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Abstract

Oligomer of styrene and maleic anhydride synthesized by bulk RAFT polymerization (SMA-RAFT) was used to construct a novel strategy
for robust nanoencapsulation via interfacially confined controlled/living radical miniemulsion polymerization. After ammonolysis, SMA-RAFT
becomes amphiphilic and can be used as a surfactant to prepare miniemulsion. The ammonolyzed SMA-RAFT molecules would self-assemble
on the interface of water/droplets. This self-assembly property combining with the RAFT living polymerization chemistry demands the polymer
chains to grow inwards gradually in particles, leading to the formation of a polymer shell. The hydrophilicity of ammonolyzed SMA-RAFT
agent tuned by the ammonolyzed degree or structures of SMA-RAFT agent was found to play a key role in the final morphology. The well-defined
nanocapsules with little solid particles can be obtained by using partially ammonolyzed SMA-RAFT with 0.5 wt% SDS as a co-surfactant.
� 2007 Published by Elsevier Ltd.
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1. Introduction

In the past decades, the research on the synthesis of poly-
meric nanocapsules has rapidly expanded. Nanocapsules of
functional substances have shown promising applications in
the area of drug delivery, catalysis, dye dispersion, optical
medium, data storage, and so on. Compared with microencap-
sulation, the nanoencapsulation is more difficult in achieving
integrated capsule morphology with well-controlled structural
parameters like shell thickness and tunable shell functional-
ities. Many innovative techniques were reported. The layer-
by-layer assembly of polyelectrolyte on nanoparticles showed
an accurate and flexible control in shell thickness [1]. How-
ever, the technology is of low efficiency due to the tedious
repeated layer-by-layer assembly processes. Nanoencapsula-
tion based on the formation of micelles or capsules by block
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copolymer assembly in selective solvent is a simple process
[2]. However, the process is carried out in a very dilute system
(low efficient) and involves toxic organic solvent. Dendrimers
have a high control over the size and shape and flexibility in
surface and core functionalities [3], whereas the synthesis of
dendrimer involves complicated many-step procedures such
as repeated separation and reactions. Polymer brushes grafted
from nanoparticles is another class of nanoencapsulation tech-
nique [4]. In such a case, the polymer chain grows out from the
interior to the exterior.

In view of large-scale practical applications, a highly
efficient and environmentally benign process is very much
desirable. In this aspect, miniemulsion polymerization presents
a promising technique for nanoencapsulation. Direct encap-
sulation of inorganic nanoparticles or carbon black was reported
[5e7]. Encapsulation of small liquid organic substance was also
reported [8e12]. In these cases, the encapsulation is provoked
by phase separation during polymerization. Due to the strict
thermodynamic and kinetic requirements, the encapsulation is
very sensitive to the system parameters [8]. It is rather difficult
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to obtain a well-defined coreeshell structure. On the other hand,
RAFT miniemulsion has been extensively investigated [13e24].
Monteiro et al. observed that coreeshell nanoparticles of block
copolymer could be formed in the seeded emulsion polymeriza-
tion mediated by xanthate-based RAFT [25,26]. We have
previously outlined a general strategy for nanoencapsulation
of liquid substance by the interfacially confined RAFT mini-
emulsion polymerization [27]. The principle of the method is
shown schematically in Fig. 1. An amphiphilic RAFT oligomer
(SMA-RAFT agent for the current study) was designed and
used as a surfactant to prepare miniemulsion (oil droplets of
50e500 nm dispersed in water). Due to their amphiphilic
properties, SMA-RAFT molecules will self-assemble on the
interface of water/droplets once miniemulsion is formed via
ultrasonication. When a water-soluble initiator like potassium
persulfate (KPS) is introduced, water-soluble primary radicals
are born in water. After several additions of monomer, the oli-
goradicals become surface active and are captured by mini-
droplets. The surface-active radicals with anionic head groups
are anchored on the interface of mini-droplets and water. Since
the SMA-RAFT agent molecules are also anchored on the inter-
face, the radicals would transfer among the RAFT agents. By
this way, the radical is located at the interface during most of
the polymerization time, so the polymerization is confined on
the interface. The polymer chains would grow inwards gradu-
ally, leading to the formation of a polymer shell.

To achieve an ideal nanoencapsulation via the RAFT inter-
facial miniemulsion polymerization, it is very much desirable
to have the droplet nucleation to be the only particle formation
mode. Since the RAFT agent also plays a role of surfactant, its
molecular structure and hydrophilicity could exert a significant
influence on the droplet size and droplet size distribution
of the miniemulsion, which determine the efficiency of the
droplet nucleation. So, the influence of the structures of

Fig. 1. Illustration of encapsulation principles by RAFT interfacial miniemul-

sion polymerization.
SMA-RAFT and their hydrophilicities on nanoencapsulation
is investigated in the present work. Adding external surfactant,
as another approach to tune the droplet size and droplet size
distribution, is also explored to optimize the encapsulation
efficiency.

