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Binary nanoparticle superlattices (BNSLs) enable the construction
of new mesomaterials by combining the properties of two
nanoparticle building blocks. We demonstrate two-dimensional
(2D) BNSLs from silver nanocubes and gold nanospheres, analyzing
their interparticle and orientational orders. Our experimental
mesophase diagram identifies an isotropic phase that serves as a
transition state to others.

Binary nanoparticle superlattices (BNSLs) are formed when two
nanoparticle (NP) types that possess different chemical
compositions, sizes, or shapes are assembled into long-range,
ordered structures in two or three dimensions. BNSLs are
particularly attractive structures for the design of “matter on
demand” because they are able to: i) collectively combine the
properties of two NP types, and ii) exhibit richer structural
diversity than single-component NP superlattices.! The
tunability associated with BNSLs have captured significant
interest for applications in electronics,? plasmonics,?
luminescence,* catalysis,® and other areas where bespoke
functionalities are needed.®”

Towards this end, a variety of BNSL structures have been
reported that resemble naturally and non-naturally occurring
crystal structures. For example, Shevchenko et al. reported the
preparation of AB,-type superlattices by mixing monodisperse
metallic, semiconducting, and magnetic NPs. They achieved
BNSLs with cubic, hexagonal, tetragonal, and orthorhombic
packing symmetries by varying the size, surface functionality,
and molar ratios between the NP building blocks.® This and
subsequent works on crystalline®® and quasi-crystalline!0!
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BNSL structures have significantly expanded the library of
multicomponent self-assembled superstructures.

NP shape is a critical parameter for the formation and
functional properties of BNSLs. While spherical NPs typically
assemble into lattices based on simple packing criteria,*? non-
spherically shaped NPs introduce anisotropic interparticle
interactions that increase BNSL structural diversity. BNSLs
combining nanospheres and nanocubes have attracted special
attention due to the unique octahedral symmetry of
two-, three-fold
coordination geometries with others via cube faces, edges, and

nanocubes, which enables six-, and
corners.'3 Additionally, metallic nanocubes support localized
surface plasmon resonances (LSPRs) at cube corners and edges,
allowing for orientation-dependent electromagnetic coupling
between neighboring nanocubes.'*

Assembling anisotropic nanoparticles often results in
‘mesophases’— a partially ordered state of matter between
conventional liquid and solid crystals.?> In a recent theoretical
study, Prajwal et al. performed Monte Carlo simulations on the
2D binary assembly with hard disks and squares as building
blocks. In addition to hexatic and tetratic phases similar to the
periodic structures that have been experimentally observed for
single-component 2D NP superlattices, they unearthed two new
2D mesophases — an isotropic phase and a mosaic phase —
which have the potential to serve as transition states between
well-ordered 2D BNSL structures.'’® These mesophases were
accessed by regulating the molar ratio between disks and
squares, as well as the area fraction of the BNSLs, which is
defined as the ratio of the area covered by the building blocks
(both disks and squares) to the total area. The isotropic phase,
where NP building blocks are randomly oriented without
significant long-range orientational order, was shown to occur
at lower area fractions and was notable for its potential to
condense into either the hexatic or tetratic phases depending
on NP molar ratio. While researchers have experimentally
observed the hexaticl’*® and tetratic'®?° mesophases in NP
assemblies, the 2D mosaic and isotropic mesophases have not
yet been experimentally realized.

Here, we study the co-assembly of two NP types with
different shapes—Au nanospheres (AuNSs) and Ag nanocubes
(AgNCs), both grafted with thiolated polystyrene (PSSH)



25 o /ChemEon

COMMUNICATION

1) Ligand exchange L] ., \
—_— e Si substrate
Wl 2 Disperse incHe, . e ’
PVP-AgNC t/
PSSH-AgNC
-Agl -Ag! \ - /
Mix — — ’ —
1) Ligand exchange .y, W £ (ANC + AuNs)
1@ ——— g in GHCI '
L . 2) Disperse in CHCly ) \\\. Manalayer formation & transfer
citrate-AuNS PSSH-AUNS
b c
1 SOKPSSH-AUNS
| soKPSSHANG valo-AuhS 50K-PSSH-AUNS
s 3
g: B e i SO0 il
=8 é 50K-PSSH-AGNC:
3
2 E
300 400 500 600 700 800 600 800 1000 1200 1400 1600 1800 2000

Wavelength/nm Raman shift/em~

Fig. 1. (a) A schematic showing the functionalization of AgNCs and AuNSs, and the
binary assembly. (b) UV-Vis of individual AgNC and AuNS nanoparticles before and
after 50K-PSSH ligand exchange, with bsorbance normalized for easier comparison;
(c) Raman spectra of individual AgNC and AuNS nanoparticles before and after 50K-
PSSH ligand exchange, with intensity values normalized and the vertically moved
for easier comparison. Noise from 865-870 cm™* for 50K-PSSH-AgNC and 1214-1218
cm for citrate-AuNS.

