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Aluminas and their surface chemistry play a vital role in many areas of modern
technology. The behavior of adsorbed water is particularly important and poorly
understood. Simulations of hydrated «-alumina (0001) surfaces with ab initio
molecular dynamics elucidate many aspects of this problem, especially the complex
dynamics of water dissociation and related surface reactions. At low water cov-
erage, free energy profiles established that molecularly adsorbed water is meta-
stable and dissociates readily, even in the absence of defects, by a kinetically
preferred pathway. Observations at higher water coverage revealed rapid disso-
ciation and unanticipated collective effects, including water-catalyzed dissociation
and proton transfer reactions between adsorbed water and hydroxide. The results
provide a consistent interpretation of the measured coverage dependence of water
heats of adsorption, hydroxyl vibrational spectra, and other experiments.

Aluminas [that is, the wvarious allotropic
forms of Al,O, (/)] are well known to have a
broad technological significance. The surface
chemistry of aluminas plays a key role in
their performance as catalysts and catalyst
supports (2) and as dielectrics in microelec-
tronics (3). Surface chemistry is also impor-
tant in the adhesive bonding of lightweight
aluminum alloys, which are increasingly re-
placing steel in the automobile industry (4),
and it has been implicated in stratospheric
ozone depletion through the effects of alumi-
na particles in rocket exhaust (5). Despite this
importance, many fundamentals of alumina
surface chemistry are poorly understood. Ex-
periments are often difficult to interpret be-
cause of the structural complexity of bulk
aluminas and the problem of preparing repro-
ducible well-characterized surfaces. Surface
hydroxylation and dehydroxylation process-
es, in particular, are common, but their mech-
anisms, the conditions under which they oc-
cur, and their possible influence on measured
properties are largely unknown. The work
reported here addresses a number of these
issues. The chosen alumina system was the
thermodynamically stable phase «-Al,O;.
Water adsorption on the (0001) surface was
investigated with parameter-free molecular
dynamics (MD) simulations that are based on
density functional theory (6-8). This study
went beyond a determination of static struc-
tures and energetics and characterized the
dynamics of several key surface reactions (9).

K. C. Hass and W. F. Schneider, Ford Research Labo-
ratory, Dearborn, M| 48121-2053, USA. A. Curioni
and W. Andreoni, IBM Research Division, Zurich Re-
search Laboratory, 8803 Rischlikon, Switzerland.

*To whom correspondence should be addressed. E-
mail: and@zurich.ibm.com

First principles investigations of reaction dy-
namics in condensed phases have only re-
cently become possible (/0) and are shown
here to give new insights into alumina surface
chemistry.

The intrinsic atomic structure of a-Al,O,
(0001) is generally agreed on, although ex-
perimental characterization of a hydrogen-
free surface has proven to be challenging (3,
11). Electrostatic considerations as well as
classical (/2) and quantum (/3) calculations
indicate that the most favorable (0001) sur-
face is terminated by a single plane of Al. Our
calculations relied on a slab model (Fig. 1)
with a supercell that was large enough to
ensure computational accuracy and to allow
us to study issues such as lateral mobility and
the interactions between H,O molecules.

The structure of the bare surface was op-
timized. In agreement with earlier studies, we
found that the outermost Al atoms lie in
nearly the same plane as the second-layer O
atoms. Our predicted relaxations of the first
four interlayer spacings were —82, +7, -52,
and +25%, which correspond to a surface
relaxation energy of 1.89 J m2. Two recent
experimental studies (//) have reported a
slightly smaller relaxation of the first inter-
layer spacing (63 and 68%), but the simulta-
neous detection of surface hydrogen and the
known difficulty of creating a OH-free alu-
mina surface (/4) probably account for much
of this discrepancy. This conclusion is cor-
roborated by the results discussed below.

The coordinatively unsaturated surface Al
ions provide strong Lewis acid (electron-ac-
ceptor) sites for H,O adsorption. We consid-
ered the low-coverage regime. Geometry op-
timizations for a single H,O molecule pro-
duce three states: a metastable molecularly
adsorbed state (Fig. 2A) and lower energy

1-2 and 1-4 dissociative states (Fig. 2, B and
C). The calculated binding energies of 23.3,
33.2, and 32.5 kcal mol™!, respectively, are
within the expected energy range (/4).

