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ABSTRACT: Reversible addition-fragmentation chain
transfer polymerization (RAFT) was developed for the con-
trolled preparation of polystyrene (PS)/poly(4-vinylpyri-
dine) (P4VP) triblock copolymers. First, PS and P4VP ho-
mopolymers were prepared using dibenzyl trithiocarbonate
as the chain transfer agent (CTA). Then, PS-b-P4VP-b-PS and
P4VP-b-PS-b-P4VP triblock copolymers were synthesized
using as macro-CTA the obtained homopolymers PS and
P4VP, respectively. The synthesized polymers had relatively
narrower molecular weight distributions (M,/M, < 1.25),
and the polymerization was controlled /living. Furthermore,
the polymerization rate appeared to be lower when styrene
was polymerized using P4VP as the macro-CTA, compared
with polymerizing 4-vinylpyridine using PS as the macro-
CTA. This was attributed to the different transfer constants
of the P4VP and PS macro-CTAs to the styrene and the

4-vinylpyridine, respectively. The aggregates of the triblock
copolymers with different compositions and chain architec-
tures in water also were investigated, and the results are
presented. Reducing the P4VP block length and keeping the
PS block constant favored the formation of rod aggregates.
Moreover, the chain architecture in which the P4VP block
was in the middle of the copolymer chain was rather favor-
able to the rod assembly because of the entropic penalty
associated with the looping of the middle-block P4VP to
form the aggregate corona and tailing of the end-block PS
into the core of the aggregates. © 2003 Wiley Periodicals, Inc.
] Appl Polym Sci 89: 1017-1025, 2003
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INTRODUCTION

The preparation of polymers of predetermined molec-
ular weight, narrow molecular weight distribution,
and tailored architecture (e.g., block, graft, and star)
has become a major aspect of polymer chemistry in
recent years.' These well-defined polymers offer a vast
range of new and advanced materials for applications
in photoelectronics, biomedical materials, and so on.
The control on macromolecular structure has been
achieved by various methods, such as anionic, cat-
ionic, and controlled/living radical polymerization.'
Controlled/living radical polymerization has several
advantages over other living polymerization methods,
including tolerance to a wide range of monomers with
various functional groups, facile copolymerization,
undemanding reaction conditions, and feasibility in
the presence of water. The key feature of controlled/
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living radical polymerization is the dynamic equilibra-
tion between the active radicals and various types of
dormant species. Currently, three systems have been
proved to be most efficient: nitroxide mediated poly-
merization (NMP),* atom transfer radical polymeriza-
tion (ATRP),® and reversible addition—fragmentation
chain transfer polymerization (RAFT).* NMP carried
out in the presence of bulky nitroxide cannot be ap-
plied to the polymerization of methacrylates because
of fast B-H abstraction. Using ATRP for the polymer-
ization of acidic monomers is limited, and removing
catalysts is difficult. In principle, RAFT can be used for
any radically polymerizable monomers®® and for
preparation of polymers with complex architec-
tures.>'01?

For RAFT, the control of polymerization is achieved
by performing it in the presence of a suitable thiocar-
bonylthio compound that acts as a highly efficient
reversible addition-fragmentation chain transfer
agent. A simplified mechanism for RAFT, elucidated
by Rizzardo,” is outlined (Scheme 1) in eq. (1) and the
overall process in eq. (2). It involves a reversible chain
transfer process in which a thiocarbonylthio agent
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behaves like a transfer agent, reacting with initiating
and propagating radicals to yield a transfer agent and
a species able to initiate polymerization. The thiocar-
bonylthio is transferred between the active and dor-
mant chains, thus maintaining the controlled/living
character of polymerization. Recently, additional as-
pects of the mechanism and kinetics of RAFT have
been investigated.'®™'® Moreover, RAFT has been suc-
cessfully accomplished at ambient temperature by ad-
justing the structure of thiocarbonylthio'® and by per-
forming it in emulsion polymerization®>** and under
®0Co y-irradiation.?*?

