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Abstract: The initiation and control of chemical coupling has the potential to offer much within the context
of “bottom up” nanofabrication. We report herein the use of a palladium-modified, catalytically active, AFM
probe to initiate and spatially control surface-confined Suzuki and Heck carbon-carbon coupling reactions.
These “chemically written reactions”, detectable by lateral force and chemically specific optical and
topographic labeling, were patterned with line widths down to 15 nm or ∼20 molecules. Catalyzed
organometallic coupling was, in this way, carried out at subzeptomolar levels. By varying the catalyst-
substrate interaction times, turnover numbers of (0.6-1.2) × 104 and (3.0-5.0) × 104 molecules s-1 were
resolved for Suzuki and Heck reactions, respectively.

Introduction

The generation of patterned surfaces has attracted considerable
attention during the past decade, due to significant and varied
potential application in optoelectronics, sensory technology, and
the electronics industry.1-5 Current methods of patterning
molecular functionality at the nanometer scale rely heavily on
mechanical displacement,6-8 oxidation,9,10 or direct molecular
delivery methods;11 mechanical nanolithography, or “nanoshav-
ing”, for example, typically involves the controlled removal of
molecules from a monolayer using appropriate forces imparted
by an atomic force (AFM) or scanning tunneling microscope
(STM) probe.7,8,12 AFM tips have, additionally, been used to
deliver molecules to a surface in a pattern defined by the
boundaries of the scan.13-15 Although one can envisage the use

of AFM probes, in ambient atmosphere, to initiate reactions on
a surface through “molecular delivery”, such an approach offers
rather limited scope for either control or flexibility.

Previous reports of AFM probe-induced reactions involve
simple reduction, hydrogenation, or hydrolysis. Mu¨eller et al.
presented a platinum-coated probe-catalyzed hydrogenation of
self-assembled monolayers (SAMs) of alkyl azides to alkyl-
amines.16 McDonald et al. have similarly demonstrated a
localized terminal azide reduction using palladium-coated
probes.17 Probe-mediated borohydride reduction and acid hy-
drolysis reactions have also been reported.18,19 Although de-
velopmentally significant, none of these procedures directly
couple surface bound and fluid-phase reagents in a way that is
instantly amenable to nanofabrication by molecular assembly.
We demonstrate, herein, that, by catalytically modifying an
AFM probe, surface-confined carbon-carbon catalytic coupling
reactions can be induced and utilized in chemically altering the
terminal functionality of a reagent SAM at nanometer levels of
lateral resolution.

The Suzuki coupling reaction is a simple synthetic route to
the fabrication of biaryls from aryl halides and aryl boronic acids
in the presence of a palladium catalyst and base.20 Concomitant
displacement of boron fragments and halogens occurs.21 This
cross-coupling reaction can be used to couple a wide range of
reagents and, hence, has many potential applications, including
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the synthesis of pharmaceuticals.22 The reagents are also
typically air and water stable.23

The Heck reaction, another of the many carbon-carbon
coupling reactions catalyzed by palladium, involves the olefi-
nation of aryl halides in producing functionalized olefins and
is a key reaction in the industrial-scale synthesis of natural
products and pharmaceuticals.24,25 Historically, the palladium
catalysts used are often phosphine or phosphane complexes.
Although these stabilize the catalytically active Pd(0) formed
in situ, these complexes typically have a low associated stability,
and problems are accordingly encountered with the formation
of catalytically inactive “palladium black”.26 Recently, (stable)
palladium nanoparticles have been shown to catalyze the Heck
reaction.27-29 Polyvinyl-pyrolidone-modified palladium (PVP-

Pd) nanoparticles have been shown to be stable in both air and
water and to adhere robustly to silicon nitride surfaces.30,31

We describe herein the application of suitably functionalized
catalytically active AFM probes to the spatially localized
induction of Heck and Suzuki aryl coupling reactions (Scheme
1). In many cases, measurable height changes induced by
molecular coupling fall within the surface roughness of the
reagent SAM, and the reaction is not characterizable by direct
near-field topographical imaging. We have carried out exhaus-
tive control reactions and characterized the surface by in-situ
lateral force microscopy and functional-group-specific near-field
topographic and far-field fluorescence imaging methods.

