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Abstract  

Depletion-induced self-assembly is routinely used to separate plasmonic nanoparticles (NPs) 

of different shapes, but less often for its ability to create supercrystals (SCs) in suspension. 

Therefore, these plasmonic assemblies have not yet reached a high level of maturity and their 

in-depth characterization by a combination of in situ techniques is still very much needed. In 

this work, we assembled gold triangles (AuNTs) and silver nanorods (AgNRs) by depletion-

induced self-assembly. Small Angle X-ray Scattering (SAXS) and scanning electron 

microscopy (SEM) analysis shows that the AuNTs and AgNRs form 3D and 2D hexagonal 

lattices in bulk respectively. The colloidal crystals were also imaged by in situ Liquid-Cell 

Transmission Electron Microscopy. Under confinement, the affinity of the NPs for the liquid 

cell windows reduces their ability to stack perpendicularly to the membrane and lead to SCs 

with a lower dimensionality than their bulk counterparts. Moreover, extended beam irradiation 

leads to disassembly of the lattices, which is well described by a model accounting for the 

desorption kinetics highlighting the key role of the NP-membrane interaction in the structural 

properties of SCs in the liquid-cell. Our results shed light on the reconfigurability of NP 

superlattices obtained by depletion-induced self-assembly, which can rearrange under 

confinement.  

 

Introduction 

Silver and gold nanoparticles (NPs) have garnered sustained interest over the past 25 years 

because of their exceptional interaction with light, originating from localized surface plasmon 

resonances. Novel materials made by colloidal design can be used to control the flow of light 

through interparticle plasmonic coupling.[1] One outstanding challenge is to endow these 

assemblies with a structural response under specific external stimuli,[2] which can actuate a 

broad range of nanoscale forces.[3] Among these, depletion forces can be used to induce the 

self-assembly of NPs in a reversible manner.[4] In particular, surfactant micelles induce NP 

flocculation by depletion-induced attraction. Since this process leads to an overall increase of 

the entropy of the system by excluded volume interaction, it is alternatively denoted as entropy-

driven self-assembly.[5] The amplitude of the attraction is proportional to the concentration and 

radius of the surfactant micelles and to the contact area between two particles. By this process, 

NPs featuring a high contact area form superstructures that sediment to the bottom of the flask, 

while the smaller (or rounder) NPs remain in suspension. The process is reversible: the NPs 

assemble and then redisperse upon dilution. Depletion-induced self-assembly has been used to 
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separate plasmonic NPs of different shapes,[6] or supercrystals (SCs)[7] (when combined with 

controlled evaporation) but very little for its ability to shape SCs.[8] For instance, Young et al. 

have shown by small angle X-ray scattering (SAXS) that depletion forces could be tuned in situ 

by changing the surfactant concentration, the temperature and the ionic strength of the solution, 

which in turn modify superlattice parameters.[8a] Elsewhere, Yang et al. studied the nucleation 

and growth of the SCs by in situ SAXS and showed the formation of micron-sized SCs, which 

packed together during sedimentation to form highly oriented structures.[8c]  

Liquid-Cell Transmission Electron Microscopy (LCTEM) is an emerging technique for 

studying the dynamic of individual soft, hard or hybrid nanomaterials in a liquid of controlled 

composition and temperature.[9] In particular, it has led to breakthroughs in NP synthesis and 

self-assembly.[9c, 10] Notably, the effects of NP shape, NP-substrate interactions and the 

structure and charge of the ligand shell on the structure and dynamics of the SCs has been 

investigated and optimized to better understand the nanoscale forces driving SC formation and 

to visualize the crystallization processes of large 3D nanocrystal superlattices by LCTEM.[11] 

Nevertheless, LCTEM observations are not always directly comparable to bulk experiments 

because of the presence of interfaces, limited mass transport and radiolysis effects. Indeed, NPs 

are imaged near a surface with a charge state that depends on the illumination conditions and 

in a confined environment a few hundred nanometer thick, which slows down their diffusion.[12] 

