
to possess. However, even if they are implicit,
schemas are an economical way to characterize
the gradual acquisition of an organized frame-
work of associative “semantic-like” information
from “episodic-like” events that, once acquired,
allows relevant new information to be assimilated
and stored rapidly. Given that animals have daily
activities such as finding food and water, it is
important for them to retain an organized body of
knowledge about where these may be found and
to be able to update such a framework rapidly,
within one trial. This inferential flexibility of
rodent cognition is now established in several
domains (9).
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Nonstoichiometric Dislocation
Cores in a-Alumina
N. Shibata,1* M. F. Chisholm,2 A. Nakamura,3 S. J. Pennycook,2 T. Yamamoto,4 Y. Ikuhara1

Little is known about dislocation core structures in oxides, despite their central importance in
controlling electrical, optical, and mechanical properties. It has often been assumed, on the
basis of charge considerations, that a nonstoichiometric core structure could not exist. We report
atomic-resolution images that directly resolve the cation and anion sublattices in alumina
(a-Al2O3). A dissociated basal edge dislocation is seen to consist of two cores; an aluminum column
terminates one partial, and an oxygen column terminates the second partial. Each partial core
is locally nonstoichiometric due to the excess of aluminum or oxygen at the core. The implication
for mechanical properties is that the mobile high-temperature dislocation core structure consists
of two closely spaced partial dislocations. For basal slip to occur, synchronized motion of the
partials on adjacent planes is required.

The core structures of dislocations are
critical to the electronic, optical, and me-
chanical properties of a wide range of

materials. For most simple monometallic crys-

tals, dislocation core termination can be deter-
mined; however, in complex crystals such as
oxides, either cation or anion columns (or both)
can be the terminating atomic columns even

with the same dislocation character (i.e., char-
acteristic displacement vectors called Burgers
vectors, b). The possibility of nonstoichiometric
cores also arises but has usually been rejected
because it suggests the possibility of charged
dislocations (1, 2) and the presence of long-
range Coulomb fields with a high associated
electrostatic energy. This has been suggested to
be the reason why the close-packed {111} crys-
tal plane in alkali halides cannot be an easy slip
system (2, 3). Detailed knowledge of dislocation
core structures and compositions is critical to
understand dislocations in ionic crystals.
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The inherent structural complication of alpha
alumina (a-Al2O3) and, indeed, other complex
compounds has led to conflicting models for
dislocation glide (4–6). Alumina is widely used
in many industrial areas because of its su-
perior mechanical, thermal, and chemical sta-
bility at high temperatures. Slip on the {0001}
basal plane is reported to be the dominant
deformation system at elevated temperatures
(7), and thus important for understanding the
high-temperature mechanical behavior. Kronberg
(4) first proposed a basal dislocation slip mod-
el based on structurally related hexagonal
metals. Slip was assumed to occur between Al
and O basal-plane layers. To maintain the nor-

mal octahedral coordination of the oxygen to
aluminum sites, Kronberg proposed the syn-
chroshear mechanism, whereby two shears op-
erate in different directions on adjacent atomic
planes. This mechanism has been shown to
operate in the Laves phase compound HfCr2
(8). Later, Bilde-Sørensen et al. (5) argued that
the slip between Al and O planes would require
charge transport. Alternatively, they proposed
that dislocation slip would occur along the
midplane on the puckered Al (cation) layer.
They argued that this choice of the slip plane
allows the moving dislocations to carry no net
charge.

Figure 1A shows a ball-and-stick model of
a-Al2O3 in the 〈1100〉 projection. From this
viewing direction, Al- and O-atom sites are ar-
ranged as distinct columns. The stacking se-
quence of a-Al2O3 along the 〈0001〉 direction

consists of 12 alternating cation and anion basal
layers. The cation layers are slightly puckered
along the 〈0001〉 direction. Bilde-Sørensen et al.
proposed that basal slip occurs between these
shifted Al sites (5).

The core structure of a basal edge dis-
location in a-Al2O3 is observed by scanning
transmission electron microscopy (STEM).
Now, sub-angstrom resolution can be achieved
with this technique (9). Figure 1, B and C,
show simultaneous high-angle annular dark-
field (HAADF) and bright-field STEM im-
ages of a-Al2O3 viewed along the 〈1100〉

Fig. 2. Atomic-resolution bright-field STEM
image of a basal edge dislocation core in
a-Al2O3. (A) Typical core structure of a basal
dislocation observed from the 〈1100〉 direction.
The dislocation core is dissociated with two
partials (⅓〈1010〉 and ⅓〈0110〉) connected by a
{1120} stacking fault. (B and C) Bright-field STEM
images of the upper and lower partial dislocation
cores, respectively. The upper partial core is
terminated by an Al column, whereas the lower
partial core is terminated by an O column. Both
core terminations lie in between the Al and O
atomic planes. Each partial core is non-
stoichiometric due to the excess of Al or O, but
the total basal dislocation chemically preserves
Al2O3 stoichiometry.

