Volume 17
Number 2

14 January 2025
Pages 599-1132

Nanoscale

rsc.li/nanoscale

s

Tre b LEds: i . B e e M
EW‘ W 3 -
e <. R R Rt < “‘,.:"%;"
£ e e eee D A N b

Srrss
reaw e vy v :'::‘ J
et T QT S TS, 1«4‘-4««%

K~ SRR * o
D o KA R oo e ST ST e w‘-’:‘-M 5
e S ee, Voo seee: ....uo-“‘ano\""_
‘*%‘!‘%%@W A Mm -
e R D R R g
%J’agﬁ R O S SO S S DR
TR YR 2
R e %

TR
T T S

R R R R R e e R Ty e

% 5! »
e ST T e YT W‘-W' >
I

i w,,;f,:::.. :"‘,4...""_ .~me,.*‘ oo saeen. L
23073572 G S e RISy 423 P e 323
et S

2 e T
s S i o)
Vateeen i L e s s
T T Ay .%_ 733
2575

>
g’*g 2 y

"3'.:3‘1‘[;;‘:‘3‘-~4114Q¢(41§ 'ﬁc‘;v“,a.“a««.;*«q P

o o

T e At LY
D~ w ~ e s S X

e e e L L

-.;’;““’""f".“‘ _{b’w;

e
X

ISSN 2040-3372

ROYAL SOCIETY PAPER

Thalappil Pradeep et al.

O F CH EMIST RY Nanocluster reaction-driven in situ transformation of

colloidal nanoparticles to mesostructures



7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Nanocluster reaction-driven in situ transformation

{ '.) Check for updates ‘
of colloidal nanoparticles to mesostructuresti

Cite this: Nanoscale, 2025, 17, 803

Paulami Bose, ) §2 Pillalamarri Srikrishnarka, 2 §2 Matias Paatelainen,” Nonappa,
Amoghavarsha Ramachandra Kini,® Anirban Som (2% and Thalappil Pradeep (= *®

Atomically precise noble metal nanoclusters (NCs) are molecular materials known for their precise com-
position, electronic structure, and unique optical properties, exhibiting chemical reactivity. Herein, we
demonstrated a simple one-pot method for fabricating self-assembled Ag—Au bimetallic mesostructures
using a reaction between 2-phenylethanethiol (PET)-protected atomically precise gold NCs and colloidal
silver nanoparticles (Ag NPs) in a tunable reaction microenvironment. The reaction carried out in toluene
at 45 °C with constant stirring at 250 revolutions per minute (RPM) yielded a thermally stable, micron-
sized cuboidal mesocrystals of self-assembled AgAU@PET nanocrystals. However, the reaction in di-
chloromethane at room temperature with constant stirring at 250 RPM resulted in a self-assembled
mesostructure of randomly close-packed AgAu@PET NPs. Using a host of experimental techniques,

Received 8th July 2024, including optical and electron microscopy, optical absorption spectroscopy, and light scattering, we
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studied the nucleation and growth processes. Our findings highlight a strategy to utilize precision and
plasmonic NP chemistry in tailored microenvironments, leading to customizable bimetallic hybrid three-
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1. Introduction

Atomically precise noble metal nanoclusters (NCs) are an
emerging class of nanomaterials known for their precise com-
position and tuneable chemical, physical, and optical
properties.’® The chemistry of noble metal NCs and its versa-
tility to facilitate the formation of precise assemblies,’
nanocomposites,"*'* membranes,'® colloidal frameworks,®
and hybrid nanomaterials’”*® are currently gaining
prominence.*’">* NC-assembled solids are well-known for their
fascinating properties, such as photoluminescence, conduc-
tivity, magnetism, mechanical strength, and catalysis.'*?¢72°
NCs can be solidified using different approaches, such as
solvent-induced crystallization,*** electro-crystallization,*
and gelation.>*?® Ligand functionalization of the particle
surface plays a prominent role in controlling interparticle
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dimensional nanomaterials with potential applications.