Another challenge of this technique is understanding the effects of radiolysis on the solution 

chemistry and soft-material damage.[13] Thus, revealing the differences between bench-scale 

synthesis and in situ TEM data is essential to better use LCTEM results in nanomaterial and SC 

fabrication. A way of meeting this challenge is to perform complementary in situ 

characterization such as SAXS, spectroscopy or, alternatively, computer simulations.[10b, 10c, 14]  

In this work, we synthesized and assembled gold triangles (AuNTs) and silver nanorods 

(AgNRs) by depletion-induced self-assembly. We analyzed the structure of the SCs with a 

multi-scale approach from the bulk solution (SAXS and ex situ scanning electron microscopy 

(SEM)) to the single NP level (in situ LCTEM). Thus, we revealed how the confinement within 

the liquid-cell affects the structural properties of SCs and we quantitatively studied their 

evolution under electron irradiation to evaluate the possible driving forces of these structural 

reconfigurations.     

Results and discussion 
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Triangular nanoprisms (AuNTs, 75 nm ± 4 nm in edge length and 30 nm ± 5 nm in thickness) 

and silver nanorods (AgNRs, 216 ± 19.6 nm in length and 27 ± 1.7 nm in width) were prepared 

by seed-mediated growth from mono-twinned gold seeds and penta-twinned gold bipyramids, 

respectively (Figure 1 a, e and Figure S1 and S2).[15]  

 

Figure 1: Depletion-induced self-assembly of AuNTs and AgNRs. a) TEM image of AuNTs, 

b) SAXS data with curves corresponding to two AuNT suspensions loaded with 10 mM CTAC 

(blue) and 115 mM CTAC (orange). c-e) SEM images of AuNTs assemblies at different 

magnification. f) TEM image of the AgNRs. g) SAXS data with curves corresponding to two 

AgNRs suspension loaded with 10 mM CTAC (blue) and 40 mM CTAC (orange). h-i) SEM 

images of AgNR assemblies at different magnification. 

The synthesis of AuNTs and AgNRs was performed using cetyltrimethylammonium chloride 

(CTAC) as colloidal stabilizer and shape directing agent. CTAC was also used as osmotic agent 

in depletion-induced self-assembly experiments. The suspensions were probed by SAXS 

(Figure 1 b, f). Colloidal crystallization is observed above a certain threshold CTAC 

concentration, which varies with the shape of the NPs (115 mM for the AuNTs and 40 mM for 

the AgNRs). At 10 mM CTAC, the SAXS curve corresponds to the form factor (in blue) of the 

NPs, indicating well-dispersed suspensions. At higher CTAC concentration, Bragg peaks 

indicate not only the flocculation but also the crystallization of SCs. For both AuNTs and 

AgNRs the spectra exhibit Bragg peaks in 1:√3:2:√7:3 progression, characteristic of the in-
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plane hexagonal arrangement of the NPs. In the case of the AuNTs, the unit cell is composed 

of two parallel NPs having opposite orientation (rotated by 60°) and shifted along their normal 

from one layer to another, defining an interlocked hexagonal structure. This organization was 

confirmed on ex situ scanning electron microscopy (SEM) images (Figure 1c-d and Figure 

S3). This particular configuration stems from the arrangement between the basal facets and the 

lateral facets of the beveled AuNTs.[7e] In the case of the AgNRs no lamellar organization is 

detected, indicating that in solution the nanorods form monolayers without interlayer stacking. 

Confirming this analysis, isolated nanorod rafts were observed on ex situ SEM images, with 

some lamellar organization that can be ascribed to additional ordering by evaporation-induced 

self-assembly (Figure 1g-h and Figure S3).[16] These two SC structures schematized in Figure 

2 show that shape anisotropy can be used to form superstructure with controlled dimensionality 

by favoring side-to-side over end-to-end packing.  

   

Figure 2: Schemes depicting the superlattices obtained by depletion-induced self-assembly in 

bulk and after loading in the LCTEM chip.  

We then studied the colloidal crystals in LCTEM in the presence of 115 mM CTAC for the 

AuNTs and 40 mM CTAC for the AgNRs. The suspension containing assembled AuNTs and 
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AgNRs were separately confined between two SiN membranes with 500 nm spacing layer. At 

first, a remarkable re-ordering of the NPs is observed in the liquid cell. Indeed, the AgNRs form 

supramolecular wires (hereafter denoted as strips) with an average size of 2.9 ±1.9 µm in which 

nanorods are stacked side by side (Figure 3a-b). These strips also tend to stack side by side 

along the SiN membrane with 5 ± 3 units per stack, but no 3D stacking was observed. SCs made 

of AuNTs are observed along horizontal or vertical orientations with respect to the membranes. 