Water adsorption modifies the surface
structure in all three states. The pattern and
extent of surface relaxation are very different
in the three cases. Molecular adsorption pri-
marily pulls a single Al atom away from the
surface, whereas dissociation has a more de-
localized effect. For the atoms on the surface
layer, the structural relaxation extends over
two primitive cells of the (0001) surface (see
Fig. 2, B and C). Most notably, in the 1-4
configuration, the surface Al atom that is
bonded to the 4 site relaxes deep into the
surface, thereby increasing its coordination
and lowering its accessibility to water. For
nonsurface atoms, the relaxation decays more
rapidly into the slab in the 1-2 geometry than
in the 1-4 geometry. Dissociation produces
two distinct types of surface hydroxyl groups:
0, H and OH (O,,,, water oxygen; O,
surface oxygen). These groups differ in their
O coordination numbers and thus in their
vibrational frequencies and reactivities. As
shown below, O_H is more likely to persist at
higher H,O coverages and to account in part
for the presence of residual OH groups on
calcined a-AlLO; (14).

The extended nature of the above relax-
ations raise serious methodological concerns
about alumina surface calculations that rely
on smaller supercells or small isolated clus-
ters. To clarify this point, we optimized the
geometries for molecular and 1-2 dissocia-
tive H,O adsorption also using small clusters
(ALO,,) typically adopted in simulations of
a-Al, O, (0001) (15, 16). Large differences in
calculated energetics and local structural re-
laxations were found in comparison to the
above supercell results. In particular, because
of edge effects, the 1-2 dissociated state with
the highest binding energy (46 kcal mol™) in
the cluster was heavily reconstructed and
contained a broken Al-O, bond.

Static calculations can provide only limit-
ed information on dynamical processes such
as dissociation. In previous studies on other
surfaces (/7), the likelihood of H,O dissoci-
ation was assessed entirely on the basis of
energy barriers that were estimated from stat-
ic calculations (TiO, and SnO,) (/8) or from
observations made during short (~1 ps) un-
constrained MD simulations [MgO (/9) and
TiO,(18)]. We examined the dynamics of
H,O dissociation on «-Al,O; (0001) more
directly by imposing geometrical constraints
in first principles MD simulations (8, 20) that
were run at room temperature. We applied
this method to two distinct proton transfer
reactions (1-2 and 1-4) and thereby deter-
mined their pathways and, by integrating
their constraint forces (/0), their entire free
energy profiles (Fig. 3). The final states were
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both found to be ~10 kcal mol~! more favor-
able thermodynamically than the molecularly
adsorbed state; similar values resulted from
the above-mentioned energy minimizations,
indicating that entropic contributions to the
reaction free energies were small at 300 K.
Despite their thermodynamic similarity,
the 1-2 and 1-4 dissociations differ substan-
tially in the magnitudes of their free energy
barriers of 6.6 and 2.2 kcal mol ™!, respective-
ly. This difference reflects the qualitatively
different nature of the two transition states: a
four-membered ring for the 1-2 reaction and
a much floppier six-membered ring for the
1-4 reaction. Minimizations near each tran-
sition state confirm that both energy and en-
tropy contributions to the free energy barriers
favor the 1-4 reaction. This can be attributed
in part to its nearly linear O,, ~H-O, hydro-
gen bond (2/), which is not possible in the
1-2 reaction. Estimated rates (k) for the two
reactions differ dramatically. Substituting the
calculated barriers (AF) in the transition-state
theory expression k = (kyT/h) exp (-AF/kgT)
yields k£ = 0.16 ps™' for unimolecular 1-4
dissociation but only & = 10~ ps~! for uni-
molecular 1-2 dissociation. This difference
of three orders of magnitude strongly sug-
gests that 1-4 reaction dissociation domi-
nates the dissociation of preadsorbed H,O.
The above results clearly establish that, in
the low-coverage regime, H,O dissociation is
kinetically as well as thermodynamically fa-
vorable on defect-free «-Al,O, (0001) at
room temperature. The process is activated,
but there is a kinetically preferred pathway
with a small barrier. Our finding of well-

N e e
.',\. &P
f'k,‘f.k,‘
(N o TN L

Fig. 1. (A) Top and (B) side view of the atoms
within a single cell of the present model for a
relaxed a-Al,0, (0001) surface. Red, blue, and
green spheres indicate O, interior Al, and sur-
face Al atoms, respectively. The stab consists of
a 3—unit cell by 3—unit cell hexagonal supercell
containing 135 Al and O atoms in nine atomic
layers. The vacuum between two slabs is ~10
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defined 1-2 and 1-4 final states differs qual-
itatively from earlier classical MD simula-
tions (22) for this system, which predicted
that protons transferred by dissociation occu-
py hollow sites above three neighboring O,
atoms and diffuse easily along the surface at
room temperature. Comparisons to earlier
first principles calculations for H,O on other
oxide surfaces (/8, 19) may not necessarily
be conclusive because of the methodological
differences discussed above [see also (17)].
In the case of MgO, only molecular adsorp-
tion was observed on the (100) surface in the
absence of defects (/9). This is presumably
because of the lower Lewis acidity of five-
fold-coordinated Mg as compared to three-
fold-coordinated Al. On TiO, (110) and
SnO, (110) (/8), on the other hand, H,O
dissociation was claimed to be barrierless.
Whether this result would persist in studies
with larger supercells and constrained MD
remains to be seen.

