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ABSTRACT

We present a versatile synthetic method for photo- and pH-sensitive composite nanoparticles using
a combined use of reversible addition-fragmentation chain transfer (RAFT) and atom transfer radical
polymerization (ATRP). Crosslinked nanoparticles of a random copolymer composed of methyl
methacrylate (MMA), 4-vinylbenzyl chloride (VBC) and divinylbenzene (DVB) were first synthesized
using RAFT miniemulsion polymerization in aqueous solution. This was followed by solvent exchange
through extraction and dialysis that allowed the nanoparticles to be transferred to and highly
swollen in an organic solvent (anisole or THF). By dissolving a monomer of a stimuli-responsive
polymer in the solution, subsequent ATRP grafting polymerization could be initiated by halide groups
on the swollen nanoparticle, resulting in larger composite nanoparticles. Photosensitive poly-
(1-pyrenylmethyl methacrylate) (PPyMA) and pH-sensitive poly(dimethylaminoethyl methacrylate)
(PDMAEMA) were incorporated in the composite nanoparticles, and their photo- and pH-responsive
behaviors were investigated. With this method, monomers soluble in organic solvents can be used in
conjunction with emulsion polymerization in aqueous solution to design functional composite

nanoparticles.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Much effort has been devoted to the use of emulsion polymer-
ization to prepare composite latex particles that combine proper-
ties of more than one polymer. The most used method consists in
polymerizing a first monomer in aqueous solution, which leads to
the formation of seed particles, and then adding a second monomer
followed by its polymerization [1-5]. This procedure allows for the
formation of core-shell particles of two polymers, with the actual
morphology controlled by thermodynamic and kinetic parameters
[6]. For instance, to reduce the interfacial tension between two
immiscible polymers A and B, methods were developed in which
a small number of graft [7] or block copolymer [6] composed of A
and B can be formed during the reaction that acts as a compatibi-
lizing agent for the two constituent polymers. However, this
method generally requires that the two monomers be in the liquid
form, which limits the number of usable monomers and renders
the synthesis of stimuli-responsive composite nanoparticles diffi-
cult, because, for example, most monomers for photo-responsive
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polymers are solid under ambient conditions. Recent efforts in
exploiting the controlled radical polymerizations offer possible
solutions to this problem. Among many reports, Jhaveri et al.
showed that particles of a polymer bearing bromine groups could
be prepared using surfactant-free emulsion polymerization,
collected and redispersed in an organic solvent due to the highly
crosslinked nature (using a trimethacrylare monomer as the
crosslinker); with bromine groups exposed on the surface, surface-
initiated atom transfer radical polymerization (ATRP) could be used
to graft a second polymer resulting in core-shell nanoparticles [8].
Zhang and Stover used precipitation copolymerization to prepare
lightly crosslinked and thus swellable microspheres that, after
modification to introduce bromine groups, were served as ATRP
macroinitiators to graft a second polymer from an outer layer and
the surface of the microspheres (diameter ~4um for the
composite particles) [9]. In this paper, we report a modified version
inspired by these approaches, which is based on the use of swel-
lable nanoparticles (not microspheres) to graft a second polymer
from the inside, and show that it is a general and versatile method
for the synthesis of photo- and pH-sensitive polymer composite
nanoparticles.

The approach is schematically illustrated in Fig. 1a. Firstly,
a reversible addition-fragmentation chain transfer (RAFT)
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Fig. 1. (a) Schematic illustration of the synthetic approach based on solvent exchange and swelling of the seed nanoparticles prior to grafting polymerization. (b) General reaction

scheme showing chemical structures of the stimuli-responsive composite nanoparticles.

