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Mutual lattice orientations dictate the types and magnitudes of forces between crystalline
particles.When lattice polarizability is anisotropic, the van der Waals dispersion attraction can,
in principle, contribute to this direction dependence.We report measurement of this attraction
between rutile nanocrystals, as a function of their mutual orientation and surface hydration
extent. At tens of nanometers of separation, the attraction is weak and shows no dependence
on azimuthal alignment or surface hydration. At separations of approximately one hydration
layer, the attraction is strongly dependent on azimuthal alignment and systematically
decreases as intervening water density increases. Measured forces closely agree with
predictions from Lifshitz theory and show that dispersion forces can generate a torque
between particles interacting in solution and between grains in materials.

I
nterfacial forces between crystals that depend
on their mutual crystallographic alignment
enable diverse multiscale phenomena such
as crystal growth by oriented attachment
(1, 2), Schiller layer formation (3), clay swell-

ing (4), adhesion and friction anisotropy (5, 6),
and grain boundary structuring in polycrystals
(7). While the attraction or repulsion of two crys-
tallites is based on a set of forces that are gen-
erally well understood (5), aspects of these forces
that are sensitive to lattice alignment have been
more difficult to probe. For example, in oriented
attachment, where crystal growth entails self-
assembly from nanocrystals, the existence of
torque-generating forces that align approaching
particles to enable adhesion have been implied
more often than proven (1, 2, 8). For instance, in
situ liquid-cell transmission electron microscopy
(TEM) measurements showed that particle ro-
tation accelerated when the nanocrystals were
nearly coaligned, while still separated by a na-
nometer of solution (9, 10).
Conceptually, the types of interfacial forces

that can be sensitive to relative orientation in-
clude Coulombic (due to the structured arrange-
ment of charges at specific interfaces) (11), van
der Waals (vdW) (for lattices with anisotropic
polarizability), solvation (due to the response of
solvent to specific surface structure), and ion cor-
relation forces (dispersion-based attraction of ions

within interacting surface-specific electrical dou-
ble layers) (5, 12, 13). The theoretical underpinnings
of these anisotropic forces are well established
(5), but techniques that can isolate and measure
their magnitudes for a given pair of interacting
oriented crystal faces have generally been lim-
ited to use of macroscopic yet atomically flat
single crystals (e.g., mica) (4). Lattice-specific ad-
hesion anisotropy between faces of microscopic
crystals has been demonstrated (4, 14), but a de-
tailed interpretation of such data is difficult owing
to the complex interplay of electrostatic, hydra-
tion, and vdW interactions giving rise to the ob-
served total force.
We demonstrate direction-specific vdW dis-

persion attraction between two rutile TiO2 (001)
nanocrystals (15), assessing the role of interven-
ing water systematically and making quantita-
tive comparison to predictions from Lifshitz theory.
Critical to these measurements is precise control
of surface expression and roughness, interfacial
contact area, separation distance, and mutual
crystallographic alignment. Atomic force micros-
copy (AFM)–based force measurements have
been useful to some extent—for example, using
a (roughly spherical and nonoriented) colloidal
probe method (16)—but this approach suffers
from uncertainties because the interparticle gap
is not visualized. To measure force-distance re-
lationships while directly imaging the interpar-
ticle gap, we integrated AFM probe technology
with environmental TEM (ETEM) (17). In the
ETEM-AFM approach, the separation distance
is measured with high precision in real time.
Force-distance relationships are evaluated with
a cantilever of known spring constant, comput-
ing the force via Hooke’s law. This also enables
detailed characterization of coplanarity, azimuth-

al orientation, contact area, and surface rough-
ness throughout force measurements.
The rutile (001) surface was selected because

it is dielectrically anisotropic in all three crys-
tallographic directions, including substantial ani-
sotropy in the a plane (18–20) such that the
strength of the dispersion interaction should de-
pend on azimuthal alignment along [001]. Also,
the rutile (001) surface is readily hydroxylated
in air (21) and remains so in vacuum at room
temperature, thereby avoiding a hydroxylation
threshold during water vapor dosing (22) and
minimizing the chance of chemical reaction of
the surfaces upon contact (15, 23).
Atomically flat rutile AFM tips and opposing

rutile substrates were fabricated by focused ion
beammilling to excise nanocrystals from the sur-
face of a single monolith that was preoriented, cut,
and polished to prepare the (001) face (fig. S1)
(15). The resulting (001) AFM tip (Fig. 1, A to C)
and opposing (001) substrate (Fig. 1D) were atomi-
cally flat and clean, and their azimuthal orientation
across the full symmetrically equivalent range of
0° to 90° was accurately controlled in the TEM
by means of diffraction pattern analysis (15). Co-
planarity of the contact between these nanocry-
stals was always confirmed to be perfectly face-
to-face during measurements (Fig. 1, E and F).
In ETEM-AFM force curve measurements, the

