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ABSTRACT: In a polystyrene-block-polybutadiene-block-poly(methyl methacrylate) triblock copolymer
(SBM) a morphological transition from a lamellar (ll) morphology (with sequence ABCB) to the knitting
pattern (kp) morphology occurs upon hydrogenation of the center PB block. Structural information of
the nonhydrogenated and the hydrogenated material is provided from small angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM). For the nonhydrogenated SBM sample the SAXS profile
correlates well with a simple periodic lamellar structure. The hydrogenated sample forming the kp
morphology displays a more complex SAXS pattern. From the TEM images of the knitting pattern the
two-dimensional space group has been determined to be c2mm. This morphology represents a first
example of a planar morphology for which the two sides of the unit cell are unequal (a * b). The
determination of the space group from TEM allows the satisfactory assignment of the SAXS pattern.
Furthermore this new kp morphology is the first example in block copolymers providing a highly
nonconstant mean curvature (NCMC) intermaterial dividing surface. Varying the casting solvent for
this material (from CHCl3 to toluene) results in a lamellar morphology as demonstrated by TEM and
SAXS. This morphological change is explained as the consequence of the borderline situation of the kp
morphology as an intermediate between the ll and lc morphology where B cylinders of the center block
are located at the lamellar A/C interface.

Introduction

In AB diblock copolymers the morphology is primarily
governed by the composition of the block copolymer,
expressed by the volume fractions of the components.1-3

In contrast, microphase separation in ABC triblock
copolymers consisting of three different components A,
B, and C can result in a greater variety of morphologies,
since the formation of microphase-separated assemblies
is influenced by two independent composition param-
eters: φA, φB, the volume fractions of components A and
B, and the relative incompatibilities, expressed by the
interfacial tensions γij, between the directly connected
blocks A/B, B/C, and the “nonlinked” blocks A/C. Fur-
thermore, the sequence along the chain of the three
components can also alter the microstructural arrange-
ment.4,5 In an earlier study we reported a transition
from a lamellar (ll) morphology (lamellar sequence:
ABCB) to a lcmorphology (AC lamella with B cylinders
at the A/C lamellar interface) in both a symmetric (i.e.,
φA ) φC) polystyrene-block-polybutadiene-block-poly-
(methyl methacrylate) (SBM) and in a symmetric (i.e.,
φA ) φC) polystyrene-block-poly(ethylene-co-butylene)-
block-poly(methyl methacrylate) (SEBM) triblock co-
polymer where polybutadiene (PB) (or poly(ethylene-co-
butylene) (PEB) respectively) cylinders of the center
block were located at the interface between the S/M

lamellae.6 This structural transition occurred upon
reduction of the volume fraction of the center block. At
the borderline between these two morphologies (φB ≈
0.2-0.24) we found a newmorphology designated as the
knitting pattern (kp) morphology. In this morphology,
poly(methyl methacrylate) (PMMA) forms peristaltic
lamellae in which opposite maxima and minima are
spanned by ellipsoidal-shaped cylindrical PEB domains
(Figure 1). On the basis of transmission electron
microscopy (TEM) results we described this morphology
qualitatively and gave a qualitative explanation why
this unusual morphology can form.7
For AB diblock copolymers only structures have been

described in which the interface fulfills the criterion for
constant mean curvature (CMC).8,9 In an ABC triblock
copolymer coaxial cylindrical morphology Thomas et al.5
have shown a slight deviation of this concept and
described a structure with weak nonconstant mean
curvature. In contrast the interfaces in the knitting
pattern morphology exhibit pronounced nonconstant
mean curvatures between the various interfaces (HAB,
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Figure 1. Schematic description of the Knitting Pattern
morphology. For the explanations of Dmax, Dmin, TM, LEB, CEB,
and EEB, see Table 2.

135Macromolecules 1998, 31, 135-141

S0024-9297(96)01550-1 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/13/1998



HBC, HAC * CMC) as well as a variable curvature.
Other examples for nonconstant mean curvature struc-
tures are the cylinders at the lamellae (lc), spheres at
lamellae (ls), cylinder with ring (cr), and the helical (hel)
morphology as reported earlier.6,10
In the present paper we will give a detailed structural

characterization of the knitting pattern using transmis-
sion electron microscopy and small angle X-ray scat-
tering (SAXS).

