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ABSTRACT: The synthesis of nanoparticle clusters, also referred to as
colloidal clusters or colloidal molecules, is being studied intensively as a
model system for small molecule interactions as well as for the directed
self-assembly of advanced materials. This paper describes a technique for
the interfacial assembly of planar colloidal clusters using a combination of
top-down lithographic surface modification and bottom-up Langmuir−
Blodgett deposition. Micrometer sized polystyrene latex particles were
deposited onto a chemically modified substrate from a decane−water
interface with Langmuir−Blodgett deposition. The surface of the substrate
contained hydrophilic domains of various size, spacing, and shape, while
the remainder of the substrate was hydrophobic. Particles selectively
deposited onto hydrophilic regions from the decane−water interface. The
number of deposited particles depended on the size of each patch, thereby
demonstrating that tuning cluster size is possible by engineering patch geometry. Following deposition, the clusters were
permanently bonded with temperature annealing and then removed from the substrate via sonication. The permanently bonded
planar colloidal clusters were stable in an aqueous environment and at a decane−water interface laden with isotropic colloidal
particles. The method is a simple and fast way to synthesize colloidal clusters with few limitations on particle chemistry,
composition, and shape.

■ INTRODUCTION

Substantial effort has been invested in developing assembly
techniques for the synthesis of colloidal clusters of varying
shape.1−11 A colloidal cluster assembled from individual
particles is often referred to as a “colloidal molecule”, especially
when aggregation is sufficiently controlled such that the cluster
structure resembles molecular structure. For example, a dimer
of identically sized spherical colloidal particles is analogous to a
molecule of H2.

4,7 Not only do colloidal clusters serve as a
model system for studying small molecules whose interactions
are dictated by cluster geometry and variations in surface
chemistry, but such clusters can also serve as components in the
directed self-assembly of advanced materials.12 Anisotropic
colloidal clusters in either 3D (i.e., in the bulk) or 2D (i.e., on a
surface) have been fabricated in a number of ways, including
tuning depletion interactions in “lock and key” colloids,13

assembly via spatial templating of the substrate,2,6 controlled
evaporation of one phase in an emulsion,1,9 and irreversible
attraction between particles or between particles and a substrate
that have been modified to have a specific colloidal
attraction.14−20 These studies have illustrated the wide
structural diversity and utility of geometrically complex
colloidal clusters.
The 2D directed self-assembly of colloidal particles on a

substrate is a closely related research area that is often used for

the fabrication of colloidal clusters. There is a large body of
literature in this area focused on the assembly of various
colloidal particles, including polystyrene spheres,15,17 nano-
rods,21,22 and carbon nanotubes.23,24 This work is motivated by
a variety of engineering and scientific applications, ranging from
the synthesis of 2D crystals with unique optical properties25 to
the hierarchal assembly of nanomaterials.26 Directed self-
assembly is usually guided by a template that is either chemical
or physical in nature. A chemical template uses a specific
attraction to guide assembly, such as a substrate with regions of
surface charge opposite from that of the depositing
particles.15,17,20 Aizenberg et al.15 showed that well-controlled
patterned colloidal deposition could be achieved with substrates
that had been micropatterned with self-assembled monolayers
to produce cationic and anionic regions. Physical templates
have also been used to achieve similar results without requiring
the modification of either the particle or substrate to have a
specific chemical attraction. For instance, colloidal clusters are
produced by trapping particles in wells (i.e., the physical
template)2 during the slow evaporation of a sessile drop
containing those particles. The technique is effective and has
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the advantage of being generally applicable to a variety of
particle compositions because no specific chemical interactions
are required. However, the procedure typically requires the
slow evaporation of a fluid and is also somewhat limited by the
requirement of a precisely machined substrate. An improved
technique for the 2D directed self-assembly of colloidal
particles would combine the best aspects of existing techniques
and provide an effective first step to the fabrication of
geometrically complex colloidal clusters.
Here, we present a simple and fast technique that combines

