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ABSTRACT Soft lithographic sub-100 nm chemical patterning was demonstrated on organic monolayer surfaces using poly(dimeth-
ylsiloxane)-based stamps decorated with Pd nanostructures, structures termed “catalytic stamps”. Chemically reactive azide or alkene
functionalities were incorporated on oxide-capped silicon surfaces and utilized for patterning via Pd-catalyzed hydrogenation or Heck
reactions. The catalytic stamps were soft lithographic stamps based on PDMS with embedded nanoscale palladium catalysts, prepared
via block copolymer-based templating. Nanoscale chemical patterns were readily generated on the azide or alkene precursor surfaces
simply by applying the Pd catalytic stamps and the reactive molecule, the molecular ink, to the surface, thanks to the highly localized
catalytic transformations induced by the patterned, immobilized solid Pd catalysts. A series of successful postfunctionalization reactions
on the resulting patterned surfaces further demonstrated the utility of this approach to construct novel designs of nanoarchitectures,
with potentially unique and innovative properties.
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reaction

INTRODUCTION

The demand for the creation of novel nanostructured
materials is rapidly growing in a range of scientific
and engineering communities (1). One of the foci of

this trend is the exploration of unique and innovative
properties that are potentially useful for emerging/existing
technologies, such as molecular electronics (2), sensing (3),
photovoltaics (4), bioengineering (5), and others. Construc-
tion of hybrid functional systems commonly requires the
assembly of a variety of organic, inorganic, and biological
building blocks onto host substrates, with defined orientation
and alignment. Organic monolayer-based surface patterning
provides a simple and versatile approach to this end, allow-
ing rational and flexible designs of platforms in terms of
resulting surface chemistries (6).

Considerable effort has been ongoing in recent years to
improve and build upon the ability of various patterning
techniques (1, 7-12). Efforts include, for example, parallel
dip-pen nanolithography (7), polymer pen lithography (8),
advanced soft lithography (i.e., topography-free (9), catalytic
(10), or nano contact printing (11), etc.), and many others
(12). In the case of contact printing, challenges include ink
diffusion (13) and stamp deformation (14), both problems
that must be overcome to regularly achieve sub-100 nm
resolution, while maintaining high-throughput and large-area
capabilities with low cost. Our approach toward this chal-
lenge has been the introduction of catalytic stamps, poly-
(dimethylsiloxane) (PDMS)-based stamps integrated with
nanopatterned transition metal catalysts (15). Using these

functional stamps, catalytic hydrosilylation of alkenes/alkynes/
aldehydes was demonstrated on H-terminated Si surfaces,
and molecular patterns with down to 15 nm resolution have
been produced (15b).

In this work, we describe a new set of reactions applied
to catalytic stamp-mediated sub-100 nm patterning of or-
ganic monolayers. Different from the previous hydrosilyla-
tion-based patterning, where molecular inks were delivered
directly to inorganic (Si) interfaces (15), the patterning herein
was achieved via the modification of preformed organic
monolayers. Two different reactions, hydrogenation and the
Heck reaction, were investigated using azide- and alkene-
terminated oxide-capped Si surfaces, respectively. Subse-
quent functionalization of as-patterned surfaces and the
reusability of catalytic stamps were also discussed.

RESULTS AND DISCUSSION
Catalytic stamps were fabricated through the two-step

process as reported previously, an approach that involves
the following two steps (15): (1) Synthesis of nanopatterned
Pd catalysts on solid supports using self-assembled block
copolymer templates. (2) Transfer of the Pd onto the sur-
faces of PDMS stamps by peeling-off. Three types of a
commercially available family of block copolymers, poly-
styrene-block-poly-2-vinylpyridine, were utilized to create
corresponding Pd catalytic stamps with different domain
sizes (15-54 nm), center-to-center spacings (59-168 nm),
and geometries (hexagonal or linear pattern) of catalysts
(vide infra, Figures 1a, 4a, and 6a). Because the immobilized
catalysts on PDMS have flat interfaces (15), intimate contact
between the catalysts and substrates upon stamping is
enhanced, as shown vide infra.

Two varieties of precursor surfaces on silicon, azide- and
alkene-terminated, were prepared according to literature
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procedures (16, 17). To obtain azide-terminated surfaces, we
first assembled 11-bromoundecyltrichlorosilane on oxide-
capped Si substrates, followed by nucleophilic substitution
of the terminal Br functionalities by azide groups (16). In
another unsaturated variation, alkene-terminated surfaces
were directly prepared via the assembly of 7-octenyltrichlo-
silane (17). It should be noted, in both cases, that the

reaction conditions (vapor or solution phase) and the clean-
ing process following silane assembly need to be carried out
with care to achieve high quality, smooth surfaces necessary
for the following AFM analyses (see detailed Experimental
Procedures in the Supporting Information).

