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ABSTRACT: The phase behavior of poly(ethylene-alt-propylene)-block-poly(ethylene-co-butylene)-block-
polystyrene triblock copolymers with different polystyrene block lengths is investigated by dynamic
mechanical analysis, transmission electron microscopy, and small-angle X-ray scattering. While the
corresponding poly(ethylene-alt-propylene)-block-poly(ethylene-co-butylene) diblock copolymers show an
order-disorder transition in the range of 10-20 °C, the attached polystyrene block prevents the two
elastomer blocks from complete mixing in the same temperature range. This is also indicated by the
morphologies these triblock copolymers show in comparison to the corresponding nonhydrogenated
precursor polymers (poly(1,4-isoprene)-block-poly(1,2-butadiene)-block-polystyrene).

Introduction

Block copolymers have attracted increasing interest
during the past decades.1-5 The chemical link between
different blocks prevents phase separation on a macro-
scopic length scale, which makes them different from
blends of the corresponding homopolymers. While in
the phase separation of polymer blends the various
transient morphologies are characterized by different
length scales, depending on the composition and the
phase separation mechanism (spinodal or nucleation
and growth), the length scale of the composition fluctua-
tions is fixed by the composition and chain length in
block copolymers, both in the homogeneous (disordered)
and microphase separated (ordered) state. The finite
length scale of the phase separation in block copolymers
has implications on the nature of the microphase
transition between the ordered and disordered states
(for example refs 6-11). More recently also order-order
transitions have been studied (for example refs 12 and
13), and cocontinuous morphologies (gyroid, ordered
bicontinuous double diamond) have been discussed for
these materials besides the classical spherical, cylindri-
cal, and lamellar morphologies.11,14-19 The gyroid mor-
phology has some similarities with the cocontinuous
transient morphologies observed during spinodal de-
composition in binary systems20 but is in contrast to
those limited to a rather narrow range of composition.
With respect to ternary (or higher) multiblock copoly-
mers, attention mostly was addressed to the formation
of new morphologies,21-24 and this large variety of
morphologies has inititiated also theoretical work in
order to describe and predict new morphologies for
linear ternary triblock copolymers.25 Cocontinuous
morphologies have been found also in ternary triblock
copolymers. From the limited data available so far one
might conclude a broader composition window. Cocon-
tinuous morphologies seem to be stabilized in systems
having a ratio of the segmental interaction parameters
between adjacent blocks (øAB, øBC) being very different
from unity (øAB/øBC . 1 or øAB/øBC , 1).21,26 Most of the

systems studied so far consist of rather strongly incom-
patible blocks, and thus no attention was paid to the
possibility of microphase transitions in these systems.
A previous paper reported on the phase behavior of

poly(1,4-isoprene)-block-poly(1,2-butadiene)-block-poly-
styrenes (IxBySzm) with varying polystyrene block
lengths.27 (The subscripts x,y,z give the weight percent-
age of the corresponding block, and the superscript m
is the molar mass in kilograms per mole.) The two
elastomer blocks were of approximately equal length in
the systems studied in ref 27. The results obtained from
dynamic mechanical analysis (DMA) and transmission
electron microscopy (TEM) were similar to those of
diblock copolymers, indicating that the two elastomer
blocks polyisoprene and poly(1,2-butadiene) were mixed
with each other over the temperature range under
study, while they were demixed from polystyrene at
lower temperatures. For systems with not too large
polystyrene blocks, mixing with the PS block was
observed upon heating.
In this paper, the phase behavior is studied of the

hydrogenated analogues of the samples from ref 27, i.e.,
poly(ethylene-alt-propylene)-block-poly(ethylene-co-bu-
tylene)-block-polystyrene triblock copolymers (EPx-
EBySzm). It is known that poly(ethylene-alt-propylene)
and poly(ethylene-co-butylene) display an upper critical
solution temperature, and the corresponding diblock
copolymers have been studied in detail by others (see,
for example, Rosedale et al.28 and references cited
therein). So far the influence of a third incompatible
block on the miscibility of an attached diblock copolymer
has rarely been considered by experiment; though
theoretical efforts have considered the “tethered chain”.
In recent theoretical work, strongly incompatible point-
like groups at different locations in a diblock copolymer
were studied and it was found that depending on the
relative solubility parameters of the different compo-
nents, mixing of the two blocks may be either enhanced
or suppressed.29

