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ABSTRACT: A series of poly[methyl methacrylate (M)-b-styrene (S)-b-butadiene (B)-b-S-b-M], or MSBSM,
pentablock copolymers have been successfully synthesized by sequential living anionic polymerization
initiated with the diadduct of tert-butyllithium (t-BuLi) onto m-diisopropenylbenzene (m-DIB) in a
cyclohexane/diethyl ether mixture for the butadiene and styrene polymerization at room temperature
and in a cyclohexane/THF mixture for the MMA polymerization at -78 °C. All the pentablock copolymers
have a monomodal and narrowmolecular weight distribution (Mw/Mn < 1.20), and their weight composition
varies from 11 to 55% M, 18 to 55% S, and 15 to 64% B. Toluene-cast films of these copolymers have
been analyzed by differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and
transmission electron microscopy (TEM). All these materials show a phase separation of the soft B
component from the hard S and M blocks, which cannot, however, be distinguished one from each other
by DSC or DMA. Indeed, a single transition is observed for the binary hard phase at a temperature
intermediate between the glass transition temperature of polystyrene (PS) and poly(methyl methacrylate)
(PMMA). In addition to classical phase morphologies, such as cylindrical and lamellar phase organization,
two nonclassical morphologies, i.e., catenoid-lamellar and strut phase structures have been observed by
TEM. The phase morphology strongly depends on the pentablock composition and any chemical
modification of blocks. For instance, the cylindrical morphology, characteristic of an MSBSM copolymer
containing equal amounts of hard and soft phases, is changed into a lamellar morphology upon
hydrogenation of the B midblock. Copolymers of a relatively low hard phase content typically behave as
thermoplastic elastomers of high ultimate tensile strength (ca. 30 MPa) and elongation at break (ca.
900%). These mechanical properties, however, depend on the casting solvent.

Introduction

Styrene-b-butadiene-b-styrene (SBS) copolymers with
a major content of B are well-known thermoplastic
elastomers (TPE) that combine the mechanical proper-
ties of vulcanized rubbers and preserve the unique
opportunity of thermoplastics of being easily processed.
These unique thermomechanical properties are the
direct consequence of the phase separation of minor
polystyrene (PS) domains dispersed in a continuous
rubbery polybutadiene (PBD) phase. The PS hard
phase (Tg ) 100 °C) plays the key role of physical cross-
links, which start, however, to be deformed and to creep
even for low applied stresses as the glass transition
temperature is approached. Accordingly, the practical
usefulness of SBS is restricted to an upper temperature
dictated by Tg of the outer blocks. Furthermore, the PS
hard phase is poorly resistant to hydrocarbons and oils,
which is an additional limitation to practical applica-
tions. It is thus a valuable target to increase this upper
service temperature so as to approach that of vulcanized
rubbers. As examples of strategies reported for this
purpose, the PS outer blocks have been chemically
modified1,2 and substituted by polymers of higher Tg.3-9

Very recently, as an alternative method, we have
reported on the attachment of a syndiotactic poly(methyl
methacrylate) (sPMMA) block at both ends of SBS,
resulting in MSBSM pentablocks10 and in a significant
increase of the upper service temperature of the original

triblock copolymers. The phase morphology of these
new materials was, however, not discussed in this
paper, although the mechanical performances of multi-
phase materials are known to be closely related to that
characteristic feature.
Extensive studies of phase morphology have been

reported for binary block systems of the AB and ABA
type11-17 and for ternary copolymers of the ABC18-24 and
ABACA25,26 type. In addition to classical spherical,
cylindrical, and lamellar phase structures,33 some non-
classical morphologies, such as ordered bicontinuous
double-diamond (OBDD),13 and catenoid-lamellar,14,16,34
have been observed depending on block copolymer
composition and sample preparation. Systematic mor-
phological studies on symmetrical pentablock copoly-
mers of the ABCBA type with sPMMA as the outer block
and a soft PBD midblock have never been reported, at
least to our best knowledge. Actually, the synthesis of
this type of block copolymer was a challenge for a long
time because of problems of monomer (MMA) purifica-
tion and sensitivity of the carbonyl group of MMA
toward nucleophilic attack.27,28 Furthermore, PMMA
anions are unable to initiate the polymerization of
dienes, which requires the availability of a difunctional
initiator soluble in apolar solvents for the diene poly-
merization into living polydianions with the desired cis-
1,4 microstructure.
In the previously reported MSBSM pentablocks,10

PBD was the major component (70 wt %) and contained
a low amount of 1,2-units (15%). This paper deals with
a simplified synthesis of MSBSM pentablock copolymers
that results in PBD midblocks of a higher 1,2-unit
content (∼43%), which provides the copolymer with
improved elastic properties upon hydrogenation.41 Spe-
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cial attention will be paid to the thermal properties and
phase morphology of a series of pentablocks covering a
large composition range, i.e., 11-55 wt % PMMA, 18-
55 wt % PS, and 15-64 wt % PBD phases. Tensile
properties of copolymers of a high PBD content (65 wt
%) have also been studied with dependence on the
casting solvent.

