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ABSTRACT: We demonstrate that binary mixtures of
small and large gold nanoparticles (GNPs) (5/15, 5/30,
10/30, and 15/30 nm in diameter) in the presence of a
glucose-terminated fluorinated oligo(ethylene glycol)
ligand can spontaneously form size-segregated assemblies.
The outermost layer of the assembly is composed of a
single layer of small-sized GNPs, while the larger-sized
GNPs are located in the interior, forming what is referred
to as a yolk/shell assembly. Time course study reveals that
small and large GNPs aggregate together, and these
kinetically trapped aggregations were transformed into a
size-segregated structure by repeating fusions. A yolk/shell
structure was directly visualized in solution by X-ray laser
diffraction imaging, indicating that the structure was truly
formed in solution, but not through a drying process.

he controllable self-assembly of metal nanoparticles (NPs)

has attracted a good deal of attention recently due to their
wide-ranging potential applications.' > Various soft bottom-up
approaches based on NP functionalization for their self-
assembly have been explored,” "¢ such as single-chain ligand
coating,” DNA hybridization,”™ liquid crystal functionaliza-
tion,'"°~"* and dendronization of NPs."*~'® To achieve NP
assemblies applicable to increasingly complex and novel
functionalities, the self-assembly of NPs of different composi-
tions or sizes is practically attractive. The assembly of NPs of
different composites or sizes into a binary NP superlattice with
a crystalline structure has been widely explored.'”~*°
Theoretical and experimental studies on the phase segregation
of NPs of different sizes and shapes have been reported.”' =’
However, the segregation in these studies was achieved on a
solid substrate or liquid/air interface with external forces, such
as a solvent evaporation or capillary force.”* *° Kiely et al.
found that alkanethiol-coated gold nanoparticles (GNPs) of
different sizes could spontaneously organize themselves into
size-segregated regions during the drying process.”* The size
ratio of NPs is generally considered to be important for the size
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segregation process, which is believed to result mainly from
entropy maximization.”’~*” In addition, vertical segregation has
been achieved by the self-assembly of binary mixtures of NPs at
a liquid/air interface.”> Solution-based hierarchical assembly,
which could simplify and extend the potential applications of
functional NPs, still remains as an important theme.

Recently, we developed a nontemplate approach to the
fabrication of gold nanoparticle vesicles (GNVs) through the
self-assembly of semifluorinated oligo(ethylene glycol) (OEG)-
tethered GNPs.>° However, little is known about the
hierarchical assembly of binary mixtures of NPs even though
vesicular assembly of NPs made of single kind and size of NPs
have been explored.m"”2 Herein, we present a rational design
using a glucose-terminated fluorinated OEG ligand (GFL) as
the carbohydrate can provide inter- and intramolecular
hydrogen bonding,*** thus providing stronger interactions
than OEG. In this Communication, we report that binary
mixtures of small and large GNPs modified with GFL
spontaneously self-assemble into a size-segregated yolk/shell
structure in solution, in which clusters of large GNPs are
covered with a monolayer of small GNPs due to entropy-driven
size segregation (Scheme 1).

First, we tested GNVs formation using newly synthesized
ligand GFL. Citric acid-coated GNPs with a diameter of 15 nm
(referred to as Au-15, 50 uL of H,0) were added to GFL
dissolved in dioxane (450 pL). Spherical assemblies (Figure
Sla) with a hydrodynamic diameter of ~120 nm, as measured
by dynamic light scattering (DLS) (Figure S2), were formed in
dioxane. Transmission electron microscopy (TEM) images
(Figures la and S1b) show an obvious contrast between the
edge and the center of the assemblies, indicating a hollow
structure. Transmission electron microtomography (TEMT)
was further carried out to confirm the inside of the assemblies.
The reconstructed images (Figure 1b and Supporting Movie 1)
clearly demonstrate a spherical hollow structure with a
monolayer of GNPs.
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Scheme 1. Chemical Structure of GFL Used in This Study,
and Self-Assembly of the Binary Mixtures of GNPs with GFL
into a Yolk/Shell Assembly
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Figure 1. (a) TEM image of a Au-15S NP assembly. (b) XY image
digitally sliced approximately in the middle of the Au-15 NP assembly;
data from a reconstructed TEMT 3D image of (a). Note that the
electrons were irradiated along the Z direction (perpendicular to the
image (b) in TEM). This indicates that the addition of GFL to small
GNPs (15 nm) produces GNVs.

