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Binary superlattices (BNSLs) with unique configurations are of

great interest, attributed to the interaction between two kinds of

nanoparticles, providing potential applications in sensing, elec-

tronic and optical fields. Here, polystyrene (PS) tethered spherical

gold nanoparticles (AuNPs) with two core diameters spon-

taneously assembled into BNSLs via emulsion-confined self-

assembly. BNSLs with specific stoichiometry and interparticle gaps

of the NPs are prepared by tuning the number and size ratios of

the two types of NPs. Moreover, after introducing long ligands,

binary NPs are separated into macrophase separation or mixed

together, depending on the interaction between polymer chains

tethered to the AuNPs. Finally, PS-tethered AuNPs provide more

possibilities for fabricating multifunctional BNSLs.

Introduction

Recently, the assembly of two kinds of metal nanoparticles
(NPs) into well-defined binary superlattices (BNSLs) has
resulted in diverse stoichiometries and lattice symmetries,
leading to new properties owing to the interactions of the two
kinds of nanoparticles.1–13 Long-ordered arrays or superlattices
assembled from two kinds of NPs have attracted widespread
attention owing to their potential applications in sensing,
photonics, and plasmonics, among others.14–24 However, the
macroscopic properties of BNSLs depend on their internal
structures, which can be tuned by the structural parameters of
the NPs, such as the size ratios, intrinsic shape, number ratios
and the constituents of the two types of NPs.25–34

When designing BNSLs with unique internal structures, the
physical and chemical properties of ligands decorating the sur-
faces of the NPs play a dominant role.35–41 Up to now, various
molecules (e.g., short-chain molecules and polymers) have
been used as ligands to prepare BNSLs with unique internal
structures. For instance, Murray et al. proved that the strength
of near-field couplings between oleic acid-coated NPs could be
adjusted by varying the spherical nanoparticle size, compo-
sition, and internal structures of BNSLs, leading to broadband
spectral tunability of the collective plasmonic response of
BNSLs across the entire visible spectrum.42 Interestingly,
various soft materials are prepared when polymers are tethered
with NPs through covalent or coordinative interactions.
Conformational entropic and enthalpic interactions are gener-
ated after grafting the polymer onto the NPs.43–46 The energetic
contributions can be adjusted by controlling the average mole-
cular weight (Mn), architecture, chemical properties, and the
surrounding solvent of the polymer. Thus, the adjacent
spacing of the NPs is significantly expanded by modifying the
polymer. In the last few decades, a great deal of effort has
been dedicated to studying the self-organization of polymer-
tethered NPs into well-defined superlattices. For example, Zhu
and co-workers prepared three different types of BNSLs by con-
trolling the Mn of polymer ligands and explained the features
of two kinds of polymer-tethered spherical NPs during assem-
bly and the corresponding co-assembly mechanism.47

In the past, we reported exquisite BNSLs assembled from
polymer-tethered anisotropic and isotropic NPs and systematic
research on the co-assembly of the different NPs and the
corresponding physical mechanism.35,37 Herein, we study the
assembly of two kinds of polystyrene (PS) tethered isotropic
spherical gold nanoparticles (AuNPs@PS) through the emul-
sion-confined assembly strategy and explore the effect of the
number ratio and size ratio of the two NPs on the final internal
structure of the BNSLs, which are different from our previous
report.35,37 The large AuNPs@PS building blocks are arrayed in
a hexagonally close-packed or square structure, while smaller
AuNP building blocks occupy the center of the periodically
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arranged large AuNP structure. Through the control of the
effective size ratios and the number ratios of the two types of
AuNPs, BNSLs with different internal periodic arrangements
can be fabricated. Moreover, the BNSLs with diverse packing
densities can be realized by tuning the Mn of the PS ligands
modified on the surface of the AuNPs. After introducing long
PS ligands, binary NPs are separated into macrophase separ-
ation or mixed together, depending on the interaction between
polymer chains tethered to AuNPs, and the interparticle space
between large AuNPs is tunable. Studying BNSLs assembled
from polymer-tethered NPs may create new collective pro-
perties and provide more potential applications in data storage
and optoelectronic devices.