Experimental Section

Materials. The synthesis and characterization of poly(eth-
ylene-alt-propylene)-block-poly(ethylene-co-butylene)-block-
polystyrene triblock copolymers has been described in detail
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before.30 In Table 1 the molecular characteristics of the
systems are given. The diblock copolymers (poly(ethylene-alt-
propylene)-block-poly(ethylene-co-butylene) were obtained by
terminating a part of the reaction solution before adding
styrene as a third monomer and subsequent hydrogenation.
Physical Characterization. Film specimens were pre-

pared by casting from toluene solutions at room temperature
into Petri dishes. The samples were kept under a weak flow
of nitrogen for a month and then put under vacuum; after 1
week the temperature was raised to 60 °C and after 3 days
raised to 120 °C for 3 h. Then the samples were cooled to room
temperature under vacuum. This way of preparation more
likely leads to equilibrium morphologies as compared to the
preparation from the melt used in a previous study.30 Dynamic
mechanical analysis was performed on a Rheometrics RDAII
rheometer equipped with 25 mm parallel plate geometry. For
the whole temperature range it was carefully checked that the
measurements were performed in the linear viscoelastic region
(strain amplitudes between ∼2 and ∼10%).
The frequency sweeps were carried out in a frequency range

from 0.01 up to 500 rad/s. The temperature sweeps were
carried out simultaneously at three or four different frequen-
cies. The reason for carrying out the temparature sweeps
simultaneously at different frequencies was to avoid different
thermal histories in a sequential procedure (one temperature
sweep after another at different frequencies). Due to the
samples response only a limited frequency range could be used
for the temperature sweeps, since one given strain amplitude
must yield sufficient torques at a given temperature for all
frequencies simultaneously in this experiment. Thus the
lowest frequencies in these experiments were larger, and the
largest frequencies were smaller than in the frequency sweeps.
Transmission electron micrographs were taken with a

Philipps electron microscope operating at 80 kV using ul-
trathin film specimens obtained by a Reichert-Jung Ultrami-
crotome. The samples were stained with RuO4 (which selec-
tively stains the polystyrene domains in these materials) at
room temperature. Small-angle X-ray scattering (SAXS) was
measured as a function of the scattering vector s. (s ) 2/λ sin
θ, with 2θ being the scattering angle) with a Kratky Compact
Kamera (A. Paar) using Cu KR radiation (λ ) 0.1542 nm)
generated by an Enraf-Nonius generator operated at 36 kV
and 16 mA. The data were not desmeared, and no corrections
for density fluctuations were carried out. The SAXS served
only as a qualitative measure of morphology and an estimate
of the domain spacings from the maximum position s*. SAXS
measurements were performed at room temperature unless
indicated otherwise.

Results and Discussion
DMA, SAXS, and TEM of EPEBS. In this section

we discuss the dynamic mechanical and morphological
properties of the different EPEBS with increasing
length of the PS block. First the dynamic mechanical
behavior of the EPEB-diblock copolymers is discussed.
Figure 1a shows isochronic measurements of the storage
modulus G′ as a function of temperature T for EP53-
EB47

45. One can clearly observe the transition of the
rubber plateau to the terminal flow region at lower
frequencies. The corresponding loss tangent curves are

shown in Figure 1b. Here the upturn versus higher
temperatures also indicates the terminal flow region,
while at higher frequencies the maximum at low tem-

Table 1

Mn microstructure in IB-diblock copolymer (%)
diblock and
triblock
copolymer PEP PEB PS 1,4-I 3,4-I 1,2-B 1,4-B cycl

