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Oriented attachment of nanocrystalline subunits is recognized as a
common crystallization pathway that is closely related to formation
of nanoparticle superlattices, mesocrystals, and other kinetically
stabilized structures. Approaching particles have been observed to
rotate to achieve coalignment while separated by nanometer-scale
solvent layers. Little is known about the forces that drive coalign-
ment, particularly in this “solvent-separated” regime. To obtain a
mechanistic understanding of this process, we used atomic-force-
microscopy-based dynamic force spectroscopy with tips fabricated
from oriented mica to measure the adhesion forces between mica
(001) surfaces in electrolyte solutions as a function of orientation,
temperature, electrolyte type, and electrolyte concentration. The
results reveal an ~60° periodicity as well as a complex dependence
on electrolyte concentration and temperature. A continuum model
that considers the competition between electrostatic repulsion and
van der Waals attraction, augmented by microscopic details that in-
clude surface separation, water structure, ion hydration, and charge
regulation at the interface, qualitatively reproduces the observed
trends and implies that dispersion forces are responsible for estab-
lishing coalignment in the solvent-separated state.

orientation-dependent interparticle forces | dynamic force spectroscopy |
atomic force microscopy | solvent structure | DLVO theory

rystallization by particle attachment (CPA) is a common

mechanism by which single crystals form in solutions (1). In
contrast to classical growth processes of monomer-by-monomer
addition and Ostwald ripening, CPA occurs through assembly of
higher-order species ranging from multi-ion complexes (2) and
polymeric clusters (3) to fully formed nanocrystals. Among the
numerous styles of CPA, none has garnered more attention than
oriented attachment (OA) by which crystalline nanoparticles
assemble into larger single-crystal structures through attachment
on coaligned crystal faces (4, 5). OA often leads to formation of
hierarchical structures, such as highly branched nanowires (6),
tetrapods (7), and nanoparticle superlattices (8), endowed with
unique properties (9) that are inexorably tied to this nonclassical
process of crystallization.

OA has been inferred for metals (10), semiconductors (11),
and insulating oxides (6); it has been directly observed via liquid
phase transmission electron microscopy (LP-TEM) (5), and the
evolution of particle distributions during OA has been captured
with cryogenic TEM (12). OA is highly dependent on solution
conditions, including pH, ionic strength, and temperature, and is
marked by two important stages. In the first stage, particles ap-
proach one another but do not make contact; rather they remain
separated by an intervening solvent layer of O(1) nm in thickness
(5). This solvent-separated state can occur on such an extensive
scale that a kinetically stabilized particle array—sometimes referred
to as a mesocrystal—is formed in which particles are crystallo-
graphically coaligned, but not in contact (12). In the second stage,
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the attachment barrier associated with the layer is overcome and
particles fuse via a sudden “jump-to-contact” (5).

LP-TEM studies have led to estimates of the magnitude of the
short-range attractive force that drives the second stage (5), but
little is known about either the orientation dependence (13, 14)
of the long-range forces that lead to alignment in the critical first
stage or their variation as the intervening structured solvent
layer, induced by the presence of the two crystal surfaces, evolves
in response to particle approach. Of equal importance for un-
derstanding OA are the effects on these long-range forces from
changes in solution conditions, including electrolyte concentra-
tions and temperature, both of which should impact the structure
of near-surface solvent layers and their ability to create energy
minima that define solvent-separated states (15).

Near-surface solvent structure and interaction forces between
surfaces (such as those of mica plates) have been investigated via
atomic force microscopy (AFM) (16), surface force apparatus
(SFA) (13, 17, 18), and theoretical modeling (19, 20). Those
studies showed there are at least three minima in force vs. dis-
tance between two mica surfaces that exhibit a periodicity of
about 3 A corresponding to the approximate thickness of a water
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layer (21). Both X-ray reflectivity (21) and frequency-modulated
AFM measurements (16) confirm this repeated layering above
the mica surface. However, few studies have probed the long-range
interactions that drive crystal coalignment in the solvent-separated
state. Dynamic force spectroscopy (22) (DFS) measurements in
aqueous solutions using a constant imposed force that produces
varying but >O(1)-nm separations, depending on physicochemical
parameters, provide the opportunity to probe these interactions
and their orientation dependence in the solvent-separated re-
gime, and understand the impact of such parameters on the
interactions.

