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We fabricate and polymer ligate square, pentagonal, and hexagonal nanoplates and investigate the effect
of nanoparticle (NP) shape on the self-organization of their dispersions at a liquid—air interface into two-
dimensional assemblies. Hexagonal NPs assemble into interlocking hexagonal lattices, exhibiting the
highest translational order with a characteristic correlation length (£y5) extending over nine NP building
blocks. Square NP assemblies are disordered, characterized by &y 5 averaging around three NP units, con-
sistent with the propensity of NPs to slide and form coexisting A; and Ag lattices. Pentagonal NP assem-

Received 12th August 2025,
Accepted 19th September 2025

DOI: 10.1039/d5nr03413b

blies show six-fold coordination, but do not fully tessellate the plane, yielding anisotropic assemblies with
intermediate order and &g 5 of about seven NP units. In binary NP assemblies, mixed pentagonal and hex-
agonal NP assemblies with shared six-fold coordination show greater ordering in comparison to assem-

rsc.li/nanoscale blies of square and hexagonal NPs.
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Introduction

The shape of nanoparticles (NPs), analogous to atomic
valency, directs the order and motifs of self-assembled
structures." Geometrically, NP shape significantly impacts
the thermodynamically favorable arrangement for dense
packing.” Polygons with fewer than seven vertices, interacting
primarily through steric hindrance, show a preference for
edge-to-edge alignment,” due to shape-induced directional
entropic forces generating more free volume.®™® Studies on the
formation of two-dimensional structures or ordered lattices of
polygons have employed both computational simulations and
experimental methods at various length scales.”™* Regular
hexagonal-shaped particles typically form a close-packed hex-
agonal lattice across nano-,'*'* micro-,"> and millimeter
scales,'® mirroring their intrinsic six-fold symmetry. The inter-
locking geometry of their superlattice results in a rigid struc-
ture that enhances translational order.'> Square assemblies
display more intrinsic disorder because they can slide along
columns and rows, allowing for greater flexibility. The degree
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of corner rounding affects the packing density, as sharp
corners result in a perfect square lattice,” while rounded
corners lead to A; and A, lattice structures.” Experimental
research has demonstrated the assembly of square particles
into two-dimensional planes at both the nano' and
micrometer scales,'®° showcasing diverse lattice structures.
Unlike squares and hexagons, a regular pentagon cannot fully
tessellate a plane.

The study of pentagonal NP assemblies spans multiple
scales.’® At the millimeter scale, pentagonal styrene particles
subjected to hard-core interactions and weak hydrodynamic
interactions on air tables exhibit ice-ray packing,*" the densest
known local configuration characterized by alternating stripes
of particles in two distinct orientations.*” Lithographically-
defined microscale epoxy-based polymer particles assembled
in aqueous environments form hexagonal rotator crystal struc-
tures, dominated by “hard” short-range repulsive in-plane
interactions."®**?* Translational and rotational jamming
prevent the formation of ice-ray packing. At the nanometer
scale, shape customization has originated largely from
advances in chemical synthesis techniques, where achieving
high uniformity in size and shape is a critical factor for the
self-assembly of superlattices.>®*® Colloidal penta-twinned
elongated nanoprisms with pentagonal cross-sections self-
assemble from dispersions into multilayered structures that
adopt configurations ranging from dense ice-ray packing to
less dense Diirer packing.”” Chemical routes to synthesize
nanoscale pentagonal plates are rare.”” Thus, to our knowl-
edge, there are few studies on the two-dimensional assembly
of nanoscale pentagonal particles. Studies on the assembly of
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pentagonal-shaped molecules have also been conducted. The
interactions that govern their assembly diverge significantly
from those in particle assemblies, falling outside the scope of
this paper.”®

In this study, we use nanoimprint lithography and thermal
evaporation to fabricate Au nanoplates with precise control
over size and shape, including square, pentagonal, and hexag-
onal geometries with identical side lengths, as a model system
for studying two-dimensional self-assembly. These nanoplates
are assembled into 2D extended monolayers via the liquid-air
interface assembly technique.”® Our quantitative analysis
reveals that the translational order of the Au nanoplates
follows the trend: hexagonal > pentagonal > square shape,
attributed to shape symmetry, interlocking capability based on
coordination number, and tiling ability. Furthermore, binary
mixtures of pentagonal and hexagonal NPs, which exhibit a
common six-fold coordination, yield greater translational
order than their combinations with squares, demonstrating
the influence of shape on self-assembly.

