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Engineering and direct imaging of nanocube 
self-assembly pathways

Yaxu Zhong1,4, Timothy C. Moore    2,4, Tobias Dwyer    2,4, Alex Butrum-Griffith1, 
Vincent R. Allen1, Jun Chen    1, Yi Wang    1, Fanrui Cheng1, 
Sharon C. Glotzer    2,3   & Xingchen Ye    1 

Nanoparticle self-assembly offers a scalable and versatile means to 
fabricate next-generation materials. The prevalence of metastable and 
nonequilibrium states during the assembly process makes the final structure 
and function directly dependent upon formation pathways. However, it 
remains challenging to steer the assembly pathway of a nanoparticle system 
toward multiple superstructures while visualizing in situ. Here we use liquid-
cell transmission electron microscopy to image complete self-assembly 
processes of gold nanocubes, a model shape-anisotropic nanocolloidal 
system, into distinct superlattices. Theoretical analysis and molecular 
dynamics simulations indicate that the electrostatic screening of the 
medium dictates self-assembly pathways by its effects on the interactions 
between nanocubes. We leverage this understanding to demonstrate on-the-
fly control of assembly behavior through rapid solvent exchange. Our joint 
experiment–simulation–theory investigation paves the way for elucidating 
the relationships among building block attributes, assembly pathways 
and superstructures in nanoscale assembly and opens new avenues for the 
bottom-up design of reconfigurable and adaptive metamaterials.

Fluid–solid and solid–solid transitions are central to the formation of 
natural and synthetic materials spanning many length scales. Examples 
include the crystallization of ice1 and proteins2, the formation of metal 
alloys3, biomineralization4, and self-assembly of nanoparticles5 and 
micrometer-sized colloids6 into ordered phases. With nanoscale build-
ing blocks, the ever-increasing structural diversity, complexity and 
reconfigurability of their self-organized superstructures promise to 
open new doors to developing next-generation functional materials 
and devices7–21. Understanding the mechanisms and pathways underly-
ing ordering transitions is necessary to provide design guidelines for 
targeted structures and to refine existing models of phase transitions 
in atomic and colloidal systems. In comparison with predicting the final 
structures, forecasting ordering pathways from building block attrib-
utes such as shape anisotropy is far more difficult, even when the pair-
wise interactions are known. This difficulty arises from emergent 

phenomena in ensembles of nanoparticles, for example, nonadditive 
interactions22,23, prenucleation motifs24,25 and multistep nucleation26–30. 
A critical first step in understanding building-block–pathway–super-
structure relationships is direct observation of kinetic pathways from 
the appearance of the first crystalline nuclei to the equilibrium or steady-
state superstructure. Optical microscopy has been widely used to 
directly visualize the dynamics of micrometer-scale colloids31–35; how-
ever, limited studies have demonstrated in situ imaging of nanoparticle 
assembly owing to the experimental challenges in controllably initiat-
ing and capturing ordering processes with single-particle resolution29,30.

Here, using liquid-cell transmission electron microscopy 
(LCTEM)—an increasingly valuable technique for studying nanoscale 
dynamics of materials in their native environments29,30,36–46—we imaged 
the entire self-assembly pathways of gold nanocubes (AuNCs), a model 
shape-anisotropic nanocolloidal system, into diverse two-dimensional 
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from solvent radiolysis30. Based on this observation and the fact that 
the solvent changes the vdW attractions to a negligible extent, we 
hypothesized that we can fine-tune the interaction potential between 
AuNCs and, hence, engineer their assembly behavior by varying the 
solvent. We performed molecular dynamics (MD) simulations of AuNC 
assembly explicitly accounting for these interactions and developed 
a scaling theory to show that the electrostatic screening controls the 