Experimental Section
Synthesis of SBM and SEBM. The synthesis of the

polystyrene-block-polybutadiene-block-poly(methyl methacry-
late) block copolymers (SBM) and polystyrene-block-poly(eth-
ylene-co-butylene)-block-poly(methyl methacrylate) block co-
polymers (SEBM) was accomplished by sequential anionic
polymerization of styrene, butadiene, and methyl methacrylate
in tetrahydrofuran in the presence of lithium alkoxides using
sec-butyllithium as an initiator. Furthermore the center block
consisting predominantly of 1,2-units of polybutadiene was
hydrogenated, resulting in the corresponding SEBM triblock
copolymers. Details are given elsewhere.11 The characteriza-
tion of the block copolymers is summarized in Table 1. In our
nomenclature SuBvMw

x, u, v, and w correspond to the weight
percent of the components whereas x equals the total molecular
weight in kg/mol. For the hydrogenated samples SuEBvMw

x

the different density of the center block was taken into account.
For clarity the labeling of the SEBM samples with respect to
their weight fractions corresponds to the original nonhydro-
genated triblock copolymers SBM.
Sample Preparation for Transmission Electron Mi-

croscopy and Small Angle X-ray Scattering. Transparent
1 mm thick films of the triblock copolymer were slowly cast
from CHCl3 and from toluene over a period of 3 weeks. To
avoid cross-linking of the nonhydrogenated 1,2-polybutadiene
block, further drying and annealing of the block copolymer was
performed at room temperature under high vacuum for 2 days.
The temperature was then subsequently increased over a
period of 6 h up to 185 °C where the samples remained for
another 2-6 h. In previous studies no change in morphology
has been shown for different annealing conditions, suggesting
that the kp morphology is a quite stable structure.6
Transmission Electron Microscopy. TEM was per-

formed in the bright field mode on a Phillips transmission
electron microscope operating at 80 kV and on a JEOL 200
CX transmission electron microscope at 100 kV. Ultrathin
sections of the block copolymers were obtained using a Reichert
ultramicrotome equipped with a diamond knife. The rigidity
of the samples was sufficient to prepare high-quality ultrathin
sections at room temperature. The ultrathin sections were
stained using gaseous ruthenium tetroxide reacting preferen-
tially with polystyrene (PS) in the SEBM sample or osmium
tetroxide reacting preferentially with PB in the SBM sample.
RuO4 was prepared in aqueous solution.
FFT Analysis. Selected regions of TEM prints were

digitized at 400 dpi (dots per inch). The image size was 1024
× 1024 pixels and contained about 370 unit cells. A two-
dimensional fast Fourier transform (FFT) was then performed
to create the image in the reciprocal space.12 Subsequent
Fourier indexing of the transformed image permitted deter-
mination of the unit cell and its space group.
Small Angle X-ray Scattering. The X-ray diffraction

(SAXS) data were acquired at room temperature on the Time-
Resolved Diffraction Facility (station X12B) at the National
Synchrotron Light Source at Brookhaven National Laboratory

using a custom-built two-dimensional gas delay detector (10
× 10 cm2, 512 × 512 pixels), interfaced to a real-time
histogramming memory system.13 The optical system provides
a doubly-focused (spot size, 0.5 × 0.5 mm2 filled width at half-
maximum) monochromatic X-ray beam (bandpass, ∼5 × 10-4

∆λ/λ) spanning 0.9-1.5 Å (here λ ) 1.38 Å was chosen). Since
all the patterns were circularly symmetric around the main
beam, the frames were azimuthally integrated about the beam
center in bins of 1 pixel width. The q conversion was
determined by dividing the width of each pixel (105 µm) by
the sample-to-detector distance (1.86 m).
Analysis of the X-ray Data. Scattering data are repre-

sented in the form of intensity measurements as a function of
the scattering vector q defined by

where λ is the wavelength of the X-ray and θ is half of the
scattering angle defined as 2θ. Using Bragg’s equation

and (1) the d-spacing of the reflection hkl is given by

For the allowed reflections of a lamellar structure, the ratios
qn00/q100 equal 1, 2, 3, ... For a lamellar structure the repeat
spacing is most accurately obtained by plotting the d-spacing
of the various reflections dn00 versus the reciprocal value of
the order of reflections, 1/n.