The in-plane hexagonal arrangement is observed when the AuNTs lay flat on the SiN membrane 

and the interlocked stacking is seen when the AuNTs stand perpendicularly to the SiN 

membrane (Figure 3c-d). Contrast analysis of the in-plane hexagonal arrangements shows that 

the face-to-face stacking of the NPs in the direction perpendicular to the membrane is limited 

to between 2 and 3 NPs and these SCs in horizontal orientation are mainly composed of NP 

monolayers and bilayers (Figure S4). However, up to ten layers of AuNTs are directly observed 

when the face to face stacking goes along the membrane plane (i.e. for AuNTs in vertical 

orientation) but crystallization perpendicular to the substrate is also very limited (Figure 3d). 

Those type of low dimensionality structures were always observed by LCTEM. The 

reconfiguration of the lattice therefore occurs during the sealing process and occurs within less 

than 15 minutes that is the delay time between the preparation of the chip and the observation 

of the samples by LCTEM. 

In the following, we compare the size and structure of SCs confined in the liquid-cell and in 

bulk solution. The median surface area of AgNRs in beakers was measured by ex-situ optical 

microscopy to be 0.35 µm2 with first quantile (Q1) of 0.15 µm² and Q3 = 0.77 µm². Similar 

analysis on the AuNTs revealed a median surface area of 0.32 µm2 with Q1 = 0.16 µm² and Q3 

= 0.61 µm² (Figure S5). This is in reasonable agreement with the extension of the monocrystals 

measured by in situ SAXS (from the full width at half maximum of the SAXS peaks) to be 

about 1 to 2 µm for both AuNTs and AgNRs. Furthermore, the edge-to-edge interparticle 

distances (de-e) were deduced from SAXS measurements to be 23 nm for the AgNRs while the 

AuNTs were separated by 13 nm in the hexagonal plane. In LCTEM, the SC’s surface area was 

measured to be 0.7 ± 0.8 µm2 and 0.6 ± 0.4 µm2 for the AuNTs and the AgNRs, respectively. 

Also in good agreement with the SAXS analysis, de-e was measured by LCTEM to be 21 nm 

for the AgNRs (Figure S6) and 13 nm for the AuNTs in the hexagonal plane (Figure S7). These 

edge-to-edge distances were not affected by the electron dose rate (Figure S6). Note that the 

out of plane stacking distance of AuNTs was measured to be 15 nm by LCTEM when the 

AuNTs are observed in vertical orientation (Figure S7). This out of plane distance could not be 
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confirmed by SAXS because the expected 001 peak cannot be measured: it presumably overlaps 

with the 110 and 200 ones and is very weak because of the high relative size dispersion in 

thickness of the AuNTs (17%). These large interparticle spacings (more than two surfactant 

bilayers[17]) result from the balance between attractive depletion and repulsive electrostatic 

interactions.[8a] For comparison, in the dried state, the interparticle distance was found to be 

always below 5 nm by ex situ MEB analysis (Figure S8). Although the SCs size and lattice 

parameters are of the same order in bulk solution and in the liquid-cell, the volume reduction 

or the affinity of metal NPs for the SiN membrane favor the formation of 2D SCs with similar 

structural features of the 3D SCs revealed in bulk experiments (see schematic representations 

in Figure 2).  

In complementary experiments, we tried to modify the volume of the liquid cell and the affinity 

of the NPs for the SiN membrane to evaluate the respective impact of these two parameters. 

