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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
packed densely. 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 increased via post-synthetic
modifications. In particular, it would be of great interest to generate assemblies in which the
constituent NPs are ordered yet separated by relatively large distances (i.e., non-close-packed
nanoparticle 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), and a general
route to non-close-packed 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 nanoparticle 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 hanoscopic 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.

Our strategy is illustrated in Fig. 1A. We worked with monodisperse batches of Au and
Fe304 NPs (Fig. S1, S2 in the Supplementary Materials), which we assembled at the diethylene
glycol (DEG)-air interface (step 1 in Fig. 1A), as previously reported (19). Following 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). For proof-of-concept,
we co-assembled a ~1:1 mixture of 5.2 (x0.4) nm dodecanethiol-protected Au NPs and 10.6
(20.6) nm oleate-protected FesO4 NPs into the previously reported (19) AB-type binary NP
monolayer (Fig. 1B, center, Fig. S3-S5). Following immobilization onto carbon-coated TEM
grids, FesO4 NPs could be etched out by immersing the substrate into an aqueous solution of
HCI, without affecting the order of the gold NPs. Figure 1C, for example, shows an ensemble of
250 gold NPs, the positions of which all remained unaffected after HCI etching (see also Figs.
S6-S8). We will refer to the resulting non-close-packed array of Au NPs as vac;Au;, where vac
denotes “vacancy”. Alternatively, a square array of Fe3O4 NPs could be obtained by treating the
BNSLs with a cyanide solution, which can selectively dissolve Au NPs (Fig. 1B, right).

Importantly, the underlying substrate had a profound effect on the successful fixation of
the NPs. The particles 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).
From these experiments, we conclude that amorphous carbon facilitates the desorption of organic



ligands from the NP surfaces and the formation of a carbonaceous film (20), which can serve as
an adhesive for the NPs. The carbonaceous films can directly be visualized by TEM, as shown in
Fig. S10. Overall, the above procedure allows for the fabrication of non-close-packed NP
superlattices on thin, flexible substrates (see the inset of Fig. 1B, left), which can 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). This array, featuring alternating clusters of Au
NPs and individual Fe3O4 NPs, is akin to the previously reported Fe,C-type BNSL (21). However,
selective removal of the Fe3O4 counterpart allowed us to clearly observe quintets—rather than
quartets—of Au NPs arranged in a tetrahedral geometry (Figs. 2B, S12). To decipher the structure
of this and other more complex assemblies (vide infra), we conducted electron tomography studies
(22, 23) 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
vac;Aus; see also Figs. S13-S15), and they helped elucidate the mutual packing of the resulting
tetrahedra (Fig. 2C, D; see Section 5 of the Supplementary Materials for tomography data). The
high stability of these tetrahedra could be attributed to partial coalescence of Au NPs, which
occurs as a result of ligand desorption (16-18). As the structural model in Fig. S16 shows, the
vaciAus array is derived from an incomplete (deficient in Au) ABg-type BNSL.

An important feature of our method is that it allows us to control the degree of
coalescence by adjusting the time of thermal treatment. This is illustrated in Fig. S17, where
extending the heating time from 30 minutes to 6 hours enabled us to convert an ensemble of
tetrahedra into a well-defined array of pseudospherical ~9 nm gold NPs (see also Figs. S18,
S19). Interestingly, we identified another, unexpected effect of heating, where Au NP quintets
lacking a strong attachment to the underlying substrate could migrate and be transformed into
well-defined sinuous nanowires (Fig. S20).

Increasing the Au:Fe3O,4 NP ratio to ~10 led to another type of BNSL, which, following
the removal of Fe3O4, exhibited features (Figs. 2E, F, and S21-S23) reminiscent of the previously
reported (24) AB13-type BNSL. The AB;3-type BNSL is composed of layers of quartets and
quintets of the “B” NPs, following a (-B4-Bs-Bs-), 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-), pattern; Fig. 2G, H), corresponding to an AB;; stoichiometry of the
precursor BNSL (see also the discussion in Fig. S24). Similar to the ABg-type BNSLs, the AB1;
arrays could be thermally transformed by partial sintering of the constituent Au NPs, resulting in
nanoporous membranes (Fig. S25, bottom).

