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Abstract
We investigated the ordering of gold nanowires that settled from aqueous suspension onto a glass
substrate due to gravity. The nanowires, ca. 300 nm in cross-sectional diameter and ca. 2, 4, or 7
microns in length, were coated with 2-mercaptoethanesulfonic acid to provide electrostatic repulsion
and prevent aggregation. The layer of nanowires in direct contact with the substrate was examined
from below using optical microscopy and found to exhibit smectic-like ordering. The extent of
smectic ordering depended on nanowire length with the shortest (2 μm) nanowires exhibiting the
best ordering. To understand the assembly in this system, we used canonical Monte Carlo simulations
to model the two-dimensional ordering of the nanowires on a substrate. We accounted for van der
Waals and electrostatic interactions between the nanowires. The simulations reproduced the
experimental trends and showed that roughness at the ends of the nanowires, which locally increased
electrostatic repulsion, is critical to correctly predicting the experimentally observed smectic
ordering.
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Introduction
It is now possible to synthesize inorganic nano- and microparticles with controlled size, shape,
composition, and surface coatings.1 These particles can have optical, magnetic, and electrical
properties amenable to applications ranging from biomedical diagnostics2 to next-generation
electronics.3–5 Many applications require control over particle organization in a larger
structure. Although methods for particle assembly are much less well developed as compared
with synthesis, a variety of strategies have been reported.6–8 These include: (1) adhesion-based
assembly, in which particles are coated with molecular or biomolecular layers that enable them
to bind to each other or to another surface;9–10 (2) drying, which concentrates particles via
capillary forces and convection as the solution evaporates, often forming regions of high
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density assemblies;11–14 (3) Langmuir-Blodgett and related approaches, in which particles
are floated and compressed on a liquid subphase using methods originally developed for
surfactant monolayers;15–18 (4) external magnetic or electrical fields, which can be used to
orient or move particles;19–23 and (5) fluid flow,24, 25 which is effective in orienting
anisotropic particles such as nanowires. Any of these can be combined with assembly substrates
that have been patterned with regions of differing height26 or chemical functionalization27,
28 to further direct particle assembly.

We are interested in the assembly of metallic nanowires that are prepared by templated
electrodeposition in the pores of alumina membranes, a method pioneered by the groups of
Martin Moskovits and Charles Martin.29, 30 The nanowire diameter is fixed by the pores of
the template membrane, and the length can be controlled by the amount of current passed during
electrodeposition. Multicomponent nanowires with segments of different metals or conducting
polymers can be readily prepared; more elaborate molecular31 or intermetallic32 layers can
also be incorporated.33, 34 These materials have potential as chemoresistors,35 nanoresonators,
36 nanomotors,37 encoded particles for suspension arrays,38, 39 and components in electronic
devices31, 40, 41.

Although the understanding of nanowire assembly is not yet as advanced as for spherical
particles, many of the approaches listed above have been employed to control nanowire
organization. Attachment of nanowires to a surface via electrostatic, hydrophobic, or
biorecognition interactions provides selectivity but does not control orientation, which limits
assembly densities.28, 42 Simple drying of CdSe or Au nanorod suspensions led to a variety of
assemblies ranging from high-density smectic assemblies to more complex structures such as
vortices or stripe patterns;14, 43, 44 the latter were interpreted as kinetically trapped structures.
14 For anisotropic particles such as nanowires, orientation is particularly important. Thus,
several methods based on alignment of the particles in fluid flow have been developed that are
not routinely used for spherical particles. These include nanowire alignment in blown bubble
films45 or microscale flow channels.25 Nanowire assemblies have also been prepared via
Langmuir-Blodgett methods and transferred from the air/liquid interface onto a solid support.
46 Close-packed assemblies can be formed; alternatively, stick-slip deposition can provide a
range of particle spacings.15 Nanowires have also been assembled at liquid/liquid interfaces;
chemical or biorecognition-driven crosslinking has been performed at these interfaces to help
preserve the assemblies.47 External magnetic or electrical fields have been used extensively in
the assembly of metallic and semiconducting nanowires. These methods provide control over
nanowire orientation; when locally-defined fields provided by microscale electrodes/magnets
are used, precise positioning of individual nanowires can be achieved.20, 22, 48 Locally-defined
features such as chemical patterns or microwells have been used to increase spatial control
over nanowire assemblies formed by many of the aforementioned techniques. Additionally,
templates have been used to guide the assembly of elaborate nanowire superstructures,49 and
printing/transfer approaches have been developed to fabricate oriented nanowire arrays50.

Regardless of the assembly strategy selected, inherent forces acting on the particles, for
example, van der Waals attractions, electrostatic attractions and/or repulsions, entropy (i.e.,
depletion forces or confinement effects), thermal motions (for smaller particles), and gravity
(for larger particles), will be present and may assist or hinder the formation of desired
assemblies.6,7 For example, van der Waals attractions can lead to uncontrolled particle
aggregation if not balanced by electrostatic repulsions.

