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Surface Reconstruction of the Lamellar Morphology in a
Symmetric Poly(styrene-block-butadiene-block-methyl
methacrylate) Triblock Copolymer: A Tapping Mode Scanning
Force Microscope Study
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ABSTRACT: The surface morphology of a symmetric poly(styrene-block-butadiene-block-methyl meth-
acrylate) triblock copolymer (PS-b-PB-b-PMMA) with 6 wt % PB has been investigated by tapping mode
scanning force microscopy (SFM). The results are compared to the bulk morphology as determined by
transmission electron microscopy (TEM). In solvent-cast films PS/PMMA lamellae are formed, which
are oriented nearly perpendicular to the free surface. Like in the bulk, also at the free film surface
polybutadiene spheres are located at the lamellar PS/PMMA interface. However, contrary to the bulk,
the surface morphology includes a large number of defects such as curved lamellar and disclinations,
and the lamellar long period is doubled, from 42.7 &+ 0.5 nm in the bulk to 85 4+ 5 nm at the free surface,
indicating a surface reconstruction. The double spacing can be explained by a surface buckling in registry
with the underlying PS/PMMA lamellae. The composition of the outermost surface layer is discussed.

Introduction

The microphase separation of symmetrical poly(A-
block-B-block-C) triblock copolymers consisting of three
blocks of different chemical nature can result in ordered
microdomain morphologies.1=> Examples include poly-
(styrene-b-butadiene-b-methyl methacrylate) triblock
copolymers (PS-b-PB-b-PMMA), in which the morphol-
ogy is governed by the relatively weak incompatibility
of the end blocks PS and PMMA in comparison to the
strong incompatibility with the polybutadiene mid-
block.2™> As a result of the phase separation, these
multicomponent systems form self-assembled ordered
structures with periodicities on the nanometer scale.

While the experimental work on block copolymers
deals mainly with the bulk morphology, only a limited
amount of information is available on the structure and
orientation of microdomains near the free surface. The
resolution achieved by scanning force microscopy
(SFM)®=12 renders it a valuable tool to investigate the
morphology and molecular packing of polymers at free
surfaces and interfaces.13=2* The high lateral resolution
down to the atomic and molecular scale offered by SFM
and its applicability to native samples without modifica-
tions or staining are ideal features for morphological
studies on block copolymers. Operation of the SFM in
the so-called tapping mode!! (vertical oscillation of the
cantilever) enables one to minimize lateral forces and
to investigate soft surfaces without plastic deformation.

This paper describes the surface morphology of a poly-
(styrene-block-butadiene-block-methyl methacrylate) tri-
block copolymer (SBMS6), which is nearly symmetric
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Table 1. Characteristics of the Components in the
Triblock Copolymer SBM62

PS PB PMMA
w 0.45 0.06 0.49
¢ 0.47 0.075 0.455
y/mN m~1 40.7 30—32 411

aw = weight fraction; ¢ = volume fraction; y = surface tension
(polymer/air) at 20 °C (from refs 28—30).

with respect to the PS and PMMA blocks with a short
center block of about 6 wt % PB. The surface morphol-
ogy of SBM6 is analyzed by SFM and compared to the
bulk morphology as determined by TEM for the same
sample.

In triblock copolymers such as SBM6, the elastomer
midblock PB is tightly connected between the two
glasslike end blocks PS and PMMA. Therefore, the PB
block cannot undergo large scale phase separation. The
bulk morphology of SBM6 was established by transmis-
sion electron microscopy (TEM).25 As deduced from
TEM, SBM6 forms a “ball at the wall” structure,® in
which PB spheres are located at the lamellar PS/PMMA
interface. Our SFM results on SBM6 show a clear
discrimination between the surface and bulk nanostruc-
tures. The surface structure of SBM6 exhibits a recon-
structed morphology, in which the overall lamellar long
period is twice the bulk lamellar long period. The
surface free energy is the driving force that stabilizes
the reconstructed morphology near the free surface.