ODT (°C)
of diblock
copolymer

EP53EB47
45 24 21 92 8 90 2 8 20 > TODT > 10

EP50EB44S0648 3
EP50EB50

54 27 27 85 15 92 8 35 > TODT > 27
EP45EB45S1060 6
EP55EB45

62 34 28 84 16 88 6 6 20 > TODT > 17
EP46EB38S1674 12
EP50EB50

52 26 26 90 10 84 8 8 35 > TODT > 20
EP37EB37S2670 18

Figure 1. (a) Storage modulus of EP53EB47
45 as a function of

temperature for (O) 1, (2) 10, and (3) 100 rad/s. (b) Loss
tangent of EP53EB47

45 as a function of temperature for (O) 1,
(2) 10, and (3) 100 rad/s. (c) Han plot of EP53EB47

45 for
different temperatures: (9) -20, (O) -10, (2) -5, (3) 5, (()
10, (+) 20, and (×) 35 °C.
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peratures corresponds to the glass transition of the PEB
block. The plot G′ versus G′′ (Han plot) has been shown
to be a sensitive way to detect order-disorder transi-
tions (ODT) in diblock copolymers.31 Although there is
a still ongoing discussion about the question of whether
or not the first failure of the time-temperature super-
position principle can be used as a measure of the
ODT,28 we follow Han’s approach here. If all isotherms
superimpose, the system is homogeneous; otherwise, the
system is microphase separated. As one can see from
Figure 1c, the system reaches homogeneity for temper-
atures above 20 °C, which is indicated by a slope of 2 in
this presentation. This slope reflects the typical fre-
quency dependence of G′ (∝ω2) and G′′ (∝ω) of a
homogeneous melt in the terminal flow region. The

other diblock copolymers show a similar behavior and
therefore are not further discussed here. Their ODT’s
are listed in Table 1.
The storage modulus G′ and the tan δ of the EP50-

EB44S0648-triblock copolymer are shown as a function
of temperature for various frequencies in Figure 2a,b.
Here the modulus drops only at higher temperatures
from the rubber plateau into the flow region as com-
pared to the corresponding EP53EB47

45-diblock copoly-
mer shown in Figure 1a. For the lowest frequency, a
second inflection point is observed at about 40 °C in
Figure 2a, which relates to the glass transition of the
short PS block. This corresponds to a maximum in tan
δ curve of the same frequency (Figure 2b), which,
however, only appears as a shoulder. At higher tem-

Figure 2. (a) Storage modulus of EP50EB44S648 as a function of temperature: (9) 0.1, (O) 1, and (2) 10 rad/s. (b) Loss tangent of
EP50EB44S648 as a function of temperature: (9) 0.1, (O) 1, and (2) 10 rad/s. (c) Han plot of EP50EB44S648 for different
temperatures: (9) 30, (O) 35, (2) 40, (3) 45, (() 50, (+) 52, (×) 57, (*) 60, (0) 65, and (b) 70 °C. (d) SAXS traces of EP50EB44S648
at different temperatures. (e) TEM micrograph of EP50EB44S648 stained with RuO4 (polystyrene domains appear dark).
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peratures, the storage modulus drops rapidly and tan
δ increases monotonically, as is typical for a melt. Only
for higher frequencies can a maximum at low temper-
atures be resolved, indicating the glass transition of the
PEB block. As one can see from the Han plot (Figure
2c), the slope in the terminal flow region gradually
increases toward a value of 2 with increasing temper-
atures. However, even at the highest measurement
temperature a slope of 2 was not reached, which
indicates that the system homogenizes at a temperature
above 70 °C. To obtain a sufficiently large torque, at
70 °C already a strain amplitude of 23% was necessary
for this sample, which became 40% at 80 °C. At smaller
amplitudes the torque became too small to be measur-
able accurately. Since larger strain amplitudes may
lead to additional effects such as ordering of the
domains,32 those results are not considered further here.
Figure 2d shows the SAXS patterns at different tem-
peratures. The scattered intensity decreases with
increasing temperatures and at 70 °C the scattering
peak has almost disappeared. This proves a UCST
(upper critical solution temperature) type of incompat-
ibility of polystyrene with the two elastomer blocks
(since the electron density contrast giving rise to the
X-ray scattering exists only between PS on one side and
the two elastomer blocks on the other). The scattering
peak does not really disappear at high temperatures due
to the typical correlations in block copolymers in the
disordered state.6 However, the amount of polystyrene
is so small in this polymer that the contribution of the
block correlations to the overall scattering becomes very
small as compared to the density fluctuations. Besides
the reduction in the scattered peak intensity also a
slight shift of the peak maximum toward higher s-
vectors is observed upon increasing temperature, which
is a well-known effect of block copolymers in the vicinity
of the order-disorder transition.9,10,33-35 One also
observes a broad second peak with a position of s/s* )
x3 at the lower temperatures, which disappears upon
heating. This second peak could indicate either a
spherical (cubic) or a cylindrical (hexagonal) morphol-
ogy. In Figure 2e the electron micrograph shows
spherical PS domains stained by RuO4 (dark). The
distance between the spheres corresponds to the dis-
tance obtained from the smeared primary peak in the
SAXS pattern (1/s* ) 25 nm) at room temperature.
Parts a-c of Figure 3 show the dynamic mechanical

