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Introduction. During the last 10 years scanning
force microscopy (SFM) has played an increasingly
important role in polymer science because of its ability
(a) to characterize surface structure and morphology
and (b) to study surface properties (friction, adhesion,
elasticity, etc.) from the subnanometer to the millimeter
scales.1 Different techniques, based on different con-
trast mechanisms, include atomic force (AFM),2 lateral
force (LFM),3 and force modulation (FMM)4 microscopy.
Chemical force microscopy (CFM),5-9 a technique that

has been introduced relatively recently, allows one to
measure adhesion and friction between the surface and
a functionalized probe. This method uses gold-covered
force microscopy tips that are modified with self-
assembled monolayers (SAMs) (e.g., ω-functionalized
thiols). In addition to investigating the topology of the
sample surface, modified tips can be simultaneously
utilized to measure forces, as well as to image “with
chemical sensitivity”.5-9 In CFM, the friction forces
between the functionalized tip and the sample surface
were reported to be dominated by the chemical species
located at the surface of the tip and the surface that
was studied, respectively. The application of these tips
requires that the imaging forces be minimized in order
to avoid damaging the sample or the monolayer on the
tip. In addition, nanometer resolution of the method is
highly desirable in order to benefit from the potentially
high resolution of SFM. Previously, silane-modified
silicon tips have been used to study rough surfaces.10
Another approach to controlling the chemical function-
ality of the tip is through the physisorption of poly-
(tetrafluoroethylene) (PTFE). Howald et al.11 applied
this method to nondestructively image the Si(111) 7 ×
7 surface reconstruction by AFM.
Our aim is to exploit chemically modified SFM tips

for routine imaging of surfaces, preferably with (sub)-
nanometer resolution. In this context, understanding
the interaction between the functionalized tip and the
sample surface and knowledge about the friction pro-
cesses in the nanoscale are of fundamental importance.
The use of uniaxially oriented crystalline polymers to
explore molecular resolution in AFM applications seems
to be particularly beneficial. These model materials can
include crystallographically well-defined surfaces (e.g.,
ac or bc facets), as polymers can be prepared with the
chain axes in the surface imaged. The main objective
of this study was to find out whether it is possible to
image (by AFM and LFM) oriented polymers with
molecular resolution using modified tips. The tips were
functionalized by the established method of forming a
self-assembled monolayer12,13 on gold-covered silicon
nitride SFM probes.
The first sample investigated in this studys“single

crystal-like” HDPE obtained by uniaxial compres-

sionswas previously characterized by small angle X-ray
scattering, wide angle X-ray scattering, and optical and
electron microscopy.14 The periodicities of the ortho-
rhombic unit cell of PE in the a, b, and c directions were
imaged by AFM on microtomed surfaces of “single
crystal-like” HDPE specimens, utilizing Si3N4 tips.15
These AFM measurements in air were limited to a
maximum scan size of ca. (15 nm)2 at low forces.16 The
second sample discussed in this communication was a
PTFE surface that was unidirectionally oriented by
sliding a block of PTFE over a heated (220 °C) glass
slide. In our study, the worn surface of the slider17
(rather than the transferred film18) was investigated.
Our AFM scans performed on this surface unveiled a
microfibrillar morphology with the fibrillar axes ori-
ented predominantly in the sliding direction. For mi-
crofibrils, the polymer chain axis is expected to be
oriented parallel to the fibril axis. Thus, the crystal-
lographic c direction was known for both specimens in
this work. This allowed us to adjust the specimen
orientation manually in the force microscope such that
SFM scans could be performed parallel or perpendicular
to the polymer chain axis.
Experimental Section. Triangular-shaped silicon

nitride cantilevers and silicon nitride tips (Digital
Instruments (DI), Santa Barbara, CA) were covered
with 50-70 nm of gold in a Balzers SCD 040 sputtering
machine at an argon pressure of 0.1 mbar. The gold-
covered tips were then functionalized with 11-carboxy-
undecane thiol (-COOH), octadecanethiol (-CH3), or (2-
mercaptoethyl)perfluorononanamide (-CF3), following
the procedures described in refs 13 and 19. The lattices
of, e.g. fluorinated thiols can be imaged routinely on
similar gold films deposited onto mica.19,20
The SFM measurements were carried out with a

