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l INTRODUCTION

The understanding of properties of polymer surfaces is crucial
for the development of new applications in areas such as adhe-
sion, wetting, and friction.' ~® This effort is hindered, however, by
the fact that in most cases it is not appropriate to extrapolate
physical parameters of the bulk material as the surface’s. Numer-
ous reports have shown that polymeric material near a free
surface can have properties which deviate considerably from the
bulk.””'® Thus, precise quantitative surface mechanical charac-
terizations have been along-standing academic and technological
challenge.

Atomic force microscopy (AFM), particularly the amplitude-
modulation dynamic AFM (AM-AFM), is a versatile technique
for probing the structure and properties of a wide range of
materials with high spatial resolution and capacity to work under
various conditions. Recently, AM-AFM has been developed to
characterize nanoscale material properties by measuring the
phase shift ¢, arising from the energy dissipated, Eg;, during tip—
sample interactions

Egs = <sin ¢ — @ A) kA (1)

wo Ay) Q

in which w is the excitation frequency, wy is the cantilever’s
resonance frequency, A is the vibration amplitude during testing,
Ay is the free amplitude without tip—sample interaction, k is the
spring constant of cantilever, and Q is the quantity factor."* "
By plotting the measured Egg as a function of the A/A,, a
characteristic energy dissipation curve can be obtained. A few
reports have employed this technique to characterize surface pro-
perties of materials."”'>"®"®

Force volume (FV) imaging, an extension of contact mode
AFM (static AFM), is another extensively used technique. FV
combines topographic imaging and force measurement and can
collect simultaneously topography and two-dimensional array of
force—distance curves over a specified area. From the force—
distance curves, surface properties such as local surface adhe-
sion,>*?! friction,>>** or surface stiffness”* > can be deduced
based on contact mechanics models such as Hertz or John-
son—Kendall—Robert (JKR). In our previous work,*>”* by
combining FV imaging with JKR*® contact mechanics to inter-
pret force curves, a nanomechanical mapping technique has been
developed. We have shown the true surface topography and
investigated the effect of composition on surface morphology
and nanomechanical properties of poly(styrene-b-ethylene-co-
butylene-b-styrene) (SEBS) triblock copolymer.
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In the present study, we extend our method (static AFM
measurements) to map the surface viscoelasticity and energy
dissipated (Eg;s) during tip—sample interaction. For comparison,
energy dissipation measurement with AM-AFM was also per-
formed. The SEBS consisting of hard PS and soft PEB compo-
nents was selected because it enables us to get a ratio of Eg =8/
Egi.FS, in which the Eg, "™ and E4,."> are measured with the two
different methods. Thus, some unknown factors such as contact
area and tip geometry that affect the Ey;, values can be distin-
guished by comparing the ratio of Eg BB /B, TS,

B EXPERIMENTAL SECTION

Materials. The poly(styrene-b-ethylene-co-butylene-b-styrene)
(SEBS) triblock copolymer was provided by Asahi KASEI Corp. and
used without further treatment. The number-average molecular weight,
M,, is 74 000, and the molecular weight distribution, M,,/M,, is about
1.1. The weight fraction of PS for this triblock copolymer is 42%. Film
samples with thickness about 10 ytm were prepared by solvent-casting a
4 mg/mL SEBS toluene solution at ambient conditions onto cleaned
glass slides. The as-prepared films were first dried in a fume hood for 3
days and then in vacuum at room temperature for another 7 days to
remove residual solvent.

