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A “ladder” Morphology in an ABC Triblock Copolymer
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Summary: ABC triblock copolymers are known to exhibit a wide variety of unique
types of morphologies compared to AB diblock copolymers. In the present study,
poly(styrene-block-(ethylene-alt-propylene)-block-(methyl methacrylate)) (SEPM) tri-
block copolymers were synthesized and their morphologies were extensively studied
by transmission electron microtomography (TEMT). In the SEPM triblock copolymer,
two kinds of morphologies coexist: One was the well-known knitting morphology,
and the other was a novel morphology called the “ladder morphology”. The ladder
morphology was a major morphology in the SEPM copolymer, the stability of which
was discussed in terms of the interfacial area and the solubility parameters between
the three components.
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Introduction

Block copolymers exhibit various periodic
microphase-separated structures due to the
immisci-bility between the dissimilar sequ-
ences."” In case of the classical two- compo-
nent linear block copolymers, the nano-
scale structures include spheres of A(B) on
a body-centered cubic lattice in a B(A)
matrix, cylinders of A(B) on a hexagonal
lattice in a B(A) matrix, and coalternating
lamellae. Besides these rather simple mor-
phologies, several complex (bicontinuous)
nanostruc-tures - the perforated lamellar,
gyroid, and double-diamond morphologies
were reported.””’ Of considerable recent
interest is the much larger variety of nano-
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scale structures of more complex classes of
block copolymers than the simple linear di-
block copolymers. For example, Stadler ez al.
observed a series of intriguing morphologies
in the ABC-type linear triblock copoly-
mers.®'° In particular, the “knitting morpho-
logy” observed in a poly(styrene-block-
(ethylene-co- butylene)-block-(methyl metha-
crylate)) (SEBM) is a fascinating one.” Mogi
et al. found an “ordered tricontinuous
double-diamond (OTDD)” morphology of a
poly(isoprene-block-styrene-block-2-vinylpyr-
idine) (ISP), in which two non-intersecting
channels consisting of either I or P domains
with F43m ymmetry were observed.'! Other
interesting morphologies such as the “helical
morphology”, and “spheres on cylinder
morphology” were also found.'®'? Rearran-
ging the molecular architecture from linear to
star or blush may make the variety of micro-
phase-separated structures even wider.">™"
Although some extensive work has been
carried out with the aim of understanding
the morphological behavior of the ternary
ABC triblock copolymers as a function of
their relative composition of the different
components and also of the various block
sequences, until now, little is known about
controlling the morphologies. This is be-
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cause the self-assembled nanostruc-tures
are often too complicated to be evaluated
by conventional experimental techniques,
e.g., transmission electron microscopy
(TEM) or X-ray (neutron) scattering. In
the present study, transmission electron
microtomography (TEMT), which enables
us to observe nano-scale morphologies
in three-dimension (3D), is utilized to
investigate the microphase-separated struc-
tures of the poly(styrene-block- (ethyl-
ene-alt-propylene)-block-(methyl metha-
crylate)) (SEPM) triblock copolymers. A
new morphology, which we called the
“ladder morphology”, similar to the ‘“‘knit-
ting morphology’’ was found. The stability
of the ladder morphology was discussed in
terms of the segmental interactions be-
tween the three components and interfacial
areas per unit volume.

Experimental

Materials
Poly(styrene-block-isoprene-block-methyl
methacrylate) (SIM) triblock copolymers
were prepared via sequential living ani-
onic polymerization according to the lite-
reture.?® Furthermore, the central poly
isoprene block of SIM was hydrogenated
to afford the corresponding poly(sty-
rene-block-(ethylene-alt-propylene)-block-
(methyl methacrylate)) (SEPM) triblock
copolymers. Some samples were fractionated
by preparative GPC (column: Shodex K-2003)
in CHCI3 to obtain polymers with narrower
molecular weight distributions (M,,/M,, < 1.1).
Based on "H NMR spectroscopy, the volume
fractions of the PS and PEP in the SEPM
copolymer were determined to be 0.35 and
0.32, respectively. The number average mole-
cular weight (M) of the triblock copolymer
was 83,900 against polystyrene standard sam-
ples, and thus those of each PS, PEP, and
PMMA block were estimated to be 29,300,
23,500, and 31,100, respectively.

Specimens
A film specimen was prepared by casting
from an ca. Swt% chloroform solution. The
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cast film was annealed at 175 for 48 hours
under vacuum. The film was stained by
contact with ruthenium tetraoxide (RuOy)
vapor for 2 minutes or iodine (I,) vapor for
24 hours. The ultra-thin sections were
prepared by microtoming (Reichelt-Jung
Ultracut-S) using a diamond knife (DiA-
TOME cryo dry) at cryogenic temperature
(~—120°C). A ultrathin section of ca. 100 nm
thick was transferred onto a Cu mesh grid
with a polyvinylformal substrate. Prior to the
TEMT observations, 5 nm Au nanoparticles
were deposited from an aqueous suspension
(GCNO005, BBLnternational Ltd., UK).

