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ARTICLE INFO ABSTRACT

Keywords: The van der Waals interaction between colloids and nanoparticles is one of the key components to understanding
van der Waals forces/torques particle aggregation, attachment, and assembly. While the ubiquity of anisotropic particle shapes and surface
Self-assembly roughness is well-recognized in nanocrystalline materials, the effects of both on van der Waals forces and torques

Particle shape

Surface roughness
Arbitrary configurations
Scaling

have not been adequately investigated. In this study, we develop a numerical scheme to determine the van der
Waals forces and torques between cubic particles with multiple configurations and relative orientations. Our
results show that the van der Waals torque due to anisotropic particle shapes is appreciable at nearly all con-
figurations and mutual angles, outcompeting Brownian torque for various materials systems and conditions.
Surface roughness enhances this particle shape effect, resulting in stronger van der Waals interactions ascribed to
protrusions on the surfaces. Moreover, a scaling analysis indicates that the surface roughness alters the sepa-
ration dependence of the van der Waals force and, more importantly, significantly influences the dynamics of two
approaching particles. Our results clearly demonstrate that surface roughness and anisotropic shape play a

Abbreviations: vdW, van der Waals; A, Hamaker constant; RMS, root-mean-square roughness; Vyqw, van der Waals potential.; Fyqw, van der Waals force.; Tyqw, van
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particle.
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crucial role in the energetics and kinetics of various particle-scale and emergent phenomena, such as crystal
growth by oriented attachment, nanomaterials synthesis and assembly, mud flow rheology, as well as the
deposition of natural nanocrystals within the subsurface.

1. Introduction

Colloids and nanoparticles in solutions can aggregate, attach,
assemble, or remain dispersed due to a balance of interparticle forces.
These outcomes depend on a multitude of variables including material
chemistry, solution conditions, surface charge, and particle geometry.
Most commonly, the stability of colloidal systems is evaluated using the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which accounts for
contributions from the electrostatic force and the van der Waals force.
While the DLVO theory has demonstrated relative success for predicting
the aggregation rates of spherical colloids, many significant limitations
persist. For instance, continuum approximations do not accurately
describe the molecular nature of the solution medium, [1] non-DLVO
interactions such as hydration forces are not fully understood, [2] and
real-world complexities such as non-spherical particle shapes and sur-
face roughness remain difficult to characterize. In particular, incorpo-
rating particle geometry in force calculations will require advanced
numerical schemes capable of applying existing theory to random
shapes and roughness, beyond exemplary smooth spheres. Resolving
these complexities promises a more predictive theory that advances a
wide range of application areas including environmental remediation,
nanomaterials synthesis, manufacturing, cosmetics and other industries,
as well as nuclear waste treatment. [3-5].

In particular, the ubiquitous van der Waals (vdW) interaction, also
known as the London-vdW or dispersion interaction, is a key component
of the DLVO theory, especially critical for understanding various phys-
icochemical phenomena beyond the traditional view of colloidal ag-
gregation. [6,7] For example, Lee et al. showed that the vdW force is the
main driver for the assembly of Ag nanoparticles into a superlattice
structure and that a delicate balance between hydration and vdW forces
results in a distinct distribution of interparticle separations. [2,8]
Similarly, a superlattice pattern of Pt-Fe nanoparticles emerges when
vdW interactions dominate at shorter particle separations after long-
range anisotropic forces initially drive the formation of chain-like pat-
terns. [9] The manipulation of these interparticle forces has enabled the
synthesis of an impressive repertoire of nanomaterials, including the
reversible formation of Janus metal-organosilica nanoparticles, [10] the
assembly of highly-ordered “mesocrystals” [11] and nanorod chains
[12], and the oriented attachment of nanocrystals that subsequently fuse
into single crystals. [13] Furthermore, the vdW force at the particle scale
can influence emergent phenomena at the macroscopic scale such as the
mechanical response and rheology of nanoparticle dispersions. [14,15]
Recent studies demonstrated that an attractive force between particles
such as vdW force is responsible for the cohesive nature of dense sus-
pensions that mitigate the expected shear thickening. That is, as the
magnitude of vdW forces increases, the viscosity of dense suspensions
increases with shear at a smaller shear rate (or smaller Péclet number),
obscuring the expected shear thickening at higher shear rates. [15,16].

While many previous studies have aimed to understand the vdW
interaction and its consequences at macroscopic scales for colloids and
nanoparticle systems, [17-20] these cannot be directly applicable to
nanocrystals because of two key unique features: inherent surface
roughness and non-spherical shapes of faceted crystals with sharp edges.
Attempts at resolving the effect of particle shapes have largely focused
on scaling arguments using very specific configurations such as direct
face-face interaction between faceted particles. One such example
showed that the interplay of vdW force and hydrodynamic mobility in
rhombohedral boehmite nanocrystals results in unexpected particle
packing and aggregation dynamics. [21] This result demonstrates that
the correlation between energetics and dynamics for anisotropic
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particles is markedly different than for colloidal spheres, [4,7] leading to
a richness of emergent behavior. [21] Krzysko et al. further demon-
strated that such coupling can also lead to a viscosity increase of
boehmite nanocrystal suspensions under shear in a study using a com-
bination of capillary rheometry and in situ (ultra) small angle X-ray
scattering. [17,22] One of the key next steps will be developing a
quantitative understanding to implement “vdW torque” between non-
spherical particles, beyond simple scaling arguments.