2. Experimental section

2.1. Materials

Styrene (St) was vacuum distilled before use. The RAFT
agent, 1-phenylethyl phenyldithioacetate (PEPDTA), was syn-
thesized according to the literature [28]. 2,20-Azoisobutyro-
nitrile (AIBN) was re-crystallized twice from methanol. Maleic
anhydride (MAn, AR), sodium dodecyl sulfate (SDS, AR), n-
nonadecane (ND, AR), and potassium persulfate (KPS, AR)
were used as received. Ammonia aqueous solution was diluted
to 5 wt% prior to use. For the miniemulsion polymerizations,
de-ionized water was used.

2.2. Synthesis of SMA-RAFT agents

The co-oligomer RAFT agent of St and MAn was synthe-
sized by the RAFT bulk copolymerization of St and MAn medi-
ated by PEPDTA in a 60 �C water bath [29,30]. The molar ratio
of [St]:[MAn]:[PEPDTA]:[AIBN] was 225:25:5:1. To study the
influence of the SMA-RAFT structures on the encapsulation
efficiency, a series of SMA-RAFTagents (SMA-RAFT1, SMA-
RAFT2, SMA-RAFT3) were synthesized under the same exper-
imental conditions but with different polymerization times. The
products were discharged after 70 min, 100 min and 130 min of
reaction, respectively. The resultant SMA-RAFT agents were
collected by twice precipitation with methanol and dried under
vacuum at 40 �C.

2.3. Miniemulsion preparation and polymerization

To prepare miniemulsion two types of procedures were
used depending on different recipes. Procedure I: a solution
of styrene (16 g, 0.15 mol), the SMA-RAFT agent (0.64 g,
0.45 mmol of SMA-RAFT1 in Run 2 for example), and the
core material (ND, 4 g, 0.015 mol) was mixed with the water
phase containing a certain amount of ammonia (0.22 g, 5 wt%,
0.65 mmol in Run 2 for example). After 20-min magnetic stir-
ring (60 �C, Step 1), the mixture was applied to ultrasonication
using an ultrasonic processor (KS-600) with 70% amplitude
for 10 min in a 50 �C water bath (Step 2). During the ultraso-
nication process, the anhydride groups of the SMA-RAFT
agent were ammonolyzed in the interface of oil and water
[31,32]. The ammonolyzed SMA-RAFT agent would become
amphiphilic and stabilize the miniemulsion. Then the minie-
mulsion was allowed for another 60 min for further ammonol-
ysis or hydrolysis under magnetic stirring at 60 �C (Step 3).
The dispersion was then ultrasonicated for another 15 min at
50 �C to form the final miniemulsion (Step 4). The final mini-
emulsion was then transferred to a round-bottomed flask. After
30-min nitrogen purge, the miniemulsion polymerization was
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started up via the injection of a potassium persulfate aqueous
solution (0.16 g, 0.59 mmol in 5 g of water). The polymeriza-
tion temperature was 68 �C. The reaction was carried on for
5 h to reach a conversion over 90%. For Procedure II, Steps
2 and 3 were not implemented. Procedure II (single sonication)
is simpler than Procedure I (sonicationeammonolysisesonica-
tion). However, the latter was expected to lead to the miniemul-
sion with smaller droplet size and narrower droplet size
distribution.

The recipe and preparation procedure of the miniemulsion
for all experimental runs are summarized in Table 1.

2.4. Surface tension

Surface tensions of miniemulsions were measured on a
video-based contact angle measuring device (OCA20, Data-
Physics Inc.). Hanging drops of miniemulsion were extruded
through a needle tube (F¼ 2.41 mm, at room temperature)
to measure the surface tension. Every value was statistically
evaluated by repeated monitoring for not less than 15 times.

2.5. pH value detection

The pH values of the emulsion were detected by a pH-
meter (LEICI PHS-2C). The electrode type was E201-4.