Results and discussion

The square, pentagonal, and hexagonal Au NPs are produced
via a combination of nanoimprint lithography and thermal
evaporation techniques (Fig. 1), as detailed in our previous
work.*® Briefly, e-beam lithography is employed to create
imprint templates with the desired polygonal shapes. Here,
templates are designed to produce NPs with uniform side
lengths of approximately 220 nm. Wafers are coated with resist
trilayers, and the shapes are transferred into the top thermal
Nanonex resist layer and middle polydimethylglutarimide
(PMGI) undercut layer through imprinting and developing.
Subsequently, a layer of Au or other materials is physically
evaporated onto the patterned resist layers, and upon liftoff,
yields the NPs anchored by the bottom sacrificial Durimide

Nanoimprint and
material deposition

Sacrificial layer

Polymer coating

Separation from the 3 .
polymer resist

= &SR

Drop

A Self-assembly
casting B

Evaporation

Liquid-air interface ‘L,
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Fig. 1 Schematic of the preparation and self-assembly of polygonal NP
dispersions. Square, pentagonal, and hexagonal Au NPs are fabricated
via nanoimprint lithography and thermal evaporation of thin films. After
liftoff of the resist, NPs remain bound to the wafer. These NPs are sub-
sequently coated with a thiolated polystyrene polymer layer, facilitating
their harvesting through sonication and stable dispersion in liftoff sol-
vents. The self-assembly process is carried out at a liquid—air interface,
with NPs dispersed in a hydrophobic phase (toluene, tetrahydrofuran,
chloroform) atop a hydrophilic ethylene glycol layer. As the ethylene
glycol evaporates, assembled NP layers are deposited on the underlying
wafers.

Nanoscale

View Article Online

Nanoscale

layer. To ensure the dispersion of the NPs in solvents, the Au
NPs are coated with a thiolated-polystyrene polymer (number-
average molecular weight M,, = 50k) in a tetrahydrofuran (THF)
solution. The coated NPs are then harvested from the wafer by
immersion and sonication in N-methyl-2-pyrrolidone (NMP).
Through a series of centrifugation and redispersion steps in
organic solvents, we remove excess polymer ligands and con-
centrate approximately 10® NPs into less than 5 pL of a mixed
organic solvent of either chloroform and toluene or THF and
toluene, with a volume ratio of 1:3. Transmission electron
microscopy (TEM) images show that the NPs have a uniform
polymer coating of approximately 7 + 1 nm in thickness
(Fig. S1). Thiol-terminated polystyrene ligands on Au nano-
plates provide short-range steric stabilization in our assembly
solvents; given the thin polymer shell relative to plate size,
packing is shape-dominated rather than ligand-directed, con-
sistent with prior studies of self-assembly and polymer-grafted
nanoparticles.*'?

The Au NP dispersions are then dropped onto an ethylene
glycol subphase, forming distinct hydrophobic organic phases.
As the organic solvent evaporates, NP films emerge on the
surface of the ethylene glycol. Wafers are submerged in the
ethylene glycol subphase, and the ethylene glycol is evaporated
through vacuum drying, depositing NP films on the wafers. NP
assemblies are subsequently imaged in the SEM, and the
images are analyzed to quantify their structure, including the
shapes, positions, orientations, and long-range order of the
NPs. The analysis techniques applied to all images include
Fourier transforms (FFTs), 2D nearest-neighbor positional dis-
tributions, 2D autocorrelation functions, and full pair position
probability distributions, allowing for comprehensive charac-
terization of the assembled structures.'® Detailed orientational
maps and lattice-type classifications are provided in Fig. S2.

Fig. 2 shows the distinct structures for square, pentagonal,
and hexagonal Au NP assemblies. Hexagonal Au NP assemblies
form highly uniform (Fig. 2C(I)), close-packed hexagonal
lattice structures, as depicted in Fig. 2C(I) inset."* Uniform
particle alignment is evidenced by consistent coloration across
the image in Fig. S2C, where colors represent particle orien-
tation angles, as well as by the sharp peaks in FFTs (Fig. 2C
(I1)). 2D nearest-neighbor positional distributions (Fig. 2C(III))
quantify the likelihood of locating a neighboring NP at a
specific distance.'” They reveal a nearly isotropic spread in dis-
tance with a major-to-minor axis FWHM ratio of 1.09 + 0.07,
the closest to unity among all shapes studied. Square Au NP
assemblies exhibit the coexistence of A, and A, lattices (Fig. 2A
and S2A). In the A, lattice, square NPs align in rows with their
faces offset by half a side length, shown in blue in the inset of
Fig. 2A(I). In contrast, the A, lattice, colored pink in the same
inset, is characterized by squares with rounded corners that
touch, forming a thombic symmetry.'® The lattice-type detec-
tion and orientational analysis used to distinguish A, from A,
are illustrated in Fig. S2A. The 2D FFTs of the images for
square Au NP assemblies show discernible peaks (Fig. 2A(II)),
though less pronounced compared to those for other NP
shapes, reflecting the disorder from the coexistence of mul-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Structural analysis of (A) square, (B) pentagonal, and (C) hexagonal Au NP assemblies. Each set includes: (I) SEM images, regions with colored
outlines and insets showing representative lattices, () FFTs of SEM images, (Ill) 2D probability distributions of nearest-neighbor positional patterns,
(IV) 2D autocorrelation functions, and (V) linecut profiles from the 2D autocorrelation in the marked regions.

tiple lattices (Fig. 2A(1I)). The 2D nearest-neighbor positional
distributions (Fig. 2A(III)) of square NPs show the highest an-
isotropy with a major-to-minor axis FWHM ratio of 2.39 + 0.29,
indicating strong directional differences in the translational
correlations.