For the investigation of higher H,O cov-
erages, we performed unconstrained MD
simulations beginning with nine H,O mole-
cules that were bound in different orienta-
tions to the nine surface Al atoms in each
3—unit cell by 3—unit cell supercell (Fig. 1)
(8, 23). During ~1 ps of dynamics at ~250 K
(see Fig. 4A), only one H,O molecule was
observed to undergo a spontaneous unimo-
lecular 1-4 dissociation of the type discussed

above. This observed rate of 1-4 dissociation

is consistent with that estimated from Fig. 3.
Also consistent is the fact that no analogous
1-2 dissociations were observed, despite
what appeared to be many favorable oppor-
tunities. Thus, at least in the very early stages
of reaction with H,O, the unimolecular dis-
sociation dynamics does not appear to be
strongly perturbed by the presence of addi-
tional adsorbed molecules.

Fig. 2. Optimized geometries of {(A) molecular-
ly adsorbed, (B) 1-2 dissociated, and (C) 1-4
dissociated H,O on a-Al,O, (0001). Only at-
oms near the adsorption site are shown; Al and
O atoms are colored as in Fig. 1, and H atoms
are gray. Bond lengths are expressed in ang-
stroms. Both molecular and dissociative ad-
sorptions pull the Al surface atom that is bound
to water oxygen (O,,.) away from the relaxed
surface, to within 50 and 15%, respectively, of
the bulk interlayer spacing. In the molecular
case, the Al-O,, bond is more than 0.2 A
longer than the bonds between the same Al and
O.. In both dissociated states, an Al-O, bond to
the O,_H site is elongated by ~0.15 A. The root
mean square (rms) displacements of the Al
bound to O, relative to the clean surface, are
(A)0.26, (B) 0.61, and (C) 0.53 A. A large inward
displacement of the surface Al atom bound to
O, in the 4 position in (C) is apparent; the rms
displacement of this Al is 0.90 A. Analyses of
the electronic structures indicate that H,0 dis-
sociates heterolytically, although a substantial
charge redistribution accompanies the proton
transfer.

The same MD run also revealed a number
of other chemically significant events. In par-
ticular, collective behavior was observed in
the vicinity of the Al-O,,, bond that broke
during the run; one H,O molecule “desorbed”
early on from its molecular adsorption site
and began to diffuse laterally along the sur-
face in a precursor-like physisorbed state
(24). The H,0 molecule then quickly became
trapped by hydrogen bonding to a neighbor-
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Fig. 3. Calculated free energy profiles at 300 K
along proton transfer pathways between mo-
lecularly adsorbed H,O and 1-2 (red circles)
and 1-4 (blue circles) dissociated states. The
reaction coordinate is the distance between the
proton and the relevant O_. The zero value of
energy in each case corresponds to the initial
state of molecularly adsorbed H,O near its
equilibrium position (Fig. 2A), with long H-O
distances to the appropriate O, sites. The final
states correspond to H-O, = 0.98 A. The struc-
tures of the transition states were obtained by
averaging the atomic coordinates over the con-
strained molecular dynamics simulation that
was run in the vicinity of the two transition
states. Surface Al atoms are represented by
green spheres, and H atoms are gray.
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ing molecule but subsequently freed itself
and moved on to catalyze the 1-4 dissocia-
tion of a different adsorbed H,O.

We also examined the details of the pro-
ton transfer processes involved in the ob-
served unimolecular (Fig. 4B) and catalyzed
(Fig. 4C) 1-4 dissociation reactions. The uni-
molecular reaction produced a rapid shift
(from 0.18 to 0.3 ps) of one of the water
protons (H,) along a hydrogen bond from
O,4 and O,. After the reaction, the O-H,
bond remained vibrationally excited and was
longer, on average, than the remaining
0,4.—H bond, which contracted slightly upon
dissociation. Weakly physisorbed H,O cata-
lyzes the 1-4 dissociation reaction shown in
Fig. 4C by allowing the synchronous transfer
of two protons along two neighboring hydro-
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Fig. 4. (A) Snapshot of the 300 K dynamical
simulation of an a-AL,0,(0001) surface plus
nine H,O molecules, taken after ~1 ps. Colors
are the same as in Fig. 1. Green lines indicate
hydrogen bonds (defined with a cutoff radius of
2.2 A). Orange arrows indicate 1-4 chemi-
sorbed species, and the gray arrow indicates a
weakly physisorbed H,O molecule. Temporal
variations in the O-H bond lengths during (B)
unimolecular 1-4 and (C) H,O-catalyzed 1-4
dissociation reactions observed in simulations.
Curves are color-coded to bonds shown in in-
sets. The reaction (C} is catalyzed by weakly
physisorbed H,O, which is shown in red. The
two O-H, distances cross when the O, , —H,-O,
angle is close to 180° and the O,,~O_ distance
is close to a minimum (2.5 A).

