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The self-assembly of inorganic nanoparticles (NPs) into ordered structures (superlattices)1 has led 

to a wide range of nanomaterials with unique optical,2,3 magnetic,4 electronic,5 and catalytic6,7 

properties. Various interactions8 have been employed to direct the crystallization of NPs, including 

van der Waals forces,9,10 hydrogen bonding,11-13 as well as electric14 and magnetic15 dipolar 

interactions. Among them, Coulombic interactions—ubiquitous in nature16,17 and the main driving 

force behind the formation of many minerals, such as fluorite or rock salt—have remained largely 

underexplored,18,19 owing to the rapid charge exchange19 between NPs bearing high densities of 

opposite charges (superionic NPs). Here, we worked with superionic NPs under conditions (room 

temperature, concentrated salt solutions) that preserved their native surface charge density. We 

demonstrate that under these conditions, the Coulombic interactions between superionic NPs are 

reminiscent of short-range intermolecular interactions. Our methodology was used to assemble 

oppositely charged NPs into high-quality superlattices exhibiting Catalan shapes. Depending on 

their size ratio, the NPs assembled into either rhombic dodecahedra or triakis tetrahedra with 

structures mimicking those of the ionic solids CsCl and Th3P4, respectively. We envision that the 

methodology described here can be applied to a wide range of charged NPs of various sizes, shapes, 

and compositions, thus facilitating the discovery of new nanomaterials. 

 

Charged NPs have long been known20-24 and Coulombic interactions between oppositely charged NPs18,19 

have been investigated. Noble metal NPs decorated with monolayers of thiolate ligands terminated with 

charged groups can accommodate up to ~2 charges per nm2. Such densely charged NPs can mimic the 

behaviors of small ions on a nanometer scale; we thus refer to them as superionic nanoparticles. In a 
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pioneering study,18 equally sized positively and negatively charged gold NPs were coassembled into 

colloidal crystals with a structure mimicking that of sphalerite (M2+S2–, where M = Zn and Fe). However, 

it was subsequently demonstrated19 that the process, which occurred at 70 ºC, involved a substantial degree 

of thiolate-ligand exchange between the positively and negatively charged NPs, affording two populations 

of zwitterionic NPs:19,25-27 one having a small excess of positive charge and the other, a small excess of 

negative charge (in fact, thiolates on gold are labile and can readily desorb at temperatures exceeding 60 

ºC28-30). An alternative approach to provide inorganic NPs with electric charge is to encapsulate them 

within charged protein cages.31 Although crystalline assemblies of protein-encapsulated NPs have been 

obtained,32,33 this method suffers from a relatively low charge density on the protein surface. Therefore, 

assemblies resulting from electrostatic interactions between heavily charged NPs—in particular, 

superionic NPs—have remained unknown. 

We worked with monodisperse gold NPs with >20 distinct sizes varying between 2.6 and 8.5 nm (the 

size refers to the diameter of the NP’s metallic core). These NPs were synthesized in toluene in the presence 

of oleylamine (OLA) as the capping ligand. To endow Au·OLA NPs with negative and positive surface 

charges, we performed a ligand exchange reaction, in which the weakly binding OLA was replaced with 

strongly bound thiols: 11-mercaptoundecanoate (MUA) and (11-mercaptoundecyl)-N,N,N-

trimethylammonium (TMA), respectively (Fig. 1a, bottom). Au NPs functionalized with a single-

component monolayer of MUA (i.e., Au·MUA) exhibited excellent solubility in basic water (pH=11) for 

all NP sizes studied. To render Au·TMA soluble in water, a small amount of a short, electrically neutral 

thiol (we used hexanethiol; ~20 mol%) was included during the ligand exchange (TMA alone proved to 

be unable to displace all the OLA ligands, even when used in excess). Both Au·MUA and Au·TMA bear 

hundreds of electric charges (estimated at ~370 negatively and ~290 positively charged groups for 

Au·MUA and Au·TMA for a typical NP size of 5 nm), with charge densities far exceeding those in both 

natural34,35 and artificially supercharged36-38 proteins. 