behavior of EP45EB45S1060. The storage modulus (Figure
3a) drops in several pronounced steps. At 0.1 rad/s,
above the glass transition of the elastomer blocks the
first drop is observed around 20 °C, which is very close
to the transition between the rubber plateau and the
terminal flow region of the corresponding diblock co-
polymer. However, the modulus reaches a second
plateau here and decreases again around 80 °C (glass
transition of the PS block). While, in the diblock
copolymer above both the order-disorder transition and
the rubber plateau, the chains can relax by reptation,
this is impossible for the elastomer blocks fixed to the
incompatible PS interface. Here only a relaxation
process similar to the retraction modes of the branches
in star polymers should be possible, even if the two
elastomer blocks are mixed with each other. Above the
glass transition temperature the polymer behaves like
a structured melt, and only above ca. 160 °C the storage
modulus drops significantly again, indicating the onset
of melt flow. The corresponding loss tangent curves

show a broad maximum related to the inflection point
of the storage modulus between the rubber plateau of
the two elastomer blocks and the region where PS is
still glassy, then a maximum related to the glass
transition of PS (tan δmax ≈ 80 °C), and finally a rapid
upturn at very high temperatures. The Han plot in
Figure 3c again shows the spread due to the glass
transition of PS as in Figure 2c. Although the slope
increases with increasing temperature, it does not reach
the value of 2 within the temperatures investigated in
this study. The morphology of this system shows a
hexagonal symmetry, as indicated by the relative peak
positions in the SAXS pattern at 1, x3, x4, and x7
(Figure 3d), which is maintained up to high tempera-
tures. Thus the order-disorder transition temperature
of this system is higher than 250 °C. The long period
obtained from SAXS (1/s* ) 31 nm at room tempera-
ture) compares well with the electron micrograph
(Figure 3e), which confirms the formation of the cylin-
drical PS domains at room temperature.
It is surprising that a system with only 10% PS forms

PS cylinders, because in a diblock copolymer a minority
component of 10% would form spheres. If we assume
the two elastomer blocks to be microphase separated,
however, the relative composition of the PS block with
respect to its neighboring PEB block is larger (ca. 18%),
which makes the occurrence of cylinders more likely.
Two possibilities for the morphology may be considered
for this polymer. In one case the PEP-end block would
form the matrix of a core-shell cylinder consisting of
the PS and PEB blocks. In the other case a lamellar
morphology of PEP and PEB can be assumed, with PS
forming cylinders within the PEB lamellae. To distin-
guish between these two possibilities, small-angle neu-
tron scattering experiments on samples with one deu-
terated elastomer block would be very helpful.
The polymer EP46EB38S1674 shows the R-relaxation of