interactions  and, eventually, the frameworks of
assemblies.***® Such assemblies are mostly driven by supra-
molecular forces, including H-bonding, electrostatic, dipolar,
m-stacking, and van der Waals interactions.?*?"3%® Tellurium
nanowires (Te NWs) and Aus,SG;o NCs (where SG refers to glu-
tathione) react to form nanodumbell-shaped Ag-Te hybrid
NWs.'® Te NWs modified with Ag,,(p-MBA);, (where p-MBA
refers to para-mercaptobenzoic acid) form a crossed bilayer
assembly via ligand-mediated H-bonding.'® Similarly, Ag.(p-
MBA);, NCs encapsulate gold nanorods (Au GNRs) to form
cage-like nanostructures.”’ However, in most of the nano-
cluster-nanoparticle (NC-NP) assemblies, supramolecular
interactions constitute the sole driving factor, resulting in
superstructures where reacting particles preserve their intrin-
sic properties.”'>?® Recent studies indicate that thiol (SR)-pro-
tected noble metal NCs can facilitate spontaneous interparticle
(NC-NC and NP-NC) atom exchange in solution, leading to
chemically modified particles.”’*>** For instance, a galvanic
exchange interparticle reaction between Ag@SR NPs and
[Au,5(SR);15]” NCs results in self-assembled two-dimensional
(2D) crystals of Ag-Au-bimetallic NPs (to be discussed in detail
in the following section).”> In our recent publication, we
reported that an [Ag,s(SR);s]” NC-mediated unconventional
anti-galvanic exchange reaction (AGR) in Au@SR NPs creates
alloy NPs.*® A reaction of [Au,s(SR);s]” NCs with CuO NPs
induces the aggregation of Cu-doped Au NCs into a nanodisc-
shaped superstructure.”” [Ag,5(SR)15]” NCs can also enable
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site-selective etching of anisotropic Au nanotriangles (Au NTs)
to produce tuneable core-shell Ag@Au NT nanocomposites.*®
From the above examples, it is evident that the final hybrid
nanostructures are the consequence of a careful selection of
reacting/interacting interparticle systems in terms of particle
shape, geometry, composition, and protecting ligands.
However, the possibility of creating different nanoarchitectures
from the same interparticle system, simply by tuning the reac-
tion microenvironment (temperature and solvent, for
instance), is relatively less explored. Additionally, there is a
need to explore the feasibility of interparticle reactions further
to create next generation three-dimensional (3D) materials.

The hierarchical assembly of colloidal NPs represents a
transformative frontier in materials science for its ability to
create next generation 3D materials with tailored
functionalities.**> Typically, metal NPs are susceptible to
polydispersity, lack of directional interactions, and non-
specific aggregation.>® However, size-selected metal NPs are
known to self-assemble, leading to 3D crystals,”® 2D
arrays,> ®° supraparticles,®*® and colloidal capsids.'®®¢’
Mesocrystals are types of colloidal crystals formed by individ-
ual  nanocrystals  self-assembled  into  higher-order
superstructures.®® 7 This is an example of a non-classical crys-
tallization technique.”*”” Classical crystallization involves
layer-by-layer growth via nucleation and sequential addition of
atomic, ionic, or molecular building blocks.”®”® In contrast,
non-classical crystallization involves more complex pathways
and intermediate structures, often involving larger building
blocks such as NPs, complexes, oligomers, etc., resulting in
hybrid crystalline materials.””””® Nanocrystal synthesis is a
complex process of controlled precipitation in which the
chemical environment,*®*° solvents,®* and ligands play a
crucial role.®"®? Self-assembled mesocrystals find potential
applications in electronics,®®* plasmonics,®® catalysis,?¢%®
energy storage,®°° and many more.”> To engineer precise
and configurable mesostructures, it is essential to have robust
assembling protocols for their formation with a comprehen-
sive understanding to fully harness their potential
applications.