Experimental Section

Materials. Synthesis and characterization of the poly-
(styrene-block-butadiene-block-methyl methacrylate) triblock
copolymer (SBMS6) is described elsewhere.2® It has a molecular
weight of 225000 with a polydispersity of 1.11. Further
characteristics are given in Table 1.

Sample Preparation. Films of poly(styrene-b-butadiene-
b-methyl methacrylate) with a thickness in the range of 10—
20 um were cast from chloroform solution (10% wi/v) on glass
cover slides by slowly evaporating the solvent at 25 °C over a
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Figure 1. Transmission electron micrograph of the triblock
copolymer SBM6 using OsQ, as the staining agent. The system
forms a lamellar morphology. The polybutadiene (PB) spheres
are strongly stained and appear dark in TEM, while the PS
lamellae (gray) only show a weak contrast with respect to the
PMMA lamellae (bright). Polybutadiene spheres are located
at the PS/IPMMA interface (Is morphology). The long period
of the lamellar structure is 42.7 &+ 0.5 nm. The estimated
diameter of the PB spheres is around 9 nm. The PB spheres
show a deeper penetration into the PS phase. Only one main
lamellar orientation is present in the observed area (1.7 x 1.7

um?).

period of 1 week. For further equilibration, the transparent
films were dried at reduced pressure (1072 mbar) for 24 h at
100 °C. For SFM analysis, no staining or sectioning was
necessary, contrary to the preparation for TEM.

Scanning Force Microscopy (SFM). SFM experiments
were carried out with a Nanoscope 111 (Digital Instruments,
Inc., Santa Barbara, CA) in the tapping mode, where the
change of the vertical cantilever oscillation amplitude is
detected, which is caused by touching the sample surface
periodically. In tapping mode operation, lateral shear forces
are minimized. Silicon cantilevers (length 125 um, width 30
um, thickness 3—5 um) with a spring constant between 17 and
64 N/m and a resonance frequency in the range of 240—400
kHz were used. Resonance peaks in the frequency response
of the cantilever, typically in the range between 280 and 320
kHz, were chosen for the tapping mode oscillation. Vibration
amplitudes usually in the range between 20 and 30 nm were
applied. The SFM images were obtained with an E-type scan
head (maximum scan range 12 x 12 um?). The amplitude of
the oscillation was calibrated with respect to the vertical
position of the piezoelectric scanner. Imaging was performed
by displaying the amplitude signal (incoming signal for the
feedback system) and the height signal (output of the feedback
system). Feedback parameters were optimized by minimizing
changes in the amplitude signal. All images presented are
height images. Scanning frequencies were usually in the
range between 0.4 and 2 Hz per line. The measurements were
carried out in air under normal conditions. For distance
calibration of the piezo controller, images of gold calibration
gratings were employed.

Transmission Electron Microscopy (TEM). TEM was
performed on a Philips transmission electron microscope
operating at 80 kV. Ultrathin sections of the block copolymer
were obtained using a Reichert Ultramicrotome equipped with
a diamond knife. The ultrathin sections were mounted on gold
grids and stained with OsO,4 vapor for TEM analysis.

Results

In the following section, the morphology of SBM6
obtained by SFM will be compared to the corresponding
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Figure 2. Schematic representation of the bulk morphology
of SBM6 as determined from transmission electron microscopy.
The thicknesses of corresponding PS and PMMA lamellae are
Les = 26 £ 5 nm and Lpmma = 17 £ 5 nm, respectively. PB
spheres are located at the phase boundaries between PS/
PMMA. Note that the PB spheres show a deeper penetration
into the PS phase. This results in a morphology in which the
PB spheres are separated by two alternating periodicities of
dpg-ps—pg = 18 = 3 nm and dpg_pmma-pre = 24 £+ 4 nm.

Table 2. Interaction parameters yag between the
Components in P(S-b-B-b-MMA)>
polymer pair PS/IPMMA PS/PB PMMA/PB
AAB 0.03 0.045 0.071

TEM results. The differences between surface and bulk
morphology will be discussed.

