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A series of well-defined triblock copolymers containing middle soft poly(n-butyl acrylate) (PBA) block
and outer hard blocks of poly(a-methylene-g-butyrolactone) homopolymer (PMBL) or random poly
(a-methylene-g-butyrolactone)-r-poly(methyl methacrylate) copolymer (PMBL-r-PMMA) were synthe-
sized by atom transfer radical polymerization (ATRP). Phase separated morphologies of cylindrical or
spherical hard block domains arranged in the soft PBA matrix were observed by atomic force microscopy
and small-angle X-ray scattering. The mechanical and thermal properties of the copolymers were
thoroughly characterized and their thermoplastic elastomer behavior was studied. Dynamic mechanical
analysis (DMA) showed for all PMBL-b-PBA-b-PMBL copolymers a very broad rubbery plateau range
extending up to temperatures of 300 �C. Replacement of the PMBL hard block with the less brittle PMBL-
r-PMMA resulted in an improvement of the tensile properties, without compromising the very good
thermal stability of the materials.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoplastic elastomers (TPEs) form an important class of
materials combining elastomeric behavior with thermoplastic
properties. Commonly these are ABA type triblock copolymers that
combine a soft central block with glassy end blocks. These blocks
should be immiscible and should phase separate with formation of
thermoplastic microdomains, which act as physical cross-links for
the soft matrix. One of the most common TPEs is the polystyrene–
polybutadiene–polystyrene (SBS) triblock copolymer [1]. However,
SBS suffers from two drawbacks. First, the unsaturated poly-
butadiene block is easily oxidized and is sensitive to UV degrada-
tion. Second, the upper service temperature is limited by Tg of the
polystyrene block (ca. 100 �C). Therefore, there is a continuous
effort to replace polystyrene by thermoplastics with higher Tg and
also substitute polybutadiene with more stable rubbery blocks [2].
Various fully acrylic TPEs based on combination of polyacrylates as
soft blocks with different polymethacrylates as hard blocks were
synthesized by anionic [3,4] or controlled radical polymerization
[5–10] techniques. The versatile (meth)acrylic monomers cover
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a wide range of Tg from ca. �50 to þ200 �C. Furthermore, these
polymers are not sensitive to UV and oxidation.

Recently, we reported the preparation of well-defined homo-
polymers as well as diblock and triblock copolymers of a-
methylene-g-butyrolactone (MBL) using atom transfer radical
polymerization (ATRP) [11]. MBL, found in tulips, is the simplest
member of butyrolactones found and isolated from various plants
[12–15]. Such natural products are renewable, environmentally
friendly, biocompatible, and biodegradable. Also, they may possess
some special physical and biomedical properties. Recently a possi-
bility of using natural products to replace petroleum-based raw
materials in large commodity markets, such as plastics, fibers, and
fuels has been reviewed [16,17]. MBL consists of a five-membered
ring with an ester group and possesses structural features similar to
those of methyl methacrylate and polymerizes in a similar manner.
Poly(a-methylene-g-butyrolactone) (PMBL) has good durability,
a high refractive index (1.540) [18], and high Tg (195 �C) [19].
Various copolymers and blends containing MBL units have good
optical properties and resistance to heat, weathering, scratches and
solvents [20].

The physical properties of PMBL, such as high Tg and limited
solubility, could be beneficial for its use as hard component in
thermoplastic elastomers. Therefore, the linear triblock copolymers
with soft PBA control segments were prepared (see Scheme 1) and
their morphology and mechanical properties were investigated.
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Scheme 1. Preparation of PMBL-b-PBA-b-PMBL triblock copolymers.
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Fig. 1. GPC traces of PMBL-b-PBA-b-PMBL triblock copolymers prepared by chain
extension from (d) Br–PBA–Br macroinitiator (Mn¼ 48 200 g/mol; Mw/Mn¼ 1.08);
(––) BA375-MBL32 (Mn¼ 51300 g/mol; Mw/Mn¼ 1.09); (–– –) BA375-MBL60
(Mn¼ 54100 g/mol; Mw/Mn¼ 1.10); (/) BA375-MBL144 (Mn¼ 62 400 g/mol; Mw/
Mn¼ 1.12).
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2. Experimental section