Results and Discussion

Monolayer Formation and Characterization. Surface-
assembling terminal aryl halides (4-bromo/iodo-N-(3-(meth-
ylthio)propyl)benzamide) and a styrene (N-(3(methylthio)-
propyl)-4-vinylbenzamide) were synthesized as described (see
Experimental Methods), assembled, and characterized by AFM,
XPS, FTIR, and electrochemistry. XPS peaks due to N (1s), C
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Scheme 1. Schematic Representations of (Top) the Suzuki Reaction Initiated on the Aryl Bromide Monolayer by a PVP-Pd
Nanoparticle-Coated AFM Probe, in a Methanolic Solution of 3-Aminophenylboronic Acid and Sodium Acetate, and (Bottom) a
Probe-Mediated Aryl Styrene Heck Reaction
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(1s), and Br (3d) were observed at the same binding energies
as equivalent peaks in the raw material. Specific data points
for the aryl halide SAMs were as follows: Br (3d5/2, 3d3/2) 70.8,
71.6 eV; S (2p3/ 2, 2p1/2) 163.3, 162.2 eV; C (1s) 285.0 eV; C
(1s, amide) 287.8 eV; N (1s) 399.7 eV. In both the monolayer
and the raw material samples, there is a carbon 1s peak at∼288
eV, attributed to the amide carbon. The bromine doublet in the
spectrum of the monolayer is weak as expected from its
population on the surface. The position of the sulfur 2p doublet
had shifted to lower energy by∼1.3 eV as compared to the
unbound sulfur of the raw material. Although the mode of
dialkylsulfide surface assembly remains unclear, this shift is
both indicative of the presence of a thiolate species (with
associated C-S bond cleavage) and consistent with the me-
chanical stability of these SAMs (see below). TheN-(3-
(methylthio)propyl)-4-benzamide styrene SAM XPS peaks were
observed as S (2p3/2, 2p1/2) 163.0, 161.8 eV; C (1s) 285.0 eV;
C (1s, amide) 288.0 eV; N (1s) 399.9 eV.

The amide A and B resonances (N-H stretch and associated
Fermi resonance) in the solid state were absent from grazing
FTIR spectra of the monolayer, consistent with the N-H bonds
being parallel to the surface and intermolecularly hydrogen-
bonded.32-34 In the monolayer sample, amide III appears at 1265
cm-1, in accordance with literature values.32,34Amide II appears
in the same region as the water bend and is, therefore, obscured.
In polarization modulated spectra, it was resolved at 1543
cm-1.35,36Amide I is not seen, even when a moving average is
placed through the data. The presence and absence of these two
peaks is also indicative of hydrogen bonding, with the NH and
CO bonds parallel to the surface, and a trans arrangement of
the amide bond.37 Additional resonances due to the methylene,
C-C, and para-substituted benzene rings were also resolved as
expected.34 Molecular coverages were determined, by stripping
voltammetry, to be (2.0-3.0) × 1014 and (2.0-2.5) × 1014

molecules cm-2 for the aryl halide and styrene adlayers,
respectively.

Mechanical Nanolithography and Nanografting. To as-
certain both likely limits of lateral resolution and the limits of
vertical force that could be nondestructively imparted to the
reagent SAM, force tolerances were obtained by lithographic
scanning under MilliQ water (18.2 MΩ). This was performed
at a high scan rate (between 40 and 60 Hz) over an area of 400
nm and at force that was increased stepwise until successful
mechanical lithography was achieved. The dialkylsulfide ad-
layers exhibited the same mechanical stability as analogous
alkanethiol SAMs; they were stable up to 70( 5 nN of applied
force, beyond which the adsorbate is removed and the resulting
hole depth measured at low (noncompressional force) to be that
associated with an all-trans molecular configuration and a tilt
angle of 25-30°.

