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ABSTRACT: Equilibrium morphologies in molten ABC triblock terpolymers are much more difficult to
attain than in AB diblocks. Here, we show that even the simplest lamellar structures exhibit high
sensitivity to preparation conditions and that strongly trapped structural defects inherent to ABC triblock
architecture cannot be removed by long annealing. Poly(styrene)-block-poly(butadiene)-block-poly(methyl
methacrylate) (SBM) triblock terpolymers with nearly symmetric composition and low molar mass are
studied by combining transmission electron microscopy with dynamical mechanical analysis and small-
angle X-ray scattering. We find that annealing can induce a transition from a lamellar structure in which
S and M end blocks are mixed together to a lamellar structure where all three components S, B, and M
are segregated. The presence of B “loops” and B “bridges” is at the origin of characteristic defects which
are difficult to eliminate. In a blend of SBM triblock terpolymer with a poly(styrene)-block-poly(butadiene)
(SB) diblock having the same block length, diblock chains are completely incorporated in the lamellar
structure obtained after solvent evaporation. However, annealing induces a macroscopic phase separation
of SB and SBM chains. We propose a scenario for the separation mechanisms based on highly confined
diffusion of SB chains within the SBM ordered structures.

I. Introduction

Hundreds of papers published in recent years have
been devoted to block copolymer self-assembly. Theories
mostly considered thermodynamic equilibrium. In prac-
tice, the observed morphologies do depend on prepara-
tion conditions. In block copolymers unlike in small
molecule systems, it is often impossible to reach a
disordered phase by heating without degrading the
polymer. Hence, in most experiments, it has been
necessary to rely on long and careful annealing of
ordered phases or slow evaporation and casting from
an adequate neutral solvent. It is clear and well-
documented that, in many situations, neither of these
methods is satisfactory. From a practical point of view,
it is important to know whether and how the synthesis
and extraction conditions (solvent choice, devolatilizing,
etc.) influence the morphology and properties of copoly-
mer materials. It is also relevant to understand the
mechanisms of defect formation and defect annihilation.
Indeed, a potential use of copolymers in new applica-
tions such as lithography, dielectric mirrors, or wave-
guides highly depends on the ability to produce regular
structures and eliminate morphological defects.1,2

Our aim in this paper is to discuss some of the
questions relative to equilibration mechanisms in the
case of ABC triblock terpolymers. Due to the presence
of a chemically different third block, ABC triblock
terpolymers can self-assemble into a wide range of
complex mesophases which are inaccessible to simple

AB or ABA block copolymers.3-6 Some of these mor-
phologies arouse a lot of interest in both scientific and
technological fields. However, it is not completely clear
yet whether the morphologies observed in melts are
equilibrium structures or are trapped metastable states.
Here, we consider the simplest case of relatively low
molar mass symmetric chains which should form lamel-
lar structures. In this situation, chain diffusion is
facilitated. At equilibrium, as will be discussed below,
a lamellar morphology with well-separated A-, B-, and
C-rich microdomains is expected. Yet, for poly(styrene)-
block-poly(butadiene)-block-poly(methyl methacrylate)
(SBM) triblock terpolymers, we find that the observed
as-cast morphologies dramatically depend on sample
history. Indeed, by playing with solvent selectivity, we
could obtain a partially mixed lamellar morphology
where S and M end blocks are mixed into the same
lamellar microdomains.9-11 Subsequent annealing of
this metastable structure induces a microphase separa-
tion of the S and M blocks, as illustrated in Figure 1.
Such morphological transformation implies some in-
triguing reorganization mechanisms of the S, B, and M
blocks since chain diffusion is highly confined in the
ordered structure and layer-to-layer permeation is
strongly inhibited.12-15 We might expect, in particular,
that the presence of B “loops” and “bridges” has a
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Figure 1. Transition from a partially mixed to a well-
separated lamellar structure in ABC triblock terpolymers.
What are the mechanisms involved?
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substantial influence on structural equilibration and
defect formation. The analysis of defects presented in
sections III and IV seems to confirm this picture.

As mentioned above, the fact that nonequilibrium
structures are easily trapped in ABC terpolymers can
be a drawback in some applications. However, in some
other situations, it can also be a substantial asset.
Indeed, industrial block copolymer materials usually
contain residual subproducts of the synthesis, homo-
polymers A in the case of AB diblocks or copolymers AB
in the case of ABC triblocks.16 Such mixtures most often
tend to phase separate on macroscopic scales, subse-
quently altering the properties of the materials (trans-
parency, mechanical strength, ...).8,17 It would then be
of great interest if one could use preparation conditions
to prevent the phase separation of the residual sub-
products. We study a mixture of the low molar mass
symmetric SBM triblock chains with residual SB diblock
copolymers coming from the incomplete copolymeriza-
tion of the triblock. Surprisingly for a high diblock
content (50 mol %), diblock chains are found to be
completely incorporated in the SBM as-cast structure.
During the structural reorganization induced by long
annealing, diblock chains are expelled and a macro-
scopic phase separation is observed. We describe the
mechanisms of this separation.

II. Experimental Section

II.1. Materials. We study a low molar mass SBM triblock
terpolymer synthesized and characterized by ATOFINA. The
triblock molar mass is about 40 kg/mol with a polydispersity
index of 1.4. At the end of the synthesis, the material contains
36 wt % (i.e., 50 mol %) SB diblock copolymer with the same
block length as SB in the SBM triblock terpolymer. This SB
diblock was extracted using a selective solvent technique as
already reported elsewhere.10 The efficiency of the extraction
was then checked by chromatography, and less than 1 wt %
of the remaining SB diblock was detected.

