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ABSTRACT: Crystallization is a universal phenomenon underpinning many
industrial and natural processes and is fundamental to chemistry and materials
science. However, microscopic crystallization pathways of nanoparticle super-
lattices have been seldom studied mainly owing to the difficulty of real-time
observation of individual self-assembling nanoparticles in solution. Here, using in
situ electron microscopy, we directly image the full self-assembly pathway from
dispersed nanoparticles into ordered superlattices in nonaqueous solution. We
show that electron-beam irradiation controls nanoparticle mobility, and the solvent
composition largely dictates interparticle interactions and assembly behaviors. We
uncover a multistep crystallization pathway consisting of four distinct stages
through multi-order-parameter analysis and visualize the formation, migration, and
annihilation of multiple types of defects in nanoparticle superlattices. These findings open the door for achieving independent
control over imaging conditions and nanoparticle assembly conditions and will enable further study of the microscopic kinetics of
assembly and phase transition in nanocolloidal systems.

■ INTRODUCTION
Crystallization is a universal phenomenon underpinning many
natural processes and research practices.1−3 The classical
nucleation theory assumes that nucleation can be described by
one reaction coordinate and that all relevant order parameters
change simultaneously during crystallization.4 Yet, nonclassical
pathways of crystallization have been predicted by computer
simulation5−8 and observed experimentally in many systems
including protein crystallization,9 mineralization,2 and self-
assembly of micrometer-sized colloids10−12 and nanopar-
ticles.13 At the nanoscale, discreteness of matter can give rise
to emergent nonadditivity and many-body effects, which are
generally not accounted for by existing theories.14 Con-
sequently, the microscopic pathways and dynamics of nano-
particle assembly can be difficult to predict, even if the pairwise
interaction potentials are known. Direct observation of these
kinetic pathways will help to refine existing models and
advance our ability to create nanoscale assemblies with desired
properties. Unlike small-angle X-ray scattering, which probes
the ensemble in reciprocal space,15 or optical microscopy
techniques, which lack sufficient spatial resolution to image
nanoparticles, in situ liquid cell transmission electron
microscopy (LCTEM) is a powerful technique capable of
capturing nanoscale dynamics with high spatiotemporal
resolution.13,16−21 LCTEM studies on nanoparticle assembly
thus far have primarily focused on aqueous solutions.13,18,22−25

In nonaqueous media, markedly reduced particle mobility or
small-scale assemblies were usually observed,21,26−30 although
the exact cause remains elusive.

Here, we utilize nonaqueous LCTEM and exploit the
impinging electrons to controllably initiate and image nano-
particle assembly with single-particle resolution. Distinct from
prior LCTEM works on nanoparticle assembly, we demon-
strate that the solvent plays a central role in determining the
interaction potential between nanoparticles and their self-
assembly behavior. We construct a statistical map of the
evolution from individual nanoparticles to long-range-ordered
superlattices using local and global order parameters. The
microscopic pathway to crystallization involves multiple
intermediate states, a hallmark of nonclassical crystallization.
Our findings demonstrate that diverse and sometimes
unexpected pathways exist for achieving structural ordering
at the nanoscale, and open new opportunities for elucidating
complex mechanisms of nanoparticle self-assembly in non-
aqueous solutions.

■ RESULTS AND DISCUSSION
The motion and assembly of gold nanospheres suspended in
different nonaqueous solvents were imaged using LCTEM, as
illustrated schematically in Figure 1a. We grafted gold
nanospheres (68.1 nm in diameter) with thiol-terminated
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polystyrene (Mw = 3.2 kDa) via ligand exchange to prevent
their irreversible aggregation under LCTEM conditions
(Figure S1a and Supporting Notes 1 and 2). Before TEM
imaging, gold nanospheres had adsorbed onto the Si3N4
windows and become immobile. However, they began to
move within seconds of electron-beam irradiation and
exhibited a quasi-two-dimensional Brownian motion under
low-dose (<10.0 e−·Å−2·s−1) imaging conditions (Supporting
Movie 1). Mean squared displacement analysis of nanospheres
in the field-of-view revealed that particle mobility in octane
increased monotonically with the electron dose rate (Figures
1b and S2 and Supporting Note 3). At high dose rates (≥20.0
e−·Å−2·s−1), nanospheres quickly desorbed from the vicinity of
the Si3N4 window and later departed from the imaging area,
suggesting strong repulsion between diffusing nanoparticles
and the window. We attribute the observed dose-rate-
dependent mobility to electron-beam-induced positive charg-
ing of Si3N4 windows and gold nanospheres, which has been
postulated to cause nanoparticle mobility in aqueous LCTEM
studies.22,24,31−33 Here, the weak dielectric screening in
nonaqueous media further reduces the adhesion between
nanospheres and Si3N4 windows, giving rise to diffusivity
exceeding 103 nm2·s−1 at low dose rates.

