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ABSTRACT: Nanoparticle assembly and attachment are common pathways of crystal
growth by which particles organize into larger scale materials with hierarchical structure and
long-range order. In particular, oriented attachment (OA), which is a special type of particle
assembly, has attracted great attention in recent years because of the wide range of material
structures that result from this process, such as one-dimensional (1D) nanowires, two-
dimensional (2D) sheets, three-dimensional (3D) branched structures, twinned crystals,
defects, etc. Utilizing in situ transmission electron microscopy techniques, researchers
observed orientation-specific forces that act over short distances (~1 nm) from the particle
surfaces and drive the OA process. Integrating recently developed 3D fast force mapping via
atomic force microscopy with theories and simulations, researchers have resolved the near-
surface solution structure, the molecular details of charge states at particle/fluid interfaces,
inhomogeneity of surface charges, and dielectric/magnetic properties of particles that

influence short- and long-range forces, such as electrostatic, van der Waals, hydration, and dipole—dipole forces. In this review, we
discuss the fundamental principles for understanding particle assembly and attachment processes, and the controlling factors and
resulting structures. We review recent progress in the field via examples of both experiments and modeling, and discuss current

developments and the future outlook.
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1. INTRODUCTION

The size, geometry, and structure of materials determine
emergent physical and chemical properties that have drawn
considerable recent interest for optics, catalysis, and other
fields." For example, branched nanowires can have large
absorption cross sections, short electron mean free paths, or
complex patterns of optical interference.” Particle assembly is a
common pathway for organizing material structures and crystal
growth in both natural and synthetic systems, such as mineral
formation in mollusk shells (where an organic matrix directs
crystal growth of aragonitic tablets),” (branched) colloidal
superlattice structures,” and hierarchical structures of nano-
wires® (Figure 1).

Particle assembly in abiotic systems reflects the interplay of
solution structure, interparticle forces, and motion in which
crystal surfaces impose structure on the near-surface solution,
leading to a set of interparticle forces, including hydration
(solvation), steric hindrance, van der Waals (vdW), and
electrostatic forces. These forces are influenced by the structure
of the near-surface solution, which is affected by solvent,
solution pH, ionic strength, ionic species, particle shapes,
temperature, and ligands on the crystal surface. These factors
determine the interparticle forces, motion, and the resulting
assembled structures (e.g., superlattices) or crystal structures.
For example, structures of colloidal crystal superlattices are
controlled by functionalizing them with DNA strands that direct
assembly through hybridization, leading to various types of
symmetry of the structures of two-body centered tetragonal
phases, a simple hexagonal phase, a cubic high-pressure gallium
phase, and a gyroid phase.”

Oriented attachment (OA) is a special type of particle
aggregation in which assembling particles become crystallo-
graphically coaligned before coalescence or attach while
misaligned and relax into coalignment via atomistic processes.
OA was first observed for TiO, (anatase) by Penn and Banfield
in 1998 via ex situ transmission electron microscopy (TEM).*’
Since then, crystal %rowth via OA has been widely reported in
semiconductors,'*™"® metals,'*' silicates,'®"” oxides,>®'*7%¢
fluorides,”” organic compounds,”® peptides,” and proteins.*’
OA leads to remarkable morphologies from the atomic to the
micrometer scales, including tetrapods, chains,***" and sheets,’
highly branched nanowires,’ three-dimensional (3D) meso-
crystals,”® epitaxially connected nanocrystal superlattices,”>**
multiply twinned crystals,** and dislocations in crystal lattices®®
(Figure 1). For example, Zheng et al. showed that hexagonal self-
assembled monolayers of oleate-capped PbSe nanocrystals (6.2
nm diameter) transformed into an epitaxially connected square
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superlattice after OA of the PbSe nanocrystals.””*” Li et al.
showed that OA coupled with strain relaxation drove the
formation of commonly observed S-fold twinned structures of
metal nanoparticles (NPs),** and a kinetically controlled OA
process led to edge dislocations in rutile and anatase crystal
lattices, enhancing their photoactivity.”

In 2012, a major breakthrough was achieved through studies
of OA by NPs of iron oxyhydroxide,” Pt;Fe,*” and platinum,*!
which were observed in real time with atomic resolution using in
situ liquid phase TEM (LP-TEM) imaging. The results on the
iron oxyhydroxide system® demonstrated the ability to directly
observe the process at lattice resolution, showing that
ferryhydrite NPs coalign prior to attachment (Figure 2a—g)

Figure 1. OA pathways leading to novel materials architectures revealed
at both micrometer and atomic scales. (a) PbSe nanowires.”' Adapted
with permission from ref 31. Copyright 2005 American Chemical
Society. (b) Iron oxyhydroxide chain.** Adapted with permission from
ref 24. Copyright 2010 American Chemical Society. (c) Nacre shell
composed of organic matrix and aragonitic tablets.” Aadapted with
permission from ref 3. Cog)yright 2005 Elsevier. (d) Au NP superlattice
with 6-fold symmetry.*® Adapted with permission from ref 36.
Copyright 2018 American Chemical Society. (e) PbSe NP superlattice
with 4-fold symmetry.”” Reproduced with permission from ref 37.
Copyright 2019 exclusive licensee American Association for the
Advancement of Science. (f) CdSe branched colloidal superlattice.>®
Reproduced with permission from ref 38. Open Access. Copyright 2016
American Chemical Society. (g) Rutile branched nanowire.” Repro-
duced with permission from ref 6. Copyright 2013 American Chemical
Society. (h) Au 5-fold twin.** Adapted with permission from ref 34.
Copyright 2019 The American Association for the Advancement of
Science. (i) Rutile nanowire with edge dislocations.>® Adapted with
permission from ref 35. Copyright 2019 Wiley-VCH.

and are driven to attach through orientation-dependent forces.
OA resulted in either a lattice-free interface or a twinned
interface (Figure 2h,j). Analysis of the attachment dynamics led
to the first estimate of the force that drives OA and
demonstrated the existence of a force that acts over less than
or equal to one-nm to drive OA events through “jump-to-
contact” behavior of the small particles.
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Figure 2. Dynamic attachment process and the resulting interface-free and twin related structures.” (a—g) Sequence of images showing the dynamics
of one attachment process and the resulting twin related structure. (h) High-resolution image of interface in (g) showing twin structure (inclined twin
plane). We define the two particles as I (partially shown in the upper part panels (a—g) and II (the dumbbell shape particle in the lower part). The
contact positions on the surfaces of the two particles are defined as 1, 2, and 3 for particle I, and 1—S for particle IL. (i—j) Sequence of images showing
OA leads to interface-free structures. Adapted with permission from ref 39. Copyright 2012 The American Association for the Advancement of

Science.

This force, that acts over S1 nm distances is closely related to
ordering of the solution near the particle surfaces and is affected
by similar physicochemical parameters to those mentioned
above (e.g., solvent, solution pH, ionic strength, ionic species,
temperature, and ligands on the crystal surface). The effects of
surface adsorption and surface char§e were proposed to be the
most dominant factors affecting OA”>*~** Many driving forces
have been considered in theoretical models of OA processes in
systems of various materials. These include reduction in surface
energy,45 dipole—dipole interactions,"®*” vdW forces,”® and
Coulombic interactions.”’ These forces are presumed to drive
particles to overcome repulsive barriers, which come from
electrical double layer (EDL), hydration, and steric interactions.
A series of experimental and theoretical studies on OA-based
growth kinetics have been used in an attempt to explain the
process. The first phenomenological kinetic model of OA, which
modeled the direct coalescence of particles as a reaction between
the molecules and fit well with the experimental results of
particle size vs time, was developed in 2003."* After that, Penn””
and Ribeiro et al.’” advanced OA models from the viewpoint of
electrostatic interactions and colloid coagulation, respectively.

In addition to the near-surface solution structure, OA is also
strongly correlated to the crystallographic structure of the
surface atoms of the nanocrystals, leading to perfect or twin-
related alignment of two crystals forming interface-free or twin
structures, respectively.”” A special form of OA (mismatched but
oriented) has also been proposed. For example, the OA of
anatase {103} facets onto rutile {101} facets, followed by
anatase to rutile phase transformation, during which the {103}
plane transforms into rutile {101}, lead to either rutile wire
growth (interface-free structure) or branch growth via {101}
twin boundaries.®

2. PARTICLE ASSEMBLY AND CONTROLLING
FACTORS

2.1. Long- and Short-Range Forces Involved in Particle
Interactions

The assembly of mineral nanocrystals, whether via OA or non-
OA, results from a competing and cooperative interplay between
short- and long-range forces (Figure 3). This interplay in
energetic contributions is coupled to dynamic contributions
(i.e., hydrodynamic and Brownian forces) via translational and
rotational diffusivity/mobility, leading to local responses of
particles and resultant microstructures during assembly. In
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Figure 3. Profile of water structure and force distribution on particle
surfaces. OA is a mesoscale response to forces defined by molecular
details of the interfacial region. These details create forces that drive
particle motion. As particles move, structure and forces evolve,
transitioning from a regime of long-range to short-range interactions,
leading to alignment and attachment.®> Modified with permission from
ref 62. Copyright 2003 Elsevier Science Ltd.

particle assembly processes, colloidal particles are typically
coated with organic ligands, polymers, or biomaterials (e.g.,
peptoids or DNA), which induce steric hindrance and prevent
particle aggregation and growth into larger crystals. When
colloidal particles approach one another, the types of
interactions include vdW attraction, ion correlation (IC), EDL
repulsion, hydration (Hy) repulsion, and steric interactions. Hy
and steric hindrance repulsive forces are relatively short-range
forces; the hydration layer and ligands directly adsorbed on the
crystal surfaces dictate the short-range nature of the forces.
The Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory is a continuum-based theory of colloidal dispersion
stability that uses a surface potential and dielectric property as
key fundamental materials properties to explain interaction
forces between two particles. It assumes a linear superposition of
vdW forces (F,qy), originating from interactions between

https://doi.org/10.1021/acs.chemrev.2c00700
Chem. Rev. 2023, 123, 3127-3159


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig3&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

fluctuating dipoles in molecules by absorption of photons from
the background radiation field, and EDL forces (Fgpp),
understood as an osmotic pressure difference associated with
an inhomogeneous distribution of ions due to a surface
potential.

The DLVO theory becomes questionable where inherent
continuum approximations in the theory become invalid. For
example, the Poisson—Boltzmann (PB) model associated with
EDL forces assumes”' that the electrolyte solution can be
implicitly described as a continuous dielectric medium
characterized by an average density of electrolytes (i.e.,
averaging out the degrees of freedom of solvent molecules and
mobile ions), ignoring the granularity of the ions (i.e., the finite
size of the ions and ion—ion interactions);”' but both “non-
ideal” characteristics become important at high salt concen-
trations, leading to IC. Ion—ion correlations become significant
when the electrostatic interaction energy between neighboring
ions is larger than the thermal energy, for example, considering
strong electrostatic coupling between ions in multivalent salt
solutions. The strong correlations between ions can cause
surface charge inversion and attraction forces.” Similarly, the
Liftshitz theory for vdW forces assumes that each entity can be
completelsy represented by a full spectrum of dielectric
functions,”® which also becomes questionable at high salt
concentrations.

Considering the molecular nature of the near-surface solution,
the EDL force can be further divided into outer layer (diffuse
Gouy—Chapman (GC) double layer) and inner (Stern) layer
interactions (Figure 3 and Table 1). This leads to IC within the

Table 1. List of Attractive and Repulsive Forces at Long and
Short Ranges

long- short- attractive repulsive
forces range range force force
van der Waals (vdW) x x x (possible)”
electrical double layer X X (possible)” X
(EDL)
Ton correlation (IC) X X
surface hydration X
steric hindrance X

%(1) IC occurs within the EDL; i.. high salt concentrations or
multivalent salt solutions lead to ion—ion correlations due to strong
electrostatic coupling between ions and cause surface charge inversion
and attraction forces.”” (2) Electrostatic forces can be attractive when
interacting surfaces are dissimilar. “The vdW force can be negative
when a frequency-dependent dielectric property of one of the
interacting surfaces is smaller than that of the intervening medium for
dissimilar surfaces.

GC layer and Hy repulsion, which includes both ion and surface
hydration, within the Stern layer. Hy repulsive forces beyond ~1
nm are due to ion layering; below ~1 nm, water structuring can
also lead to short-range structural forces on the length scale of
water molecules.”* This repulsive force strongly depends on the
ion strength and ionic species.”**° Note that ion hydration and
surface hydration are indeed competing with each other,
depending on the relative preference for water—ion interactions
over water—surface interactions.”” If ligand absorption is not
considered, the total interaction force between two surfaces,
based on a superposition assumption of individual forces, is
expressed as
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F(D) _ Faw , Fc
R R R

fiy
R

Fac

R (1)

where R is the radius of curvature characterizing the solid—liquid
interface, such as the particle radius) and D is the distance from
the surface. The outer layer contribution Fg is equivalent to the
diffuse GC double layer repulsive interaction. The EDL
contribution from the Stern layer is expressed as Fy,. The
total force®**” between two particles in aqueous solution is given

by

FD) __ Au

Q D
R i /kBTF(r) dp (D) + N exp[——]

D )'D

+ Y A exp[—g)z

i=1

+ 27, exp[—f]

Hy

)

The first two terms in eq 2 describe the vdW and IC attractive
forces. The Hamaker constant Ay is a mild function of A, the
Debye length of the solution. A, can be calculated from the ionic

strength I using
1/2
) (3)

Jy = (e,eosz
2le
where ¢, is the relative dielectric constant of continuous
medium, &, is the vacuum dielectric permittivity, k is the
Boltzmann constant, T is the absolute temperature, and e is the
electron charge (1.6 X 107'°C). I can be calculated using

I=1/2 Z (zk)znéC (4)

Here, and z* and nf are the valence and bulk concentration of kth
ion, respectively. An increase in ionic strength (via both ion
concentration and valence) leads to a decrease in repulsive
forces between particles and vice versa, because Ay is inversely
proportional to the square root of ionic strength that is
proportional to Y (z¥)? nf. T in eq 2 is a measure of the coupling

energy and is proportional to ,/If(I, /ID)pcrysQal , where p, is

crystal surface ion density related to the facet-specific charge
density, discrete charge distribution of the crystal, and ionic
strength. The function f reflects an incomplete screening of
surface charge that can be fitted from the ionic strength
dependence of counterion distribution near charged surfaces.
Psol is the ion density near the surface. The last three terms in eq
2 describe the GC, ion Hy, and surface Hy repulsive forces based
on the assumption that these forces can be characterized by a
“screening” length representing respective molecular structural
information as a key descriptor. Q is the interaction constant. W,
and A; are prefactors, Ay, is the decay length of Fyy, p; is
oscillatory parameter, and ¢ is the structural hydration layer
spacing. Wy, A, and Ay, are related to I and can be obtained by
fitting to experimental data.>®

It is noteworthy that the importance of molecular granularity
(i.e., ions and solvent molecules as interacting entities with finite
sizes) becomes more critical when the characteristic size of the
particles, A, becomes comparable to A, a characteristic length
scale associated with the discrete nature near the interfaces.”’
For example, it was pointed out that an error associated with
neglecting the discrete nature of the intervening solvent for vdW
forces scales as O(44/L), where L is the separation between the
macroscopic bodies." In this case, the molecular nature cannot
be neglected for vdW forces between particles when A4 ~ O(L).

https://doi.org/10.1021/acs.chemrev.2c00700
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Figure 4. Dependence of F,4 on NaCl concentration (Cy,c), electrolyte type, and temperature (T).”* (a) Experimental and calculated values of F,q for
a range of electrolytes, where F, is normalized to that for pure water, (b) Experimental and calculated values F,q vs T for a range of Cy,c}, where F,yis
normalized to the value at 45 °C. The calculated curve for 0.1 mM NaCl was used for comparison with the observed values in pure water. (c) Calculated
(solid curve) and extrapolated (solid red curves) or interpolated (dashed blue curve) values of F,, and F,gy vs Cyac; based on DLVO theory modified
to include the charge-regulating nature of the mica surface. (d) Experimental and calculated values of F,q vs Cy,¢; and three regions of Cy, defined by
the ratio of the estimated separation (h) to the calculated value of 2/Ap. h.g is an effective separation between crystal surfaces. Cal.: Calculated.
Modified with permission from ref 71. Copyright 2017 PNAS open access.