In our previous publication, we demonstrated that polydis-
perse 2-phenylethanethiol (PET)-protected plasmonic Ag NPs
(also referred to as Ag@PET NPs) spontaneously react with
atomically precise [Au,s(PET);5]” NCs to create a 2D superlat-
tice of highly monodisperse bimetallic AgAu@PET NPs.* In
the present study, we examined a strategy to utilize interparti-
cle (NP-NC) reactions to create mesostructures of bimetallic
NPs under adjustable reaction conditions (schematically illus-
trated in Fig. 1A). At a constant temperature and with mild agi-
tation, the reaction resulted in the directed assembly of bi-
metallic nanocrystals with a platelet-like morphology into a
cuboidal mesocrystal. The same reaction under ambient con-
ditions produced a random close-packed (RCP) bimetallic NP
mesostructure. In situ nucleation and growth of mesostruc-
tures are driven by interparticle reactions under given con-
ditions. Interestingly, manipulating the reacting interparticle
system along with the reaction microenvironment makes it
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possible to create a variety of stable nanoarchitectures of self-
assembled NPs. However, obtaining microscopic-level insight
into such assembling events from experiments is incredibly
challenging.

2. Results and discussion

Our previous publication was limited to the interparticle reac-
tion between 2-phenylethanethiol (PET)-protected Ag NP-Au
NCs, resulting in bimetallic NPs.”” We observed that polydis-
perse Ag@PET NPs and [Au,s(PET);5]” NCs (Za) undergo a
spontaneous interparticle atom-exchange reaction to form a
self-assembled 2D superlattice of monodisperse alloy
AgAu@PET NPs (1b), schematically illustrated in Fig. 1A (1a —
1b). The present study explores the self-assembling properties
of the reacted AgQAu@PET NPs in different microenvironments
in solution, schematically presented in Fig. 1A (1b — 1d). To
begin with, we utilized our previously reported protocol using
atomically precise [Au,s(PET);5]” NCs and polydisperse plas-
monic Ag@PET NPs to prepare bimetallic AGAU@PET NPs.
The schematic representation and characterization details of
the particles involved in the reaction, such as [Au,s(PET)g]”
NCs (Fig. 1B a-c), AgAU@PET NPs (Fig. 1B d-f), and Ag@PET
NPs (Fig. 1B g-i), are presented, as per their size as measured
in transmission electron microscopy (TEM).>*%* The syn-
thesized [Au,s(PET);5]” NCs exhibited a molecular ion peak
centered at m/z 7391 in electrospray ionization mass spec-
trometry (ESI MS), an average diameter of ~1.8 nm in the TEM
images, and characteristic optical absorption peaks at 675 and
450 nm in the UV-Vis spectrum (further characterization
details are presented in ESI Fig. S1}). The parent Ag@PET NPs
have an average diameter of 4.4 + 2.3 nm (d-spacing 0.21 nm)
and a characteristic localized surface plasmon resonance
(LSPR) feature at ~450 nm (characterization details are pre-
sented in Fig. S21). It should be noted that the particle size
refers to the most probable metal core diameter measured
using TEM.

We utilized a combination of scanning/transmission elec-
tron microscopy (S/TEM), field emission scanning electron
microscopy (FESEM) imaging, optical absorption spectroscopy,
and dynamic light scattering (DLS) techniques to capture the
nucleation and growth of the NPs into mesostructures. Using
our previously reported method, we prepared bimetallic
AgAu@PET NPs by mixing known volumes of Ag@PET NP and
[Au,5(PET),5]” NC solutions (refer to the Experimental section
in ESI for details}).”> NP-NC reactions are stoichiometric in
nature.*>®* The reacted NPs are highly monodisperse in
nature, with an average diameter of 3.5 + 0.5 nm (TEM images
in Fig. 1B e and f, and further characterization data are
included in Fig. S3}). However, the parent monometallic
Au@DMBT NPs were polydisperse in nature and exhibited no
assembling tendency in solution (TEM image in Fig. 1B h). In
a typical energy-dispersive X-ray spectroscopy (EDS) spectrum,
the presence of Ag is detected using L-shell emissions (Ag L) at
2.98 keV, Au is detected using M-shell emissions (Au M) at

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Schematic illustration of the interparticle, polydisperse Ag NPs (grey spheres) and Au NCs (magenta spheres), reaction driving the for-
mation of the mesostructures of bimetallic NPs (purple spheres). (B) Schematic representation and characterization of (a—c) [Au,s(PET)18]” NCs, (d—
f) AQAU@PET NPs, (g—i) Ag@PET NPs, and mesostructures obtained (j—l) with and (m—o) without heating conditions. PET refers to 2-phenyletha-
nethiol. Color code: grey, Ag; yellow, Au; blue, S; magenta, C; H is omitted for clarity. Please note that the atomic dimensions and ligand attachments
are not a true representation. Illustrations are created with a licensed version of BioRender.com.