Pyridine-containing polymers have attracted inter-
ests in recent years because of they can be used in
various applications including as water-soluble poly-
mers and coordination reagents for transition metals.
Unlike with 2-vinylpyridine,* the living polymeriza-
tion of 4-vinylpyridine has not been well studied until
recently,” " despite its more interesting properties
resulting from the higher accessibility of the nitrogen
atom, that is, easier quarterization to afford polyelec-
trolytes® and hydrogen bonding for constructing hi-
erarchical supermolecular structures.’® Recently, con-
trolled /living radical polymerization of 4-vinylpyri-
dine has been reported using NMP*' and ATRP®?
methods. Also, a poly(methyl methacrylate)-b-P4VP
diblock copolymer with a molecular weight distribu-
tion of 1.35 and a molecular weight of 8950 was made
by ATRP using poly(methyl methacrylate) as the mac-
roinitiator.*

In the present study, polystyrene (PS) and P4VP
homopolymers were obtained first, using dibenzy! tri-
thiocarbonate (DBTTC) as the chain transfer agent
(CTA). Then, PS-b-P4VP-b-PS and P4VP-b-PS-b-P4VP
triblock copolymers with various compositions were
successfully synthesized using the obtained PS and
P4VP homopolymers, respectively, as the macro-CTAs.
Moreover, aggregates of the triblock copolymers of dif-

n-Bu,NHSO4

CHzCI + Cs,

33 % ag. NaOH

ferent chain architectures and compositions in water
were investigated, and the results are presented here.

EXPERIMENTAL
Materials

Styrene and 4-vinylpyridine were stirred over CaH,
overnight and distilled under reduced pressure prior
to use. 2,2'-Azoisobutyronitrile (AIBN) was recrystal-
lized from ethanol. Unless specified, all other reagents
were purchased from commercial sources and used
without further purification.

Synthesis of DBTTC

The DBTTC was synthesized by reacting CS, and 33%
aqueous NaOH with benzyl chloride under a phase-
transfer catalysis condition (Scheme 2).%°

Typically, a mixture of 10 mL of CS, and 10 mL of
33% aqueous NaOH solution was stirred vigorously at
room temperature in a 50-mL round-bottom flask by a
magnetic stirrer. The phase transfer catalyst (n-
Bu,NHSO,, 3 mol % to the benzyl chloride used) was
then introduced. After stirring for 10 min, 1 mL of
benzyl chloride was added. To work up the reaction, the
CS, layer was first separated, and then the aqueous layer
was extracted three times with CS, (3 X 10 mL). The
combined CS, solution was washed once with water.
After being dried over anhydrous Na,5O, and filtered,
evaporation of the solvent afforded the DBTTC. The
chemical structure was, as elucidated by Fourier trans-
form infrared (FTIR) spectroscopy, (v, cm™'), 1065
(ve=3) and, by "H-NMR (8, ppm), 2.73 (—CH,—).

General procedures for synthesis of PS, P4VP, PS-
b-P4VP-b-PS, and P4VP-b-PS-b-P4VP polymers

The polymerization conditions for various polymers
are given in Table I. All polymerizations were carried

Scheme 2
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TABLE 1
Polymerization Conditions of Various Polymers by RAFT

Styrene 4-Vinylpyridine RAFT agents AIBN DMF Reaction time Temperature Con.

Samples (mL) (mL) (g) (8) (mL) (h) (°C) (%)
10102 10 — 0.0932% — — 24 110 67
10182 — 35 0.9971° 0.0092 15 2 80 88
10191 — 3.5 0.9692° 0.0084 15 2.5 60 86
10261 — 3.5 0.9980° 0.0045 15 25 60 35
10181 — 7.5 0.0773% 0.0200 25 7 60 86
10241 3.5 — 0.9933¢ 0.0039 25 43 60 32

2 Dibenzyl trithiocarbonate as RAFT agent; ® PS (10102) as macro-RAFT agent;

€ P4VP (10181) as macro-RAFT agent.

out in a 100-mL flask with a rubber septum and a
magnetic stir bar. For a certain set of polymerizations,
all components were added to the flask under an
argon atmosphere and then sufficiently degassed. The
sealed flask was immersed in an oil-bath thermostat at
a desired temperature. After the reaction time, the
polymerization was stopped by cooling. The polymer
was precipitated and dried in a vacuum oven. The
conversion of the polymerization was determined
gravimetrically.