Experimental Section
Materials. Cyclohexane (Chx) and diethyl ether were dried

over CaH2 for 24 h. THF was purified by refluxing over the
deep purple sodium-benzophenone complex. All the solvents
were further distilled from polystyryllithium under reduced
pressure immediately before use. tert-Butyllithium (t-BuLi)
(Aldrich, 1.3 M solution in cyclohexane) was diluted with
cyclohexane, and the final concentration (0.2 N) was deter-
mined by double titration.29 m-Diisopropenylbenzene (m-DIB,
Aldrich) was dried over CaH2 for 24 h and finally distilled from
fluorenyllithium before use. 1,1-Diphenylethylene (DPE, Al-
drich) was dried over s-BuLi and distilled from (diphenyl-
methyl)lithium before use. Butadiene was dried over n-
butyllithium. Styrene and methyl methacrylate (MMA) (Al-
drich) were distilled from CaH2 under reduced pressure and
stored under nitrogen at -20 °C. Before polymerization, MMA
was added with a 10 wt % AlEt3 solution in hexane until a
persistent yellowish green color was observed. It was then
redistilled under reduced pressure just prior to use. Styrene
was redistilled from fluorenyllithium.
Polymerization. Block copolymerization was carried out

in a 2-L round-bottomed flask equipped with a magnetic stirrer
under a dry nitrogen atmosphere. Details of the experimental
techniques and reaction conditions were reported elsewhere.9,10
Briefly, the five-step synthesis was as shown in Scheme 1: (1)
preparation of the difunctional lithium initiator (DLI) by
addition of t-BuLi to m-DIB (2/1 molar ratio) in cyclohexane
at 50 °C for 2 h, (2) polymerization of butadiene initiated by
DLI in a Chx/diethyl ether (100/5, v/v) mixture at room

temperature for ca. 12 h, (3) polymerization of styrene
initiated by the PBD dianions at room temperature for 2 h,
(4) end-capping of SBS dianions by diphenylethylene (DPE),
and (5) addition of THF to Chx resulting in a Chx/THF (35/
65, v/v) mixture followed by the addition of MMA at -78 °C.
When the butadiene polymerization was complete, an aliquot
of the polymer solution was picked out and protonically
deactivated. The polymer formed was recovered by precipita-
tion into methanol and used to characterize the PBD block.
The same procedure was also used for the characterization of
the SBS precursor. Final block copolymers were recovered by
precipitation in methanol and dried at room temperature for
2 days under vacuum. The synthesized pentablock copolymers
are listed in Table 1.
Isotactic PMMA (iPMMA) was prepared in toluene at -78

°C with t-BuMgBr as initiator according to a method reported
by Hatada et al.43 The molecular characteristics were as
follows: Mn ) 30 000;Mw/Mn ) 1.10; isotactic triad content )
90% ; Tg ) 50 °C.
Film Preparation. Block copolymers were added with 1

wt % hindered phenol antioxidant (tetrakis[((methyleneoxy)-
carbonyl)-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionyl]-
methane, Irganox 1010, Ciba-Geigy Corp.) and dissolved in
toluene at room temperature. In the case of stereocomplex-
ation, block copolymer and iPMMA were separately dissolved
in toluene at room temperature. The solutions were then
mixed at 100 °C, since mixing at room temperature im-
mediately resulted in a gel. This homogeneous solution (8 wt
% copolymer) was poured into a Petri dish, and the solvent
was allowed to evaporate slowly over 3-4 days at room
temperature. Films were dried to constant weight in a vacuum
oven at 40 °C. They were elastomeric and transparent with a
smooth surface.
Analysis. Molecular weight and molecular weight distribu-

tion were measured by size exclusion chromatography (SEC)
with a Waters GPC 501 apparatus equipped with linear
Styragel columns. THF was the eluent (flow rate of 1 mL/
min), and polystyrene standards were used for calibration. The

Scheme 1. Five-Step-Synthesis of MSBSM Pentablock Copolymers
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method by Benoit et al.30 for the universal calibration was used
with the following viscosimetric relationships:

1H NMR spectra were recorded with a Bruker AM-400
spectrometer, by using CDCl3 as a solvent at 25 °C. The 1,2-
unit content of PBD was calculated from the relative intensity
of the signal at 4.9 ppm (dCH2 of 1,2-double bond) and the
signal at 5.4 ppm (CHd of 1,2-double bond and -CHdCH-
of 1,4 unit). The copolymer composition was calculated from
the relative intensity of the signals for the 1,2-unit in PBD,
the phenyl ring in PS (6.5 and 7.1 ppm), and the OsCH3 group
in PMMA (3.54 ppm). Mn for the PS and PMMA blocks was
calculated from the copolymer composition and PBDmolecular
weight.
Differential scanning calorimetry (DSC) was carried out

with a DuPont 900 instrument, calibrated with indium. The
usual heating rate was 20 °C/min. The glass transition
temperature was noted at the inflection point of the heat
capacity jump.
Dynamic mechanical analysis (DMA) was carried out with

a TA 983 dynamic mechanical analyzer. Samples (8 × 10 ×
0.5 mm) were deformed at a constant 1 Hz frequency.
Toluene-cast films were microtomed into 70 nm thick

sections, which were exposed to a 1% aqueous solution of OsO4

or RuO4 for 2 h before being observed with a transmission
electron microscope (model Philips CM-12) using a 100 kV
accelerating voltage.
Tensile measurements were conducted with a Adamel

Lhomargy tensile tester. Microdumbell-shaped testing samples
(30 × 3.6 × 1 mm) were cut from toluene-cast films and
extended at 200 mm/min at room temperature. The reported
data were average values of three independent measurements.

