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Abstract: Self-assembly of inorganic nanoparticles has been used to prepare hundreds of different 
colloidal crystals, but almost invariably with the restriction that the particles must be densely packed. 
Here, we show that non-close-packed nanoparticle arrays can be fabricated by selective removal 
of one of two components comprising binary nanoparticle superlattices. First, a variety of binary 
nanoparticle superlattices were prepared at the liquid-air interface, including several arrangements 
that were previously unknown. Molecular dynamics simulations revealed the unique role of the 
liquid in templating the formation of superlattices not achievable by self-assembly in bulk solution. 
Second, upon stabilization, all of these binary superlattices could be transformed into distinct 
“nanoallotropes” – nanoporous materials having the same chemical composition, but differing in 
their nanoscale architectures. 

One Sentence Summary: Binary nanoparticle arrays treated with etchants, selective for one of 
their components, are transformed into a new family of nanoporous materials. 

Main Text: Self-assembly has emerged as the strategy of choice toward generating ordered arrays 
of nanosized particles. The resulting materials, in particular those assembled from inorganic 
nanoparticles (NPs) (1-7), often exhibit unanticipated optical (8), thermoelectric (9), magnetic (10), 



 

 

catalytic (11), and other (12) properties. The diversity of structures and presumably the properties 
of these materials could be greatly enhanced via post-synthetic modifications, which could be used 
to generate assemblies in which the constituent NPs are ordered yet separated by relatively large 
distances, that is, non-close-packed (NCP) NP arrays. Although several examples of related materials 
have been reported, they are limited to highly specific systems, such as those involving highly 
directional interactions (13, 14) or a fine balance between attractive and repulsive forces during 
self-assembly (15). Thus, a general route to NCP NP arrays has been lacking. 

One strategy to tackle this limitation could be based on the selective removal (by means of 
chemical etching) of one type of NPs from binary NP superlattices (BNSLs) (1). Depending on 
the stoichiometry and structure of the initial BNSLs, this method could lead to “nanoallotropes” 
– materials having the same chemical composition, but differing in their nanoscale architecture. 
Unfortunately, within BNSLs, the two types of nanoscopic components mutually support each 
other, and removal of one would inevitably lead to the disruption of the other. Here, we hypothesized 
that this undesired behavior could be overcome by stabilizing the BNSL by controlled removal 
of the surfactants from the NP surfaces (16-18). If successful, this procedure would serve three 
purposes: (i) attaching the NPs to the underlying surface, (ii) controlling the coalescence of the 
NPs, and (iii) activating the sacrificial component of the BNSL toward etching.  

We worked with monodisperse batches of Au and Fe3O4 NPs [Fig. S1, S2 in the Supplementary 
Materials (19)], which we assembled at the diethylene glycol (DEG)-air interface (step 1 in Fig. 1A), 
as previously reported (20). After transfer onto a carbon-coated transmission electron microscopy 
(TEM) copper grid (step 2) and a controlled, thermally induced desorption of ligands from the NPs 
(17) (step 3), the samples were exposed to an etchant reacting with only one of the two materials 
(step 4). As a proof-of-concept, we co-assembled a ~1:1 mixture of 5.2 (±0.4) nm dodecanethiol-
protected Au NPs and 10.6 (±0.6) nm oleate-protected Fe3O4 NPs into the previously reported (20) 
AB-type binary NP monolayer [Fig. 1B, Fig. S3-S5 (19)]. After immobilization onto carbon-coated 
TEM grids, Fe3O4 NPs could be etched out by immersing the substrate into an aqueous solution 
of HCl, without affecting the order of the gold NPs (Fig. 1C). Figure 1E, for example, shows an 
ensemble of 250 gold NPs, the positions of which all remained unaffected after HCl etching [see 
also Figs. S6-S8 (19)]. We will refer to the resulting NCP array of Au NPs as vac1Au1, where vac 
denotes “vacancy”. Alternatively, a square array of self-supporting Fe3O4 NPs could be obtained 
by treating the BNSLs with a cyanide solution, which can selectively dissolve Au NPs (Fig. 1D).  

The underlying substrate had a profound effect on the successful fixation of the NPs. The NPs 
could be readily immobilized on commercial carbon-coated Formvar films as well as on homemade 
carbon-coated nitrocellulose substrates. However, we found no attachment onto silicon wafers or 
nitrocellulose lacking a layer of amorphous carbon [Fig. S9 (19)]. From these results, we conclude 
that amorphous carbon facilitated the desorption of organic ligands from the NP surfaces and the 
formation of a carbonaceous film (21), which can serve as an adhesive for the NPs. The carbonaceous 
films can directly be visualized by TEM [Fig. S10 (19)]. Overall, the above procedure allowed for 



 

 

the fabrication of NCP NP superlattices on thin, flexible substrates (see the inset of Fig. 1C), which 
could subsequently be transferred onto surfaces of choice.  

Self-assembly from a ~5:1 mixture of Au and Fe3O4 NPs resulted in a different type of 
BNSL, as shown in Fig. 2A [see also Fig. S11 (19)]. This array, featuring alternating clusters of 
Au NPs and individual Fe3O4 NPs, is akin to the previously reported Fe4C-type BNSL (22). However, 
selective removal of the Fe3O4 counterpart allowed us to observe quintets—rather than quartets—
of Au NPs arranged in a tetrahedral geometry [Figs. 2B, S12 (19)]. To decipher the structure of this 
and other more complex assemblies (see below), we conducted electron tomography studies (23, 
24) by acquiring series of 2D projections of the etched arrays over a wide range of tilt angles using 
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). These 
studies confirmed that each cluster was composed of five Au NPs [giving rise to stoichiometry 
vac1Au5; see also Figs. S13-S15 (19)], and they helped elucidate the mutual packing of the resulting 
tetrahedra [Fig. 2C, D; see Database S1 for tomography data (19)]. The high stability of these 
tetrahedra could be attributed to partial coalescence of Au NPs, which occurred as a result of 
ligand desorption (16-18). As the structural model in Fig. S16 shows, the vac1Au5 array is 
derived from an incomplete (deficient in Au) AB6-type BNSL (19).  

Our method allowed us to control the degree of coalescence by adjusting the time of thermal 
treatment; extending the heating time from 30 min to 6 hours allowed us to convert an ensemble 
of tetrahedra into a well-defined array of pseudospherical ~9 nm gold NPs [see also Figs. S17 to 
S19 (19)]. An unexpected effect of heating was that Au NP quintets lacking a strong attachment to 
the underlying substrate could migrate and be transformed into well-defined sinuous nanowires 
[(Fig. S20 (19)]. 

Increasing the Au:Fe3O4 NP ratio to ~10 led to another type of BNSL, which, after the 
removal of Fe3O4, exhibited features [Figs. 2E, F, and S21-S23 (19)] reminiscent of the previously 
reported (25) AB13-type BNSL. The AB13-type BNSL is composed of layers of quartets and quintets 
of the “B” NPs, following a (-B4-B5-B4-)n pattern. However, electron tomography studies on our 
etched material revealed that it consisted of alternating layers of NP quartets and septets (i.e., a 
(-B4-B7-)n pattern; Fig. 2G, H), corresponding to an AB11 stoichiometry of the precursor BNSL 
[see also the discussion in Fig. S24 (19)]. Similar to the AB6-type BNSLs, the AB11 arrays could 
be thermally transformed by partial sintering of the constituent Au NPs, resulting in nanoporous 
membranes [Fig. S25, bottom (19)].  

However, when the ratio of Au to Fe3O4 NPs was decreased to ~4 and a more polydisperse 
batch of Au NPs (4.9 ± 0.7 nm) was used, we observed the formation of BNSLs, within which the 
Au NPs were arranged into zigzag-like patterns [Fig. S26 (19)]. Electron tomography analysis 
showed that this BNSL consisted of stacked NP layers having an AB4 stoichiometry [Fig. 2I, J; 
Figs. S27 and S28 (19)], where “A” denotes a Fe3O4 NP and “B” – large, medium, and small Au 
NPs in a 1:2:1 ratio (for example, the NCP array shown in Fig. 2I consists of 6.2 nm, 5.3 nm, and 
4.1 nm Au NPs). The fact that highly crystalline arrays could be assembled even from relatively 
polydisperse batches of NPs highlights the tendency of NPs to maximize the packing at the DEG-



 

 

air interface. In fact, analysis of the AB4, AB6, and AB11 BNSLs showed that they all share the 
same densely packed initial (bottom) monolayer [see Fig. 2D, H, J and the structural models in 
Figs. S16, S25, and S29 (19)]. 