To describe the copolymers, we use the AxByCz
Mn or AxBy

Mn

nomenclature, where subscripts x, y, and z are the weight
fractions of the components and Mn is the total number
average molar mass (kg/mol). The SBM triblock and SB diblock
are referenced, respectively, as S22B39M39

41 and S36B64
25. For

the as-prepared materials comprised of 64 wt % S22B39M39
41

and 36 wt % S36B64
25, the overall composition can be described

as S29B47M24. As a simplification, we designate it as an SBM/
SB blend in the present paper. The characteristics and glass
transition temperatures (Tg) of each block are given in Table
1. The glass transition temperatures of S, B, and M were
determined by dynamical mechanical analysis (DMA) (2 °C/
min, 1 Hz) in films of SBM/SB blends where S, B, and M are
found to be well-separated.

II.2. Sample Preparation. Films with a thickness of about
1 mm were cast from both chloroform and ethylbenzene
solutions at an initial concentration of 5 wt % into covered
Petri dishes. The solvents slowly evaporated at 25 °C for 2
weeks, and the films were further dried in a vacuum oven at
120 °C for 12 h. Small-angle X-ray scattering (SAXS) measure-
ments showed that this first annealing has no significant effect
on the morphology of the as-cast films with respect to the

discussion given in this paper. For the sake of clarity, we
consider that these samples correspond to the “as-cast” state.
Parts of these films were subsequently annealed under vacuum
at 170-180 °C for 4-6 h and will be referred to in what follows
as “annealed” samples.

II.3. Transmission Electron Microscopy (TEM). We
used the conventional transmission electron microscopy tech-
nique of stained ultrathin sections. Thin sections were cut by
ultramicrotomy with a diamond knife at -80 °C and stained
using osmium tetroxide (OsO4) vapor, which selectively stains
poly(butadiene) microdomains. Experiments were carried out
with a JEM 2000FXZ electron microscope at an acceleration
voltage of 120 kV.

II.4. SAXS. SAXS measurements were performed with an
apparatus consisting of an 18 kW rotating anode X-ray
generator, a graphite-crystal incident-beam monochromator,
and a 1.5 m camera. Films were set with the incident beam
parallel to the film surface (edge configuration), and SAXS
profiles in the direction parallel to the film normal were
measured with a one-dimensional position-sensitive propor-
tional counter (PSPC). SAXS profiles were corrected for air
scattering, specimen absorption, and thermal diffuse scattering
(TDS) but not for slit smearing. The reliability of the data was
carefully checked to confirm that the proximity of the beam
stop did not affect the profile at low q values. In all cases, the
first-order peak was found reasonably far away from the beam
stop.

Samples were placed in a heating cell filled with nitrogen
gas to avoid thermal degradation. SAXS profiles were meas-
ured in situ at varying temperatures. For each temperature
of measurement, the samples were first preheated for at least
45 min to ensure thermal equilibration, and then subjected to
SAXS measurements for 30 min. Average heating and cooling
rates were 25 and 8 °C/h, respectively.

II.5. DMA. DMA was performed with a TA DMA2980
apparatus under dynamic tensile elongation unless otherwise
stated. Temperature sweeps were conducted at a constant
heating rate of 2 °C/min and at a constant frequency (1 Hz).

III. Results

Let us first briefly define the terminology used in this
work. We adopted the traditional nomenclature used in
the field of block copolymers. Under certain conditions,
block copolymers self-assemble into ordered structures.
The segregation process itself is conventionally called
“microphase separation”, while the domains constituting
these ordered structures are called “microdomains”. In
mixtures of block copolymers having different block
lengths or composition, some phase separation on
macroscopic scales can occur. This phase separation is
referred to as “macroscopic phase separation”.

III.1. SBM Triblock Terpolymer S22B39M39
41.

III.1.1. Morphology in Ethylbenzene-Cast Films.
The SAXS profiles given in Figure 2 show the morpho-
logical changes induced by annealing films that were
cast from an ethylbenzene solution. Scattered intensity,
I, multiplied by the Lorentz factor, q2, is plotted as a
function of the scattering vector, q ≡ (4π/λ) sin(θ/2), λ
and θ being the wavelength of the X-ray and the
scattering angle, respectively. Before annealing, the as-
cast morphology is not clearly defined. The profile of the
as-cast film at 30 °C consists of only two broad maxima
corresponding to a characteristic length, d, of about 21
nm. Here, it would not be appropriate to say that d
corresponds to a lamellar long period since it is not clear
that the morphology is lamellar. Accordingly, TEM
observations reveal a poorly ordered morphology as
shown in Figure 3a. Both a cylindrical morphology and
a lamellar morphology seem to coexist. In some regions
such as the inset of Figure 3a, one may see a cylindrical

Table 1. Characteristics of the S, B, and M Blocks, SB
Diblock, and SBM Triblock

Mn,
kg/mol Mn/Mw

Tg, °C, by DMA
(1 Hz, 2 °C/min)

S block 8.8 1.2 96
B block 16 -81
M block 16 144
diblock S36B64

25 25 1.3
triblock S22B39M39

41 41 1.4
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structure: S and M would form bright cylinders stand-
ing perpendicularly to the surface of the ultrathin film,
while B stained with OsO4 would be the dark matrix.
In other parts of the TEM image (Figure 3a), cylinders
seem to be interconnected to form lamellae. Such a
morphology could correspond to an intermediate state
quenched during a transition from a cylindrical to a
lamellar structure. Indeed, similar TEM images have
already been reported by Sakurai et al. for cylinder to
lamella transition in the case of SBS triblock copoly-
mers.18