We performed DFS (22) using an AFM equipped with a ro-
tation stage to directly probe the interaction forces between
crystal facets as a function of in-plane orientation. During DFS,
an AFM tip is brought toward a substrate where it adheres be-
fore being retracted at a rate R that is systematically varied. The
resulting “spectrum” of adhesion forces F,4 probes two funda-
mental regimes (22): a near-equilibrium regime where entering
and leaving the bound state occurs on a timescale comparable
with the rate of tip retraction, and a kinetic regime where tip
retraction is too rapid to allow for bound states to reform once
dissociated. From an analysis of the F,q vs. R, the equilibrium
free energy of binding AG), is determined (22).

We chose mica for this investigation, because fresh (001)
planes are easily generated and extensive studies of mica—mica
interactions have been performed using an SFA (13, 17), pro-
viding a basis for interpreting the current work. Moreover, unlike
SFA (13), the flat-surface geometry and relatively small inter-
acting surface area in DFS facilitates varying the relative orien-
tation of tip and substrate through a full 360° rotation in
a single experiment.

AFM tips were fabricated from single crystals of mica such
that the lower surface of each tip presented an atomically flat
(001) face (Fig. 14). (See Methods for details.) A second mica
crystal was used as the substrate against which the tip was
brought until a maximum compressive force of 2-4 nN was
reached. Further comparison with previous SFA measurements
places the minimum tip—substrate separation at ~1 nm, which
lies beyond the first and possibly the second hydration layers of
the two surfaces (21). (See the discussion below and SI Appendix
for a rationale to estimate the separation.)

Upon approach of the tip to the surface (red curve in Fig. 1B),
force curves typically displayed a small jump-to-contact (circled
region in Fig. 1B) before entering the repulsive regime and

exhibited a much larger F,q upon retraction (blue curve in Fig.
1B), as is typically seen, for example, with silicon and silicon ni-
tride tips on mica (23). Measurements in NaCl solutions showed a
strong dependence on concentration, but essentially no depen-
dence on tip retraction rate (Fig. 1C). The lack of dependence on
retraction rate implies the measurements were taken at near-
equilibrium over the entire range of rates. This outcome is strik-
ingly different from that observed for atomic and molecular bonds
and has two consequences. First, the independence of F,q from
the retraction rate suggests that the nature of adhesion between
mica surfaces is in a solvent-separated state that is distinct from
that of molecular bonds probed in previous DFS measurements
probing molecular bonds (22). Second, and most important from
the standpoint of interpreting the data, the relative values of F,q
are a direct measure of the relative magnitudes of AG,,.

Taking advantage of the equilibrium nature of the force mea-
surement, we quantified the effect of in-plane angular mismatch
on mica—mica adhesion energy by measuring F,q4 at a single retraction
rate. Rotation of the mica substrate in deionized water led to a pe-
riodicity in F,q with minima approximately every 60° over the full 360°
of rotation and with the maxima exceeding the minima (Fiyax/Fmin) by
a factor of ~2 (Fig. 2). This result is consistent with previous SFA
data (13) showing an orientation dependence of adhesion forces
between two mica surfaces (limited to +10° variation around the
maximum), but extends the measurement to a full 360° of rotation.
The observed minima also appeared as sharp cusps in this periodic
pattern, although the minimum at 180° appeared to be considerably
shallower than the others. For comparison, using the same tip to
perform the measurement on an amorphous oxide layer on silicon
produces no discernible periodicity and a variability of only +13%.

