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Freestanding 3D Supramolecular Particle Bridges:
Fabrication and Mechanical Behavior
Xing Yi Ling, In Yee Phang, Holger Schönherr, David N. Reinhoudt,
G. Julius Vancso, and Jurriaan Huskens*

Freestanding particle bridges with controlled composition and macroscopic
robustness are demonstrated by the use of supramolecular nanoparticle
assembly. Self-assembly of nanoparticles, templating, and supramolecular
glue infiltration are combined to form stable and ordered three-dimensional
polystyrene particle composites on a polydimethylsiloxane stamp. Freestanding hybrid polystyrene nanoparticle bridges are obtained by transfer
printing of the hybrid structures onto topographically patterned substrates
via host–guest interactions. The mechanical robustness and rigidity of the
particle bridges can be controlled by manipulating the layer-by-layer cycles
of supramolecular glues of gold nanoparticles and dendrimers. Atomic
force microscopy-based microbending results, in particular the location and
force-dependent deflection behavior, confirm that the particle bridge fulfills
the classical supported-beam characteristics. As estimated from classical
beam theory, the bending moduli of the particle bridges vary between 0.8
and 1.1 GPa, depending on the degree of filling by the supramolecular glues.
Failure analysis on the particle structure indicates linear elastic behavior and
a plastic deformation upon failure.

1. Introduction
The self-assembly of nanoscale building blocks into wellcontrolled structures with active material properties and their
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precise positioning are two major technical challenges in the
ongoing miniaturization of electronic devices.[1] The design
and fabrication of electronic devices generally involve freestanding nanostructures with well-controlled architectures
partially coupled to the supporting substrate. The freely
suspended nanostructures can also act as connections between
two supporting structures. The conventional preparation of
these nanostructures generally involves sophisticated cleanroom lithography techniques.[2–4] Alternative preparation
methods of freestanding nanostructures for other applications,
with controlled composition and macroscopic robustness, have
been explored. Most reports focus on the synthesis of
freestanding nanocomposite cantilevers[5] and membranes,[6]
polymer layer-by-layer (LbL) thin films,[7] and polymer films
with added metallic[8–10] or inorganic fillers,[11–14] which
enhance the mechanical stability.
Our group utilizes supramolecular chemistry, that is, the
complexation of b-cyclodextrin (CD) and its guest molecules
such as adamantane and ferrocene, to assist the formation of
particle structures.[15,16] Patterned nanoparticle structures on
surfaces were obtained by direct adsorption of supramolecular
guest- and host-functionalized nanoparticles[17] onto (patterned) CD self-assembled monolayers (SAMs) through
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multivalent host–guest interactions and LbL assembly.[16,18–21] mechanical properties on the number of layers in the LbL
Recently, we have demonstrated the fabrication of stable, assembly step and on the length of the hybrid particle bridges
three-dimensional (3D), freestanding hybrid particle crystals has been addressed.
by a sequential process that comprises bottom-up selfassembly, supramolecular host–guest chemistry, and transfer 2. Results and Discussion
printing.[22] b-CD-functionalized polystyrene (PS-CD) nanoparticles were organized and shaped into desired architectures
The ability to precisely assemble individual particles into
by using patterned polymer templates with predefined desired geometries and to bind them into stable 3D
geometries and dimensions. Supramolecular host-functiona- architectures is important for their practical application. A
lized gold nanoparticles and guest-functionalized dendri- sequential process for the fabrication of stable, freestanding
mers[23] function as supramolecular glues to chemically 3D supramolecular particle structures on a topographically
connect individual PS particles into integrated hybrid particle patterned support was developed by combining the bottom-up
structures by LbL assembly. A new type of freestanding hybrid self-assembly of particles, supramolecular LbL assembly, and
particle bridge was obtained by transfer printing of the transfer printing.[22] CD-functionalized particle crystals were
structures, through conformal contact, onto a topographically first convectively assembled on a patterned elastomeric
patterned CD-functionalized target substrate. The PS-CD polydimethylsiloxane (PDMS) stamp (Scheme 1). Supraparticles in these bridges are connected by multiple molecules molecular LbL assembly of specific guest- (adamantyl (Ad)
and metallic nanoparticles through intrinsically weak host– dendrimer) and host-functionalized (Au-CD) supramolecular
guest interactions to form robust and macroscopically stable glues within the particle crystal effectively integrates the
microbridges.
