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Corundum, a-Al2O3, is the thermodynamically stable phase of coarsely crystalline alu-
minum oxide, but syntheses of nanocrystalline Al2O3 usually result in g-Al2O3. Adsorption
microcalorimetry, thermogravimetric analyses, and Brunauer-Emmett-Teller adsorption
experiments, coupled with recently reported high-temperature solution calorimetry data,
prove that g-Al2O3 has a lower surface energy than a-Al2O3 and becomes energetically
stable at surface areas greater than 125 square meters per gram and thermodynamically
stable at even smaller surface areas (for example, 75 square meters per gram at 800
kelvin). The results are in agreement with recent molecular dynamics simulations and
provide conclusive experimental evidence that differences in surface energy can favor
the formation of a particular polymorph.

Syntheses of nanocrystalline metal oxides
often yield materials structurally different
from the thermodynamically stable phase
(1). Examples are nanocrystalline cubic
BaTiO3 (2), tetragonal ZrO2 (3), and mon-
oclinic Y2O3 (4). It is commonly assumed
that these metastable structures are adopted
in order to lower the total energy of the
material through a decrease in surface en-
ergy. However, little experimental data on
oxide surface energies are available (5).

Corundum, a-Al2O3, is the thermody-
namically stable phase of coarsely crystal-
line aluminum oxide at standard tempera-
ture and pressure conditions, but syntheses
of nanocrystalline Al2O3 usually result in
g-Al2O3 (6). In addition, g-Al2O3 can
maintain surface areas of ;150 m2 g21 at
1073 K (7), whereas nanophase a-Al2O3
coarsens to values ,50 m2 g21 at such
temperatures. Recently, Blonski and Garo-
falini (8) performed molecular dynamics
simulations of various a-Al2O3 and g-
Al2O3 surfaces. The surface energies for
a-Al2O3 (9) were significantly higher than
those of g-Al2O3. According to their data,
assuming preferential exposure of the sur-
faces with lowest energy, g-Al2O3 should
become the energetically stable polymorph
as specific surface areas exceed ;125 m2

g21 (Fig. 1). The thermodynamic stability
of g-Al2O3 should be even greater than
implied by this energy. As a result of the
presence of tetrahedral and octahedral sites
in its spinel-type structure, and the fairly
random distribution of Al31 and vacancies

over these sites, g-Al2O3 has a greater en-
tropy than a-Al2O3. The entropy change of
the a-Al2O3 to g-Al2O3 transition, DSa3g,
is about 15.7 J K21 mol21 (10). Therefore,
at room temperature, g-Al2O3 could be
thermodynamically stable with respect to
a-Al2O3 at specific surface areas greater
than 100 m2 g21, and at 800 K (a temper-
ature typical of a hydroxide decomposi-
tion), g-Al2O3 might become thermody-
namically stable at specific surface areas
greater than only 75 m2 g21 (dotted line,
Fig. 1).

We have recently explored this possibil-
ity by high-temperature solution calorime-
try on several samples of nanocrystalline
a-Al2O3 and g-Al2O3 (11). However, the
surfaces of the Al2O3 were modified by
adsorbed H2O, which could not be com-
pletely removed without severe coarsening
(especially for a-Al2O3). The surface ener-
gies of the hydrated polymorphs were nearly
equal, indicating that the heat of chemi-
sorption of H2O is directly proportional to
the surface energy of the anhydrous phase [a
relation predicted by Cerofolini (12)]. Con-
sequently, we could not determine the an-
hydrous surface energies without accurate
knowledge of the heats of chemisorption of
H2O. Herein we report these crucial data.

The heats of chemisorption of H2O on
two samples of g-Al2O3 and two samples of
a-Al2O3 [prepared according to the meth-
ods of Perrotta et al. (13)] were measured
with a Calvet-type microcalorimeter.
About 100 mg of alumina was thermally
activated under vacuum. The temperature
was increased at 2 K min21 to 1023 K, held
at 1023 K for 2 hours, and cooled to the
adsorption temperature, 303 K. The sample
was then exposed to successive small doses
of H2O vapor (0.3 to 3.0 cm3 per gram of
alumina). The residual pressure was in-
creased from 6.67 mPa to 66.7 Pa in 15 to
20 steps. The heat released and volume of
H2O adsorbed were measured at each step.