NanoScope III AFM (DI) in the contact mode. AFM
scans were performed in air or in ethanol (p.a., Merck)
utilizing a liquid cell (DI). The LFM data were obtained
by scanning the sample under the tip at an angle of 90°
to the long axis of the cantilever. The direction of the
polymer chains, the crystallographic c direction, was
adjusted parallel or perpendicular to this scan direction
by manually turning the sample. The friction force was
measured by recording friction loops for 10-15 nm line
scans at a scan rate of 19-36 Hz for different setpoints
after correcting the offset. For scans captured perpen-
dicular to the polymer chain direction, the friction loops
displayed in all cases (for all different tip modifications)
the molecularly resolved arrangement of polymer chains;
for scans parallel to the chain direction, only for HDPE
was the repeat unit recognized.15 The corresponding
normal forces (applied load + pull-off force) were
measured prior to and after the collection of the friction
data. The torsional spring constant was calibrated as
described in ref 8 (double beam approach). It was
calculated as 97 N/m for cantilevers with a bending
spring constant of 0.12 N/m. Due to variations in the
tip/sample contact area, only the results obtained using
a single cantilever/tip, or in other words, only scans
along and perpendicular to the polymer chain direction
that were performed with the same tip, could be
compared. From a large number of experiments we
could nevertheless conclude a clear trend for the differ-
ences in friction of tips modified with different ω-func-
tionalized thiols.
Results and Discussion. Using functionalized tips,

we imaged the microtomed surfaces of the HDPE
sample in air. In addition to collecting scans with
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molecular resolution, we measured the friction between
the sample surface and the different functionalized tips
with dependence on the normal force.21,22 In general,
it was possible to image the polyethylene sample with
molecular resolution with all tips (silicon nitride as well
as the different functionalized tips) in both height and
friction modes. An unfiltered friction force nanograph
of the (bc) facet of the HDPE crystal obtained with a
-CF3-terminated tip is shown in Figure 1a. The paral-
lel lines correspond to tightly packed polyethylene
chains. The average distance, which was measured to
be 4.8 Å, corresponds to the lattice parameter b of the
orthorhombic unit cell of PE (b ) 4.946 Å).23 The image
contrast is dominated by the stick-slip process.24 The
quality of the resolution of the image is comparable to
images taken with unmodified tips.15 The surface of the
oriented PTFE sample could also be imaged with
modified tips with molecular resolution. The interchain
distance was measured to be 5.6 Å, which compares well
with the literature value of 5.55 Å of the phase IV
hexagonal structure of PTFE.25 A dual AFM/LFM scan

of the worn surface of a PTFE slider obtained with a
-CF3-terminated tip in ethanol is shown in Figure
1b.
These results clearly prove that although the tip used

is modified (which is concomitant with an increase in
tip radius),5 it is still possible to image with subnanom-
eter lattice resolution. Typical force curves of unmodi-
fied and fluoroalkanethiol-modified tips measured on
HDPE in air are compared in Figure 2a. The pull-off
force, and thus the lowest possible minimum imaging
force, was significantly less for the modified tip.26
In Figure 2b, results of friction force vs normal force

measurements obtained on the (bc) facet of the PE
crystal using tips modified with different SAMs are
shown. For different tip modifications different friction
forces were measured. The values obtained at a given
normal force decreased in the following order: -CH3 >
-COOH > -CF3. It can clearly be seen in Figure 2b
that the observed friction signal depends (a) on the
orientation of the crystallographic c direction of the
crystal with respect to the scan direction (perpendicular