substrate modification with interfacial colloidal assembly to
synthesize planar colloidal clusters. A Langmuir−Blodgett (LB)
deposition technique was used to assemble micrometer-scale
polystyrene particles onto a patterned silicon substrate from an
oil−water interface. The substrate was patterned with hydro-
philic patches, while the remainder of the wafer was
hydrophobic. Particles selectively deposited onto hydrophilic
regions to form planar colloidal clusters with a size that
depended on the patch size. Following deposition, the clusters
were permanently bonded via annealing and removed from the
substrate. The clusters were stable when redispersed in the bulk
and at a decane−water interface. The LB deposition process
was fast (linear substrate speed of 1 cm/min) and robust. In
addition, the process could be made scalable by using a bottom-
up route for the chemical modification of the substrate, rather
than a top-down lithographic technique. Further, the chemically
modified substrates can be recycled with only mild cleaning
between each cycle. There are few limitations on particle
chemistry, composition, or shape because no specific chemical
interactions were used to induce assembly. The primary
requirements are that particles are stable against flocculation

while located at a fluid−fluid interface and that the material has
a glass transition temperature, which allows for coalescence and
permanent bonding of neighboring deposited particles when
heated. Although we are not the first to use LB deposition27−34

or the modification of a substrate to have hydrophobic and
hydrophilic domains35,36 for the assembly of colloidal particles,
the technique presented herein is novel in its combination of
the two and capitalizes on the advantages of each technique.
We present a theoretical framework to analyze our
experimental results and demonstrate how the size of clusters
can be tuned by engineering the template geometry. This work
further illustrates the potential of engineering both fluid−fluid
and fluid−solid interfaces for the directed self-assembly of
colloidal particles.

■ THEORY
A. Wetting of a Chemically Patterned Substrate.

Experiments consisted of depositing particles from a decane−
water interface onto a chip that had been modified to have
hydrophilic and hydrophobic regions of varying geometry. Each
geometry was an array of either circular or square hydrophilic
patches, with a characteristic length scale a and separation
distance 2s, as shown in Figure 1. Particle deposition occurred
as the three-phase contact line moved over hydrophilic patches,
as shown schematically in Figure 2. The patches illustrated in
Figure 2 are located on a substrate with a reference frame that
moves with the patches, such that the three phase contact line
moves steadily in the (−)y direction (see Figure 2A). Once in
the vicinity of the hydrophilic circles, the contact line pins on
the (+)y perimeter edge, but remains mobile in the hydro-
phobic regions separating the patches (Figure 2B). Thus, there

Figure 1. Geometry of patterns. A single wafer was modified to have hydrophilic (A) squares and (B) circles with width or diameter 2a, respectively.
The nearest neighbor separation distance of hydrophilic patches was 2s. (C,D) Optical micrographs of the wafer prior to the deposition of colloidal
particles.
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is a deformation Xd between the pinned and mobile portions of
the contact line. The deformation grows as the mobile portion
of the contact line continues to move downward until there is
depinning that relaxes the deformation (Figure 2C). An existing
model considers the energetic contributions to the pinning/
depinning process to include adhesion and the deformation of
the contact line in the region between patches.37−39 The energy
εa associated with adhesion of water to the hydrophilic patch
for a receding contact line is37

ε γ θ= +A (1 cos )a w 0 (1)

where γ is the interfacial tension of the fluid, Aw is the wetted
area of the patch, and θ0 is the contact angle of the fluid on the
patch. The deformation of the contact line was approximated as
a linear elastic deformation; the energy associated with this
deformation εd is

38
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where k is the elastic spring constant, l is the patch separation
distance, d is the patch width, γ is the surface tension of the
fluid, and θc is the contact angle for the homogeneous
hydrophilic surface. The appropriate patch separation distance
to use in eq 2 depends on the orientation of the chip relative to
the fluid−fluid interface during deposition. Here, the separation
distance 2s was used for square geometries when calculating the
reduced spring constant, but the diagonal 2√2s was used for
circular geometries. Equations 1−3 provide a direct relationship
between the geometry of the patterned substrate and the spring
constant. Namely, the reduced spring constant, k/κ, depends
only on the characteristic length scale and separation distance
of the patches comprising the pattern.