Nanografting experiments were carried out to verify the
feasibility of tagging and locating introduced highly localized
functional groups. Optimal tip velocities were found to be in

the region of 1µm/s, a magnitude that translates into a tip-
molecule contact time of some 5.6 ms being required to achieve
substitution, derived using a Hertz model.38 The grafting of
lipoic or mercaptohexadecanoic acid into alkylthiol monolayers
could be followed by subsequent tagging with an acid reactive
fluorophore, Alexafluor 488 hydrazide (see Supporting Informa-
tion).

AFM-Driven Reactions. It was envisaged that the GPa
pressure developed beneath an AFM probe would facilitate
efficient Suzuki coupling at room temperature. With palladium
film-coated probes, however, no evidence for reaction was
observed. This can be ascribed either to the wearing away of
the metal layer upon scanning, or the comparatively lower
number of catalytic sites offered to the halogenated surface.39

Although the activity of catalytic nanoparticles can be a sensitive
function of size, shape, and surface modification,40 it is generally
found to be high, an observation broadly assigned to their high
surface area:volume ratio.27,39,41-44 Colloidal particle-mediated
Heck coupling has, for example, been observed to be more facile
than the initial “industry standard” of palladium on activated
carbon.42 Both Suzuki and Heck couplings have also been
extensively catalyzed through the use of phosphine-ligated
palladium complexes.45,46We have found no precedent for the
successful use of evaporated (“planar”) metallic in these
reactions. (Although there are many examples of ligandless
palladium catalysts in these reactions, these are immobilized
on high surface area supports such as activated carbon.47,48)
PVP-Pd nanoparticles are known to adhere to silicon nitride
and to catalyze Suzuki reactions in aqueous solution.49-51 There
is also some precedent for their application to Heck catalysis.27,28

They were prepared from poly(vinylpyrrolidone) (PVP) with a
molecular weight of 40 000, imaged by AFM, and their activity
assessed in fluid-phase Suzuki and Heck coupling reactions,
using reagents subsequently employed in the probe-driven
reaction.

Surface-confined Suzuki reactions were initiated by scanning
a SAM of 4-bromo/iodo-N-(3-(methylthio)propyl)benzamide
with a PVP-Pd nanoparticle-functionalized AFM probe at a force
of 15-25 nN and a speed of 1µm/s in a methanolic solution
of sodium acetate and 3-aminophenylboronic acid. For the Heck
reaction, a SAM ofN-(3-(methylthio)propyl)-4-vinylbenzamide
was scanned with an equivalent probe at a force of 25-40 nN
at a speed of 2µm/s in a DMF solution of sodium hydrogen
carbonate and 4-iodobenzoic acid. This process catalyzes the
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coupling of the aryl bromide/iodide to the terminal styrene
moiety of the SAM.

After the monolayer was scanned with the catalytic probe,
forces were minimized. The scan rate was then increased to
approximately 5-10 µm s-1, and the scan size increased. It is
possible, in this way, to characterize (by chemical force imaging;
see below) the generated pattern in situ without initiating further
reaction.

Free energies at atomically flat interfaces are controlled by
the chemical functional groups at the surface of the substrate.
This gives rise to frictional force-mediated lateral tip deflections
during scanning according to

wheref is frictional force,R andf0 are constants related to the
chemical composition of the end-groups at the surface, andFN

is the total normal force, that is, the sum of capillary forces,
molecular interactions, and applied lever load. With the feedback
loop keeping the normal force constant during scanning, the
variant frictional force maps the SAM surface free energy.52 If
the trace and retrace friction images are subtracted, an image
representing the surface free energy, with no contribution from
inhomogeneities in the surface topography, is produced (Figure
1A).