Fig. 3. Schematics of basal edge dislocation
core structures observed at low temperatures
and the mobile core at high temperatures. (A)
Schematic illustration of basal edge dislocation
core structure observed in this study. The per-
fect basal edge dislocation dissociates into two
partial dislocations perpendicular to the slip
plane with the formation of a {1120} stacking
fault in between. (B) Schematic illustration of
mobile basal edge dislocation core model at
high temperatures. Two partials move very close
together without forming a {1120} stacking
fault in between. (C) Proposed atomic structure
model (〈1100〉 projection) of mobile perfect
basal edge dislocation at high temperatures,
based on the present low-temperature obser-
vations. Blue and red segments in the figure
correspond to the O and Al atomic columns,
respectively. In this model, the two dissociated
partials observed at low temperature are lo-
cated on adjacent basal planes in the mobile
high-temperature dislocation.

Fig. 1. Crystal structure and simultaneous
atomic-resolution high-angle annular dark-field
(HAADF) and bright-field (BF) STEM images of
a-Al2O3. (A) Unit structure of a-Al2O3 viewed from
the 〈1100〉 direction. The structure of a-Al2O3
consists of alternating Al and O planes along the
〈0001〉 direction, whose stacking sequence is
··aaAcbaBcaaCcbaAcaaBcbaCcaa··. From the 〈1100〉
projection, we can distinguish individual Al
and O columns. (B and C) Simultaneous HAADF
(B) and bright-field (C) STEM images of
a-Al2O3 viewed from the 〈1100〉 direction. Com-
parison of the images shows that the bright spots
in the bright-field image directly correspond to
the positions of atomic columns under the
conditions used to obtain the images (11). As
seen in the images, bright-field STEM can
distinguish Al and O atomic columns in this
projection.
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direction. The Z-contrast image obtained
with the HAADF detector is an incoherent
image (10); it is essentially a map of the scat-
tering power of the specimen. There is a direct
correspondence between the features in the
specimen and their image. In contrast, the
phase-contrast image obtained with a small
bright-field detector has coherent image char-
acteristics, which is comparable to the paral-
lel beam high-resolution TEM. The contrast
is influenced by the focus of the objective
lens and specimen thickness, orientation, and
scattering power. This makes phase-contrast
images of unknown structures difficult to di-
rectly interpret. However, this sensitivity can
be exploited to provide much greater con-
trast variations than can be obtained from
the Z-contrast images of low–atomic number
elements (such as Al and O). The simulta-
neously recorded Z- and phase-contrast images
(Fig. 1, B and C) of the 〈1100〉 projection of
a-Al2O3 reveal parallel kinked lines of spots
that reflect the arrangement of alternating O
and Al columns along the 〈0001〉 direction.
Under the conditions used to obtain these two
images, the bright features of the Z-contrast
image are seen to correspond to the bright
features in the bright-field image. These bright
features identify the positions of the two O
columns and the puckered Al column in each
segment of the kinked lines seen in this pro-
jection (11).

Figure 2A shows a typical bright-field
STEM image of a basal dislocation core in
a-Al2O3. The line direction of the dislocation
is parallel to the observing direction, so that
the core structure is set at an “edge-on” condi-
tion. In this condition, bright spots in the
image correspond to the positions of atomic
columns as determined from the simultaneous

Z-contrast image. It is apparent that at room
temperature, this dislocation is not a single
perfect dislocation (b = ⅓〈1120〉), but has an
extended structure with partials (b = ⅓〈1010〉
and b = ⅓〈0110〉) connected by a {1120}
stacking fault, consistent with the previous
reports of dislocation observations after basal slip
deformation (12–14). The dissociation is con-
sidered to be driven by the reduction of strain
energy and suppressed by increasing stacking-
fault energy. Dissociation occurs on the {1120}
plane by self-climb (14). No evidence for dis-
sociation on the {0001} basal plane is ob-
served. Our low-temperature observations show
that the cores are separated in the 〈1120〉
direction by only 0.24 nm. This observation is
consistent with stacking-fault energy calcula-
tions that show that the {0001} fault has higher
energy than the {1120} fault at low temper-
atures (15).