2.1. Materials

a-Methylene-g-butyrolactone (MBL), n-butyl acrylate (BA), and
methyl methacrylate (MMA) were purchased from Aldrich and
purified by passing it through an alumina column to remove
stabilizers. DMF, anisole, and methanol (all from Aldrich) were used
as-received. CuBr and CuCl were purified according to the literature
procedures [21]. CuBr2, CuCl2, ligands 2,20-bipyridine (bpy) [22] and
N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA) [23], and
initiators 2-bromopropionitrile (BPN) [24] and dimethyl 2,6-
dibromoheptanedionate (DMDBH) [25] (all from Aldrich) were
used as-received.
2.2. Synthesis of difunctional poly(n-butyl acrylate) macroinitiator
(Br–PBA–Br)

Difunctional Br–PBA–Br macroinitiator with the molecular
weight Mn¼ 27 500 g/mol and the distribution of molecular
weights Mw/Mn¼ 1.07 was prepared as follows: a round bottomed
flask containing n-butyl acrylate, dimethyl 2,6-dibromoheptane-
dionate, N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA),
and anisole (20 wt%) was degassed by three freeze–pump–thaw
cycles. Then, CuBr was added to the frozen reaction solution under
nitrogen flow. The flask was closed, evacuated, back-filled with
nitrogen, and immersed in an oil bath thermostated at 80 �C. Ratio
of monomer:initiator:CuBr:ligand 400:1:0.8:0.8 was used and the
polymerization was stopped at 53% of the monomer conversion.
Br–PBA–Br macroinitiator was purified by passing through an
activated neutral alumina column followed by the removal of the
solvent and the unreacted monomer by evaporation and air
flowing.
Table 1
Experimental conditions of ATRP of MBL and characterization of prepared polymers.

Entry M1 M2 I CuCl CuCl2 L D

1 75 – 1a 2.2 0.2 2.4 4
2 75 – 1a 2.2 0.2 2.4 4
3 125 – 1a 2.2 0.2 2.4 5
4 100 – 1b 2.2 0.2 4.8 5
5 195 – 1b 2.2 0.2 2.4 4
6 195 – 1b 2.2 0.2 2.4 4
7 142.5 47.5 1b 2.2 0.2 4.8 4
8 95 95 1b 2.2 0.2 4.8 4
9 – 220 1b 2.2 0.2 4.8 4

M1, M2, I, and L stand for a-methylene-g-butyrolactone, methyl methacrylate, Br–PBA–B
a Br–PBA–Br macroinitiator with Mn¼ 27 500 g/mol, Mw/Mn¼ 1.07 based on GPC usin
b Br–PBA–Br macroinitiator with Mn¼ 48 200 g/mol, Mw/Mn¼ 1.08 based on GPC usin
c Based on 1H NMR spectra.
d Based on GPC using PS standards.
Difunctional poly(n-butyl acrylate) macroinitiator (Br–PBA–Br)
with the molecular weight Mn¼ 48 200 g/mol and distribution of
molecular weights Mw/Mn¼ 1.08 was provided by ATRP Solutions
Inc.

2.3. Synthesis of triblock copolymers

The general procedure for the chain extension of the Br–PBA–Br
macroinitiator was as follows: a round bottomed flask containing
MBL or MMA or a mixture of MBL and MMA, Br–PBA–Br macro-
initiator, CuCl2, 2,20-bipyridine, and DMF was degassed by three
freeze–pump–thaw cycles. Then, CuCl was added to the frozen
reaction solution under nitrogen flow. The flask was closed, evacu-
ated, back-filled with nitrogen, and immersed in an oil bath ther-
mostated at 50 �C. Ratio of monomer:initiator:CuCl:CuCl2:ligand
was used as described in Table 1.