■ EXPERIMENTAL SECTION
A 4 in. silicon wafer was patterned with hydrophilic chromium regions
using a standard lift-off process (lift off resist LOR 1A and positive
resist IX845 followed by PVD deposition of 30 nm Chromium).
Following fabrication, the wafer was cleaned by submerging it in a
solution of 150 mL sulfuric acid and 50 mL of hydrogen peroxide (i.e.
piranha solution) for 17 min, which balanced the amount of time
required to achieve sufficient cleanliness while avoiding etching away
the 30 nm chromium layer. Following the cleaning step, the wafer was
rinsed with approximately 400 mL of ultrapure water (>18.2 MOhm
cm) and then dried under vacuum at 100 °C for 3 h. Next, the wafer
was placed in a solution of ∼0.01 g/mL of dichlorodimethylsilane
(DCDMS) in cyclohexane for 6 h to make the nonchromium regions
hydrophobic. Following the silanization reaction, the wafer was rinsed
with acetone, ethanol, and deionized water in that order and dried
under vacuum at 100 °C for 1 h. A single wafer contained ∼10 chips,
each of which could be used for approximately six experiments with
only mild cleaning between each cycle (see Section C of the
Supporting Information (SI) for more details on chip recycling).

Particles used in this study were sulfate-modified polystyrene latex
particles obtained from Life Technologies (Lot #1459571) with a
mean diameter of 2.9 μm and a surface charge density of 9.7 μC/cm2

according to the certificate of analysis. Prior to deposition, the particles
were centrifuged and redispersed in ultrapure water seven times to
remove contaminants. Particle washing is key to maintaining a strong
dipolar force between particles at interfaces;40 without washing, a small
fraction of particles will often irreversibly aggregate while pinned at the
oil−water interface. Next, the particle solution was diluted with 70:30
ultrapure water:isopropyl alcohol (IPA) until the final concentration of
the particle solution was ∼108 particles/mL. Decane was obtained
from ACROS and filtered with two-stages of Al2O3 powder to remove
polar components prior to use.

LB deposition was conducted with the dipper of a NIMA LB
Trough Type 611 from a small cup that was sufficiently deep for the
substrate. Initially, 60 mL of ultrapure water was added to the vessel.
Next, the chip (a section of the wafer) was moved downward into the
water until the three-phase contact line was just above the geometry to
which particles would be deposited. Next, between 8 and 10 mL of
decane was added; the volume of decane was adjusted such that the

Figure 2. Contact line dynamics. Consider three hydrophilic patches
(blue circles) positioned (A) below a receding three phase contact
line. (B) The contact line pins on the leading edge of the three
hydrophilic patches, but remains mobile in the hydrophobic regions,
thereby deforming a distance Xd. (C) The deformation becomes too
large and the contact line depins. (D) This process was visualized with
an evaporating sessile drop containing gold nanorods. The position of
the three phase contact line was tracked during the evaporation
process; the pinning/depinning process caused the stair pattern. (D,
Inset) The deformation of the contact line plotted as a function of
time for one depinning step.
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decane−air interface did not touch the dipping arm. The decane layer
thickness was approximately 5 mm (see Figure 3). Finally, the particle

solution was gently added with a 200 μL pipet that was inserted into
the decane layer, being careful not to allow the pipet to penetrate the
water subphase. Decane−water was used as the fluid−fluid interface to
deposit particles from because it is known that there is a substantial
enhancement of the electrostatic interactions, with strong and long
ranged dipolar repulsion between colloids located at a decane−water
interface.41−43 The strong dipolar repulsion between particles is key to
producing a highly ordered and stable monolayer at the interface. A
monolayer stable against flocculation will deposit more uniformly
because single particles (rather than flocs) will undergo deposition; a
flocculated layer of particles will not deposit as selectively as single
particles. The particles were added dropwise from the pipet to avoid
disturbances to the interface and increase the likelihood of particles
pinning to the interface. Despite this precaution, a fraction of particles
were observed to escape into the water subphase. Thus, the particle
coverage cited herein is an upper bound. The particles were allowed to
equilibrate for 15 min prior to the start of the deposition. Following
equilibration, the ∼2 cm long chip was removed at a velocity of 1 cm/
min. Thus, the total deposition process took 2 min. Once fully
removed from the fluid, the chip was allowed to dry for a minimum of
10 min prior to removal from the dipper, unless otherwise stated. The
chip was placed in a covered petri dish before further processing. All
optical microscopy images were captured with a Nikon regular
microscope operating in reflection mode, and all scanning electron
microscopy (SEM) images were captured with a Philips Scanning
Electron Microscope XL30 FEG. Finally, although not the focus of this
article, gold nanorods dispersed in water were used to visualize the
dynamics of a receding contact line (see Figure 2). The nanorods were
obtained from the Colloidal Chemistry Group at Universidade de
Vigo, Spain. A sessile drop of a suspension of nanorods suspended
with cetyltrimethylammonium bromide (CTAB) was allowed to
evaporate from a patterned substrate. Images were captured with a
Nikon regular microscope operating in reflection mode.