Contrast in the TEM images is not sufficient to
distinguish unambiguously S and M microdomains.
Hence, we use DMA measurements to determine whether
S and M are mixed or well-separated into distinct
microdomains. Temperature dependence of the real part
of the dynamic tensile modulus, E′, and the loss tangent,
tan δ, are shown in Figure 4a. Three different peaks in
tan δ at -84, 104, and 134 °C clearly indicate the glass
transition temperatures TgB, TgS, and TgM of the three
blocks B, S, and M, respectively, suggesting that the
structure is made of well-separated S-, B-, and M-rich
microdomains. Indeed, if S and M blocks were uniformly
mixed into the same microdomains, there would have
been a common glass transition for S and M. However,
one should qualify this conclusion because the values
measured by DMA for TgS and TgM are still different
from those reported in Table 1. The heating ramp
applied during the DMA measurement could have
induced some microphase separation between S and M.

As mentioned in the Materials, the as-cast morphol-
ogy is quite stable until 120-130 °C as shown in Figure
2 (120 °C). The scattering profile is only slightly shifted
toward lower q values, and d increases from 21 nm (30
°C) to 29 nm (120 °C). After annealing above TgM (from
140 °C), some major changes in the SAXS profile
indicate that the morphology undergoes an important
transformation. Several scattering maxima gradually
appear. Ultimately, the profile after annealing at 160
°C exhibits many high-order scattering maxima (up to
the seventh order at least) which are all located at
integer multiples of the first-order peak position. This
is the characteristic diffraction pattern of a lamellar

morphology with an estimated lamellar long period, d001,
of 50 nm.

TEM images are consistent with the lamellar mor-
phology deduced from SAXS measurements. After an-
nealing, the as-cast morphology was transformed into
a well-defined lamellar structure as shown in Figure
3b. This annealed morphology is more regular and
extends over larger length scales compared to the initial
as-cast morphology. In some parts of the TEM images,
periodic variations of the lamellar thickness still remain
as a memory of the cylindrical structure. As for the as-
cast structure, the contrast in the TEM images is too
weak to distinguish unambiguously the S and M micro-
domains. However, the lamellar long period estimated
from TEM images would be about 40 nm if S and M
were well-separated, while it would be 20 nm if they
were mixed in common microdomains. Given that d001
measured by SAXS is 50 nm, the annealed morphology
is most probably a completely segregated structure with
distinct S-, B-, and M-rich lamellar microdomains.

DMA results in Figure 4b reveal distinct glass transi-
tions for each of the three components, confirming as
well that S, B, and M are well-separated into different
microdomains. A comparison of the loss tangent data

Figure 2. Evolution of SAXS profiles during heating from 30
to 160 °C for the ethylbenzene-cast S22B39M39

41. Bold numbers
indicate the order of the scattering maxima.

Figure 3. TEM images of ethylbenzene-cast films of S22B39M39
41

stained with OsO4 vapor, before (a) and after (b) annealing
above TgM.
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also shows that microphase separation among S, B, and
M is more pronounced in the annealed film than in the
as-cast film. This difference between the as-cast and the
annealed morphologies as well as the approximate
doubling of the spacing revealed by SAXS strongly
suggests that S and M are mixed or at least partially
mixed in the as-cast state.

III.1.2. Morphology in Chloroform-Cast Films.
The films cast from chloroform exhibit a well-defined
lamellar morphology as shown by both SAXS and TEM.
The SAXS profile of the as-cast morphology measured
at 30 °C is given in Figure 5. It corresponds to a lamellar
structure with up to four scattering maxima located at
integer multiples of the first-order maximum position.
d001 deduced from the peak positions is about 23 nm.

TEM images show a very regular lamellar morphology
as illustrated in Figure 6a. In these images, well-defined

dark lamellae are B-rich lamellar microdomains stained
by OsO4. In principle, when stained with OsO4, S
microdomains appear gray while M microdomains are
brighter. The origin of this contrast difference is de-
scribed later in this section. However, in the present
case, S and M lamellae cannot be unequivocally distin-
guished. This may infer that the bright lamellae actu-
ally correspond to microdomains where S and M blocks
are mixed. d001 measured by SAXS supports this idea.
Indeed, one would have expected a much bigger value
for d001 if S and M were well-separated. DMA results
shown in Figure 7 are also consistent with this implica-
tion. Indeed, a single peak in tan δ located at an
intermediate temperature (137 °C) between TgS and TgM
strongly suggests the mixing of the S and M blocks in
common microdomains. These DMA results are very
similar to those by Yu et al., who reported phase mixing
of S and M blocks in MSBSM pentablock copolymers.19

Hence, all TEM, SAXS, and DMA experiments show
that the chloroform-cast morphology consists of a par-
tially mixed lamellar structure made of alternating
B-rich and mixed S- and M-rich lamellar microdomains.

Figure 4. Temperature dependence of the real part of the
dynamic elastic tensile modulus, E′ (2), and the loss tangent,
tan δ (4), of ethylbenzene-cast films of S22B39M39

41 before (a)
and after (b) annealing above TgM (f ) 1 Hz, heating rate 2
°C/min).