Aryl couplings could be initiated, at a success rate of∼80%
(based on a statistical analysis of attempted reactions and those
deemed, by subsequent imaging analyses, to be successful) and

in a single sweep of the surface, at probe scan rates of between
0.04 and 4.5µm s-1. Reaction could, additionally, be induced
at scan rates of up to 9µm s-1 but at decreasing yield and only
on repeated passes of the catalytic tip over the reagent adlayer.
Coupling reactions could be similarly induced using 3-ami-
nophenylboronic acid at line widths down to 10-15 nm.
Although the topographic and frictional contrast characteristics
induced in the reagent adlayer are consistent with those expected
on successful aryl coupling, these localized changes can be
additionally confirmed by chemically specific labeling (Figure
1B,C). Subsequent topographic or emission mapping confirms
the localization of these amine-specific labels only in surface
areas initially defined by the scan parameters used during
reaction induction. Carboxylate moieties introduced by catalyti-
cally scanning the aryl styrene SAM were tagged with Alexa
Fluor 488 hydrazide.

Rigorous control experiments were carried out to verify that
the surface optical, topographic, and frictional changes outlined
were the direct result of AFM probe-immobilized palladium
nanoparticle aryl-aryl coupling and not associated with, for
example, disruption of the reagent SAM.19 A 30-fold repeat of
the outlined Suzuki procedure in the absence of the solution-
phase boronic acid reagent led to no observations of topographic,
frictional, or optical change. A 30-fold repeat with a non-
nanoparticle-coated AFM probe in the presence of all reagents
similarly leads to no detectable surface chemical changes. In
both cases, surface patterning only occurs with nanoparticle-
modified probes (not evaporated film) and only within a
specified rate and force window.

In a similar manner, it is possible to induce and control Heck
coupling between a surface-confined aryl styrene and a solution-
phase aryl halide with equivalently prepared catalytic palladium
AFM probes (Figures 2 and 3). By appropriate fine control of
the probe path, molecular coupling could be directed in any
prescribed pattern with line widths down to (a probe radius
limited) ∼20 molecules (Figure 4). [Reactions could be driven
using probes prepared and stored under ambient conditions for
up to 3 days. XPS analyses of the particles indicated a good
stability to oxidation within this time frame (see Supporting
Information).]

In making the simplifying assumption that the catalytic probe
has the same radius of curvature as the unmodified silicon nitride
tip (35 nm radius), the Hertz model can be used to estimate the
contact area between it and the underlying planar substrate.38

[This model, originating from the work of Hertz53 to explain
the (elastic) deformation of contacting bodies, has been suc-
cessfully applied in original and modified forms to a consid-
eration of the mechanics within AFM junctions.54,55] The
presence of the monolayer, modification of tips, and interfacial
energies acting at the surface are not taken into account. Using
this model, for an applied force of 20 nN, values of 2 and 13
nm2 are obtained for the contact radius and area, respectively.38

These values, in conjunction with an electrochemically derived
surface coverage and the typical reaction-initiating scan speed,
lead to a turnover number (TON) per probe of 0.7× 104

molecules s-1 (0.1 zeptomoles s-1) (assuming 100% reagent
conversion). This may be compared to previously determined
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Figure 1. (A) A subtracted friction image of a localized (3µm square)
Suzuki coupling between an aryl bromide reagent SAM and 3-aminophen-
ylboronic acid. The change from a higher to a lower contrast may be a
consequence of the catalytic probe having a higher free energy interaction
with the unreacted aryl bromide-terminating component of the SAM (which
will be attempting to oxidatively add). The (geometric) change in height
during the reaction is expected to be 3.0-3.5 Å,60 which is less than that
reliably detectable by a finite radius AFM probe, taking into account the
limitations of tip convolution and the thermal noise at room temperature.
As expected, then, no change is seen in the topographic image. (B)
Epifluorescence image (488 nm excitation) of a 4.5× 2.25 µm patch of
Suzuki-generated amine-terminated SAM. The chemical specificity of the
dye tag facilitates a low background emission. (C) A fluid phase 30µm
topographic AFM image showing a central 5× 5 µm SAM patch tagged
with 100 nm aldehyde-functionalized nanospheres.

