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1 Introduction

Block  copolymer

morphology have gained great attention in the past decade
due to their potential applications.l'3 In the last thirty years or
so, the micellization of amphiphilic block copolymer in the
block-selective solvent has been widely documented,
the convenience of this micellization
amphiphilic block copolymer nano-objects is demonstrated.

nano-assemblies  with
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Macro-RAFT agent mediated dispersion polymerization: the
monomer concentration effect on the morphology of the in situ
synthesized block copolymer nano-objects

Zhonglin Ding, Chenggiang Gao, Shuang Wang, Hui Liu and Wangqing Zhang*

Abstract: The monomer concentration affecting the morphology of the in situ synthesized block copolymer nano-objects
during the macro-RAFT agent mediated dispersion polymerization is investigated. It is found that the monomer
concentration exerts great influence on both the polymerization kinetics of the poly(ethylene glycol) trithiocarbonate
macro-RAFT agent mediated dispersion polymerization and the morphology of the in situ synthesized nano-objects of the
poly(ethylene glycol)-block-polystyrene (PEG-b-PS) diblock copolymer. The poly(ethylene glycol) trithiocarbonate macro-
RAFT agent mediated dispersion polymerization of styrene in the alcoholic solvent at 50% high monomer concentration
follows similar kinetic behaviour to homogeneous RAFT polymerization as indicated by the linear In([M]o/[M])-time plot,
and the good control both on the molecular weight of the PEG-b-PS diblock copolymer and the molecular weight
distribution is achieved. With the extension of the PS block, the morphology of the in situ synthesized PEG-b-PS nano-
objects changes from the porous nanospheres to the bicontinuous nanospheres and finally to the entrapped vesicles,
which is much different from the dispersion RAFT polymerization under low monomer concentration. Our results
demonstrate that the monomer concentration is an important parameter affecting the morphology of the in situ
synthesized block copolymer nano-objects.

micellization triggering usually by adding a block-selective
solvent are needed. Second, the PISA strategy affords the in
situ synthesis of concentrated block copolymer nano-objects
with the block copolymer concentration as high as 30 wt%,
which is much beyond that in the micellization strategy. Up to
now, following this PISA strategy, block copolymer nano-

well-defined

4-30 objects with various morphologies such as spheres, worms or

and

rods and vesicles have been efficiently generated in non-
strategy to form

aqueous or aqueous dispersion during the RAFT synthesis of

- 36-61
Recently, the polymerization-induced self-assembly (PISA) amphiphilic block copolymers.

offers a potential option for the in situ synthesis of block In  the macro-RAFT agent mediated dispersion
copolymer nano-objects through the macro-RAFT agent Polymerization, all polymerization ingredients including the

mediated polymerization
Compared with the micellization of the pre-

ers 31-35
condition.

macro-RAFT agent, the initiator and the monomer are
dissolved in the solvent in the initial polymerization stage.

With the proceeding of the RAFT polymerization, the insoluble

under emulsion or dispersion

synthesized block copolymers in the block-selective solvent,
the PISA strategy has two advantages. First, the preparation of
the block copolymer nano-objects is achieved simultaneously
just at the RAFT synthesis of the block copolymer, and
therefore no additional procedures such as the dissolution of
the block copolymer in a common solvent and then the
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block of the synthesized amphiphilic block copolymer extends
to a critical point at which the self-assembly of the in situ
synthesized amphiphilic block copolymer into micelles takes
place. After this onset of micellization of the in situ synthesized
block copolymer, the subsequent dispersion RAFT
polymerization occurs dominantly in the monomer-swollen
micelles, and the further extension of the insoluble block in
the block copolymer micelles leads to either the growth in the
size or the morphology transition of the block copolymer
nano-objects. It has been demonstrated that,g5 several
parameters listed below are found to dictate the size and
morphology of the in situ synthesized block copolymer nano-
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objects. First, the polymerization degree (DP) of the
solvophobic block is found to be firmly correlative to the
morphology of the in situ synthesized block copolymer nano-
objects, and the morphology of the block copolymer nano-
objects usually undergoes the transition from nanospheres to
worms and finally to vesicles with the increasing DP of the
solvophobic block during the dispersion RAFT
polymerization.47'60 Second, the chain length of the macro-
RAFT agent, which forms the solvophilic block of the in situ
synthesized block copolymer, also exerts great influence on
the morphology of the block copolymer nano—objects.sz'58 It is
found that, the long macro-RAFT agent leads favorably to
block copolymer nanospheres and the short macro-RAFT agent
leads favorably to block copolymer vesicles. Besides, the
solvent character of the polymerization medium and the
concentration of the feeding monomer are also found to exert
influence on the morphology of the in situ synthesized block
copolymer nano—objects."ﬁ‘%'58 By tuning the aforementioned
parameters, block copolymer nano-objects with various
morphologies such as nanospheres, nanorods, nanowires, and
vesicles were  prepared through dispersion  RAFT
ponmerization.‘”'60 Compared with the numerous reports on
the block copolymer composition affecting the morphology of