The bright-field STEM images of each
dissociated partial core are shown in Fig. 2, B
and C. The arrows in the images indicate the
respective position of an extra half-plane ter-
mination of the two partials. The images re-
veal that the upper core is terminated between
vertices of the kinked line of atoms at an Al-
column position, whereas the lower core is
terminated at a vertex of the kinked line of
atoms at an O-column position. These obser-
vations clearly show both dislocation core ter-
minations and, thus, indicate that the slip
planes of the dislocations are located between
the Al and O atomic planes. Moreover, the
partials terminated by Al or O column in-
dicate that the partial cores are locally not
stoichiometric. Contrary to the common as-
sumption, nonstoichiometric core structures
actually exist in an ionic crystal. Although
each partial dislocation core is nonstoichio-

metric, the total dislocation preserves Al2O3

stoichiometry.
Because the dissociation occurs in the di-

rection normal to the {0001} slip plane, as in
Fig. 3A, glide of the dissociated dislocations
on the {0001} planes would require contin-
uous structural rearrangements as the stack-
ing fault between the partials is moved. In
this case, dislocation motion would require
atomic diffusion and would be very sluggish
at low temperatures. It is thus expected that
the dislocations that are mobile at high tem-
peratures are not dissociated with a {1120}
stacking fault (13, 14), as schematically shown
in Fig. 3B. That is, the mobile dislocation core
at high temperature should consist of two close-
ly spaced partial dislocations. At the most basic
level, dislocation glide occurs by the succes-
sive slip of terminating atomic columns on the
stationary atomic planes. In a-Al2O3, the rel-
ative motions of {0001} O layers and the
sandwiched Al layer are considered to be
involved in the basal dislocation glide. The
difference in core termination results in two
slightly different slip processes. If the dislo-
cation is O terminated, the moving O plane
slips over an Al plane. If, instead, the dis-
location is Al terminated, the moving Al plane
slips over an O plane. On the basis of our low-
temperature observations, we propose that the
slip planes of moving partials are located not
on the same atomic plane, but on adjacent Al
and O {0001} planes. Figure 3C shows the
possible perfect basal edge dislocation core
structure mobile at high temperatures. We as-
sume that the two dissociated partials observed
at low temperature are located on adjacent
basal planes in the mobile high-temperature
dislocation. Although other reconstructions
are possible, our observations show that these
Al- and O-terminated partials exist, and when
the dislocation glide stops, this model can
dissociate by climb to form partial dislocation
core structures consistent with our experi-
mental observation. Thus, we propose that
the atomic-scale basal slip processes are based
on the simple core model shown in Fig. 3C.
Because the schematic is viewed in a 〈1100〉
projection, the vector component normal to
the schematic is not shown. However, it should
be stated that the two partials have equal and
opposite vector components normal to the
schematic.

Figure 4, A to C, shows the slip sequence
of the core model shown in Fig. 3C. The par-
tial dislocations (b = ⅓〈1010〉 and b = ⅓〈0110〉)
combine to produce a unit dislocation (b =
⅓〈1120〉). Again, only the slip components per-
pendicular to the 〈1100〉 projection are shown
in this schematic. The successive slip of the
two partials on adjacent planes (slip planes
1 and 2) recovers the perfect stacking sequence
on the Al sublattice (11). However, in sapphire,
there is a slight deviation from the perfect
close-packed structure seen in the oxygen

Fig. 4. Schematics of the mobile high-temperature basal edge dislocation core structure in cross
section (〈1100〉 projection). Blue and red segments in the figure correspond to the O and Al
atomic columns, respectively. (A) The dislocation, consisting of adjacent partial dislocations with
O and Al termination. The slip planes of the two partials are on adjacent atomic planes (slip
planes 1 and 2). “s” indicates the initial position of the dislocation. In these schematics, only the
vector components perpendicular to the viewing direction are shown, but the two partials actually
have equal and opposite vector components perpendicular to the schematic. (B) The first partial
(O-terminated) slipping on a fixed Al plane. (C) The passage of the second partial (Al-terminated)
slipping on an O plane. It is expected that (B) and (C) occur simultaneously, and during the
process, slight relaxation in the O plane in between the slip planes 1 and 2 is required to preserve
the perfect stacking sequence in O layers. The plain-view schematics of the present basal
dislocation motion show that the proposed dislocation motion preserves a perfect stacking
sequence in Al layers (11).
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sublattice that is correlated with the stacking of
adjacent Al layers (16). This slight deviation in
oxygen positions can be schematically seen in
the projected structure model of Fig. 1A. If
these deviations were a spatially fixed part of
the structure, the motion of a single partial
would result in a stacking fault in the oxygen
sublattice. In the present slip model, the O
plane in between slip planes 1 and 2 is sheared
by only one partial, and thus a stacking fault
on the O sublattice would be produced if we
assume rigid O layers. However, the devia-
tions are related to the positions of the Al
atoms, neighboring O, atoms and vacant sites
sandwiched between the O layers. Because
the perfect Al stacking is preserved after the
dislocation motion, the O sublattice can also
preserve a perfect stacking sequence by an
appropriate small modification in the O atom
positions. It is important to note that these two
partial motions are not independent in our
proposed model. Both partials move simulta-
neously on adjacent {0001} basal planes to
complete the perfect dislocation slip. A total
basal dislocation is thus considered to possess
two atomic slip planes. This core structure is
expected to dissociate after the dislocation
stops moving and form two partials, con-
sistent with our observations in Fig. 2.