In addition to shape complexities, nanocrystals inherently possess
“microscopic” surface roughness associated with defects, step-edges,
and foreign adsorbates. In principle, these features can be expected to
produce variations in the separation between two bodies, leading to a
noticeable change in vdW interactions. Delrio et al. used adhesion force
measurements and simulations to show that vdW forces between
micromachined surfaces are greatly influenced by surface roughness.
[23] Parsons et al. showed that the surface roughness generally am-
plifies the long-range behavior of noncontact electrostatic/vdW forces
between two surfaces based on a simple model implementing the Der-
jaguin approximation with root-mean-square roughness as a key
parameter and experimental force measurements on TiO, surfaces. [24]
However, such studies have been largely based on two semi-infinite flat
surfaces such that the effect of finite particle size and, more importantly,
the connection of the vdW force to the non-spherical shapes and relative
particle orientations remain unresolved.

In this work, we investigated the effect of shape and surface rough-
ness on the vdW interaction between nanocrystals using two cubic
particles as a model system. Our results reveal mechanistic insights into
vdW interactions between nanocrystals, especially connecting to the
orientation dependence of the vdW interaction, with particular
emphasis on vdW torque, and corresponding translational/rotational
dynamics of nanocrystals in the context of assembly and aggregation. It
is noteworthy that various previous studies for vdW torque have been
mainly focused on vdW torque from its crystallographic nature that
requires a full frequency-dependent dielectric function of each crystal-
lographic direction, not necessarily coupled to the shape [25-27]; we
aim here to clearly quantify the vdW torque from an orientation-
dependent vdW interactions due to an anisotropic shape irrespective
of crystallographic nature. Hereafter, we will briefly explain the scheme
to numerically construct nanocrystals and surface roughness, as well as
the basic formulation to calculate the vdW interaction and corre-
sponding force/torque.

2. Basic theoretical formulations and simulation schemes
2.1. Formulation for vdW interaction and force/torque between two cubes

The London-vdW interaction energy between two macroscopic
bodies can be described as

V=—(A/r)Vg )

where A is the Hamaker constant depending on dielectric properties
of the bodies and intervening medium. Vg represents geometric effects of
two macroscopic bodies. Utilizing Hamaker’s approach[28]:

1
VR :/ / 76d1'|d1'2
v Ju o =1

where r =|r1-r3| is the distance between an arbitrary point in Body 1
(volume v;) and an arbitrary point in Body 2 (volume v5). Our approach
for calculating Vg of cubes in arbitrary configurations is a numerical
summation of the discretized small pieces, each intended to represent a
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group of atoms. classified into two sets of 50 points as 2 T; and 2L; (the total number of
the asperities is 2500) and constructed the roughness layer as 0.2 Wj.

Ve=>_ 3" Ve 3 Next, the height of each divided point in the roughness layer was
emor determined by adding a Gaussian random number into 0.2 Wy at a given
where Vg.nmp indicates the geometric effect of vdW interaction be- root-mean-square roughness (RMS). Using the inversion symmetry
tween a Body 1 and each small piece of a Body 2. As shown in Fig. 1, process (e.g., equating the roughness height of (x, y, 2) to the roughness
given geometrical parameters (i.e., dimensions of length, thickness, and height of (-x, -y, -2) based on the (0,0,0) center of mass), the asperities of
width of Body 1: 2L;, 2 Ty, 2 Wy; dimensions of length, thickness, and the surface represented by a negative unit vector in the x-direction for
width of Body 2: 2Ly, 2 Ty, 2 Wa; X-, y-, and z-directional separation surface roughness were determined. The dimensions of constructed as-
distance: hx, hy, and hz), the center positions of the small pieces in the perities were defined as 2L; = 0.04, 2 T; = 0.04, and 2 W; = the height
Body 2 can be calculated based on the center position (Xpody2, Ybody2> and of asperities determined by randomly generated Gaussian numbers. In
Zbody2)- the meantime, the asperities were constructed 2500 asperities of each
surface represented by a positive/negative unit vector in the y-direction

(xc-hyc-ﬁ Zv-k) = (xbodyz_Lz +(2Lz/n) o (N = 0.5), ypoa2—T2 + (212 /m) with 2 W; = 0.04, 2L; = 0.04, and 2 T; = the height of asperities for the
o (M —0.5), zpotyo—Wa + (2W, /p) ® (P — 0.5) ) surface and 2500 asperities of each surface represented by a positive/a

) negative unit vector in z-direction with 2 T; = 0.04, 2 W; = 0.04, and
2L; = the height of asperities. Subsequently, the asperities of coordi-

where n, m and p are the number of slices in x, y, and z coordinates, nation for the other cuboid surfaces were determined using the same

respectively. N, M and P are the integer from 1 to n, m or p to define the method. This procedure conserves a total particle volume within a small
center position of the sliced small pieces in the Body 2. In this work, a 10 error (typically about 0.08 %). After creating asperities on the cuboid’s
x 10 x 10 grid has been used. That is, 2 (dimensionless unit) of each side surface, all asperities as well as the unchanged layer of the body were
was used for 2Ly, 2 T, and 2 W dimensions (i.e., cube), and 0.2 was rotated by the defined rotational angles (fx, 6y and 6,) and translated
used for 2Ly/n, 2 Tz/m, and 2 W2/p by n = 10, m = 10, and p = 10. The into the original center point. The vdW interaction was then calculated
center positions of the sliced small pieces in the Body 2 were rotated by by numerical summation,
using the rotation matrix based on the rotation angle 6y, 6, and 6, with
respect to x-axis, y-axis, and z-axis respectively:[29] Vi = Vinchangediayer + Z Z Vasperities (6)

X cosO, —sinf, 0 cos@, 0 sinf, 1 0 0 Xea

Y | = | sin0,  cosd, 0 0 1 0 0 cosh. —sind. Vea (5)

Zea 0 0 1 —sinfy 0 cosO, 0 sinf. cos0. Zea

We have developed a numerical scheme for calculating Vg_pyy be-
tween Body 1 and a sliced piece of Body 2 based on previous works.
[30,31] To use the existing analytical relation between the two bodies,
the sliced pieces of Body 2 were placed parallel to Body 1 with main-
taining the rotation angles of Body 2. The detailed calculation proced-
ures for van der Waals interactions are described in section 1 of SI. Then,
vdW forces (Fyqw) and torques (z,qw) were calculated by a centered
difference with displacement in length or angle as shown in section 2 of
SI (Fig. S1 and Table S1).