Interestingly, SCs with similar structures are observed in liquid cells with spacers of only 150 

nm (Figure S9). LCTEM sample preparation typically involves a plasma-cleaning step of the 

SiN membrane to remove contamination and improve surface wetting. In LCTEM experiments 

performed with uncleaned liquid-cells, the NPs forms large 3D aggregates that diffuse in the 

liquid, presumably because of lower affinity of NPs for membranes with reduced hydrophilicity 

and surface charge (See Video S1).[12b] The high mobility of these large assemblies prevents 

their structural analysis. Nevertheless, these two experiments indicate that the lower 

dimensionality of SCs observed in liquid cells compared to the SCs formed in beakers is very 

likely due to membrane interaction rather than reduced volume effects. 
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Figure 3: Depletion-induced self-assembly of AuNTs and AgNRs in confinement. a-d) 

STEM images of (a-b) AgNRs assemblies and (c-d) AuNTs assemblies at different 

magnifications within liquid-cell. Images are recorded in high-angle annular dark field (b) or 

bright field (a, c, d ) modes. Arrow in (d) point toward a superlattice of standing AuNTs (i.e. in 

vertical orientation). 

Prolonged LCTEM observation led to the disassembly of the nanostructures by progressive NP 

ejection (Figure 4, Video S2-S3). In the case of AgNRs, NP ejection occurred preferentially 

from the ends of the strips. Some instances of strips breaking into two parts and of strip 

reformation during the disassembly process were observed (Figure 4b). Hence, these 

assemblies resemble “living polymers,” evolving via a step-growth mechanism because both 

monomers and oligomers can attach to the reactive ends of the strips.[18] In the case of AuNTs, 

NP ejection occurred preferentially at the edge of the lattice, rather than within the SCs, 

presumably because more bonds (membrane-NPs and NPs-NPs) would need to be broken in 

the latter case. Fast desorption / readsorption processes are observed at the edge of the SCs 

(Video S3). When a vacancy appeared within the core of the SCs, the hole rapidly grew within 

the SC, leading to an increased rate of lattice disassembly. These two experiments were 

performed at different dose rates: 0.066 e/A2s for the AgNRs and 0.592 e/A2s for the AuNTs 

and the disassembly was faster for the AuNTs (40s) compared to the AgNRs (150s). It is worth 

noting that the AgNRs strips diffuse in the liquid during TEM observations while the SCs made 

of AuNTs stay attached to the window, which can be explained by the different affinity of Au 

and Ag NPs for the SiN membrane (see below). More time-lapse STEM images are shown in 

the SI (Figure S10-S13). 
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Figure 4. Time-resolved disassembly of plasmonic superlattices by LCTEM. a-c) Time-

lapse STEM-HAADF images showing the disassembly of (a-b) AgNR threads and (c) 2D 

AuNT hexagonal lattices respectively. Outlines in (b) indicate the dissociation of a thread in 

two parts, which reform as a single thread a few second later. The dose rate was 0.066 e/A2s in 

(a-b) and 0.592 e/A2s in (c). 

We then investigated the disassembly kinetics. Experiments were performed at different dose 

rate, for both AgNRs (Figure 5) and AuNTs (Figure S16), and the number of particles N(t) at 

each time was retrieved via automatic image analysis. We define the time-dependent coverage 
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n(t) = N(t)/N(0), which is represented against time in Figure 5. In all cases, the disassembly 

kinetics is similar: it starts with a slow decline, followed by a dramatic acceleration (Figure 5). 

In order to describe the experimental situation, we need to account for the interactions that hold 

the SC together (depletion, van der Waals etc.), denoted below by "cohesion" and for those 

maintaining the SC in contact with the membrane (electrostatics, depletion, etc.), and 

generically termed "adhesion". Thus, in our model (see the SI for details), a SC consists of a 

(time-dependent) number of particles N(t), each one interacting with the substrate and with its 

neighbors via the adhesion and cohesion energies EA and EC, respectively. To preserve the 

generality of the model, we do not attempt to further separate these essential ingredients into 

components. Both EA and EC are presumably attractive in the absence of the electron beam 

(because the SC is stable and remains attached to the substrate), but they might become 

increasingly repulsive under the beam, for instance as the membrane and/or the particles 

become similarly charged. The desorption rate can be written as 𝑘 (𝑛) = 𝐴𝑒𝑥𝑝[−𝐵𝑛(𝑡)], with 

𝐴 = 𝐾𝑒𝑥𝑝 −  and 𝐵 = . K is a (presumably very large) kinetic pre-factor accounting 

for the desorption rate in the absence of any interaction and z is the coordination number (for 

instance, z = 4 for a planar square lattice). The fits for the AgNRs are quite good (see Figure 

5, top), especially since the model only has four free coefficients: A, B, the initial number of 

particles N(0) and a residual number of fixed particles N(∞). Parameters A and B are shown in 

Figure 5 (bottom). We can conclude that B (and thus EC) remains constant, while A changes 

with �̇�, due to a change in either K or EA. The dependence of A (and hence of kD) on the dose 

rate is linear: 𝐴 = α�̇�, with α=11±1.5 Å2/e-. 