Results and Discussion
The formation of morphologies in the SBM and SEBM

systems is governed by the relatively weak incompat-
ibilities of the PS and PMMA end blocks compared to
the strong incompatibility of the polybutadiene (PB) or
poly(ethylene-co-butylene) midblock to the PS and
PMMA end blocks, respectively (γSM , γSB; γSEB < γBM;
γEBM). Furthermore, hydrogenation of the center block
is associated with an increase of the unfavorable
interactions between the center block PEB and the PS
and PMMA end blocks.
Investigation of the Nonhydrogenated Sample

S35B27M38
121. A transmission electron micrograph of

sample S35B27M38
121 cast from chloroform and stained

with OsO4 is shown in Figure 2.
As might be expected for an almost symmetric block

copolymer system with respect to its composition, a
lamellar morphology is formed. Due to the applied
staining conditions PB appears dark, PS appears as the
thicker gray layer, and PMMA is the somewhat thinner
and lighter gray layer due to the mass loss from electron
beam damage. The lamellar repeat unit as obtained
from TEM (... ABCB ...) is approximately 46 nm (lPS ≈
18 nm; lPB ≈ 9 nm; lPMMA ≈ 11 nm; where li is the
thickness of a layer formed by component i). It can be
recognized that the PMMA microphase has lost about
one-half of its expected thickness due to beam damage.
In the case of PS and PMMA, bilayer domains are

Table 1. Characteristics of SBM/SEBM Triblock Copolymers

polymer 10-3 Mn
a Mw/Mn

a wPS
b φPS wPB/PEB φPB/PEB wPMMA φPMMA

S35B27M38
121 121 1.06 0.35 0.36 0.27 0.31 0.38 0.33

S35EB27M38
122 122 1.08 0.35 0.36 0.27 0.31 0.38 0.33

a Mi ) MPSφi/φPS. MPS, determined by GPC (calibrated with PS). b determined from 1H-NMR. wi, weight fraction of component i; φi,
volume fraction.

q ) 4π sin θ
λ

(1)

λ ) 2dhkl sin θ (2)

dhkl ) 2π
qhkl

(3)
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formed, a single-bridged midblock layer is formed in the
case of PB. At the high magnification a slight modula-
tion of the PB layer thickness is recognizable (waviness
parallel to the lamella). No regular distance between
these modulations can be determined. This modulation
of the A/B and B/C intermaterial dividing surfaces is
perhaps indicative of a pretransitional fluctuation for
the formation of cylinders at the A/C interface.6,7 This
is also indicated by the dark breaks in the PS and
PMMA layers. The same lamellar morphology has been
obtained in toluene cast films.
The semilogarithmic SAXS profile (Figure 3) of sample

S35B27M38
121 exhibits three strong and narrow peaks at

low q values (q < 3 × 10-3) as well as four broader and
weaker peaks at higher q. Calculating the ratios qn00/
q100 reveals ratios corresponding to a lamellar system
(1.0:2.0:4.04:5.04:7.08:8.08:10.09) up to the 10th order
of reflections. The reflections corresponding to [300],
[600], and [900] are missing. The d-spacing for the
lamellar repeating unit is calculated as 83 nm from both
the first peak and from a plot qn00 versus 1/n.
A huge difference in the dimensions for the lamellar

repeating unit was found by TEM (46 nm) and SAXS

(83 nm). Calculating the dimensions of the PS, PB, and
PMMA layers on the basis of the domain spacing
obtained by SAXS and the volume fraction of the

Figure 2. Bright field transmission electron micrograph of S35B27M38
121 stained with OsO4 and cast from chloroform.