The interactions and self-assembly behaviors of gold
nanospheres depend sensitively on the solvent composition
(Figure 1c−e and Supporting Movie 2). At the dose rate of 3.1
e−·Å−2·s−1, gold nanospheres were mobile but remained
dispersed in octane (dielectric constant ε = 1.95; Figures 1c
and S3). By contrast, they coagulated into disordered
aggregates reminiscent of diffusion-limited structures in
butanol (ε = 17.84; Figures 1d and S4). These observations
suggest that the interaction between gold nanospheres is long-
range-repulsive in octane, but switches to being strongly
attractive in a more polar solvent. Therefore, we hypothesize
that by tailoring the solvent composition, one could tune the
particle interaction to be moderately attractive and favor
crystallization rather than aggregation. To test this hypothesis,
we used a mixture of octane/butanol (v/v = 1:1) for LCTEM
under otherwise identical conditions. As shown in Figure 1e,
gold nanospheres crystallized into a well-ordered two-dimen-
sional (2D) superlattice. The sparse population of nano-
particles beyond the superlattice suggests that the assembly is
caused by attractions among nanoparticles, which is different
from a Kirkwood−Alder-type transition.34 The diffusivity of
nanoparticles reached 3.1 × 103 nm2·s−1 (Figure 1f), which is
among the highest attained with LCTEM despite being 3

Figure 1. Controlling the self-assembly behavior of gold nanoparticles in LCTEM through the choice of solvent. (a) Scheme showing the self-
assembly of gold nanoparticles near the Si3N4 membrane windows under electron-beam irradiation. (b) MSD plots and diffusion constants of gold
nanoparticles in octane under different electron dose rates. (c−e) Exemplary LCTEM images showing distinct self-assembly behaviors in different
solvents: (c) dispersion in octane, (d) aggregation in butanol, and (e) crystallization in a 1:1 (v/v) mixture of octane and butanol. (f) MSD plot of
gold nanoparticles in 1:1 (v/v) octane/butanol mixture based on particle tracking results at the early stage of crystallization. (g−i) Representative
high-magnification TEM images (g, h) and corresponding g(r) plots (i) for 2D hexagonal superlattices obtained from ex situ drying-mediated
assembly (g) and in situ LCTEM (h) using the same gold nanoparticles. Scale bars: (c−e) 500 nm and (g, h) 100 nm.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c06535
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_012.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_001.mov
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_001.mov
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_012.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_002.mov
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_012.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06535/suppl_file/ja2c06535_si_012.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06535?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06535?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06535?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06535?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c06535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orders of magnitude smaller than that predicted by the
Stokes−Einstein relation (Table S1). Crucially, the average
nearest-neighbor surface-to-surface distance (∼25 nm) of the
in situ formed 2D superlattice far exceeds that of the
superlattice formed ex situ by drying-mediated assembly or
the estimated polystyrene ligand shell thickness (<3 nm) in
octane/butanol (v/v = 1:1) (Figure 1g−i). These results
indicate that long-range interactions drive the assembly of
charged gold nanospheres under current LCTEM conditions
and that ligand−ligand interactions are insignificant in
stabilizing superlattices in situ.
To gain quantitative insights, we estimated pairwise

interactions between gold nanospheres (Supporting Note 4).
Although the exact charge number per nanoparticle and the
ionic strength of solution under electron irradiation are difficult
to measure directly, plausible combinations of particle charge
and Debye length could still be identified by considering the
outcomes of self-assembly. For example, assuming 200 charges
per particle and a Debye length of 5.5 nm in octane/butanol
(v/v = 1:1), the total pairwise interaction between gold
nanospheres shows a secondary minimum U1 of −0.51 kT at
the center-to-center distance of 94.5 nm followed by an energy
barrier U2 of 6.0 kT at a shorter distance (Figure S5). After
performing an extensive parametric analysis using different
cutoff values of U1 and U2, we are able to locate a range of
combinations of Debye lengths (∼3 to 8 nm) and charges per
nanosphere (∼100 to 400) that could explain the in situ
formation of 2D superlattices (Figures S6 and S7).35 Notably,
the retrieved charge numbers are 1 order of magnitude smaller
than previously reported values for similarly sized gold
nanocrystals capped with charged ligands.13 Meanwhile, the

