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metallic nanoparticle synergy:
optimizing plasmonic durability through controlled
synthesis and matrix integration†

Abeer Fahes, *a Lavinia Balan, b Caroline Andreazza-Vignolle, a Claudia de
Melo, a Didier Zanghib and Pascal Andreazza *a

An innovative approach combining UV-induced polymerization and ultra-high vacuum (UHV) atomic vapor

deposition was developed to synthesize and disperse 2–3 nm AgPt bimetallic nanoparticles (BNPs) within

a non-porous poly (dipropylene glycol diacrylate) (PDGDA) matrix, surpassing conventional porous

polymer strategies. This method offers unprecedented control over the structural properties of BNPs and

in general nanoalloys, with the polymer matrix playing a critical role in regulating nanoparticle formation,

spatial arrangement, and size uniformity. The PDGDA matrix enhances nanoparticle stability through

steric stabilization and controlled diffusion, effectively maintaining small nanoparticle sizes (∼2.4–2.8

nm) and low dispersity (sD/D = 0.16) during extended high-temperature annealing. Confinement of

nanoparticles (NPs) was significantly accelerated by successive thermal annealing to 320 °C, which

increased polymer chain mobility and reduced viscosity, enabling rapid diffusion while preserving the

structural integrity of the polymer matrix. This process dramatically reduced the embedding time from 12

days at room temperature to near-instantaneous incorporation upon heating. Successful confinement is

attributed to key thermodynamic factors that promote interfacial interactions and particle mobility within

the polymer network. Experimental results reveal distinctive UV plasmonic properties of the embedded

AgPt BNPs with long-term stability. The produced AgPt BNPs exhibit significantly stronger localized

surface plasmon resonances (LSPRs) than pure platinum nanoparticles, attributed to synergistic effects

between the two metals. Factors contributing to this enhancement include silver's high electrical

conductivity and relatively low optical losses, electromagnetic coupling, and localized electric field

enhancement, highlighting the potential of these BNPs for advanced plasmonics. This research

addresses the growing demand for surface-enhanced Raman scattering (SERS) detection of UV-

absorbing biospecies and the development of more efficient broad-spectrum solar cells.
Introduction

The combination of polymers and nanoparticles (NPs) yields
highly intriguing and functional materials due to the mutual-
istic benets derived from their coexistence.1,2 Bimetallic
nanostructures, particularly in nanoalloy congurations,
exhibit remarkable characteristics distinct from pure mono-
metallic structures and basic physical mixtures, showcasing
a unique synergy that enhances their overall performance and
functionality.3,4 Incorporating bimetallic nanoparticles (BNPs)
into polymer lms facilitates their immobilization and organi-
zation, enabling the adjustment of electronic, optical, sensing,
and catalytic properties via the dielectric environment.5,6 This
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integration not only improves the responses of NPs but also
inuences the intrinsic material properties of the polymer
matrix. Over the past decade, there has been signicant prog-
ress in extending synthetic protocols for these systems.7–9

The localized surface plasmon resonance (LSPR) phenom-
enon is heavily inuenced by the particle's composition, size,
shape, and interparticle distances, as well as the surrounding
dielectric medium, due to its reliance on spatial uctuations
and surface electron density.10,11 Plasmonic coupling is
responsible for one of the most compelling optical phenomena;
the strong amplication of electromagnetic elds at the inter-
particle junctions, known as hotspot regions, offers exceptional
potential for diverse sensing technologies.12 While nano-
plasmonics have predominantly been studied in noble metal
nanostructures larger than 5 nm within the near-infrared to
visible range,13–16 emerging applications necessitate extending
this study to higher energies, particularly in the near-UV region.
This shi toward the UV region is driven by the need for
enhanced detection of biospecies with UV absorption bands
Nanoscale Adv., 2025, 7, 4087–4103 | 4087
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(such as nucleotide bases and aromatic amino acids below 350
nm) and the development of more efficient broad-spectrum
solar cells and photovoltaic devices that can harness UV light,
thus opening new avenues in biosensing and renewable energy
technologies.17,18

However, transitioning to UV plasmonics with sub-5 nm
polymer/nanoalloys presents challenges. Plasmon resonances
can be observed only over a restricted wavelength range (a few
tens of nm) by varying nanoparticle sizes in spheroidal shapes.19

Plasmonic red-shi is maximized when nanostructures are
positioned in extremely close proximity (strong near-eld
coupling) and when two distinct metals are coupled within
a single conguration.20 As NPs approach the sub-5 nm size
regime, their weak scattering and increased sensitivity to
surface phenomena and chemical environments become more
pronounced, signicantly inuencing their plasmonic
behavior.21 In LSPR, strong and localized electromagnetic elds
affect NPs, causing modications in extinction and scattering
spectra in response to even minor changes in the refractive
index.11 This can result from various surface morphological
characteristics, including roughness, defects, lattice shrinkage,
residual surfactants, porosity, ligands, surface oxides, adhesion
layers, or interactions with the supporting substrate.21,22 For
instance, as a general principle, the porosity of the polymer
matrix introduces irregularities on the nanoparticle surface,
increasing electron scattering and energy loss, broadening the
plasmon resonance peaks, and reducing their intensity.23

Achieving a uniform plasmonic response in nanoalloys is
hindered by compositional inhomogeneities and surface
segregation, where elements unevenly distribute throughout
the material and potentially concentrate at surfaces, leading to
inconsistent electronic properties and localized differences in
plasmonic behavior.24

Many conventional and built-up optical setups are awed in
terms of their spatial and spectral resolution and detection
ranges, hindering the study of plasmonic properties.23–25 To
overcome these obstacles, advanced characterization tech-
niques, UV-compatible optics, and detection systems capable of
accurately interpreting the plasmonic behavior of these sub-
5 nm nanoalloys, while considering surface and environmental
effects and metal types, must be developed. For example, LSPR
peaks are poorly dened inmetals with low-quality factors (such
as platinum (Pt)), making them ineffective for plasmonic
applications.26 By integrating silver (Ag) and Pt NPs in a nano-
alloy conguration, this issue can be resolved, leveraging Ag's
high plasmonic strength and strong photon interaction across
the UV-Vis-NIR spectrum along with UV-Pt's superior chemical
stability, resulting in well-dened LSPR peaks.27

Plasmon damping, characterized by reduced resonance
efficiency, is a major factor contributing to the deterioration of
optical properties.28 Therefore, robust stabilization strategies
are necessary to ensure performance stability while preserving
intrinsic plasmonic properties.29 Without suitable stabilizers,
AgPt BNPsmay oxidize, aggregate or segregate, ultimately losing
their plasmonic properties over time. Conned NPs in a non-
porous polymer matrix offer a practical solution to this
problem. This method represents an alternative to porous
4088 | Nanoscale Adv., 2025, 7, 4087–4103
polymer/NPs composites, involving the in situ synthesis of metal
NPs inside a porous polymer lm. There is still much to explore
regarding non-porous polymer–nanoparticle composites,
including manufacturing processes and potential applications.
Porous polymer structures have traditionally been favored for
NP embedding due to their enhanced surface area and tem-
plating capabilities. However, this work demonstrates that
effective NP connement can be achieved in non-porous poly-
mer matrices, where the polymer matrix and NPs are formed
separately, challenging the conventional reliance on porous
structures.30 By expanding the scope of NP embedding tech-
niques, polymer/NPs composites can be tailored to meet
specic properties, broadening their range of applications.