Scheme 1outlines the general procedure for the nano-
scale modification of organic monolayer surfaces using
catalytic stamps. A freshly prepared precursor surface was
covered with a solution of a molecular ink, and then a Pd
catalytic stamp was applied onto the wet surface under
ambient conditions. The stamping was continued under
static pressure for a given time and temperature (5 min and
room temperature for hydrogenation, 30 min and 130 °C
for the Heck reaction) in laboratory ambient. During this
process, localized catalytic reactions proceeded exclusively
underneath the immobilized Pd catalysts, and pattern broad-
ening due to ink diffusion and stamp deformation did not
occur. As a result, the subsequent release of the Pd catalytic
stamp led to the accurate translation of catalyst patterns into
molecular patterns, depending upon the reactions used.
Amine groups were generated from azide-terminated sur-
faces by hydrogenation, whereas aryl groups with different
functionalities were attached onto alkene-terminated sur-
faces via the Heck reaction. After extensive washing, the
resulting sample underwent a series of analyses (vide infra).

Hydrogenation of surface azide groups (16, 18) was
carried out using a saturated 2-propanol solution of H2 (gas)
as the molecular ink. Shown in Figure 1 is the tapping mode
atomic force microscope (AFM) images of a parent Pd

FIGURE 1. AFM images of a Pd catalytic stamp and a patterned azide-
terminated surface following patterned catalytic hydrogenation. (a)
Height image of a Pd catalytic stamp, whose Pd size is 33 nm and
center-to-center spacing is 116 nm. (b) Height and (c) phase images
of a patterned surface using the stamp shown in image a. (d) Cartoon
schematic of the expected amine/azide-patterned surface.

Scheme 1. Outline for the Nanoscale Modification on Organic Monolayers Using Catalytic Stampsa

a A Pd catalytic stamp was applied directly onto an inked (wet) precursor surface. After stamping under given conditions, a molecular nanoarray
was produced as a result of localized catalysis by immobilized Pd. Typical conditions: Stamping at room temperature for 5 min for hydrogenation,
and for the Heck reaction, stamping was initiated at room temperature, and then heated to 130 °C for 30 min. FG ) functional group.
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catalytic stamp and a stamped azide-terminated surface. The
average domain size and center-to-center spacings of the
hexagonally patterned Pd nanostructures were 33 and 116
nm, respectively (Figure 1a). Because of the subtle difference
in heights (<0.2 nm) between the original azide and the
newly formed amine groups, no topographic features were
detected in the height-mode AFM image (Figure 1b). In the
phase image, however, a hexagonally patterned dot array,
with nearly identical domain size and center-to-center spac-
ing of the parent catalytic stamp, was observed (Figure 1c).
The positive (brighter) features result from the attractive
interaction between the modified domains and the oxide-
capped silicon cantilever (15), implying formation of hydro-
philic amine functionalities by catalytic stamping (Figure 1d).

To examine the chemical details of the resulting patterned
surface, X-ray photoelectron spectroscopy (XPS) was then
carried out. No significant contamination from the Pd cata-
lyst was detected in the Pd(3d) region within the limits of
this technique (see the Supporting Information, Figure S1a)
(19). High-resolution XPS spectra of the N(1s) region was also
examined by comparing with the original azide-terminated
surface (before stamping, Supporting Information, Figure
S1b) (20). Although a decrease in the peak area around 405
eV, compared to the larger feature at 400-402 eV, was
observed upon patterning (Supporting Information, Figure
S1c), it was still not convincing enough to substantiate the
generation of amine groups, whose expected energy of
∼400 eV would overlap with the azide groups (21).

Although the exact yield of the surface conversion was
not spectroscopically traced using another technique (like
Fourier transform infrared spectroscopy, for example), evi-
dence for formation of the expected amine/azide-patterned
surface was supplemented by demonstrating specific chemi-