2.2. lonic Strength, lonic Species, and Temperature

The role of electrostatic interactions in directing particle
aggregation has been highlighted previously. Several studies
have emphasized the role of dipole—dipole interactions in
inducing directional nanocrystal aggregation.”>”* However,
Alimohammadi and Fichthorn used molecular dynamics (MD)
simulations to show that when two anatase NPs are in close
proximity, more localized electrostatic interactions become
important in directing aggregation, even though each particle
possessed a relatively high dipole moment.®® Schapotschnikow
and co-workers reached a similar conclusion in simulations of
the aggregation of PbSe nanocrystals.”” Zhang and Banfield also
concluded that Coulombic interactions are the primary driving
force for OA when two particles are in close proximity.

In the simple context of DLVO theory (i.e., electrostatic and
vdW forces), ionic strength directly influences Ay, a character-
istic length scale over which the electrostatic interaction
potential decays® as shown in eq 3. This relation also implies
that temperature can change the repulsive force based on (1) a
direct effect from the square root dependence and (2) an
indirect effect via the temperature dependence of the relative
dielectric constant (i.e., decreasing as the temperature
increases’’). Note that the vdW force, resulting from
interactions between objects through an intervening medium
via fluctuating electromagnetic fields ranging from microwave to
X-rays, is relatively insensitive to a change in ionic strength. The
change mainly influences the low frequency regime (i.e., up to
THz) that does not significantly contribute to the vdW force
unless the ion concentration becomes high.61

In practical nanoscale systems, the long- and short-range
forces involved in particle interactions are determined by the
near-surface solvent structures, which reflect molecular nature
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and the effects of ionic strength/species and temperature
becomes more complicated. Understanding this complex
dependence requires implementation of key molecular nature
into macroscopic descriptions of adhesion forces based on
electrostatic and van der Waals forces.

Using atomic force microscopy (AFM)-based dynamic force
spectroscopy (DFS) method, Li et al. used tips fabricated from
oriented mica and measured the magnitude of the adhesion
forces between mica (001) surfaces (Figure 4).”' Taking
advantage of the near-equilibrium nature of the force measure-
ments, this study shows that the adhesive force between mica
surfaces in the solvent-separated regime has a ~60° periodicity
related to crystal structure and depends strongly on electrolyte
type, concentration, and temperature. The separation between
two surfaces via the size of hydrated ions varies over different ion
species (i.e., ion specificity), as well as the dependence of ionic
strength and temperature on Debye length. The structure of the
interfacial solution layer fundamentally changes F, 4y and the
electrostatic force (F,..), leading to significant changes of
attractive forces as a function of the parameters mentioned
above.

The nonmonotonic variation of adhesive force (F,;) with
electrolyte concentration indicates the magnitude of F4 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. This 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 effective separation (h.). This
demonstrates a need for the coupling between microscopic

https://doi.org/10.1021/acs.chemrev.2c00700
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details (e.g, water structure, ion hydration, and charge
regulation at the interface) and the continuum model for
electrostatic repulsion and vdW attraction, in order to
understand forces in the solvent-separated state.

2.3. Solvent Effects

Solvent can be a controlling factor in two ways: (1) an energetic
contribution associated with solvent structuring at solid/liquid
interfaces, giving rise to structural forces and (2) a dynamic
contribution associated with motions of particles in bulk (i.e.,
hydrodynamics).

2.3.1. Near Surface Solvent Structures. Using LP-TEM
imaging of the NP assembly process and AFM-DES of
measuring surface interaction forces,”” Lee et al. showed that
superlattice formation and the transient behavior of particles and
clusters are due to a delicate balance of forces, including
Brownian, vdW, steric hindrance, electrostatic, and hydration,
acting over many length scales. At large separation (~20 nm),
NP dynamics are correlated with F,4, (Figure Sa,b) despite

Figure S. Ag NP superlattice formation reflects balance of multiple
long-range and short-range forces.”” (a) A snapshot from an in situ LP-
TEM movie of Ag NP assembly process. (b) Directions of v and Fypy
of NP1 in (a), showing correlation between them. (c) Calculated net
force between two NPs. (d) Distribution of NP separations based on
LP-TEM images after assembly. Adapted with permission from ref 72.
Copyright 2019 Wiley-VCH.

Brownian motion. Combined with DFS measurements of
interparticle forces, the results show that a balance between
hydration and F, 4,y forces at short ranges causes characteristic
particle separations (~0.6, 0.9, and 1.4 nm; Figure Sc,d) for both
the transient and final structures, an outcome ascribed to layers
of hydrated ions adsorbed on NP surfaces, not due to organic
ligands. The superlattice structure is dictated by NP hydration
structure.

2.3.2. Bulk Solvent. The dynamics of particles in solution
are influenced by thermal fluctuations (Brownian motion) and
hydrodynamic interactions, which are affected by solvent
characteristics (e.g, viscosity). This is directly correlated to
the dynamic nature of colloidal suspensions.”

Neglecting rotational motions of particles that are relevant to
anisotropic particles, the drag or hydrodynamic force (Fp) can
be described by the following equation,
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k=1 ()

where, Vj;, is a relative velocity of particle i in comparison to the
velocity of particle j. Here K;; is the hydrodynamic resistivity

between particles i and j, i.e., a proportionality tensor correlating
an imposed velocity Vi, and the resultant hydrodynamic drag
force.

The K; between two unequal spherical particles is dependent

on the ratio of particle sizes (4 = a;/a;), in addition to the
separation between particles, the value of the radius for one
particle, a, and the solvent viscosity, u. The hydrodynamic
resistivity has been calculated by multipole expansions
combined with asymptotic analyses at a lubrication regime as
shown by Jeffrey and Onishi.”* The normalized hydrodynamic
resistivity for spherical particles involves two different modes of
motions between two unequal spherical particles, motions along
and perpendicular to the line of centers. The leading order of the
hydrodynamic resistivity for the motion along the line of centers
in the lubrication regime (where a significant hydrodynamic
drag force is expected), O(1/¢), is much larger than that for the
motion perpendicular to the line of centers, O(log(1/¢)). Here,
€ is a normalized separation by a harmonic average of the particle
radii. Therefore, we can mainly consider the hydrodynamic
resistivity for the motion along the line of centers; all coefficients
of the even or odd functions and singular terms associated with
this mode of the relative motion are shown in the work by Jeffrey
and Onishi.”
Thus, the magnitude of F, can be obtained by

]

n
lE,Dxl = ‘_ZkLI(](th;jrel cos 0

n .
IE p,l = ‘_ZkLl(K,jVijrel sin 0‘ (6)
where 6 is the angle between the relative velocity vector and
position vector. The direction of Fj is opposite from the
direction of particle motion. It is important to note that Kj; is

heavily dependent on the particle shape. A nonspherical shape
will bring a qualitatively different form of K due to

characteristic directors to describe the particle orientation, as

well as a different separation dependence in Kj; and the

. . s 75,76
importance of rotational motions.””

2.4. Ligand Effects

For organic ligands, when two NPs coated by ligands approach
each other and the ligands begin to overlap, they experience a
steric hindrance force (Fg,). This force is repulsive in nature,
caused by the unfavorable entropy related to confining the
chains between the surfaces. Fy can be estimated by the
modified Alexander—de Gennes equation.””~” Fg, here is due
to the osmotic pressure, which actually drives solvent molecules
out of the soft overlapping areas between neighboring NPs, as
well as the elastic energy of ligands as the ligands are
compressed. Assuming the solvent is as a good solvent for the
ligand (i.e., the solvent—ligand interaction is greater than the
solvent—solvent interaction, leading to the ligands to expand,
following the context of polymer chemistry*®), the steric
hindrance force can be described by the interaction energy per
unit area between two plates,

100 _
Wy, % —5kT e wh/L
s

(7)
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Figure 6. Tracking the dynamics of gold NP self-assembly in toluene.*® (a) Scheme of a liquid cell used for the in situ LP-TEM experiments. (b)
Interparticle forces as a function of assembly time. (c—e) Time sequenced LP-TEM images of Au NP assembly and calculated forces acting on
individual NPs. (f—h) Force analysis of F, 4 and steric hindrance of particles in a dynamic superlattice. Cyan and yellow arrow arrows in (f) and (g)
represent Fg, and F, respectively. Force values in (c—e) are in log scale. Adapted with permission from ref 36. Copyright 2018 American Chemical

Society.

Figure 7. Mechanism proposed by Zhu et al. for the aggregation of citrate-capped Au NPs on the {111} facets.*’ Reproduced from ref 81. Access to this
figure is permitted under a Creative Commons License at http://creativecommons.org/licenses/by/4.0/..

where s is the footprint diameter of a single polymer chain and L
is the end-to-end distance ofligand in a good solvent. The length
of ligands mainly influences the range of the steric hindrance

interactions, i.e., Fy drops to zero when there is no overlap

3133

between ligands and determines the interparticle spacing, which
plays a critical role in resulting superlattice properties. Following
the Derjaguin approximation,”” the steric hindrance force

between two spherical particles can be further approximated as
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Chem. Rev. 2023, 123, 3127-3159


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig7&ref=pdf
http://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?fig=fig7&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 8. Schematic of the aggregation process of two Au nanocrystals coated with S(CH,),COOH in water.** Initially, the nanocrystals are dispersed
in water (dispersion). As they approach one another, they form a dimer (pairwise), and they subsequently begin to form a neck via exchange of
uncoated Au atoms. The neck grows by expulsion of ligands from the particle gap until the particles have coalesced. Reproduced with permission from

ref 82. Copyright 2020 American Physical Society..

200 -
Fg, = S-LRKT ¢ ™"
s (8)

where h is the separation between particles and R is the radius of
particle.

Lee et al. quantitatively evaluated Brownian force (Fy,), Foqw,
Fp, and Fy;, among Au NPs in toluene and their competition at
various separations (Figure 6a—e) during the assembly process
by integrating LP-TEM experiments with theory.”® It was found
that, at relatively short-range particle separation, the vdW force
overrode the Brownian force and was dominant in driving
assembly. When the particles were in close proximity, a delicate
balance between vdW and steric hindrance forces, coupled with
hydrodynamic forces, determines the NP separation (2—3 nm)
and leads to a unique dynamic nature of the assembled
superlattice (Figure 6f—h).

Typically, organic ligands can prevent NPs from aggregation,
tune the interparticle distances, and program superlattice
structures, which determine the resulting superlattice properties.
Weakly bonded small organic molecules can direct particle
aggregation and control the OA process.

Zhu et al. used in situ LP-TEM to demonstrate the ligand-
controlled OA of citrate-stabilized gold NPs.*" A schematic of
their proposed mechanism is shown in Figure 7. They observed
that when the particles reached a distance at which their ligands
could begin to overlap, they jumped to contact upon reaching a
common {111} orientation, with simultaneous expulsion of
ligands from the interparticle gap. This observation correlated
with results from first-principles calculations, which indicated
the ligand binding energy was the lowest on the {111} facets.

Guo and Gao studied the aggregation of two Au nanocrystals
coated with S(CH,),COOH in water.®* As Figure 8 shows, the
aggregation involved association, neck formation via uncoated
Au atoms, and finally expulsion of ligand from the interparticle
gap as neck formation completes and the particles are coalesced.
Balankura et al. observed a similar mechanism for the
aggregation of two polyvinylpyrrolidone (PVP)-covered Ag
nanoplates in ethylene glycol solvent.*” Their MD simulations
revealed that the aggregation mechanism of the PVP-covered Ag
nanoplates is one in which PVP capping molecules continuously
diffuse around the aggregate and/or desorb to vacate the
interparticle gap so that aggregation can occur. They noted that
because the side facets of the plates contain less adsorbed PVP
than the faces, less transport was needed to vacate the
interparticle gap so that the free energy barrier was lower for
side-to-side aggregation than for face-to-face aggregation. Their
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observations were consistent with the experimentally observed
formation of Ag nanoplates in the presence of PVP.***

2.4.1. Materials Structures Directed by Ligands of DNA
and Biomimic Organics. DNA and biomimic organics (e.g.,
peptoids) can serve as unique programmable ligands. For
example, due to DNA’s unique Watson—Crick base-pairing
interactions, introducing a number of distinct and well
controlled superlattice structures.**™** The forces between
DNA-capped NPs include Watson—Crick base pairing forces

through hydrogen bonds, in which adenine ( ) binds to

thymine ( ) and cytosine ( ) binds to guanine

( ),”) m—r stacking interactions,”® vdW attractions,

and electrostatic repulsive forces.** In aqueous solutions, base-
pairing controls the superlattice growth by tuning the ionic
strength and/or annealing temperature.”’

Mirkin used a complementary contact model (CCM) to
predict the crystallographic structures for DNA-based NP
superlattice growth in aqueous buffered conditions.”” Key
aspects of this model are (1) DNA-NPs with equal DNA-NP
radii in the superlattice (R,) will maximize the number of closest
neighbors to which it can form DNA connections; (2) when two
lattices are of similar stability, a kinetic product can be produced
by slowing the rate at which individual DNA linkers dehybridize
and subsequently rehybridize; (3) the hydrodynamic size, as
opposed to the core size or DNA length, mainly determines the
superlattice structure; and (4) in a binary system, the size ratio
and DNA linker ratio between two particles dictate the
thermodynamically favored crystal structure. The “size ratio”
is defined as the ratio of the DNA-NP hydrodynamic radii (the
sum of the inorganic particle radius and DNA linker length), and
the DNA linker ratio is the ratio of the number of DNA linkers
on the two different types of DNA-NPs.*””"

Based on the above rules, Mirkin also developed an approach
to fabricating complex and low symmetry structures using
programmable NP functionalized with DNA strands by tuning
the NP size (R,) and the number of DNA strands attached on
the NP (S,), providing two types of interactions between NPs
(Figure 9): ionic-like (“ionic”) bonding between two NP with
comparable R, (programmable atom equivalents, PAE) and
metallic-like (“metallic”) bonding between two NPs with one
large and one small R, (mobile electron equivalents, EE).”*
Depending on the number of input linker strands and EE/PAE
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Figure 9. Schematic drawing of PAE, EE, and an example of resulting
crystal. (a) PAE, EE, and the resulting “ionic” and “metallic” bonding.”
(b) An example of colloidal crystals synthesized from coassembling
PAEs and EEs.” (a) Adapted with permission from ref 92. Copyright
2019 American Association for the Advancement of Science. (b)
Reproduced with permission from ref 7. Copyright 2022 Nature/
Springer/Palgrave.

stoichiometry, nine crystalline phases were formed when the
PAEs and EEs were mixed (Figure 10).”