We began our experiments with mixtures of equally sized Au·MUA and Au·TMA. The pH was 

adjusted to 11 to ensure complete deprotonation of MUA’s terminal COOH groups. Upon mixing aqueous 

solutions of these two types of NPs, we observed the rapid formation of an amorphous precipitate (stage 

1 in Fig. 1a). We hypothesized that ordered assemblies of these superionic NPs could be obtained by 

gradually increasing the strength of electrostatic interactions (Fig. 1b). To this end, we first established 

that the Coulombic interactions between Au·MUA and Au·TMA could be screened—and their aggregates 

disassembled—upon adding concentrated solutions of simple inorganic salts. Among the many salts that 
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successfully disassembled the Au·MUA/Au·TMA aggregates, we focused on ammonium carbonate, 

which has the unique ability to spontaneously decompose into gaseous products,39,40 according to the 

reaction equation,  
 
2 NH4+ + CO32– → 2 NH3 ↑ + CO2 ↑ + H2O. 
 

Indeed, after a colloidally stable solution of Au·MUA + Au·TMA in saturated aqueous (NH4)2CO3 (Fig. 

1a, stage 2) was left undisturbed overnight, well-defined and highly faceted colloidal crystals 

(superlattices) were observed (Fig. 1a, stage 3). Importantly, all the steps proceeded at room temperature, 

which allowed the NPs to retain their high charge. We adopted this procedure to ~200 combinations of 

positively and negatively charged NPs and identified two distinct phases of colloidal crystals, which are 

mapped onto the phase diagram in Fig. 1c. We will begin the discussion with crystals obtained from 

equally or similarly sized Au·MUA and Au·TMA; the stoichiometry of these crystals is 1:1; we will refer 

to them as AB-type.  

First, we used the above method to coassemble identically sized (i.e., obtained from the same batch 

of Au·OLA), 4.83 nm Au·MUA and Au·TMA. Inspection of the resulting black precipitate by scanning 

electron microscopy (SEM) revealed that the NPs coassembled, in a near-quantitative fashion, into 

colloidal crystals with a rhombic dodecahedron (RD) morphology (Fig. 2a–c), each bound by 12 identical 

(110) crystal facets. The average edge length of these crystals is 1.2 μm, meaning that each RD is composed 

of approximately 10 million individual NPs. The crystals are large enough to be imaged by a benchtop 

optical microscope (Fig. 2a, inset). The procedure is readily scalable and can be used to prepare 

multimilligram quantities of RDs in a single experiment. Small-angle X-ray scattering (SAXS) 

experiments showed that the NPs are arranged in a body-centered cubic lattice (Fig. 2d); i.e., the packing 

of oppositely charged superions within RDs mimics that of Cs+ and Cl– in the crystal lattice of cesium 

chloride. 

The formation of RDs in our system may appear surprising, given that the NPs interact predominantly 

by electrostatic forces. RD-shaped colloidal crystals with the CsCl structure were previously observed in 

binary mixtures of NPs interacting via local, highly specific intermolecular interactions (between 

complementary DNA chains41-43 and a synthetic hydrogen-bond donor–acceptor pair44,45). Although 

electrostatic interactions are typically long-range, we note that self-assembly in our system occurs in a 

concentrated salt solution. In fact, we experimentally determined that oppositely charged 5.28 nm NPs 

initially immersed in a saturated (~10.5 M) (NH4)2CO3 solution begin to interact when the concentration 
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of the evaporating salt is still very high, at ~4.28 M (i.e., at this salt concentration, the NH4+ and CO32– ions 

can no longer screen out the Coulombic attraction between oppositely charged NPs). Next, we performed 

atomistic molecular dynamics (MD) simulations of pairs of oppositely charged (Fig. 1d) and like-charged 