3. Results & discussion

3.1. Van der Waals torque between smooth cubes and effect of particle
size

In the first set of simulations, we calculated the vdW interactions
between smooth cubic particles of identical size (Fig. 3a). We considered
a parallel face-face configuration with various particle separations and
relative orientations. While the vdW force (Fyqy) was monotonically
increasing as a function of particle separation (Fig S2),[30] several
2.2. Numerical construction of cubic particles and surface roughness interesting features can be resolved in the vdW torque (z,qw). Specif-

ically, 7,qw was calculated as a function of the x-axis rotation angle (6,)

To study the effects of surface roughness on the vdW interaction, the at cube separations of h/L; = 0.1, h/L; = 0.15, and h/L; = 0.3, respec-
rough surface was created by constructing asperities on the smooth tively. Body-1 with L; = T; = W; = 1 was fixed at (0, 0, 0), while Body-2
cubes, as illustrated in Fig. 2a. First, a cube body was transformed with L, = T, = W, = 1 was placed at (2.1, 0, 0), (2.15, 0, 0), and (2.3, 0,
translationally in order that its center position became (0,0,0). Then, the 0). As Body-2 was rotated about the x-axis, 7,qw decreased sharply from
surface represented by a positive unit vector in the x-direction was

s s s
tAAAAAAAA
A A A A A A A A

(a)

2W,

FaL/n
2L,

Fig. 1. Schematics showing (a) dimensions of a cube and sliced constituent small pieces in Body 2 for calculations of vdW interaction potentials., and (b) rotational
angles 0y, 6y, and 6, of a cube.
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Fig. 2. Schematics showing (a) construction of asperities to produce surface roughness without displacing the center of mass, (b) constructed asperities on cubes with
0.026, 0.052, and 0.106 roots mean square (RMS) roughness and (c) definition of the effective separation distance between the cubes having randomly generated

surface roughness.
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Fig. 3. Normalized van der Waals interaction torques (t/A) as a function of rotation angle (0) between cubes having smooth surfaces at (a) different normalized

separation distance (h/L;) and (b) different cube sizes of Body 2.

zero in the perfectly aligned configuration to a peak at approximately 0y
= 11° and then decreased linearly back to zero as 0, approached 45°.
The symmetric case occurred in the second half-rotation; 7,4y positively
increased as 0, approached 79° and returned to 0 as 0, was increased to
90°, corresponding to another configuration with perfect cube align-
ment. A similar trend was observed at the various particle separations,
with the overall magnitude of 7,4y significantly increasing when h/L was
decreased. For example, the maximum 7,4y at h/L = 0.1 was 28.4 times
larger than that at h/L = 0.3, with the peak relative angle shifting
slightly from 6, = 11° to 18°.

Moreover, we investigated the effect of size disparity on the vdW
interactions between the two particles (Ly/L; = 1, Ly/L; = 1.5, and Ly/
L; = 2) on 74y (Fig. 3b) and Fyqy (Fig. S3) was investigated at h/
L; =0.1. As shown in Fig. 3b, the 1:1.5 and 1:2 size ratio produced one
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and two orders of magnitude lower 7,4y, respectively, compared to the
equal-sized cubic pairs. As the L size was increased to Ly/L; = 1.5, and
Ly/L; = 2, the maximum 7,4y was decreased to 9.97 x 10" (Ratio = 1/
7.39) and 3.53 x 107 (Ratio = 1/208.83), respectively, compared to
7.37 x 107 at Lo/Lq 1, which follows exponential decrease. (See
Fig. S4a) The configurations with 7,4,y = 0 correspond to isotropic vdW
interactions, indicating no torque that attempts to re-align the particles
at distinct relative orientations. This result already presents a drastic
departure from spherical particles that do not experience such torques.
As the difference between Body 1 and Body 2 increased, the rotation of
the Body 2 would become less sensitive to the Body 1, although the
interaction potential (and the force) increases as the size difference in-
creases. (Fig. S3a-c) The shape effect can be thus maximized at equal-
size conditions. (Fig. S3 and S4) Similar phenomena were observed in
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Fig. 4. Representative surface roughness of boehmite, silica, quartz, zincite, and titanium dioxide.

the face-to-edge configuration. (Fig. S5) To gain more physical insights
on the scale of van der Waals interactions, we compared 7,qw to the
Brownian torque, which is associated with rotational diffusion in the
order of kT. [26] Note that the balance between 7,4y and 7, can be
evaluated as kT/A for any given system because the 7,4y scales by the
Hamaker constant. As an example, we consider boehmite — an aluminum
oxyhydroxide mineral that undergoes oriented nanocrystal attachment —
with Apoehmite = 5.2 kT. [21] We determine that 7,4y outcompetes the
Brownian torque over the majority of relative orientations, spanning 6,
values of 1°-35° and 55°-89° when h/L is smaller than 0.15. By com-
parison, kT/Agq is ~ 0.01645 based on the Hamaker constant for a
gold-water-gold system (Agq = 60.8 kT) [32], such that the metal
particles could begin aligning towards the face-to-face arrangement at
h/L < 0.3. This analysis demonstrates that anisotropic particle shapes
could result in significant vdW torques that impact assembly pathways
depending on system-specific properties. [8].