The formation of the above AB4, AB6, AB11, and other (see below) structures not observed 
during self-assembly in 3D (i.e., bulk solution) suggests a profound effect of DEG on the assembly 
process (26, 27). To disclose the mechanisms governing self-assembly in our system, we performed 
precise atomistic molecular dynamics (MD) simulations of NPs at different liquid-air interfaces. 
These simulations, detailed in the Supplementary Materials, revealed that the role of DEG in 
guiding NP self-assembly is the result of a combination of several effects (19). First, the coupling 
energies of both types of NPs to DEG are large compared with the NP-NP coupling energies 
between exposed or partly submerged NPs [Tables S1, S2 (19)]. Hence, the NPs exhibit a high 
affinity to the surface of the underlying liquid, which they tend to cover in the most efficient way. 
Analysis of BNLSs assembled on the surface of DEG showed that as much as >50% of the lattice 
energies originates from NP-DEG, rather than NP-NP coupling (19). Second, both dodecanethiol-
protected Au NPs and oleate-protected Fe3O4 NPs preferentially submerge in DEG to about half 
their diameter (Fig. 2K, L). As a result, DEG can organize the bottom layer of NPs in a way that 
may not be achievable during self-assembly in bulk solution. Finally, the coupling energy of the 
NPs to DEG per unit surface area of NP is approximately the same for both types of NPs. Thus, 
both Au and Fe3O4 NPs have a similar affinity towards the surface of DEG, from which they can 
displace each other during the self-assembly process. Taken together, these effects show that DEG 
can modify the free energies of BNSLs, favoring the formation of otherwise unstable BNSLs. 

When the same polydisperse (4.9 ± 0.7 nm) Au and monodisperse 10.6 nm Fe3O4 NPs were 
used in a ~5:1 ratio, we observed the formation of an unprecedented quasi-ternary BNSL with a 
stoichiometry ABC4, where “B” denotes a small (~4.0 nm) and “C” – a large (~5.5 nm) Au NP 
[Fig. S30 (19)]. Subjecting this superlattice to our stabilization–etching procedure afforded an 
NCP vac1Au1Au′4 array shown in Fig. 2M-P (here, Au and Au′ denote small and large Au NPs, 
respectively) [see also Figs. S31-S34 (19)]. Within the ABC4-type BNSL, the bottom-most Au 
and Fe3O4 NPs have their bottom boundaries (rather than the equatorial cross-sections) at the same 
level. However, the “half-submergence condition” is still satisfied for both NP types if one considers 
the two 5.5 nm Au NPs placed on top of each other (labeled C and C′ in Fig. 2P) as a single, 
elongated NP. Electron tomography studies could not resolve individual NPs within these putative 
dimers, suggesting that they undergo a partial coalescence (see cyan and red in Fig. 2O).  

Importantly, our methodology could be extended to multilayers [Figs. S35-S44 (19)], which 
is exemplified for a novel AB4-type BNSL [Fig. 3A, S40 (19)]. This BNSL was obtained by co-
assembly of 5.2 nm Au and 10.6 nm Fe3O4 NPs premixed in a ~4:1 ratio, where the thickness of 
the superlattice depended on the amount of NPs applied at the liquid-air interface. For example, 
HAADF-STEM tomography revealed that the NCP superlattice shown in Fig. 3B obtained by 
etching the corresponding BNSL (Fig. 3A) was a hexalayer [cf. Figs. 3C, S43; see also Database S1 
(19)]. Upon extended (>1 hr) heating at 70°C, the original AB4-type array was transformed into the 



 

 

exotic pattern shown in Fig. 3D [see also Fig. S42 (19)], whose structure remains to be identified. 
Detailed theoretical analysis in the Supplementary Materials confirms that our technique can in 
principle be extended to NCP arrays having thicknesses approaching macroscopic dimensions (19). 

Our methodology can also be applied to NP building blocks of other sizes. For example, in 
Fig. 3F, G, we extended the average distance between 5.2 nm Au NPs within vac1Au1 arrays from 
12.5 to 15.3 nm by simply increasing the size of the Fe3O4 NPs with which they were co-assembled 
from 10.6 to 13.0 nm. These results indicate the ability to pattern solid substrates comprising 
nanoscopic Au domains, with subnanometer precision. When the sizes of both Au (5.2 nm) and 
Fe3O4 (10.6 nm) NPs were decreased (to 3.0 and 8.4 nm, respectively), many of the BNSLs and 
the resulting NCP arrays could be recreated on a smaller scale [see Fig. S45 (19)]. Similarly, working 
with mixtures of 5.2 nm Au NPs and 8.4 nm Fe3O4, we obtained AB-, AB4-, ABC4-type, and other 
BNSLs described above [Fig. S46 (19)]. In addition, the modified NP size ratio resulted in novel 
NP arrays, such as the vac1Au2-type and the vac4Au2-type structures shown in Fig. 3H, I [see also 
Fig. S47 (19)]. The main drawbacks of our method lie in the inherent difficulties in preparing 
defect-free BNSLs, which limited the size of single-crystalline domains of BNSLs, and hence of 
NCP arrays, up to several micrometers. In addition, it has proven challenging to control the film 
thickness throughout the entire area of the sample—for example, a 1:1 mixture of Au and Fe3O4 
NPs predicted to give rise to a monolayer of the AB-type BNSL afforded a ~20:1:1 mixture of 
monolayer, bilayer, and non-coated substrate.  

We envision that NCP NP arrays will have a wide range of interesting optical, mechanical, 
catalytic, and other properties. As an example, we examined several different NP arrays as substrates 
for surface-enhanced Raman scattering (SERS) and found that the vac1Au11-type array has superior 
signal enhancement properties, as compared to vac1Au5 (Fig. 4) This is in agreement with a 
significantly higher density of electromagnetic hotspots at nm-sized gaps between NPs within the 
multilayer structure, into which analyte molecules can readily diffuse through the NCP 
crystalline lattice (19). An attractive avenue will be to utilize the well-defined nanopores within 
these materials for trapping active protein molecules. An important aspect of our procedure is 
that it leads to surfactant-free gold surfaces, amenable to facile functionalization with thiolated 
ligands. Our results on multilayers suggest that this method could be readily extended to three-
dimensional assemblies, including binary superlattices comprising nonspherical NPs (28), 
quasicrystalline arrays (29), and ternary superlattices (30).  
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Fig. 1. Preparation of non-close-packed nanoparticle arrays. (A) Schematic illustration of the 
method (“e– beam” denotes a ~10 min exposure to the electron beam of a transmission electron 
microscope (TEM); NPs = nanoparticles; BNSL = binary nanoparticle superlattice). (B) TEM 
image of an AB-type BNSL. The image in the inset was recorded in HAADF-STEM mode. (C) 
TEM image of an NCP array of Au NPs (vac1Au1) obtained by selective removal of Fe3O4. Inset: 
scanning electron microscopy (SEM) image showing the flexible nature of the underlying film. 
(D) SEM image of an NCP array of Fe3O4 NPs obtained by selective removal of Au [note that 
under the temperature of 70 °C is not sufficient to remove the protective coating from the Fe3O4 
NPs (21); the array remains stable because the relatively large Fe3O4 NPs mutually support one 
another]. Scale bars in the insets correspond to 5 nm (center) and 20 nm (left). (E) An edge of an 
AB-type BNSL before (top) and after (bottom) Fe3O4 etching. 
 
 



 

 

 
 

Fig. 2. Structural diversity and characterization of NCP NP arrays. (A) TEM image of an AB6-
type BNSL (here, lacking the top layer of Au NPs). (B) TEM image of a vac1Au5-type array. (C) 
3D representation of a part of the reconstructed segmented volume of a vac1Au5-type array. The 
different colors correspond to different layers of NPs along the z-axis. (D) Different layers of the 
vac1Au5 array shown separately for clarity. In the bottom right image, the structure is tilted by 80° 
to 85° around the x-axis. The scale bars correspond to 20 nm. (E, F) TEM images of vac1Au11-type 
arrays terminated with two different layers of Au NPs. (G) 3D representation of a part of the 
reconstructed segmented volume of a vac1Au11-type array at different viewing directions. (H) Four 
different layers of a vac1Au11-type array shown separately for clarity. Scale bars = 10 nm. (I) TEM 
image of a vac1Au1Au2′Au′′1-type array (Au, Au′, and Au′′ denote differently sized Au NPs) 
Inset: bottom layer of vac1Au1Au2′Au′′1-type array resolved by electron tomography (scale bar = 
10 nm). (J, K) Atomistic models of a dodecanethiol-functionalized 5 nm Au NP (J) and an 
oleate-functionalized 10 nm Fe3O4 NP (K) relaxed at the DEG-vacuum interface. (L) Free 



 

 

energy as a function of immersion height, h, for a 5 nm Au NP (protected with a 1 nm-thick 
ligand shell) immersed into DEG. Red: energy cost to create excess DEG surface area; blue: 
favorable binding free energy of DEG and Au NP; black: total energy.  (M) TEM image of a 
vac1Au1Au′4-type array. (N, O) 3D representation of a part of the reconstructed segmented 
volume of a vac1Au1Au′4-type array at different viewing directions. In (O), entities colored in red 
and cyan correspond to two Au NPs on top of each other. (P) Structural model of the 
vac1Au1Au′4-type array. The images in the insets in B, E, and I have been recorded in an 
HAADF-STEM mode. Scale bars in the insets correspond to 5 nm unless indicated otherwise.  
 