Combining experimental work with theory will improve understanding of the forces that drive
nanowire self-assembly. On the theoretical side, much work has been focused on understanding
the phase behavior of hard rectangles51–53 and spherocylinders52, 54 in two dimensions. Both
rectangles and spherocylinders exhibit the nematic phase.52, 54 Additionally, spherocylinders
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also exhibit a solid (smectic-like) phase at sufficiently high densities.54 These studies provide
insight into entropy-driven assembly which is often used as a basis for understanding the
assembly of rods with energetic interactions.55–65 Avendano et al. showed that short, hard
spherocylinders with short-range repulsive interactions create an effectively larger
spherocylinder and excluded volume, which shifts the nematic-to-smectic phase transition to
lower densities.62 A similar conclusion was obtained by Earl et al. for a system of soft repulsive
spherocylinders.59 A different behavior was found for soft repulsive spherocylinders at higher
temperatures by Cuetos et al., where the nematic phase was found to be stabilized with respect
to the smectic phase.60 The stabilization of the nematic phase was attributed to better sampling
of high energy configurations that reduced the importance of excluded volume effects
responsible for the smectic phase. A central longitudinal point dipole placed in the center of
hard spherocylinders was found to stabilize the smectic phase over the nematic phase;65

whereas, spherocylinders with terminal longitudinal point dipoles were shown to destabilize
the smectic phase in favor of the nematic phase.64

The effects of gravity are often negligible in colloidal systems. However, for large or very
dense particles, the effects of gravity may lead to particle sedimentation from solution. Only
a few theoretical studies have focused on understanding the sedimentation of rods.66–68

Simulations and theoretical calculations on the phase coexistence of short, hard
spherocylinders revealed that in a semi-infinite container, the spherocylinders always pack
with the densest phase at the bottom of the container and the least dense phase at higher
altitudes.66 The presence of the smectic, nematic, and isotropic phases depended on the number
of spherocylinders as well as the gravitational strength.

Making connections between experimental and computational work is valuable for improving
understanding of the forces that drive particle assembly. For example, Titov and Král developed
a model that takes the interactions due to van der Waals and dipole-dipole forces, both with
and without polarization due to an external electric field, of small (5–40 nm long, 3–10 nm
width) CdSe/CdS nanorods.69 Their work served to show that the experimentally observed
phase diagrams can be matched with calculations that minimize the total energy. Unfortunately,
studies that directly link the experimental results of nanowire assembly with specific
calculations are limited in the literature.6, 7

In this work, we employed both theory and experiments to understand the self-assembly of
gold nanowires derivatized with a negatively-charged monolayer and settled from suspension
by gravity onto glass substrates in sealed chambers. This method allowed us to isolate and
examine the effects of electrostatic repulsion and van der Waals attraction, while avoiding
effects due to solvent evaporation (e.g., capillary forces and convective flow). The nanowire
assemblies exhibited smectic ordering, the extent of which depended on nanowire length. Using
Monte Carlo (MC) simulations, we investigated the origins of the experimentally observed
phase behavior. This work provides a fundamental basis for examining the forces that affect
self- and directed assembly of micro- and nanoparticles.

Experimental Materials and Methods
Materials

All water used in these experiments was purified to >18 MΩ, using a Barnstead Nanopure
filtration system. All chemicals were used as received except where noted. Alumina
membranes, nominal pore diameter 0.2 μm, were purchased from Whatman, and Orotemp 24
and Ag Cyless R plating solutions were from Technic Inc. 2-mercaptoethanesulfonic acid
(MESA) was purchased from Sigma. The oligonucleotide used (5′ to 3′ HS-C6H12 AAA AAA
AAA A) was purchased from Integrated DNA Technologies.
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Optical Microscopy
Optical microscopy was performed on a Nikon Eclipse TE300 inverted microscope with a Xe
lamp and a Photometrics CoolSNAP HQ camera. Plan Fluor 100× oil objective (NA 1.3) and
a Plan Apo 60× oil objective (NA 1.4) were used. Reflected brightfield images were collected
using white light with Image-Pro Plus software (version 4.5; Media Cybernetics).

Nanowire Synthesis
Gold nanowires were grown by electrochemical deposition in the pores of alumina membranes
following previously reported methods.34, 38 The resulting nanowires were imaged by optical
microscopy to determine lengths (≥50 nanowires measured). Three different lengths were used
in this work, referred to throughout this manuscript as 2, 4, and 7 μm nanowires. Measured
lengths and standard deviations for these particles were: L = 1.8 ± 0.2, 4.3 ± 0.3, and 7.0 ± 0.5
μm, respectively. Length polydispersities were nearly the same for the three batches, ranging
from 7% for the 4.3 and 7.0 μm wires to 11% for the 1.8 micron wires. The nanowires were d
= 318 ± 45 nm in diameter (previously determined by transmission electron microscopy30,
70), hence their aspect ratios were approximately 6, 12, and 22.