PS around 85 °C for the measurement at 0.1 rad/s in
Figure 4a,b. This R-relaxation is also observable as a
high-temperature shoulder of the large maximum at 1
rad/s and as a low-temperature shoulder of the large
maximum at 100 rad/s in Figure 4b. This indicates a
stronger dependence of the process associated with the
large tan δmax as compared with the R-relaxation of PS;
i.e., the activation energy of the R-relaxation of PS is
much larger. This is even more pronounced in Figure
5b of EP37EB37S2670, where the rather sharp maximum
associated with the R-relaxation of PS is appearing at
lower temperatures as compared to the broad maximum
of the other process and again shows a much weaker
frequency dependence. Even at the highest measure-
ment temperatures both systems did not reach the
order-disorder transition, as indicated by the slopes
less than 2 in the Han plots (Figures 4c, 5c). It seems
that the R-relaxation of the PS block influences the
shape of the broad peak in tan δ, since that one becomes
sharper when occurring above the R-relaxation of PS.
EP46EB38S1674 shows a cylindrical morphology of PS

domains at room temperature, which seem not to be
hexagonally packed (Figure 4e). The corresponding
SAXS pattern shows a rather sharp reflection at s/s* )
1.58, which cannot be assigned to a cubic or hexagonal
symmetry. A hexagonal packing of the cylinders can
be found at elevated temperatures (160 °C), with s/s*
)x3, while cooling again to room temperature restores
the original pattern after 1 day. This indicates a
thermoreversible effect and could be explained by a
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mixing of the two elastomer blocks at high tempera-
tures, leading to a quasi-diblock copolymer with PS
cylinders arranged on a hexagonal lattice in a mixed
elastomer matrix. At lower temperatures, however, the
two elastomer blocks demix from each other and a
rhomboedric arrangement of the PS cylinders should be
favorable (Figure 4f). From the relative position of the
second peak at 1.58 follows an angle of R ) 75.6° for
the basic plane of the rhomboedric unit cell (R ) 60°
for a hexagonal unit cell).
The SAXS pattern of EP37EB37S2670 shows only rather

broad and weak maxima, from which we could not learn
much about the morphology. The corresponding elec-
tron micrograph at first sight was surprising for us,
because it looks like a cocontinuous morphology, al-

though there are only 26% of PS in the system. Fol-
lowing the qualitative argumentation of the occurrence
of PS cylinders in EP45EB45S1060, we would obtain a
relative composition of PS with respect to the neighbor-
ing PEB block of ca. 41%, which is within the composi-
tion range for gyroid morphologies.11
EPEBS in Comparison with IBS. The morpholo-

gies and dynamic mechanical behavior of the IBS
precursors of the EPEBS triblock copolymers discussed
here have been described in detail before.27 Here we
only study the influence of the hydrogenation of the two
elastomer blocks. For the IBS-triblock copolymers it
was found that they behave like diblock copolymers, due
to the miscibility of the two elastomer blocks. Hydro-
genation decreases the compatibility of the two elas-

Figure 3. (a) Storage modulus of EP45EB45S1060 as a function of temperature: (9) 0.1, (O) 1, (2) 10, and (3) 100 rad/s. (b) Loss
tangent of EP45EB45S1060 as a function of temperature: (9) 0.1, (O) 1, (4) 10, and (3) 100 rad/s. (c) Han plot of EP45EB45S1060 for
different temperatures: (9) -10, (O) 10, (2) 20, (3) 35, (() 50, (+) 65, (×) 80, (*) 90, (0) 100, (b) 110, (4) 120, (1) 140, ()) 160, and
(s) 180 °C. (d) SAXS traces of EP45EB45S1060 at various temperatures. Curves have been displaced vertically for better clarity. (e)
TEM micrograph of EP45EB45S1060 stained with RuO4 (polystyrene domains appear dark).
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tomer blocks and also increases their incompatibility
with polystyrene. This has a great influence on the
morphology. In both systems (IBS and EPEBS), elec-
tron microscopy only allows discrimination between PS
and the elastomer blocks. Thus, we can use a typical
morphology scheme of diblock copolymers and compare
it with our observations. This is done in Table 2. One
observes a shift from the disordered state toward the
lamellar morphology upon hydrogenation. The different
morphological behavior of the “diblocklike” IBS-triblock
copolymers as compared to the EPEBS-triblock copoly-
mers is a strong hint toward microphase separation
between the two elastomer blocks in the latter system.