This paper presents an overview of a preliminary attempt to
create hybrid materials with unique properties by depositing an
organic component, typically a polymer or monomer, onto Si/
SiO2 surfaces through a photochemical process. This initial
layer is then coated with a discontinuous layer of AgPt using
atomic vapor deposition. This innovative approach combines
two complementary methods, ultimately paving the way for the
development of advanced materials with tailored characteris-
tics. The photoinduced method allows for the rapid generation
of a poly(dipropylene glycol diacrylate) (PDGDA) polymer layer
withinminutes of UV exposure, utilizing solvent-free monomers
at room temperature (RT) and at low cost. This represents
a clear improvement over traditional polymerization methods,
offering many advantages such as fast curing, interconnected
polymer production, and low energy consumption.31 Mean-
while, atomic vapor deposition leads to the controlled growth of
discontinuous lms through continuous atomic ux during
growth, resulting in moderate kinetic energy, low polydispersity
of NP assemblies, and a high throughput of NPs.32,33 To date,
atomic vapor deposition has been limited to only monometallic
(Ag or Pt)34 and BNPs (e.g., CoAg,35 AgPt,36 CoPt,37 AgAl,29 and
AgIn29) on silica matrices, but strategies for creating long-term
stable nanocomposites with durable structural and optical
properties remain underdeveloped.

As part of our primary goals, we aim to minimize poly-
dispersity in NP size and interparticle spacing, stabilize NPs
within polymeric matrices, and detect their UV plasmonic
properties, with a key fabrication consideration being the
uniform distribution of NPs and the variable degrees of inser-
tion into the matrix. Analyzing the NPs within the polymer
matrix through appropriate microscopy and spectroscopy
methods is a crucial practical aspect. This investigation explores
the interplay of several factors: (i) the presence or absence of
a polymer matrix, (ii) the bimetallic nanoalloying of AgPt versus
monometallic NPs (Ag, Pt), and (iii) the inuence of annealing
(ranging from RT to 320 °C). A thorough understanding of how
these variables affect the properties and behavior of NP systems
is provided. Complementary experimental techniques (detailed
in the ESI†), such as Grazing Incidence Small Angle X-ray
Scattering (GISAXS), Rutherford Backscattering Spectrometry
(RBS), X-ray Photoelectron Spectroscopy (XPS), Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), UV/Vis spectroscopy, ellipsometry, prolometry, and
Fourier Transform Infrared Spectroscopy (FTIR), have been
© 2025 The Author(s). Published by the Royal Society of Chemistry
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indispensable in unequivocally characterizing these complex
polymer/NPs nanocomposite systems.
Experimental section
Synergistic nanoengineering: polymer/AgPt bimetallic
nanocomposites

Photo-induced synthesis of the polymer matrix. A polymer
lm was developed using a photoinduced polymerization
technique, as shown in Fig. 1(a). The GISAXS 2D pattern pre-
sented in Fig. S1† conrms the absence of porosity in the
polymer lm. The process utilized a formulation composed of
dipropylene glycol diacrylate as the monomer, with 2% of 2-
hydroxy-2-methyl-1-phenyl-propan-1-one serving as the photo-
initiator for free radical generation. A diacrylate monomer was
chosen for its high reactivity, fast polymerization, moderate
viscosity, and excellent diffusion, enabling efficient copoly-
merization and high conversion rates. The mixture was subse-
quently deposited onto a pre-cleaned boron-doped Si/SiO2
Fig. 1 (a) Schematic illustration of the photoinduced polymerization
including 3D topographical mapping, interference fringe patterns, and
roughness (Ra) and root mean square roughness) estimation, and (b and
film.

© 2025 The Author(s). Published by the Royal Society of Chemistry
substrate with dimensions of 1 × 1 cm2 and a 2 nm thick oxide
layer using spin-coating methodology. The resulting lm ach-
ieved a thickness of 7 mm using a POLOS SPIN150i spin coater,
with the following optimized parameters: spin speed of
2000 rpm, acceleration of 1000 rpm, and duration of 10 s. The
thickness and roughness of the polymer layer were determined
using interferometric prolometry (Fig. 1(a)), a non-contact
optical technique that analyzes interference fringes to
measure surface height variations with high precision, without
damaging the sample. The acceleration value (1000 rpm) was
set lower than the spin-coating speed (2000 rpm) to form
a homogeneous layer and improve the reproducibility of layer
thickness across multiple sample preparations. A spin-coating
duration of 10 s was found to be optimal for enhancing the
spreading of the polymer layer, leading to improved lm
uniformity, dispersion stability, and consistent coverage across
the substrate.

The photochemical synthesis was initiated using a Hama-
matsu Lightningcure LC8 (Hg–Xe L8252) UV source operating at
process with the corresponding interferometric profilometry results,
surface profile analysis for thickness and roughness (average surface
c) deconvoluted XPS C 1s and O 1s core-level spectra of the polymer

Nanoscale Adv., 2025, 7, 4087–4103 | 4089
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Fig. 2 (a) Comparative infrared spectral analysis of acrylic formulation:
pre- (at t= 0min) and post- (at t= 2 min) polymerization, (b) real-time
FTIR kinetics of UV-induced acrylic polymerization at l = 365 nm, and
(c) ellipsometric determination of the absorption coefficient (a) in UV-
cured acrylic polymer films.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 6
:3

1:
42

 P
M

. 
 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
365 nm. The sample was positioned horizontally at a distance of
13 cm from the lamp, ensuring uniform UV exposure over the
entire surface. A uence of 360 mW cm−2 was applied for 2 min,
achieving a polymer conversion rate of 73%. This conversion
rate was quantied by monitoring the reduction of the charac-
teristic C]C acrylate double bond peak at 1636 cm−1 using
FTIR spectroscopy.38

Ultra-high vacuum (UHV) atomic vapor deposition of BNPs.
A discontinuous thin layer of Ag/Pt nanoalloys (∼1 nm of
equivalent thickness), with mean sizes ∼2–3 nm, was then
deposited onto the PDGDA lm at RT to facilitate the embed-
ding of NPs within the polymer matrix. The deposition process
was conducted in a molecular beam deposition (MBE) set-up in
an UHV environment, maintained at a pressure of 10−10 mbar,
to ensure optimal conditions for lm growth. This low pressure
served two critical purposes: rstly, it minimized the risk of
contamination from residual gases, preserving the purity of the
deposited material; secondly, it signicantly extended the mean
free path of evaporated atoms. The latter aspect was crucial for
maintaining precise control over the ux and directionality of
molecular beams, which directly inuence the uniformity,
reproducibility, and quality of the thin lms.