(2D) superlattices. The dominant forces between AuNCs in solution 
include van der Waals (vdW) attractions and screened electrostatic 
repulsions given that AuNCs typically become charged under LCTEM 
imaging conditions (Fig. 1a)30,47–49. Previous work demonstrated that 
the electrostatic repulsion between nanoparticles decreases with 
increasing solvent polarity under LCTEM illumination, plausibly 
caused by higher ionic strength (resulting in a smaller screening length) 
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Fig. 1 | Charge screening controls the self-assembly phase behavior of gold 
nanocubes. a, LCTEM schematic showing the self-assembly of AuNCs near the 
Si3N4 windows under electron beam irradiation (gray cylinder) in organic solvent. 
b, Pairwise interaction potentials as a function of the center-to-center distance 
rCC between AuNCs aligned face-to-face (schematic in inset), as used in the CG 
model (solid lines) or calculated from analytical theory (dashed line). Electr., 
electrostatic; an., analytical theory. c, Interaction potential fields u(x, y) for a pair 
of parallel-aligned Au nanocubes assuming a total charge of 350 e− per nanocube 
and screening lengths of 6 nm, 10 nm and 12 nm from left to right. The dark 
squares at the centers represent a single nanocube, whereas the lighter squares 
represent the excluded volume between the nanocubes. d, Schematic of the 
offset order parameter OL used to characterize how square-like a lattice is.  
e, Schematics of the 2D superlattices observed experimentally. From left to right: 
SQ, RB and HR phases, corresponding to the u(x, y) in c. f, Theoretical phase 

diagram as a function of charge per nanocube (Q) and electrostatic screening 
length (λ). The background colors denote predicted phases characterized  
by OL from the scaling theory, and the markers indicate structures observed in 
simulations at each (Q, λ) pair, colored by OL. The black lines are contours of 
constant OL that match the experimentally observed OL for each lattice type. The 
blue line is the predicted loci of the RB-to-HR structural transition. g–l, Snapshots 
from simulations (g, i and k) and LCTEM experiments (h, j and l) with particles 
colored according to OL with the same color map as in f. Gray particles have fewer 
than three nearest neighbors and were excluded from the OL calculation. The 
insets are fast Fourier transform (FFT) patterns of a subregion of the image to 
highlight the symmetry of a single-crystalline grain. Simulation parameters 
(solvent conditions) are indicated above each simulation (experimental) 
snapshot. Sim, simulation; Exp, experiment.
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Fig. 2 | Self-assembly pathway of gold nanocubes into the RB lattice.  
a,b, Time-lapse LCTEM images and corresponding FFT patterns with nanocube 
centroids colored according to the modulus of sixfold bond-orientational order 
parameter (|ψ6j|) and all nearest-neighbors connected (a), and nanocubes 
colored according to their orientations (b). c, Simulation snapshots and 
corresponding FFT patterns for the disorder-to-order transition of AuNCs into 
the RB lattice. d,e, Plots of averaged local translational and orientational order 
parameters (⟨|ψ6j|⟩, 〈ϕ4j|〉) versus time for experimental LCTEM (d) and 

simulation (e) trajectories. f, Time-dependent lattice angle distribution from 
LCTEM experiment. g, Plot of lattice angle distribution of the RB phase at t = 61 s. 
h, Plot of nearest-neighbor distance retrieved from the first peak of g(r) versus 
time. The red dots highlight the four stages shown in a and b. i–k, Movement of 
twin boundary through collective particle rotations in a nanocube superlattice. 
LCTEM images with nanocube centroids colored according to |ψ6j| (i). LCTEM 
images (j) and simulation snapshots (k) with nanocubes colored according to 
their orientations.
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assembly behavior of these nanocubes. We quantified the pathways by 
analyzing the development of lattice translational order and particle 
orientational order during the assembly of AuNCs with solvent-tuned 
interparticle interactions, ranging from weakly to strongly attractive. 
Finally, we elucidated the pathways of superlattice melting and sym-
metry transitions, both induced by rapid solvent exchange.