the block copolymer nano—objects,‘w'60 the monomer
concentration affecting the morphology of the in situ
synthesized block copolymer nano-objects during the
dispersion RAFT polymerization is inappropriately

neglected,‘r’ﬁ‘57 although it is revealed that some interesting
block copolymer morphologies such as multi-layered vesicles
has been prepared at 50 wt%
concentration under dispersion condition.**

concentrated monomer

In this study, the poly(ethylene glycol) trithiocarbonate
macro-RAFT agent mediated dispersion polymerization of
styrene in the alcoholic solvent under different monomer
concentration is performed, and the monomer concentration
affecting the morphology of the in situ synthesized nano-
objects of the poly(ethylene glycol)-block-polystyrene (PEG-b-
PS) diblock copolymer is investigated. It is found that the
monomer concentration is crucial to determine the
morphology of the in situ synthesized PEG-b-PS diblock
copolymer nano-objects. That is, the PEG-b-PS nanospheres
are formed under diluted monomer concentration (10 wt%),
and the cavitated nano-objects including vesicles, porous
nanospheres and bicontinuous nanospheres are prepared
under concentrated monomer concentration (20-50 wt%). To
the best of our knowledge, the block copolymer morphology
of the porous nanospheres and the bicontinuous nanospheres
have not been detected experimentally under PISA conditions,
although it is hypothetically expected by simulation.®? Our
results suggest the crucial role of the monomer concentration
on the morphology of the in situ synthesized block copolymer
nano-objects under PISA conditions.

2 Experimental

2.1 Materials

2| J. Name., 2012, 00, 1-3

Styrene (St, >98%, Tianjin Chemical Company) was distilled
under reduced pressure prior to 2,2’-
Azobis(isobutyronitrile) (AIBN, >99%, Tianjin Chemical
Company) was recrystallized from ethanol before being used.
The macro-RAFT  agent of  poly(ethylene glycol)
trithiocarbonate (PEG,5-TTC, in which the subscript represents
the number of the repeated unit and TTC represents the RAFT
terminal of trithiocarbonate) was synthesized as reported
previously.SS All the other chemical reagents of analytical
grade were purified by standard procedures or used as
received. Deionized water was used in the present experiment.

use.