3.2. Effects of surface roughness-symmetric configurations

The second set of simulations explored the effect of surface rough-
ness on vdW interactions. To inform the numerical parameters using

(b)

A~

experimental data, we performed atomic force microscopy (AFM) im-
aging of common minerals, including crystalline and amorphous mate-
rials, metal oxides and hydroxides, as well as surfaces covered with
various heterogeneities and adsorbates. Fig. 4 shows example surfaces
with roughness values between 0.3 and 1.1 nm, defined as the root mean
square (RMS) of the surface topography. Note that the roughness of
these samples is relatively small compared to natural minerals or
nanoparticle systems, which is attributed to the etching treatments to
create a smooth surface. Considering a reasonable range for nanoparticle
size of 5-40 nm, the experimental values lead to rescaled RMS values
ranging from 0.015 to 0.110. This range can be covered by utilizing
0.026, 0.052, and 0.105 as numerical RMS values for a normalized cube
of size 2. Note that the 5-40 nm cubes having 0.5-1 nm RMS are indeed
consistent with metal and mineral nanocrystals reported in many pre-
vious studies. For example, G. Zhu et al. reported that oriented attach-
ment crystallizations could produce enigmatic textures with rough
surfaces (+2.5 nm surface altitude difference of 100 nm particles)
compared to ion-by-ion crystal growth which produces a relatively
smooth surface (<1 nm surface altitude difference of 100 nm particles).
[33] Using the rescaled RMS values, we studied the dependence of the
vdW interactions (V,qw) on the separation between two identical
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Fig. 5. (a) van der Waals interaction potential (Vyqw) as a function of the normalized effective separation (heg/L;) between cubes having different surface roughness
(Roughness = 0, 0.026, 0.052, and 0.105). (b) Comparison of Vrougness/Vsmooth @s a function of heg/L; for different surface roughness. (¢) Vroughness/Vsmooth as a

function of surface roughness at heg/L; = 0.2,1 and 2.
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particles with the selected values for surface roughness. The center of
mass of Body 1 was set at x = 0, y = 0, and z = 0, and Body 2 was offset
along the x-axis. The relative angles between Body 1 and Body 2 were 6
=0, 6, =0, and 6, = 0 to formulate face-to-face configurations. We
observed that the increasing surface roughness increases V4 over the
entire h/L range, as shown in Fig. 5. This result is attributed to the
protrusions on rougher surfaces, which amplify the short-range behavior
of the V,qy. Our observation is consistent with the effect of roughness on
the Casimir force calculated using the proximity force approximation.
[34].

In the next set of simulations, we explored the configurations that do
not induce a vdW torque because of symmetry in the relative orienta-
tions. (See Table S2 in the SI) This definition of heg presented here fa-
cilitates the systematic data interpretation for surface roughnesses
defined Gaussian distributions. However, we reiterate that various types
of surface roughness exist, and a clear definition of h.g for more complex
morphologies is not trivial. Fig. 6 shows F,q vs heg/L; between two
identical particles at six representative configurations, namely face-to-
face, face-to-edge, face-to-point, edge-to-edge, edge-to-point, and
point-to-point. In all these configurations, the strength of the vdW
interaction increased with increasing surface roughness. However, this
effect was more noticeable for the face-to-face, face-to-edge and edge-to-
edge configurations, particularly at hey/L; < 1. The 0.105 surface
roughness produced 2.08-, 1.73-, and 2.72-time higher F, 4 than smooth
cubes at 0.7, heg/Lj, respectively. This discrepancy increased to a full
order of magnitude at heg/L; = 0.7 between rough cubes compared to
smooth cubes. In contrast, the face-to-point, edge-to-point and point-to-
point showed less drastic dependence on the surface roughness. For
example, the cube with 0.105 surface roughness can generate 1.64, 1.81,
and 1.56 times higher F, g than smooth cuboids at heg/L; = 0.7.

To put these results in perspective, we again examined the cases of
boehmite and gold nanocrystals as model mineral and metal systems.
The rough surface (RMS = 0.105) increased the crossover particle sep-
aration for which the vdW force dominates the Brownian force to ~ 0.17

Journal of Colloid And Interface Science 652 (2023) 1974-1983

L in boehmite and ~ 0.21 L in gold. (Fig. S6) These values correspond to
separations of approximately 1-8 nm in particle sizes of 5-40 nm. Also,
considering the Brownian torque on the cube that continuously changes
the particle configurations, the results in Fig. 6 imply that the surface
roughness can induce preferential mutual orientations, i.e., face-to-face,
face-to-edge, and edge-to-edge, over the other configurations during
particle aggregation. The effect of surface roughness on the torque is
significant, but less drastic compared to the change in particle shape
from smooth spheres to smooth cubes.

3.3. Effects of surface roughness-mismatched configurations

In addition to the configurations described above, we investigated
mismatched configurations where one of the cubes was not placed along
any of the primary coordinate axes (Fig. 7a). These simulations explored
how 7,4y can induce rotational motions from arbitrary starting positions
to align the particles along specific orientations. Fig. 7 shows 7,4y be-
tween identical cubes (length 2L) with a mismatched face-to-face
configuration. The center of mass of Body-1 was placed at (0,0,0),
while the center of mass of Body-2 was placed at y = 0 and z = -0.45,
with its x-coordinate varied to tune the particle separation h. All these
configurations produced stronger torques with rougher surfaces. For
metal nanoparticles (e.g., gold), rough surfaces can increase 7,qy
significantly to override the magnitude of the thermal motions at a large
separation (i.e., hes/L; > 1). For minerals with smaller Hamaker con-
stants (e.g., boehmite), 7,4y becomes dominant at relatively shorter
separations: heg/L; < 1.25 for face-to-face configurations and face-to-
edge configurations and heg/L; < 0.7 for face-to-point configurations.
These results indicated that rough surfaces promote rotational move-
ment and specific alignment between particles, at least from an ener-
getic point of view.

