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ABSTRACT: Hyperbranched polyethylenimine (HPEI) is
a highly polar, multifunctional polymer bearing active
amines throughout its globular structure. In this article,
the amino protons, which were incompatible with living
radical polymerization techniques, were alkylated with
propylene oxide, leading to tertiary amines and hydroxyls,
and part of the hydroxyl groups were further transformed
into xanthate groups. The HPEI-xanthate could mediate
the polymerization of styrene, leading to a star-like, multi-
arm amphiphilic polymer. It was found that the polymer-

ization was a hybrid of living and conventional radical
processes. The resulting amphiphilic, core-shell-structured
polymer existed as a unimolecular micelle (UIM) in apolar
solvent and could irreversibly encapsulate water-soluble
anionic dyes. At high pH, the encapsulated dyes could be
partly released. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
113: 3702-3709, 2009
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INTRODUCTION

Unimolecular (inverted) micelle (UIM)' has evoked
much interest in the field of supramolecular chemis-
try.* Encapsulation by UIM can favor the solubili-
zation, protection, and sequestering of guest objects.
The noncovalent incorporation can be driven by top-
ological trapping,” H-bonding interaction,® hydro-
phobic interaction,” electrostatic interaction,® metal—
ligand interactions,”™' n—r stack,'? or the combina-
tion of them. Voit and coworkers' showed that a
core-shell-structured amphiphile composed of a shell
of dodecyl and a core of hyperbranched polyester
could form blends with polyethylene and polypro-
pylene, and the polar core could accommodate
water-soluble dye while the apolar shell could inter-
act with the polymer matrix, which led to homoge-
neous distribution of the dye and easy colorization
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of the polymer matrix. Similarly, in principle, an
amphiphilic macromolecular nanocapsule with a
shell of polystyrene should conveniently form
blends with polystyrene, and with a polar core, the
nanocapsule can encapsulate a variety of water-
soluble, low, or nontoxic dyes, providing alternative
means for the colorization of polystyrene.
Dendrimer or dendrimer-based UIMs'*'® could
encapsulate various guests but were tedious in syn-
thesis, whereas UIM derived from hyperbranched
polymer was more cost-effective. Hyperbranched
polymer'® is among the preferred parent compounds
for the construction of UIM, and UIM derived from
hyperbranched polymer has been widely used in
supramolecular encapsulation of a variety of
guests®'” " because of their topological feature.!
Hyperbranched polyethylenimine (HPEI) is a com-
mercially available, hydrophilic, multifunctional
polymer, with active amino protons distributed in
core through shell of the globular structure and con-
stitute a platform of a variety of chemical modifica-
tions. Core-shell amphiphiles based on HPEI were
synthesized via amidation, Michael addition, quater-
nization or alkylation of the amino groups, and the
resulting globular amphiphiles could be used as
nanocapsule in host-guest chemistry.”*>®* However,
to date, most of the derivatives were obtained by
modification with small molecules, the drawback of
such amphiphilic derivative of HPEI included their
tendency to aggregate®” and limited miscibility
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with polymer matrix. Usually, aggregation greatly
suppresses the guest-encapsulating capacity of the
host UIM and is unfavorable for the homogeneous
distribution of the UIM in a polymer matrix. It was
found that for some core-shell amphiphiles, increas-
ing the shell density could suppress the tendency of
aggregation, but in some cases, increase the shell
density was insufficient to suppress the aggregation.
Increasing the shell thickness could be an alternative
way to suppress aggregation, especially when the
shell was a macromolecule, where only a few
reports appeared.’** As far as we know, (living)
radical polymerization on HPEI has not appeared.