We adopted a methodological framework closely aligned
with the principles outlined in this review.33 Ag and Pt metallic
sources were evaporated via electron beam bombardment, and
the triggered atomic beams were directed towards a polymer
substrate positioned ∼100 mm from the metal targets.34 The
compositional ratios of the formed Ag/Pt NPs were precisely
controlled by modulating the atomic ux applied to each metal
target during the atomic ux regulation stage of MBE, achieved
by systematically adjusting the electron energy to the target
through voltage variation while maintaining xed lament
currents (Ilament) of 1.85 A for Ag and 2.6 A for Pt sources. A
constant deposition rate of 0.4 × 1015 atoms per cm2 per h was
maintained for both Ag and Pt to reach 50 : 50 Ag : Pt compo-
sition. This low deposition rate was chosen to favor the equi-
librium conditions of atom deposition and diffusion on the
polymer matrix. The deposition process leads to a total depos-
ited atomic amount of (5.2 ± 0.3) ×1015 atoms per cm2, as
corroborated by RBS post-deposition analysis.

Results and discussion
From monomer to polymer matrix: integrative methods for
acrylic polymer systems

XPS deconvolution of the C 1s and O 1s spectra, as highlighted
in Fig. 1(b) and (c), reveals the presence of various chemical
groups within the polymer structure, including C–C, C]O, O–
C]O, and C–O–C. However, the XPS results alone were insuf-
cient to denitively determine whether a partial or full poly-
merization had occurred. For this reason, FTIR measurements
were conducted to quantify the degree of conversion. The
results, as shown in Fig. 2(b), indicate a 73% conversion of C]C
into C–C bonds. The absence of any detectable C]C bonds in
the XPS spectra, despite the incomplete polymerization indi-
cated by FTIR, can be attributed to the low concentration of
residual unreacted monomers in the material. Accordingly,
4090 | Nanoscale Adv., 2025, 7, 4087–4103
C]C bonds at the surface are below the detection limit of XPS
and, unlike FTIR, XPS cannot accurately reect the bulk mate-
rial composition.

It is worth noting that the observed C 1s binding energy at
284.5 eV in the polymer reects a 0.3 eV shi from the standard
adventitious carbon reference (284.8 eV), which we attribute to
two main factors: (1) the high interconnection density of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PDGDA matrix, which slightly reduces the electron density at
carbon sites, and (2) residual charging effects inherent to
insulating polymer systems, despite calibration and active ood
gun compensation during measurement.39

Deconvolution of the C 1s spectra revealed ve distinct peaks
in the monomer (including a C]C component at 284.1 eV; see
Fig. S2†), which were reduced to four in the polymer. The
polymer's C 1s XPS spectrum exhibits a single peak at 284.5 eV,
assigned exclusively to C–C (sp3) bonding, for two key reasons.
First, FTIR analysis (Fig. 2(a) and (b)) shows the near-complete
disappearance of C]C stretching modes, conrming the
consumption of sp2 carbon during polymerization. Second,
while the monomer spectrum shows distinct peaks at 284.1 eV
(C]C) and 285.1 eV (C–C), the polymer spectrum does not
display any clear component below 284.5 eV. The lack of peak
splitting or visible shoulders in the polymer spectrum, along
with the 0.6 eV shi from themonomer's C–C peak (285.1 eV), is
consistent with minor charging effects in highly interconnected
insulating polymers rather than the presence of sp2 carbon.

Polymer chain interconnection is evident in Fig. 2(a), where
the FTIR spectrum of the polymer shows signicantly reduced
C]C absorption bands at 1620 and 1636 cm−1. The well-
documented FTIR spectral assignments of poly (ethylene
glycol diacrylate) (PEGDA) provide a reliable reference for
interpreting PDGDA spectra, given the structural similarities
between these polymers.40–45 The peaks observed in the 3300–
3600 cm−1 region are associated with O–H stretching vibrations,
likely due to residual unreacted hydroxyl groups from the
starting materials.44,45 This observation conrms that the poly-
merization rate is consistent with 73% for PDGDA under these
conditions.

Fig. 2(b) shows that the reaction begins rapidly, with
detectable polymerization occurring within 13 s (0.223 min) of
UV exposure. This prompt onset is attributed to the efficient
generation of free radicals by the photo-initiator and the high
reactivity of the acrylate groups. The polymerization proceeds
swily, nearing completion within 53 s (0.883 min) of UV irra-
diation. The polymerization reaction reaches a steady state aer
2 min of continuous UV irradiation, indicating the formation of
a stable, interconnected polymer network. The attainment of
a 73% conversion plateau marks the end of the polymerization
process under the given conditions, with approximately one-
quarter of the monomers remaining unreacted.

Fig. 2(c) shows the absorption coefficient of the polymer lm,
revealing two characteristic electronic transitions in the UV region.
Table 1 Attributes, including NP diameter (D), height-to-diameter aspect
parameters (sD/D andw), of mono- and bimetallic NPs in polymer and sili
Lz 2p/qy is indeed a first approximation for interparticle distances in GIS
of features in the qy scattering profile. However, simulations can consid
(distribution of the NP assembly) and consequently the average interpar

Sample at RT D (nm) sD/D

Si/polymer/AgPt 2.4 � 0.04 0.17
Si/polymer/Ag 3.2 � 0.04 0.15
Si/polymer/Pt 2.2 � 0.04 0.14
Si/AgPt 2.4 � 0.04 0.25

© 2025 The Author(s). Published by the Royal Society of Chemistry
This spectral prole reects the polymer's molecular structure and
polymerization dynamics.46 The peak at 290 nm corresponds to
the p–p* transition of C]C bonds in acrylate groups, while the
more prominent peak at 357 nm represents the n–p* transition of
carbonyl (C]O) groups. Typically, in the literature, n–p* transi-
tions are less intense than p–p* transitions due to their weaker
absorption.47,48 However, in this case, this difference is not
surprising, as the intensity ratio of these peaks reects the poly-
merization process. During the reaction, C]C bonds are
consumed, while C]O groups remain unaffected, which results
in the enhanced relative intensity of the n–p* transition.
Tailoring nanostructures: interplay between polymer matrices
and bimetallic nanoalloying

Table 1 summarizes the key attributes across different NP types
and matrix materials. To elucidate the inuence of a polymer
matrix, two comparative sample sets were fabricated: one
incorporating a polymer matrix and a control set without the
matrix. The substrate surface plays a critical role in perturbing
the nucleation process, primarily due to low-energy sites such as
chemical surface defects, adsorbed impurities, or topologically
favorable sites. Additionally, factors, such as sticking and
diffusion coefficients, and the strength of substrate–adsorbate
interactions, are also inuential.33 The Ag and/or Pt metal
deposition induces the formation of isolated NPs that are
characteristic of island-type nucleation and growth as in the
Volmer–Weber (VW) growth mode.49

GISAXS analysis demonstrates that the matrix has no
noticeable impact on the nanoparticle diameter (D) or the
height-to-diameter aspect ratio (H/D), suggesting that nano-
particle growth is predominantly governed by the intrinsic
properties of the AgPt nanoalloy rather than by strong substrate
interactions. The observed H/D ratio approaching 1 (∼0.9–0.95)
aligns with the Wulff-polyhedron theory, which describes
metal–support affinity, indicating minimal metal nanoparticle–
substrate interactions for both silica and polymer substrates.40

The presence of the polymer matrix substantially reduces
polydispersity in both size and interparticle distance distribu-
tions, concurrently decreasing mean interparticle distances (L).
These ndings indicate that the polymer matrix plays an
important role in regulating nanoparticle spatial arrangement
and size uniformity, likely via mechanisms such as steric
stabilization, controlled diffusion, and conned growth.