Moreover, we observed that rough surfaces can increase the vdW
force when a particle undergoes translational motion in the vicinity of
another particle (Fig. 8). To demonstrate this effect, Body 1 was set at
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(0,0,0) and another equal-sized Body 2 was moved from z = -3 to 3 with
x and y fixed at 3 and 0, respectively. Again, three cases were sampled
corresponding to face-to-face configurations, face-to-edge configura-
tions and face-to-point configurations. In all cases, the magnitude of the
x-component F,qy peaked as Body 2 approached z = 0 and decreased

1980

again as the cube was displaced further. Concurrently, a strong negative
Tyqw Mmaximized at z = -1, then decreased to zero as the anisotropic vdW
interactions were nullified at z = 0. Similar to the earlier results, the
surface roughness effect was ascribed to the protruded asperities
decreasing the effective h between the surfaces, thus increasing Fyq and
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7yaw- Fig. 8b and c showed that Fqy and 7,4y of face-to-edge configu-
rations and particularly face-to-point configurations were much stronger
than those of face-to-face configurations at the same z of Body 2 center of
mass. The underlying reason is that the rotation of Body 2 can reduce the
effective separation distance. For example, the h/L decreased from 1 to
0.586 and 0.286, when the configuration was changed from face-to-face
configuration to face-to-edge and face-to-point configuration respec-
tively. This decreased h can generate much stronger F,qy and 7,qw, and
thus the aggregation processes can be accelerated, as a rotating particle
takes multiple configurations.

Not that at the randomness of rough surface construction, the devi-
ated points were generated at the rough surface conditions in Fig. 6,
Fig. 7 and Fig. 8 because of the random generation number based on the
Gaussian distribution. The deviations were enhanced as the surface
roughness and separation distance increased.

3.4. Effects of particle shape and surface roughness on particle dynamics
and aggregation

To obtain further physical insights, we examined the scaling of Vas a
function of hegy/L; for each surface roughness (Fig. 9). We considered
two distinct regimes (Fig. 6d, Table 1). Firstly, for small particle sepa-
rations of hg/L; < 0.5, the exponents of the power-law fits were —2.28,
—2.40, —2.54, and —2.98 for RMS = 0, 0.026, 0.051, 0.105, respec-
tively. Here, the exponent for the smooth case is comparable to the one
from the known analytical formulation (i.e., 2),[6] providing further
support for the validity of our analysis. Our results showed that the
surface roughness changes the separation dependence of the interaction
from O(h~?) to O(h’s), becoming stronger at closer separations. In the
second regime of larger particle separations of heg/L; > 0.5, the power-
law fits converge to an exponent of approximately —4, independent of
surface roughness. This result indicates a cutoff length for the effect of
nanoparticle surface roughness; the second scaling is a consequence of
the Derjaguin approximation that is known to become inaccurate at
separations comparable to the particle size.

In principle, the particle shape and surface roughness at microscopic
and particle scales can also influence emergent phenomena due to
inherent scale coupling that has been recognized in particle aggregation
and attachment. To understand the effect of particle shape and surface
roughness on particle dynamics and aggregation, while connecting to an
interaction force, one needs to consider a generalized mobility relation
for relative motion between two particles, u = MF, assuming that par-
ticle inertia is negligible: a reasonable assumption for nanoparticles in
general. Here, u is the relative velocity, M is the hydrodynamic mobility,
and F is a relevant force between two particles, in this case, F,qy. We
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-2.93 Roughness=0.026
10" —=— Roughness=0.052
, —s— Roughness=0.105
< 10 -2.28
>' 1075
102+
1073 '
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Fig. 9. Scaling of the normalized van der Waals interaction potential (-V/A) as
a function of the normalized separation distance (heg/L;) at a face-to-face
configuration for various surface roughness.
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Table 1
The linear fitting parameters of log scaled -V/A vs log scaled h/L; according to
surface roughness.

Roughness hef/L; =0 ~ 0.5 heg/L; =1 ~ 2

Slope Intercept Slope Intercept
0 —2.93 —1.52 —3.98 -1.60
0.026 —2.54 —1.46 -3.95 —1.66
0.052 —-2.40 —-1.45 -3.93 -1.69
0.105 —2.28 —1.45 -3.91 -1.73

applied a scaling analysis at a close separation of ¢ <O(1) along the line
of two centers of mass, where ¢ is a normalized separation scaled by the
radius of a spherical particle or a half-length of a cubic particle.
Furthermore, we considered a face-face configuration in the case of
cubic particles for simplicity to establish a direct comparison with the
case of spherical particles.