With the advent of living radical polymerization
techniques such as nitroxide-mediated polymeriza-
tion (NMP),**?! atom transfer radical polymerization
(ATRP),*** polymerization controlled by reversible
addition-fragmentation chain transfer (RAFT)** or
macromolecular design via the interchange of xan-
thates (MADIX),* systematical design of the shell of
a UIM becomes feasible or possible. However for
HPEI, modification via living radical polymerization
has never been reported, because amino proton is
incompatible with living radical polymerization
techniques. Zheng and Pan® reported RAFT poly-
merization on polypropylenimine (PPI) dendrimer,
but the terminal amino groups had to be 100%
modified to ensure a living character. In this article,
we showed that by alkylation of the active amino
protons with the simultaneous production of
hydroxyl groups, and by further transformation of
partial hydroxyl groups into RAFT/MADIX chain
transfer agent, polystyrene could be introduced onto
HPEI as the shell while the core retain polarity. In
this way, amphiphile with polar core and apolar pol-
ystyrene shell could be obtained, such a structure
was favorable for the incorporation of polar guests
and interaction with polystyrene matrix. Addition-
ally, the core was pH-responsive and thus pH trig-
gered releasing of the guests was possible.

EXPERIMENTAL
Materials

HPEI [Aldrich, M,, = 1 x 10*, M,,/M,, = 2.5, degree
of branch (DB) = 60%, the molar ratio of NH, : NH :
N = 33 : 40 : 27*] and styrene (St) were distilled
under reduced pressure to remove the inhibitors.
o,0-Azobisisobutyronitrile (AIBN) (purity >99%)
was purified by crystallization from methanol. CS,,
benzyl bromide, methyl orange (MO), Congo red
(CR), rose Bengal (RB), and propylene oxide were all
purchased from Sinopharm Chemical Reagent, with
the highest purity available and used directly unless
stated otherwise.
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Measurements

The 'H-NMR spectra were recorded on a Varian
Gemini 2000 spectrometer (400 MHz), with the sol-
vent proton signal or TMS for reference. The num-
ber-average molecular weight (M,) and molecular
weight distribution (M,,/M,) were determined by
gel permeation chromatography (GPC) using Waters
150-C, calibrated with standard poly(styrene), eluent:
tetrahydrofuran, flow rate: 1 mL/min, sample concen-
tration: 10 mg/mL, injection volume 200 uL. Yields
were measured gravimetrically. UV—vis spectra were
recorded on a 760 CRT UV-vis spectrometer.
Dynamic laser light scattering (DLS) spectrometer
(Malvern Autosizer 4700) with a laser source of
wavelength at 532 nm as light source and a CONTIN
Analysis Mode was used.

Synthesis
N-Alkylation of HPEI with propylene oxide (2)

Propylene oxide (21 g, 0.36 mol) was added to a so-
lution of HPEI (1, 10.5 g, 0.244 molar equiv of
CH,CH,NH) in 45 mL of ethanol, the mixture was
kept under stirring at room temperature for 2 days.
The volatiles were removed under reduced pressure
to yield an extremely viscous, colorless liquid (2)
24.6 g (100% yield based on HPEI). Dialysis (Spec-
tro/Por, WMCO: 500) against chloroform for 24 h
did not reduce the mass, indicating no small molec-
ular contaminants in the product.

HPEI-xanthate (3)%”

KOH (5.36 g, 95 mmol) was added to a solution of 2
(4.04 g, 40 mmol of OH) in DMSO (20 mL) under
vigorous stirring at room temperature, followed by
addition of CS, (30.4 g, 400 mmol) slowly dropwise
and the system turned into red. After the addition,
within 1 hour, the system was allowed stirred for
another 12 h. Benzyl bromide (16.37 g, 95 mmol)
was added and the mixture was kept under stirring
for 48 h at room temperature. Chloroform (3 x 70
mL) was used to extract the reaction mixture, the
combined chloroform layer was washed with water.
The chloroform layer was separated, dried over
MgSQO,. After removal of the inorganic salt and part
of the chloroform, the residue was dropped into
ether, the precipitate was collected, purified by
repeat dissolution in chloroform, precipitation in
diethyl ether, and was finally dried in vacuum oven.
7.36 g yellow powder (3) was obtained.