2.6. GPC analysis

Samples were taken during polymerization and the process
was inhibited by adding a dose of hydroquinone solution
(0.3% in ethanol). The samples were dried in a vacuum
oven at 200 �C for 6 h to evaporate water, ND, and residual
monomer. Molecular weight and molecular weight distribution
of the polymeric shell of particles and SMA-RAFT were
characterized by GPC (Waters150). Molecular weights were
derived from a calibration curve based on polystyrene stan-
dards. For the shell polymer measurements, Waters Styragel
Columns HR 4, 3, 2 (the calibration range: 1000e70000 g/
mol) were used. For the SMA-RAFT agent characterization,
Waters Styragel Columns HR 3, 2, 1 (the calibration range:

Table 1

Recipe and preparation procedures of the miniemulsion

Run 1 2 3 4 5 6 7 8 9

St:C19H40 (wt) 4:1 4:1 4:1 4:1 4:1 4:1 4:1 1:1 4:1

SDSa (wt%) 0 0 0 0 0 0 0.5 0.5 0.5

SMA-RAFT1b

(mol%)

0.30 0.30 0.30 0.30 0 0 0.3 0 0

SMA-RAFT2b

(mol%)

0 0 0 0 0.30 0 0 0.2 0

SMA-RAFT3b

(mol%)

0 0 0 0 0 0.37 0 0 0.2

KPSb (mol%) 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38

NH3:MAn (mol) 1:3 1:3 0.9:1 2:1 2:1 2:1 1:3 1:3 1:3

Procedure II I I I I I II II II

Solid content (wt%) 20% 20% 20% 20% 20% 20% 20% 20% 20%

a The weight percentage of SDS was based on the oil phase.
b The molar percentage of SMA-RAFT and KPS was based on the monomer.
20e20000 g/mol) were used. The effluent was tetrahydrofuran
with a flow rate of 1.0 ml/min.

2.7. Encapsulation efficiency analysis

The fraction of encapsulated particles was determined by
dividing the encapsulated particle number by the total particle
number, counted from TEM images. Every statistical number
was calculated from not less than 500 particles.

2.8. Particle size measurement

The particle size and its distribution were measured by
Malvern ZETASIZER 3000 HAS.

2.9. Particle morphology observations

Transmission electron microscopic measurement was per-
formed on a JEOL JEM-1230 transmission electron microscope
at 80 kV. The latex of miniemulsion was diluted to 0.03 wt%,
mounted on 400-mesh carbon-coated copper grids, and dried
in an oven at 40 �C. Little ND evaporated during drying.

3. Results and discussion

3.1. St/MAn RAFT copolymerization

The RAFT copolymerization of St with MAn exhibits some
interesting features. MAn does not homo-polymerize, and its
copolymerization with St has a strong tendency toward
alternation, indicated by the reported reactivity ratios (0.02
for St and 0 for MAn) [33,34]. Such a feature was used to
synthesize block copolymer of poly(St/MAn-b-St) by one
pot RAFT polymerization [29,30,35e38]. In the first stage
of polymerization before MAn is consumed, the resultant
polymer chains are poly(St-alt-MAn), which can further be
converted into hydrophilic segments. In the second stage of
polymerization when MAn is exhausted, the extended chains
are composed of PS homo-polymer segment, which is hydro-
phobic. So, simply by controlling the reaction time, we synthe-
sized SMA-RAFT agents with different chain lengths and
varied amphiphilic properties.

The composition profile along SMA-RAFT polymer chains
under the current synthesis conditions can be calculated by
Monte Carlo simulation with penultimate model using param-
eters reported by Hill et al. [39]. The calculated diad fractions
for the current polymerization conditions are presented in
Fig. 2. For a strict alternative microstructure, the fraction of
SMA diad should be unit and the fraction of SS should be
zero. From Fig. 2, it is derived that the chain microstructure
is very close to an alternative structure before DP reaches
12. After DP¼ 20, the homo-polystyrene block would be
formed. Between DP¼ 12 and 20, the fraction of diad SS dra-
matically increases. It should be pointed out that the saw-like
curve before DP¼ 12 is not caused by the calculated error but
due to the reactivity ratios. Since MAn cannot homo-polymerize
at all, once a SMA diad is formed, the next added monomer
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must be styrene. On the other hand, styrene can be homo-
polymerized. That means that it is still possible for styrene
to add to a styrene radical. The different alternative propaga-
tion preference of styrene and MAn radicals leads to the
saw-like curve shown in Fig. 2.

The molecular weight and its distribution of three SMA-
RAFT agents synthesized in this work are listed in Table 2.
From Table 2 and Fig. 2, it is estimated that SMA-RAFT1 is
composed only of the hydrophilic segment with 4.5 units of
MAn and 6.9 units of St on average. The average styrene com-
position is around 0.685. The degree of polymerization of
SMA-RAFT2 was extended to around 15. The average styrene
composition of the block from DP¼ 10 to 15 was estimated to
be 0.733. As the degree of polymerization is increased further
from 15, the fraction of SS diad dramatically increases due to
the consumption of MAn. The average composition of the
block from DP¼ 10 to 18 is 0.813. So, the hydrophilicity of
three RAFT agents decreases in the order of SMA-RAFT3
(DP¼ 17.7)< SMA-RAFT2< SMA-RAFT1.