cal modifications on both amine or azide groups (Figure 2).
First, a selective reaction on the azide termination, CuI-
catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC,
click chemistry), was carried out (Figure 2a). When the
stamped sample was treated with an ethanol/water (2/1, v/v)
solution of 1-octadecyne (1 mM) containing a catalytic
amount of CuSO4 (10 µM) and sodium ascorbate (15 µM) for
24 h, the 1,3-dipolar cycloaddition between surface azide
groups and 1-octadecyne proceeded (22). Although the
original amine/azide patterned surface has no topographic
features as mentioned previously (Figure 1b), the AFM height
image of the reacted surface showed a pseudohexagonal
array of nanoholes (Figure 2a), pointing to the successful
attachment of 1-octadecyne molecules only on the azide-
terminated regions. In the next step, the amine groups were
selectively reacted with an aldehyde-containing molecule
(Figure 2b). The stamped sample was immersed into an
ethanol solution of undecanal (1 mM) for 3 h to link it to the
amine-terminated moieties via imine formation (23). Be-
cause of the attachment of the long undecanyl chain, height
growth was observed only on the hexagonally patterned
amine-terminated domains. The section analyses of resulting
AFM images showed that each nanohole (formed via click
chemistry) or nanodomain (formed via imine formation) is
approximately 1.3 nm deep (Figure 2c), or 0.7 nm tall
(Figure 2d), respectively. Both these values are significantly
less than the theoretically calculated numbers (see the
Supporting Information, Figure S2); assuming an upright
orientation with entirely trans configurations of the meth-
ylene groups (the maximum possible height), the expected
depth of the nanoholes would be ∼2.3 nm, and the height
of the nanodomains ∼1.2 nm. The observation of thinner
organic layers could be due to two factors. First, the AFM

FIGURE 2. Outline for the chemical modification of an amine/azide-patterned surface, including AFM images and height profile data. (a)
Amine/methyl-patterned surface obtained through CuI-catalyzed azide-alkyne cycloaddition. (b) Methyl/azide-patterned surface obtained
through imine formation. (c, d) Height profiles of dashed line in AFM images a and b, respectively.
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tip pressure will result in some compression (24), and
second, the created features are most likely tilted and loosely
packed (i.e., imperfect conversion), probably because of the
heterogeneous nature of surface reactions (25).

Demonstration of nanoscale patterning with hydrogena-
tion-based catalytic stamping was followed by the investiga-
tion of a carbon-carbon bond forming reaction on alkene-
terminated surfaces (the Heck reaction) (26). Although
hydrogenation allowed a simple monofunctional transfor-
mation (azide to amine), more versatile modifications should
be feasible by the Heck reaction. As the proof-of-principle
for the molecular inks, a diluted dimethylformamide (DMF)
solution of an aryl iodide (2.5 mM) containing triethylamine
(2.5 mM) was employed, under phosphine-free conditions
(26a, 27); these conditions were explored to avoid an
excessive quantity of reagents at the catalyst/ink/alkene
interface upon stamping. Figure 3 shows tapping-mode AFM
images of a Pd catalytic stamp and a stamped alkene-
terminated surface. The Pd nanostructure of the parent

catalytic stamp was 15 nm in domain size (line width) and
59 nm in center-to-center (line-to-line) spacing (Figure 3a).
When iodopentafluorobenzene (28) was stamped on an
alkene-terminated surface, the formation of a similar linear
pattern was observed as positive (brighter) features in the
AFM height image (Figure 3b, height profile in Supporting
Information, Figure S3). The incorporation of pentafluo-
rophenyl groups was suggested by the AFM phase image
(Figure 3c), because the more hydrophobic nature of the
pentafluorophenyl groups compared to the surrounding
alkene groups could be confirmed from the negative (darker)
features recorded (15) (Figure 3d).

Figure 4 shows high-resolution XPS spectra obtained from
the iodopentafluorobenzene-stamped sample. In the F(1s)
region, a signal was observed at 693 eV (Figure 4a), again
indicating incorporation of pentafluorophenyl groups (29) on
the alkene-terminated surface. Because the spectrum in the
Pd(3d) region showed no peaks around 335 eV (Figure 4b)
(19), it was suggested that significant Pd leaching did not
occur during the pattern formation, as seen in the case of
hydrogenation-based catalytic stamping (vide supra). Other
possible elements were also examined, and no detectable
peaks were found from iodine derivatives (either iodopen-
tafluorobenzene or the HI byproduct) (19) (see the Support-
ing Information, Figure S4a). Trace signals were observed,
however, in the N(1s) region (19), indicating a minor con-
tamination by DMF and/or triethylamine during the pattern-
ing process (see the Supporting Information, Figure S4b).

Another example of the Heck reaction-mediated pattern-
ing on the alkene-terminated surface is shown in Figure 5.
A hexagonally patterned Pd catalytic stamp (the mean
domain size and center-to-center spacing is 54 and 168 nm,
respectively, Figure 5a) and a 4-iodoaniline-based molecular
ink were employed in this case. The AFM images of the
stamped surface revealed the formation of the hexagonal
dot array both in height and phase modes (Figure 5b, c,
respectively). While the theoretical height difference is
calculated at ∼0.5 nm, the measured value was ∼0.4 nm,
again due to the AFM tip compression and/or the loosely
packed structure due to imcomplete conversion (see the
Supporting Information, Figure S5). Because amine termina-

FIGURE 3. AFM images of a Pd catalytic stamp and an iodopen-
tafluorobenzene-stamped alkene-terminated surface (Heck reac-
tion). (a) Height image of a linearly patterned Pd catalytic stamp,
with a measured line width of 15 nm and line-to-line spacing of 59
nm. (b) Height and (c) phase images of the patterned surface. (d)
Cartoon schematic of the expected pentafluorobenzene/alkene-
patterned surface.