Results
Theory and simulations of gold nanocube self-assembly
We developed a coarse-grained (CG) model to calculate the pairwise 
interactions between AuNCs (Supplementary Note 1 and Supplemen-
tary Fig. 1). We simulated systems over a range of electrostatic screen-
ing length (λ) and total charge (Q) based on estimates from our 
previous study30. As shown in Fig. 1b,c and Supplementary Fig. 2, the 
maximum overall attraction between AuNCs falls in the range of 
5–40 kT. The interaction field becomes more isotropic and the effective 
particle size increases (considering a contour of zero potential) with 
increasing λ (Fig. 1c). Three ordered phases self-assembled from initial 
disorder in simulations, namely square-like (SQ), rhombic (RB) and 
hexagonal rotator (HR) phases, with increasing Q and λ (Fig. 1e,f and 
Supplementary Movies 1–3). We defined an offset-length order param-
eter OL to quantify the extent to which these superlattices deviate from 
a perfect square lattice (Fig. 1d). With decreasing overall attraction 
(that is, increasing Q and λ), we observed increasing OL values con-
comitant with the SQ-to-RB-to-HR symmetry transitions (Fig. 1f–l). 
These simulation results were insensitive to the charge distribution 
on the AuNCs (Supplementary Note 2 and Supplementary Fig. 3), sug-
gesting that the predicted phase behavior is robust toward modest 
changes in the form of electrostatic repulsion between AuNCs. More-
over, we found the OL(Q, λ) relationships predicted by simulation col-
lapse onto a master curve within a scaling theory (Supplementary  
Note 3 and Supplementary Fig. 3); this convergence indicates a univer-
sal relationship between interparticle interactions and the observed 
phase behavior. The scaling theory additionally enables identification 
of (Q, λ) pairs that yield the experimentally observed OL values (Fig. 1f, 
black lines). Notably, there are no λ values that yield all three experi-
mental OL values across the range of Q studied, whereas all experimen-
tal OL values are accessible by changing λ for Q ≥ 350e−, suggesting 
that λ is the more relevant control variable of self-assembly behavior. 
Further, the stability limit of the HR phase can be estimated by assum-
ing that it can be stable only when the center-to-center distance 
between AuNCs that minimizes the interaction potential (rmin) is such 
that AuNCs can rotate freely without colliding with nearest neighbors 
(rmin > r∗); we take r∗ to be the sum of λ and the AuNC circumsphere 
diameter (Supplementary Note 4). Above (below) this stability limit 
(Fig. 1f, blue line), the HR phase is accessible (inaccessible) across the 
entire range of Q examined.

Direct imaging and pathway analysis of gold nanocube  
self-assembly
We imaged the assembly process of polymer-grafted AuNCs into 2D 
superlattices in nonaqueous media using LCTEM (Fig. 1a). AuNCs (edge 
length Lc = 87.4 ± 3.2 nm; Supplementary Fig. 4 and Supplementary 
Note 5) were densely grafted with thiol-terminated polystyrene (molec-
ular weight Mw = 3.2 kDa) via ligand exchange to prevent uncontrolled 
aggregation under LCTEM conditions. The AuNCs became immobilized 
on the Si3N4 windows before transmission electron microscopy (TEM) 
imaging but began to move within seconds of electron beam illumina-
tion. The increased mobility is plausibly caused by positive charging 
of the AuNCs via contact electrification47 or emission of Auger and 
secondary electrons48–50 and positive charging of the Si3N4 win-
dows30,47,51,52. With decreasing solvent polarity (butanol, 1:1 v/v octane/
butanol and 4:1 v/v octane/butanol), we observed the formation of SQ, 
RB and HR phases, respectively, as indicated visually and by the fast 
Fourier transform (FFT) patterns of the TEM images, consistent with 

simulations at λ = 6, 10 and 12 nm with Q = 350e− (Fig. 1g–l). We also 
observed an increasing OL with decreasing solvent polarity, analogous 
to the trend of increasing OL  with increasing screening length in  
simulations. The perimeters of the RB and HR phases are more dynamic 
than in the SQ phase, indicative of weaker net interparticle attraction 
in less polar solvents (cf. Supplementary Movies 4, 6 and 7).  
These computational and experimental results demonstrate that the 
interplay between vdW and electrostatic forces mediated by solvent 
polarity dictates the self-assembly phase behaviors of AuNCs. Our 
LCTEM imaging also allowed us to rule out interactions between poly-
mer brushes as a driver of the self-assembly behaviors (Supplementary 
Notes 6 and 7).

Beyond characterizing the final structures, our LCTEM workflow 
enabled imaging and analysis of the full assembly pathways of AuNCs 
into superlattices (Supplementary Notes 8–10 and Supplementary 
Figs. 5–7). Figure 2a and Supplementary Movie 4 illustrate the four key 
stages during the formation of the RB phase. At 0 s, AuNCs were 
sparsely distributed within the field of view and exhibited low sixfold 
bond-orientational order (⟨||ψ6j||⟩ < 0.5). The absence of long-range 
translational symmetry and AuNC orientational order were manifested 
by the diffuse rings of the corresponding FFT pattern and orientation 
plot (Fig. 2b), respectively. At 11 s, small hexagonally ordered domains 
exhibiting local facet alignment emerged. These domains were sepa-
rated by disordered regions causing a lack of global translational order 
as shown by the FFT pattern. At 46 s, an extended 2D superlattice 
appeared. Despite its high sixfold bond-orientational order 
(⟨||ψ6j||⟩ > 0.7), the corresponding AuNC orientation map revealed dif-
ferently oriented domains each characterized by extensive facet align-
ment. At 61 s, a large coherent superlattice with extensive facet 
alignment had formed.