Results and Discussion
Synthesis of Block Copolymers. In a previous

paper,10 we reported the synthesis of MSBSM penta-
block copolymers by using a seeding technique for the
initiation of the first block. A simplified method has,
however, been reported from our laboratory;9 i.e., the
diadduct of t-BuLi ontom-DIB prepared in cyclohexane
at 50 °C can be directly used to initiate the butadiene
polymerization in a cyclohexane/diethyl ether (100/5,
v/v) mixture. Under these conditions, well-defined
MBM triblock copolymers result from the sequential
anionic polymerization of butadiene and methyl meth-
acrylate (MMA). The 1,2-unit content of the PBD block
is then relatively high (∼40%) due to diethyl ether used
in order to promote the formation of triblock copolymers.
Nevertheless, this particular microstructure is an ef-
ficient means of preventing the midblock from crystal-
lization when hydrogenated with the purpose of increas-
ing the thermooxidation resistance of MBM triblock
copolymers.41 This simplified synthesis technique has
been successfully used in this work for preparing

MSBSM pentablock copolymers, as shown in Scheme
1. It is worth noting that the reaction medium com-
pletely gels upon the MMA polymerization. The gel,
however, dissolves when the reaction is terminated by
addition of a small amount of methanol and warmed to
room temperature. The same observation was reported
in the case of the synthesis of MBM triblock copolymers.
Table 1 shows the molecular weight, molecular weight
distribution, and microstructure for the synthesized
MSBSM pentablock copolymers. All these samples have
a narrow molecular weight distribution (Mw/Mn < 1.20).
Figure 1 shows typical SEC traces monitored after each
step of the sequential polymerization of butadiene,
styrene, and MMA in the case of the P8 pentablock. The
three chromatograms are symmetrical and of a very
narrow molecular weight distribution, which indicates
that cross-reactions from butadiene anions to styrene
and from styrene anions end-capped by DPE to MMA
are essentially quantitative. The experimental compo-
sition is in good agreement with the theoretical value,
as shown in Table 1. The microstructure of the PBD
block is systematically in the range 40-46% 1,2-units,
as analyzed by 1H NMR. The PMMA tacticity is also
essentially constant with an 80% syndiotactic content.
The polybutadiene (PBD) midblock of the P4 penta-

block has also been selectively hydrogenated into a
saturated poly(ethylene-co-1,2-butene) (PEB) block
(sample HP4, Table 3). The quantitative hydrogenation
of the PBD midblock has been ascertained by 1H NMR
and FT-IR.41 The hydrogenated copolymer will be
designated as MSEBSM.
SBS and MBM triblock copolymers (Table 2) of a

narrow molecular weight distribution have been pre-
pared for the sake of comparison. Their microstructure
and molecular weight are comparable to the P4 penta-

Table 1. Characterization of MSBSM Pentablocks Synthesized with the m-DIB/t-BuLi Diadduct as Difunctional Initiator

composition (wt %)b microstructure (%)b

samples
10-3Mn

a

M-S-B-S-M M S B 1,2-(B) syndio(M) Mw/Mn
c

P1 4-20-25-20-4 11 (10) 55 (60) 34 (30) 41 80 1.10
P2 6-12-60-12-6 13 (13) 25 (25) 62 (62) 43 80 1.10
P3 9-9-60-9-9 19 (20) 19 (20) 62 (60) 40 80 1.10
P4 19-18-79-18-19 25 (25) 24 (25) 51 (50) 43 80 1.15
P5 17-31-34-31-17 26 (25) 48 (50) 26 (25) 42 80 1.20
P6 23-21-55-21-23 32 (33) 29 (32) 38 (35) 46 80 1.10
P7 23-22-17-22-23 43 (42) 41 (42) 16 (16) 43 80 1.10
P8 31-17-17-17-31 55 (55) 30 (30) 15 (15) 42 80 1.15

a By SEC with the universal calibration for the B block, by 1H NMR for the S and M blocks. b By 1H NMR, the theoretical composition
is in parentheses. c By SEC.

[η] ) 1.36 × 10-4M0.714 (PS in THF)31

[η] ) 4.57 × 10-4M0.693 (PBD in THF)32

Figure 1. Typical SEC traces for the PBD precursor (trace
1), the SBS intermediate triblock (trace 2), and the MSBSM
pentablock copolymer P8 (trace 3) (Table 1).
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block. Three poly(MMA-b-styrene) (MS) copolymers of
different molecular weights and compositions have been
synthesized as models for the hard blocks in the
pentablock copolymers (Table 2). These copolymers
have a very narrow molecular weight distribution (Mw/
Mn < 1.10) and a microstructure comparable to the
pentablock copolymers. Glass transition temperatures
are also shown in Table 2.
Differential Scanning Calorimetry (DSC). DSC

