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Abstract   Polymerization-induced self-assembly (PISA) has become one of the most versatile approaches for scalable preparation of linear block

copolymer nanoparticles with various morphologies. However, the controlled introduction of branching into the core-forming block and the ef-

fect on the morphologies of block copolymer nanoparticles under PISA conditions have rarely been explored. Herein, a series of multifunctional

macromolecular chain transfer agents (macro-CTAs) were first synthesized by a two-step green light-activated photoiniferter polymerization us-

ing two types of chain transfer monomers (CTMs). These macro-CTAs were then used to mediate reversible addition-fragmentation chain trans-

fer (RAFT) dispersion polymerization of styrene (St) to prepare block copolymers with different core-forming block structures and the assemblies.

The effect of the core-forming block structure on the morphology of block copolymer nanoparticles was investigated in detail. Transmission elec-

tron microscopy (TEM) analysis indicated that the brush-like core-forming block structure facilitated the formation of higher-order morphologies,

while the branched core-forming block structure favored the formation of lower-order morphologies. Moreover, it was found that using macro-

CTAs with a shorter length also promoted the formation of higher-order morphologies. Finally, structures of block copolymers and the assem-

blies were further controlled by changing the structure of macro-CTA or using a binary mixture of two different macro-CTAs. We expect that this

work not only sheds light on the synthesis of block copolymer nanoparticles but also provide important mechanistic insights into PISA of nonlin-

ear block copolymers.
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INTRODUCTION

Over  the  past  ten  years  or  so,  polymerization-induced  self-as-
sembly (PISA) via reversible addition-fragmentation chain trans-
fer  (RAFT)-mediated  dispersion  polymerization  has  become  a
highly effective and versatile approach to prepare well-defined
block  copolymer  nanoparticles.[1−30] Typically,  RAFT-PISA  in-
volves  growing  a  solvophobic  block  from  a  macromolecular
RAFT (macro-RAFT) agent to form a block copolymer in a selec-
tive solvent. As the polymerization proceeds, in situ self-assem-
bly  occurs  when  the  solvophobic  block  reaches  to  a  critical
molecular  weight,  leading  to  the  formation  of  sterically-stabi-
lized block copolymer nanoparticles. Compared with traditional
solution  self-assembly  that  usually  performs  at  a  diluted  solu-

tion (<1 wt%),[31−34] such RAFT-PISA syntheses can be conduct-
ed at a highly concentrated solution with the solids being up to
50 wt%. Moreover, RAFT-PISA can eliminate the requirement for
post-polymerization  processing  steps  such  as  pH  or  solvent
switch.

Currently, almost all RAFT-PISA formulations have been fo-
cused on the preparation of linear block copolymer nanopar-
ticles  using  a  monofunctional  macro-RAFT  agent.  Morpholo-
gies  of  these  block  copolymer  nanoparticles  could  be  con-
trolled by changing the solids  content,[35,36] degrees  of  poly-
merization (DPs) of the solvophilic block and the solvophobic
block,[37,38] reaction  temperature,[36,39−41] polymerization  ki-
netics,[42] and solvent composition,[19,43−45] etc. In contrast, the
preparation of polymers with complex architectures by RAFT-
PISA  has  rarely  been  explored.  Indeed,  it  has  been  demon-
strated  that  the  polymer  architecture  had  significant  effects
on the RAFT-PISA process as well as the morphology of poly-
mer  nanoparticles.[46−59] For  example,  An  and  co-workers[46]