crystal into a single building block. The preassembled linear
The determination of the mechanical properties of a 3D particle crystals were brought into conformal contact with
submicrometer material is important in understanding the a topographically patterned CD SAM surface. By transfer
physical and structural properties of this material for its printing of the complete structures, 3D freestanding particle
potential application in micro/nanoelectromechanical systems bridges were obtained.[22]
(M/NEMS).[24,25] Atomic force microscopy (AFM), as one of
Figure 1A–D shows an as-prepared convectively
the most commonly used scanning probe microscopy techni- assembled particle crystal infiltrated with Ad dendrimers
ques, has become an eligible instrument for micro/nanoscopic only, and hybrid particle crystals after 10, 20, and 30 LbL
mechanical measurements. Owing to its high lateral resolution assembly cycles. A particle crystal with a relatively smooth
(typically 5–20 nm) and its wide range for high-precision surface was first obtained from convective assembly and
force measurements (10 pN to 10 mN), AFM has been dendrimer infiltration (Figure 1A). With increase in the
widely exploited to measure the mechanical properties of a number of bilayers, more material was deposited within the
wide range of nanomaterials.[26]
crystal as well as on the nanoparticle surface. Particularly in
The microbending test is one of the AFM-based the case of 20 and 30 LbL assembly cycles, the supramolecular
measurement techniques that allow the determination of material was observed bridging adjacent nanoparticles
mechanical responses of nanomaterials. A variety of long and (Figure 1C and D). The supramolecular LbL assembly of
freely suspended nanostructures, such as carbon nanotubes,[26] Ad dendrimers and Au-CD within the PS-CD crystal resulted
nanowires,[27] and peptide nanotubes,[28] drop-cast on micro- in the crosslinking of individual nanoparticles into a 3D stable
patterned substrates or porous membranes have been nanoparticle crystal, with full retention of the order achieved
subjected to bending tests.[28–31] The deformation of the during the convective assembly. The voids between the
suspended nanostructures was monitored by applying differ- particles became smaller owing to filling by the supramoleent forces during AFM imaging or by AFM-based force cular glues. In addition, the surface of the nanoparticles
spectroscopy at the center of the suspended nanostructures.[28–32] became rougher (Figure 1E), with occasional agglomerates
The loading force exerted on the suspended nanostructures (typical size, tens of nanometers) attached to the surface of the
can be controlled over a wide range by a
selection of probe sensors with different
stiffnesses. Thus, the bending modulus of a
given (nano)material can be estimated from
the experimentally determined force–deformation relationships.[28-30,33]
Herein, we report the fabrication and
investigation of the nanomechanical properties of the unique freestanding hybrid
particle bridges introduced above by AFMbased microbending tests. AFM is used not
only to directly determine the mechanical
properties by bending tests, but also to
interrogate the structural properties and the
integrity of the 3D particle bridges. In
particular, the dependence of the micro- Scheme 1. Preparation of the hybrid particle bridges on a topographically patterned CD SAM.
small 2009, 5, No. 12, 1428–1435
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found to be suspended in a beamlike
configuration above the support at two
ends in the absence of stress, thus indicating considerable mechanical stiffness
within the particle bridge.
The conventional LbL assembly of
oppositely charged polyelectrolytes generally produces nanometer-thick coatings via
attractive electrostatic forces between the
polyelectrolytes.[34] In the supramolecular
LbL assembly used here, guest-functionalized
organic molecules and host-functionalized
metallic nanoparticles provide thin, stable
coatings on the PS-CD particle crystal
surface. Most importantly, the constituents
act as complementary supramolecular
glues that strengthen the cohesion between
the individual PS-CD particles through
Figure 1. A–D) SEM images of a particle crystal infiltrated with Ad dendrimers only (A), and thermodynamically stable multivalent
after 10 (B), 20 (C), and 30 (D) LbL assembly cycles of Ad dendrimers and Au-CD within the host–guest interactions.[19,35]
nanoparticle crystals. Scale bars: 200 nm. E) AFM cross-sectional profiles of the particle
The effect of the degree of filling by
crystals with increasing numbers of bilayers.
supramolecular glues on the stability of the
particle crystal was examined by using
hybrid particle crystals assembled by 10, 20, and 30 LbL cycles
of supramolecular glues. All assemblies yielded microbridges
that spanned across the micrometer-wide grooves of the
supports (Figure S1, Supporting Information). However, more
defects and larger numbers of loosely bound particles were
found on particle bridges prepared with fewer LbL cycles. The
results indicate that the mechanical robustness and rigidity of
the particle microbridges can be modulated by the use of
nanometer-sized organic and metallic supramolecular glues
with different layer thicknesses.