Nanowire Derivatization
Nanowires were functionalized with a coating of MESA to provide electrostatic repulsion. The
thiol moiety of this molecule binds to the Au surface of the nanowires, resulting in a monolayer
terminated with the negatively-charged sulfonate groups. To form the monolayer, the nanowire
stock solution (~109 nanowires in 1 mL ethanol) was pelleted by centrifugation at 8100g for
1 min and, after rinsing 3× in water, was resuspended in a 10 mg/mL aqueous solution of
MESA. The suspension was then vortexed for two hours followed by rinsing the nanowires
3× with 1 mL of H2O by centrifugation. Nanowires that were functionalized with DNA were
incubated with 1 μM thiolated DNA for 30 min and washed 3× with water prior to use.

Self-Assembly of Nanowires
A silicone spacer (Invitrogen CoverWell™ perfusion chamber gasket) was cleaned with
ethanol and placed onto a glass slide, forming wells 9 mm in diameter and 2.5 mm deep. A
suspension of nanowires (100 μL), at the batch concentration, was sonicated and immediately
added to a well and allowed to settle onto the glass slide. After addition of the nanowires, each
cell was sealed with a glass cover slip, which prevented the evaporation of solution allowing
the nanowires to form assemblies without being effected by an evaporation front. Each
constructed well constituted one sample and at least six different samples were imaged for each
nanowire length. After nanowire loading, the sample was allowed to rest on the stage of an
inverted microscope for assembly. We observed that the nanowires nearly always deposited
on the substrate as single nanowires, not higher order aggregates. Final configurations only
formed once sufficient deposition time had passed, approximately 30 minutes. The bottommost
layer of nanowires was observed on the microscope after letting the nanowires rest overnight.

Analysis of assemblies
The Fourier transforms (FTs) of sample images were obtained using the Image-Pro Plus
software package. This software performs a fast Fourier transform of the images and the
resulting transformation is plotted as the spectral form on a logarithmic scale. To enhance the
features of the transformed images for analysis the brightness and contrast was uniformly
enhanced to better show features.
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Experimental Results
Figure 1(a) shows a representative image of 2-mercaptoethanesulfonic acid (MESA)-coated,
4 μm long, Au nanowires assembled from deionized water suspension onto a glass coverslip,
and viewed from below via reflectance brightfield optical microscopy. Well-ordered rows of
nanowires were observed. Individual nanowires remained mobile in these assemblies
(Supporting Figure 1). In these experiments, the principal role of the negatively-charged MESA
monolayer on the nanowires was to provide electrostatic repulsion, thereby inhibiting
aggregation. Low ionic strength media were necessary to observe these highly ordered
assemblies. At [NaCl] ≤ 100 μM, well-ordered assemblies similar to those in deionized water
were observed. However, at [NaCl] ≥ 5 mM (Debye length = 4.3 nm), aggregation occurred
immediately upon contact with other nanowires [Fig. 1(c)], forming an extended open network
rather than the high-density assemblies seen at lower ionic strength. In principle any negatively-
charged coating should provide the same benefits for assembly in low ionic strength solutions,
and this has been our observation. Supporting Figure 2 shows assemblies of Au nanowires
coated with a monolayer of single-stranded, 5′ thiolated DNA oligonucleotides. The DNA-
coated nanowires formed well-ordered nanowire assemblies very similar to those formed from
MESA-coated nanowires.

Based on the nanowire size and the area available for assembly within the cell, the experimental
assemblies of 4 μm nanowires (prepared from 100 μL, 109 nanowires/mL suspension) should
produce 2.16 monolayers. We observed areas within each assembly sample that had differing
nanowire densities. While a few areas had almost no nanowires present, the majority of the
surface was coated with high densities of nanowires.71 The experiments and simulations in
this manuscript focus on these high-density regions of the samples. Nanowire surface
coverages in some regions approached close-packed arrangements. For example, a high-
density region of 4.3 μm long nanowires had 5.1 × 107 nanowires/cm2, as compared with a
calculated maximum packing of 7.3 × 107 nanowires/cm2. It should be noted that these
assemblies are three-dimensional, comprising several multilayers as expected based on the
number of nanowires present, and confirmed by optical microscopy (Supporting Figure 3). The
upper layers consist of nanowire rows positioned directly above and oriented in the same
manner as the lower layers. Assemblies of nanowires produced with tenfold lower nanowire
concentrations (108 nanowires/mL) display the same general properties as the assemblies
discussed here, such as, regions of varying nanowire density with the highest densities having
multilayered, well-ordered rows of nanowires. We note that although in general the regions of
high nanowire density were formed by large numbers of wires falling from suspension,
nanowires did not need to fall onto each other in order to assemble. Individual nanowires would
eventually form small bundles over long times, 24–48 hr (Supporting Figure 1).