1. Transmission Electron Microscopy: Bulk
Morphology of SBM6. Figure 1 shows a transmission
electron micrograph of SBM6 using OsO, as the staining
agent. The system exhibits a lamellar morphology as
described before.> Using OsO4 as the staining agent,
the polybutadiene blocks are strongly stained and
appear dark in TEM, while the PS lamellae (gray) only
show a weak contrast with respect to the PMMA
lamellae (bright). The system forms homogeneously
ordered lamellae over more than 1.5 x 1.5 um?2. Only
one main lamellar orientation is present in Figure 1
(from lower left to upper right). The PB blocks (dark)
are located at the phase boundary between the PS (gray
lamellae) and the PMMA (bright lamellae). The TEM
micrograph provides the basic information needed for
a complete structural characterization of the bulk
structure, as presented schematically in Figure 2. A
guantitative analysis beyond the published work® gives
the following results: (i) The overall lamellar long
period is 42.7 £ 0.5 nm. (ii) From the quantitative
analysis of the electron micrograph, the individual
thicknesses of the corresponding PS and PMMA lamel-
lae are 26 £ 5 nm and 17 £ 5 nm, respectively. (iii)
The PB spheres, which are located at the phase bound-
ary between PS and PMMA lamellae, penetrate deeper
into the PS phase. The result is a morphology in which
the PB spheres are separated by two alternating peri-
odicities of dpg—ps—pg = 18 £+ 3 nm and dpg—pmma—pPs =
24 + 4 nm. The estimated size of the PB particles is
about 9 nm.

The deeper penetration of the PB particles into the
PS phase (as schematically shown in Figure 2) can be
explained by the different interaction parameters be-
tween the PS/PB and the PB/PMMA pairs, respectively.
Large positive interaction parameters (strong incompat-
ibility) lead to high interfacial tensions.?>=27 Three
interaction parameters must be taken into account for
the triblock copolymer SBM6 (Table 2). Since the
interfacial tension between PS and PB is much smaller
than that between PB and PMMA, PB reduces its
interfacial energy by penetrating into the PS lamellae.
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Figure 3. Scanning force microscopy (SFM) images of solution cast films of the triblock copolymer SBM6 (height imaging, no
filter, no staining). (a) Lamellar morphology over an area of 12 x 12 um? (z scale 9 nm). The lamellae are oriented mainly
perpendicular to the observed surface. In comparison to the highly ordered bulk morphology (Figure 1), the surface morphology
shows a large number of defects such as lamellar bends and disclinations. (b) Lamellar morphology over an area of 2.5 x 2.5 um?
(z scale 9 nm), showing PS/IPMMA lamellae with polybutadiene spheroids located at the PS/IPMMA interface. The estimated
diameter of PB microdomains is about 14 nm. Only small areas, in which the lamellae are oriented parallel to the observed
surface are visible (upper and lower right). In these areas, the polybutadiene blocks can be recognized as small spheroids on top
of the lamellar surface. (c) 1.3 x 1.3 um? area, showing the lamellar spherical morphology (z scale 7 nm). Comparison with the
bulk morphology (Figures 1 and 2) shows that the surface morphology observed by SFM shows a long period, which is doubled
from 42.7 £ 0.5 nm in the bulk to 85 + 5 nm at the surface. The result is a missing row surface reconstruction of the lamellar
morphology. (d) High magnification SFM image (700 x 700 nm?, z scale 7 nm) of the missing row reconstruction of SBM6. The
overall lamellar long period is L = 85 + 5 nm. The PB spheroids, indicating the phase boundary between PS and PMMA, are
separated by two alternating lamellar widths of d; = 22 +£ 5 nm and d, = 63 & 5 nm. The smaller lamellae observed on the

surface may be attributed to the PMMA phase, as explained in Figure 4.