Figure 3. Semilogarithmic plot of the scattered intensity
versus the scattering vector q for the specimen S35B27M38

121

with lamellar morphology. The arrows indicate the positions
of missing reflections q300, q600, and q900, the numbers the order
of reflection.
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(a)

(b)

(c)

(d)

(e)

Figure 4. (a) Bright field transmission electron micrograph of S35EB27M38
122 stained with RuO4. (b) Bright field transmission

electron micrograph of S35EB27M38
122 stained with RuO4 at higher magnification. (c) FFT image of the kpmorphology. (d) Indexed

FFT pattern. a*, b* correspond to the lattice parameters of the unit cell in the reciprocal space. (e) Schematic description of the
unit cell in the knitting pattern morphology. Included are the locations of the symmetry elements of the two-dimensional plane
group c2mm: mirror planes (m, black lines), glide planes (g, dotted lines), c2 axes (black ellipsoidal objects). a and b correspond
to the lattice parameters of the unit cell (a > b).
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sample, the following dimensions should result: lPS(calc)
≈ 30 nm; lPB(calc) ≈ 13 nm; lPMMA(calc) ≈ 27 nm. These
dimensions do not agree with electron microscopic
dimensions of the layer thickness. These observations
can be attributed to the severe beam damage of the
PMMA and some additional damage in the PS and/or
PB microdomains. On the basis of tilting experiments
the given TEM spacing is the largest that can be
detected.
Investigation of the Hydrogenated Sample S35-

EB27M38
122. For the hydrogenated sample S35EB27-

M38
122 we have recently reported the formation of the

knitting pattern kp morphology.7 Figure 4a shows a
bright field transmission electron micrograph of this
morphology stained with RuO4 of a sample cast from
CHCl3.
Due to the staining conditions, PS appears dark

whereas PMMA, forming a undulating (peristaltic)
lamellar structure, appears bright. The PEB domains
connect the PMMA domains and form additional el-
lipsoidal-shaped domains which are weakly stained and
appear light gray. The PEB phase boundary appears
dark due to the preferred staining of the interface in
this system.14,15 The dimensions of this morphology
obtained from TEM are summarized in Table 2; a
schematic description is given in Figure 1.

Figure 4b exhibits a well-ordered region of the knit-
ting pattern corresponding to a view normal to the plane
containing a and b (i.e., [001]). A FFT analysis of a
similar highly ordered region (Figure 4c) consisting of
approximately 14 × 27 cells allows the determination
of the two-dimensional space group in this sample. The
indexed (hk0) pattern along the (001) direction is shown
in Figure 4d.
Reflections can be identified up to the 6th order

corresponding to the high order exhibited in TEM.
From this analysis, the two-dimensional plane sym-
metry group can be determined as c2mm fulfilling the
condition h + k ) 2n for allowed reflections. The
structure of the corresponding orthorhombic unit cell
exhibiting mirror planes, glide planes, and two-fold axes
is schematically shown in Figure 4e.
Subdividing the unit cell into the areas belonging to

the phases of the three components the shapes of these
regions are very remarkable (Figure 5a). For polysty-
rene the phase exhibits a large variation in thickness
along both axes, resulting in a further constraint of the
chains. Furthermore since A and C (PS and PMMA)
are not directly linked together, an inhomogenous
distribution of the A/B and B/C junctions along the
intermaterial dividing surface indicated in Figure 5a
exists.
The shape of the A/B intermaterial dividing surface

exhibits a highly nonconstant mean curvature which
even changes sign. For component B two different kinds
of PEB domains are found: the ellipsoidal-shaped PEB
domains parallel to the wavy PMMA lamellae and the
oblong-shaped PEB connectors oriented perpendicular
to the PMMA lamellae, at the smallest spacing between
adjacent lamellae. In contrast to component A, the B
domains possess a more regular shape. The junctions
between the center block B and the end blocks A (A/B)
and C (B/C), respectively, are distributed along the
entire interface: the B/C junctions are placed on the
smaller side of the connectors while the A/B junctions
are located on the longer side of the connector. Since
the interfacial tension between the center block PEB
and PS is lower than that between the center block and
PMMA, less PEB/PMMA interface will be created. The
ellipsoidal-shaped PEB domains are distributed on
either side of the PMMA domains. The PMMA lamellae
are sinusoidal and also posses a nonconstant mean
curvature intermaterial dividing surface for which the
mean curvature also changes sign. The B/C junctions
are preferentially located at regions of high interfacial
curvature. Within the unit cell, two different classes
of chain conformation (Figure 5b) exist, which is due to
the presence of two different types of PEB domains.
The semilogarithmic SAXS profile of the kp is shown

in Figure 5, exhibiting two broad and strong peaks at
low values of q as well as four weak reflections at higher
values of q. The calculated ratios qn/q1 are in 1.0, 1.77,
2.51, 3.54, 4.15, and 5.26. No “classical” block copolymer
morphology shows this sequence of SAXS maxima. For
the interpretation of this profile the information ob-
tained by determining the two-dimensional symmetry