The specific surface areas [measured by
means of N2 adsorption at 77 K by the
Brunauer-Emmett-Teller (BET) method],
residual H2O contents [as judged by ther-
mogravimetric analysis (TGA)], and phase
purity [measured by powder x-ray diffrac-
tion (7, 14)] were determined after the
powders were subjected to the outgassing
procedure described above.

The TGA revealed that an average 2.6
OH nm22 were not removed under the
outgassing conditions. The adsorption
data in Fig. 2 are therefore shown as start-
ing at this coverage to account for the
presence of these “preadsorbed” hydroxyls.
The differential heat of H2O adsorption
on g-Al2O3 (Fig. 2) decreases logarithmi-
cally with increasing coverage (Freundlich
behavior), which is consistent with previ-
ous studies of this material (15, 16). In
contrast, the differential heat of H2O ad-
sorption on a-Al2O3 does not show regu-
lar logarithmic decay and decreases far less
rapidly with increasing coverage. The first
10 OH nm22 adsorbed to the a-Al2O3
surface give heats of adsorption that are in
excess of 2150 kJ mol21, whereas only the
first 5 OH nm22 exceed this value on
g-Al2O3. This imbalance indicates a
greater number of high-energy sites on
a-Al2O3 per unit surface area, which are
relaxed by the most strongly chemisorbed
hydroxyls. This observation is strong evi-
dence that the surface energy of a-Al2O3
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Fig. 1. Calculated enthalpy H of alumina poly-
morphs relative to coarse corundum based on
surface energies obtained through molecular dy-
namics simulations (8). The lowest energy relaxed
surface and termination [a-Al2O3 (0001), C termi-
nation; g-Al2O3 (001), A termination] are assumed
to be preferentially exposed. The slopes of the
lines are the energies for these surfaces as report-
ed in (8), 2.04 J m22 for a-Al2O3 and 0.79 J m22

for g-Al2O3. The enthalpy difference between a-
Al2O3 and g-Al2O3 at zero surface area was taken
from (11). The dotted line represents the free en-
ergy G of g-Al2O3 relative to corundum at 800 K.

REPORTS

SCIENCE z VOL. 277 z 8 AUGUST 1997 z www.sciencemag.org788

on
 A

pr
il 

5,
 2

01
6

D
ow

nl
oa

de
d 

fr
om

 o
n 

A
pr

il 
5,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 o

n 
A

pr
il 

5,
 2

01
6

D
ow

nl
oa

de
d 

fr
om

 o
n 

A
pr

il 
5,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 



is higher than that of g-Al2O3.
Assuming that the heat of desorption is

the negative of the heat of adsorption (17),
these data can be used to correct our previ-
ously reported calorimetry data on hydrated
samples for heat effects due to H2O desorp-
tion. High-temperature drop solution calo-
rimetry had been performed in a Tian-Cal-
vet twin microcalorimeter (18) operating at
;979 K, with 2PbOzB2O3 as the solvent.
The measured heat effect was a combination
of the heat content, heat resulting from H2O
removal, and heat of solution of the Al2O3.
This is represented by reaction 1, where x is
the mole fraction of adsorbed H2O and Asurf
is the specific surface area. The room-tem-
perature enthalpy difference between the an-
hydrous nanophase aluminas and coarse co-
rundum can then be obtained through the
following thermochemical cycle

a or g-Al2O3(Asurf, 298 K)

1 xH2O (adsorbed on Al2O3, 298 K)3

Al2O3 (dissolved in 2PbOzB2O3, 979 K)

1 xH2O (gas, 979K) (1)

H2O (adsorbed on Al2O3, 298 K)3

H2O (gas, 979 K) (2)

a-Al2O3 (corundum, 298 K)3 Al2O3

(dissolved in 2PbOzB2O3, 979 K) (3)

a-Al2O3 (corundum, 298 K)3

a or g-Al2O3 (Asurf, 298 K) (4)

DH4 5 2DH1 1 xDH2 1 DH3 (5)

Equation 2 and DH2 represent the correc-
tion for heat effects due to adsorbed H2O,
which is the sum of the integral heat of
desorption for all of the adsorbed H2O and
the heat content of H2O vapor between 298
and 979 K.