reported a direct comparison between AB2 star block copoly-
mers and AB diblock copolymers with comparable molecular
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weights  under  aqueous  RAFT-PISA  conditions.  They  found
that  higher-order  morphologies  such  as  vesicles  are  favored
in the case of AB2 star block copolymers. Zhang and co-work-
ers[47] also  compared the performance of  AB diblock  copoly-
mers  and  (AB)n star  block  copolymers  in  RAFT-PISA.  They
demonstrated  that  higher-order  morphologies  were  favored
in  the  case  of  (AB)n star  block  copolymers  due  to  the  en-
hanced  fusion  of  polymer  nanoparticles.  Recently,  our
group[51] reported  the  preparation  of  segmented  hyper-
branched block copolymer nanoparticles by RAFT-PISA using
segmented  hyperbranched  macro-RAFT  agents  with  differ-
ent  RAFT  group  distributions.  When  using  the  R-type  seg-
mented  hyperbranched  macro-RAFT  agent,  flocculation  oc-
curred  during  the  polymerization  due  to  the  bridging  be-
tween  polymer  particles.  When  using  the  Z-type  segmented
hyperbranched macro-RAFT agent,  the solvophobic block al-
ways grows in  the inner  of  segmented hyperbranched block
copolymers  that  can  avoid  bridging  between  polymer  parti-
cles,  and  well-defined  morphologies  were  obtained.  Despite
some  achievements  have  been  made  on  RAFT-PISA  of  non-
linear  polymers,  the  effect  of  the  core-forming  block  struc-
ture on RAFT-PISA has rarely been explored.

In this study, a series of multifunctional macro-RAFT agents
were  synthesized  by  a  two-step  green  light-activated  pho-
toiniferter  polymerization  of  two  different  RAFT  chain  trans-
fer  monomers  (CTMs).  These  macro-RAFT  agents  were  then
employed  to  mediate  RAFT  dispersion  polymerization  of
styrene (St), leading to the formation of block copolymers and
the  assemblies.  These  block  copolymers  share  the  same
solvophilic  block  but  with  different  solvophobic  block  struc-
tures.  Effects  of  the  core-forming  block  structure  on  RAFT-
PISA  as  well  as  the  morphology  of  polymer  nanoparticles
were investigated in detail.

EXPERIMENTAL

All  experimental  details  are  provided  in  the  electronic  supple-
mentary information (ESI).

RESULTS AND DISCUSSION

Synthesis of Macro-RAFT Agents by Green Light-
activated Photoiniferter Polymerization
For  the  synthesis  of  CTMs,  4-cyano-4-(ethylthiocarbonoth-
ioylthio)pentanoic  acid  (CEPA)  and  2-(n-butyltrithio-
carbonate)propionic acid (BTPA) were conjugated with hydrox-
yethyl methacrylate (HEMA) via esterification, denoted as CEPE-
MA and BTPEMA, respectively.  According to the work reported
by  Shanmugam et  al.,[60] the  trithiocarbonate  unit  of  CEPEMA
can be activated under green light irradiation, while the trithio-
carbonate unit of BTPEMA remains intact under green light irra-
diation. Fig.  1 shows 1H-NMR spectra of  CEPEMA and BTPEMA,
confirming the successful formation of these compounds.