Characterization of polymers

Infrared spectra were recorded on Perkin—-Elmer Spec-
trum One FTIR instruments using KBr tablets. The
spectra were obtained over a frequency range of 4000—
400 cm ™' at a resolution of 4 cm™'. "H-NMR spectra
operated at 300 MHz in the Fourier transform mode
were obtained on a Varian XL-300 NMR instrument
using CDCl; as solvent. Molecular weights and mo-
lecular weight distributions were determined using
gel permeation chromatography (GPC) coupled with
multiangle laser-light scattering (MALLS). The system
included a Styragel® HMW 6E GPC column (7.8 X 300
mm), a Wyatt OPTILAB RI detector, and a Wyatt
multiangle laser-light scattering detector (DAWN E).
The MALLS operated at 18 angles, from 26° to 149°
and was equipped with a He-Ne laser (690 nm). The
column and the RI detector were set at 40°C. The
mobile phase was DMF with added Bu,NBr (0.1 %
w/v) at a flow rate of 0.8 mL/min. The polymer
solutions of injected sample were filtered through 0.2
um syringe filters before injection. The molecular
weights and polydispersity indexes were measured
for the main peaks and were calculated using Wyatt
Technology (Astra 473) software. The MALLS detector
allowed the calculation of absolute molecular weights.

Preparation of colloid solutions of triblock
copolymers

The copolymer solution was prepared by first dissolv-
ing the copolymer in DMF and then stirring it over-
night at room temperature. To prepare the aggregate

solution, the twice-distilled water, a precipitant for the
PS block, was added dropwise with stirring into the
corresponding copolymer solution, with one drop
added every 10-15 s. When the water content reached
about 90 wt %, the solution was placed in a dialysis
bag and dialyzed against water with a pH of 4 for
about 3 days to remove the solvent. Twice-distilled
water for dialysis was changed twice a day.

The aggregates were characterized with transmis-
sion electron microscopy (TEM) techniques. For TEM
measurement a drop of prepared colloid solution was
placed on a copper electron microscope (EM) grid.
Before sample deposition the EM grid was precoated
with a thin film of celloidin. After the drop had been
in contact with the grid for a time, excess solution was
blotted away using a strip of filter paper. The sample
was dried in air for a few hours and then was vacuum-
dried. The aggregates were observed on a H-7000
(Hitachi, Japan) transmission electron microscope that
was operated at an acceleration of 60 kV.

RESULTS AND DISCUSSION
Polymerization route

First, the PS and P4VP homopolymers were prepared
in a controlled manner using DBTTC as the CTA. The
trithiocarbonate functionality of both homopolymers
was located in the center of the polymer chains
(Scheme 3). The middle location of the active function
afforded the ability to insert 4-vinylpyridine and sty-
rene monomers at this site, thus forming the PS-b-
P4VP-b-PS and P4VP-b-PS-b-P4VP triblock copoly-
mers, respectively, in two steps (Scheme 3).

Confirmation of chemical structure of polymers

Figure 1 shows the FTIR spectra of PS, P4VP, PS-b-
P4VP-b-PS, and P4VP-b-PS-b-P4VP polymers. In con-
trast to the PS spectra, the strong absorption at 1598
and 1416 cm™', corresponding to the pyridine ring,
and at 821 cm ™, to the single-substituted pyridine
ring, appeared in the spectra of PS-b-P4VP-b-PS. Sim-
ilarly, in contrast to the P4VP spectra, the adsorption
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peaks at 1493 and 1452 cm ™!, which were characteris-
tic of the phenyl ring, became stronger, and the peak
at 697 cm ™', corresponding to signals of the single-
substituted phenyl ring, appeared for the spectra of
P4VP-b-PS-b-PAVP. In addition, all the obtained poly-
mers showed a characteristic IR band of the carbon-
sulfur double bond (v _ ) around 1065 cm ™!, which
came from the corresponding CTAs.

Figure 2 represents the '"H-NMR spectra of the poly-
mers. Compared with the PS spectra, the PS-b-P4VP-
b-PS spectra showed a peak at 6 = 8.4 for two pyridine
ring protons. Also, for the spectra of P4VP-b-PS-b-
P4VP, the peak at 6 = 7.05 appeared for three of the
phenyl ring protons, in contrast to the P4VP spectra.
Furthermore, the peak at 6 = 2.77, a characteristic
signal of the methylene group adjacent to the sulfur
atom, remained for all polymers.

PS

PS-b-P4VP-b-PS

PAVP-b-PS-b-P4AVP

ooooo 3600 2600 1500 Looa

Figure 1 FTIR spectra of PS, P4VP, PS-b-P4VP-b-PS, and
P4VP-b-PS-b-P4VP polymers.