Figure 5. Evolution of SAXS profiles during heating from 30
to 160 °C for the chloroform-cast S22B39M39

41. Bold numbers
indicate the order of the scattering maxima.

Figure 6. TEM images of chloroform-cast films of S22B39M39
41

stained with OsO4 vapor, before (a) and after (b) annealing
above TgM. Type 1 (S/M interfaces) and type 2 (dislocation-
like) defects are indicated by dotted lines and white arrows,
respectively.
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As for ethylbenzene-cast films, the chloroform as-cast
morphology is quite unaffected up to 120-130 °C as
shown by the SAXS profiles in Figure 5. From 140 °C,
the SAXS profile is greatly changed, which reveals some
important morphological transformation. Several new
scattering maxima appear. At 160 °C, the resulting
SAXS profile is very similar to that of annealed ethyl-
benzene-cast films with seven scattering maxima lo-
cated at integer multiples of the first-order maximum.
Such a profile corresponds to a lamellar structure with
an estimated d001 of 52 nm.

In Figure 6b, TEM images of annealed chloroform-
cast films also clearly show a lamellar morphology.
However, alternating gray and bright lamellae indicate

that S and M are now separated into distinct micro-
domains. This is consistent with the value of 52 nm for
d001 measured by SAXS. Indeed, this value is twice that
of d001 in the as-cast structure where S and M were
mixed. In the TEM images, gray lamellae correspond
to S-rich microdomains whereas bright lamellae are
M-rich microdomains. This contrast difference between
S and M is due to the degradation of the M blocks by
the electron beam, which induces a thinning of the M
microdomains along the normal to the ultrathin film
surface.5,20 This consideration provides hints to distin-
guish M and S lamellae. Unlike in the as-cast morphol-
ogy, the annealed morphology exhibits many structural
defects as highlighted by bright dotted lines and arrows
in Figure 6b. These defects could be observed all over
the ultrathin sections and for different samples. A few
examples of high-magnification images are shown in
Figure 8. One can classify these defects into two main
categories that we will call defects of types 1 and 2,
respectively. A scheme illustrating the two types of
defects and the precursor of the type 2 defect is
presented in Figure 9.

Defects of type 1 can be identified thanks to a
characteristic S/M interface which determines S and M
regions within the same layer sandwiched between two
B lamellae (see Figure 9). In other words, a sequence
of SBMB lamellae is connected to an MBSB sequence
across a defect wall where S (respectively M) is in
contact with M (respectively S) and B lamellae are
continuous. Such interfaces are highlighted with white
dotted lines in TEM images in Figure 6b and Figure 8.
In Figure 8 where there is a good contrast between S
and M, these defect walls appear very clearly. They
seem to delimitate boundaries between grains which
have shifted sequences of MBSB and SBMB lamellae.

Defects of type 2 look like dislocations. Some of them
are indicated by white arrows in Figure 6b and white
circles or rectangles in Figure 8. They correspond either
to the junction of two B lamellae (Figure 8a,b, top of

Figure 7. Temperature dependence of the real part of the
dynamic elastic tensile modulus, E′ (b), and the loss tangent,
tan δ (O), of chloroform-cast films S22B39M39

41 before (a) and
after (b) annealing above TgM (f ) 1 Hz, heating rate 2 °C/
min).

Figure 8. TEM images of morphological defects in annealed chloroform-cast films of S22B39M39
41 stained with OsO4 vapor. Dotted

lines are drawn along the S/M interfaces (type 1 defects). Type 2 defects are framed with white circles or rectangles. Rectangles
are used when the small S layer is only partially wrapped by a B layer. White bars correspond to 50 nm.
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Figure 8e) or to a small additional S layer which can be
completely (circles) or partially (rectangles) wrapped by
B layers (Figure 8c-g). As will be suggested later in
the Discussion, partially wrapped defects (rectangles)
may actually be intermediate states (precursors) in the
defect-formation process that ultimately results in
completely wrapped defects (circles). A closer observa-
tion of the TEM images shows that type 2 defects are
most often coupled with type 1 defects in the following
way: the junction of two B lamellae seems to be the
starting or ending point of S/M interfaces which extend
across several lamellae. We will discuss the formation
of these defects and explain the origin of this particular
feature later in this paper.

The separation of S and M blocks is also confirmed
by DMA as shown in Figure 7. Indeed, at high temper-

atures, two successive drops in E′ and two peaks in tan
δ at 90 and 144 °C reveal the glass transitions of the S
and M microdomains, respectively. These two glass
transition temperatures are close to the values meas-
ured in an SBM lamellar system, which is known to be
completely segregated (see Table 1).

III.2. SBM Triblock and SB Diblock Mixture, an
SBM/SB Blend. The chloroform-cast SBM/SB blend
exhibits a completely segregated lamellar morphology
with alternating S-rich (gray), B-rich (dark), and M-rich
(bright) lamellae as shown in the TEM images in Figure
10a,b. Lamellae are very regular and form large grains
extending over several micrometers. Bright spots in
Figure 10a are due to impurities trapped in the film.
Estimations of the lamellar spacing, d001, from TEM
images give an approximate value of 35 nm.

The corresponding SAXS profile is given in Figure 11
(as-cast profile). Like TEM images, this SAXS profile
is consistent with a well-separated lamellar morphology
for the following reasons. One can recognize the char-
acteristic profile of a lamellar structure with up to nine
orders of scattering maxima located at integer multiples
of the first-order peak position. The scattering vector
for the first-order maximum, q001, was determined by
Bragg’s law from the position of the high-order diffrac-
tions from (002) to (007). The so-measured value of q001
is 0.136 nm-1, which corresponds to a d001 of 46 nm.
This value is in relatively good agreement with the very

Figure 9. Schemes representing type 1 and 2 defects as well
as the precursor of type 2 defects observed in Figure 6.

