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ABSTRACT: We use liquid-phase transmission electron microscopy (LP-TEM) to characterize the structure and dynamics of a
solution-phase superlattice assembled from gold nanoprisms at
the single particle level. The lamellar structure of the superlattice,
determined by a balance of interprism interactions, is maintained
and resolved under low-dose imaging conditions typically
reserved for biomolecular imaging. In this dose range, we
capture dynamic structural changes in the superlattice in real
time, where contraction and smaller steady-state lattice constants
are observed at higher electron dose rates. Quantitative analysis
of the contraction mechanism based on a combination of direct
LP-TEM imaging, ensemble small-angle X-ray scattering, and theoretical modeling allows us to elucidate: (1) the
superlattice contraction in LP-TEM results from the screening of electrostatic repulsion due to as much as a 6-fold increase
in the eﬀective ionic strength in the solution upon electron beam illumination; and (2) the lattice constant serves as a
means to understand the mechanism of the in situ interaction modulation and precisely calibrate electron dose rates with
the eﬀective ionic strength of the system. These results demonstrate that low-dose LP-TEM is a powerful tool for obtaining
structural and kinetic properties of nanoassemblies in liquid conditions that closely resemble real experiments. We
anticipate that this technique will be especially advantageous for those structures with heterogeneity or disorder that
cannot be easily probed by ensemble methods and will provide important insight that will aid in the rational design of
sophisticated reconﬁgurable nanomaterials.
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S

Most in situ observations of nanoparticle assembly in solution
use small-angle X-ray scattering (SAXS), which probes
assembled structures in reciprocal space.13−15,22,23 SAXS has
minimal disturbance to the native sample solution during
measurement and high resolution in detecting structural order.
It is limited, however, by its ensemble nature, which oﬀers little
insight into the real-time motions and interactions of single
nanoparticles and complicates interpretation of structural
heterogeneity/disorder.
On the other hand, liquid-phase transmission electron
microscopy (LP-TEM) readily achieves single-nanoparticle
imaging in liquids24−32 and allows experimental interpretation
of nanoparticle interactions and assembly dynamics.33−38 For
example, LP-TEM has been used to observe nanoparticle

elf-assembly of nanoparticles into complex architectures
promises access to collective photonic,1−3 plasmonic,4−6
electronic,7−9 catalytic,10,11 and magnetic12 functionalities that are tunable and may even be adaptable in response to
changes in external conditions.13−16 An understanding of
internanoparticle interactions and structuring kinetics in liquids
is essential for predictive nanoparticle assembly, which remains
a challenge.17,18 Classical colloidal theories developed for
interactions between micron-sized particles do not simply
rescale at nanometer dimensions because of multiscale
collective eﬀects and the nonadditivity of nanoscale interactions.18−21 Ideally one would address this by analyzing
directly the dynamic motion and assembly of individual
nanoparticles. However, experimental studies of this sort are
complicated by the need to acquire images with the appropriate
time and spatial resolution while nanoparticles interact freely in
liquids to form into superstructures.
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monolayer formation during solvent drying33 and the assembly
of gold spheres,34−36 gold rods,37 and CdSe/CdS octapods38
into linear chains. Based on a statistical analysis of single
nanoparticle motion trajectories, our earlier work reported a
quantitative map of nanoparticle interactions inside LP-TEM.37
The limitation of LP-TEM is the eﬀect of the imaging electron
beam, which has been shown to greatly alter the liquid
components through radiolysis reactions.27−29 For instance, the
radiolysis of water,39 the widely used solvent for metallic
nanoparticle and biomolecule-directed assemblies, generates
ionic and reactive species (OH−, H+, hydrated e−, OH, etc.) as a
function of electron beam dose rates (number of electrons
imposed onto the sample per unit area per unit time). These
reactions frequently perturb the solution considerably,
convoluting the interpretation of the data and making the
results challenging to be used to guide nanoparticle assembly in
standard experimental conditions outside TEM. It is thus
critical to experimentally quantify how local changes in the
liquid environment within the illuminated area consequently
inﬂuence nanoparticle interactions and assembly dynamics.
Here we use low-dose LP-TEM to characterize onedimensional (1D) nanoprism superlattices. We resolve the
real-space structure of a hydrated crystalline nanoparticle
superlattice and its structural change in response to local
changes in the liquid. The quantitative correlation among LPTEM images, theoretical modeling, and ensemble measurements of lattice constants by SAXS enables us to understand
the mechanism of electron beam-mediated nanoparticle
interactions and to reproduce identical structural reorganization
of the assembly outside TEM. We observe that the dose rates
typically used in cryogenic EM imaging of biomolecules (1−10
e−/(Å2·s)),40 which are lower than the dose rates commonly
used in earlier LP-TEM studies (Figure S1 and Table S1), are
required to prevent the superlattices from collapsing
completely. Within the optimized dose rate range (1−6 e−/
(Å2·s)), the contraction of the lattice constant, i.e., the centerto-center d spacing between prisms (Figure 1A), is
quantitatively modulated by electron beam dose rates. We see
the “in situ” and “outside TEM” correlation we establish here as
a critical step to generalize single-nanoparticle insights on
nanoparticle assembly learned from LP-TEM, at a spatiotemporal resolution not accessible by other means, to direct
predictable assembly in real experimental conditions.