AFM Measurements. All AFM measurements were carried out on
a commercial Veeco MultiMode system with a NanoScope V controller
under ambient conditions. In dynamic AFM, we used silicon cantilevers
with resonance frequencies w, ~ 300 kHz and nominal spring constant
of k 20—40 N/m (Veecoprobes). Actual spring constant was measured
by the thermal tune method. The cantilever’s free amplitude A, was
obtained by measuring amplitude —distance curves on a sapphire sample.
The quality factor Q was calculated by dividing the resonant frequency
by the width of the resonant peak at half the maximum power.>® The tip
topography, before and after imaging, was checked by tapping mode
imaging of a Nioprobe tip-check sample (Aurora NanoDevices Inc., BC,
Canada). The commercial SPIP software (Image Metrology A/S,
Lyngby, Denmark) was used to obtain the tip radius. The dissipated
energy Egs was calculated with eq 1. Experimental details about this
method can be found elsewhere.'¥'® In static AFM, measurements were
performed using the FV mode on the same AFM. The samples were
scanned at constant force using a triangular SisN, cantilevers with
nominal spring constant of 0.32 N/m. Force—distance curves were col-
lected over randomly selected surfaces 1 um X 1 um in area at a
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Figure 1. (a) AFM phase image of SEBS film sample. The image was measured with the amplitude ratio A/A, ~ 0.8. (b) Energy dissipation map
converted according to eq 1. Note the scan size is 1 #m. (c) Energy dissipation curve measured as a function of amplitude ratio A/A,.

resolution of 128 X 128 pixels. The obtained force curves were analyzed
using JKR contact mechanics.

B RESULTS AND DISCUSSION

The AFM phase image of SEBS film is shown in Figure 1a. As
expected, the well-ordered lamellar morphology consisting of
bright and dark nanophasic domains can be clearly observed.
However, the phase data alone provide little information about
the chemical and mechanical heterogeneity of the SEBS film.
Without further analysis, identification of the bright or dark
regions is usually difficult.>”*® Several studies have assigned the
brighter contrast to the stiffer material and the darker contrast
to the softer material,> *' but some others report opposite
observations.***

According to eq 1, the AFM phase image can be converted to
energy dissipation map (Figure 1b) which enables us to directly
link the morphology and mechanical properties of the compo-
nents. In the Ey;, image, the blue areas with higher dissipated
energy are considered to be the soft PEB blocks, while the blue
and green areas with lower dissipated energy are considered to be
the hard PS blocks. The typical Eg;s vs A/Ag curves correspond-
ing to the PEB and PS components are shown in Figure Ic.
According to Garcia,' the Eg vs A/A, curves suggest that the
viscoelastic force dominate the dissipation process between the
AFM tip and sample. As can be seen, the dissipated energy of
the PEB and PS is considerably different despite that the curve
shape and the maximum are dependent on how close the AFM tip
is located to the center of the components during the measure-
ments. Locating tip at the center of PS block yields lower
maximum and larger difference from that on the PEB regions.

The statistic distribution of the Eg; can be perfectly fitted by
Gaussian curves (Figure 2a), and we evaluate the average dis-
sipated energy at different amplitude ratio A/Ay. Eg; is plotted as a
function of the cantilever’s oscillation amplitude A/Ay. As shown
in Figure 2b, at A/A, ~ 0.55, the maximum Eg;, for the PEB and PS
are ~41.0 and ~33.2 aJ, respectively. Irrespective of the variation
of Eg;, with A/Ao, the Eg,”*2/E4,.F° ratio remains to be constant
value of ~1.2 £ 0.04 (the inset in Figure 2b), and the average of
difference in energy dissipation is estimated to be 3.3%. Please note
that the Figure 1c s the typical Eg;, vs A/A curves for the PEB and
PS components while the Figure 2b is (the statistic average of Ey;;)
vs A/Ag curves. Thus, they show similar features.

Next, we measured the energy dissipation by FV mode (static
AFM). Figures 3a and 3b show typical cantilever deflection
curves corresponding to the PEB and PS components, respec-
tively. The force is deduced by multiplying the cantilever’s
deflection by its spring constant. Generally, the attractive force
between tip and sample shows similar feature. But it is larger on
PEB regions than that on PS because PEB is more adhesive
compared with PS.>* In the repulsive force regime, the loa-
ding—unloading curves overlap, suggesting that the repulsive
tip—sample interaction is managed by elastic property of the
sample (the elastic modulus of the tip is much higher than that of
the PEB and PS). These characteristic of the force curves indicate
that the tip—sample interactions are dominated by long-range
attractive forces without mechanical instabilities of cantilever and
large-scale plastic deformation of sample.*