2.2 Dispersion RAFT polymerization and synthesis of the PEG-b-PS
diblock copolymer nano-objects

The PEG4s-TTC macro-RAFT agent mediated dispersion
polymerization of styrene was carried out in the ethanol/water
mixture (80/20, w/w) at 70 °C with the weight ratio of the
styrene monomer to the solvent ranging from 10% to 50%, in
which the molar ratio of [St],:[mMPEG,5-TTC],:[AIBN], was kept
constant at 1200:3:1. Herein, a typical dispersion RAFT
polymerization with the weight ratio of the styrene monomer
to the polymerization solvent at 50% is introduced. Into a 25
mL Schlenk flask with a magnetic bar, PEG,s-TTC (0.113 g,
0.0480 mmol), St (2.00 g, 19.2 mmol), and AIBN (2.63 mg,
0.00160 mmol) dissolved in the 80/20 ethanol/water mixture
(2.11 g) were added. The mixture was degassed with nitrogen
at 0 °C and then the polymerization was initiated by immersing
the flask into a preheated oil bath at 70 °C. After a given time,
the polymerization was quenched by immersing the flask in
iced water. The monomer conversion was detected by UV-vis
analysis as discussed elsewhere,45 in which a given volume of
the colloidal dispersion (ca. 1.0 mL) was filtered twice with a
0.22 um nylon filter, and then the filtrate was diluted with
ethanol and analyzed at 245 nm. To detect the morphology of
the in situ synthesized PEG-b-PS diblock copolymer nano-
objects, a small drop of the colloidal dispersion was initially
diluted with suitable amount of the 80/20 ethanol/water
mixture, and then a drop of the colloidal dispersion was
deposited onto a piece of a copper grid, dried under vacuum at
room temperature, and finally observed by transmission
electron microscope (TEM). To collect the PEG-b-PS diblock
copolymer for the GPC and 'H NMR analysis, the colloidal
dispersion was centrifuged (12500 r/min, 10 min), washed
with methanol (10 mL x 3), and then dried under vacuum at
room temperature to afford the block copolymer powder.

2.3 Characterization

The "H NMR analysis was performed on a Bruker Avance IIl 400
MHz NMR spectrometer using CDCl; as the solvent. The
molecular weight and its distribution or the polydispersity
index (PDI, PDI = M,/M,) of the synthesized polymer were
determined by gel permeation chromatography (GPC) analysis
using a Waters 600E GPC system equipped with three TSK-GEL
columns and a Waters 2414 refractive index detector, where
THF was used as the eluent at flow rate of 0.6 mL/min at
30.0 °C and the narrow-polydispersity polystyrene was used as
the calibration standard. The UV-vis analysis was performed on

This journal is © The Royal Society of Chemistry 20xx
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a Varian 100 UV-vis spectrophotometer. TEM observation was
performed using a Tecnai G? F20 electron microscope at an
acceleration of 200 kV.

3 Result and discussion

3.1 Synthesis of the PEG,5-TTC macro-RAFT agent

The macro-RAFT agent of PEG,s-TTC was prepared by
esterification reaction of the hydroxyl terminal in PEG,5-OH
with the carboxyl group in S-1-dodecyl-S'-(a,a’-dimethyl-a’'-
acetic acid) trithiocarbonate (DDMAT) as shown in Figure 1A as
discussed elsewhere.”®> From the H NMR spectra shown in
Figure 1B, all the proton signals are nicely assigned, and
therefore the chemical structure of PEG,5-TTC is confirmed. By
comparing the signals at 1.10-1.45 ppm (b) and at 3.61-3.70
ppm (g), the molecular weight M, yur of PEG,s-TTC at 2.3
kg/mol is obtained. From the GPC traces shown in Figure 1C,
the molecular weight M,, gpc of PEG4s-TTC at 3.1 kg/mol with
the PDI value at 1.04 is obtained. It is found that the M, ymg of
the PEG,s-TTC macro-RAFT agents is slightly smaller than
M, epc, and the reason is possibly ascribed to the PS standard
used in the GPC analysis.

A)
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8. .8 2 S. S PEG,s-OH S__S Aok
N3 %QH —— ) 7&(:1 T e Ny 7&0
11/ 25°C,2h \Lr 25°C, 24h \Q/ ®
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Chemical shift (ppm) Elution time (min)

Fig 1. Synthesis of PEG,s-TTC (A), the '"H NMR spectra (B) and
GPC traces (C) of PEG,5-TTC.

3.2 The dispersion RAFT polymerization under different
monomer concentration and the morphology of the in situ
synthesized diblock copolymer

The PEG4s-TTC macro-RAFT agent mediated dispersion
polymerization of styrene was performed in the ethanol/water
mixture (80:20 by weight) under [St],:[PEG4s-TTC],:[AIBN], =
400:1:0.333. The alcoholic solvent of the 80/20 ethanol/water
mixture is chosen because it is a good solvent of the styrene
monomer and the PEG,s-TTC macro-RAFT agent, but a non-
solvent of the PS block of the PEG-b-PS diblock copolymer,
which is essential for the self-assembly of the PEG-b-PS diblock
copolymer in the solvent. With the proceeding of the RAFT
polymerization, the PS block in the PEG-b-PS diblock
copolymer becomes insoluble in the alcoholic solvent, which is
indicated by the cloudy dispersion at the polymerization time
of 6-7 h depended on the monomer concentration, and then

This journal is © The Royal Society of Chemistry 20xx
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the in situ synthesized PEG-b-PS diblock copolymer self-
assembles into nano-objects in the alcoholic solvent.