Similarly, biomolecules or biomimetic materials have been
used to direct crystal growth and the resulting structures. For
example, Rosi et al. reported a peptide-based method to design
and synthesis of NP superstructures containing double helices of
Au NPs (Figure 11a).”> Zhu et al. reported that 4-

Figure 11. Biomolecules and biomimetic organics direct the structures
of double helices and a chiral helix structure. (a) TEM image of gold NP
double helices.””> Reproduced with permission from ref 93. Copyright
2008 American Chemical Society. (b) Simulated high resolution TEM
(HRTEM) image of a single BCB-structured Au NW, based on
experimental HRTEM image.”* Reproduced with permission from ref
94. Open access. Copyright 2014 American Chemical Society.

mercaptobenzoic acid, a strong ligand, assisted the formation
of a chiral Boerdijk—Coxeter—Bernal (BCB) helix, which is
comp&sed of linearly stacked regular Au tetrahedra (Figure
11b).

2.4.2. Ligand Effect on Particle—Substrate Interac-
tions. Ligand molecules adsorbed on NPs can determine NP—
substrate interactions and interparticle interactions (see also
section 2.2), both of which have been quantified and measured
using the direct imaging capability of LP-TEM.

The surface ligands on NPs can impact the interaction
between NPs and substrate and thereby affecting the motions of
NPs when they are observed in liquid cells under TEM imaging.
It has been reported that the Si,N, substrate of a liquid TEM cell
becomes positively charged during electron beam illumination

Figure 10. Formation of PAE—PAE (“ionic”) and PAE—EE (“metallic”) assemblies through DNA-based interactions. (a, ¢, d) Unit cell models (PAEs
in color, EEs in light gray (left), representative cross-sectional low-angle annular dark-field (LAADF) images (right), Scale bar is S0 nm. (b) A positive
correlation is observed between PAE/EE stoichiometry and the surface sticky-end density ratio (based on input linkers).” Adapted by permission from

ref 7. Copyright 2022 Nature/Springer/Palgrave.
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due to ionization of the SiN, surface. This positive surface
potential increases with increasing electron beam intensity.”
Indeed, negatively charged NPs (e.g., citrate-coated or
carboxylate acid end functionalized gold NPs) dispersed in
deionized water were observed to adsorb and immobilize on
Si,N, surface during in situ LP-TEM imaging due to the strong
electrostatic attraction between the NPs and positively charged
Si,N, surface. The process of a NP adsorbing onto a SiN,
surface was observed in a previous LP-TEM study, which shows
that adsorgtion can be described by a Langmuir adsorption
isotherm.” In comparison, positively charged NPs (e.g., amine
end functionalized gold NPs) were repelled from the SiN,
surface and moved around to interact with other NPs and
formed into assemblies under LP-TEM observations.”” Due to
the electrostatic nature of this NP—substrate interaction,
changing the ionic strength of the solution can change the
strength of the NP—substrate interaction. For example, ~15 mM
phosphate buffered solution (PBS) screens the substrate—NP
attraction such that even negatively charged NPs can exhibit
diffusional motions in LP-TEM observations.”” This fast
diffusion of NPs is essential for the formation of crystals from
dynamic assembly of the NPs. It also facilitates the annealing of
defects via particle rearrangement to allow for the growth of
large crystals.

When the substrate—NP attraction is not fully screened,
various types of anomalous NP diffusion have been observed.
Alivisatos and co-workers constructed a deep neural network for
analyzing anomalous NP trajectories and conducted extensive
statistical tests on NP trajectories captured at different
conditions (Figure 12).”® They showed that the anomalous

Figure 12. Deep neural-network workflow for anomalous diffusion
classification on NP motions captured by LP-TEM.”® (a) Deep neural-
network pipeline for anomalous diffusion classification on in situ LP-
TEM data using MoNet. (b) Neural-network analysis results for all
trajectories studied as a function of dose rate (increasing from left to
right across the table). Pie charts show the diffusion class probability
where at low dose rates, there is a higher probability associated with an
FBM (green), and at high dose rates, there is a higher probability
associated with a CTRW (blue). Reproduced with permission from ref
98. Copyright 2021 National Academy of Science.

motions exhibit a continuous-time random walk (CTRW)
which involves stop-and-go motion due to heterogeneous
surface pinning (i.e., transient surface adsorption), fractional
Brownian motion (FBM) usually attributed to viscoelastic liquid
environment, and Brownian motion. Using their convolutional
neural network (MoNet), they were able to determine the
fractions of the different diffusion modes within a NP trajectory,
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to facilitate the understanding of substrate-mediated NP
motions.

Note that the ligand effect on the NP—substrate interaction is
prominent when electrostatic interactions are dominant. The
NP—substrate interaction can also ubiquitously include vdW
interactions. For example, oxide or mineral NPs possess similar
composition to the SiN substrate and thus have fairly high
Hamaker constants, leading to a non-negligible vdW attraction.
For those systems, LP-TEM studies have focused mostly on
nucleation and growth of NPs, which does not require fast NP
motions.

2.4.3. Mapping Interparticle Interaction through
Trajectory Sampling. Ligand molecules impact different
types of interparticle interactions, such as electrostatic
interactions, hydrophobic attraction, and steric hindrance.
Two routes have been taken to understand these effects. One
is to model each contribution of the pairwise interaction (see
below), and the other is to measure the total pairwise interaction
directly from experimental data of NP trajectories. In the
conditions where NPs move and interact, their trajectories can
be analyzed in two different ways to derive the pairwise
interaction.

To model interparticle interactions, either Boltzmann
inversion has been used, for dilute systems, or iterative
Boltzmann inversion has been employed for more highly
concentrated suspensions. Boltzmann inversion embodies the
principle that at equilibrium, more frequently sampled states of
the system are those with lower free energies. In this technique,
the interaction potential u(r,0), corresponding to the total free
energy of an interacting pair of NPs at equilibrium can be
obtained using u(r,0) = —kzT In g(r,0)) where g(r,0) is the radial
distribution function. Previous studies on gold nanorods,” gold
nanospheres,'” and gold triangular prisms'®" have shown that
g(r,0) can be tracked from LP-TEM movies. This function
describes the normalized particle density at a distance r and
relative orientation @ from a reference particle which can be
obtained from the pairwise positions sampled by the NP during
motions. Besides traditional NP tracking based on thresholding
the NP features from the background, Chen and co-workers also
developed a U-Net neural network-based analysis which can
single out NPs from the background without setting a
background. This method is particularly useful for movies of a
low signal-to-noise ratio where not a suitable threshold can be
found (Figure 13a)."" This method works well when the system
reaches equilibrium and has significant statistics. The resolution
of the interaction profile is only limited by the spatial resolution
of NP tracking.

The other method is to map the pairwise Brownian force,
which is the major driving force of particle motion, based on
experimental NP trajectories and the fluctuation—dissipation
theorem, which describes the forces involved in Brownian
motion.'”” A force—distance profile between a pair of interacting
NPs can be measured from the relative velocity and diffusion
coeflicient of the pair. This method has been demonstrated in
previous work on PtFe'*>'** and Au NPs*® (Figure 13b,c). This
workflow can apply to a single pair of NPs in heterogeneous
suspensions (e.g., due to high NP polydispersity) provided a
sufficient range of interparticle distances is sampled. The
Brownian force obtained from this analysis can be then
combined with other forces (often calculated from theoretical
models) to derive the total pairwise interaction between NPs. At
higher NP concentrations, NPs can self-assemble into complex
structures exhibiting collective dynamics. In this scenario, the
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Figure 13. Mapping interaction potentials of NPs through trajectory sampling. (a) Elucidation of effective pairwise interaction mapping of gold
triangular prims based on Boltzmann inversion: 2D distribution map with accumulated statistics from a pair of particles where one of them is centered
(yellow) and the others undergo motions.'®" Reproduced with permission from ref 101. Copyright 2020 American Chemical Society through open
access of ACS Author Choice License. (b) Tracked paths of two nearby NPs, color coded based on the estimated relative particle velocity.'**
Reproduced with permission from ref 104. Copyright 2017 American Chemical Society. (c) Averaged data for relative velocity versus surface-to-
surface distance between particles (black).'** The fitted line (red) shows the fitted interparticle forces. Reproduced with permission from ref 104.
Copyright 2017 American Chemical Society. (d) LP-TEM images and growth kinetics of CdSe octapods into interlocked chains.'® Reproduced with
permission from ref 105. Open access. Copyright 2016 Springer Nature. (e) Phase coordinates tracking both the local density and local structure of
NPs demonstrating the nonclassical nucleation pathway with amorphous intermediates.”” Reproduced with permission from ref 97. Copyright 2019
under exclusive license to Springer Nature Limited. Scale bar: 200 nm.

Figure 14. The formation of close-packed lattices from various shaped particles that can be described as hard colloids. (a) Schematic of how hard
. . Lo . . . 107 . L

spheres can pack into crystals as the particle concentration increases, driven by increased translational entropy. " Reproduced with permission from

ref 107. Copgrright 2016 Macmillan Publishers Limited. (b) Simulation results of differently shaped NPs forming into various types of close-packed

structures.'*® Reproduced with permission from ref 106. Copyright 2012 American Association for the Advancement of Science..

tracking of individual NPs allows for analysis of structural motifs 2.5. Nanoparticle Shape Effects
and growth laws, such as the step-growth polymerization In NP assembly studies, NP shapes are regarded as the foremost
kinetics observed in the tip-to-tip assembly of gold triangular parameter to encode interparticle interactions and the resulting
prisms”” and the statistical mechanical model for the interlocked equilibrium assembly. Frankel, Glotzer, and other pioneers have
assembly of CdSe/CdS octapods (Figure 13d)."" In the case of established from both statistical thermodynamics principles and
NP assembly into highly ordered supracrystals, phase- large-scale computer simulations that in the limit of “hard
coordinate tracking of both the local density and local structural colloids,” the shapes of NPs govern the packing symmetry and
order of NPs elucidated a remarkable nonclassical nucleation volume fraction of the final assembled superlattices to maximize
pathway with amorphous intermediates (Figure 13e).”” the translational entropy of the whole NP ensemble.'’® Here
3137 https://doi.org/10.1021/acs.chemrev.2c00700
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“hard colloids” refers to the ideal case when particles only
interact via excluded volume repulsion defined by the particle
shape, and crystallization can be driven by an order-from-
disorder process (Figure 14a). Historically, hard colloids were
experimentally realized as model systems when they did not
have surface charges (thus no electrostatic effect) and were
dispersed in a solvent which has an identical refractive index to
the colloids to cancel vdW attraction. Classical examples of hard
colloids include poly(methyl methacrylate) dispersed in hydro-
carbon solvent and poly(N-isopropylacrylamide) in water.'””
Yet, in practice, the principle of hard colloids applies well to
uncharged metallic and oxide NPs coated with hydrocarbon
ligands, where the steric hindrance of the ligands merely
increases the “effective” size of the NPs. For example, a diversity
of single-component or binary lattices have been assembled
from these NPs by solvent evaporation or interfacial self-
assembly, so as to increase NP concentration.”® The under-
pinning goal of entropy maximization in hard colloids is
achieved in closely packed lattices given the geometric
dimensions of the NPs, because the NPs at the lattice sites
collectively attain the largest open space for translational degrees
of freedom, in comparison with NPs in disordered and open
lattices at the same NP concentration. In the case of binary
lattices, the size ratio of large to small NPs can be varied such
that the smaller NPs can occupy the interstitial spaces of the
lattices formed by the large NPs.

For nonspherical NPs that can be modeled as hard colloids,
the excluded volume can be quantified as a “directional entropic
bond” in simulations,'®® which has been shown to drive the
thermodynamic assembly of NPs into a full “periodic table” of
closely packed structures, including space-filling lattices (from
cubes, triangular plates, etc.), quasicrystals (from pentagons,
tetrahedra, binary mixture, etc.), and plastic crystal (Figure
14b)."%° Such simulations are possible for large-scale (including
hundreds to thousands of NPs) systems by efficiently modeling
the excluded volume repulsion as a simple geometry rule that no
shape boundaries of the NPs can intercept one another, thus
reducing the computational cost. Using this method, while
ignoring the hydrodynamics of the particles involved in self-
assembly (as pointed out in section 2.3), the effects of nanoscale
shape details, such as truncation of polygonal shaped NPs, have
been studied to show how the extent of truncation can drastically
change the lattice types.'”” Real-time nucleation pathways of
NPs have also been simulated in 2019, where the entropic
colloidal crystallization of hard colloids was shown to involve a
2-step crystallization through a high-density prenucleation
precursor fluid phase with prenucleation motifs in the form of
clusters, fibers and layers, and networks, all fundamentally
depending on the NP shape.' '’ Highly complicated lattices can
be simulated, including chiral, quasi-crystal, and crystals with a
huge unit cell (see the example of 432 NPs in a cubic unit cell).
Moreover, in this framework of nonspherical “hard” colloids,
inverse design to predict the needed NP shape toward a targeted
lattice structure can be achieved through an iterative
optimization of building block shapes as demonstrated by
Glotzer and her co-workers.'"'

For NPs that cannot be modeled as hard colloids, NP shape
can regulate interparticle interactions through the volume (all
atoms inside NP matter) or surface contour, where ligand effects
dominate. Those systems are considered on a case-by-case basis.
For charged metallic NPs dispersed in aqueous solution, the
major interactions are vdW attraction and electrostatic
repulsion. Both interactions can be computed on the pairwise
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level by a coarse-grained (CG) model, where a metal NP coated
with charged ligands can be discretized as a shape matrix
consisting of beads (type 1 for the metal core and type 2 for
surface ligands).”” It is important that the beads are small
enough to represent the full 3D volume of the NP shape,
sometimes down to atom size (e.g, 3.3 A for gold atoms) to
include nanoscale details such as truncation or to construct a
smooth facet. This CG model is based on DLVO theory, which
assumes a linear superposition of vdW and electrostatic
interactions (see section 2.1). For vdW attraction, the Hamaker
constant of metals are 1 order of magnitude larger than
hydrocarbon ligands, so the vdW contribution from the metals

E. 4, is considered, following:

Aot
E = Z Z -—r
vdW i ZlR R|6
R, R IRy TR

()

R, and Rj represent position vectors of the ith and jth beads.