Figure 10. TEM images of chloroform-cast films of the SBM/SB blend stained with OsO4 vapor, before (a, b) and after (c, d)
annealing above TgM. Part of the picture is zoomed (×1.5) in the top right corner of images b and d.
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rough estimation made from TEM images. This seems
to confirm the existence of three distinct types of
microdomains.21 The fact that TEM images give a lower
value for d001 than SAXS measurements is probably due
to a shrinkage of the M microdomains under the
electron beam. It is also interesting to notice that the
intensity of the second-order peak is close to the
intensity of the first-order peak. Tanaka et al. argued
that such a high intensity of the (002) reflection, never
observed in systems with only two kinds of micro-
domains, can be explained by the q dependence of the
form factor in lamellar systems having three different
microdomains.6

Interestingly, the slow heating of the sample up to
200 °C does not induce major changes in the structure.
Figure 12 shows the SAXS profiles measured during the
heating for the chloroform-cast blend SBM/SB. Clearly,
it is impossible to attain the order-disorder transition.
The SAXS profile for the annealed specimen shown in
Figure 11 was obtained after the sample was slowly
cooled from 200 °C to room temperature. It corresponds
to a lamellar structure similar to that of the as-cast film.
The periodicity changes slightly, and the peaks are

shifted toward smaller q values with increasing tem-
perature. However, this shift is small since the long
period for the annealed sample is about 48 nm, almost
equal to the 46 nm measured in as-cast films. High-
order diffraction peaks are also broader and less intense
than for the as-cast profile. We attribute this effect to
the macroscopic phase separation of the SB diblock upon
annealing as will be detailed below. In conclusion,
despite these slight changes, the blend is found to be
thermally very stable, no major changes occurring
during various thermal treatments.

TEM images of the annealed morphology, given in
Figure 10c,d, also confirm a completely segregated
lamellar morphology made of alternating S, B, and M
lamellae. However, these images reveal the appearance
of dark domains that could not be observed in the initial
as-cast morphology. After a closer inspection, these dark
domains are identified as SB diblock macrodomains
made of alternating S and B lamellae inserted between
SBM lamellae. Since the SB diblock is richer in B than
SBM (64 wt % versus 39 wt %), SB domains look darker
than SBM domains when stained with osmium tetrox-
ide. The TEM image in Figure 10d is obtained by
enlarging the portion enclosed by the white square in
Figure 10c. It is focused on phase-separated SB diblock
domains inserted between SBM lamellae. Dark grains
indicated by marks 1 to 3 in Figure 10c actually
correspond to S and B lamellae of SB diblocks inserted
between M lamellae of the SBM structure. The size and
shape of SB domains will be discussed in more detail
in the Discussion.

Results for ethylbenzene-cast SBM/SB blend are not
shown here. Both TEM and SAXS measurements show
that the as-cast films have very poorly ordered mor-
phologies. No macroscopic phase separation between SB
and SBM could be observed. However, upon annealing
above TgM, the morphology changes into the same
completely segregated lamellar morphology as for an-
nealed chloroform-cast films. Hence, we are tempted to
conclude that this completely segregated lamellar struc-
ture might be an equilibrium structure above Tg of the
three blocks.

IV. Discussion

IV.1. Equilibrium Morphology in the Melt
S22B39M39

41. Studies of block copolymers in solution
show that, at some point of solvent evaporation, some
of the components usually become glassy, preventing
total thermal equilibration of the structure.22-24 Hence,
as-cast morphologies are more or less quenched copoly-
mer solution morphologies and can be very different
from the equilibrium structure of the melt copolymer
(provided that one could ever obtain such a structure).
In the present case, the equilibrium structure in the
melt S22B39M39

41 is most probably a lamellar morphol-
ogy with well-separated S-, B-, and M-rich lamellar
microdomains. Indeed, upon annealing, both ethylben-
zene and chloroform-cast morphologies change into the
same completely segregated lamellar morphology. This
conclusion is consistent with the phase diagram of SBM
triblock terpolymers reported by Stadler et al.3 The as-
cast morphologies and solvent effects observed here are
also similar to those reported by Brinkmann et al. on
not very different low molar mass SBM terpolymers.9

Both ethylbenzene and chloroform are rather good
solvents of each block of the SBM copolymer and
particularly of the S and M blocks. Hence, in solutions,

Figure 11. SAXS profiles of chloroform-cast films of the SBM/
SB blend before and after annealing above TgM. Bold numbers
indicate the order of the scattering maxima.

Figure 12. Evolution of SAXS profiles during heating from
30 to 200 °C for the chloroform-cast SBM/SB blend.
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these solvents would consequently reduce repulsive
interactions between the S and M blocks. The gain of
mixing entropy at the interface with B could be high
enough to favor a partially mixed lamellar structure
over a completely segregated one.26 Additionally, the
effects of the casting solvent on copolymer morphologies
can be rationalized by differences in solvent quality and
selectivity. Indeed, ethylbenzene is a slightly better
solvent for B than chloroform. Solubility parameters can
be estimated to be δB ≈ 8.3(cal/cm3)1/2, δS ≈ 9.1(cal/
cm3)1/2, δM ≈ 9.3(cal/cm3)1/2, δchloroform ≈ 9.3(cal/cm3)1/2,
and δethylbenzene ≈ 8.8(cal/cm3)1/2.3,25 As a consequence,
compared to chloroform, ethylbenzene would swell more
the B microdomains than the microdomains made of
mixed S and M. This slight selectivity could explain the
asymmetry that produces a quite cylindrical morphology
in films cast from ethylbenzene with cylinders of mixed
S and M in a B matrix rather than a lamellar morphol-
ogy made of alternating B and mixed S and M lamellae
as in films cast from chloroform. Cylindrical structures
could be expected in the melt for copolymers having a
higher B volume fraction.27

The above considerations are quite speculative since
the solvent effects anticipated here are relatively subtle.

