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ABSTRACT: Controlled assembly of nanostructures is a key
challenge in nanotechnology. In this work, we introduce an approach
for the controlled assembly of 1D nanodumbbellsAu-tipped
semiconductor nanorodsinto arbitrary 2D higher architectures,
by their chemical docking to nanopatterned functionalities. We
realized the docking functionalities via nanoimprinted metallic
nanodots functionalized with an organic monolayer, whose terminal
thiol groups chemically bind the nanodumbbell tips. We demon-
strated that the functional nanopattern encodes the nanodumbbell
assembly and can be designed to deterministically position nano-
dumbbells in two possible modes. In the single-docking mode, the nanodot arrays are designed with a spacing that
exceeds the nanodumbbell length, restricting each nanodumbbell to dock with one edge and physically connect with its
free edge to one of the neighboring nanodumbbells. Alternatively, in the double-docking mode, the nanodots are spaced
to exactly fit the nanodumbbell length, allowing nanodumbbell docking with both edges. We found that the docking
kinetics can be described by a random attachment model, and verified that for the used docking chemistry,
nanodumbbells that are docked to the same dot do not interact with each other. Our work demonstrates the possibility for
massively parallel positioning of sub-100 nm 1D semiconductor nanostructures, and can potentially enable their future
integration into functional nanodevices and nanosystems.
KEYWORDS: nanodumbbells, nanoimprint, directed assembly, surface functionalization, bottom-up

One-dimensional nanostructures, such as nanowires and
nanorods, have been attracting a great deal of interest in the
nanoresearch community as building blocks for functional
devices and systems in many applications including elec-
tronics,1 light emitting,2 lasing,3 and photovoltaics.4 These
nanostructures can be synthesized with a size, shape, and
composition that can be controlled at the atomic level.5,6

Furthermore, they can be designed with electronic config-
urations and unique physical properties, e.g., ballistic
conductivity,7 making them perfect candidates for quantum
electronics. However, the difficulty in spatially manipulating
such miniature objects has constituted a major obstacle toward
practical applications. Self-assembly offers an autonomous
organization of building blocks at a variety of size scales;8

however it is driven to reach the lowest energetic state against
a decreased entropy, and thus cannot produce arbitrary
geometries and long-range order required for functional
devices and systems. Therefore, 1D nanostructures cannot be
integrated into functional nanosystems by self-assembly alone,
but must be guided by a top-down fabricated platform that
determines their position.
During the last two decades, various guiding platforms have

been proposed. Microfluidic-based assemblies, for example, can

place nanowires with an accuracy of a few micrometers.9

Contact printing10 or nanocombing11 was shown to control
the nanowire position, but only in one coordinate. Dielec-
trophoretic organization could presumably reach nanometer
accuracy upon the miniaturization of dielectrophoretic electro-
des,12 but such electrodes could complicate the fabrication of a
nanowire circuit. Surface-guided growth from a nanopatterned
catalyst can position nanowires with the accuracy of (±)50 nm,
yet it also misplaces a significant part of them by hundreds of
nanometers, probably due to catalyst migration during the
high-temperature growth process.13,14 Besides the limited
positioning accuracy, these methods have been restricted so
far to nanowires grown by chemical vapor deposition, whose
diameter is tens of nanometers and above and whose length is
usually in the tens of micrometers. Conversely, directed
assembly of nanostructures with sub-10 nm dimensions, such
as liquid phase synthesized nanorods,15,16 still remains a
challenge. This challenge is mostly associated with the fact that
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the features that guide such an assembly must be the same size
as the nanorods themselves, i.e., at a sub-10 nm scale.
Discrete 1D nanostructures can, in principle, be positioned