is a very useful technique to detect phase separation in
binary blends and block copolymers containing im-
miscible polymeric components, provided that the indi-
vidual glass transition temperatures (Tg) are sufficiently
different from each other and that the weight composi-
tion is far enough from the extreme values. The DSC
traces reported for toluene-cast films of the available
MSBSM pentablock copolymers are essentially identical
in shape and number of prominent features. Typical
examples recorded as a result of a second scan at 20
°C/min are shown in Figure 2A for samples P7 (trace 1)
and P5 (trace 2). Two main transitions are clearly
observed, at ca. -60 °C for both samples and 107 °C for
sample P7 and 106 °C for sample P5, respectively. It
is known that PBD that contains ca. 45% 1,2-units
shows a glass transition at ca. -60 °C (by DSC) in MBM
triblock copolymers.9 The glass transition temperature
for PS (Mn ) 20 000) in SBS and PMMA (Mn ) 20 000)
in MBM is 95 and 125 °C, respectively (Table 2). Thus,
the lower temperature transition (-60 °C) in MSBSM
pentablock copolymers is characteristic of the PBD
phase. The glass transitions for PS and PMMA cannot
be distinguished, since a unique Tg is observed at an
intermediate value at two different heating rates (Fig-
ure 2A, traces 2 and 3). This observation does not result
from an inappropriate copolymer composition, since PS
and PMMA content in the P7 copolymer is at least 40
wt %. The molecular weight of the PS and the PMMA
blocks is also relatively high (>20 000), and high enough
to observe two Tg’s in MS diblocks of comparable
molecular weights.20 In order to understand better the
effect of molecular weight on the phase separation in
MS diblock copolymers, three copolymers of different
molecular weights have been synthesized and analyzed
by DSC (Figure 2B). Sample D1 of lower molecular
weight (M-S: 10 000-10 000) shows only one Tg, which
suggests phase mixing (trace 1, Figure 2B). In contrast,
two Tg’s are observed for the higher molecular weight
samples D2 (M-S: 20 000-20 000) and D3 (M-S:
40 000-63 000) (Table 2, Figure 2B), although less
clearly in case of sample D2, indicating that phase
separation in these MS diblock copolymers is sharp
enough to observe two Tg’s provided that the molecular
weight is 20 000 and higher for each block. It is worth
noting that these results are in good agreement with
literature data, since two Tg’s have been been reported
for an MS diblock copolymer of the same molecular
weight (20 000-20 000).20 The reason for a single Tg
for the binary hard phase of the pentablock copolymers

would thus be due to the additional PBD midblock,
which would prevent PMMA and PS from phase sepa-
rating. Actually, PBD is highly incompatible with both
PS and PMMA in the parent diblocks, whereas PS and
PMMA are comparatively less mutually immiscible.23
In order to minimize the overall interfacial free energy,
the system tends to reduce the surface of the PBD
domains in favor of the PS and PMMA interface,23 thus
resulting in a PS/PMMA interphase broad enough for
the glass transitions of PS and PMMA to be indistin-
guishable. It is, however, worth noting that three Tg’s
were observed for anMSB triblock copolymer containing
PS and PMMA blocks of a higher molecular weight
(M-S-B: 38 000-116 000-38 000).24
Stereocomplexation of MBM triblock copolymers with

iPMMA has been reported to be efficient in extending
the service temperature of the original thermoplastic
elastomers up to 180 °C.44 In order to confirm that
stereocomplexation occurs in the hard phase independ-

Table 2. Characterization of SBS and MBM Triblock Copolymers and MS Diblock Block Copolymers

composition (wt %)b microstructure(%)b DSC (°C)d DMA (°C)e

sample copolymer 10-3Mn
a M S B 1,2-(B) syndio(M) Mw/Mn

c Tg1 Tg2 Tg1 Tg2

T1 S-B-S 20-80-20 33 67 45 1.10 -60 95 -58 100
T2 M-B-M 20-80-20 33 67 45 80 1.10 -60 125 -56 136
D1 M-S 10-10 50 50 80 1.10 110
D2 M-S 20-20 50 50 80 1.10 107 127
D3 M-S 40-60 40 60 80 1.10 110 132
a By SEC with the universal calibration for the B block, by 1H NMR for the S and M blocks. b By 1H NMR. c By SEC. d Heating rate

of 20 °C/min. e Heating rate of 5 °C/min.

Figure 2. DSC thermograms recorded at a heating rate of
20 °C/min for (A) MSBSM pentablock copolymers (Table 1) [(1)
P7, (2) P5, (3) P5 (heating rate: 10 °C/min), (4) CP5 (blend of
P5 with iPMMA in a 2/1 s/i mixing ratio), (5) CP5 (second
scan)] and (B) M-S diblock copolymers (Table 1) [(1) D1, (2)
D2, (3) D3].
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ently of the presence of the PS phase, MSBSM penta-
block copolymers P5 and P6 have been blended with
isotactic PMMA (iPMMA) in a syndio/iso mixing ratio
of 2/1, and films have been cast from toluene. These
blends are referred to as CP5 and CP6 (Table 3). A
typical DSC thermogram is shown in Figure 2A (trace
4) for the CP5 blend. A well-defined endotherm is
observed at 185 °C, which corresponds to the stereo-
complex of the sPMMA end blocks with iPMMA. The
melting enthalpy of the stereocomplex is quite compa-
rable to the value reported in the case of the MBM/
iPMMA blends,44 suggesting that the PS block does not
significantly affect PMMA stereocomplexation. Tg1 of
blends is shifted to lower temperature compared to the
parent pentablock copolymer for both CP5 and CP6
(Table 3). Interestingly enough, an additional Tg is
observed at 92 °C in the case of CP5, which is quite
similar to the Tg of the PS phase and indicates that
stereocomplexation of the sPMMA end block with
iPMMA is favorable to the PMMA and PS phase
separation. It is worth noting that the stereocomplex
melting can only be observed in the first DSC scan,
crystallization being prevented from occurring in the
bulk (trace 5, Figure 2A).
The HP4 hydrogenated sample shows a broad melting

