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Abstract: This article describes novel phase-separation behavior by a binary mixture of alkanethiols when
deposited onto a gold surface using micro- and nanodeposition tools, such as microcontact printing (µCP)
and dip-pen nanolithography (DPN). This behavior is significantly different than that observed in the bulk.
We demonstrate this behavior using three model compounds: 16-mercaptohexadecanoic acid (MHA),
1-octadecanethiol (ODT), and CF3(CF2)11(CH2)2SH (PFT). The identity of the resulting segregated structure
is confirmed by lateral force microscopy (LFM) and by selective metal-organic coordination chemistry.
Importantly, this phenomenon can be exploited to print sub-100 nm wide alkanethiol lines via conventional
µCP and to form sub-15 nm features using DPN, which is below the ultimate resolution of both these
techniques. We also demonstrate that these nanopatterned materials can serve as templates for constructing
more complex architectures.

Introduction

An understanding of the factors that control SAM formation
and behavior both on the macro- and nanoscopic length scales
is essential for scientists to reap their full potential. With the
advent of molecular deposition tools, such as dip-pen nano-
lithography (DPN), it is now possible to study such processes
on the nanometer to micrometer length scale.1-4 A fundamental
issue with such deposition processes pertains to the transport
properties of a binary mixture of ink molecules (Scheme 1). In
particular, would the transport of such mixtures result in a nano-
or microstructure with a homogeneous distribution of adsorbate
molecules (far right), a structure with islandlike phase separation
(middle), or a near-complete phase separation of the two
adsorbates (far left)? The study of nanometer-scale mixing of
binary monolayers is important for two reasons. First, it
potentially allows one to elucidate the fundamental properties
and origins of phase segregation for two-component mixtures
on surfaces. Second, once understood, it could allow one to
deliberately tailor desired surface properties at the sub-50 nm
length scale. Herein, we report the results of patterning binary
alkanethiol mixtures with hydrophobic and hydrophilicω-
functionalized tail groups. Interestingly, we have identified an
unusual near-complete phase-separation process that results in
nanostructures consisting of hydrophilic interiors and hydro-
phobic peripheries. This phenomenon extends beyond DPN to

the lower resolution and high-throughput microcontact printing
(µCP)5-7 process and can be used to increase the resolution of
both techniques under certain conditions.

Surprisingly few examples of nanometer-scale phase separa-
tion have been reported for binary SAM mixtures.8-12 Spon-
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Scheme 1. Possible Outcomes of Patterning a Binary Mixture of
Two Alkanethiols Using µCP and DPN
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taneous but random phase separation has been observed in
scanning tunneling microscope (STM) images of coadsorbed
alkanethiol mixtures on atomically flat gold surfaces.8,9,12-14 It
has been established that the phase separation of mixed SAMs
is a process driven by polar headgroup interactions and cohesive
interactions between the adsorbate molecules. In such systems,
the adsorbates randomly form nanoscale domains with no
particular order.14 Phase-separated binary SAMs have been
shown to be useful in resisting nonspecific protein adsorption,12

improving DNA hybridization,15 improving the data quality in
microarrays,16 and facilitating adsorption of cytochrome C.17

Note that the use of the term “phase separation” in the context
of monolayer structures is not meant to imply the realization
of an equilibrated system, but rather a concentration of each of
the two adsorbates in assignable areas on the substrate.

Experimental Section

Materials. Polycrystalline Au films were prepared by evaporating
10 nm of Ti on SiOx followed by 60 nm of Au at room temperature.18,19

16-Mercaptohexadecanoic acid (MHA) (90%), 1-octadecanethiol (ODT)
(98%), fullerene (C60) (99.9%), and copper(II) perchlorate hexahydrate
(98%) were purchased from Aldrich Chemical Co., Milwaukee, WI.
Acetonitrile (reagent grade) and toluene (99.9%) were purchased from
Fisher Scientific. Ethanol (ACS/USP grade) was purchased from
Pharmco Products, Inc., Brookfield, CT. All chemicals were used as
received. 1H,1H,2H,2H-perfluorododecylthiol CF3(CF2)11(CH2)2SH (PFT)
was synthesized and purified according to literature procedures.20,21

Briefly, CF3(CF2)11(CH2)2I (1-iodo-1H,1H,2H,2H-perfluorododecane,
97%, SynQuest Labs, Alachua, FL, www.synquestlabs.com) was
converted to the thioacetate derivative using excess potassium thioac-
etate under refluxing methanol. The product was deprotected to the
thiol derivative under a refluxing 3 M NaOH solution in acetone.22