Figure 1. Characterizations of meta-rods. (A) A schematic (left, not
drawn to the scale) of meta-rods in 0.15 M pH = 8 PBS buﬀer
solution labeling the d spacing and the meta-rod length h, a LPTEM image showing a meta-rod lying ﬂat on the SiNx liquid
window (middle), and the intensity proﬁle of the TEM image
region boxed by red dotted lines showing the intensity averaged
horizontally as a function of the vertical axis due to alternating
prisms (dark in TEM) and interstices (bright in TEM), from which
we measure the d spacing in LP-TEM (right). The red arrows
highlight positions corresponding to the starting and ending prisms
shown in the red box of the TEM image. (B) SAXS spectrum of the
meta-rods in 0.15 M pH = 8 PBS buﬀer solution. The black arrows
highlight the peak positions in the spectrum, from which we
measure the d spacing in SAXS. The inset shows the 2D scattering
image of the same meta-rod solution. (C) A TEM image of dried
meta-rods as a comparison, where capillary forces have collapsed
the 3D arrangement of meta-rods. Scale bars: 50 nm.

theoretical modeling of interprism interactions for mechanistic
understanding. An aqueous pH = 8 phosphate buﬀer solution
(PBS) is used as the liquid medium to ensure complete
deprotonation of the ligands into negatively charged − COO−
groups (pK a = 3.5−3.7, Figure S3A), which excludes
interparticle hydrogen-bonding eﬀects (−COOH···
OHOC−).43 The high buﬀer concentration (0.15 M) maintains
a constant pH and keeps the surface charge density of prisms
constant even with potential radiolysis-generated H+ or OH−
species (see the evaluation of beam-induced pH eﬀects in
Figure S3B). Under these conditions, prisms assemble face-toface through a balance of electrostatic repulsion and van der
Waals attraction.
Figure 1A shows a typical LP-TEM image of 1D meta-rods
lying ﬂat on the SiNx window composing the liquid cell sample
chamber, showing visible interstices between nearest-neighbor
prisms which indicate preservation of the solvent/ligand layers
between the particles. The LP-TEM image was taken at a dose
rate of 10 e−/(Å2·s) and an accelerating voltage of 200 kV. The
real-space TEM image allows us to measure the d spacing
directly from the intensity proﬁle across parallel neighboring
prisms (Figure 1A); the d spacing is consistent between
diﬀerent pairs of neighboring prisms (12.2 ± 1.0 nm). Movie
S1 shows that at the stable state the intensity proﬁle ﬂuctuates
and still generates a consistent d spacing over time. Such direct