2.4. General analysis

Monomer conversions and molecular weights of final triblock
copolymers were determined by 1H NMR on a 300 MHz Bruker
NMR spectrometer using DMF-d7 as a solvent. Molecular weights as
well as molecular weight distributions of the macroinitiator and
MF Time Conv.c Mn, theor Mn, exp.
c Mw/Mn

d

5 vol% 4 h 45% 30 810 31800 1.09
5 vol% 15 h 95% 34 490 34 600 1.11
5 vol% 11 h 91% 38 660 39 500 1.11
0 vol% 5.5 h 36% 51730 51300 1.09
5 vol% 7 h 33% 54 510 54100 1.10
5 vol% 22 h 65% 60 630 62 400 1.12
3 vol% 20 h 64% 60 780 61 200 1.11
3 vol% 19 h 61% 59 770 61 200 1.12
0 vol% 19.5 h 60% 61420 61400 1.10

r macroinitiator and 2,20-bipyridine, respectively.
g PS standards.
g PS standards.



Table 2
Composition of prepared triblock copolymers.

Entry Label Triblock
composition

Hard block
(mol%)a

Hard block
(wt%)a

MBL/MMA
(mol%)a

1 BA215-MBL40 PBA215(-b-PMBL20)2 15.8 12.6 100/0
2 BA215-MBL68 PBA215(-b-PMBL34)2 23.7 19.3 100/0
3 BA215-MBL120 PBA215(-b-PMBL60)2 36.3 30.3 100/0
4 BA375-MBL32 PBA375(-b-PMBL16)2 7.9 6.1 100/0
5 BA375-MBL60 PBA375(-b-PMBL30)2 13.8 10.9 100/0
6 BA375-MBL144 PBA375(-b-PMBL72)2 27.6 22.7 100/0
7 BA375-

MBL106MMA26
PBA375(-b-PMBL53-
r-PMMA13)2

26.0 21.3 80/20

8 BA375-
MBL82MMA50

PBA375(-b-PMBL41-r-
PMMA25)2

26.0 21.4 62/38

9 BA375-
MMA132

PBA375(-b-PMMA66)2 26.0 21.6 0/100

a Based on 1H NMR spectra.
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triblock copolymers were measured using GPC (Polymer Standards
Services (PSS) columns (guard, 105, 103, and 102 Å) with DMF
(containing 5 mM LiBr) as an eluent at 50 �C, flow rate 1.00 mL/min,
and differential refractive index (RI) detector (Waters, 2410)).
Toluene was used as the internal standard to correct for any fluc-
tuation in DMF flow rate. The apparent molecular weight and the
molecular weight distribution were determined with a calibration
curve based on linear polystyrene standards.
2.5. Tapping mode atomic force microscopy (TMAFM)

The polymers dissolved in DMF (1 mg/mL) were deposited by
drop casting onto silicon wafer surface (0.7 cm� 0.7 cm) cleaned by
rinsing with acetone and isopropanol followed by oxygen plasma
treatment. The samples were dried under house vacuum at room
temperature for 8 h at least. Tapping mode AFM experiments were
carried out using a Multimode Nanoscope III system (Digital
Instruments, Santa Barbara, CA). The measurements were per-
formed in air using commercial Si cantilevers with a nominal spring
constant and resonance frequency of 5 N/m and 130 kHz respec-
tively. The height and phase images were acquired simultaneously
at set-point ratio A/A0¼ 0.8–0.9, where A and A0 refer, respectively,
to the ‘‘tapping’’ and ‘‘free’’ cantilever amplitude. Annealing of the
samples was performed in an oven under nitrogen at 210 �C for
30 min. After annealing, the oven was turned off and the cooling
occurred naturally. The AFM images from the annealed samples
were taken under the same conditions as mentioned above.
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Fig. 2. AFM phase images of PMBL–PBA–PMBL triblock copolymers: (left) BA215-MBL40 (1
(30.3 wt% PMBL).
2.6. Power spectral analysis of TMAFM images