For spherical particles, M ~ O(¢) and F,qyy ~ O(1 /e ),[6] leading to u
~ 0O(1/¢), indicating that the approaching velocity between two spher-
ical particles becomes larger as the separation decreases. However, for
smooth cubic particles, Xiao et al.’s work showed that M ~ 0(¢%) in the
face-face configuration from the hydrodynamic interaction calculations
by a boundary element method, utilizing an integral representation of
the Stokes flow via a hydrodynamic Green’s function (i.e., the Oseen
tensor).[35] Since Fygw ~ 0(1/83) as shown in the current work, we
obtain u ~ O(1). That is, the approaching velocity becomes independent
of separation at heg/L; <1. Because the motion driven by Fyqw, a key
attractive force, would be directly responsible for collision events
leading to particle aggregation and attachment, this result illustrates a
qualitative difference between cubic and spherical particles. More
importantly, a previous study based on the hydrodynamic theory would
imply that the surface roughness of a particle would lead to M ~ O(1),
[36] leading to u ~ O(1 /6‘4) considering our result that F,,qy ~ O(1 /(:'4)
for rough cubic particles. Such a large change in the velocity scaling for
cubic particles suggests that the surface roughness of the cubic particle
can induce a noticeable difference in kinetics of aggregation and
attachment, even compared with the case for spherical particles.

Note that upon particle contact, it is plausible that the dispersion
forces are in fact reduced for rough surfaces with a reduced contact area
compared to smooth surfaces with full contact. [24,37] However, in that
regime of very small particle separations, additional considerations
come into play, such as interfacial solution structure, that are not
captured by this model, and hence difficult to interpret. Furthermore, at
close particle separations, additional dynamics and energetics come into
play that can alter the aggregation outcomes including the enhancement
of dispersion forces due to interfacial solutions structuring, [38] the
effect of crystallographic symmetries on the energy landscape, [39,40]
and the forces associated with the expulsion of ions from the confined
fluid. [41] It is thus highly plausible that particle aggregation is arbi-
trary and followed by sliding and rotation, or in fact ending in a meta-
stable configuration.

4. Conclusions

Our results demonstrated the importance of particle shape and
roughness on aggregation and assembly outcomes. By considering cubic
particles, we calculated anisotropic vdW forces and torques that are
inaccessible by spherical approximations. The magnitudes of these in-
teractions were significant, often exceeding the Brownian motion of
nanoparticles. Interestingly, incorporating roughness in the cube sur-
faces further increased the van der Waals interactions compared to
smooth surfaces. This result was consistent in all the sampled geometries
and parameters, but its significance depended on the specifics of particle
chemistry, size disparity, and the extent of surface roughness.

Our results are particularly important in the context of the driving
forces for oriented particle attachment, wherein two approaching
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particles align their crystallographic axes prior to a collision and
attachment event. Recent studies showed that van der Waals forces
between two interacting nanocrystals can have an anisotropic nature
that mirrors the crystallographic symmetries of the particles involved.
[42-44] Other studies showed that the distribution of ions and water
molecules at the interface is templated by the crystallographic symme-
tries of the particles, which assists in aligning them prior to the collision.
[41,45,46] While these mechanistic features are clearly relevant to the
attachment process, the current study presents an important key result:
anisotropic particles are conducive to oriented attachment purely for
geometric reasons, even without considering any atomistic or crystal-
lographic effects. Indeed, the significant torques between misaligned
cubic particles can be sufficient to guide an oriented attachment process.
Another key result pertains to the coupling of dynamics and ener-
getics in nanocrystal systems. Typically, an analysis of colloidal stability
is performed by calculating interaction potentials for a given nano-
material system, with limited consideration to dynamics effects.
Furthermore, such formulations are often limited by approximations of
spherical particles with smooth surfaces. Our data showed a drastic
dependence of the scaling — beyond simply the magnitude — of vdW
interactions on particle shape and roughness. By coupling to hydrody-
namics, this effect is compounded and can thus be the arbiter of pre-
venting or promoting particle aggregation. Future work should aim to
apply the numerical schemes developed here to delineate the emergent
behavior of whole particle ensembles, beyond pair-wise interactions.
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1. Calculation of Vg..mp between a Body-1 and a sliced piece of a Body 2

According to the given geometrical parameters (i.e., dimensions of length, thickness, and width
of Body 1: 2L, 2T1, 2W1; dimensions of length, thickness, and width of a sliced piece of a
Body 2: 2L2/n, 2T>/m, 2W2/p; x-, y-, and z-directional separation distance: /x, hy, and hz), the

integrations were calculated numerically based on a rectangular coordinate system,'

Error!
LI o Bookmark
VR—nmp = Z Z Z(_l)LH-‘—kayz not
k=1j=1i=1 defined.Eq.
(S1)

where nyz is

) = cr(a? + bjz)3/2

nyZ (ck' b]" G) =1\ — 5122 T
24a?b} (5. .2
a; + b-
()
32 b] Ck
1 1 Error!
+ (ﬁ b] (alz ) fa + Ck tan™ \/: BOOIII{‘I)I:ark

a; +c
k defined.Eq.

1 1 (S2)
+ ( < ) / + cftan™! | ——
by /bz + c?

2 4 c2)°
+ (i) ln( (bj + Ck) 2)
32 ce(a? + b7 +cf)

Here, ai, b; and cx of Eq. S2 were determined according to the specific geometrical

configurations, which were categorized into parallel-orienting configurations (Fig. Sla),
coplanar configurations (Fig. S1b), and twisted configurations (Fig. S1¢). The configurations
were defined by the center position of the Body 1 (0,0,0) and a sliced piece of the Body 2 (x.-

el, Ye-e2, Ze-e3), and relative angles (6x, 6y, 6-).