The same treatment can be applied to SC formed by triangles, with very similar qualitative 

conclusions but with a much lower constant α=0.8±0.12 Å2/e- (Figure S17), implying that 

AuNTs were more difficult to eject. This can be explained by the stronger interaction of the 

AuNTs with the membrane, most likely due to their higher surface area in contact with the 

membrane. Note also that the desorption kinetics varied with the two possible arrangements of 

the AuNTs (vertical or horizontal orientations), which do not disassemble at the same rate. For 

instance, in the two experiments shown in Figure S18, the AuNTs were either all flat or 

consisted of a mixture of flat AuNTs and standing AuNTs respectively. Although we used the 

same dose rate (0.592 e/ Å2s), their disassembly kinetics do not overlap (Figure S16), since the 

initial arrangement of the AuNTs was not equivalent. This experiment shows that standing 

AuNTs are less stable against desorption than lying AuNTs because this configuration 

minimizes their interaction with the membrane.  
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Figure 5: SC survival under electron irradiation. a) Normalized number of particles 

N(t)/N(0) in AgNR SCs at different dose rates (symbols) and fits with the kinetic model 

described in the text (lines). b-c) Fit parameters A and B (see text for the definitions). 

Next, we discuss the possible mechanisms of NP disassembly under electron beam irradiation. 

Although we worked in the low dose conditions (< 1 e.Å-2.s-1) that are typically used for 

imaging organic soft matter,[10c] a beam-induced disassembly process is revealed in all 

experiments. Electron irradiation is known to affect both the liquid and the insulating SiN 

membrane, in a dose-rate dependent manner, and to modify (i) the ionic strength, (ii) the pH, 

(iii) the concentration of reactive oxygen species and iv) the surface charge of the SiN 

membrane. The production of ionic species by radiolysis would result in a decrease of the 

distance between the NPs, as reported in other studies,[8a, 10c, 14b] but this was not observed in 

the present work (Figure S6). Moreover, given the quaternary amine functionality of CTAC, 

assemblies are expected to be robust with regard to pH. The disassembly process could be 

induced by radiolysis products (mainly hydroxyl radicals), which are known to favor cross-

linking or chain scission in organic polymers depending on the dose rate.[19] In the framework 

of LCTEM experiments, Dissanayake et al.[13c] showed that polymerization of branched 

polyethylenimine occurs at low cumulative dose, followed by chain scission at higher 

cumulative dose. Interestingly, this work and others[20] describe metal NPs as hotspots for 

radiolysis in the liquid-cell. Taken together, a reasonable hypothesis explaining our 

observations is a disassembly process mediated by the degradation of the CTAC ligands at the 
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surface of the NPs by polymerization and/or chain scission. The latter mechanism would result 

in the production of insoluble alkane and tertiary amine (through cleavage of quaternary 

ammonium) and/or a mixture of short amphiphilic ligands and insoluble alkane (through 

cleavage of quaternary ammonium) and/or a mixture of short amphiphilic ligands and insoluble 

alkane (through cleavage of the aliphatic chain). This would in turn induce the colloidal 

destabilization of the NPs and their release in suspension. However, our model suggests that 

the cohesion of the SCs is independent of the dose rate, which is inconsistent with a disassembly 

process driven by the beam induced-degradation of CTAC. Another possible explanation relies 

on an induced positive charge of the SiN membrane building up under electron irradiation due 

to the generation of secondary electrons.[21] Charging effects at the interface with the SiN 

membrane have been repeatedly put forward to explain the anomalous diffusive behavior of 