At this point, it is also particularly difficult to assess
precisely when exactly the system is quenched during
solvent evaporation. Exploration of morphologies in so-
lutions at various concentrations might deserve a de-
tailed separate study. Here, we focus on the mechanisms
of morphological equilibration induced by annealing.

IV.2. Separation Mechanisms of S and M upon
Annealing. According to this work, the samples cast
from ethylbenzene exhibit poorly ordered morphologies
where S and M might be mixed. As a result, it is difficult
to interpret precisely the morphological changes occur-
ring during annealing. Thickness fluctuations of the
lamellae remaining after annealing might only be
considered as nonequilibrium memory effects.

The case of chloroform-cast films is clearly much more
interesting. As reported previously in section III, an-
nealing induces a transition from a lamellar state with
mixed S and M blocks to a completely segregated state
with alternating S, B, and M lamellae. This results from
a microphase separation of the S and M blocks within
the lamellar structure. The effective repulsion between
S and M monomers might indeed lead to such a
transition. It can be compared to the macroscopic phase
separation within lamellae of mixed B and C blocks

Figure 13. Description of the microphase separation mechanisms between S and M induced by annealing chloroform-cast
S22B39M39

41. Annealing induces a transition from the partially mixed lamellar structure (a) to the completely segregated lamellar
structure with trapped defects (f). (d) and (e) illustrate the detailed formation mechanisms of type 2 defects.
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found in mixtures of AB and AC diblock copolymers.28

In the latter case, the macroscopic phase separation
occurs thanks to a two-dimensional diffusion of the
junction points along the lamellar interfaces. However,
the present case is different since it deals with ABC
triblock chains. Unlike mixtures of AB and AC diblocks,
the junction points at both ends of the B block in ABC
triblock chains must move cooperatively along the
interfaces. Here, we propose a scenario describing S and
M separation which could explain the origin of the
defects observed in section III. The schemes in Figure
13 illustrate the different steps of the proposed separa-
tion process. Circular insets on the right-hand side of
these schemes give an idea of the configuration of the
chains. This scenario is based on three assumptions.

(i) In the as-cast film, both B loops and B bridges are
present as illustrated in the inset of Figure 13a. Indeed,
as mentioned before in section IV.1, in a chloroform
solution, microdomains made of mixed S and M are
favored because the tendency of S and M blocks to
segregate is low. The dynamics and driving forces of the
transition from partially to completely segregated three-
component structures have already been observed by
Cloı̂tre et al. in systems of the SBM triblock with oil or
solvent.10,11 By varying the concentration of the copoly-
mer, the authors could induce the microphase separa-
tion between the S and M end blocks.

(ii) Because of high incompatibility of B with S and
M, permeation of S and M blocks through the B lamellae
is strongly inhibited. The potential barriers for such
diffusion across a B layer can be estimated to be very
high. This approximation is based on and consistent
with studies of diffusion of diblock chains in a lamellar
structure.12-15

(iii) Thanks to the low molar mass, blocks are ex-
pected to be only slightly entangled and the in-plane
diffusion of the chains should then be reasonably fast
for the experimental time scale.

The lamellar structure which is quenched in the
initial as-cast state consists of alternating layers of B
blocks and of mixed S and M blocks. The layer thickness
as estimated from TEM micrographs suggests that these
mixed layers are actually bilayers composed of both S
and M blocks mixed together (Figure 13a). In what
follows, we denote such mixed layers by (S,M). When
the sample is annealed above the glass transition
temperatures, TgS and TgM, chain mobility is greatly
enhanced. The microphase separation of S and M could
then be described as follows. First, the S and M blocks
tend to locally microphase separate due to effective
repulsive interactions between S and M. The resulting
microphase-separated regions grow by diffusion of the
chains within the plane of the (S,M) bilayers. At both
ends of the B blocks, the junction points with the S and
M blocks move along the interface between the B and
the (S,M) layers. However, this process is not a simple
two-dimensional phenomenon because it cannot be
confined in only one layer. Indeed, the (S,M) monolayers
on both sides of a B lamella are connected by B bridges,
as shown in the inset of Figure 13a. This connection by
B bridges implies that the separation of S and M blocks
in one (S,M) monolayer induces a cooperative reorgani-
zation in the neighboring (S,M) monolayer on the other
side of the B lamella. Thus, the microphase separation
propagates in all three directions, not only parallel to
the lamellar interface but also perpendicular to it, as
indicated by arrows in Figure 13b.

In the following discussion, a “grain” designates the
completely segregated lamellar region made of well-
separated alternating S, B, and M layers. Each grain
is embedded and grows in the lamellar matrix where S
and M are mixed as described above. An illustration of
two grains in the matrix is sketched in Figure 13b: a
small grain growing from the top and a big one from
the bottom.

Due to the anisotropy of the lamellar structure, we
must distinguish two types of grain boundaries as
shown in Figure 14. Boundaries of type R (Figure 14a)
are perpendicular to the lamellar interfaces and move
parallel to them as the grain expands. On the contrary,
boundaries of type â (Figure 14b) are parallel to the
lamellar interfaces and move along their normal. The
connections between the layers at these grain bound-
aries can be described as follows. At boundaries of type
R, B layers extend continuously from the completely
segregated to the partially mixed structure, while both
bilayers of S and of M are connected to (S,M) bilayers.
At boundaries of type â, the situation is different. The
grains grow thanks to the B bridges that transmit the
microphase separation from one (S,M) monolayer to the
next neighboring (S,M) monolayer. Hence, at these
boundaries, a monolayer of either S or M is interfaced
with a mixed monolayer of (S,M). One should distin-
guish the notion of defect (types 1 and 2) from the notion
of grain boundary (types R and â). Grain boundaries
correspond to the interfaces between the completely
segregated growing grains and the partially segregated
matrix. On the other hand, defects refer to the struc-
tural imperfections observed in the completely segre-
gated structure once the reorganization process has
been completed.

