taken at three different points along the chan-
nel show that the separation resolution is
improved as DNA bands migrate along the
channel (21).

The separation capability of the device was
retained even at higher average electric fields.
Separation of peaks could still be observed even
at electric fields as high as 128 V/em (26). This
value is much higher than typical running elec-
tric fields in PFGE (1 to 10 V/cm). The use of
such a high electric field, as well as the use of
a dc field (no pulsing as in PFGE), greatly
enhances the speed of the separation in our
device because the channel structure ensures
that DNA molecules relax to equilibrium size
before they meet another constriction. In PFGE,
the relaxation of DNA is achieved by pulsing
the electric field.

The above results demonstrate the potential
of this device as an efficient separation system
for long DNA molecules. In addition to more
efficient separation, this nanofluidic channel
device can separate and analyze small amounts
of DNA. The recovery of DNA molecules after
separation is straightforward. The device can be
modified to separate smaller or larger DNA
molecules as well as various proteins and other
polymers. The separation mechanism we have
used will be valid for molecules with a radius of
gyration larger than the gap width. Several sep-
aration channels, optimized for different length
ranges of DNA, can be integrated in parallel for
single-run sorting and analysis of various DNA
samples. The fabrication method does not re-
quire high-resolution lithography techniques.
There should be no serious technical barrier in
making much thicker or thinner constrictions
required for application of the device to a wider
range of DNA sizes (27). The simplicity of the
device will make theoretical modeling easier
for further improvement, ultimately enabling its
mass production and integration into a future
w-TAS.
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Structure of the Hydrated
«-Al,O; (0001) Surface

Peter ). Eng,’* Thomas P. Trainor,2 Gordon E. Brown Jr.23
Glenn A. Waychunas,* Matthew Newville,! Stephen R. Sutton,’
Mark L. Rivers™®

The physical and chemical properties of the hydrated a-AlL,O, (0001) surface
are important for understanding the reactivity of natural and synthetic alu-
minum-containing oxides. The structure of this surface was determined in the
presence of water vapor at 300 kelvin by crystal truncation rod diffraction at
a third-generation synchrotron x-ray source. The fully hydrated surface is
oxygen terminated, with a 53% contracted double Al layer directly below. The
structure is an intermediate between «-Al,O, and y-Al(OH),, a fully hydroxy-
lated form of alumina. A semiordered oxygen layer about 2.3 angstroms above
the terminal oxygen layer is interpreted as adsorbed water. The clean a-Al,O,
(0001) surface, in contrast, is Al terminated and significantly relaxed relative
to the bulk structure. These differences explain the different reactivities of the

clean and hydroxylated surfaces.

The interaction of water with solid surfaces
plays an important role in many natural and
technological processes, from mineral dissolu-
tion and adsorption/desorption reactions and the
reaction of water with sulfate aerosol particles
in the troposphere to corrosion of metals and
the cleaning of semiconductor surfaces (7).
Many previous studies of solid-water interfacial
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reactions have assumed that the solid surface is
a perfect termination of the bulk structure, un-
modified by hydration, but this assumption is
almost certainly not true, even after short expo-
sures to a humid atmosphere (/—4). This is
important because the reactivity of metal oxide
surfaces is strongly influenced by the degree of
surface hydroxylation.

1029



1030

The hydrated o-Al,O; (0001) surface is
an important model system for understanding
the reactivity of naturally abundant phases of
Al-containing (hydr)oxides such as gibbsite
or hydrous aluminosilicate clays due to sim-
ilarity in coordination chemistry of Al in
these phases. Particular attention has been
paid to the reaction of water with the a-Al,0,
(0001) surface because of its importance as a
model for hydration of environmental sub-
strates (5) and as a reactive substrate in the
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atmosphere produced by the exhaust gases of
solid rocket motors (6, 7). Alumina is also
used extensively as a substrate for heteroge-
neous catalysis and the growth of thin metal
and semiconductor films for various applica-
tions and as an adsorbent in wastewater treat-
ment. Because of these and other applica-
tions, the structure of the «-Al,O; (0001)
surface has been the subject of much recent
theoretical (8—14) and experimental work
(15-17). In general, knowledge about the
structure of hydrated metal oxide surfaces is
required for testing models of the structure,
reactivity, and charging behavior of metal-
(hydr)oxide surfaces (18, 19).

