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N-cyclohexyl benzothiazole sulfenamide �CBS�. An antioxi-
dant was added in order to protect the SBR from degrada-
tion. Stearic acid and oil are processing aids that facilitate
better dispersion of the ingredients in the rubber and sulfur.
DPG and CBS are curatives that afford a better degree of
control over cross-linking.12 Mixing was performed using a
65 g Brabender mixer at mixing speed of 60 rpm and the
mixing temperature was maintained at 100 °C. Approxi-
mately 5 g of





�=2.5, SBR film thickness a=4 or 100 nm, tip-surface dis-
tance t=1 nm, tip bias voltage U=20 V, and tip radius R
=20 �normal� or 5 nm �sharp�. The calculated electric field
�Eq. �2�� and pressure gradient �Eq. �3�� applied to a polymer
film in the proximity of the film surface are presented in Fig.
5 as a function of the radial coordinate r. A comparison of
thin �4 nm� and thick �100 nm� polymer films indicates larger
magnitudes and a longer radial extent of the pressure gradi-
ent components �ponderomotive forces� in the case of a thin
film. In particular, the radial component of the pressure gra-
dient �Eq. �3�� is stronger and is acting over a larger area in
thin films. These observations are not affected by variations
in the AFM tip radius between 5 �sharp� and 20 nm �normal�.

To compare the results of modeling with experiment, the
sets of features were formed in SBR films at various field
strengths using AFM tips of two different sharpnesses. The
tips used have the following characteristics: Standard silicon
tips, covered with gold, and tip radius R=20 nm; and
sharp tungsten tips—manufacturer’s product code DP14/

HI’RES-W with resonant frequency 160 KHz—force con-
stant 5 N m−1, and tip radius R=5 nm. A comparison of the
features formed using the standard versus sharp tips, for dif-
ferent magnitudes of electric field �as determined by bias
voltage and tip-surface separation�, is presented in Fig. 6. As
can be seen, a trend is observed for the magnitude and struc-
ture of the features with increasing bias voltage for a given
tip-surface separation. One can see that the features form
initially as single dots �Figs. 6�a�–6�c�, corresponding to bias
voltages of −8, −15, and −20 V, respectively� and their
shape gradually changes from dots to protrusions directly
under the AFM tip as the bias increases. One also observes
that the features’ dimensions grow in height and width with
increasing bias. At some threshold tip bias, typically−24–
−25 V for a standard tip and −13–−15 V for a sharp tip, a
ring of elevated material forms around the central peak. Fig-
ure 6�d� shows features formed at a bias of −25 V for a
normal tip, while Figs. 6�e�–6�h� corresponds to features
formed at voltages of −15, −20, −25, and −30 V, respec-
tively, for a sharp tip. Nanostructure dimension may exceed
the tip size and the lateral extent of the electric field, which
was observed earlier,8,11 and is most likely related to vis-
coelastic response of polymeric media.12,17

Our calculations indicate that in the case of thin polymer



flows toward the tip position �r=0�, can be induced at a
lower bias �−13–−15 V� for the sharp tip �R=5 nm� than
for the standard tip �R=20 nm�, which requires a bias volt-
age of −25 V.

It was established that no features are formed when the tip
bias was less than −5 V for either the sharp or standard tip
and for tip-sample separations between 1 and 100 nm. This
suggests that nanostructures are not stable when a small bias
is used, and they disappear as molecular relaxation mini-
mizes the surface tension. As the voltage was increased in
magnitude above −8 V, the observed stable features were
formed on SBR surface, which suggests a field threshold for
nanostructure stabilization due to a field induced chemical
cross-linking. An order of magnitude estimate of the electric
field sufficient to initiate SBR cross-linking can be obtained
assuming that the polarization energy stored in a molecular
volume has to be as high as the �-bond strength D

282 kJ /mol. Such an estimate results in the following
threshold field:

Eth =� 2D�

�0�� − 1�M
, �4�

where � and M are the mass density and molecular weight,
respectively. The threshold field evaluated using material pa-

rameters of SBR described in the experimental section is
about 0.5 V/nm, which, according to our calculations �Fig.
5�, is attained under typical experimental conditions. While
polymer surface tension may play an important role in the
initial stage of nanostructure formation, it does not result in
any significant topographical changes once the cross-linking
was induced, and the nanostructures remain very stable as
presented in Fig. 3.

The formation of topological peculiarities, ring�s� around
a single peak, could be mostly associated with the geometri-
cally nonuniform mass transport due to the competition be-
tween electric-field distribution and the thickness of the SBR
film. As indicated above, the radial component of the pres-
sure gradient acting on the polymer film is stronger for thin
films and could be one of the factors responsible for a trough
ring nanostructure formation. To evaluate the mass transport
of material under the AFM tip, the volume of displaced SBR
was calculated using data extracted from the AFM images.
The calculations were performed using WSxM software.18

The features’ characteristics can be defined as being com-
prised of a central peak circumscribed by a trough region,
which is in turn surrounded by a ring of raised material as
shown in Fig. 7�b�. Figure 7�a� shows the corresponding de-
pendence of the volume change in each feature component
�i.e., the peak, trough, and ring� with bias voltage for features
created using the sharp tip �5 nm�. Every data point is cal-
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