Results and discussion
Effect of number ratios on the BNSLs

First, monodisperse AuNPs with two sizes (the average sizes
are 15.4 ± 0.9 nm and 5.1 ± 0.4 nm, respectively) are syn-
thesized according to previous literature (Fig. 1a and Fig. S1 in
the ESI†),48 and thiol-terminated PS2k (PS2k-SH, Mn = 2.0 kg
mol−1, and PDI = 1.35) are modified on the surface of the
AuNPs to fabricate PS2k coated Au15.4NP (Au15.4NPs@PS2k) and
PS2k coated Au5.1NP (Au5.1NPs@PS2k) building blocks (the sub-
scripts refer to the diameter of the synthesized AuNPs) by the
ligand exchange strategy.48 Well-defined BNSLs can be pre-
pared, as shown in Scheme 1. Typically, Au15.4NPs@PS2k build-
ing blocks, Au5.1NPs@PS2k building blocks, and hexadecane in
chloroform (CF) solution (1.0 wt%) were completely mixed in
appropriate proportions. Subsequently, the NP and HD chloro-
form mixture was emulsified using a poly(vinyl alcohol) (PVA,
0.3 wt%, 1.0 mL) aqueous solution. As the CF slowly evapor-
ated, the AuNPs@PS building blocks spontaneously trans-

ferred to the PVA/HD interface.35,37 The spontaneous co-assem-
bly of two kinds of AuNPs@PS building blocks occurred upon
further CF evaporation. After the CF solvent had evaporated
entirely, well-defined superlattices were obtained. As shown in
Fig. 1a, two high monodisperse Au15.4NPs@PS2k and
Au5.1NPs@PS2k are used as building blocks to prepare AuNP
superlattices, where AuNPs are arranged in a hexagonally
close-packed configuration, to minimize the whole system
energy. When small AuNPs@PS2k and large AuNPs@PS2k
building blocks are mixed with a number ratio of ∼1 : 1, an AB-
type superlattice structure is prepared,26 which differs from
the single-component system. Low and magnified trans-
mission electron microscopy (TEM) images (Fig. 1b and c and
Fig. S2†) also show that the formed BNSLs with larger AuNP
building blocks were arranged in a square sublattice and the
smaller ones were positioned in the interstices. In addition,
the exquisite BNSLs with a special internal structure can be
proved by scanning transmission electron microscopy (STEM)
and the corresponding energy-dispersive X-ray spectra (EDX)
elemental mapping of Au (Fig. 1d and e), and the dark back-
ground is filled almost entirely with PS ligands. Those features
demonstrate the prepared BNSLs of two kinds of AuNPs@PS2k
with an AB-type arrangement from the top view (Fig. 1f).

To explore the fabrication of other assemblies using identi-
cal types of NPs, we systematically changed the number ratios
of the Au5.1NPs@PS2k and Au15.4NPs@PS2k building blocks, as
shown in Fig. 2. When the Au5.1NPs@PS2k and
Au15.4NPs@PS2k building blocks are mixed with a number
ratio ∼2 : 1, free-standing AB2-type BNSLs are obtained
(Fig. S3†).45 As shown in Fig. 2a and b, the larger
Au15.4NPs@PS building blocks show a hexagonally packed
arrangement, and the small Au5.1NPs@PS are located in the
interstices of three neighboring larger AuNP building blocks.
The inset in Fig. 2b shows the corresponding schematic
diagram of the BNSLs, illustrating regular internal permu-
tation of AuNPs, in which individual larger AuNPs have six
small AuNP neighbors. The unique BNSL structure is further
confirmed by STEM characterization and the corresponding
EDX elemental mapping of Au (Fig. 2c and d).

Further increasing the number ratio of Au5.1NPs@PS2k to
Au15.4NPs@PS2k ∼3 : 1, AB2 (Fig. 3a and Fig. S4a†)27 and AB3-
type BNSLs (Fig. 3b and Fig. S4b†)26 can be prepared. Notably,

Fig. 1 (a) TEM images of the single-component superlattices
assembled from Au15.4NPs@PS2k (left) and Au5.1NPs@PS2k building
blocks (right), respectively. (b) Low and (c) high magnification TEM
images of the BNSLs assembled from Au5.1NPs@PS2k and
Au15.4NPs@PS2k building blocks at a number ratio of 1 : 1, respectively.
(d) and (e) Corresponding STEM image and EDX elemental mapping of
Au of the formed BNSLs, respectively. (f ) Schematic illustration of the
periodic internal permutation of the BNSLs.

Scheme 1 Schematic diagram of the preparation of BNSLs via the
confined co-assembly of the PS-tethered NPs of two sizes within emul-
sion droplets by tuning the effective size ratios and the number ratios of
the two kinds of AuNPs.
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when the number ratio of the mixture increases to ∼7 : 1,
Cu3Au-type (Fig. 3c),42 CaB6-type (Fig. 3d),36 and the structure
of small AuNPs around the larger AuNPs (Fig. 3e and
Fig. S4c†) can be obtained. Further increasing the number
ratio of the small AuNPs and large AuNPs to ∼13 : 1 results in
phase-pure BNSLs of higher stoichiometries, i.e., NaZn13,

42

which exhibits the cubic symmetry and the long-range arrange-
ment of the two types of AuNPs (Fig. 3f and Fig. S4d†). It is
worth noting that although these BNSLs have been prepared
by previous methods,26,42 achieving eight kinds of BNSLs with

different internal structures using NPs with a single effective
size ratio is still a challenge.