Polymerization of St (4)

A typical experiment at molar ratio of [St]p : [xan-
thate], : [AIBN]y = 150 : 1 : 0.2 was carried out as
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follows: a mixture of St (8.74 g, 84 mmol), 3 (0.2 g,
0.56 mmol of xanthate groups), and AIBN (18 mg,
0.112 mmol) in DMF (1.0 mL) was degassed by bub-
bling with N, for 15 min, and then the solution was
charged evenly in six glass tubes under nitrogen
atmosphere and the tubes were sealed by flame. The
tubes were immersed in thermostatic oil bath at
60°C without stirring. After the desired time, the
mixture was cooled and diluted with chloroform,
followed by dropping into a large amount of ethanol
(95%) and collected by centrifugation. Purification
was carried out by repeating dissolution in chloro-
form and precipitation from ethanol, and finally
dried under vacuum at 60°C for 12 h.

The theoretic molecular weight of each arm could
be calculated by the following equation:

M,,(cald) = (moles of styrene)/(moles of xanthate)
x 104 x conversion + 125,

where 104 was the molar mass of St and 125 was
molar mass of the end group derived from xanthate.

Cleavage of the polystyrene (PS) arm from 4

Typically, to a solution of Polymer 4 (0.02 g) in THF
(3 mL), NaBH4 (0.01 g) in ethanol (0.5 mL) was
added, followed by stirring under sealed for 12 h.
The THF was removed by evaporation, the residue
was mixed with water, and the pH was adjusted to
3 with aqueous HCl. The mixture was extracted
with chloroform and the organic layer was sepa-
rated. The chloroform was concentrated on a rotary
evaporator and dropped into 95% ethanol under stir-
ring. The precipitate was collected, washed with
ethanol, and dried in vacuum oven at 60°C.

Dye encapsulation and releasing

To learn how many MOs could be loaded in one
Polymer 4, solution samples of 4 in chloroform were
prepared and exposed to different amounts of aque-
ous MOs, and the MOs transferred to the oil layer
were detected. Typically, aqueous MO samples at a
diversity of concentrations (4 mL each sample, 1 x
10°° - 1 x 10°* mol/L) were mixed with 4 at a
specified concentration (4 mL, 1 g/L) in chloroform
with vigorous shaking. Each mixture was allowed to
stand aside until the biphasic mixture became clear
(1-5 days) and the chloroform layer was separated
for UV—vis measurement. The UV—vis absorbance
was plotted against the concentration of MO, where
a turning point (saturation point) would generally
be found.

For the guest-releasing test, the aforementioned
chloroform solution of Polymer 4, which was satu-
rated with MO, was exposed to alkali water (pH =
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12). After vigorous shaking, followed by phase bal-
ancing, the aqueous layer was separated for UV—vis
measurement.

To learn if the dye-encapsulating ability of Poly-
mer 4 was dependent on its concentration, solution
samples of Polymer 4 were prepared with concentra-
tion varied between 10~° and 10°°M, and each sam-
ple was exposed to highly excessive MOs in water.
The MOs transported to the oil layer were measured
by UV—vis spectrometer, and the absorbance was
plotted against the concentration of 4, where a linear
relationship was an indication of UIM. In case the
absorbance was higher than 1 (or lower than 0.1),
the chloroform solution was diluted (concentrated)
until the absorbance fell within 0.1-1, and the mea-
sured absorbance value was amplified (reduced) to
equivalent concentration.

RESULTS AND DISCUSSION
Synthesis of HPEI-xanthate

To render the HPEI compatible with living radical
polymerization, the amino protons of HPEI had to
be 100% consumed. Although the terminal amino
protons of a PPI dendrimer were successfully trans-
formed into RAFT chain transfer agent,36 similar
transformation of all the amino protons of HPEI into
RAFT chain transfer agent was unattained. It was
known that an epoxy compound could efficiently
transform primary or secondary amine into tertiary
amine under mild condition, with the simultaneous
production of hydroxyl groups, so a synthetic route
was designed here, as shown in Scheme 1. The pro-
pylene oxide was selected for the complete transfor-
mation of the amino protons into alkyl.