Debye lengths seem reasonable given the lower dielectric
constants of organic solvents than water.
Accurate segmentation of individual nanoparticles from

LCTEM video frames is fundamental to elucidate self-assembly
dynamics. Conventional methods yield poor results because of
the low signal-to-noise ratio of raw LCTEM images and
inhomogeneous background arising from out-of-focus nano-
particles assembling near the other Si3N4 window (Figure S8).
To overcome this challenge, we applied deep learning-based
approaches to improve the accuracy and throughput of image
segmentation (Figures S9−S11 and Supporting Note 5).36−38

Specifically, a convolutional neural network named U-net was
trained with a dataset consisting of 600 image pairs generated
by augmentation of three precisely annotated LCTEM
images.36 Afterward, particle centroids were extracted from
the segmented LCTEM images, and multiple order parameters
such as 6-fold bond-orientational order parameter (ψ6j) and
density (ρ, defined as the reciprocal of the Voronoi cell area)
were computed (Figures S10−S13).12,39

The assembly of gold nanospheres into 2D superlattices
followed a multistep crystallization pathway (Figures 2 and S14
and Supporting Movie 3). Four distinct stages were identified,
namely, gas state, cluster state, polycrystalline, and single-
crystalline solid states at 0, 5.8, 20.6, and 41.0 s, respectively
(Figure 2a). Diffuse rings were observed in the fast Fourier
transform (FFT) patterns before 20.0 s, indicative of the
absence of long-range translational symmetry (Figure 2b). By
contrast, sharp diffraction spots of hexagonal symmetry were
found at a later stage (e.g., 41.0 s) signifying long-range
crystalline order. Radial distribution function g(r) analysis
reveals the emergence of long-range order: High-order peaks

Figure 2. Multistep crystallization of nanoparticle superlattices. (a, b) Time-lapse LCTEM images overlaid with particle centroids (a) and
corresponding FFT patterns (b). The nanoparticle centroids in (a) are color-coded according to the modulus of 6-fold bond-orientational order
parameters (|ψ6j|). All nearest-neighbors are connected. (c) Plots of g(r) at different stages. (d) Order-density 2D histograms (|ψ6j|, ρ) for the four
stages shown in panel (a). (e) Plots of local density (ρ̅) and global 6-fold bond-orientational order parameters (Ψ6 = |⟨ψ6j⟩| and Ψ6′ = ⟨|ψ6j|⟩) versus
time. Scale bars: (a) 500 nm and (b) 1/200 nm−1.
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gradually develop, which is accompanied by peak shifts toward
larger distances (Figure 2c). The distinct stages of crystal-
lization were further manifested in 2D histograms of local
parameters ρ and |ψ6j| (Figure 2d). For the gas state, most
nanoparticles exhibit low density (ρ < 1 × 10−4 nm−2) and low
bond-orientational order (|ψ6j| < 0.5). The state of cluster
formation, however, is characterized by broad distributions of
ρ and |ψ6j|. Furthermore, the polycrystalline solid-state features
narrowly distributed high densities and broadly distributed
|ψ6j|, whereas simultaneously high ρ and |ψ6j| values are found
for the single-crystalline solid state.
To quantify and understand the evolution of global order

during superlattice formation, we used three order parameters:
average density ρ̅ and two global 6-fold bond-orientational
order parameters defined as Ψ6 = |⟨ψ6j⟩| and Ψ6′ = ⟨|ψ6j|⟩
(Figure 2e).26,40 Ψ6 characterizes long-range translational

symmetry by retaining the phase information of local ψ6j
values, whereas Ψ6′ better informs short-range translational
order. From 0 to 9.0 s, both ρ̅ and Ψ6′ increased rapidly due to
cluster formation and growth. Meanwhile, Ψ6 barely increased,
suggesting random orientations of the clusters. From 9.0 to
20.6 s, ρ̅ continued to increase slowly owing to cluster
coalescence, with relatively high Ψ6′ (∼0.6), yet low Ψ6 (∼0.2)
indicating a polycrystalline structure. After 20.6 s, Ψ6 started to
increase as a result of grain growth and development of
medium-range translational order. Meanwhile, Ψ6′ increased
slightly because of abundance of structural defects at grain
boundaries. Intriguingly, ρ̅ started to decrease after reaching its
peak at 23.2 s, indicating lattice expansion while retaining
hexagonal order. The weak correlations among these order
parameters and the fact that densification precedes structural
ordering signify a multistep crystallization pathway of 2D

