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Abstract

Hybrid particular composites consisting of noble metal nanoparticles (NPs) and polymeric
particles have attracted intensive interest, due to the possibility to combine the precious optical
and catalytic properties of the former with the stimuli responsiveness and biocompatibility of the
latter. However, it is challenging to prepare hybrid particles that simultaneously have tunable
optical, catalytic properties and excellent colloidal stability. In the current work, we reported a
strategy for such kind of hybrid particles, through covalently decorating the outmost surface of
mixed shell polymeric micelles (MSPMs) with gold NPs. For this, two block polymers,
poly(e-caprolactone)-block-(ethylene glycol) (PCL-b-PEG) and
poly(e-caprolactone)-block-poly(N-isopropylacrylamide) (PCL-b-PNIPAM), were prepared by
ring-opening polymerization and reversible addition fragmentation chain transfer (RAFT)
polymerization, respectively. Co-self-assembly of the two block polymers result in MSPMs with a
PCL core and a mixed shell consisting of PEG and PNIPAM. To the end of each PNIPAM chain in

the shell, thiol groups are introduced to act as anchors for in sifu formation of gold NPs. The
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number density of the gold NPs are conveniently tuned through varying the relative amount of
PEG/PNIPAM in the micellar shell. Reversible shrinking and extension of the PNIPAM chains
regulated by temperature can be used to tune the interparticle distance of the gold NPs, while the
whole hybrid particles are stabilized by the stretched PEG chains. The hybrid polymeric micelles
exhibit thermoresponsive surface plasmon resonance and enhanced catalytic properties as well as

excellent colloidal stability.

Introduction

Noble metal nanoparticles (NPs) made of gold, silver, platinum, etc., have been extensively
exploited due to their precious optical and catalytic properties and found applications in a wide
spectrum of fields such as catalysis, photoelectric devices and biomedicines.' At the same time,
their organic counterparts, mostly polymeric nanoparticles often with a much larger size, have
been playing critical roles in manmade nanoscale platforms for drug delivery, bio-imaging and
mimics of biological functions.”"" Nowadays, preparation of both kinds of nanoparticles, often
being pursued separately, has made significant progresses. Especially, in the cases of polymeric

NPs based on polymeric micelles, self-assembly of block polymers offers versatile possibilities to

12-14

fabricate nano-assemblies with rich morphologies and internal architectures. Naturally,

combining the two kinds of particles together to create hybrid nanoparticles has come into the

15-21

sight of many researchers. In one hand, polymeric NPs has been wisely recruited as templates

22-26

either for the formation of the metal NPs, or for the three dimensional arrangement of

17, 27-30

preformed metal NPs. On the other hand, installing the polymeric NPs with metal NPs can

impart novel functional properties into the otherwise inert polymeric materials to realize
functional integration. A large library of hybrid NPs has been prepared which have found many

novel applications in such fields as heterogeneous catalysis, efficient cancer diagnosis and

31-37
treatment, etc.

In the hybrid NPs consisting of metal and polymeric NPs, the metal NPs can either be loaded into

23,26

the core,’® **** homogenously distribute inside the whole particles, or locate on the peripheral

surface of the polymeric particles'®'™ *

. Hybrid particles in the last case have a core-shell
architecture and are especially attractive for several reasons. First of all, the surface exposed metal

NPs can be accessed easily by species in the surrounding media which is important for catalysis
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25,29, 40

and sensing. Furthermore, it is possible to control the inter-particle distances of metal NPs

loaded at the outmost surface, which is well known to be related to the electronic and magnetic

18, 41, 42

properties of the nanoparticles. With such goals in mind, stimuli responsive polymeric

components such as thermos-responsive poly(N-isopropylacrylamide) (PNIPAM), and pH
sensitive poly(vinylpyridine) (PVP), have been used as the anchors for the metal NPs.*#
Environmental stimuli, such as temperature or pH can be used to induce reversible
collapse/swelling of the polymeric components. Accordingly, the spatial position of the loaded
metal NPs can also be fine-tuned, resulting in tunable surface plasma resonance (SPR), surface