As previously reported,35,37 the formation of well-defined
BNSLs is determined by minimizing the Gibbs free energy.
The overall change in the Gibbs free energy of the AuNPs@PS
system can be expressed as:

ΔG ¼ ΔH � TΔS ð1Þ
where ΔH refers to the enthalpic energy change, which is
mainly determined by the interaction among the building
blocks, and T is the temperature in Kelvin. ΔS is the entropic
energy change, which mainly depends on the conformation
entropy of the polymer chains (ΔScon) and the mixing entropy
of the NPs of two sizes (ΔSmix). For the NPs with 5.1 nm, they
can easily move into the lattice formed by the NPs with
15.4 nm. In this case, the contribution of ΔScon can be
ignored, and ΔSmix plays a key role in forming the BNSLs. It
drives the smaller AuNPs into the lattice formed by bigger
AuNPs. Moreover, the distribution of smaller AuNPs in the
lattice is as uniform as possible to maximize ΔSmix, thereby
minimizing the free energy. When the number ratio is 1 : 1, an
AB-type superlattice structure is prepared, as shown in Fig. 1.
AB-type BNSLs have the most uniform distribution to mini-
mize the Gibbs free energy. Similarly, the lattices in the small
NPs are uniformly distributed around the big NPs, i.e., AB2-
type, AB3-type, Cu3Au-type, and CaB6-type can be obtained by
increasing the number ratio up to 7 : 1. However, if the ratio is
increased to 13 : 1, the small NPs are too many to be uniformly
distributed around the big NPs, and the excess small NPs have
to aggregate into the vertices formed by four big NPs uni-
formly. Therefore, an NaZn13-type superlattice can be
obtained, as shown in Fig. 3f.

Effect of size ratios on the BNSLs

In addition to the number ratio of the two kinds of AuNPs@PS
building blocks, the effective size ratio of AuNPs@PS (λeff ), the
ratio of the effective diameter of the PS tethered small AuNPs
(deff ) to that of the PS tethered large AuNPs (Deff ), also plays a
dominant role in the configuration of the BNSLs. λeff can be
applied to access the loss of entropy after the introduction of
the small AuNPs. The effective diameter of the AuNPs@PS
building blocks including the NP core and PS shell can be
measured as the center-point to center-point distance between
the adjacent AuNPs@PS building blocks from single-com-
ponent AuNP@PS hexagonal packing in TEM images
(Fig. S5d†). Herein, AuNPs with various diameters (i.e., 1.7 nm,
8 nm, and 10 nm) were prepared (Fig. S5a–c†) and tethered
with PS2k, and further co-assembly with Au15.4NPs@PS2k with
a fixed number ratio of 2 : 1 to explore the effect of λeff on the
structure of the BNSLs.48,49 For the Au1.7NPs@PS2k (deff = 4.1 ±
0.6 nm) and Au15.4NPs@PS2k (Deff = 20.1 ± 1.3 nm) building
blocks, λeff is thus calculated to be 0.2, and Au1.7NPs@PS2k
building blocks are distributed in the gap between the
Au15.4NPs@PS2k building blocks (Fig. 4a). In this case, as the
diameter of Au1.7NPs@PS2k is so small, the conformational

Fig. 2 (a) Low and (b) high magnification TEM images of the BNSLs
assembled from Au5.1NPs@PS2k and Au15.4NPs@PS2k building blocks at a
number ratio of 2 : 1. The inset in (b) shows the corresponding schematic
diagram of the internal arrangement of AuNPs within BNSLs. (c) and (d)
Corresponding STEM image and EDX elemental mapping of Au of the
BNSLs, respectively.