2.12 keV, and both S and C are detected using K-shell emis-
sions (S K and C K) at 2.30 and 0.28 keV, respectively. Dark-
field STEM coupled with EDS estimated the atomic percen-
tages of Ag, Au, and S in the reacted NPs to be 57, 27, and 16,
respectively (Fig. S41). Next, we stirred the reacted NP solution
at a constant speed (250 revolutions per minute, RPM) and
allowed the reaction to proceed for several days under different
experimental conditions (see the Experimental section in ESI
for details}). Experimental conditions include reactions in (i)
high boiling and less polar solvents, such as toluene with/
without constant heating, and (ii) low boiling and polar sol-
vents, such as DCM under ambient conditions. In order to
prevent solvent loss over time, extra precautions were taken to
ensure that the reaction vial was leakproof (Fig. S51). We
observed that the reacted NPs undergo in situ nucleation and
growth to form cuboidal mesostructures with different orders
of packing under various reaction conditions, as schematically

This journal is © The Royal Society of Chemistry 2025

illustrated in Fig. 1B j (in toluene under heating conditions)
and Fig. 1B m (in DCM under ambient conditions), respect-
ively. Later sections will provide a detailed discussion on the
morphology and composition of the as-obtained
mesostructures.

The reacting particles dispersed well in toluene and
remained stable. Under constant and gradual stirring at 45 °C,
we observed that the reacted NP suspension required ~100
days to fully precipitate (schematically illustrated in Fig. 2A a,
with further details provided in the Experimental section of
the ESI). We drop-cast about 10 pL from the reaction mixture
onto a silicon wafer for FESEM, TEM, and optical microscopy
imaging. Imaging revealed that the as-obtained precipitate was
composed of multiple cuboidal mesostructures (schematically
illustrated in Fig. 2A b). Each cuboid can be visualized as a col-
lection of multiple platelet-shaped nanocrystals held together,
presumably by a ligand-ligand interaction (schematically rep-

Nanoscale, 2025, 17, 803-812 | 805
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100 pm

Fig. 2 (A) Schematic illustration of the experimental setup (a), sample preparation (b), and typical morphologies (c and d) and morphogenesis (e) of
the mesocrystal obtained. (B) FESEM (a, c, and d), dark-field optical microscopy (b), TEM (e), and AFM (f) images of the mesocrystals obtained after
~100 days of reaction. Slanted cuboidal-shaped mesocrystals as imaged under FESEM (g) and TEM (in the inset), and an optical microscope in the
dark field (h) and the corresponding depth-of-field (in the inset). Color code: grey, Ag; yellow, Au; green, S; pink-blue, ligand. Illustrations are

created with a licensed version of BioRender.com.

resented in Fig. 2A c-e).®”°> FESEM, HRTEM, and the corres-
ponding fast Fourier transform (FFT) images of the isolated
nanocrystals with a platelet-like shape and a dimension of
0.3 nm x 0.3 nm (length ({) x breadth (b)) are presented in
Fig. S6.1 The FESEM image of the drop-cast sample captured
at a magnification of 8000x shows multiple mesocrystals with
well-defined edges and flat facets (Fig. 2B a). The image was
acquired using a beam energy of 10 keV and a secondary elec-
tron detector in field-free mode. We further centrifuged the
reaction mixture to eliminate smaller structures, and the pre-
cipitate was imaged at 100x magnification using an optical
microscope (Fig. 2B b). We observed that the precipitate was
composed of several micron-sized mesostructures using a
dark-field optical microscope (Fig. 2B b). One of these mesos-
tructures was further imaged using FESEM at a magnification
of 2500x (Fig. 2B c). The estimated dimensions of the cuboidal
mesostructure are ~48 pm (/) x ~50 pm (b); information on
height is unavailable. The fissured edge of the cuboid indi-
cates layer-by-layer growth of the platelet-shaped nanocrystals
(Fig. 2B d). The FESEM image of one such edge viewed at a
magnification of 250 000x further revealed that the cuboidal