 

 
 

Fig. 3. Extension to multilayers and other nanoparticle sizes. (A) TEM image of an AB4-type 
binary superlattice. (B) TEM image of a vac1Au4-type array. (C) 3D representation of a part of 
the reconstructed segmented volume of a hexalayer of a vac1Au4-type array at different viewing 
directions. (D) TEM image showing the coexistence of two different types of AB4 BNSLs and 
the epitaxial relationship between them. (E) HAADF-STEM image of a vac1Au4-type array. (F, 
G) TEM images of vac1Au1-type arrays obtained from BNSLs co-assembled from 5.2 nm Au 
NPs with (F) 10.6 nm and (G) 13.0 nm Fe3O4. (H) TEM image of an AB2-type BNSL and the 
corresponding (post-etching) vac1Au2-type array (inset). (I) TEM image of an A2B-type BNSL 
and the corresponding vac2Au-type array (inset). Scale bars in the insets correspond to 10 nm. 
 



 

 

 
Fig. 4. SERS spectra of a model analyte—malachite green—recorded from three different NCP NP 
arrays shown in the TEM images: vac1Au1 (gray), vac1Au5 (red), and vac1Au11 (blue). 
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Materials and Methods 
Colloidal synthesis of nanoparticles (NPs) 

Synthesis of 5.2±0.4 nm gold nanoparticles: monodisperse 5.2 nm dodecanethiol-
stabilized Au NPs were prepared based on a previously reported procedure (31). Specifically, 
65 mg of HAuCl4·3H2O and 202 mg of didodecyldimethylammonium bromide (DDAB) 
were dissolved in 20 mL of toluene (with sonication). In a separate vial, 700 mg of NaBH4 
was dissolved in 2 mL of deionized water. Next, 100 µL of the borohydride solution was 
injected into the AuCl4– solution with vigorous stirring. Neat dodecanethiol (DDT) (1.6 mL) 
was added and the mixture was stirred for an additional 2 h. The resulting solution was mixed 
with 20 mL of ethanol and DDT-passivated Au NPs were precipitated by centrifugation, 
collected, dried under vacuum, and then redispersed in a mixture of 20 mL of toluene and 
1.6 mL of DDT (with sonication). Thus obtained solution was refluxed for 3 h under a 
nitrogen atmosphere (digestive ripening (32)). The solution was allowed to cool down and 
the NPs were precipitated with ethanol (with centrifugation). The precipitate was collected, 
dried under vacuum and redispersed in 5 mL of pure toluene. The resulting solution was 
centrifuged (5 min at 7,000 rpm) to remove any large particles; the upper layer was collected, 
dried under vacuum, and finally redispersed in pure hexane. TEM images of the resulting 
NPs are shown in Fig. S1, left. 

Synthesis of 5.2±0.4 nm gold nanoparticles: The more polydisperse particles were 
obtained by storing the above 5.2±0.4 nm Au NPs in hexane for three months at room 
temperature. TEM images of the resulting NPs are shown in Fig. S1, center. 

Synthesis of 3.0±0.3 nm gold nanoparticles: Monodisperse 3.0 nm dodecanethiol-
stabilized Au NPs were prepared by modifying a previously reported procedure (33). First, 
a solution of 98.5 mg of HAuCl4·3H2O and 10 mL of oleylamine (OLA) in 10 mL of hexane 
was prepared and brought to 15 °C using a thermostatic bath (with magnetic stirring). To 
the resulting orange mixture, a solution of t-butylamine-borane complex (44 mg) in 1 mL 
of hexane containing 1 mL of OLA was injected under a nitrogen flow. The mixture turned 
purple within 5 s and was allowed to react at 15 °C for an additional hour before ethanol 
(60 mL) was added to induce the precipitation of the NPs. The NPs were collected by 
centrifugation (6,000 rpm for 5 min), washed with ethanol, dried, and redispersed in pure 
toluene. The particles were functionalized with DDT by place-exchange reaction as reported 
previously (34). Specifically, 10 eq of DDT (per surface-bound OLA) were added to the 
NPs and the mixture was shaken on an orbital shaker for 12 hours. The DDT-passivated 
NPs were purified from excess DDT by precipitation and copious washing with methanol, 
and finally redispersed in pure hexane. TEM images of the resulting NPs are shown in Fig. 
S1, right. 

Synthesis of iron oxide nanoparticles: Iron oxide (Fe3O4) NPs (8.4±0.4 nm, 10.6±0.6 
nm, 13.0±0.6 nm) were synthesized by modifying a previously reported literature procedure 
(35). First, iron(III) oleate was prepared as follows: to a solvent mixture composed of i) 
60 mL of distilled water, ii) 80 mL of ethanol and iii) 140 mL of hexane were added sodium 
oleate (36.5 g; 120 mmol) (TCI, >97%; note that the high purity of sodium oleate was 
critical for reproducible synthesis of high-quality, monodisperse Fe3O4 NPs) and FeCl3·6H2O 
(10.8 g; 40 mmol) (Alfa Aesar, 98%) and the resulting mixture was vigorously stirred at 
room temperature until a homogeneous solution was obtained. The mixture was then heated 
with vigorous stirring under a nitrogen atmosphere at 70 °C for 4 hr. The solution was cooled 
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down to room temperature and the upper phase (dark-red color) was collected using a 
separatory funnel and washed three times with distilled water. The resulting dark-red 
solution of iron oleate in hexane was dried over anhydrous magnesium sulfate. The 
solvent was evaporated in vacuo at 70 °C, resulting in a brown waxy solid. Next, iron oleate 
(1.60 g; 1.78 mmol) was dissolved in 25 mL of 1-octadecene (Aldrich, 90%) and a given 
amount of oleic acid (Alfa Aesar, 90%) was added. The amount of oleic acid controlled the 
diameter of the resulting NPs: to obtain 8.4 nm, 10.6 nm, and 13.0 nm Fe3O4 NPs, we added 
1.1 g (3.90 mmol), 0.99 g (3.55 mmol), and 0.86 g (0.30 mmol) of oleic acid, respectively. 
The reaction mixture was initially heated to 80 °C under reduced pressure for 30 min in 
order to remove any low-boiling liquids, and subsequently heated up to T = 310 °C at a 
constant heating rate of 3 °C per min, and it was stirred at this temperature for 30 min under 
a nitrogen atmosphere. The heating mantle was removed and the reaction mixture was 
allowed to cool down to room temperature. Nanoparticles were purified by precipitating 
with a mixture of solvents composed of hexane, isopropanol, and acetone (v/v/v = 1:2:2). 
The transparent supernatant was discarded and the solids were washed with a hexane-
acetone mixture (v/v = 1:2). Residual solvent was evaporated under reduced pressure, 
resulting in monodisperse Fe3O4 nanoparticles as a black solid. The resulting oleate-passivated 
NPs were readily soluble in hexane. TEM images of as-prepared Fe3O4 NPs are shown in 
Fig. S2. 
 

Fabrication and characterization of binary nanoparticle superlattices (BNSLs) and non-close-
packed (NCP) NP arrays 

Self-assembly of BNSLs: BNSLs were prepared based on a previously reported method 
(20). Hexane solutions of Au and Fe3O4 NPs were mixed to afford an Au/Fe3O4 particle ratio 
between 0.5 and 10. The resulting solution was diluted with pure hexane such that the total 
NP concentration was 0.1-1 mg/mL. Next, 10 µL of the diluted solution was dropcasted 
onto several mL of diethylene glycol (DEG) inside a Teflon well. The well was covered 
with a glass slide and hexane was allowed to evaporate within ca. 15 min. The resulting 
BNSLs were transferred onto carbon-coated copper grids or Si wafers for inspection by 
TEM and SEM, respectively. 

Selective etching of BNSLs: BNSLs obtained at the DEG-air interface were transferred 
onto carbon-coated substrates using a lift-off technique. We worked with both commercial 
and homemade substrates. Homemade substrates were prepared as follows: copper grids 
(300- or 400-mesh) were covered with a thin film of nitrocellulose, prepared by spreading 
3-4 drops of 1% solution of nitrocellulose in amyl acetate on the surface of water (in a 
crystallizing dish). The dried grids were then coated with a thin layer of amorphous carbon 
using an Edwards evaporator. Alternatively, commercial substrates (copper grids coated 
with amorphous carbon supported on Formvar; Electron Microscopy Sciences FCF400-
CU-50) could be used. Residual DEG was removed by placing the substrates under high 
vacuum. The dried grids were subjected to heating (70 ºC in an oven, typically for 1-2 hr), 
placed inside a vacuum chamber of a TEM (we worked with a Philips CM120 Super 
Twin TEM operated at 120 kV), and exposed to the electron beam for 10-20 min in a 
low-magnification mode (such that the entire grid was exposed to the beam at once). The 
grids were removed from the TEM and placed in an etchant solution. For a selective removal 
of Fe3O4 NPs, we used a 3.5 M aqueous solution of HCl (etching time: 10-60 sec). For a 
selective removal of Au NPs, a 0.1 M aqueous solution of KCN was used (etching time: 
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30-60 min) (for etching of Au, pre-exposure to the electron beam was not required). The 
grids were rinsed with deionized water and finally dried under high vacuum. 