Fig. 3 (a–f ) TEM images of BNSLs from different mixing ratios of small
AuNPs (5.1 nm in diameter) and large AuNPs (15.4 nm in diameter) with
the following phases: (a) AB2-type, 3 : 1; (b) AB3-type, 3 : 1; (c) Cu3Au-
type, 7 : 1; (d) CaB6-type, 7 : 1; (e) small AuNPs around the larger AuNPs,
7 : 1; and (f ) NaZn13-type, 13 : 1. The inset images show the schematic
diagram according to the corresponding BNSLs and the scale bars are
20 nm.
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entropy of the introduced Au1.7NPs@PS2k can be ignored.
Thus, the Au15.4NPs@PS2k building blocks maintain the hexag-
onal packing to minimize the whole Gibbs free energy of the
BNSLs. After the increase of the core AuNP size to 5.1 nm (i.e.,
Au5.1NPs@PS2k, deff = 8.7 ± 0.8 nm), the calculated λeff is 0.4,
and the BNSLs exhibit the aforementioned AB2-type arrange-
ment (Fig. 2 and 4b). After deff further increases to 11.2 ±
0.8 nm (i.e., Au8NPs@PS2k), λeff is 0.5 and exquisite BNSLs can
be prepared, as shown in Fig. 4c. In this case, Au15.4NPs@PS2k
still shows a hexagonally packed arrangement, and
Au8NPs@PS2k is positioned in the space surrounded by three
neighboring Au15.4NPs@PS2k building blocks, whereas the
packing density increases compared with λeff which is 0.4.
However, if oversized AuNPs@PS2k (i.e., Au10NPs@PS2k, deff =
13.5 ± 0.5 nm, and λeff is 0.7) is used, the introduced
Au10NPs@PS2k causes the loss of conformational entropy, so
Au10NPs@PS2k is macroscopically separated from the hexag-
onal Au15.4NPs@PS2k matrix to reduce the global free energy
(Fig. 4d). In particular, when the number ratio of
Au10NPs@PS2k to Au15NPs@PS2k increases to ∼10 : 1, CaCu5-
type BNSLs can be obtained,26 as shown in Fig. S6.† The
results show that both the number ratio and effective size ratio
of the NPs have a decisive effect on the final internal structure
of BNSLs.

In addition to the diameter of the initial synthesized NPs,
the thickness of PS ligands also contributes to the deff of
AuNPs@PS as well as λeff, affecting the arrangement of NPs
within the assemblies. Therefore, Au5.1NPs tethered with
different PS ligands are synthesized (i.e., PS2k, PS5k, and PS12k)
to investigate the impact of the thickness of the PS ligands
modified on the surface of Au5.1NPs building blocks on the
final distribution of the BNSLs (Fig. S7†). Based on the pre-
vious discussion, Au15.4NPs@PS2k and Au5.1NPs@PS2k are
assembled into an AB2-type structure (Fig. 5a). With a further
increase of Mn of the PS ligands to 5k (i.e., Au5.1NPs@PS5k),
the deff value increases to 13.3 ± 0.9 nm, and the calculated λeff
is 0.7. Au15.4NPs@PS2k still shows a hexagonal configuration
and Au5.1NPs@PS5k is mainly irregularly distributed in the ver-

tices formed by three adjacent Au15.4NPs@PS2k building
blocks (Fig. 5b), which is different from the result in Fig. 4d,
attributed to the partially or fully screened rigid nature of
small NPs. With a further increase in the Mn of PS ligands to
12k, the deff is 17.2 ± 1.7 nm, and the λeff is 0.9. In this case,
the Au15.4NPs@PS2k and Au5.1NPs@PS12k building blocks form
a disordered state, as shown in Fig. 5c. At this time, the
narrow space between Au15.4NPs@PS2k cannot be penetrated
by Au5.1NPs@PS12k. On the other hand, the short polymer-
tethered large AuNPs quickly settle via the evaporation of the
CF, while the long polymer-tethered small AuNPs are still well
dispersed.

Similarly, large Au15.4NPs tethered with PS ligands of
different Mn (i.e., PS0.8k, PS5k, and PS12k) and Au5.1NPs@PS2k
are synthesized (Fig. S8†) and co-assembled with a number
ratio of 1 : 2 to further explore their final spatial distribution of
the BNSLs. When Au15.4NPs@PS0.8k (Deff = 19.6 ± 1.2 nm and
λeff = 0.4) are used to co-assemble with Au5.1NPs@PS2k, macro-
scopic phase separation is caused and almost no regular
BNSLs can be noted, which is probably because
Au5.1NPs@PS2k cannot penetrate the short PS0.8k brushes on
the surface of large AuNPs (Fig. 6a). As PS ligands increase to

Fig. 4 TEM images (top images) and the corresponding schematic dia-
grams (bottom images) displaying BNSLs assembled from the Au15.4NPs@
PS2k building blocks and AuNPs@PS2k with different core diameters,
keeping the other conditions unchanged (Au15.4NPs@PS2k : AuNPs@PS2k =
1 : 2). (a) Au1.7NPs@PS2k; (b) Au5.1NPs@PS2k; (c) Au8NPs@PS2k; and
(d) Au10NPs@PS2k. The scale bars are 20 nm.