3.2. The influence of the hydrophilicity of SMA-RAFT
without co-surfactant

The synthesized SMA-RAFT agents are quite hydrophobic.
The anhydride groups incorporated in the oligomer chains can
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Fig. 2. The chain microstructures of SMA-RAFT agents versus polymerization

degree.
be easily converted into much more hydrophilic groups via
ammonolysis or hydrolysis. The ammonolysis process of
SMA-RAFT could be described as in Scheme 1 [40,41]. De-
pending on the molar ratios of ammonia/anhydride units,
anhydride groups of the SMA-RAFT agent could be ammono-
lyzed or hydrolyzed into different hydrophilic groups. When
the molar amount of ammonia is less than that of the anhy-
dride groups in SMA-RAFT, some of the anhydride groups
are ammonolyzed according to Reaction (2), others could be
further hydrolyzed as in Reaction (1). When the molar number
of ammonia is more than that of anhydride groups, Reaction
(3) would occur. All three reactions increase the hydrophilicity
of the oligomer chains. For the current system, the ammonol-
ysis was confirmed by FT-IR analysis [27].

SMA-RAFT1 is mainly composed of St/MAn alt-copoly-
mer. The SMA-RAFT1 could be tuned from being quite hy-
drophobic to hydrophilic by manipulating the ammonolysis
degree. A set of experimental runs (Runs 1e4) were designed
to investigate the influence of the ammonolysis degree of
SMA-RAFT1. The recipe and emulsification procedures are
referred in Table 1. The pH values, which are used to monitor
the ammonolyzing process, are listed in Table 3. The TEM
images of the final latex are presented in Fig. 3.

In Run 1, the molar ratio of ammonia to anhydride groups
was set to 1:3. The SMA-RAFT was partially ammonolyzed
under such conditions. Procedure II was applied. From Table
3, it is seen that after emulsification by magnetic stirring,
the system was still basic. But after 15-min sonication, the sys-
tem became acidic, indicating that ammonia was exhausted.
The gradual decrease in pH value during polymerization is
partly because of the formation of Hþ during the decomposi-
tion of KPS. The anhydride groups left after ammonolysis

Table 2

Structural parameters of SMA-RAFT agents

Type Conversiona (%) Mn
b (g/mol) DPc PDIb

SMA-RAFT1 22.3 1414 11.4 1.12

SMA-RAFT2 30.1 1795 15.2 1.11

SMA-RAFT3 38.2 2037 17.7 1.12

a Determined by gravimetric method.
b Determined by GPC.
c Calculated by simulation.
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could be hydrolyzed during polymerization, which also con-
tributes to the decrease in pH value.

The resultant particle morphology of the latex is shown in
Fig. 3A. The dark part of the particles is PS polymer and the
light part is ND. From the TEM pictures, it is seen that most of
the particles appear to be solid, and a certain part of them is as
small as 30e50 nm, others are around 100 nm, some are as
large as 200 nm. The percentage of nanocapsules was counted
to be only about 10 in number, and most of the capsules are
about 180e240 nm in size and have a very thin shell. The
weight ratio of core material to shell polymer is about 1:2
on average (rpolymer¼ 1.08 g/cm3, rND¼ 0.8 g/cm3), while
the designed ratio is 1:4. It is likely that some ‘pure’ ND drop-
lets, which could not be observed by TEM, existed in the final
latex. These pure ND droplets might be derived from those
very large droplets in the original miniemulsion. Due to the
large size, the polymerization rate in those very large droplets

Table 3

pH values at various stages of nanocapsule preparation

Run Stage

Ammonia Step 1

finished

Step 2

finished

Step 3

finished

Step 4

finished

Final

latex

1 10.22 8.84 e e 6.04 3.59

2 10.10 8.76 6.10 5.84 5.46 3.38

3 10.65 8.85 6.75 6.50 6.10 4.85

4 10.86 6.83 7.83 7.20 7.30 6.85
could be much lower than that of those particles with much
smaller size. In the final latex, the very large droplets could
be converted into the ‘pure’ ND droplets with little polymer,
the monomer of which is transported to other particles during
polymerization.

