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It is a great challenge to fabricate Janus inorganic/polymeric hybrid
nanoparticles with both precisely controlled nanostructures and high
yields. Herein, we report a new method to synthesize Janus Au@BCPs
via UV light-initiated RAFT polymerization-induced self-assembly in
situ at a high solid content. This strategy provides a promising alter-
native for achieving asymmetric hybrid nanoparticles with a control-
lable size, tunable morphology and convenient operation.

Janus inorganic/polymeric hybrid nanoparticles** are one kind
of the most promising nanomaterials and can integrate two or
more parts with different chemical/physical properties. In
particular, Janus gold nanoparticles/block copolymers
(Au@BCPs) have received increasing attention, owing to their
potential application in various fields, such as sensors, nano-
medicine and catalysis.>* As a type of outstanding polymer
ligand to stablize gold nanoparticles (AuNPs), both the archi-
tecture and molecular weight of BCPs can be specifically
designed and precisely adjusted.>® More importantly, BCP self-
assembly is a powerful strategy to fabricate Au@BCP nano-
particles. Based on the technique of concurrent self-assembly,”®
AuNPs can be selectively localized well into specific domains of
BCP nano-objects (e.g., micelles,”*® rods," ™ and vesicles'**®).
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However, via conventional self-assembly methods, most of the
reported Au@BCP nanohybrids are natural symmetric core—
shell nanostructures;'”** it is still a great challenge to synthesize
Janus Au@BCPs with asymmetric nanostructures.

Most recently, a few pioneering studies related to Janus
Au@BCP nanoparticles have been developed to achieve asym-
metric nanostructures via the BCP self-assembly strategy.'>>°
For example, Taton and co-workers* fabricated Janus Au@PS-b-
PAA by the self-assembly of PS-b-PAA with AuNPs in dilute
solution. Chen's group® obtained another Janus Au@PS-b-PAA
using two ligands to tune the surface energy during hybridiza-
tion, based on the “mix-and-heat” method. Chen et al.?® further
used this method to design more complex Janus Au@BCPs,
including gold nanorods, gold nanobipyramids and even gold
nanotriangles. However, it is still difficult to massively fabricate
Janus Au@BCPs by a facile strategy, which can couple precisely
controlled nanostructures and high yields.

In the last several years, polymerization-induced self-
assembly (PISA)**2* has been explored as an efficient method
to design polymeric and inorganic/polymeric hybrid nano-
particles. Different from BCP self-assembly with pre-
synthesized polymers, PISA can achieve various controllable
morphologies in situ at a high solid content during the poly-
merization process. For example, Bourgeat-Lami et al*
synthesized multipod-like SiO,/BCP nanoparticles by nitroxide-
mediated PISA. However, as far as we know, the synthesis of
Janus Au@BCP nanoparticles directly through the PISA tech-
nique has still not been reported, due to the easy aggregation of
AuNPs. For example, PISA based on reversible addition frag-
mentation chain transfer (RAFT),*** which is commonly initi-
ated by heat, easily leads to AuNPs aggregation at high
temperature.*”** To deal with this problem, in theory, if the
PISA process can be initiated by light stimuli (e.g., UV light,***®
and vis light*’~*°) at room temperature, more stabilized AuNPs
dispersion can be achieved and Janus Au@BCP nanoparticles
can be prepared highly efficiently.

Herein, for the first time, we present a new method to
synthesize Janus Au@BCP nanoparticles by UV light-initiated
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Scheme 1 (a) Synthesis of P4VP-b-PS block copolymers. (b) The
fabrication of Janus Au@BCP nanoparticles by UV light-initiated RAFT
PISA. UV light intensity: /z65 nm = 2.50 mW cm~2; irradiation time: 9 h,
25°C.

RAFT PISA in situ at room temperature. The preparation of
P4VP-)b-PS block copolymers and Janus Au@BCPs is shown in
Scheme 1. The P4VP chain transfer agent (CTA) was synthesized
by thermal-initiated RAFT solution polymerization (Scheme 1a)
and the molecular weight was characterized by Gel Permeation
Chromatography (GPC) (Fig. S1,T M,, = 4600, PDI = 1.23). The
AuNPs were prepared by the sodium citrate reduction method
and the morphologies were characterized by transmission
electron microscopy (TEM) (Fig. S2,f d = 18 + 2 nm). Then,
citrate-capped AuNPs were functionalized with the PAVP-CTA to
obtain polymer-tethered Au@P4VP. In a typical process,
Au@P4VP was added into methanol solution, which contained
the PAVP-CTA chain extender, styrene monomer and 2,2'-azo-
bis(isobutyronitrile) (AIBN) photo-initiator (Scheme 1b). Then
the mixture was irradiated under UV light (Aax = 365 nm, 345
am = 2.50 mW c¢cm ™2, 9 h) at room temperature. When UV light-
initiated RAFT PISA was conducted, the PAVP-CTA could initiate
styrene to obtain P4VP-h-PS block copolymers and spontane-
ously self-assemble to form micelles localized on the Au@P4VP
surface, to achieve Janus Au@P4VP-b-PS nanoparticles.
Compared with heat-initiated RAFT PISA, this UV light-initiated
RAFT PISA can precisely control nanostructures and rapidly
fabricate Janus nanoparticles at a high solid content at low
temperature.*® This method can provide a general strategy to
fabricate Janus Au@BCPs highly efficiently with controllable
asymmetric nanostructures.

