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It has been recently demonstrated that atomic force micros-
copy (AFM), in addition to providing topographic information,
can also be a powerful tool for investigating surface chemistry
and adhesion by modifying the AFM tip to induce and/or
enhance specific interactions between tip and sample. Modified
tips have been employed to both map chemical functionality
on a sample surface by measuring the friction between tip and
sample in a lateral force microscope1 and directly measure the
adhesion force between two species using force spectroscopy.1,2

The ability to manipulate the chemical properties of an AFM
tip to tune the function of AFM is an exciting advance with
wide ranging applications.
We report here the first study of adhesion between electro-

active polymer films immobilized onto electrode surfaces using
an AFM operated in the force mode. Unique to this system, as
we will show, is the ability to control the degree of adhesion
through the selective oxidation or reduction of the polymer films.
The ability to control adhesion in this manner could prove useful
in a variety of applications including the design of new
microscopies which will be sensitive to multiple surface
interactions.
A schematic of the experimental apparatus is shown in Figure

1A. A gold foil and a gold-coated AFM tip3 were modified
with an approximately 35 nm thick film4 of poly(vinylferrocene)
(PVF) by electrochemical deposition from a methylene chloride
solution according to previously described procedures.5 Tips
were characterized by scanning electron microscopy (SEM)
using a Leica 440 microscope operated at 20 kV. Comparison
of SEM images of gold-coated tips before (Figure 1B) and after
(Figure 1C) modification with PVF shows that the polymer film
is evenly spread across the electroactive regions of the tip.
However, due to the difficulty of imaging PVF by SEM,6 the
radius of curvature at the contact region of the tip is unknown.
Force spectroscopy measurements were performed in a glass

fluid cell using a Nanoscope III multimode microscope (Digital
Instruments, Santa Barbara, CA). The tip, contacted through
an uninsulated metal clip, and the foil were grounded together
and kept under potential control in a 0.10 M aqueous KClO4

electrolyte solution using a BAS CV-27 potentiostat (Bioana-
lytical Systems, West Lafayette, IN) interfaced to the AFM. A
polished silver wire was used as a quasi reference electrode,
and a large area platinum coil was used as a counter electrode.

Cyclic voltammetry taken in the AFM fluid cell of the PVF-
modified AFM tip and foil (Figure 2B) shows the characteristic
reversible oxidation atE ) +0.05 V vs polished silver
corresponding to the one-electron oxidation of each ferrocene
subunit (Figure 2A). Force spectroscopy measurements were
then performed while holding the potential of the tip and
substrate either negative or positive of the PVF oxidation wave
corresponding to the neutral and oxidized forms of the polymer,
respectively.
In force spectroscopy, the deflection of an AFM tip is

measured as a sample is moved into and then out of contact
with the tip. The characteristic hysteresis observed when the
sample is retracted is due to adhesion between the tip and
sample. The point at which the adhesion is broken and the AFM
tip pulls off the surface is characterized by a sharp discontinuity
in the force plot. The magnitude of this discontinuity provides
a direct measure of the adhesion force between the tip and the
sample with near piconewton resolution.
Characteristic force curves measuring the interaction between

neutral polymer films (E ) -0.25 V vs polished silver) and
the interaction between oxidized polymer films (E ) +0.30 V
vs polished silver) are shown in parts A and B of Figure 3,
respectively. In all experiments, the maximum applied contact
forces were minimized, to avoid destroying the pliable polymer
films. Statistical analysis of over 100 consecutive force curves
for each type (plotted as a histogram fitted by a Gaussian
distribution) yields an average adhesion force of 12.2( 0.3
nN for the neutral polymer films and 3.2( 0.4 nN for the
oxidized polymer films.7 These results could be consistently
repeated without changing the tip or substrate, suggesting that
the polymer films do not deteriorate through repeated scanning.
Though likely the result of many factors, we ascribe the large

difference in adhesion force as primarily due to differences in
solvation energies.8 The decrease in hydrophobicity upon
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Figure 1. (A) Schematic representation of a gold substrate and gold-
coated AFM tip, modified with a thin film of poly(vinylferrocene)
(PVF). The tip and film were mounted inside a glass fluid cell in an
atomic force microscope and held under potential control. (B) SEM
image of a clean, gold-coated AFM tip. (C) SEM image of a gold-
coated AFM tip modified with a 35 nm thick film of PVF.