To evaluate the effect of nanowire length on assembly, we synthesized nanowires
approximately 2, 4, and 7 μm in length and 300 nm in cross-sectional diameter (measured
dimensions were 1.8 ± 0.2, 4.3 ± 0.3, and 7.0 ± 0.5 μm, respectively for the three lengths, and
318 ± 45 nm diameter for all lengths). Although each of these samples formed similar
assemblies, the shorter nanowires produced larger domains with increased order (Figure 2).
The 2 μm nanowires form well-defined rows with well-aligned ends. This high degree of
orientational and positional order is consistent with the smectic phase. The 4 μm nanowires
shown in Fig. 2(c) have many of the same features as the 2 μm nanowires, notably the distinct
rows of nanowires, except that there is more disorder between the ends of the nanowires within
a row. The 7 μm [Fig. 2(e)] nanowires exhibit a marked decrease in order. The rows persist
over only short distances and the ends of the nanowires are disordered and penetrate into the
gap between rows.
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The FTs of the microscope images in Figure 2 provide information on the characteristic
distances in the assemblies and confirm our qualitative visual assessment of nanowire ordering.
Each of the experimental FT images shows concentric rings, which reflect the multidomain
smectic alignment of the nanowires. The FT image of the 2 μm nanowires [Fig. 2(b)] shows
two distinctly separate rings, the 4 μm nanowires show three rings [Fig. 2(d)], and the 7 μm
nanowires have a single, vaguely visible ring [Fig. 2(f)]. The 2 and 4 μm nanowires exhibit
equally spaced rings, with radii that are integer multiples of one another. The distance from
the origin to the middle of the first ring is 2.1 μm for the 2 μm nanowires, 4.4 μm for the 4
μm nanowires, and 7.9 μm for the 7 μm nanowires. These distances represent the nanowire
length plus the inter-row spacing. The width of the rings represents the nonuniformity of
nanowires within a row. For the 2 and 4 μm nanowires, each of the rings within the respective
FT image has a similar width. For the 2 μm nanowires, the width of the rings is 0.6 μm and for
the 4 μm nanowires it is 1.8 μm. The width of the ring is 4.0 μm for the 7 μm nanowires. In
the case of the 2 μm nanowires, the shortest distance represented by the innermost ring [i.e.,
the middle-of-the-ring distance (2.1 μm) minus one-half the ring width (0.3 μm)] is equal to
the nanowire length. The longest distance is the middle-of-the-ring distance plus one-half the
ring width, which is equal to the nanowire length plus inter-row spacing. This indicates that
the 2 μm nanowires have highly uniform rows. For the 4 and 7 μm nanowires, the minimum
distances represented by the innermost ring are 3.5 and 5.9 μm, respectively, which are less
than the nanowire lengths, indicating interdigitation between rows of nanowires. Polydispersity
of the nanowires can also contribute to broadening of the rings and could reduce the size of
the smectic domains observed experimentally. We note, however, that all samples have a
similar polydispersity as described in the Materials and Methods. We also note that there is
anisotropy in the intensity of the rings in the FT in Fig. 2(b), which is due to the small sampling
region for the FT analysis: a large number of randomly oriented smectic domains would
produce uniform rings.

Unlike the shorter nanowires, the 7 μm nanowires exhibit only a single, vaguely visible ring
about the center of the image. If disordering and interdigitation of the nanowire rows is
significant, then the nanowires might be considered to be in the nematic phase. Our FT analysis
of assembly pictures indicates that this is not the case and that ordering of the 7 μm nanowires
can be considered to be smectic. Figure 3(a) shows a snapshot from a simulation where the
nanowires are in a nematic phase.51 The nanowires shown in Fig. 3(a) have an aspect ratio of
L/d=13, similar to the experimental nanowires’ value of 12, with a similar density,
Af, wires=0.6, to that in the experiments. The nanowire density is calculated as the fractional
surface coverage according to

(1)

where Nwires is the number of nanowires and Abox is the area of the simulation box. Unlike the
experiments, the nanowires in Fig. 3(a) exist in a single domain. Thus, the FT of this snapshot
[Fig. 3(b)] does not exhibit a ring—instead the FT exhibits diffuse clouds perpendicular to the
director (the dominant direction of alignment of the nanowires’ long axis), that results from
the collective alignment of the nanowires. While the length scale in the experimental FT in
Fig. 2(f) represents the nanowire length plus inter-row spacing, the length scale associated with
the blurry regions in Fig. 3(b) is consistent with the nanowire diameter plus intra-row spacing.
Thus, ordering of the 7 μm nanowires can be considered to be smectic.
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Model System
In an effort to understand nanowire ordering in the experiments, we created a model of the
experimental systems. This model incorporates the three major interactions in the experimental
system: gravity, van der Waals attraction, and electrostatic repulsion. Gravity is responsible
for settling the nanowires from the aqueous solution onto the glass substrate and holding them
there. van der Waals attraction would give rise to nanowire aggregation in the absence of the
stabilizing MESA layer; however, the electrostatic interactions due to the MESA coating are
repulsive and keep the particles from aggregating. As we will discuss below, the roughness of
the nanowire ends creates additional electrostatic repulsion. Therefore, the balance of van der
Waals and electrostatic interactions leads to the self-assembly of the nanowires on the surface.