Subsequently, AFM-based microbending tests were performed on the obtained microbridges. A stiff cantilever
(kc  28 N m–1) was used in this study because of the high
loading force required to deflect the particle bridges. As
indicated in Scheme 2A, the particle bridge is deflected by a
point load subjected by the AFM tip. A ‘‘point-and-shoot’’
function, controlled by an XYZ closed-loop feedback system,
was adopted to predetermine the point of contact at the center
of each individual particle during the force measurement. The
deformation of the particle bridge, generally in the range of
tens of nanometers, was recorded to give a corresponding
Figure 2. A,B) SEM images of the freestanding hybrid particle strucforce–displacement curve. In addition, tapping-mode AFM
tures (30 bilayers of Ad dendrimer and Au-CD nanoparticles deposited
images of the bridges were captured in situ before and after
by LbL assembly) on a topographically patterned CD SAM on a SiO2
substrate. Scale bars: 2 mm; w1–w7: position of the particles along the each bending test. Therefore, direct comparison of the
morphology was made to assess the effect of each loading
width.
force.
The overall mechanical response of a particle bridge across
PS-CD particles. The presence of these agglomerates indicates the spanned length (L) upon a point load (F) of 5 mN (Scheme
the intermixing of layers of supramolecular glues during the 2A) is demonstrated in a force–deflection curve (Figure 3A;
see Supporting Information for details on the AFM data
assembly process.
Figure 2 shows scanning electron microscopy (SEM) conversion). For clarification, the PS particles across the
images of 3D freestanding hybrid particle bridges bridge were numbered as indicated in Scheme 2A. The force–
(width ¼ 3 mm), transfer printed on a topographically pat- deflection curves show an increase in the deflection for
terned CD SAM surface with 4-mm-wide grooves. The particle particles located closer to the center of the bridge at a force of
bridges rest on the supports in an orthogonal fashion, forming 5 mN. In all force–deflection curves, the smallest slope was
supported microbridges. Remarkably, the structures were always observed at the middle of the freely standing particle
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structures attached by two pivots at its
ends. The deflection curve is symmetrical
and exhibits a maximum deflection at the
center of the particle bridge. All these
characteristics are in accordance with a
typical supported beam (Scheme 2B).
Figure 4 shows AFM height images and
cross-sectional height profiles of a hybrid
particle bridge acquired before and after a
bending test at F ¼ 5 mN. Prior to the
Scheme 2. A) Schematic of the bending test performed on a particle bridge by AFM. w and h bending test, the particle bridge is level
denote the width and thickness of the supported particle bridge, L is the spanned length of the and horizontally lying on two supports
freestanding structure, F represents the applied loading force, and d is the deflection of the (Figure 4A and C). After subjecting the
bridge under load. B) A continuous beam supported at both ends.
bridge to 5 mN point loads across the
particle bridge, indentation marks on
the PS particles were clearly observed (Figure 4B). Despite
the indentation marks and deflection during bending, the
particle bridge returned to its original unstressed state after
the bending test (Figure 4C), that is, no plastic deformation
of the particle bridge was observed. The hybrid particle
composite bridges, fabricated bottom-up from self-assembled
individual particles and supramolecular glue, thus displayed a
robust mechanical strength that is commonly observed in bulk
and homogeneous materials.
The classical beam theory is the most frequently used
model to quantitatively describe the deformation of a material
upon bending.[30] It is derived from Hooke’s law, and relates
the midpoint applied load (F) and the maximum deflection (d)
of a rectangular beam as Equations (1) and (2):
F ¼ kd
)F¼

Figure 3. A) Force–deflection curve of a particle composite bridge
(infiltrated with 30 LbL cycles, L ¼ 4 mm) across its spanned length. The
PS particles across the bridge are numbered 1–10. B) General
deflection–location curve obtained from eight different particle bridges
(infiltrated with 30 LbL cycles) at 5 mN. The deflection–location curve
was fitted with classical beam theory with a point load at the center.