Pentagonal Au NP assemblies exhibit ice-ray packing with anti-
parallel arrangements indicated by alternating purple and blue
colors in Fig. 2B and Fig. S2B.>> Other areas form a hexagonal
rotator crystal phase,” maintaining positional order but lacking
consistent orientational order. FFTs of pentagonal Au NP assem-
blies reveal a hexagonal pattern (Fig. 2B(II)), consistent with dis-
tinct peaks in 2D nearest-neighbor positional distributions
(Fig. 2B(III)). Quantitative analysis of 2D nearest-neighbor pos-
itional distributions shows an intermediate level of anisotropy
(major-to-minor axis FWHM ratio of 1.80 + 0.12) between hexag-
onal and square assemblies. However, the expected rectangular
symmetry of antiparallel-patterned ice-ray packing is absent in
the FFTs, likely due to local variations and imperfections in the
antiparallel structure observed in the image.**

This journal is © The Royal Society of Chemistry 2025

To quantitatively compare the long-range positional order
across different NP shapes, we utilized 2D autocorrelation
functions derived from SEM images (Fig. 2A-C(wv)). These func-
tions measure the self-similarity of the image as the displace-
ment vector changes. The &, value of translational order is
defined at points where the oscillation in the line profiles
drops to less than 50% of their initial value (Fig. 2A-C(v)). To
determine the &, 5 value for each polygonal NP assembly, we
start with a well-ordered region in each SEM image to measure
£os. As the area expands, the &5 value typically reaches a
maximum before decreasing due to the inclusion of less
ordered regions. This approach enables us to identify the
maximum analysis area for each shape, capturing the best-
case scenario for order without being constrained by a fixed
area across different shapes, as exemplified by the selected
areas shown in Fig. 2A-C(V). Using this method, we observe
that hexagonal NPs exhibit a maximal &, 5 value of 9.2 + 0.8
repeating units (Table S1), in contrast to 6.8 + 0.4 for pentago-
nal Au NPs. Square Au NPs show a lower maximal &, 5 value of
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Fig. 3 Analysis of the 2D pair position distribution function for (A) pen-
tagonal and (B) hexagonal Au NP assemblies. Each set includes: (l) 2D
pair position probability distributions with corresponding linecuts in the
[1120] (red) and [1100] (green) directions. (Il) Insets: definitions of the
width of the position probability distribution for the first peak away from
the center. Peak widths, in units of average interparticle distance (AIPD),
for the [1120] (red) and [1100] (green) directions in both longitudinal and
transverse orientations are plotted against interparticle distance.
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3.2 + 0.4, likely due to the presence of multiple lattices and
their propensity to slide.

The translational order in pentagonal and hexagonal Au NP
assemblies is further analyzed through the full pair position
probability distribution,*® which assesses the likelihood of
locating an NP at a specific location, given that another NP is
positioned at the origin (Fig. 3). A broader peak in this distri-
bution indicates increased disorder, reflecting a similar
accumulation of lattice disorder in both pentagonal and hexag-
onal Au NP assemblies across various lattice directions, and in
longitudinal (67) and transverse (o) orientations. However, the
key distinction is that well-ordered hexagonal Au NP assem-
blies exhibit isotropic translational order, with ¢y roughly equal
to o.. In contrast, pentagonal Au NP assemblies consistently
show anisotropic translational order, with ¢; smaller than o,
revealing a dominance of shearing over compressive or tensile
disorder. The anisotropy in pentagonal Au NP assemblies is
attributed to their inability to tessellate a plane without creat-
ing voids, thereby facilitating the sliding of rows or columns.
While this allows for more flexibility than for hexagonal NP
assembly, pentagonal NPs still achieve a higher degree of
order than square NPs as their six-fold coordination partially
restricts NP translation. While lateral capillary forces from
contact-line distortions may contribute to particle interactions
at short range,*® the trends observed in systematic shape-
dependent assembly are consistent with geometric constraints
and entropic forces dominating the assembly process for these
sub-micron particles.*>®

0.5 1 15
Distance (um)