Initially, the citrate-capped AuNPs dispersed in water were
directly added into a mixture with the molar ratio of PAVP/St/
AIBN = 5:14 800 : 1 in methanol in UV light-initiated RAFT
polymerization (experimental details in the ESI, Table S17).
After 9 h of polymerization, the color of the dispersion changed
from pink to milky-red. The original suspension was centri-
fuged (8000 rpm, 30 min) to separate out the precipitate and re-
dispersed in methanol. The morphologies of the obtained
nanoparticles were characterized by TEM. As shown in Fig. S3,1
both free P4AVP-b-PS micelles (without the AuNPs) and Janus
Au@BCP nanoparticles (one Au nanoparticle attached with one
micelle) were obtained. Why these nanoparticles were directly
considered as block copolymer micelles and Au@BCPs
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nanoparticles here? To confirm this, we will discuss in detail
below. It should be noted that a mixture of nanoparticles with
a broad size distribution was prepared using the citrate-capped
AuNPs, which indicated a loss of control during the PISA
process. This is probably because the citrate-capped AuNPs
have ligand exchange with the PAVP-CTA (note: as-prepared
with an end-capped trithiocarbonate group) through trithio-
carbonate interactions**> during photo-polymerization. In
order to eliminate the ligand exchange effect and improve the
hybridization quality, we assume that the citrate-capped AuNPs
can be functionalized with the P4VP-CTA as polymer ligands,
which benefits stabilization of AuNPs in organic solvent (e.g.,
methanol and styrene). Concentrated citrate-capped AuNPs
aqueous solution was added into a solution of the PAVP-CTA in
methanol and incubated at room temperature. Fig. 1a presents
the TEM images of purified polymer-tethered Au@P4VP nano-
particles. The enlarged TEM image in Fig. 1a illustrated the
Au@P4VP had a polymer shell about 4 nm on the gold core
(marked by red lines and arrows). The surface plasmon reso-
nance (SPR) of the Au nanoparticles can be detected by UV-vis
spectroscopy.”** Compared with citrate-capped AuNPs with
an absorption peak at 523 nm, that of Au@P4VP had a red shift
at 528 nm (Fig. 1b). The surface elemental compositions were
further characterized by X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 1c, the polymer-tethered Au@P4VP had
a distinct peak of N 1s at 398.5 eV, which corresponded to
pyridine-like nitrogen in the P4AVP-CTA.* Finally, the stability of
Au@P4VP was examined by UV-vis spectroscopy under UV
irradiation. Although the interaction of AuNPs and the trithio-
carbonate group of the P4VP-CTA could be destroyed by UV
light,**® the results indicated that the curves remain
unchanged under irradiation for 4 h in methanol (Fig. S41). It is
important to maintain the stable dispersion of nanoparticles for
further polymerization.
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Fig. 1 (a) The large-area (left) and enlarged (right) TEM images of
Au@P4VP. (b) The UV-vis spectra of citrate-capped AuNPs and
Au@P4VP in methanol. (c) The XPS spectra of the P4VP-CTA, citrate-
capped AuNPs and Au@P4VP.
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Then, the UV light-initiated RAFT PISA process was carried
out in the presence of polymer-tethered Au@P4VP under
similar conditions (Table S21). The recipes of Au@P4VP (200
pL), the PAVP-CTA (4 mg), Styrene (0.1 mL) and AIBN (0.02 mg)
in methanol (3.2 mL) were used. After UV irradiation for 9 h, the
appearance of the mixture changed from transparent pink to
turbid milky-red (Fig. 2a). The obtained nanoparticles were
examined by both TEM and scanning electron microscopy
(SEM). As shown in Fig. 2a, pure Janus Au@BCPs coupled with
precisely controlled nanostructures (the number of Au@P4VP/
micelles with the ratio of 1: 1) were obtained, in which the
Au@P4VP part was embedded in the P4VP layer of P4VP-b-PS
micelles. Moreover, from the large-area TEM image (Fig. S5t)
and SEM image (Fig. S67), the Janus Au@BCP nanoparticles had
good controllability and a narrow size distribution. In the UV-vis
spectra (Fig. 2b), the SPR band of Janus Au@BCPs changed to
536 nm, which showed about a 8 nm red shift relative to the SPR
band of Au@P4VP in methanol (528 nm). This is because the
SPR energies decrease as the refractive index of the medium
increases.*”** In fact, the Janus Au@P4VP-b-PS can be destroyed
in organic solvents (e.g., THF, and DMF) to obtain the PAVP-h-PS
block copolymers. Here, the Janus Au@BCP nanoparticles were
dissolved in THF and centrifuged (8000 rpm, 30 min) to remove
the precipitates. Then, the supernatants were precipitated in n-
hexane to obtain white solids. After repeated “dissolution-
precipitation” for three times and drying under vacuum, the
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Fig. 2 (a) The optical photographs of the colour change before (left)
and after (right) UV light-initiated RAFT PISA. The TEM image (above)
and SEM image (below) of a single Janus Au@BCP nanoparticle. (b) The
UV-vis spectra of Au@P4VP and Janus Au@BCPs. The *H NMR spectra
of (c) pre-synthesized P4VP-CTA and (d) P4VP-b-PS block copoly-
mers purified from Janus Au@BCPs. Experimental conditions: molar
ratio of P4VP/St/AIBN = 5 : 14 800 : 1 in methanol. UV light intensity:
I365 nm = 2.50 mW cm™2; irradiation time: 9 h, 25 °C.
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acquired polymers were characterized by "H NMR spectroscopy
and GPC. Compared with the "H NMR spectrum of the P4VP-
CTA in Fig. 2c, the signals assigned to P4VP-b-PS (Fig. 2d)
were observed and the block ratio of P4VP/PS was 1 : 12, which
was calculated based on the integral values of signals at 6 =
8.31 ppm (pyridine ring) and 6 = 6.57 and 7.09 ppm (phenyl
ring). This was also confirmed by the GPC curve in Fig. S7t (M,
= 33 500, PDI = 1.35). Surprisingly, the molecular weight was
much higher than that in our previous report.** This phenom-
enon may ascribe to the radical segregation and compartmen-
talization effect under heterogeneous conditions in RAFT
polymerization.*