As nonadecane is a super hydrophobic compound, it is
hardly transferable among particles via the aqueous phase.
From the large capsules ranging from 180 nm to 240 nm
(the number average core diameter is 145 nm), it can be statis-
tically estimated that the original droplet size prior to polymer-
ization is about 230 nm on average. It means that about 50%
of the monomer of these particles had been lost during poly-
merization. This might be ascribed to the poor surface activity
of SMA-RAFT1, which was not suitable for making a fine
miniemulsion. As a result, the formed miniemulsion would
have a quite large droplet size as large as 230 nm, as esti-
mated. Under such a condition, homogeneous nucleation
might occur, leading to the formation of the solid particles.
A lot of monomer would transfer from monomer droplets to
those homogeneous nucleated particles (solid particles).
Considering that the molecular weight distribution is mono-
peak as seen in Fig. 4, it is derived that the polymerization
in those solid particles is also mediated by RAFT. It is pos-
sible that SMA-RAFT1 could be transported among particles
in the early stage of polymerization, as supported by the sur-
face tension data from Runs 2 and 4, which will be discussed
later.
Fig. 3. TEM images of particles prepared by SMA-RAFT1, Runs 1e4.
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Run 2 involved a twice sonication operation (Procedure I).
The twice ultrasonication operation not only accelerates the
ammonolysis process, but also increases the hydrolysis degree
of maleic anhydride units. The resultant monomer droplets
were expected to be smaller. Thus, the homogeneous nucle-
ation was expected to be suppressed. The pH values used dur-
ing this experiment are listed in Table 3. It is seen that after the
first ultrasonication process (Step 2), the pH value of the sys-
tem is about 6.1. After further treatments, the pH value further
decreases to 5.46, indicating that some of MAn units incorpo-
rated in SMA-RAFT1 are hydrolyzed. In fact, the ammonoly-
sis/hydrolysis of SMA-RAFT1 and the emulsification intensify
each other. The emulsification increases the interface area of
oilewater, so that the SMA-RAFT molecules can get more
chances to react with ammonia. At the same time, the ammo-
nolyzed/hydrolyzed SMA-RAFT agents stabilize the newly
formed monomer droplets.

Judged from the TEM pictures of the resultant latex (Fig. 3B),
the encapsulation ratio of this attempt was improved largely
compared with the results got from Procedure II. The encapsu-
lation efficiency is about 50% in number. But it is found that the
capsule size is still not uniform. Those particles with larger sizes
have a higher core/shell ratio, which is about 1.5:1, but the core/
shell ratio of smaller ones is 1:14 or even less. Only a very small
fraction of particles have the core/shell ratio close to the set
value of 1:4. According to the core size in the capsules of
180e240 nm (averagely 137 nm in number), the original drop-
let size prior to polymerization corresponding to these particles
is estimated to be about 218 nm on average. It is inferred that
although the ammonolysis procedure was extended, the resul-
tant SMA-RAFT1 agent is still not sufficiently surface active
and the monomer droplet size prior to polymerization is still
not uniform. Those larger droplets would lose monomer during
polymerization due to the weaker compartmentalization effect.
Still, there are a fraction of solid particles generated in the
system, most of which are about 20e30 nm in diameter.
By GPC, the molecular weight growth during polymeriza-
tion was followed. As shown in Fig. 4A, the high molecular
weight side of GPC curves moves faster than that of low
molecular weight side with increase of monomer conversion
in the late stage of polymerization. Molecular weight grows
linearly with monomer conversion. The polydispersity index
(PDI) remains below 1.55. For RAFT polymerization, the
theoretical molecular weight can be calculated by [17,19]:

Mn;th ¼ mRAFT þ
½M�0mstyrenex

½RAFT�0þ f ½I�0ð1� e�kdtÞ ð1Þ

where mRAFT is the molar mass of the RAFT agent, mstyrene is
the molar mass of styrene, x is the fractional monomer conver-
sion, [M]0 is the initial monomer concentration, [RAFT]0 is
the initial RAFT agent concentration, [I]0 is the initial initiator
concentration, kd is the decomposition rate coefficient of the
initiator, and t is the reaction time. f is the initiation efficiency,
which is estimated to be 0.54 using the model proposed by
Maxwell et al. [42]. The relevant parameter values used here
are obtained from Refs. [24,42e46]. It should be noted that
the concentrations of [M]0, [RAFT]0 in this expression are
with respect to the total organic phase but [I]0 with respect
to the aqueous phase. It was reported that RAFT end groups
could be hydrolyzed at basic conditions [47,48] and be oxi-
dized by peroxide initiator [49].