in a massively parallel manner with nanometer accuracy by
anchoring to miniaturized surface functionalities. An obvious
advantage of this approach, when compared to state-of-the-art
methods, is that its positioning precision is determined by the
size of the docking functionalities. Today, surface features sized
below 5 nm can be nanopatterned by a variety of methods
including electron-beam,17 nanoimprint,18 or block copolymer
micelle lithography.19 Recently, assembly directed by chemical
anchoring to nanopatterned functionalities has been demon-
strated for carbon-based 1D nanomaterials, including thiolated
DNA origami attached to nanopatterned Au nanodots through
covalent bonding20 and carboxyl-terminated carbon nanotubes
attached to amine-functionalized nanodots.21 On the contrary,
anchoring-based assembly of inorganic 1D nanostructures has
not been demonstrated up until now. In particular, anchoring
of inorganic nanostructures is challenged by the difficulty to
bind the nanostructures to the nanofunctionalities exclusively
via their edges.
Fourteen years ago, one of the coauthors (T.M.) reported

the synthesis of metal-tipped semiconductor nanorods, which
were called nanodumbbells.22 One of the main motivations of
that work was the formation of natural anchoring points that
could serve as recognition elements for directed self-assembly.
Since then, site-selective growth has been demonstrated for
different material compositions, such as PtNi and PtCo tips on
CdS nanorods,23 Ag and PbS tips on CdS nanorods,24 and
ZnTe tips on ZnSe nanorods.25 Furthermore, selective growth
of metal tips was also demonstrated on nanostructures with
other shapes, such as tetrapods.26 However, the concept of a
directed assembly of these nanostructures via chemically grown
metallic anchors has not been realized so far.
In this work, we demonstrate the directed assembly of

inorganic nanodumbbells via “chemical docking”. The docking
functionalities consisted of controllably positioned sub-10 nm
metallic dots coated with organic monolayers terminated ad
hoc to anchor the nanodumbbell tips (Figure 1). The docking
itself was achieved then by attaching the nanodumbbell tips to
the functionalized nanodots through covalently bonding their
moieties to both surfaces. We demonstrated that through the
docking we can deterministically configure nanodumbbells into
arbitrary 2D arrays, whose architecture is encoded by the
nanodot pattern. This approach of the programmed organ-
ization of inorganic quasi-1D nanostructures can potentially
facilitate their parallel integration into functional nanodevices
and systems, whose nanoscale dimensions as well as the
structural and functional complexity are unachievable today.

RESULTS AND DISCUSSIONS

We prepared Au−CdS−Au nanodumbbells according to a
previously published method.27 Briefly, we first synthesized
CdS nanorods, whose length was varied between 40 and 60 nm
by controlling the reaction time. Then, Au tips sized between 1
to 3 nm were selectively grown on the nanorod edges (Figure
2a). Detailed information about the nanodumbbell synthesis is
provided in the Materials and Methods section and the
Supporting Information.

In this work, nanoimprint lithography was used to produce
docking arrays. Nanoimprint offers a clear advantage for this
application due to the unique combination of (i) ultrasmall
(down to a few nm) feature size,28 (ii) high throughput and
scalability,29 and (iii) pattern arbitrariness. Electron-beam
lithography can be used to produce miniaturized metallic
features for anchoring nanosized objects;30 however, it is a
serial, low-throughput, and expensive method, which is
unsuitable for realistic applications. On the other hand, block
copolymer micelle lithography can be used to produce docking
nanoarrays in a scalable manner,31 but it can produce only
uniform hexagonal arrays.19 Here, we used a process previously
reported by us, which included nanoimprint lithography and
pattern transfer based on an angle evaporated mask, resist
etching, metal deposition, and lift off.32 We obtained nanodots
that were typically 10−15 nm in size and, by thermal
annealing, further miniaturized them to sub-5 nm dimen-
sions.32 Notably, this fabrication approach was previously used
to produce nanodot arrays for the selective binding of distinct
nano-objects, such as DNA,20 carbon nanotubes,21 and
transmembrane protein in cells.33,34

Figure 1. Schematic illustration of “docking” quasi-1D nanostructures to miniaturized surface functionalities.