structure, while the highest slope was recorded for particles
residing on the silicon substrate.
To measure the bending modulus of the particle bridge, the
deflection of the bridge was corrected for the indentation of
the AFM tip into a PS particle residing on the silicon substrate
(Figure 3A, curve 1). In addition, to determine the general
deflection behavior of the particle bridges and the accuracy
and reproducibility of the bending test, the deflection curves
obtained on eight different particle bridges are summarized in
Figure 3B. The data were plotted against Xo/L, where Xo is the
location of the applied force along the beam and L the total
spanned length. The summarized deflection curve displays a
highly reproducible deflection behavior of the freestanding
small 2009, 5, No. 12, 1428–1435
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48  I  E
d
L3

(2)

where k is the material spring constant, E is the bending
modulus of the material, I ¼ (wh3)/12 is the moment of inertia,
w and h denote the width and thickness of the beam,
respectively, and L is the spanned length of the freestanding
structure (Scheme 2). Several criteria must be fulfilled for the
application of the classical beam theory: 1) the supported
beam is initially straight and unstressed; 2) the material of the
beam is linearly elastic and homogeneous; and 3) the cross
section remains the same before and after the bending test.
The applicability of the classical beam theory in the
determination of the bending modulus of the particle bridges is
supported by the SEM and AFM images in Figures 2–4. The
SEM image confirms that the bridges appeared straight before
bending. The AFM data obtained prior to and after bending
indicate that the structures exhibited elastic deformation and
remained unchanged (Figure 4A and B). The deflection curve
(Figure 3B) exhibited a classical position-dependent behavior
of a single-beam bridge, with the maximum deflection
observed at the midpoint of the bridge. All these results
confirm that the deformation behavior of the particle bridge
can be described by Equation (2).
The 3-mm-wide particle microbridge in Figure 2B is
composed of seven rows of discrete 500-nm particles. Therefore, we determined the mechanical properties of the bridges
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across the width. The position of the
particles along the width is indicated as
w1–w7, as shown in Figure 2A. The
deflection of the particles at the center of
each row across the width was probed by
the AFM tip. The moduli of the particle
bridge (infiltrated by 30 LbL cycles) with
respect to the particle position across the
width of the hybrid bridge were calculated
according to Equation (2) (Figure 5A). The
moduli estimated for w1–w7 fall within the
same order of magnitude (0.6–1.6 GPa),
Figure 4. A,B) AFM height images and C) cross-sectional height profiles of the hybrid particle which suggests that the particle bridges are
bridge before (A,C) and after (B,C) a bending test at 5 mN. Scale bars: 2 mm.
insensitive to probing in the lateral direction. The particle bridges are fixed at both
ends, hence higher stiffness and higher
resistance of the particle bridge toward torsion are predicted,
regardless of the position across the width of the bridge.[36]
The results once again show that all the individual PS-CD
particles were effectively bound together by the supramolecular glues into a single hybrid microstructure with a
macroscopic mechanical robustness.
Figure 5B shows the Young’s moduli E as determined from
the particle bridges assembled with different numbers of LbL
cycles. The average bending moduli E were (0.8  0.1),
(0.9  0.1), and (1.1  0.1) GPa for particle bridges infiltrated
by 10, 20, and 30 bilayers of supramolecular glues, respectively.
This result indicates that the stiffness and internal cohesion
increase with the number of bilayers. To verify the
dependency of the mechanical properties of the particle
bridges, 3-mm-wide hybrid particle bridges (with 30 LbL
cycles) were formed on a CD SAM with a 5-mm span length L
(Figure S5, Supporting Information). Despite an increase in
the span length of the underlying supports, the particle bridges
exhibited a similar modulus E, (1.1  0.4) GPa, as the 4-mm
bridges ((1.2  0.4) GPa; Figure 5B). The results indicate that
the cohesion of the hybrid particle crystal bridges is
independent of the geometry of the hybrid particle crystal
and its underlying support.
