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Effects of micelle structures formed in selective solvents on crystallization
behaviors of poly(ethylene glycol)-b-poly(styrene) copolymers
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Abstract

Well-defined amphiphilic block copolymers, poly(ethylene glycol) methyl ether-b-poly(styrene) (mPEG-b-PS), in which the PS blocks had
different molecular weights, were synthesized by atom transfer radical polymerization (ATRP). Through introduction of selective solvents for
the blocks, crystalline and amorphous blocks were self-assembled into different micelle structures in solutions. Atomic force microscopy (AFM)
was used to characterize the micelle structures. It was observed that spherical micelles were always formed, whereas lamellar aggregates
appeared only in the PS-selective solvent when the molecular weight of the PS block in mPEG-b-PS was low. The crystallizable mPEG blocks
were self-assembled into either the core or corona of the micelles formed. The effects of the self-assembled structures on the crystallization
behavior of mPEG blocks were then investigated with differential scanning calorimeter (DSC). When the PS molecular weight was much larger
than that of mPEG, the result showed that the crystallinity of the mPEG block was lower when mPEG blocks crystallized in the corona than that
in the core of the micelles. In this case, when mPEG blocks crystallized in micelle coronae, the micelle core formed by insoluble PS blocks was
very big, so mPEG chains had to distribute sparsely in the micelle coronae. It was hard for mPEG chains in one micelle or among different
micelles to gather together to crystallize. However, when the PS molecular weight was lower than that of mPEG, the crystallinity of mPEG
was higher when the mPEG chains crystallized in the micelle corona, as the core formed by insoluble PS was small and the mPEG chains
in the corona were easy to aggregate and crystallize.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Block copolymers are composed of covalently linked chains
of chemically distinct repeat units. Chemical distinction among
different chains leads to ordered equilibrium mesophases,
known as microphase separation. During the past years, it has
been found that crystallization behaviors of crystalline block
copolymers, i.e. melting temperature (Tm), crystallinity (Xc),
crystal nucleation and growth, chain folding and orientation,
are seriously influenced by microphase structures [1e16].
The most widely investigated systems are polyethylene-b-
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poly(vinyl cyclohexane) (PE-b-PVCH) [1e3], poly(ethylene
oxide)-b-poly(butadiene) (PEO-b-PB) [4,5], polystyrene-b-
poly(ethylene oxide) (PS-b-PEO) [6e9], poly(tetrahydro-
furan)-b-poly(methyl methacrylate) (PTHF-b-PMMA) [10e12]
and so on. Weimann et al. [1] showed that crystal nucleation
and growth depended strongly on the type of microphase
structures in PE-b-PVCH and PVCH-b-PE-b-PVCH systems.
Chen et al. [5] studied the microdomain-tailored crystalliza-
tion kinetics of PEO-b-PB, indicating that the crystallization
temperature (Tc) dropped discontinuously when microphase
structures transformed from lamellar, cylinder to sphere, al-
though microdomains might be partially destroyed due to the
crystallization process.

Furthermore, it is well known that in solvent, which is se-
lective for one of the blocks, micelles usually formed when
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solution concentration is well above the critical micelle con-
centration (cmc). Spherical micelles with a compact core of
insoluble blocks surrounded by a corona of soluble blocks are
most commonly seen. Besides, various novel self-assemblies,
such as circular, interconnected tubules, and porous spheres,
have been observed [17e26]. Micelle structures might be
influenced by the crystallization behaviors of crystalline
blocks. Gast and Cogan [17,18] explored the platelet aggre-
gates formed by PS-b-PEO in cyclohexane with optical micro-
scope (OPM) and transmission electron microscope (TEM).
The platelet comprised a crystalline PEO layer between two
brushes of swollen PS blocks. Recently, using atomic force
microscope (AFM), Fu et al. [25] obtained well-developed
lamellar micelles with insoluble poly(L-lactic acid) (PLLA)
blocks folded to form crystal cores in PS-b-PLLA system.

In our previous work [27], it is proved that the confined and
unconfined crystallization of crystalline block copolymers can
be freely adjusted through controlling the competition between
crystallization of crystalline block and vitrification of the amor-
phous block in solution. However, to date, systematical studies
on crystallization behaviors of block copolymers, in particular
with respect to self-assembly effect in solution, have been
rarely reported. A better understanding on how crystallization
behaviors were influenced by the self-assemblies prepared
from selective solvents will be important and necessary.