1) Parallel-orienting configurations:

9x=6y=02=0 and Xc-el?(: yc-eZZ,'é Zc-e3?50,

Error!
a, = hz+2L;;a, =hz+ 2(Ly + L,/n);a; = hz + 2L, /n; a, = hz;
Bookmark
not
= hy’
defined.Eq.
¢, = hx + 2Ty; ¢, = hx + 2(Ty + T,/m); ¢c3 = hx + 2T,/m; ¢, = hx;
(S3)
2) Coplanar configuration: 6x=0:=0, 6,70, Xc-c1# zc-e370 and yc-c2=0
Error!
a, =hz+2L;a, = hz+ 2L, +pl;a; = hz+pl;a, = hz; Bookmark
¢; = hx + 2Ty; ¢; = hx + 2T, + dhx; c3 = hx + dhx; ¢, = hx; defined.Eq.
(S4)
3) Twisted configuration: 6,=6.=0, 0:#0, Xc-ci# Ye-e2# Zc-e370
Error!
a, =hz+ 2L;a, = hz+ 2L, +pl;a; = hz + pl;a, = hz; Bookmark
b, = hy + 2Ty; b, = hy + 2T; + dhy; b; = hy + dhy; b, = hy; not
¢, = hx +2Wy; ¢, = hx + 2(W, + W, /p); c3 = hx + 2W, /p; ¢4 = hx;  defined.Eq.
(S5)

Table S1. Parameters for calculating Vz-nmp according to the configuration.

Right Delta Tetragon Left Delta
ht
hdr = 2(L,/n) sin 6 = (T,/m) cos 0 hdl = 2(L,/n) sin 8
Domain Height ;t(LZ/ n) sin 6
hdr = 2(T,/m) cos 8 = (L,/n)sin@ hdl = 2(T,/m) cos 8
— (T,/m) cos @
Ahx, Ahy hdr/s ht/s hdl/s




2Ly /n . 2L, /n
v —q/sin@ cos 8 “osd
pl 2T, /m s 2T, /m q/sin@ cos 6
sin @ q/sin 6 cos sin 6
Ly/n
Zc—e3 —
T,/m cos @
Ze—e3 — s?r/le + (q - (q ; ht) tan 6 . Ly/n
c—e
& + ht) Zo—pz — ﬂ + (q cos 6
/tan @ sin @ —(q — ht — hdl)tan
— ht)
/tanf
Configuration
2
hx Xe—er =Ty +ht+q Xeoor =Ty —ht+q | Xerer™T™ ht;qhdl
hy _2W1 _2W1 —2W1
hZ Zl _L1 Zl _L1 Zl _L1
Configuration

3
hx Xc—e1 — (Wy + Wy /p) Xc—e1 — (Wy + Wy /p) Xe—e1 — (Wy +wy/p)
hy Yeeer —Ti +ht +¢ Veewr—To—ht+q | Y2 =T~ ht;qhdl
hZ Zl _Ll Zl _Ll Zl _Ll

Additionally, other various configurations, which were defined as 6,#6:#6x#0, Xc-ci# Ve-e2# Zc-

370, would be estimated by the vector summaption of the a sliced piece of a Body 2 using the

twisted configurations.

2L,/n
Body- A .
(Xciellyciezlzcie‘a‘) =) ZTZ/m
< 2W,/p (c)
(a ) y (b) (che 1‘IYC79.2’ZC76v3) y N
Body-1 Bod iLz/n Bogdyl \ @
SRR X 751 2W,/p
- X / / ¢
- H X
N z z - Lo,
0,0,0 7 P z 0,0,0 AN z

2L,
Fig. S1 Schematic drawing of (a) parallel-orienting rectangular Body -1 and a sliced piece of a
Body-2, (b) Rectangular Body-1 and a sliced piece of a Body-2 in a coplanar configuration with
6y, and (c) Rectangular Body-1 and a sliced piece of a Body-2 in a twisted configuration with 6.

2. Numerical differentiation.

A centered difference was applied to obtain vdW forces (Fvaw) and torques (zvaw) in each

direction:



deW—x ==

deW—y -

deW—z - =

Tyaw -6, =

Tvaw-0, = —

Tyaw-6, = —

Data and tools

corresponding authors on request.

3. Configurations.

WVyaw _ Vyaw(hx + Ad, hy, hz) — Vyqy (hx — Ad, hy, hz)
ox 2Ad

WVyaw  Vyaw(hx, hy + Ad, hz) — Vyqy, (hx, hy — Ad, hz)
oy 2Ad

WVyaw  Vyaw(hx, hy, hz + Ad) — V,.qy (hx, hy, hz — Ad)
0z 2Ad

_ WVoaw __ Voaw(6x +48,8y,0;) — Voaw (65 — 46,6, 6,)
20, 2406

Woaw _ _ Voaw(6x, 8y + 46,6,) — Vioaw (6, 6 — 46,6,)
a0, 26

Woaw __ Voaw(0x, 0,0, + A0) — Voaw (6x, 8,0, — AD)
26, 206

supporting the findings of this study

Error!
Bookmark
not
defined.Eq.
(S6)

Eq. (S7)

Error!
Bookmark
not
defined.Eq.
(S8)

Error!
Bookmark
not
defined.Eq.
(89)

Eq. (S10)

Error!
Bookmark
not
defined.Eq.
(S11)

are available from the

The center positions (x,y,z) and rotational angles (6x,6y,6:) of Body 1 and Body 2 for Fig. 6, Fig.

7, and Fig. 8 are described in Table S2, Table S3, and Table S4, respectively.