The relationship of span length (L) and bridge deformation (F/d) can be derived from Equation (2), as given in
Equation (3):
F
1
/
d L3

Figure 5. A) Bending moduli of particle bridges, infiltrated by 30 LbL
cycles of supramolecular glues (*) and measured at various positions
across the width of the bridge, and the modulus of a 500-nm-thick
spin-coated PS film (---), measured by nanoindentation. B) Plot of the
bending modulus as a function of the number of LbL cycles of
supramolecular glues assembled within the particle crystal.
C) Force–deflection curves of particle bridges at different span lengths.
The filled and empty symbols indicate the experimental results
obtained from bridges with L ¼ 4 and 5 mm, respectively. The dashed
lines indicate the calculated F versus d trend of particle bridges with
L ¼ 3 and 6 mm, as estimated from Equation (3).
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(3)

Equation (3) predicts that the plots of F/d are a factor of
1.95 smaller for the 5-mm bridges than the 4-mm ones. The
force–deflection curves of the particle bridges with span
lengths of 4 and 5 mm are given in Figure 5C. A linear increase
in deflection was observed with increasing applied loading for
both bridges, in accordance with the behavior of classical
single-beam bridges [Eq. (2)]. The maximum deflection of the
particle bridge ranged from 50 to 170 nm, which is less than 5%
of the bridge span length, depending on the applied force. The
experimental F/d slopes in Figure 5C were 107 and 51 for L ¼ 4
and 5 mm, respectively, thus giving rise to a slope ratio of
2.10  0.05. The excellent agreement with the predicted
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value is therefore consistent with our
earlier assumption of a classical single
beam, that is, constant E and I along the
beam length. This allows us to predict the
force–deflection behavior of particle
bridges of different span lengths L. The
theoretical F/d behavior of particle bridges
with L ¼ 3 and 6 mm is presented in
Figure 5C as dashed lines.
Similar measurements were repeated
by using worn blunt tips as an additional
experiment (tip radius d  150 nm). The
modulus of a bridge measured with a blunt
tip was 1.7 GPa, which is in the same range
as shown above for a normal sharp tappingmode tip. However, the AFM image
quality produced by a blunt tip showed
less detail and hence poorer resolution
(Figure S3, Supporting Information).
Considering that the modulus of a dendrimer is in the range of 100–400 MPa,[37]
it is no surprise that no stable particle
bridges were formed from the particle
crystals infiltrated only with Ad dendrimer Figure 6. A,B) AFM images and C) height profile of a particle bridge (L ¼ 5 mm) before and after
collapse. Scale bars: 2 mm. D) Force–deflection curves of the particle bridge taken during the
(Figure S4, Supporting Information).[22]
collapse. The PS particles across the bridge were numbered 1–10. E) Force–deflection
This result is attributed to insufficient responses of particle 5 at different loads.
cohesion between the particles. The dramatic improvement in the mechanical
robustness of the freestanding particle bridges (Figure 2) particle 1 to 4, a typical reduction in the force–deflection slope
can thus be faithfully attributed to reinforcement by the LbL was obtained when the applied force moved toward the center
assembly of the hybrid organic–metallic supramolecular glues. of the freestanding bridge. At particle 5, when the deflection
The mechanical stability of the particle crystals was found to exceeded 400 nm at F  5 mN, a dramatic drop in the applied
be further reinforced with increasing numbers of LbL cycles. It force was noticed, followed by a large deflection of >800 nm at
is plausible that the increase in the filling of the voids of the decreasing force. The deformation of the failed particle 5
particle crystal by the glues improved the crosslinking of the before and after collapse, applied repeatedly at the same
entire particle crystal. It is noted that there is a one order of position with loads ranging from 2.0 to 5.5 mN, is shown in
magnitude increase in the moduli of the particle bridges as Figure 6E. Linear and reproducible force–deflection curves
compared to the dendrimer. The increment could originate were observed upon failure. This result shows that the particle
from the reinforcement effects of multivalent networks of Ad bridge can be bent multiple times within its elastic region and
dendrimers and Au-CD nanoparticles within the particle prior to its ultimate strength, with no significant influence on
crystal and/or the high stiffness initiated by the Au-CD its structural and mechanical properties. The linear part of the
nanoparticles. The moduli of the particle composites, in force–penetration curve suggests that the particle bridge is an
particular after 30 cycles of supramolecular LbL assembly, are elastic material. When the bridge was further deflected, an
of the same order of magnitude as that of bulk PS ultimate force occurred at 5.5 mN. Such a limiting force
(E  2.5 GPa), as measured by AFM-based nanoindentation indicates the maximum amount of force that a particle bridge
(Figure 4A; for details, see Experimental Section). This can withstand. When the applied force exceeded the ultimate
finding indicates that the supramolecular composites are force, the deformation of the particle bridge could no longer
comparably stiff as PS. Furthermore, the results show that the recover. Hence, the structure underwent plastic deformation
micromechanical properties of the particle bridges can be and did not return to its initial shape. The AFM image and
tuned at will by controlling the number of bilayers of height profile in Figure 6B and C indicate that the particle
bridge failed and broke into two beams at the midpoint, while
supramolecular glues applied to the particle crystal.