806 | Nanoscale, 2025, 17, 803-812

mesostructure is composed of multiple layers of nanocrystals
(dimensions of approximately 50 nm x 50 nm in / x b, respect-
ively). TEM images further support the mesostructure for-
mation involving a layer-by-layer arrangement of nanocrystal
units (Fig. 2B e). We utilized atomic force microscopy (AFM) to
analyze the height and surface topology of the mesocrystals
(Fig. 2B f, and further details are provided in Fig. S71). AFM
analysis of the selected mesocrystal revealed a maximum
height of 0.98 pm and a root mean square (RMS) roughness of
6.24 nm, indicating a highly ordered structure with minimal
surface irregularities (Fig. S7if). The steep edges and lower
roughness suggest a precise self-assembly of the nanocrystals
into well-packed layer-by-layer mesocrystals.

We selected a mesocrystal with a slanted cuboidal shape for
detailed investigation to obtain further insights into the mor-
phology and composition of the constituent particles (Fig. 2B
g and h). A slanted cuboid is one that has two of its opposing
faces parallel to the line of sight, while the other four faces
converge at a single point, giving the object a triangular
appearance. The FESEM image of a selected mesostructure
(face and edge length of ~10 pm and 8 pm, respectively)

This journal is © The Royal Society of Chemistry 2025
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acquired at 20 000x magnification revealed layered growth at
the edges, and the TEM image revealed nanocrystals as build-
ing blocks (Fig. 2B g and inset, respectively). The optical image
of the selected structure appears shiny, which can be attribu-
ted to the dense packing of the individual nanocrystals
(Fig. 2B h). The depth-of-field optical image of the mesocrys-
tals further confirms a layered crystal growth (inset, Fig. 2B h).
We analyzed the mesocrystals using FESEM coupled with EDS
to gain insight into the elemental composition and distri-
bution. The composition of the slanted cuboid can be schema-
tically represented as a collection of tightly packed AgAu@PET
nanocrystals, as shown in Fig. 3A. The atomic percentages of
the elements present in the mesostructure are as follows: 21%
for Ag, 17% for Au, 20% for S, and 42% for C (Fig. S8%). EDS
mappings of elemental gold (Au), silver (Ag), sulfur (S), and
carbon (C) of the isolated mesostructure obtained using
FESEM EDS are presented in Fig. 3B. Mapping data revealed a
uniform distribution of Au, Ag, S, and C across the mesostruc-
ture, indicating the AQAU@PET NP crystallites as the building
blocks of such mesostructures.

To comprehend the reaction-induced aggregation behavior
of the particles in solution, we combined dynamic light scat-
tering (DLS), the Tyndall effect, and optical absorption spec-
troscopy as a function of time (Fig. 4). DLS measures the scat-
tered light intensity change caused by the motion of particles
suspended in a solution. We conducted the study at a ten-fold
dilution of the parent particle concentrations to maintain a
lower polydispersity index (PDI). DLS measurements showed
that the hydrodynamic radius (Ry) of the AgAu@PET NPs in
solution gradually increased with reaction time (Fig. 4A). The
continuous red-shift and the broadening in the DLS peak indi-

