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1. Introduction. Block copolymers (BCPs) have attracted
increased interest in recent years. The highly ordered nano-
structures formed by self-assembly can be found in a wide
range of promising applications.' ¢ To date, most of the
studies on BCP nanostructures have been done using small-
angle X-ray scattering (SAXS) and electron microscopy with
proper staining techniques.” However, each of these techni-
ques has limitations. The radiation and staining of electron
microscopy may damage and change the delicate structure of
these BCPs, while neither SAXS nor electron microscopy
techniques can be used to determine mechanical information
on such materials. In order to understand and develop
advanced BCP materials, there is great importance to in-
vestigate these samples for identifying phase separated topo-
graphy, composition, and mechanical properties of
individual blocks.

Recently developed atomic force microscopy (AFM) nano-
mechanical mapping techniques such as the AFM tapping
mode using torsional harmonic cantilevers,*’ the band excita-
tion method,'” the contact resonance based technique,“ and
the force volume mode (FV)'*!* have become simple and
efficient methods to obtain the elastic and adhesive properties
of materials with surface heterogeneity. In this work, we report
a quantitative method to obtain nanomechanical mapping
data of poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS)
triblock copolymers. Our method is different from other
current techniques and emphasizes the AFM force volume
imaging technique together with Johnson—Kendall—Robert'*
(JKR) analysis. With our technique, high-resolution maps of
Young’s modulus, adhesive energy, and topography can be
obtained simultaneously in a single scan. In addition, we
introduce a procedure to rebuild a true height image by which
the real surface topography of samples can be determined.

2. Experimental Section. A SEBS sample was supplied by
Asahi KASEI Corp. without further treatment. The number-
average molecular weight, M, and the weight fraction of
polystryrene (PS) are 50 000 and 0.30, respectively. The film
samples with thickness about 10 um were prepared by
solvent-casting a 0.04 g/mL SEBS toluene solution onto
cleaned glass slides. The as-prepared films were first dried
in a fume hood for 1 day and then in vacuum at room
temperature for another 3 days to remove residual solvent.

Nanomechanical measurements were operated in force
volume (FV) mode on a commercial AFM system (Multi-
Mode with a NanoScope V controller) under ambient con-
ditions. The samples were scanned at constant force using an
E scanner and triangular SizNy cantilevers with nominal
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spring constant of 0.32 N/m (SNL-10, Veecoprobes).
An actual spring constant of 0.397 £ 0.005 N/m was
measured by the thermal tune method. Force curves were
collected over randomly selected surface areas of 1 um x
1 um at a resolution of 128 x 128 pixels. In order to eliminate
the effect of substrate stiffness, the value of the trigger set
point (3 nm) was far less than the 1% of the film thickness.
The obtained force curves were analyzed using JKR contact
mechanics. According to this model, the Young’s modulus
E and adhesive energy w are expressed by the following two
equations:'’

2
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where v is the Poission’s ratio, R is the radius of curvature for
the probe tip, 0 is the sample deformation, and Fj is the
maximum adhesive force as shown in Figure 2S. The Sup-
porting Information shows the detailed analysis procedures.

For comparison, tapping mode data were also obtained
using the same AFM and a silicon cantilever with a
nominal spring constant of 20—80 N/m (MPP-11100-10,
Veecoprobes). The moderate tapping force corresponding
to set-point ratios of ~0.70 was used.