endotherm at 7 °C due to the partial crystallization of
the PEB midblock. In parallel, Tg of the soft phase is
higher compared to the parent unsaturated copolymer
P4.
Dynamic Mechanical Analysis (DMA). The ther-

mal dependence of the dynamic shear storage modulus
(G′) and the loss factor (tan δ) has been analyzed for
pentablock copolymers of different compositions in the
temperature range from -100 to +200 °C at 1 Hz
frequency. Figures 3-6 confirm that all these copoly-
mers are phase separated, since two transitions are
clearly observed, which are characteristic of the glass
transition for the PBD soft phase at the lower temper-
ature (Tg1) and for the hard phase at the higher
temperature (Tg2). In agreement with the DSC analysis,
only one transition is observed for the binary MS hard
phase in MSBSM pentablock copolymers. The temper-
ature at the maximum of the tan δ curves is reported
in Table 3.
Figure 3 compares the dynamic mechanical properties

of the MSBSM pentablock copolymer P4, the SBS
triblock copolymer T1 and the MBM triblock copolymer
T2. The molecular weight of the PS block (18 000) and
the PMMA block (19 000) in sample P4 is quite compa-

rable to the end blocks in the SBS and MBM triblock
copolymers, respectively (Table 2). Figure 3 shows that
the storage modulus (G′) in the rubbery plateau is quite
comparable for the SBS and MBM samples of compa-
rable hard block content, indicating that the nature of
the outer block does not significantly affect G′ in this
region. A significant difference is, however, observed
at temperatures higher than 80 °C, beyond which G′ of
SBS rapidly decreases in contrast to G′ of MBM, which
persists up to 130 °C. G′ for the rubbery pentablock
P4 is much higher than for the parent SBS and MBM
copolymers as a result of a 2-fold higher hard block
content. The transition from the rubbery plateau to the
viscous flow for P4 occurs at a temperature intermediate
between the temperatures reported for the SBS and
MBM copolymers, respectively. In parallel, although
the loss peak characteristic of the soft phase is es-
sentially the same for the three samples, the situation
is different for the loss peak of the hard phase. The
loss peak for the PS end blocks of SBS is observed at
100 °C, compared to 136 °C for the PMMA end blocks
of MBM, whereas a unique but broader loss peak is
reported for the binary hard phase of the pentablock
P4 at 130 °C, thus at an intermediate temperature with
respect to the SBS and MBM counterparts, indicating
an at least partial phase mixing of the PS and PMMA
blocks in P4.
Figure 4 illustrates the dynamic mechanical proper-

ties for the P2 and P3 samples, which have the same
hard phase content but a different PMMA/PS wt ratio.
The thermal dependence of G′ is quite comparable for

Table 3. Thermal Properties of MSBSM and MSEBSM
Pentablock Copolymers and Blends with iPMMA

(Heating Rates for DSC and DMA are 20 and 5 °C/min,
Respectively)

DSC (°C) DMA (°C)

sample
Tg1
(°C)

Tg2
(°C)

Tm
(°C)

∆H
(J/g)a Tg1 Tg2

post
Tg

P1 -63 93 -63 105
P2 -60 114 -55 118
P3 -58 116 -56 122
P4 -60 110 -55 130
HP4 -50 112 7 16 -49 128
P5 -58 106 -55 133
CP5 -66 92 182 35 -60 128 >170
P6 -56 107 -54 123
CP6 -66 115 184 33 -60 120 >170
P7 -62 107 -60 125
P8 -66 106 -63 123
aMelting enthalpy, J/g of EB for sample HP4, J/g of total PMMA

for samples CP5 and CP6.

Figure 3. Temperature dependence of shear storage modulus
(G′) (a) and loss tan δ ()G′′/G′) (B) at 1 Hz and a heating rate
of 5 °C/min for the SBS sample T1 (- - -), MBM sample T2
(-‚-), and MSBSM sample P4 (s).
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these samples in the Tg region (Figure 4), whereas G′
at higher temperatures is smaller for sample P2 which
is of a lower PMMA content compared to P3. Consist-
ently, the loss peak for the hard phase of sample P3 is
observed at a slightly higher temperature than for P2
((Figure 4). The effect of the relative content of PMMA
in the hard phase on the transition temperature of that
phase is more pronounced when samples P1 and P2 are
compared. The hard phase of sample P1 contains 17
wt % PMMA, i.e., half the content calculated for sample
P2 (33 wt %), although the molecular weight of the
PMMA block is essentially the same (Table 1). Clearly,
Tg for the hard phase of P2, which contains more
PMMA, is significantly higher compared to P1 ((Figure
4 and Table 3). The much higher hard phase content
of P1 accounts for a substantially higher G′ in the
rubbery plateau compared to P2 and P3.
Tg for the PBD phase (Tg1) measured by DMA is

smaller for the MSBSM copolymers P1, P7, and P8
compared to the other samples (Table 3), as a possible
result of the comparatively lower molecular weight of
the PBD block.
In order to confirm that the observation of a single