In our simulations, we represent the nanowires as rigid chains consisting of spherical segments.
This model has been used previously to simulate systems of rods.55–57 The approximation of
a rigid chain of spherical segments underestimates the van der Waals attraction as compared
to two parallel aligned cylinders by approximately 30%.72 We adjust the nanowire length by
varying the number of segments in the chain. Each of the segments is modeled as a core-shell
sphere with a gold core and a MESA shell. The diameter and lengths of the nanowires in the
simulations were selected to match the nominal dimensions for experimental nanowires, i.e.,
2, 4, and 7 μm lengths and 300 nm diameter. The simulated nanowire diameter was 302 nm,
which represents a 300-nanometer-diameter gold core with a one-nanometer-thick MESA
layer. Thus, we adopt a total diameter of 302 nm for the spherical segments in the model. We
simulated monodisperse nanowires containing seven, 13, and 23 segments, which resulted in
nanowire lengths of 2.1, 3.9, and 6.9 μm. In the discussion below, we will refer to the nanowires
as 2, 4, and 7 μm nanowires. As we will elaborate below, we simulated point charges on the
end segments of each nanowire to represent the increase in electrostatic repulsion due to surface
roughness at the nanowire ends. Figure 4(a) and (b) illustrate the essential elements of the
model nanowires.

To model a layer of nanowires on the glass substrate, we consider a two-dimensional system.
Our model neglects the nanowire sedimentation process, as it was determined from the
experiments that nanowire ordering improves after the initial sedimentation; thus we are
modeling only the post-sedimentation assembly (Supporting Figure S4). Because of their high
densities in the experiments, we expect that the nanowires could exhibit either nematic
ordering, in which nanowires adopt similar orientations but have disordered center-of-mass
positions, or smectic ordering, where the nanowires exhibit order in both their orientation and
centers of mass. Since orientational ordering occurs in both cases, we fix the nanowire
orientations and we only consider displacement of the nanowire centers of mass. As shown in
Fig. 4(c), the simulation box has dimensions of Lx and Ly and is periodic in the x and y directions.

The total energy of the system Utotal is given by

(2)

where UvdW and Useg-seg are the van der Waals attraction and electrostatic repulsion,
respectively, between segments i and j separated by a distance of rij, Useg-end is the electrostatic
repulsion between segment i and end-point charge k separated by rik, and Uend-end is the
electrostatic repulsion between end-point charges k and l separated by rkl. In all the sums in
Eq. (2), the interactions are pair-wise additive and intra-wire interactions are excluded. It should
also be noted that overlap is prohibited between segments of different nanowires.
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We model the core-shell van der Waals interaction UvdW using the potential developed by Vold,
73 which is given by

(3)

with

(4)

Here, Aw, Am, and AAu are the Hamaker constants for water, MESA, and gold, respectively; r
is the center-of-mass separation between segments; δ is the thickness of the MESA layer; and
d is the Au core-particle diameter. The following values of the Hamaker constants were used:
AAu=40×10−20 J, Aw=3.73×10−20 J, and Am=5.0×10−20 J.74, 75 In Eq. (3), the attraction between
the gold segment cores is the dominant contribution because of the large value of the Hamaker
constant of gold relative to MESA or water.

We model the segment-segment electrostatic interaction Useg-seg using the potential developed
by Sader et al.,76 which has the form

(5)

with

(6)

Here, ε is the permittivity of water, kB is Boltzmann’s constant, T is the absolute temperature,
e0 is the charge of a proton, a is the segment radius, κ is the Debye screening parameter, and
ys is the reduced surface potential, which is determined from the zeta potential of the nanowires.
We chose this form for the electrostatic potential because it is valid for moderate to high surface
potentials (25–100 mV), over a large range of particle separations [κ(r-d-2δ)>0.2], and for
modest values of κa (κa>3), making it the most appropriate choice for the systems in this study.
The experimental inverse Debye screening length is κ−1=100 nm, which is based on 10 μM
ionic strength.77 In the paper by Dougherty et al., the zeta potential of gold nanowires coated
with MESA was determined to be ξAu=55 mV.78 The zeta potential is related to the reduced

surface potential in Eq. (6) by .

Scanning electron microscope (SEM) images of nanowires that were synthesized with the
technique employed here reveal that the sides of the nanowires are relatively smooth compared
to the ends.29, 79 Structural irregularities can occur as protrusions or concavity of the nanowire
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ends. In previous work, it was found that such roughness can lead to an increase in electrostatic
repulsion.80–84 Kostoglou and Karabelas discussed that electrostatic repulsion of two
interacting surfaces can be up to three times stronger on a rough surface than on a smooth one.
80 To address increased electrostatic repulsion associated with the rough ends of the nanowires,
we placed point charges at the terminal segments of the nanowires. A similar technique has
been used by Suresh and Walz to describe a rough spherical particle interacting with a flat,
smooth surface.82 They modeled roughness as a uniform distribution of small hemispherical
asperities on a larger spherical particle surface and calculated the increase in electrostatic
repulsion as a sum of pairwise interactions between the asperities and the flat smooth surface.
Here, the ends of the experimental nanowires are not uniform and it would be difficult to
characterize and model the different ends. Thus, the point charge represents the effect of
increased electrostatic repulsion in a general way.

We used a screened Coulomb potential to describe the interaction between segments and end
charges Useg-end and between two end charges Uend-end. A screened Coulomb potential been
used previously to simulate colloids with adsorbed polyelectrolyte,85 where it was shown to
successfully capture charge non-uniformity. The screened Coulomb potentials have the forms

(7)

and

(8)

Here, zi and zseg are the number of elementary charges at the ends and segments, respectively.
Based on the zeta potential of the nanowires, zseg=1282e0. As we will elaborate below, the
value of the end-point charge was set to zi=50e0, which results in less than a 4% increase in
the total charge of an end segment. It should be noted that zi is the only adjustable parameter
in our model.