We next examined vesicle formation using Au-15 NPs in the
presence of Au-30 NPs. Mixtures of Au-30 and Au-15 NPs (the
number ratio: Ny, 15:Nau30 = 7:1, S0 L) with GFL in dioxane
(450 uL) produced spontaneous self-assembly into a size-
segregated structure (Figures 2a and S3). The surface of NP

Au-30 & Au-10

Au-30 & Au-15

Au-30 & Au-5

Figure 2. (a—c) SE-SEM and (d—f) HAADF-STEM images of small
and large NPs mixtures with GFL: (a,d) Au-30 and Au-1S
(Npw15:Nawso = 7:1), (be) Au-30 and Au-10 (Ny,19:Nauz0 = 10:1),
and (¢,f) Au-30 and Au-5 (Ny,.5: Ny 30 = 100:1) NPs. All scale bars are
150 nm.

assemblies was imaged based on the secondary electron mode
of scanning transmission electron microscopy (SE-SEM). The
interior of NP assemblies was acquired using high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM). SE-SEM and HAADF-STEM images
indicated that the outermost layer of the structure was formed
of Au-15 NPs, with the Au-30 NPs selectively located inside
(Figures 2d and S3). To confirm this size segregation
phenomenon, mixtures of Au-30 and Au-5 NPs (N, s:Nau30
= 100:1) or Au-30 and Au-10 NPs (N, 10:Nay30 = 10:1) were
also examined. In both cases, SE-SEM images showed that the
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Au-5 or Au-10 NPs formed a single surface layer (Figures 2b,c,
S4, and SS), with HAADF-STEM images showing the Au-30
NPs located inside the assemblies (Figures 2e,f, S4, and SS).
There was no obvious difference in size between assemblies
with different NP pairs in Figure 2. The size-limiting behavior
might be involved to determine the size of these assemblies.””
When using Au-5 or Au-10 as the smaller NPs, the
encapsulated Au-30 NPs can be seen through the outer layer,
even in SE-SEM images. The interparticle gap for small GNPs
was clearly wider than that for the vesicle structures produced
by small GNPs alone (Figure S10), which is probably due to
the osmotic pressure. To confirm generality of size-segregated
behaviors, we used Au-15 NPs as large particles, which
produced vesicle structures (Figure 1). The binary mixture of
GFL-Au-5/Au-15 (Ny,:Nayis = 25:1) also showed size
segregation (Figure S7). This indicates that the size segregation
phenomenon in this study is related to vesicle formation of the
small NPs, but is independent of whether the large NPs alone
form vesicles.

STEM tomographic slice sections of the segregation of small
(5 nm) and large (30 nm) NPs demonstrated that the
assemblies are yolk/shell structure, in which a space exists
between the interior assembly of Au-30 NPs and outermost
layer assembly of Au-5 NPs (Figure 3ab).’*** Figure 3c

—
]

Figure 3. (2) 3D reconstructed image of a GFL-Au-5/Au-30 assembly.
Due to the insufficient tilt angular range in TEMT experiments, the
3D image appeared vague, especially in the Z direction. (b) Digitally
sliced XY image from 3D reconstructed data. The Z position of the
sliced image corresponds to the middle of the GFL-Au-5/Au-30
assembly. (c) Schematic 3D representation of the GFL-Au-5/Au-30
assembly. The center coordinates of all gold nanoparticles (both S and
30 nm particles) were determined from the experimentally obtained
reconstructed 3D image (a), and virtual particles were generated from
the center coordinates. The 3D picture captures the structural features
but is not quantitative.

indicates a schematic presentation of Au-5 and Au-30 assembly
obtained from TEMT, in which NP shapes were subjected to
the spherical approximation. Sliced images of Figure 3c also
clearly support the yolk/shell structure (Figure S6).

When the proportionality of the small NPs (Au-5, -10, and
-15 NPs) was reduced to Ny,.1np:Nauwso = 1:1, no obvious size
segregation was observed (Figure S7). At this ratio, the total
number of small NPs was insufficient to form Au-30-
encapsulated size-segregated structures. In other words, the
large excess number of small particles is required for the size
segregation, supporting that the small GNPs formed vesicles by
pushing large particles into the inner space due to entropy-
driven depletion force.”

To understand the dynamic size segregation phenomenon, a
time-dependent study of the self-assembly of Au-30 and Au-15
NPs (Np,.15:Nay30 = 7:1) with GFL was carried out (Figures 4
and S8). Samples (3 uL) of the mixture were taken at the times
shown in Figure 4, cast onto the TEM grid, and were subjected
to drying. STEM images taken soon after mixing showed that
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5 min 10 min 30 min

Soon after mixing

Figure 4. Time-course study of the self-assembly of a mixture of Au-15
and Au-30 in the presence of GFLs. Time dependence on (a—e)
HAADF-STEM and (f—j) SE-SEM images of the assemblies at
different time points. All scale bars are 100 nm. (k) Scheme of the
proposed self-assembly process of a size-segregated yolk/shell
assembly.

the Au-30 and Au-15 NPs had already started to form small
aggregations. After 5 min, the Au-15 NPs had started to form
vesicles with the Au-30 NPs located inside, supporting the
notion that the size segregation occurred at the early stage of
assembly process. The aggregations were fused into size-
segregated assemblies (5—30 min) and grown to spherical
assemblies so that the surfaces were covered by Au-15 NPs,
while the Au-30 NP assemblies were encapsulated. The image
taken after 30 min clearly indicates that the yolk/shell structure
was formed via a fusion of the outer layer of each assembly,
similar in manner to the fusion of liposomes.