Experimentally, a solution of HPEI was exposed
to excess of propylene oxide in absolute ethanol
under stirring for certain time at room temperature,
removal of the excess of propylene oxide and etha-
nol yielded a colorless, extremely viscous liquid in a
quantitative yield. '"H-NMR analysis (Fig. 1) showed
that the amino protons had been transformed, from
=NH to =NCH,CH(OH)CH; or from —NH, to
—N[CH,CH(OH)CHj3],.

The signal at 4.46 ppm was due to OH groups
(this signal disappeared from the 'H-NMR spectra
in the presence of D,0), a doublet peak at 1.0 ppm
was due to the methyl (—CHj;), and the singlet peak
at 3.62 ppm was due to the methine proton adjacent
to OH. The intensity of the three peaks was exactly
1 :3 : 1, indicating any of them resulted from the
ring opening of propylene oxide. Because of the ex-
istence of dense population of OH groups (242 OHs
per polymer, cf. Scheme 1), the modified polymer 2
was soluble only in polar solvents and H-bonding
complementary solvents such as dimethylformamide
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Scheme 1 Outline of the synthesis of core-shell amphiphile.

(DMEF), dimethyl sulfoxide (DMSO), water, pyridine,
methanol, and ethanol.

Partial OH groups of Compound 2 were further
derived into xanthate in DMSO with CS, and ben-
zyl bromide in the presence of KOH.* Here, com-
plete transformation of the OH groups to xanthates
was not desired mainly for two reasons: (1) the re-
sidual OH groups favored the polarity of the core,
and (2) high congestion of xanthate groups on a
globe scaffold was unfavorable for the control of
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rl . oH

&

AU

the polymerization.® After partial OH groups

transformed into xanthate of OC(=S)SCH,Ph,
which were nonpolar groups, the solubility of
Compound 3 in apolar solvents was somewhat
enhanced. The polymer was purified by repeated
dissolution in chloroform/precipitation in ether, the
purified polymer was subjected to 'H-NMR mea-
surement. Figure 2 shows that after the modifica-
tion, a feature peak due to the phenyl group
appeared at 7.0-8.0 ppm.
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Figure 1 'H-NMR of HPEI (right, CDCl;) and alkylated HPEI 2 (left, DMSO-d,).
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Figure 2 'H-NMR of xanthate-functionalized compound
3 (DMSO-dp).

To detect the exact ratio of OH groups being
modified, integration comparison of this peak with
the methyl group (around 1.0 ppm) was carried out,
it could be derived that 54% of the OH groups were
transformed into xanthate groups (141 xanthate
groups per polymer).

FTIR spectrum also supported the expected struc-
ture of Compound 3 (Fig. 3). The peak at 3428 cm '
was due to the OH group (it could not be due to
water because there was hardly any absorption at
1650 cmfl, which was characteristic of water), the
absorption at 3023, 1600, 1497, 1450 cm ™! were due
to phenyl group. The peaks at 760 and 700 cm ™'
were characteristic of monosubstituted phenyl.

Controlled polymerization of styrene

It was known that the xanthate group like Com-
pound 3 was RAFT/MADIX mediator for the living
radical polymerization of unconjugated vinyl mono-
mers, single xanthate with similar structure had
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Figure 3 FTIR spectrum of Compound 3 (cf. Scheme 1).
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been successfully used for the living radical poly-
merization of vinyl acetate®” and N-vinyl
amides,””*’ but was less efficient to control the poly-
merization of conjugated monomers such as styrene
and acrylic monomers. Compound 3 was designed
for the controlled polymerization of vinyl acetate,
but it showed a limited solubility in the latter. Addi-
tion of DMF led to a homogeneous solution, but no
trace of polymerization was found for the solution
within 3 days heating at 60°C in the presence of
AIBN, similar inhibition was observed previously.*”
Compound 3 showed a better solubility in styrene,
but a small amount of DMF was still needed to
ensure complete dissolution. Polymerization of sty-
rene was found feasible, leading to Polymer 4. Fig-
ure 4 shows that the polymerization proceeded
rather quickly, 87% of yield was obtained for 24-h
reaction (see the "Experimental” section for polymer-
ization conditions), higher yield seemed to become
difficult under current conditions. The plot of
In[M]y/[M] versus time deviated from linear rela-
tionship, indicating that the polymerization was not
strictly living.