—

The sum over R; and R; goes over all the beads (o is the size of

bead type 1) in the two NPs, for calculation efficiency. Ay is the
Hamaker constant (e.g, 107" J for gold—gold in water).
Equation 9 implements the assumption that vdW attractions are
additive, which applies to most metal NPs. In this calculation of
vdW attraction, the whole 3D shape of NPs matters. Similarly,
NP systems that interact through (magnetic) dipole—dipole
interactions also have the dipole moment (determined by the
atom positions within the NPs) and directions sculpted by the
3D NP shape. As shown in Zhen s LP-TEM study of the growth
and self-assembly of FePt NPs,'” the dipole—dipole interaction
of FePt NPs adapts its mathematical profile as the NPs change
their shape during growth and drives the coalescence of NPs into
elongated wires.

The electrostatic interactions, when charge—charge correla-
tion can be neglected at low ionic strength (e.g. < 0.1 M),” can
be effectively computed by treating each charged ligand
molecule as one point charge, and by doing similar summation
as eq 9 for the vdW interaction. The ligands are coated on the
NP surface, so the surface profile of the NP shape is important.
Specifically, the electrostatic repulsion energy (E,;) between the
two NPs can be calculated by summing over a pairwise Yukawa
potential based on the Debye—Hiickel theory for all the ligand
beads (type 2) of two NPs. Type 2 beads are positioned as a
monolayer approximately a ligand length distance away from the
core NP surface, with the packing density matching the charge
density predicted by surface potential. Thus, E, is given by

By =YY ——=—=

R E 47r€eolR —RI

—

¢~ R=R/

(10)
Here i and j are the ith unit charge on one NP and the jth unit

charge on the other NP. The sum over R and R goes through all

the charged ligand beads on the NP. Z is the eﬁectlve charge of
the ligand (1ZI = 1 e). £ (= 78) is the relative dielectric constant
of water, and ¢, is the vacuum permittivity. Ay is the Debye
length of the solution determined by the ionic strength I as
described by eq 3. In this calculation, the surface contours of the
NPs determine the positions of the ligands and the extent of the
summation. Similar interactions determined by the surface
ligands include steric hindrance due to extended hydrocarbon
ligands (such as polymers), and solvation effects where solvent
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Figure 15. Assembly of differently shaped and charged metal NPs into end-to-end structures: (a) Au nanospheres.”® Reproduced with permission from
ref 95. Copyright 2013 American Chemical Society. (b) Ag nanocubes.''® Reproduced with permission from ref 115. Copyright 2018 American
Chemical Society. (c) Au nanorods.”” Reproduced with permission from ref 9. Open access. Copyright 2015 American Chemical Society under ACS
Author Choice License. (d) Au triangular prisms.""* Reproduced with permission from ref 113. Copyright 2017 Spring Nature. Scale bars: 500 nm (a);

100 nm (c,d).

molecules reorient and arrange following the surface facets and
curvature of NPs. The electrostatic interaction can have a range
from Angstroms to hundreds of nanometers and are controlled
by the ionic strength. Steric hindrance and solvation effects tend
to be short-ranged and come into effect when the NPs are nearly
in physical contact. Note that eq 9 and eq 10 do not consider
many-body effects.

The above method of modeling the pairwise vdW and
electrostatic interactions of charged metallic NPs has shown
quantitative consistency with experimental results of NP
assemblies studied by LP-TEM, such as gold nanorods,' "
nanoarrows,” and triangular nanoprisms.””""* In all these
examples, NP shapes sensitively fine-tune the interaction
profiles, which often exhibits a secondary energy minimum
that predicts the experimental equilibrium configuration of
nearest neighbors. Because of electrostatic repulsions, non-
closely packed structures inaccessible by “hard colloids” can be
assembled, such as the nanorods formed from metal nano-
spheres and nanocubes (Figure 15ab),”>"'*'"> end-to-end
assembled gold nanorods”” (Figure 15c¢), and triangular prisms
(Figure 15d),""” as well as a hexagonal columnar phase of
triangular prisms at high NP concentration.”” In the latter case,
at an ionic strength of 30 mM, while the vdW attraction favors
planar stacking of the prisms in maximal registry, the
electrostatic repulsion favors misalignment of the stacking
prisms to minimize face—face electrostatic repulsion. This
balance of interactions leads to a flattened enthalpic interaction
potential around the perfectly aligned configuration, leading to
an effective cylinder with a circular cross-section and a 3D
hierarchical superlattice.

One limitation of CG-based interaction modeling is that one
needs to enumerate and sample all the possible orientations and
positions of two NPs in 3D to obtain the full pairwise interaction
potential, which is computationally expensive. CG models work
well for just two NPs and for assembly systems where the nearest
neighboring pairwise interactions determine the final structure.
For large-scale simulations that involve hundreds or even more
NPs, one good strategy is to first use a CG model to calculate the
pairwise NP interaction considering all the shape details of NPs
and then fit the calculated interaction as a mathematical form
(either by approximation or by iterative fitting based on a neural
network). Thus, the mathematical form can be used as the input
for large-scale simulations. Even in this case, to further reduce
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the computational cost, simulations can adopt strategies such as
“seed”, add some structural motifs of the final assemblies to
expedite the system’s approaching to final assembly''® or start
from a state that is close to the final structure and let it run to
equilibrium.”” Due to complicated effects of shape on enthalpic
interactions, a universal workflow for simulation or prediction of
assembly remains to be achieved. Reverse engineering also
remains challenging.

3. ORIENTED ATTACHMENT AND CONTROLLING
FACTORS

3.1. Crystallographic Orientation

3.1.1. Crystallographically Matched Attachments. The
crystallographic coalignment of aggregating particles that leads
to their oriented attachment can result from direction-
dependent interactions associated with unique “crystallo-
graphically varying” material properties (e.g., dielectric proper-
ties and/or dipole moments), leading to torques that rotate
nanocrystals into alignment. In addition to dipole characteristics
known to be present in some mineral crystals, dielectric
properties of mineral crystals are expected to exhibit spatial
inhomogeneities, anisotropy, and nonlocality."”"'* Capturing
these characteristics via classical MD simulations is challenging
due to their intrinsically many-body nature.

The concept of a vdW torque, formulated by Parsegian and
Weiss''” and initially introduced to explain the orientational
adsorption of macromolecules on graphite surfaces,"”'*" was
more recently used to explain the orientational dependence of
adhesion forces between rutile TiO, crystals.”>> The mutual
coalignment of ZnO nanocrystals observed in LP-TEM was
understood by assessing the torque from a strong dipole—dipole
interaction owing to the intrinsic dipole moment of ZnO."*?
Both sources of torque can only lead to an appreciable
orientational alignment when they outcompete Brownian
torque. 120,121

As expected, the continuum theory that considers many-body
interactions at molecular dimensions to describe a macroscopic
body requires correct values of subtle materials properties (e.g.,
the dielectric tensor as a function of frequency) that are often
evaluated via a computational approach. This is especially true
for vdW torque because a corresponding interaction is
dominated by subtle dielectric spectra in the ultraviolet (UV)
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Figure 16. AFM-DFS force measurements show a 60° or a 90° periodicity of adhesive forces between mica—mica (001)”" or rutile—rutile (001

)12()

surfaces, respectively, consistent with the symmetry of absorbed or water. (a) Schematic drawing of the AFM-DFS experimental setup, showing the
crystal tip and substrate, which were aligned visually in the AFM. (b) A representative force curve. (c,g) SEM images of custom-made oriented single
crystal AFM tips of mica (001) and rutile (001), respectively. (d,h) crystal structure of mica (001) and rutile (001) facets, respectively. (e,i) AFM
images of mica (001) and rutile (001) facets in water, showing 6- and 4-fold symmetry, respectively. (f;j) Dependence of adhesive force (F,;) on
relative in-plane orientation for mica—mica and rutile—rutile surface interactions. (a,b,g,i,j) Reproduced with permission from ref 126. Copyright 2017
Royal Society of Chemistry. (c,f) Adapted with permission from ref 71. Copyright 2017 through the open access of the National Academy of Sciences.

range, rather than at the infrared range.61 For example, a tight-
binding model, combined with a first-principles method, was
used to obtain the anisotropy of the in-plane dielectric function
of a graphite surface.'”” In addition to the properties of the
particle, characteristics of the intervening medium are critical for
determining the strength of the torque and the resulting
orientation. “Screening” by the intervening medium, whose
dielectric constant is inversely proportional to the strength of
dipole—dipole torque,'*’ is expected to reduce the vdW
torque.

Studies have shown that solvent-mediated free-energy barriers
for nanocrystal aggregation can be facet dependent, thus
promoting OA. For example, Raju, van Duin, and Fichthorn
used MD simulations based on the ReaxFF reactive force field to
show that approaching anatase nanocrystals with adsorbed water
create a dynamic network of hydrogen bonds between surface
hydroxyls and surface oxygens of the aggregating nanocryst-
als."** They showed that OA is dominant on surfaces that have
the greatest propensity to dissociate water, consistent with
experiment. ™

Using AFM-DFS (Figure 16a—g) to directly measure
interparticle forces, Li et al. demonstrated that the adhesion
forces (F,y) between two mica (001)”" and two rutile (001)"2°
surfaces have ~60° and 90° periodicity (Figure 16f,j), consistent
with the 6-fold and 4-fold symmetry of the mica (001) and rutile
(001) surfaces, respectively, as well as the absorbed water
(Figure 16e,i).”" A separate study on ZnO (0001) surface also
revealed 60° periodicity, consistent with the 6-fold symmetry of
ZnO (0001)."”” In the TiO, system, which is a classic OA
system, within the measured 90° periodicity, the maximum and
minimum forces appeared at mismatch angles of about 0° and
~+45°, respectively (Figure 16j). MD simulations predicted, in
the case of two water layers between the surfaces, a 4-fold
symmetric F,y between (001) rutile surfaces with water
dissociation results from the 4-fold symmetry of O;—Hj
pairwise interactions (Figure 17, O: terminated O, H: bridge
H; simulation performed in vacuum with two layers of
dissociated water). Additional longer-range forces, particularly
vdW interactions that we expect to exhibit the 4-fold symmetry
of the crystal lattice, may be needed to obtain a complete picture
of TiO,—TiO, interactions in water. Additional physics
associated with the role of water, such as the hydrodynamics
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Figure 17. MD Simulations demonstrate a dependence of interparticle
forces on crystallographic orientation driven by the structure of
dissociated water on crystal surfaces.'*® (a) The interaction force per
unit area, F(6,d), in vacuum and with water surface dissociation as a
function of d, for misorientation, & = 0—90°. (b,d) Top views of two
rutile (001) slabs with water dissociation at @ = 0° and 90°, respectively.
(c,e) Side views of two rutile (001) slabs with water dissociation at & =
0° and 90°, respectively. B, bridging; T, terminal. Reproduced with
permission from ref 126. Copyright 2017 Royal Society of Chemistry..

of freely moving water molecules, will also need to be
investigated to complete this picture.

3.1.2. Mismatched but Oriented Interfaces. Most OA
occurs through perfect or twin-related crystallographic align-
ment of the particles, leading to interface-free single crystals or
those with twin boundaries, respectively. Li’s group discovered
mismatched but oriented interfaces (MOI) that produce diverse
3D structures of Ag;PO, (i.e, symmetric and asymmetric
polypods) composed of two or more tetrapods (Figure 18a)."**
TEM and SEM results (Figure 18b—e) suggest that interfaces of
{100} and {110}({100}/(110}), {100}/{111}, {110}/{111},
and {100}/{100} have certain structural relationships corre-
sponding to energy minima (Figure 18f) and coincident site
lattices of interfacial atoms (the outlined orange and blues
rectangles in Figure 18g), as demonstrated by MD simulations.
Density functional theory (DFT) calculations (Figure 18gh)
indicate that the formation of pyrophosphate and/or phosphate
rotation across the interface, as well as deformation of Ag—O
bonds, compensates for the lattice mismatch at the interfaces.

Mismatched interfaces generally are highly strained, leading
to large energy barriers to formation. However, pyrophosphates
are known to be flexible and can relieve deformation, as manifest
by a wide range of P—Oy—P bond angles (123°—180°)."*” The
rotation of PO,*” tetrahedra in pyrophosphate allows for
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Figure 18. Mismatched but oriented interfaces.">* (a) SEM images of Ag;PO,, tetrapods. (b) Cross-sectional TEM image of the polypods in (). (c,d)
Selected area electron diffraction patterns of arms 1 and 2, respectively. (e) Orientational relationships between Ag;PO, surfaces based on SEM images
of intergrown tetrahedral and cuboidal aggregates. (f) Plots of interfacial energy obtained via MD as a function of in-plane rotation angle 6. Red arrows
correspond to the MOIs that are observed from experiments (SEM/TEM) consistent with the MOIs that can form supercells. (g) Ag and O atom
arrangements at the {100}, {110}, and {111} planes; similarity of the lateral supercells, indicated with colored rectangles, suggests the possibility that
MOIs enable the formation of {100}/{111}(orange rectangles) and {111}/{110} (blue rectangles) interfaces. Black dotted lines show unit cells. (h)
Side view of the interfacial atomic structures of MOI {100}/{111}, showing the formation of a pyrophosphate across the interface. Adapted with

permission from ref 128. Copyright 2021 Elsevier BV.

distortion of the crystal. The formation of pyrophosphate takes
place with a large rotation of phosphate (~40°). The energy cost
associated with this rotation of the phosphate groups can be
readily offset by the formation of pyrophosphate, stabilizing the
mismatched interface. Two mechanisms were proposed for the
growth of asymmetric polypods: (1) nucleation of a
pyrophosphate, followed by growth through ion-by-ion
addition, which disrupts the crystal symmetry, and (2)
attachment of small Ag;PO, NPs in an oriented fashion via
the formation of pyrophosphate across the interfaces, which
disrupts the crystal symmetry. Notably, the two interfacial planes
are not perfectly parallel to each other. The lattices can
accommodate large distortions via rotation of the phosphate
groups and the flexibility of the Ag—O bond lengths and O—
Ag—O angles. The ions of PO,*” or Ag" from the reaction
solution can bridge the gap by forming O;P—0—Ag—O—PO; or
O;P—03—PO; linkages across the interface.
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3.2. Effect of Interfacial Liquid—Solid Structure

Unlike the isotropic bulk solution that is far from a particle
surface, within a nm or so of a surface, the solution exhibits a
heterogeneous structure.”>* Due to confinement effects,
variations in solution density in the direction perpendicular to
the surface occur on the length scale of a solvent molecule (~3 A
in the case of water), while in the lateral direction, the variations
occur on the length scale of the substrate lattice. For inorganic
crystalline particles, the latter is also on the order of a few
angstroms, as shown, for example, by 3D fast force mapping
(FFM) in aqueous solution above the (110) face of boehmite
(AIOOH)"*" (Figure 19a,b), which is a face on which platelets
of boehmite undergo OA.”®

Such solution structures near particle surfaces have significant
consequences on long-and short-range forces between NPs.
When two colloidal particles come within nanometer distances
in a liquid solvent, the solvent can mediate a force between them.
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Figure 19. FFM provides atomic-level maps of solvent structure
interpretable in terms of tip—solvent interactions via MD."° (a)
Boehmite (AIOOH) structure. (b) FEM map of force gradient in three
orthogonal planes above boehmite. (c) Simulation cell of silica particle
representing AFM tip above boehmite in water. (d) Predicted water
density (relative to bulk) vs height above distinct atomic sites. Dots
indicate locations of peaks in (b). (e) Pattern of H,O (blue) and
oxygens of OH (gray) in first hydration layer, as well as silanols on the
tip (orange/green) that H-bond to H,0 molecules in the first layer,
thus defining the observed hydration structure. (a—d) Adapted with
permission from ref 130. Open Access License. Copyright 2021
American Chemical Society.