In this paper, through use of selective solvents, crystalline
and amorphous blocks are self-assembled into different mi-
celle structures, with the crystalline blocks distributed either
in the cores or in the coronae of the micelles. And then the ef-
fects of the self-assembly micelle structures on the crystalliza-
tion behaviors of the copolymers are investigated.

2. Experimental part

2.1. Synthesis and characterization

The poly(ethylene glycol) methyl ether (mPEG) sample
was from Fluka Chemika Co. (Mw ¼ 5000, polydispersity
(Pd)¼ 1.04, Tm¼ 58 �C). First the mPEG was endcapped
with 2-bromopropionyl bromide (purchased from Aldrich) to
yield functionalized macroinitiators mPEG-Br. The mPEG-
Br was then used for atom transfer radical polymerization
(ATRP) of styrene in bulk at 110 �C to synthesize the mPEG-
b-PS with a molar ratio initiator/CuBr/2,20-bipyridine of 1/1/3.
The molecular weight of PS block was controlled by the poly-
merization time. Table 1 shows the Mw and Pd of the resulted
mPEG-b-PS block copolymers, which were determined by
JOEL JNM-ECA300 1H NMR and Viscotek TDA302 gel
permeation chromatography (GPC) at room temperature,
respectively.

Table 1

Characteristic data of block copolymers

Sample Mw ðcopolymerÞ Mw ðPSÞ Pd

EGS1 24 159 19 159 w1.24

EGS2 8490 3490 w1.04
2.2. Sample preparation

Each mPEG-b-PS sample was dissolved in toluene and
CHCl3/n-hexane (54/46 (v/v)) which are PS-selective and
mPEG-selective, respectively. The concentration of all the so-
lutions was fixed to be 0.005 g/ml. The solutions were kept for
2 days at room temperature for sufficient dissolution and mi-
cellization. The solutions were precipitated in a large excess of
n-hexane. All the samples were then dried in a vacuum oven at
room temperature to remove the residual precipitator fast. The
n-hexane with a boiling point of 68.7 �C was easily removed
in this way. By means of AFM, the precipitated micelle struc-
tures were observed. Then the crystallization behaviors of the
micelles with different structures formed in selective solvents
were investigated by DSC.

2.3. Atomic force microscopy

Tapping mode AFM imaging was performed on a Shimadzu
SPM-9500J3 at room temperature. The AFM cantilever used
was microfabricated from silicon and its spring constant and
resonant frequency were 11.5 N m�1 and 255 kHz, respec-
tively. Image analyses were performed using the correspond-
ing commercial software.

2.4. Differential scanning calorimeter

The thermal analyses of mPEG-b-PS were performed at a
rate of 10 �C/min with a Shimadzu TA-60WS DSC, which had
been calibrated with standard indium and zinc before use. Each
sample was heated from 0 �C to 60 �C as first run. After kept
at 60 �C for 5 min, the sample was cooled down to �70 �C,
and then heated to 70 �C again as second run. The Xc of each
sample was calculated based on Eq. (1), with DHm as the mea-
sured heat of fusion, wt(mPEG) as the weight percent of mPEG
in the copolymer, and DH0

m as the theoretical heat of fusion of
100% crystalline poly(ethylene glycol), 188 J g�1 [28].

Xc ¼
DHm

wtðmPEGÞDH0
m

� 100 ð1Þ

3. Results and discussion

3.1. Micelles prepared from selective solvents

Figs. 1 and 2 show AFM images of the micelle structures
of EGS1 and EGS2 formed in different solvents, respectively.
Spherical micelles are always formed, whereas lamellar aggre-
gates appear only for EGS2 in the PS-selective solvent. The
diameter of EGS1 spherical micelles formed in both PS- and
mPEG-selective solvents is about 100 nm as shown in Fig. 1.
For sample EGS2, spherical micelles formed in mPEG-selec-
tive solvent are about 60e70 nm in diameter, as given by the
inset of Fig. 2(a). Because the molecular weight of the mPEG
block is the same in EGS1 and EGS2, and the only difference
between EGS1 and EGS2 is that the PS molecular weight of
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Fig. 1. AFM images of EGS1 micelles prepared from solvents (a) CHCl3/n-hexane (mPEG-selective) and (b) toluene (PS-selective).
EGS2 is lower, the diameter difference may result from the
difference of the molecular weight of the PS block. In other
words, in mPEG-selective solvent, the insoluble PS core of
EGS2 micelles was smaller than that of EGS1. Fig. 2(b) shows
the AFM images of the lamellar aggregates formed in
PS-selective solvent. Fig. 2(c) shows the corresponding spec-
tra of the profile analysis along the lines AeB and CeD in
Fig. 2(b). The lamellar micelles appeared as either single layer
(AeB) or bilayer (CeD) with the layer thickness of about
10 nm. In this case, the PS molecular weight of the sample
Fig. 2. AFM images of EGS2 micelles prepared from solvents (a) CHCl3/n-hexane (mPEG-selective), the inset shows the higher resolution of micelles, (b) toluene

