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Introduction

Polymer—metal hanocomposites with bi- or
tri-metallic compositions exhibiting catalytic
propertiest

Nicholas Kai Shiang Teo,? Yi Huang (22" and San H. Thang (2 *®

The use of hybrid materials such as polymer—metal nanocomposites (PMNCs) in heterogeneous catalysis
has rapidly gained attention in recent years due to their enhanced catalytic performance and significantly
different physicochemical properties compared to their larger counterparts. Traditional techniques for
preparing PMNCs involve the use of capping/stabilising agents that wrap around metal nanoparticles
(MNPs), forming a barrier that limits active site availability and reduces catalytic efficiency. This paper pre-
sents an approach for preparing gold (Au), palladium (Pd) and silver (Ag)-based PMNCs in situ via ultra-
sonic treatment with unobstructed MNPs attached to amine functionalities located on the surface of
polymeric chains synthesised from reversible addition—fragmentation chain-transfer (RAFT) polymeris-
ation-induced self-assembly (RAFT-PISA). High resolution transmission electron microscopy (HR-TEM)
imaging and energy-dispersive X-ray (EDX) mapping confirmed the successful preparation of these
PMNCs. The catalytic performances of these PMNCs are evaluated against well-known organic reactions
such as the aerobic oxidation of 1-phenylethanol and the Suzuki—Miyaura cross-coupling reaction
between 4-iodophenol and phenylboronic acid, where the performance of the bimetallic Au-Pd PMNC
and the bimetallic Ag—Au PMNC reached as high as 94% and 98.5% for each respective reaction at a con-
centration of 0.02 mol%. Additionally, the catalytic performance of the trimetallic Ag—Au-Pd PMNC was
discovered to be 39.8% and 96.0%, respectively, for both reactions at the same concentration. This work
aims to expand the knowledge of PMNCs and promote their utility as advanced heterogeneous catalysts
in organic reactions.

such as citrates and dodecyl sulphates,® which can have the
potential to block reactant access and negatively affect catalytic

Hybrid materials such as nanoclusters, nanoparticles (NPs),
and polymer-metal nanocomposites (PMNCs) have attracted
much attention in recent years, as they can potentially be used
in a wide range of fields such as biotechnology, particularly in
diagnostic imaging,"* electronic storage systems,” advanced
drug targeting and delivery systems,>* and in the important
area of heterogeneous catalysis.”” Such nanomaterials offer
larger surface area-to-volume ratios, as opposed to their bulk
counterparts, giving rise to enhanced physicochemical pro-
perties. As opposed to preparing such nanocomposites using
conventional capping/stabilising agents (surface-active agents)

“School of Chemistry, Monash University, Clayton, VIC, 3800, Australia.

E-mail: san.thang@monash.edu

bEngineering Research Center for Eco-Dyeing and Finishing of Textiles,

Ministry of Education, Zhejiang Sci-Tech University, Hangzhou, 310018, China
+Electronic supplementary information (ESI) available: Experimental details, 'H
NMR, *C NMR spectra, GPC curves and additional TEM images. See DOL:
https://doi.org/10.1039/d5py00113g

This journal is © The Royal Society of Chemistry 2025

properties,” polymeric nanoparticles present an advanced yet
simple method of supporting these metal nanoparticles
(MNPs) via immobilisation on the surface of these polymers,
which helps to prevent MNPs from aggregation and losing
their unique properties.’® These polymeric nanoparticles act
as scaffolds to MNPs such as gold nanoparticles (AuNPs), pal-
ladium nanoparticles (PdNPs) and silver nanoparticles
(AgNPs), freeing them from external capping agents and maxi-
mising the available exposed surface area for high-efficiency
catalysis.

PMNCs are commonly prepared from the combination of
polymer nanoparticles and the growth of MNPs on the surface
of these particles. Polymer nanoparticles containing tertiary
amine groups from monomers such as N,N-dimethyl-
aminoethyl methacrylate (DMAEMA) can be produced by
either solution self-assembly (SSA) processes'' or polymeris-
ation-induced self-assembly (PISA) processes.'” As opposed to
the limitations of SSA such as low polymer concentration,
solid content, complicated preparation methods and scalabil-
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ity issues,"®'* PISA, on the other hand, enables the in situ self-
assembly of these polymers into nanoparticles with various
morphologies.”® In addition, PISA allows for polymerisations
at higher solid contents of up to 50% with a tuneable degree
of polymerisation (DP) for controlled reactions.'® The concept
of MNP formations was explained by Toshima, where metal
ions (salts) or complexes can be reduced or deposited respect-
ively to form individual metal atoms which are unstable and
quickly aggregate to form metal seeds (nuclei), through which
more atoms or seeds can be deposited onto them to grow into
MNPs."” These MNPs can be prepared via in situ methods such
as ultrasonic reduction of their respective salt form and, in the
presence of a polymer nanoparticle, they can be immobilised
on the surface to form PMNCs through strong chemisorption
interactions with the tertiary amine groups. For example,
Mahdavian et al. used a stimuli-responsive poly(2-(N,N-di-
methylamino)ethyl methacrylate) (PDMAEMA) polymer as both
a supporting substrate and a reducing agent to synthesise
AuNPs with tuneable UV-Vis absorption wavelengths and plas-
monic properties sensitive to both pH and temperature.® The
resulting Au-PDMAEMA species displayed significant localised
surface plasmon resonance (LSPR) effects within the pH range
of 6-8 and a shift in the lower critical solution temperature
(LCST) as compared to the free DMAEMA monomeric chains.
Moreover, they are stable even after six months of synthesis
under static and ambient conditions, proving their suitability
in catalytic applications. Li and Yang et al. reported a novel
route to coat polystyrene particles with a layer of
Pd@polypyrrole (PANP@PPy) nanocomposites, leading to a
well-defined core-shell structure.'® Due to the small size and
well-dispersed nature of the PANPs on the nanocomposites,
these nanocomposites demonstrated high catalytic efficiency
and good reusability until the fourth cycle in the reduction of
p-nitrophenol with sodium borohydride (NaBH,) as a reducing
agent. A study by Kyrychenko et al. explored the behaviour of
poly(methyl  methacrylate)-block-poly(2-(N,N-dimethylamino)
ethyl methacrylate) (PMMA-b-PDMAEMA) coated with a layer
of AgNPs under the influence of different pH values using ato-
mistic molecular dynamics (MD) simulation.*® Interestingly,
MD revealed that for a single PMMA-b-PDMAEMA oligomer,
the PMMA block preferably interacts with the AgNP surfaces
while the PDMAEMA chains are capable of creating up to
58 hydrogen bonds with surrounding water molecules when
completely protonated, which allows for a tuneable “smart”
polymeric shell to deliver AgNPs in targeted drug delivery
systems.