■ RESULTS AND DISCUSSION

A. Deposition of Particles onto a Chemically
Patterned Substrate. Particles were deposited from a
decane−water interface onto a chip with 38 geometries. Each
geometry consisted of an array of either circular or square
hydrophilic patches, with a characteristic length scale a and
separation distance 2s. The ranges of a and s were from 150−2
μm and 100−2.5 μm, respectively. Figure 4 shows a series of
SEM images of three geometries following deposition from an
interface with an initial surface coverage of 106%. As noted
earlier in the text, the reported surface coverage is an upper
bound because a fraction of particles will be lost to the water
subphase. The images show square patches with a = 5 μm and s
= 3 μm, squares patches with a = 50 μm and s = 15 μm, and
circle patches with a = 15 μm and s = 50 μm.
Figure 4A,B demonstrates the uniformity and selectivity of

the deposition process. Particles were deposited on every
hydrophilic patch in view, with no particles depositing onto the
hydrophobic regions. For example, there are no empty patches
of the ∼1300 shown in Figure 4B. Similarly, particles selectively
deposited onto the larger hydrophilic patches shown in Figure
4C,D. The number of particles deposited onto each patch was
proportional to patch size at these conditions. Small clusters of
particles (< 10 particles) with no apparent shape preference
were formed on the small patches (a = 5 μm), while larger
aggregated groups of particles (∼800 particles) formed on the
large patches (a = 50 μm). Deposition of particles occurred
only on patches because of the difference in wetting between
the hydrophilic and hydrophobic regions. During LB
deposition, the three-phase contact line will intersect the
substrate with an equilibrium contact angle θc that satisfies the
boundary conditions set by the fluids and substrate. When θc
approaches 0°, a thin film of fluid will be entrained along the
substrate in the hydrophilic regions, thereby providing an
avenue for particle deposition.
Upon deposition, particles did not maintain the ordered

structure found at the decane−water interface. Rather, particles
were attracted to their neighbors and aggregated upon
deposition because of immersion capillary attraction.44−47

Once proximate to the substrate, particles were unable to
relieve local curvature in the interstitial fluid via longitudinal
movement. Thus, undulations in contact line, or other effects
that may cause curvature in the interstitial fluid, caused particles
to attract each other to minimize interfacial distortion (see
Figure 5).47 The energy of attraction associated with this
clustering process for micrometer scale particles is on the order
of ∼106 kT.44 Clustering could be avoided by lowering the
energy of attraction through altering the wetting properties of
the particles either through addition of surfactant or a
cosolvent.

B. Tuning the Size of Clusters with Template
Geometry. The experiments described above produced a
mixture of colloidal clusters of varying size (from 4−1000
particles) in a single experiment. It is often more desirable to
synthesize clusters of approximately the same size, thereby
utilizing the entire chip and also avoiding the need for
downstream size separation of clusters. We achieved this by
fabricating a wafer containing chips that each had one geometry
(rather than 38). The LB deposition experiments were
conducted in the same way on a chip of square patches with
a = 7.5 μm and s = 2.5 μm. Figure 6 shows two micrographs of
a chip following deposition from a decane−water interface with