In the current system, the hydrolysis of RAFT agent is likely
to occur during the ammonolysis procedure. After the polymer
chains in particles grow inward, the possibility of the hydroly-
sis of RAFT groups dramatically decreases because they are
located in the particles. Oxidation is likely to occur only within
a short time period after the injection of KPS. To take these
side reactions into consideration, a modified factor of RAFT
concentration is introduced accounting for the possible ineffec-
tiveness of a fraction of RAFT agent during the ammonolysis.
So, the theoretical molecular weight was calculated by:



3268 Y. Luo, H. Gu / Polymer 48 (2007) 3262e3272
Mn;th ¼ mRAFT þ
½M�0mstyrenex

f1½RAFT�0þ f ½I�0ð1� e�kdtÞ ð2Þ

where f1 is the modified factor.
From Fig. 4B, it can be seen that the molecular weight de-

velopment is in good agreement with the theoretical expecta-
tion with f1¼ 0.92. It seems that only a small fraction of
RAFT agent undergoes side reactions like hydrolysis of
dithioester under alkaline conditions [47,48]. The PDI of the
resultant polymer decreases firstly as expected for RAFT po-
lymerization, and then backs up lately during polymerization.
As discussed later, such an increase in PDI might not be as-
cribed to the irreversible termination but to the heterogeneous
nature of the polymerization, as seen in RAFT miniemulsion
polymerization [16].

In Run 3, the molar ratio of ammonia/anhydride units was
increased to 0.9. In this case, the anhydride groups could be
more sufficiently ammonolyzed, hence the hydrophilicity of
the SMA-RAFT1 is increased. Correspondingly, pH values
in the corresponding stages are larger (refer to Table 3).
More anhydride groups were ammonolyzed.

From the TEM images of the final latex (Fig. 3C), it is seen
that the uniformity of the particles and the encapsulation effi-
ciency are significantly improved. The encapsulation ratio
achieves about 60% in number. The capsules larger than
150 nm can hardly be observed, and the number average size
of the capsules is about 75 nm. Furthermore, the capsules
look more symmetric and the core/shell ratio is more close to
the feed ratio of ND/St. It is concluded that increasing the
hydrophilicity of the amphiphilic RAFT agent is crucial to sup-
press the homogeneous nucleation and monomer transportation
among particles during polymerization and thus to obtain
a well-defined capsule morphology.

However, besides the absence of large capsules over
150 nm, the solid particles are of bimodal distribution with
a dominant fraction in the range of 80e110 nm and only a
few fraction in about 20e40 nm.
From the GPC data in Fig. 5, it is seen that when the conver-
sion is higher than 70%, the low molecular weight side of GPC
curves stops growing with conversion. GPC with UVand RI dual
detectors was used to check if the dithioester groups still existed
in this section. Wavelength of UV was set to 311 nm, which is
the feature absorbing peak of the dithioester groups [48,50].
UVand RI signals are compared in Fig. 6. From Fig. 6, it is clear
that most of the chains in the low molecular weight side of GPC
curves are still with the dithioester groups. The observation that
the low molecular weight side of GPC curves stops growing with
conversion during the high conversion range might be ascribed
to the heterogeneous nature of the RAFT miniemulsion poly-
merization, as thoroughly discussed in Ref. [51]. The PDI of
the resultant polymer is below 1.55. But the efficiency of the
SMA-RAFT1 agent decreases to 0.84, indicating a larger loss
of SMA-RAFT agent during the emulsification compared with
the cases where less ammonia was applied.

In Run 4, the molar ratio of ammonia/anhydride groups was
further increased to 2:1. To minimize the decomposition of the
RAFT agent under such a basic condition, ammonia was added
twice. The first dosage of ammonia was 0.75 g (5 wt%,
NH3:anhydride units¼ 1.1:1, added to water phase prior to
emulsification) and the second dose of 0.6 g (5 wt%, NH3:
anhydride units¼ 0.9:1) was added between Steps 3 and 4 in
the emulsification Procedure I. After the second sonication,
the pH value of the system is 7.30 (see Table 3).

As indicated by the pH values after sonication (see Table 3),
all anhydride groups are supposed to be fully ammonolyzed be-
fore polymerization. From the TEM pictures of the experiment
(Fig. 3D), it is calculated that the encapsulation efficiency is
much lower than in the case when NH3:MAn¼ 0.9:1 (see
Fig. 3C). However, the nanocapsules are uniform in size and
shell thickness with an average size of 87 nm. The core/shell
volume ratio is about 1:3 on average, indicating some of the
monomer should have been lost during polymerization. This
phenomenon is quite different from the case in Fig. 3A, where
the core/shell ratio is about 1:7, though the encapsulation ratio
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is also quite low (about 30% in number). Similar to the case in
Fig. 3C, the solid particles have a bimodal distribution of
100 nm and 30 nm in diameter.