Metropolis MC simulations were used to determine the equilibrium configurations of nanowire
assemblies. The simulations were performed in the canonical ensemble, where the number of
nanowires Nwires, area of the substrate Abox, and temperature T=293K are constant. In all
simulations of 4 and 7 μm nanowires, Nwires=1070, and for systems with 2 μm nanowires,
Nwires=1177. Below, we will discuss results for 2, 4, and 7 μm nanowires simulated at densities
of Af,wires=0.69, 0.70, and 0.65, respectively. These values are similar to average experimental
fractional coverage of Af, wires=0.7 ± 0.2, which is the same for all wire lengths. The simulation
box size (Abox = Lx × Ly) varied from a minimum of (37.9 × 24.9) μm2 to a maximum of (46.7
× 72.8) μm2 to achieve the desired surface coverage. To determine the influence of density on
nanowire ordering, we studied a variety of additional surface coverages for each length. For
values within the experimental uncertainty, we find the influence of density to be negligible.

In the MC simulations, a trial move is performed by randomly displacing the center of mass
of a nanowire in the x or y direction. The displacements are uniformly distributed with a
maximum value of 0.1d. The difference between the value of Utotal for the initial and trial
configuration ΔU is obtained and the trial move is accepted with a probability given by
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(9)

The acceptance rate of the trial moves varied from a minimum of 35% to a maximum of 43%
for the various systems probed. Each simulation was equilibrated for a minimum of 50,000
MC steps (MCS), where a MCS is defined as an average of one attempted move per nanowire
per step. By monitoring the convergence of the total energy, as well as sampled structural
quantities, to a constant value, we confirmed that the simulated systems were successfully
equilibrated. We also employed different initial nanowire configurations to verify that the final
configuration of nanowires was independent of the starting configuration. Data production runs
consisted of 50,000 MCS. The results are an average over a minimum of ten production runs
for each length of nanowire, where the output of one production run was used as the input to
the next one.

We used the pair-longitudinal distribution function g|| to quantify the smectic ordering of the
nanowires. This quantity yields the probability of finding a pair of nanowires whose center of
mass is separated by a distance y|| in the direction parallel to the long axis of the nanowire. It
is defined by

(10)

where 〈N(y||, y|| + Δy||)〉 is an ensemble average of the number of nanowires that have their
center of mass at a distance between y|| and y||+Δy|| and ρbulk = (Nwires/Abox) is the bulk density
of nanowires. A smectic phase will exhibit peaks in g|| indicating layers of nanowires. The
nematic phase, due to a lack of positional order to the nanowires, will not exhibit peaks but
rather has a value of unity.

Additionally, we obtain FTs from snapshots of the simulated nanowire assemblies using the
same Image-Pro Plus software package that is used to analyze the experimental images. We
replicate the snapshots along the periodic y direction to provide a large enough image so we
could obtain sufficient resolution with the FT to identify structural details.

Simulation Results
As discussed above, for the experimental and simulated nanowires, either nematic or smectic
ordering could occur. To understand the preference for the smectic phase, we contrast it to a
rectangular columnar phase, shown in Fig. 5, in terms of how various energies contribute to
the total energy in Eq. (2). In the rectangular columnar phase, maximum interdigitation occurs
between the nanowires so, in this sense, it is the opposite of the smectic phase. For our test
calculations, nanowires are fixed and have uniform inter-wire spacings at the densities
discussed above. van der Waals attraction UvdW favors aggregation of the nanowires, since this
interaction is minimized at contact. Experimentally, individual nanowires retain mobility in
the smectic rows, indicating irreversible aggregation has not occurred. To minimize the van
der Waals energy in an assembly without aggregation, nanowires tend to align within a row.
For the 4 μm nanowires, the van der Waals energy is 5% (0.3 kBT/nanowire) lower in the
smectic phase than in the rectangular columnar phase. On the other hand, the segment-segment
electrostatic repulsion Useg-seg is greatest when the nanowires are in the smectic phase. This
repulsion is mitigated in the rectangular columnar phase. For the 4 μm nanowires, the segment-
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segment electrostatic repulsion is 3% (4.6 kBT/nanowire) higher in the smectic phase than in
the rectangular columnar phase.

Considering only van der Waals attraction and segment-segment repulsion (i.e., no end
charges), we expect that the dominant interaction would dictate the resulting phase. For all
three lengths of nanowires, the van der Waals attraction accounts for approximately 3% of the
total energy when only considering UvdW and Useg-seg. Since the segment-segment repulsion
is much greater than the van der Waals attraction in these systems, a disordered phase is
expected. This is observed in the MC simulation snapshot shown in Fig. 6(b), where the
nanowires exhibit significant positional disorder when charges at the ends of the nanowires
are neglected. The significant positional disorder results in the low peak values of g|| in Fig. 6
(a).