To check the monomer concentration affecting the
morphology of the PEG-b-PS diblock copolymer, the dispersion
RAFT polymerization with constant [St],:[PEG,5-TTC],:[AIBN],
but at the different monomer concentration ranging from 10%
to 60% was checked (note: the monomer concentration was
defined by the weight ratio of the styrene monomer to the
solvent herein and in the subsequent discussion). The
dispersion RAFT polymerization with the monomer
concentration above 60% was not checked, since the PEG-b-PS
diblock copolymer could not be dispersed in the solvent and
some precipitate was observed during the RAFT
polymerization. The PEG-b-PS nano-objects formed at the
monomer concentration below 50% were dispersed uniformly
in the polymerization medium, since no or just very slight
precipitation was observed. The morphology of these PEG-b-PS
nano-objects prepared by the dispersion RAFT polymerization
both at moderate monomer conversion of 50-60% and at high
monomer conversion above 93% was checked. Figure 2
summarizes the TEM images of the PEG-b-PS diblock
copolymer nano-objects synthesized at moderate monomer
conversion. As shown in Figure 2, at the six cases of the
monomer concentration ranging from 10% to 60%, the
nanospheres with the average size at 352 nm (Figure 2A), the
mixture of 98+12 nm vesicles and 130+30 nm porous
nanospheres (Figure 2B), the major of 138445 nm porous
nanospheres as well as few of 74+15 nm vesicles (Figure 2C),
160+60 nm porous nanospheres (Figures 2D and 2E), and the
major of 368100 nm porous nanospheres as well as some of
168+35 nm porous nanospheres (Figures 2F and 2G), and the
large-sized aggregates up to 2 pum with the bicontinuous
structure (Figures 2H and 2I) are formed, respectively. These
PEG-b-PS diblock copolymers with different morphology have
very similar theoretical molecular weight according to eq 1 as
discussed eIsewhere,63 which is shown by the insets in the TEM
images. The GPC analysis of the PEG-b-PS diblock copolymers
also confirms the similar molecular weight of the six PEG-b-PS
diblock copolymers with narrow distribution (PDI < 1.12),
although the slight shoulder at the high molecular side is
observed in the case of high monomer concentration (Figure 3).
Clearly, these results suggest that the monomer concentration
exerts great influence on the morphology of the in situ
synthesized PEG-b-PS nano-objects.

To further confirm the monomer concentration affecting
the morphology of the in situ synthesized PEG-b-PS nano-
objects, the dispersion RAFT polymerization underwent till the
high monomer conversion up to 93% was achieved (note: the
dispersion RAFT polymerization at the 50% monomer
concentration run a little slow and 89.0% monomer conversion
was obtained even the polymerization was extended to 48 h).
This dispersion RAFT polymerization at high monomer
conversion eliminates or decreases the effect of the residual
monomer on the morphology of the in situ synthesized PEG-b-
PS nano-objects. As shown in Figure 4, although the five

J. Name., 2013, 00, 1-3 | 3
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Fig 2. The TEM images of the PEG-b-PS nano-objects formed at the monomer concentration at 10% (A), 20% (B), 30% (C), 40% (D
and E), 50% (F and G), and 60% (H and 1) at the 50~60% moderate monomer conversion. Insets: the polymerization time, the
monomer conversion, and the chemical composition of the PEG-b-PS diblock copolymer.

