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The two-dimensional control of molecular position and function-
ality enables one to establish flexible bottom-up approaches to the
generation of dense, large capacity, interfaces of broad technological
interest. Optical lithographic technologies, though powerful, are res-
olution limited and generally not chemically specific. Scanning probe
lithographic methods are capable of creating nanometer-scale pat-
terns under flexible, controllable environmental conditions.1,2 Im-
pressive results have been obtained through the utilization of either
mechanical or electrochemical driving forces in AFM configura-
tions, where the production of line widths as small as 15 nm is
possible.3-7 Despite much activity in this area, there are few exam-
ples ofreactionsbeing initiated by nonelectrochemical AFM in a
controlled, site specific manner.8-12 To our knowledge, the utiliza-
tion of an AFM probe in mediating an organometallic coupling re-
action with high spatial resolution has not been described. Herein
we report a proximal probe mediated site-specific Suzuki coupling.
Specifically, this organometallic catalysis was carried out by con-
trolled force scanning of a palladium-functionalized AFM probe over
a surface-assembled aryl bromide self-assembled monolayer (SAM)
in a boronic acid reagent solution. We believe this to be the first re-
ported instance of a catalytic coupling reaction controlled by AFM.

Though SAM mechanical nanolithography has been demon-
strated on numerous occasions13 such work highlights the relative
ease with which a scanning probe operating in the repulsive regime
can rupture substrate-adsorbate covalent interaction. To catalyti-
cally couple a solution-phase reagent to a reagent SAM, both tip
scanning speed (and therefore the time frame available for reaction
at each surface site) and imposed force must be controlled. If the
probe itself plays an integral role in reaction then its physical
interactions with the reagents must be sufficient for reaction to occur
while simultaneously delicate enough to avoid removing the surface-
bound reagent from the reaction area. In the first instance, the aryl
bromide SAMs were assembled and characterized, and their
tolerance to the forces imposed by a scanning tip was quantified
(see Supporting Information).

The Suzuki cross-coupling reaction is a simple synthetic route
to the fabrication of biaryls from aryl halides and aryl boronic
acids.14 A surface assembling, aryl bromide dialkyl sulfide (4-
bromo-N-(3-(methylthio)propylbenzamide)) was synthesized through
the coupling of 4-bromobenzoic acid to 3-(methylthio)propylamine.
The reagent also possesses a central amide group, known to provide
intramolecular hydrogen bonding which stabilizes subsequently
formed adlayers.15 Monolayers were typically prepared by immers-
ing template stripped or annealed gold substrates16 in a 1.3 mM
methanolic solution of the compound overnight followed by
repeated rinsing with methanol. They were subsequently character-
ized by AFM, XPS, and FTIR (see Supporting Information).
Extensive force imaging analysis confirmed a maximum force

tolerance of∼70 nN. At higher scan forces, the AFM probe can
be utilized in the selective removal of patches of the SAM under
solvent, a procedure which can be a useful characterization tool
(see Supporting Informatio).

The large surface area/volume ratio associated with metallic
nanoparticles can be conducive to high catalytic activity. Recently,
palladium nanoparticles have been shown to be effective in
catalyzing a variety of Heck and Suzuki carbon-carbon cou-
plings.17,18 PVP-Pd nanoparticles, previously used as catalysts in
the Suzuki reaction,19-22 were prepared according to a published
method.23 These nanoparticles are known to bind to silicon
nitride,24,25 and catalytically functional AFM probes were conse-
quently generated by incubating precleaned silicon nitride probes
(radius of curvature 10-40 nm) in an aqueous solution of PVP-Pd
nanoparticles (palladium concentration of 1.4 M) for 5 min.

The aryl bromide dialkyl sulfide-modified gold surface was
mounted onto an AFM sample plate and an area scanned with the
catalytic probe at∼1 µm/s at a force of 20-25 nN. During
scanning, a process carried out once over any one defined area,
the probe and substrate were incubated in a reagent bath comprising
a millimolar methanolic solution of phenylboronic acid and sodium
acetate. A schematic representation of this reaction is shown in
Figure 1. After reaction, the scan size was increased, the force was
minimized (from a “reaction inducing” force of 20-25 nN to 1-5
nN), and the scan speed was increased to 40µm/s in order to image
the area with the same probe without causing further reaction.

No appreciable change in topography is expected in these
coupling reactions as the increase in height resulting from the
addition of the boronic acid is less than that reliably detectable by
a finite radius AFM probe (bearing in mind the limitations of tip
convolution and room temperature thermal noise). Reaction-induced
changes in surface free energy can be mapped through the
simultaneous acquisition of height and friction data. The latter,
highly sensitive to the chemical identity of surface-bound species,
can be reliably used to generate contrast produced by chemical
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Figure 1. Schematic of the Suzuki reaction initiated on an aryl bromide
monolayer by a Pd nanoparticle functionalized AFM probe in a methanolic
solution of phenylboronic acid.
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inhomogeneities in the sample.26 Friction trace and retrace data sets
were subtracted from each other to produce an image, the contrast
within which is generated by frictional contributions alone (Figure
2).27 Importantly, such surface free energy changes are not observed
in scanning carried out with “normal” (uncatalytic) AFM probes
or with palladium functionalized probes in the absence of either
solution phase reagent. Although the catalytic nanoparticles can
be delivered to substrates by dip-pen nanolithography,28 there was
no evidence of such delivery during this work.

To further verify the coupling reaction proceeds as described, it
was repeated using a boronic acid subsequently amenable to chem-
ically-specific tagging (namely 3-aminophenylboronic acid). After
reaction initiation the surface was incubated with NHS-fluorescein,
an amine-specific fluorophore. The sample was then imaged by epi-
fluorescence microscopy (using an inverted Nikon Eclipse TE2000-U
microscope equipped with an Andor Ixon iCCD camera), with
resultant fluorescence observed to emanate only from the surface

region defined by the reaction-inducing scan parameters. A
fluorescent rectangle with a 4:1 aspect ratio, approximately 5µm
across and typical of a number obtained, is shown in Figure 3. In
addition, a 4.5µm 2:1 aspect ratio rectangle is shown in Figure 4.

Though frictional contrast can be introduced to an SAM by tip-
induced mechanical perturbation alone,9 the (reagent dependent)
site-specific fluorescent tagging is confirmatory of the presence of
spatially confined surface amine groups and, by inference, suc-
cessful Suzuki coupling.

In addition to fluorescent tagging, the presence of localized amine
moieties was further confirmed by chemical labeling with aldehyde-
functionalized nanospheres (Figure 4). These bind to the amine
group, but not the unreacted aryl bromide.

In summary, catalyst modified AFM probes can be utilized in
the spatially resolved chemical coupling of surface-bound and
solution phase reagents. The surface chemical, environmental, and
force/pressure flexibility available to such experiments is of broad
potential application.
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Figure 2. Height (left) and subtracted friction (right) AFM images of the
spatially confined Suzuki reaction. Only on scanning an appropriately
functionalized SAM with a catalytic probe at controlled force are localized
changes in surface friction generated.

Figure 3. Fluorescence image (left and inset) showing a 5µm line written
on an otherwise blank sample. The bright field image (right), acquired before
the fluorescence image, confirms that the reaction has proceeded only in
the locality of the probe.

Figure 4. Fluorescence image (left) of a 4.5× 2.25µm2 Suzuki patterned
rectangle tagged with an amine-specific fluorophore. AFM-height image
(right) of a 5µm square Suzuki coupled SAM patch tagged with 100 nm
aldehyde functionalized nanospheres.
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