This indicates that in fact the PS domains shift the ODT
of the attached EPEB-diblock copolymers to higher
temperatures. This is probably due to an additional
chain stretching of the elastomer blocks, which occurs
when they start to mix with each other. The chain
stretching is necessary because otherwise the interface
with the stronger incompatible PS block would have to
increase. Both the increase of stretching and the
increase of the interface lead to a larger free energy of
the block copolymer chain. Thus, the demixed state
remains favorable up to higher temperatures, with
respect to the two elastomer blocks, as compared to the
corresponding EPEB-diblock copolymers.

Figure 4. (a) Storage modulus of EP46EB38S1674 as a function of temperature: (9) 0.1, (O) 1, (2) 10, and (3) 100 rad/s. (b) Loss
tangent of EP46EB38S1674 as a function of temperature: (9) 0.1, (O) 1, (2) 10, and (3) 100 rad/s. (c) Han plot of storage modulus
of EP46EB38S1674 as a function of frequency: (9) -10, (O) 10, (2) 20, (3) 35, (() 50, (+) 65, (×) 80, (*) 90, (0) 100, (b) 110, (4) 120,
(1) 140, ()) 160, (s) 175, (|) 190, (~) 210, and (.) 230 °C. (d) SAXS traces of EP46EB38S1674 at various temperatures. Curves have
been displaced vertically for better clarity. (e) TEM micrograph of EP46EB38S1674 stained with RuO4 (polystyrene domains appear
dark). (f) Scheme of the basic plane of the rhomboedric unit cell with R ) 75.6°.
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Conclusions
It is important to realize that in comparison to EPEB-

diblock copolymers the microphase transition of the two
elastomer blocks cannot be determined by the dynamic
mechanical behavior alone if a PS block is attached.
From DMA only the temperatures of the dynamic glass
transitions and the rubber plateaus can be obtained
unambiguously in addition to the final disorder transi-
tion, i.e., when all three blocks mix. Different tech-
niques are necessary in order to investigate the phase
behavior of these ternary systems.
The results show that diblock copolymers connected

to a third, incompatible block (or more generally speak-
ing, attached to an internal surface like in a polymer

brush) differ in their order-disorder transition behavior
from the unperturbed, pure diblock copolymers. Evi-
dence for this behavior was obtained from the compari-
son of the morphological properties of two different sets

Figure 5. (a) Storage modulus of EP37EB37S2670 as a function of temperature: (9) 0.1, (O) 1, and (2) 10 rad/s. (b) Loss tangent
of EP37EB37S2670 as a function of temperature: (9) 0.1, (O) 1, and (2) 10 rad/s. (c) Han plot of storage modulus of EP37EB37S2670
as a function of frequency: (9) 20, (O) 40, (2) 45, (3) 50, (() 60, (+) 70, (×) 80, (*) 90, (0) 100, (b) 110, (4) 130, (1) 150, ()) 190,
(s) 210, and (|) 230 °C. (d) SAXS trace of EP37EB37S2670. (e) TEM micrograph of EP37EB37S2670 stained with RuO4 (polystyrene
domains appear dark).

Table 2. Morphological Transitions via Hydrogenation:
From IBS to EPEBS

disordered
state spheres cylinders

cocontinuous
morphology lamellae

I50B44S0648 EP50EB44S0648
I45B45S1060 EP45EB45S1060

I46B38S1674 EP46EB38S1674 a

I37B37S2670 EP37EB37S2670

a This polymer shows a rhomboedric arrangement of the cylin-
ders at room temperature.
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of triblock copolymers. The influence of hydrogenation
on the morphology of triblock copolymers has also been
observed for the system polystyrene-block-poly(1,2-
butadiene)-block-poly(methyl methacrylate) (PS-PB-
PMMA) in comparison with polystyrene-block-poly-
(ethylene-co-butylene)-block-poly(methyl methacrylate)
(PS-PEB-PMMA), where transitions between a lamel-
lar morphology of PS and PMMA with spheres22 or
cylinders36 of PB between them and a cylindrical
morphology of PS surrounded by PEB rings in a PMMA
matrix were found. Also other chemical modifications
such as reactions with transition metal complexes may
lead to morphological transitions.37 This gives an
additional way to control the morphology of multiblock
copolymers by changing the relative incompatibility
between the different blocks via polymer analogous
reactions.
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