In order to further investigate the formation mechanism of
P4VP-b-PS micelles on the Au@P4VP surface, both TEM and in
situ UV-vis spectroscopy were used to monitor the growth
kinetics during the UV light-initiated RAFT PISA process. Firstly,
the evolution of Janus Au@BCPs was recorded by TEM observa-
tion at timed intervals (e.g., 1 h, 3 h, 4 h, 5 h, 7 h and 9 h). As
shown in Fig. 3a, a bump about 32 nm formed on the Au@P4VP
surface at 3 h. As the polymerization time increased, the size
gradually increased to 81 nm (5 h) and finally about 185 nm (9 h)
(the large-scale TEM images in Fig. S8%). Previously, Xia et al.>
reported a seed-growth mechanism to prepare Janus Au@PS via
dispersion polymerization. Notably, our work here is more
similar to research on block copolymer micellization on the SiO,
surface by nitroxide-mediated PISA.*”** The evolution of nano-
particles with time was further investigated by in situ UV-vis
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Fig. 3 Kinetics of the growth of Janus Au@BCP nanoparticles via UV
light-initiated RAFT PISA. (a) Typical TEM images and optical photo-
graphs obtained immediately at different times: 1 h, 3h, 4 h,5h,7h
and 9 h. (b) The UV-vis spectroscopic evolution during polymerization
within 9 h. (c) The growth kinetic plot of the peak intensity at 528 nm
versus the polymerization time. (d) Schematic diagram for the prepa-
ration of Janus Au@BCPs via UV light-initiated RAFT PISA. Experi-
mental conditions: molar ratio of P4VP/St/AIBN = 5:14800:1 in
methanol. UV light intensity: /365 nm = 2.50 mW cm™2; irradiation time:
9 h, 25°C.
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spectroscopy. As shown in Fig. 3b, the absorption curves remain
unchanged within 3 h, which were consistent with the optical
color change in Fig. 3a. After 3 h, the absorption intensity
increased and the characteristic peak gradually shifted from
528 nm to 536 nm. The plot of peak intensity at 528 nm as
a function of polymerization time (Fig. 3c) clearly showed that
the curves remained almost unvaried within 3 h. Then, the curve
quickly increased to a maximum value (9 h), owing to the system
that became turbid. The process was also characterized by in situ
"H NMR. The results showed that the molecular weight increased
with the polymerization time (Fig. S9t). Based on our results, the
evolution of Janus Au@BCPs may have two synthetic stages
(Fig. 3d): (i) mainly homogeneous polymerization in solution and
adsorption on the Au@P4VP surface to form loop micelles.
Although there are maybe multiple sites, the fact is that only
a single nodule nucleates on the Au@P4VP surface, suggesting
that the growing chains can diffuse and coalesce to minimize the
interfacial energy.”” (ii) heterogeneous polymerization in the
micelle part to grow into Janus nanoparticles. Polymer chains are
initiated in the micelle part and the sizes are determined by the
relative amount of the P4VP-CTA and styrene.>