RESULTS AND DISCUSSION
The superlattices used in this work are deﬁned by evenly
spaced gold triangular nanoprisms aligned face-to-face, heretofore referred to as meta-rods (Figure 1A). While the metarods represent a rich and important class of nanoparticle
superlattices, with collective properties that are sensitive to the
spatial arrangement of component nanoparticles,1,4,5,7−9,11,12
they have previously been characterized at the ensemble level.41
The meta-rods are prepared by functionalizing gold prisms
(89.3 ± 9.1 nm in edge length and 7.5 ± 0.3 nm in thickness)
with a dense monolayer of alkyl-thiol ligands, rationally
designed to induce robust solution-phase assembly behavior
(see Materials and Methods in the Supporting Information,
Figure S2). Speciﬁcally, carboxyl-terminated thiols are
exchanged with the native cetyltrimethylammonium bromide
(CTAB) ligands on the prism surface.42−44 The strong gold−
thiol bond allows for the system to be prepared in such a way
so as to have a low concentration of free ligands. This
minimizes the contribution of depletion forces41 and facilitates
B
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Figure 2. Meta-rod contraction in LP-TEM. (A) The d spacing−dose rate curve showing the electron beam eﬀect on the stable meta-rod d
spacing in LP-TEM. The dotted circle is the condition where detailed analysis and meta-rod contraction dynamics are shown in (B−F). (B)
The master h(t)−t curve averaged from the h(t)−t curves of ﬁve diﬀerent meta-rods (Figure S4) after normalization by the number of prisms
inside one meta-rod, N. The blue arrow shows the equilibrium state of meta-rods. (C−F) Time-lapsed LP-TEM images of meta-rods,
demonstrating a shrinking of their total length over time. The dotted arrows indicate the direction of the meta-rod contraction. Scale bar: 100
nm.

The degree of meta-rod contraction is controlled by electron
beam dose rates in LP-TEM. We take care to minimize electron
beam exposure to a region with meta-rods of interest prior to
imaging (see Materials and Methods in the Supporting
Information). Within the dose rate range of 1−6 e−/(Å2·s),
the d spacing of meta-rods measured in LP-TEM decreases
monotonically with increasing dose rates (Figure 2A), and we
are able to capture the contraction dynamics of meta-rods from
their native states. For example, at a dose rate of 5.5 e−/(Å2·s),
time-lapsed TEM images that are collected immediately after
beam irradiation show that the meta-rods contract until they
reach a plateau value of stable length (Figure 2B−F, Movie S2).
The d spacing is measured by d = h/N (Table S2), where h is
the meta-rod length and N is the time-invariant number of
prisms comprising one meta-rod given that the time scales of
prism assembly and prism exchange between meta-rods are
both slower than the imaging experiment. The h(t)−t plot in
Figure 2B reveals two important features of the contraction
dynamics. First, it takes ∼1 min to reach the steady-state,
longer than the estimated time needed for radiolysis reactions
to complete (ms to seconds).39 Because prisms comprising the
meta-rods need to move collectively to achieve their new
equilibrium positions, it is important to use the stable d spacing,
not a random spacing at time t, as the indicator of the reestablished liquid environment. Second, the h(t)−t curves of
ﬁve diﬀerent meta-rods (Figure S4) converge to one master
curve after being normalized by N (Figure 2B). The ﬁnal d
spacing is independent of N, which is consistent with the
hypothesis that the meta-rods respond sensitively to local
changes in liquids and demonstrates their robustness as an in
situ indicator of liquid-mediated nanoparticle interactions.
In the above dose range, most previous LP-TEM work using
nanoparticle-based chemical reactions as probes of radiation
eﬀects detected no changes (see our literature survey in Figure
S1 and Table S1). Meta-rods are more sensitive and respond to
as low as 1 e−/(Å2·s) (Figure S5 and Table S2) due to their
ability to detect ion concentrations directly (see below), while
reaction probes (e.g., nanoparticle nucleation and etching
events) are only responsive when the cumulative change in the