NPs (Supplementary Fig. 15) in a 4.28 M (NH4)2CO3 solution. In such an environment, the Debye 

screening length is very short (λ ≈ 0.1 nm) and the NPs interact only locally by screened Coulomb coupling 

between the charged tips of their ligands (i.e., a surface-centered Yukawa-type interaction). Indeed, the 

free energies of interparticle interactions calculated by an umbrella sampling technique (for details, see 

Supplementary Section 3) show that the NPs do not experience attractive or repulsive interactions unless 

they are in close contact (Fig. 1e). For a pair of oppositely charged NPs, the interaction energy increases 

rapidly from ~0 to –50 kcal/mol over a distance of only ~0.7 nm (Fig. 1e, green trace). Analogously, like-

charged NPs couple via sharp repulsive potentials, but not before their ligands are practically in direct 

contact (within ~0.3 nm of each other) (red and blue traces in Fig. 1e; note that TMA is slightly longer 

than MUA). Overall, these simulations indicate that electrostatic interactions between superionic NPs at 

high ionic strengths resemble (in terms of range) specific intermolecular interactions. 

To further confirm the structure of RDs, we developed a new method to determine NP packing on a 

single-aggregate level directly from electron microscopy. The key steps of the procedure are summarized 

in Fig. 3. First, we acquired a series of high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images over a wide range of tilt angles (–70º to +72º), focusing on a tip of 

a colloidal crystal (Fig. 3a). After aligning the tilt series, we reconstructed the volume of the imaged region 

(Fig. 3b) and calculated the corresponding 3D Fourier transform (Fig. 3c). Optimization of the reciprocal 

vectors (for details, see Supplementary Section 5) followed by inverse Fourier transformation led to a 

primitive unit cell representative of the entire imaged region. Then, the primitive unit cell was replicated 

in all directions and overlaid on the reconstructed volume (Fig. 3d). Finally, the second optimization 

process afforded the complete unit cell (Fig. 3e). We note that whereas the shape of the unit cell determined 

using the above procedure matched that elucidated by SAXS (α, β, γ = 88.8±2.1º and 90º, respectively; 

Fig. 3f), the cell’s edge length decreased significantly (a, b, c = 7.93±0.03 nm vs. 9.40 nm for SAXS), 

which can be attributed to drying-induced collapse (40% volume loss) (see also Supplementary Fig. 8).  

High-quality RDs were successfully prepared from other mixtures of equally sized Au·MUA and 

Au·TMA, in the range 3.7–7.4 nm (Fig. 1c). Oppositely charged NPs whose Au cores were smaller than 

3.7 nm assembled into spherical aggregates that lacked crystalline order (Supplementary Fig. 5a). When 

the particles were larger than 7.4 nm, the Coulombic forces between them were so strong and they could 
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not be screened in saturated (NH4)2CO3 solution – i.e., in this size regime, the initial amorphous aggregates 

(1 in Fig. 1a) could not be converted into crystalline ones.  

The above analysis of interparticle interactions (Fig. 1e) suggests that the assembly process is driven 

predominantly by short-range electrostatic interactions between NP-adsorbed ligands, with negligible 

contributions from the van der Waals interactions between the NP cores. To verify this hypothesis, we 

synthesized positively charged palladium NPs (Pd·TMA) and studied their interactions with similarly 

sized Au·MUA. The bimetallic Au/Pd RDs (Fig. 2f) were formed similarly to the all-Au RDs, and the two 

kinds of RDs were indistinguishable by SEM; however, elemental analysis revealed the expected 1:1 ratio 

of Au and Pd (Supplementary Fig. 12). By controllably removing the monolayers of organic ligands from 

the NPs,3 such mixed crystals could be transformed into new nanostructured materials, in which the 

nanoscopic domains of two metals alternate.46  

Next, we worked with mixtures of differently sized Au·MUA and Au·TMA, i.e., outside the diagonal 

line in Fig. 1c. We found that NP combinations that afforded well-defined RDs span a relatively large 