Another attractive feature of MNPs is their synergistic
ability to combine different monometallic NPs into bimetallic
or even trimetallic forms, which helps to improve their overall
stability and catalytic performance as the interaction between
MNPs can accelerate electron density movements.*'
Additionally, the resultant hybrid MNPs can also show distinct
geometric properties compared to their monometallic counter-
parts (i.e. shape, crystal facets, overall charge, oxidation states,
etc.), requiring advanced characterisation methods to differen-
tiate the bonding type within the metallic structure (i.e. core-
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shell, alloy formation, etc.), which may prove to be difficult to
accomplish given the complex nature of such systems.*> To
elaborate on such observations, Ahmed and Emam reported
on the synergistic behaviour between AuNPs, PANPs and
AgNPs in the reduction of p-nitrophenol where the tri-metallic
catalyst Ag-Au-Pd@dextran increased the rate of reduction by
151 times as opposed to its mono-metallic counterparts.”®
Dwivedi and Nandi et al. explored the catalytic ability of bi-
metallic Ag-Au alloy NPs stabilised using a poly(diallyldi-
methylammonium) chloride (PDADMAC) cationic polymer
system and found that their efficiencies depend highly on the
gold content, with a higher gold content leading to better cata-
lyst performance in the reduction of p-nitrophenol.**

In our previous work, we have demonstrated the ability to
use ultrasound at 990 kHz as a “green” approach for in situ
reversible addition-fragmentation chain-transfer (RAFT) poly-
merisation of a poly(ethylene glycol)-based block copolymer
(sono-RAFT-PISA) in water to synthesise spherical and worm-
like nano-objects'® and also the characterisation of monome-
tallic AuNPs and PANPs immobilised onto their polymeric sur-
faces.’ In this study, we are interested in exploring, in greater
detail, the catalytic performances of different combinations of
AuNPs, PdNPs and AgNPs immobilised onto polymer nano-
particle surfaces against the aerobic oxidation of 1-phenyletha-
nol and the Suzuki-Miyaura cross-coupling reaction between
4-iodophenol and phenylboronic acid with comparisons made
to their monometallic counterparts.

Results and discussion

Synthesis of PEG;,3-b-PDMAEMA-b-PHPMA-CDTPA triblock
copolymer nanoparticles via RAFT-PISA

According to a previously reported procedure, poly(ethylene
glycol), mPEG;,; (average M, = 5000, 113 units of ethylene
glycol moiety) reacted with the RAFT agent 4-cyano-4-(((dode-
cylthio)carbonothioyl)thio)pentanoic acid (CDTPA) via Steglich
esterification to synthesise the macro-chain transfer agent
(macro-CTA) PEG;,3-CDTPA (Scheme 1(a)) as the first block,
which was characterised using "H and *C NMR spectroscopy
(Fig. S11)."> Subsequently, PEG;,3-CDTPA was chain extended
with the DMAEMA monomer containing a tertiary amine
moiety in the 1,4-dioxane solvent via RAFT polymerisation to
yield the PEG;;3-)-PDMAEMA-CDTPA diblock copolymer
(Scheme 1(b)). To study the effects of PDMAEMA chain lengths
on the formation of polymeric nanoparticles and polymer-
metal nanocomposites (PMNCs), PEG;;3;-b-PDMAEMA-CDTPA
samples were synthesised and tabulated (Table S1t). The
number average molecular weights (M,) of each polymer
sample, determined via "H NMR (M, nmzr) theoretically from
the initial concentrations of starting materials (M theoretical)
and via gel permeation chromatography (GPC) using N,N-di-
methylformamide (DMF) as a solvent and poly(methyl meth-
acrylate) (PMMA) as a standard (M, gpc), were compared and
found to increase with an increase in the DP of the DMAEAM
block. GPC results revealed that all block copolymers syn-
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Scheme 1 (a) Synthesis of PEG;,3-CDTPA via Steglich esterification. (b) Synthesis of PEG;13-b-PDMAEMA-CDTPA to incorporate the tertiary amine
moiety responsible for anchoring MNPs. (c) Synthesis of PEG1;3-b-PDMAEMA-b-PHPMA-CDTPA triblock copolymers via thermal RAFT-PISA to form

milky stable suspensions.