In some experiments, it was observed that some particle the particles on the broken pieces remained connected to each
bridges failed during the bending test. Hence, the failure other.
morphology and force curves of these failed bridges
were studied in more detail. Figure 6A–C shows tappingmode AFM images and height profiles of a particle bridge 3. Conclusions
(L ¼ 5 mm) before and after failure. The failure of the particle
bridge was recorded in situ by force spectroscopy and is
Freestanding hybrid particle bridges on 3D substrates were
represented in the force–deflection curves in Figure 6D. From demonstrated by combining self-assembly of particles, suprasmall 2009, 5, No. 12, 1428–1435
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molecular LbL assembly of host- and guest-functionalized
glues based on dendrimers within the particle crystal, and the
transfer printing technique. An AFM-based microbending test
was performed to study the mechanical properties of these
unique freely suspended structures. The particle bridges
showed location- and force-dependent deflection behavior,
which suggests that the bridge can be described by classical
beam theory. These particle bridges were found to possess a
bending modulus of 0.8–1.1 GPa, which approaches the
modulus of pure PS and is one order of magnitude higher
than that of the dendrimers. Failure analysis on the structure
indicated linear elastic behavior and a plastic deformation
upon failure.
The supramolecular LbL assembly technique is not limited
to freestanding line-featured bridges; it can be generally
applied to the formation of freestanding structures of desired
shapes and sizes. The tunable supramolecular LbL assembly
method could be used to fine-tune the stiffness of the particle
bridge (from semiflexible to rigid) at will. The ability to control
the mechanical properties of freestanding particle bridges may
initiate new perspectives for the development of the assembly
and patterning of particle crystals for applications in electronic
devices and M/NEMS.

4. Experimental Section
Materials: b-CD heptamine[38] and adamantyl-terminated
poly(propylene imine) dendrimer of generation 5 (Ad dendrimer)[23]
were synthesized as described before. N-[3-(Trimethoxysilyl)propyl]ethylenediamine and 1,4-phenylene diisothiocyanate were
obtained from Sigma–Aldrich, Germany. PDMS Sylgard 184 and
curing agent were obtained from Dow Corning, USA. Carboxylatefunctionalized PS particles 500 nm in size were purchased
from Polysciences Inc., Germany. CD-functionalized PS particles
(PS-CD), starting from the carboxylate-functionalized particles,
and gold nanoparticles (Au-CD, d  3 nm) were prepared as
described before.[18,19] Milli-Q water with a resistivity higher than
18 MV cm was used in all experiments.
Substrate and monolayer preparation: Flat and topographically patterned silicon substrates were cleaned by immersion in
piranha solution (concentrated H2SO4/33% H2O2, 3:1, v/v.
Warning! Piranha should be handled with caution; it is a highly
corrosive oxidizing agent) for 15 min to form a SiO2 layer on the
surface. The substrates were then sonicated in Milli-Q water and
ethanol for 1 min, and dried with N2. CD SAMs were obtained
according to a published procedure.[15] In brief, the substrates
were functionalized with N-[3-(trimethoxysilyl)propyl]ethylenediamine by gas-phase evaporation. Transformation of the aminoterminated SAMs to isothiocyanate-bearing layers was accomplished by exposure to an ethanol solution of 1,4-phenylene
diisothiocyanate at 50 8C for 2 h. CD SAMs were finally obtained by
reaction of the isothiocyanate-terminated monolayer with CD
heptamine in water of pH 7.5 at 50 8C for 2 h.