Phase AFM images showing enough contrast periodicities were
analyzed by a 2-D Fourier transform (FT). Subsequently, the 2-D FT
maps were azimuthally averaged to produce magnitude plots
analogous to the scattering patterns. After recalculating the spatial
frequency scale to scattering vector units (q, 2p/d), the domain
spacing (d) was calculated from the q value that showed the peak
maximum of the power spectrum.
2.7. Small-angle X-ray scattering analysis (SAXS)

SAXS measurements were conducted using a rotating anode
(Rigaku RA-Micro 7) X-ray beam with a pinhole collimation and
a two-dimensional detector (Bruker Highstar) with 1024�1024
pixels. A double graphite monochromator for the Cu Ka radiation
(l¼ 0.154 nm) was used. The beam diameter was about 0.8 mm,
and the sample to detector distance was 1.8 m. The recorded scat-
tered intensity distributions were integrated over the azimuthal
angle and are presented as functions of the scattering vector
(s¼ 2 sin(q)/l, where 2q is the scattering angle).
2.8. Dynamic mechanical analysis (DMA)

DMA was performed on a Rheometrics RMS 800 mechanical
spectrometer. Shear deformation was applied under conditions of
controlled deformation amplitude, which was kept in the range of
the linear viscoelastic response of studied samples. Plate–plate
geometry was used with plate diameters of 6 mm. Experiments
have been performed under a dry nitrogen atmosphere. Results are
presented as temperature dependencies of the storage (G0) and loss
(G00) shear moduli measured at a constant deformation frequency of
10 rad/s. The results were obtained with a 2 �C/min heating rate.
2.9. Tensile tests

Tensile tests were performed using a mechanical testing
machine Instron 6000. Samples with thickness in the order of 0.2–
0.5 mm were drawn with the rate of 5 mm/min at room or at
elevated temperature. Dependencies of stress vs. draw ratio were
recorded. Elastic modulus, elongation at break and stress at break
were determined by averaging of 3–5 independent drawing
experiments performed at the same conditions.
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2.6 wt% PMBL); (middle) BA215-MBL68 (19.3 wt% PMBL); and (right) BA215-MBL120
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Fig. 3. AFM phase images of PMBL–PBA–PMBL triblock copolymers: (left) BA375-MBL32 (6.1 wt% PMBL); (middle) BA375-MBL60 (10.9 wt% PMBL); and (right) BA375-MBL144
(22.7 wt% PMBL).
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3. Results and discussion

3.1. Synthesis

As the ATRP equilibrium constants for MBL and MMA are much
higher than that for BA, chain extension of PBA macroinitiator
involved the halogen exchange strategy to provide for higher, or at
least equal, rate of crosspropagation, in comparison with rate of
propagation [26,27]. Experimental conditions for preparation of all
studied copolymers are given in Table 1. Feed ratios of MBL:MMA in
the Entries 7 and 8 were 75:25 and 50:50, respectively. Final ratios
of comonomers in the resulting copolymers were 80:20 and 62:38
for Entries 7 and 8, respectively, in agreement with reactivity ratios
rMBL¼ 1.67 and rMMA¼ 0.6 reported for a free radical copolymeri-
zation of MBL and MMA [28].

An example of evolution of GPC traces with conversion for block
extension from PBA macroinitiator with DP¼ 375 (Mn¼ 48 200 g/
mol) with MBL segments is shown in Fig. 1. A smooth shift of the
molecular weight was observed. All copolymers had low poly-
dispersities, as reported in Table 1. The compositions of the
prepared triblock copolymers were determined by 1H NMR and are
given in Table 2.
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Fig. 4. AFM phase images of PMBL–PBA–PMBL triblock copolymers after annealing for 30 m
BA375-MBL60 (10.9 wt% PMBL); and (right) BA3755-MBL144 (22.7 wt% PMBL).
3.2. Morphology of the PMBL–PBA–PMBL copolymers