This solvation force (or hydration force) is due to differences
between solvent ordering and/or density in the gap between the
particles and in the bulk liquid region around them.”” When
defining the interparticle potentials that drive particle assembly,
in contrast to the well-known vdW, ion correlation, and
electrostatic interactions discussed above, the role of interfacial
solution structure has only recently been explored. Along with
simple physical arguments on ion hydration, Li et al’s study’"
based on AFM-DFS measurements revealed that a consideration
of the solution structure at interface is necessary to understand
the adhesion forces between mica surfaces (Figure 4), leading to
reasonable explanations for nontrivial dependence of the
adhesion forces on ion concentration and specificity (e.g., Na*
vs K*). Similarly, Zhang et al."*" used AFM-DFS measurements
to quantify the orientation dependence of the adhesion force

between complementary (0001) faces of the polar crystal ZnO,
finding that the symmetry mirrored that of the crystal lattice.
Furthermore, Lee et al.'** demonstrated that the solution
structure near NP surfaces, probed by amplitude modulated
AFM (AM-AFM) and correlated to layers of hydrated ions
adsorbed on the NP surface, are directly responsible for a
distinct distribution of separations between Ag NPs at transient
and final superlattice structures (Figure S). This clearly indicates
that solution structures can even influence collective responses
of NPs.

Recent simulation and theoretical studies demonstrated two
important effects of solution structures on particle interaction
forces.””"**~"%” The first is a significant orientation dependence
of the potential (Figure 20a). Simulations on a number of
systems126’130’135’137’138 (TiO,, ZnO, MgO, boehmite, musco-
vite, and pyropholite) predict that the free energy vs separation
between atomically flat crystal surfaces in water varies between
minima and maxima that correspond to the number of water
layers between the surfaces for separations of ~1 nm (~3 water
layers) or less and that the minima are deepest for perfect
crystallographic alignment and shallowest, or eliminated, for
maximum misalignment. However, the results also consistently
predict a second effect: these density variations produce barriers
between adjacent minima that are many tens of kT even for
contact areas of less than 10 nm? (Figure 20a). The simulations
also predict that the oscillations in water density and
corresponding forces scale with surface hydrophobicity (Figure
20b,c).13’S Finally, we note that none of the simulations of
particle—particle interactions done to date include surface
reactions, such as hydroxylation, yet simulations of water
structure near AIOOH surfaces show that hydroxylation is an
important factor in the predicted distribution of water, especially
as surfaces approach contact where hydroxyl groups on one
surface can interact with those on the other (Figure 19c—e)."*’
Consequently, much research is still needed to connect the
atomic-scale structure and chemistry of particle surfaces to the
complex set of barriers and potential minima created by solution
structuring that both pull particles toward one another and keep
them apart.

Solution structures near particle surfaces can bring additional
consequences. A recent study based on AFM-based 3D-FFM"*°
suggested that the solution structure can cause unusual transport
properties under confinement, leading to “conservative” hydro-

Figure 20. Simulations predict a dependence of interparticle potentials on relative orientation driven by hydration structure, which is strongly
impacted by surface hydrophobicity. (a) Potential of mean force vs distance between ZnO surfaces showing minima that correspond to integer

numbers of water layers and barriers between minima equivalent to ~40 kT for a 10 nm? contact area.
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(b) Effect of hydrophobicity on water density,

with periclase (MgO) being most hydrophilic and pyrophyllite most hydrophobic. (c) Free energy vs distance between MgO surfaces for water
structure in (b) showing strong orientation dependence and sizable barriers.'>> (a) Adapted with permission from ref 131. Open Access License.
Copyright 2017 Springer Nature. (b,c) Adapted with permission from ref 135. Copyright 2020 American Chemical Society.
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dynamic forces at ~1 nm of solution layer. This is, in fact, well-
aligned with many previous studies observing chemistry-
dependent transport properties in confined liquids (e.g.,
viscoelasticity'*”"*°). Similarly, an unusual dielectric property
of confined water associated with solution structures (~2
instead of a well-known bulk value, ~80) was also reported.'*!
These facts illustrate convincingly that the solution structure
influences dynamic contributions, as well as energetic
contributions, to particle assembly. Note that this nature is
especially important for understanding the last stage of particle
assembly and OA where physical contact of NPs occurs.
Solvent-mediated forces can have interesting consequences
for particle-mediated growth, as recently reviewed by Sushko.'**
Figure 21 depicts the concept of solvent-mediated forces for two

Figure 21. Solvation force and its dependence on solvent ordering in
the interparticle gap.'*’ (a) Mean dimensionless force F, where F has
units of kT/o and 6 is the Lennard-Jones distance parameter, along with
particle configurations as two Au icosahedra approach one another. It is
seen that the particles alternate between face-to-face and vertex-to-
vertex configurations as they approach one another in solution. (b)
Heat map showing the solvent density relative to the bulk solvent
density (the normalized bulk density is 1.0) at selected NP separations.
(b-1) A fixed face—face configuration at a separation of § = 4.63c. (b-2)
Corresponding average rotational density profile of (b-1), where the
particles assume a vertex—vertex orientation to minimize the solvent
density in the interparticle gap. (b-3) A fixed vertex—vertex
configuration with a separation of § = 6.086. (b-4) The average
rotational density profile of (b-3), where the particles assume a face—
face configuration. Reproduced with permission from ref 143.
Copyright 2006 American Physical Society..

metal icosahedra in Lennard-Jones solvent.'*” In Figure 21a, the
mean interparticle force between the two particles is shown as a
function of their separation. Preferred orientations of the
particles are shown for various separations, and it is seen that the
particles alternate between face-to-face and vertex-to-vertex
orientations as they approach one another in solution. The heat
map in Figure 21b shows the solvent density relative to the bulk
density for the two particles. Generally, there are oscillatory
solvent density profiles around the two particles, which stem
from solvent ordering at the particle surfaces and layering away
from the surfaces. In Figure 21 (b-1) and (b-2), the distance &
between the two particles is fixed at § = 4.630, where o is the
Lennard-Jones distance parameter. In (b-1) the particles are
held in the face-to-face configuration, and in (b-2) the particles
are in their preferred configuration in Figure 21. There are
regions of high solvent density in the interparticle gap in (b-1),
while there is vacuum in (b-2). Similarly, in (b-3) and (b-4), the
two particles are held at a distance of 6 = 6.080, where the face-
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to-face configuration in (b-4) is preferred, and we see high-
density regions in (b-3).

Kerisit and De Yoreo recently used classical MD simulations
to compute the free energy landscape of aqueous NPs
approaching mineral substrates with variable hydrophilicity."**
They showed that the interfacial water structure created free
energy minima for NP approach that corresponded to integer
numbers of intervening water layers. The depth of the free-
energy minima and the free-energy barriers between minima
depended on the hydrophilicity of the mineral surface. The
results help explain the formation of mesocrystals and the
observed ability of NPs to rotate before attachment while in a
long-lived solvent-separated state. In a more direct probe of
solvent-mediated forces, Zhang and co-workers used both
experiments and MD simulations to probe solvent-mediated
forces between ZnO NPs in aqueous solution. Their simulations
also exhibited water layering in the interparticle gap and their
calcul?ﬁ(_ed potentials of mean force agreed well with experi-
ment.

3.3. Interface-Driven Nucleation and OA of Crystals

One of the most consequential discoveries to arise from studies
of crystal growth through assembly and fusion of particles in
recent years is that the effect of the mineral surface on local
solution structure extends to the equilibrium thermodynamic
solution properties in the interfacial region. Both studies in
which this effect was manifest involved organic ligands that bind
to the faces of the particles. In the first, hematite (Fe,O;, Hm)
crystals were formed from ferrihydrite (FeOOH, Fh)
suspensions (Figure 22a) at 80 °C.”° When pure Fh suspensions

Figure 22. When incubated at slightly elevated temperature, Fh
converts to Hm, producing well-faceted single crystals in pure solution,
but spindle-shaped mesocrystals through a process of interfacially
driven nucleation followed by OA when oxalate is present.® (a) Fh
precursor NPs. (b) Hematite single crystals formed at 80 °C. (c)
Hematite mesocrystal formed in the presence of sodium oxalate. (d—g)
Series of in situ TEM images collected at 80 °C documenting the
mechanism of mesocrystal development. (a,b) and (d—g) Adapted with
permission from ref 26. Copyright 2021 Springer Nature. Under
exclusive license to Springer Nature Limited.

were used, well faceted Hm single crystals formed (Figure 22b),
but when sodium oxalate (Ox) was added to the suspension,
spindle-shaped Hm mesocrystals were generated instead
(Figure 22c). All particles were found to be crystallographically
coaligned (Figure 22c) and all spindles were self-similar in
geometry, with the long axis of the spindle running parallel to the
Hm (001) direction. In situ TEM experiments performed at 80
°C (Figure 22d—g) showed that isolated Hm particles rarely
appeared, but once formed, new Hm particles began to nucleate
repeatedly ~2 nm from their surfaces, to which they then
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Figure 23. Surface-adsorbed organic ligands induce near-surface concentration gradients that can enhance the chemical driving force for nucleation of
new particles. (a) Average potential of mean force of Fe ions versus distance away from the surface of oxalate-coated Hm.*® (b) Ion distribution in the
gap between two Au surfaces with an interparticle distance of 3 nm.”® (a) Adapted with permission from ref 26. Copyright 2021 Springer Nature and
The Author(s), under exclusive license to Springer Nature Limited. (b) Adapted with permission from ref 76. Copyright 2018 Royal Society of

Chemistry.

attached, thereby generating mesocrystals, though whether the
particles are aligned at the time of nucleation or rotate into
alignment during the attachment phase could not be discerned.
Thus, the rate of crystal growth by particle attachment and the
morphology of the resulting mesocrystals were set by the facet-
specific rate of interfacially driven nucleation. Both measure-
ments and simulations showed that Ox binds to Hm with a
coverage that is facet specific. The simulations predicted
interfacial gradients in speciation near the Ox-covered surfaces,
leading to a peak in excess Fe** concentration about 1 nm from
the surface due to attraction by the negatively charged surface-
bound ligands (Figure 23a). These simulations also predicted a
barrier-free attractive interparticle potential for particles
separated by less than ~2 nm.

A separate study on Au NP formation in the presence of
citrate revealed a similar pathway with all Au nuclei appearing
within 1 nm of existing particles.”® The gap was closed either by
a jump-to-contact or formation of a neck between the new and
existing particles. Classical DFT (cDFT) again predicted that
the presence of the negatively charged organic ligands led to a
peak in excess Au ion concentration within a nm of the interface,
corresponding to the same region where new particles formed
and where the necks between particles grew (Figure 23b).
However, the effect was predicted to be strongly pH dependent
due to the role of ligand and solute ion valency in determining
whether ligands or ions preferentially access the particle surface,
as with the case of Hm mesocrystal formation. Once new Au
NPs formed, an attractive interparticle potential drove the
particles to attach to the growing aggregate.

In both of these examples, crystal growth by assembly of
particles is a consequence of interface-driven nucleation in a
system where the organic ligands attract solute ions, inhibit
growth of newly formed NPs, and create an attractive
interparticle interaction potential. Given that the chemical
potential must be uniform throughout the solution, the dramatic
enhancement of nucleation in the near-surface solution over that
in the bulk must be attributable to one of two other factors that
define the free energy barrier to nucleation: a decrease in mineral
solubility, leading to an increase in local supersaturation, or a
decrease in interfacial free energy.””'*® The former appears as
inverse squared term in the barrier, while the latter is a cubic
term. Because the nucleation rate is exponential in the barrier,
even small changes in these quantities can increase rates by many
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orders of magnitude, thus a multiparticle environment driven to
assembly.

4. OA-INDUCED CRYSTAL STRUCTURES

OA processes can direct 1D—3D nano/microstructures of
. .6 147

materials (e.g., nanowires,” nanosheets, "’ and branched or

hierarchical structures®) and atomic lattice structures (e.g., twin

related structures®* and defects).

4.1. 1D Nanowires, 2D Nanosheets, and 3D Branched
Nanostructures

4.1.1. 1D Nanowires. Recent studies have emphasized that
for two particles to be able to aggregate, solvent and/or adsorbed
ligands must leave the interparticle gap, and the way in which
this occurs can have interesting consequences for the
morphology of the aggregate. For example, Sathiyanarayanan
et al. showed that because Lennard-Jones solvent cannot easily
form protective layers near Ag nanocrystal corners and edges,
two nanocrystals tend to aggregate near their corners and
edges.148 Furthermore, the more developed ordering on large
nanocrystal facets than on small ones tends to promote 1D
nanocrystal growth.'** In recent studies with LP-TEM, Dong et
al. found evidence for these predicted aggregation tendencies.' *’
They observed the aggregative growth mechanisms of sub-10
nm Ag NPs in water. As shown in Figure 24, they found that
small Ag NPs tended to aggregate into chains to form nanorods,
a phenomenon they attributed to weaker hydration forces at the
nanorod ends.'*’

Halder and Ravishankar reported the synthesis of Au
nanowires cag)ed with oleylamine from the OA of Au
cuboctahedra. *° As shown in Figure 25a, they observed that
Au cuboctahedra formed in the initial stages of their synthesis.
Over time, the nanocrystals disappeared, and nanowires
emerged, as shown in Figure 2Sb. They proposed that the
formation of nanowires occurred via OA of the NPs on their
{111 facets because the diameters of the wires were virtually
identical to the diameters of the nanocrystals in the solution.
Additionally, the defects they observed in the nanowires were
characteristic of {111} aggregation, as shown in Figure 25c.

4.1.2. 2D Structures. 2D structures have also been
proposed to grow via OA.***>'3"15% Eor example, Yang et al.
showed that cobalt oxide and cobalt nickel oxide can form 2D
nanosheets from the shape transformation of 3D nanocrystal
intermediates in a solution-phase synthesis."”' Using LP-TEM,
they observed 3D NPs form from cobalt and nickel precursors.
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Figure 24. Snapshots of the growth trajectory of a Ag nanorod
originating from four groups (termed 1, 2, 3, and 4) of Ag NPs
randomly dispersed in a liquid cell."** Different groups of NPs are
highlighted by dotted lines of different colors. Scale bar is S nm.
Adapted with permission from ref 149. Copyright 2019 American
Chemical Society.