thesised in this manner exhibit low dispersity (b, 1.14-1.19)
values, indicating excellent polymerisation control of the
DMAEMA block (Table S1t). The normalised GPC traces of
PEG,,;-CDTPA and PEG,,;-b-PDMAEMA-CDTPA with varying
DPs of the PDMAEMA block show a bimodal distribution
pattern, with a small side shoulder peak which can be attribu-
ted to the mPEG,,; moiety (Fig. S51).° It was noted that the
molecular weight values obtained from the GPC were higher
than those determined from NMR spectra or through theore-
tical calculations. A shift to shorter retention times was
observed as the DP of the PDMAEMA block increases, which is
supported by an increase in overall molecular weights
(Table S1f) and can be explained by the fact that longer
polymer chains interact less strongly with the GPC column
stationary phase compared to shorter polymer chains. In
addition, the M, gpc values determined for all PEG;,3-CDTPA
and PEG;;3-b-PDMAEMA- CDTPA samples were higher than
their respective M, nvr OF the My, ¢heoretical Values, due to the
GPC being calibrated using PMMA standards, which is structu-
rally different from PEG. The PDMAEMA block in PEG;3-b-
PDMAEMA,,-CDTPA was deemed too short to provide enough
tertiary amine sites for metal nanoparticle capture, while the
PDMAEMA block in PEG;;3-b-PDMAEMA;,-CDTPA was too
long and required a comparatively higher DP than that of the
PHPMA core-forming block to stabilise the resulting polymer
morphology formed. Therefore, PEG;;3-b-PDMAEMA;,-CDTPA
was chosen for subsequent studies as a compromise between
the number of tertiary amine sites and the amount of PHPMA
needed to form the final polymer morphology.

For thermally-initiated RAFT-PISA formulations, PEG;43-b-
PDMAEMA;,-CDTPA was chain extended with the HPMA
monomer to form PEG;;3-b-PDMAEMA;,-b-PHPMA-CDTPA tri-
block copolymers as stable milky-white dispersions kept at an
overall solid content of 10% w/w (Scheme 1(c)). For these for-

This journal is © The Royal Society of Chemistry 2025

mulations, heat and a water-soluble initiator, VA-044, were
used to initiate the reaction and to produce the final product.
These dispersions were subsequently analysed by "H NMR
spectroscopy and GPC, confirming the near consumption of
all monomers and their conversion into polymers. Different
batches of PEG;;3-b-PDMAEMA;,-b-PHPMA-CDTPA with vari-
ations in the PHPMA block lengths were successfully syn-
thesised by changing the target DP (Table 1). Upon increasing
the target DP of the PHPMA block from 100 to 800, the actual
DP obtained by calculating the NMR conversion decreased
slightly from 100.0% to 98.5% (Table 1, entries 1-6). The
corresponding increase in D values from 1.17 to 1.87 was a
result of a greater extent of inter-molecular hydrogen bonding
between PHPMA chains, causing a wider distribution of the
final average hydrodynamic diameter from 45.0 + 14.5
(Table 1, entry 1) to 306.7 + 70.0 (Table 1, entry 6) as measured
by dynamic light scattering (DLS) and from 31.6 + 23.8
(Table 1, entry 1) to 260.1 + 51.1 (Table 1, entry 6) as measured
by transmission electron microscopy (TEM). Nevertheless, the
polydispersity index (PDI) values taken from DLS indicated a
narrow size distribution of these nanoparticles, which is ben-
eficial for their subsequent use as heterogeneous catalysts.
Previous studies on this polymerisation system indicated that
this has minimal to no effect on the subsequent characteris-
ation studies conducted and in the testing of the resulting
PMNCs." For this study, PEG;;5-b-PDMAEMA;,-b-PHPMA;4-
CDTPA copolymer particles with a well-defined vesicular struc-
ture are chosen for the in situ formation of PMNCs.

The photographed stable copolymer dispersions (Fig. 1(a))
showed a gradual increase in cloudiness, indicating the for-
mation of stable polymeric nanoparticles. They were then ana-
lysed using DMF-GPC (PMMA standards), DLS and TEM. As
the DP of the PHPMA block increases from 100 to 788, there is
a noticeable shift to a lower retention time (Fig. 1(b)) as the

Polym. Chem., 2025, 16, 1969-1980 | 1971
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Table 1 Characterisation data for PEGy;3-b-PDMAEMAz,-b-PHPMA-CDTPA with different DPs of the PHPMA block nanoparticles obtained via
thermal-RAFT-PISA

Target DP of  Actual DP of NMR Average Average

the HPMA the PHPMA  conversion” My nmr M, theoretical d Ma,6ec® diameter’ PDIY  diameter
Entry monomer block® (%) (gmol™) (g mol™) (gmol™) H° (DLS)(nm) (DLS)  (TEMJ (nm)
1 100 100 100.0 24 800 24 800 44700 1.17 45.0+14.5 0.24 31.6 +23.8
2 200 198 99.0 38900 39200 71400 1.27 183.0 £35.6 0.19 167.2+72.1
3 300 297 99.2 53200 53700 95200 1.36 205.3 £41.5 0.17 209.8 £ 63.9
4 400 398 99.5 67 800 67 800 120100 1.48 204.0 £45.8 0.13 220 +72.3
5 600 593 98.8 95900 96 900 169200 1.64 307.2 £56.3 0.10 305.1 +48.4
6 800 788 98.5 124 000 125700 222200 1.87 306.7 £70.0 0.19 260.1 +51.1