metal nano-objects in LCTEM that move on the window by sporadic jumps driven by 

electrostatic repulsion with a dose-rate-dependent frequency.[12] Thus, we infer that the electron 

beam renders the membrane less adhesive for NPs, because of a charge inversion of the 

membrane, which would lead to the detachment of the positively charged NPs when Columbic 

repulsion overcomes the local cohesion energy of SCs. Our model showing the dependence of 

the adhesion energy with the dose rate supports this hypothesis. Moreover, no NPs were 

redeposited on the area after ejection, further supporting an irreversible change of the surface 

state of the membrane. There are several studies in the literature showing conflicting behavior 

of nanoparticles under the electron beam during LCTEM, with observations of attraction to the 

image area and motion away from the image area. Studies reporting beam induced self-

assembly used negatively charged ligands for the NPs,[12c, 14b, 22] consistent with an increase of 

the NPs/membrane interaction during imaging. In our case, the NPs are positively charged, so 

the electron beam renders the membrane less adhesive for NPs, leading to NPs ejection from 

the image area.[10c, 23]  Another study observed different self-assembly behavior (attraction or 

repulsion) by mitigating solvent polarity in order to adjust electrostatic interaction.[24] All these 

observations can be rationalized by considering modified electrostatic interaction under 

electron beam irradiation. 

Conclusions 

AuNTs and AgNRs were assembled into bulk SCs by depletion-induced self-assembly, forming 

3D and 2D superlattices respectively. The structural reconfiguration of the SCs is evidenced 

after loading them in confined cells used for in situ TEM observations and we show that this 

effect is induced by a strong NP-membrane interaction. Although the symmetry of the material 
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is preserved, the affinity of the NPs for the membrane induces the delamination of the SCs into 

superlattices of lower dimensionality. Moreover, extended beam irradiation leads to 

disassembly of the lattices, which is well described by a model accounting for the desorption 

kinetics. This kinetic analysis suggests that the membrane becomes less adhesive upon electron 

irradiation, leading to NP ejection from the lattices. This work shows that LCTEM can be used 

to study entropy-driven self-assembly processes, even if caution should be taken to compare 

with bulk experiments. This works also shed lights on the reconfigurability of SCs obtained by 

depletion-induced self-assembly, which can rearrange under confinement. This is relevant for 

applications of these materials in confined geometries or in interaction with charged interfaces.  

Experimental section 

Materials. Gold chloride trihydrate (HAuCl4·3H2O ≥99.9%), silver nitrate (AgNO3 >99%), 

hydrochloric acid (HCl 37%), sodium borohydride (NaBH4 ≥96%), trisodium citrate dihydrate 

(99%), L-ascorbic acid (AA ≥99%), sodium iodide (NaI 99.9%), cetyltrimethylammonium 

bromide (CTAB ≥99%), CTAC (25 wt % in H2O), and benzyldimethylhexadecylammonium 

chloride (BDAC 99%) were purchased from Merck and used without further purification. All 

solutions were prepared in water 18.2 MΩ. 

Characterization of the NPs. UV/Vis/NIR absorption spectra were collected using a Cary 

5000 UV-Vis-NIR. All experiments were carried out at room temperature, using disposable 

polystyrene cuvettes with optical paths of 1 cm. TEM was performed at IMAGIF (I2BC CNRS, 

Gif s/Yvette, France) using a JEOL JEM-1400 microscope operating at 120 kV with a filament 

current of about 55 μA.  

Concentration measurement. 10 µL of AuBPs were diluted in 2000 µL of water and the 

absorbance at 400 nm was recorded with a UV-visible spectrometer in order to estimate the 

Au(0) concentration, [Au] = 37.3 mM.[25] 

Triangles synthesis and purification. The triangles synthesis was performed following the 

method described by Scarabelli et. al.[15a]  

1) AuNTs synthesis. Seeds. In a 20 mL vial, 50 µL of HAuCl4·3H2O (25 mM) were added to 

4.7 mL of CTAC (100 mM). Under fast stirring, 300 µL of NaBH4 were added and the 

reaction medium was left to rest at room temperature for 2 hours.  