41-43
In these examples, an often

enhanced Raman scattering (SERS) or catalytic behavior.
neglected issue is the colloidal stability of the hybrid particles, i.e, the whole hybrid nanoparticles
can still keep discretely separated during performing their function under environmental stimuli.
Aggregation under working conditions will compromise the performance of the loaded metal NPs.
Such situation might occur to the hybrid particles with gold NPs installed onto a temperature or

1.** % For instance, the collapsed polymeric component such as

pH responsive polymeric shel
PNIPAM is hydrophobic which would introduce attraction between the hybrid particles, often
resulting in irreversible aggregation.* Alternatively, the interparticle distance can be controlled by
the density of the metal NPs loaded onto the peripheral surface of the polymeric particles.” If the
size of the polymeric template is set, increasing the density of metal NPs means decreasing
interparticle distance. However, a convenient way to control the density of the metal NPs with
certain precision is desperately needed. To our best of knowledge, only few works have realized
such goals.

In the current work, we shall decorate mixes shell polymeric micelles (MSPMs) with gold NPs
through in situ reduction of a gold precursor, to prepare hybrid polymeric micelles with
thermoresponsive SPR and catalytic properties as well as enhanced colloidal stability. MSPMs
refer to core-shell micelles with at least two types of polymeric chains in the micellar shell. One of
the chains in the micellar shell can be stimuli responsive, which offer an extremely flexible way to
fine-tune the surface properties of the polymeric micelles. For the current work, we shall design
MSPMs with a poly(e-caprolactone) (PCL) core and a mixed shell consisting of poly(ethylene
glycol) (PEG) and poly(N-isopropylacrylamide) (PNIPAM) through co-assembly of

poly(e-caprolactone)-b-PEG (PCL-b-PEG) and PCL-b-PNIPAM (Scheme 1). The end of each
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PNIPAM chain at the outmost of the micelles is coupled with a thiol group which is naturally
derived from the reduction of the thiocarbonylthio group of the macro chain transfer agent for the
reversible addition fragmentation chain transfer (RAFT) polymerization. In situ reduction of a
gold precursor can install the outmost surface of such MSPMs with gold NPs which are stabilized
by the thiol groups at the end of the PNIPAM chains. Two advantages are unique to the current
strategy. First of all, the co-assembly of two kinds of block copolymers offers the flexibility to
control the density of the surface thiol groups which are the main anchoring point of the gold
particles. In this way, the number density of the loading gold NPs can also be varied. Furthermore,
the interparticle distance of the gold NPs can be fine-tuned by heating and cooling to induce the
shrinking/extension of the PNIPAM chains, resulting in tunable SPR catalytic properties. Another
advantage is that the whole hybrid particles will be stabilized by the stretched PEG chains in the
micellar shell, endowing the current system with excellent colloidal stability under working
conditions.

Scheme 1. Schematic illustration of the procedure for preparation of the hybrid mixed

shell polymeric micelles decorated with gold NPs on their outmost surface.
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2. Experimental
Materials. HAuCly - 3H,O (> 99.9%) and NaBH4 (> 98.9%) were obtained from
J&K (J&K Scientific Ltd., Beijing, China) and used without further purification. The

two block polymers, poly(e-caprolactone)gs-block-(ethylene glycol); 3
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(PCLgs-b-PEG,13) and poly(e-caprolactone)ss-block-poly(N-isopropylacrylamide)o
(PCL7s-b-PNIPAMy), were prepared in our previous work.*® The subscripts in bock
copolymer designate the degrees of polymerization. All the organic solvents were
dried following the standard procedure.

Preparation of mixed shell polymeric micelles (MSPMs).

First, 2 mg of the mixture of the two block copolymers, PCL-b6-PEG and
PCL-b-PNIPAM with different mass ratios were dissolved in 1.5 mL anhydrous THF.
The resulted polymer solution was then added dropwise into 13 mL ultrapure water
under vigorous stirring. The solution became opalescent eventually, indicating the
formation of micelles. The solution was further stirred overnight and dialyzed against
water to remove THF. The final concentration of the micelles was 0.1 mg mL™. In a
similar way, micelles consisting of only PCL-b6-PNIPAM were also prepared.
Preparation of polymeric micelles decorated with gold NPs.