Adding a point charge to the terminal segments of the nanowires improves smectic ordering.
To investigate this effect, we performed MC simulations with zi equal to 1e0, 5e0, 25e0,
50e0, and 100e0. Figures 6(c) and (d) show simulation snapshots of 4 μm nanowires with
zi=25e0 (c) and zi=50e0 (d). The snapshot in Fig. 6(c) shows similar order to that for no end
charge [Fig. 6(b)] and g|| is nearly identical for the two cases [Fig. 6(a)]. By increasing the end
charge to zi=50e0, it is evident in Fig. 6(d) that there is an increase in smectic ordering. This
increase is also evident in g|| in Fig. 6(a), which exhibits well defined peaks indicative of
smectic layers. Each broad peak contains a sharp central peak which indicates the average
position of the center of mass of the rows of wires. Thus, from our simulations, we find that
zi=50e0 is the lowest value of the end-point charge to induce a smectic phase for all lengths of
nanowires and we adopt this value in the simulations and analysis below. The end-point charge
results in less than a 4% increase in the total charge of an end segment and the additional
repulsion is within the range of values reported in the literature.80, 82 It should be noted that
to some extent, the end charge may also compensate for phenomena not included in the model,
such as nanowire polydispersity in length and diameter or the varying amounts of surface
roughness present on the nanowires.

To understand how the end-point charge influences smectic ordering, we return to our analysis
of the smectic and rectangular columnar structures in Fig. 5, assuming an end charge of
zi=50e0. The electrostatic repulsion between end-point charges Uend-end favors the rectangular
columnar phase over the smectic phase because end-end contact is minimized in this
configuration. Uend-end is 14% (0.2 kBT/nanowire) lower when the nanowires are in the
rectangular columnar phase than in the smectic phase for 4 μm nanowires. On the other hand,
the electrostatic repulsion due to segments and end-point charges Useg-end is minimized in the
smectic phase, where contact between ends and non-terminal segments is minimized. For the
4 μm nanowires, Useg-end is 20% (3.4 kBT/nanowire) lower in the smectic phase than in the
rectangular columnar phase.

From the different contributions to Utotal, two interactions favor the smectic phase (UvdW and
Useg-end) and two favor the rectangular columnar phase (Useg-seg and Uend-end). The two most
significant contributions to the total energy are Useg-end and Useg-seg. We also note that
Useg-seg and UvdW are proportional to the length of the nanowire. In contrast, the localized
repulsion due to roughness at the end of the nanowires, Useg-end and Uend-end, is independent
of nanowire length. Thus, Useg-end and Uend-end contribute less significantly to the total energy
as the nanowire length increases and end roughness impacts ordering the most for the 2 μm
nanowires and the least for the 7 μm nanowires. Useg-end and Uend-end contribute ~25% of the
total electrostatic repulsion for the 2 μm nanowires, ~7% for the 4 μm nanowires, and ~2% for
the 7 μm nanowires.
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In addition to energetic factors, entropic factors also govern nanowire ordering. The effects of
entropy can be inferred from related studies of hard rectangles51–53 and hard spherocylinders.
52, 54 For the area fractions and aspect ratios of nanowires in this study hard rectangles exhibit
only the nematic phase.52 The area fractions and aspect ratios of nanowires in this work are
too low for the formation of the solid (smectic) phase in spherocylinders.54 Thus, based on
these studies, for the aspect ratios and area fractions of nanowires in this study, the nematic
phase is favored by entropy.

In addition to high density assemblies found in the experiments, low density suspensions of
nanowires (1–10% of the typical starting concentration) have shown the ability of some
nanowires to form well-aligned bundles (Supporting Figure 1), at long times. This would not
be predicted by the simulations due to strong electrostatic repulsion between nanowires. These
differences between the model and experiment can be rationalized as arising from additional
effects between the nanowires in the experiments such as non-uniform MESA coatings or
branched nanowire geometries.70, 79

Through an analysis of the different interactions we have gained an understanding of why the
smectic phase is energetically preferred in the adsorption of charged-stabilized, aqueous
metallic nanowires. Our MC simulations reflect these energetic tendencies, which apparently
dominate over entropy. Upon inspection of representative simulation snapshots for the 2 [Fig.
7(a)], 4 [Fig. 7(c)], and 7 μm [Fig. 7(e)] nanowires, we see that as the length of the nanowire
increases, the degree of smectic ordering decreases. The 2 μm nanowires [Fig. 7(a)] are well
aligned and the space between rows of nanowires is mostly free of nanowire ends. Figure 7(c)
shows that the ends of the 4 μm nanowires interdigitate between the rows to a greater extent
than the 2 μm nanowires and Fig. 7(e) shows that the 7 μm nanowires exhibit greater
interdigitation than the 4 μm nanowires. The simulation snapshots are qualitatively consistent
with the experimental images in Fig. 2.