Supplementary Text 
Modeling of BNSLs at the liquid-air interface 

We used classical atomistic molecular dynamics (MD) simulations to examine the 
principles governing the self-assembly of NPs at liquid-air interfaces. We determined the 
immersion of individual particles, calculated the energies associated with the immersion 
process, and found the NP-NP binding energies in vacuum and at the liquid-air interfaces. 

Molecular dynamics simulations: Atomistic models of a dodecanethiol-covered Au 
NP (core diameter ~5 nm, 380 ligands) and an oleate-covered Fe3O4 NP (core diameter 
~10 nm, 1270 ligands) were prepared (40-42). For simplicity, both types of NPs were modeled 
as hollow shells formed by atomic monolayers of icosahedral shapes with randomly attached 
ligands. These NPs were modeled alone or in pairs at the liquid-air interface (where liquid 
= diethylene glycol (DEG), ethylene glycol (EG), and water) and at the DEG-hexane 
interface. The systems contained between 30,000 and 700,000 atoms and were simulated 
for 15-100 nanoseconds. 

MD simulations were performed with NAMD2.11 software (43). NP ligands and 
solvents were described with the generalized CHARMM force field (44, 45), and the 
parameters were determined via the CGenFF ParamChem web interface (46, 47). The NP 
core atom parameters had little influence on the NP-solvent and NP-NP interactions since 
they were densely covered by NP ligands. In all the simulations, the particle-mesh Ewald 
(PME) method (48) was used for evaluation of long-range Coulomb interactions. The time 
step was set to 2.0 fs, and long-range interactions were evaluated every one (van der Waals) 
or two (Coulombic) time steps. After 2,000 steps of minimization, solvent molecules were 
equilibrated for 1 ns around the NPs, which were restrained using harmonic forces with a 
spring constant of 1 kcal/(mol Å2). Then, the systems were equilibrated by MD simulations 
without restraints. The simulations were performed in the NpT (DEG-hexane interface; p 
= 1 bar) and NVT ensembles (all vacuum interfaces) at a constant temperature of T = 310 K 
and a Langevin constant of γLang = 0.01 ps–1.In order to quantify the binding affinity of NPs 
to different liquids and their interfaces, NAMD Energy plugin in VMD (49) was employed. 
Images of the simulated systems were also prepared with VMD. All the analyses were 
performed during second halves of production runs. 

Gibbs free energy calculations: Gibbs free energy of binding between a single DEG 
molecule and a gold NP in vacuum was determined in umbrella sampling (US) calculations 
(50). The reaction coordinate, defined as the distance between the center of mass of a DEG 
molecule and the NP core center was partitioned into 17 windows of a 1-Å width. Confinement 
potentials were introduced in the form of harmonic restraints with a force constant k = 3 
kcal/(mol Å2) and each window was run for 10 ns as the DEG molecule quickly sampled 
its binding conformations. The weighted histogram analysis method (WHAM) was used 
to reconstruct the PMF, and Monte Carlo bootstrap error analysis was performed also with 
the WHAM algorithm (with num_MC_trials set to 5) (51, 52). The histograms of the US 
windows used to reconstruct the PMF were examined, and had an appropriate overlap. 

Single NPs at interfaces: In the first set of simulations, individual Au and Fe3O4 NPs 
(described above) were placed at midpoints of the DEG-hexane, DEG-vacuum, EG-vacuum, 
and water-vacuum interfaces. Fig. S48 shows that during the equilibration simulations 
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NPs adjusted to their preferred solvation levels at these interfaces. At the DEG-hexane 
interface, Au NPs and Fe3O4 NPs immersed into hexane within 50-70 nanoseconds (Fig. 
S48A). At the DEG-vacuum and EG-vacuum interfaces, both Au NPs and Fe3O4 NPs 
remained about halfway immersed in the liquids during 50 nanoseconds of simulations 
(Figs. S48A and S48B). At the water-vacuum interface, both types of NPs shifted towards 
vacuum within 15 nanoseconds, thus reducing the ligand-water contact area (Fig. S48D). 

Table S1 provides the coupling energies between individual Au or Fe3O4 NPs and 
the underlying liquids (DEG, EG, and water). The coupling energies were calculated by 
the VMD plugin that provides the sum of van der Waals (vdW) and Coulombic coupling 
energies between the NP ligands and the solvent molecules (determined by parameters in 
the CHARMM force field), which are related to the respective forces (vdW: attractive; 
steric: repulsive; Coulombic: both attractive and repulsive) acting between the system’s 
components. These energies only represent partial (see below) enthalpy components in the 
Gibbs free energies of NPs binding to the underlying liquids. For simplicity, we can assume 
that the Gibbs free energies are proportional to these enthalpies with a common factor. 
Simplified calculations performed below provide an estimate that the Gibbs free energies 
can be about 2-3 times smaller than these enthalpies, due to the molecular confinement 
(entropic effects). 

The calculations below show that the coupling energies of Au or Fe3O4 NPs to DEG 
are roughly proportional to the immersed areas of these NPs. Therefore, during the self-
assembly processes, these NPs should have the ability to displace each other from the surface 
of DEG. In the case of EG, however, the coupling energies are not proportional to the 
immersed surfaces of NPs; rather, EG favors interactions with Fe3O4 NPs. Therefore, these 
NPs should dominate at the surface of EG and hence disrupt the NP co-assembly processes. 
These considerations are in agreement with previous experimental studies, which found that 
DEG is superior to EG in the formation of BNSLs (26, 27). 
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NP pairs at the DEG-vacuum interface: In the second set of simulations, coupling 

energies of pairs of NPs (Au-Au, Au-Fe3O4, and Fe3O4-Fe3O4) (evaluated by VMD) were 
examined in vacuum and at the DEG-vacuum interface. Initially, the NPs were placed close 
to each other. After 30-40 ns of simulations, the separation between the NPs decreased both 
in vacuum and at the DEG-vacuum interface as the ligands on the different NPs reached each 
other and started to interact very strongly. At the DEG-vacuum interface, the NPs immersion 
levels remained similar as at the beginning of the simulations (about half-immersed). 

In Table S2, we provide the NP-NP coupling energies (enthalpies), calculated as in 
Table S1, for the cases shown in Fig. S49. One can see that the interparticle interactions 
at the DEG-vacuum interface (–200 to –440 kcal/mol) are weaker than in vacuum (–250 
to –480 kcal/mol) since the ligand-ligand coupling between the neighboring NPs is partly 
replaced by the ligand-DEG coupling. This weakening of the NP-NP coupling for submerging 
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NPs explains why the relatively weak bulk vdW coupling between the NP cores (~ –5 kcal/mol) 
becomes important only for NPs fully immersed in DEG. Indeed, if the strengths of the 
ligand-DEG coupling and the ligand-ligand coupling were similar, the ligands would not 
contribute to the binding of submerged NPs (i.e., the ligand-related enthalpic component 
in the Gibbs free energy of NP-NP binding would be ~0). These results also show that i) 
the evaporation of hexane dramatically increases the NP-NP coupling (it “locks” the NPs) 
and ii) the NP-liquid coupling can become dominant owing to the large contact area formed 
between DEG and half-submerged NPs. 

NPs favor semi-immersed positions at the DEG-vacuum interface: In order to explain 
why NPs assume semi-immersed positions at the DEG-vacuum interface (see Figs. S48, S49), 
we examined the major energetic contributions to NP solvation. When a NP immerses in 
a liquid, it creates a cavity with an excess surface area of the solvent, Aexcess. The Gibbs 
free energy cost, G1, to create the additional surface area in DEG can be estimated as, G1 
= γ Aexcess = γ (Aimmersed – Aslice) = γ (2πRh – π(2Rh–h2)), where γ is the surface tension of 
DEG (~45 dyne/cm), surface areas are defined as in Fig. S50A, R is the radius of the ligand-
functionalized Au NP (i.e., NP core + ligand shell) estimated as 3.5 nm, and h is the immersion 
height of the NP. The free energy cost of submerging a gold NP, G1, as a function of NP 
immersion depth, h, is shown as the red line in Fig. S50B. 