Tg for the hard phase of the MSBSM copolymers P1-
P4 is not due to a too low hard phase content (<66 wt
%), sample P7 of a high hard phase content (84 wt %)
has been analyzed. Figure 5 shows the dynamic me-
chanical curves above 0 °C. Only one Tg is observed at
two different heating rates (5 and 1 °C/min).
According to DSC, Tg of the PS phase can be observed

when pentablocks are mixed with iPMMA. It is the
reason why CP5 and CP6 blends have also been
analyzed by DMA, as shown in Figure 6 for the CP5

blend and the parent pentablock copolymer P5. G′ in
the rubbery plateau is higher for the CP5 blend com-
pared to the pentablock P5 (Figure 6) as result of a
higher hard phase content. The glass transition tem-
perature of the PBD soft phase is shifted to lower
temperature when P5 is mixed with iPMMA, in agree-
ment with DSC. The lower PBD content of CP5
compared to P5 accounts for the smaller damping at the
Tg of the soft phase. Two transitions seem to be
observed for sample CP5 in the glass transition region
for the hard phase. A tan δ maximum is observed at a
slightly lower temperature and with a smaller damping
compared to the parent copolymer. This transition is
quite broad, indicating a broad distribution of relaxation
times, which might result from the overlapping of the
relaxation of the PS and noncomplexed PMMA. The
PMMA stereocomplex, whose melting is observed at 182
°C by DSC, starts to relax in this temperature range
(in which the accuracy of the experimental measure-
ments decreases). When a second scan is carried out
after the complete melting of the stereocomplex (Figure
6), no change is observed for the glass transition of the
soft phase, in contrast to the relaxation of the hard
phase, which occurs at a temperature lower than that
for the parent copolymer P5 due to the presence of
iPMMA of a lower Tg (50 °C). This additional compound
in the hard phase explains why the amplitude of the
damping has increased (compared to P5).
Morphological Observations. The equilibrium

phase morphology of binary block copolymers is known
to be dictated by their composition, as previously
reported for SB, SBS, and MBM triblock copoly-
mers.9,11,33 Lamellae, hexagonally packed cylinders, and
body-centered cubic arrays of spheres are the three
classical morphologies displayed by the binary block

Figure 4. Temperature dependence of shear storage modulus
(G′) (a) and loss tan δ ()G′′/G′) (B) at 1 Hz and a heating rate
of 5 °C/min for the MSBSM samples P1 (s), P2 (-‚-), and P3
(- - -).

Figure 5. Temperature dependence of shear storage modulus
(G′) (a) and loss tan δ ()G′′/G′) (B) at 1 Hz for the MSBSM
samples P7 with a heating rate of 5 °C/min (s) and 1 °C/min
(- - -).
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copolymers. As a rule, a spherical morphology is
observed for a PBD content in the 0-18 wt % range.
When the PBD content is as high as 18-38 wt %, a
cylindrical morphology is usually observed, whereas a
lamellar morphology is reported for 36-60 wt % PBD.11
Recently, some nonclassical morphologies have been
reported. The first one, observed in 197612 and identi-
fied in 1986,13 is the ordered bicontinuous double-
diamond (OBDD). The second one is the bicontinuous
gyroid phase reported by Hajduk et al. for a poly-
(styrene-b-isoprene) (SI) diblock.15 Another nonclassical
morphology is the catenoid-lamellae,14,16,34 in which
each lamella is covered by hexagonally arranged cylin-
ders. “Mesh” and “strut” structures have also been
reported by Hashimoto et al. for SB star-block/homoPS
mixtures.36,37
These morphologies have essentially been reported for

binary systems. In contrast to binary block copolymers,
whose composition is the main parameter that deter-
mines the equilibrium microphase structure, the mor-
phology of ternary block copolymers is dictated not only
by two independent composition variables but also by
the balance of the three interaction parameters and the
respective interfacial tensions.24 Mogi et al.18,19 have
studied a series of poly(isoprene-b-styrene-b-2-vinyl-
pyridine) (ISP) triblock copolymers and observed a
highly ordered tricontinuous double-diamond morphol-
ogy as well as a morphology in which the PIP and PVP
domains form cylinders in a PS matrix. A chiral
supramolecular assembly has been reported by Stadler
et al. for poly(styrene-b-butadiene-b-methyl methacry-

late) (SBM) triblocks in which the polybutadiene mid-
block forms helical strands surrounding polystyrene
cylinders embedded in a poly(methyl methacrylate)
(PMMA) matrix.22
The phase morphology of the ternary MSBSM penta-

blocks has been analyzed by transmission electron
microscopy (TEM), which confirms the phase separation
observed by DSC and DMA. Figures 7-10 show trans-
mission electron micrographs of toluene-cast films of
copolymers of various compositions annealed at 140 °C
for 4 days under vacuum. PBD is observed as the dark
phase as result of the selective staining by OsO4. Figure
7 shows the phase morphology for the copolymer P1
(Table 1), in which PS is the major component, and only
a small amount of PMMA is present (11 wt %). A
classical cylindrical morphology is observed with PBD
cylinders of ca. 12 nm diameter embedded in the hard
phase matrix.
PBD is the major component (62 wt %) in samples

