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We report a general and robust polymerization—dissolution strategy for phase transfer of hydrophilic
nanoparticles into nonaqueous solvents with a 100% transfer efficiency. This process involves the
coating of hydrophilic nanoparticles with a layer of linear-chained polystyrene through seeded emulsion
polymerization and a subsequent dissolution of polystyrene layer by toluene. Since one end of the linear
polystyrene chain is covalently bonded to the particle surface which provides strong steric stabilization,
the transferred nanoparticles exhibit superior dispersity and long-term colloidal stability in many
nonpolar and polar aprotic solvents. Moreover, the present approach allows for the storage of
transferred nanoparticles in a powder form which can be completely re-dispersed in solvents before the
usage. Based on this strategy, we demonstrate the phase transfer of Au nanorods and nanospheres,

silica, titania and resorcinol-formaldehyde spheres, which just represents a few examples of transferrable
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properties. This general and robust phase transfer protocol will greatly facilitate the applications of
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Introduction

Aqueous solvents are unique media for wet-chemical prepara-
tions of a large number of nanostructured materials that are
difficult to produce in nonaqueous environments."” For
example, aqueous synthesis routes have been reported to obtain
anisotropic nanoparticles of noble metals, including nano-
rods,*” nanospheres,® nanocubes,”’® nanoplates,'> octahe-
drons,* and nanocages,'*'> mainly owing to the ease of control
over the thermodynamics and kinetics of the growth reactions.
Water is also required for sol-gel reactions to prepare metal
oxide nanoparticles such as silica spheres.* The advances in the
preparation of hydrophilic nanoparticles have driven their
applications in diverse fields, such as catalysis, optics,
photonics, sensing, and biomedicine.*>""** For many applica-
tions such as organic catalysis and solution-processible opto-
electronics, it is desirable if the nanoparticles originally
prepared in aqueous solvents can be dispersed and stabilized in
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nonaqueous media, such as nonpolar and polar aprotic
solvents, which requires the surface modification of hydrophilic
nanoparticles.”

Phase transfer of hydrophilic nanoparticles to hydrophobic
solvents has mainly been accomplished through ligand
exchange processes to modify the surface wettability.*>* Taking
metal nanoparticles as an example, many ligand-exchange
techniques have been developed.”*” Underwood and Melva-
ney pioneered the study on the phase transfer of gold nano-
particles from water to an organic solvent such as butyl acetate
with a co-polymer based ‘comb stabilizer’.*®> Many alkanethiol
and alkylamine molecules have been used to hydrophobize
aqueous Au nanoparticles.”®**> Despite recent advances in the
phase transfer of nanoparticles, there are still several general
concerns regarding ligand exchange methods.>***3® First, the
transfer process is usually not complete as some residual
particles are left in the aqueous phase. Second, in many cases,
the transferred nanoparticles are not fully dispersed in
nonaqueous solvents but rather agglomerate into larger clus-
ters, which requires additional size-selection processes to
remove the aggregates. Third, the long-term colloidal stability
of the transferred particles in nonaqueous solvents during
storage is usually questionable. Last but not the least, most
ligand exchange processes are applicable to a very limited types
of nanoparticles. Therefore, it is necessary to find a more
general and robust phase transfer strategy for dispersion and
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long-term stabilization of hydrophilic nanoparticles in
nonaqueous solvents.

Here we present a general and effective polymerization—-
dissolution strategy for phase transfer of hydrophilic nano-
particles into nonaqueous solvents by first covalently grafting
the particle surfaces with a layer of linear-chained polystyrene
through a seeded emulsion polymerization process, followed by
the dissolution of polystyrene layer by toluene. Since one end of
the linear polystyrene chain is covalently bonded to the particle
surface, the transferred nanoparticles experience strong steric
repulsions between each other in many nonpolar and polar
aprotic solvents, resulting in superior dispersity and long-term
colloidal stability. Both the polystyrene-coated and polystyrene-
capped nanoparticles can be kept in a powder form which can
later be dispersed in nonaqueous solvents, facilitating their
storage and transportation toward practical applications. Based
on this strategy, we demonstrate the phase transfer of gold
nanospheres and nanorods, as well as silica, titania and
resorcinol-formaldehyde spheres, to nonpolar solvents, which
just represents a few examples of aqueous nanoparticles that
can be transferred.