f ) RFN + f0
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TONs associated with the use of solution-phase, ligand-
stabilized, palladium catalysts.56 The equivalent calculation for
the surface-driven Heck reactions gives a TON of (4-4.7) ×
104 molecules s-1. Although these values lie toward the low
end of those achieved in solution, one may consider them to be
high bearing in mind the diffusion restrictions inherent in not
only confining one of the reagents to a surface but also
demanding that the other access the confined tip-substrate
volume. In the case of the Suzuki reaction, it is instructive to
compare the observed reaction rate limitations associated with
both the iodide and the bromide functionalities. With the
bromide termination, the reaction appears to be effective at probe
scan rates up to 8µm s-1. With the iodide-terminated reagent,
however, reaction efficiency (assessed by decreasing chemical
force contrast) drops off rapidly at sweep rates exceeding 3µm
s-1 (see Supporting Information). These observations are
“reversible” in the sense that a decrease in rate restores the

effectiveness of turnover. Although the mechanistic details of
the Suzuki reaction are unclear, it is believed that the rate-
determining steps are reductive elimination and oxidative
addition in the case of the aryl iodide and bromide, respec-
tively.57 One may hypothesize that, within the GPa confined
space associated with the probe-catalyzed reaction, the rate at
which the active metal surface is replenished by reductive
elimination (of both the coupled product and the boron halide)
will be limiting in both cases. The faster rate of reaction
observed here with the bromide may then reflect its more
enthalpically favorable bonding to the boron.

Conclusions

The site-specific Suzuki and Heck coupling of solution-phase
and surface-assembled reagents by a scanning catalytic probe
has been demonstrated. The spatially localized introduction of
terminal amine, phenyl, or carboxylate moieties can be verified
by fluorescent tagging, frictional imaging, and labeling with
suitably functionalized nanoparticles where appropriate. “Reac-
tion-writing” line widths down to 12-15 nm are possible and
can be confined to turn over subzeptomolar levels of substrate.
Through appropriate control of the scanning catalyst, it is
possible to “write” coupling reactions in an essentially unlimited
way and with line widths of only 20 or so molecules (limited
by probe and catalyst finite size). In calibrating probe-reagent
interaction time, surface-confined turnover numbers can be
determined. In modulating interaction times, the rates of reaction

(56) Bellina, F.; Carpita, A.; Rossi, R.Synthesis2004, 15, 2419-2440.
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Figure 2. Surface friction maps of a Heck patterned adlayer on an
evaporated gold film/reagent SAM surface. The coupling reaction was
carried out at 22°C, at 30 nN of force, and probe sweep rates of 3-4 µm
s-1. The three product patches are (left to right) 200× 200 nm (8× 104

molecules driven at 3.0µm s-1), 300× 150 nm (9× 104 molecules driven
at 3.5µm s-1), and 400× 100 nm (8× 104 molecules driven at 4.0µm
s-1). The decreasing contrast with increasing probe scan rate is evident in
the lower figure and reflects rate capping as probe speeds reach 4.0µm
s-1.

Figure 3. Heck-mediated aryl couplings patterned in the form of a Japanese
emoticon. All dimensions are in nanometers.
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are controllable but ultimately limited by diffusion of the second
reagent from solution. In both coupling reactions, TONs of 104

molecules s-1 are possible. This work further highlights the
prospects of using proximal probes to localize and control
specific chemical reactions and, in so doing, direct molecular
assembly.