We have used the recently developed
technique of crystal truncation rod (CTR)
diffraction (20), at a high-brilliance third-
generation, synchrotron x-ray source to deter-
mine the structure of the hydrated a-Al,O,
(0001) surface under ambient conditions. Un-
like the vacuum-prepared clean surface for
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Fig. 1. Experimental structure factors (F,,,)

as a function of perpendicular momentum
transfer (L, in reciprocal lattice units) for

the a-AL,O, (0001) surface. (A) Structure
factors measured for the hydrated surface.
Dotted line is the calculated CTR for the
ideal oxygen terminated surface; dashed
line is the best-fit, relaxed oxygen-termi-
nated surface; and solid line is the best-fit,
relaxed oxygen-terminated surface includ-
ing an oxygen overlayer. Only the (0OL),

(10L), (11L), and (20L) rods are shown. Also

L(r.l.u)

measured were the (12L), (13L), (21L),
(22L), (31L), and (32L) CTRs. (B) Structure
factors measured for the UHV annealed

clean surface by Guenard et al. (17). Solid line is the best-fit, single Al-terminated surface; dashed
line is the best-fit, double Al terminated surface; and dotted line is the best-fit, oxygen-terminated
surface. Differences in the structure of the measured CTRs shows the sensitivity of the technique

to various terminations.

which Al-terminated (16, /7) or mixed Al/O-
terminated surfaces (/5) have been reported,
the hydrated surface is oxygen terminated,
with a 53% contracted double aluminum lay-
er directly below. A laterally disordered ox-
ygen layer about 2.3 A above the terminal
oxygen layer is interpreted to be adsorbed
water.

A highly polished single crystal (0001)
wafer of a-Al,O, was used. After a clean-and-
wash procedure (27), the sample was character-
ized by x-ray photoelectron spectroscopy
(XPS), which showed that the surface is com-
posed of Al, O, and adventitious C. In previous
photoemission studies of the hydroxylation of
the clean alumina (0001) surface, a water vapor
pressure of about 1 torr was sufficient to fully
hydroxylate the surface (22). Therefore, the
surface is expected to be fully hydroxylated
after the wash procedure.

Measurements were performed at the Ad-
vanced Photon Source (APS) Argonne, Illinois,
on the GeoSoilEnviroCARS beamline 13-ID.
X-rays from the first harmonic of APS undula-
tor “A” were monochromatized to 10 keV by
using a Si(220) monochromator and focused to
a spot size of 100 X 100 wm. Diffraction data
were collected on the sample under ambient
conditions (relative humidity >40%). A total of
882 structure factors were determined by inte-
grating rocking scans through the crystal trun-
cation rods (23). After symmetry equivalents
were averaged, the final data set consisted of
525 unique data points from 10 crystal trunca-
tion rods (Fig. 1A).

Nonlinear least-squares fits of the full data
set to a model consisting of a fixed bulk
structure (24) of a-Al,O, and an adjustable
surface region were determined. Three chem-
ically distinct (0001) terminations are possi-
ble for a-Al,O;: a double Al termination, a
single Al termination, and an oxygen termi-
nation (25). Each of these terminations was
tested in the fitting procedure, and the oxy-
gen-terminated surface was found to give the
best fit to the data. The calculated CTRs for
the unrelaxed oxygen-terminated surface
(Fig. 1A, dotted lines) show large misfits in
the (10L) and (20L) rods. Allowing the sur-
face atoms to relax from their bulk lattice
positions resulted in a x> value of 1.58 with
the fit shown as dashed lines in Fig. 1A.