Because of the incompatibility between PBA and PMBL, the
prepared triblock copolymers were expected to show strong phase
separation. In order to visualize this effect, an AFM imaging on thin
films prepared by drop casting of the polymer solutions in DMF
onto silicon wafer substrates was performed for all prepared
copolymers. Typical results are shown in Figs. 2 and 3 revealing
a phase separated morphology of rigid PMBL domains (brighter
features in the AFM images) dispersed in the softer PBA matrix. The
copolymers BA215-MBL68, BA215-MBL120, and BA375-MBL144
with PMBL content higher than 19 wt% showed elongated features
originating from PMBL cylinders preferentially oriented parallel to
the film surface (see Figs. 2 and 3). On the other hand, the
copolymers BA215-MBL40 and BA375-MBL60 containing 12.6 and
10.9 wt% of PMBL, respectively, showed more randomly oriented
cylindrical morphologies (see Figs. 2 and 3). The copolymer BA375-
MBL32 with PMBL content of only 6.1 wt% showed spherical
morphology and some aggregates of hard PMBL blocks (see Fig. 3).

Some of the prepared samples were annealed at 210 �C (above
the Tg of PMBL block) and the morphology after annealing was
investigated. Nitrogen atmosphere was applied during the
0 0.2 0.4 0.6 0.8 10.6 0.8 1
m m

in at 210 �C under nitrogen atmosphere: (left) BA375-MBL32 (6.1 wt% PMBL); (middle)
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annealing in order to prevent oxidation of the polymers. After
30 min of annealing, the AMF images still showed phase separation,
although morphology changes were observed (see Fig. 4). In the
case of BA375-MBL32 with spherical morphology, the AFM image
showed partial destruction of aggregates and more regular distri-
bution of spheres. Moreover, spacing between spheres, calculated
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Fig. 6. SAXS spectra of the BA215-MBL68 before and after annealing at different
temperatures.
from AFM images, changed from 24 nm to 28 nm by annealing.
Change in morphology was observed also after annealing of BA375-
MBL60 copolymer. The randomly oriented cylinders were reor-
iented by annealing to give cylinders oriented perpendicular to the
surface. At the same time, the spacing between the cylinders,
calculated from AFM images, changed from 26 nm to 30 nm by
annealing. Similarly, in the case of BA375-MBL144 copolymer,
annealing changed the parallel orientation of cylinders to the
perpendicular to the surface. At the same time, the domain spacing
became less regular and it was difficult to obtain a sharp peak from
the power spectrum of the AFM image and determine a spacing
value. The spacing between the cylinders before annealing, calcu-
lated from the AFM images, was 31.5 nm.

SAXS analysis of thick films of the PMBL–PBA–PMBL triblock
copolymers was performed in order to get a better insight on the
effect of phase separation and the resulting microstructures.
Typical results are presented in Fig. 5. Samples which did not
undergo any additional thermal treatment were studied first. As
shown in Fig. 5a, only the copolymer with a high PMBL content
(BA215-MBL120, 30.3 wt% PMBL) showed a well-ordered structure,
consistent with hexagonally packed cylinders (three relatively
sharp peaks at relative positions s,

ffiffiffi

3
p

s,
ffiffiffi

7
p

s). The samples with
moderate PMBL content (19.3 and 12.6 wt% PMBL) did not exhibit
well defined secondary peaks, indicating mainly short-range
ordered. The SAXS experiments were then repeated after thermal
annealing of the PMBL–PBA–PMBL samples at 150 �C for 1 h in
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J. Mosnáček et al. / Polymer 50 (2009) 2087–20942092
order to examine the effect of the annealing process on the
morphology of the copolymer films. The comparison of Fig. 5b with
Fig. 5a shows that the annealed films exhibited better ordering than
the untreated samples, displaying at least three scattering peaks in
each of the SAXS spectra. Furthermore, the ratios of the relative
peak positions in all cases were s,