measurement of nanoparticle spatial organization in liquids may
be generalized to other complicated multicomponent superlattices that exhibit heterogeneity and localized disorders, the
structural elucidation of which using SAXS could be
challenging.13−15,22,23 For the purpose of comparison, Figure
1C is a typical TEM image of a dried superlattice dropcast on a
TEM grid. Evaporation-induced capillary forces disturb the
periodic features of the meta-rods and warp the structure so
that it may ﬂatten on the substrate.
Comparison between the averaged d spacings of the same
meta-rod solution measured in LP-TEM and with SAXS shows
that the electron beam modulates nanoparticle interactions. In
Figure 1B, both the 2D scattering image and the plot of
scattered intensity I(q) versus scattering vector q clearly feature
sharp diﬀraction peaks at integer spacings, consistent with a
highly ordered 1D lamellar structure.41 We obtain a d spacing
of 16.4 ± 0.7 nm from the q value of the ﬁrst-order peak in the
SAXS spectrum, larger than what is measured from LP-TEM
(12.2 ± 1.0 nm). In other words, meta-rods contract in LPTEM and stabilize at a shifted steady-state d spacing
determined by the re-established liquid environment under
beam irradiation.
The meta-rod contraction can be qualitatively explained by
the screening of electrostatic repulsion due to the generation of
ionic species during radiolysis. Quantitative understanding of
the inﬂuence of the beam on nanoparticle interactions has been
limited due to the diﬃculty of measuring the ion concentration
change inside LP-TEM.34,37,39 The ions produced from
radiolysis are transient and localized, present only in the
beam illumination area, which is challenging to quantify using
ensemble electrochemical measurements or elemental analysis
methods within a TEM. Theoretical calculations based on
radiolysis reaction networks predict the steady-state concentrations of many species when the solvent is pure water, but this
does not extend readily to highly salted liquids due to their
poorly understood radiolysis kinetics.39 In contrast, here the d
spacing of meta-rods serves as a convenient measurable
parameter for quantiﬁcation of beam modulated nanoparticle
interactions.
C
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calculated equilibrium d spacing steadily decreases as ionic
strength increases (Figure 3B, red line). This conﬁrms that the
interactions directing the meta-rod assembly respond selectively to the local ionic strength. The calculated free-energy
minimums are in the range of −10 to −50 kBT, strong enough
to hold the prisms against thermal ﬂuctuation (Figure S7A).
Following these predictions, we control the temperature and
ionic strength in the meta-rod solutions, respectively, and
measure the stable d spacing using SAXS (Figure 4). The stable

redox environment in irradiated liquids is suﬃcient to
overcome reaction barriers.45,46
The monotonic decrease in the stable d spacing with
increasing dose rates is understood through theoretical
modeling on nanoparticle interaction energetics and validated
by SAXS of meta-rods. The modeling accounts for the pairwise
interparticle interactions for prisms aligned face-to-face,
speciﬁcally the competition between van der Waals attraction
(EvdW) and electrostatic repulsion (Eel, resulting from the
charged ligands on the prism surface). We assume constant
surface charge density on the prisms in the model for two
reasons: the ligands do not dissociate in the low dose rate range
and stay fully deprotonated in the pH = 8 PBS buﬀer solution.
Under these conditions, both interactions have analytical
expressions (see Theory and Calculations in the Supporting
Information),41,47 and the stable d spacing is derived from the
face-to-face conﬁguration of prisms at the minimum total
interaction energy (Etotal), as shown in Figure 3A. The prism
size does not change the stable d spacing position, but only the
magnitude of the interaction energy minimum.

Figure 4. SAXS measurements of meta-rods at diﬀerent ionic
strengths and temperatures. (A) SAXS spectra of meta-rods at
diﬀerent ionic strengths outside the TEM. From bottom to top:
0.28, 0.42, 0.57, 0.71, 0.99, 1.43, and 2.57 M. (B) SAXS spectra of
meta-rods in PBS (0.15 M, pH = 8) measured at diﬀerent
temperatures. From bottom to top: 25, 30, 40, 50, and 60 °C.