A two-step green light-activated photoiniferter polymeriza-
tion  was  then  performed  to  synthesize  macro-RAFT  agents
(Scheme 1a). Specifically, a large batch of PPEGMAn-CEPA was
first  synthesized  by  the  green  light-activated  photoiniferter
polymerization  of  PEGMA  in  1,4-dioxane  using  CEPA.  PPEG-
MAn-CEPA  was  then  chain-extended  with  CEPEMA  or  BTPE-
MA  under  green  light-activated  photoiniferter  polymeriza-
tion conditions. 1H-NMR analysis confirmed near quantitative
monomer  conversions  were  achieved  in  both  cases.  Under
green light irradiation, the polymerization of CEPEMA should
undergo a self-condensing vinyl polymerization (SCVP) mech-
anism  and  linear-branched  multifunctional  macro-RAFT
agents  could  be  formed  (Scheme  1a).[18] In  contrast,  the
trithiocarbonate  unit  of  BTPEMA  did  not  involve  in  the  pho-
toiniferter polymerization and linear diblock copolymer multi-
functional macro-RAFT agents should be formed (Scheme 1a).
Fig. 2(a) shows size exclusion chromatography (SEC) traces of
PPEGMA15-CEPA, PPEGMA15-PCEPEMA5-CEPA, and PPEGMA15-
PBTPEMA5-CEPA.  It  is  apparent  that  the  SEC  trace  shifted
slightly to lower elution volume (higher molecular weight) af-
ter photoiniferter polymerization of CEPEMA or BTPEMA, sug-
gesting  the  successful  chain  extension.  Relatively  narrow
molecular  weight  distributions  (Mw/Mn≤1.20)  were  observed
for  PPEGMA15-CEPA  and  PPEGMA15-PBTPEMA5-CEPA.  In  con-
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Fig. 1    (a) 1H-NMR spectra of CEPA, HEMA and CEPEMA; (b) 1H-NMR spectra of BTPA, HEMA and BTPEMA.
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Scheme 1    (a) Schematic illustration for the synthesis of PPEGMA-CEPA, PPEGMA-PCEPEMA-CEPA, and PPEGMA-PBTPEMA-CEPA by green light-
activated photoiniferter  polymerization;  (b)  Schematic  illustration for  the RAFT-PISA process using PPEGMA-CEPA,  PPEGMA-PCEPEMA-CEPA,  or
PPEGMA-PBTPEMA-CEPA as the macro-RAFT agent.
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Fig.  2    (a)  THF  SEC  traces  of  PPEGMA15-CEPA,  PPEGMA15-PCEPEMA5-CEPA,  and  PPEGMA15-PBTPEMA5-CEPA;  (b) 1H-NMR  spectrum  of
PPEGMA15-PBTPEMA5-CEPA.
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trast, a relatively broad molecular weight distribution was ob-
served  (Mw/Mn=1.60)  for  PPEGMA15-PCEPEMA5-CEPA  due  to
the formation of branched structure via SCVP. Fig. 2(b) shows
the 1H-NMR spectrum of PPEGMA15-PBTPEMA5-CEPA in CDCl3.
The  presence of  a  proton signal  at  ~4.75  ppm indicates  that
the  trithiocarbonate  group  of  BTPEMA  was  retained  after
polymerization.  The  integra  of  peak  7  (~4.35  ppm)  is  almost
twice that of peak 6 (~4.75 ppm), suggesting that the trithio-
carbonate  group  of  the  BTPEMA  unit  did  not  involve  in  the
photoiniferter polymerization.

RAFT Dispersion Polymerization of Styrene Using
Multifunctional Macro-RAFT Agents
As a control experiment, PPEGMA15-CEPA was first employed to
mediate  RAFT  dispersion  polymerization  of  St  (20  wt%)  in
methanol/water  (80/20, W/W)  with  different  [St]/[PPEGMA15-
CEPA]  ratios.  The  choice  of  St  as  the  monomer  is  due  to  the
good  controllability  of  trithiocarbonate  group  of  BTPEMA  and
CEPA toward St and the relatively high glass transition tempera-
ture  of  PSt.  In  this  case,  diblock  copolymers  of  PPEGMA15-PStn
with a linear core-forming block would be formed (Scheme 1b).
Fig.  S1 (in  ESI)  shows SEC traces of  the formed diblock copoly-
mers. Relatively narrow molecular weight distributions (Mw/Mn≤
1.41)  were  observed  in  all  cases,  suggesting  the  formation  of
well-defined block copolymers. The presence of a high-molecu-
lar-weight shoulder in each case should be attributed to the oc-
currence  of  bimolecular  termination  during  RAFT  dispersion
polymerization. Figs.  3(a)−3(d)  show  transmission  electron  mi-
croscopy  (TEM)  images  of  the  formed  block  copolymer
nanoparticles.  At  all  investigated  [St]/[PPEGMA15-CEPA]  ratios,
pure spheres were observed. Hydrodynamic diameters of these
spheres were also determined by dynamic light scattering (DLS)
and  it  was  found  that  the  hydrodynamic  diameter  increased
with the [St]/[PPEGMA15-CEPA] (Fig. 3e). The formation of kineti-
cally-trapped  spheres  in  this  case  should  be  attributed  to  the
weak  mobility  of  PSt  core-forming  block  under  these
conditions,[1] which  is  not  beneficial  for  the  re-organization  of
polymer chains. Branched or brush-like polymers with relatively
short  side  chains  that  can  avoid  chain-chain  interchain  entan-
glement.[61] Therefore,  the  introduction  of  branching  in  the
core-forming block is an attractive strategy to improve the mo-

bility of the core-forming block.[52] Moreover, the effective stabi-
lization of PPEGMA15 toward micelles can inhibit the fusion be-
tween  micelles,  which  can  be  improved  by  using  macro-RAFT
agents with a shorter length.[35,37]