miniemulsion polymerization is carried out in aqueous solution to
produce crosslinked nanoparticles containing halide groups. This is
followed by a solvent exchange process through extraction and
dialysis against a chosen organic solvent, leading to solubilized and
highly swollen nanoparticles. Then a second monomer is dissolved
in the solution for polymerization through ATRP. Due to the
swelling of the nanoparticles that exposes halide groups to
the reactive solution, the ATRP is expected to start not only from the
surface but also from the inside of the nanoparticles. In this way the
resultant composite nanoparticles should have the second polymer
emanate from the interior to surface. Given that the two polymers
are immiscible, microphase separation should occur in the graft
copolymer and allows for the compartmentalization of the nano-
particles. To demonstrate this method, we prepared photo- and pH-

sensitive composite nanoparticles. As shown in Fig. 1b, the initial
polymerization (RAFT miniemulsion) of methyl methacrylate
(MMA), 4-vinylbenzyl chloride (VBC) and divinylbenzene (DVB)
gives crosslinked nanoparticles dispersed in aqueous solution; after
their transfer to and swelling in an organic solvent containing
a second monomer, the subsequent polymerization (ATRP), enabled
by VBC units [10-12], results in grafts of either photosensitive
poly(1-pyrenylmethyl methacrylate) (PPyMA) or pH-sensitive poly-
(dimethylaminoethyl methacrylate) (PDMAEMA). Note that
although the crosslinked nanoparticles could be prepared using
normal emulsion polymerization, RAFT was chosen with the
purpose of investigating the combined use of two controlled radical
polymerization methods in preparing such composite functional
nanoparticles.
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Table 1

Conditions for RAFT miniemulsion polymerization.

Sample Water (g) MMA (g) DVB (g) VBC (g) KPS (g) Hexadecane (g) Brij98 (g) CPDB (g) Stirring Speed (rpm) Dﬂ'-s (nm) DM (nm)
1 10 0.860 0.910 0 0.027 0.05 0.5 0.066 1000 120 80

2 8 0.750 0.078 0.44 0.027 0.05 0.5 0.066 600 352 180

3 10 0.750 0.078 0.44 0.027 0.05 0.5 0.066 700 319 125

4 10 0.750 0.078 0.67 0.027 0.06 0.6 0.066 600 338 -

5 10 0.375 0.078 0.67 0.027 0.06 0.6 0.066 800 230 -

DB‘S, Hydrodynamic diameter determined by DLS; DSV, average diameter determined by SEM; MMA, methyl methacrylate (monomer); DVB, divinylbenzene (crosslinker);
VBC, vinylbenzyl chloride (ATRP initiator); KPS, potassium persulfate (initiator); Brij98, polyoxyethylene (20) oleyl ether (surfactant); Hexadecane (co-surfactant); CPDB, 2-(2-

Cyanopropyl) dithiobenzoate (chain transfer agent).

2. Experimental section
2.1. Materials

All chemicals were purchased from Aldrich. Methyl methacry-
late (MMA, 98%), divinylbenzene (DVB, 80%), 4-vinylbenzyl chlo-
ride (VBC, 90%) and 2-(dimethylamino) ethyl methacrylate
(DMAEMA, 99%) were passed through a basic alumina column
prior to use. 1-Pyrenylmethyl methacrylate (PyMA) was synthe-
sized using a reported method [13]. Tetrahydrofuran (THF, 99%)
was distilled from sodium benzophenone. Anhydrous anisole
(99.7%) and dichloromethane (DCM, 99.5%) were used received.
Copper(I) bromide (CuBr, 99.99%), N, N, N, N'N”- pentam-
ethyldiethylenetriamine (PMDETA, 99%), potassium persulfate
(KPS, 99.99%), polyoxyethylene (20) oleyl ether (Brij98, 99%) and
hexadecane were used without further purification. 2-(2-Cyano-
propyl) dithiobenzoate (CPDB) was synthesized using a literature
method [14].