The evolution of the translational symmetry and orientational 
order during RB superlattice formation reveals an intriguing assembly 
pathway (Fig. 2d). From 0 to 11 s, both order parameters increased 
rapidly as individual AuNCs coalesced into a polycrystalline structure 
with short-range order. From 11 to 46 s, ⟨||ψ6j||⟩ continually increased 
and the distribution of ||ψ6j|| narrowed drastically, whereas ⟨||ϕ4j||⟩  
remained essentially constant and broadly distributed (Fig. 2d and 
Supplementary Fig. 8). These results indicate that the development of 
long-range translational order preceded extensive orientational order 
as the system eliminated grain boundaries and grew by adding AuNCs 
into the existing lattice. From 46 to 61 s, ⟨||ϕ4j||⟩ rose sharply. In essence, 
the rotational ordering of AuNCs through facet alignment induced a 
hexagonal-to-RB lattice transition. Such weak correlations between 
the two order parameters signify a nonclassical crystallization pathway 
where the interplay between nanocrystal shape and interaction at  
different densities gives rise to complex assembly dynamics. Remark-
ably, our simulation reproduced the nonclassical nature of the experi-
mental self-assembly pathway (Fig. 2c,e). The symmetry transitions  
were further analyzed by calculating lattice angle distributions  
(Fig. 2f)33,35,53,54. From 10 to 40 s, two peaks near 60° and 120° were 
found, which indicates a hexagonal lattice. Afterward, the distributions 
shifted gradually toward 70° as the system evolved into the RB phase 
(Fig. 2f,g). The appearance of a shoulder next to the first peak in the 
pair distribution function g(r) provides further evidence of the hexag-
onal-to-RB transition (Supplementary Fig. 8). The average nearest-
neighbor distance gradually increased in the early stage, probably due 
to charge accumulation, and later stabilized as the system transitioned 
into the RB phase with increasing density (Fig. 2h). Intriguingly, AuNCs 
at twin boundaries can collectively rotate while maintaining high local 
translational order, which allowed the boundary to readily propagate 
through misaligned grains (Fig. 2i,j, Supplementary Fig. 9 and Sup-
plementary Movie 5). We attribute this twin-boundary migration mode 
to the favorable energetics of facet alignment between adjacent AuNCs, 
which is reproduced in simulations (Fig. 2k). The ability to resolve 
boundaries through cooperative rearrangement of AuNCs during 
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disorder-to-order transitions facilitates the formation of a single-
crystalline RB superlattice.

The development of translational and orientational order during 
crystallization of the HR phase displayed a distinct pathway from the 
RB phase (Fig. 3 and Supplementary Movie 6). From 0 to 19 s, AuNCs 
assembled into a single domain consisting of a few hexagonally ordered 
subregions (Fig. 3a). These hexagonal regions continued to grow over 
the next 100 s to yield a coherent hexagonal superlattice, as illustrated 
by the transition from diffuse rings into sharp diffraction spots on the 
FFT patterns. Notably, orientational correlations among AuNCs 
remained short-ranged even after long-range translational order had 
developed, signifying the formation of a HR phase free of twin bounda-
ries (Fig. 3b). The lattice angle distribution stayed narrowly distributed 
with the average close to 60° throughout the assembly process  
(Fig. 3c,d). The mean nearest-neighbor distance stabilized at around 
140 nm after the initial rise (Fig. 3e). Notably, this value exceeds the 
circumdiameter of AuNCs suggesting that they can rotate freely. The 
decoupling of orientational and translational order was further quanti-
fied through analysis of the order parameters ⟨||ψ6j||⟩ and ⟨||ϕ4j||⟩ (Fig. 3f 
and Supplementary Fig. 10). As ||ψ6j||  gradually increased and narrowed, 
||ϕ4j|| remained widely distributed with ⟨||ϕ4j||⟩ ≈ 0.5, confirming the low 

orientational order observed visually. The HR phase remained intact 
for several minutes under electron-beam illumination, suggesting that 
it is the stable phase under such conditions. The simulation at 
(Q, λ) = (350 e−, 12 nm) uncovered a similar kinetic pathway featuring 
decoupled evolution of translational and orientational order (Fig. 3g). 
This agreement indicates that our CG model captures the underlying 
physics of the experimental system.