Results and discussion

Fig. 1 depicts the polymerization-dissolution strategy employed
in the present work for phase transfer of hydrophilic nano-
particles into nonaqueous solvents. This process involves the
surface coating of a polystyrene layer on aqueous nanoparticles
(NPs) via seeded emulsion polymerization and the subsequent
dissolution of the polymer layer to obtain polystyrene-capped
nanoparticles. It is worth noting that seeded emulsion poly-
merization is a classic protocol in colloidal chemistry that has
been widely used to synthesize NP@PS core-shell nano-
structures.**” It is also well known that uncross-linked poly-
styrene spheres can be dissolved in toluene owing to the
hydrophobic nature of polystyrene chains. Similarly, the poly-
styrene shell of the NP@PS particles can be dissolved by toluene
to become individual polymer chains. As one end of the linear
polymer chain is covalently bonded to the particle surface, the
polystyrene-capped nanoparticles transferred to
nonpolar and polar aprotic solvents that are compatible with
polystyrene.

Experimentally, we first demonstrate the polymerization-
dissolution technique for the phase transfer of Au nanorods,
which has attracted much attention due to their excellent

can be

5 3
sﬁ i %j

AAAAAS

1) MPS modification Toluene
—_—

Aea%

2) Polymerization ~

N:::j}fé? ’\’;S:SL‘“
s %
;; ;2 Yy

Aqueous NPs

NP@PS

PS capped NPs

Fig. 1 Schematic illustration of the polymerization—dissolution
strategy to obtain polystyrene-capped nanoparticles (NPs) which can
be dispersed in many nonaqueous solvents.

25536 | RSC Adv., 2017, 7, 25535-25541

View Article Online

Paper

surface plasmon resonance (SPR) property but the direct
syntheses of hydrophobic Au nanorods (Au-NRs) in nonpolar
solvents have rarely been reported.*® CTAB-capped Au nanorods
were first synthesized through a seed-assisted growth approach
(Fig. 2a).” The CTAB-capped Au nanorods were treated with PVP
molecules before the functionalization with the coupling
reagent, [3-(methacryloyloxy)propyl]trimethoxysilane (MPS), to
introduce surface C=C bonds. Notably, the density of modified
MPS molecules on the nanorod surface will influence the
surface wettability of nanorod seeds and, thereby, the
morphology of final particles. After surface modification with
MPS, seeded emulsion polymerization was employed to coat the
nanorods with a layer of polystyrene. A mixture solvent of water
and ethanol with an optimized ratio was chosen to ensure the
great dispersity of the seeds to avoid the aggregation of nano-
rods and the solubility of styrene monomer. The Au-NRs@PS
particles exhibit an eccentric core-shell structures (Fig. 2b).
The formation of such eccentric nanostructures could be
ascribed to the heterogeneous polymerization process of
styrene monomers on the metal surface.*® Upon the addition of

AuNRs in H,0 e
Au NRs in toluene

Au NRs in toluene
Dried Au NRs
redispersed in toluene

Extinction / a.u.
Extinction / a.u.

Wavelength / nm

. —\"p—-—s.r—‘—\lkr-*nr S

Fig. 2 TEM images of (a) original, (b) polystyrene-coated, and (c)
polystyrene-capped Au NRs. The Au-NR@PS particles in (b) were
obtained by coating a layer of polystyrene on the Au NRs in (a) via
seeded emulsion polymerization. The dissolution of the polystyrene
layer converts the Au-NR@PS particles into polystyrene Au NRs in (c).
(d) UV-vis extinction spectra of original Au NRs in water and poly-
styrene-capped Au NRs in toluene. Inset in (d) shows the digital photos
of samples before and after the phase transfer. (e) UV-vis extinction
spectra of freshly prepared polystyrene-capped Au NRs in toluene and
the corresponding re-dispersed dried sample. Inset in (e) shows the
digital photos of two samples. (f) Digital photos showing dispersions of
polystyrene-capped Au NRs in other nonpolar solvents and polar
aprotic solvents, including trichloromethane (CHCls), cyclohexane
(CgH12), dichloromethane (CH,Cly), ethyl acetate (C4HgOy), 1,2-
dichlorobenzene (CgH4Cly), m-xylene (CgHjo). 1.2-dichloroethane
(CoH4CL), chlorobenzene (CgHsCl), m-dichlorobenzene (CgH4Cly),
N,N-dimethylformamide (CsH;NO) and tetrahydrofuran (C4HgO)
(from left to right).