The result is a morphology in which the PB spheres are
separated by two alternating periodicities, dpg—ps—ps
and dps-pmma-pe (Figure 2). Since the polybutadiene
domains most likely have a spherical or ellipsoidal
shape, the morphology is described as lamellar-spherical
(Is) structure.®

2. Scanning Force Microscopy: Surface Recon-
struction of the Bulk Morphology. Scanning force
microscopy was performed on solvent-cast films without
staining. SFM images of SBM6 are displayed in Figure
3a—d. Figure 3areveals a lamellar surface morphology.
Comparison with the bulk morphology shows a some-
what larger number of defects such as curved lamellae
and disclinations at the free surface. However, it must
be noted that Figure la displays a particularly well-
ordered region (see for comparison also images in ref
5). At higher magnification (Figure 3b), spheroids
located at the lamellar interfaces are clearly seen.
Areas in which spheroids cover the surface com-

pletely are very small (upper and lower right in Figure
3b).

Even higher magnification SFM images of SBM6 are
shown in Figure 3c,d. From a series of experiments the
following dimensions of the surface morphology are
obtained: (i) The overall lamellar long period perpen-
dicular to the lamellae is L = 85 £ 5 nm (as indicated
in Figure 3d). (ii) The spheroid particles are separated
by two alternating periodicities (Figure 3d) of d, = 22
+ 5nm and d; = 63 &+ 5 nm. The average diameter of
the spheroids is about 14 nm.

Comparison with the results obtained from TEM
shows that the overall lamellar long period at the surface
is twice the bulk value.

Since the long period at the surface is an integer
multiple of the bulk value, we attribute this result to a
“surface reconstruction” of the lamellar morphology, in
analogy to the surface reconstruction observed for
metallic or semiconducting crystals. The reconstruction
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Figure 4. Schematic representation of the surface recon-
structed morphology of the triblock copolymer SBM6 (cross
sectional model, side view). The vertical shift of neighboring
lamellae leads to a characteristic surface profile. This results
in a “buckling” of the polymer film at the free surface. The
outermost lamellae (unshaded) are pronounced in SFM. The
resulting periodicity at the surface of 85 & 5 nm is twice the
bulk lamellar long period (missing row reconstruction).

can be described by a surface “buckling” of the polymer
film. A schematic representation of the missing row
reconstruction is shown in Figure 4 (cross sectional
model). Since the lamellae are oriented perpendicular
to the free surface, a vertical shift of alternating
lamellae would explain the periodicity of twice the bulk
lamellar long period, where the outermost lamellae
(Figure 4) appear pronounced in the images.

Discussion

1. Attribution to Blocks. In analogy to the bulk
morphology we attribute the spheroids in the SFM
images to PB at the interface between lamellae com-
posed of PS and PMMA. In the SFM, the PB spheres
appear bright, while the PS and PMMA lamellae appear
dark. The SFM images do not differentiate between
lamellae of PS and PMMA (Figure 3b—d). In the
present communication the individual lamellar thick-
nesses of PS and PMMA have been analyzed from SFM
data by measuring the distances between the rows of PB
spheroids. Since the PB is arranged at the lamellar PS/
PMMA interfaces, the lamellar structure is observed.
The small PB midblocks act as a marker, indicating the
phase boundaries between the PS and PMMA lamellae.
The spheroids are separated by two alternating period-
icities of d; and d, (Figure 3d and Figure 4), resulting
in an overall lamellar long period of L.

The buckling means that the total free surface area
is increased. The model shown in Figure 4 indicates
that this is due to the free surface of the shaded
lamellae. Since the surface tension of PS is smaller
than that of PMMA (Table 1), one may attribute the
shaded lamellae to PS and the unshaded to PMMA.
The results are in agreement with the experimentally
obtained lamellar widths by TEM and SFM.

2. Size of Spherical PB Domains. In the SFM
images the PB particles appear as deformed spheres
with an average diameter of about 14 nm. Due to their
low surface energy, they tend to increase their free
surface contact area. Therefore the spheres may be
flattened on the free surface, which would explain their
somewhat enlarged diameter as compared to TEM (14
nm vs 9 nm). In addition one has to consider the
imaging process with the SFM. It can be described as
a “convolution” of the specimen topography with the
actual tip shape (the term “convolution” is here not
meant in its strict mathematical sense).? In order to
deconvolute the sample shape one would need a precise
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description of the tip. Since this is very difficult, we
only note that the finite tip radius enlarges generally
the diameter of a protrusion on the surface.