The Gibbs free energy cost of creating the cavity is balanced by favorable interactions 
between the NP ligands and the solvent, which can be estimated as G2 = G° Aimmersed, 
where G° is the free energy per unit area of binding between DEG and a gold NP, and 
Aimmersed is shown schematically in Fig. S50B. For a dodecanethiol-covered Au NP, we can 
estimate G° ~ –7 kcal/(mol nm2) from the Gibbs free energy of binding of a single DEG 
molecule to Au NP, ΔGbind = –3.5 kcal/mol, and the approximate contact area that a DEG 
molecule has with the Au NP surface (0.5 nm2) (Fig. S50C). The interaction energy, G2, 
as a function of the immersion height, h, is shown as the blue line in Fig. S50B. The Gibbs 
free energy, G2, is about 2-3 times smaller than the energy (enthalpy), E2, directly obtained 
from our simulations (VMD), highlighting the importance of the entropic contribution. 

By adding the two Gibbs free energy contributions, G1 and G2, we obtain the total free 
energy, G, as a function of the immersion height, h, which is shown as the black line in Fig. 
S50B. The energy cost, G1, increases and the favorable free energy of DEG-NP binding, G2, 
decreases as the NP immerses into DEG. Overall, the total free energy develops a minimum 
at an approximately half-immersed position of the Au NP in DEG, as observed in equilibrium 
MD simulations. 

BNSLs prepared at DEG/water-air interfaces: To further confirm the unique role 
of DEG in templating the formation of well-ordered BNSLs, we studied self-assembly of 
a 1:1 mixture of ~5 nm Au and ~10 nm Fe3O4 NPs in the presence of several DEG/water 
mixtures. We found that the presence of as little as 10% (v/v) water in the underlying liquid 
had a profound deleterious effect on the quality of the BNSL obtained. Instead of a well-
defined NaCl-type monolayer (Fig. S51A), we observed the formation of a ~1:1 mixture of 
the monolayer and the “type II” bilayer (Fig. S51B). The formation of bilayers from NPs 
used in amounts expected to give rise to submonolayer coverage of the underlying liquid 
indicates a weaker coupling to the liquid and consequently a greater contribution of the NP-
NP coupling. This effect was more pronounced in the presence of 25% water, where we 
found the formation of both types of NaCl-type bilayers, in addition to thicker BNSLs (Fig. 
S51C). A small fraction of monolayer coverage was still present. When self-assembly took 
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place on a 1:1 (v/v) DEG-water mixture, no monolayers could be found; instead, thick arrays 
comprising several NP layers prevailed. Under these conditions, we also observed quasi-3D 
superlattices composed only of Fe3O4 NPs (Fig. S81D). Overall, these observations are in 
agreement with the results of our simulations (Fig. S48D), which show poor coupling of both 
types of NPs to water compared to DEG.  

Lattice energies of BNSLs: The NP-NP interaction energies displayed in Tables S1 
and S2 can be used to estimate the lattice energies of the experimentally observed BNSLs. 
In these calculations, we first identify, based on the structural models shown below, the 
smallest repeating unit of each BNSL in the x-y plane (parallel to the liquid-air interface), 
which we define as the square whose corners are located to the centers of neighboring Fe3O4 
NPs. In the z-direction (perpendicular to the liquid-air interface), we consider the initial two 
layers comprising Fe3O4 NPs. Then, we determine the number of Au and Fe3O4 NPs per 
unit cell that are in contact with DEG and multiply them by the NP-DEG coupling energies 
calculated above (Table S1). Next, we determine the number of interparticle contact points 
(i.e., Au-Au, Au-Fe3O4, and Fe3O4-Fe3O4) within the unit cell and multiply them by the NP-
NP interaction energies (Table S2). For the base NP layers, the NP-NP interaction energies 
were divided by two since their bottom hemispheres were immersed in DEG and the NP-DEG 
interaction was separately accounted for (Table S1). The obtained total energies (enthalpies) 
are listed in Table S3 for three selected BNSLs sharing the same AB4 bottom layer: AB4 
(i.e., (-AB4-)n), AB6 (i.e., (-AB4-B2-)n), and AB11 (i.e., (-AB4-B7-)n). 

These considerations confirm the profound role of NP-DEG interactions on the stability 
of the resulting BNSLs. For example, the calculated coupling energy between the base layer 
of NPs in the AB6-type BNSL and DEG is ~9,250 kcal/mol per unit cell, which is roughly an 
order of magnitude higher than the interaction energy between two adjacent monolayers of 
NPs (held together by four Au-Au contacts per unit cell; ~1,000 kcal/mol). Therefore, coupling 
to DEG plays a key role in controlling the formation of BNSLs. It should be emphasized, 
however, that these estimations are only approximate because: i) the NP-NP coupling 
energies were calculated for energy-minimized configurations of individual pairs of NPs, 
which does not reflect the situation in ensembles of multiple regularly arranged NPs; ii) both 
Au and Fe3O4 NPs used in the experiments were slightly polydisperse and their sizes and size 
ratios in the BNSLs could be different from the 5 nm and 10 nm sizes used in simulations. 

Immersion of multilayer superlattices in DEG: Having established that monolayer-
thick superlattices prefer to assume a half-immersed configuration at the DEG-vacuum 
interface, we studied the behavior of thicker superlattices by comparing the NP solvation 
forces with the gravitational forces acting on the superlattices. In particular, we were interested 
in determining at which value of superlattice thickness, its bottom layer becomes fully 
immersed. 

Figure S52A shows our estimate of forces (Fimmerse) associated with the immersion of 
a single dodecanethiol-functionalized Au NP (5 nm core + 1 nm ligand shell) positioned 
at the DEG-vacuum interface, derived from the free energy plot in Fig. S50B. The net force 
can be obtained by differentiating the free energy of NP solvation with respect to the 
immersion height. The free energy of solvation is defined as the sum of the energy cost 
term (creating the additional solvent interface upon immersion) and the favorable energy 
term (favorable ligand-DEG interactions upon NP immersion). When a nanoparticle is 
equilibrated at the DEG-vacuum interface, it is approximately half-immersed in DEG, so 
that a zero net force acts on it. When the NP is less than half immersed, a negative net vertical 
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force pulls it into the DEG. When, on the other hand, the NP is more than half immersed, a 
positive net vertical force pulls it out of DEG. We estimate that a vertical force of Fimmerse ~ 
1.05·10–9 N = 1.05 nN needs to be applied on this NP to fully immerse it into DEG. In 
contrast, a gravitational force acting on such a NP (mass of ~2.2·10–21 kg), Fgrav ~ –2.2·10–20 N, 
is eleven orders of magnitude smaller. Although this force cannot lead to full immersion of 
the NP, a superlattice comprising many self-assembled NPs could have a different balance 
of forces. 

Next, we examined the possible immersion of two model NP superlattices shown in 
Fig. S52B and C. First, we studied a cubic superlattice formed by spherical NPs (Fig. S52B), 
similar to that observed experimentally. Here, DEG could fill the space between the NPs 
from the bottom superlattice layer. Therefore, each of these bottom-layer NPs opposes its 
immersion beyond the equilibrium (~half-immersion) level by a force that stabilizes the 
whole superlattice from immersion. The solvation forces acting on each of these spherical 
NPs can be determined using the approach shown in Figs. S50B and S52A. For example, 
when a bottom-layer NP is 60% immersed in DEG, the opposing immersion force acting 
on it is Fimmerse ~ 2.18·10–10 N (Fig. S52A). 

Based on the above estimates and assuming that the solvent level is flat, we determined 
the minimum forces needed to fully submerge the bottom (base) layers of superlattices formed 
by spherical NPs; see Table S4. If the linear size of these base layers is increased by a factor 
of 10, the force required to submerge them is correspondingly increased by a factor of 100. 
By balancing Fimmerse with Fgrav for each selected base layer, we can determine how tall the 
superlattices would need to be in order to submerge their bottom layer into the underlying 
DEG phase. The calculated height of the supported NP column is 70.6 m (even for 60% 
immersion) regardless of the base layer size. This large value shows that DEG practically 
cannot enter the superlattice, which behaves more like a compact body lacking pores. 
Therefore, we assume that superlattice immersion is controlled by the interactions of its 
side NPs with the solvent, which will more or less surround the immersed part of the 
superlattice, while staying within the first NP monolayer. Since the bottom-edge NPs might 
be more surrounded by the solvent, their NP-NP coupling should be weakened; therefore, 
these NPs might be released, resulting in a superlattice with smoother bottom edges. 