——10%,12h, M, = 29.6 kg/mol, PDI= 1.03 diblock copolymers of PEG-b-PS have the similar molecular
——20%,14 h, M, .= 27.3 kg/mol, PDI=1.04 weight (Figure S1) at the five cases of the St monomer
——30%18 h, M_ .= 27.4 kg/mol, PDI=1.04 concentration, nanospheres were formed at low monomer
——40%,24 h, M, .= 29.9 kg/mol, PDI=1.09 concentration of 10% (Figure 4A), vesicles were formed at
—60%24h, M .= 27.2 kg/mol, PDI=1.11 moderate monomer concentration of 20-30% (Figures 4B ana
—00%,24 h, M, .= 25.0 kg/mol, PDi= 1.12 4C), and the complex morphology of entrapped vesicles®® was
formed at the high monomer concentration of 40-50% (Figures

4D-F), respectively. These results confirm that the monomer
concentration is an important parameter affecting the
morphology of the in situ synthesized PEG-b-PS nano-objects.
Furthermore, by comparing the block copolymer morphologies
20 22 24 26 28 30 shown in Figures 2 and 4, it is found that the morphology of
Elution time (mln) the PEG.-b-P.S nano-objzects prepared at moderate monon:1er

conversion is much different from those prepared at high

Fig 3. The GPC traces of the PEG,s-b-PS diblock copolymers monomer conversion. This is partly ascribed to the different
synthesized at different monomer concentration at the 50~60% block length of the solvophobic PS block in the PEG-b-PS
moderate monomer conversion. diblock copolymer. It has been reported that either the size of
the in situ synthesized block copolymer nano-objects increases

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 4
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Fig 4. The TEM images of the PEG-b-PS nano-objects formed at the monomer concentration at 10% (A), 20% (B), 30% (C), 40% (D
and E), and 50% (F) at the 93-97% high monomer conversion. Insets: the polymerization time, the monomer conversion, and the

chemical composition of the PEG-b-PS diblock copolymer.

or the morphology of the block copolymer nano-objects
undergoes the evolution from spheres to worms and finally to
vesicles with the extension of the solvophobic block.*”®°
However, in the present dispersion RAFT polymerization
especially at high monomer concentration, the thing is much
different. For example, in the case of 50% monomer
concentration, the PEG-b-PS diblock copolymer morphology
changes from the PEG,s-b-PS,3, porous microspheres (Figure
2F) to the PEG,5-b-PS356 entrapped vesicles (Figure 4F) when
the DP of the PS block increases from 230 to 356. Generally,
the exact reason to dictate the block copolymer morphology
under PISA condition is very complex, and not only the block
copolymer itself but also the solvent condition including the
solvent character, the temperature and the monomer
dissolved in the solvent can affect the morphology of the in
situ synthesized block copolymer nano-objects.35 In the
present dispersion RAFT polymerization at high monomer
concentration, the concentrated monomer, which is a solvent
for the PS block of the PEG-b-PS diblock copolymer or a
plasticizer for the in situ synthesized PEG-b-PS nano-objects,
greatly changes the solvent character and therefore exerts
somewhat influence on the morphology of the PEG-b-PS nano-
objects, although the exact reason needs further study.

3.3 The kinetics of the dispersion RAFT polymerization and
the PEG-b-PS morphology evolution during the RAFT
polymerization

The porous nanospheres of the PEG-b-PS diblock
copolymer are one of the new morphology under PISA

This journal is © The Royal Society of Chemistry 20xx

conditions. This arouses our interest to explore how these
porous nanospheres being formed during the dispersion RAFT
polymerization. To check how these porous nanospheres being
formed, herein the polymerization kinetics of the typical
dispersion  RAFT  polymerization  under  [St],:[PEG,s-
TTCl,:[AIBN], = 400:1:0.333 with the monomer concentration
at 50% was explored and the morphology of the in situ
synthesized PEG-b-PS nano-objects was checked.