Table 2. Characteristic Dimensions of the Knitting
Pattern Morphologya

TM
[nm]

Dmax
[nm]

Dmin ) LEB
[nm]

EEB
[nm]

CEB
[nm] ) b

a
[nm]

13.0 ( 1 69.4 ( 3 30.2 ( 2 12.8 ( 2 63.1 ( 4 100.1 ( 4
a TM: thickness of the PMMA lamellae. Dmax: distance between

concave parts of the PMMA lamellae corresponding to the largest
distance. Dmin: distance between convex parts of the PMMA
lamellae corresponding to the smallest distance as well as the
diameter of the PEB connectors along the long half axes, LEB; EEB:
diameter of the PEB connectors along the small half axes. CEB:
distance of the centers of PEB connectors, absolute value of the
lattice parameter b of the unit cell. a: absolute value of the lattice
parameter a of the unit cell.

Figure 5. (a) Schematic description of the junction distribu-
tion along the intermaterial dividing surface. b, PS/PEB
junctions; 9, PEB/PMMA junctions. (b) Schematic description
of the chain conformation within the unit cell.

Table 3. Dimensions and Ratios of the Lattice
Parameters Obtained from SAXS and TEM

lattice parameter a lattice parameter b
ratio of the

lattice parameters a/b

aTEM 100 bTEM 63 (a/b)TEM 1.6
aSAXS 153 bSAXS 87 (a/b)SAXS 1.75
aTEM/aSAXS 0.65 bTEM/bSAXS 0.72

Macromolecules, Vol. 31, No. 1, 1998 Knitting Pattern in SEBM Triblock Copolymers 139



group can be used. For the c2mm space group only
reflections fulfilling the condition h + k ) 2n are allowed
and thus may be found in the SAXS pattern. The first
allowed reflections are thus (110), (200), (020), (220),
(310), (130), and (330). Using

With a and b (a > b) corresponding to the sides of a
rectangular unit cell one can establish relations between
certain reflections and d-spacings. Identifying the first
two peaks with any of the allowed reflections results in
values of a and b. The remaining scattering maxima
in the profile must agree with the calculated positions
of allowed reflections, although one has to consider that
peaks might be missing due to a very large d-spacing
or from cancellations by the form factor due to overlap-
ping with neighboring peaks. Using this method and
identifying the first two peaks as reflections resulting
from (200) and (020) planes, respectively, the absolute
values of the vectors of the unit cell a and b are
calculated as 153 and 86 nm (Table 3). With these the

positions for the remaining allowed reflections (h + k
) 2n) can be calculated up to the 5th order (Figure 6).
Most of expected reflections are very close together,
causing the observed broad scattering maxima (i.e.,
second and third peak). Due to the differences in
electron densities, which is largest between PMMA and
PEB, scattering can occur from any of these objects,
resulting in a complicated intensity pattern, which has
not been evaluated.
The lattice parameters a and b can be assigned to

characteristic distances within the morphology: a is the
distance between two PEB connectors perpendicular to
the PMMA lamellae (Figure 4e). The distance b de-
scribes the distance CEB. The dimensions of the unit
cell obtained by SAXS show larger values than the
dimensions obtained by TEM. Calculating the ratio a/b
for SAXS and TEM results in 1.75 and 1.6, respectively
(Table 3). These different ratios are due to a more
pronounced shrinking along the (200) than along the
(020) direction.
Performing a circular average of the intensity in the

FFT pattern allows a comparison between data obtained
from SAXS and TEM. Figure 7 shows the circular
averaged intensity versus the ratio of q/q200 whereas q200
refers to the scattering vector of the first peak. In the
profile, seven peaks can be identified at positions qn/
q200 ) 1.0, 1.65, 2.10, 2.51, 3.41, 3.69, and 4.13. These
values match the ratios obtained from the SAXS pattern
of the S35EB27M38