Figure 2. (A) Reaction scheme for oxidation of PVF to PVFn+. (B)
Cyclic voltammogram of the tip and sample taken in the fluid cell in
0.1 M KClO4 at a scan rate of 50 mV/s.
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oxidation of PVF films is well-known. Willman and Murray9

studied the contact angle between a drop of aqueous electrolyte
and a PVF film and reported a contact angle of 78° for the
neutral film and 63° for the oxidized film. The surface of the
neutral polymer is hydrophobic, and since force experiments
were performed in an aqueous electrolyte, the hydrophobicity
of the polymer surface should strongly influence the adhesion
force. Conversely, the oxidized form of the polymer is much
less hydrophobic, incorporating solvent and electrolyte into its
structure to maintain charge balance. The decrease in hydro-
phobicity significantly reduces the adhesion between the
polymer films. It is notable that at these electrolyte concentra-
tions, electrostatic interactions will be almost entirely screened
but may contribute slightly to the decrease in adhesion.10

However, charge screening by the electrolyte should also
minimize any electrostatic repulsion between the gold electrode
surfaces, thereby ensuring that the observed decrease in adhesion
is dominated by the interaction of the polymer films. A more
thorough study of electrostatic interactions at lower electrolyte
concentrations will be presented in future work.
Control of the AFM tip’s surface chemistry also enables a

ready means of probing multiple chemical interactions with a
single tip. For example, a PVF modified tip can be electro-

chemically switched between sensitivity to solvaphilic surfaces
and sensitivity to solvaphobic surfaces in polar solvents. In
Figure 4 are presented typical force curves for the interaction
of oxidized and neutral PVF films with functionalized surfaces
terminating in either carboxylate groups (A, C) or less wettable
methylene groups11 (B, D) in an electrolyte of 0.05 M KOH in
ethanol.12 Qualitatively, the magnitudes of the observed adhe-
sion forces suggest that the oxidized polymer interacts more
strongly with carboxylate than the methylene while the neutral
polymer interacts more strongly with methylene than with
carboxylate. It is therefore possible to monitor both solvaphobic
and solvaphilic interactions using the same AFM tip without
disengaging the microscope. While it is possible to tailor two
different tips to have these properties,1 changing tips in AFM
is both time consuming and makes it difficult, if at all possible,
to return to the same region of the sample surface.
We have demonstrated the first electrochemically controlled

adhesion in an atomic force microscope and have demonstrated
a unique application. The ability to remotely control the surface
chemistry of an AFM tip, as we have done, adds an exciting
new dimension to scanning probe microscopy. Future work
will focus on the effects of electrolyte concentration and the
use of an electrochemically controlled tip in the design of a
novel mechanical switch, as a versatile lateral force microscopy
probe and as a tool for repositioning molecular adsorbates.
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Figure 3. Typical force curves and histograms showing the number
of times a given force was observed (fitted by a Gaussian distribution)
for (A) interactions between neutral polymer films (E ) -0.25 V vs
polished silver) and (B) interactions between oxidized polymer films
(E ) +0.30 V vs polished silver).

Figure 4. Typical force curves for the interactions of a neutral PVF
film (E) -0.25 V vs polished silver) with (A) a carboxylate-terminated
surface and (B) a methylene-terminated surface and typical forces curves
for the interactions of an oxidized PVF film (E) +0.30 V vs polished
silver) with (C) a carboxylate-terminated surface and (D) a methylene-
terminated surface.
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