Fig. 5 (a–c) TEM images showing BNSLs assembled from
Au15.4NPs@PS2k and Au5.1NPs@PS building blocks tethered with PS
ligands of different Mn, keeping the other conditions unchanged
(Au15.4NPs@PS2k : Au5.1NPs@PS = 1 : 2). (a) PS2k; (b) PS5k; and (c) PS12k.
The scale bars are 20 nm.

Fig. 6 (a–d) TEM images exhibiting the assemblies formed from
Au5.1NPs@PS2k and Au15.4NPs tethered with PS ligands of different Mn,
keeping the other conditions unchanged (Au15.4NPs@PS : Au5.1NPs@PS2k =
1 : 2). (a) PS0.8k; (b) PS2k; (c) PS5k; and (d) PS12k. The scale bars are 20 nm.

Communication Nanoscale

800 | Nanoscale, 2025, 17, 797–802 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
H

uk
ur

i 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
07

-2
8 

17
:0

8:
16

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04032e


5k (Au15.4NPs@PS5k, Deff = 21.5 ± 1.4 nm, and λeff = 0.4), at this
time, AB2-type BNSLs can be prepared (Fig. 6c). With a further
increase in the Mn of PS ligands to 12k (Au15.4NPs@PS12k, Deff

= 26.2 ± 0.9 nm, and λeff = 0.3), the formed BNSLs adopt an
AB2-type structure (Fig. 6d). However, the small AuNPs within
the BNSLs are not evenly distributed in the space surrounded
by three adjacent large AuNPs because the increase of Mn of PS
ligands provides more space to accommodate small AuNPs
and the AB2-type structure is not close-packed. Through tuning
of the Mn of the large AuNPs, AB2-type BNSLs with different
stacking densities of AuNPs of two sizes can be prepared. For
further exploring the size ratio and number ratio of the two
kinds of AuNPs@PS building blocks, Au15.4NPs@PS0.8k and
Au15.4NPs@PS12k are co-assembled with more Au5.1NPs@PS2k,
and the results in Fig. S9† show that exquisite BNSLs can be
fabricated through tuning the size ratio and number ratio of
the two kinds of AuNPs. As shown in Fig. S9a,† when
Au15.4NPs@PS0.8k building blocks are co-assembled with
Au5.1NPs@PS2k with a number ratio of ∼1 : 13, AB13-type
BNSLs can be prepared. Similarly, when the number ratio of
Au5.1NPs@PS2k building blocks and Au15.4NPs@PS12k
increases, the structure of small NPs around Au15.4NPs@PS12k
is prepared (Fig. S9b†). The study shows that the internal struc-
ture should be predicted using size and number ratios, which
cannot be simply determined by one parameter.

The above results show that λeff can be applied to assess the
entropy loss after introducing the small AuNPs and predict the
structure of the formed BNSLs. Moreover, λeff can be adjusted
through the core diameter of the AuNPs and the Mn of the PS
ligands modified on the surface of the AuNPs, and the corres-
ponding stacking density of the BNSLs can also be tuned.
However, when exploring the effect of λeff on the BNSLs, the
ratio of AuNPs of two sizes should be fixed. The final structure
of the BNSLs is determined by the number and size ratios of
the AuNPs of two sizes (Table S1†).

Conclusions

In brief, we developed a strategy to fabricate exquisite BNSLs
assembled from PS-tethered spherical AuNPs in two sizes. The
large AuNPs display a square or hexagonal stacking arrange-
ment in BNSLs, while the introduced small AuNPs@PS are
located in the PS domain surrounded by adjacent large ones to
minimize the total free energy. In this strategy, the final distri-
butions of the two diameters of AuNPs within the BNSLs
mainly depend on the number ratios and the effective size
ratio of the AuNPs. By adjusting the number ratio of the two dia-
meters of AuNPs, eight kinds of BNSLs with different internal
structures can be prepared. However, when the number ratio
remains at 2 : 1, by tuning the effective size ratio, the obtained
AlB2-type BNSLs remain unchanged until the effective size ratio
reaches 0.5. In particular, when the number ratio of the two
AuNPs changes (Au15.4NPs@PS2k : Au5.1NPs@PS2k ∼1 : 13), the
phase separation structure becomes an ordered structure. Our
results show that both the number ratio and effective size ratio of

the AuNPs dominate the ultimate structures of the BNSLs, provid-
ing helpful guidance for the design of BNSLs.
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