This journal is © The Royal Society of Chemistry 2017
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initiator, potassium persulfate (KPS), styrene monomers and/or
PS oligomers are anchored in the forms of some small particles
on the Au nanorods via copolymerization with the C=C double
bonds of MPS. As the polymerization process continued, more
hydrophobic styrene monomers absorbed on the existing PS
particles and the heterogeneous PS nucleus grew larger and
finally into PS spheres, resulting in an asymmetrical distribu-
tion of polymers and the formation of thick PS shells.

To dissolve the polystyrene layer, toluene was added into the
dried Au-NRs@PS sample and a reddish colloidal dispersion
immediately formed with slight agitation, indicating the effec-
tive transfer of nanoparticles to toluene. Notably, all Au-
NRs@PS particles were dispersed in toluene without any
insoluble residue, indicating a 100% transfer efficiency. TEM
images of the Au nanorods in toluene revealed that the dense
polystyrene layer was disappeared and the particles were sepa-
rated by a few nanometers after drying on copper grids, which
implies that the particle surface was capped by long polystyrene
chains (Fig. 2c). It is worth noting that the existence of free
polystyrene spheres in the Au-NRs@PS sample formed during
the emulsion polymerization does not interfere with the phase
transfer process as free spheres will be completely dissolved by
toluene and the resulting free polystyrene chains can be sepa-
rated from polystyrene-capped nanorods by centrifugation.

Thanks to the strong steric repulsion provided by the linear
polymer chains, the polystyrene-capped Au nanorods are ex-
pected to have superior dispersity in toluene. Fig. 2d shows the
UV-vis extinction spectra of original hydrophilic Au nanorods in
water and the polystyrene-capped counterpart in toluene. The
extinction spectrum of the aqueous dispersion shows two peaks
located at 806 and 514 nm, corresponding to a strong longitu-
dinal mode and a weak transverse mode of localized surface
plasmon resonance (LSPR), respectively. Both peaks shifted to
longer wavelength in the extinction spectrum of the toluene
dispersion owing to the change in refractive index of the
surrounding medium (fyater = 1.333 and Rolyene = 1.496).25%°
No new peak from the coupling or aggregation of nanorods was
observed, confirming their good dispersity in toluene after the
phase transfer. The effective phase transfer of Au nanorods was
further supported by the photographs showing the samples
before and after the transfer (Fig. 2d inset).

One distinguishing feature of our strategy is that it allows the
storage of nanoparticles in the powder form which can be re-
dispersed in solvents. Unlike most hydrophilic particles, many
hydrophobic nanoparticles can be kept as a powder without
sintering of the particles (which can be well re-dispersed in
solvents), making it more convenient to store and transport.
Owing to the unique feature of the polymerization-dissolution
strategy, there are two options for storing the nanoparticles in
the powder form, as either Au-NRs@PS core-shell structures or
polystyrene-capped Au nanorods. For Au-NRs@PS particles, the
addition of toluene to dried samples can quickly dissolve the
polystyrene layer to form stable colloidal dispersions before the
usage. For polystyrene-capped Au nanorods, owing to the exis-
tence of the long-range steric repulsion, they can undergo many
drying-dispersing cycles without noticeable aggregation in
dispersions. As shown in Fig. 2e, the extinction spectra of
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toluene dispersions of the original polystyrene-capped Au
nanorods and re-dispersed after drying are essentially the same.
The photographs of both dispersions show the same color,
furthering proving the good dispersity of the transferred Au
nanorods even after drying (Fig. 2e inset).

Another advantage of our strategy is that aqueous nano-
particles can be transferred to many nonpolar solvents and
polar aprotic solvents which are compatible with polystyrene. As
shown in Fig. 2f, after dissolving the polystyrene layer by
toluene, the polystyrene-capped Au nanorods were found to
exhibit excellent dispersity not only in a series of nonpolar
solvents but also in polar aprotic solvents, such as N,N-dime-
thylformamide (DMF) and tetrahydrofuran (THF). It is expected
the polystyrene-capped particles can be dispersed in more
solvents not shown in this work. The superior dispersity of
polystyrene-capped nanoparticles in both nonpolar and polar
aprotic solvents will provide more choices of dispersion media
for practical applications.