Figure 25. Au nanowires capped with oleylamine from the OA of Au
cuboctahedra. (a) Bright-field TEM image of gold NPs. The insets
show that the particles are contain {111} and {100} facets. (b) Bundles
of nanowires formed on aging. (c) A high-resolution image revealing
that the growth direction of the wires was (111)."*° Adapted with
permission from ref 150. Copyright 2007 Wiley.

Upon reaching a size of a few nanometers, 3D particles began to
spread, developing a 2D region at their periphery, with the 3D
region gradually disappearing. As they spread, neighboring
nanosheets came into contact with each other and merged to
form larger sheets by attaching at their edges. Although their
analysis was focused on the 3D—2D transformation in this
system,'>” the final 2D plates were formed by OA. Further
resolution of this aspect of their synthesis would be helpful.
4.1.3. 3D Structures. Rutile nanowires typically grow via
OAs. As previously reported, anatase NPs initially form and then
transform into rutile,">*> because anatase is more stable than
rutile at small crystal sizes while rutile is a more stable phase at
larger sizes.">* Branched rutile nanowires (Figure 26a) also form
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Figure 26. Wire and branch growth via OA of anatase {103} facets onto
rutile {101} facets, followed by phase transformation from anatase into
rutile. (a) SEM image of branched rutile wires. (b) High-resolution
TEM image shows OAs of anatase {103} facets onto rutile {101} facets
for short reaction times (~45 min.). (c) Schematic drawing showing
wire and branch growth mechanisms. Adapted with permission from ref
6. Copyright 2013 American Chemical Society.

via OA on two distinct facets. During the growth, the {103}
crystal facet of the anatase particle attaches in an oriented
manner with the {101} crystal facet of rutile at the tip of a rutile
nanowire. The following phase transformation from anatase into
rutile results in either interface-free wire growth or the formation
of branch via {101} twin interfaces with growth along [001]
directions (Figure 26b—c).’

4.2, Multiply Twinned Structures

Recently, Li’s group revealed that repeated OA events by ~3 nm
Au NPs create high-energy grain boundaries, that accumulate
strain during atomic rearrangements and consequently decom-
pose, inducing formation of 5-fold twins (5-FTs).”* When a
twinned crystal (with the first twin, £3,) undergoes OA with
another single crystal, a second twin (X£3,) forms, resulting in
two types of concave surfaces with angles of ~94° and ~150°
(Figure 27a,b and L,m). These events lead to two different
mechanisms of S-FT formation. In mechanism 1, on the
resulting ~94° concave surface with two X3 twin interfaces, the
small radius of curvature provides a path that is far from
equilibrium: a large strain quickly accumulates while the surface
energy is minimized via atomic surface diffusion to the curved
surface, resulting in lattice deformation and a high energy grain
boundary (GB) X9 (Figure 27c), which decomposes into
another high energy GB X27 and X3 (Figure 27d—f). Analysis
that includes MD simulations concludes that, to release this high
strain energy, a small twin forms via slip on three consecutive
{111} planes, which is a process that does not create extra strain
in the nearby lattice or require high energy, i.e., there is zero net
strain (Figure 27g;j).">> Continuous nucleation and growth of
this twin structure releases the strain, resulting in decomposition
of £27 into two X3 interfaces and eventual formation of a S-FT
(Figure 27gh and i—k).

In mechanism 2, on the resulting ~150° concave surfaces, OA
only creates a small X9 (Figure 27n) due to the large radius of
curvature and the crystal lattice is less deformed than in
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Figure 27. Two pathways of 5-FT formation with a ~90° or ~150° concave surface.”* (a,b) Formation of £3, and ~90° concave surface after the OA
process. (c) Migration of atoms to the concave surface region (cyan arrow) with the formation of the £9 GB and X3, migration of two atomic layers
toward region III from II. (d—f) Oscillation between %27-(200); and X27-(111)y and corresponding a of ~125° and ~150°, respectively. (g)
Nucleation of ZST on 227 near twin pole. (h) Formation of 5-FT. (i) MD simulation. (j) Enlarged simulation image showing the ZST formation and
growth. (k) Energy profile of the NP during decomposition of £27. ZST: zero strain twin. (,m) Formation of £3, and ~150° concave surface after the
OA process. (n) Migration of atoms to the concave surface region with the formation of the 29 GB. (o) Formation of asymetric S-FT. Adapted with
permission from ref 34. Copyright 2019 American Association for the Advancement of Science.

mechanism 1. Consequently, asymmetrical 5-FTs form via
partial dislocation slipping of only a few layers of {111} planes
(Figure 270) because further slipping creates extra strain energy
in the lattice due to large interfaces. In contrast, in mechanism 1,
a highly strained lattice is already formed via surface diffusion
after the OA event. The formation of 5-FT's within the bulk of
the particle (i.e., with large interfaces) results in a reduction of
strain. These two mechanisms are also applicable for high twin-
fault energy systems, such as Pd and Pt, but result in smaller
twinned units.”*

The growth path via repeated OA events may be general for a
wide range of materials and enable the formation of structures
with multiple grain boundaries, besides 5-FT's, depending on the
specific crystal structure and the nature of twin boundaries in
each system.
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4.3. Necking

During OA of colloidal nanocrystals, a neck can be formed

156159
between nanocrystals,

and it may strongly influence the
properties of the resulting epitaxially connected nanocrystal
superlattices. For example, superlattices with atomically uniform
internanocrystal necks increase the electron delocalization
length,'*>'°" which impacts the coherent coupling effects in

. 162,163
superlattices

162,164,165

and may induce various novel proper-

. 10,166,167
ties,

e.g., topological states or Dirac cones.
Thus, there has been significant interest in understanding the
mechanism of neck formation, which is important not only for
interpreting semiconductor crystallization through particle
attachment'®® but also for improving the internanocrystal
connectivity in nanocrystal superlattices to achieve the desired

. . 160,169
electronic properties.
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It was assumed that necking may be achieved through a “click
and cascade” model when two nanocrystals are at a short range
and separated by solvent molecules.'”” However, measurements
using X-ray scattering'”' ™" and ex situ TEM'"*~"7¢ indicate
that the center-to-center distance of epitaxially connected
nanocrystals is often larger than the diameter of the initial
nanocrystals,'”'”® which suggests that necking is likely achieved
through different mechanisms.

A study on OA of PbSe nanocrystals revealed the unique
necking process by real-time atomic-resolution imaging using
LP-TEM."”” It was found that the necking occurred in three
stages (Figure 28): (1) nanocrystals first approached each other

Figure 28. Necking of PbSe nanocrystals during assembly. (a)
Representative HAADF-STEM image of a PbSe nanocrystal chain
formed by oriented attachment.”” Vertical lines denote the nanocrystal
boundaries and labels indicate the number of Pb layers along the
nanocrystal length (orange) and width (blue). Scale bar: S nm. Adapted
with permission from ref 37. Copyright 2019 exclusive licensee
American Association for the Advancement of Science. (b) Atomic
model showing the atomistic pathway of neck formation between two
PbSe nanocrystals.'”” Only Pb atoms are shown in the model for clarity.
Adapted with permission from ref 178. Copyright 2019 Tsinghua
University Press and Springer-Verlag.

and the lattice angle changed from ~60° to ~90°, indicating the
lattice geometry change from hexagonal to square, (2) the neck
initiation occurred slowly (~10 s) when two nanocrystals
approached to each other within an edge-to-edge distance of 0.6
nm. During neck initiation, Pb and Se atoms defuse from other
facets into the gap, forming “dynamic reversible” filaments. (3)
Once the filament (neck) width is larger than a critical size of 0.9
nm, it gradually (in 15 s) widens into a 3 nm wide neck. The
neck initiation and growth mechanisms were rationalized with
DFT calculations.'”

4.4. Defects Induced by OA

During OA processes, in some cases, a slight misalignment upon
attachment leads to defect formation at the interface, where the
lattice planes are slightly bent due to the formation of
dislocations. In the case of ferrihydrite, an iron oxyhydroxide
(Figure 29a,b), LP-TEM showed that, within a few seconds of
contact, edge dislocations formed upon attachment translated
laterally across the interface (Figure 29b,d) via atomic diffusion
in the crystal lattice and aqueous solution, leaving behind a
perfect defect free interface (Figure 29d).*

Through this understanding of OA mechanisms, a synthesis
method was designed to guide the growth of crystals with
desired defects to improve catalytic properties.”> This synthesis
method is based on the hypothesis that solvents of high viscosity
slow atomic motion and thus potentially prevent self-
elimination of edge dislocations that are formed during OA
events. The growth of rutile has been reported to occur via OA,°
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Figure 29. Sequence of TEM images of an OA event in ferrihydrite with
a slight misalignment upon attachment, showing the formation of edge
dislocations at the interface and their self-elimination.’® Adapted with
permission from ref 39. Copyright 2012 American Association for the
Advancement of Science.

and edge dislocations in TiO, introduce Ti*" sites, which are
predicted to be weak recombination centers. Thus, these sites
could potentially improve photoactivity in visible light, but this
improvement had been neither proven nor realized due to the
experimental difficulties of obtaining sufficient dislocations in
the crystal lattice. Ethelene glycol with a nearly 100 times higher
viscosity than water was chosen as the solvent during the
synthesis.'”® Using a simple, one-step hydrosolvothermal
method, colored ultrafine nanowires of rutile (B-R) and NPs
of anatase (B-A) with edge dislocations (Figure 30a-f) were

Figure 30. Edge dislocations formed via imperfect particle coalignment
during growth.”® (a,d) SEM and (b,c,e,f) HRTEM images of B-R (a—c)
and B-A (e—f), respectively. (g) UV—vis spectra of W-R, B-R, W-A, and
B-A, respectively. The insets show the optical images of W-R, B-R, W-A,
and B-A powders. (h) Photo-degradation rate and surface area of W-R,
B-R, W-A, and B-A. “T” represents edge dislocation. W-R, white rutile;
B-R, brown rutile; W-A, white anatase; B-A, brown anatase. Adapted
with permission from ref 35. Copyright 2019 Wiley-VCH.

obtained with visible solar absorption (400—900 nm)
broadened significantly in comparison to rutile wires and
anatase NPs without defects (Figure 30g).3’S The broadened
UV—vis absorption improved the photocatalytic efficiency by up
to 1.8 times (Figure 30h).
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5. NP INTERACTIONS AND ENERGETICS OF PARTICLE
ASSEMBLY AND OA PROCESSES

5.1. Interparticle Potential and Evolution of Energetics

Self-assembly of NPs into ordered superstructures requires
precise control over NP interactions in solution. In the past two
decades, a broad range of assembly routes, either spontaneous or
guided, have been developed by modifying surface li-
gands”"' 771" or applying an external potential, such as a
magnetic'** or electric'*'** field. The spontaneous assembly,
for example, by slow solvent evaporation'* or destabilization of
a NP dispersion without external forces,'**'* is a main strategy
for the assembly of colloidal NPs into superlattices, during which
the system reaches thermodynamic equilibrium.'®®

As a first-order approximation (i.e., assuming negligible
multibody interactions), the forces driving self-assembly can be
understood as collective effects from various competing pairwise
forces/torques (i.e., vdW, electrostatics, hydration, etc.) that are
explained in section 2. Any physicochemical parameter changes
in either the particles and of the surrounding medium (e.g,,
ligand adsorption, structural modification, and pH/solution
chemistry) drive the alteration of fundamental properties (e.g.,
surface charges, ionic strength, and dielectric properties),
leading to noticeable changes in these forces/torques. Depend-
ing on the sensitivity of the fundamental properties to
physicochemical parameters, the balance among the forces/
torques is altered, resulting in energetics that can drive self-
assembly. Interestingly, this force/torque balance dictates
particle dynamics (i.e., translational and rotational motions of
particles) so the energetics of self-assembly become coupled to
kinetics. Due to perpetual random Brownian forces/torques that
are appreciable for nanometer-sized particles, the net force/
torque is nonzero, giving rise to a “quasi-equilibrium” state of the
assembled structures. This is especially prevalent for nanocryst-
als (typically nonspherical) that are significantly influenced by
both forces and torques, where the forces and torques are often
coupled.

Tracking individual NP movements using in situ LP-TEM to
estimate NP interaction energies188 (Figure 31a,b) is of great
importance, but very challenging. For many systems, LP-TEM is
complementary to ensemble studies by X-ray scattering.'”*"*’
However, quantifying individual NP interaction forces and
mapping the energetics and stability of the dynamic assembly
can be uniquely achieved by tracing individual NP trajectories
observed in LP-TEM. For example, with an advanced image
analysis method, NP trajectories were traced with high precision
from a stack of relatively noisy images from in situ TEM
experiments on Pt—Fe NPs.'*® This study illustrated that long-
range anisotropic forces drive the formation of chains, which
then clump and fold to maximize close range vdW interactions.

Collective motion and NP interactions can also be captured
by direct imaging with the assistance of computer simulation.
For example, CTA"-capped gold NPs can be assembled into two
modes by tuning the concentration of cysteamine molecules
(linkers).'”® At low cysteamine concentration (150 #M), NRs
attach end-to-end, whereas at high concentration (500 M), the
NRs attach side-to-side (Figure 31c).

By combining particle tracking with Monte Carlo simulations,
a recent study uncovered the crystallization process of triangular
prisms from dispersed prisms to ordered superlattices. The
prisms formed columns within which the prisms were
misaligned and exhibited high orientational randomness.
Crystallization proceeded by side-to-side columnar attachment
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Figure 31. Tracking movement of NPs and estimating their
interactions.'® (a) Energy and stability of self-assembly. Colored
circles indicate locations of Pt-Fe NPs overlaid on the original images.
White arrows indicate dipole orientations. The color corresponds to the
total energy of an individual NP computed from the dipole and vdW
interaction with nearby particles. Scale bar: 20 nm. (b) The change in
average particle energy contributions over time. Adapted with
permission from ref 188. Copyright 2017 American Chemical Society.
(c) Gold NP interactions and assembly.'”® Adapted with permission
from ref 190. Copyright 2017 American Chemical Society. (d—f)
Transition of gold nanoprisms into a superlattice by controlling NP
interactions without affecting their motions. Combining particle
tracking with Monte Carlo simulations showed the positional ordering
of the superlattice emerges from orientational disorder.'”" Sale bar in
(e): 100 nm. Adapted with permission from ref 191. Copyright 2019
Springer Nature.

to form the final structure of hexagonally packed columns with
touching edges'”" (Figure 31d—f).

These and other studies show that, while much interest has
been focused on the self-assembly of anisotropic NPs, these are
often complex systems because small differences in NP shape,
ligand length, and coverage, and solvent conditions can lead to
markedly different self-assembled superstructures due to subtle
changes in the free energy of ligand interactions.'”