(PS-selective); (c) is the profile analysis along the lines AeB and CeD in (b).
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EGS2 is lower, so the crystallization of mPEG block in the
core is preferred. The strong interactions among mPEG chains
promoted a more ordered insoluble domain with less curva-
ture, thus, lamellar micelles emerged instead of spherical mi-
celles. It was considered that the lamella comprised a
crystalline mPEG layer with soluble PS grafted on both sides
[17,18,25].

3.2. Crystallization behaviors of EGS1

Fig. 3 shows the DSC curves of the EGS1 samples prepared
from different selective solvents. In the first heating run as
shown in Fig. 3(A), the melting temperature (Tm) of all the
precipitated samples is about 53e54 �C. In the second heating
run the Tm of all the samples becomes lower and the melting
peaks are wider as shown in Fig. 3(A). When the EGS1 sample
was prepared from the PS-selective solvent, the soluble PS
chains in the corona of the micelle could move freely so the
crystallization of insoluble mPEG chains in the core was not
restricted. When the EGS1 sample was prepared from mPEG-
selective solvent, the mPEG chains could move freely to crys-
tallize. So the Tm in the first heating run was high in either
selective solvents the samples were prepared from. Based on

Fig. 3. DSC curves of the EGS1 sample prepared from different solvents (a)

CHCl3/n-hexane (mPEG-selective) and (b) toluene (PS-selective). (A) is the

first and second heating run of DSC analysis and (B) is the curves of the

mPEG crystallization in the second run.
our previous papers [27,29,30], the crystallization process
from the solutions is unconfined. In the second run, after the
melting of the mPEG blocks, the block copolymer was kept
at 60 �C, then cooled down to �70 �C and reheated again. Ac-
cording to Ref. [31], the glass transition temperature (Tg) of
the PS block in the EGS1 sample was very high, nearly about
100 �C and higher than 60 �C, so during the second run of
mPEG crystallization (the cooling process), the PS block
was glassy and the micelle structures were retained. The mo-
bility of mPEG chains linked with PS chains was restricted by
the glassy PS and consequently the Tm became lower due to
the confined crystallization. Similar results have been reported
in other authors’ and our previous papers [1,27,29,30].
Fig. 3(B) shows the crystallization temperature (Tc) of all the
samples, which is very low, about �44 �C. The corresponding
Tm, crystallinity Xc and Tc data of the EGS1 samples prepared
from different selective solvents are all summarized in Table 2.

As shown in Table 2, the Xc of the EGS1 sample prepared
from the mPEG-selective solvent is much lower than that pre-
pared from the PS-selective solvent in the first heating run. It
implied that the micelle structures did have effects on mPEG
crystallization. When prepared from the PS-selective solvent,
the insoluble mPEG chains should be distributed in the micelle
core with the soluble PS chains in the micelle corona. In this
case, the mPEG blocks were aggregated and could crystallize
easily. But when EGS1 was prepared from the mPEG-selective
solvent, the soluble mPEG chains should be distributed in the
micelle corona and the micelle core formed by the insoluble
PS blocks was very big because the molecular weight of PS
was much higher than that of mPEG for EGS1. Thus, the
mPEG blocks had to distribute sparsely in the micelle corona.
It was hard for mPEG chains in the same micelle or among
different micelles to gather together to crystallize from solu-
tion, and the Xc was lower. However, after melting in the first
run, the micelles were aggregated in the second process of
mPEG crystallization. When mPEG blocks crystallized in the
micelle corona from melt, there were more chances of the
mPEG chains among different micelles to gather together to
crystallize. Also, in the second run, during the cooling process
from melt to �70 �C, the mPEG blocks could pass trough the
Tc at �44.7 �C and crystallize sufficiently, so the Xc of mPEG
increased for the EGS1 sample prepared from the mPEG-se-
lective solvent. In other words, the crystallization of EGS1
in the first run was unconfined, but not complete. The increase
in Xc of the EGS1 sample when the mPEG blocks crystallized
in the micelle core in the second run could be explained only
by the same cooling effect. Thus, the Xc of mPEG increased
for all the EGS1 samples in the second run.