Molecular weights, molecular weight distributions,
and compositions of the polymers

The molecular weights, molecular weight distribu-
tions, and compositions of all polymers are listed in
Table II. The compositions of the triblock copolymers
were obtained from the integration of the peaks asso-
ciated with the protons of the phenyl and pyridine
rings. Clearly, the final observed polydispersity index
(M,,/M,) of less than 1.24 was well below the theoret-
ical lowest limit of 1.50 for a conventional free-radical
polymerization and could be considered a narrower
distribution. The refractive index (RI) traces for the PS
macro-CTA and the corresponding triblock copoly-
mers are shown in Figure 3, and the P4VP macro-CTA
and relative block copolymer are illustrated in Figure
4. Obviously, all curves had a single peak without a
marked shoulder. From combining the shape of the

PavP

T
JMJL

Figure 2 'H-NMR spectra of PS, P4VP, PS-b-P4VP-b-PS,
and P4VP-b-PS-b-P4VP polymers.
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TABLE II
Molecular Weights, Molecular Weight Distributions, and Compositions of Various
Polymers by RAFT

Samples Polymers M2 M,/M,, PS contents (weight %)°
10102 PS 12110 1.16 100
10182 PS-b-P4VP-b-PS 6055-11690-6055 1.11 38.3
10191 PS-b-P4VP-b-PS 6055-14910-6055 1.09 27.7
10261 PS-b-P4VP-b-PS 6055-5880-6055 1.15 44.0
10181 P4VP 16290 1.14 0
10241 P4VP-b-PS-b-P4VP 8145-13690-8145 1.24 55.7

@ Molecular weights determined from GPC-MALLS;

P PS contents were obtained from "H-NMR.

GPC curves and the narrower molecular weight dis-
tributions, it appears that there was no significant
homopolymer impurities in the block copolymers.
Therefore, most of the chain centers of both the PS and
P4VP macro-CTAs were functionalized with trithio-
ester groups and underwent a subsequent addition
with the corresponding comonomers. Finally, the
combination of RAFT background and various confir-
mation from IR, 'H-NMR, and GPC indicated that the
polymers obtained were well defined and the poly-
merization was controlled/living.

In addition, the experimental results revealed that
the polymerization behavior of extending the poly-
mers was different when using PS as the macro-CTA
for the synthesis of PS-b-P4VP-b-PS triblock copoly-
mer than when using P4VP for P4VP-b-PS-b-PS syn-
thesis. It was found that the conversion reached 35%
after 25 h for making PS-b-P4VP-b-PS using PS as the
macro-CTA; meanwhile, about 43 h was needed to
reach 32% conversion for extending P4VP into the
P4VP-b-PS-b-PAVP triblock copolymer (as shown in
Table I). At the same time, it was worthy to note that
the molecular weight distribution of the P4VP-b-PS-b-
P4VP triblock copolymer reached up to 1.24. In con-

PS-b-P4VP-b-PS:
Mn = 27020, Mw/Mn= 1.09

PS-b-PAVP-b-PS:
Mn = 23800, Mw / Mn= 1.1

PS-b-P4VP-b-PS:
Mn = 17990, Mw/Mn=1.15

PS:
Mn = 12110, Mw / Mn=1.16

8 12
Volume (mL)

Figure 3 GPC traces of PS macro-CTA and corresponding
PS-b-P4VP-b-PS triblock copolymer.

trast, all PS-b-P4VP-b-PS triblock copolymers had a
polydispersity less than 1.16. The difference in poly-
merization behavior probably resulted from the dif-
ference in the transfer constants between PS and P4VP
macro-CTAs to the 4-vinylpyridine and styrene mono-
mers, respectively. Generally, one requirement for
forming a narrow polydispersity block copolymer was
that the first-formed macro-CTA (A block) should
have a high transfer constant in the subsequent poly-
merization step in order to give another block (B
block). This required that the leaving group ability of
propagating radical A - was comparable to or greater
than that of the propagating radical B - under reaction
conditions.”® In our polymerization system, when A
was a P4VP chain, the transfer constants of P4VP-S-
C(S)-5-P4VP in the styrene polymerization appeared
to be lower. This was attributed to the P4VP-propa-
gating radicals being poor, leaving groups with a PS-
propagating radical and causing adduct radical (A) to
partition strongly in favor of starting materials

P4VP-b-PS-b-P4VP:
Mn = 29980, Mw / Mn = 1.24

P4VP:
Mn =16290, Mw / Mn =1.14

L 1 | 1 ! | | 1

8 12
Volume (mL)

Figure 4 GPC traces of P4VP macro-CTA and correspond-
ing P4VP-b-PS-b-P4VP triblock copolymer.
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(Scheme 4). As a result, slower polymerization oc-
curred for synthesis of P4VP-b-PS-b-P4VP from P4VP
macro-CTA than for that of the PS-b-P4VP-b-PS
triblock copolymers. Moreover, relatively higher poly-
dispersity was found for P4VP-b-PS-b-P4VP triblock
copolymers.