The large difference between loading and unloading force
curves are found in the region dominated by attractive forces.* It
indicates that the energy loss mainly originates from the adhesive
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Figure 2. (a) Distribution of energy dissipation. The black and blue
solid lines are the Gaussian fit of the experimental data points. (b)
Statistic average energy dissipation as a function of the cantilever’s
oscillation amplitude A/A,. The inset shows the variation of Egqi EB/
Eg’S with the amplitude ratio A/Ay. The average difference in the
energy dissipation is estimated to be 3.3%.

forces between tip and specimen. The force for pull-out of
polymer chains and/or capillary force also contribute to the
dissipated energy.** Eg, can be deduced by calculating the area
enclosed by the force curves.*’ Therefore, based on the 2D array
of the force—distance curves, an energy dissipation map can be
obtained as shown in Figure 4a. The regions exhibiting larger E 4
can be identified as the soft PEB blocks, while the regions
showing smaller Eg;, correspond to the hard PS blocks.

The difference in energy dissg)aation can be seen in the profile
presented in Figure 4b, with Eg ™ =425+ 69a) and Eq®=318
=+ 2.4 aJ. The ratio of Eg T8 /E4."S is calculated to be ~1.3. In FV
mode, the trigger threshold is about 0.5 nN, corresponding to an
amplitude ratio A/Ay ~ 0.8 in AM-AFM. (The tapping force is
calculated to be ~0.5 nN at A/A, ~0.8 according to the equation
F = k(Ay> — A%)/2AQ,* and the contact pressure is much lower
than the yield strength of the soft PEB.) Eg;, measured with AM-
AFM at A/A, ~ 0.8 is 29.8 aJ for the PEB and 25.6 aJ for the PS.
Although Eg; is lower in AM-AFM due to unknown contact area
and scan speed,%’47 the Eg "8 /E4."S ratio ~1.2 is almost equal to
that from FV measurements (~1.3). The consistent EyuFEB/E . FS
ratio suggests that characterization of the Eg by static AFM is
quantitatively comparable with that by dynamic AFM.

It is noted that the measured Eg; by either static or dynamic
AFM are basically qualitative and includes all tip—surface interactions
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Figure 3. Cantilever deflection—distance curves on (a) PEB and (b) PS
region. The arrows indicate the direction of the relative tip—sample
displacement. The area enclosed between loading—unloading curves is
the dissipated energy. The inset shows the cantilever deflection—
distance curve measured on a homo-PS film.

such as viscoelasticity and adhesive energy. In order to distin-
guish the contribution of viscoelastic and adhesive, we fit the
force—deformation curves with the JKR model.>® The JKR
model considers the elastic contact in the presence of adhesion
and is described as follows:

R

&= ((F o+ 3TwR + \/ 6TwRF + (37wR)?) (2)
2  2F

6= 4 = 3
3R 3K ©)

where «a is the contact radius, R is the radius of curvature for the
probe tip, w is the adhesive energy, K is the elastic coefficient, and
F is the applied force. The curve fittings are also displayed in
Figure S. As shown in Figure Sb, the JKR fitting to the unloading
process is rather well for PS component, indicating that PS
behaves in nearly pure elastic manner, consistent with its elastic
nature. However, fitting for PEB results in significant deviation,
as can be seen Figure Sa. It is known that the JKR theory is
derived for perfectly elastic solids and assumes reversible beha-
vior in loading and unloading process. Here, the viscoelasticity of
the PEB components plays an important role during unloading
process which results in large deviation occurred. Then, the area
enclosed by the force—deformation and JKR fitting curves
represents the contribution of viscoelastic behavior to Eg;,, which
is 4.5 & 9.6 aJ for the PEB and 0.55 =+ 0.12 aJ for the PS
components. The ratio of viscoelasticity induced E; for the two
components is about 8.2, nearly 1 order of magnitude higher than
that obtained by calculating the total Eg; (the ratio of E4"™8 to
Eg4%is ~12and 1.3 in dynamic and static AFM, respectively).
This suggests that the imaging contrast can be significantly
enhanced. Although Egq is dependent on experimental para-
meters, the two chemical blocks of the SEBS copolymer can be
unambiguously identified as shown in Figure 6. It should be
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Figure 4. (a) Map of the dissipated energy of SEBS sample calculated from the loading—unloading curves. (b) Numerical values across the section
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Figure 5. Force—deformation curves of (a) PEB and (b) PS regions.
The curve-fitting against JKR contact is superimposed on each curve.
The area enclosed by the force—deformation and JKR fitting curve
represent the contribution of viscoelasticity to Ey;, as shown in (a).