In order to introduce branching in the core-forming block,
two  multifunctional  macro-RAFT  agents,  PPEGMA15-
PCEPEMA5-CEPA  and  PPEGMA15-PBTPEMA5-CEPA,  were  then
used  to  mediate  RAFT  dispersion  polymerization  of  St  (20
wt%)  in  methanol/water  (80/20, W/W)  with  different
[St]/[macro-RAFT]  ratios.  It  should  be  noted  that  both  CEPA
and BTPA exhibit good controllability toward St.[62] In all cas-
es,  high monomer conversions were achieved within 24 h of
polymerization,  as  verified  by 1H-NMR  spectroscopy.  When
using  PPEGMA15-PCEPEMA5-CEPA,  linear-branched  block
copolymers should be formed (Scheme 1b). As shown in Figs.
4(a)−4(d),  spherical  micelles  were  formed  at  all  investigated
[St]/[macro-RAFT]  ratios.  In  contrast,  brush-like  block  copoly-
mers  should  be  formed  when  using  PPEGMA15-PBTPEMA5-
CEPA  as  the  macro-RAFT  agent  (Scheme  1b).  At  [St]/[macro-
RAFT]  ratios  of  200 and 250,  mixed morphologies  of  vesicles
and  spheres  were  observed  (Figs.  4e and  4f).  When  the
[St]/[macro-RAFT]  ratio  was  increased  to  300,  pure  vesicles
were  formed  (Fig.  4g).  Further  increasing  the  [St]/[macro-
RAFT] ratio to 350 led to the formation of porous vesicles (Fig.
4h).  The  obtained  polymers  were  also  analyzed  by  SEC  and
multimodal  SEC  traces  was  observed  in  each  case  (Fig.  S2  in
ESI).  This  can  be  explained  by  the  fact  that  both  PPEGMA15-
PCEPEMA5-CEPA  and  PPEGMA15-PBTPEMA5-CEPA  should  be
mixtures of polymers with different number of trithiocarbon-
ate  groups,  although  the  average  number  of  CEPEMA  or
BTPEMA was 5. It should be noted that the presence of a low-
molecular-weight  peak  in  each  case  should  be  attributed  to
the presence of a small amount of PCEPEMA and PBTPEMA in
the  macro-RAFT  agents.[60,62,63] To  further  illustrate  the  mor-
phological  difference  between  these  two  formulations,  two
morphological  phase  diagrams  were  constructed  by  chang-
ing the monomer concentration and the [St]/[macro-RAFT] ra-
tio.  As  shown  in Fig.  5(a),  only  spheres  were  obtained  in  the
case of PPEGMA15-PCEPEMA5-CEPA even at a 25 wt% St con-
centration with the [St]/[macro-RAFT] ratio being up to 350. In
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Fig.  3    (a−d)  TEM  images  of  block  copolymer  nanoparticles  prepared  by  RAFT  dispersion  polymerization  of  St  (20  wt%)  using
PPEGMA15-CEPA  with  different  [St]/[PPEGMA15-CEPA]  ratios:  (a)  200,  (b)  250,  (c)  300,  (d)  350;  (e)  DLS  distributions  of  PPEGMA15-PStn
(n=200, 250, 300, 350) block copolymer nanoparticles prepared by RAFT dispersion polymerization of St (20 wt%) using PPEGMA15-CEPA.
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contrast,  a  large  region  of  mixed  morphologies  consist  of
spheres and vesicles was observed in the case of  PPEGMA15-
PBTPEMA5-CEPA (Fig. 5b). This morphological phase diagram
is  concentration-dependent  with  pure  vesicles  only  being
formed at the St concentration of 20 wt% or higher. These re-
sults  suggest  that  the  brush-like  structure  of  core-forming
block  facilitates  the  formation  of  higher-order  morphologies
as compared to the branched structure of core-forming block
under PISA conditions. This may be explained by the fact that
the  regularity  of  PSt  side  chains  in  the  case  of  PPEGMAn-
PBTPEMA5-CEPA  is  better  than  that  in  the  case  of  PPEGMAn-
PCEPEMA5-CEPA, which is important for the efficient packing
of  block copolymers and therefore the morphological  evolu-
tion.  Moreover,  molecular  weight  distributions  of  block
copolymers synthesized by using PPEGMA15-PBTPEMA5-CEPA
are  narrower  than  those  synthesized  by  using  PPEGMA15-
PCEPEMA5-CEPA  (Fig.  2a),  which  should  also  affect  the  self-
assembly  process.[64] It  should  be  noted  that  no  worm-like
morphology  was  observed  in  these  two  phase  diagrams.  In-
deed,  for  PISA  formulations  of  polystyrene-based  block
copolymers,  it  is  always  difficult  to  achieve  worm-like  mor-
phology by varying reaction parameters.[20,65]

