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Ji Sun Choi, Jin-Ju Eom*, Chan-Hee Jung, and Junhwa Shin"

Research Division for Industry and Environment, Advanced Radiation Technology Institute,

Korea Atomic Energy Research Institute, 29 Geumgu-gil, Jeongeup-si, Jeollabuk-do 56212, Korea
*Department of Polymer Science and Engineering, College of Engineering, Chungnam National University,
99 Daehak-ro, Yuseong-gu, Daejeon 34134, Korea
(Received February 15, 2016; Revised March 16, 2016; Accepted March 18, 2016)

Z5: 2 79 542 golsimge EFEcr 4% PS-6-PMMA
%@éﬁr, drpdom AR wholde PS

l STt w2 Rl Sulel b os 2AREA] of2 wiol e wis) <t
g A PS-PMMA vloldlsh £AFEA) e PS-b-PMMA mlol ] A4 2713}

Sate] vlaL #Esiin

EE5F5TA wholde] Zupiel e
59 7hlyx o= sl psst
1 Ao SAt=E S

Z+= TEM

Abstract: The purpose of this study is to investigate the effects of gamma-ray radiation on PS-b-PMMA block copolymer
micelles formed in a mixture of dioxane/methanol. It was found by DLS measurement that the irradiated micelles were
more stable in a good solvent (toluene) for both PS and PMMA blocks compared to non-irradiated micelles due to the
cross-linking of PS blocks. TEM was used to observe and compare the relative size and structure of the PS-b-PMMA

micelles before and after irradiation.
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Introduction

Block copolymers are composed of two or more polymer
blocks linked together by a covalent bond. It is well known
that many block copolymers are attractive as self-organizing
materials for nanotechnology because they can spontaneously
self-assemble in selective solvents to form micelles or nano-
structures (spherical micelles, worm-like micelles, cylindrical
micelles, and vesicles) with sizes ranging from tens to several
hundreds of nanometers, depending on the molecular weight,
block length, ratio, and chemical composition.'"’

Micelles are generally obtained by dissolving a block copo-
lymer in a solvent that has high solubility for one of the blocks.
Additionally, the micellization process of the block copolymer
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depends mainly on the critical micelles temperature (CMT)
and critical micelle concentration (CMC). If the CMT and
CMC are not reached, self-assembly of the block copolymer
will not occur. Consequently, the stability of the micelles pro-
duced by a block copolymer strongly depends on external con-
ditions such as the solvent, temperature, and concentration.”?

Among the block copolymers, amphiphilic diblock copo-
lymers exhibit excellent self-assembly capabilities due to their
unique chain structure, which includes both hydrophilic and
hydrophobic blocks. Above their CMT or CMC, the micelles
from an amphiphilic diblock copolymer are composed of an
inner core part formed from one block and an outer corona part
formed from the other block. Self-assembled micelles pro-
duced from amphiphilic diblock copolymers have received
considerable attention because they have potential applications
in the fields of biotechnology, drug delivery, the fabrication of
nanoparticles, and so on.”'*'*'” However, these self-assembled



Effects of Radiation on PS-5-PMMA Block Copolymer Micelles 623

micelles have a drawback that arises from their inherent low
physical stability, which often limits their practical applica-
tions. The micelles formed by non-covalent interaction can
easily lose their self-assembled structure due to changes in
environmental conditions such as solvent polarity, pH, con-
centration, and temperature. According to previous studies,
one of the effective ways to stabilize block copolymer micelles
is to induce a cross-linked network in the micellar core or
corona by introducing relatively strong and robust covalent
bonding. The morphological structure of the cross-linked
micelles is expected to preserve their structure in the face of
environmental change.’'®!%2!

Among amphiphilic diblock copolymers, PS-6-PMMA
(polystyrene-b-poly(methyl methacrylate)) has been widely
used to fabricate self-assembled nanostructured materials
including polymeric micelles. Several studies have reported
that UV and electron beam (EB) are effective tools for the
selective cross-linking of one block (PS) or the selective
removal of the other block (PMMA). It is known that PS and
PMMA have different reaction patterns under a radiation envi-
ronment. Generally, when PS chains are exposed to radiation
a cross-linking reaction predominantly occurs, whereas a
chain scission reaction predominantly occurs in the case of
PMMA chains.**%