Figure 2. (a) Transmission electron microscopy image of Au−
CdS−Au nanodumbbells. (b) Scanning electron microscopy
micrograph of nanopatterned docking arrays. Scale bars are 50 nm.
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Our arbitrarily patterned dot arrays encode the assembly of
nanodumbbells into any desirable higher architecture. Figure
2b shows a 2D array of sub-10 nm AuPd nanodots. The
spacing between the dots is 60 nm, matching the nanodumb-
bell length. Such an array was designed for the programmable
assembly of nanodumbbells into a continuous grid. We chose
AuPd as the material for docking nanodots since it can be
easily functionalized with thiol and has a very small grain size
(typically a few nanometers), making this alloy ideal for the
nanofabrication of sub-20 nm features.35

Since both Au nanodumbbell tips and AuPd docking
nanodots can chemisorb thiols, our natural choice for the
docking chemistry was based on dithiols (Figure 3a). To this
end, we first coated AuPd nanodots with 1,6-hexanedithiol (see
Materials and Methods), which chemisorbs on the surface
through one thiol and forms a closely packed self-assembled
monolayer (SAM).36 In this case, the outer thiol group will be
available for the docking of nanodumbbells (Figure 3a).
The assembly of the nanodumbbells onto the docking arrays

was carried out by immersing the functionalized substrates (see
Materials and Methods) into a toluene-based solution of
freshly synthesized nanodumbbells. Figure 3b presents a
scanning electron miscroscopy (SEM) image of a typical
assembly of nanodumbbells on arrays of nanodot arrays with

edge-to-edge separation between of about 100 nm, a bit less
than twice the nanodumbbell length. It is clearly seen that all
the nanodumbbells are selectively docked through their tips to
the functionalized nanodots. Notably, this scenario, at which
the nanodots’ spacing exceeds the nanodumbbell length,
precludes double docking, i.e., binding one nanodumbbell to
a pair of nanodots with both its edges. Indeed, here the
nanodumbbells docked to the nanodots with one edge only,
i.e., formed single-docking-based assembly.
In addition to the typical single-docking described above,

many neighboring nanodumbbells connected to each other
with their free edges. Using high-resolution close-up SEM, we
detected two different types of such a connection: (i) side-by-
side parallel connection (Figure 3c) and (ii) end-to-end
connection at an angle determined by the nanorod length and
nanodot spacing (Figure 3d). Interestingly, both types of
connection were reported previously in the context of nanorod
self-assembly. Specifically, nanorods form a parallel side-by-
side connection when their self-assembly is regulated by
antiparallel coupling between permanent dipole moments
along the rod axis37,38 or van der Waals forces.39 Alternatively,
nanorods form an end-to-end connection when their self-
assembly is kinetically limited or regulated by solvent
evaporation, in which localized high nanorod concentration

Figure 3. (a) Scheme of a dithiol self-assembled monolayer on AuPd nanodots. (b) Typical assembly result of nanodumbbells on a thiolated
nanodot array. Scale bar is 150 nm. (c) Two docked nanodumbbells connected side-by-side. (e) Two docked nanodumbbells connected with
their edges. Scale bar for (c) and (e) is 50 nm.

Figure 4. SEM images of (a) nanodot array arranged in pairs and (b) docked nanodumbbells on the same array, with double-docking events
circled (right). Scale bars are 200 nm. (c) High-resolution SEM of a nanodumbbell anchored by double docking. Scale bar is 20 nm. (d)
High-resolution AFM of a nanodumbbell anchored by double docking. Scale bar is 20 nm. (e) AFM profile of the docked nanodumbbell that
confirms that the nanodumbbell lays on the surface.