rutile (001) substrate is driven toward the rutile
(001) nanocrystal on the AFM tip, paused at an
applied contact force, and then retracted to its
original position, using constant approach and
retraction velocity (movies S1 to S3). Figure 2
illustrates a typical force-distance curve for an
approach and retraction cycle, with corresponding
TEM images. Point 1 denotes the beginning of
approach from long range, during which the
cantilever remains undeflected (Fig. 2A). When
the gradient of the attractive rutile (001)–rutile
(001) force exceeds the cantilever stiffness, the
nanocrystal tip jumps-to-contact the substrate
(point 2, Fig. 2B), and the jump distance is
precisely measured. The substrate is further
pushed toward the cantilever until the applied
force reaches ~20 nN (point 3, Fig. 2C) with a
dwell time of ~30 s before beginning retraction.
During retraction, the tip remains attractively
bound in contact with the substrate (points 4
and 5, Fig. 2, D and E) until the elastic force of
the cantilever exceeds the attractive force, at
which point the tip jumps-from-contact (point
6, Fig. 2F) and the deflection returns to its rest
position over a precisely measured jump distance.
All experiments were performed in controlled

water-exposure conditions that ranged from that
intrinsic to the high-vacuum background pressure
of 10−7 mbar up to 10−1 mbar of added water
vapor (15). The initial (001) termination in high
vacuum was assumed to be that first stabilized
by hydration and hydroxylation during prepara-
tion in air, likely involving reconstruction (24).
Such a situation is ideal because it minimizes
the chance that the nanocrystal surfaces react
chemically upon water dosing or contact (22, 23).
With increasing water background pressure, a
molecularly thin hydrated layer of associatively
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adsorbed water is expected to grow in density
on the hydroxylated terminations until reaching
complete coverage at ~10−1 mbar (15, 21, 25, 26).
Figure 3A shows long-range jump-to-contact

forces at different azimuthal orientations (from
0° to 45°) between two rutile (001) nanocrystals,
over which the lattice alignment is expected to
progress from perfect to maximally misaligned,

respectively. The determined attractive force shows
no dependence on the azimuthal orientation with-
in themeasurement error. Furthermore, the jump-
to-contact force in each azimuthal orientation was
found to be insensitive to the water vapor pres-
sure in the TEMsystem, across the full range of pres-
sures explored, indicating no dependence on the
water layer adsorbed on the respective (001) surfaces.

Figure 3B shows the short-range jump-from-
contact forces at different azimuthal orientations
(from 0° to 90°) through the maximally misaligned
value (45°) and over the same range of water vapor
pressures. In contrast to the long-range forces,
in all cases the jump-from-contact force is sys-
tematically correlated to the extent of the azimu-
thal alignment of the two nanocrystals, displaying
the expected 90° of rotational symmetry along
[001] (Fig. 3C). At each water pressure, the force
decreases as the azimuthal orientation is stepped
out of alignment from 0° to 45°, then increases
at an equivalent inverse rate as alignment is
progressively reacquired from 45° to 90°. Thus,
at short range, the interparticle attractive forces
are direction specific, exhibiting an angular
period consistent with the rutile structure and a
maximum when the azimuthal orientation is in
lattice-matching configurations at around 0° and
90°. Furthermore, the effect of increasing thewater
pressure, and the coverage of the interveningwater
layer, is to diminish the adhesive force between
the nanocrystals interacting at short range but
not the dependence on lattice coalignment. Cor-
responding hydrated rutile (001) surface energies
of 1.3 to 1.5 Jm-2, taken as half the adhesion energy
derived from the jump-from-contact force, com-
pare well with the particle-averaged hydrated sur-
face enthalpies of rutile nanoparticles measured
by calorimetry (1.9 J m-2) (15, 27).
For jump-to-contact, the measured distance

at which the attractive force exceeds the can-
tilever elastic force is 12 to 20 nm for a nano-
crystal tip with a radius of 25 nm. In vacuum
at these separations and conditions, the inter-
actions between rutile nanocrystals that con-
ceptually could be relevant are long-range Coulomb
and vdW forces (28). For jump-from-contact,
the similarity in the angular variation and rela-
tive magnitude of the measured rupture forces
for all background pressures implies that the
underlying forces are the same in all cases.
Therefore, even at the higher water pressures
used here, the relevant forces are expected to
be Coulombic and vdW. The former have been
rationalized as more dominant in the context of
face-specific oriented attachment energies in
solution on the basis of classical molecular dy-
namics simulations (29). However, the present
experiments were designed to isolate the vdW
contribution and so were performed in vacuum
on surfaces that should not charge under the
electron beam because they are chemically stable,
atomically flat, and transect the most electrically
conductive direction in rutile (15). The jump-
from-contact force was reproducible from tip to
tip, independent of dwell time under applied load
(i.e., point 3 in Fig. 2), and fully reversible with
cycling the background water pressure. The
applied load was about one-tenth of that needed
to displace the anticipated water layer “spacer”
trapped between the hydroxylated surfaces (15),
which means that the surfaces have minimal
chance for direct Ti-O(H)-Ti bond formation
across the interface. Other short-range interactions
that may influence the jump-from-contact force
include electrostatic interactions due to the lateral
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Fig. 1. Characterization of a representative rutile (001) AFM tip and rutile (001) substrate in the
ETEM. Low-magnification images of the (A) AFM cantilever and (B) mounted rutile (001) nanocrystal tip.
(C) High-resolution image of the nanocrystal tip surface. (D) Low-magnification image of the rutile (001)
nanocrystal substratemounted on a gold needle. (E and F) Low- (E) and high- (F)magnification image of the
tip and substrate interface after jump-to-contact at zero applied force, showing face-to-face coplanarity.