b

Figure 1. (a) Unfiltered friction force nanograph (17.3 nm × 17.3 nm) of highly oriented HDPE imaged with a -CF3-terminated
tip (k ) 0.38 N/m) in air, showing the close-packed polyethylene chains on the (bc) crystal facet of orthorhombic PE. (b) Unfiltered
height image of oriented PTFE (left) (15.0 nm × 15.0 nm) and the corresponding friction image (right) obtained with a -CF3-
terminated tip (k ) 0.12 N/m) in ethanol.
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or parallel) and (b) on the functionality at the surface
of the tip. As expected from previous measurements on
highly oriented films of PTFE on glass,27 the friction
measured perpendicular to the polymer chains was
significantly larger than the friction measured along the
chains.
The friction signal that was measured when scanning

perpendicular to the polyethylene chains was about 4
times greater than the friction signal that was measured
when scanning along the chains. This ratio was inde-
pendent of both the tip functionality and the normal
force. This observation indicates that the friction ani-
sotropy is due to the polyethylene surface because all
the isotropic contributions to the total friction are
canceled by taking the ratio of the friction forces
observed for the two scan directions. These isotropic
contributions include the surface free energies5,8 and the
(unknown) influence of the capillary forces. The (bc)
and (ac) crystal facets were investigated with unmodi-
fied silicon nitride tips in air and exhibited the same
friction anisotropy. For a discussion of the influence of
the acting surface corrugation potentials and cantilever
spring instabilities, see ref 24b.
For forces exceeding 20 nN, the friction increased

approximately linearly with the applied load. This has
been reported for a number of systems studied by LFM
with and without functionalized tips.5,8,28 For very
small forces, however, there is a clear deviation from
this linearity. The curves for scans parallel and per-
pendicular to the polymer chain direction for each tip
must meet in the origin of the coordinate system, as at
zero normal force there cannot be any friction between
the tip and the surface. By comparing the slopes of the
two different curves for each tip modification, it becomes
evident that this requires the curves to be nonlinear (see
Figure 2b).
Qualitatively similar observations were made for the

friction of a silicon nitride tip on the highly oriented
PTFE specimen in ethanol. The friction force observed
with a Si3N4 tip on PTFE in ethanol was reduced by ca.
25% compared to the friction force measured in air. The
friction force versus normal force dependence for scan-
ning parallel and perpendicular to the PTFE chain
direction becomes nonlinear for normal forces below
approximately 5-8 nN (Figure 3). Thus, the empirical
extension of Amonton’s law (f ) µFN), which is often
used to describe friction between macroscopic objects,
to a linear relation (f ) µFN + R)8 does not seem to be

Figure 2. (a) Force curves measured with an unmodified (top)
and a -CF3-terminated tip (bottom) on the (bc) crystal facet
of highly oriented HDPE in air. (b) Friction force for scans
parallel and perpendicular to the polymer chain direction with
dependence on the normal force for different modified tips (k
) 0.12 N/m). (Measurements were performed on the (bc)
crystal facet of highly oriented HDPE in air.) The error in
friction force is ca. 15%.

Figure 3. Friction force for scans parallel and perpendicular
to the polymer chain direction with dependence on the normal
force for a Si3N4 tip (k ) 0.12 N/m). (Measurements were
performed on highly oriented PTFE in ethanol.) The error in
friction force is ca. 15%.
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valid for very small forces.29 Here f denotes the friction
force, µ the friction coefficient, FN the normal force, and
R the intercept at zero load.
In conclusion, the surface of highly oriented HDPE

and PTFE could be imaged with molecular resolution
using functionalized tips. Imaging forces of below 10
nN could be achieved at ambient conditions by utilizing
perfluoroalkanethiol-modified tips. The use of such tips
allowed us to perform AFM/LFM measurements under
nondestructive imaging conditions in air (low forces),
which are otherwise only possible in fluids. In addition
to molecular imaging, the friction anisotropy of HDPE
was studied. The ratio of friction for scans perpendicu-
lar to and scans parallel to the polyethylene chains was
found to be equal to 4 and was found to be independent
of the tip functionality and the normal force. Over the
range of normal forces studied in this work, the friction
coefficient was found to be nonlinear. The results
demonstrate the great potential of modified SFM tips
for routine measurements in ambient conditions, even
in the nanometer size range.
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