To prepare hybrid polymeric micelles decorated with gold NPs, the first step is to
transform the thiocarbonylthio group at the end of the PNIPAM chains of the micelles
into thiol groups. For this, to a 2 mL suspension of the polymeric micelles, 0.5 mL
NaBHj, solution (1M) was added. The mixture was stirred for 48 hrs in dark and under
nitrogen atmosphere. The final mixture was then dialyzed in a dialysis tube (3.5 kD
MWCO, Spectrum) against deoxygenated water under nitrogen atmosphere to avoid
oxidation of the thiol groups into disulfide bonds. The dialyzed mixture was
concentrated to 2 mL by ultrafiltration centrifugation in an ultrafiltration tube (4k Da
MWCO, Millipore) at a centrifuge speed of 4000 rpm. To the suspension maintained
at 37 °C and purged with nitrogen, 400uL aqueous solution of HAuCl, - 4H,O (1.6
mg mL™") was added under stirring. The mixture was further stirred for another 5 hrs
and then 200 pLL NaBH4 solution (4 mM) was added. The mixture was stirred for 24
hrs. The final particles were washed by water for three times by centrifuge and
redispersion.

Catalytic reduction of p-nitrophenol by hybrid polymeric micelles.

The catalytic reduction was carried out in a standard quartz cuvette of 1 cm path length. The

aqueous solution of p-nitrophenol (350 pL, 0.1 mM) and NaBH, (150 uL, 10 mM) was mixed
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together, the pH of which was kept at 10 by 1 M NaOH solution, if necessary. After the polymeric
micelles decorated with gold NPs were introduced to the mixture, the time-dependent absorption
spectra were recorded on a TU-8119 UV-vis spectrophotometer. To study the temperature effect,
the temperature of the sample holder was controlled with an accuracy of 0.01 °C by an HAAKE
A28 external circulating water bath installed with an HAAKE SC 100 controller (Thermo

Scientific). In a similar way, pure gold NPs stabilized by citrate were also assessed.

Characterization.

Transmission electron microscopy (TEM) measurements were performed on a Philips T20ST
electron microscope at an acceleration voltage of 100 kV. The TEM samples were negatively
stained by uranyl acetate 2% ethanol solution for the bare polymeric micelles while the gold NP
decorated ones were directly checked without any pretreatment. Dynamic light scattering (DLS)
measurements were conducted on a laser light scattering spectrometer (BI-200SM, Brookhaven)
equipped with a digital correlator (BI-9000AT, Brookhaven) at 636 nm at given temperatures. All
the samples were obtained by filtering through a 0.45um Millipore filter. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a Kratos Axis Ultra DLD multi-technique

X-ray photoelectron spectroscopy (Kratos Analytical Ltd., UK).

Results and discussion

Preparation of mixed shell polymeric micelles.

The two block polymers, PCLg3;-b-PNIPAMy, and PCL7s-b-PEG 3, were prepared as reported in
our previous publications.* Especially, a tailor-designed PCL coupled with a thiocarbonylthio
group at one of the chain ends was used as the macro chain transfer agent for reversible addition
fragmentation chain transfer (RAFT) polymerization of NIPAM, resulting in PCL-5-PNIPAM
with the thiocarbonylthio group sitting at the end of the PNIPAM block (Insets of Scheme 1).
Following our previous method, co-assembly of PCL-H6-PNIPAM and PCL-6-PEG resulted in
mixed shell polymeric micelles (MSPMs) with a PCL core and mixed PEG/PNIPAM shell.*’” The
relative ratio of the PEG/PNIPAM in the micellar shell can be adjusted by controlling the relative

amount of the two block polymers in the starting materials. The MSPMs were characterized by
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dynamic light scattering (DLS) and negative staining TEM (Figure 1). The average hydrodynamic
diameter (<Dy>) of the micelles has a typical value of 120 nm and a narrow size distribution at
room temperature (Figure 1B). When heating up to more than 32 °C, i.e. the lower critical solution
temperature (LCST) of the PNIPAM chains, <D,> decreases to 105 nm while still has a narrow
distribution (Figure 1B). As already confirmed in previous works by us and others, at T > LCST,
the PNIPAM chains in the micellar shell can collapse from the extended and hydrated state onto
the micellar core and form hydrophobic domains while the whole micelles are still colloidally
stable due to the steric hindrance offered by the hydrated PEG blocks (Step 4 in Scheme 1).**
By cooling, the collapsed PNIPAM chains turn into the extended hydrophilic state and the size of
the micelles recovered (Figure 1B). In this way, if there are functional species at the end of the
PNIPAM chains in the shell, their spatial position in three dimensions is expected to be adjusted

conveniently by temperature.*

(A) NN

Back to 256°C

/:

80 100 120 140 160 180
Dy, (nm)

Figure 1. Morphology and size distribution of MSPMs consisting of PCLg;-b-PNIPAMy, and
PCL75-b-PEG;; with a mass ratio 1:9. (A) Photos of the micelles obtained by negative-staining

TEM. (B) Hydrodynamic diameter distribution of the micelles revealed by DLS.

In situ formation of gold nanoparticles on the surface of MSPMs.
To decorate the outmost surface of the MSPMs with gold NPs, the thiocarbonylthio end groups at
the end of PNIPAM of the MSPMs was first cleaved into thiol groups by the classic NaBH,4

reduction (Scheme 1).*> %

Into the same mixture in the presence of NaBH,, H4AuCly, the
precursor for the gold NPs, was added which was then turned into gold NPs. By optimizing the
amount of the precursor relative to the micelle templates, well-dispersed discrete hybrid micelles

with gold NPs decorating its outmost surface were obtained which will be referred as
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MSPM@AuNP (Figure 2). XPS survey spectra of MSMPs with or without gold NPs indicate that
news peak corresponding to Au (4f) appears in the case of MSMPs with gold NPs (Figure S1). In
the whole procedure, no external ligand is needed. NaBHy, is a strong reducing agent that leads to
a fast rate of nucleation and smaller gold nanopartilces. As soon as gold nanoparticle produced,
the surface-exposed thiol groups at the end of PNIPAM in our micelles are chemisorbed onto the
surfaces of in situ formed gold nanoparticles, which will stabilize the gold nanoparticles, on one
hand. On the other hand, the surface-exposed thiol groups at the end of PNIPAM act as anchor
points to limit the location of gold NPs at the micellar surface.* > ' Several PNIPAM chains
bind to one NP (Scheme 1).”' The size of the whole hybrid particles has an average size of 130 nm,
which is slightly larger than the bare MSPM templates (Figure 3B). The as-prepared hybrid
particles can keep colloidal stability under refrigerated conditions for several months without
precipitation. Control experiments were performed with similar MSPMs without surface thiol

groups and no gold NPs decoration occurred.

Figure 2. Mixed shell polymeric micelles decorated with gold NPs on the outmost surface. The
micelles in (A) is the simple micelle consisting of only PCL-b-PNIPAM. The mass ratio of
PEG/PNIPAM in the shell of the MSPM in (B), (C) and (D) is 1:9, 1:4 and 1:1, respectively. Scale

bar in the insets: 50 nm.
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One of the advantages of the current strategy is that the surface thiol groups of the micellar
template can be controlled by changing the relative amount of the two block copolymers during
self-assembly. By using polymeric micelles with a similar size while various amount of surface
thiol groups, the number of the gold NPs on the outmost surface of the MSPM can be fine-tuned
(Figure 2). In the case of the simple micelles formed by PCL-b-PNIPAM alone, the surface of the
micelle has the highest amount of thiol groups. Accordingly, the micelle is decorated with gold
NPs which are densely packed (Figure 2A). In the cases of MSPMs, the amount of the thiol in the
shell can be reduced by increasing the ratio of PCL-b-PEG. The number of the gold NPs on the
micellar surface also decreases. For instance, MSPMs with a PEG/PNIPAM mass ratio of 1:9 is
still decorated with many gold NPs but increased inter-particle distance and spare spaces are
clearly discernable (inset of Figure 2B). After further increasing the PEG/PNIPAM ratio to 1:4, the
micelles are only sparsely decorated with gold NPs (Figure 2C). In the case of micelles with a
PEG/PNIPAM ratio of 1:1, there are only several gold NPs on the surface of the micelles (Figure
2D). Therefore, the current strategy offers a very convenient way to control the density of the gold
NPs on the surface of the hybrid polymeric particles.