3. Film Formation and Orientation of Lamellae
Relative to the Free Surface. Preparation of copoly-
mer films by solvent evaporation does not necessarily
produce an equilibrium morphology. For diblock co-
polymers it has been shown that the rate of solvent
evaporation during sample preparation affects the
surface composition.3® If the solvent evaporation is fast,
one finds that the structure is kinetically controlled and
a nonequilibrium structure is frozen in. If the evapora-
tion rate is slow, then the system can more closely
approach its equilibrium structure. This is consistent
with the findings in this study, where the equilibrium
morphology of SBM6 was obtained by allowing the
solvent to evaporate slowly within 1 week. At very high
evaporation rates (e.g. in spin-coated films), no oriented
lamellar structures were obtained.

The observed surface structure, where the PS/PMMA
lamellae are oriented perpendicular to the free surface
can be explained by the process during film formation.
The surface energies of the three components are
slightly different (Table 1). The lowest surface free
energy block PB tends to create a free surface contact.
As found by SFM, PB spheres always occupy the free
surface. Since the PB blocks are tightly connected
between the PS and PMMA end blocks, they cannot
undergo large scale phase separation. Then, during film
formation, both end blocks PS and PMMA are drawn
to the free surface. The result is a structure, where all
three components are present near the polymer/air
interface. Inour case it is a sequence of alternating PS
and PMMA lamellae perpendicular to the free surface.

When casting the film from solution, we are concerned
with the onset of a phase separation from a homoge-
neous solution. It is known for AB-diblock copoly-
mers29:31.32 that, during film casting, the surface layer
is formed first and if ordered structures are created,
they grow from the interface. Selective solvents do
cause surface enrichment of the most soluble species.
Analysis of the Hildebrand solubility parameter ¢ values
reported in the literature? indicate that chloroform is
a mutual solvent for PS and PMMA, but it is more
selective toward PB (19 + 1, 18.9 £ 0.5, 17.1 + 0.5, and
19.0 + 0.1 MPa'2 for PS, PMMA, PB, and chloroform,
respectively). These parameters describe the enthalpy
of mixing of the three polymer/solvent pairs. In general,
(Opolymer — Osolvent)?> must be small for the polymer to be
soluble. The PB midblock is slightly less soluble in
chloroform than the PS and PMMA components. Thus
it is likely that during film casting the tendency of the
PB component to occupy the film/air interface is coun-
teracted by the higher affinity of the PS and PMMA
block chains for the solvent. In the present case, neither
of these two effects dominates, since all three phases
are present at the free surface.

4. Composition of the Outermost Surface Layer
and Compatibility of Polystyrene and Poly(methyl
methacrylate) near the Free Surface. Alternatively
to the structure model in Figure 4, in which all three
phases are located separately at the free surface, one
may suppose that the lowest surface free energy block
(PB) forms a thin, continuous surface layer, which is
supported by the underlying PS/PMMA lamellae. This
model may be motivated by diblock studies. TEM
studies of poly(styrene-b-butadiene) diblock copolymers,
which exhibit varying morphologies, lead to the conclu-
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Figure 5. Schematic model of the morphology of SBM6 as
found in the upper und lower right regions of Figure 3b. In
these regions, the PS/PMMA lamellae are oriented parallel to
the free surface. Since the PB spheres always occupy the
polymer/air interface, the PS and PMMA end blocks are forced
to become miscible in the near surface region. A phase-mixed
PS/PMMA overlayer is formed. PS and PMMA molecules are
drawn schematically in the figure.

sion that the block chains with lower surface tension
always cover the free surface.?®34 TEM of cross sections,
which include the surface and near surface region of a
PS/PB diblock copolymer, demonstrates the connection
between the surface and bulk morphology. The lowest
surface energy block PB wets the surface completely.
As found for PS/PB diblock copolymers, the thickness
of this overlayer is approximately half of the average
thickness of the PB lamellae.?® In the case of the
triblock copolymer SBM6, the situation is quite differ-
ent. The PB midblock is tightly connected between the
end blocks PS and PMMA and cannot undergo large
scale phase separation. Since the volume fraction of the
PB midblock is about 7.5%, the PB block chains cannot
cover the free surface completely. The result is the
morphology described in Figure 4.