To provide an estimate of the supporting forces, we can simplify the system by 
considering a more compact NP superlattice, where the solvent has limited access to the 
NPs. Such a case is shown in Fig. S52C, where a superlattice is prepared from tightly packed 
cubic NPs (nanocubes, NCs) with an edge length of 7 nm (by analogy to spherical NPs 
having a 7 nm diameter). Here, the solvent is only present outside the superlattice, which 
means that only the external periphery of the superlattice contributes to its support against 
immersion. It turns out that when one of the NC facets is parallel to the solvent surface, 
the NCs can exist in two limiting solvation states, depending on the value of the ligand-
DEG binding free energy. For ligand-DEG binding energies smaller than a certain threshold 
value, only the bottom NC facet interacts with DEG, whereas above the threshold value, 
the NCs become completely immersed, except for their top facets. This behavior is also 
valid for cubic assemblies of NCs shown in Fig. S52C. In order to have individual NCs 
floating (i.e., not submerged), we considered in our calculations a model ligand-DEG free 
energy of binding, where G° ~ –4.7 kcal/(mol nm2), corresponding to the value reported in 
Fig. S50 and scaled by 2/3. 
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Table S5 shows the solvation and gravitational forces acting on supercubes of increasing 
sizes, formed by self-assembled NCs (Fig. S52C), present at the DEG-vacuum interface. 
Here, as the edge length of the square base layer that faces the solvent increases by 10 times, 
the force required to immerse the system, Fimmerse, increases by the same amount. By balancing 
Fimmerse with Fgrav for each selected cubic base layer, we can determine how tall the 
superlattice should be to get immersed into DEG. For short edge lengths of the square base 
layer (< 0.5 µm), the superlattices must have a macroscopic height (> 0.68 m) to become 
immersed into DEG. In contrast, superlattices with much larger edge lengths of the square 
based layer (here, 500 µm) are immersed already when they reach mesoscale heights (680 
µm). Based on Tables S4 and S5, we expect that superlattices assembled from ~1011 NPs 
at the DEG-hexane interface are not able to immerse into DEG due to supporting NP-DEG 
coupling forces, but that larger systems would submerge like non-porous rigid bodies, 
depending on their overall sizes and densities (Archimedes’ law). 
 
Surface-enhanced Raman scattering 

Surface-enhanced Raman scattering (SERS) measurements were performed with a 
confocal Raman microscope (InVia Reflex, Renishaw) equipped with a motorized scan 
stage, 633 nm laser excitation source (nominal output 16 mW), a corresponding laser line 
rejection filter (edge) and lens set, diffraction grating of 1,800 grooves/mm, and a Peltier-
cooled CCD detector (size 512x1,024 pixels). The laser power was attenuated by means 
of neutral density filters in preset steps. Next, 3 mL of a 1 mM Malachite green ethanolic 
solution (freshly prepared from a 1 mM ethanolic stock) were dropcasted onto the TEM 
grids containing the three different porous nanoallotropes: vac1Au1, vac1Au5, and vac1Au11. 
Immediately after having been dried, the SERS spectra were measured in a 180º back-
reflection geometry through a x100 magnification objective (Leica, numerical aperture 
0.85) with an integration time of 10 s (extended scan mode) and a laser power of 40 mW 
at the samples at five different positions outside the copper grid. The collected spectra were 
averaged, smoothed (Savitsky-Golay method), and background-corrected using Wire 3.4 
software. 

The SERS activity of the three different substrates was measured by drop casting a 
solution of a dye Malachite green (MG) directly on the TEM grid. The characteristic SERS 
signals of MG (1617, 1594, 1393, 1366, 1298, 1218, 1173, 915, and 798 cm–1) were obtained 
for structures vac1Au11 and vac1Au5, the former yielding ca. three times higher intensity. 
Interestingly, this intensity difference can be directly related to the number of available 
hotspots – analysis of tomography data revealed the presence of 28-32 nanogaps (defined 
as interparticle distances smaller than 1 nm) per 1,000 nm2 of the vac1Au5 array, whereas 
for the vac1Au11 array, we found 78-85 nanogaps / 1,000 nm2. As expected, sample vac1Au1 
did not display any SERS signal owing to the significant separation distance between 
individual NPs, which prevents hotspot formation. 
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Fig. S1.  
TEM images of gold nanoparticles used in the self-assembly experiments. To acquire TEM 
images, we used a Philips CM120 Super Twin TEM operated at 120 kV unless indicated 
otherwise. 
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Fig. S2. 
TEM images of iron oxide nanoparticles used in the self-assembly experiments. 
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Fig. S3. 
TEM and SEM images of a monolayer of an AB-type BNSL isostructural with the rock salt 
(NaCl) (1, 22, 36). The scale bars correspond to (L to R) 100 nm, 20 nm, and 20 nm. SEM 
images in our studies were acquired on an ULTRA 55 field-emission SEM or a SUPRA 
55VP field emission SEM (both Carl Zeiss Microscopy, LLC), both operated at 5 kV. 



 
 

13 
 

 

Fig. S4. 
HAADF-STEM images of an AB-type BNSL. The scale bars correspond to 20 nm (left) 
and 10 nm (right). HAADF-STEM images in our studies were acquired on an aberration-
corrected ‘cubed’ FEI-Titan electron microscope operated at 300 kV. 
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Fig. S5. 
Structural model of the vac1Au1-type array. In this and the subsequent models, the filled 
yellow spheres represent Au NPs and the semi-transparent purple spheres represent vacancies 
corresponding to the positions of etched Fe3O4 NPs. 
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Fig. S6. 
Following etching on carbon-coated nitrocellulose. Here, an AB-type BNSL was immersed 
into an aqueous HCl solution for 15 s (left) and 30 s (right). 
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Fig. S7. 
Additional examples of selective etching of Fe3O4 NPs with HCl without the disturbance of 
Au NPs. For clarity, we intentionally focused on the edge of the BNSL or regions containing 
defects. The scale bars correspond to 50 nm. 
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Fig. S8. Preferential etching of ordered arrays 
The arrow in the image on the left points at unetched, disordered Fe3O4 NPs. In contrast, 
no residual Fe3O4 can be seen within ordered arrays. Preferential etching within ordered 
arrays can be explained by the particles having lost their protective organic coating. These 
observations suggest that regular arrangement of the NPs facilitates ligand desorption during 
mild thermal treatment. The scale bars correspond to (L to R) 100 nm, 20 nm, and 50 nm. 
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Fig. S9. Effect of the underlying substrate on the fixation of the NPs 
An AB-type BNSL was deposited onto a homemade carbon-coated nitrocellulose film (left), 
a commercial carbon-coated Formvar film (center), and a nitrocellulose film lacking the 
carbon coating (right). Following thermal treatment under the same conditions, the BNSLs 
were treated with aqueous HCl. The scale bars correspond to 50 nm. 
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Fig. S10. 
Residual carbonaceous films (seen in low contrast) observed after thermal treatment of AB-
type BNSLs followed by etching with aqueous HCl. The films immobilize the Au NPs onto 
the underlying amorphous carbon film. The scale bars correspond to 10 nm (left) and 50 nm 
(right). 
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Fig. S11. 
TEM images of an AB6-type BNSL (lacking the top layer of Au NPs; the image on the right 
is a HAADF-STEM image taken using an FEI (Philips) Tecnai T12 operated at 120 kV). 
The scale bars correspond to (L to R) 100 nm, 50 nm, 10 nm, and 50 nm. 
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Fig. S12.  
TEM images of a vac1Au5-type array. The scale bars correspond to (L to R) 200 nm, 200 nm, 
and 50 nm. 
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Fig. S13. 
TEM images of a CaCu5-type (22, 37, 38) BNSL (the [001] projection). This type of BNSL 
was occasionally found to coexist with the AB6-type BNSL shown in Fig. 2A (see also Fig. 
S15 below). The scale bars correspond to 200 nm (left) and 50 nm (right). 
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Fig. S14. 
TEM (left, center) and SEM (right) images of honeycomb membranes obtained by thermal 
treatment and HCl etching of the CaCu5-type BNSLs shown in Fig. S13. The scale bars 
correspond to (L to R) 200 nm, 10 nm, and 100 nm. 
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Fig. S15. 
TEM (left) and HAADF-STEM (right) images showing an epitaxial relationship between 
the CaCu5-type BNSL and the AB6-type BNSL (shown in Fig. 2A). The STEM image was 
recorded after HCl etching. The scale bars correspond to 50 nm. 



