly proportional to the specific surface

(29) Navrotsky, A.; Kleppa, O. J. J. Inorg. Nucl. Chem. 1967, 29,
2701.

(30) O’Neill, H. St. C.; Navrotsky, A. Am. Miner. 1983, 68, 181.
(31) Maekawa, H.; Kato, S.; Kawamura, K.; Yokokawa, T. Am.

Miner., in press.

Figure 5. The corrected enthalpy of drop solution data, ∆Hcds,
as a function of calcination temperature.

(MgO + Al2O3) (amorphous, 298 K) f

MgAl2O4 (poorly crystalline, 298 K) (5)

(MgO + R-Al2O3) (s, 298 K) f MgAl2O4 (s, 298 K)
(6)

(MgO + Al2O3) (amorphous, 298 K) f

MgAl2O4 (s, 298 K) (7)

Figure 6. The corrected enthalpy of drop solution data, ∆Hcds,
as a function of the order parameter, x, determined by 27Al
MAS NMR. The dashed line shows how the ∆Hcds should vary
with the O’Neill-Navrotsky30 model and Maekawa’s31 coef-
ficients (see text).

∆HD ) Rx + âx2 (8)

Asurf ) 6/Fd (9)
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area

By comparison with the amount of H2O adsorbed on
γ-Al2O3 samples of known specific surface area under
the same humidity and temperature conditions,26 we
estimate the surface area of the sample calcined at 1073
K to be 140 ( 15 m2 g-1. Assuming spherical crystal-
lites, this corresponds to particle dimensions of ∼15 nm,
which is in fairly good agreement with our TEM
observations. The fwhm of the 311 XRD peak of this

sample is 1.098°2Θ. Thus, we can estimate the surface
areas of the other samples based on the excess broaden-
ing (i.e., the difference between the respective fwhm and
the fwhm obtained from the coarse sample calcined at
1773 K, fwhm1773K) of the 311 diffraction peaks as

Table 1 and the upper axis in Figure 7 show the
resulting estimated surface areas. From the slope of
the line in Figure 7 we calculate the specific surface
energy of the MgAl2O4 as 1.8 ( 0.3 J m-2. This is a
reasonable value for a metal oxide surface energy32 and
fairly close to the 1.67 J m-2 we recently determined
for γ-Al2O3,26 which is chemically and structurally
similar to MgAl2O4. Since we do not know the specific
surface areas accurately, this surface energy should be
viewed cautiously. However, its magnitude does sug-
gest that the increase in ∆Hcds with increasing calcina-
tion temperature is dominated by the surface energy
term.
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Figure 7. The enthalpy difference between the MgAl2O4

samples and the predictions of the O’Neill-Navrotsky30 model
and Maekawa’s31 coefficients as a function of the order
parameter, x. Upper axis is the estimated surface area of the
samples based on the fwhm (see text). The error bars on the
ordinate correspond to the uncertainty in estimated surface
area. The surface energy calculated from the slope of the line
is 1.8 ( 0.3 J m-2.

fwhm ∝ 1
d

∝
FAsurf

6
∝ Asurf (10)

Asurf ) [(fwhm - fwhm1773K)/(1.098°2Θ -

fwhm1773K)]140 m
2 g-1 (11)
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