The correlation between increased size distribution and high
interparticle distances in the Si/AgPt sample with a comparable
ratio (H/D), inter-particle spacing (L), size and interparticle distribution
ca matrices deduced fromGISAXS simulations. The inverse formulation
AXS that estimates the average interparticle distances from the position
er two key factors: form factor (NPs shape) and interference function
ticle distance and the degree of positional disorder among NPs

H/D L z 2p/qy (nm) w (nm)

0.95 � 0.01 3.6 � 0.1 1.0
0.90 � 0.01 5.7 � 0.1 1.7
0.95 � 0.01 3.0 � 0.1 0.8
0.90 � 0.01 4.8 � 0.1 1.4

Nanoscale Adv., 2025, 7, 4087–4103 | 4091
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mean diameter to Si/polymer/AgPt can be attributed to the
heterogeneous spatial distribution of particles, where larger
NPs occupy more space, forcing smaller ones further apart,
resulting in fewer particles per unit area while maintaining the
same overall volume fraction of the material.

Surface roughness and electronic contrast variations inu-
ence GISAXS scattering intensity.50 The prolometry data in
Fig. 1(a) show that the polymer layer has signicant surface
roughness, which is much greater than that of the typically
smooth Si/SiO2 substrates. This high roughness of the polymer
reduces the GISAXS intensity compared to smoother surfaces.

The polymer's lower density (rpolymer = 1.05 g cm−3) relative
to SiO2 (rSiO2

= 2.65 g cm−3),51 directly related to the electron
density, leads to reduced scattering intensity. These factors
become evident when comparing the scattering proles of Si/
AgPt and Si/polymer/AgPt systems as shown in Fig. 3(a) and
(b). Furthermore, in the context of mono- and bimetallic NPs
deposited on the polymer matrix, we observe that Ag exhibits
a less pronounced scattering intensity than Pt. This difference
can be attributed to the distinct atomic numbers and electron
densities of Ag and Pt metals.

Within the framework of BNP synthesis on surfaces, it is
important to acknowledge the complex interplay of factors
inuencing their formation and structure. The deposition of
two distinct metals introduces a multifaceted system where
each element exhibits unique characteristics, including surface
mobility, evaporation rates, and adsorption/desorption
kinetics. These intrinsic differences can lead to challenging
growth dynamics and unexpected structural effects that differ
from those of the monometallic components. The characteristic
parameters of 50 : 50 AgPt BNPs, as shown in Table 1, consis-
tently fall between those of Ag and Pt monometallic counter-
parts. This intermediate behavior provides strong evidence for
successful nanoalloying, rather than the formation of segre-
gated monometallic domains.
Fig. 3 (a) In-plane (qy) and out-of-plane (qz) GISAXS scattering profiles o
((5.2 ± 0.3) × 1015 atoms per cm2) at RT: measured data (symbols) and
nanoalloying influence. Table 1 summarizes the structural parameters ext
is sensitive to the nanoparticle diameter and interparticle distances, whil
ratio of the NPs.
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Modifying the Ag : Pt ratio does not lead to signicant
changes in the overall structural characteristics of the nano-
composite, as conrmed by our GISAXS simulations (Fig. S3†). A
50 : 50 Ag : Pt composition was selected as the baseline for this
study based on both thermodynamic and practical
considerations.

First, this near-equimolar ratio aligns with the formation of
a stable L11 ordered alloy phase, as suggested by the Ag–Pt
binary phase diagram,52 which minimizes the risk of phase
separation commonly observed at other stoichiometric ratios.
Compositions with a higher Ag content tend to exhibit phase
separation, reduced thermal stability, and diminished plas-
monic–catalytic synergy due to weaker Ag–Pt bonding and Ag
surface segregation.

Second, our use of UHV atomic vapor deposition provides
precise control over metal uxes, enabling accurate tuning of
the Ag : Pt ratio. The 50 : 50 composition represents an optimal
balance between the high plasmonic response of Ag and the
superior chemical and thermal stability of Pt. This provides
a solid foundation for exploring the interplay between plas-
monic enhancement and long-term stability in these
nanocomposites.

The optimization of NP synthesis revealed a critical
concentration threshold of (5.2 ± 0.3) × 1015 atoms per cm2,
which yields a uniform, densely packed monolayer of NPs with
minimal interparticle distances and low size dispersity.
Subthreshold concentrations result in sparse distributions of
ultrasmall NPs, predominantly below 1 nm in diameter.
Conversely, exceeding this concentration induces extensive
particle aggregation and high polydispersity. These ndings
were corroborated by GISAXS analysis, which conrmed 5.2 ×

1015 atoms per cm2 as the optimal concentration for achieving
the desired nanoparticle characteristics. For effective plasmonic
property characterization, several key parameters must be
considered. Firstly, NP sizes were maintained above 1 nm to
f mono- and bimetallic NPs derived from equivalent atomic deposition
theoretical fits (continuous lines) illustrating the polymer matrix and

racted from the qy and qz GISAXS profiles. The in-plane component, qy,
e the out-of-plane component, qz, primarily reflects the height aspect

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ensure compatibility with the optical characterization tech-
nique employed, which has a spectral resolution of 1–2 nm.
Secondly, robust signal generation is ensured by sufficient
surface coverage, small interparticle distances, and the absence
of agglomeration.

AgPt nanoalloys possess a perfectly balanced stoichiometric
composition containing∼50% Ag and∼50% Pt as conrmed by
comprehensive XPS and RBS analyses. However, comprehensive
structural evidence supporting the uniform alloying of AgPt
nanoparticles is provided in Fig. S4,† based on high-angle
annular dark eld (HAADF) imaging and lattice parameter
analysis. The decomposition of Ag 3d and Pt 4f scans into
several contributions claries the alloying behavior of the NPs.
The positions of these contributions are calibrated using the C
1s peak of C–C bonds in the polymer as a reference to ensure
consistency and accuracy in the measurements. As shown in
Fig. 4(a), the XPS analysis of the Ag 3d scan reveals two distinct
spectral features at binding energies of 367.4 eV and 373.4 eV,
corresponding to the Ag 3d5/2 and Ag 3d3/2 transitions, respec-
tively. These peaks are characteristic of metallic silver (Ag0)
species.53–55 The well-dened spin–orbit splitting of 6 eV
between Ag 3d5/2 and Ag 3d3/2 components, along with the
asymmetric shape of the peak proles, further validates the
metallic nature of silver.53–55 The Ag 3d spectral signatures in
Fig. 4(a) correlate favorably with those found in the
Fig. 4 Comparative high-resolution XPS spectra of Ag 3d and Pt 4f in s

© 2025 The Author(s). Published by the Royal Society of Chemistry
monometallic system (Fig. 4(b)), exhibiting some Ag0 loss
features on the higher binding energy side of each spin–orbit
component for Ag metal.