ACS Nano Article

DOI: 10.1021/acsnano.8b04443
ACS Nano XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsnano.8b04443
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.8b04443&iName=master.img-003.jpg&w=360&h=108
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.8b04443&iName=master.img-004.jpg&w=312&h=200


promotes the nanorod clustering.40 Here, we experimentally
observed both connections in docked nanodumbbells, for
which one edge was fixed at the docking nanodots (Figure 3c
and d). This phenomenon is particularly interesting, since the
docking was done using relatively short molecules that are
expected to restrict or limit the mobility of the docked
nanodumbbells. Yet, it seems that the nanodumbbells that
initially docked at a random orientation could still freely rotate
around the point of docking and finally stick to each other. We
speculate that some existing Au−thiol bonds break and new
Au−thiol bonds form simultaneously, allowing the nanodumb-
bells to rotate while keeping their edge docked.41

Thanks to the complete arbitrariness of the nanofabricated
docking pattern, we could also create conditions at which
distinct nanodumbbells are controllably docked with both their
edges. For this purpose, we arranged docking nanodots in pairs
(Figure 4a), with a spacing that matches the nanodumbbell
length. Figure 4b shows a typical array of docked nanodumb-
bells, where more than 20% of the docking is done with both
of their edges to the neighboring nanodots. Figure 4c and d
show high-resolution SEM and atomic force microscopy
(AFM) of a nanodumbbell attached by double docking to a
pair of nanodots. The AFM profile (Figure 4e) shows that the
height of the nanodumbbell in the center is 4 nm, which is
equal to the nanodumbbell diameter. This measurement
confirms that the nanodumbbells, while chemically attached
to the nanodots, lay on the surface and are not suspended. For
a given bulk concentration of 250 nM nanodumbbells (see
Supporting Information for the estimation of concentration),
we probed different assembly times, from 24 to 96 h, and
found no significant difference in the occurrence of the double
docking. On the basis of this finding, we presume that most of
the docking events occurred within the early stages of the
assembly process. Interestingly, we found that the nanodumb-
bell docking is irreversible. To that end, we immersed the
substrates with docked nanodumbbells into solvents with
various polarity, including toluene, water, and water with soap,
for a few hours and found that the immersion did not affect the
nanodumbbell positioning. We explain this docking irrever-
sibility by stable and strong thiol−gold covalent bonds that
connect between the dots and nanodumbbell tips, as well as by

van der Waals forces formed between the nanodumbbells and
the substrate surface. Notably, we presume the existence of
such van der Waals forces based by the fact that the docked
nanodumbbells are in direct contact with the surface, as follows
from the AFM measurements (Figure 4e).
It should be mentioned that in this work inorganic quasi-1D

nanostructures with sub-10 nm width were precisely
positioned in a parallel manner. Notably, nanodumbbell self-
assembly onto pairs of nanoelectrodes was previously reported
by Sheldon et al.42 Yet, this self-assembly was not guided by
chemical functionalities, and therefore was not site-specific.
Furthermore, the width of the electrodes used in that work was
sized at 100 nm scale, precluding nanodumbbell positioning
with nanometer accuracy. Finally, electron beam lithography
used to pattern electrodes is a serial fabrication method, which
is suitable for prototyping rather than for scalable fabrication in
realistic applications. On the contrary, here we demonstrate a
combination of (i) chemically guided assembly to ensure high
specificity of nanodumbbell positioning, (ii) sub-10 nm
docking functionalities to ensure nanometer precision in the
nanodumbbell positioning, and (iii) fabrication of docking
features by nanoimprint lithography, a parallel and scalable
nanopatterning technique.
Directed assembly of individual nanodumbbells is important

for many applications. Still, docking of multiple nanodumbbells
to the same vacancy site was often observed. It is worth noting
that the number of nanodumbbells available for docking was
always substantially larger than the number of vacant docking
sites. On the other hand, a significant reduction in the
nanodumbbell concentration could produce many unoccupied
docking vacancies. Therefore, understanding the docking
kinetics is essential to obtain a well-controlled assembly, thus
achieving the highest possible yield of docked nanodumbbells
and concurrently minimizing their multiple docking. To
analyze the docking kinetics, we used a simplified balls-in-
boxes model31 based on the following assumptions: (a) for any
closed system, there is a finite number of nanodumbbells and
docking sites, (b) the model counts only the nanodumbbells
docked to the nanodots and assumes that those were the only
assembled nanodumbbells, (c) the docking is random, i.e., a
nanodumbbell can dock to any vacancy (i.e., docking