To demonstrate the universality of the polymerization-
dissolution strategy in transferring different types of aqueous
nanoparticles, we then study the phase transfer of hydrophilic
Au nanoparticles into nonaqueous solvents. Citrate-capped Au
nanospheres (Au-NSs) with an average size of ca. 10 nm were
synthesized through the reduction of HAuCl, by sodium citrate
(Fig. 3a).*" The citrate-capped Au nanospheres were treated with
PVP molecules before the functionalization with the coupling
reagent (MPS) to introduce surface C=C bonds. Core-shell
structured Au-NSs@PS particles were then obtained through
emulsion polymerization of styrene by using MPS-modified Au
nanospheres as the seeds. Similar to the case of Au nanorods,
the particles exhibit a core-shell structure with the Au-NSs cores
eccentrically positioned in the PS spheres (Fig. 3b). After dis-
solving the polystyrene layer by toluene, Au nanoparticles were
found to be well dispersed in toluene. TEM images clearly show

Extinction / a.u.
Frequency / %

500 600 700 800 900 A 1000

Wavelength / nm Diameter / nm

Fig. 3 TEM images of (a) original, (b) polystyrene-coated, and (c)
polystyrene-capped Au nanospheres. (d) UV-vis extinction spectra of
original Au nanospheres in water and polystyrene-capped Au nano-
spheres in toluene. Inset in (d) shows the photographs of a typical Au
nanosphere sample before and after the phase transfer. (e) Particle size
distribution of polystyrene-capped Au nanospheres in toluene from
dynamic light scattering (DLS) measurement.
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the disappearance of the dense polystyrene layer (Fig. 3c). The
presence of polystyrene on the particle surface was proved by
the Fourier transform infrared (FTIR) spectrum of polystyrene-
capped Au nanospheres which exhibits the characteristic
peaks of polystyrene (Fig. S17).

Fig. 3d shows the UV-vis extinction spectra of original
hydrophilic Au nanospheres in water and the corresponding
polystyrene-capped particles in toluene. The spectrum of the
aqueous sample exhibited one extinction peak at ca. 530 nm,
originated from the localized surface plasmon resonance of Au
nanospheres. The extinction spectrum of the polystyrene-
capped Au nanospheres in toluene exhibit a similar profile
with the extinction peak shifted to 532 nm, indicating the
successful phase transfer to toluene. The slight red-shift of the
extinction peak can be explained by the fact that the refractive
index of the surrounding medium near the Au particle surface
was increased.”*° More importantly, no shoulder peak in the
long-wavelength range was detected, proving that there was no
obvious aggregation of transferred Au nanospheres in toluene.
Digital photos of the samples before and after the transfer
further confirms that the surface of the nanoparticles changed
from hydrophilic to hydrophobic (Fig. 3d inset). No obvious
difference in the size distribution was found between the orig-
inal Au NPs and the final PS capped NPs (Fig. S2t). The good
dispersity of polystyrene-capped Au nanospheres in toluene is
evidenced by the dynamic light scattering (DLS) measurement.
Fig. 3e depicts a representative DLS curve for polystyrene-
capped Au nanospheres in toluene, showing a narrow size
distribution with a single peak at 260 nm. It is worth noting that
the hydrodynamic diameter of 260 nm is much larger than the
size of Au spheres from the TEM measurement (ca. 10 nm),
which can be traced to the fact that the capping of long poly-
styrene chains strongly slows the Brownian movement of Au
nanospheres in toluene.*

For many ligand exchange processes, the freshly transferred
nanoparticles can have good dispersity in target solvents but
suffer from gradual decay of the colloidal stability due to the
detachment of ligands from the particle surface, which hinders
the applications in areas that requires the long-term storage of
nanoparticles in dispersions. In sharp contrast, the long poly-
styrene chains which are covalently bonded to the nanoparticle
surface provides the strong steric stabilization so that the

~ ——0day
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Extinction / a.u.
Extinction / a.u.