Platinum (Pt 4f7/2 and Pt 4f5/2 transitions) was detected in
two different oxidation states, Pt0 and Pt2+. As seen in Fig. 4(c),
the surface composition is dominated by Pt0 species, charac-
terized by a binding energy separation (DBE) of 3.3 eV, while
a minor fraction (6%) of PtO oxides is present, exhibiting a DBE
of 3.2 eV.54,55 The Pt 4f scan results in BNPs (Fig. 4(c)) differ
somewhat from those of the monometallic scan (Fig. 4(d)),
showing a shi of −0.8 eV for the metallic state and a shi of
−0.6 eV for the oxide state. This suggests that electron donation
occurred from Ag to Pt upon nanoalloying in a bimetallic
system, thereby altering the nanoalloy's electronic properties
and affecting the d-band structure on the surface.56–58 The
higher electronegativity of Pt relative to Ag results in electron
donation from Ag to Pt, rather than the reverse, explaining the
negative shi observed in the Pt 4f scans, while no corre-
sponding shi was recognized in the Ag 3d scans.

The most striking observation from the data comparison is
the presence of Pt oxides coupled with the absence of Ag oxides,
despite Ag typically being more susceptible to oxidation than Pt.
Further tests, conducted with GISAXS, corroborated these
ndings. Platinum's stronger interaction with the polymer and
higher activation energy result in reduced surface mobility
ingle (b and d) and dual (a and c) metal systems.

Nanoscale Adv., 2025, 7, 4087–4103 | 4093
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compared to silver, as evidenced by smaller particle sizes and
shorter interparticle distances as shown in Table 1. Platinum's
partially lled 5d orbital ([Xe] 4f14 5d9 6s1) allows for better
orbital overlap and hybridization with ligand orbitals, enabling
stronger and more diverse bonding interactions with carbox-
ylate groups in polymer diacrylates compared to silver's fully
lled 4d orbital ([Kr] 4d10 5s1). The presence of these oxides on
freshly prepared substrates suggests they are formed from
interactions with the polymer surface rather than surface
oxidation caused by air exposure.
Connement of NPs in the polymer matrix: insights from real-
time XPS measurements at RT under UHV

Extreme caution must be taken when choosing a polymer for
nanoparticle embedding. It is generally accepted that a high %
of unreacted monomers can impede and slow the embedding
process by acting as a barrier between NPs and polymer chains.
To prevent limitations in the conversion extent, unreacted
monomers were minimized by decreasing polymer function-
ality, viscosity, and cross-link density. This approach involved
using a diacrylate polymer, which successfully connes NPs
without requiring any post-treatment or additional processing
steps.

Fig. 5 provides evidence for the diffusion and embedding of
the NPs inside the polymer matrix, as demonstrated through
surface-sensitive XPS with a depth of analysis of 10 nm. The XPS
spectra presented in Fig. 5 were acquired under UHV conditions
(10−10 mbar), using an uninterrupted vacuum transfer system
from sample preparation to analysis. This protocol effectively
eliminates any exposure to ambient air, thereby preventing the
formation of a carbon contamination layer. The evolution of the
Fig. 5 Time-dependent XPS observations showing the temporal chang
embedding in a polymer matrix at RT, and (c) a schematic view of the emb
constant).

4094 | Nanoscale Adv., 2025, 7, 4087–4103
high-resolution C 1s peak was monitored throughout a real-
time analysis. The results in Fig. S5† conrm that carbon
contamination was negligible, with no signicant changes in
the C 1s peak intensity or position observed throughout the real-
time measurement. These observations support the stability of
the surface chemistry and conrm that the data reect intrinsic
surface composition, not artifacts from atmospheric exposure.

In the initial stage of the process, when freshly prepared
substrates were analyzed at RT under UHV, both Ag 3d and Pt 4f
signals were detected on the surface with high sensitivity. Over
time, a signicant decrease in the intensity of these peaks was
observed, becoming mostly negligible 12 days aer synthesis.
This reduction in intensity is attributed to the decreasing
surface concentration of Ag and Pt over time, as the NPs
diffused and embedded within the polymer matrix, beyond the
10 nm analysis depth.

Several factors likely inuenced these results. The primary
cause of embedding is thermodynamic factors, favoring the
minimization of interfacial energy between NPs and the poly-
mer. The surface energy of the polymer (gpolymer= 0.035 J m−2)59

is lower than that of Ag (gAg = 1.25 J m−2)60 and Pt (gPt = 2.48 J
m−2)60 metals, creating a strong driving force for NPs to embed
deeper into the polymer.1,61,62 Nanoparticle connement within
polymer matrices is fundamentally governed by thermody-
namic principles, with the work of adhesion (Wa) serving as
a key parameter in determining the stability and distribution of
nanoparticles within the host polymer. The work of adhesion
quanties the energetic favorability of the interface between the
nanoparticle and the polymer; a positive Wa indicates that the
interaction is favorable and drives the nanoparticle to embed
within the polymer, thereby minimizing the interfacial Gibbs
es in (a) Ag 3d and (b) Pt 4f signals during nanoparticle diffusion and
edding stages in the polymer (the incident intensity of X-rays remained

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparative TEM analysis of bimetallic and monometallic
nanoparticles on polymer substrates. (a) Bimetallic AgPt nanoalloys, (b)
monometallic Ag, and (c) monometallic Pt nanoparticles deposited on
polymer layers. The insets show the corresponding particle size
distribution histograms for each sample with their average diameter
and standard deviation.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 6
:3

1:
42

 P
M

. 
 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
free energy (DG) and stabilizing the composite system. For
instance, copper nanoparticles (gCu z 1.49 J m−2) can readily
embed into poly(methyl methacrylate) (gPMMA z 0.04 J m−2)
due to the signicant difference in surface energies, which
creates a strong thermodynamic driving force for encapsula-
tion. This process is further inuenced by entropic factors, such
as changes in polymer chain mobility and conformational
entropy near the nanoparticle surface, but the overall effect is
dictated by the balance of surface energies and the resulting
work of adhesion.63 In addition, it cannot be ignored that
smaller NPs, within the range of our obtained sizes (∼2–3 nm),
have high surface energy per unit volume, making them more
prone to embedding. The connement process is size-
dependent, smaller NPs (<12 nm) experience dominant capil-
lary forces over elastic resistance that facilitate deep penetration
into the polymer matrix, whereas larger NPs (>20 nm) face
kinetic barriers due to the need for elastic deformation of
polymer chains to form accommodating voids.63 It is worth
noting that the polymer's inherent mobility and soness, given
that RT is above its glass transition temperature (Tg) which falls
within a range of −47 °C to −30 °C,64 are also prerequisites for
accommodating NPs at their interface. Additionally, when the
system at RT exceeds the polymer's Tg, the polymer transitions
from a glassy to a rubbery state, allowing for localized chain
rearrangement and further promoting nanoparticle
embedding.63

Structural and optical properties

Extended studies using different imaging techniques (refer-
enced in Fig. 6 and S6†) conrm our earlier ndings presented
in Fig. 5. These combined approaches yield visual conrmation
of the nanoparticle incorporation within the polymer matrix.