Figure 5. SEM micrographs of various docking experiments (a, c, e) and associated docking probability for each experiment, with random
attachment model for comparison (b, d, f).
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functionality) with the same probability, and (d) multiple
dockings to the vacancy are defined as independent events, i.e.,
the probability that a nanodumbbell would dock to a certain
vacancy does not depend on how many nanodumbbells have
been already docked to that vacancy.
In this case, the probability of one vacancy to link A

nanodumbbells is given by

=
− −

P

D
A

N

N

( 1)D A

D

i
k
jjj

y
{
zzz

(1)

where D and N are the total number of nanodumbbells and
docking sites, respectively (see Supporting Information for the
detailed model).
We analyzed a few arrays of docked nanodumbbells and

probed different nanodot arrangements, as well as different
bulk concentrations of nanodumbbells ranging from 10 nM to
2.5 μM (see Supporting Information for the estimation of the
concentration). In each case, we calculated the experimental
probability P(A) by counting how many vacancies (i.e.,
docking dots) are connected to A nanodumbbells and dividing
this number by the total number of vacancies (Figure 5). We
also calculated the theoretical probability for each A based on
eq 1.
Comparison between the modeled and experimental

probabilities shows that they greatly fit regardless of the
pattern geometry and the total number of docked nanodumb-
bells. This finding confirms that the nanodumbbells are
distributed between the docking sites in a random manner.
Furthermore, the nearly perfect fit between the modeled and
experimental probabilities proves that for the tested systems
the nanodumbbells were docked in statistically independent
events. Based on the fit between the model and experimental
observation, we conclude that the nanodumbbells docked to
the same nanodot do not interact with each other in a way that
prevents multiple docking, at least when the number of
nanodumbbells attaching to each dot is below the maximum
observed here (i.e., 7). Interestingly, the data presented in
Figure 5a and b include nanodumbbells assembled by single
docking and double-docking events; all were counted in the
calculations. Specifically, each individual attachment of the
nanodumbbell tip to a nanodot was counted as one single
docking event whether the second nanodumbbell tip is docked
or not. Still, we obtained the same good fit between the
theoretical and experimental probabilities as was observed for
assemblies on the patterns that allow only single docking
(Figure 5c−f).
It should be noted that the docking described here is most

probably regulated by the kinetics of the reaction between the
terminal thiol groups and the Au nanodumbbell tips. Thus, we
assume that for a long enough assembly time the number of
nanodumbbells at each dot would increase to the level at which
they prevent additional nanodumbbells from docking due to
steric hindrance. In this case, the number of nanodumbbells at
each nanodot is expected to be saturated and more uniformly
distributed among the nanodots. Notably, another possible
way bind nanodumbbells to nanodots is by biotin−avidin
conjugation, previously shown to connect nanodumbbells to
each other.43 Here, we demonstrated that biotin−avidin
binding can also be used to dock nanodumbbells to nanodots
(see Supporting Information and Figure S4). Yet, due to the
extremely low dissociation rate of the biotin−avidin bond (7.5

× 10−8 s−1),44 such a binding will also be irreversible and thus
kinetically regulated. A possible way to achieve a more uniform
distribution is by creating an assembly system governed by
thermodynamics and not by kinetics. Recently, controlled
binding of nanoparticles,30 carbon nanotubes,21 and DNA
origami45 to lithographically patterned functionalities was
demonstrated using DNA hybridization. There, the formed
double DNA had a melting point close to room temperature,
ensuring that the controlled assembly reached thermodynamic
equilibrium. In the near future, we intend to explore DNA
hybridization as an alternative to thiol−Au binding for
obtaining thermodynamically controlled nanodumbbell dock-
ing.
We assume that the number of docked nanodumbbells can