Dip-Pen Nanolithography, Micro Contact Printing, and Imaging.
DPN experiments were performed with an atomic force microscope
(AFM, CP, Veeco/Thermomicroscopes, Sunnyvale, CA) equipped with
a 100 µm scanner and closed-loop scan control and commercial
lithography software (DPNWrite, DPN System-1, NanoInk, Inc.,
Chicago, IL). Gold-coated commercial AFM cantilevers (sharpened
Si3N4, Type A, NanoInk, Inc.) with a spring constant of 0.05 N/m were
used for patterning and subsequent imaging. All DPN patterning
experiments were carried out under ambient laboratory conditions
(∼30% relative humidity,∼20 °C), unless stated otherwise. Controlled
atmosphere experiments were conducted inside a N2 atmosphere
glovebox, where organic solvents could be introduced. Tapping mode
images were taken with a Nanoman AFM equipped with a Nanoscope
IV controller from Veeco (Santa Barbara, CA) with silicon tips (NCH-
W, Veeco, spring constant 40 N/m) scanned at a rate of 0.5 Hz and set
to a pixel resolution of 512× 512. Binary-inking solutions were
prepared as a 1:1 mixture of two alkanethiols in ethanol, where the
total alkanethiol concentration was 1 mM. Tips were soaked in this

solution for a few seconds and subsequently dried under a stream of
N2. This was generally repeated three times before the tip was used
for patterning. Pure MHA-coated tips were prepared by immersing the
cantilevers in an acetonitrile solution saturated with MHA for a few
seconds, followed by blowing dry under a stream of nitrogen. Pure
ODT-coated tips were prepared by thermal evaporation of neat ODT
onto the tips at 65°C for 30 min.

Micropatterns were generated viaµCP. Stamps were fabricated by
placing a photolithographically prepared master (photomask supplied
by ADTEK, Quebec, Canada) in a glass Petri dish, followed by pouring
a mixture of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
Midland, MI) in the ratio of 10:1 (v:v) monomer to initiator over the
master. After letting the mixture sit for 1 h to degas, the elastomer
was cured overnight at 60°C and then gently peeled from the master.
The stamp was “inked” with a 1 mM total alkanethiol binary ink
solution by gently spreading a drop on the surface of the stamp using
a cotton swab. After the stamp was dry, patterned structures were
generated on the surface by bringing the stamp (by hand) into contact
with a clean Au substrate for 30 s.

Results and Discussion

In our experiments, we studied three different alkanethiol inks
to investigate the formation of phase-separated structures in the
context of DPN andµCP experiments: MHA, ODT, and PFT.
These compounds were selected to take advantage of different
driving forces for phase separation. MHA and ODT are almost
identical in molecular weight and structure with the exception
of the ω-terminal group, where the acid groups of MHA can
participate in hydrogen bonding. On the other hand, PFT is a
shorter hydrophobic molecule that will have significantly weaker
adhesive interactions with MHA.

To explore the directed nanoscale behavior of these al-
kanethiol ink mixtures, AFM cantilevers were coated in binary
ink mixtures and subsequently used for patterning. As an initial
experiment, an MHA and ODT binary mixture coated AFM
tip was held in contact with a gold surface for 8, 4, and 2 s
three times, and the contact area was subsequently imaged using
the same tip by lateral force microscopy (LFM) (Figure 1A). A
central white (high contrast, high lateral force) domain can be
seen that represents an area predominantly coated with MHA,
while an outer dark ring (low contrast, low lateral force)
representing mostly ODT is seen at the perimeter of each of
the dots.23 When a binary mixture of MHA and PFT is
simultaneously deposited, similar structures with slightly higher
LFM contrast form (Figure 1B). Although dots consist of two
molecules, the diameter of each phase still showst1/2 dependence
in accordance with our ink transport model and the model put
forth by Jang et al. and used thus far to describe the DPN process
(Figure 1C).24-27 Interestingly, when an MHA/ODT tip is
brought into contact with the surface repeatedly, ring-type
structures are formed (Figure 1D), where each time the tip is
held in contact with the surface an additional two rings are
formed (one predominantly MHA, and the other is predomi-
nantly ODT; see Supporting Information).
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Phase-separation behavior is also independent of the path of
the tip, and separated line structures assemble as an MHA/PFT
tip is scanned in a line at a rate of 0.2µm/s (Figure 2B), where
the interior of the structure is composed of primarily MHA and
the exterior of mostly PFT. To obtain a better understanding of

the degree of phase separation, we also patterned structures
comprised of pure MHA and ODT (Figure 2A). The averaged
frictional force profiles generated in these experiments show
bands associated with patterns of MHA and ODT (Figure 2C).
The frictional force profiles were modeled as Gaussian distribu-
tions, and the peaks of these plots were used to evaluate the
distribution of the two components in patterned binary structures.
The friction force profile of segregated structures (Figure 2D)
shows less intense peaks (∼80%) than those of pure adsorbates
(Figure 2C). This indicates that near-complete segregation is
observed in the experiment described in Figure 2B. The interior
of these structures is always comprised of the more hydrophilic
MHA, and this remains true even when patterning is performed
in an inert atmosphere saturated with methanol (see Supporting
Information).