Before the high-temperature solution
calorimetry, the samples were allowed to
achieve an equilibrium H2O content at
295 6 1 K and 55 6 2% relative humidity
(Table 1). We determined that about 40%
of the equilibrium H2O content was chemi-
sorbed (11), which amounted to an average
of 16.5 OH nm22 for g-Al2O3 and 17.9 OH
nm22 for a-Al2O3. The integral heat of
chemisorption of H2O for these coverages
can be obtained from the data in Fig. 2B
and Table 2. To account for the “pread-
sorbed” 2.6 OH nm22, we extrapolated the
data below 6 OH nm22 linearly to zero OH
nm22 and adjusted by adding 0.490 J m22

to each measured data point, so that the
extrapolated line intersected the origin
(Fig. 2B). The average integral heat of H2O
chemisorption for these coverages is then
2163.7 6 8.8 kJ (mol H2O)21 on a-Al2O3
and 2122.5 6 4.5 kJ (mol H2O)21 on
g-Al2O3. This value for g-Al2O3 is in good
agreement with previous work (15, 16), but
no previous data are available for fine-
grained a-Al2O3. So that we could use
these data in our H2O correction (DH2),
the heat content of H2O vapor between 298
and 979 K, 25.8 kJ mol21, was added to the

negative of these values. For the remaining
physisorbed H2O, the heat of adsorption is
(by definition) equal to the heat of conden-
sation of the adsorbate. With our final state
as H2O vapor at 979 K, it contributes 70.1
kJ per mole of physisorbed H2O to DH2
(19). The value of DH2 is then calculated as
a weighted average of the contributions
from chemisorbed and physisorbed H2O,
yielding DH2 5 118.0 6 3.5 kJ (mol
H2O)21 for a-Al2O3 and 101.5 6 1.8 kJ
(mol H2O)21 for g-Al2O3.

Through the cycle shown in Eqs. 1
through 5, the enthalpies of the nanophase
aluminas relative to coarse grained corun-
dum can now be obtained (Table 1 and Fig.
3). At specific surface areas greater than
125 m2 g21, g-Al2O3 lies at lower enthalpy
(is more energetically stable) than a-
Al2O3. The surface energies obtained from
the slopes of the least squares fitted lines in
Fig. 3 are 2.64 J m22 for a-Al2O3 and 1.67
J m22 for g-Al2O3. These values are in
agreement with those obtained by computer
simulations (8, 9). For example, Blonski
and Garofalini (8) obtained surface energies
(for various exposed surface planes after
relaxation) ranging from 2.0 to 8.4 J m22

for a-Al2O3 and 0.8 to 2.5 J m22 for g-

Fig. 2. Differential (A) and integral (B) heats of
chemisorption of H2O on a-Al2O3 [36 m2 g21 (F),
61 m2 g21 (■)] and g-Al2O3 [72 m2 g21 (å), 161
m2 g21 (ç)] as a function of hydroxyl coverage.

Fig. 3. Enthalpy H of alumina samples relative to
coarse-grained a-Al2O3 as a function of surface
area. The g-Al2O3 (F) lies at lower enthalpy than
a-Al2O3 (h) when specific surface areas exceed
;125 m2 g21. (Ç) Data for a 30 m2 g21 sample of
a-Al2O3 obtained from drop solution and trans-
posed temperature drop calorimetry on dias-
pore. (ç) Data for a 100 m2 g21 sample of g-
Al2O3 obtained from drop solution and trans-
posed temperature drop calorimetry on boeh-
mite [see (11) for details]. The dotted line
represents the free energy G of g-Al2O3 relative
to corundum at 800 K. Fig. 4. (A) TGA of a 166 m2 g21 sample of g-Al2O3

and a 156 m2 g21 sample of a-Al2O3. (B) Specific
surface areas of these samples as a function of
temperature (heating rate 5 5 K min21). (C) Hy-
droxyl coverage on the aluminas as a function of
temperature.
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Al2O3. The excellent agreement between
our calorimetric study and the simulations
(8, 9) is evident upon comparison of Figs. 1
and 3, which both show g-Al2O3 becoming
energetically stable with respect to a-Al2O3
at surface areas .125 6 10 m2 g21. Fur-
thermore, as discussed above, the greater
entropy of g-Al2O3 makes this polymorph
truly thermodynamically stable with respect
to a-Al2O3 at surface areas greater than 100
m2 g21 at room temperature, and greater
than only 75 m2 g21 at 800 K.