Experimental Methods

NMR spectra were run on a 300 MHz Varian spectrometer. Mass
spectrometry samples were run on a Micromass GCT mass spectrometer
using a temperature-programmed solids probe inlet. Elemental analysis
was carried out by the analytical services department at the University
of Oxford, Inorganic Chemistry Laboratory. XPS experiments were
carried out at The CCLRC Daresbury Laboratory, Cheshire, UK, using
an ESCA300 spectrometer. It comprised a rotating anode X-ray source
(titanium alloy disk operating at 4000 or 10 000 rpm), Al KR X-rays
used in transmission mode, a quartz crystal monochromator, a high
transmission/imaging lens, a hemispherical analyzer, and a multichannel
detector. The vacuum in the analysis chamber was approximately 1×
10-10 mbar. The slit width was 0.8 mm, and the takeoff angle was 90°.
Analyses were performed on both monolayer samples and on powdered

samples of the raw materials. Peak positions of SAM and solid samples
were compared by compensating for the effects of the flood gun
operation by referencing all peaks to the C (1s) at 285.0 eV. AFM was
performed using Nanoscope IIIa or Nanoscope IV Multimode atomic
force microscopes, or a JPK Nanowizard atomic force microscope. The
former were used in conjunction with either an E or J scanner, and a
Digital Instruments glass fluid cell. Silicon nitride contact tips from
Veeco were used in all experiments, with spring constants of 0.06 or
0.12 N/m. Palladium tips were fabricated by coating these probes with
a 5 nm layer chromium adhesion layer and 22 or 45 nm of palladium.
Fluorescence imaging was carried out with a Nikon Eclipse TE2000-U
inverted optical and epi-fluorescence microscope used in conjunction
with an Ixon Andor iCCD back illuminated, air cooled camera, with
appropriate excitation and emission filters.

All reagents were used as received: methanol (HPLC grade,
Rathburn), 4-bromobenzoic acid (98%, Aldrich), 4-iodobenzoic acid
(Aldrich, 98%), 3-(methylthio)propylamine (97%, Acros), PS-carbo-
diimide (Argonaut Technologies), anhydrous sodium acetate (99.0%,
BDH), 3-aminophenylboronic acid (98%, Aldrich), 4-vinylbenzoic acid
(Aldrich, 97%), NHS-fluorescein (Pierce), Alexa Fluor 488 Hydrazide
(Molecular Probes), gold on glass (11 mm× 11 mm, Arrandee), and
aldehyde-functionalized nanospheres (100 nm diameter, Brookhaven
Ltd.).

Synthesis of (4-Bromo-N-(3-(methylthio)propyl)benzamide.Two
equivalents of PS-carbodiimide (N-cyclohexylcarbodiimide-N-propyl-
oxymethyl polystyrene) and 1.5 equiv of 4-bromobenzoic acid were
stirred in dry dichloromethane for 5 min. Next, 1 equiv of 3-(meth-
ylthio)propylamine was added and stirred at room temperature under
nitrogen for 18 h. After the mixture was filtered and washed with dry
dichloromethane, the solvent was removed under vacuum to afford the
coupled product.1H NMR (CDCl3): δ 7.52 (q, 4H),δ 6.71 (s, 1H),δ
3.47 (q, 2H),δ 2.52 (t, 2H),δ 2.04 (s, 3H),δ 1.85 (m, 2H).13C NMR
(CDCl3): δ 166.83,δ 133.56,δ 131.96,δ 128.76,δ 126.29,δ 39.69,
δ 32.20,δ 28.49,δ 15.73. Anal. Calcd: C, 45.84; H, 4.89; N, 4.86.
Found: C, 45.88; H, 4.90; N, 4.91. MS solid probe EI, 286.9974; found,
286.9979. XPS peaks for the raw material, referenced to the carbon 1s
peak at 285.0 eV; C (1s) 285.0 and 288.0 eV (amide), N (1s) 399.9
eV, S (2p3/2, 2p1/2) 163.5 and 164.8 eV, Br (3d3/2, 3d1/2) 71.0 and 71.1
eV.