Transmission Electron Microtomography

TEMT experiments were performed by
energy-filtering transmission electron micro-
scopy with a field-emission gun operated at
200 kV (JEM-2200FS, JEOL Co., Ltd.,
Japan). Projections were collected using a
slow-scan CCD camera (Gatan USC1000,
Gatan, Inc., USA). Note that only the trans-
mitted and elastically scattered electrons
(electron energy loss of 0+15 eV) were
selected by an in-column energy filter instal-
led in the JEM-2200FS (Omega filter, JEOL,
Ltd., Japan) in order to obtain achromatic
projections. The series of TEM micrographs
of the ladder morphology were taken over
the tilt angle from —70° ~64° at 1° incre-
ments. On the other hand, the series of TEM
micrographs of the knitting morphology
were taken over the tilt angle from —60°
~60° at 1° increments. The pixel size was ca.
1 nm. A projection at each tilt angle was
acquired with the frame size of 1024 by 1024
pixels. Subsequently, the tilt series of the
TEM micrographs were aligned by the
fiducial marker method®' with the Au nano-
particles as the fiducial markers and then
reconstructed on the basis of the filtered-
back-projection (FBP) method.?>* All re-
construction procedures were carried out
using software developed in our laboratory.

Results and Discussion

Figure 1 shows TEM micrograph of SEPM
triblock copolymer. The grey part of the
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Figure 1.

TEM micrographs of (a) ladder and (b) knitting morphologies of SEPM triblock copolymer stained by RuO,.
Gray domains are PS microdomains. Ladder and knitting morphologies are schematically drawn. Bar represents

200 nm.

figure corresponds to the RuOy-stained PS
microdomain. Two kinds of microphase-
separated structures were observed: The
major one is a “ladder morphology” that
consists of lines and ellipsoidal domains. The
morphological features of the ladder mor-
phology are illustrated in Figure 1(a). In
another field of view, the minor morphology,
the knitting morphology, was also observed
[see Figure 1(b)]. As schematically illustrated
in Figure 1(b), the knitting morphology is
made of wavy lines and ellipsoidal domains.
In contrast to the ladder morphology, 2/3 of
the ellipsoidal microdomains in the unit cell
are aligned parallel to the wavy microdo-
mains, while the remaining 1/3 was perpen-
dicular to them, which is exactly the same
morphology as reported by Breiner ef al. in
1996.°

Since the lines and ellipsoids appeared to
be white in Figure 1, they are either PMMA
or PEP domains. In order to distinguish one
from the other, the SEPM was stained by
iodine as shown in Figure 2. The dark part of
the figure now corresponds to the I,-stained
PMMA microdomain. Figures 2(a) and 2(b)
correspond, respectively, to the ladder and
knitting morphologies. The microphase-
separated structures evaluated from the
RuOy-stained section are schematically shown
in the figure. The linear (or wavy) micro-
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domains were found to be stained by the
iodine, meaning that they are PMMA do-
mains. Therefore, the ellipsoidal microdo-
mains are assigned to the PEP microdomains.
Note here that the knitting morphology in our
SEPM is essentially the same structure as that
already reported except for the fact that the
wavy domain was the PEP domain instead of
the PEB domain in Breiner's SEBM.’

Now that the three microdomains were
assigned, TEMT observations were carried
out for the two morphologies. Figure 4
shows the 3D reconstructed images of the
ladder and knitting morphologies. From
the 3D reconstructed images, it became
obvious that both the ladder and knitt-
ing morphologies had cylinder-like two-
dimensional morphologies. The 3D model
proposed for the knitting morphology in the
literature® is proven to be correct based on
our TEMT result [Figure 4(b)]. A volu-
metric analysis of the reconstruction (of
both the ladder and knitting morphologies)
yields the volume fractions of the three
components, fps=0.36, fprp=0.32 and
Sframa=0.32, that are in excellent agree-
ment with the known composition of the
copolymer  (fps=0.35, fppp=0.32 and
Sfeyma =0.33). Note that the volume frac-
tions did not depend on the type of
morphology.
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Figure 2.

TEM micrographs of (a) ladder and (b) knitting morphologies of SEPM triblock copolymer stained by iodine. Gray
domains correspond to PMMA microdomains. Schematic in (a) and (b) show ladder and knitting morphologies,

respectively. Bar represents 200 nm.

The possible chain packing inside the
SEPM microdomains is schematically shown
in Figure 3. The interfaces between the three
microdomains are shown by the solid line
on which the PS-PEP and PEP- PMMA
chemical junctions are placed. It is intriguing
that there was an interface where no chemical
junction exists, i.e., the interface bet-
ween the PS and PMMA microdomains. In
the microphase-separated structures of the
diblock copolymers, such an interface will not

be found. When comparing the ladder and
knitting morphologies, chain packing seems
to be less frustrated for the knitting morphol-
ogy than for the ladder morphology due
to the following reasons: The ellipsoidal
PEP microdomains whose long axis lies
parallel to the PMMA wavy microdomains
have a rather unform distribution of the
chemical junctions along the interface [see
Figure 3(b)]. In contrast, in the ladder
morphology, all of the PEP microdomains

Figure 3.