The superior resolution of TEM provides precise information
regarding the size, morphology, and interparticle distances of
NPs, surpassing the capabilities of SEM. However, TEM lacks
depth sensitivity, making it challenging to determine whether
NPs are on the surface or embedded within the polymer matrix.

A closer inspection of the TEM micrographs, as depicted in
Fig. 6(a), shows that the BNPs exhibit a quasi-spherical
morphology. A minor fraction of these particles is inter-
connected, forming chain-like structures due to their proximity
(static coalescence).65 The particle population exhibits a mono-
modal size distribution. In our quantitative assessment, these
chain-like formations are treated as single, connected NPs. A
uniform distribution of Ag–Pt BNPs predominates on the
surface, showing slight aggregation and low polydispersity
while maintaining a high concentration of NPs on the support
material. This can be explained by the large surface area and
numerous functional groups of the polymer, which facilitate
better dispersion and integration of the BNPs on the polymer
lm. Accordingly, the polymer serves as an ideal matrix for the
homogeneous distribution of BNPs.

Comparatively, monometallic Ag and Pt NPs were assessed
under identical experimental conditions, ensuring equivalent
atomic deposition quantities. Interestingly, these monometallic
samples exhibit morphologies similar to those of the bimetallic
© 2025 The Author(s). Published by the Royal Society of Chemistry
ones. AgNPs (Fig. 6(b)) exhibit greater heterogeneity in size and
interparticle distances compared to AgPt nanoalloys (Fig. 6(a))
and PtNPs (Fig. 6(c)), with lower particle densities being
observed.

A strong correlation is observed between the structural
parameters obtained from GISAXS simulations and those
derived from experimental TEM analysis, as detailed in Table 1
and visualized in Fig. 6. This correlation is particularly signi-
cant given the inherent differences in sampling between the two
techniques. TEM provides localized information based on
Nanoscale Adv., 2025, 7, 4087–4103 | 4095
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a limited number of nanoparticles in specic regions, whereas
GISAXS offers ensemble-averaged data from the entire lm,
leading to wider-area detection. In addition, differences in
roughness values can be expected, which inuence the diffu-
sion and orientation of atoms and particles on the surface. In
GISAXS, the high roughness (Rq = 2 mm) on the polymer surface
leads to diffuse scattering of the beam, particularly at small
angles of incidence, resulting in a large projected footprint. In
contrast, for TEM analysis, the polymer thickness must be
reduced to less than 100 nm to enhance contrast and NP visi-
bility. This thickness reduction minimizes the expectation of
signicant roughness on the TEM carbon-coated membrane.

A notable feature of our spectroscopic analysis, as shown in
Fig. 7, is its high sensitivity in detecting optical responses from
NP monolayers on the substrate surface. However, the inter-
pretation of these signals was challenging, as the expected well-
dened standard peaks were absent. This complexity arises
from several factors. First, the use of an opaque substrate
necessitated reection-based techniques rather than standard
transmission measurements. Additionally, the highly reective
interior of the integrating sphere, essential for its function,
introduced substantial background reections. This effect was
particularly pronounced for the small NPs in our study, which
exhibit weak scattering properties. Consequently, the back-
ground signal oen obscures the subtle optical response from
the NP samples, resulting in a challenging signal-to-noise ratio.

The bimetallic AgPt nanoalloy system exhibits a single UV LSPR
band centered at approximately 326 nm, as shown in Fig. 7(a). This
band is spectrally positioned between those of pure Ag (∼415 nm,
Fig. 7(b)) and Pt (∼275 nm, Fig. 7(c)) NPs. The absence of dual
plasmonic peaks in the absorbance spectra of AgPt nanoalloys
indicates the formation of alloy NPs, rather than a physical
mixture of discrete Ag and Pt nanostructures. The presence of
a single resonance peak also suggests high structural symmetry in
the majority of the NPs. Additionally, the nanoscale dimensions of
the particles rule out the possibility of quadrupolarmodes, thereby
eliminating the potential for dual-band occurrences.

AgPt BNPs exhibit enhanced LSPR through synergistic effects
resulting from the interplay between Ag and Pt. The enhance-
ment mechanism is governed by a combination of plasmonic,
electronic, and interfacial phenomena. Ag provides a dominant
LSPR response due to its highly favorable dielectric properties,
Fig. 7 UV-Vis absorption profiles of polymer-embedded nanoparticle
micrographs in their insets: (a) AgPt nanoalloys, (b) Ag, and (c) Pt. Spectr

4096 | Nanoscale Adv., 2025, 7, 4087–4103
characterized by a strongly negative real permittivity (3r) and
a low imaginary component (3i). These attributes result in high-
quality factor (Q-factor) resonances within the visible spectral
range, making Ag a highly efficient plasmonic material.20

Although Pt is inherently less plasmonically active due to
pronounced interband transitions, its incorporation into the
alloy modies the electronic structure of the nanoparticles. The
d-band hybridization between Ag and Pt leads to reduced
plasmon damping and a shi in resonance peak positions. This
electronic coupling is particularly evident in fully alloyed AgPt
nanoparticles, where the absorption band is modulated and
stabilized within the 275–415 nm range.

Furthermore, interfacial charge redistribution at the Ag–Pt
boundary results in the formation of localized electromagnetic
hotspots—regions of intense eld enhancement. These hot-
spots, oen located at interparticle junctions or compositional
interfaces, signicantly amplify the near-eld response and play
a critical role in plasmon-enhanced applications such as SERS.20

It is noteworthy that the peak at 294 nm in Fig. 7(b) is
associated with the polymer lm, as previously discussed in
Fig. 2(c). The appearance of the polymer's absorption peak at
294 nm in the UV-Vis spectrum of the Ag/polymer composite is
attributed to the relatively low density of Ag nanoparticles (10 ×

1011 NPs per cm2, Fig. S8(h)†), in contrast to the signicantly
higher nanoparticle densities observed in the AgPt (87 × 1011

NPs per cm2, Fig. 9(h)) and Pt (104 × 1011 NPs per cm2,
Fig. S7(h)†) samples. The reduced nanoparticle loading in the
Ag sample results in less surface scattering, allowing more light
to penetrate the polymer matrix and interact with its electronic
structure. Consequently, the characteristic polymer absorption
becomes visible in the Ag composite, while in the Pt and AgPt
samples, this signal is obscured by the dominant scattering
from their densely packed nanoparticle layers. The nanoparticle
density obtained from GISAXS spectra follows a descending
order: PtNPs (Fig. S7(h)†), AgPt nanoalloys (Fig. 9(h)), and
AgNPs (Fig. S8(h)†). This result agrees with the peak intensity
evolution observed in the absorbance spectra shown in Fig. 7.