Recently, Fayad et al. reported the effect of UV exposure on
PS-b-PMMA micelles in a solution. In their work, it was also
observed that a cross-linking reaction was produced in the
micellar core part (PS), whereas a degradation reaction
occurred in the micellar corona part (PMMA) upon UV irra-
diation. In addition, the results indicate that the size of the
micelles decreased with UV exposure as a result of PMMA
degradation, and the morphology of the micelles was changed
from star-like to crew-cut micelles.?® In this study, we inves-
tigated the effect on PS-5-PMMA block copolymer micelles
using a gamma-ray irradiation method, because gamma-ray
irradiation has several advantages compared to UV irradiation,
including high reactivity, deep penetration ability, high energy,
and a fast processing time. Among them, the deep penetration
ability of gamma-ray irradiation is very useful, especially
when a thicker material has to be treated evenly from the sur-
face to the inner core. Therefore, in this experiment, gamma-
ray irradiation was used to treat the vials containing PS-b-
PMMA micelles. The morphological changes of the block
copolymer micelles produced by gamma-ray irradiation were
evaluated by dynamic light scattering (DLS) and transmission
electron microscopy (TEM) measurements.

Experimental

Materials. Styrene (99% pure) and methyl methacrylate
(99% purity) were purchased from Sigma-Aldrich Co. LLC.
and were purified by vacuum distillation in the presence of cal-
cium hydride or/and sodium just before use. sec-Butyllithium
was purchased from Rockwood Lithium Inc. and used as
received. Lithium chloride (anhydrous, > 99% purity) was pur-
chased from Sigma-Aldrich Co. LLC. and used as received.
Tetrahydrofuran (THF) was purchased from Fisher Scientific
international Inc. and was then distilled from a sodium ben-
zophenone ketal. Other solvents including 1,4-dioxane (99%
purity), methanol (99.8% purity), and toluene (99.5% purity)
were purchased from Showa Chemical Co. Ltd. and used with-
out further purification.

Synthesis of PS-b-PMMA. PS-b-PMMA copolymer was
synthesized by anionic polymerization using sec-butyllithium
as the initiator with a sequential addition of styrene and methyl
methacrylate in THF at -78 °C in the presence of LiCl under
purified atmosphere. The molecular weight (M,,) and polydis-
persity of the PSy;,-b-PMMA,ss copolymer were 91000 and
1.18, respectively.

Micelle Preparation. The preparation scheme of the PSy3,-
b-PMMA 55 copolymer solution is illustrated in Scheme 1.
PS;7-b-PMMA 55 copolymer was completely dissolved in 1,4-
dioxane in concentrations of 2.6, 5.3, and 10.6 mg/mL by
shaking the solution at room temperature for 12 h using a
Roller shaker (Roller 6 basic, IKA®). The PS,3-6-PMMA,;s;
micelles were formed by the slow addition of 70% v/v meth-
anol to the stock solution at 30 °C under magnetic stirring.”

Gamma-ray Irradiation. The PS,;;-6-PMMA,;s micelle
solution prepared was placed in a 10 mL glass vial and then
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Scheme 1. Preparation of cross-linked PS,;,-b-PMMA,s5s micelles
by gamma-ray irradiation.
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irradiated at room temperature using a gamma-ray from a “’Co
source at irradiation doses ranging from 2.5 to 30 kGy with a
dose rate of 5 kGy/h.

Characterization. The diameters and dispersion patterns of
the preformed PS,;,-b-PMMA 55 micelle solutions and the irra-
diated solutions were determined by DLS measurements
(Delsa Nano C, Beckman Coulter). The DLS measurements of
the irradiated micelle solutions were performed within 1 h after
the gamma-ray irradiation experiments. The morphology and
dimensional stability of the irradiated micelles against the
addition of toluene were studied using TEM (JEOL, JEM
2200-FS TEM). The irradiated micelle solutions were mixed
with toluene within 1 h after the gamma-ray irradiation exper-
iments. To observe the TEM image, the micelle solutions were
dripped onto support films, ultrathin carbon film/holey carbon,
400 mesh copper grids and then dried at room temperature for
1 day.