We investigated the ligand exchange rate of GFLs for Au-15
or Au-30 NPs using inductively coupled plasma optical
emission spectroscopy (ICP-OES). GFL density on the surface
of Au-15 or Au-30 NPs at S and 90 min remained almost
constant, indicating that the ligand exchange for Au-15 or Au-
30 NPs was completed within § min (Table S3), while the size
segregation took more than 90 min. Importantly, tetra(ethylene
glycol)-terminated fluorinated OEG ligands, which lack a
glucose moiety, induced aggregations but not size-segregated
structures (Figure S9). In some previous literature on
supraparticle assemblies, surface ligands have been used as a
stabilizer.””** GFL is a unique molecule that affords surface
characteristics that enable the rearrangement of GNPs after
initial aggregation, resulting in a thermodynamically stable
yolk/shell structure. These data suggest that the fluorinated
GFL surface promotes the rearrangement of GNPs after initial
aggregation in solution, resulting in a thermodynamically stable
yolk/shell structure. A time-course study using DLS measure-
ments and UV—vis spectroscopy of these processes suggest that
the self-assembly process took place in solution (Figure S11).

All electron microscopy measurements in this study were,
however, made for dried samples dispersed on substrates in
vacuum. To discuss a formation of hierarchical self-assembly, it
is necessary to prove that the yolk/shell assembly is
spontaneously formed in solution, but not during the drying
process. Pulsed coherent X-ray solution scattering (PCXSS)
utilizing X-ray free electron laser, which has been proved as a
powerful method to capture snapshots of substances “in
solution”, such as NP assemblies*' and living bacteria,** was
applied to disclose whether or not the assemblies are truly
formed in solution.

The image reconstructed from a single-shot coherent X-ray
diffraction (CXD) pattern of an isolated assembly indicates the
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two-dimensional projection of electron density distribution
(Figure S5). PCXSS snapshots were captured after the
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Figure S. Experimental coherent X-ray diffraction pattern (a,c) and
reconstructed image (b,d) of GFL-Au-15/Au-30 NP assembly (a,b)
and GFL-Au-15 NP assembly (cd) in water-containing dioxane
solution, measured by single-shot illumination by a femtosecond X-ray
laser pulse. (e) Circular average of the CXD pattern of (a).

incubation of GFL with homogeneous mixture of Au-15 and
Au-30 NPs for 3 h. Based on Figure 4, 3 h is long enough for
the formation of the yolk/shell structure. The diameters of
reconstructed image for Au-15/Au-30 mixture and Au-1$ alone
were approximately 200 and 150 nm, respectively, which were
close to the average size obtained from electron microscopy
and DLS measurement. The reconstructed images of the binary
mixture of Au-15/Au-30 showed yolk/shell structure where Au-
15 NPs form the outermost layer with Au-30 NPs located
inside, while the images of the assembly made of Au-15 alone
showed vesicles with a single layer. Figure Se shows a circular
average of the CXD pattern of Figure Sa. The circular average
of the CXD pattern from the binary mixture of Au-15/Au-30
displays that the peaks due to structures with 15 nm periodicity,
neighboring Au-15 particles, and 30 nm periodicity, neighbor-
ing Au-30 particles, were stronger than that with 23 nm
periodicity, neighboring Au-15 and Au-30 particles. This also
strongly supports the segregation state of the binary mixture of
Au-15 and Au-30 NPs in solution.

In summary, we have demonstrated that binary mixtures of
GNPs coated with GFL could hierarchically assemble into a
yolk/shell structure in solution. Time-course studies revealed
that the size segregation occurred at the early stage of the self-
assembly. The kinetically trapped aggregations transformed to
energetically stable size-segregated yolk/shell structures. A
snapshot obtained by PCXSS clearly indicates that the size-
segregated assembly was formed in solution. Our data indicate
that the entropy-driven size segregation of fluorinated nano-
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particles is powerful to make hierarchical assembly and this
strategy has potential applications to the construction of new
types of assembled structures with variable properties.
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Supporting Movie 1, demonstrating a spherical hollow
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