View Article Online
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cate that the bimetallic NPs nucleated and grew in the solu-
tion, resulting in the formation of larger structures over time.
Next, we used the Tyndall effect to probe the aggregation of
colloidal dispersion by focusing a 630 nm laser beam (green
laser) on the solution (Fig. 4B). As shown in Fig. 4B, on the 0™
day, the suspension of the well-dispersed parent Ag@PET NPs
appears homogeneous as the light passes through. The
Tyndall effect was seen in the colloidal AgGAU@PET NPs after 1
day of reaction, with further aggregation and eventual precipi-
tation occurring over the next 10 days. The scattering of light
becomes evident when the size of the particle aggregate exceeds
the wavelength of incident light. Time-dependent optical
absorption spectra of the particle mixture also showed a similar
aggregation trend as observed in the light scattering experiment
(Fig. 4C). Here, the optical absorption spectrum on the 0™ day
corresponds to the optical absorption spectrum of the parent
Ag@PET NPs. The red-shift in the characteristic SPR peak of the
Ag@PET NPs confirms the presence of bimetallic Au-Ag NPs in
the reaction mixture. We also observed a progressive broadening
in the SPR peak of the reaction mixture, indicating the onset of
particle aggregation in the solution over time. Furthermore, the
rise in the baseline as the reaction progresses can be attributed
to particle aggregation. Under similar reaction conditions,
FESEM and TEM images revealed the formation of comparably
smaller-sized cuboidal-shaped mesocrystals in the solution
(Fig. 4D). Only the dimensions of the as-obtained mesocrystals
were impacted by diluting the reaction mixture; however, the
overall morphology of the mesocrystals remained unchanged, as
seen in the previous case.

Based on the above discussion, the interparticle reaction in
a non-polar solvent and at elevated temperature results in the

Fig. 3 (A) Schematic illustration of a slanted cuboidal-shaped mesocrystal (a) and its compositional representation (b). (B) FESEM image of such a
crystalline entity (a) and the corresponding EDS maps of S (b), C (c), Ag (d), Au (e), and Ag—Au overlay (f). lllustrations are created with a licensed

version of BioRender.com.

This journal is © The Royal Society of Chemistry 2025
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Colloidal nature

Fig. 4 Time-dependent evolution of colloidal particles into crystalline mesostructures as monitored using (A) dynamic light scattering, (B) the
Tyndall effect under irradiation with a 630 nm green laser, and (C) optical absorption spectroscopy. (D) FESEM (a) and TEM (b) images of the final

mesocrystals as-obtained after 10 days of reaction.

in situ formation of mesostructures with well-packed bimetallic
AgAu@PET nanocrystals. The nucleation and growth rate, and
thus the formation of the mesostructures, is known to be influ-
enced by various reaction conditions such as temperature,
pressure, pH, concentration, and solvent.”® We carried out the
same interparticle reaction at room temperature while keeping
the other parameters, such as solvent, concentration, and
RPM, constant (refer to the Experimental section in ESI for
detailsf). Under the previous reaction conditions, the process
of mesocrystallization took approximately 100 days when per-
formed at 45 °C, and nearly no change was observed when the
process was conducted at room temperature. Next, we studied
the same interparticle reaction at room temperature in DCM
while maintaining other parameters constant (schematic illus-
tration in Fig. 5A). The particle mixture formed a stable dis-
persion in DCM, which was continuously stirred at 250 RPM
under ambient conditions. The reaction took ~50 days for the
complete precipitation to occur, and the product was analyzed
using electron microscopy (Fig. 5B). In order to mitigate
solvent loss over time, the reaction was conducted in the same
leakproof container (as shown in Fig. S51). The FESEM image
shows the formation of much larger cuboidal mesostructures
of 51 nm x 47 nm (/ x b; height information is unavailable) as
a product (Fig. 5B a). The image was acquired at 3500 magni-
fication using the same 10 keV accelerating voltage and a sec-
ondary electron detector in field-free mode. The mesostructure