Wavelength / nm Wavelength / nm

Fig. 4 UV-vis extinction spectra of (a) polystyrene-capped Au nano-
rods and (b) polystyrene-capped Au nanospheres in toluene stored for
different periods. The dispersions were kept in a closed cuvette to
avoid the evaporation of toluene.
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polystyrene-capped nanoparticles exhibit excellent long-term
colloidal stability during storage in solvents. The extinction
spectra of polystyrene-capped Au nanorods and nanospheres in
toluene were monitored during a three-month period of
storage. To avoid the evaporation of the solvent, the samples
were kept in a closed cuvette. As shown in Fig. 4a, no obvious
change was found in the profile of the extinction spectra of
polystyrene-capped Au nanorods in toluene during three
months, which clearly demonstrate superior long-term colloidal
stability of the dispersion. For polystyrene-capped Au nano-
particles with smaller size, the extinction spectra of their
toluene dispersion did not show any noticeable change during
the storage for 3 months (Fig. 4b). The above results clearly
demonstrate the advantages of covalently linked polymer
chains to the nanoparticle surface in terms of long-term
colloidal stability.

Since seeded emulsion polymerization is a general process
for coating a layer of linear polymers on the surface of various
nanoparticles, our method is suitable for phase transfer of
different types of aqueous nanoparticles into nonaqueous
solvents. To further demonstrate the universality of the poly-
merization-dissolution strategy, the phase transfer of SiO,,
Si0,@TiO, and resorcinol-formaldehyde (RF) polymer spheres
was also studied (Fig. 5). These well-defined nanoparticles with
excellent uniformity and controlled morphologies can easily be
obtained in aqueous phase while it has been extremely difficult
to directly synthesize them in organic media. As shown in Fig. 5,
polystyrene-capped SiO,, SiO,@TiO, and RF spheres were ob-
tained following the same procedures. All three particles were
effectively transferred to nonaqueous solvents. The aggregate-
free nature of the toluene dispersions of these nanoparticles

Fig.5 TEMimages of (a) SiO,, (b) SiO,@PS and (c) polystyrene-capped
SiO,, (d) SiO,@TiO,, (e) SiO,@TiO,@PS, (f) polystyrene-capped
SiO,@TIO,, (g) resorcinol-formaldehyde (RF), (h) RF@PS and (i) poly-
styrene-capped RF.

This journal is © The Royal Society of Chemistry 2017
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was well supported by the DLS measurement, showing the
narrow distribution of particle size with a single peak for each
sample (Fig. S37).

Both the synthesis of core-shell structured nanoparticles via
seeded emulsion polymerization and the dissolution of poly-
styrene by toluene have been known for decades. However, to
the best of our knowledge, the combination of these two
processes to transfer aqueous nanoparticles to nonaqueous
solvents has been rarely reported. Our polymerization-dissolu-
tion route represents a general and robust phase transfer
strategy with many unique features compared with ligand-
exchange methods. First, the transferred nanoparticles can be
dispersed in various nonpolar and polar aprotic solvents that
are compatible with polystyrene polymers. Second, the strategy
allows for the transfer of aqueous nanoparticles with a 100%
efficiency. Third, the long polymer chains covalently bonded to
the particle surface provides strong steric stabilization to ensure
the superior dispersity and long-term colloidal stability of
polystyrene-capped nanoparticles in nonaqueous solvents.
Besides, both the NP@PS and polystyrene-capped nanoparticles
can be stored in a power form which can be quickly re-dispersed
in solvents before usage. Last but not the least, this strategy is
general and robust for transferring many types of aqueous
nanoparticles with different morphologies, sizes, compositions
and properties. Presumably, the most striking part of our
strategy is that nanostructured materials that are difficult to
produce in nonaqueous environments can now become avail-
able as the stable dispersion form in nonpolar and polar aprotic
solvents, which is expected to bring up new exciting applica-
tions in the near future.