2.2. Preparation of crosslinked nanoparticles using RAFT
miniemulsion polymerization

Crosslinked nanoparticles bearing ATRP initiating sites (VBC
units) were first synthesized using RAFT miniemulsion polymeri-
zation in aqueous solution. An example of reaction is detailed as
follows. KPS (27 mg, 0.1 mmol), Brij98 (0.5 g, 0.43 mmol) were
dissolved in 10 g of deionized water (0.56 mol) in a 25 mL round-
bottom flask. CPDB (66 mg, 0.3 mmol) was dissolved in a solution of
VBC (0.44¢g, 2.9 mmol), DVB (0.078 g, 0.6 mmol), hexadecane
(0.05 g, 0.22 mmol) and MMA (0.75 g, 8.7 mmol). Then, the liquid
mixture of monomers containing the chain transfer agent (CPDB)
was added dropwise into the aqueous solution at room tempera-
ture under nitrogen atmosphere. After 10 min sonification, the flask
was placed in a thermostat oil bath at 70 °C and the reaction last
2 h. The resulting nanoparticles were purified and transferred to an
organic solvent through a solvent exchange process as described
below.

a
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Fig. 2. (a) Change in the distribution of hydrodynamic diameters, (b) SEM image of PMMA nanoparticles cast from an anisole solution, and (c) SEM image of the composite

nanoparticles of PMMA-g-PPyMA obtained after ATRP grafting in the anisole solution.
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Fig. 3. (a) Change in the distribution of hydrodynamic diameters, (b) SEM image of PMMA nanoparticles cast from a THF solution, and (c) SEM image of the composite nanoparticles

PMMA-g-PDMAEMA obtained after ATRP grafting in the THF solution.

2.3. Solvent exchange

Following the miniemulsion polymerization, the aqueous solu-
tion was poured into a solvent of DCM/H,0 (5/1, v/v) and the
mixture was stirred for 30 min. After it was laid for 1 h, the sepa-
rated aqueous phase (top layer) containing the surfactant Brij98
and initiator KPS was removed, while the organic phase (bottom
layer) containing the crosslinked nanoparticles, unreacted mono-
mers and hexadecane (co-surfactant) was collected. Following
evaporation of most DCM at room temperature, the solution was
further purified by dialysis against THF for one week to remove
unreacted monomers and possible surfactant molecules solubilized
in dichloromethane. As described below, for the ATRP grafting of
DMAEMA at 60 °C, THF was the solvent for the second monomer.
However, for the grafting of PyMA at 90 °C, THF was replaced by
anisole by evaporation followed by dialysis against anisole.

2.4. Synthesis of composite nanoparticles using ATRP

After crosslinked nanoparticles bearing chlorine groups (initi-
ating sites) were solubilized and highly swollen in THF or anisole,

grafting either photoactive PPyMA or pH-sensitive PDMAEMA
through ATRP. For each of the two composite nanoparticles,
a typical example of reaction conditions is given.

(1) Grafting of PPyMA: Cu(I)Br (13.68 mg, 0.095 mmol), PMDETA
(32.8 mg, 0.19 mmol) and PyMA (0.86 g, 2.85 mmol) were first
dissolved in 10 mL of anisole; the solution was then mixed with
10 mL of an anisole solution containing ~60 mg of swollen
nanoparticles (sample 2 in Table 1) in a 25 mL round-bottom
flask. The reaction mixture was degassed three times using the
freeze—pump-thaw procedure and sealed under vacuum. After
30 min of stirring at room temperature, the flask was placed in
an oil bath preheated to 90 °C and the reaction last for 24 h.
With the nanoparticles dispersed in solution, the copper salts
could not be removed by passing the solution through a neutral
alumina column. Instead, the solution was laid at rest to allow
the precipitation of the catalyst. Then diluted solution was
further purified by dialysis against THF to remove unreacted
monomers and remaining ATRP catalyst. 'H-NMR (CDCls),
6 (ppm): 8.19-7.99 (broad, 9H, aromatic pyrene), 5.89 (broad,

2H, -CH,0-, pyrene), 3.78 (s, 3H, CH30-, MMA), 1.97 (s, 3H,

stimuli-responsive composite nanoparticles could be prepared by CHs, MMA).

Table 2

Conditions for ATRP polymerization.