chains—into densely-packed 2D BNSLs with the goal of
experimentally identifying an isotropic NP mesophase. Fig. 1a
shows a schematic for the overall binary NP assembly process.
The as-synthesized AgNCs possess an edge length of 80.31+4.0

Region 1
FFT

Fig. 2 (a-e) SEM images of binary assemblies from AuNS and AgNC building
blocks, both capped with 50K-PSSH, and with varying AgNC molar fractions Xagnc
and area fractions; (a): Xagne = O (pure AuNS), area fraction = 0.880; (b) Xagne = 1
(pure AgNC), area fraction = 0.942; (c): Xagne = 0.126, area fraction = 0.853; (d)
Xagne = 0.621, area fraction = 0.879; (e) Xagne = 0.942, area fraction = 0.913. Insets
(a,b) show FFTs of full SEM frame (top), selected Region 1 (middle) and Region 2
(bottom). Rhombus (b) acute angle: 75 degrees. Scale bars: 500 nm (a,c,d,e) and
1 pm (b).

nm and a polydispersity index (PDI) <0.1 and are natively
capped with polyvinylpyrrolidone (PVP). The as-synthesized
AuNSs possess a diameter of 63.5 + 6.5 nm, a PDI < 0.1, and are
natively capped with negatively charged citrate ions. The size
ratio, defined as the ratio of the AuNS diameter to the AgNC
edge length, was calculated to be 0.79; this was designed to be
close in value with the size ratio of 0.8 predicted by Prajwal et
al.’® for hard 2D disks and squares that adopt the isotropic
mesophase. Fig. 1b shows the optical extinction spectra for the

individual colloidal NP dispersions obtained by UV-Vis
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spectroscopy before and after ligand exchange with 50K-PSSH.
The spectra show a clear red shift (5 nm for AgNCs and 20 nm
for AuNSs) in the UV-Vis peaks following ligand exchange,
consistent with an increase in the local refractive index near the
surface of the NPs observed for metal NPs that are coated with
a polymer shell.2! Fig. 1c shows the Raman spectra of dried NP
samples before and after ligand exchange with 50K-PSSH. The
appearance of the 1004 cm™ peak attributed to the ring
breathing mode of polystyrene further confirms successful
PSSH functionalization on the AgNCs and AuNSs.

We carried out co-assembly of the AgNCs and AuNSs into
2D binary assemblies by creating a floating NP monolayer at an
air-water interface using a previously described method.?? Each
PSSH-grafted NP type was dispersed in CHCl; and then mixed to
generate dispersions with varying molar ratios of AgNCs (Xagnc),
ranging from Xagne=0 (only AuNSs) to Xagne=1 (only AgNCs).

Fig. 2 shows SEM results of co-assembly experiments carried
out for mixtures of AgNCs and AuNSs functionalized with 50K-
PSSH and with varying Xagnc. Fig. 2a shows the SEM image at
Xagne=0, where the AuNSs alone arrange into an ordered, close-
packed 2D hexagonal lattice and is consistent with previous
reports of PSSH-capped AuNSs.?3 Taking a fast Fourier transform
(FFT) of the full SEM frame reveals a relatively high degree of
polycrystallinity that is influenced by NP size and shape
polydispersity. Defect NPs result in the formation of small
domains (=0.1 um?) marked in yellow squares, where FFT spot
patterns of individual domains show sixfold symmetry
indicative of hexagonal packing (Fig. 2a insets). We assigned this
assembly as a hexatic phase due to this sixfold orientational
order.?* Fig. 2b shows the SEM images obtained for Xagnc=1,
which indicate the formation of ordered, close-packed AgNC
lattices with a rhombic unit cell (acute angle = 75°). These
lattices are characterized by crystalline domains of various sizes,
with large defect NPs segregating to the domain boundaries.
We assigned this assembly as the tetratic phase due to this
fourfold orientational order. Fig. 2c-e show SEM images of
binary NP assemblies composed of AgNC and AuNS capped with
50K-PSSH for increasing AgNC molar fractions of Xagne =0.126,
0.621, and 0.942.

oth
capped with 11K-PSSH, and with varying AgNC molar fractions X and area
fractions; (a): Xagne = O (pure AuNS), area fraction = 0.828; (b) Xagne = 0.132, area
fraction = 0.823; (c) Xagne = 0.614, area fraction = 0.814; (d) Xagne = 1, area fraction =
0.840. Scale bars: all 500 nm.