122 sample. The slight deviation is due
to the shrinkage of the sample in the electron beam
which is reflected in the TEM image and thus in the
FFT pattern and the values of the lattice parameters
a and b. Multiplying the unit cell vectors in the

Figure 6. Semilogarithmic plot of the scattered intensity
versus the scattering vector q for the specimen S35EB27M38

122

cast from CHCl3. The arrows indicate the calculated allowed
reflections up to the 5th order on the basis of the c2mm
symmetry group. The first peak is chosen as the (200) and the
second peak as the (020) reflection. The arrows and numbers
indicate the positions of the allowed reflections from the c2mm
structure. The vertical lines represent the calculated positions
expected for a lamellar morphology on the basis of the first
peak.

Figure 7. Circular averaged intensity of the FFT pattern
versus the ratio qn/q200.

1
dhk0

2
) h2

a2
+ k2

b2
(4)

Figure 8. Bright field transmission electron micrograph of
S35EB27M38

122 cast from toluene and stained with RuO4.
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reciprocal lattice of the FFT pattern by the reciprocal
value of the shrinkage, the radial average will be even
more comparable to the SAXS profile.
A change in morphology is observed when the hydro-

genated sample is cast from toluene. The TEM micro-
graph of this sample stained with RuO4 exhibits a poorly
ordered lamellar morphology with ... S(EB)M(EB) ... as
the repeating unit. Some defect structures are similar
to structural elements found in the knitting pattern
morphology (Figure 8).
The SAXS profile of this sample shows four strong

peaks which agree with a lamellar structure with qn/q1
ratios which equal 1.0, 2.0, 4.0, and 7.9. The 3, 5, 6,
and 7 reflections are missing or are very weak (Figure
9). From the first reflection the d-spacing is calculated
as 88 nm, plotting qn00 versus 1/n with n as the order of
refection revealing the same value. The TEM d-spacing
is measured as 65 nm. This discrepancy is likely due
to beam damage of the PMMA layer as mentioned
earlier. Since Figure 3 also corresponds to a lamellar
morphology of nearly the same φA, φB, and φC one
expects the two patterns (Figures 3 and 9) to look quite
similar. This is indeed the case; however, Figure 9
suggests a poor order in agreement with TEM observa-
tions.
By using toluene instead of CHCl3 as the casting

solvent, a lamellar morphology is formed by S35EB27-
M38

122 despite the same annealing conditions. Toluene
is a better solvent for the center block PEB (δPEB 7.85
(cal/cm3)2 (lit.16); δCHCl3 9.3 (cal/cm3)2; δtoluene 8.3 (cal/
cm3)2 (lit.17). For this reason the PEB block remains in
solution longer whereas in the case of CHCl3 the PEB
microdomains are formed first, resulting in individual
domains with large positive interfacial curvature. This
influence of the solvent on the center block on the
morphology of this sample reveals the close position of
this material with respect to the borderline between the
ll and the lc morphologies.

Conclusions
The knitting pattern structure represents the second

sample of a block copolymer where hydrogenation
results in a fundamental change of the microphase

morphology. A similar transition has been observed
upon hydrogenation of a SBM triblock copolymer form-
ing a ls morphology (B spheres located at the A/C
interface).
The new kp morphology has been studied by TEM,

FFT, and SAXS, allowing a more complete characteriza-
tion of the structure. FFT of bright field images permit
the determination of the two-dimensional space group
to be c2mm. The complex SAXS pattern can be well fit
on the basis of the c2mm structure. This SEBM sample
of a block copolymer possesses a two-dimensional struc-
ture with centered rectangular symmetry. The inter-
material dividing surfaces in this triblock have highly
nonconstant mean curvatures due to the nonuniform
distribution of the A/B and B/C junctions. Casting this
sample from toluene instead of CHCl3 results in a
lamellar structure due to the differences in solubility
of the centered EB block.
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Figure 9. Semilogarithmic plot of the scattered intensity
versus the scattering vector q for the specimen S35EB27M38

122

cast from toluene, exhibiting a lamellar morphology. The
arrows indicate the positions of missing reflections q300, q500,
q600, and q700.

Macromolecules, Vol. 31, No. 1, 1998 Knitting Pattern in SEBM Triblock Copolymers 141