P2 and P3 (Table 1), so that a cylindrical morphology
is expected to be observed. The phase morphology of
sample P3 (Figure 8A) is, however, more complex. A
lamellar structure is indeed observed with lamellae of
a modulated thickness. Actually, this structure re-
sembles the lamellar-catenoid morphology first identi-
fied by Thomas et al.34 for a partially annealed solution-
cast SB diblock copolymer. These experimental
observations are in contrast to the recent theoretical
calculation by Fredrickson40 suggesting that this mor-
phology is metastable in the strong segregation limit of
AB diblock copolymers and to the prediction by de la
Cruz et al.17 that this morphology can only be observed
near the order-disorder transition (ODT). It has also
been observed for poly(styrene-b-isoprene) (SI)/homoPS
blends16 and for poly(ethyl methacrylate) (PEMA)-
PBD-PEMA triblock copolymers39 under near-equilib-
rium conditions. Figure 8B shows the morphology of
sample P2. Ellipsoid-like spots (white) hexagonally
arranged are observed in addition to the modulated
lamellae. This structure is similar to a type of morphol-
ogy observed for an asymmetrical poly(ethylenepropyl-
ene-b-ethylene) diblock copolymer near the order-
disorder transition by Hamley et al.35 and designated
as a layered hexagonal packed channel.

Figure 6. Temperature dependence of shear storage modulus
(G′) (a) and loss tan δ ()G′′/G′) (B) at 1 Hz and a heating rate
of 5 °C/min for the MSBSM sample P5 (s) and its blend with
iPMMA in a 2/1 s/i mixing ratio, first scan (- - -) and second
scan (-‚-).

Figure 7. Transmission electron micrograph for the MSBSM
pentablock copolymer P1. PBD is the black phase stained with
OsO4.
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Sample P4 contains comparable amounts of hard and
soft blocks and shows a morphology consisting of hard

phase cylinders embedded in the PBD matrix (Figure
9).
The micrographs for samples P5 and P6 are shown

in Figure 10A,B. A lamellar structure with PBD layers
ca. 12 nm thick is observed for sample P6, which
contains comparable amounts of the three constitutive
components (Figure 10B). Although the PBD content
of sample P5 is much smaller than that in sample P6
(38 wt %), lamellar morphology persists (Figure 10A),
with comparatively much thinner (ca. 11 nm) PBD
layers compared to the thickness of the hard phase (17
nm).
The morphology of sample P7 (16 wt % PBD) is shown

in Figure 10C. The dark PBD microphases appear to
form ill-shaped lamellae or cylinders connected to each
other in a percolation network in a continuous PS/
PMMA hard phase, so that the phase morphology fits a
bicontinuous network structure. The PBD and the hard
phases seem to be uniform. This morphology is quite
similar to the “strut” structure reported by Hashimoto
et al. for a blend of an SB star block with homoPS.22
The weight ratio of the hard and soft phases in sample

Figure 8. Transmission electron micrographs for the MSBSM
pentablock copolymers P3 (A) and P2 at two magnifications
(B and C). PBD is the black phase stained with OsO4.

Figure 9. Transmission electron micrographs for the MSBSM
pentablock copolymer P4 at two magnifications. PBD is the
black phase stained with OsO4.
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P7 (84/16) is very similar to the weight composition of
the SB block/PS blend (86/14). The strut morphology
is thought to be a new type of cocontinuous structure
with less order than the OBDD. A hyperbolic interface
with a negative Gaussian curvature is considered as a
basic shape of the interface between the links.22

The electron micrograph of copolymer HP4, which is
the hydrogenated version of sample P4, i.e., MSEBSM,

is shown in Figure 11. This sample was stained with
RuO4, which selectively stains the PS phase and makes
it appear as a dark phase. In contrast to the unsatu-
rated parent copolymer for which a cylindrical morphol-
ogy was observed (Figure 9), the overall morphology is
now a typical lamellar structure of the ABCB type with
a long period for the M-S-EB-S repeat unit of ca. 40
nm. The white EB layers are thick compared to the
white PMMA layers, which are very thin and sand-
wiched between the dark PS layers.
It is worth noting that all the samples were prepared

by solvent-casting, so that specific solvent effects can
play a morphological role in view of the variable
composition of the mixture during solvent removal.
Annealed samples are thus needed for equilibrium
morphological evaluation, which will be the topic of a
forthcoming work.
Stress-Strain Behavior. Tensile properties are

one of the most interesting features of thermoplastic
elastomers. Attention has been paid to the stress-
strain behavior of the P2 and P3 pentablock copolymers
of a relatively low hard block content. Solvent-cast films
have been studied, since this technique has been

Figure 10. Transmission electron micrographs for the
MSBSM pentablock P5 (A), P6 (B), and P7 (C). PBD is the
black phase stained with OsO4.