Comparison of LFM images collected from pure and mixed-
ink nanostructures suggests that mixtures of alkanethiols do
indeed phase separate into domains. However, factors such as
molecular packing and orientation can have a contribution to
the observed frictional force signal.28,29 Many surface spectro-
scopic techniques, such as XPS or grazing angle FT-IR, are
capable of discriminating between different alkanethiols, but
this is not feasible for sub-100 nm features. In addition, the
heights of alkanethiols used in this study are very similar, and
subsequently, height mode images are not useful for discrimi-
nating between the two different molecules, especially on
polycrystalline Au films with an RMS roughness of 1 nm. We,
therefore, take advantage of the ability of the terminal acid
groups of MHA to coordinate to metals, such as Cu2+, and build
metal-organic multilayers as demonstrated by Evans et al.30

to provide additional evidence as to the chemical identity of
the mixed-ink nanostructures. As described in Figure 1A, an
MHA/ODT mixed-ink coated tip was used to pattern an array
(3 × 3) of dots, and the resulting LFM image is shown in Figure
3A. The sample is then exposed to a 1 mM ODTsolution in
ethanol for 10 min, which renders unpatterned bare Au areas
unreactive toward coordination to Cu2+. Excess material is
washed under a stream of ethanol and water, and the substrate
is subsequently imaged in tapping mode. Patterned dots are
undetectable in height mode (Figure 3B) since the heights of
MHA and ODT are very similar. However, the interiors of these
dots are detectable in phase mode (Figure 3C), which indicates
that the interiors of these dots are different than the ODT-
passivated exterior regions. A metal-organic coordinating layer
is then selectively adsorbed onto the MHA areas by incubating
the sample in a 1 mMCuClO4 solution in ethanol for 15 min
followed by rinsing and further immersing the Au film in a 1
mM MHA solution for 15 min. After removing physisorbed
material with ethanol rinses, the sample is again imaged by using
tapping mode to minimize sample damage. Height mode images
(Figure 3D) show that only the interior regions of each of the
dots have increased in height. Averaged line scan analyses of
dots before (Figure 3E) and after (Figure 3F) coordination layer
growth show that the interior region of each dot has increased
in height by 1.6( 0.1 nm. This value agrees with previously
published results for the thickness of an MHA layer grown onto
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Figure 1. LFM images of phase-separated structures patterned on a Au
surface with binary ink coated tip. (A) MHA interior and ODT exterior
dots and (B) MHA interior and PFT exterior dots formed by holding the
tip for 8, 4, and 2 s. (C) Plot of phase diameter versus holding time, showing
t1/2 dependence for MHA/ODT dots (triangles, circles, and square represent
entire dot, ODT phase, and MHA phase, respectively). (D) MHA/ODT ring
structure made by repeatedly approaching surface (five times).

Figure 2. Comparison of the LFM properties of pure and phase-separated
DPN-deposited alkanethiols on Au. (A) LFM image of pure MHA (white)
and pure ODT (black) dots formed by DPN. (B) Four phase-separated MHA/
PFT lines deposited by moving coated cantilever at a rate of 0.4µm/s.
Corresponding plots show analyses of highlighted regions in each LFM
image, where the black line represents a Gaussian fit of averaged line scans
(red).
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a monolayer of Cu+.30,31The chemical reactivity data agree with
the frictional force data, thus showing that the more hydrophilic
MHA will generate a central phase, while the more hydrophobic
ODT will form an outer perimeter phase when the two
alkanethiols are deposited simultaneously by DPN.

The observed phase separation in the patterned nanostructures
is presumably the result of enthalpic contributions since entropy
would favor mixing of the constituents within the generated
patterns. Spontaneous phase separation driven by hydrogen
bonding or van der Waals interactions is consistent with previous
reports in bulk SAMs. Leggett et al. have determined that the
contribution from hydrogen bonding within an acid-terminated
monolayer is equivalent to the van der Waals stabilization of
nine methylene groups.32 MHA is only two methylene groups
shorter than ODT, and therefore, hydrogen bonding interactions
would be expected to provide a major driving force for phase
separation of a mixture of MHA and ODT. In the case of MHA/
PFT mixtures, the driving force for phase separation is a
combination of both hydrogen bonding as well as van der Waals
interactions since there are only two methylene units in PFT.
This may explain why LFM contrast in the MHA/ODT system
is lower than that of MHA/PFT. The separation may also be
enhanced by the water/air interface at the surface of the water
meniscus formed during patterning.24,26,33 Furthermore, the
kinetics of ink transport from tip to surface are certainly a factor
in determining the ultimate nanopattern composition, especially
with regard to adsorbate solubility and diffusion in water. For
example, the solubility of MHA is at least 3 orders of magnitude
larger than that of ODT.34 As a result, MHA molecules will

certainly reach the Au surface at a more rapid rate than that of
ODT. The difference of ink solubility in the meniscus explains
why the predominantly MHA phase is always observed at the
center of these binary structures. It also explains why introducing
a methanol atmosphere influences the rate of transport and the
magnitude of phase separation (see Supporting Information).