Sample Macroinitiator (mg) CuBr (mg) PMDETA (mg) Monomer (g) DRS (nm) DM (nm)
6 64 (Sample 3) 14.40 34.53 0.785 (DMAEMA) 509 223

7 60 (Sample 2) 13.68 32.80 0.860 (PyMA) 577 270

8 45 (Sample 4) 14.40 34.53 0.785 (DMAEMA) 536 =

9 45 (Sample 5) 14.40 34.53 0.785 (DMAEMA) 439 =

DE'—S, Hydrodynamic diameter determined by DLS; D™, average diameter determined by SEM; CuBr (catalyst of ATRP); PMDETA, ligand of ATRP.
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Fig. 4. "H-NMR spectra of (a) nanoparticles PMMA and (b) composite nanoparticles PMMA-g-PDMAEMA in CDCls.

(2) Grafting of PDMAEMA: Cu(I)Br (14.40 mg, 0.1 mmol), PMDETA
(34.53 mg, 0.2 mmol) and DMAEMA (0.785 g, 5.0 mmol) were
dissolved in THF; the solution was mixed with 5 mL of a THF
solution containing ~64 mg of nanoparticles (sample 3 in
Table 1). The reaction mixture was degassed three times using
the freeze-pump-thaw procedure and sealed under vacuum.
After 30 min of stirring at room temperature, the flak was
placed in an oil bath preheated to 60 °C and the reaction last
24 h. The resulting composite nanoparticles were purified by
using the procedure described above. 'H-NMR (CDCls),
0 (ppm): 4.09 (t, 2H, CH,0-, DMAEMA), 3.78 (s, 3H, CH30-,
MMA), 2.62 (t, 2H, CH,N-, DMAEMA), 2.21 (s, 6H, CH3N-,
DMAEMA), 1.97 (s, 3H, CH3-, MMA).

2.5. Characterizations

TH-NMR spectra were recorded on a Bruker Spectrometer
(300 MHz, AC 300). Dynamic light scattering (DLS) experiments were
performed using a Brookhaven goniometer (BI-200) equipped with
a highly sensitive avalanche photodiode detector (BI-APD), a digital
correlator (TurboCorr) that calculates the photon intensity autocor-
relation function g%(t), a helium-neon laser (1= 632.8 nm), and
a thermostat sample holder. The measurements were made at scat-
tering angle of 90°, and the distribution of hydrodynamic diameters
(Dy) of nanoparticles was obtained by a cumulant and CONTIN
analysis. UV-vis absorption and steady-state fluorescence emission
spectra were recorded using a UV-vis (Varian Cary50 Bio) and
a fluorescence spectrophotometer (Varian Cary Eclipse), respectively.
The excitation and emission slit widths were set at 5 nm, and the scan
rate was 10nms~L For UV irradiation of photosensitive nano-
particles, a solution (~3 mL) was filled in a standard quartz cell
(1 cm? cross section) under mild stirring, while UV light (365 nm,
500 mW cm 2, produced from a Novacure spot curing system) was
applied vertically from the top of the cell. SEM observations were
carried out using a Hitachi S-4700 Emission Gun Scanning Electron
Microscope; samples were prepared by deposing one drop of the
nanoparticle solution on a silicon wafer, followed by drying at room
temperature. A Hitachi H-7500 transmission electron microscope
(TEM) operating at 80 kV was used to examine the morphology. For
sample preparation, composite nanoparticles were embedded in the
cured epoxy resin, froze to —120 °C and microtomed. The slices were
then placed on warm water (35 °C) and transferred from the water
surface to 400-mesh Cu grids. The grids were dried and placed in
a chamber with RuQ4 for 15 min, removed, and examined.