“ Actual DP was determined through "H NMR spectra. b Determined by comparing the ratio of the CH; peak (0.8—0;19 ppm) to the product CH
peak (4.6-4.9 ppm) (Fig. S6-S11t). CMn,NMR = M;pupma X My prG1i3-pomaEmasz2-cotea X NMR conversion (%). M, theoretical = MnapMA X
My pEG113-PDMAEMA32-CDTPA X target DP of the PHPMA block. ¢ Determined using DMF-GPC with PMMA as a standard.’ Average diameter and stan-
dard deviation obtained from the DLS instrument. ¥ Average diameter and standard deviation obtained from TEM by measuring at least 30

random nanoparticles.
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Fig. 1 (a) Images of PEGy;3-b-PDMAEMA3,-b-PHPMA, -CDTPA PISA nanoparticles with an increase in the DP (y = 100-788) of the PHPMA block
against a black background. (b) Normalised GPC traces and (c) DLS traces of PEGj;3-b-PDMAEMA3;,-b-PHPMA, -CDTPA PISA nanoparticles. (d)—(i)
TEM images corresponding to PEGy;3-b-PDMAEMA3,-b-HPMA,-CDTPA PISA nanoparticles with an increase in the DP (y = 100-788) of the PHPMA

block.

average diameter of the particles increases as shown in the
DLS traces (Fig. 1(c)). The small bump on the left side of the
GPC trace of PEG,;;-b-PDMAEMA,,-b-PHPMA.5-CDTPA can be
explained by the fusion of larger particles (Fig. 1(i)) to form a
fibroid-like structure with internal collapse of the compound
vesicular core, leading to the formation of slightly larger than
expected particles and hence eluting out faster. The small
bump on the DLS trace for PEG;3-b-PDMAEMA;,-b-PHPMA, o~
CDTPA refers to a small percentage of dimerised copolymer
particles via the PHPMA block which is especially obvious at a
low DP of the PHPMA block and is absent as the DP increases.
As the internal structure of these polymeric particles becomes
more complex, the average hydrodynamic diameter also
increases. Interestingly, there is minimal to no observable
increase in particle diameter going from the PHPMA block DP
of 593 (Fig. 1(h)) to 788 (Fig. 1(i)), even though there is a
change in the particle morphology. This observation can be
explained through a fusion process that creates a huge

1972 | Polym. Chem., 2025, 16, 1969-1980

network of inter-connected channels at the expense of individ-
ual particle size, hence leading to almost no change in the
overall particle diameter. TEM images obtained revealed a
change in the morphology of these copolymer particles from
small spheres (Fig. 1(d)) to a transition-like phase of short
worm vesicles (Fig. 1(e)), to well-defined vesicles (Fig. 1(f) and
(g)), to multi-compartmental vesicles (Fig. 1(h)) to fused multi-
compartmental vesicles with a fibre-like structure (Fig. 1(i)).

In situ synthesis of PMNCs

In 2006, Blanchard reported the ability of tertiary amine
groups to capture and bind onto MNPs such as gold nano-
particles (AuNPs) due to the chemisorption effect.”> From a
thermodynamic standpoint, they found that for a spontaneous
reaction between amine groups (NR;) and HAuCl,, the oxi-
dation potential of the amine must be between the range of
reduction potentials of HAuCl, to Au® and the oxidation poten-
tials of Au® to Au'", leading to unconjugated amines being the

This journal is © The Royal Society of Chemistry 2025
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best candidates for such systems. Filippo experimented on the
in situ synthesis of silver nanoparticles (AgNPs) from silver
nitrate via microwave irradiation, with glucose as the reducing
agent and sucralose as the capping agent.”® Addition of tri-
ethylamine of varying concentrations and reaction times acted
as the promoter and directing agent, allowing for direct obser-
vation of colour changes in the final reaction mixture, hence
proving the usefulness of amines in the synthesis of MNPs
from their corresponding metal salts.

In 2021, our group reported on a novel method of produ-
cing AuNPs and PdNPs decorated onto the surface of polymers
through interactions with the PDMAEMA moiety on the
spherical PEG;,3-b-PDMAEMA-h-PHPMA-CDTPA  triblock
copolymer nanoparticles to produce Au@PEG;3-b-PDMAEMA-
b-PHPMA-CDTPA and Pd@PEG;3-b-PDMAEMA-
b-PHPMA-CDTPA PMNCs separately.” However, Armes et al.
noted that a certain percentage of the PDMAEMA moiety in a
polymer containing this functional group will be protonated
upon the addition of HAuCl,, which will negatively affect the
ability to reduce AuCl,” ions via a coordination-reduction
mechanism.?” As such, instead of using metal salts containing
H' as positively-charged counterions, we used metal salts con-
taining Na' counterions instead to minimise the protonation
of the PDMAEMA block. In addition, we also noticed that this
reduction process does not require any external reducing agent
to perform or aid in the reduction. Thus, in a standard pro-
cedure, the final PMNC mixture was prepared by simply
mixing diluted copolymer nanoparticles, metal salts (NaAuCly,
Na,PdCl, and AgNO;) and an external polymeric stabiliser
termed poly(N-vinylpyrrolidone) (PNVP) (Scheme 2(a) and (b)).
The purpose of the external stabiliser is to aid in capturing any
loose or unbound MNPs after the ultrasonic reduction process
and minimise colloids from forming, and such a low concen-
tration of PNVP (0.2 mg mL ') was chosen according to pre-
vious studies.” With the incorporation of ultrasound and the
absence of an external reducing agent, a relatively “green”
approach has been developed to reduce metal salts to their
respective MNPs.