Mechanism

The mechanism by which RAFT polymerization is
carried out in the presence of DBTTC could be as
follows (Scheme 5), which includes initiation, chain
transfer, chain equilibrium, and termination. In the
early stages of polymerization, the DBTTC was rap-
idly transferred into a macro-CTA by reaction with a
propagating radical (Pn<). At the same time, this
macro-CTA could also have reacted with another
propagating radical and been transferred into a
macro-CTA with trithiocarbonate in the center of the
chain. The liberated radical (R -) reacted with a mono-
mer to form a new propagation radical (Pn ). Once the
DBTTC was consumed, chain equilibrium was estab-
lished between the active and dormant species, pro-
viding polymerization with a controlled/living char-
acter. In RAFT the chain equilibrium could minimize
termination by creating a steady, low concentration of
short-lived, active radical chain ends.

Aggregates of triblock copolymers in water

Self-assembled aggregates with various morphologies
can be formed on the dissolving of the block copoly-
mers into the selective solvents. Recently, the Eisen-
berg group™ reported on the aggregation behavior of
P4VP-b-PS diblock copolymers in water. In fact, the
self-assembly behavior of block copolymers strongly
depends on the chain architecture.” Clearly, the ag-
gregation behavior of block copolymers based on dif-
ferent chain architectures is very interest. Here we
were concerned with the aggregates of P4VP/PS
triblock copolymers with different architectures and
compositions. Three samples were used: 10182, 10261,

and 10241. The 10182 and 10261 samples have the
same chain architecture, with P4VP in the center of the
copolymer chain and the same end-block PS length,
but a different middle-block P4VP length. The 10182
has longer P4VP chain than the 10261. In contrast, the
10241 has a inverse chain architecture with the PS
block in the center of the copolymer chain and the
P4VP blocks at the end of the chain.

Conventionally, self-assembled aggregates of block
copolymers with a relative longer soluble middle-
block A are frequently prepared by directly dissolving
the copolymers into the solvent selective for the A
block. In contrast, it was difficult for the triblock co-
polymers investigated in present work to self-assem-
ble in water by directly dissolving the copolymer into
pure water because of the relatively bulkier PS blocks.
So, an alternative method was used: first, dissolving
the copolymer into the DMF; then adding water to the
copolymer solutions with stirring in order to induce
the self-assembly of copolymer. DMF was a good sol-
vent for both blocks, whereas water was a good sol-
vent only for the block P4VP but was a precipitant for
the block PS. During water addition to the initial
copolymer solutions, the quality of the solvent for the
block PS gradually decreased. For the P4VP-b-PS-b-
P4VP block copolymers, aggregation involved looping
of the hydrophobic PS middle block into the core of
the aggregates and tailing two hydrophilic P4VP end
blocks to form the corona of aggregates [as shown in
Fig. 5(A)]. In contrast, for the PS-b-P4VP-b-PS copoly-
mers, aggregation involved looping of middle-block
P4VP and tailing of end-block PS [as shown in Fig.
5(B)]. In the early stage of aggregation of the triblock
copolymers, the relatively low water content in the
system allowed the exchange of the copolymer chains
between the unimers and aggregates to proceed at a
significant rate. Thus, a thermodynamic equilibrium
could be operative for aggregation. As more water
was added and more common solvent was extracted
from the core of aggregates, the rate of copolymer
chain exchange became low because of the decreased
solubility of the copolymers. As a result, the aggre-
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gates became kinetically frozen with any further ad-
dition of water.

Composition

Figure 6(A,B) shows the TEM photographs of the self-
assembled aggregates in water of, respectively, 10182
and 10261. The aggregates were made from a 1 wt %
triblock copolymer solution in DMF. Clearly, for 10182
the majority of aggregates had pearl-necklace and
short rod and short-branched rod morphologies; dis-
crete spheres also were observed. In contrast, 10261
showed an increasing ability to form rods: straight
rods of various lengths predominated, and spheres
were observed only occasionally. The rod-forming be-
havior of 10261 can be attributed to the decrease of the
P4VP length at a given PS length.