We further examined the assembly pathway of AuNCs in high-
polarity solvent (Fig. 4 and Supplementary Movie 7). Here, we used ψ4j 
rather than ψ6j to analyze local translational order, as ψ4j better quanti-
fies the SQ order observed experimentally (Fig. 4a)54. From 0 to 39 s, 
an extended network of SQ domains developed as AuNCs diffused and 
interacted with each other. At 119 s, a single grain consisting of extended 
SQ subdomains had formed, as indicated by four sets of wide FFT peaks 
separated by ~90°. From 119 to 269 s, SQ regions continued to enlarge 
resulting in narrower Bragg peaks in the FFT pattern. The lattice angles 
initially exhibited bimodal distributions and later merged into a single 
broad distribution centered at about 90° (Fig. 4c,d). Importantly, many 
lattice angles close to 90° were already seen at ~40 s, suggesting that 
there existed a tendency to maximize local facet alignment among 
AuNCs since the early stage of assembly. The temporal evolution of 
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Fig. 3 | Self-assembly pathway of gold nanocubes into the HR lattice.  
a,b, Time-lapse LCTEM images and corresponding FFT patterns with nanocube 
centroids colored according to |ψ6j| (a) and nanocubes colored according to their 
orientations (b). c, Time-dependent lattice angle distribution. d, Plot of lattice 
angle distribution of the HR phase at t = 121 s. e, Plot of nearest-neighbor distance 

retrieved from the first peak of g(r) versus time. The red dots highlight the four 
stages shown in a and b. f,g, Plots of averaged local translational and 
orientational order parameters (⟨|ψ6j|⟩, 〈|ϕ4j|〉) versus time from LCTEM (f) and 
simulation (g) data.
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g(r) reveals the development of long-range SQ order as high-order 
peaks gradually intensified (Supplementary Fig. 11). The average near-
est-neighbor spacing monotonically decreased during assembly and 
reached ~102 nm at 269 s (Fig. 4e). AuNC rotation became restricted at 
this short distance and the superlattice continued to densify owing to 
strong interparticle attraction. Eventually, the superlattice membrane 
peeled away from the Si3N4 window (Fig. 4f, Supplementary Fig. 12 and 
Supplementary Movie 8), which is indicative of the mechanical strength 
provided by the strong vdW attraction and possibly the onset of poly-
mer brush interpenetration at short distances. Distinct from the RB 
and HR phases, ⟨||ϕ4j||⟩  and ⟨||ψ4j||⟩  increased concurrently and their 
distributions gradually narrowed during crystallization (Fig. 4g and 
Supplementary Fig. 11). Such enhanced coupling between translational 
and orientational order, which is reproduced by simulation (Fig. 4h), 
is attributed to strong attraction between AuNCs in high-polarity 
solvent and explains the absence of a ‘square rotator’ phase.

The dynamic nature of the superlattices allowed visualization of 
defect generation and migration. For all three phases, rows of AuNCs 
collectively shifted along the symmetry axes of the lattice to fill vacan-
cies (Supplementary Figs. 13–15 and Supplementary Movie 9), as also 
observed in simulations (Supplementary Movies 1–3). Further, the 
experimental SQ lattice displayed vacancy generation and migration 
via a hopping mechanism. Here, vacancies formed spontaneously and 
translated stepwise along the symmetry axes of the lattice, occasionally 
oscillating between neighboring lattice sites, and vanished after reach-
ing the periphery (Supplementary Fig. 13 and Supplementary Movie 9).  
This hopping mode resulted in lower vacancy mobilities compared 
with the RB and HR phase, indicating stronger net attractions between 
AuNCs forming the SQ phase55. Altogether, the similarities between 
experiment and simulation demonstrate that the interactions between 
AuNCs play a key role in controlling not only assembly pathways but 
also the defect dynamics within the superlattices.
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The red dots highlight the four stages shown in a and b. f, LCTEM image showing 
the detachment of the SQ nanocube superlattice from the Si3N4 window after 
prolonged exposure to the electron beam. g,h, Plots of averaged local transla
tional and orientational order parameters order parameters (⟨|ψ6j|⟩, 〈|ϕ4j|〉) versus  
time for LCTEM (g) and simulation (h) trajectories.
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Solvent-mediated structural transitions between distinct 
superlattices
Having elucidated the self-assembly pathways of AuNCs in different 
solvents, we further explored superlattice reconfiguration with LCTEM 
and simulations. Starting from a multi-grain SQ lattice formed in 
butanol, we triggered its reconfiguration by quickly changing the sol-
vent to a medium-polarity one (octane:butanol 1:1 (v/v)) and later back 
to butanol (Fig. 5, Supplementary Figs. 16 and 17 and Supplementary 
Movie 10). An extended RB superlattice emerged as indicated by the 