We propose that basal slip in a-Al2O3 is
controlled by the partial dislocations that
dissociate from the perfect ⅓〈1120〉 dis-

location. The structure of these partials is
based on our low-temperature observations,
in which each partial core is terminated by Al
and O columns, respectively, but the total
dislocation preserves Al2O3 stoichiometry.
Bilde-Sørensen et al. (5) also proposed a stoi-
chiometric core model, but the slip plane
(located at the midplane on the puckered Al
layer) is not consistent with our images. Our
images clearly show that the termination of
both partials is located in between the Al and
O layers at low temperature. Our results rep-
resent a definitive starting point for realistic
atomic-level modeling of slip processes, dis-
location generation, and their effects on the
mechanical properties of a-Al2O3. Also, the
present results will provide a crucial check for
future theoretical calculations of dislocations
in complex oxides.

We have provided experimental evidence
that locally nonstoichiometric structures are
allowed in crystals with strong ionic char-
acter. Simultaneous HAADF and bright-field
STEM imaging with aberration correction is a
powerful tool for observing such localized
defect structures, even in very complex crys-
tals. The possibility for atomic-scale charac-
terization of dislocation core structures will
assist our understanding of dislocation activ-
ity and its effects on the electrical, optical,
and mechanical properties of complex, mul-
ticomponent materials.
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Acid Catalysis in Basic Solution:
A Supramolecular Host Promotes
Orthoformate Hydrolysis
Michael D. Pluth, Robert G. Bergman,* Kenneth N. Raymond*

Although many enzymes can promote chemical reactions by tuning substrate properties purely
through the electrostatic environment of a docking cavity, this strategy has proven challenging to
mimic in synthetic host-guest systems. Here, we report a highly charged, water-soluble, metal-
ligand assembly with a hydrophobic interior cavity that thermodynamically stabilizes protonated
substrates and consequently catalyzes the normally acidic hydrolysis of orthoformates in basic
solution, with rate accelerations of up to 890-fold. The catalysis reaction obeys Michaelis-Menten
kinetics and exhibits competitive inhibition, and the substrate scope displays size selectivity,
consistent with the constrained binding environment of the molecular host.

Synthetic chemists have long endeavored
to design host molecules capable of se-
lectively binding slow-reacting substrates

and catalyzing their chemical reactions. Where-
as synthetic catalysts are often site-specific

and require certain properties of the substrate
to insure catalysis, enzymes are often able to
modify basic properties of the bound sub-
strate such as pKa (where Ka is the acid disso-
ciation constant) in order to enhance reactivity.
Two common motifs used by nature to ac-
tivate otherwise unreactive compounds are
the precise arrangement of hydrogen-bonding
networks and electrostatic interactions be-
tween the substrate and adjacent residues of
the protein (1). Precise arrangement of hydro-

gen bonding networks near the active sites of
proteins can lead to well-tuned pKa matching
(2) and can result in pKa shifts of up to eight
units, as shown in bacteriorhodopsin (3). Sim-
ilarly, purely electrostatic interactions can
greatly favor charged states and have been re-
sponsible for pKa shifts of up to five units
for acetoacetate decarboxylase (4). Attempts
have been made to isolate the contributions
of electrostatic versus covalent interactions to
such pKa shifts; however, this remains a
difficult challenge experimentally. This chal-
lenge emphasizes the importance of synthesiz-
ing host molecules that, like enzyme cavities,
can enhance binding of small molecular guests
and, in a few cases, catalyze chemical reactions
(5–9).

Supramolecular assemblies with available
functional groups have been used to generate
solution-state pKa shifts of up to two pKa units
(10–13) and to catalyze chemical reactions
(14, 15). Synthetic hosts often rely on hydrogen
bonding or ion-dipole interactions for guest
inclusion, and numerous studies have inves-
tigated the effects of charge on guest binding
affinities in supramolecular host-guest sys-
tems (16, 17). We report here a synthetic supra-
molecular host assembly that relies exclusively
on electrostatic and hydrophobic interactions
for thermodynamic stabilization of protonated
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