To further explore the difference in sur-
face energies and coarsening behavior of
the polymorphs, a dynamic study of hydrox-
yl coverage as a function of temperature was
performed on two samples of nearly equal
surface area (156 m2 g21 a-Al2O3 and 166
m2 g21 g-Al2O3). To determine the weight
percentage of adsorbed H2O with increasing
temperature, TGA was performed in static
air at a heating rate of 5 K min21 to 1773 K.
The BET surface area of the aluminas as a
function of temperature was then deter-
mined from samples heated in Pt crucibles
in open air at 5 K min21 to 573, 673, 773,
873, 973, 1073, 1173, 1273, and 1373 K and

immediately quenched to room temperature
by quick removal from the furnace.

Thermogravimetric analysis of the 166
m2 g21 g-Al2O3 and 156 m2 g21 a-Al2O3
revealed slight differences in dehydration
behavior (Fig. 4A). The loss of H2O from
g-Al2O3 followed a smooth, featureless
curve, whereas that of a-Al2O3 showed
small fluctuations between 673 and 873 K.
The coarsening, however, was drastically
different for the two polymorphs (Fig. 4B).
The a-Al2O3 began to coarsen rapidly
above 773 K, whereas the g-Al2O3 did not
coarsen until above 1173 K. By comparing
these two curves, we obtain the coverage of
hydroxyl groups on the alumina surfaces as
a function of temperature (Fig. 4C). At low
temperatures (,773 K), the coverages are
fairly similar for both polymorphs. Above
773 K, however, there is a plateau in the
coverage of hydroxyl groups on a-Al2O3.
The a-Al2O3 is both rapidly losing H2O
and rapidly coarsening between 773 and
1173 K while apparently maintaining a fair-
ly constant coverage of ;9 OH nm22.
Above 1073 K, the coverage on a-Al2O3
gradually decreases. The similarities be-

tween the hydroxyl coverages with increas-
ing temperature (Fig. 4C) and differential
heats of adsorption (Fig. 2A) are striking.
Both sets of data provide a type of energy
“spectrum” of the available surface sites and
indicate a higher density of high-energy
sites on the a-Al2O3 surface.

The results reported here explain the rel-
ative ease of synthesis of nanocrystalline g-
Al2O3 as opposed to nanocrystalline a-Al2O3
and have far-reaching implications from
phase development in oxide systems to the
synthesis and potential application of nanoc-
rystalline materials. As we have shown that
surface-energy differences thermodynamically
stabilize g-Al2O3 over a-Al2O3, the same
may indeed be true for cubic BaTiO3 (20) and
other technologically important materials for
which a nanocrystalline morphology would be
potentially beneficial in device fabrication.
The nanocrystalline tetragonal modification
of ZrO2 results in a significantly lower exo-
thermic heat of immersion in H2O compared
to that of coarse monoclinic ZrO2, which
suggests surface-energy destabilization of mon-
oclinic ZrO2 as well (21). However, a desired
phase being metastable as a nanophase with
respect to a less desirable polymorph does not
preclude its synthesis, as is evidenced by the
154 m2 g21 a-Al2O3 studied in this work and
in (11). Such materials can still be obtained
by well-designed synthetic routes.
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The Effect of Pressure on Deuterium-Hydrogen
Fractionation in High-Temperature Water

T. Driesner*

The pressure dependence of deuterium-hydrogen (D-H) fractionation in water to 500°C
and 200 megapascals has been calculated from high-temperature, high-pressure spec-
troscopic data. Pressure effects have a maximum at the critical temperature of water (20
per mil between 22 and 200 megapascals). Even larger effects are predicted for vaporlike
densities from molecular dynamics simulations and molecular orbital calculations. Pres-
sure effects explain many of the large discrepancies in published mineral-water D-H
fractionation curves. Possible applications to natural examples include mineral-water
isotope geobarometry.