We next investigated F,q at 100 mM salt concentration for each
electrolyte. Normalizing F,q to the value in pure water, the results
reveal a trend of decreasing adhesion-free energy from salt-free to
divalent to monovalent ions, with F,4 in the presence of Mg2+ or Na™
exceeding that for Ca®" or K*, respectively (Fig. 34). In the case of
Na*, for which an extensive set of F,q was collected (Fig. 44), our
results show F,q4 falls rapidly as the NaCl concentration (Cnacy) in-
creases to about 10 mM, then rises to a secondary maximum between
20 and 30 mM, before falling gradually at higher concentrations.
Finally, we examined the dependence of F,4 on temperature (7') for
a range of Cn,cr (Fig. 3B). The results display a systematic trend of
increasing F,q with 7, except at the highest Cnoc (100 mM) for
which F,q first decreases with T before exhibiting the same trend as
all other concentrations.
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crystal lattice impacts the intercrystal interactions, whereas the
nonmonotonic dependence of F,q on Cn,cy suggests multiple
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types of forces are competing. Moreover, the increase in F,gq with
T implies that the conventional model of molecular bond rupture
is not applicable to solvent-separated crystal-crystal contacts,
because the former predicts a decreasing rupture force with
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used for comparison with the observed values in pure water.
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increasing T due to the larger amplitude of the thermal fluctu-
ations away from the minimum of the bound state (24).

We now demonstrate that many of the aforementioned fea-
tures can be explained with a model that considers the effects of
molecular details, namely the presence of strongly adsorbed
hydration layers, the number density of ionizable surface groups,
and the anisotropy of the crystal lattice, on the long-range van
der Waals (Fyqw) and electrostatic (Fe.) forces.

To interpret the observed behavior of F,4, we first need to
estimate a tip—substrate separation in the solvent-separated re-
gime. This separation was estimated via a balance in forces from
the intervening solvent structures and the compression. Our ra-
tionale for estimating an effective separation (k) is that the
AFM cantilever cannot exert a sufficient pressure to desolvate
the ions (i.e., penetrate nearby hydration layers), and thus leaves
the adsorbed hydrated ions between the tip and substrate intact
(see SI Appendix for details). This estimate is consistent with the
dependence of pressure on mica—mica separation determined in
previous SFA experiments (16). The hydrated ions lead to A of
~2x the hydrated ion diameter (see SI Appendix, Fig. S4 for
details), that we predict to be ~0.7 to ~1 nm for Cn,c between
0 and 10 mM (Fig. 4B, region I) and ~1 nm for Cnacy >10 mM
(Fig. 4B, regions II and III). As a result, whereas the hydration
layer plays a critical role in determining /., F,g does not include
a force associated with hydration layers; F,4 can be interpreted as
a net attractive force at &g that is a function of the intervening
solvent structure.

7540 | www.pnas.org/cgi/doi/10.1073/pnas.1621186114
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blue curve) values of Fgec and Fygw VS. Cnac based on
DLVO theory modified to include the charge-regulating
nature of the mica surface.

Next, we consider the charge-regulating nature of the mica
surface by replacing the fixed surface charge/potential commonly
used in a typical Derjaguin-Landau—Verwey—Overbeek (DLVO)
theory (25) with the number density of ionizable groups on mica
to obtain a more realistic prediction of F,,. (25) (see SI Ap-
pendix, Eq. S3). Following the model of Ninham and Parsegian
(25), Fejec can be approximated in two asymptotic limits, /e <<
O(2/x) for Cnacr <10 mM (Fig. 4C, solid blue line, region I) and
hege ~ O(2/x) for Cnac) >50 mM (Fig. 4C, solid blue line, region
III), where « is the inverse Debye length varying with Cnac (Fig.
4B) (see SI Appendix for details). In the intermediate region II,
these expressions provide estimates of the upper and lower limits
(red lines in Fig. 4C). The results predict that Fep. is always
repulsive and increases steeply with increasing Cna,c in region I,
but is fairly constant in region III. Interpolation across region II
leads to the prediction that F¢. exhibits a maximum and a
minimum in the range of 10-50 mM NaCl, which is where the
secondary maximum in F,q4 is observed.