3. Results and discussion

To facilitate the discussion, the initial nanoparticles obtained
after the RAFT miniemulsion polymerization of the mixture of
MMA, DVB and VBC are denoted as PMMA hereafter, while the
composite nanoparticles after the PMMA-initiated ATRP of PyMA
and DMAEMA are referred to as PMMA-g-PPyMA and PMMA-g-
PDMAEMA, respectively. The PMMA sample 2 in Table 1 was used to
polymerize PyMA in anisole, while the PMMA sample 3 was used to
polymerize DMAEMA in THF. The large swelling of PMMA after the
solvent exchange to either anisole or THF and the efficient grafting
of PPyMA and PDMAEMA by the swollen particle-initiated ATRP
were confirmed by DLS measurements and SEM observation. Fig. 2
shows the results for PMMA-g-PPyMA. According to DLS, the
average hydrodynamic diameter (Dy) of PMMA nanoparticles in
aqueous solution is about 186 nm; after transfer into anisole, Dy
increases to 352 nm, indicating a large swelling of the nanoparticles.
Following the ATRP of PyMA dissolved in the anisole solution, the
average Dy further increases to 577 nm for PMMA-g-PPyMA,
showing the successful grafting of the second polymer and the
formation of the composite nanoparticles. SEM images show the
sizes of dried nanoparticles before and after the ATRP and confirm
that the composite nanoparticles have a larger average size than the
initial PMMA nanoparticles. At the dried state, the nanoparticles are
much smaller than in the anisole solution, revealing again their
highly swellable nature and thus allowing polymerization of the
second monomer from the inside of the initial nanoparticles.

Similar conclusions can be drawn from Fig. 3 presenting the
results of PMMA-g-PDMAEMA, for which the ATRP was carried out
in THF. While the initial PMMA has an average Dy of 163 nm in
aqueous solution with a similar distribution width to the sample in
Fig. 2a, a different condition was purposely used for the solvent
exchange. By using a dialysis bag with a much greater cutoff
molecular weight (50,000 compared to 1000 for the results in
Fig. 2a), the dialysis against THF removed smaller PMMA so that the
swollen nanoparticles in THF (Dy ~ 319 nm) displayed a much
narrower distribution of Dy prior to the ATRP of DMAEMA. After the
grafting of PDMAEMA, the average size of the composite nano-
particles increased to Dy ~ 509 nm, while retaining a narrow
distribution of sizes. This result shows that by fractioning the
PMMA nanoparticle initiator, it is possible to prepare uniformly
sized composite nanoparticles.

Judging from the change in Dy, the grafting of both PPyMA and
PDMAEMA on PMMA resulted in a dramatic increase in the
hydrodynamic volume of the polymer nanoparticles (Figs. 2 and 3).
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500 nm

Fig. 5. Cross-sectional TEM image of composite nanoparticles PMMA-g-PPyMA.

It is unlikely that this increase was only due to the grafting of either
PPyMA or PDMAEMA chains on the surface of PMMA nanoparticles.
Considering that the grafting polymerization takes place from
inside the swollen nanoparticles, the resulting composite nano-
particles could have a different solubility in the used organic
solvent that results in an increased swelling of the crosslinked
nanoparticles. This assumption is qualitatively supported by the
observed change in Dy of the composite nanoparticles in response
to pH change or a photoreaction, as will be shown later. In other
words, the large increase in Dy of the composite nanoparticles
could be caused by an enhanced particle swelling in addition to the
grafting of the second polymer.

Table 1 shows the conditions used to prepare different PMMA by
RAFT miniemulsion polymerization. It is known that the size of
polymer particles prepared by using this method is determined by
factors such as the molar ratio of MMA to water, the molar ratio of
surfactant to MMA and the stirring speed. Under the used