Fig. 4 Structural analysis of (A) square—hexagonal and (B) pentagonal—hexagonal Au NP assemblies. Each set includes: (I) SEM images and their (Il)
FFTs, (Ill) 2D probability distributions of nearest-neighbor positional patterns, (IV) 2D autocorrelation functions, and (V) linecut profiles from the 2D

autocorrelation.
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We mix combinations of the polygonal Au NPs to form
binary mixtures, specifically pentagonal-hexagonal and
square-hexagonal combinations (Fig. 4). Both binary mixtures
exhibit a degree of phase separation, where particles of the
same shape tend to cluster together, as visible in the SEM
images (Fig. 4A and B(1)). The pentagonal-hexagonal mixture
has sharper and more distinct peaks in the FFTs (Fig. 4A and
B(u)), indicating better long-range order. The 2D nearest-neigh-
bor position distributions reveal a clearer hexagonal pattern
for the pentagonal-hexagonal mixture (Fig. 4B(III)). In con-
trast, the square-hexagon mixture shows a dual-ring structure
without distinct peaks (Fig. 4A(IIl)), reflecting different
nearest-neighbor distances for different shapes and a less
uniform local structure. The autocorrelation analysis (Fig. 4A
and B(wv)) and the line profiles for both mixtures (Fig. 4A and
B(v)) show peak heights below 0.5, indicating limited coher-
ence. The pentagonal-hexagonal mixture displays more pro-
nounced and regularly spaced peaks compared to the square-
hexagon mixture, indicating higher translational order and
longer-range correlations. The split peaks observed in the pen-
tagonal-hexagonal autocorrelation likely arise from the coexis-
tence of multiple characteristic distances between particles of
both identical and differing shapes in the binary system. This
improved ordering in the pentagonal-hexagonal system
benefits from their geometric compatibility, both having six
nearest neighbors. The lower order in the square-hexagonal
mixture'’ is likely due to the incompatibility between the
different lattice structures as squares can form both A, and A,
lattices and hexagons pack in a hexagonal lattice.

Conclusions

In this study, we explore how polygonal shape influences the
2D self-assembly of lithographically fabricated nanoplates,
with a focus on square, pentagonal, and hexagonal NPs.
Analysis of translational order reveals a clear hierarchy: hexag-
onal NPs form the most ordered assemblies due to their inter-
locking hexagonal lattices, square NPs exhibit the most dis-
order with coexisting A; and A, lattices, while pentagonal NPs
show intermediate, anisotropic order. This behavior stems
from the geometries of each shape and their ability to tile a
plane. Similar shape-driven hierarchies of translational order
have been directly observed for colloidal nanocrystals at the
tens-of-nanometer scale, where van der Waals and ligand-
mediated interactions dominate. In this regime, ligand length/
coverage sets the interparticle gap and effectively rounds par-
ticle corners, thereby modulating directional entropic forces
and, in turn, translational coherence.”'* Beyond the assembly
of a single shape, we show that binary mixtures of pentagonal
and hexagonal NPs achieve higher translational order through
shared coordination numbers, in contrast to the comparatively
disordered square-hexagon mixtures. To our knowledge, this
provides nanoscale experimental evidence that coordination
compatibility can mitigate demixing and enhance order in a
binary polygonal system (pentagon-hexagon); by contrast,

This journal is © The Royal Society of Chemistry 2025
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prior simulations of other symmetric polygon mixtures (e.g,
hexagon-square/triangle) predict demixing unless shape- or
edge-specific patches are introduced.™*

Our approach to NP fabrication and assembly was also
applied to create 2D extended assemblies of binary mixtures of
hexagonal Au and Ag NPs, as well as hexagonal Ge NPs,
suggesting its broad applicability (Fig. S3). This research opens
avenues for further exploration into the self-assembly of NPs
with anisotropic, complex shapes (such as convex and concave
polygons), varied sizes, and compositions with entropic and
enthalpic patchy interactions."*’° By integrating NPs of
various types, we plan to design functional materials that lever-
age the combined properties of the constituent particles for
applications in optics and opto-electronics. For example, close-
packed monolayers of hexagonal nanoplates provide uniform
nearest-neighbor gaps and edge sites that yield reproducible
near-field hot spots and enable quantitative SERS.*>*! Qur pre-
vious work showed that symmetry and interparticle gaps in poly-
gonal NP metamolecules tune the Fano lineshapes and polariz-
ation response,*® and correlated single-domain spectroscopy on
binary nanocrystal superlattices further demonstrates that lattice
symmetry and composition systematically control near-field
coupling and resonance energy.*> For electronic/optoelectronic
devices, edge-to-edge assembly of cubic-shaped quantum dots
with short interparticle spacings enhances coupling and charge
transport in quantum-dot assemblies, compared to those com-
posed of spherical quantum dots.**>**
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