808 | Nanoscale, 2025, 17, 803-812

exhibited visible signs of NP nucleation, resulting in layer-by-
layer structural growth at intermediate phases, and, finally,
densely packed structures were formed at the end of the
process (Fig. S9%). The rough surface morphology of the as-
obtained mesostructure can be attributed to the random
packing of the NPs. The TEM image further confirmed the
aggregation of the NPs within the precise boundaries of the
mesostructures while retaining their original dimension
(Fig. 5B b). To verify the retention of the NP characteristics in
the final mesostructure, we degraded the sample by sonication
in DCM. Post-sonication, the TEM image revealed the disinte-
gration of the mesostructure into the NPs resembling the orig-
inal AgAU@PET NPs (Fig. S10f). AFM analysis of the selected
mesostructure revealed a maximum height of 3.19 pm and a
root mean square (RMS) roughness of 22.05 nm, indicating a
highly disordered structure with significant surface irregulari-
ties (Fig. 5B ¢, and further details are provided in Fig. S111).
Higher surface irregularity also suggests a random assembly of
the NPs during the growth stage. A time-dependent optical
absorption spectroscopic analysis of the interparticle reaction
in DCM at ambient temperature is presented in Fig. 5C. Over
time, we observed that the characteristic SPR peak corres-
ponding to the parent Ag@PET NPs (corresponding spectrum
on the 0™ day) underwent a gradual red-shift and broadening
upon reaction with [Au,s(PET);3]” NCs. According to the
FESEM EDS study, the mesostructures are made up of about

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) Schematic representation of a room temperature interparticle reaction carried out in DCM with constant stirring at 250 RPM, resulting in
larger mesostructures with lower packing. (B) FESEM (a), TEM (b), and AFM (c) images of the mesostructures. (C) Time-dependent evolution of col-
loidal particles into mesostructures as monitored using optical absorption spectroscopy. (D) FESEM image of the mesostructures (a) and the corres-
ponding EDS maps of S (b), C (c), Ag (d), Au (e), and Ag—Au overlay (f). lllustrations are created with a licensed version of BioRender.com.

25% gold (Au), 30% silver (Ag), 14% sulfur (S), and 31%
carbon (C) (Fig. S12,f based on the intensities of the respective
EDS features). Mapping data confirmed a uniform distribution
of Au, Ag, S, and C across the mesostructure (Fig. 5D a), indi-
cating the AgAU@PET NPs as the building blocks of such
structures (Fig. 5D b-f). Thus, we can infer that the parent
Ag@PET NPs react to form alloy AGAU@PET NPs and even-
tually aggregate into higher-order assemblies with time. The
continuous rise in the baseline of the optical absorption spec-
trum with the progress of the reaction can be related to the
gradual nucleation of particles to a larger structure in solution.

For control experiments, we checked the stability of the
parent particles under identical reaction conditions. Over the
course of ~05 days, a steady decline in the absorbance of the
parent Ag@PET NPs was evident in the optical absorption
spectra, indicating particle degradation (Fig. S13Af). The
[Au,5(PET);5]” NCs showed an increased sensitivity to heat,
and the NCs degraded rapidly (Fig. S13B}). To understand the
in situ nucleation and growth process, we studied the evolution
of the reacted NPs in solution with TEM at different intervals
as the mesocrystallization process continued (Fig. S14f). The
time-dependent series of TEM images indicated a significant
difference in the patterns of nucleation and growth of the
AgAu@PET NPs under two reaction conditions. For instance,
the AgAU@PET NPs in toluene nucleate under an elevated
temperature to form platelet-like nanocrystals, which even-
tually assemble and grow layer-by-layer until the final meso-
crystal is formed (Fig. S14Af). On the other hand, the
AgAu@PET NPs in DCM randomize and then assemble under