conditions, PMMA nanoparticles with slightly different sizes were
obtained. Summarized in Table 2 are the conditions used to
synthesize the composite nanoparticles with two PMMA initiators
(samples 2 and 3 in Table 1). In all cases, it was difficult to deter-
mine precisely the actual composition of the composite nano-
particles by 'TH-NMR because they could only be swollen in solution
so that the resonance signals of less-well-solvated regions, likely to
be near the particle center, appear weak and broad. Nevertheless,
an estimate could be done from the NMR measurements. As an
example, Fig. 4 shows the spectra of PMMA (sample 3 in Table 1)
and PMMA-g-PDMAEMA (sample 6 in Table 2). For the nanoparticle
initiator, the comparison of the integrals of the characteristic
resonance peaks of MMA at 3.78 ppm and VBC at 4.6 ppm suggests
that the amount of VBC bearing the ATRP initiating sites be about
5 wt% of that of MMA (Fig. 4a). Even though the content of DVB
could not be determined with certainty, the weak resonance signals
of phenyl protons around 7 ppm, overlapped with those of VBC,
suggests a weak crosslinking degree for the PMMA nanoparticles.
The highly swollen state of the particles in organic solvents (Figs. 2
and 3) also implies a weak crosslinking degree. For the composite
nanoparticle after ATRP, the grafting of PDMAEMA is indicated by
the resonance peak at 4.1 ppm; the integral of this peak relative to
the peak of MMA at 3.78 ppm suggests a content of ~77 wt% of
PDMAEMA with respect to MMA (Fig. 4b), i.e., about 43.6% of the
grafted polymer in the composite nanoparticles. Similar NMR
analyses yielded ca. 44.2% of PPyMA in the composite nanoparticle
of PMMA-g-PPyMA (sample 7). TEM was used to observe the
morphology of composite nanoparticles. Fig. 5 shows a cross-
sectional image of PMMA-g-PPyMA. A heterogeneous morphology
can be noticed from the contrast, with dark regions probably
belonging to PPyMA because of concentrated aromatic moieties. No
core-shell morphology was observed, implying that the grafting of
PPyMA could take place from the interior of the nanoparticles due
to the highly swollen state in the reaction solution. Image obtained
with PMMA-g-PDMAEMA are not clear presumably due to the
difficulty in staining the microdomains (PDMAEMA has no phenyl
groups).
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Fig. 6. (a) Fluorescence emission spectra (Aex =315 nm) and (b) distribution of hydrodynamic diameters of the photosensitive composite nanoparticles PMMA-g-PPyMA in THF/
water (90/10, w/w) before and after UV irradiation (365 nm, 500 mW/cm?, 3 mL solution).
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Fig. 7. (a) Pictures of nanoparticles PMMA (left) and composite nanoparticles PMMA-g-PDMAEMA (right) redispersed in water. (b) Change in the distribution of hydrodynamic

diameters of PMMA-g-PDMAEMA in response to a change in pH.

Before presenting the results on the stimuli-responsive behav-
iors of the composite nanoparticles, a question can be raised: does
the presence of RAFT end groups in the PMMA particles have effect
on the subsequent ATRP grafting of the second polymer? Nicolay
et al. investigated the use of an initiator compound comprising
a trithiocarbonate moiety and two bromine chain ends for ATRP of
MMA [15]. They found that depending on the ligand used for the
copper catalyst, the polymerization could either proceed only
through ATRP (from bromine chain ends) or through both ATRP and
RAFT (from trithiocarbonate moiety). Therefore, it is possible that
the residual RAFT end groups in the PMMA particles could
contribute to the grafting of the second polymer under the ATRP
conditions. To check this possibility, the following control test has
been performed. Crosslinked nanoparticles bearing dithioester end
groups but without benzyl chloride groups were first prepared
through RAFT miniemulsuion polymerization, using the same
conditions as for sample 3 in Table 1 except that no VBC was used as
a comonomer; they were then used to conduct ATRP of DMAEMA
using exactly the same conditions as for sample 6 in Table 2. The
'H-NMR measurement showed the grafting of about 6 wt% of
PDMAEMA with respect to MMA. As compared to ~77 wt% of
PDMAEMA in the composite nanoparticles prepared using sample 3
with VBC units as the ATRP initiator, this result indicates that the
residual dithioester end groups in the crosslinked nanoparticles
could contribute to the growth of the second polymer, but the effect
was small with respect to the grafting through ATRP initiated by
benzyl chloride groups. In addition to the use of an ATRP-effective
catalyst, a much larger concentration of VBC side groups than
dithioester end groups is likely another reason for the dominant
ATRP contribution.