Results and Discussion

PS-b-PMMA block copolymer is known to spontaneously
self-assemble to form micelles in selective solvents including
a solvent mixture of dioxane/methanol. In this study, the
formed PS-b-PMMA micelles were subjected to gamma-ray
irradiation to investigate the effect of radiation on the micelle
(Scheme 1). According to previous studies by Duhamel ef al.,”
the solvent composition is a key factor in the micelle formation
of PS-b-PMMA block copolymer. As is well known, both PS
and PMMA blocks are well-dissolved in dioxane, whereas
only the PMMA block is well-dissolved in methanol. In their
work, it was found that PS-5-PMMA micelles were well-
formed in a 3/7 volume percent mixture of dioxane/methanol.
A higher methanol content leads to aggregation, and a lower
methanol content prevents the self-assembly of the block copo-
lymer into micelles.

The PS;;,-b-PMMA ;5 block copolymer was prepared using
the standard anionic polymerization method. The molecular
weight (M,,) and polydispersity of the prepared PS-5-PMMA
block copolymer were 91000 and 1.18, respectively. In this
study, three different PS-b-PMMA block copolymers, with
PSyy-6-PMMA;g,, PSi37-b-PMMAss, and PSgs5-b-PMMA 46
were synthesized through anionic polymerization. It was
observed that the PS-5-PMMA block copolymers with a rel-
atively larger or shorter PMMA block (PSg,-6-PMMA;4, and
PS¢:5-b-PMMA ) formed larger aggregates instead of well-
dispersed micelles in a mixture of dioxane/methanol (3/7). In
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contrast, the PS;,-b-PMMA ;5 polymer successfully formed
well-dispersed micelles in the solvent.

The size distributions of the PS,3;-b-PMMAss micelles pre-
pared with different concentrations (0.8, 1.6, and 3.2 mg/mL)
in a mixture of dioxane/methanol (3/7) were determined by
DLS, and the results are shown in Figure 1. The DLS is a very
useful tool for estimating the hydrodynamic diameter of a
block copolymer micellar system. As shown in Figure 1(a), the
average hydrodynamic diameters at 0.8, 1.6, and 3.2 mg/mL
were measured to be 118, 134, and 126 nm, respectively. No
significant difference in the average hydrodynamic diameters
of the micelles was observed within the concentration range.
However, the size distribution of the micelles formed at
1.6 mg/mL was relatively narrow compared to the others. The
hydrodynamic diameter ranged from 102.5 to 176.7 nm at
1.6 mg/mL, whereas that of the other micelles ranged from
68.5 to 264.8 nm at 0.8 mg/mL and from 78.2 to 299.2 nm at
3.2 mg/mL.

Figure 1(b) demonstrates the changes in the size distribution
of micelles formed at 1.6 mg/mL as a function of time. It was
observed that the size distribution and the average hydrody-
namic diameter of the micelles slightly increased with an
increase in time of up to 2 days. This result implies that the
micelles which are formed at a concentration of 1.6 mg/mL are
relatively stable. Therefore, in this study, PS;;,-6-PMMA 55
polymer micelles were prepared in a mixture of dioxane/meth-
anol (3/7) with a concentration of 1.6 mg/mL and used to
investigate the radiation effects of the micelles induced by
gamma-ray irradiation.

As mentioned earlier, it was reported that when the PS-b-
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Figure 1. Size distributions and diameters of the PS,;,-5-PMMA 455
micelles as the function of (a) concentrations; (b) time at 1.6 mg/mL
at 25 °C.
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Figure 2. Relative diameters of the gamma-ray irradiated PS,;;-b-
PMMA ;55 micelles.

PMMA micelles were exposed by UV irradiation a cross-link-
ing reaction occurred at the micellar core part (PS block)
whereas a degradation reaction occurred at the micellar corona
part (PMMA block). Figure 2 illustrates the relative average
hydrodynamic diameters of the PSy;,-b-PMMA,;s; micelles
obtained after their exposure to gamma-ray at various doses.
The relative diameters were found to significantly decrease
when the dose was increased up to 5 kGy and then gradually
increased up to 30 kGy. This result is similar to those pre-
viously reported for UV irradiation.® Therefore, it can be
assumed that the PMMA block of the micellar corona is
degraded through a chain scission by gamma-ray irradiation,
and the morphology of the micelles is changed from star-like
to crew-cut micelles. The crew-cut micelles, having a rela-
tively shorter micellar corona, begin to aggregate into micelle
groups due to the lack of a PMMA corona to protect them.