This journal is © The Royal Society of Chemistry 20xx
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From SEM image analysis, we calculated the area fractions
for the Xagne=0 and Xagne=1 BNSLs to be 0.880 and 0.942,
respectively. Notably, these area fractions are larger than the
range studied in Ref!®, which was focused on hard 2D particles
with no overlap. To ensure that we were conducting
experiments with the appropriate area fraction range, we also
grafted AgNCs and AuNSs with a shorter 11K-PSSH and
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Fig. 4. (a) Flowchart of 6-fold order parameter calculation for assembly patterns

using pure AuNS (Fig. 2a) as example; (b) 6-fold order parameters for binary

assemblies as a function of AgNC molar ratio, calculated according to the

flowchart in Fig. 2(a); and (c) Phase diagram with different assembly patterns

assigned to corresponding phases.
prepared the corresponding binary assemblies with AgNC molar
fractions of Xagne = 0, 0.132, 0.614, and 1 (Fig. 3). It is
noteworthy that the shorter 11K-PSSH grafts results in a lower
area fraction compared to longer 50K-PSSH, which is related to
the weaker hydrophobicity from the shorter PSSH chain and
thus less compact NP assemblies.?> We posit that the 50K-PSSH
results in low grafting density and ligands that adopt a
mushroom conformation, whereas the 11K-PSSH results in a
higher grafting density and ligands that adopt a more extended
brush conformation, in agreement with the literature.?627 This
is supported by dynamic light scattering measurements that
reveal an average hydrodynamic radius of R;=153 nm for 50K-
PSSH AuNS and R,=99 nm for 11K-PSSH AuNS.

To analyze superstructure order for these co-assemblies and

to assign each Xagne With a corresponding mesophase (i.e.
hexatic, tetratic), we calculated the 6-fold bond orientational
order (Y¢) for each assembly according to the process described
in Fig. 4a. The g values from the NP co-assemblies with
different Xagnc values are presented in Fig. 4b. The g value for
co-assemblies from both 50K-PSSH and 11K-PSSH grafted NPs
decreases significantly with an increase in Xagnc—reaching a
minimum of Yg=0.457 at Xagne = 0.621 for 50K-PSSH and
1e=0.435 at Xagne =0.614 for 11K-PSSH—and then increases
again. This is consistent with the observation of an isotropic
phase in the Monte Carlo simulations by Prajwal et al.1®¢ where
g s expected to significantly increase upon
compression/transition to the hexatic and tetratic phases.
Additionally, we calculated the 4-fold orientational order ()
for the binary assemblies using similar SEM image analysis.
Notably, Y, does not show a significant increase upon isotropic
compression to the hexatic and tetratic phases (Fig. S1) which
closely agrees with computational predictions. Based on trends
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in Y, and g, we assigned these two co-assemblies (Xagne =
0.621 for 50K-PSSH, Xagne =0.614 for 11K-PSSH) as isotropic
mesophases. We assigned co-assemblies with higher ¢ values
to either the hexatic and tetratic and phases, distinguished by
lattice symmetry.

Fig. 4c shows our corresponding area fraction-composition
mesophase diagram based on these assignments. While the
mesophase diagram from Prajwal et al. predicts several
condensed mesophases — including crystalline hexagonal and
square solids, as well as partially-ordered hexatic and tetratic
phases'®*— we simplified our mesophase diagram by only
designating a larger hexatic phase (to encompass the crystalline
hexagonal solid and partially ordered hexatic phases) as well as
a larger tetratic phase (to encompass the crystalline square
solid and partially ordered tetratic phases). Strikingly, at Xagne =
1 for 11K-PSSH, the assembly possesses a significantly lower
order value (Jg=0.472) than for the corresponding 50K-PSSH
assembly, indicating that it likely lies in the isotropic phase or at
the boundary of the isotropic and tetratic phases. This is
consistent with the observation by Prajwal et al. that lower area
fraction assemblies are dominated by the isotropic phase.

Our mesophase diagram highlights the critical role of NP
surface chemistry in regulating mesophase order in these NP co-
assemblies. Here, the PSSH graft conformation plays a critical
role in determining area fraction and, thus, mesophase order.
In addition, we observe that achieving more condensed phases
beyond pure hexatic and tetratic mesophases (e.g., mixture
phases of hexatic + tetratic) is limited by the ability to compress
surface-grafted NPs to higher area fractions. This offers a
potential explanation to why prior studies involving co-
assembly of NSs and NCs modified with relatively large dendritic
ligands observe a “masking” effect, where size and shape
differences across the two NP populations do not have a
pronounced effect on BNSL order, even at near-equal molar
fractions.?® In systems where the NP core is stabilized by a “soft”
molecular or polymeric ligand, both size ratio and area fraction
are likely to be critical determinants of whether an isotropic
mesophase can be achieved.

Our experiments indicate that NP ligands such as polymer
grafts offer an additional route to control the mesostructure of
binary NP assemblies and further research is needed to increase
our understanding of how the explicit compression, extension,
and the interdigitation of such ligands can frustrate or skew
hard-particle packing. Future work will refine the size and shape
uniformity for nanoparticle building blocks, prepare
nanoparticle assembly on a larger scale, and explore the
potential for the isotropic mesophase observed here to serve as
a mesophase transition state, with the potential to lead to
dynamic nanostructured materials that respond to external
drivers such as pressure. Prospective applications for such
binary assemblies could benefit areas where precise control of
functioning nanoparticles—and thus “matter on demand”—is
pursued, including luminescence,* electronics?® (such as optical
switches3%31), and biosensing and imaging,3?2 amongst others.
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