Synthesis of N-(3-(Methylthio)propyl)-4-vinylbenzamide. Two
equivalents of PS-carbodiimide (N-cyclohexylcarbodiimide-N-propyl-
oxymethyl polystyrene) and 1.5 equiv of 4-vinylbenzoic acid were
stirred in dry dichloromethane for 5 min. Next, 1 equiv of 3-(meth-
ylthio)propylamine was added and stirred at room temperature under
nitrogen for 18 h. After the mixture was filtered and washed with dry
dichloromethane, the solvent was removed under vacuum to afford the
coupled product.1H NMR (CDCl3): δ 7.67 and 7.40 (AA′BB′, Ph,
4H), δ 6.7 (m, 1H), δ 6.40 (s, 1H),δ 5.78 (d, 1H), δ 5.29 (d, 1H), δ
3.52 (q, 2H),δ 2.55 (t, 2H),δ 2.06 (s, 3H),δ 1.88 (m, 2H).13C NMR
(CDCl3): δ 167.4,δ 140.7,δ 136.2,δ 133.8,δ 127.6,δ 126.6,δ 116.1,
δ 39.5, δ 32.2, δ 28.7, δ 15.7. Anal. Calcd: C, 66.38; H, 7.23; N,
6.00. Found: C, 64.4; H, 7.57; N, 6.00. MS solid probe EI, 235.1031;
found, 235.1029. XPS peaks for the raw material, referenced to the
carbon 1s peak at 285.0 eV; C (1s) 285.0 and 288.0 eV, N (1s) 399.9
eV, S (2p3/2, 2p1/2) 163.5 and 164.6 eV. To form SAMs of the aryl
bromide or styrene, a 1 mMmethanolic solution of the compound was
prepared. Subsequently annealed gold on glass was immersed in the
solution overnight. The sample was then rinsed with methanol, blown
dry with nitrogen, and used immediately.

Synthesis of Polyvinyl Pyrrolidone-Stabilized Palladium Nano-
particles. The PVP-Pd nanoparticles were synthesized using a previ-
ously described procedure.58,59 177.4 mg (1.0 mmol) of [PdCl4]2-

(Aldrich 99%) was dissolved in 10 mL of 0.2 M hydrochloric acid

(58) Teranishi, T.; Miyake, M.Chem. Mater.1998, 10, 594-600.
(59) Choo, H. P.; Liew, K. Y.; Liu, H.J. Mater. Chem.2002, 12, 934-937.
(60) Han, T.; Beebe, T. P.Langmuir1994, 10, 2705-2709.

Figure 4. Friction image of a Heck patterned surface cross (top). Each
line (scribed at an angle of 45° to each other) is 500 nm long and has a
probe-limited width of 13( 3 nm or some 20 molecules. This reaction
was carried out in dry DMF, 22°C, and at probe force and sweep rates of
40 nN and 1µm s-1, respectively. Friction map of a Heck reaction in which
aryl coupling has been patterned into the letters “JJD” (line widths∼25
nm).
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(BDH, analar) and made up to 500 mL with water, making a 2 mM
solution. The mixture was sonicated until all of the solid had dissolved.
15 mL of the 2 mM solution was added to a 40% ethanol/water mixture
in a round-bottomed flask. 38.5 mg (1µmol) of poly(vinylpyrrolidone)
(Sigma, molecular weight: 40 000) was added to the flask and heated
to reflux for 3 h. The spectral changes accompanying reduction of
[PdCl4]2- to Pd(0) were monitored using UV-visible spectroscopy (see
Supporting Information).50 The resulting PVP-Pd nanoparticle solution
was stored under nitrogen until use.