Direct GPC measurement of any of the as-pre-
pared star-like polymer in THF showed monomodal
traces. Figure 5 shows the GPC trace of one sample
of the as-prepared star-polymer. The molecular
weight was much lower than the calculated one
because of column affinity, which was due to the
amino groups in the core of the star-polymer. The
star-polymer was prepared via the Z-approach [the
multifunctional macromolecular core as Z group of
the chain transfer agent of ZC(=S)SR].*"™** The
merit of Z-approach was that star-star coupling
could be avoided, whereas the drawback was that
linear chain—chain coupling was enhanced due to
steric congestion, especially at high conversion or
high density of the chain transfer agent. That is, a
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1.0 4

0.5 - 20

B 0

T T T T T T T T
10 12 14 16 18 20 22 24 26
Time/h

Figure 4 Dependence of polymer yield and In[M]y/[M]
on reaction time. Polymerization condition: [St]y : [xan-
thate]y : [AIBN]y = 150 : 1 : 0.2, 60°C.
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Figure 5 GPC traces of Compound 4 before (star-poly-
mer) and after (PS arm) the cleavage of the PS arm (the
polymer was obtained with 87% of monomer conversion,
see Fig. 4).

peak due to the linear chain—chain irreversible cou-
pling did not appear most probably because of its
minor contribution and overlapping with the main
polymer trace. On the other hand, the PS arm could
be cleaved from the star-like polymer because the
xanthate group was base-labile. Employing NaBH,
could break the arms. To separate the PS arm, the
mixture was adjusted to acidic, the naked core was
protonized and became hydrophilic and moved to
the water phase, thus the PS arm could be separated
by extraction with chloroform. GPC analysis showed
that the molecular weight distribution of PS arm
was wide, typically within 1.95-2.60, and the mea-
sured molecular weight was much higher than the
calculated value (Fig. 6), but the molecular weight
increased with the conversion of monomer, indicat-
ing that the polymerization was controlled. It is
known that the xanthate is not an ideal mediator for
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Figure 6 Dependence of M, and M,/M, on polymer
yield (for polymerization condition see Fig. 4).
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the RAFT polymerization of styrene for its low chain
transfer ability, which usually leads to wide molecu-
lar weight distribution. On the other hand, most
probably not all xanthate groups took part in the
growth simultaneously due to the dense xanthate
groups on the HPEI surface. To prove this hypothe-
sis, O-ethyl-S-benzyl-xanthate® was synthesized and
employed as RAFT/MADIX mediator for the poly-
merization of styrene. It was found that the poly-
merization was similarly not well controlled (data
not shown): the molecular weight was higher than
the calculated one and the molecular weight distri-
bution was typically within 2.5-1.8, but with the
conversion of monomer, the molecular weight
evolved close to the calculated one. Different from
the O-ethyl-S-benzyl-xanthate, Compound 3 led to
polymer with molecular weight far from the calcu-
lated one even at high conversion of monomer. One
possible reason was that not all the xanthate groups
took part in the polymerization because of the shell
congestion.*®

Encapsulation and release of water-soluble dyes

Amphiphilic macromolecular nanocapsule derived
from HPEI could encapsulate a number of anionic
dyes and could undergo stimuli-triggered guest
release, but the guest-encapsulating ability was
greatly suppressed at high concentration because of