ffiffiffi

3
p

s,
ffiffiffi

7
p

s, i.e. consistent with
a hexagonal lattice. A closer look at Fig. 5 shows that for the same
length of the PBA segment, an increase in PMBL block length leads
to increase in the d-spacing. Similar cylindrical morphology was
observed via SAXS for most PMBL–PBA–PMBL copolymers.
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Fig. 9. AFM phase images of BA375-MMA132 copolymer: (left) before annealing; and (
The AFM studies showed that PMBL–PBA–PMBL copolymers
retain their phase separated morphology even when annealed at
temperatures above the Tg of the hard PMBL component. This
finding was further confirmed by SAXS experiments. Fig. 6
compares the SAXS spectra of as prepared thick films of BA215-
MBL68 with those measured after annealing at 150 �C and 220 �C,
respectively. The hexagonal morphology remained phase separated
even after heating the copolymers to temperatures above the
softening temperature of PMBL.

3.3. Thermo-mechanical properties of PMBL–PBA–PMBL
copolymers

Dynamic mechanical properties of the PMBL–PBA–PMBL linear
triblock copolymers were characterized through the temperature
dependencies of the real (G0) and the imaginary (G00) parts of the
complex shear modulus. Typical results for series of copolymers
with constant PBA content (DP¼ 215) and varying PMBL block
lengths are shown in Fig. 7 together with the respective DSC
thermographs. Two distinct glass transition temperatures corre-
sponding to the PBA (Tg w�50 �C) and PMBL (Tg w 195 �C)
segments, respectively, were observed in both DMA and DSC data.
This provides an additional evidence for the microphase separated
0.2 0.4 0.6 0.8 10.6 0.8 01
mm

middle and right) after annealing for 30 min at 210 �C under nitrogen atmosphere.



-100 -50 0 50 100 150 200 250 300
102

103

104

105

106

107

108

109

1010

G''
BA375-MBL82MMA50

BA375-MMA132

G
' 
G

"
 
[
P

a
]

Temperature [°C]

G'

Fig. 11. Comparison of the thermo-mechanical properties of (PMBL-r-PMMA)–PBA–
(PMBL-r-PMMA) and PMMA–PBA–PMMA triblock copolymers.
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morphology of the copolymers. However, the glass transition of
PMBL becomes less obvious with decreasing PMBL content. With
respect to the mechanical properties, all samples were glassy below
the glass transition temperature of PBA, with storage modulus
G0z 1 GPa. Above this glass transition, the copolymers become
elastic and show a G0 plateau extending up to the softening
temperature of PMBL (w195 �C). The height of the plateau strongly
depends on the PMBL content. For example, the value of G0 is ca.
0.1 MPa for PMBL fraction around 12 wt% and up to ca. 10 MPa for
PMBL content of 30 wt%. In this elastic state the PMBL blocks form
glassy domains connecting the flexible PBA blocks. This is a typical
situation for a thermoplastic elastomer in which the hard phase
elements or glassy domains act as physical cross-links for the
flexible component.

The deep minimum of G00 observed in this rubbery plateau
region is related to the very big difference in the glass transition
temperatures of the soft and hard components. The data for G00 in
the minimum are rather noisy due to profound elasticity of the
copolymer, i.e. G0 >>G00 that results in a very small phase angle
tan d¼G00/G0, that approaches the resolution limit of the rheometer.
Finally, both storage and loss moduli decreased above the Tg of
PMBL but the copolymer did not flow in the studied temperature
range of up to 300 �C.

The tensile mechanical properties of the PMBL–PBA–PMBL
linear triblock copolymers were investigated and typical results are
shown in Fig. 8a. The materials showed elastic behavior largely
influenced by their composition. An increase of the hard compo-
nent (PMBL) content resulted in a significant increase of elastic
modulus and ultimate tensile strength. The elongation at break,
however, was relatively low i.e. up to 100% and not clearly related to
copolymer composition. Annealing the samples for 1 h at 150 �C
did not help to improve the copolymer tensile properties, and
elongation at break remained relatively low (see Fig. 8b). This effect
is most likely related to the brittleness of the hard PMBL blocks
[18,20,29].