A series of experiments shows that small surface
areas exist in which the spheroids cover the surface
completely (upper and lower right in Figure 3b). In
these areas, the PB spheroids can be recognized as small
spheroids. These surface areas are attributed to lamel-
lae, which are oriented parallel to the observed surface.
This structure may be supported by underlying PS/
PMMA lamellae, which are oriented parallel to the free
surface. In this case, the low surface energy of the PB
component would induce a miscibility of the two glass
blocks PS and PMMA, which are weakly incompatible
in comparison to the PS/PB and PB/PMMA pairs,
respectively. A structural model of the resulting mor-
phology at the film surface is given in Figure 5. Since
the lamellae are aligned parallel to the free surface and
the PB midblocks occupy the polymer/air interface, a
phase-mixed overlayer is formed. In this case it is the
minimization of the surface free energy which leads to
a thin outermost PB layer and the PS and PMMA blocks
are forced to become miscible in the near surface region.
This phase-mixed overlayer is consistent with the
results reported for thin films of PS-b-PMMA diblock
copolymers.3®

5. Surface Topography and Contrast Mecha-
nism in Tapping Mode Scanning Force Micros-
copy. The interaction of a forced cantilever oscillation
with a specimen in tapping mode scanning force mi-
croscopy depends on the viscoelastic behavior of the
polymer. In order to obtain topographical information,
the tip must interact with the surface. The frequency
of the cantilever oscillation must be high enough to
exclude a viscous contribution to the deformation of the
polymer.
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Having examined the topography at the surface of a
multicomponent system, we now turn attention to the
details of the time and frequency dependence of the
viscoelastic functions (storage modulus G'(w) and loss
modulus G"(w)) of the components. As shown by the
results (Figure 3) a good contrast is observed between
the elastomer PB and the two glasslike blocks PS and
PMMA, respectively. However, this contrast observed
between the rubber- and glasslike blocks cannot be
easily explained with their different viscoelastic proper-
ties. For comparison of two polymers (i.e. PS and PB),
two quantities are conventionally selected as gauges of
the location of the glass transition on the frequency
scale: the frequency where G' = 108 dyn/cm? (an
intermediate value between the typical values for the
rubberlike and the glasslike states) and the frequency
where the loss tangent has a maximum. The frequency,
which characterizes the glass transition zone for 1,2-
polybutadiene is around 10 kHz (log vo = 3.8).3% In the
presented tapping mode SFM images obtained around
300 kHz, a good contrast between the rubberlike PB and
the glasslike components PS and PMMA was observed.
This frequency is 1 order of magnitude above the glass
transition zone for PB. Thus it is unlikely that the
contrast between the glass- and rubberlike blocks is due
to a different plastic deformation. For PB and PS or
PMMA the measured contrast is therefore mainly
caused by topographical features on the surface, which
are attributed to the different interfacial energies of the
components at the polymer/air interface. The measured
contrast is attributed to a real height profile, which is
modulated by the underlying lamellae, spheres, etc.
Further lowering the cantilever oscillation frequency
(below 10 kHz) and increasing the oscillation amplitude
would allow one to estimate the local viscoelastic
behavior of different components at the surface.

Conclusion

Tapping mode scanning force microscopy reveals
detailed structural information on block copolymer
surfaces. In a triblock copolymer system, the formation
of lamellae oriented normal to the surface has been
observed for the first time. A mechanism of film
formation during solution casting has been discussed.
We conclude that the morphology in the near surface
region differs from that observed in bulk in the sense
of a surface reconstruction (surface buckling).

The measured contrast in tapping mode SFM has
been explained by topographical features on the surface,
which are caused by the different interfacial energies
of the components at the polymer/air interface. Future
work should help to describe further important surface-
related properties such as adhesion, wettability, and
local viscoelastic properties of the components in the
vicinity of free surfaces.
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