3. Results and Discussion. The triblock copolymer SEBS
consisting of hard and soft components that usually exhibits
a lamellar phase-separated morphology has been widely
studied by AFM techniques.'®"!° Figure 1 shows the tapping
mode topographic (height) image of SEBS film along with
the corresponding sectional analysis. As expected, the well-
ordered lamellar morphology consisting of bright and dark
nanophasic domains is observed. The lamellar morphology
gives a domain width of 12— 15 nm for the bright regions and
13—18 nm for dark regions. The specific value of periodicity
distance determined by fast Fourier two-dimensional-power
spectrum is 26.8 + 2.5 nm. Using AFM tapping mode, the
measured periodicity distances of SEBS samples (having the
same composition as the sample’s used in the present study)
by Motomatsu et al.'® and Bhowmick et al.?® are 30.8 + 1.1
and 23 + 2 nm, respectively. The periodicity variation may
relate to the material characteristics, such as molecular
weight.?!~2* Other possibilities include sample preparation
such as solvent or temperature effects. It is worthy of
mention that the periodicity distance calculated by Helfand
and Wasserman in bulk copolymers is 26—28 nm,**** and
this result has been confirmed its accuracy by comparing it
with many experimental data obtained by TEM or SAXS.'®
Therefore, the measured value 26.8 & 2.5 nm in this work is
in well agreement. However, the topography data alone
provide little information about the chemical and mechan-
ical heterogeneity of the SEBS film. Without further analy-
sis, identification of the bright or dark regions is not possible.
In other reports, some researchers have assigned the bright
regions to the hard PS component and dark regions to the
soft rubbery ethylene-co-butylene (PEB) component.'® In
general, however, assigning chemical composition to the
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Figure 1. Tapping mode AFM: (a) height image obtained using light tapping and (b) sectional analysis of SEBS film. The scan size is 1 um. Set-point

ratio is 0.68.
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Figure 2. Nanomechanical mapping results: (a) original height image, (b) deformation image, and (c) true height image of SEBS film prepared by

solvent-casting technique.

features observed in height and phase images is difficult.*

Further, the assignment of the bright or dark contrast to the
hard or soft domain in phase imaging is not always straight-
forward. For example, several studies have assigned the
brighter regions to the softer material and the darker regions
to the stiffer material.>> In order to provide an easy and
efficient method for identifying the composition and investi-
gating the mechanical properties of different regions, nano-
mechanical mapping measurements were performed.

In tapping mode, the height images are affected by
the sample deformation caused by the force between the
probe tip and the sample.>>*® Such images usually lead us
to misinterpret them as topographies. This situation will
become more serious when the sample is soft materials such

as polymeric or biorelated materials. Here, we first demon-
strate a procedure by which the true height images can be
obtained in the nanomechanical mapping measurement.
Figure 2 shows the generated original height, sample defor-
mation, and true height images. Shown in Figure 2a is
the original height image directly obtained from the force
volume mode. It contains artifacts due to the low elastic
modulus of rubbery PEB component. The sample deforma-
tion 0 is calculated by subtracting the cantilever deflection A
from the scanner displacement z (0 = z — A). Then, two-
dimensional arrays of sample deformation values can be
regarded as a sample deformation image (Figure 2b). The
true height image can be considered as the superimposition
of the original height image and the sample deformation
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image. The weak contrast of the true height image is due to
large compensation of the deformation at soft PEB regions.
Even though, it reveals the real surface topography of the
SEBS films prepared by solvent casting technique. By com-
paring the section analysis of the original height and true
height images (Figure 3), it is found that the topography is
totally reversed. The higher and lower regions in the original
height image become lower and higher regions in the true
height image. The height contrast reverses is due to the large
deformation (Figure 3) caused by the force between the
probe tip and the sample. On the other hand, the calculated
tapping force in the tapping mode experiment is about
0.35—0.45 nN, which is almost equal to one-third of the
trigger threshold of 1.2 nN in the FV mode. The correspond-
ing deformation in the tapping mode is calculated to be
almost half of the deformation in FV mode. It indicates that
the deformation of PS and PEB blocks are about 5 and
15 nm, respectively. Considering that the apparent height
difference in the tapping mode height image is ~4.5 nm, it
can be concluded that the true topography should be the
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Figure 3. Section analysis of the original height, deformation, and true
height image.
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inverse of tapping mode height image. Then, similar to the
original height image obtained from FV mode, the tapping
mode height image is also an artifact due to the large
deformation. However, the reconstructed true height image
reveals the true surface topography and shows that the softer
PEB blocks are actually higher than the stiffer PS blocks.
This finding clearly demonstrates that both the tapping
mode height image and the FV original height image of
SEBS films are artifacts. Therefore, we may conclude that
the reconstruction procedure is valid enough to claim that
the obtained height image represents the true topographic
feature free from sample deformation.