d spacing as a function of ionic strength measured from the
SAXS spectra of meta-rods (Figure 4A and Table S3) is
overlaid as squares in the energy diagram of Figure 3B and
matches well with the predicted stable d spacing at the lowest
energy conﬁgurations (solid red line in Figure 3B). The
insensitivity of the d spacing to temperature change is also
validated by SAXS measurements of meta-rods at elevated
temperatures (Figure 4B). This agreement is consistent with
the underlying mechanistic picture that the electron beam
irradiation induces ionic strength increases that cause the metarods to contract.
It is important to note that under the conditions of high salt
concentration (ionic strength >1 M) and closely spaced
charged surfaces of the prisms (<5 nm), dipole−dipole,
dipole−charge, and charge−charge correlations are no longer
negligible,50,51 but work together to pose great challenges for
conventional theories on electrostatics. In the above interaction
calculations, we take into account the modiﬁcation of the
dielectric constant of water due to the high salt content in order
to achieve a good agreement with the experimental data (Figure
S7B).50,51 Nonetheless, the measured d spacing at the highest
salt concentration is lower than the calculated value as shown in
Figure 3B, likely due to the strong charge−charge correlations
that eﬀectively “screen” the electrostatic repulsion more than
what is predicted by the linearized Poisson−Boltzmann
equation.52 Precise correlation between the theory and
experiment is challenging due to the lack of vigorously tested
theories, since most colloidal and nanoparticle systems
aggregate randomly at these salt concentrations.53 The unique
geometry of large, ﬂat, and charged prism surfaces keeps the
meta-rods stable and thus renders them excellent candidate
structures to probe electrostatics under extreme conditions.
The one-to-one relation of d spacing versus dose rate and d
spacing versus ionic strength allows us to correlate dose rate in
LP-TEM and ionic strength outside with a high level of

Figure 3. Theoretical calculations of interprism pairwise interactions in meta-rods with face-to-face particle alignment. (A) The
interaction energy−d spacing curve for gold nanoprisms at 0.15 M
pH = 8 PBS (red curve: van der Waals attraction energy (EvdW),
blue curve: electrostatic repulsion energy (Eel), and green curve:
total interaction energy (Etotal = Eel + EvdW)). The inset shows a
magniﬁed view of the boxed energy well for Etotal to show the
energy minimum position. (B) The 2D interaction energy
landscape showing how the pairwise interaction changes with
diﬀerent ionic strengths and d spacing. Black squares: d spacing for
diﬀerent ionic strengths obtained from SAXS measurements, red
solid line: the calculated lowest interaction energy and stable d
spacing at diﬀerent ionic strengths, and yellow dotted lines: equal
energy contours.

According to the model, the interprism interactions and the
stable d spacing are dependent on material and liquid
properties that rely solely on two parameters that change
under beam irradiation: the temperature of the liquid, that
determines thermal ﬂuctuation and the values of physical
properties, and the ionic strength of the liquid, that quantiﬁes
the electrostatic screening eﬀect from solvated ions. Figure S6
shows the total interaction energy as a function of liquid
temperature while keeping ionic strength constant (0.15 M PBS
buﬀer). The temperature range (25 to 60 °C) far exceeds the
predicted change in temperature caused by high energy
electron ﬂux in LP-TEM experiments (a few Kelvins).48,49
Nevertheless, over the range of (overestimated) temperatures,
the meta-rods are predicted to exhibit a negligible change in the
d spacing albeit with more shallow energy minimums as the
temperature increases. Next, the total interaction energy map as
a function of ionic strength at a ﬁxed pH = 8 shows that the
D
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contract drastically, adjacent prisms experience physical contact,
and the particles fuse into a single rod-shaped mass of gold as
shown in the inset TEM image of Figure 5 and Movie S3. This
fusion indicates a change in the nature of the radiation eﬀect;
presumably the electron beam can deposit enough energy to
agitate the ligand−nanoparticle bonds, removing the ligands
and destabilizing the surface of the nanoparticles in a manner
that allows atomic contact between gold atoms.59−61 For
regime 3, the detailed mechanism is not within the scope of this
work, but the dramatic structural changes detected by the metarods serve as a cautionary note for future LP-TEM work.