The morphology of gold NPs exhibits some unique characteristics which is dependent on the
density of the gold particles and is also different from the usual spherical shape of gold NPs
obtained in the presence of organic ligands such as citrate (Figure S3A in ESIT). As shown in the
insets of Figure 2A and B, many gold NPs have a dumbbell like shape which are probably
originated from the fusion of two spherical gold NPs.”> Discrete spherical gold NPs, with an
average diameter of 8 nm become dominant with decreasing thiol groups in the micellar shell

(Figure 3C and D).

Thermo-responsive on-particle aggregation behavior of gold NPs without losing
colloidal stability of the hybrid micelles.

As discussed before, the terminal functional groups of the PNIPAM chains in the mixed shell of
the micelles can change their position with the shrinking and extension of the PNIPAM chains
under thermal stimuli. It is therefore expected that the gold NPs at the terminal of the PNIPAM
chains can also change their three dimensional position and inter-particle distance reversibly in the

similar way. In the case of micelles with a PEG/PNIPAM 1:9, the gold NPs reside at the out most
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surface with spare spaces which clearly revealed by TEM (Figure 2B). Upon heating up to LCST,
the hybrid particles transformed into a solid-like particles (Figure 3A), in which the gold NPs
densely pack. Although the morphology of the hybrid particles is generally in the spherical shape,
their surface becomes rugged (Inset of Figure 3A). The hydrodynamic size distribution from DLS
give a sharp peak with a value of 110 nm at T > LCST, lower than 130 nm of the same particle at
room temperature (Figure 4B). In addition, the color of the hybrid micellar suspension also
changed from the red to deep purple during heating, a clear sign indicating that the surface gold
NPs have changed their interparticle distance. These results are both consistent the fact that gold
NPs at the terminal of the PNIPAM chains become close to each other with the collapse of the
PNIPAM chain during heating. In this way, interparticle distance of gold NPs decreases
dramatically, which is beneficial for the optical properties of the particles as will be demonstrated

later.

( B) —40°C
—25C
Back to 25°C

60 80 100 120 140 160 180 200

Figure 3. Thermo-responsive behavior of mixed shell polymeric micelles decorated with gold NPs
(MSPM@AUuNP). (A) TEM photo of MSPM@AuNP after being heated up to 40 °C and incubated
for 30 mins. The PEG/PNIPAM mass ratio of the micelles is 1:9. Scale bar of the inset: 100 nm.
(B) Hydrodynamic size distribution of MSPM@AuNP from DLS during heating and cooling. (C)
and (D) Tyndall effect of polymeric micelles decorated with gold NPs at room temperature (C)
and 40 °C (D). MSPM@AUuNP refers to hybrid particles of (A). PNIPAM@AuNP is based on the

simple micelles consisting of only PNIPAM.
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The narrow hydrodynamic size distribution at 40 °C in Figure 3B also indicates that during
heating, no aggregation among the hybrid particles occurs. This fact points to the excellent
colloidal stability of the hybrid particles based on the MSMPs due to steric hindrance of the
stretched PEG chains. This can be also confirmed from visual inspection of the hybrid particle
suspension (Figure 3C and D). Pronounced Tyndall effects exist for the hybrid micelles particles
either at room temperature or when T > LCST (MSPM@AuNP in Figure 3C and D). However,
large aggregates form during heating the suspension of the hybrid micelle consisting of only
PNIPAM and gold NPs (Figure S2A in ESI 1), which diminish the Tyndall effect
(PNIPAM@AUuNP in Figure 3C and D).

Listed in Figure 3B is also the hydrodynamic size distribution of MSPM@AuNP after cooling
from the heated state back to room temperature, which reveals that the cooled hybrid particles has
an average hydrodynamic size matching the value of the same particles before heating. TEM
investigation of the hybrid particles cooling back to room temperature also reveals that most of
particles can reverse to the state with spare spaces between gold NPs (Figure S2B in ESIT). These
phenomena suggest that it is possible to fine tune the three dimensional arrangement and
inter-particle distance of the outmost gold NPs by controlling the extension and collapse of the
PNIPAM chains. A small population of particles, however, stays in the collapsed state as indicated
by the shoulder peak with a maximum value similar to that of the collapsed particles (Figure 3B).
This is probably due to the inter particle fusion upon heating, during which neighboring gold NPs

52,53

permanently stick together. These collapsed hybrid particles also exist in the TEM photos

(Figure S2B).