Fig. 2. ETEM-AFM force-
distance sequence with corre-
sponding TEM images. Red
color denotes the approach
sequence, blue denotes retrac-
tion. Arrows indicate motion;
unfilled arrows denote attractive
contact of the tip to substrate
under tensile force from the
cantilever. (A) Two rutile (001)
nanocrystals seperated at long
range with the substrate
approaching the tip. (B) Jump-
to-contact. (C) End of the con-
tact ramp and dwell point at an
applied force of 20 nN, after
which retraction (D) proceeds
until (E) the deflection limit and
(F) jump-from-contact returns
the cantilever to its initial value.
Scale bars, 200 nm.
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variation of electrostatic potential above various
atomic sites, and hydrogen bonding interactions
due to the formationofwaterbridgesbetween rutile
surfaces. However, the maximum strength of these
interactions is more than an order of magnitude
smaller than the measured jump-from-contact
force (15). This leaves the vdW dispersion force
as the principal source of interparticle attraction.

To confirm that vdW forces can account for
those measured, we calculated the strength of
the vdW dispersion interaction as a function
of distance and relative orientation within the
(001) plane (15). The attractive vdW force arises
from correlations between fluctuating induced
dipole moments in two approaching solids. The
theory describing this interaction is well estab-

lished in Lifshitz theory inclusive of retardation
effects (12, 15, 30–32). For dielectrically anisotropic
solids like rutile, the theory can be used to calcu-
late direction-specific Hamaker coefficients on
the basis of experimental spectroscopic data cov-
ering a wide frequency range. We computed
these coefficients for rutile (figs. S3 and S4) by
combining the measured response from the in-
frared range (18) to the ultraviolet (tables S1 and
S2) (33) on the basis of anharmonic quantum the-
ory for multiple phonon mode crystals (15, 18–20).
Calculated static dielectric constants in the c di-
rection (154.9) and the average in the a plane
(84.7) are in good agreement with measurements
(160.9 ± 7.0 and 85.5 ± 3.1, respectively) (18). We
introduced our calculated dielectric response
for rutile into Lifshitz theory, including retarda-
tion, to predict the strength of the dispersion in-
teraction across the relevant separation range
and azimuthal alignment (15, 30).
Calculated and measured force magnitudes

are in overall good agreement (Fig. 3, A and B).
At a separation of 12 nm, the magnitude of the
calculated long-range force is around 0.1 pN nm−2

and is predicted to be independent of azimuthal
angle or surface water layers, in excellent agree-
ment with the experimental observations (Fig.
3A). This confirms that vdW forces dominate the
jump-to-contact interactions. At short range in
attractive contact (Fig. 3B), actual separation dis-
tances are more uncertain, even in high-resolution
imaging mode (15), so a distance range of 0.4 to
0.5 nm was used for consistency with the surface
roughness observed by TEM and reverse-imaging
AFM (fig. S2). Here, theory predicts forces for the
vacuum condition in the range of 0.2 to 0.3 nN
nm−2, with a minimum below 0.1 nN nm−2 at
maximummisalignment, consistent with the mag-
nitude and angular dependence of the measured
jump-from-contact force. Theory also predicts fine
structure in the angular dependence of the force
arising from the interplay of angular-dependent
and -independent contributions to the Hamaker
coefficient. Parsegian et al. (12) showed that, for
dielectrically anisotropic planes, the angular-
dependent contribution to the Hamaker coefficient
is small compared to the angular-independent
contribution when the planes are aligned. Thus,
near alignment, one can expect low sensitivity
to mutual orientation between the planes. By
contrast, at around 45° the angular-dependent
part of Hamaker coefficient becomes compara-
ble to the angular-independent one, resulting in
a higher sensitivity of the normal vdW force to
mutual orientation. These conclusions are consist-
ent with our calculations for rutile (001) surfaces.
At 10−1 mbar, the anticipated intervening hy-