 
 

25 
 

 

Fig. S16. 
Structural model of the vac1Au6-type array. 
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Fig. S17. 
Effect of heating time on the morphology of the non-close-packed NP array obtained from 
the AB6-type BNSL (here, lacking the top layer of Au NPs). The scale bars in the insets 
correspond to 5 nm (center) and 2 nm (left). 
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Fig. S18. 
TEM images of an AB-type BNSL obtained by heating the AB6-type BNSL (lacking the 
top layer of Au NPs) at 70 °C for 4 hours. The scale bars correspond to (L to R) 50 nm, 
20 nm, and 10 nm. 
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Fig. S19. 
TEM image of an array of partially sintered clusters of Au NPs obtained by etching the 
BNSLs shown in Fig. S18. The scale bar corresponds to 20 nm. 
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Fig. S20. 
TEM images of zigzag-type nanowires obtained by simultaneous translation and coalescence 
of clusters of Au NPs as shown in the scheme in the top right (we found that this transformation 
was facilitated in the presence of oleic acid present in the system). The scale bars correspond 
to 100 nm (top), 50 nm (bottom left) and 100 nm (bottom right). 
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Fig. S21. 
TEM images of an AB11-type BNSL, where the top layer of Au NPs consists of Au quartets. 
The scale bars correspond to (L to R) 200 nm, 50 nm, 10 nm, and 5 nm. 
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Fig. S22. 
HAADF-STEM and TEM images of vac1Au11-type arrays, where the top layer consists of 
Au quartets. The scale bars correspond to (L to R) 100 nm, 50 nm, 20 nm, and 10 nm. 
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Fig. S23. 
(A) TEM image of an AB11-type BNSL containing NP septets in the top layer of Au NPs. 
(B) TEM images of the corresponding (post-etching) vac1Au11-type array. The scale bars 
correspond to 20 nm (A), 50 nm (B, left), and 20 nm (B, right). 
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Fig. S24. Orthoslices through the reconstructed volume of the AB11 -type BNSL 
(A) Orthoslices presenting the initial three layers of the structure. (B) Orthoslice through the 
reconstructed volume rotated 90° clockwise along the y-axis with respect to the orthoslices 
in the upper panel. The differently colored circles on the right correspond to the locations 
indicated in (A). As can be seen, a combination of missing wedge artifacts and sintering 
makes it difficult to resolve individual NPs along this direction. HAADF-STEM tomography 
series in our studies were acquired by using an aberration-corrected ‘cubed’ FEI-Titan 
electron microscope operated at 300 kV. Electron tomography series were acquired manually 
by using a Fischione model 2020 single-tilt tomography holder and reconstructed by using 
the simultaneous iterative reconstruction algorithm (SIRT) implemented in the ASTRA 
toolbox (39). For the SIRT reconstructions, 120 iterations were used.  
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Fig. S25. 
Structural model of the vac1Au11-type array. Bottom: Prolonged thermal treatment of the 
precursor BNSL results in partial sintering of Au NPs, resulting in the formation of a 
nanoporous membrane featuring regular arrays of nanopores (here, 7.0 ± 0.8 nm). 
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Fig. S26. 
TEM images of AB4-type BNSLs. The images in the top row correspond to monolayers of 
the AB4 BNSL; the images in the bottom row are of thicker arrays. The scale bars correspond 
to (top row, L to R) 50 nm, 20 nm, and 20 nm, and (bottom row, L to R) 200 nm, 50 nm, and 
20 nm. 
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Fig. S27. 
TEM and HAADF-STEM images of the vac1Au1Au′2Au′′1-type array. The TEM image on 
the right was recorded before the complete etching of Fe3O4 NPs. The scale bars correspond 
to (L to R) 100 nm, 20 nm, 20 nm, and 20 nm. 
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Fig. S28. 
3D representations of a part of the reconstructed segmented volume of a vac1Au1Au′2Au′′1-
type array at different viewing directions. Note that the sample imaged here contained defects 
(some Au NPs are missing). 
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Fig. S29. 
Structural model of the vac1Au1Au′2Au′′1-type array. Gold NPs of three different sizes are 
shown in light yellow, dark yellow, and orange. 
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Fig. S30. 
TEM and HAADF-STEM images of the ABC4-type arrays. The scale bars correspond to 
(L to R) 100 nm, 50 nm, 20 nm, and 10 nm. 
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Fig. S31. 
TEM and HAADF-STEM images of the vac1Au4Au′1-type arrays. The TEM image in the 
bottom left was recorded before the complete etching of Fe3O4 NPs. The image next to it 
shows the coexistence of ABC4- and AB5-type BNSL. The expanded image in the top right 
shows an example of a large-scale, virtually defect-free array of vac1Au4Au′1. The image 
in the bottom right shows a multilayer of the vac1Au4Au′1-type array. 



 
 

41 
 

 

Fig. S32. 
3D representations of a part of the reconstructed segmented volume of the vac1Au1Au′4-
type array at different viewing directions. In B, the volume is rotated 90° along the y-axis. 
In C, the structure is tilted by 8-10° along the z-axis. The images in D-G are views from 
the top; in H, the structure viewed from the top has been slightly rotated to highlight the 
presence of multiple layers. The different colors correspond to different segments along 
the z-axis. 
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Fig. S33. 
Structural model of the vac1Au4Au′1-type array. Gold NPs of two different sizes are shown 
in yellow and orange. 
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Fig. S34. Insights into the high stability of the ABC4-type BNSL 
Left: TEM image of a very small domain of the ABC4-type BNSL. Notably, the domain is 
at least four Au NP-high (i.e., tetralayer), despite being surrounded by a sub-monolayer of 
NPs. Right: HAADF-STEM image showing a grain boundary between a vac1Au1Au′4 and 
a vac1Au4 non-close-packed NP array (obtained by etching ABC4-type and AB4-type 
BNSLs, respectively) (note the epitaxial relationship) (in our experiments, we observed 
the coexistence of these two types of structures only once). The fact that the vac1Au1Au′4 
array in the bottom left of the HAADF-STEM image appears much brighter indicates that 
it is composed on a larger number of vertically stacked Au NPs. The scale bars correspond 
to 10 nm (L) and 50 nm (R). 
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Fig. S35. 
TEM and HAADF-STEM images of the “type I” bilayer of the vac1Au1-type array. The 
scale bars correspond to (L to R) 50 nm, 20 nm, 20 nm, and 20 nm. 
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Fig. S36. 
Structural model of the “type I” bilayer of the vac1Au1-type array. 
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Fig. S37. 
Top: TEM images of the “type II” bilayer of the AB-/NaCl-type BNSL. The scale bars 
correspond to (L to R) 100 nm, 50 nm, 20 nm, and 200 nm. Bottom: TEM and HAADF-
STEM images of a bilayer of the vac1Au1-type array, where the two layers are stacked 
differently than in the samples shown in Fig. S35. The scale bars correspond to (L to R) 
100 nm, 50 nm, and 10 nm. 
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Fig. S38. 
3D representations of a part of the reconstructed segmented volume of the “type II” bilayer 
of the vac1Au1-type array at different viewing directions. The scale bars correspond to 20 
nm. 
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Fig. S39. 
Structural model of the “type II” bilayer of the vac1Au1-type array. 
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Fig. S40. 
Top: TEM images of an AB4-type BNSLs. The scale bars correspond to (L to R) 100 nm, 
50 nm, and 10 nm. Bottom: TEM images of an AB4-type BNSLs having undergone partial 
(center) or complete transformation into another type of AB4-type BNSL. The scale bars 
correspond to (L to R) 100 nm, 50 nm, and 20 nm. 
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Fig. S41. 
TEM and HAADF-STEM images of the vac1Au4-type array. Note that the image on the 
right was recorded before a complete etching of the Fe3O4 NPs. The scale bars correspond 
to (L to R) 200 nm, 50 nm, 20 nm, and 50 nm. 
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Fig. S42. 
TEM and HAADF-STEM images of the vac1Au4-type array. 
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Fig. S43. 
Different layers of the vac1Au4-type array shown in Fig. 3C. The scale bars correspond to 
20 nm. 
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Fig. S44. 
Structural model of the vac1Au4-type array. 
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Fig. S45. 
TEM images of binary superlattices co-assembled from 8.4 nm Fe3O4 NPs + 3.0 nm Au NPs 
and the resulting non-close-packed arrays. Top row: An AB-type BNSL and the corresponding 
vac1Au1-type array. The scale bars correspond to (L to R) 100 nm, 20 nm, 50 nm, and 20 nm. 
Middle row: An AB6-type BNSL (without the top layer of Au NPs) and the corresponding 
vac1Au5-type array. The scale bars correspond to (L to R) 100 nm, 20 nm, 100 nm, and 
10 nm. Bottom row: An AB4-type BNSL and the corresponding vac1Au4-type array. The 
scale bars correspond to (L to R) 100 nm, 10 nm, 50 nm, and 10 nm. 
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Fig. S46. 
TEM images of binary superlattices co-assembled from 8.4 nm Fe3O4 NPs + 5.2 nm Au NPs 
and the resulting non-close-packed arrays. First row (L to R): An AB5/CaCu5-type BNSL; 
a vac1Au5-type array; a honeycomb membrane obtained by prolonged thermal treatment of 
the corresponding BNSL prior to etching; a honeycomb membrane obtained from a mixture 
of 10.6 nm Fe3O4 NPs and 5.2 nm Au NPs (taken from Fig. S14 for comparison). The scale 
bars correspond to (L to R) 50 nm, 20 nm, 10 nm, and 10 nm. Second row: An AB4-type 
BNSL and the corresponding vac1Au1Au2′Au′′1-type array. The scale bars correspond to 
100 nm, 50 nm, 200 nm, and 20 nm. Third row: A bilayer of an AB-type BNSL and the 
corresponding vac1Au1-type array. The scale bars correspond to 100 nm (left) and 20 nm 
(right). Fourth row: An AB11-type BNSL and the corresponding vac1Au11-type array. The 
scale bars correspond to 20 nm. 
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Fig. S47. 
TEM images of additional binary superlattices obtained by co-assembly of 8.4 nm Fe3O4 
NPs + 5.2 nm Au NPs and the resulting non-close-packed arrays. Top: An A5B3-type BNSL 
and the corresponding vac5Au3-type array. The scale bars correspond to (L to R) 100 nm, 
50 nm, and 10 nm. Bottom: An AB2-type BNSL and the corresponding vac1Au2-type array. 
The scale bars correspond to 100 nm (left) and 20 nm (right). 
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Fig. S48. 
Individual Au NPs (on the left of each panel) and Fe3O4 NPs (on the right) relaxed at 
different interfaces: (A) DEG-hexane interface; (B) DEG-vacuum interface; (C) EG-vacuum 
interface; (D) water-vacuum interface. DEG, hexane, water, and EG are shown in dark blue, 
orange, dark, red, and light gray, respectively. Au NPs and Fe3O4 NPs are shown in yellow 
and light purple, respectively. Transparency levels of orange and blue surfaces in panel A 
are modulated for clarity so that Au NP is visible when immersed fully in hexane, and hexane 
is visible when Fe3O4 NP is almost fully immersed in hexane during the course of simulations. 
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Fig. S49. 
Nanoparticle pairs in vacuum (A) and at the DEG-vacuum interface (B) after 40 ns and 32 
ns of simulations, respectively. From the left to the right: a pair of Au NPs; a pair of Au NP 
and Fe3O4 NP; a pair of Fe3O4 NPs. Au NPs are shown in yellow and Fe3O4 NPs in light 
purple. DEG is shown in dark blue. 
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Fig. S50.  
Estimating energy change upon immersing a dodacenethiol-functionalized Au NP from the 
DEG-vacuum interface into DEG. (A) Scheme of a partially immersed NP. Surface area of 
the immersed NP can be calculated as the surface area of the spherical cap without the base, 
Aimmersed = 2πRh, where R is the radius of the ligand-functionalized gold NP estimated as 
~3.5 nm, and h is the immersion height defined in the scheme. The surface area of the slice 
shown (i.e., the surface area of the solvent prior to NP immersion) can be calculated as the 
area of the base of the spherical cap, Aslice = π(2Rh–h2). (B) The size of a single DEG molecule; 
the contact area between the DEG molecule and a gold NP surface is estimated as ~0.5 nm2. 
(C) Free energy of binding between a single DEG molecule and a gold NP in vacuum, 
determined in umbrella sampling calculations. See also Fig. 2J in the main text. 
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Fig. S51. Effect of the underlying liquid on Au-Fe3O4 BNSLs 
Representative TEM images of NP superlattices obtained from the same 1:1 mixture of 5 
nm Au NPs and 10 nm Fe3O4 NPs applied onto different liquids: (A) DEG, (B) 9:1 DEG-
water, (C) 3:1 DEG-water, and (D) 1:1 DEG-water. 
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Fig. S52. Forces associated with the immersion of individual NPs and NP superlattices 
(A) Net force acting on a dodecanethiol-functionalized spherical Au NP as a function of its 
immersion height in DEG. The NP has an effective diameter of 7 nm to account for the 
presence of dodecanethiol ligands on the gold core. The force is linearly dependent on height, 
giving a zero value for an approximately half-immersed NP (equilibrium) and a maximum 
value of 1.05 nN at 100% immersion. (B) Forces acting on a superlattice of self-assembled 
spherical NPs positioned at the DEG-vacuum interface (side view). Forces associated with 
the superlattice solvation (Fimmerse) oppose immersion, while the gravitational force (Fgrav) 
favors immersion. (C) The same analysis was used to examine a model superlattice formed 
by cubic NPs (see Table S5). 
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System Interaction energy (kcal/mol) 