The absence of the more intense C]O-related peak in UV-Vis
reection spectroscopy, despite its presence in ellipsometry, can
be explained by the fundamental differences between these
techniques. Ellipsometry, which relies on the phase-sensitive
detection of polarized light, offers enhanced sensitivity to subtle
s on Si with equivalent atomic amount and the corresponding TEM
a were recorded using an integrating sphere in the reflection mode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-Vis absorption profiles of (a) polymer-embedded AgPt
nanoalloys and (b) AgPt nanoalloys on Si/SiO2, showcasing the initial
profile immediately post-synthesis and the profile after 7 months of
ambient air exposure.
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electronic transitions at interfaces. This allows it to resolve both
the p–p* transition of C]C bonds (290 nm) and the n–p* tran-
sition of C]O groups (357 nm). In contrast, conventional UV-Vis
reection spectroscopy is based on intensity measurements and is
less sensitive to weaker transitions. The n–p* transition of the
C]O group has a relatively low absorption coefficient and is
further masked by strong light scattering from the nanoparticle
layer, making it undetectable in the UV-Vis spectra.

Ellipsometric data thus provide valuable conrmation of the
polymerization process: the diminishing C]C peak reects bond
consumption, while the persistent C]O signal indicates retention
of the carbonyl functionality throughout the reaction. To assess
the long-term stability of the bimetallic sample on the polymer
surface, we conducted a follow-up analysis of its plasmonic
behavior seven months post-synthesis. The results, presented in
Fig. 8(a), demonstrate remarkable consistency, with no discern-
ible shi in the peak position and preservation of the original
peak intensity. This preservation of spectral characteristics
strongly indicates the sample's durability and its ability to main-
tain its unique optical properties over extended periods. In
contrast, Fig. 8(b) reveals a signicant difference in the plasmonic
response of AgPt nanoalloys deposited on Si/SiO2 surfaces. The
characteristic peak at 330 nm was notably absent aer seven
months of air exposure, coupled with a marked reduction in the
overall intensity. This big difference in long-term stability between
the polymer-supported and Si/SiO2-supported samples highlights
the crucial inuence of the substrate material on preserving the
plasmonic properties of bimetallic nanostructures.

Our ndings are consistent with previously reported data for
AgPt solid solution nanoalloys, despite differences in synthesis
methods. In a comparable study, 50 : 50 AgPt nanoalloys with
mean diameters below 3 nm, synthesized via co-sputtering onto
liquid polyethylene glycol (PEG), exhibited an absorption peak at
∼350 nm. Additionally, this study reported absorption peaks at
∼280 nm and ∼400 nm for monometallic Pt and Ag NPs,
respectively.7 These spectral features align well with our observa-
tions, with slight deviations likely due to the higher density of NPs
on the surface and their smaller interparticle distances. According
to Mie theory simulations, spherical Ag NPs with a diameter of
3 nm embedded in a silica matrix are predicted to exhibit an
absorption cross-section peak around 410 nm.29 Given that the
refractive index (RI ∼ 1.5) of silica is comparable to that of many
polymers, this theoretical prediction is relevant for similar
polymer-based nanocomposite systems. Laser-synthesized
colloidal Pt NPs, with a diameter of 2.7 nm suspended in deion-
ized water, display a characteristic UV absorption peak at
245 nm.66 When transitioning from an aqueous medium to a high
refractive index polymer surface, the local dielectric environment
surrounding the NPs changes signicantly, resulting in a red shi
of approximately 30 nm in the peak position due to modications
in electron oscillation frequency within the Pt NPs.
Temperature-driven evolution of AgPt bimetallic
nanostructures: a systematic annealing study

GISAXS measurements were performed at RT and at various
annealing stages to evaluate the impact of post-deposition thermal
© 2025 The Author(s). Published by the Royal Society of Chemistry
treatment on the bimetallic sample. The annealing process
involved heating from RT to 320 °C, with increments of 50 °C or
100 °C. The heating rate was maintained at 5 °C min−1, and each
stage lasted between 7 and 16 hours. The annealing procedure was
executed over a total duration of two and a half days, ensuring
thorough thermal treatment and allowing for detailed structural
analysis at each stage. Fig. 9(a–f) present the GISAXS 2D patterns
along with the corresponding scattered intensity proles along
both qy and qz. Detailed GISAXS simulation methodology can be
found in the Experimental section in the ESI.† In the local
monodisperse approximation (LMA), a polydisperse system is
modeled as a collection of monodisperse elementary domains,
where the total intensity is the incoherent sum of the scattered
light from each domain. Multiple scattering effects across the
surface were accounted for using the distorted wave Born
approximation (DWBA).50 To achieve a high q range and enable
the investigation of ner structural details, a short sample-to-
detector distance of 570 nm was chosen.

The temperature during growth induces high polydispersity
in both size and spatial distributions, along with the formation
of multiple nucleation centers on the surfaces. This leads to the
Nanoscale Adv., 2025, 7, 4087–4103 | 4097
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Fig. 9 GISAXS 2D patterns of Si/polymer/AgPt BNPs at different temperatures: (a) RT, (b) 120 °C, (c) 220 °C and (d) 320 °C, scattering intensity
profiles with their corresponding fits (e) horizontally and (f) perpendicular to the substrate plane. (g) Quantitative analysis of particle charac-
teristics and spatial distribution (diameter, sD/D,H/D,L, andw) from simulated data, and (h) the plot of the density of NPs versus temperature. RT*
denotes the “Return to Room Temperature” phase after annealing.
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development of smaller NPs as they grow across numerous
nucleation sites. Consequently, modifying the diffusion mech-
anisms aer NP formation was deemed preferable to better
4098 | Nanoscale Adv., 2025, 7, 4087–4103
control the nal nanostructure. This approach involved con-
ducting the deposition process at RT, followed by subsequent
thermal annealing steps.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 XPS Analysis of Ag 3d and Pt 4f signals revealing nanoparticle
dynamics in the polymer matrix: pre- and post-annealing
observations.
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Temperature signicantly inuences the surface diffusion,
mobility, structural and morphological characteristics, composi-
tion, and size dispersion of NPs. AgPt BNPs fabricated by MBE
initially exhibit a growth pattern consistent with the VW mode
but in a metastable state at RT. In our case, NPs grow as discrete
three-dimensional islands due to stronger metal–metal interac-
tions compared tometal–substrate interactions. Despite the close
lattice mismatch between Ag and Pt (approximately 4.1%) and
their identical FCC crystalline structures, differences in cohesion
(Ag: 2.96 eV per atom, Pt: 5.87 eV per atom),60 surface energies
(Ag: 1.25 J m−2, Pt: 2.48 J m−2)60 and the existence of the bulk
miscibility gap favor the formation of equilibrium Pt-rich core/Ag-
rich shell.36 However, the literature frequently shows inverse
core–shell VW growth67 or mixing congurations due to strong
kinetic or environmental effects at small sizes. Our observations
in Fig. 9(g) show that annealing to 320 °C leads to the formation
of isolated, compositionally mixed particles in a distribution at
thermodynamic equilibrium. The primary objectives of anneal-
ing are: (i) to achieve an equilibrium state resistant to dynamic
changes or transformations, and (ii) to facilitate the rapid
incorporation of NPs into the polymer matrix. Fig. 9(g) shows the
thermal threshold for atomic mobility activation and the onset of
nanoparticle surface diffusion, indicating that a temperature
above 220 °C is required to initiate these effects. According to
Arrhenius's equation, there is a proportional relationship
between temperature, diffusion coefficient, andmobility.68 As the
temperature exceeds 220 °C, the average NP diameter increases
slightly from 2.4 to 2.8 nm, while the H/D ratio decreases from
0.95 to 0.8. Additionally, both L and w increase, all within
a constant size distribution (sD/D).