Table S2. Configurations of Fig. 6

Face-to-Face | Face-to-Edge | Face-to-Point | Edge-to-Edge | Edge-to-Point Point-to-
Point
/\ Y

Scheme e
jr=aE LL(L.L I RV > s

\</ 4 N7
Center X=0, X=0, X=0, X=0, X=0, X=0,
position of y=0, y=0, y=0, y=0, y=0, y=0,
Body 1 z=0 z=0 z=0 z=0 z=0 z=0
Relative angle 6,=0, 6,=0, 6,=0, 6,=0, 6,=0, 6,=0,
of Body 1 6,=0, 6,=0, 8,=0, 6,=0, 6,=0, 6,=45,
6,=0 6,=0 6,=0 0,=4 0,=4 0,=45
Center X=from0to4, X=fromOto4, X=fromOto4, X=fromOto4, X=fromOto4, X=fromOto 4,
position of y=0, y=0, y=0, y=0, y=0, y=0,
Body 2 z=0 z=0 z=0 z=0 z=0 z=0
Relative angle 6,=0, 6,=0, 6,=0, 6,=0, 0,=0, 6,=0
of Body 2 6,=0, 6,=0, 8,=45, 8,70, 8,=45, 8,=45,
6,=0 0,=4 0,=45 0,=4 6,=45 0,=45

Table S3. Configurations of Fig. 7

Scheme [ e, I"(,ﬁﬁ. ‘\1l
Center position =0, X=0, X=0,
of Body 1 v=0, y=0, y=0,
Y z=0 z=0 2=0
Relative angle 6,0, 6,=0, 6,=0,
6,=0, 2 =O, ) =0,
of Body 1 Y y ly
6,=0 06,=0 8,=0
e X=fromO0to4, X=fromOto4, X=fromOto4,
Center position
of Body 2 =0, y=0, y=0,
v z=-0.45 z=-0.45 2=-0.45
Relative angle 6,20, 6,=0, 8,=0,
of Body 2 6,20, 8,=0, 8,=45,
0,=0 0,=45 0,245



Table S4. Configurations of Fig. 8

Scheme @_r_ﬂ__ ﬁ:‘@u ﬂ:@a
g i p

z

it X=0, X=0, X=0,
Center position
of Body 1 v=0, y=0, y=0,
Y z=0 2=0 2=0
Relative angle efo' exfol exio,
of Body 1 6,=0, 8,0, 8,0,
9z:O 61=0 SZ:O
Center position W=, X=3, X=3,
of Body 2 y=0, y=0, y=0,
v z=from -3to 3 z=from-3to3  z=from-3to3
Relative angle efo' BXTO, ex_:o,
of Body 2 5,0, 6,=0, 8,245,
8,70 8,=45 0,245

4. Additional results.
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Fig. S1. Fyaw of cube-cube with face-to-face
configurations as a function of separation distance.
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Fig. S3 Normalized van der Waals interaction potential (V/4) as a function of rotation angle
(6y) (a) between Body 1 (L/=1) and Body 2 (L2=1), (b) between Body 1 (L;=1) and Body 2
(L2=1.5), and (c) between Body 1 (L/=1) and Body 2 (L,=2) at 4/L;=0.3.Normalized van der
Waals interaction force (Fx/(A/L:)) as a function of rotation angle (6x) (d) between Body 1
(L/=1) and Body 2 (L>=1), (e) between Body 1 (L;=1) and Body 2 (L>=1.5), and (f) between
Body 1 (L/=1) and Body 2 (L>=2) at h/L;=0.3.
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Fig. S4 (a) The ratio of the maximum normalized torque on L to the maximum normalized
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Fig. S5 (a) face-to-edge configurations, and (b) normalized van der Waals interaction
torques (t/A) as a function of rotation angle (6x) between cubes having smooth surfaces.



Face-to-edge force Face

-to-point force

Face-to-Face force
(a (b)
10° —=—Roughness=0
—=— Roughness=0.105
(KT/L )(Agoenmite/L1) — I;ougl[:ness=g 105 —s=—Roughness=0
— (KT/L (A, o/L ) = —=—Roughness=0. - i ——Roughness=0.105
Ay L Ay 10" (KT )Agoepmi/L) T 107+ 0.160 (KT/L V(A goenmidLe)
= = (KT/L M(Agorf/L 1) = . (KT/L M(Aore/L1)
< 10" < 9 < MAgor/L1
= = =
L L L
102 102 102
20 25 30 35 40 45 2.0 2.5 3.0 3.5 4.0 1.5 2,0 2.5 3.0 3.5
her/L1 her/L1 her/L1
(d) Edge-to-Edge force (e) Edge-to-point force (f) Point-to-point force
—s=—Roughness=0 —s=—Roughness=0 ——Roughness=0
=P —=— Roughness=0.105 S 104 P —=— Roughness=0.105 S 104 h —=— Roughness=0.105
:‘ 10 _0 162 (kT/L1)I(ABoehmIte/L1) ~l 10 ] (kT/L1)’(AEnehmilJL1) ~l 10 -D 173 (kT/L1)/(ABoehmltJL1)
3 . KT M AguL) 0.168 TN Agudl) : (KT/L ) Agor/L )
= = =
U L L
102 ; . . ; 1021 — ; . : 102 : . ‘ :
2.5 3.0 35 4.0 2.0 25 3.0 35 1.5 2.0 25 3.0
her/L1 heff/L1 her/L1

Fig. S6. Normalized van der Waals interaction force (F/(A/L:) as a function of normalized
separation distance (ep/L1) between smooth surfaces and rough surfaces (Roughness=0.105)
with normalized thermal force (kK7/L:)/(A/L:) for different configurations: (a) face-to-face, (b)
Face-to-edge, (c¢) Face-to-point, (d) Edge-to-edge, (¢) Edge-to-point, and (f) point-to-point.
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Fig. S7. Normalized van der Waals interaction torque (z/4) as a function of rotation
angle (6x) between smooth surfaces and rough surfaces (Roughness=0.105)
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