Au NP / DEG –1,200 
Fe3O4 NP / DEG –4,450 

Au NP / EG –1,300 
Fe3O4 NP / EG –5,400 
Au NP / H2O –400 

Fe3O4 NP / H2O –1,900 

Table S1. 
Interaction energies (enthalpies) between individual NPs and DEG, EG, and water equilibrated 
at liquid-vacuum interfaces. 
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NP system Interaction energy (kcal/mol) 

Au-Au in vacuum –250 
Au-Fe3O4 in vacuum –320 

Fe3O4-Fe3O4 in vacuum –480 
Au-Au at the DEG-vacuum interface –200 

Au-Fe3O4 at the DEG-vacuum interface –205 
Fe3O4-Fe3O4 at the DEG-vacuum interface –440 

Table S2. 
Interaction energies between NPs in NP pairs simulated in vacuum and at the DEG-vacuum 
interface.  
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NPs per unit cell 
 

 

Contact types and their counts 
 

BNSL Au Fe3O4 Au-
DEG 

Fe3O4-
DEG 

Au- 
Au 

Au-
Fe3O4 

Fe3O4-
Fe3O4 

E 
(kcal/mol) 

AB4 8 2 4 1 9 20   0 17,900 
AB6 12 2 4 1 12 24 0 19,930 
AB11 22 2 4 1 50 24 1 29,910 

Table S3. 
Lattice energies of selected experimentally observed BNSLs.  
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Number of 7 
nm NPs in the 

base layer 
 

 

Force required 
to immerse the 
base layer (N) 

 

Gravitational 
force on the 
base layer (N) 

 

Number 
of layers 

supported* 

 

Number of 7 
nm NPs 

supported* 

 

Height of the 
supported 
column (m) 

1 x 1 2.18·10–10 2.16·10–20 1.01·1010 1.01·1010 70.6 
7 x 7 1.07·10–8 1.06·10–18 1.01·1010 4.95·1011 70.6 

71 x 71 1.10·10–6 1.09·10–16 1.01·1010 5.09·1013 70.6 

 

Table S4. 
Solvation and gravitational forces acting on superlattices assembled from spherical NPs 
at the DEG-vacuum interface. (*) The estimated numbers in columns 4 and 5 are obtained 
by assuming that the force required to immerse the system is equal to the gravitational 
force. The calculation of the forces required to immerse the system utilizes the dodecanethiol-
DEG free energy of binding of G° = –7 kcal/(mol nm2). For simplicity, it is assumed that 
the NPs are immersed only by 60% of their height. The blue row highlights a superlattice 
comprising ~5·1011 NPs, which is estimated to be the total number of NPs in our experimental 
system (estimated from experiments in which 10 µL hexane droplets containing 0.1 mg/mL 
of NPs are deposited onto DEG).  
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Size of the 
system’s base 

(nm2) 
 

 

Number of 
7 nm NPs in 
the system’s 

base 

 

Force 
required to 

immerse 
the system 

(N) 
 

 

Gravitational 
force on one 

“system 
NP” (N) 

 

Number of 
“system 

NPs” 
supported 

 

Number of 
7 nm NPs 
supported* 

 

Height 
of the 

supported 
column 

 

 

Number 
of 7 nm 

NPs in the 
immersed 

lattice 

1 x 1 1 x 1 4.51·10–10 6.49·10–20 6.9416·109 6.94·109 48.6 m 6.94·109 

50 x 50 7 x 7 3.22·10–9 2.36 ·10–17 1.3605·108 9.71·108 6.8 m 4.8·1010 

500 x 500 71 x 71 3.22·10–8 2.36 ·10–14 1.3605·106 9.71·107 68 cm 4.9·1011 

5·103 x 5·103 714 x 714 3.22·10–7 2.36 ·10–11 1.3605·104 9.71·106 6.8 cm 4.9·1012 

5·104 x 5·104 7,140 x 
7,140 

3.22·10–6 2.36 ·10–8 1.3605·102 9.71·105 6.8 mm 4.9·1013 

5·105 x 5·105 71,400 x 
71,400 

3.22·10–5 2.36 ·10–5 1.3605·100 9.71·104 0.68 mm 4.9·1014 

Table S5. 
Solvation and gravitational forces acting on superlattices assembled from cubic NPs at the 
DEG-vacuum interface. (*) The estimated numbers in columns 5 and 6 were obtained 
assuming that the force required to immerse the system is equal to the gravitational force. 
The calculation of the solvation forces uses a scaled-down dodecanethiol-DEG free energy of 
binding, where G° ~ –4.7 kcal/(mol nm2). The blue row highlights the superlattice comprising 
~5·1011 NPs, which is estimated to be the total number of NPs in our typical experimental 
system. 
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Database S1. 
The database includes electron tomography data and is publicly accessible under the links 
provided below. 
 
• vac1Au5-type array: 

http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au5.html 
 

• vac1Au11-type array: 
http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au11.html 

 

• vac1Au1Au2′Au′′1-type array: 
http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au1Au2Au1.html 

 

• vac1Au1Au′4-type array: 
http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au1Au4.html 

 

• vac1Au4-type array: 
http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au4.html 

 

• vac1Au1-type array: 
http://ematweb.uantwerpen.be/colouratoms/jsc3D/demos/vac1Au1.html 

 