Figure 11. Transmission electron micrographs for the
MSEBSM pentablock copolymer HP4 at two magnifications.
PS is the black phase stained with RuO4.
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reported to yield reproducible phase morphology for SBS
block copolymers provided the solvent evaporation is
slow.38 Morphology and bulk properties of a solvent-
cast film, however, depend on the casting conditions,
and particularly on the casting solvent.9,11,38 Three
solvents have been used in this study, i.e., toluene, a
50/50 (v/v) cyclohexane/THF mixture, and a 50/50 (v/v)
methyl ethyl ketone/THF mixture. Toluene is a com-
mon solvent for PBD, PS, and sPMMA blocks. Cyclo-
hexane (Chx) is a selective solvent for PBD, and methyl
ethyl ketone (MEK) selectively dissolves PMMA and PS.
Since the MSBSM copolymer is insoluble in cyclohexane
and MEK, a mixture of each of these solvents with THF
has been used for the sample preparation. Yield stress
(σy), ultimate tensile strength (σb), elongation at break
(εb), and permanent set at break, which is a measure-
ment of the irreversible deformation, are reported in
Table 4. Figure 12 shows the typical stress-strain
curves for sample P3 measured at room temperature
and at a strain rate of 200 mm/min. The tensile stress
is expressed as a nominal stress, i.e., the ratio of the
tensile force to the original cross-sectional area of the
specimen. For the sake of clarity, the stress-strain
curves in the small strain region have been expanded
in Figure 12B. A yield point at ca. 8% strain is observed
whatever the casting solvent, which is indicative of the
formation of a semicontinuous hard phase, in agreement

with the catenoid-lamellar morphology observed by
TEM (Figure 8A) for the toluene-cast film. This con-
tinuous hard phase might be composed of the PMMA
and PS phases which are mixed intimately enough to
show one Tg by DSC. Beyond the yield point, cold
drawing is observed with a well-pronounced intermedi-
ate necking for the sample cast from the Chx/THF
mixture (Figure 12B). In this case, the stress starts to
increase with elongation beyond an elongation of ca.
300%. This increase is observed for a strain of ca. 100%
and 150% for samples cast from the MEK/THF mixture
and toluene, respectively. The fracture is observed at
approximately the same elongation (850%). This be-
havior is a typical strain-induced plastic-to-rubber
transition, or strain-softening behavior, which has also
been reported for SBS triblock copolymers.42
The permanent set at break does not significantly

depend on the casting solvent. The ultimate tensile
strength is higher for toluene-cast films and lower for
MEK/THF-cast films, for both P2 and P3 samples. This
solvent effect has also been observed for MBM triblock
copolymers.9 The elongation and the permanent set at
break seem to be not significantly affected by the casting
solvent. The yield stress not only depends on the
casting solvent but also on the composition of samples
P2 and P3, since a higher stress is observed for the
MEK/THF-cast P2 sample (5.3 MPa) compared to 8.2
MPa for the Chx/THF-cast P3 specimen.

Conclusions

A series of poly[methyl methacrylate (M)-b-styrene
(S)-b-butadiene (B)-b-S-b-M], or MSBSM, pentablock
copolymers have been successfully synthesized with a
monomodal and narrow molecular weight distribution
(<1.20), in a composition range of 11-55 wt % for the
M block, 19-55 wt % for the S block, and 15-62 wt %
for the B block.
Toluene-cast films are phase separated, as confirmed

by DSC and dynamic mechanical analysis (DMA).
While the phase separation of the PBD soft phase is
clearly observed, DSC and DMA are unable to distin-
guish PS and PMMA phases.
Classical morphologies, such as cylindrical and lamel-

lar structures, have been observed by transmission
electron microscopy (TEM) for some pentablock copoly-
mers depending on their composition. Two less tradi-
tional morphologies, i.e., catenoid-lamellar and strut
structures, have also been observed. The phase mor-
phology strongly depends on the chemical structure of
the pentablock, since the cylindrical morphology ob-
served for a MSBSM copolymer containing equal
amounts of hard and soft phases is changed into an
alternative lamellar structure upon hydrogenation of
the PBD midblock.
Copolymers of a relatively low hard phase content

show the typical behavior of thermoplastic elastomers
with high ultimate tensile strength (ca. 30 MPa) and
elongation at break (ca. 850%). These mechanical
properties are dependent on the casting solvent.

Table 4. Mechanical Properties of MSBSM Pentablock Copolymers Cast from Different Solvents

sample
casting
solvent

yield stress
(MPa)

ultimate tensile
strength (MPa)

elongation at
break (%)

permanent set
at break (%)

P2 toluene 3.5 32.0 900 75
P2 Chx/THF 4.0 28.5 900 75
P2 MEK/THF 5.3 25.3 900 90
P3 toluene 4.8 35.5 850 75
P3 Chx/THF 8.2 31.0 880 75
P3 MEK/THF 6.7 28.0 850 80

Figure 12. Stress-strain curves for the MSBSM pentablock
copolymer P3 cast from different solvents: (A) full curves; (B)
curves in the small strain region. Key: (9) toluene; (b)
cyclohexane/THF mixture (50/50, v/v); (O) MEK/THF mixture
(50/50, v/v)
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Scientifiques, Techniques et Culturelles” for general
support in the frame of the “Pôles d’Attraction
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