Table 2

Thermal analyses of the crystallization behaviors of EGS1

EGS1 Solvent Tm (�C) Xc (%) Tc (�C) Remark

a CHCl3/n-hexane

(mPEG-selective)

54.3 0.3 e First run

41.9 22.8 �44.7 Second run

b Toluene

(PS-selective)

53.2 6.9 e First run

42.4 23.4 �43.3 Second run
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In order to further verify our inferences for the crystalliza-
tion and the Xc increase of mPEG in second run, the first heat-
ing run of DSC experiments was started from �70 �C, as
shown in Fig. 4. Two peaks of Tm could be observed. The
higher one was about 53 �C, which was the same with the
heating process from 0 �C, as shown in Fig. 3(A). The lower
Tm was about 42 �C, which did not appear in the heating pro-
cess from 0 �C. It could be explained as follows. The higher
Tm should be ascribed to the unconfined solution crystalliza-
tion process. The solution crystallization process was not com-
plete. During the cooling process to �70 �C, the mPEG chains
could continue to crystallize. However, in this case the crystal-
lization process was confined by the glassy PS and the Tm was
lower. The corresponding confined Tm (Tm,con) and Xc (Xc,con),
and unconfined Tm (Tm,un) and Xc (Xc,un) are shown in Table 3.

From Table 3, it was known that when the first heating pro-
cess was started from �70 �C, the total Xc (Xc,conþ Xc,un) was
nearly the same in the first and second run for the sample
treated with the PS-selective solvent, but for the sample
treated with the mPEG-selective solvent the Xc was nearly
doubled in the second heating run compared with the first.
It could be concluded as follows: during the solution crystalli-
zation process, the micelles were generally separated to crys-
tallize. However, after melting, the micelles could gather
together to crystallize among different micelles, which con-
tributed to the other half increase of the total Xc.

When the EGS1 samples prepared from selective solvents
were heated to 110 �C, the resulted Tm and Xc of EGS1 were
43 �C and 28%, respectively. In this case, the micelle struc-
tures were destroyed because 110 �C was higher than the Tg

of PS. Therefore during the cooling process the vitrification

Fig. 4. DSC curves of the first heating run with the initial temperature at

�70 �C for EGS1 samples. (a) CHCl3/n-hexane (mPEG-selective) and (b)

toluene (PS-selective).

Table 3

Thermal analyses of the crystallization behavior of samples

Sample Solvent Tm,un

(�C)

Tm,con

(�C)

Xc,un

(%)

Xc,con

(%)

Remark

a CHCl3/n-hexane

(mPEG-selective)

54.1 40.2 0.5 10.9 First run

e 41.9 e 22.8 Second run

b Toluene

(PS-selective)

52.1 38.6 9.3 10.3 First run

e 42.4 e 23.4 Second run
of PS happened before the crystallization of mPEG and
mPEG has to crystallize in the separated microphase structures
of the mPEG-b-PS copolymer. Either the mPEG block crystal-
lized in the micelle structures is formed in solutions or micro-
phase structures, the Tm of mPEG was almost the same. It
implied that the chain end restriction was more important
for Tm than the structure confinement [27,29,30].

As mentioned above, when the molecular weight of the PS
block decreased, the structures of the micelles prepared from
selective solvents were changed. The molecular weight effect
of the PS block on the crystallization behavior of the mPEG
block has to be further investigated.

3.3. Crystallization behaviors of EGS2

Fig. 5 shows the DSC curves of the EGS2 samples prepared
from different selective solvents. As shown in Fig. 5(A), the
Tm of all the samples is about 52 �C in the first run. In the sec-
ond run, the Tm of all the samples is about 51 �C, which is
nearly the same with the results of the first run. It meant
that the constraint effect of the PS block on the mPEG crystal-
lization was very weak, because the PS molecular weight of
this sample was very low. The corresponding Tm and Xc data

Fig. 5. DSC curves of sample EGS2 prepared from solvents (a) CHCl3/n-

hexane (mPEG-selective) and (b) toluene (PS-selective). (A) is the first and

second heating run of DSC analysis and (B) is the cooling process of the

second run.



2760 Y.-F. Chen et al. / Polymer 48 (2007) 2755e2761
of the EGS2 samples prepared from different selective sol-
vents are summarized in Table 4.

As shown in Table 4, the Xc of the EGS2 samples is much
higher than that of EGS1 samples. It was due to the higher
concentration of mPEG in the block copolymer and in the so-
lution (the polymer concentration was fixed to be 0.005 g/ml
in this work).