accuracy. As shown in regime 1 of Figure 5, even at dose rates
that previous LP-TEM studies have shown to induce minimal

CONCLUSIONS
Our work shows the in situ imaging and modulation of
assembled nanoparticle superlattices using LP-TEM, which is
further calibrated and reproduced in practical experimental
conditions through a combination of SAXS and theoretical
modeling. Going beyond the ability to quantify the dynamic
pathways and fundamental interactions governing nanoparticle
assemblies, these data suggest practical guidelines for LP-TEM
studies in general, as the degree of beam-induced change in the
ionic strength is suﬃcient to reconﬁgure large-scale nanoparticle assemblies. The ability to quantify radiation-induced
liquid changes is potentially inﬂuential for two prominent
directions of future LP-TEM studies: imaging soft materials
(e.g., polymers, DNA, proteins) and electrochemical processes
(e.g., catalysis, corrosion, lithiation in batteries).27−29 For soft
materials, besides intermolecular interactions, their stable
conformation and function depend intimately on the intricate
interplay of electrostatic and van der Waals forces. For example,
previous LP-TEM studies that demonstrated complementary
DNA base-pairing induced by the electron beam might now be
explained by electrostatic screening between neighboring
phosphate groups as a secondary eﬀect of beam irradiation.36
For electrochemical processes, the generation of redox-active
species concurrent with ionic strength changes is expected to
modify the thermodynamics and kinetics of any observed
reactions. We expect in both cases that our quantitative
calibration of dose rate can serve as a general guideline for (1)
good operating dose rates and (2) interpreting and even
correcting for radiation eﬀects, for example, by eliminating
additional electrostatic screening.

Figure 5. Electron beam eﬀect on interprism interactions and
assemblies over a wide range of dose rates. Left: Changes to the
ionic strength in regime 1 of dose rates with an initial solution of
0.15 M PBS (pH = 8). The dotted line is a guide to the eye. Middle:
The d spacing of meta-rods stays constant in dose rate regime 2,
where ligand layers on the adjacent nanoprisms (highlighted in
gray) are in physical contact. Right: The TEM image in regime 3
shows that at high dose rates nanoprisms fuse into a large solid
structure. Scale bar: 50 nm.

nanoparticle reactions (5.5 e−/(Å2·s)), the ionic strength
increases up to 6 times (from 0.4 to 2.6 M) and causes a
signiﬁcant modulation of the electrostatic environment. This
degree of increase is qualitatively consistent with predictions
generated by solving radiolysis reactions of pure water (Figure
S8A). As a reference, the working range of ionic strength and
pH at diﬀerent dose rates for unbuﬀered solution is estimated
in Figure S8B, which can be used as a method to quantitatively
modulate the liquid conditions in situ. The exact degree of
radiation-induced ionic strength increase depends on the native
liquid components and initial ionic strength, which can be
quantiﬁed using our meta-rod design (from as low as 0.2 M to
as high as 2.6 M ionic strength, Figure S9).
Going beyond the low dose rate range, we investigate two
additional regimes of distinct irradiation eﬀects on nanoparticle
assemblies. In regime 2 (∼6−300 e−/(Å2·s)) shown in Figure
5, the stable d spacing values stay constant around 12.3 nm
regardless of dose rates. We hypothesize that the meta-rods
have contracted to a physical limit where the ligand layers of
adjacent prisms are in physical contact. Steric hindrance of the
ligand layers prevents the meta-rods from contracting further
despite strong beam irradiation. This trend indicates that the
ligand monolayers are stable in this dose range and have a
thickness of ∼2.4 nm, consistent with reported literature
values.43,54−56 Note that at this distance, even our corrected
electrostatic repulsion calculation does not apply due to
ultrasmall (<0.2 nm) separation between charged ligand layers
from neighboring particles. Calculation of the Debye length, the
characteristic range of electrostatic repulsion, over a range of
ionic strengths (Figure S10), conﬁrms that electrostatic
interactions decay to a value smaller than single atoms at an
ionic strength larger than that in regime 1. In addition, the
observation of a constant ligand thickness conﬁrms that in the
low-dose regime (Regime 1), the ligands are not dissociated
under the electron beam. Regime 3 in Figure 5 represents the
conventional dose rates used in dry TEM imaging of inorganic
materials and most LP-TEM studies.46,57,58 In this range, the
stable d spacing decreases below the minimum value observed
in regime 2. For example, at 3400 e−/(Å2·s), the meta-rods