Using this two-step method, in principle any ATRP monomer
soluble in an organic solvent can be polymerized and grafted to the
initial nanoparticles, prepared using emulsion polymerization in
aqueous solution, through an appropriate solvent exchange and
a light crosslinking for swelling. This offers a means to design
functional composite nanoparticles that, for example, respond to
stimuli such as light and pH change. The two polymers grafted to
PMMA nanoparticles were chosen to demonstrate this possibility.
Of them, PMMA-g-PPyMA is photosensitive due to the photo-
solvolysis of pyrenylmethyl esters [16]. The photoreaction was
investigated with the composite nanoparticles dissolved in a mixed
solvent of THF/water (90/10 w/w) (the presence of a protic solvent
is required for the photosolvolysis reaction) and by exposing the
solution to a UV light (3 mL solution, UV intensity 500 mW/cm?).

The photoreaction is shown in Fig. 6, along with fluorescence and
DLS measurement results. The photoinduced cleavage of pyr-
enemethanol accounts for the fluorescence emission spectral
changes. Before irradiation, with excitation at 315 nm, the fluo-
rescence emission of pyrene excimers around 478 nm is predomi-
nant, which is normal for a polymer bearing pyrene moieties as side
groups (PPyMA). While with increasing the UV irradiation time, the
monomer emission of pyrene at 380-410 nm becomes more and
more prominent at the expense of the excimer emission, which
indicates the continuous removal of pyrenemethanol from the
nanoparticles into the solution (Fig. 6a). By converting pyr-
enylmethyl methacrylate side groups to methacrylic acid groups for
PPyMA, the photoreaction changes the chemical composition of the
composite nanoparticles and thus the solubility toward a given
solvent. This photoinduced effect leads to a change in the average
size of the nanoparticles in the solution, which can be seen from the
shift of the distribution of Dy as measured by DLS (Fig. 6b). The
decrease in the average Dy after UV irradiation corresponds to
a volume contraction of the nanoparticles by about 34%.

To observe the pH-sensitivity of PMMA-g-PDMAEMA, the
composite nanoparticles need to be dispersible in water. This
indeed is the case as shown by the photos in Fig. 7a. PMMA-g-
PDMAEMA composite nanoparticles were synthesized in THF; after
drying they could be redispersed in water by sonification giving rise
to a clear solution. By contrast, under the same preparation
conditions, the initial PMMA nanoparticles without water-soluble
PDMAEMA could not be redispersed, resulting in a turbid solution.
At room temperature and pH ~ 6.6, the DLS measurement showed
an average Dy of 440 nm for PMMA-g-PDMAEMA. As expected, this
size is smaller than that of nanoparticles fully solubilized in THF
(509 nm, Fig. 3a), because PMMA is insoluble in water. The
apparent water-solubility is clearly provided by the PDMAEMA
component. However, when pH was increased to 12, the deproto-
nation of DMAEMA units made PDMAEMA also insoluble in water
[17], resulting in a contraction of the composite nanoparticles by
about 35%, with the average Dy down to 382 nm.

4. Conclusions

In this paper, we presented a versatile method for the synthesis
of photo- or pH-responsive composite nanoparticles. It started with
the RAFT miniemulsion polymerization of a mixture of monomers
(MMA, VBC and DVB) in aqueous solution, producing crosslinked
nanoparticles stabilized by surfactants. After a solvent exchange
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process via extraction and dialysis, surfactant-free nanoparticles
were transferred into an organic solvent (anisole or THF), solubi-
lized and highly swollen. By dissolving the monomer of a stimuli-
responsive polymer (PyMA or DMAEMA) in the solution, the ATRP
grafting polymerization of the monomers could be initiated by the
initial nanoparticles, leading to composite nanoparticles of the graft
copolymer. We demonstrated the efficiency and versatility of this
method by introducing photosensitive PPyMA and pH-sensitive
PDMAEMA into the composite nanoparticles. The interest of this
method is that it provides a general means to explore many
monomers in the preparation of functional (such as stimuli-
responsive) composite nanoparticles in conjunction with emulsion
polymerization in aqueous media. With a swollen nanoparticle
initiator, the grafting of the stimuli-responsive polymer can
proceed from the interior of nanoparticles (volume initiation). This
also provides a way to develop multicompartment polymer nano-
particles based on the microphase separation, which differs from
the well-known core-shell morphology obtained by using particle
surface-initiated polymerization.
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