As mentioned before and illustrated in Figure 13a,
we expect that some of the B blocks form loops and link
some S and M blocks that belong to the same monolayer.
During the reorganization process, it is most probable
that neither the S nor the M block can cross the B layers
since both S and M are very incompatible with B.
Without such a translayer permeation, the only way to
separate S and M blocks is to expel the B loops to the
grain boundaries of type R, as suggested in the inset of
Figure 13b.

Grains like those in Figure 13b further grow in all
three directions, and their expanding fronts ultimately
come into contact along an intergrain boundary (IGB)
as defined in the inset of Figure 13c. At this stage of
the process, we need to distinguish two situations
depending on the type of grain boundaries that come
into contact as schematically represented in Figure 15.

In the first situation, the grains come into contact
along boundaries of type R. If the sequence orders of
the S, B, and M lamellae are the same in both grains
(case i), the grains naturally merge into a bigger
completely segregated lamellar region. However, an

Figure 14. Schemes illustrating the two types of grain
boundaries (R and â).
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intergrain boundary of finite thickness, not represented
in Figure 15, may be left over as a defect region where
B loops and hence (S,M) bilayers are condensed. On the
contrary, if the sequence orders are shifted (case ii), the
grains are welded along a defect wall of type 1 as
previously described in section III. Here also, B loops
and some (S,M) bilayers might be condensed along this
defect wall. This may enable a smooth change in the
layer thickness from the S to the M bilayers. Thus, this
first situation along R-type boundaries can be at the
origin of type 1 defects but cannot explain the formation
of type 2 defects observed in TEM micrographs.

In the second situation represented in Figure 15, the
grains come into contact along boundaries of type â. The
IGB consists of a B layer covered on both sides by (S,M)
monolayers. Here also, two cases denoted iii and iv must
be considered depending on the nature of the mono-
layers above and below IGB. Case iii is quite simple.
The monolayers above and below IGB are different. For
instance, the top monolayer is made of M blocks and
the bottom one of S blocks. As a result, when the S and
M blocks separate in the IGB, the two grains are
smoothly welded as in case i.

Case iv is more complex and is at the very origin of
both types of defects described in section III. It is the
case represented in Figure 13c-f. Unlike case iii, the
monolayers at the grain boundaries on both sides of the
IGB have the same nature. They are either both M
monolayers as shown in Figure 15 or both S monolayers.

As a consequence, the only way to separate the S and
M blocks mixed in the two (S,M) monolayers of the IGB
is to create an interface between an S and an M
monolayer as shown in the right scheme of Figure 15.
This configuration, which is also represented in Figure
13d, corresponds to a precursor of type 2 defects, which
was shown earlier in Figure 9. It could be observed in
several locations in the TEM images. Examples are
framed with a rectangle in Figure 8c,e-g. However,
such a configuration is energetically very unfavorable
because the chains are strongly stretched to minimize
the contact area between S and M blocks. This stretch-
ing could be released when SBM chains with a B loop
diffuse along the S/M interface and wrap the S mono-
layer as indicated by bright arrows in Figure 13d,e. The
presence of B loops is crucial here because quite
unexpectedly, they would enable the formation of a new
layer without permeation of the S and M blocks through
a B lamella.

Eventually, “incompatible” grains can be connected
by this new additional layer, forming defects of type 2
as shown in Figure 13f. Examples marked with a circle
are shown in Figure 8. This would then be naturally
followed by the creation of S/M interfaces (type 1 defects)
as the grains grow further. It is interesting to notice
that, according to this scenario, the concentration of B
loops should be particularly high at S/M interfaces as
suggested in the inset of Figure 13f. On the contrary,
the creation of type 2 defects would enable B loops to
change into B bridges during the microphase separation
of S and M blocks. The B loops that might be condensed
in the intergrain regions would be more or less ef-
fectively annihilated owing to this mechanism.

Interestingly, the defects reported in this work are
very similar to the structural defects observed in
ordered atomic systems. In some intermetallic com-
pounds made of A, B, and C atoms, the unit cell consists
of two different types of sites. One type of site is occupied
by A atoms, while the other type is occupied by either
B or C atoms. Hence, A atoms could correspond to the
B blocks, and B and C atoms would play the role of the
S and M blocks, respectively. In these systems, type 1
defects would correspond to antiphase boundaries while
type 2 defects would be the partial dislocations bounding
these antiphase boundaries.29

IV.3. Macroscopic Phase Separation in the Melt
between SB and SBM. As for S22B39M39

41, the samples
of the SBM/SB blend cast from chloroform have an out
of equilibrium structure. Indeed, SB diblock chains are
completely incorporated into the SBM lamellar struc-
ture, whereas annealing induces an important macro-
scopic phase separation between SB and SBM chains.
This is in good agreement with the experimental work
of Abetz et al.8 and theoretical work of Birshtein et al.17

on mixtures of an ABC triblock and an AB or a BC
diblock. In the case of lamellar structures where both
triblock and diblock chains have the same block lengths,
Birshtein et al. estimated that a mixture of an SB di-
block and an SBM triblock always completely macro-
phase separates.