Figure 3. LB deposition from a decane−water interface. Colloidal
particles were deposited from the decane−water interface onto a
patterned substrate. The three-phase contact angle for the water−
decane−substrate and decane−air−substrate were determined by the
local pattern of the substrate; here, both angles were drawn <90°. The
decane layer was approximately 5 mm thick, although this varied
slightly from experiment to experiment depending on the amount of
space available for the dipper apparatus. The micrograph shows
micrometer sized polystyrene particles pinned to a decane−water
interface.
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an initial particle surface coverage of 70%. As in the
experiments previously described, particle deposition was
quite uniform. Figure 6C shows a histogram of particle cluster
size from this deposition and also a deposition from the
multigeometry chip, with geometries of a = 7.5 μm and s = 2.5
μm and a = 5 μm and s = 3 μm, respectively. The number-
average cluster size or “molecular weight” Mn for clusters
synthesized with the two geometries were 12.74 and 6.25
particles/clusters for the first and second geometry, respec-

tively. Further, both depositions produced clusters that had low
size dispersity (SD, formerly PDI)48 = 1.01 and 1.03 for the
large and small clusters, respectively. The uniformity in the
number of particles deposited onto each patch would likely
increase if the procedure was conducted at constant surface
pressure, as is often done with LB deposition. However, it is
unknown if uniformity in the configuration of particle clusters
would also increase.
The direct effect of patch size on cluster size was clear, but

the effect of the reduced spring constant k/κ (see eq 3) was
subtler. Recall that the reduced spring constant depends only
on the characteristic length scale and separation distance of the
patches comprising the pattern. The impact of k/κ on cluster
size was tested for patches of uniform characteristic size, but
different geometry. The number of particles deposited onto
circular and square patches with a = 15 μm as a function of
geometry was tallied for three different initial surface coverages
and varying k/κ. Figure 1 in the SI shows the number of
particles on each patch plotted as a function of k/κ.
The data in SI Figure 1 is highly variable, but shows a trend

that the number of particles deposited onto a single patch
roughly scaled with reduced spring constant when k/κ > 1. One
possible reason for this dependence was in the movement of
particles away from a hydrophilic patch when the contact line
was locally deformed. At small reduced spring constant, the
contact line was able to sustain a larger local deformation than
when the reduced spring constant was large. Particles are more
likely to move toward the minimum in the contact line

Figure 4. SEM images of particles deposited onto chips of varying geometry. The red outline indicates the boundary of the hydrophilic patch in all
panels. (A,B) Square hydrophilic patches with a = 5 μm and s = 3 μm. These images show a highly selective deposition, when colloidal particles were
uniformly deposited onto the hydrophilic patches across the whole geometry. (C) Square hydrophilic patches with a = 50 μm and s = 15 μm and
(D) circular hydrophilic patches with a = 15 μm and s = 50 μm.

Figure 5. Particle aggregation during drying from immersion capillary
attraction. Particles aggregated with their neighbors because of
immersion capillary attraction caused by local deformations in the
interface. The interface between the interstitial fluid and air is
deformed because of the wetting conditions on the surface of the
particle dictated by the particle contact angle θc.
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deformation at these conditions, thereby lowering the
concentration of particles available to deposit at small k/κ.
This hypothesis, however, is not supported by experimental
data when k/κ < 1, where the trend of particle deposition
scaling with reduced spring constant was reversed for two of
the five cases. One possible explanation for this behavior is that
there is deviation from the linear approximation shown in eqs 2
and 3 at large deformation. Further complicating this analysis
was heterogeneity in the size of particles. The number of
particles a single patch can accommodate will clearly depend on
the size of individual particles. Thus, the size dispersity in an
ensemble of colloidal particles contributes to dispersity in the
number of particles deposited onto a patch. Further, previous
work has shown the heterogeneous nature of the repulsive
interaction between particles pinned at a water−oil interface,40
which may also contribute to the variability of results found in
SI Figure 1. Clearly, additional experiments need to be
conducted to substantiate the subtle effect of k/κ. A larger
variety of shapes of increasing complexity should be tested to
determine whether the effect is generally applicable or specific
to the simple shapes tested herein. Establishing the relationship
between the number of deposited particles and k/κ provide
guidance for the design of patches.
C. Annealing and Redispersal of Planar Colloidal