Another  useful  approach  to  promote  the  morphological
evolution during PISA is the utilization of macro-RAFT agents
with  lower  molecular  weights.[35,37] PPEGMA10-CEPA,
PPEGMA10-PCEPEMA5-CEPA  and  PPEGMA10-PBTPEMA5-CEPA
were also synthesized by green light-activated photoiniferter
polymerization of CEPEMA or BTPEMA using PPEGMA10-CEPA
as  the  first  block  (Fig.  S3  in  ESI).  These  three  macro-RAFT
agents were then used to mediate RAFT dispersion polymer-
ization  of  St  with  different  [St]/[macro-RAFT]  ratios.  In  the
case  of  PPEGMA10-PBTPEMA5-CEPA,  vesicles  with  porous  in-
ternal  structures were formed at  all  investigated [St]/[macro-
RAFT]  ratios  (Figs.  6a−6d).  By  using  PPEGMA10-PCEPEMA5-
CEPA  as  the  macro-RAFT  agent,  spheres  were  formed  at
[St]/[macro-RAFT] ratios of  300 or  lower (Fig.  6e−6g).  Further
increasing the [St]/[macro-RAFT] ratio to 350 led to the forma-
tion of spheres mixed with porous vesicles (Fig. 6h). By using
PPEGMA10-CEPA as the macro-RAFT agent, only spheres were
formed  at  all  investigated  [St]/[macro-RAFT]  ratios  (Figs.
6i−6l). These results are consistent with RAFT dispersion poly-
merization  of  St  mediated  by  PPEGMA15-CEPA,  PPEGMA15-
PCEPEMA5-CEPA,  and  PPEGMA15-PBTPEMA5-CEPA.  Compar-
ing Fig. 4 and Fig. 6, it is apparent that decreasing the molec-
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Fig.  4    TEM  images  of  block  copolymer  nanoparticles  prepared  by  RAFT  dispersion  polymerization  of  St  (20  wt%)  using  (a−d)  PPEGMA15-
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ular  weight  of  the stabilizer  block  could promote the forma-
tion of higher-order morphologies. This is because the short-
er  length of  the stabilizer  block should provide poorer  stabi-
lization  toward  particles  that  should  facilitate  the  collision
and fusion between particles, which is important for the mor-
phological evolution to higher-order morphologies.

To  further  investigate  the  polymerization  process,  kinetic
studies  of  RAFT dispersion polymerization of  St  (20 wt%)  us-
ing  PPEGMA15-PCEPEMA5-CEPA  and  PPEGMA15-PBTPEMA5-
CEPA  were  then  performed  ([St]/[macro-RAFT]=300).  In  both
cases,  near  quantitative  monomer  conversions  (>99%)  were
achieved within 12 h of polymerization (Fig. 7a). For the poly-
merization  using  PPEGMA15-PCEPEMA5-CEPA,  the  corre-
sponding semilogarithmic plot indicate a dramatic increase in
the  polymerization  rate  after  ~5.1  h  (blue  plot  in Fig.  7b),
which corresponds to a St conversion of 41.6%. Such observa-
tion  is  typical  in  previously  reported  PISA  formulations,[66−68]