GPC data were similar to that of Run 3, but the calculated
efficiency of SMA-RAFT was only 0.79. PDI exceeded 1.6 at
the end of polymerization. Although the pH value of the emul-
sion was controlled by twice addition of ammonia to avoid
a severe basic condition, a little more fraction of the RAFT
agent was still decomposed.

It was measured that the surface tension of miniemulsion
prior to polymerization is 56.37 mN/m when NH3:MAn¼ 1:3
in mole (pH: 5.30, 22� 0.2 �C, Run 2), and 55.54 mN/m when
NH3:MAn¼ 2:1 in mole (pH: 7.16, 22� 0.2 �C, Run 4). Con-
sidering that the surface tension of pure water is 73.38 mN/m,
it can be estimated that there are a certain fraction of ammo-
nolyzed SMA-RAFT1 dissolved in the aqueous phase. These
RAFT agents dissolved in the water phase could react with
the radicals in the water phase and stabilize the particles
formed via the homogeneous nucleation. Thus, the homoge-
neous nucleation was likely to occur in these cases. Due to
higher degree of ammonolysis in Run 4 than in Run 3, more
SMA-RAFT1 molecules of the former would dissolve in the
water phase, increasing the probability of the homogeneous
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nucleation. This might explain why Run 4 is worse in the
encapsulation efficiency than Run 3.

3.3. The influence of SMA-RAFT structures

Two other SMA-RAFT agents with longer chain length
(SMA-RAFT2, SMA-RAFT3, Run 5 and Run 6, respectively)
were explored. As discussed previously, the hydrophobicity
increases from SMA-RAFT1, SMA-RAFT2, to SMA-RAFT3.
The ammonia molar amount for ammonolysis was set to be
twice that of the anhydride groups, and twice ultrasonication
(Procedure I) was used. Under these conditions, the anhydride
groups incorporated in SMA-RAFT are supposed to be fully
ammonolyzed to reach a maximum available hydrophilicity.
The typical TEM images of the final latex obtained from these
two RAFT agents are presented in Fig. 7.

From TEM images (Fig. 7A), it is found that the latex from
SMA-RAFT2 has high encapsulation efficiency (60% in num-
ber) and the smaller solid particles (20e30 nm) are much less.
The improvement of encapsulation efficiency indicates that by
increasing the molecular weight of the SMA-RAFT agent, the
homogeneous nucleation could be largely suppressed and the
interfacial activity of the RAFT agent could be remained via
full ammonolysis of SMA-RAFT2. The surface tension of
the miniemulsion was found to remain almost the same and
to be very close to that of pure water (see Table 4) during
the whole polymerization process, which indicate that SMA-
RAFT2 is scarcely dissolved in water.

When SMA-RAFT3 with more hydrophobicity was applied
(Run 6), the resultant particle morphology is shown as in
Fig. 7B. The encapsulation fraction is 0.36 in number, which
is better than in the case of SMA-RAFT1 at the same ammono-
lyzed degree (Run 4), but inferior to that of SMA-RAFT2

Table 4

The surface tension of the miniemulsion during polymerization of Run 5

No.a 0 1 2 3 4 5

Surface tension (mN/m) 73.91 73.06 73.61 72.86 74.09 73.67

a The sample numbered 0 was taken before the addition of KPS, and

samples 1e5 were taken at the conversion of 18.3%, 41.2%, 67.3%, 85.3%

and 94.8% separately. Measured at 14 �C.
Fig. 7. TEM images of particles synthesized by miniemulsion polymerization with different SMA-RAFT agents.
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(Run 5). The particle size is 142 nm on average, which is larger
than those of the other two cases. It is likely that SMA-RAFT3
is less effective in decreasing the oilewater interfacial tension
than SMA-RAFT2 does due to more hydrophobicity. It is also
likely that the viscosity of oil phase is higher than that of
SMA-RAFT2 due to the higher molecular weight and weight
concentration of SMA-RAFT3 in the oil phase. As a result,
the droplet size of the miniemulsion using SMA-RAFT3 could
be larger than that using SMA-RAFT2 [52], increasing the
probability of the homogeneous nucleation.

The GPC curves of Run 6 look similar to Fig. 5. GPC data
show that molecular weight grows in good agreement with the
theoretical predications with a RAFT efficiency of 0.9, indicat-
ing that the SMA-RAFT3 agent has a higher stability against
ammonia degradation during the emulsification compared with
SMA-RAFT1. With increase in the length of the polystyrene
hydrophobic segment, the dithioester groups become less ac-
cessible for ammonia due to that the dithioester groups are
connected to the hydrophobic segment.