When, on the other hand, the ratio of Au to Fe;04 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 BNSLSs,
within which the Au NPs were arranged into zigzag-like patterns (Fig. S26). Electron tomography
analysis showed that this BNSL consisted of stacked NP layers having an AB, stoichiometry



(Fig. 21, J; Figs. S27 and S28), where “A” denotes a Fe304 NP and “B” — large, medium, and
small Au NPs in a 1:2:1 ratio (for example, the non-close-packed array shown in Fig. 21 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, ABg, 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).

The formation of the above AB,4, ABs, 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 (25, 26). 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 Section 3 of the Supplementary
Materials, revealed that the unique role of DEG in guiding NP self-assembly is due to a
combination of several effects. 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). Hence, the NPs exhibit a high affinity to the surface of the underlying liquid, which they
tend to cover in the most efficient way. Second, both dodecanethiol-protected Au NPs and
oleate-protected Fe3O4 NPs preferentially submerge in DEG to about half their diameter (Fig.
2K, L). As aresult, DEG can organize the bottom layer of NPs in a way that may not be
achievable during self-assembly in bulk solution. Finally, we found that the coupling energy of
the NPs to DEG per unit surface area of NP is approximately the same for both types of NPs.
Consequently, 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 ABC,4, where “B” denotes a small (~4.0 nm) and “C” — a large (~5.5 nm)
Au NP (Fig. S30). Subjecting this superlattice to our stabilization—etching procedure afforded a
non-close-packed vaciAu; Au’s array shown in Fig. 2M-P (here, Au and Au’ denote small and
large Au NPs, respectively) (see also Figs. S31-S34). We note that within the ABC,-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. In fact, 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. 20).

Importantly, our methodology could be extended to multilayers (Figs. S35-S44), which is
exemplified for a novel AB;-type BNSL (Figs. 3A, S40). This BNSL was obtained by co-assembly of



5.2 nm Au and 10.6 nm Fe3O,4 NPs pre-mixed 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 non-close-packed superlattice shown in Fig. 3B obtained by etching
the corresponding BNSL (Fig. 3A) was a hexalayer (cf. Figs. 3C, S43; see also Section 5 of the
Supplementary Materials). Upon extended (>1 hr) heating at 70 °C, the original AB,-type array
was transformed into the exotic pattern shown in Fig. 3D (see also Fig. S42), whose structure
remains to be identified.

Our methodology can also be applied to NP building blocks of other sizes. This is first
exemplified in Fig. 3F, G, where we extended the average distance between 5.2 nm Au NPs
within vac;Au; arrays from 12.5 to 15.3 nm by simply increasing the size of the Fe304 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 sub-nanometer precision. When the
sizes of both Au (5.2 nm) and Fe30,4 (10.6 nm) NPs were decreased (to 3.0 and 8.4 nm,
respectively), many of the BNSLs and the resulting non-close-packed arrays could be recreated
on a smaller scale (see Fig. S45). Similarly, working with mixtures of 5.2 nm Au NPs and 8.4
nm Fe304, we obtained AB-, AB4-, ABC4-type, and other BNSLs described above (Fig. S46). In
addition, the modified NP size ratio resulted in novel NP arrays, such as the vac; Au,-type and
the vacsAuy-type structures shown in Fig. 3H, | (see also Fig. S47).