sharp spots in the FFT pattern, which subsequently returned to the 
polycrystalline SQ lattice (Fig. 5a,b). Lattice angle analyses revealed a 
fast switch from single broad distributions centered at 90° to bimodal 
distributions at ~50 s, which is consistent with the development of mul-
tiple RB domains as seen from LCTEM (Fig. 5c,d). Analysis of g(r) pro-
vided further evidence of the SQ-to-RB transition by showing that the 
nearest-neighbor distance gradually increased as the RB lattice was 
forming (Fig. 5e,f). Initially, ⟨||ϕ4j||⟩ decreased while ⟨||ψ6j||⟩ increased. 
Afterward, ⟨||ϕ4j||⟩  essentially plateaued and ⟨||ψ6j||⟩  continued to rise 
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Fig. 5 | Solvent-mediated, reversible structural transitions between the SQ 
and the RB phases. a,b, Time-lapse LCTEM images and corresponding FFT 
patterns with nanocube centroids colored according to |ψ6j| (a) and nanocubes 
colored according to their orientations (b). c, Time-dependent lattice angle 
distribution. d,e, Plots of lattice angle distribution (d) and g(r) (e) corresponding 
to the LCTEM images in a and b. f, Plot of nearest-neighbor distance retrieved 

from the first peak of g(r) versus time. The red dots highlight the seven snapshots 
shown in a and b. g, Plot of averaged local order parameters (〈|ψ6j|〉, 〈|ϕ4j|〉) versus 
time for the LCTEM trajectory. h–k, Simulation snapshots with inset FFT patterns 
(h and j) and corresponding plots of averaged local translational and 
orientational order parameters (〈|ψ6j|〉, 〈|ϕ4j|〉) versus time for the SQ-to-RB 
lattice transition (h and i) and vice versa (j and k).
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followed by a steep increase in ⟨||ϕ4j||⟩ (Fig. 5g). Despite different starting 
states, the pathway after the initial drop in ⟨||ϕ4j||⟩ showed good agree-
ment with that of the RB lattice formation from disorder (cf. Fig. 2c). 
We observed a similar but less pronounced initial decrease in ⟨||ϕ4j||⟩   
in simulation, after which ⟨||ϕ4j||⟩ and ⟨||ψ6j||⟩ increased simultaneously 
(Fig. 5h,i and Supplementary Movie 11). The RB-to-SQ transition, on the 
other hand, involved a HR-like intermediate. After solvent replacement 
at ~180 s, we observed a rapid decline in orientational order before the 
loss of lattice translational order (Fig. 5f,g), as also found in the RB-to-SQ 
simulation (Fig. 5j,k and Supplementary Movie 12). The appearance of 
HR-like intermediates probably arises from a smaller effective size of 
AuNCs and, hence, local particle density upon changing to a more polar 
solvent (Fig. 1c). The enhanced AuNC rotational freedom apparently 
facilitated subsequent transition to the SQ lattice. A similar fast drop 
in orientational order was also observed during melting of the RB lattice 
(Supplementary Figs. 18 and 19 and Supplementary Movie 13), which 
we attribute to the more isotropic and weakened interactions after 
switching to the low-polarity solvent (Supplementary Fig. 2). Occasion-
ally, we also observed a different pathway for the RB-to-SQ transition 
in LCTEM that involved lattice distortion through collective rotation 
of AuNCs (Supplementary Fig. 20 and Supplementary Movie 14). The 
actual pathway that the system selects may depend on the local density 
of AuNCs and concentration of vacancies, with denser and defect-free 
grains probably favoring a diffusionless pathway. The solvent-mediated 
transitions between the SQ and RB phases appeared to be reversible 
based upon the nearly overlapping U-shaped trajectory of the system 
in (⟨||ψ6j||⟩ , ⟨||ϕ4j||⟩) space (Fig. 5g).