The Xc of EGS2 prepared from the mPEG-selective solvent
was higher than that prepared from the PS-selective solvent in
the first run, which was in contrast with EGS1. As mentioned
above, in the mPEG-selective solvent, the insoluble PS core
formed by EGS2 was smaller than that by EGS1 because of
the lower PS molecular weight in EGS2. Hence, the distribu-
tion density of the mPEG chains in the micelle corona of
EGS2 was higher than that of EGS1. Therefore, the aggrega-
tion possibility of mPEG chains from the same micelle or
chains among different micelles increased and the Xc became
high for the EGS2 sample. It was favorable for mPEG to crys-
tallize in the micelle corona. However, when mPEG crystal-
lized inside the lamellar aggregates which were prepared
from the PS-selective solvent, the crystallization was slightly
confined by the PS coronae grafted on the mPEG layer, so
the Xc of EGS2 prepared from the PS-selective solvent was
a little lower than that prepared from the mPEG-selective
solvent in the first run.

Another difference between the EGS2 and EGS1 samples
was that for EGS2 the Xc in the first run was higher than that
in the second run whereas for the EGS1 sample the Xc in the
second run was higher than that in the first run. When the
EGS2 samples crystallized in solution, the less constraint of
the PS block with lower molecular weight on relatively highly
aggregated mPEG chains made the crystallinity Xc higher.

In addition, Tc of EGS2 micelles was higher than that
of EGS1 micelles, implying that the sample of EGS2 could
crystallize more easily and more completely.

It should be noticed that the Tc also varied with the solvents
from which the samples were prepared from. The Tc of the
samples, which were prepared from the mPEG- and PS-selec-
tive solvents was �5.3 �C and 10.1 �C, respectively. When the
EGS2 sample was prepared from the PS-selective solvent, the
mPEG chains were aggregated inside the lamellar aggregates.
After the sample was melt and kept at 60 �C, the mPEG chains
could still easily gather together to crystallize due to the re-
tained micelle structure to a certain extent, so the crystalliza-
tion occurred at a higher temperature. When the EGS2 sample
was prepared from the mPEG-selective solvent, because the
mPEG chains lay on the micelle corona, the aggregation of
the mPEG chains was restricted by the hard PS core in the

Table 4

Crystallization behaviors of EGS2 prepared from different solvents

EGS2 Solvent Tm (�C) Xc (%) Tc (�C) Remark

a CHCl3/n-hexane

(mPEG-selective)

52.1 65.6 e First run

51.3 56.9 �5.3 Second run

b Toluene

(PS-selective)

51.6 51.9 e First run

51.4 44.1 10.1 Second run
second process of mPEG crystallization. Thus, larger driving
force was needed for crystallization and the Tc became lower.

The PS molecular weight of EGS2 was only 3500. As the Tg

was molecular weight dependent, the Tg of this sample might be
lower than 60 �C. However, the Xc and Tc difference indicated
that the micelles formed had very good stabilities, and the heat-
ing process didn’t destroy the micelle structures formed in solu-
tion, or at least the micelle structures were partially retained.
Only when the temperature was risen to 100 �C, the micelle
structures were destroyed and the Tcs were both about �9 �C.

A structure model was proposed for the micelle structures
formed in solutions of the EGS1 and EGS2 samples as illus-
trated in Fig. 6. The spherical micelles were always formed
except that the lamellar aggregates only formed in the PS-
selective solvent for EGS2. The different diameters of the
spherical micelles of EGS1 and EGS2 formed in the mPEG-
selective solvent resulted from the different molecular weight
of the PS block. In the mPEG-selective solvent, the insoluble
PS core of EGS2 micelles was smaller and the distribution
density of the soluble mPEG chains in the micelle corona
was denser.

4. Conclusion

Various micelle structures were obtained from different se-
lective solvents for mPEG-PS block copolymers. The micelle
structures depended not only on the selective solvents, but also
on the PS molecular weight. The crystallization behaviors of
mPEG blocks, especially crystallinity, were strongly influ-
enced by the micelle structures prepared from selective sol-
vents. When the PS molecular weight was much larger than
that of mPEG, the crystallinity of mPEG in the micelle core
was lower than that in the micelle corona. In this case, the
mPEG chains had to distribute sparsely in the micelle coronae
due to the big micelle core of insoluble PS blocks. But when
the molecular weight of PS was lower than that of mPEG, the
core formed by insoluble PS was smaller and the mPEG
chains in the corona were denser and easy to crystallize.
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