In contrast, Fyqw, which can be approximated by Fyqw =
—A/(6zh*), where A is the frequency-dependent Hamaker function
for the mica—water—mica system, is always attractive and nearly
constant over the entire range of Cn,cy (Fig. 4C, solid brown
line) (see SI Appendix for details). Note that the O(1) nm ef-
fective separation can be used to justify Hamaker’s approach as a
reasonable approximation without considering details of retar-
dation (26) and interatomic spacing (27), although A can be
significantly influenced by the different dielectric response of
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hydration layers (15) (see SI Appendix for details). The resulting
prediction for electrolyte dependence of the total long-range
adhesion force, Foq = Felee + Fyaw, 1S in good agreement with
measured values for 0 < Cnacr < 100 mM (Fig. 44). F,q is always
attractive; it drops sharply from a maximum value at Cn,c; =0 to
a minimum near F,q = 0 for Cnacr ~10 mM, reaches a small
secondary maximum near Cn,c; ~30 mM, and drops gradually at
higher NaCl concentrations. The detailed sensitivity of our fit in
Fig. 44 to different heg (SI Appendix, Fig. S7) further demon-
strates the predicted A (i.€., ~1 nm) is indeed reasonable.

Our formulation of F,4 also predicts the observed trend with
electrolyte valence (Fig. 34). At 100 mM, all salt solutions satisfy
hege ~ O(2/x). In this regime (III), the electrostatic repulsion is the
smallest in pure water and the resulting Fe).. for monovalent ions
is 4x that for the divalent ions (S Appendix, Fig. S6 and Egs. S5
and S10). In contrast, the variation in Fygqw is only ~40% (SI
Appendix, Eqs. S6 and S7 and Fig. S6); thus F,q is greatest in water
and smallest for the monovalent ions (Fig. 34). Due to the
smaller radius of Mg?* than Ca®*, the strongly hydrated Mg>*
ions have weaker interactions with mica and can be more easily
expelled from the surface (28), leading to lower surface ion
density, smaller Fe.., and greater F,q. Moreover, Monte Carlo
simulations predict that Mg®* and Ca’* are adsorbed above
tetrahedral sites of mica at distances of 3.45 and 3.99 A, re-
spectively (29, 30), resulting in a Mg>* separation A less than
that of Ca* Similarly, we predict F,q for Na* should exceed that
for K*. (See SI Appendix for estimated separations and F,q cal-
culation for various ion solutions.)

The validity of the physical picture presented above is reinforced
by the resulting prediction of the dependence of F,q on 7. The
formulation of the forces suggests that a change in temperature
influences F. and Fyqw in a complex and correlated fashion:
(i) A varies linearly with T (26), (if) the dielectric constant of water
drops by nearly 20% between 5 and 45 °C (31), (iii) k is a function
of 7, and (iv) the osmotic pressure is linearly proportional to T (see
SI Appendix for details). Considering such changes, the predicted
dependence of F,q on T exhibits the trends observed experimen-
tally (Fig. 3B), except for the unique behavior at Cnacy = 100 mM
(Fig. 3B). This phenomenon occurs because increasing 7 influ-
ences the hydration of ions, more easily disrupting the ion hydra-
tion and leading to a decreased /g (see SI Appendix for details).
However, at Cyaag = 100 mM, the calculations indicate that the
interaction forces are highly sensitive to a choice of A (SI Ap-
pendix, Fig. S8); implementing a mere 0.015-nm variation in /Ag
from 0.95 to 0.935 nm results in a qualitatively similar trend to that
seen experimentally (Fig. 3B; see SI Appendix for details).