As discussed above, tracking quasi-2D motions of NPs based
on LP-TEM can provide an attractive pathway to understanding
interparticle forces. However, correlating ensembles of particle
configurations (i.e., radial distribution functions) from LP-TEM
to the interaction potential is strictly valid at equilibrium. Here,
the inherent nature of LP-TEM mitigates this issue. The motion
of NPs is shown to become significantly slow due to interfacial
solution structure in the proximity of a membrane, where the
majority of particle motion takes place."*"* This results in slow
diffusion of particles in comparison to that expected in the bulk
(e.g., using the Stokes—Einstein equation), implying that the
interfacial solution structure induces a large “effective”
viscosity.'””'”* In fact, this characteristic renders assembly
kinetics diffusion limited. For example, the study by Liu et al.'*
for ZnO OA in LP-TEM showed that the diffusivity of ZnO NPs
is ~5—6 orders of magnitude smaller than that estimated from
the Stokes—Einstein equation, allowing reliable extraction of the
interaction potential from particle configurations based on LP-
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TEM. Similar behavior”>'**'*>~"" has been observed in many
LP-TEM based studies for various NPs.

5.2. Individual NP Structural Modifications from NP
Interactions

During assembly, NPs interact with each other to form
superlattices.'®> Such NP assemblies may actively respond to
external stimuli, such as electric biasin§, magnetic199 or
mechanical®®® forces, photon activation, 01202 ot and they
may also undergo self-healing processes.””>*** Individual NPs
are often considered to act as “artificial atoms” and the
properties of the NPs can be preserved during their interaction
and assembly.”*® The structural modifications of individual NPs
during the assembly process are rarely discussed. However,
some recent studies suggest that individual NPs may severely
deform while interacting with other NPs**?7 or solvent
molecules™” or during changes in environment.”**

The behavior of individual nanocrystals during assembly may
profoundly impact the structural perfection of the superlattices.
However, details of individual nanocrystal transformations
during assembly are largely unknown due to the lack of direct
observation with high spatial resolution. Recent advances in LP-
TEM®” have enabled tracking dynamic deformability of
individual nanocrystals during suzperlattice phase transitions
driven by ligand displacement. 97 For instance, the as-
synthesized PbSe nanocrystals with oleate ligands form a
hexagonal superlattice on surfaces upon solvent evaporation. By
introducing a solution of 1,2-ethylenediamine (EDA) in
ethylene glycol (EG), the oleate ligands are removed and
PbSe nanocrystals undergo OA. Subsequently, the superlattice
also transforms from hexagonal to square. Through real-time
high-resolution imaging with LP-TEM, the shape changes of
individual nanocrystals were captured and the degree of
individual PbSe NP deformation during superlattice trans-
formations was found to be different when a different ligand-
stripping solution was used (Figure 32).>” The superlattice
phase transition in pure EG shown reduced the deformability of
individual nanocrystals and the transformation from an
unconnected hexagonal lattice to a connected square lattice
occurred with fewer defects. However, when an EDA containing
solution (100 nL of a 15 mM solution of EDA in EG) was used
to remove the oleate ligands on PbSe nanocrystals in a hexagonal
lattice, the individual PbSe nanocrystals experienced drastic
directional shape deformation when the spacing between
nanocrystals reached 2—4 nm. A reversible elongation (up to
40%) was achieved. The deformation could be completely
recovered when two nanocrystals moved apart, or it could be
retained when they attached. This large deformation of PbSe
nanocrystals during superlattice transition is responsible for
structural defects formed in the epitaxially fused nanocrystal
superlattice. The observed large deformability of PbSe semi-
conductor nanocrystals may arise from the intrinsic nanoscale
property that the surface atoms of a nanocrystal are highly
mobile during reconstruction.”' "' MD results showed that the
dipole—dipole interactions may lead to the observed reversible
elongation. Therefore, controlling nanocrystal deformation
during ligand removal or ligand exchange may improve
performance in many applications of semiconductor nanocryst-
als, such as photoelectric devices, plasmonics, and bioimaging.

5.3. Coalescence and Facet-Dependent Surface Energy of
Superlattices

As with NP growth, where coalescence and shape are both
driven by minimization of surface energy, self-assembled NP
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Figure 32. Deformation of individual PbSe NPs during assembly and
superlattice transformation due to ligand displacement.®” (a) The initial
self-assembled hexagonal lattices of PbSe NPs capped with oleate
ligands, sequential images (0—78.8 s) from in situ LP-TEM
experiments showing the phase transition from hexagonal to epitaxially
fused square superlattice after ligands were displaced, and a TEM image
of the square lattice with a larger field of view. Reduced deformation of
PbSe NPs during the superlattice transformation as ethylene glycol EG
was used to strip the oleate ligands. Scale bars are S nm. (b) Sequential
in situ TEM images showing the oriented attachment of six PbSe
nanocrystals to form a 1D nanocrystal chain. An EDA-containing
solution was used to strip oleate ligands. Scale bars are S nm. (c) High
resolution TEM images showing the square lattice without obvious
defects corresponding to EG stripping ligands (left), and the
superlattice with defects in both crystalline orientation and connectivity
corresponding to EG stripping ligands (right). (d) Reversible
directional shape deformation with EDA stripping ligands. (e)
Schematics showing reversible deformation up to 40% along the long
axis (highlighted in orange color). Adapted with permission from ref 37.
Copyright 2019 The Authors, some rights reserved, exclusive licensee
American Association for the Advancement of Science.

superlattices also exhibit coalescence and a shape formation
process through a global minimization of surface energy. LP-
TEM imaging of the dynamic formation process of NP
assemblies allows for measurement of surface energies of the
assemblies using capillary wave theory (CWT). CWT describes
the shape evolution of a colloidal assembly and has been
predominantly used for equilibrated interfaces (e.g., surface of
the assembled structure and the suspension, liquid—liquid
interface, liquid—solid interface) in micrometer-sized colloid*'*
and atomic’"® systems. When applying CWT to colloidal
systems, one can regard the assembled structure as one phase,
and the solution containing unassembled colloids as the other
phase. In equilibrium, the surface between the above two phases
is determined by a balance between the flattening effect of
surface energy and statistical fluctuations of interface locations
induced by thermal motion. Thermally induced capillary waves
with different wavelengths superimpose onto rough interfacial
profiles, where equilibrium roughness is a trade-off between the
surface energy and thermal fluctuations.

By imaging the evolution of the NP assembly shapes, LP-TEM
studies have made major contributions in the application of
CWT analysis to NP assemblies. In the first demonstration using
gold nanoarrows,”® CWT theory revealed free energy
minimization by reduction of surface area as the driving force
for coalescence of small clusters of assembled gold nanoarrows
into large clusters, which is a process similar to that occurring in
atom systems (Figure 33a). Quantitatively, the experimentally
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Figure 33. Coalescence and facet-dependent surface energy of
superlattices. (a) Coalescence of clusters assembled from gold
nanoarrows. Time-lapsed LP-TEM images showing the coalescence
of two large clusters.”® The boundaries of the clusters involved in
coalescence are colored to surface curvature. Blue to white to pink
indicates negative to positive surface curvature. Adapted with
permission from ref 96. Copyright 2020 American Chemical Society.
(b—d) The facet dependent surface energy of NP superlattices. (b) LP-
TEM and the forefront surface profiles of a growing NP superlattice. (c)
(top) The calculated total pairwise interactions for different gold
nanoarrow pairs. (c) (bottom) Illustration of capillary waves forming
into the final surface profiles. (d) Fourier components of the surface
profiles fitting with CWT.*'* (b—d) Adapted with permission from ref
214. Copyright 2020 Springer Nature Open Access. Scale bars: 100 nm
(a), 200 nm (b).

observed fluctuating surface profile of the small clusters can be
first converted to a height function, which is then decomposed
into a series of sinusoidal waves of wave vector k (Figure 33c).
The square of the time-averaged Fourier coefficient (lA(x)I?) is
well fit with k2, consistent with the prediction of CWT ((!
A(k)I*) ~ k 7%, Figure 33d). Using CWT, the surface energy is
calculated to be (1.26 + 0.02) X 1073 J m™" for this system,
corresponding to a surface energy gain of 3.2 k3T based on the
initial neck width d,. (104 nm). In other words, during the
collision of the two small clusters, the initial neck formation
through the interaction of the NP surfaces is sufficient to cause
an energy gain for the coalescence to continuously occur until
the two small clusters completely merge into a large cluster.
Here the surface energy term has a unit of energy/length
because the analysis is performed on 2D-projected TEM images.
In principle, this analysis can also be applied to 3D surfaces. This
work shows that CWT applies to the NP assembly and gives a
quantitative measure of the surface-energy change that drives
assembly.

When CWT is applied to the surface profiles of a growing NP
superlattice, it measures the facet-dependent interfacial stiffness
(the sum of surface energy and its second derivative). In the
example of a crystal formed from gold triangular nanoprisms
(Figure 33b—d),”'* the exposed facets of a growing superlattice
change from a high index {340} facet to a low index {210} facet,
converging to a thermodynamically favored state of lower
surface energy. The shift from high to low index facets is also
consistent with the notion in atomic crystals that facets of lower
Miller indices tend to have lower surface energies and to be
exposed as crystal surfaces. The corresponding interfacial
stiffnesses of these two facets were determined based on
CWT. Specifically, fitting of 1/L{IA(k)I*) as a function of &2,
gives the interfacial stiffness y/kT as the slope. On one hand,
the interfacial stiffness values of both the first and second stages
are on the order of 10™* ] m™, consistent with interface stiffness
scaling as ~kzT/I,, where I_is the size of the building block. On
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the other hand, the interfacial stiffness increases from (1.23 +
0.09) X 107 Tm ™" to (1.63 +0.08) X 10~"*Jm ™' by 32%, when
the exposed facets change from {340} to {210}.

Earlier work has shown, for a given crystal interface within a
suspension, the surface orientation with higher interfacial
stiffness corresponds to that of lower surface energy.”'> This
shift from a high- to a low-index facet at the growth front of the
supracrystal thus effectively lowers the surface energy for an
equilibrium crystal shape, matching the Wulff construction, a
prominent principle for predicting the thermodynamically stable
shape of a crystal by considering the collective effects of the
surface energies of different facets.”'® Extensions of the Wulff
construction to Winterbottom and Summertop constructions
further predict the crystal shapes when crystal growth is confined
by substrates. All the construction rules based on thermody-
namic stability require precise surface energy values of different
supracrystalline facets as inputs. The application of CWT is thus
a promising method for providing the needed inputs to achieve
shape control of NP superlattices.

These observations of atom-mimicking self-organization
behaviors in NP systems inspire further study of the general
applicability of this analogy and suggest that the synthesis
toolkits for atomic crystals (e.g, seeded growth to break
symmetry and single crystal growth by OA) can also be used to
encode structure and dynamics during nanoscale self-organ-
ization in NP systems.

6. SUMMARY AND OUTLOOK

6.1. Recent Achievements and Ongoing Advances

6.1.1. Recent Achievements. Particle assembly is a
common pathway for crystal growth and formation of material
structures in both synthetic and natural systems. This process is
controlled via a cooperative interplay between short-range
(within 1 or 2 nm) and long-range forces, which include vdW
attraction (short and long), hydrodynamic drag (short and
long), Brownian forces (short and long), electrostatic repulsion
(short and long), hydration repulsion (short), and steric
hindrance (short) from ligands attached on the particle surface.
In particle assembly processes, colloidal particles are typically
coated with organic ligands, polymers, or biomolecules (e.g.,
peptoids or DNA), which prevent particle aggregation and help
determine the structural outcome (e.g., superlattices) through
the interactions between ligands. For example, structures of
crystal superlattices and supracrystals can be controlled by
biomolecular or biomimetic ligands (DNA or peptoids, Figure
34a). NP shape can also regulate interparticle interactions
through volume effects (atoms inside the NP) or surface
contours, where ligand effects dominate.”” OA is a special type
of particle aggregation, during which particles are crystallo-
graphically coaligned before coalescence or attach with a slight
misalignment and relax via atomistic processes into coalignment.
During OA, ligands, which prevent particle aggregation, are
typically not present. Therefore, the interfacial solution
structures (between the particle surface and solution) and the
resulting collective properties (e.g., dielectric properties of the
interfacial solution layer) are mainly responsible for orientation-
dependent adhesion forces and are strongly correlated to the ion
concentration and specificity (e.g., Na* vs K*). By controlling
the OA process, we can not only direct nano/microstructures of
materials, such as 1D nanowires,” 2D nanosheets,'*” and 3D
branched or hierarchical structures,® but also atomic lattice
structures, such as 5-fold twins®* and defects (Figure 34b).”
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Figure 34. Material structures formed through particle—surface
interactions during particle assembly (a) and OA (b). (a) Reproduced
with permission from ref 93. Copyright 2008 American Chemical
Society. Reproduced with permission from ref 94. Open access.
Copyright 2014 American Chemical Society. Reproduced with
permission from ref 37. Copyright 2019 exclusive licensee American
Association for the Advancement of Science. Reproduced with
permission from ref 38. Open Access. Copyright 2016 American
Chemical Society. Adapted with permission from ref 7. Copyright 2022.
Nature/Springer/Palgrave. (b) Adapted with permission from ref 35.
Copyright 2019 Wiley-VCH. Reproduced with permission from ref 6.
Copyright 2013 American Chemical Society. Adapted with permission
from ref 34. Copyright 2019 American Association for the Advance-
ment of Science. Adapted with permission from ref 35. Copyright 2019
Wiley-VCH.

Mechanistic studies of particle assembly and OA have recently
come to the forefront with advances using cryo-
TEM,' 8192430217 liquid phase TEM,***'¥722! and AFM-
based techniques. The prevalent application of in situ TEM to
inorganic NP growth and assembly at equilibrium have
established a conceptual and technical framework readily
extendable to other nanoblocks, such as viral particles and
proteins, and systems undergoing dissipative dynamics. One can
also decode the behavior, all the way from single-particle
trajectory analysis and pairwise interaction mapping to collective
pattern formation. Note that in situ TEM has functional
modules, such as heating, liquid flow, and electric biasing, to
allow incorporation of external energy inputs for nonequilibrium
growth conditions™** to achieve exotic, metastable shapes or
crystallinity of NPs and dissipative assembly. AFM-DEFS studies
that utilize custom-made single crystal tips, combined with MD
simulations, have measured and Eredicted crystal—crystal
interactions vs orientation.”"'?*'33221:223 By developing
atomic-scale, AFM-based 3D FEM,***"**' researchers now
obtain experimental data on the structure of solutions between
the tip and the crystal surface that can be compared to
simulations to complete the connection between structure,
forces, and motion.”’ These recent studies provide deep
mechanistic insights but have brought into focus clear gaps in
understanding.