Figure 4 shows simultaneously generated maps of the
Young’s modulus and adhesive energy. Both the Young’s
modulus and adhesive energy distribution images show
phase-separated lamellar morphology. The corresponding
modulus and adhesive energy profile across a section reveals
the two chemical blocks have a large difference in modulus
and adhesive energy values. In the Young’s modulus image,
the light green areas with higher Young’s modulus are
considered to be the hard PS blocks, while the red areas with
lower Young’s modulus are considered to be the soft PEB
blocks. Two typical force—deformation curves correspond-
ing to the two points indicated by circles in the Young’s
modulus image (Figure 4a) are shown in Figure 5. The curve
fitting against JKR contact is also superimposed in each
case. The results show that JKR analysis of the withdrawing
process is fitted well for elastic PS component. However,
deviation appears for the viscoelastic PEB component
(shown in Figure 5b) because of the viscoelastic effect. Figure
3S (Supporting Information) shows the map of deviated
work, which clarifies the difference of viscoelasticity between
PS and PEB. The Young’s modulus is calculated as 53.3 £
5.4 MPa for white circle and 10.6 £ 3.2 MPa for dark circle.
We thus further demonstrate that the light green areas
correspond to PS blocks and the red areas to PEB blocks.
Using the same evaluation method, we also investigate
the Young’s modulus of bulk PS and PEB films. The
measured modulus value of glassy PS and rubbery PEB is
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Figure 4. Nanomechanical mapping results: (a) Young’s modulus distribution image and (b) adhesive energy distribution image of SEBS film.
Numerical values in each image across the sections indicated by the line in (a) and (b) are given below the images.
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Figure 5. Force—deformation curves of local points indicated by the
circles in Figure 4a. The curve-fitting against JKR contact was super-
imposed on each curve. (a) PS region (white circle), 53.3 + 5.4 MPa. (b)
PEB region (black circle), 10.6 + 3.2 MPa.

2.23 £ 0.51 GPa and 13.64 £ 0.68 MPa, respectively. There-
fore, the observed modulus on PEB block agrees with bulk
value, while PS block’s demonstrates a dramatic decrease in
stiffness. This decrease may be due to the microstructure
effect that the soft PEB blocks surround and support the PS
blocks underneath.'®* 3! Other possibilities are that there
are some uncertain factors such as the contact area, tip
geometry, and the local value of Poisson’s ratio. The adhe-
sive energy image also differentiates the two chemical blocks
of the copolymer. However, the adhesive energy contrast
between the hard PS and soft PEB blocks is inverted in
comparison to the Young’s modulus map. The stiffer PS
blocks provide lower adhesive energy than the soft PEB
blocks. The calculated adhesive energy of PS and PEB
components corresponding to the two points indicated in
the Young’s modulus image is 0.210 4+ 0.004 and 0.243 +
0.006 J/m?, respectively. Comparing with the measured
adhesive energy of the bulk PS (0.457 + 0.037 J/m?) and
PEB (1.942 4 0.094 J/m?), the big discrepancy may relate to
the interaction between tip and sample surface. The deter-
mined adhesive energy in this work includes all interactions
between the tip and sample surface, such as capillary force,
which makes the measured adhesive energy is very high.

4. Conclusions. In summary, we have investigated the
nanomechanical mapping of SEBS triblock copolymers by
the AFM force volume mode in combination with an
analysis procedure based on JKR contact mechanics. The
true topography, elastic modulus, and adhesive energy
together with the original height and deformation images
have been obtained simultaneously in a single scan. The
calculated local Young’s modulus and adhesive energy are
about 53.3 + 5.4 MPa and 0.210 + 0.004 J/m? for the hard PS
blocks and 10.6 & 3.2 MPa and 0.243 + 0.006 J/m? for the
soft PEB blocks. The Young’s modulus value of the soft PEB
component agrees well with the bulk viscoelastic properties,
whereas the measured value of hard PS shows a dramatic
decrease in stiffness because of the microstructure effect. The
original topography directly obtained from the force volume
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mode and tapping mode is demonstrated to be an artifact,
which is never realized by constant force feedback. These
results will be helpful for identifying the composition and
investigating the mechanical properties and topography of
the chemically and mechanically heterogeneous materials at
a nanoscale.
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