Another important consequence of A being O(1) nm is that
F.qw is responsible for the observed orientation dependence
(Fig. 24), because Fy. is isotropic at such separations even in
the presence of a molecular representation of the surface (see SI
Appendix for details). However, for a biaxial crystal like mica, the
molecular structure of the lattice is imprinted upon the frequency-
dependent dielectric function and thus gives rise to an orientation
dependence of the Hamaker constant A—now a tensor—that re-
flects the symmetry of the crystal (32). Based on the Lifshitz theory
at zero wave-number limit (i.e., k — 0), the angular dependence
of A is qualitatively described by A=Ag+A;(1+2cos’8),
where 6 is the in-plane mismatch angle between crystal surfaces
(i.e., principal optical axes) and Ay and 4; denote nonangular
and angular coefficients. These coefficients are complicated
functions of the dielectric properties (€) of mica (tensorial) and
water (scalar) (Fig. 2D) (26). Although strictly monoclinic, the
structure of mica exhibits a small distortion from hexagonal
symmetry (Fig. 2 B and C). This symmetry constrains mica to be
nearly optically identical with every 60° rotation, implying that the
angular factor should become 1+ 2 cos?(36). Thus, this simple
analysis of the angular factor in A should provide a qualitative
understanding of the observed 60° periodicity of F,y. Assuming
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Ohegr /00 =0, Fpax/Fin 1s predicted to exhibit maxima at 0 = 0°+
n-60°, where n is an integer, and minima at § = 30°+ n-60°. For
k — 0, our theory predicts that the magnitude of the variation in
Finax/Finin (1.04) is much less than the observed factor of 2 (see ST
Appendix for details). We leave open the possibility that /¢ may
vary due to the variation in adhesion force at different mismatch
angles. Specifically, based on our calculations, a 10-20% variation
in Aeg (from 1 nm) would be all that is required to change F,4 by a
factor of 1.4-2, respectively, in water. Moreover, the observed pe-
riodicity (Fig. 24) diverges from a simple sixfold sinusoidal sym-
metry. Whereas the latter can be understood from the deviations of
the mica lattice—which is actually monoclinic—from pure hexag-
onal symmetry, this finding suggests that consideration of both the
wave-vector dependence and nonlocal dielectric response is re-
quired to quantitatively predict the trends in F,x/Fmin With changes
in relative orientation, as suggested in a previous work with graphite
surfaces (33). Our calculations based on the aforementioned
tensorial form and a naive extension of the isotropic Lorentzian
formula for the frequency-dependent scalar dielectric property of
mica provide support for the need of a rigorous treatment of the
dielectric tensor of mica (see the discussion in SI Appendix).

Discussion and Conclusions

The findings presented here suggest that, in the absence of attractive
dispersion forces, only the repulsive interactions of electrostatics and
hydration forces would be present. Hence, it is the dispersion force
that is responsible for nanocrystals retaining their proximity to one
another for sufficient time to allow the (de)hydration barriers to be
overcome through fluctuations of solvent layers.

An important aspect of this study is to include some of the im-
portant molecular granularity present in the solution through its
response to the mica surface to calculate the long-range interac-
tions needed to predict the observed trends in adhesion force with
temperature and electrolyte type and concentration. However, a
better molecular description that includes, for example, correct ion
distributions as a function of separation and concentration, and
nonlocal dielectric response will be necessary to obtain a quanti-
tative prediction. Moreover, whereas obtaining a purely molecular
picture through molecular simulations would be desirable, the po-
tentials available for such simulations typically use cutoffs for the
molecular interaction on the order of 1 nm; thus, the ability to
predict nanoparticle interactions at the large length scales relevant
to this study—and thus to the solvent-separated regime—using such
methods at present seem problematic (see SI Appendix for details).