Allowing the oxygen-terminated bulk
model to relax gives a good overall fit of the
CTR data. However, there is a systematic
deviation at low L for rods with nonzero H
and K as well as poor agreement with the
broad feature centered at L = 4 on the (O0L)
rod (Fig. 1A). These mismatches suggest that
an additional component with a large disorder
term is required. To address this, we added an
oxygen overlayer with its own disorder term,
which was intended to simulate a partly or-
dered physisorbed (hydrogen-bonded) water
layer. This model is consistent with the re-
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Fig. 2. (A to C) Atomic layering sequence and layer spacings (d) along
the [0001] direction is shown for various terminations of the a-AL,O,
surface. Red, silver, and gray spheres indicate O, Al, and H atoms,
respectively. (A) Single Al-terminated surface model from Guenard et al.
(77, 29). (B) Ideal (unrelaxed) oxygen-terminated surface. (C) Best-fit

relaxed surface model for the oxygen-terminated surface from this work,
including the oxygen overlayer (layer 1). (D) Side view of a layer
sequence from the gibbsite structure. In (A) and (C), %A is the percent
change in layer spacing from the ideal termination (B).

sults of studies of water sorption versus rel-
ative humidity on «-Al,O, powder, which
show that, under typical atmospheric condi-
tions (298 K and 50 to 60% relative humid-
ity), about three monolayers of water are
adsorbed on alumina surfaces (26). Inclusion
of this oxygen overlayer (Fig. 1A, solid lines)
resulted in a significantly improved fit to the
(00L) rod and an overall reduction in x? to
1.37, which indicates that layer order exists
for approximately one of the adsorbed layers
27).

The coordinates of the best-fit model and
the ideal oxygen-terminated surface are com-
pared in Table 1 (28). The predominant struc-
tural change relative to the bulk termination
is the large relaxation of layer 3 and 4 Al
atoms toward a common plane, resulting in a
53% contraction of the layer spacing. The

changes in the positions of the layer 2 and
layer 5 oxygen atoms are negligible within
the estimated error ranges. However, contrac-
tion of the Al-layer spacing leads to signifi-
cant expansion of the layer spacing between
layers 2 and 3 (21%) and between layers 4
and 5 (15%) (Fig. 2C).

In addition to the large surface relaxation
observed, the fitted values for layer 1 oxy-
gens result in a d spacing of about 2.3 * 0.4
A (Fig. 2C), which is reasonable for hydro-
gen bonding of overlayer water to surface
hydroxyl groups. However, our XPS mea-
surements show a carbon concentration of
about 21 atoms/nm?, which accounts for less
than 50% of the overlayer composition com-
pared with the estimated quantity of adsorbed
water. Given the carbon concentration and
the similarity in scattering power of C and O,

we were unable to identify the location of the
C in the overlayer. Therefore, we assumed
that this laterally disordered layer 2.3 A
above the surface could be a mixture of hy-
drogen-bonded water and adventitious car-
bon. Even though the overall fit is improved
by including this layer, its presence in the
model has an insignificant effect on the fitted
atomic positions of the relaxed surface.

We conclude that, under the conditions of
our study, the a-Al,O, (0001) surface is ox-
ygen terminated with a large relaxation of the
layer 3 and 4 Al and a partly ordered, phy-
sisorbed water or mixed water/hydrocarbon
overlayer (Fig. 2C). This result differs mark-
edly from previous studies of the ultrahigh
vacuum (UHV)-prepared clean «-AlO,
(0001) surface, which found that the best
model was the single Al-terminated surface

Table 1. Fractional coordinates (a = 4.757 A, ¢ = 12.988 A) of atoms in the
surface model for perfect oxygen termination (bulk termination) and
best-fit relaxed surface. Estimated errors from the least-squares fit at the
96% confidence level are given in parentheses. Values without reported

errors were held fixed in the fits. The Az values are the change in layer
z position with respect to the perfect termination. Bond valence sums
(Xs) were calculated according to the method of Brown and Altermatt
(33).