UV-Vis spectra were recorded and analysed for the different
combinations of Au/Ag/Pd@PEG;15-b-PDMAEMA;,-b-
PHPMA;,5-CDTPA PMNCs, with the maximum wavelength
absorption (dyax) occurring at 438 nm for the Ag@polymer,
543 nm for the Au@polymer, 532 nm for the Ag-Au@polymer,
and 515 nm for the Au-Pd@polymer (Fig. 2(a)). In contrast, no
Amax Was observed for the Pd@polymer, Ag-Pd@polymer, and
Ag-Au-Pd@polymer. This is an interesting phenomenon
because such an observation was also noticed by Epple et al.,
where MNPs that adopt a Pd shell-like structure did not show
any distinct absorption in the visible light range.*® The pres-
ence of Pd covering the surfaces of these polymeric nano-
particles prevented the LSPR effects of AuNPs and AgNPs and
might even help to confirm the formation of core-shell-like
MNP nanostructures.”® Selected area electron diffraction
(SAED), TEM and high-resolution TEM (HR-TEM) were per-
formed on all PMNC samples, and the Ag-Au-Pd@polymer
was chosen for discussion. By analysing the ring patterns on

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

the SAED image, various concentric bright rings made up of
countless dots can be allocated to the different lattice planes
of Ag, Au and PdNPs ranging from Ag (111) and Au (111)
planes located on the innermost ring to Ag (422) and Pd (311)
located on the outermost ring (Fig. 2(b)). The TEM image of a
typical tri-metallic PMNC revealed the distribution pattern of
the MNPs as black spots on the vesicle surface, where numer-
ous fainter black spots cover the entire surface of the vesicles
with larger black spots scattered randomly across the same
surface (Fig. 2(c)). Upon zooming in on a region containing a
randomly chosen MNP via HR-TEM, the interplanar spacing,
d, can be determined to be 0.241 nm (Fig. 2(d)), which is rela-
tively different when compared to pure Ag (111) at 0.236 nm,*°
Au (111) at 0.235 nm, and Pd(111) at 0.225 nm.” This could be
attributed to the possible fusion of the three different MNPs
which gives rise to regions with slightly larger d values and
regions with smaller d values, hence resulting in a mixture of
lattice planes, as supported by the SAED pattern of this
sample.

To further characterise and understand the distribution
pattern of these MNPs on the surface of the copolymer nano-
particles, scanning transmission electron microscopy (STEM)
imaging combined with high-angle annular dark field
(HAADF) microscopy and STEM-coupled energy dispersive
X-ray mapping (STEM-EDX) were performed for the Ag-
Pd@polymer, Ag-Au@polymer and Ag-Au-Pd@polymer
(Fig. 3). One of the differences between STEM and TEM lies in
the electron source gun, as STEM uses an ultra-fine tungsten
tip that focuses electrons better rather than a LaBg crystal in
TEM, resulting in better resolution being obtained than
images taken from STEM; however, at the cost of potential
sample damage. HAADF microscopy highlights parts of the
sample that have higher atomic weights, making them appear
brighter than other parts of the sample with lower atomic
weights, which enables easier detection of MNPs. STEM-EDX
mapping is typically used to identify parts of the sample that
contain variations in elements and highlight each element
present in different colours to pinpoint exactly the location,
which is especially useful in our case to help understand the
distribution pattern in a tri-metallic PMNC system. Lastly, the
EDX elemental analysis spectra generated from STEM-EDX
mapping can be used to confirm the identity of the elements,
as well as other elements that might be present during the
analysis. For all samples analysed, PANPs adopt a more uni-
formly distributed pattern (Fig. 3(d), (i) and (n)), while AgNPs
(Fig. 3(d) and (i)) and AuNPs (Fig. 3(n)) prefer to form dense
clusters on the boundaries of the vesicles, where there is a
change in surface curvature. The presence of uranium in the
EDX elemental spectra originated from the staining agent
(uranyl acetate) used to stain the samples prior to STEM ana-
lysis and can be ignored (Fig. 3(e), (j) and (0)). While
STEM-EDX is undoubtedly a powerful technique to analyse the
distribution pattern of the different MNPs on the polymer
nanoparticle surfaces, it provides limited information on the
interaction type within the MNPs (i.e. core-shell, alloy for-
mation, etc.).

Polym. Chem., 2025, 16, 1969-1980 | 1973
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Scheme 2 (a) Schematic illustration of the formation of Au/Ag/Pd@PEG;;3-PDMAEMA-PHPMA-CDTPA polymer—metal nanocomposites (PMNCs)
via in situ ultrasonic reduction of metal salts to their respective metal nanoparticles. PMNCs are then used for the alcohol aerobic oxidation of
1-phenylethanol to acetophenone and the Suzuki—Miyaura cross coupling reaction between 4-iodophenol and phenylboronic acid to form
4-phenylphenol. (b) Co-synthesis of Au/Ag/Pd@PNVP PMNCs via a similar reaction with PNVP acting as an external stabiliser.