be limited to a certain extent by miniaturizing the docking
nanodots, so that steric hindrance would prevent multiple
nanodumbbell attachment. Such steric hindrance was
previously demonstrated for site-selective attachment of
individual nanoparticles.30,46 We presume that a similar self-
limitation based on steric hindrance can be achieved by
producing nanodots with a similar or smaller size than that of
the nanodumbbell tips. Fabrication of features with sizes of a
few nanometers is possible by several advanced lithographic
methods, such as electron-beam47 or nanoimprint lithogra-
phy,32 but is still extremely challenging. In addition, extremely
small docking nanodots will require very narrow distribution of
the nanodumbbell length. Figure S3 schematically shows a
nanodumbbell with a length ln and a tip diameter dn, which is
docked to a pair of nanodots with a diameter dd and center-to-
center separation ld. For the ideal double-docking (Figure S3a),
the dots and the tips overlap with their centers, so ld = ln + dn.
The shortest possible nanodumbbell for the double docking is
shown in Figure S3b, for which ln(min) = ld − dd − 2dn. On the
other hand, the longest nanodumbbell to allow double docking
is shown in Figure S3c, for which ln(max) = ld + dd. The size of
the nanodumbbell tips dn is ∼2 nm on average, as can be
roughly estimated from Figure 2a. Considering a nominal
spacing of the docking nanodots equal to 60 nm and assuming
that in order to self-limit docking via steric hindrance, the
nanodots and nanodumbbell tips should have a similar size
(i.e., dd = 2 nm), then the nanodumbbell length must be kept
between 54 and 62 nm. To verify this, we synthesized
nanodumbbells that fit this requirement (see Supporting
Information, Figure S2). We measured the length distribution
based on transmission electron microscopy (TEM) imaging
and found that 82% of the nanodumbbells fall within the
length range of 54 and 62 nm. This implies that although most
of the nanodumbbells would, in principle, dock with both of
their edges, some could dock only with one edge. Therefore,
even if the extreme miniaturization of nanodots is technically
possible, there will always be a trade-off between the steric
hindrance that minimizes multiple docking and the yield of the
assembly. Alternatively, minimizing multiple docking while
keeping a high yield of assembly is possible by enlarging the
nanodumbbell tips to 6−7 nm.48,49 Also, some of the
nanodumbbells might have a Au tip on only one edge, because
of the imperfect yield of the tip growth process. This little
constraint, which is only relevant to the case of double
docking, should be addressed by optimizing the conditions of
tip growth, aiming at maximizing its yield.
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CONCLUSIONS
In summary, we demonstrated a strategy for the controlled
organization of inorganic quasi-1D nanostructures via chemical
docking of their tips to nanopatterned functionalities. Notably,
various methods for the directed assembly were proposed for
vapor-phase-grown 1D nanostructures with micrometer-scale
length and width of at least several tens of nanometers. Here,
distinct quasi-1D inorganic nanostructures with sub-10 nm
diameter and sub-100 nm length were controllably positioned
with such precision and in a parallel manner. This precision
was achieved by using sub-10 nm docking nanofunctionalities
and is unlikely achievable by other means. We fabricated the
docking nanodot arrays by nanoimprint lithography, which
provides the unique combination of a high throughput,
scalability, pattern arbitrariness, and sub-10 nm feature size.
Thus, nanoimprint lithography is ideal for the fabrication of
functional arrays that encode the assembly of distinct
nanodumbbells.
We have shown that the docking of Au nanodumbbell tips to

metallic nanodots is possible using organic dithiols. This is
probably the simplest and most straightforward strategy to
chemically bridge two surfaces, but it is not the only one. Site-
specific binding of a nano-object was previously demonstrated
through various interactions, such as electrostatic attrac-
tion,48−50 chemical recognition,51 and DNA folding.30 We
believe that these strategies can also be applied to nanodumb-
bell docking, and we intend to explore them in the future. We
demonstrated that multiple nanodumbbells can dock to 5−10
nm nanodots. We believe that miniaturizing nanodot
dimensions to the size of the nanodumbbell tips could
minimize multiple docking. The ability to spatially arrange
liquid-synthesized 1D nanostructures in a programmable
manner with nanoscale precision, arbitrary geometry, and
long-range order enables exploiting their unique physical
properties by integrating them into functional nanodevices and
nanocircuits. In addition to pushing the boundaries of
nanodevice miniaturization, this strategy can potentially
facilitate bottom-up realization of nanosystems with a
structural and functional complexity unachievable nowadays.