Although the synthesis of Janus Au@BCPs has been
successfully achieved via UV light-initiated RAFT PISA, there
still exits some synthetic challenges. It must be pointed out that
the hybridization of nanoparticles could be accompanied by
free empty micelles (as result of self-micellization).** Therefore,
we assume that the phenomenon could be avoided by carefully
adjusting the recipes in the PISA procedure. In order to confirm
our assumption, a series of experiments by tuning Au@P4VP

View Article Online
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seed, PAVP-CTA and styrene concentrations were conducted in
detail (Table S31). At a high P4VP-CTA and styrene content
(entry 1 in Table S37), a white turbid suspension was obtained
after 9 h. As shown in Fig. 4a, it led to a mixture of free P4VP-b-
PS micelles and Janus Au@BCP nanoparticles. Their size
distribution was broad (Fig. 4d) and diameters were from 60 nm
to 165 nm (free micelles) and 130 nm to 245 nm (Janus
Au@BCPs), respectively. Although free P4VP-h-PS micelles
accompanied, the pure Janus Au@BCPs strictly complied with
the Au@P4VP/micelle ratio of 1:1. Based on our proposed
mechanism, there is no doubt that when decreasing both the
P4VP-CTA and styrene content (entry 2 in Table S3f), the
formation of free PAVP-b-PS micelles will disappear, leading to
pure Janus Au@BCP nanoparticles. Actually, the milky-red
suspension was obtained after 9 h, which is consistent with
our former phenomenon in Fig. 2a. As illustrated in Fig. 4b,
high quality Janus nanoparticles were obtained with almost
100% yields, with an average diameter of 198 nm and a narrow
size distribution (Fig. 4e). When we doubled the Au@P4VP
content (entry 3 in Table S37), a deep milky-red suspension was
achieved. The results indicated that the average diameter of
Janus Au@BCPs narrowed down to 118 nm (Fig. 4c and f), owing
to the P4VP-b-PS micelle part becoming smaller. Furthermore,
these three samples also were characterized by UV-vis spectra
analysis (Fig. S101). As shown in Fig. S10a,T the mixture of Janus
Au@P4VP-b-PS and P4VP-H-PS micelles had no obvious Au
specific peak. The bigger Janus Au@BCPs had a clear SPR peak
at 536 nm as shown in Fig. S10b.} The smaller one (with a small
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Fig.4 The TEM images (above) and size histograms (below) of the obtained Janus Au@BCP nanoparticles prepared with different recipes. (a and
d) Relatively lower Au@P4VP seed concentration (high P4VP-CTA and styrene contents); (b and e) appropriate Au@P4VP seed concentration; (c
and f) relatively higher Au@P4VP seed concentration. Particle size histograms obtained from measurements of at least 150 particles. Inset: the
optical photographs of the final dispersion. Experimental conditions: UV light intensity: /365 nm = 2.50 mW cm™2; irradiation time: 9 h, 25 °C.
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micelle part) had a stronger intensity with the same SPR peak as
shown in Fig. S10c.}

In summary, we have reported a facile method to both
massively and controllably fabricate Janus Au@BCP nano-
particles via rapidly UV light-initiated RAFT PISA in situ at room
temperature. The morphology and size of this Janus Au@P4VP-
b-PS can be precisely tuned by adjusting the recipes and poly-
merization time. On the one hand, we fixed the recipes to
prepare Janus Au@BCPs by in situ TEM and UV-vis spectra with
the polymerization time. As the polymerization time increased,
the size gradually increased at the micelle part of the Janus
Au@BCPs. On the other hand, we varied the recipes and fixed
the polymerization time, by which the mixture of Janus
Au@BCPs and empty micelles, bigger Janus Au@BCPs, and
smaller Janus Au@BCPs could be prepared. Polymer-tethered
Au@P4VP is the key factor to successfully form Janus
Au@BCPs with both controlled quality and high yields. The
mechanistic studies revealed that the Janus nanostructures
were formed via surface-templated self-assembly of block
copolymers on Au@P4VP during photo-polymerization. This is
the first report on the synthesis of Janus Au@BCP nanoparticles
by UV light-initiated RAFT PISA. Compared with traditional
concurrent self-assembly in dilute solution, this method is
convenient to fabricate hybrid Janus Au@BCPs at a high solid
content in one pot at room temperature. This work will provide
a general strategy to synthesize asymmetric Janus nanoparticles
with a controllable size, tunable morphology and convenient
operation. Furthermore, this Janus nanoparticle can also be
used as a nano-building block to design and explore hierar-
chical nanostructures for novel devices.
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