Catalyst studies of Au/Ag/Pd@PEG;3-b-PDMAEMA;,-b-
PHPMA,;4;-CDTPA PMNCs

PMNCs exhibit unique catalytic activities through a synergistic
effect between the MNPs and the polymer matrix. Their
remarkable catalytic performances originate from the presence
of large surface areas, where a substantial number of MNPs
are located, resulting in a huge number of active sites for reac-
tions to occur. Although the chemical reactions are catalysed
only by the MNPs, the polymer matrix does play some impor-
tant roles in assisting the catalytic mechanism. More specifi-
cally, the polymer matrix acts as a form of supporting substrate
that provides a stable and controlled environment which helps

1974 | Polym. Chem., 2025, 16, 1969-1980

prevent MNPs from aggregation and maximising their overall
catalytic surface area. In addition, the polymer matrix aids in
catalyst recyclability and reusability, which is important in
showing the good performance of these PMNCs.*'** Moreover,
the polymer matrix in this instance does not impart too much
directionality onto the MNPs during ultrasonic reduction
unlike conventional capping/stabilising agents, enabling the
MNPs to grow to various shapes and sizes. Overall, the
polymer matrix did not directly catalyse any chemical reactions
presented in this paper; however, it did contribute indirectly
by influencing the growth of MNPs on the PMNC surfaces.?
In organic chemistry, an important reaction for functional
group transformation commonly encountered is the aerobic

This journal is © The Royal Society of Chemistry 2025
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—— Ag@polymer =
Au@potymer  (C) B

—— Pd@polymer

—— Ag-Au@polymer
Ag-Pd@polymer
Au-Pd@polymer
Ag-Au-Pd@polymer

Absorbance

Fig. 2 (a) UV-vis spectra of different combinations of Au/Ag/
Pd@PEGy;3-b-PDMAEMA3z,-b-PHPMAz95-CDTPA PMNCs. (b) SAED pat-
terns of Ag—Au-Pd@PEG;;3-b-PDMAEMA;,-b-PHPMA;95-CDTPA. (c)
TEM image of the same PMNC. (d) High-resolution TEM (HR-TEM)
image of an Ag—Au—Pd metal nanoparticle (with an inset interplanar dis-
tance, d).

oxidation of benzyl alcohols catalysed by Au-based catalysts.”>>*

In this study, various combinations of Au/Ag/Pd@PEG;;;-b-
PDMAEMA;,-b-PHPMA;45-CDTPA PMNCs (denoted as Au/Pg/
Pd@polymer for simplicity) containing AuNPs were used as

Ag-Pd@polymer ‘

200 hm )

Ag-Au@polymer

Ag-Au-Pd@polymer

200 nm
||
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catalysts in the aerobic oxidation of 1-phenylethanol to aceto-
phenone, conducted at 80 °C for 2 hours in ultrapure water as
a solvent and tert-butyl hydroperoxide (TBHP, tBuOOH) as an
oxidation reagent (Table 2). TEM images of the catalyst states
before and after subjecting them to this particular organic
reaction were obtained using a TEM instrument (Fig. 4),
depicting a clear change in the polymeric morphology from
vesicles (Fig. 4(a)) to amorphous-like particles with localised
concentrations of MNPs (Fig. 4(b)), showing a magnified view
of an MNP cluster with an inset d-spacing of 0.214 nm
(Fig. 4(c)) for Au-based PMNCs. In the absence of any catalysts,
the NMR conversion only reached 2.9% (Table 2, entry 1).
Upon changing the catalyst concentration of the Au@polymer
from 0.1 to 0.02 (Table 2, entries 2-4), the conversion
decreases slightly from 16.5% to 9.3%. In order to achieve a
higher conversion value, stepwise growth was performed on
the Au@polymer (Table 2, entry 4) until the 4™ addition/step
(Fig. S147),” yielding larger AuNPs and a substantial increase
in the starting material conversion to 70.4% (Table 2, entry 5).
Interestingly, the catalyst Au-Pd@polymer provided the
highest conversion amongst all the other catalyst types at
94.0% (Table 2, entry 8), which far exceeds the conversion even
for the catalyst prepared via step-wise growth of AuNPs. A
similar phenomenon was observed by Wang et al., where the
combination of AuNPs and PdNPs in the same system at a
molar ratio of 1:1 generates the highest catalytic activity via
more Au/Pd interfaces, which helps increase the overall
surface area through the ‘ensemble effect’.?® We then used this

(m) -

"‘ \‘ = © % 6]
! pla o \ )

Fig. 3 STEM images of Ag—Pd, Ag—Au and Ag—Au—-Pd@PEG;33-b-PDMAEMA3,-b-PHPMA3z95-CDTPA PMNCs in (a), (f) and (k) bright-field and (b),
(g) and (1) HAADF modes. (c), (h) and (m) Overlapped bright-field and STEM-EDX mapping. (d), (i) and (n) STEM-EDX-mapping. (e), (j) and (o) EDX

elemental analysis.
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Table 2 Reaction scheme and summary results of various Au-based PMNC catalysts

OH Au-based PMNCs Y
H,0
+ >I\O,OH +  KOH (aq)
80°C,2h
1 equiv. 2.5 equiv. 3 equiv.
(1.0 mmol)
Entry Catalyst Catalyst equiv.” (mol%) NMR conversion” (%)
1 None — 2.9
2 Au@polymer 0.1 16.5
3 Au@polymer 0.05 13.7
4 Au@polymer 0.02 9.3
5 Au@polymer (5™ step)” 0.02 70.4
6 Au@PNVP 0.02 10.5
7 Ag-Au@polymer 0.02 61.5
8 Au-Pd@polymer 0.02 94.0
9 Ag-Au-Pd@polymer 0.02 39.8

“ Catalyst equiv. (mol%) = [catalyst]/[1-phenylethanol] x 100%.  NMR conversion (%) was calculated based on the 'H NMR spectra of the resulting
reaction mixture (Fig. S127). ¢ Step-wise growth was performed to increase the size of the AuNPs immobilised on the copolymer nanoparticle sur-
faces up to the 5th step.