1.00
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gen bonds. Hydrogen bonding to the O, site
clearly manifests itself in an increase of the
amplitude of O-H,,, which stretched for 100
fs until the proton was transferred. The sec-
ond transfer (of HY, from O,, to O) was
completed within ~40 fs of the first. Both
hydrogen bonds to the newly formed H,O
molecule eventually broke, allowing this
molecule to diffuse and yielding the same net
result as shown in Fig. 4B. Synchronous pro-
ton transfer reactions of this type are expect-
ed in many systems that contain multiple
hydrogen bonds within closed topological
loops (21), but to our knowledge, this was the
first direct observation of such a reaction in a
first principles dynamical simulation.

The dissociation event and the distinct na-
ture of the two OH groups produced are also
reflected in the frequencies of the OH stretching
modes derived from the MD trajectories (25).
In molecularly adsorbed H,O molecules, they
lie in the range of 3450 to 3650 cm™!, whereas
for O-H and O,,-H, they lie at ~3430 and
3780 cm™!, respectively. The latter value is in
excellent agreement with a high-frequency
peak that is often observed on hydroxylated
aluminas and confirms the usual assignment of
this peak to terminal OH on fourfold-coordinat-
ed Al (2, 26). Vibrations of O ~H and molecu-
larly adsorbed H,O ate more difficult to iden-
tify in experimental spectra, which often exhibit
a variety of broad features in the range of 3400
to 3600 cm!, with intensities that depend
strongly on sample conditions and temperature.

Fig. 5. Fully hydroxylated a-Al,O, (0001) sur-
face obtained by replacing surface Al in Fig. 1
with three H atoms (gray spheres). (A) Initial
configuration and (B) superposition of configu-
rations sampled at regular intervals of 1 ps of
dynamics. The green lines correspond to hydro-
gen bonds (as in Fig. 4A); the large number of
these bonds illustrates the complex dynamical
nature of this surface.

Additional MD simulations revealed
spontaneous (and therefore nearly barrierless)
proton transfer reactions between molecular-
ly adsorbed H,O and O,, H groups on neigh-
boring Al sites. These reactions, which are
thermoneutral, provide a mechanism for pro-
ton diffusion that may contribute to the dy-
namical behavior observed in ?’Al nuclear
magnetic resonance studies (27) of partially
hydroxylated alumina surfaces.

With only the reactions identified so far,
complete hydroxylation of a-Al,0; (0001)
would result in one O, H on each surface Al
and one O_H for every three surface O atoms,
for a coverage of ~10 OH per square nano-
meter. Calculations for this configuration
yield an average H,O chemisorption energy
of 27.5 kcal mol™!. Assuming a linear de-
crease in dissociative adsorption energy from
the 33 kcal mol~! found at low coverages, we
extracted a value of 22 kcal mol™' for the
ninth H,O molecule in each supercell. Test
calculations indicated that the molecular ad-
sorption energy also decreased with cover-
age, so that dissociation remained favored
throughout this range. The present results
suggest a consistent interpretation of mea-
sured H,O heats of chemisorption on nano-
crystalline a-Al,O, (14). Three different be-
havior regimes were clearly observed: Below
5 OH per square nanometer, the differential
heat of H,O adsorption was >44 kcal mol™;
from 5 to 10 OH per square nanometer, the
differential heat decreased nearly linearly to
~37 kcal mol™!; and above 10 OH per square
nanometer, the differential heat decreased
nearly exponentially (/4). Although it is dif-
ficult to make quantitative comparisons (be-
cause of the presence of other crystal faces
and other experimental uncertainties), it is
likely that the low-coverage regime is domi-
nated by surface defects, the intermediate
regime corresponds to the intrinsic adsorption
processes studied in the present work, and the
high-coverage regime involves many com-
peting processes, including hydrogen bond-
ing to preadsorbed H,O and multiple H,O
adsorption on both first- and second-layer Al.
We think that the consistency of the present
results with the observed decrease in adsorp-
tion energy in the intrinsic regime and the
abrupt change in behavior at a coverage of 10
OH per square nanometer are particularly
important.