6.1.2. Ongoing Advances. Thanks to the pioneering work
on model development in computer science and the successful
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application of image processing in biomedical and optical
microscopy, machine learning (ML), especially via convolu-
tional neural networks (NN), has become a powerful tool in the
processing and statistical analysis of data,”®'’" The direct
information extraction from 2D TEM and 3D FFM images can
be achieved by different designs of NN architectures, covering
tasks of increasing complexity from single-image classification
and regression to trajectory classification. Tremendous oppor-
tunities will emerge when all the analysis is extended to 3D. In
3D electron tomography with TEM and STEM-EDX, NN can
help the reconstruction process by denoising, interpolating, and
extrapolating the experimental sinogram, postfixing, or segment-
ing the reconstruction given by simple algorithms, and
implementing the actual sinogram-to-image domain trans-
formation. Integration of these methods with the tomography
capability of LP-TEM movies will open a new avenue for
understanding the growth and assembly dynamics of NPs in 3D.

6.2. Remaining Challenges and Future Directions

With the advancements of in situ TEM and AFM techniques and
ML-assisted analysis of complex data, researchers have revealed
molecular details (e.g, charge states at NP/fluid interfaces,
inhomogeneity of surface charges, and dielectric/magnetic
properties of NPs) that directly influence long- and short-
range particle forces (e.g., electrostatic, vdW, hydration, and
dipole—dipole forces). However, molecular details, particle
forces, and local/ensemble responses and microstructure over
various spatial and temporal scales are intertwined via the
“structure—property—force” relationship that is not fully
understood, especially in the proximity of NPs. In addition to
the molecular details, mesoscopic characteristics can add an
additional dimension to this complicated relationship. While
previous studies have defined molecular details of interfacial
solution structure, often revealing significant heterogeneity and
complexity,******** the current state of knowledge (e.g., the
strength of hydration forces, the structure of the EDL, and
resultant electrostatic forces) does not provide a convincing and
consistent physical rationale for particle contact (i.e., expulsion
of the intervening solution layer).

Integrated with experimental results, simulations can provide
insights at molecular, micro, and mesoscales. However, it is a
long-standing challenge for current theoretical and simulation
frameworks, which possesses inherent limitations at various
spatial and temporal scales. Classical MD simulations with
empirical force fields can be useful, but the calculated interaction
energy and predicted molecular structures are dependent on
specific force fields. The obtained interaction energy and force in
DFT-based MD simulation are more accurate, but the
computational cost of these methods makes them impractical
for long simulations of dynamical processes such as NP
assembly. Furthermore, many-body interactions are often
missing in classical MD and can be poorly represented in
DFT-based ab initio MD.

Data science is a recently developed interdisciplinary field that
deals with large and complex data sets and integrates theory,
experimentation, and simulation to extract knowledge and
insights from data in various forms. ML trained NN potentials
provide an efficient and accurate approach. However, a ML
scheme needs to be firmly established on rigorous fundamental
chemical physics and related principles. Research will need to
connect various theoretical and simulation frameworks that
possess inherent limitations at respective spatial and temporal
scales. Combining a ML scheme for constructing “effective”
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particle forces/torques to this approach can further accelerate
particle-based Langevin simulations at the continuum scale. For
example, one needs to connect ab initio MD (or DFT
calculations), MD, and Langevin dynamic simulations to resolve
the inherent coupling, ranging from atomistic to continuum
scales. In this sense, a “coarse-graining” simulation scheme that
is based on mathematical and physical rigor can be realized. A
ML-based approach can be further utilized to obtain relatively
unbiased force-field parameters at the atomistic or molecular
scale.

A promising pathway, among others, would be to reformulate
relevant continuum theories (e.g., Poisson—Boltzmann and
Lifshitz theories) to obtain particle forces by accounting for the
unique fundamental physicochemical properties of interfacial
solution layers and key molecular descriptors (e.g., ion—surface
PMF) that are identified and obtained from relevant simulations
(e.g., ab initio MD and MD) or experiments. These forces can
then serve as relevant constituents of Langevin dynamic
simulations to cover collective scales with manageable computa-
tional burden. As an example, combined with experiments and
molecular simulations, the interfacial solution structure (which
depends on interfacial chemistry) and the dielectric properties of
NPs were coupled to macroscopic Lifshitz theories®”*** via a
simple density-dielectric mapping, leading to a qualitatively
different vdW force than predicted with a simple DLVO model.
Further development of such approaches would ensure self-
consistency over various spatial and temporal scales. This
approach will also shed light on the important coupling between
electrostatics and electrodynamics, which leads to such effects as
that of electrolyte concentration and types on the vdW
interaction. This effect has not been rigorously studied since
the 1980s.7%°%%°

Particle assembly and OA have been mainly studied without
an external field. As pointed out, the inherent coupling between
molecular-scale structural details, particle forces/torques, and
local response dynamics of NPs would be a key aspect for
tailoring the process. An external field such as flow or
electromagnetic field will impose an additional force on the
particles and, as a result, significantly perturb an interplay
between the forces at different spatial and temporal scales
involved in particle assembly and OA, in comparison to that
under (near) equilibrium. Thus, the nonequilibrium nature due
to such external field has potential to explore new “kinetically
driven” metastable material structures or OA behavior. In this
case, forces on NPs under equilibrium (i.e., electrostatic, vdW,
and Brownian forces) will be coupled to nonequilibrium forces
(i.e, shear and magnetic forces) depending on fundamental
properties of the NPs and the suspending medium. The
anisotropic nature of NPs provides an additional feature
through which to achieve new material structures via an
interplay between intrinsic and external torques. Under certain
circumstances, the effect of the external field will not be additive
when the external field also changes the intrinsic equilibrium
forces by influencing molecular details (e.g,, ion environment).
Therefore, predictive modeling based on a fundamental
understanding of phenomena over a wide range of such scales
(via a combination of multidisciplinary theories and simu-
lations) is of increasing importance because any empirical
approach is severely limited under such complicated non-
equilibrium conditions.

Looking ahead, multidisciplinary efforts, including state-of-
the-art in situ measurements of particle dynamics and near-
surface solution structures, combining ML schemes with
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simulations, and integrating multiscale theories and simulations,
is needed to deeply understand the complexity and hetero-
geneity of molecular details of interfacial solution structure and
the resulting interparticle forces/particle motions, and emergent
structures, leading to rigorous coupling between phenomena
over different scales. This multidisciplinary approach will
provide a complete, convincing, and consistent physical
rationale and improved fundamental understanding of particle
attachment pathways.

AUTHOR INFORMATION
Corresponding Author

Dongsheng Li — Physical and Computational Sciences
Directorate, Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; ® orcid.org/0000-0002-
1030-146X; Email: Dongsheng.li2@pnnl.gov

Authors

Qian Chen — Department of Materials Science and Engineering,

University of Illinois, Urbana, Illinois 61801, United States;
orcid.org/0000-0002-1968-441X

Jaehun Chun — Physical and Computational Sciences
Directorate, Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; Levich Institute and
Department of Chemical Engineering, CUNY City College of
New York, New York, New York 10031, United States;

orcid.org/0000-0002-2291-6496

Kristen Fichthorn — Department of Chemical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16802, United States; ® orcid.org/0000-0002-4256-714X

James De Yoreo — Physical and Computational Sciences
Directorate, Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; Department of Materials
Science and Engineering, University of Washington, Seattle,
Washington 98195, United States; ® orcid.org/0000-0002-
9194-6699

Haimei Zheng — Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States; Department of Materials Science and Engineering,
University of California, Berkeley, California 94720, United
States; © orcid.org/0000-0003-3813-4170

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.2c00700

Author Contributions

Dongsheng Li — writing-original draft of sections 1,2.1-2.4, 3.1,
4.1,4.2,4.4,6.1, 6.2; review and editing; supervision. Qian Chen
— writing-original draft of chapters 2.4, 2.5, 5.3, 6.1; review &
editing. Jachun Chun — writing-original draft of chapters 2.1,
2.2,2.4,3.1,3.2,5.1, 6.2; review & editing. Kristen Fichthorn —
writing-original draft of chapters 2.4, 2.5, 3.1, 3.2, 4.1; review &
editing. James De Yoreo — writing-original draft of chapters 3.2,
3.3; review & editing. Haimei Zheng — writing-original draft of
chapters 4.3, 5.1, 5.2. review & editing.

Notes

The authors declare no competing financial interest.
Biographies

Dongsheng Li received her Ph.D. degree in Materials from the
Pennsylvania State University in 2005, where she worked on metal
nanomaterials synthesis and optical property characterization. Follow-
ing postdoctoral work at the Ohio State University and University of

https://doi.org/10.1021/acs.chemrev.2c00700
Chem. Rev. 2023, 123, 3127-3159


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongsheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1030-146X
https://orcid.org/0000-0002-1030-146X
mailto:Dongsheng.li2@pnnl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1968-441X
https://orcid.org/0000-0002-1968-441X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaehun+Chun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2291-6496
https://orcid.org/0000-0002-2291-6496
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristen+Fichthorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4256-714X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+De+Yoreo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9194-6699
https://orcid.org/0000-0002-9194-6699
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haimei+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3813-4170
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00700?ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

California, Riverside, she became a scientist at Lawrence Berkeley
National Laboratory in 2011, where she studied crystal growth
pathways via oriented attachments using in situ transmission electron
microscopy. She joined the Pacific Northwest National Laboratory as a
materials scientist in 2013. Her research focuses on crystal nucleation
and growth, materials synthesis and processing, and structure—function
relationships. Specifically, using in situ transmission electron
microscopy and atomic force microscopy, her research primarily
focuses on (1) crystal structure formation via oriented attachments, (2)
solid-state phase transformation among polymorphous, and (3)
structure—function relationships of catalysts materials.

Qian Chen is an Associate Professor and Racheff Faculty Scholar in
Materials Science and Engineering at the University of Illinois at
Urbana—Champaign (UIUC). She received a B.S. in Chemistry from
Peking University. She got her Ph.D. degree in 2012 from the
Department of Materials Science and Engineering at UIUC under the
guidance of Steve Granick, and did her postdoctoral research with A.
Paul Alivisatos as a Miller Fellow at University of California, Berkeley.
She started her faculty position at UTUC in 201S. Her research focuses
on the broad scheme of imaging, understanding, and engineering the
structure, form, and function of soft, biological, and energy matter at the
nanoscale using electron microscopy, including systems such as
nanoparticle and colloidal self-assembly, protein transformation and
aggregation, advanced battery devices, and energy-efficient water
filtration.

Jaehun Chun is a Research Scientist working at the Pacific Northwest
National Laboratory and an Affiliate Professor at Levich Institute and
Department of Chemical Engineering, CUNY City College of New
York. He received his Ph.D. from the Department of Chemical and
Biomolecular Engineering at Cornell in 2003 under the guidance of
Donald L. Koch, followed by postdoctoral research with Dudley A.
Saville in the Department of Chemical and Biological Engineering at
Princeton. His research interest is mainly on energetics and dynamics of
various microstructured fluids (e.g., micelles, colloids, NPs, biomacro-
molecules) over the wide range of length scales, especially focusing on
the development of theoretical/simulation frameworks for correlating
chemical physics at different length scales, combined with state-of-the-
art experiments such as in situ transmission electron microscopy and
atomic force microscopy. Of particular interest are self-assemblies of
NPs and macromolecules, underlying electrostatic and electromagnetic
forces, and physicochemical hydrodynamics/rheology of colloidal
dispersions.

Kristen Fichthorn is the Merrell Fenske Professor of Chemical
Engineering and a Professor of Physics at the Pennsylvania State
University. She received a B.S. in Chemical Engineering from the
University of Pennsylvania and a Ph.D. in Chemical Engineering from
the University of Michigan and spent one year as an IBM Postdoctoral
Fellow at the University of California at Santa Barbara before joining
Penn State. Professor Fichthorn’s research is primarily in multiscale
materials simulation, in which she develops and applies theoretical
techniques ranging from quantum DFT to MD, Monte Carlo methods,
and continuum theories to a diverse array of fundamental problems
involving fluid—solid interfaces. Applications lie in nanoscale materials,
thin-film and crystal growth, colloidal assembly, and wetting.

James De Yoreo is a Battelle Fellow at Pacific Northwest National
Laboratory (PNNL) and an Affiliate Professor of Materials Science and
Engineering at the University of Washington. He received his Ph.D. in
Physics from Cornell University in 1985. Following postdoctoral work
at the University of Maine and Princeton University, he became a
member of the technical staff at Lawrence Livermore National
Laboratory in 1989, where he held numerous positions. He joined

3153

Lawrence Berkeley National Laboratory in 2007, where he served as
Interim Director of the Molecular Foundry before moving to PNNL in
2012. De Yoreo’s research focuses on molecular interactions, self-
assembly, and crystallization in inorganic, biomolecular, and biomineral
systems via in situ scanned probe and electron microscopy.

Haimei Zheng is a senior staff scientist in the Materials Sciences
Division at Lawrence Berkeley National Laboratory (LBNL) and an
adjunct professor in the Department of Materials Science and
Engineering at University of California, Berkeley. She received her
Ph.D. degree from the University of Maryland, College Park. She
completed her Ph.D. research in Materials Science and Engineering at
the University of California, Berkeley. Thereafter, she became a postdoc
at the National Center for Electron Microscopy of LBNL and in the
Chemistry Department of University of California, Berkeley. She
started her independent research in the Materials Sciences Division at
LBNL in 2010 as a Staff Scientist and was promoted to Senior Scientist
in 2018. Her research interests are centered on understanding how
atomic level heterogeneity and fluctuations control the physical and
chemical processes of materials, with the focus on imaging, under-
standing, and controlling of nucleation, growth, and structural
transformations of nanoscale materials, dynamic phenomena at
solid—liquid interfaces, and energy materials by developing advanced
in situ transmission electron microscopy methods.

ACKNOWLEDGMENTS

The work by D.L., J.C., and ].D. was supported by the U.S.
Department of Energy (DOE), Office of Basic Energy Sciences
(BES), Division of Materials Science and Engineering (MSE),
Synthesis and Processing Science Program FWP 67554. The
work by Q.C. was supported by the Air Force Office of Scientific
Research through award no. FA9550-20-1-0257. The work by
K.F. was supported by the DOE BES MSE, award no. DE FG02-
07ER46414. The work by H.Z. was supported by the DOE BES
MSE under award no. DE-AC02-05-CH11231 within the in situ
TEM program (KC22ZH).

ABBREVIATIONS

OA = oriented attachment

AFM = atomic force microscopy
AM-AFM = amplitude modulated AFM
CCM = complementary contact model
cDFT = classical DFT

CG = coarse-grained

CWT = capillary wave theory

DES = dynamic force spectroscopy
DFT = density functional theory
DLVO = Derjaguin—Landau—Verwey—Overbeek
EDL = electrical double layer

F = force

FFM = fast force mapping

GB = grain boundary

GC = Gouy—Chapman

HRTEM = high resolution transmission electron microscopy
Hy = surface hydration repulsion

IC = ion correlation

IC = ion correlation

LP-TEM = liquid phase TEM

MD = molecular dynamics

ML = machine learning

NN = neural networks

NP = nanoparticle

PB = Poisson—Boltzmann
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TEM = transmission electron microscopy
vdW = van der Waals

1D = one-dimensional

S-FT = 5-fold twin
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