region of the phase diagram (see the green markers in Fig. 1c); for example, a mixture of 5.78 nm Au·TMA 

and 4.19 nm Au·MUA afforded RDs in a near-quantitative yield. This is an interesting finding given that 

these RDs are built from equal numbers of differently sized Au·MUA and Au·TMA, while the 

electroneutrality condition implies that the overall number of positive and negative charges within the 

crystals is the same. Assuming that both MUA and TMA occupy the same surface area on the NP, and that 

the positive charge on Au·TMA is diluted by an electrically neutral ligand (~34 mol%), it follows from 

simple geometric considerations that the TMA/MUA molar ratio within these RDs is as high as ~1.25. 

Next, assuming that the footprint of a thiolate ligand on a gold NP47 corresponds to 0.22 nm2 and that all 

MUA ligands are deprotonated (the pH at the onset of crystallization ≈ 9.2) leads to the conclusion that 

each Au·MUA/Au·TMA pair has to be accompanied by ~33 CO32– ions to compensate for the excess of 

the positively charged TMA ligands. Similarly, RDs obtained from larger Au·MUAs and smaller 

Au·TMAs must trap NH4+ ions from the surrounding solution as they form in order for electroneutrality 

to be met. In other words, (NH4)2CO3 acts like a “buffer”, guiding the formation of colloidal crystals by 

providing them with small anions or cations to electrically balance the charge-mismatched NPs. Trapping 

of NH4+ and/or CO32– by superionic NPs is not unexpected given that the ratio of small ions to NPs at the 

onset of self-assembly is on the order of 107 (see also Supplementary Fig. 11).  

The rhombic dodecahedron is an example of a Catalan solid: it is an isohedral (i.e., all faces are the 

same) yet a non-isogonal (at least two types of vertices) polyhedron, whose faces are not regular 
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polygons.48 As noted above, RDs form over a relatively broad range of NP size ratios, but up to a certain 

limit. When the size ratio of the oppositely charged NPs was increased further, they coassembled into 

colloidal crystals having the shape of another Catalan solid, namely, the triakis tetrahedron (TT) (Fig. 4a, 

b). Well-defined TTs were obtained from more than 40 combinations of differently sized Au·MUAs and 

Au·TMAs, indicated by the orange triangles in Fig. 1c. TTs found on the opposite sides of the diagonal 

line in the phase diagram were indistinguishable from one another. 

SAXS analysis showed (Fig. 4c) that TTs have a cubic symmetry with space group I4!3d, i.e., they are 

isostructural with Th3P4. The Th3P4 unit cell is highly complex and contains 35 atoms/particles, resulting 

in the unit cell having a large size; e.g., for TTs coassembled from 5.63 nm Au·TMA and 3.73 nm 

Au·MUA, we found (by SAXS) a unit cell edge length of 20.53 nm. Similar to RDs, TTs were bound by 

a single type of crystal facet, with the Miller index (211). High-resolution SEM imaging revealed a 

complex pattern of NPs on the faces of TTs (Fig. 4d, e and Supplementary Fig. 13) – another manifestation 

of the complexity of the unit cell. Interestingly, whereas Th3P4-like packing in NP superlattices has been 

reported,13,49,50 their morphology (crystal habit) has remained unknown. Notably, the previously reported 

Th3P4-type superlattices were all coassembled from NPs decorated with hydrogen-bond donors and 

acceptors, which extends the analogy between highly specific noncovalent interactions and the short-range 

electrostatic interactions operating in our system. 

We also attempted to determine the structure of our TTs using the new method outlined in Fig. 2. 