which  corresponds  to  the  onset  of  micellar  nucleation.  Simi-
lar  results  are  observed  in  the  case  of  PPEGMA15-PBTPEMA5-
CEPA  (red  plot  in Fig.  7b).  It  was  found  that  the  nucleation
stage  for  the  polymerization  using  PPEGMA15-PBTPEMA5-
CEPA  was  shorter  than  that  of  using  PPEGMA15-PCEPEMA5-
CEPA. This should be attributed to the structural difference in
the  core-forming  block  and  the  difference  in  the  molecular
weight distribution. Each sample withdrawn for these kinetic
studies was also characterized by SEC. Multimodal SEC traces
were  observed  for  all  samples  (Figs.  7c and  7e).  This  is  be-
cause the samples should be mixtures of polymers with differ-
ent number of PSt side chains. It should be noted that a low-
molecular-weight shoulder was observed in each case, which
can be attributed to the presence of a small amount of PBTPE-
MA or PCEPEMA in the macro-RAFT agents. Figs. 7(d) and 7(f)
show the evolution of number-average molecular weight (Mn)

and Mw/Mn with  monomer  conversion  during  RAFT  disper-
sion  polymerization  of  St.  In  the  case  PPEGMA15-PBTPEMA5-
CEPA, a linear evolution of Mn with monomer conversion was
observed  (Fig.  7f),  suggesting  the  polymerization  is  well-
controlled. It should be noted that relatively high Mw/Mn val-
ues were observed throughout the polymerization. However,
the Mn value did not increase linearly with monomer conver-
sion  when  using  PPEGMA15-PCEPEMA5-CEPA  (Fig.  7d),  which
can  be  attributed  to  the  branched  structure  of  the  block
copolymer.

Further Structural Control Over Block Copolymers
and Morphological Control Over Polymer Assemblies
The  above  results  demonstrate  that  the  core-forming  block
structure  has  significant  influence  on  the  formed  polymer  as-
semblies.  Taking  advantage  of  the  different  reactivity  of  BTPE-
MA and CEPEMA under green light irradiation,  the structure of
macro-RAFT agents can be further controlled by using a binary
mixture  of  CEPEMA  and  BTPEMA  with  different  [CEPEMA]/
[BTPEMA]  ratios.  PPEGMA15-P(CEPEMA3.5-co-BTPEMA1.5)-CEPA
and PPEGMA15-P(CEPEMA1.5-co-BTPEMA3.5)-CEPA were also syn-
thesized by green light-activated photoiniferter polymerization
using  PPEGMA15-CEPA  (Fig.  S4  in  ESI).  These  two  macro-RAFT
agents  were  then  employed  to  mediate  RAFT  dispersion  poly-
merization of St (20 wt%) with different [St]/[macro-RAFT] agent.
Figs.  8(a)−8(h)  show  TEM  images  of  the  obtained  polymer  as-
semblies, and mixed morphologies of spheres and porous vesi-
cles were observed in all cases. Combining the data of Fig. 4 and
Fig.  8(a)−8(h),  a morphological  phase diagram for RAFT disper-
sion  polymerization  of  St  mediated  by  PPEGMA15-P(CEPEMAn-
co-BTPEMAm)-CEPA (m + n =  5)  was  then constructed by  vary-
ing the [St]/[macro-RAFT] ratio and the [CEPEMA]/[BTPEMA] ra-
tio.  As  shown  in Fig.  8(i),  it  is  apparent  that  decreasing  the
[CEPEMA]/[BTPEMA] ratio would facilitate the formation of poly-
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mer  assemblies  with  high-order  morphologies.  Pure  vesicles
could  only  be  obtained  when  using  PPEGMA15-PBTPEMA5-
CEPA,  while  pure  spheres  were  obtained  when  using
PPEGMA15-PCEPEMA5-CEPA.  These  results  further  confirm  that
the brush-like core-forming block is more likely to form higher-
order  morphologies  than  the  branched  core-forming  block.  In

other  words,  the core-forming block  structure  could be served
as an effective parameter to tune morphologies of polymer as-
semblies under PISA conditions.