This phenomenon can, in principle, provide two advantages
to a variety of chemical-based lithographies, such asµCP and
DPN. First, it can potentially increase the ultimate resolution
of a variety of these techniques, and second, it can simulta-
neously generate multicomponent structures. To demonstrate
this, a binary mixture of 1:1 MHA:PFT ink (1 mM total
concentration) was coated onto a poly(dimethylsiloxane) (PDMS)
stamp, and the stamp was immediately applied onto a gold
surface. The resulting patterns show phase-separated lines of
alkanethiol (Figure 4A). The central region of the patterned lines
is comprised of predominantly MHA, while the perimeter of
these lines is made of predominantly PFT. Interestingly, the
width of the PFT lines is 100 nm, which is 20 times smaller
than the width of the stamp features (2µm). These features are
also 5 times smaller than what can typically be obtained using
conventionalµCP.6 Furthermore, only a few techniques are
capable of patterning multicomponent structures at submicrome-
ter resolution,3,35 and each suffers from drawbacks. Multicom-
ponent patterning has been demonstrated using conventional
µCP.36,37 However, multicomponent patterning has only been
achieved at the micrometer length scale. Utilizing phase
separation is advantageous because the pattern resolution and
component registry are defined by the choice of ink pairs and
by the stamp feature size. In addition, monolayer structures
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Figure 3. Probing the chemical composition of segregated binary ink patterns by utilizing selective metal-organic coordination to the terminal carboxy
group of MHA. (A) LFM image of 3× 3 MHA/ODT phase-separated dot array. (B) Tapping mode height and (C) corresponding phase image of an
ODT-passivated dot array. Note that dots are of similar height to the background. (D) Tapping mode height image of dot array after coordinating a layerof
MHA onto a Cu2+-incubated substrate. Averaged line scans of mixed-ink dots (E) before and (F) after growth of the MHA layer, which show a height
increase of 1.6( 0.1 nm only in the interior region of each dot.
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generated using the phase separation of binary ink mixtures can
be further used to direct the assembly of a wide variety of
materials. For example, when a 1:1 MHA:PFT stamped gold
film (Figure 4A) is rendered hydrophilic by incubating in an
MHA solution (2 min) and is subsequently exposed to a toluene
solution of C60 (0.2 mg/mL), aggregates will selectively
assemble onto the hydrophobic PFT lines (Figure 4B). C60

aggregates assemble more readily onto the PFT regions because

of hydrophobic interactions. This also provides additional
evidence for the chemical identity of the phase-separated
regions. In addition to C60, we have also used this procedure to
selectively deposit polystyrene spheres (see Supporting Informa-
tion). Interestingly, if a binary ink mixture is deposited onto a
Au(111) substrate using DPN, sub-15 nm MHA structures form
in the interior of dots that have diameters as large as 50 nm
(Figure 4C and D).

In conclusion, binary ink mixtures of alkanethiols exhibit
near-complete phase-separation behavior when deposited using
micro- or nanodeposition tools, such asµCP and DPN, a
consequence of the choice of ink pairs and the different transport
properties of the chosen adsorbate molecules. Interestingly, the
more hydrophilic alkanethiol always forms the interior phase,
while hydrophobic alkanethiols will form the outer phase when
these mixtures are patterned using DPN orµCP. This is in
contrast to the bulk behavior of such adsorbates, in the context
of SAMs formed from solution on gold substrates. By tailoring
ink mixture composition, this phase-separation behavior can be
exploited to print sub-100 nm lines in the case ofµCP and sub-
15 nm lines in the case of DPN.
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Supporting Information Available: Effect of methanol
atmosphere on binary ink transport in DPN, LFM images
holding MHA/ODT-coated tip repeatedly on the same area, and
plot of hold time versus phase size for MHA/PFT mixed ink
diffusion. This material is available free of charge via the
Internet at http://pubs.acs.org.

JA042393Y

Figure 4. Exploiting phase separation of MHA/PFT to improve the
resolution of DPN andµCP. (A) LFM image of 2µm stamp applied onto
a gold substrate. (B) Dark field micrograph of templated C60 aggregates
onto (A) after passivation with MHA and incubation in 0.2 mg/mL C60

solution in toluene. (C) DPN of binary mixed ink dots on a Au(111) surface,
and (D) is the line scan profile through the highlighted region.
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