In order to improve the tensile properties of the PMBL based
copolymers, a series of ABA type triblock copolymers were
prepared in which the outer hard blocks were replaced with
a random copolymer of PMBL and PMMA. The morphology of
these triblock copolymers (BA375-MBL106MMA26, BA375-
MBL82MMA50), before as well as after annealing, was similar to
described above morphology of BA375-MBL144 that has a similar
hard block content. For comparison, a copolymer BA375-MMA132
containing only PMMA as a hard block was also prepared and
studied. In thin films of this copolymer we found a regularly
oriented cylindrical morphology perpendicular to the surface, that
changed to cylinders oriented preferable parallel to the surface
(see Fig. 9) after annealing. Moreover, AFM image could indicate
also partial loss of separation for this material (see Fig. 9, right
picture).

The (PMBL-r-PMMA)–PBA–(PMBL-r-PMMA) triblock copoly-
mers exhibit better tensile properties than their PMBL–PBA–PMBL
counterparts. As shown in Fig. 10, both elongation at break and
ultimate tensile strength significantly increased up to values of
w200% and w3.2 MPa, respectively. Nevertheless, the values of
elongation at break are still significantly lower than those of the
pure PMMA–PBA–PMMA triblock copolymer, of which stress–
strain curve is also shown in Fig. 10.

Some limitations in the tensile properties of the PMBL–PBA–
PMBL triblock copolymers may be related to incomplete chain
extension, too short PMBL block, or the intrinsic brittleness of the
PMBL.

While the tensile properties of the PMBL–PBA–PMBL and the
(PMBL-r-PMMA)–PBA–(PMBL-r-PMMA) triblock copolymers are
inferior to those of the PMMA–PBA–PMMA copolymer, they have
significantly better thermal stability and retain their elastic
properties up to very high working temperature of higher than
200 �C. This is illustrated in Fig. 11 that compares the tempera-
ture dependence of the shear moduli of BA375-MBL82MMA50
and BA375-MMA132. Both materials have similar molecular
weights and hard block content. The copolymer with pure
PMMA hard blocks shows a rubbery plateau that extends only to
w120 �C. Furthermore, this material flowed at temperatures
above 150 �C. In contrast, the rubbery plateau of BA375-
MBL82MMA50 extends to more than 200 �C and no flow was
observed up to 300 �C. The same is true also for the copolymers
having pure PMBL hard blocks, as illustrated in Fig. 7. This effect
is related to the very high glass transition temperature and high
thermal stability [29] of PMBL that could make the PMBL based
thermoplastic elastomers particularly suitable for high temper-
ature applications.
4. Conclusions

In summary, linear PMBL–PBA–PMBL triblock copolymers with
low polydispersities and with different molecular weights and
compositions were synthesized by ATRP with the aid of halogen
exchange. Solution cast films of the copolymers were studied by
AFM and SAXS. Both methods revealed a microphase separated
morphology of cylindrical PMBL domains hexagonally arranged in
the PBA matrix. Only at the very low PMBL content (6.1 wt%), the
spherical morphology was observed. The thermo-mechanical
properties of these new materials were thoroughly characterized
using a variety of techniques. The DMA studies confirmed the
phase separated morphology of the copolymers, revealing a very
broad elastic plateau in the storage shear modulus that extends
over w250 �C between the glass transition temperatures of the
two blocks. The linear PMBL–PBA–PMBL triblock copolymers
showed a relatively low elongation at break that was increased by
replacing the PMBL hard blocks with the less brittle PMBL-r-
PMMA blocks. Due to the very high glass transition temperature
and high thermal stability of PMBL, these materials could be
suitable for high temperature applications. This illustrates possi-
bility of expansion of the range of block copolymers accessible by
ATRP [30–43].
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