3D reconstructed images of (a) ladder and (b) knitting morphologies. PEP and PMMA microdomains are shown by
light gray and white domains, respectively. PS microdomains is left transparent. Bar represents 50 nm.
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Figure 4.

Schematic representations of chain packing in (a) ladder and (b) knitting morphologies. PS, PEP and PMMA
microdomains are shown by dark gray, light gray and white domains, respectively. PEP-PMMA and PS-PEP
chemical junctions are indicated by open circles and open squares, respectively.

align their long axis perpendicular to the
linear PMMA domains. In this case, the
PEP-PMMA chemical junctions have to be
placed as near as possible to the PEP-PMMA
interface, leading to the junctions being
overcrowded especially at the apex of the
ellipsoid. This should increase the packing
frustration of the blocks. Thus, from an
entropic point of view, the ladder morphol-
ogy may be less favorable than the knitting
morphology, which was not the case in our
TEM and TEMT experiments.

In order to provide a quantitative
discussion, the interfacial area per unit
volume, Ej (j: PS-PEP, PEP-PMMA and
PS-PMMA), was also measured from the
binarized 3D reconstructions, which are
listed in Table 1. 3pspgp of the two
morphologies were almost identical, while
Speppmuma and Spgpyma of the ladder
morphology were smaller and larger than
those of the knitting morphology, respec-
tively.

Since 3, is affected not only by the chain
conformation, but also by the (repulsive)
interaction between the components, a
segmental interaction parameter between
the three components of the SEPM triblock
copolymer is considered. The segmental
interaction parameter, x, was calculated
from the solubility parameters based on the
assumption that the molar segmental
volumes are given by the geometric mean
of the molar volumes of the components i
and j,**

Xxij = (@ /kT) (8 — 8).

Where a and k are the segmental volume
and the Boltzmann constant, respectively.
The solubility parameters used in the
calculation were 9.1,7.9 and 9.3 for PS,
PEP and PMMA, respectively [in unit of
(cal/cm®)'?]. Table 2 lists three x values in
the SEPM copolymer. Comparing x in
Table 2, it became obvious that the strongest

Table 1.
Interfacial area par volume for ladder and knitting morphologies

Sps-pep S pep-pmmia Zps-prma
Ladder morphology (nm ™) 4.0 10~ 3.0x10 2 4.7 %102
Knitting morphology (nm™") 41%10° 3.4%x10 7 2.7 %102
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Table 2.
Estimated interaction parameter (x) in the SEPM tri-
block copolymer

XPps-Pep XPEP-PMMA XPs-PMMA

X 0.28 0.33 0.0044

incompatibility occurs between PEP and
PMMA. Interestingly, Xps.pama turned out
to be significantly smaller than the other
two interaction parameters. Therefore, from
an enthalpic view point, reduction of the
PEP- PMMA interfacial area is crucial; when
considering the interaction parameters,
creating the PS-PMMA interface does
not cost much compared to creating either
the PEP-PMMA or PS-PEP interfaces.
Therefore, we speculate that the blocks of
the SEPM copolymer had to rearrange to
decrease the enthalpy at the sacrifice of their
comfortable chain conformation in order to
reduce the total free energy of the system. In
addition, the PEP microdomains inside the
PS matrix attempted to achieve a minimum
interfacial area. Consequently, they formed
the ellipsoidal shape with a perpendicular
configuration. Hence, in the SEPM copoly-
mer, the ladder morphology was selected due
to its smaller interfacial area, X pgp.punias
compared to the knitting morphology. In
other words, the microphase-separated struc-
ture of our SEPM copolymer was an
enthalpy-driven (rather than entropy-driven)
structure.

Finally, we would like to make a brief
comment about the knitting morphology
observed in the SEBM triblock copolymer.’
In this system, the author did not find the
ladder morphology; only the knitting mor-
phology was observed.” The interaction
parameters, Xps.pep and Xpep-pumma, are
estimated (in exactly the same way as
above) to be 0.11 and 0.15, respectively.
They are lower than the corresponding
interaction parameters in the SEPM copo-
lymer, meaning that the reduction of the
PEB-PMMA interface is “‘milder” than
that of the SEPM copolymer. Hence, the
entropically favorable knitting morphology
may be selected.
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Summary

The microphase-separated morphology of
a linear ABC-type triblock copolymer,
poly(styrene-block-(ethylene-alt-propylene)-
block-(methyl methacrylate)) (SEPM), has
been studied by transmission electron micro-
tomography (TEMT). Two kinds of morpho-
logies, one is a knitting morphology and
the other is a new morphology called the
“ladder”” morphology, were found. The knit-
ting morphology was observed in three-
dimensions (3D) and found to be the same
morphology already proposed by Breiner
et al. in 1996. The interfacial areas per unit
volume, 2, for the three interfaces were
evaluated from the 3D reconstructed images
of both morphologies. 3 was used together
with the segmental interaction parameters
between the components to discuss the stabi-
lity of the morphologies. It was found that
the enthalpy plays a more important role
than the entropy in the SEPM due to the
strong incompatibility between the PEP and
PMMA.
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