FIGURE 4. High-resolution XPS spectra of the (a) F(1s) and (b) Pd(3d) regions, obtained with the iodopentafluorobenzene-stamped sample
(Heck reaction). The dashed line in (b) corresponds to elemental Pd (∼335.4 eV).
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tion is less hydrophobic than the alkene groups, the pattern
appeared as an ensemble of positive features in the phase
image (15).

The formed amine functionality was then probed by
performing an amine-specific chemical reaction (Figure 6).
As outlined in Figure 6a, the 4-iodoaniline-stamped sample
was treated with a toluene solution of tetraoctylammonium

bromide (TOAB)-capped Au nanoparticles (diameter ∼5 nm)
for 12 h. Because of ligand exchange between TOAB and
surface amine groups (30), a hexagonally arranged pattern,
consisting of clusters of gold nanoparticles, emerged after
this treatment. The pronounced height difference was clearly
observed by the AFM side-view images (Figure 6b, c).
Scanning electron microscope (SEM) images further con-
firmed the selective deposition of gold nanoparticles into the
expected hexagonal arrangement (Figure 6d, e).

Several control experiments were conducted for both
hydrogenation and the Heck reaction to support the premise
of pattern formations as a result of the corresponding
catalytic reactions. For instance, when no H2 (for hydroge-
nation) or aryl iodides (for the Heck reaction) was included
in the molecular ink, patterned surfaces were not obtained.
In addition, the use of azide- or alkene-free surfaces, such
as native oxide-capped Si surfaces, resulted in no pattern
formation. It was confirmed that high-temperature (130 °C)
was necessary for the successful patterning by the Heck
reaction, and when stamping was carried out at a lower
temperature (110 °C), the resulting surface showed incom-
plete pattern formation (see the Supporting Information,
Figure S6).

Reusability of stamps constitutes an important com-
ponent of stamp-based lithography (15). The catalytic
stamp used in hydrogenation was shown to be reusable
multiple times (at least six times, see the Supporting Infor-
mation, Figure S7). It was found, however, that no pattern
could be produced once the catalytic stamps were used only

FIGURE 5. AFM images of a Pd catalytic stamp and a 4-iodoaniline-
stamped alkene-terminated surface (Heck reaction). (a) Height-mode
image of a hexagonally patterned Pd catalytic stamp with a domain
size of 54 nm and center-to-center spacing of 168 nm. (b) Height
and (c) phase images of the patterned surface. (d) Cartoon schematic
of the expected amine/alkene-patterned surface.

FIGURE 6. (a) Schematic outline for the assembly of TOAB-capped Au nanoparticles on the amine/alkene-patterned surface. AFM angled-
view images of (b) a featureless, amine/alkene-patterned surface and (c) a hexagonally patterned Au nanoparticle/alkene-patterned surface.
SEM images of (d) an amine/alkene-patterned surface and (e) a hexagonally patterned Au nanoparticle/alkene-patterned surface.
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once in the Heck reaction. In the solution system, it is
generally considered that catalytically active Pd species for
the Heck reaction originated from leaching from solid Pd
supports (31). Although the AFM image of a Pd catalytic
stamp taken after use showed an identical appearance as
the preuse state, a similar leaching mechanism from the Pd
catalytic stamp might occur during the stamping. Indeed,
the high resolution XPS spectrum of the stamped surface,
taken immediately after the stamping (no washing), revealed
a small quantity of Pd species on the surface (see the
Supporting Information, Figure S8). Although the exact
reason is unclear, the newly exposed Pd surface did not
induce the Heck reaction, suggesting an inactive Pd species
such as Pd black (31, 32). Post-treatment with NaBH4 (aq)
or Ar/H2 plasma, however, could not retrieve any catalytic
activity. A follow-up study is ongoing in our group to clarify
the details in this respect.

CONCLUSION
A new extension of the contact printing-based sub-100

nm patterning approach, termed catalytic stamp lithog-
raphy, on preformed organic monolayers, was demon-
strated through the use of catalytic stamps. Azide- and
alkene-terminated silane monolayers were prepared on
oxide-capped Si substrates and used as precursor surfaces
for hydrogenation and the Heck reaction, respectively.
The generation of expected chemical functionalities was
confirmed by AFM, XPS, and by site-selective modifica-
tions of stamped surfaces. Catalytic stamps could be
reused multiple times for hydrogenation, but not for the
Heck reaction, which provided an important insight on
the selection of reactions available for the catalytic stamp-
mediated patterning.
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