noted that Sohn et al. and Knoll et al. have reported that there is
an about 10 nm thick layer of the soft component in SEBS and
SBS surface.*®* However, in the present work, we did not
observe such a soft PEB layer in topmost surface of SEBS. As
shown in inset in Figure 3, the cantilever deflection—distance
curve measured on a homo-PS film (~10 m thickness) is similar
to the curve measured on the PS component in SEBS (Figure 3b).
Moreover, X-ray photoelectron spectroscopy (XPS) results
shown in Figure 1S (detailed XPS experiments and results are
presented in the Supporting Information) indicate that both
phenyl carbon (binding energy 291.7 eV) and hydrocarbon
(binding energy 285 eV) are observed on the film surface of
the SEBS and the SEBS surface after top layer was removed. And,
comparing with the relative intensity of C, at binding energy of
291.7 eV of the SEBS film surface, there is not evident increase
for the SEBS sample after top layer was removed. Therefore, both
static AFM profile for homo-PS film and XPS results indicate that
the film surface is not covered by soft PEB layer. The volume
fraction of PS in SEBS in Sohn’s work and SBS in Knoll’s work is

(b)

0 100 200 300 400 500 600 700

nm
Figure 6. (a) Map of viscoelastic property of the SEBS sample. (b)
Numerical values across the section indicated by the line in (a).

13% and 26%, respectively. The SEBS used in our work has a
volume fraction of PS ~39% (weight ratio is 42%). And during
the film preparation process, we did not anneal the film sample.
The difference in PS/PEB composition and film preparation
procedure may cause different surface microstructure than those
prepared by annealing process.

It is well-known the viscoelastic property is highly dependent on
the frequency (in present study, tip velocity). Thus, further
experiments are needed in order to understand the validity of this
approximate procedure for measuring the viscoelastic dissipation.

B CONCLUSIONS

In summary, we have measured the surface viscoelasticity and
dissipated energy Eg;s between an AFM tip and a surface of the
SEBS triblock copolymer with dynamic and static AFM. With
dynamic AFM, the measured E g4 as a function of the oscillation
amplitude shows characteristic shapes for the PEB and PS
components. In the A/A, range of 0.25—0.80, Ey; varies from
~25.9 to ~41.0 aJ for the PEB and ~22.2 to ~33.2 aJ for the PS,
respectively. With FV mode (static AFM), the measured Eg; is
42.5 + 6.9 aJ for the PEB and 31.8 £ 2.4 aJ for the PS
components, respectively. Although the measured Eg;, is depen-
dent on the experimental parameters, such as contact area and tip
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geometry, the Eg ™ /Egi"s gives nearly identical ratio (with
static AFM, the ratio is 1.3; while with dynamic AFM, it is 1.2).
This agreement indicates characterization of the Eg by static
AFM is quantitatively comparable with that by dynamic AFM.

On the other hand, the measured Eg by both the static and
dynamic AFM, which is determined by the interplay between
viscoelastic and adhesive properties of the sample, includes all
tip—surface interactions. By analyzing the force—deformation
curves together with JKR contact mechanics model, the con-
tribution of viscoelasticity to the total Eg; is extracted, and the
imaging contrast can be enhanced by nearly 1 order of magni-
tude. The results show that characterization of the surface
viscoelasticity and dissipated energy is a sensitive probe for the
detection of local surface mechanical properties of polymeric
materials. This provides a rational route for studying the surface
mechanical properties in a large of heterogeneous polymeric
materials.
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