We envision that non-close-packed nanoparticle arrays will have a wide range of
interesting optical, mechanical, catalytic, and other properties. To this end, we examined several
different NP arrays as substrates for surface-enhanced Raman scattering (SERS) and found that
the vaciAuy;-type array has superior signal enhancement properties (Fig. S51), which is in
agreement with a significantly higher density of electromagnetic hotspots at gaps between NPs
within the multilayer structure, into which analyte molecules can readily diffuse through the
open crystalline lattice. We are currently testing the utility of our loosely packed NP arrays (e.g.,
Fig. 3G) as seeds / catalysts for the vertical growth of single-crystalline nanowires (27). An
attractive avenue will be to utilize the well-defined nanopores within these materials for trapping
protein molecules or even to reconstitute multienzyme complexes. 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 non-
spherical NPs (28), quasicrystalline arrays (29), and ternary superlattices (30). In the future, the
diversity of the nanostructured materials will be further expanded by performing additional post-
synthetic transformations (such as ion exchange and galvanic replacement reactions) on binary
nanoparticle superlattices.
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Fig. 1. Preparation of non-close-packed nanoparticle arrays. (A) Schematic illustration of the
method (“¢” beam” denotes a ~10 min exposure to the electron beam of a transmission electron
microscope (TEM); NPs = nanoparticles; BNSL = binary nanoparticle superlattice). (B) Center:
TEM image of an AB-type BNSL. The image in the inset was recorded in HAADF-STEM mode.
Left: TEM image of a non-close-packed array of Au NPs (vaciAu;) obtained by selective removal
of Fe;0,. Inset: scanning electron microscopy (SEM) image showing the flexible nature of the
underlying film. Right: SEM image of a non-close-packed array of Fe;O, NPs obtained by
selective removal of Au. Scale bars in the insets correspond to 5 nm (center) and 20 nm (left).
(C) An edge of an AB-type BNSL before (top) and after (bottom) Fe;O, etching.
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Fig. 2. Structural diversity and characterization of non-close-packed nanoparticle arrays.
(A) TEM image of an ABs-type BNSL (here, lacking the top layer of Au NPs). (B) TEM image
of a vaciAus-type array. (C) 3D representation of a part of the reconstructed segmented volume
of a vac;Aus-type array. The different colors correspond to different layers of NPs along the z-axis.
(D) Different layers of the vac;Aus array shown separately for clarity. In the bottom right image,
the structure is tilted by 80-85° around the x-axis. The scale bars correspond to 20 nm. (E, F)
TEM images of vaci;Auy;-type arrays terminated with two different layers of Au NPs. (G) 3D
representation of a part of the reconstructed segmented volume of a vaciAu;;-type array at
different viewing directions. (H) Four different layers of a vac;Aui;-type array shown separately
for clarity. Scale bars = 10 nm. (I) TEM image of a vac;Au;Au,’Au’’;-type array (Au, Au’, and
Au" denote differently sized Au NPs). (J) Four different layers of a vac;Au;Au,’Au’’;-type array
shown separately for clarity. Scale bars = 20 nm. (K, L) Atomistic models of a dodecanethiol-
functionalized 5 nm Au NP (K) and an oleate-functionalized 10 nm Fe3O4 NP (L) relaxed at the



DEG-vacuum interface. (M) TEM image of a vac;Au;Au’s-type array. (N, O) 3D representation
of a part of the reconstructed segmented volume of a vac;Au; Au’'s-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 vac;Au;Au’s-type array. The images in the insets in B, E, and |
have been recorded in an HAADF-STEM mode. Scale bars in the insets correspond to 5 nm.
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Fig. 3. Extension to multilayers and other nanoparticle sizes. (A) TEM image of an AB;-type
binary superlattice. (B) TEM image of a vac;Aus-type array. (C) 3D representation of a part of
the reconstructed segmented volume of a hexalayer of a vac;Aus-type array at different viewing
directions. (D) TEM image showing the coexistence of two different types of AB, BNSLs and
the epitaxial relationship between them. (E) HAADF-STEM image of a vac;Aus-type array. (F,
G) TEM images of vac;Au;-type arrays obtained from BNSLs co-assembled from 5.2 nm Au
NPs with (F) 10.6 nm and (G) 13.0 nm Fe3O,4. (H) TEM image of an AB,-type BNSL and the
corresponding (post-etching) vac;Au,-type array (inset). (I) TEM image of an A,B-type BNSL
and the corresponding vac,Au-type array (inset). Scale bars in the insets correspond to 10 nm.
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