Tunable surface plasmon resonance properties of gold NPs decorated mixed micelles.
One of the prestigious properties of noble metal NPs, including gold NPs, is their surface plasmon
resonance (SPR) which has been exploited in many applications. Experimental and theoretical

studies have confirmed that such property critically depends on the shape, composition,

35, 36

morphology, and dielectric environment of particels. . In recent years, the focus has been

directed to arranging metal NPs into ordered suprastructure with or without templates, which can

29, 36, 54

be used to tune the collective SPR properties of the metal NPs. In these latter cases, it is

also demonstrated that the interparticle distance and localized refractive index play critical roles
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for a responsive SPR properties. With the current strategy, we have two ways to tune the
inter-particle distance of the templated gold NPs and therefore their SPR properties. First of all,
the number density of the gold NPs on the outmost surface of the polymeric micelles can be
controlled by varying the thiol groups on the surface of the polymeric micelles (Figure 2). The
UV-vis absorption spectra of the four kinds of hybrid particles in Figure 2 are presented in Figure
4A, together with citrate stabilized pure gold NPs. By increasing the number density of the gold
NPs, i.e decreasing the inter-particle distance, red shift is observed (Figure 4A). The absorption
peak shifts from 520 nm of the pure gold NPs to 550 nm of the ones templated on the simple
micelles consisting of PNIPAM alone which has the highest density of gold NPs (Figure 2A).
Therefore, co-self-assembly of PCL-b-PEG and PCL-b-PNIPAM into MSPMs is a versatile way
to control the number density of the templated gold NPs, resulting in hybrid particles with tunable
SPR properties.

Besides the above method, we have demonstrated the reversible packing of gold NPs at the
outmost surface of the micelles due to thermo-responsive collapse/extension of the PNIPAM
chains. Such tunable spatial reconfiguration is naturally expected to influence the SPR property of
the templated Au NPs. Summarized in Figure 4B is the UV-vis absorption spectra of the hybrid
MSPM@AuNP with a PEG/PNIPAM mass ratio 1:9 upon heating from room temperature to 40
°C. Red shift occurs to the absorption peak during heating, and at ca. 32 °C, the shift levels off
(Figure 4C). In this procedure, there is ca 20 nm red shift, from 536 to 556 nm. Furthermore, the
absorption spectra also broaden during heating. The turning point at 32 °C is coincident with the
LCST of PNIPAM chains in the shell at which the PNIPAM chains will collapse. Pure gold NPs
stabilized by citrate exhibits no such temperature dependent behavior (Figure S3 in ESIT).
Therefore, the red-shift and broadening of the UV-vis spectra at T > 32°C should be due to
particle-particle coupling effect induced by the on-particle aggregation of the templated gold NPs
when the collapse of PNIPAM chains reduces inter-particle distances of the gold NPs. Upon
cooling, the absorption peaks recover (Figure 4C). It is noticed that pronounced hysteresis occurs
during cooling (Figure 4C). The heating/cooling cycles can be performed for several rounds
(Figure 4D). At later stage of the cycles, the absorption peaks after cooling back gradually
increase and the degree of red-shift decreases (Figure 4D). As also indicated by DLS in Figure 3B,

some hybrid particles stay in the collapsed state after cooling back to room temperature. It is
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reckoned that neighboring gold NPs might fuse together when being brought to close with each

other during heating since the gold NPs are only stabilized by the end —SH groups of the PNIPAM

. T . . 52,53
chains. Similar inter-particle fusion phenomena are also suggested by others.””
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Figure 4. Surface plasmon resonance (SPR) of gold NPs templated by the mixed shell polymeric
micelles. (A) UV-vis absorption spectra of the four kinds of hybrid particles in Figure 2 as well as
gold NPs stabilized by citrate. (B) UV-vis absorption spectra of the MSPM@Gold NP during
heating. (C) The absorption peak versus temperature of the MSPM@Gold NP during
heating/cooling. (D) Red shift behavior of the SPR of the MSPM@Gold NP during

heating/cooling cycles. The MSPM@Gold NP in (B), (C) and (D) is the same as that in Figure 2B.

Thermal responsive catalytic behavior gold NPs templated by MSPMs.