As mentioned earlier, a cross-linking reaction occurs pre-
dominantly when PS chains are exposed to radiation.”** Thus,
it is expected that the PS blocks of the PS-/-PMMA block
copolymer are also mainly cross-linked through gamma-ray
irradiation. The stabilizing effect on the micelles obtained by
the cross-linking of the PS block was investigated by adding
toluene into the micelle solution since toluene is a good solvent
for both blocks (PS and PMMA) and can induce the dem-
icellization of the block copolymer micelles.'*'*

Figure 3 shows the relative diameters of the PS,s;-b-
PMMA, 55 micelles and the gamma-ray irradiated PS,s;-b-
PMMA 55 micelles in accordance with toluene addition. The
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Figure 3. Relative diameters of the PS,3;-6-PMMA 55 micelles and

the gamma-ray irradiated PS,;,-b-PMMA 55 micelles in accordance
with toluene addition.

relative diameter of the non-irradiated PSy7-6-PMMA 455
micelles was found to significantly increase with the increasing
addition of toluene, and above a 45% relative volume fraction
of toluene the micelles eventually lost their self-assembled
structure. However, the relative diameter of the gamma-ray
irradiated PSy37-b-PMMA 55 micelle slowly increased with the
increasing addition of toluene until the relative volume of tol-
uene reached 75%. These results indicate that the gamma-ray
irradiated micelles are more stable and resistant to demicel-
lization produced by the addition of toluene, compared to non-
irradiated micelles, owing to the cross-linking by gamma-ray
irradiation of PS chains in the micellar core.?

Furthermore, the increased stability of gamma-ray irradiated
PS,;7-b-PMMA,55 micelles as a result of the cross-linking of
PS chains in the micellar core part was also confirmed by
direct observation with TEM. Figure 4 shows TEM images of
the PSy;7-b-PMMA,ss micelles and gamma-ray irradiated
PS4;,-b-PMMA ;55 micelles before and after toluene addition
(15%). From the TEM images of the PS;;-b-PMMA;s;
micelles (Figure 4(a) and 4(b)), it was observed that the diam-
eters of micelles are ranged from 30 to 142 nm and from 114
to 457 nm before and after the addition of toluene, respec-
tively. As mentioned above, the addition of toluene leads to the
swelling of the micelles, and then the dimensions of the
micelles finally increase.

On the other hand, the diameters of the gamma-ray irra-
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Figure 4. TEM images of (a) PS,;,-b-PMMA,ss micelles; (b) PS,s-
b-PMMA 55 micelles after toluene addition (15%); (¢) gamma-ray
irradiated PS,;,-6-PMMA 55 micelles; (d) gamma-ray irradiated PS,;:-
b-PMMA 55 micelles after toluene addition (15%).

diated PSy;7-b-PMMA,55 micelles (Figure 4(c) and 4(d)) were
only slightly changed after the addition of toluene (the diam-
eters were measured to be ranged from 30 to 114 nm before
the addition of toluene and from 30 to 171 nm after the addi-
tion of toluene). Although the dimensions of the gamma-ray
irradiated micelles slightly increased, the morphology of the
micelles was not significantly changed with the addition of tol-
uene. Therefore, the TEM results also confirmed that the
gamma-ray irradiated micelles had become more stable due to
the cross-linking of the PS chains.

In this study, we demonstrated that gamma-ray irradiation
can be effectively utilized for stabilizing the self-assembled
PS-b-PMMA micelles by inducing a cross-linked network in
the PS block in the core part of the block copolymer micelles.

Conclusions

This study investigated the effects of gamma-ray irradiation
on PS,;;-b-PMMAs5 block copolymer micelles formed in a
mixture of dioxane/methanol. Measurements indicated that the
relative diameter of the PS 7-b-PMMA 455 micelles decreased
significantly at the beginning of the irradiation and then
increased slowly with an increase in the irradiation dose. This
was understood to occur because the PMMA block of the
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micellar corona is degraded via chain scission due to gamma-
ray irradiation, and then a relatively shorter micellar corona
begins to aggregate into micelle groups. The stabilization of
the micelles by the radiation cross-linking of the PS block was
also investigated by adding toluene into the irradiated micelle
solution. It was observed that the irradiated micelles were more
stable and resistant to the demicellization induced by the addi-
tion of toluene compared to non-irradiated micelles, due to the
cross-linking by gamma-ray irradiation of the PS chains
located in the micellar core. These results suggest that gamma-
ray irradiation can be effectively utilized for stabilizing self-
assembled PS-b-PMMA micelles by introducing a cross-
linked network into the PS block in the core part of the block
copolymer micelles.
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