PDMS stamps were prepared by casting a 10:1 (v/v) mixture of
elastomer and curing agent against a photolithographically
patterned silicon master with 3 or 4 mm lines at 8 mm period with
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a height of 750 nm. After curing of the stamps overnight, they were
mildly oxidized in an O2 plasma etcher (Tepla 300E) for 1 min to
render them hydrophilic.
Assembly of PS-CD particles: On an oxidized PDMS stamp with
3 mm lines at 5 mm trenches with a height of 750 nm, 500-nm
PS-CD particles were convectively assembled into the grooves of
the PDMS stamp by using a capillary-assisted deposition
setup.[16] The preformed particle array was then gently dipped in
a 1 mM aqueous solution of Ad dendrimer for 30 min, rinsed with
water, and blown dry with N2.
Formation of particle composites: The particle composites
were prepared by LbL assembly of Au-CD nanoparticles (d  3 nm)
and Ad dendrimers on the preassembled PS-CD particle layers,
according to a published procedure.[22] A total of 10, 20, and
30 cycles were performed in separate experiments. After each
adsorption step, the substrate was blown dry with N2.
Transfer printing of particle arrays: Oxidized PDMS stamps,
onto which PS-CD particles were deposited and infiltrated with Ad
dendrimers or the LbL assemblies, were brought into conformal
contact with a flat or micropatterned CD SAM. The printing was
performed in a humid environment. After removal of the stamp,
the substrates were thoroughly rinsed with water and blown dry
with N2.
SEM: All SEM images were taken with an HR-LEO 1550 FEF
microscope.
AFM: AFM measurements were carried out using a Dimension
D3100 microscope equipped with a NanoScope IVa controller and
a hybrid H-153 scanner with XYZ closed-loop feedback (Veeco/
Digital Instruments (DI), Santa Barbara, CA) under ambient
conditions. Silicon cantilevers (PointProbe Plus noncontact highresonance frequency (PPP-NCH) from Nanosensors, Wetzlar,
Germany) were used for intermittent-contact (tapping) mode
operation to obtain high-resolution images of the samples. Scan
rates were varied from 0.35 to 0.5 Hz and free amplitude (Ao) setpoint values were about 1.6 V. Images of freely suspended
nanostructures were taken at 85–90% of the free amplitude.
Prior to the bending modulus measurements, the freely suspended nanostructures were imaged and the ‘‘point-and-shoot’’
function was used to pre-position the tip on a particle. A series of
force–separation curves (14–20 curves per sample) with preset
force trigger values were taken across the sample. The nanostructure was scanned subsequently by tapping-mode AFM. During
the indentation, the X-Rotate function in the Nanoscope software
version 613b was set to 11 8 in order to offset the tilt angle of the
cantilever and to prevent the cantilever from plowing the surface
laterally. In brief, X-Rotate provides an additional motion in the
x-direction during indentation (for more information, see the user’s
guide of Nanoscope software 6.13). The effect of X-Rotate during
the indentation of 500-nm PS thin film is shown in the Supporting
Information (Figure S6). It shows that the most effective X-Rotate
values were between 10 and 20 8, which gave smaller indentation
marks and resulted in less material accumulation on the side after
indentation. For consistency, all experiments were carried out at a
fixed X-rotate angle of 11 8. The sensitivity of each cantilever,
which ranged between 61 and 82 nm V1 (average 72 nm V1),
was calibrated on a hard substrate (i.e., silicon) after the
experiment. The force applied on the sample was determined by
the deflection of the cantilever multiplied by the spring constant
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value of the cantilever. The spring constants of the cantilevers
were calibrated according to Sader’s method.[39] The spring
constant values obtained were in the range of 25–31 N m1 with
a mean value of 28 N m1. Data conversion was carried out with
Nanoscope software version 6.13b after inserting the corrected
sensitivity obtained on the silicon surface and using the calibrated
spring constant value. For the indentation of the PS thin film, the
modulus was calculated according to Oliver and Pharr’s
method.[40] For the morphology of the failed nanostructure, the
raw data image was used throughout the analysis and the contrast
of the images was adjusted accordingly.
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