Among all the possible mixtures of an ABC triblock
and an AB diblock, the low molar mass system studied
here is quite specific. Indeed, rheological measurements
(not shown here) on the pure SB diblock copolymer
extracted from the blend show an order-disorder tran-
sition at about 176 °C (TODT). This is revealed by the
sharp drop over a narrow temperature range of a few

Figure 15. Schemes representing the four possible cases of
intergrain boundaries before (left side) and after (right side)
the welding of the grains: cases i and ii for grain boundaries
of type R, and cases iii and iv for grain boundaries of type â.
The legend is the same as in Figure 14.
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degrees by about 3 orders of magnitude in the dynamic
elastic shear modulus measured at 0.1 rad/s.30 This
peculiarity of the SB diblock chains can probably explain
their good incorporation into the SBM structure during
solvent-casting. It might also facilitate the diffusion of
the SB chains within the S and B lamellae during
annealing.

A close observation of TEM microgaphs of the an-
nealed morphology enabled us to distinguish several
types of SB diblock macrodomains differing in size and
shape. Examples of each type are given in Figure 16b-
f. Even though they all coexist in the same sample, we
assume that these different types of macrodomains
correspond to successive stages of the macroscopic phase
separation process. Smaller macrodomains correspond
to earlier stages. We can then propose a fairly intuitive
scenario describing the steps and mechanisms of mac-
roscopic phase separation. Before annealing, SB chains
are fully incorporated in the SBM lamellar structure
as shown in Figure 16a and schematically represented
in Figure 16a′. This gives rise to a highly ordered
lamellar morphology as manifested by up to at least
nine orders of SAXS peaks in Figure 11. When the
sample is annealed, diffusion of the SB chains becomes
possible. As mentioned above, the structure with a
homogeneously incorporated SB diblock is thermody-
namically unstable. As for the microphase separation
of S and M induced by annealing chloroform-cast
S22B39M39

41, a high potential barrier might prohibit
permeation of SB chains through the M lamellae. Hence,
SB diblock chains would phase separate by diffusing in
the S and B lamellae. By analogy with blends of an AB
diblock copolymer with an A homopolymer having the
same length as the A block, the system might adopt a
dry-brush-like configuration. The SB diblock would be
expelled inside the S lamellae of the SBM structure and
self-assemble, forming a new B lamella inserted in the
middle of the S layer as shown in Figure 16b,c. This
mechanism is probably favored when the annealing
temperature is close to TODT. Indeed, the junction point
of the SB chains can easily move away from the

interface between the S and B lamellae. An illustration
is given in Figure 16b′. In the last step represented by
Figure 16e,f,c′, SB macrodomains would grow and
merge to form bigger grains extending across several
SBM lamellae. Since phase separation is confined in the
SBM lamellar structure, the lamellae in SB grains
would be forced to be parallel to SBM layers. The effects
of the SB diblock macrodomains on the net scattering
and on the distortion of the SBM lamellae explain the
changes, especially the broadening of the higher order
peaks, of the SAXS profiles upon annealing as shown
in Figure 11. From Figure 12, it appears that the
broadening of the peaks occurs around 150 °C, which
can be related to TgM (144 °C).

V. Conclusion
In the present paper we point out an interesting

specificity of ABC triblock systems compared to AB or
ABA block copolymers. For the latter, annealing usually
enhances the regularity of morphologies and annihilate
structural defects caused by preparation conditions.31

In ABC triblock copolymers, we show that chain re-
organization mechanisms in the melt are more com-
plex due to the presence of a third component. On one
hand, chain diffusion is strongly confined within the
ordered structures, and permeation through the micro-
domains is almost impossible. On the other hand, B
bridges connecting the microdomains correlate the
reorganization in the A and C layers. In some cases such
as those reported here, the only way to approach the
equilibrium state and satisfy the severe constraints
imposed by high-energy barriers is to form new defects.
Hence, the efficiency of annealing mostly depends on
the initial state. Once the defects are formed, they are
strongly trapped and are probably impossible to sup-
press. We have discussed the mechanisms of formation
of two types of such defects (types 1 and 2) in the case
of lamellar structures. Similar phenomena most prob-
ably exist in other morphologies.

In practice, high molar masses are often desirable to
achieve better mechanical properties. For long chains,

Figure 16. Description of the macroscopic phase separation in the melt between an SB diblock and an SBM triblock in the blend
S29B47M24. (a)-(f) are TEM images, while (a′)-(c′) represent the configuration of the chains: before (a′) and after (b′, c′) the
macroscopic phase separation.
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however, topological constraints and thermodynamic
barriers for equilibration are huge and completely
hinder chain diffusion during annealing. The choice of
the solvent is then of crucial importance to attain the
desired properties of triblock materials.

In the mixture of SBM and SB block copolymers, we
observed a possibly advantageous effect of solvent to
trap interesting morphologies. After solvent evapora-
tion, diblock and triblock chains are uniformly mixed
to form a very regular lamellar morphology. However,
annealing induced an important phase separation on a
macroscopic scale, confirming that the as-cast state was
thermodynamically unstable. We have proposed a sce-
nario explaining the mechanisms of such phase separa-
tion in the ordered melt. In the early stage of the
process, SB chains would diffuse within the S and B
lamellae and be expelled inside the S lamellae of the
SBM structure to form macrodomains of the SB diblock.
These mechanisms are probably specific to this low
molar mass system where the SB diblock exhibits an
order-disorder transition temperature very close to the
annealing temperature. For higher molar masses, mixed
structures may be trapped forever.
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