Figure 3. Structural transitions at different stages of crystallization. (a, b) Kinetics of grain growth and pathways of grain boundary removal during
the transition from polycrystalline solid to single-crystalline superlattices. (a) Evolution of 6-fold bond-orientational correlation function g6(r, t) and
the characteristic grain size R6 (retrieved by setting g6(R6, t) = 0.5). (b) Dynamics of high-angle and low-angle grain boundary migrations during
the transition from polycrystalline to single-crystalline superlattices. The Voronoi cells are color-coded according to the smoothed local crystalline
orientation (θ) calculated from the argument of ψ̅6j using θ = 1/6arg(ψ̅6j), with the corresponding histogram shown below each micrograph. (c)
Grain boundary elimination through grain rotation during crystallization of gold octahedra into superlattices. (d) Monomer attachment and (e)
cluster attachment to a large growing domain during crystallization. Scale bars: (b) 500 nm and (c−e) 200 nm.
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nanoparticle superlattices (Figure 2d).7 To establish generality,
we also studied the self-assembly behavior of gold nano-
octahedra under similar LCTEM conditions (Figure S1b).
Individual octahedra exhibited rapid rotation and thus
appeared as spherical objects in LCTEM images (Supporting
Movie 4). Initially dispersed nanooctahedra self-assembled into
a 2D hexagonal rotator phase6,41 in octane/butanol (v/v = 1:1)
following an analogous multistep crystallization pathway as
gold nanospheres (Figures S15 and S16).
We further examined the microscopic details underlying

transitions between different stages of crystallization. Upon
electron-beam irradiation, sparsely distributed nanoparticles
that were mostly monomers assembled into a mixture of
dimers, trimers, and oligomers (Figure S17, t = 0.8 s), which
then transformed into small clusters with a concomitant
depletion of monomers (t = 2.8 s). These small clusters
appeared to be metastable, fluctuating between crystal-like and
liquid-like structures and transferring monomers to form large
clusters. The coalescence of large clusters yielded one
connected yet poorly crystalline grain (t = 20.6 s) from
which a large single-crystalline domain developed.
The kinetics of grain growth from polycrystalline to single-

crystalline state was quantified using the 6-fold bond-
orientational correlation function g6(r, t).

42,43 A characteristic

grain size R6 is obtained by setting g6(R6, t) = 0.5 (Supporting
Note 6).42,43 R6 increased with time, indicating the growing
extent of hexagonal bond-orientational order. The time
dependence of R6 is best fitted by R6 ∼ (t − t0)0.33 (Figures
3a and S18). An exponent smaller than 0.5 indicates abnormal
grain growth.42 Such anomalous grain-growth behaviors have
been reported for micrometer-sized colloidal crystals, which
may arise from stress-assisted grain growth, grain rotation, and
microstructures of grain boundaries.42 Voronoi tessellation
color-coded according to the smoothed local crystalline
orientation (θ) revealed crystalline domains with curved
rough boundaries (Figure 3b and Supporting Movie 5).
Here, θ is calculated from the argument of the coarse-grained
local 6-fold bond-orientational order parameter ψ̅6j and θ = 1/
6arg(ψ̅6j).

42 The histogram of θ-values for the polycrystalline
state shows the coexistence of high-angle (>15°) and low-angle
(<15°) grain boundaries (Figure 3b, t = 24.2 s). The high-
angle grain boundary was removed more rapidly than low-
angle ones likely caused by high interfacial energies associated
with large grain misorientations.42 In addition to grain
boundary migration through local rearrangement of particles
(Figures 3b and S19 and Supporting Movie 5), we observed
another mode of grain boundary elimination−grain rota-
tion.44,45 Specifically, rotation of a small domain within a