AuNTs growth: 2 solutions were prepared freshly and at the same time: 
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- Solution A: 8 mL of water + 1.6 mL of CTAC (100 mM) + 80 µL of HAuCl4·3H2O (25mM) 

+ 15 µL of NaI (10 mM) + 40 µL of ascorbic acid (100 mM). 

- Solution B: 20 mL of water + 20 mL of CTAC (100 mM) + 1000 µL of HAuCl4·3H2O (25mM) 

+ 300 µL of NaI (10 mM) + 400 µL of ascorbic acid (100 mM). 

As fast as possible and under fast stirring, 100 µL of seeds was added in A, and 3.2 mL of this 

mixture was added in B. The reaction medium was left to stir gently for 2 hours at room 

temperature. The particles were then centrifuged and washed with CTAC 10 mM. 

2) Purification. The AuNTs were added in a solution of 5 mL of CTAC, with a final 

concentration of CTAC of 130 mM. The solution was left to rest overnight, the precipitate and 

the supernatant were carefully separated and analyzed by UV-visible-NIR spectroscopy. The 

supernatant was discarded; the precipitate was washed and stored in CTAC 10 mM. 

Rods synthesis and purification. The AgNRs synthesis consists in overgrowing silver on gold 

bipyramids (BPs).[15b] 

1) Preparation of the gold bipyramids. Seeds. In a 50 mL bottle, 2.65 mL of CTAC (25 wt 

% in H2O) and 400 µL of HAuCl4 25 mM were mixed to 33 mL of water and heated at 30°C 

for 10 minutes. 4 mL of sodium citrate 50 mM were added and the heating was continued for 

30 minutes. Under fast stirring, 1 mL of freshly prepared NaBH4 25 mM was added, the bottle 

was closed and put in the oven at 40°C for 5 days. Bipyramids synthesis. 500 µL of AgNO3 

(100 mM), 10 mL of HAuCl4 (25 mM), and 10 mL of HCl (1 M) were added in 500 mL of 

CTAB (100 mM). Then, 4 mL of AA (100 mM) was added, followed by 7.5 mL of seeds (15 

mL for smaller BPs). After 4 h at 30 °C, the bipyramids were centrifuged twice and purified by 

depletion during one night at 30 °C in BDAC (350 mM).[26] The supernatant was removed, and 

the precipitate was redispersed in water and washed twice with 10 mM CTAC. The AuBPs 

were finally redispersed in 1 mL of 10 mM CTAC. For small BPs, the purification is not 

possible, the particles were only centrifuged and washed with CTAC 10 mM. 

2) Silver overgrowth. 134 µL of BPs were dispersed in a solution of 17.42 mL of water and 2 

mL of CTAC 100 mM. The reaction medium was heated to 70°C for 5 minutes and 250 µL of 

AgNO3 (100 mM, 5 eq) were added, followed by 200 µL of ascorbic acid (500 mM), and heated 

for 2 hours at 70°C. The particles were centrifuged at an appropriate speed and washed with 

CTAC 1 mM. 
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SAXS experiments. The colloidal crystals structures were probed by SAXS at the SWING 

beamline of the SOLEIL synchrotron (Saint-Aubin, France), using a beam energy of 16 keV 

and a sample-to-detector distance of 6.481 m. Data treatment (angular averaging and 

normalization) was done using the Foxtrot software developed at the beamline. 

LCTEM. Liquid STEM imaging were simultaneously performed in bright field and dark field 

modes using an aberration corrected JEOL ARM 200F microscope operating at 200 kV and a 

liquid-cell TEM holder (Poseidon select, Protochips inc.). A solution of SCs (i.e. colloidal 

solution with 115 mM of CTAC for the AuNTs and 40 mM CTAC for the AgNRs) was 

encapsulated in the liquid-cell by using conventional loading process.[27] The Au spacers of the 

liquid-cells were 150 nm or 500 nm thick. STEM imaging was performed with a probe current 

of 140 pA measured with a Faraday cup. The electron dose rate of each experiments was 

automatically calculated in electron.s-1.Å2 by the Axon software (Protochips inc.) by dividing 

the probe current by the irradiated area (i.e. the image area in STEM mode). We used the 

magnification to tune the dose rate. Image analysis was performed by image segmentation, 

using the built-in functions of Matlab software.  
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