Conclusions

In summary, we report a general and robust polymerization—
dissolution strategy for the phase transfer of aqueously
synthesized nanoparticles into nonpolar and polar aprotic
solvents with a 100% efficiency. The polystyrene chains that are
covalently bonded to particle surface provides strong steric
stabilization, resulting in superior dispersity and long-term
colloidal stability in solvents. The present strategy also allows
the storage of nanoparticles in the powder form that can be re-
dispersed in solvents, which is more convenient for practical
applications. We demonstrate the universality of this process in
the phase transfer of Au nanorods and nanospheres, SiO,,
SiO,@TiO, and RF sphere, which just represents a few examples
of transferable hydrophilic nanoparticles with different
morphologies, sizes, compositions, functions and surface
properties. Future work will be focused on phase transfer of
functional hydrophilic nanoparticles and their applications in
diverse areas, such as organic catalysis, optoelectronics, organic
light emitting diodes and energy conversion.

Experimental section

Chemicals

Trisodium citrate (TSC), HAuCl,, PVP (M.W. = 40 000), AgNO3,
t-ascorbic acid, ammonium hydroxide (NH,OH, 28%),

This journal is © The Royal Society of Chemistry 2017
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hydroxypropyl cellulose, titanium tertbutoxide (TBOT, 97%),
resorcinol, formaldehyde (37%), [3-(methacryloyloxy)propyl]tri-
methoxysilane (MPS, 98%), sodium dodecyl sulfate (SDS),
styrene (99%), potassium persulfate (KPS) were obtained from
Sigma Aldrich. Sodium oleate, CTAB, tetraethylorthosilicate
(TEOS, 96%) were purchased from Tokyo Chemical Industry
(TCI). All chemicals were used as received.

Synthesis of Au nanorods

Au nanorods were synthesized through a seed-assisted growth
method in a binary surfactant system reported by Ye et al.” The
seed solution was prepared through the reduction of HAuCl, by
NaBH,. In a typical synthesis, sodium oleate (0.124 g), CTAB (0.7
2), AgNO; (1.6 mL, 4 mM), HAuCl, (0.984 mL, 25.4 mM) and HCI
(0.3 mL, 37 wt%) were mixed in 50 mL of water. Under vigorous
stirring, the r-ascorbic acid solution (0.125 mL, 64 mM) and the
seed solution (0.06 mL) were then added. The reaction was
continued at 30 °C for 4 h. The as-prepared Au nanorods were
centrifuged at 5000 rpm for 10 min, and re-dispersed in 2 mL of
water. Then 60 mg of poly(sodium-4-styrenesulfonate) (PSS) and
2 mg of NaCl were added into the Au nanorod solution. After
magnetic stirring overnight, the Au nanorods were collected by
centrifugation and re-dispersed in 30 mL of water. Then PVP
solution (M.W. 55 000, 20 mL, 12.8 ¢ L") was then added under
stirring. After 12 h of stirring, the PSS-PVP-modified Au nano-
rods were centrifuged and re-dispersed in 1 mL of water with
a final concentration of 5.6 mg mL ™.

Synthesis of Au nanospheres

Spherical Au nanoparticles were prepared via the reduction of
HAuCl, with TSC at 100 °C according to a reported recipe.** In
a typical synthesis, an aqueous TSC solution (3 mL, 4 wt%) was
added into a boiling HAuCl, aqueous solution (63 mL, 1.2 mM)
under vigorous stirring. The yellow solution turned colorless, then
black, and finally deep red, indicating the formation of Au nano-
particles. The obtained products were centrifuged at 11 000 rpm for
20 min to remove the residual reactants. To prevent the possible
aggregation, an aqueous PVP solution (M.W. = 40 000, 4.7 mL,
12.8 g L") was added and stirred overnight to ensure the adsorp-
tion of PVP on the surface of Au nanospheres. The PVP-modified Au
nanospheres was collected by centrifugation and re-dispersed in 8
mL of water with a final concentration of 1.8 mg mL "

Synthesis of SiO, spheres

SiO, NPs were prepared by a modified Stober method reported
by Yin et al.** In a mixed solution of water (24.8 mL), ethanol
(61.7 mL) and ammonium hydroxide (9 mL, 28 wt%), TEOS (4.5
mL) was rapidly added under vigorous stirring. After stirring for
3 h, the white products were separated through centrifugation,
cleaned with ethanol for three times, and finally re-dispersed in
10 mL of ethanol.