To further  control  the morphology of  polymer assemblies,
we  also  performed  RAFT  dispersion  polymerization  of  St  (20
wt%)  using  a  binary  mixture  of  PPEGMA10-PBTPEMA5-CEPA
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Fig.  7    (a)  Polymerization  kinetics  for  RAFT  dispersion  polymerization  of  St  (20  wt%)  mediated  by  PPEGMA15-PBTPEMA5-CEPA  (red  plot)  or
PPEGMA15-PCEPEMA5-CEPA (blue plot) with the [St]/[macro-RAFT] ratio of 300/1; (b) Semilogarithmic plots of RAFT dispersion polymerization of
St  (20  wt%)  mediated  by  PPEGMA15-PBTPEMA5-CEPA  (red  plot)  or  PPEGMA15-PCEPEMA5-CEPA  (blue  plot)  with  the  [St]/[macro-RAFT]  ratio  of
300/1;  (c,  e)  THF  SEC  traces  and  (d,  f)  evolution  of Mn and Mw/Mn with  monomer  conversion  for  polymers  obtained  during  RAFT  dispersion
polymerization of St (20 wt%) mediated by (c, d) PPEGMA15-PCEPEMA5-CEPA or (e, f) PPEGMA15-PBTPEMA5-CEPA with the [St]/[macro-RAFT] ratio
of 300/1.
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and  PPEGMA10-PCEPEMA5-CEPA  with  different  [PPEGMA10-
PBTPEMA5-CEPA]/[PPEGMA10-PCEPEMA5-CEPA]  ratios  (8/2,
6/4,  4/6,  and  2/8). Fig.  9 shows  TEM  images  of  the  formed
polymer assemblies.  It  should be noted that the TEM images
of  polymer  assemblies  prepared  at  the  [PPEGMA10-
PBTPEMA5-CEPA]/[PPEGMA10-PCEPEMA5-CEPA]  ratio  of  10/0
and 0/10 are shown in Fig. 6(c) and Fig. 6(g),  respectively.  As
decreasing  the  [PPEGMA10-PBTPEMA5-CEPA]/[PPEGMA10-
PCEPEMA5-CEPA]  ratio,  it  is  apparent  that  the  morphology
transformed  from  pure  vesicles  to  mixed  morphologies  of
vesicles  and  spheres  to  spheres.  These  results  further  con-
firmed  that  the  brush-like  core-forming  block  structure  fa-
vored  the  formation  of  higher-order  morphologies  than  the
branched core-forming block structure.

CONCLUSIONS

In  summary,  multifunctional  macro-RAFT agents  were  success-
fully synthesized by photoiniferter polymerization of CEPEMA or
BTPEMA  using  PPEGMAn-CEPA  as  the  first  block.  These  macro-
RAFT  agents  were  then  employed  to  mediate  RAFT  dispersion

polymerization  of  St  to  prepare  block  copolymers  with
branched  core-forming  block  or  brush-like  core-forming  block.
TEM analysis indicated that the branched core-forming favored
the  formation  of  lower-order  morphologies  such  as  spheres
while  the  brush-like  core-forming  block  facilitated  the  forma-
tion of higher-order morphologies such as vesicles. It was found
that using a shorter solvophilic block (PPEGMAn) also facilitated
the formation of higher-order morphologies. Kinetic studies in-
dicated that high monomer conversions (>99%) were achieved
within 12 h of polymerization. SEC analysis of the formed block
copolymers  indicated  that  multimodal  SEC  traces  and  broad
molecular weight distributions were observed in all cases. Final-
ly, the morphology of block copolymer assemblies could be fur-
ther  controlled  by  using  PPEGMA15-P(CEPEMAn-co-BTPEMAm)-
CEPA with different [CEPEMA]/[BTPEMA] ratios or using a binary
mixture  of  PPEGMA10-PBTPEMA5-CEPA  and  PPEGMA10-
PCEPEMA5-CEPA  with  different  [PPEGMA10-PBTPEMA5-
CEPA]/[PPEGMA10-PCEPEMA5-CEPA] ratios.
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