AFM-Driven Suzuki Coupling. Silicon nitride contact AFM probes
were modified by first treating them for 30 min in a Bioforce UV-tip
cleaner, and then incubating them in an aqueous solution of the PVP-
Pd nanoparticles for 5 min,58 then 1 min, then 30 s, drying with nitrogen
between each coating step. In later work, a more robust modification
could be achieved by incubating clean AFM probes in the refluxing
PVP-Pd solution during nanoparticle preparation. Probes were removed,
dried under nitrogen, and stored in air for up to 1 week prior to use.

The aryl bromide dialkyl sulfide-modified gold surface was mounted
onto an AFM sample plate and a defined area scanned once using the
catalytic tip at speeds between 0.04 and 4.5µm/s, with a force of 15-
25 nN. During scanning, the probe and substrate were incubated in a
millimolar methanolic (or 4:1 v/v methanol/water) solution of 3-ami-
nophenylboronic acid (or 4-carboxyphenylboronic acid) and sodium
acetate. After reaction, the scan size was increased, the force minimized,
and the scan rate increased to image the area with the same probe
without inducing further reaction.

AFM-Driven Heck Coupling. A silicon nitride 0.12 N/m AFM
probe, previously incubated in a solution of PVP-Pd nanoparticles (∼1.4
M in Pd), was used to scan the styrene SAM in a DMF solution of 2
mM 4-iodo/bromo-benzoic acid and 8 mM sodium hydrogen carbonate.
Scan rates of 2µm/s and forces of greater than 25 nN were used to
induce the reaction. To obtain friction images that result only from
lateral deflections of the tip and not topographic contributions, the
forward and reverse scans were saved separately and subtracted from
one another.52

Optical and Topographic Amine Tagging.The monolayer sample
was sonicated and rinsed in methanol, then incubated in pH 7.0, 20
mM phosphate buffer solution prior to the addition of 1 mg of 5-(6-
)carboxyfluorescein succinimidyl ester (“NHS-fluorescein”) in 10µL
of DMF for 2 h in thedark. The surface was rinsed copiously prior to
optical imaging. Topographic tagging was achieved through a 2 h
surface incubation with a sonicated 0.1% aqueous aldehyde nanosphere
suspension followed by copious rinsing and fluid phase contact AFM
imaging.

Optical Tagging of Heck-Introduced Carboxylate Functionalities.
After AFM scanning as described, and copious surface rinsing/
sonication in methanol, carboxylate tagging was carried out using a
solution comprising EDC (9.4 mM) in water, to which 10µL of a 10
mM stock solution of Alexa Fluor 488 hydrazide was added.

Suzuki Reaction in Solution. 4-Bromobenzoic acid (40 mg, 0.2
mmol), 3-aminophenylboronic acid (47 mg, 0.3 mmol), and sodium
acetate (49 mg, 0.6 mmol) were dissolved in 20 mL of 40% ethanol.
Once boiling, 2µL of PVP-Pd colloid solution was added, and the
mixture was refluxed for 18 h. The solvent was then removed, and the
resultant off-white powder was analyzed by mass spectrometry.

Heck Reaction in Solution.74 mg (0.5 mmol) of 4-vinylbenzoic
acid, 121 mg (0.6 mmol) of 4-bromobenzoic acid, and 210 mg (2.5
mmol) of sodium hydrogen carbonate were dissolved in 10 mL of DMF.
1 µL of a solution of PVP-stabilized palladium nanoparticles was
added,58 and the mixture was refluxed at 100°C for 7 h. After reaction,
the solvent was removed and the product was analyzed by mass
spectrometry.

Nanografting experimentswere carried out to test the reliability
of tagging localized introduced specific chemical functionalities.
Nanografting was performed using the AFM apparatus setup for contact
imaging in fluid. Initial low (<1 nN) force imaging of alkylthiol SAMs
was followed by localized scanning at higher force (∼60 nN; 0.5µm
s-1), in a 1 mMsolution of lipoic acid, octadecanethiol, or mercapto-
hexadecanoic acid, and subsequent re-imaging of the region at low
force.
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