Analysis of the dried sample revealed that the dimensions of the unit cell decreased, as expected (a, b, c = 

16.36±0.26 nm; compare with a, b, c = 20.53 nm for an aqueous suspension of the same TTs, determined 

from SAXS). Interestingly, the collapse did not appreciably affect the shape of the primitive unit cell (α, 

β, γ = 89.9±1.1º vs. α, β, γ = 90º from SAXS), despite a significant volume loss of 49%. However, the NPs 

residing inside the unit cell were significantly disordered upon drying (Supplementary Section 5.2) and of 

the expected 35 particles per unit cell, we managed to resolve only 33. This finding is not unexpected; we 

note that evaporation of water and in particular removal of the trapped ions (NH4+ and CO32–; in the form 

of NH3 and CO2) unscreens the electrostatic interactions between the NPs; hence, the particles will tend to 

adjust their positions within the crystals so as to minimize the free energy originating from the unscreened 

interactions between the NPs. 

We developed two modeling approaches to rationalize the formation of the experimentally observed 

lattices from differently sized NP building blocks. First, we constructed a simple geometric model based 

on varying the sizes of NPs arranged in a given lattice (AB and A3B4), where the NPs interact via contact 
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potentials. According to this model, a lattice will be stable only if oppositely charged NPs are in direct 

contact; when the NP sizes are such that the oppositely charged NPs cannot be in contact (due to geometric 

constraints), another lattice will form in which the NPs can regain favorable contacts. It follows from 

geometric considerations (Supplementary Section 6.1) that the CsCl-type and Th3P4-type lattices will fail 

to form when the size ratio of the oppositely charged NPs is greater than ~1.37 and ~2.08, respectively. 

These considerations suggest that the Th3P4-type lattice should be stable over a relatively large range of 

NP size ratios, which is in qualitative agreement with the experimental findings (Supplementary Fig. 28). 

In the second approach, we calculated the free energies of the two lattices by summing the attractive and 

repulsive interaction energies between the constituent NPs (the interparticle interaction energies were 

determined from atomistic MD simulations and up/downscaled according to the NP size; for further details 

on this hybrid approach, see Supplementary Section 6.2). The resulting free-energy maps are shown in 

Supplementary Fig. 29; these results were then integrated onto a single phase diagram (Fig. 1c), where the 

regions showing the favorable existence of the CsCl-type and the Th3P4-type lattices are highlighted in 

green and orange, respectively; a reasonable agreement with the experimental data points can be seen. 

Finally, it is important to confirm that Au·TMA and Au·MUA retain their identity during self-

assembly experiments – i.e., no ligand hopping between the two types of NPs takes place to a significant 

extent at room temperature. To this end, we performed a series of gel electrophoresis experiments on 

Au·TMA and Au·MUA with a typical size of 4.83 nm (Supplementary Section 7). In the key experiment, 

we titrated Au·TMA with Au·MUA, collected the resulting precipitate, redissolved it in a concentrated 

(NH4)2CO3 solution, and allowed the NPs to move in an electric field. We were pleased to find that the 

mixture of NPs was separated into two bands migrating in opposite directions (Supplementary Fig. 30). 

Importantly, the two bands travelled the same distance as Au·TMA with Au·MUA, which had not been in 

contact with the oppositely charged NP. As a control experiment, we heated the Au·TMA/Au·MUA 

precipitate at 70 ºC, which induced ligand hopping between the NPs, affording a single NP type, i.e., 

Au⋅(TMA/MUA). The net charge of these NPs approached zero; hence, they did not migrate in an electric 

field. The methodology described here is general; we expect that when applied to mixtures of charged NPs 

of various sizes, shapes, and core compositions, it will lead to a wide range of new nanostructured 

materials.  