Au-based PMNCs
(Alcohol oxidation)

Pd-based PMNCs
(Suzuki-Miyaura coupling)

Fig. 4 TEM images of (a) Au@PEG;;3-PDMAEMA3,-PHPMA 00 PMNC before subjecting to organic reactions. After subjecting to catalytic treatment:
(b) Magnified view of a MNP cluster with (c) MNP inset d-spacing of 0.214 nm. (d) Amorphous-like particles with (d) MNP inset d-spacing of
0.233 nm and 0.243 nm. (f) Unusual shapes of MNPs with (g) inset d-spacing of 0.218 nm indicating possible Ag—Pd—Au alloy formations.
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knowledge and tested the efficiency of these catalyst systems in
a separate coupling reaction.

Pd(0) or catalysts containing PANPs are widely used in C-C
bond formation such as in the Suzuki-Miyaura cross coupling
reaction between aryl boronic acids and aryl halides, providing
rapid access to sp>-sp” linkages.***” New types of Pd(0) cata-
lysts are being designed constantly, such as direct immobilis-
ation of PANPs onto various supports such as zeolites,*®
silica,® carbon,’® ligands,"" metal organic frameworks
(MOFs),** and polymers,>** In this study, different combi-
nations of Au/Ag/Pd@PEG;;3-b-PDMAEMA;,-b-PHPMA;qg-
CDTPA PMNCs containing PANPs were used as catalysts in the
reaction between 4-iodophenol and phenylboronic acid, with
comparisons against PA@PNVP as a control (Table 3). Similar
to a change in catalyst states for the aerobic reaction, a change
in morphology was also noticed after subjecting Pd-based
PMNCs to cross coupling reactions, where some vesicles fused
together with some degree of fragmentation, causing them to
be broken down into smaller vesicles or even reverting to
simple spheres (Fig. 4(d)) Nevertheless, MNPs remain attached
to the surfaces of the resulting polymeric morphologies, which
suggests the strong chemisorption interactions between the
tertiary amine groups of PDMAEMA and the MNPs. The d-spa-
cings of two randomly chosen MNPs were found to be
0.233 nm and 0.243 nm, which may correspond to either Au or
Ag for the former and an alloy for the latter (Fig. 4(e)). Another
interesting phenomenon observed was the appearance of more
triangular-shaped MNPs (Fig. 4(f)) with a d-spacing of
0.218 nm (Fig. 4(g)), which can also suggest possible Ag-Pd-
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Au alloy formation. When no catalyst was added to the reaction
mixture, the final product conversion only reached 10.1% after
1 hour. At a catalyst concentration of 0.02 mol%, all catalysts
were found to exhibit high conversions of over 95% (Table 3,
entries 2-4 and 6) except for the catalyst Au-Pd@polymer
which only showed a conversion of 68.1% (Table 3, entry 5).
The concentrations of all catalysts were then reduced to
0.01 mol% (Table 3, entries 7-11) and subsequently to
0.005 mol% (Table 3, entries 12-16) to understand their per-
formances at reduced concentration levels. The conversions
obtained for Pd@PNVP, the Pd@polymer and the Ag-
Pd@polymer are ranked the highest among all the catalysts for
all catalyst concentrations with little deviations from one
another, with the Ag-Pd@polymer displaying slightly higher
conversion values of 98.5% at a catalyst concentration of
0.02 mol% (Table 3, entry 4) and 79.0% at 0.005 mol%
(Table 3, entry 14). A similar phenomenon was observed by
Kimber et al., where a biosynthetic Pd/Ag, termed bio-Pd/Ag,
nanoparticle catalyst, produced from the metal-reducing bac-
terium Shewanella oneidensis, showed enhanced Suzuki-
Miyaura cross coupling reaction activity, reaching high conver-
sion values within just 2 hours of reaction time.** The catalyst
Au-Pd@polymer consistently displayed poor performance in
conversions even at a catalyst concentration of 0.02 mol%,
which decreases to 63.8% at 0.01 mol% (Table 3, entry 10) and
then to 55.2% at 0.005 mol% (Table 3, entry 15). A possible
reason for this observation could be that the interaction
between AuNPs and PdNPs did not favour the coupling reac-
tion due to lower stability and less uniformity in the entire