In order to demonstrate the potential of the current templated gold NPs as heterogeneous catalysts,
the catalytic activity of the hybrid micelles was investigated by classic borohydride reduction of
p-nitrophenol (p-NP) to p-aminophenol (p-AP).” It is well established that noble metal
nanoparticles can catalyze this reaction and the reaction kinetics can be conveniently monitored by
spectroscopic measurements.”’ In the p-NP solution under a neutral or acidic condition, a strong
absorption peak due to p-NP occurs at 317 nm. The peak shifts to 400 nm due to 4-nitrophenolate
ions which become dominant when NaBH, is added to increase the alkalinity of the solution.”*’

The polymeric micelles decorated with gold NPs were then added to the system and the adsorption



RSC Advances

spectroscopy was monitored. The peak at 400 nm decreases and approaches constant during 8
mins, while a new peak at 300 nm appears due to the formation of p-AP (Figure 5a and S4 in ESI
T). There exists a clear isosbestic point between the two absorption bands in the UV spectra.
Therefore, the current hybrid micelles have excellent catalytic properties. This is normally
attributed to the decreased size of the gold NPs which corresponds to increasing specific area
available to the reduction reaction. It is noted here that our system can keep colloidal stable under
the high ionic strength due to the reduction agent of NaBH,4 which is sometimes problematic for

other supported gold NP system.
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Figure 5. Catalytic behavior gold NPs templated by MSPMs. (A) UV-vis absorption spectra
during the reduction of p-NP catalyzed by MSPM@AuNP. (B) Plot of In(Cy/C,) versus time during
the the reduction of p-NP catalyzed by either the citrate acid stabilized gold NP or MSPM@AuNP

at varied temperature. The MSPM(@AuNP is the same hybrid particles as those in Figure 3.

The kinetics of reduction was determined by measuring the concentrations of p-nitrophenolate by
recording the absorbance at 400 nm (Figure 5B). The changes of absorbance with time are straight
lines, indicating that the reduction reaction follows the first-order kinetics (Figure 5B). The
apparent rate constants (k) of the catalytic reaction at the 25 °C was estimated by 5.38x107 s

for MSMP@AuNP with a PEG/PNIPAM mass ration of 1:9, while 1.70x107 s™ is estimated for
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the pure gold NPs. The three times higher efficiency of the former than the latter can be ascribed
to the increasing specific area of gold NPs at the outmost surface of the micelles. To investigate
the influence of temperature on the catalytic behavior of the hybrid micelles, the kinetics of
reduction of p-NP catalyzed by MSPM@AuNP at 40 °C was also determined, resulting in ,p, of
1.70x107 s which is nearly identical to the pure gold NPs (Figure 5B). As shown in Figure 3A,
the gold NPs of MSMP@AuNP turn into solid-like particles with rugged surface due to the
collapse of the PNIPAM chains upon heating. Therefore the whole particles might act like the

pure gold NPs.

Conclusions

In summary, a strategy has been devised to prepare hybrid gold/polymeric NPs using mixed shell
polymeric micelles (MSPMs) as the template through in situ reduction of gold precursor.
Co-assembly of poly(e-caprolactone)-b-PEG (PCL-b-PEG) and PCL-b-PNIPAM, resulting in
MSPMs with a PLC core and a mixed PEG/PNIPAM shell. Thio groups, which are naturally
derived from the reduction of the thiocarbonylthio group of the macro chain transfer agent for the
reversible addition fragmentation chain transfer polymerization (RAFT), are introduced to the end
of the PNIPAM chains. In situ reduction of gold precursor in the presence of such MSPMs
produce well-dispersed hybrid particles with their outmost surface decorated with gold NPs,
which are stabilized by the thiol groups at the end of the PNIPAM chains. The density of the
surface thiol groups and therefore the number density of the gold NPs can be tuned by varying the
relative mass ratio of the two block polymers, resulting in hybrid particles with different surface
plasma resonance (SPR) properties. Furthermore, the interparticle distance of the gold NPs can be
fine-tuned by heating and cooling to induce the shrinking/extension of the PNIPAM chains,
resulting in tunable SPR and catalytic properties. The whole hybrid particles are stabilized by the
stretched PEG chains in the micellar shell, endowing the current system with excellent colloidal

stability under working conditions.
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