Our use of a continuum theory modified to include molecular
details also enables us to estimate the surface separation to be
~1 nm, which is consistent with estimates based on comparison
of maximum pressures applied in the AFM experiments with
those measured in previous SFA experiments for which surface
separation is accurately known. These molecular details include
the structure of the surface hydration layers and the number
density of ionizable surface groups, to elucidate the subtle
competition of long-range vdW and electrostatic forces. Unfor-
tunately, neither a simple continuum theory with spatial homo-
geneity nor molecular simulation using isotropic pairwise-additive
interactions can provide a quantitative explanation of the azi-
muthally resolved variation of the adhesion force between mica
sheets (see SI Appendix for discussion). Thus, a more rigorous
treatment of vdW forces arising from a spatially varying and
anisotropic dielectric response in conjunction with the role of
hegr at different mismatch angles is needed and will be the focus
of future studies.

In conclusion, taking advantage of the near-equilibrium nature
of the force measurements (F,q ~ Fcq), the present study shows
that F.q—and hence the equilibrium binding energy—between
mica surfaces in the solvent-separated regime has an ~60° peri-
odicity related to crystal structure and depends strongly on elec-
trolyte type, concentration, and temperature. The nonmonotonic
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variation of F,4 with electrolyte concentration indicates the magni-
tude of F,q is determined by competing forces. Analysis shows these
features are all consistent with an attractive interaction induced
by vdW forces that is indeed competing with electrostatic and
hydration forces. Such balance is predicted to be very sensitive
to the short-range surface hydration structure, which can be
controlled via electrolyte type, concentration, and temperature,
leading to changes in the dependence of force on separation
and consequent variations in Ay Our findings imply that a
simple model system, such as the (001) face of mica, exhibits
the complexities germane to a quantitative understanding of
OA of nanocrystals. The analyses reported herein highlight the
strong interplay between experiment and theory needed to
quantify the magnitude and define the origin of the forces that
drive OA, and the key theoretical findings implicate the mo-
lecular details of the solution in response to the anisotropy of
the crystal in determining driving forces for assembly. The
fundamental understanding arising from this study will affect
phenomena beyond OA such as aggregation/disaggregation,
and contraction and swelling of soil minerals in response to
wetting cycles, which are largely driven by the interplay of in-
terfacial and hydrodynamic forces.

Methods

Tip Fabrication and Force Measurements. Crystallographically oriented face-
specific AFM “mica tips” with a (001) plane for a force probe were fabri-
cated using focused ion-beam milling (Helios NanoLab 600i, FEI) and
microlithography methods (see S/ Appendix for details). A mica single
crystal as substrate was mounted on the AFM substrate holder. Force
measurements were performed with a commercial AFM (MFP3D or Cypher,
Asylum Research). Adhesion forces (or rupture forces) were determined by
a cantilever deflection and calibrated spring constant of the cantilever. The
retract velocity was changed after every approach/retract cycle (keeping
the approach velocity constant) to obtain a distribution of the adhesion
forces at different loading rates, ranging from 2 to 150 nN/s. Approximately
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25-100 measurements were taken at each loading rate, the dwell time of
the tip with the substrate was 3-6 s, and an external force of a few nano-
newtons was applied on the cantilever before pulling away. The geometry
of the tip and substrate contact remains constant during the rotation of the
substrate, and it does not influence the effect of crystal orientation on F.q
between mica surfaces. To investigate the orientation-dependent interac-
tions, a rotation stage was mounted on the substrate holder. The substrate
was rotated from 0° to 360° while the orientation of the AFM cantilever tip
was fixed. Mismatch angle was recorded for one set of experiments (see S/
Appendix for details). The spring constants of all cantilevers were calibrated
by the thermal fluctuation method. The measurements presented here were
performed with two different cantilevers with spring constants of ~50 and
~700 pN/nm. All measurements were performed at room temperature un-
less noted. All chemicals were purchased from Sigma Aldrich, unless noted.
Faq was determined at a pH of 5.6 + 0.1 for a range of tip retraction rates,
NaCl concentrations (0-100 mM), electrolyte species (NaCl, KCl, MgCl,, and
CaCly), relative tip-substrate rotation angles (0-360°), and temperatures
(15-45 °C). The mismatch angle was kept constant during the measurement
while changing the salt concentration, temperature, and ionic species. For
more detailed information please see S/ Appendix.
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