Rising temperatures lead to a tendency towards anisotropic
shapes (oblate), accompanied by a decrease in the H/D ratio.
This suggests increased interaction between the NPs and the
polymer support, likely due to higher interfacial adhesion
energy.40 The observed trends in all variables were consistent. At
temperatures below 220 °C, the system predominantly consists
of numerous closely spaced particles (ranging from 66 to 87 ×

1011 NPs per cm2), most of which are individually isolated with
small distances (L∼ 3.5–3.9). In contrast, at 320 °C, the particle
density signicantly decreases to 28 × 1011 NPs per cm2,
leading to an increase in interparticle distances (L ∼ 6). This
inverse relationship between r and L is expressed as r = 1/L2,
with the density values as a function of temperature plotted in
Fig. 9(h).

It is hypothesized that the polymer, PDGDA, has likely
inuenced the nanoalloy growth mechanism during annealing.
PDGDA appears to control and limit the coalescence on the
surface, effectively inhibiting extensive NP coalescence. This
maintains small particle sizes and low dispersity in size distri-
bution (sD/D= 0.16), even with prolonged annealing at elevated
temperatures. The stabilizing environment provided by this
polymer prevents NPs from approaching each other, thereby
maintaining large interparticle distances.

The lack of changes in structural parameters upon returning
to RT highlights the achievement of an equilibrium phase at
320 °C (Fig. 9(g)). The criterion for evaluating the equilibrium
phase temperature is based on the stability of structural and
© 2025 The Author(s). Published by the Royal Society of Chemistry
morphological parameters rather than predetermined thresh-
olds. The rst degradation of PEGDA occurs around 370 °C, as
conrmed by TGA analysis.69 PDGDA is expected to decompose
beyond 370 °C due to its stronger intermolecular forces, asso-
ciated with additional carbon bonds. This conrms the
robustness of the polymer under various temperature condi-
tions. Overall, an equilibrium phase is attained without any
deterioration in polymer properties.

Further details on monometallic Ag and Pt samples are
provided in the ESI (Fig. S8 and S9).†

Annealing effectively facilitates the embedding of NPs in the
polymer matrix, as shown in Fig. 10. These results show
signicant promise in reducing and accelerating the time
required for NP connement. Previously, a 12-day period at RT
was necessary for satisfactory connement, as shown in Fig. 5.
However, the annealing process signicantly accelerates this
embedding process, as indicated by the rapid drop in the
intensity of Ag 3d and Pt 4f scans. Following annealing, NPs
immediately embed within the polymer matrix.

Heating enhances the kinetic energy of the polymer mole-
cules, increasing their mobility and causing the polymer chains
to vibrate more vigorously and move more freely. This elevated
temperature weakens intermolecular forces between polymer
chains and expands the free volume within the polymer matrix,
reducing cohesive forces and enhancing chain exibility.
Consequently, transient voids and diffusion pathways form,
Nanoscale Adv., 2025, 7, 4087–4103 | 4099
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facilitating the embedding of the NPs into the polymer matrix.
The overall effect is a reduction in the polymer's viscosity,
facilitating the movement of NPs through the matrix.
Conclusions

In this paper, the development of an original methodology
leading to the incorporation of structure-controlled AgPt
nanoalloys, with sizes ranging from 2 to 3 nm, into a PDGDA
matrix system, was demonstrated. By synergistically employing
photochemical techniques and electron beam evaporation, we
have successfully fabricated a polymer nanocomposite material
that shows high stability and durability. This integration
preserves the unique structural and plasmonic properties of the
AgPt nanoalloys under ambient conditions and through various
annealing stages. A key strength of our work is its potential
adaptability to more complex congurations, such as Janus and
core/shell nanostructures, which will be explored in future
studies.

Our results demonstrate a strong correlation between
GISAXS and TEM observations, affirming the robustness of our
approach. Additionally, the use of an integrating sphere in
combination with UV-Vis spectrophotometry has proven effec-
tive in overcoming challenges associated with nanoparticle
analysis on non-transparent substrates. Notably, we have
observed ultraviolet plasmonic behavior in the AgPt nanoalloys,
marking a signicant advancement beyond the conventional
plasmonic response observed in the Vis-NIR of many nano-
materials. This discovery opens new avenues for the develop-
ment of UV-based plasmonic devices, with promising
applications in elds such as UV sensing, photocatalysis, and
optoelectronics.
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38 J. Plé, C. S. Stan, D. Zanghi, C. Genevois, S. Hajjar-Garreau
and L. Balan, Photoinduced polymer-conned CQDs for
efficient photoluminescent 2D/3D printing applications,
Mater. Adv., 2023, 4(21), 5140–5148.

39 M. Jacquemin, M. J. Genet, E. M. Gaigneaux and
D. P. Debecker, Calibration of the X-Ray Photoelectron
Spectroscopy Binding Energy Scale for the Characterization
of Heterogeneous Catalysts: Is Everything Really under
Control?, ChemPhysChem, 2013, 14(15), 3618–3626.

40 F. A. Hellal, Structure et cinétique de formation de
nanoparticules bimétalliques à base d’argent et de platine
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41 L. S. Magalhães, D. B. Andrade, R. D. Bezerra, A. I. Morais,
F. C. Oliveira, M. S. Rizzo, et al., Nanocomposite hydrogel
produced from PEGDA and laponite for bone regeneration,
J. Funct. Biomater., 2022, 13(2), 53.

42 M. Imani, S. Shari, H. Mirzadeh and F. Ziaei, Monitoring of
Polyethylene Glycol-diacrylate-based Hydrogel Formation by
Real Time NMR Spectroscopy, Iran. Polym. J., 2007, 16(1), 13–
20.
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