Synthesis of SiO,@TiO, spheres

SiO,@TiO, spheres were obtained by coating a thick TiO, shell
on the surface of the obtained SiO, NPs.* Briefly, 3.8 mL of SiO,
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colloid was mixed with hydroxypropyl cellulose (0.1 g), ethanol
(21.2 mL) and water (0.1 mL), and stirred for 1 h to form solu-
tion A. TBOT (1 mL) was mixed with ethanol (5 mL) to form
a mixing solution B, which was injected into the solution A
through a syringe pump at 0.5 mL min*, followed by refluxing
for 2 h under stirring. The as-prepared SiO,@TiO, spheres were
isolated through centrifugation, cleaned with ethanol for three
times, and finally re-dispersed in 10 mL of ethanol.

Synthesis of resorcinol-formaldehyde resin (RF) spheres

RF spheres were prepared through a reported Stober method.**
Typically, ammonium hydroxide (NH,OH, 0.1 mL, 28%) was
mixed with ethanol (8 mL) and water (20 mL), and stirred for 1 h.
Then resorcinol (0.2 g) was added, followed by the addition of
formaldehyde (0.28 mL). The solution was stirred for 24 h and
transferred into a Teflon-lined autoclave, followed by hydro-
thermal treatment at 100 °C for 48 h. The as-prepared RF spheres
were collected through centrifugation, cleaned with ethanol for
three times, and finally re-dispersed in 10 mL of ethanol.

Surface modification

The obtained nanoparticles were functionalized with a coupling
agent, [3-(methacryloyloxy)propyljtrimethoxysilane  (MPS),
which containing a C=C double bond. In a typical procedure, 1
mL of PSS-PVP-modified Au NRs (5.6 mg mL ") or 1 mL of PVP-
functionalized Au NPs (1.8 mg mL~") was added into a mixing
solution of ethanol (20 mL) and water (1 mL). Then NH,OH (0.4
mL, 30 wt%) was added, followed by the addition of 140 uL of
MPS/TEOS mixture (volume ratio = 2 : 5). After stirring for 2 h,
the samples were collected through centrifugation, and re-
dispersed in 1 mL of ethanol. For SiO,, SiO,@TiO,, and RF
spheres, the particle surfaces were directly grafted with MPS. In
a typical reaction, 2 mL of SiO, (or SiO,@TiO,, RF) dispersion
was mixed with isopropanol (20 mL) and MPS (100 pL), followed
by refluxing at 80 °C for 2 h. The colloids were isolated by
centrifugation and re-dispersed in 2 mL of ethanol as the seed
solution for the subsequent seeded emulsion polymerization
process.

Synthesis of NP@PS core-shell nanostructures

The MPS-grafted “seeds” (5.6 mg for Au nanorods, 1.8 mg for Au
nanospheres) were firstly dispersed in 20 mL of water and
ethanol mixture (Viyater/Vethanot = 5/15 for Au nanoparticles and
nanorods; Vyater/Vethanot = 15/5 for SiO,, SiO,@TiO,, and RF
spheres). After degassing with N, for 30 min, 1 mL of SDS
aqueous solution (3 mg mL ') and 0.3 mL of styrene were
introduced into the reaction. The reaction temperature was
raised to 75 °C. An aqueous solution of KPS (0.5 mL, 20 mg
mL ") was injected to initiate the polymerization process. After
reacted at 75 °C for 7 h, the products were isolated by centri-
fugation, cleaned with ethanol for 3 times, and dried at 60 °C.

Phase transfer of NP@PS core-shell nanostructures

A certain amount of toluene was added into the dried NP@PS
samples to dissolve the polystyrene layer. A colloidal dispersion
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was rapidly formed in a few minutes, indicating the successful
transfer into toluene. Possible free polystyrene chains are
removed by centrifugation. To transfer the samples into other
solvents, toluene was evaporated or removed by centrifugation
and the target solvent was added to form a stable colloidal
dispersion.

Characterization

Transmission electron microscopy (TEM) images were collected
with LaB6 TEM (TECNAI G2, FEI), operating at 200 kV. The
absorption spectra of Au NPs and NRs were measured by an
Ocean Optics DH2000BAL-UV-NIR spectrometer. The particle
size distribution was measured on a MALVERN ZEN3690
system.
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