Bulk termination

Relaxed surface

Layer

X Y z X Y z Az(A) B...(A?) Occupancies Ss (v.u.)
1 o — — — 0.01(1) 0.65 (1) 1.59 (2) — 32(8) 2.0(4) —
o — — — 0.35(1) 0.36 (1) 1.59 (2) — 32(8) 2.0 (4) —
o — — — 0.64 (1) 0.99 (1) 1.59 (2) — 32(8) 2.0(4) —
2 o 0.027 0.667 1417 0.03 (1) 0.67 (1) 1419 (3) 0.03 (4) 5(2) 1.0 0.98 (4)
o 0.333 0.360 1417 0.33(1) 0.36 (1) 1419 (3) 0.03 (4) 5(2) 1.0 0.98 (4)
o 0.640 0.973 1417 0.64 (1) 0.97 (1) 1419 (3) 0.03 (4) 5(2) 1.0 0.98 (4)
3 Al 0.000 0.000 1352 0.000 0.000 1.341(1) -0.14 (1) 0.32 0.89 (5) 30(1)
4 Al 0.333 0.667 1314 0.333 0.667 1323 (1) 0.11(2) 0.32 0.96 (4) 30(2)
5 (6] 0.306 0.000 1.250 0.306 0.000 1.249 (2) —0.01(2) 0.33 1.0 2.04 (4)
(0] 0.000 0.306 1.250 0.000 0.306 1.249 (2) —0.01(2) 0.33 1.0 2.04(2)
(6] 0.694 0.694 1.250 0.694 0.694 1.249 (2) —0.01(2) 0.33 1.0 2.04(2)
6 Al 0.667 0.333 1.186 0.667 0.333 1.186 0.00 0.32 1.0 3.02 (5)
7 Al 0.000 0.000 1.148 0.000 0.000 1.148 0.00 0.32 1.0 3.03 (6)
8 (0] 0.360 0.333 1.083 0.360 0.333 1.083 0.00 0.33 1.0 2.00
(6] 0.667 0.027 1.083 0.667 0.027 1.083 0.00 0.33 1.0 2.00
(0] 0.973 0.640 1.083 0.973 0.640 1.083 0.00 0.33 1.0 2.00
9 Al 0.333 0.667 1.019 0.333 0.667 1.019 0.00 0.32 1.0 3.00
www.sciencemag.org SCIENCE VOL 288 12 MAY 2000
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(Figs. 1B and 2A) or mixed Al/O-terminated
surface (29). The single Al-terminated sur-
face is thought to be most stable under UHV
conditions because it results in a net zero
surface dipole (30). Several theoretical stud-
ies (8—14) also conclude that this is the stable
termination and predict Al relaxations of
magnitude similar to those measured. How-
ever, it has also been shown experimentally
(5=7, 31, 32) and theoretically (§—10) that the
clean a-Al,O; (0001) surface readily reacts
with water.