3.4. The influence of SDS as a co-surfactant

In the previous experiments, SMA-RAFT agents played a
dual role of surfactant and RAFT agent. In order to achieve
a high interfacial activity, a high degree of ammonolysis is
desirable. However, this high degree of ammonolysis might
be related to the formation of solid particles by enhancing the
homogeneous nucleation, as inferred from the experimental
data of Run 4. In the following set of experiments (Runs 7e9,
refer to Table 1), another strategy was used. The degree of
ammonolysis was controlled to be rather low. A co-surfactant
(SDS) was applied to assist the emulsification. The typical
TEM images of the final latex are presented in Fig. 8.

In Run 7, the dosage of ammonia was 1/3 in mole that of
the anhydride groups in SMA-RAFT1. SDS level was
0.5 wt% of the oil phase. The miniemulsion was made with
Procedure II. The TEM picture of the resultant latex is shown
in Fig. 8A. Interestingly, the addition of SDS significantly im-
proves the encapsulation efficiency. The number fraction of
the encapsulating particles is over 0.8. The solid particles
are so small that their volume fraction is actually less than
0.02. Furthermore, the core/shell ratio becomes quite close
to the designed value and the particle size is rather uniform
in 90 nm. The capsules look symmetric. Lowering the ammo-
nolysis degree of SMA-RAFT1 would reduce the concentra-
tion of ammonolyzed SMA-RAFT in water. Therefore, the
possibility of the homogeneous nucleation, which is assumed
to be the main cause for forming the solid particles, is reduced.
On the other hand, the addition of SDS also helps to decrease
the droplet size. The monomer droplet nucleation becomes the
main mechanism for particle nucleation as desired.

In the case of SDS/SMA-RAFT2 (Run 8), well-defined
nanocapsules were also obtained. As seen from Fig. 8B, the
core/shell ratio is 1:1 as designed but the polymer shell seems
Fig. 8. TEM images of nanocapsules synthesized with SDS as a co-surfactant.
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to be too thin to support the liquid core material with a sphere
shape under TEM vacuum. The shell thickness appears uni-
form. The result also demonstrates that a large volume of
core material is possible.

In Run 9, capsules with well-defined coreeshell morphol-
ogies were also obtained, as evident from Fig. 8C. Compared
with the case without SDS (Fig. 7B), the application of SDS
clearly improves the capsule morphology. However, it is quite
unexpected that some solid particles can still be seen in this
case. It is possible there is the other mechanism to form the
solid particles other than the homogeneous nucleation, which
is worth further investigating.

4. Conclusion

Oligomer of styrene and maleic anhydride synthesized by
RAFT copolymerization (SMA-RAFT) was used to construct
a novel strategy for nanoencapsulation via interfacially con-
fined controlled/living radical miniemulsion polymerization.
The hydrophilicity of ammonolyzed SMA-RAFT agent,
SMA-RAFT agent structures, and adding the co-surfactant
SDS were investigated, focusing on their influence on the par-
ticle morphology in the final latex. The following conclusions
are drawn:

(1) The hydrophilicity of ammonolyzed SMA-RAFT agent
tuned by the ammonolyzed/hydrolyzed degree or struc-
tures of the SMA-RAFT agents plays a key role in the final
morphology where no co-surfactant was used. For SMA-
RAFT1 with the alternative sequence structure, when the
molar ratio of ammonia to anhydride groups is 0.9, most
of the particles have a well-defined coreeshell structure.
When the ammonia dosage is too low (the molar ratio of
ammonia to anhydride groups is 0.3) or too high (the mo-
lar ratio of ammonia to anhydride groups is 2.0), a large
number of solid particles appear, co-existing with the
nanocapsules. When the SMA-RAFT agent is fully ammo-
nolyzed, the formation of the solid particles can be
suppressed by extending chain length of SMA-RAFT1.
However, SMA-RAFT3, which has the highest molecular
weight and is most hydrophobic, turns out to be low
efficient in encapsulation.

(2) Adding 0.5 wt% SDS and lowering the ammonia/
anhydride group ratio significantly improved encapsula-
tion efficiency. With such a strategy, the nanocapsules of
well-defined coreeshell structure can be achieved with
very few solid particles by using SMA-RAFT1 and
SMA-RAFT2.

We presented a novel technique for nanoencapsulation of
liquid active substance. The technique is flexible in tuning
polymer shell properties via RAFT polymerization chemistry.
Anhydride groups incorporated in capsule surface offers great
opportunities to functionalize the surface properties of the
capsules. On the other hand, the technique is highly efficient,
environmentally benign, robust, and scalable-up.
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