MATERIALS AND METHODS
Materials. CdO (99.999%), n-hexylphosphonic acid (>97%),

octadecylphosphonic acid (>97%), trioctylphosphine (>97%),
trioctylphosphine oxide (99%), and AuCl3 (99%) were purchased
from Strem Chemicals. Sulfur powder (99.98%), octadecene (99%),
dodecylamine (98%), and didecyldimethylammonium bromide (98%)
were purchased from Alfa Aesar.
Synthesis of Nanodumbbells. CdS−Au nanodumbbells were

synthesized via a three-step seeded growth process. First, CdS
quantum dots were synthesized. Then, theses dots were used as seeds
for the growth of CdS nanorods followed by growth of Au tips, as
described in a previous study.22 See Supporting Information for a
detailed description of the synthesis.
Nanopattern Fabrication. The fabrication was based on our

previous work.32 First, nanoimprint molds were produced using
electron-beam lithography of hydrogen silsesquioxane (HSQ, XR-
1541, Dow Corning). HSQ was diluted in methyl isobutyl ketone and
spin-coated to produce a 20 nm thick film. The e-beam lithography
was conducted in a Raith e-LINE with an acceleration voltage of 20
kV, aperture of 30 μm, and working distance of 10 mm. The samples
were developed in AZ726 for 2 min, then immersed in distilled (DI)
water and blow dried with nitrogen. The ready molds were annealed
at 450 °C for 1 h and coated with a Nanonex NXT-110 antiadhesive
agent. For the nanoimprint, Si samples were spin-coated with
poly(methyl methacrylate) (PMMA) (50K, Microchem) and baked

on a hot plate heated to 180 °C for 2 min. The PMMA thickness was
40 nm. The imprint was done at 450 psi, 180 °C, for 4 min using a
Nanonex NX-B100 nanoimprinter. A Ti mask of ∼10 nm was
evaporated at an angle of 60° in an electron-beam evaporator. The
samples were etched with deep reactive ion etching (Corial 200 IL)
using oxygen plasma. Then, Ti/AuPd (1 nm/3 nm) film was
evaporated perpendicularly to the samples. Lift-off was done by
sonicating the samples in acetone. Finally, the samples were annealed
for 1 h at 550 °C under a N2 atmosphere.

Functionalization. The arrays were cleaned by immersion for 10
min in piranha solution that was aged for 3 h beforehand, rinsed with
DI water, and then cleaned in oxygen plasma (Harrick PDC-32G, 1
min). Immediately after the plasma treatment, samples were
immersed in a 5 mM ethanolic solution of 1,6-hexanedithiol and
left under gentle agitation overnight. The samples were cleaned by
replacing the dithiol solution with fresh ethanol, sonicating for 5 min,
rinsing in ethanol, and blow drying with nitrogen.

Docking. Vials containing nanodumbbells in toluene were
prepared prior to the end of the functionalization process. The
functionalized substrates were immersed in the solution and placed on
a shaker. Importantly, the vessel with the nanodumbbell solution was
kept closed and sealed during the process, to prevent toluene
evaporation and keep the nanodumbbell concentration constant.
Docking was performed at varied concentrations and times (see
Supporting Information for assessment of nanodumbbell concen-
tration). At the end of the assembly process, the samples were cleaned
by replacing the liquid in the vial with fresh toluene, then rinsing with
toluene and blow drying with nitrogen.

Characterization. After the docking, samples were characterized
by SEM. The analysis was performed by counting the number of
occurrences of sites containing the same amount of nanodumbbells
(number of docking sites with 0, 1, 2, ... nanodumbbells). Probability
was calculated by dividing the number of occurrences for each
amount by the total number of occurrences. The obtained numbers of
nanodumbbells (D) and docking sites (N) were used in the model
according to eq 1 for each amount of nanodumbbells per site (A).
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