The stability of the relaxed surface rela-
tive to the UHV clean surface was exam-
ined by bond valence analysis (Table 1)
using the empirical formulation of the
bond-length bond-strength relationship of
Brown and Altermatt (33). Based on the
Pauling electrostatic bond valence princi-
ple, the sum of the bond valence s [ex-
pressed in valence units (v.u.)] from each
nearest neighbor should equal the magni-
tude of the valence of the given atom (34).
The bond valence sums for the layer 3 to
layer 7 atoms in our best-fit model satisfy
the electrostatic valence principle (Table
1). However, the layer 2 oxygen has a bond
valence sum of about 1.0, which is expect-
ed because it has two dangling bonds.
Based on the work of Bargar et al. (35), the
binding of a single proton in a hydroxyl
group (OH) contributes 0.67 < 5o, <
0.79 v.u. to the oxygen, whereas a hydro-
gen bond (O -+ H) contributes 0.18 <
5o u < 0.31 v.u. Therefore, addition of
two directly bound protons leads to over-
saturation of the oxygen, whereas inclusion
of a single proton and a hydrogen bond
satisfies the surface oxygen bond valence
sum. Accordingly, undersaturation of the
bare oxygen atoms in layer 2 can be ac-
counted for by direct binding of protons
and additional hydrogen bonding, leading
to its interpretation as a surface hydroxyl
layer. In comparison, the bond valence sum
for the terminal Al in the Al-terminated
UHV clean surface (Fig. 2A) is about
2.2 v.u. Therefore, because of undersatura-
tion of the surface Al, the Al-terminated
surface is expected to be highly reactive
when it is in contact with water, whereas
the OH-terminated surface is expected to be
stable if sufficient hydrogen bonding con-
tributions are made by adsorbed water or by
in-plane hydrogen bonding.

Because of the weak x-ray scattering
power of protons, the presence of surface
hydroxyl groups can only be inferred from
the above analysis. In support of this in-
ference, however, is the fact that the re-
laxed surface (Fig. 2C, layers 2 to 5) re-
sembles an intermediate between the struc-
ture of the gibbsite [y-Al(OH),] or bayerite
[a-Al(OH),] basal plane (Fig. 2D) and the
ideal a-Al,O, basal plane (Fig. 2B). In both
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the gibbsite and bayerite structures, the Al
ions reside approximately in a single plane
and have distorted octahedral coordination
with a double layer of closest-packed OH
ions (36). Furthermore, gibbsite and bay-
erite are expected to be more stable than
a-AL,O,; under high partial pressures of
water (36). The large 53% contraction we
observe for the staggered double Al layer
(Fig. 2C, layers 3 and 4) can be interpreted
as the structure moving toward a more
stable gibbsite/bayerite-like atomic ar-
rangement, driven by the presence of the
layer 2 hydroxyls (37).

The presence of hydroxyl groups on the
surface with hydrogen-bonding contribu-
tions also is supported by recent theoretical
calculations of the interaction of water with
a-Al,O; (0001) surfaces. These studies
suggest that, under sufficiently high water
loadings, the surface Al atoms on the single
Al-terminated surface convert to terminal
AlO,(OH), species, which should be highly
labile, and their removal or diffusion re-
sults in a OH-terminated surface (8, 10).
The simulations of Hass et al. (8) on the
OH-terminated surface suggest that exten-
sive hydrogen bonding occurs in-plane
among the surface hydroxyls and that the
hydrogen bonding is dynamic, with an av-
erage of one of three hydroxyls lying in
the surface plane. The dynamic nature of the
hydrogen bonding is likely reflected in the De-
bye-Waller factors found in our least-squares
refinement, which gives a root-mean-square
(rms) displacement of about 0.25 A for layer 2
oxygens. Furthermore, based on the findings of
Hass et al. (8), the hydrogen bonding re-
quired to complete the valence saturation of
the layer 2 oxygen in our best-fit model
appears to be obtainable from in-plane hydro-
gen-bonding contributions, although addi-
tional hydrogen bonding from overlayer wa-
ter is also likely.