This journal is © The Royal Society of Chemistry 2025

ambient conditions, followed by a layered growth until the
final mesostructure is formed (Fig. S14B}). From the above
observation, we can understand that local chemical microen-
vironments involving temperature, solvent polarity, RPM, and
interparticle forces play a crucial role in the morphogenesis of
the mesocrystals.”®°® However, understanding such complex
dynamics of nucleation and growth of the NPs requires in situ
microscopic studies and advanced mesoscale modeling.
Inter-ligand interactions are known to play a prominent
role in the self-assembly of metallic NPs.”"?*®*%*" we per-
formed reactions for various intermetallic (for example, Au
NP-Ag NC) and intrametallic interparticle (Au NP-Au NC and
Ag NP-Ag NC) systems to verify the role of ligands in such a
reaction-driven in situ mesocrystallization process. Similar
experimental conditions for the PET-capped particle system
were used for the subsequent reactions (refer to the
Experimental section in ESIf). We studied the same Ag-Au
intermetallic system using the reaction between the 2,4-di-
methylbenzenethiol (DMBT)-protected particles, such as
~4.5 nm Au@DMBT NPs and atomically precise
[Ag,5(DMBT);5]” NCs (refer to the ESI for details, Fig. S15%).
We recently reported a detailed study on the interparticle
chemistry of Au@DMBT NPs and [Ag,s(DMBT);5]” NCs, and
showed that the Ag NCs mediate the alloying process via an
interparticle metal-ligand exchange pathway.’® As per the lit-
erature, the insertion of Ag atoms into an Au NP is known to
strongly alter the SPR feature in terms of peak position and
shape depending on the size and composition of the alloy
NP.”"®° within a day of reaction, we observed a strong
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enhancement in the SPR feature, and a slight shift of ~9 nm
in the peak position of the reacted NPs, indicating the inser-
tion of Ag atoms in the parent Au@DMBT NPs.
Subsequently, the reacted NPs steadily degraded with time.
However, the reacted NPs underwent stable aggregation
within a day in DCM at room temperature. In the following
experiment, we utilized the 2-phenylethanethiol (PET)-pro-
tected Au@PET NPs and [Au,s5(PET);3]” NCs (intrametallic
particle system) to study the reaction (refer to the ESI for
details, Fig. S16}). The PET-protected particle mixture,
however, displayed time-dependent optical absorption spectra
that suggested a reaction over time. Over time, the reacted
NPs in the solution self-assembled into a 2D capsid-like
superstructure (Fig. S16A,} further details are provided in the
ESI}). The optical absorption spectra of the parent Au@PET
NP dispersion in toluene showed stability over a span of a
few days at an elevated temperature (Fig. S17f). Next, we
carried out a similar intrametallic interparticle reaction with
the Ag@PET NPs and [Ag,;(DMBT);s]~ NCs (Fig. S18%).
However, in this case, the reaction product underwent rapid
degradation (reaction at 45 °C in toluene). However, the
product in solution showed a tendency to self-assemble into
a 2D superlattice when the reaction was carried out at room
temperature in DCM. A study of intrametallic systems is intri-
guing but goes beyond the scope of this paper.

3. Conclusions

In summary, we demonstrated a simple in situ reaction-driven
technique for fabricating self-assembled bimetallic mesostruc-
tures. An interparticle reaction between PET-protected plasmo-
nic Ag NPs and atomically precise Au NCs results in highly
monodisperse bimetallic AgAu NPs with enhanced thermal
stability and assembling properties. At an elevated temperature
of 45 °C, the interparticle dispersion in toluene results in reac-
tion-driven in situ nucleation and growth of AgAu@PET nano-
crystals. These nanocrystals eventually self-assemble to create
cuboidal mesocrystals. Under ambient conditions, however,
the same interparticle reaction in DCM produces mesostruc-
tures of random close-packed AgAu@PET NPs. Electron
microscopy coupled with EDS and light scattering experiments
was used to examine the growth of NPs into mesostructures.
An AFM study suggests that the reaction at 45 °C in toluene
produces mesocrystals with reduced structural irregularity.
Our studies also indicate that PET-capped intermetallic and
intrametallic systems are capable of creating unique thermally
stable NP-assembled nanoarchitectures. Tracing the origins of
such an assembly event requires mesoscale modelling, which
will be addressed in the future. This interparticle chemistry
can be an alternative non-classical mesocrystallization method
that offers flexibility to engineer bimetallic 3D nanomaterials.
Using atomically precise noble metal NC reaction-driven
phenomena with well-chosen NP-NC systems, it is now poss-
ible to achieve alloy particles with control over the size disper-
sity, leading to self-assembly, all in one pot.

810 | Nanoscale, 2025, 17, 803-812

View Article Online

Nanoscale

Data availability

The data supporting the study are included in the main article
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