At coverages > 10 OH per square nano-
meter, many of the surface A1-O, bonds were
highly strained or broken, making some sec-
ond-layer Al more accessible to H,O. Further
MD simulations with 10 dissociated H,O
molecules per supercell (with one O, , Hon a
second-layer Al and the transferred proton on
an adjacent O, site) showed that an interest-
ing rearrangement can occur: The interior
O, 4.H replaces its neighboring O _H, whereas
the O H tilts up and becomes singly coordi-
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nated to a surface Al, providing a mechanism
for the interchange of O, and O,,,. These re-
sults also provide evidence for incipient
Al(OH), formation on the surface. The ultimate
structure of the heavily hydrated surface is
clearly very complicated and may depend
strongly on sample history. It is possible that
the AI(OH); species can be removed complete-
ly (perhaps starting near steps or other defects),
leaving a less reactive surface that is completely
O H-terminated, which is similar to the known
surfaces of aluminum hydroxides (7).

An idealized model for fully hydroxylated
a-Al,05(0001) (28) replaces each surface Al
with three H atoms (Fig. 5A), yielding a
coverage >15 OH per square nanometer.
Room-temperature MD simulations of this
model revealed a complex dynamic structure
(Fig. 5B), with one out of every three OH
groups, on average, lying parallel to the sur-
face because of in-plane hydrogen bonding.
Calculated O-H vibrational spectra (25)
yielded two broad peaks at ~3470 and 3650
cm™!, with the peak at ~3470 cm™ corre-
sponding to in-plane OH groups. The peak at
~3650 cm™" is close to the single peak (3720
to 3733 cm™') that is observed in most mea-
surements on hydroxylated «-Al,0,(0001)
(29) and to the range that is generally as-
signed to bridging OH groups (2, 26). The
peak at ~3470 ¢cm™' is red-shifted by hydro-
gen bonding and is generally not seen in
single-crystal experiments, perhaps because
of selection rules or because it is too broad.
Our finding of two peaks split by 200 ¢cm™
contradicts all previous classifications of OH
vibrations (and subsequent cluster modeling)
(2) on aluminas, which assume that all OH
groups with the same coordination of O and
neighboring Al have the same frequency. By
this criterion, all of the surface OH groups in
Fig. 5 are equivalent; however, their stretch
frequencies clearly depend also on longer
range environmental effects.

The present investigation of «-Al;-
0,(0001) has elucidated several aspects of
the complex interactions of H,O with an
alumina surface, especially the dynamics of
dissociation reactions at low and high cover-
ages. On the basis of these results, a consis-
tent interpretation of a diverse set of experi-
mental data on hydroxylated alumina surfac-
es begins to emerge.
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Past Temperatures Directly

from the Greenland Ice Sheet

D. Dahl-Jensen,* K. Mosegaard, N. Gundestrup, G. D. Clow,
S. J. Johnsen, A. W. Hansen, N. Balling

A Monte Carlo inverse method has been used on the temperature profiles
measured down through the Greenland Ice Core Project (GRIP) borehole, at the
summit of the Greenland Ice Sheet, and the Dye 3 borehole 865 kilometers
farther south. The result is a 50,000-year-long temperature history at GRIP and
a 7000-year history at Dye 3. The Last Glacial Maximum, the Climatic Optimum,
the Medieval Warmth, the Little ice Age, and a warm period at 1930 A.D. are
resolved from the GRIP reconstruction with the amplitudes —23 kelvin, +2.5
kelvin, +1 kelvin, -1 kelvin, and +0.5 kelvin, respectively. The Dye 3 temper-
ature is similar-to the GRIP history but has an amplitude 1.5 times larger,
indicating higher climatic variability there. The calculated terrestrial heat flow
density from the GRIP inversion is 51.3 milliwatts per square meter.

Measured temperatures down through an ice
sheet relate directly to past surface tempera-
ture changes. Here, we use the measurements
from two deep boreholes on the Greenland
Ice Sheet to reconstruct past temperatures.
The GRIP ice core (72.6°N, 37.6°W) was
successfully recovered in 1992 (1, 2), and the

3028.6-m-deep liquid-filled borehole with a
diameter of 13 cm was left undisturbed. Tem-
peratures were then measured down through
the borehole in 1993, 1994, and 1995 (3, 4).
We used the measurements from 1995 (Fig.
1) (4), because there was no remaining evi-
dence of disturbances from the drilling and
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