Table 3 Reaction scheme and summary results of various Pd-based PMNC catalysts

OH H,0
+ _OH + K,COj;(aq)
I B 70°C, 1 h O

I
OH

Pd-based PMNCs

! OH

1 equiv. 1 equiv. 3 equiv.
(0.25 mmol)
Entry Catalyst Catalyst equiv. “ (mol%) NMR conversion” (%)
1 None — 10.1
2 Pd@PNVP 0.02 97.5
3 Pd@polymer 0.02 97.3
4 Ag-Pd@polymer 0.02 98.5
5 Au-Pd@polymer 0.02 68.1
6 Ag-Au-Pd@polymer 0.02 96.0
7 Pd@PNVP 0.01 95.1
8 Pd@polymer 0.01 92.8
9 Ag-Pd@polymer 0.01 92.0
10 Au-Pd@polymer 0.01 63.8
11 Ag-Au-Pd@polymer 0.01 83.7
12 Pd@PNVP 0.005 72.0
13 Pd@polymer 0.005 77.4
14 Ag-Pd@polymer 0.005 79.0
15 Au-Pd@polymer 0.005 55.2
16 Ag-Au-Pd@polymer 0.005 76.0

“ Catalyst equiv. (mol%) = [catalyst]/[4-iodophenol] x 100%. ” NMR conversion (%) was calculated based on the "H NMR spectra of the resulting

reaction mixture (Fig. S137).
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I Ag-Pd@polymer
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Fig. 5 (a) Time-dependent NMR conversion graph taken every 10 minutes for 60 minutes and (b) reusability test NMR conversion graph plotted by
counting from the first to the fifth reuse batch, for different combinations of Au/Ag/Pd@PEG;13-b-PDMAEMA;,-b-PHPMAz95-CDTPA PMNCs.

structure.*> The ultrasound-assisted reduction process caused
all metal salts in the mixture to be reduced at almost the same
time, creating an ill-defined metal structural surface, which
can be difficult to discern and analyse. Therefore, there exist
more exposed Au surfaces than Pd MNP surfaces in the Au-
Pd@polymer catalyst system which can limit reactant
conversions.

The Suzuki-Miyaura cross-coupling reaction to synthesise
4-phenylphenol from 4-iodophenol and phenylboronic acid
was followed every 10 minutes until 60 minutes from the start
of the reaction, and the NMR conversion values were plotted
(Fig. 5(a)). Pd@PNVP and the Ag-Pd@polymer reached rela-
tively high conversions of over 90% within 20 minutes of the
reaction, with the Pd@polymer and Ag-Au-Pd@polymer
achieving the same conversion within 30 minutes. The Au-
Pd@polymer achieved approximately 70% conversion after
60 minutes, with a slow increase in starting material conver-
sion throughout the entire kinetic study. The reusability of
these catalysts was also plotted with the first addition of start-
ing materials termed ‘reuse batch 1’, and subsequently 4 other
batches of starting materials containing the same amounts
were added with a 1 hour reaction time interval to produce
results for ‘reuse batch 2’ to ‘reuse batch 5’ (Fig. 5(b)). Based
on the NMR conversion values for all catalysts, the perform-
ance of PA@PNVP, the Pd@polymer and the Ag-Pd@polymer
decreases gradually from 94.6%, 98.5% and 96.0%, respect-
ively, in ‘reuse batch 1’ to 82.8%, 80.1% and 80.5% in ‘reuse
batch 5’ with little deviation from one another, whilst the per-
formance of the Ag-Au-Pd@polymer decreases at a higher rate
from 91.5% to 73.8%. The performance of the Au-
Pd@polymer consistently showed poor performance compara-
tively from 65.5% in ‘reuse batch 1’ to 51.2% in ‘reuse batch
5%, which is in good agreement with previous data obtained
(Table 3). An interesting trend observed for all catalysts is that
the rate of performance drop gradually slows down upon

1978 | Polym. Chem., 2025, 16, 1969-1980

repeated usage, which can suggest the good reusability of
these catalysts beyond 5 times with minimum effects on the
overall conversion values.

Conclusion

Thermally-initiated RAFT-PISA combined with ultrasound, as a
way to reduce metal salts into their corresponding MNPs, has
proved to be useful in preparing PMNCs for catalytic studies.
Morphological transformations can be seen upon increasing
the DP of the PHPMA block starting from simple spheres to
complex fused multi-compartmental vesicles with a fibre-like
structure. The use of ultrasound to produce MNPs in ultrapure
water as a solvent provided a relatively “green” method without
the use of any external chemical reductants. Given the small
sizes of all MNPs synthesised in this manner, PMNCs are
attractive candidates for catalytic applications such as hetero-
geneous phase catalysis of aerobic alcohol oxidation and the
Suzuki-Miyaura cross-coupling reaction. Interestingly, the
different combinations of Au/Ag/Pd@PEG;,3-b-PDMAEMA;,-b-
PHPMA;95-CDTPA PMNCs showed a dependence between
MNP types and catalytic performances with Ag-Pd@PEG;,3-b-
PDMAEMA;,-b-PHPMA;5-CDTPA being the best catalyst for
the coupling reaction between 4-iodophenol and phenyl-
boronic  acid, while = Au-Pd@PEG5-b-PDMAEMA;,-b-
PHPMA;o5-CDTPA is the best catalyst for the aerobic oxidation
of 1-phenylethanol to acetophenone. This study helps in
opening up more avenues for the heterogeneous catalysis of
organic reactions, which can also help expand the usefulness
of ultrasound and thermal-RAFT-PISA as scalable options in
preparing complex PMNCs. Future work will involve cross-
linking the PHPMA core with a crosslinking agent to resist
organic solvents, allowing these PMNCs to react in organic sol-
vents as well. A systematic study of the relationship between

This journal is © The Royal Society of Chemistry 2025
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the polymer morphology and catalysis performance can also
be carried out to gain a deeper understanding of these types of
systems.
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