Often it is assumed that the reaction of
water with metal oxide surfaces will com-
plete the first coordination shell of coordi-
natively unsaturated metal ions and that
this leads to a simple (unrelaxed) oxygen-
terminated surface. For the hydrated
a-AL,O,; (0001) surface, we find that the
first point is true; however, surface hy-
droxylation in this case leads to significant
surface relaxation. We expect that the co-
ordinatively saturated, hydroxyl-terminated
alumina surface will be much less reactive
toward water and that conversion of the
outermost surface to a gibbsite/bayerite-
like atomic arrangement essentially passi-
vates the surface. These suggestions are
consistent with the findings of past attenu-
ated total reflectance Fourier transform in-
frared and photoemission studies of the
hydration of «a-Al,O, (37), which show
that only the surface region of alumina is

hydroxylated. On the basis of our structural
model, reactivity of the hydrated alumina
surface should be similar to that of the
gibbsite and bayerite basal planes, which
are dominated by Al,(OH) surface groups.
These findings have direct implications for
recent site-specific models of metal-ion ad-
sorption at the alumina (0001)—water inter-
face derived from grazing-incidence x-ray
adsorption fine structure (XAFS) spectros-
copy results for Pb(Il) (35), Co(Il) (398),
and Cu(Il) (39) chemisorbed on alumina.
Derivation of these adsorption models de-
pends on measured distances between the
adsorbed metal ion and Al second-neighbor
cations in the substrate and, therefore, on
assumptions about the atomic arrangement
of the outer layers of the alumina (0001)
surface. In a recent XAFS study of Cu(Il)
sorption at the alumina (0001)—water inter-
face (39), for example, it was found that the
most plausible model required relaxation of
the alumina surface structure similar to that
found in this study.

The results of this study confirm that the
reactivity of the UHV clean surface should
differ markedly from an alumina surface pre-
pared in the presence of water. For example,
Kelber et al. (40) observed that Cu growth on a
partially hydroxylated a-Al1,O, (0001) surface
is dominated by two-dimensional island forma-
tion, whereas Cu growth on dehydroxylated
surfaces is likely dominated by three-dimen-
sional island formation. The surface Al sites in
the Al-terminated model are strong Lewis acid
sites, whereas the OH groups in the OH-termi-
nated surface are Lewis bases. After hydroxy-
lation of the a-Al,0, (0001) surface, all surface
sites become Lewis bases with lowered reactiv-
ity to water but enhanced overall reactivity
toward metals.
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Rapid Flooding of the Sunda
Shelf: A Late-Glacial Sea-Level
Record

Till Hanebuth,* Karl Stattegger, Pieter M. Grootes

The increase in sea level from the last glacial maximum has been derived from
a siliciclastic system on the tectonically stable Sunda Shelf in Southeast Asia.
The time from 21 to 14 thousand calendar years before the present has been
poorly covered in other records. The record generally confirms sea-level re-
constructions from coral reefs. The rise of sea level during meltwater pulse 1A
was as much as 16 meters within 300 years (14.6 to 14.3 thousand years ago).

Sea-level curves of the last deglaciation have
been constructed from coral reefs by means of
U/Th or radiocarbon dating of corals [e.g., Bar-
bados (7, 2), Tahiti (3, 4), New Guinea (5, 6)].
The Barbados record contains only a few clus-
tered data points between larger intervals with-
out data for the early phase of the late-glacial
sea-level rise; the Tahiti record starts at 13.8
thousand years ago (ka) (all ages are in calendar
kiloyears before present) (7) above a late Pleis-
tocene reef unit; and the New Guinea record
starts at 13.1 ka and is situated in an area with
strong tectonic uplift. There is a prominent hia-
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tus in most records corresponding to the melt-
water pulse (MWP) 1A around 14 ka (2). Cat-
astrophic sea-level rise for that time is interpret-
ed in the Caribbean-Atlantic region from an
abrupt deepening of the coral assemblages (8).
From these and other records, two alternative
models of the eustatic late- to postglacial sea-
level rise have been proposed (9): (i) a contin-
uous model in which sea level rose steadily
with varying transgression rates and (ii) an
episodic model in which sea level rose in
steps with several pauses or even erosion in
between.

Here we present a record of the late-glacial
transgression on the Sunda Shelf, the largest
shelf area outside the polar regions, covering an
area of 1.8 X 10° km? between the Indonesian
archipelago and Vietnam. During the last glacial
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