METHODS AND EXPERIMENTAL DETAILS
Synthesis of Gold Triangular Nanoprisms. Gold
triangular nanoprisms were synthesized according to literature
methods.62,63 First, gold nanoparticle seeds were prepared by
sequential addition of aqueous solutions of HAuCl4 (250 μL,
10 mM), sodium citrate (500 μL, 10 mM), and NaBH4 (300
μL, 10 mM) into 18.95 mL of water. The seed solution was
aged at 40−45 °C for 15 min and then cooled down to room
temperature. Triangular nanoprisms were grown by mixing
aqueous solutions of HAuCl4 (250 μL, 10 mM), NaOH (50 μL,
100 mM), ascorbic acid (50 μL, 100 mM), and gold seed
solution (22 μL) in an aqueous solution of CTAB (9 mL, 50
mM) containing 50 μM of NaI. After 30 min, an aqueous
solution of NaCl (0.9 mL, 2 M) was added to the purple
solution for puriﬁcation. After 2 h, the solution was centrifuged
to separate spherical particles and dispersed in 50 mM CTAB.
Ligand Exchange and Meta-Rod Assembly. The prism
solution (9 mL) in 50 mM CTAB was centrifuged and
redispersed in water. A thiol solution in water (HSE
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(CH2)11(OC2H4)6OCH2COOH) (44.6 μL, 7.93 mM) was
added to the prism solution. After 30 min of incubation, 0.15 M
PBS (pH = 8) was added to the prism solution. Black
sediments were observed after ∼15 h of incubation, which
indicates the formation of meta-rods.
SAXS Measurement. Black sediments of meta-rods in
liquid were gently transferred to a quartz capillary tube. The
SAXS spectrum was measured using a home-built setup (Forvis
Technologies, Santa Barbara) composed of a Xenocs GeniX3D
CuKα ultralow divergence X-ray source (1.54 Å/ 8 keV) with a
divergence of ∼1.3 mrad and a Pilatus 300 K 20 Hz hybrid pixel
detector (Dectris). Ionic strength variation was achieved
through changing the PBS (pH = 8) concentration.
LP-TEM Imaging. A Protochips Poseidon 210 liquid ﬂow
holder was used for LP-TEM imaging under a JEOL 2100 Cryo
TEM with a LaB6 emitter at 200 kV. A Gatan Ultrascan chargecoupled device camera with a 0.1 s exposure time per frame at a
rate of 1.3 fps was used for recording TEM movies. An aliquot
of the meta-rods in PBS (0.15 M, pH = 8) was loaded on an
oxygen plasma-cleaned SiNx microchip (window: 550 μm × 20
μm, 150 nm spacer ﬂow echip, Protochips) and assembled with
the top SiNx microchip (window: 550 μm × 20 μm) into the
liquid holder. Electron dose rate control was achieved by
varying spot size and beam intensity.
Theory and Calculations. The model considers the
competition between van der Waals attraction (EvdW) that
favors smaller d spacing and electrostatic repulsion (Eel) that
prefers larger d spacing. The equilibrium d spacing is where the
net pairwise interaction energy (Etotal = Eel + EvdW) between
nearest-neighboring prisms aligned face-to-face reaches a stable
minimum. We consider only pairwise interactions because the
decay lengths of both interactions (∼15 to 20 nm) are smaller
than the smallest possible distance between next nearest prisms.
At high ionic strength (>1.0 M), ion−dipole correlation is
taken into account for the electrostatic contribution to the total
interaction energy.

gives rise to a rapid contraction upon illumination before
the movie acquisition. Gold nanoprisms are fused
together over time. Scale bar: 50 nm (AVI)
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