As shown in Figure 5A, the PEG,s-TTC macro-RAFT agent
mediated dispersion polymerization ran smoothly and 89%
monomer conversion was achieved in 48 h. The further
increase in the polymerization time just led to a very slight
increase in the monomer conversion. From Figure 5B, the
linear In([M]o/[M])-time plot is observed, which suggests that
the PEG4-TTC  macro-RAFT  agent mediated RAFT
polymerization at 50% monomer concentration undergoes a
polymerization kinetics just like a general homogeneous RAFT
polymerization.64 For a macro-RAFT agent mediated dispersion
polymerization of styrene in the alcoholic solvent at moderate
monomer concentration of 10-20%, a two-stage In([M]y/[M])-
time plot containing a gradient linear stage corresponding to
the initial homogeneous polymerization and a steep linear one
corresponding to the later heterogeneous polymerization was
usually observed.>?*"*%%°  This two-stage polymerization
kinetics is also found in the present dispersion RAFT
polymerization at 10% monomer concentration (Figure S2).
Clearly, the kinetics of the present dispersion RAFT

J. Name., 2013, 00, 1-3 | 5
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polymerization at 50% high monomer conversion is much
different. The reason is possibly due to the fed monomer with
high monomer concentration, which greatly changes the
solvent character. Since the styrene monomer is a solvent for
the PS block of the PEG-b-PS block copolymer, the feeding
styrene monomer with high concentration will greatly increase
the solubility of the PEG-b-PS diblock copolymer in the
styrene/ethanol/water mixture, which makes the dispersion
RAFT polymerization to undergo similarly with a homogeneous
RAFT polymerization. The PEG-b-PS diblock copolymers
synthesized at different polymerization time are characterized
by GPC analysis and 'H NMR analysis (Figure 5C and Figure S3).
The molecular weight M,ywr of the PEG-b-PS diblock
copolymer is calculated by comparing the area ratio of the
characteristic chemical shift at 6 = 6.31~7.25 ppm (j, |, k) of the
methyl group in the PS block to that of the protons of ethyl at
& = 3.61-3.70 ppm (g) in the PEG block, and the results are
summarized in Figure 5D. Based on the GPC analysis, the
molecular weight M, gpc of the PEG,s-b-PS diblock copolymer
and its distribution index of PDI are obtained and summarized

Journal Name

in Figure 5D. The theoretical molecular weight M., of the
PEG,s5-b-PS block copolymer is also calculated by the monomer
conversion following eq 1. It is found that the three molecular
weight values of the PEG,s-b-PS diblock copolymer, M, nwr,
M, th, and M, cpc, are close to each other. Furthermore, all the
PEG,45-b-PS diblock copolymers synthesized at different
polymerization time have a narrow molecular weight
distribution as indicated by the low PDI at 1.05-1.11, although
a slight shoulder at the higher molecular weight side is
detected at the case of high monomer conversion. This
shoulder is possibly ascribed to the slight bimolecular radical
termination in the RAFT polymerization at the high monomer
conversion as discussed elsewhere.”’ All together, these
results suggest that the PEG,s-TTC macro-RAFT mediated
dispersion polymerization affords good control both on the
PEG-b-PS diblock copolymer molecular weight and on the
molecular weight distribution.

[monomer]y X Myonomer
[RAFT],

My e, = x conversion + Mpapr (1)

100
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= 60- . "
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Fig 5. The monomer conversion-time plot (A) and the In([M]0/[M])-time plot (B) for the PEG,5s-TTC macro-RAFT agent mediated
dispersion polymerization at 50% monomer concentration, the GPC traces (C) and the molecular weight and PDI of the PEG-b-PS
diblock copolymer prepared through the dispersion RAFT polymerization at different monomer conversion (D).

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 7 of 10

Journal Name

Polymer:Chemistry

ARTICLE

A) 16h, PEG,s-b-PS,,q

Fig 6. TEM images the PEG-b-PS nano-objects prepared through the dispersion RAFT polymerization at 50% monomer
concentration at different polymerization time of 16 h (A), 24 h (B), 30 h (C), 36 h (D) and 48 h (E).