Discussion
In this work, we demonstrate a versatile strategy to engineer self-assem-
bly pathways for shape-anisotropic nanoparticles while visualizing the 
complete assembly process using LCTEM imaging. By controlling the 
solvent environment, we were able to direct the formation of a HR phase 
with translational order but orientational disorder for weakly attrac-
tive AuNCs, and RB and SQ phases from increasingly attractive AuNCs. 
Using MD simulations and scaling theory, we showed that the balance 
between vdW attraction and electrostatic repulsion in different sol-
vents controls superlattice formation. In both LCTEM and simulation, 
the evolution of lattice translational order and particle orientational 
order were largely decoupled during the assembly of the HR phase and 
strongly coupled during the assembly of the SQ phase, whereas the 
degree of coupling varied at different stages of the assembly process 
of the RB phase. Next, we expanded the capability of LCTEM to study 
solid–solid transitions triggered by in situ rapid solvent exchange. We 
observed a HR-like intermediate during the RB-to-SQ transition, and 
our simulations illustrated that the decreased effective particle size 
due to the change in electrostatic screening facilitates the formation 
of this intermediate. The agreement between theory, simulation and 
experiment provides a robust, predictive framework for understand-
ing and manipulating assembly pathways, and we expect our findings 
to be applicable to a wide variety of nanocolloidal systems, regardless 
of the origin of their interactions. Our joint experiment–simulation–
theory study thereby opens new avenues for the bottom-up design 
of responsive and adaptive materials-on-demand by engineering the 
building block attributes, kinetic assembly pathways and superlattice 
structure in self-assembling nanocolloids.

Methods
Computational model of AuNC and MD simulations
We modeled the AuNCs as a 2D rigid body of point particles by dis-
cretizing the particles into two types of interaction sites: a series of 
sites around the perimeter of the body that interact through a Yukawa 
potential and a grid of sites that span the body of the particle and inter-
act through a Mie potential. The Yukawa and Mie potentials represent 
the screened electrostatic and Au–Au vdW interactions, respectively. 

MD simulations were executed with HOOMD-Blue56. Further details 
of the model parameterization and MD simulations are provided in 
Supplementary Note 1.

Synthesis and characterization of polystyrene-grafted AuNCs
AuNCs were synthesized via iterative reductive growth and oxidative 
dissolution reactions based on a previously reported method with 
modifications57. To prepare polystyrene-grafted AuNCs, 0.5 ml of the 
pristine AuNC solution was first concentrated to ~100 μl via centrifuga-
tion at 1,540 × g for 3 min. Next, this concentrated solution was added 
dropwise into a 10 ml tetrahydrofuran (THF) solution (2 mg ml−1) of 
thiol-terminated polystyrene (Mw = 3.2 kDa) under sonication. The 
resultant mixture was left undisturbed for 24 h at room temperature. 
Afterward, the polystyrene-grafted AuNCs were purified via three 
rounds of centrifugation at 2,740 × g for 3 min, each time followed by 
redispersion into 3 ml of THF. After the last centrifugation step, the 
polystyrene-grafted AuNCs were dispersed in 200 μl of THF for LCTEM 
experiments. Low-magnification TEM images were recorded on a JEOL 
JEM-1400plus electron microscope with a LaB6 filament operating at 
120 kV. TEM samples were prepared by drop-casting ~10 μl of AuNC 
solution onto 300-mesh carbon-coated copper grids (Ted Pella). Scan-
ning electron microscopy (SEM) images were taken on a Carl Zeiss 
Auriga 60 FIB-SEM operated at 1.50 kV. Further details on nanocrystal 
synthesis are provided in Supplementary Note 5.

In situ LCTEM imaging
In situ LCTEM imaging was performed on a JEOL JEM-1400plus electron 
microscope using a Protochips Poseidon Select holder. Bottom E-chips 
with a 150 nm integrated gold spacer (EPB-52DF-10) and top E-chips 
with the nominal window dimension of 550 μm × 20 μm (EPT-52W-10) 
were used in all experiments. LCTEM movies were recorded by a Gatan 
OneView CMOS camera with 4096 × 4096 pixels at a frame rate of 5 fps. 
Further details on LCTEM imaging and image processing and analysis 
are provided in Supplementary Notes 8–10.

Data availability
The source data for the figures in the main text are available in Sup-
plementary Information.
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