 



 8 

 
 
Fig. 1 Colloidal crystals from superionic nanoparticles. a, Schematic representation of the co-crystallization of 
oppositely charged nanoparticles (NPs) coupled to the evaporation of (NH4)2CO3. Bottom: Structural formulas of 
thiols used to provide the NPs with a negative (MUA) and positive (TMA) charge. b, Schematic illustration of the 
change in the ionic strength throughout the process. c, Phase diagram of the experimentally observed NP 
superlattices obtained from ~200 different combinations of MUA- and TMA-coated Au NPs (markers) and their 
existence regions obtained by computational modeling (the colored regions correspond to energy minima lower than 
–200 kcal/mol for the AB-type lattice and –150 kcal/mol for the Th3P4-type lattice; for details, see Supplementary 
Section 6.2). d, Snapshot from an atomistic simulation of two oppositely charged 5 nm Au NPs immersed in a 
concentrated (4.28 M) solution of (NH4)2CO3 (MUA, blue; TMA, red; hexanethiol, gray; Au core, yellow; NH4

+, 
red; CO3

2–, blue; water molecules were omitted for clarity). e, Free energies of binding between different pairs of 5 
nm NPs, calculated by an umbrella sampling technique (note that each NP is coated with a ~1.5 nm-thick monolayer 
of TMA/MUA, giving rise to an effective diameter of ~8 nm). 
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Fig. 2 AB-type colloidal crystals. a, SEM image of AB-type crystals with the shape of a rhombic dodecahedron 
(RD), coassembled from equally sized, 4.83 nm Au·TMA and Au·MUA. The inset shows an optical micrograph 
(scale bar = 2 μm). b, Side-view SEM image of RDs coassembled from equally sized, 5.28 nm Au·TMA and 
Au·MUA. c, Side-view SEM image of a single RD (coassembled from equally sized, 7.42 nm Au·TMA and 
Au·MUA). d, 1D small-angle X-ray scattering (SAXS) pattern for the AB-type assemblies (black) and a simulated 
pattern for the CsCl structure (red). SAXS data are represented by plots of scattered intensity I(q) (y-axis, arbitrary 
units) vs. scattering vector q (x-axis, Å−1). e, Left: SEM images (at two different magnifications) of a (110) facet of 
a RD (coassembled from 8.23 nm Au·TMA and 6.37 Au·MUA). Right: Model of NP packing within the RD’s (110) 
facet, with oppositely charged NPs denoted in purple and gray. f, SEM image of RDs coassembled from 4.15 nm 
Pd·TMA and 5.37 nm Au·MUA. Inset: Transmission electron microscopy (TEM) image of an ensemble of 5.07 nm 
Au·TMA and 3.90 nm Pd·MUA (scale bar = 10 nm).  
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Fig. 3 Procedure developed for determining the unit cell of colloidal crystals from TEM imaging. a, High-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of a single RD. The region 
denoted by the white frame was used for acquiring the electron tomography series. b, 3D reconstructed volume of 
the region highlighted in (a). c, A 3D Fourier transform pattern obtained from the reconstructed volume. d, Overlay 
of the unit cell (green; replicated 3.5 times in all directions) on the reconstructed volume (yellow). e, Average unit 
cell determined after an optimization procedure (for details, see Supplementary Section 5). f, Comparison of unit 
cells of RDs (obtained from equally sized, 5.28 nm Au·TMA and Au·MUA) determined from STEM tomography 
(left; individual RD in the dry state) and SAXS measurements (right; suspension of RDs in water).  
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Fig. 4 A3B4-type colloidal crystals. a, SEM image of A3B4-type crystals with the shape of a triakis tetrahedron 
(TT), coassembled from 2.92 nm Au·TMA and 5.28 nm Au·MUA. b, Side-view SEM images of two TTs viewed 
along different directions (building blocks: 5.28 nm Au·TMA and 3.73 nm Au·MUA). c, SAXS pattern for the 
A3B4-type assemblies (coassembed from 5.63 nm Au·TMA and 3.73 nm Au·MUA) (black) and a simulated pattern 
for the Th3P4 structure (red). d, High-resolution SEM image showing the complex packing of NPs comprising the 
(211) face of a triakis tetrahedron (building blocks: 6.86 nm Au·TMA and 4.39 nm Au·MUA. e, Top: Magnified 
view of the region highlighted in (d); bottom: Model of NP packing within the TT’s (211) facet, with the top layer 
of the NPs highlighted.  
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