The stable isotopes of oxygen and hydro-
gen have been the most commonly used
geochemical tracers in the study of both
fossil and modern fluid-rock interaction
processes for more than 30 years (1). The
most fundamental prerequisite for a suc-
cessful application of D/H and 18O/16O
ratios to the reconstruction of fluid sourc-
es, fluid quantities, flow directions, or sta-
ble-isotope geothermometry is the experi-
mental or theoretical determination of ac-
curate mineral-fluid isotope fractionation
factors (2).

From statistical mechanical expressions
that were derived in the 1940s to calculate
equilibrium constants for isotope-ex-
change reactions between molecular spe-
cies (3), it appeared that the equilibrium
constants (and hence, fractionation fac-
tors) are a function of temperature only,
because for free molecules and solid phases
(that is, the favorite objects of theoretical
studies and isotope geothermometry, re-
spectively), the vibrational frequencies do
not change significantly with pressure.
Only for large pressure differences of sev-
eral gigapascals, shifts of the vibrational
frequencies of solids may lead to measur-
able effects on isotope fractionation (4).

However, unlike the case of solids, the

vibrational frequencies of water undergo
significant changes even at low to moder-
ate pressures at temperatures of interest to
many fields of stable-isotope geochemistry
(5–9). Hence, at any given temperature,
the fractionation of hydrogen (and oxy-
gen) stable isotopes in systems involving
water must be pressure dependent. Here, I
quantify the pressure dependence and
demonstrate its geochemical importance.

Inspection of the characteristics of
the water spectra reveals that the effect
of pressure on the D-H isotope fraction-
ation in water may be quantified in a
good approximation, even though only
parts of the spectrum have been studied
at elevated temperatures and pressures.
This is possible because only the changes
in the reduced partition function ratio
of water with increasing pressure at a giv-
en temperature need to be calculated,
rather than the complete reduced parti-
tion function.

The reduced partition function ratio of
water can be split into the various contri-
butions by

~QD/QH)total 5

~QD/QH)stretch(QD/QH)bend(QD/QH)lib (1)

with subscripts denoting stretching, bend-
ing, and librational modes. Each of the
terms is in turn a product of the reduced
partition function ratios of several individ-
ual bands, for example, for n O-H stretching
modes n:

~QD/QH)stretch 5 P
n 5 1

n

(QD/QH)n (2)

A convenient definition of the pressure
effect Gp is (10)

Gp 5 ~QD/QH)total,P(ref)/(QD/QH)total,P
(3)

with subscript P(ref) denoting a reference
pressure and P the pressure of interest. Then,
substitution of Eqs. 1 and 2 into Eq. 3 shows
that the contributions of all frequency bands
that do not shift with pressure will cancel
out in the calculation of Gp. Hence, only a
simple spectral model rather than a full
model of the vibrational density of states is
required to calculate the pressure effect (11).

Using Eq. 3, I calculated the pressure
effect to 500°C and 200 MPa. The results
indicate a significant pressure effect at all
temperatures. The curves in Fig. 1A are
smoothed to remove undulations on the
order of 1 unit in 1000 ln Gp (that is, 1 per
mil in dD) resulting from the limited pre-
cision of the spectroscopic data. The
strongest effects are observed at near-crit-
ical temperatures and pressures below
about 100 MPa (12). This becomes more
obvious when the results are plotted as
contour lines of equal pressure effect in a
P-T diagram (Fig. 1B). Whereas the vari-
ations are rather small below 350°C, steep
gradients can be seen between 350° and
450°C. This result is not surprising, be-
cause most physical properties of water
show small gradients in the low-tempera-
ture region and steep gradients near the
critical point that are reduced at higher
temperatures (13).

The practical usage of Fig. 1B is that to
determine the effect of pressure on a min-
eral-water equilibrium fractionation factor
at a given temperature, the difference be-
tween the contour lines at any two pressures
has to be added to the fractionation factor
when going up in pressure, or subtracted
when going down.

To estimate the effect of pressure on the
fractionation of the other important pair of
stable isotopes in fluid-rock interaction
studies (18O/16O), I carried out similar cal-
culations using the data of Frantz et al. (5),
and assuming that the O-H stretching fre-
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