The in situ synthesized PEGs-b-PS diblock copolymer
nano-objects through the dispersion RAFT polymerization at
different polymerization time are checked by TEM, and the
TEM images are summarized in Figure 6. To clearly evaluate
the DP of the newly formed PS block affecting the PEG,5-b-PS
diblock copolymer morphology, the detailed composition of
the PEG-b-PS diblock copolymers is indicated as insets in the
TEM images. Note: the polymerization mixture becomes turbid
at 6 h at 23.4% monomer conversion, and therefore just the
PEG-b-PS diblock copolymer morphology after the onset of
micellization is checked. As shown in Figures 6A, B and C,
porous nanospheres of PEG-b-PS are formed at the 37-62%
monomer conversion with the polymerization time ranging

This journal is © The Royal Society of Chemistry 20xx

from 16 to 30 h. With the increasing DP of the PS block, the
average size of the porous nanospheres increases from 190 to
290 nm. At the case of 81% monomer conversion in 36 h, the
morphology of the in situ synthesized PEG-b-PS diblock
copolymer nano-objects changes greatly, and the majority of
the four kinds of the bicontinuous nanospheres as indicated by
1, 2,3 and 4,23'26'62 and few of 180+40 nm vesicles are formed
(Figure 6D). By checking the high-resolution TEM images of the
bicontinuous nanospheres, the inner structure in the 1, 2 and 3
bicontinuous nanospheres is just slightly different, whereas
the 4 bicontinuous nanospheres are somewhat like the
multilayer vesicles.** At the case of 89% monomer conversion
in 48 h, entrapped vesicles are formed (Figure 6E). By carefully

J. Name., 2013, 00, 1-3 | 7
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checking the entrant in the vesicles, four entrapped vesicles of
1, 2, 3 and 4 as shown by the high-resolution TEM images are
classified. In the general macro-RAFT agent mediated
dispersion RAFT polymerization at low or moderate monomer
conversion, the morphology evolution from nanospheres to
worms and finally to vesicles have been found,‘”'60 and the
reason is ascribed to the increasing interfacial curvature
between the solvophilic and solvophobic blocks with the
extension of the solvophobic block during the RAFT
polymerization. Clearly, the present PEG,5-TTC macro-RAFT
agent mediated dispersion polymerization at high monomer
concentration affords new morphology of the PEG-b-PS
diblock copolymer including the porous nanospheres, the
bicontinuous nanospheres and the entrapped vesicles, which is
much different from the dispersion RAFT polymerization under
low or moderate monomer concentration. It is believed that,
although the exact reason on how the PEG-b-PS diblock
copolymer nano-objects with new morphology being formed
needs further study, the macro-RAFT agent mediated
dispersion polymerization of concentrated monomer may be a
promising method to fabricate new morphology of block
copolymer nano-assemblies.

4 Conclusions

The PEG4s-TTC macro-RAFT agent mediated dispersion
polymerization of styrene in the alcoholic solvent with
different monomer concentration is investigated. It is found
that the monomer concentration exerts great influence on the
morphology of the in situ synthesized nano-objects of the PEG-
b-PS diblock copolymer. At the case of low monomer
concentration, spherical nanoparticles of the PEG-b-PS diblock
copolymer are formed in the PEG,s-TTC macro-RAFT agent
mediated dispersion polymerization; at the case of moderate
monomer concentration, vesicles are formed; at the case of
high monomer concentration, entrapped vesicles are formed,
respectively. The polymerization kinetics of the macro-RAFT
agent mediated dispersion polymerization at 50% high
monomer concentration is investigated and the morphology of
the in situ synthesized PEG-b-PS nano-objects in the dispersion
RAFT polymerization is checked. It is found that the PEG4s-TTC
macro-RAFT agent mediated dispersion polymerization at 50%
high monomer concentration undergoes the kinetic similar
with a homogeneous RAFT polymerization, as indicated by the
linear In([M]o/[M])-time plot, and the good control both in the
molecular weight of the PEG-b-PS diblock copolymer and the
molecular weight distribution is achieved. It is found that, with
the extension of the PS block of the PEG-b-PS diblock
copolymer, the morphology of the in situ synthesized diblock
copolymer nano-objects changes from the porous
nanospheres to the bicontinuous nanospheres and finally to
the entrapped vesicles, which is much different from the
dispersion RAFT polymerization under low or moderate
monomer concentration. Our results demonstrate that the
monomer concentration is an important parameter affecting
the morphology of the in situ synthesized block copolymer

8| J. Name., 2012, 00, 1-3

nano-objects under PISA conditions, which is somewhat

neglected previously.
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The great effect of the monomer concentration on the block copolymer morphology under

dispersion RAFT polymerization is found and demonstrated.