Figure 7 Upon the addition of Compound 4 [M,, (cald) =
446 x 105)] to the biphasic system of water/chloroform,
the chloroform-insoluble dyes of MO (A), CR (B), and RB
(C) completely moved from the water phase to the chloro-
form phase. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 MOs transferred to the oil by a chloroform solu-
tion of Polymer 4 [M,, (cald) = 4.46 x 10%] at 1 g/L in de-
pendence of the concentration of MO. The data were
obtained from UV/vis measurement.

the aggregation of the nanocapsule.>* In this article,
tertiary amines and the hydroxyls populated in the
core of Compound 4 rendered the core polar, which
was favorable for the accommodation of hydrophilic
guests, and because the amino groups could be
reversibly protonized, pH stimuli-triggered release
was possible in principle. Figure 7 showed that ani-
onic, water-soluble MO, CR, and RB could be encap-
sulated by Compound 4 via liquid-liquid extraction.

Figure 8 shows the encapsulating behavior under
neutral or near neutral condition by Compound 4
[M,(cald) = 4.46 x 10°] was a two-stage process, in
the first stage, irreversible encapsulation occurred,
whereas in the second stage, reversible encapsula-
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1

X T . L] K L T = 1
350 400 450 500 550 600
Wavelength / nm
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tion occurred. The turning point was regarded as
the saturation point, where a saturated encapsulat-
ing ability was derived to be 0.022 g MO/1 g poly-
mer or 30 MOs/4. The relatively high encapsulating
capacity should partly be attributed to the topology,
in contrast, it had been shown that a linear polymer
hardly encapsulated dyes.*’* Although the encap-
sulation was irreversible before saturation, releasing
of dyes was found at high pH. At pH 12, 60% of the
MO could be released into water, for RB, it was
31%, whereas for CR, no release was observed.
However, upon shaking with aqueous HCl, the CR-
saturated chloroform layer became blue (CR
becomes blue under acidic condition), indicating
that the CR in the core was still accessible to the
hydrogen ions. The test of another Compound 4
[M,(cald) = 5.6 x 10°] showed an encapsulating
capacity of 32 MOs per polymer, which was the
same as the previous sample within the measure-
ment error. This result suggested that the shell layer
did not accommodate MOQOs, all the MOs were
entrapped in the core.

To learn whether Compound 4 existed in the form
of cluster or in the form of UIM, the encapsulating
ability was tested upon changing the concentration
of Compound 4. It was known that if a host existed
as UIM, its encapsulating ability would be inde-
pendent of its concentration in the solution,**
whereas if the host existed in cluster or aggregate,
the encapsulating ability was dependent on the con-
centration.>” In the latter case, the encapsulating
ability generally would be enhanced with dilution
because of higher swelling of the host and better
accessibility to the guest. The encapsulating ability
of Compound 4 [M,(cald) = 5.6 x 10°] at various
concentrations is shown in Figure 9.

Absorbance

[4] gL

Figure 9 UV/vis spectra of MOs transferred to the oil by Polymer 4 [M, (cald) = 5.6 x 10°] in dependence of the con-
centration of 4 in chloroform (A) and the plot of absorbance of MOs transferred to the oil versus the concentration of

4 (B).
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In which, a linear relationship was found with the
concentration varied between 0.005 and 5 g/L (or
89 x 1077 - 89 x 1076M), indicating that the host
polymer was a unimolecular container. Moreover,
dynamic light scattering experiment did not detect
any large particles in the chloroform solution of 4,
also supporting the polymer existed as molecular
container.

CONCLUSIONS

The primary and secondary amine of HPEI could be
completely transformed into tertiary amine, along
with the production of the hydroxyl groups. Part of
the hydroxyl groups could be further transformed
into xanthate groups, and the xanthate-functional-
ized HPEI could be used to prepare star polymer via
the Z-approach route. Vinyl acetate was inhibited by
the xanthate, styrene could be polymerized but the
polymerization was a hybrid of living and conven-
tional radical process. The resulting macromolecular
nanocapsule in solution existed in form of UIM and
could encapsulate water-soluble anionic dyes, and
upon the stimulus of pH, the dyes could be partly
released.
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