Generally, the morphology of block copolymer ag-
gregates depends on the balance between three of the
major forces acting on the system. These include the
stretching of the core-forming blocks, the intercoronal
interactions, and the interfacial energy between the
solvent and the micellar core.’® The two triblock co-
polymers investigated here have a constant PS block
length but different P4VP block lengths. With decreas-
ing P4VP block length, the repulsive interactions be-
tween the coronal block chains decreased; thus, more
chains aggregated, leading to larger aggregates. How-
ever, the PS chains must reach from the center of the
core to the core—coronal interface, and in general, the
larger the PS core, the greater is the average core—
chain stretching. When the aggregates became larger,
the entropic penalty of the core-chain stretching af-
forded simple spheres unfavorable as a low-energy



1024

morphology, and rods formed with a decreased core
diameter. Therefore, reducing the P4VP block and
keeping the PS block constant rendered the sphere—
rod transition.

Chain architecture

Figure 7 shows the TEM photograph of self-assembled
aggregates of 10241 in water. The aggregates were made
from a 1 wt % copolymer solution in DMF. Clearly, most
aggregates appeared to be discrete spheres, with some
pearl-necklace and short rod and short-branched rod
aggregates. In contrast to the aggregates of 10182 and
10261 more discrete spheres were observed. In other
words, the 10182 and 10261 aggregates had an increasing

P4VP tails
A “ ./
/—:\
-~ ~
-~
~ \\
“PS loop
B P4VP loop
M .‘\
- ~
~
_ E ~.
—~~3 PS tails

Figure 5 Schemes of chain conformation in aggregates in
water of (A) P4VP-b-PS-b-P4VP triblock copolymer and (B)
PS-b-P4VP-b-PS triblock copolymer.

YUAN ET AL.

Figure 6 TEM photographs of self-assembled aggregates of
(A) 10182 and (B) 10261 in water. The aggregates were made
from a 1 wt % triblock copolymer solution in DMF.

ability to assemble into a rod morphology in comparison
with 10241. Generally, a higher content of insoluble
blocks was more favorable to rod formation than to
sphere formation.** Therefore, given its composition,
10241 should have a higher tendency to rod formation
than should 10182 and 10261 because the 10241 (PS, 55.7
wt %) had a higher content of the PS block relative to
10182 (PS, 38.3 wt %) and 10261 (PS, 44.0 wt %). Clearly,
this deduction was contradictive to the experimental
results obtained.

The difference in chain architecture between the two
copolymers strongly contributed to the higher ability for
rod formation in 10182 and 10261 than in 10241. In
contrast, the looping in aqueous media of P4AVP middle
block and tailing into aggregate core of the PS end blocks
of 10182 and 10261 were associated with a greater pen-
alty of entropy, thus resulting in a decreasing ability for
copolymer aggregation.®® At the same time, the assem-
bly of rods could accommodate reducing aggregation
ability better than could sphere aggregates because of
the decreased curvature of rod morphology compared
with sphere morphology. The increase of rod formation
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Figure 7 TEM photographs of P4VP-b-PS-b-P4VP triblock
copolymer aggregates formed in water. The aggregates were
made from a 1 wt % triblock copolymer solution in DMF.

ability gained for 10182 and 10261 from chain architec-
ture surpassed that for 10241 from its composition. As a
result, the overall effect was that 10182 showed a higher
ability for rod aggregation and 10261 than 10241 did.

CONCLUSIONS

The well-defined PS, P4VP, PS-b-P4VP-b-PS, and P4VP-
b-PS-b-P4VP polymers were controllably synthesized by
RAFT. All polymers had relatively narrower molecular
weight distributions (M,,/M,, < 1.25), and the polymer-
ization proved to be controlled/living. Moreover, the
polymerization rate appeared to be relatively lower for
the polymerization of styrene using P4VP as macro-CTA
to form P4VP-b-PS-b-P4VP compared with the polymer-
ization of 4-vinylpyridine using PS as macro-CTA to
form PS-b-P4VP-b-PS. This was a result of the lower trans-
fer constants of the P4VP macro-CTA to styrene compared
with those of PS macro-CTA to 4-vinylpyridine.

The morphologies of the self-assembled aggregates
strongly depended on composition and chain architec-
ture. Reducing the P4VP block length and keeping the
PS block constant was proved to favor the formation of
rod aggregates. Moreover, a chain architecture with the
P4VP block in the middle of the triblock copolymer
chain was strongly favorable to rod assembly because of
the entropic penalty associated with the looping of the
middle-block P4VP to form the aggregate corona and the
tailing of end-block PS into the core of the aggregates.
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