dration layer is predicted to diminish the strength
of the attraction by dielectric screening of the
vdW dispersion. In our experiments, the varia-
tion in water pressure between 10−7 and 10−1 mbar
is expected to steadily increase the density of a
hydration layer on hydroxylated rutile (001), ulti-
mately stabilizing a water monolayer on each
surface at the highest pressure but avoiding con-
densation of a liquid water thin film (15, 21, 26).
Although the distribution of water across the
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Fig. 3. Dependence of jump-to-contact and jump-from-contact forces on water vapor pressure
and azimuthal orientation. (A) vdW forces calculated using Lifshitz theory for rutile (001) crystals
interacting across vacuum (~10−7mbar) and a thin isotropicwater layer (~10−1mbar) are shownwith black
and red lines, respectively. (B) Calculated vdW forces across vacuum at 0.4- to 0.5-nm separation (gray
region) and with an intervening isotropic water film at 0.4-nm separation (red line) are shown for
comparison to the measured jump-from-contact forces.The TEM image and the crystal model schematic
(C) (blue spheres represent titanium atoms and red spheres represent oxygen atoms) illustrate the azimuthal
orientation a. A is the rotation angle of the TEM stage to the low-index zone axis of the crystals (15).
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surfaces at different water background pressures is
not known, the dielectric screening of the vdW
interactions by these layers has to be weaker than
that from bulk water as the intervening medium
(15). Assuming that one to two intervening layers of
water will be present during attractive contact (15),
theory again predicts forces in excellent agree-
ment with observations, including a diminished
but persistent dependence on azimuthal angle
(Fig. 3B). The lack of resolution of the theo-
retically predicted fine-scale features with azimu-
thal orientation suggests a role for secondary
contributions that limit experimental sensitivity,
such as tip edge–substrate interactions, imper-
fections in surface structure, or interparticle hydro-
gen bonding (34).
The dielectric anisotropy in the a plane trans-

lates into a vdW torque, which has the same 90°
periodicity as the observed jump-from-contact
force (Fig. 4A). The calculated vdW torque is the
strongest at 45° azimuthal orientation. The an-
gular dependence of vdW forces decreases rapidly
with increasing distance between the interacting
crystals, and the torque becomes insignificant
(smaller than 0.3 pN nm−1) at separations lar-
ger than 10 nm (Fig. 4B), consistent with the
observed absence of an angular dependence of
jump-to-contact forces measured at separations
of ≥12 nm (Fig. 3A). The effect of a sparse water
layer coating each of the rutile (001) surfaces on
the vdW force is also predicted to be small at
these large separations, as even the difference
between the vdW torque across vacuum and across
bulk water is less than 0.1 pN nm−1. The cor-
responding variations in the vdW forces will then
be smaller than 0.1 pN, which explains the in-
variance of the measured jump-to-contact forces
with respect to water background pressure.
These findings demonstrate that in dielectric-

ally anisotropic nanocrystals at close separations,

vdW interactions can create substantial torque,
even with intervening water layers. More gen-
erally, the findings provide a starting point for
quantification and understanding of a range of
multiscale phenomena that are based on forces
sensitive to lattice coalignment. For example,
they provide a rational explanation for several
important observations concerning the process
of crystal growth by oriented attachment. In situ
TEM studies of ferrihydrite nanoparticle encoun-
ters show that freely diffusing particles pause
at separations of about 1 to 2 nm before either
rotating to a sufficiently coaligned state and
jumping into adhesive contact or succumbing
to Brownian motion and diffusing apart (9, 35).
Our study shows that vdW forces conceptually
can contribute interparticle torque that rotates
particles into alignment while solvent separated,
increasing the attachment probability of nearly
aligned particles, and helps explain why particle
encounters far from alignment have a higher
rejection rate. Likewise, cryogenic TEM obser-
vations of goethite nanoparticle suspensions
show that they can spontaneously aggregate
and adjust their mutual orientation to form high–
aspect ratio rod-shaped “mesocrystals” composed
of primary units in crystallographic registry but
separated by nanometer-scale solvent layers (36).
The findings may also help explain self-organization
of particles in solution that underlies Schiller
layer formation, or the differences in interlayer
hydration and swelling behavior in clay minerals
relating to layer-stacking polytypism.
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Fig. 4. vdW torque calculated using Lifshitz theory for rutile(001)-rutile(001) at various azimuthal
angles and separation distances. (A) Angular dependence of the vdW torque at separations of 0.2 nm
(black lines), 0.4 nm (red lines), and 1.0 nm (blue lines) across vacuum (black dots) and water (red dots).
(B) Distance dependence of the vdW torque at an azimuthal angle of 42.5°; the inset features the large-
separation region. Torque (nN nm) was computed per unit interfacial area (nm2), yielding nN nm-1.
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