Figure 4. Density evolution and defect dynamics of 2D nanoparticle superlattices. (a) Time-lapse Voronoi diagrams color-coded according to local
density. (b) Time-lapse LCTEM images showing vacancy generation and diffusion in a hexagonal superlattice. (c, d) Dislocation dynamics in 2D
nanoparticle superlattices. (c) Generation and annihilation of a dislocation pair. (d) Diffusion of dislocation by glide and climb. The Voronoi
diagrams (top row) and Delaunay triangulation plots (bottom row) are color-coded according to local coordination number (blue for 5, white/
green for 6, and red for 7). The position of vacancy formation that leads to subsequent dislocation climb is indicated by a yellow asterisk. Scale bars:
(a) 500 nm and (b−d) 100 nm.
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polycrystalline superlattice removed the low-angle grain
boundary producing a single-crystalline superlattice (Figure
3c). The instantaneous velocity map shows that grain rotation
took place through tangential motion along the curved grain
boundary (Figure 3c and Supporting Movie 6). Furthermore,
assemblies can grow by incorporating fresh nanoparticles into
existing domains. Both monomer attachment and cluster
attachment were observed followed by lattice rearrangement,
demonstrating the pathway complexity of grain growth in
nanoparticle assembly (Figures 3d,e, S20 and S21 and
Supporting Movie 7). From 23.2 to 47.4 s, the average local
density dropped by ∼15% (Figure 4a and Supporting Movie
8). We attribute this nonintuitive lattice expansion to a
growing number of electrostatic charges per particle under
continuous electron-beam irradiation, weakening the overall
attraction between nanoparticles.
The dynamic nature of 2D hexagonal superlattices and the

LCTEM imaging approach enable us to visualize the
formation, migration, and annihilation of structural defects
(Supporting Note 7). Defects such as vacancies, disclinations,
and dislocations play critical roles in determining the phase
behavior and mechanical and rheological properties of colloidal
crystals,3,46,47 yet the steps underlying the dynamics of such
defects are rarely studied for nanoparticle superlattices. As
illustrated in Figure 4b, a monovacancy was generated, diffused
along the symmetry axes of the hexagonal lattice, and
eventually vanished after reaching either grain boundaries or
the periphery of the superlattice (Figure S22a and Supporting
Movie 9). The dislocation core in a 2D hexagonal lattice
consists of neighboring 5-fold and 7-fold coordinated particles,
which can be visualized by Voronoi tessellation and Delaunay
triangulation. Shown in Figure 4c is an example of generation
of a bound dislocation pair with equal and opposite Burgers
vectors followed by its annihilation, analogous to the Stone−
Wales transformation and its reverse process in graphene
(Figure S22b,c and Supporting Movie 10).48 Dislocations can
migrate through either glide or climb mechanism (Figure
S23a,b). Dislocation glide involves particle rearrangements
around the dislocation core, whereas dislocation climb is a
nonconservative process and usually requires vacancy for-
mation near the dislocation core.44,49 Moreover, two
dislocations with ∼120° between their Burgers vectors in a
hexagonal lattice reacted to form a single dislocation while
preserving the net Burgers vector (Figure S23c).44 We also
identified pathways of dislocation annihilation in the 2D
nanoparticle superlattice (Figure 4d and Supporting Movie
11). The dislocation diffused to the periphery of the
superlattice through a series of glide and climb steps, which
restored the translational order of the hexagonal lattice.

■ CONCLUSIONS
In summary, we demonstrate a model material system, namely,
polymer-grafted metal nanocrystals suspended in nonaqueous
solvents, for studying self-assembly of nanoparticles into highly
ordered superlattices using in situ LCTEM. Through system-
atic dose-rate-dependent experiments, we establish that
electron-beam irradiation activates nanoparticle motion and
largely controls nanoparticle mobility, while the solvent
composition mediates nanoparticle interaction and dictates
their assembly pathways. Nanoparticle diffusivities as high as
3.1 × 103 nm2·s−1 were attained under low-dose imaging
conditions. These advances bring us one step closer toward
independent control of LCTEM imaging conditions and

particle self-assembly conditions. We capture and analyze the
full self-assembly pathway from individual nanoparticles to 2D
hexagonal superlattices, facilitated by newly developed deep
learning-based image segmentation methods. We identify a
multistep crystallization pathway characterized by four distinct
stages and observed in real-time defect dynamics in 2D
nanoparticle superlattices. Our work not only illustrates the
complex and often poorly understood microscopic pathways of
crystallization in self-assembling nanoparticles but also paves
the way for studying crystallization in multicomponent
nanoparticle systems as well as phase transition kinetics in
nanoparticle assemblies using LCTEM.
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