Clusters. Neighboring particles were permanently bonded via
partial coalescence following deposition by heating the chips
above the polystyrene glass transition of ∼100 °C. SEM images
of a particle doublet, triplet, quadruplet, and quintuplet are

shown in Figure 7. Particles that were annealed for longer times
coalesced to a larger extent, thereby distorting away from
spheres (see Figure 2 in the SI). Previous work from other
groups has shown that the portion of the particle in contact
with the substrate may flatten during the annealing process,49

but we did not image the bottom of clusters to determine the
presence (or absence) of a flat bottom. Next, the substrate
(with annealed clusters) was placed in a 1.5 mL centrifuge tube
of ultrapure water. The centrifuge tube was then placed in a
bath sonicator for 2 h to separate the annealed clusters from the
substrate. Typically, the majority of clusters were removed after
2 h, but the process was repeated until all clusters were
removed. The dilute suspension of colloidal clusters was
centrifuged and were readily redispersed in either a small
volume (<2 mL) of ultrapure water or a mixture of 70:30
ultrapure water:IPA.
Figure 8 shows bonded colloidal clusters dispersed in the

bulk (Figure 8A−C) and at a decane−water interface
containing isotropic particles (Figure 8D−F). Clusters were
stable against flocculation in both systems, indicating that there
was likely no significant change in the surface chemistry of the
particles as a result of the processing. Although great care was
taken in the addition of colloidal clusters to the fluid−fluid
interface, the majority of large clusters were lost to the water
subphase. Still, a small fraction of clusters remained at the
decane−water interface for examination. Figure 8D−F show
that strong dipolar repulsion remained between clusters and
isotropic particles. The strong dipolar force dominated the

Figure 6. Deposition onto chip of single geometry. (A,B) Colloidal particles were deposited onto a chip with a = 7.5 μm and s = 2.5 μm over an
array with total area of 60 mm2 or 150 000 patches. (C) Particle distributions for patches with a = 5 μm and s = 3 μm (crossed pattern, see Figure
4B) and a = 7.5 μm and s = 2.5 μm (solid gray, panel B); the number-average “molecular weight” Mn for particles synthesized with the two
geometries were 6.25 and 12.74 particles/cluster for the first and second geometry, respectively. Both geometries produced clusters that had low size
dispersity (SD) = 1.03 and 1.01.
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capillary attraction that small (low Bond number) anisotropic
particles (such as ellipsoids) typically experience with
neighboring particles because of local deformations in contact
line caused by the need to satisfy the particle’s wetting
boundary condition.50 One possible explanation is that there is
little to no local deformation in the contact line as a
consequence of the clusters’ anisotropic shape because the

particle contact angle is equal to or close to 90°; the decane−
water contact angle for these particles was previously reported
90° ± 20°.41 Nevertheless, the continued presence of strong
repulsion between isotropic colloids and clusters illustrates that
the surface chemistry of the particles has not been altered
significantly during processing. Given that they were readily
dispersed at the decane−water interface, the colloidal clusters
could be a useful model system to study the orientation of
nonspherical particles at a fluid−fluid interface.51−53

■ CONCLUSIONS

The synthesis of colloidal clusters is relevant both as a model
system for molecular interactions as well as the fabrication of
advanced materials. We described a technique for the simple
and fast synthesis of planar colloidal clusters. By combining two
existing strategies for colloidal assembly, chemical modification
of a substrate and LB deposition from a fluid−fluid interface,
we were able to assemble isotropic colloidal particles into
clusters of uniform, but arbitrary size. In addition, we found
that the number of particles deposited onto each patch
depended on the geometry of the hydrophilic pattern. The
advantages of the process is that it requires very simple
lithography procedures, can make colloidal clusters of various
sizes in a single cycle, and is applicable to a wide range of
particles. The only requirements are that particles are stable at
an interface and can be permanently bonded following
deposition by annealing above a glass transition temperature.
Thus, this process could be used to produce a variety of model
anisotropic systems comprising isotropic particles with, for

Figure 7. SEM images after annealing of a particle (A) doublet, (B) triplet, (C) quadruplet, and (D) quintuplet. The particles were distorted away
from spheres following annealing.

Figure 8. Planar colloidal clusters dispersed in the bulk (A−C) and at
a decane−water interface (D−F). The clusters were stable in water
and at a decane−water interface. Surprisingly, the dipolar repulsion
was much stronger than the capillary attraction between anisotropic
clusters and isotropic particles pinned at the decane−water interface
(D−F).
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example, florescent or magnetic domains. Although low size
dispersity colloidal clusters were fabricated, the primary
disadvantage of this process is the current lack of control
over the structure of the colloidal cluster. In future work,
increasing the geometric complexity of the hydrophilic patch
may help to guide structures of the clusters and guide their self-
assembly into complex forms.
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