The visual observation of order is supported by the pair-longitudinal distribution function g||
shown in Fig. 8. Figure 8(a) shows the entire function and Fig. 8(b) highlights the features of
a single peak. The 2 μm nanowires exhibit the best ordered rows and have the highest peak
value of g||, as well as a zero value of g|| between the peaks. The zero value of g|| indicates that
the rows of nanowires do not interdigitate. The 4 μm nanowires show a lower peak value than
the 2 μm nanowires, which means the rows of nanowires are not as well aligned, as noted in
the simulation snapshots of Fig. 7(c). The 7 μm nanowires have the lowest peak value,
indicating the least amount of smectic order. This is supported by the simulation snapshot in
Fig. 7(e).

Figures 7(b), (d), and (f) contain the FTs of the 2, 4, and 7 μm nanowires. Unlike the experiments
(cf., Fig. 2), the FTs of the simulation snapshots do not show rings because the nanowires are
aligned in a single direction and do not exhibit multiple ordered domains. The vertical dots in
the center of the FT images are equally spaced and represent the same structure as the rings in
the experimental FT images. The distances represented by the vertical dots is 2.2 μm for the 2
μm nanowires, 3.8 μm for the 4 μm nanowires, and 6.7 μm for the 7 μm nanowires. For the 2
μm nanowires [Fig. 7(b)], the vertical dots represent the nanowire length plus inter-row spacing
because the ends of the nanowires within a row are well ordered and the rows are clearly
separated. For the 4 and 7 μm nanowires [Figs. 7(d) and (f)], the vertical dots represent a
distance that is less than the nanowire length because rows of nanowires are interdigitated. We
note that the distances extracted from the locations of the vertical dots in the center of the FTs
in Fig. 7 are consistent with the structure noted in g|| in Fig. 8. For the 4 and 7 μm nanowires,
g|| exhibits side peaks to the left and right that flank the center of each main peak [cf., Fig. 8
(b)], which represent the disorder of the nanowire ends between rows. The distance between
the side peaks represents the deviation from perfectly aligned rows of nanowires, where a
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broader width indicates that the nanowires are more disordered. The distances between the
vertical dots in the FTs in Fig. 7 are equal to the nanowire length plus inter-row spacing minus
the distance between side peaks. The spacings between vertical dots in the simulation FTs and
the rings in the experimental FTs are in good agreement.

The horizontal features in the simulation FTs in Fig. 7 provide a measure of the nanowire
diameter plus intra-row spacing. These features represent the same structure as the edge of the
large, circular, diffuse cloud that envelops the concentric rings in the experimental FTs in Fig.
2. The intra-row spacing is 100 nm and is equivalent for all three nanowire lengths in the
simulations. This value can be compared to the experimental data in Figure 2. From Figure 2
(b), (d), and (f), we estimated intra-row spacings of approximately 70, 80, and 100 nm for the
2, 4, and 7 μm nanowires, respectively.

Conclusions
We observed and quantified smectic ordering in charge-stabilized, colloidal Au nanowires that
settle onto a glass substrate due to gravity. Our MC simulations indicate that these assemblies
are brought about by a balance of electrostatic and van der Waals interactions and that a small
degree of end charging, associated with roughness of the nanowire ends, can lead to well-
aligned nanowire rows. Smectic ordering has been observed in previous experimental studies
involving self-assembled nanowires on solid substrates.17, 44, 86–88 However, these studies
involved liquid-vapor interfaces or drying of the nanowires, so that capillary forces were
deemed significant. Here, we demonstrate that the balance of non-specific forces can lead to
well-ordered nanowire arrays. This knowledge may be useful in the selective fabrication of
devices.
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Figure 1.
Effect of suspension ionic strength on assembly. MESA-coated Au nanowires ca 4 μm long
assembled from: deionized water (a), 0.1 mM (b), and 5 mM NaCl (c). Scale bar in (a) is 10
μm and applies to all images.
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Figure 2.
Representative experimental microscope images of self-assembled Au nanowires with nominal
lengths of 2 (a), 4 (c), and 7 μm (e). The corresponding FTs of the images in a, c, and e (b,
d, and f, respectively) are included to the right of the corresponding microscope image. The
FTs were cropped to magnify the features in the center. The scale bar in (a) is 10 μm and applies
to images (c) and (e).

Triplett et al. Page 19

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2011 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A nematic phase of nanowires is shown in (a) with the corresponding FT in (b).
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Figure 4.
Characteristics of the model nanowires. The core-shell configuration of the spherical segments
is shown in (a) and an example nanowire composed of seven spherical segments with point
charges on the terminal segments is shown in (b). A cartoon of the simulation box is shown in
(c).
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Figure 5.
The smectic phase is shown in (a) and the rectangular columnar phase is shown in (b).
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Figure 6.
The pair-longitudinal distribution function, given by Eq. (10), is shown in (a) for 4 μm
nanowires with various end charges. Simulation snapshots are shown for zi=0 (b), zi=25e0
(c), and zi=50e0 (d).
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Figure 7.
Simulation snapshots for the 2 (a), 4 (c), and 7 μm long nanowires (e). Corresponding FT
images are shown to the right of each snapshot in (b), (d), and (f). FTs were cropped to enhance
the features in the center.
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Figure 8.
Pair-longitudinal distribution function, given by Eq. (10), for the different lengths of nanowires.
The entire function is shown in (a) and a single peak centered around y||/L=3 is highlighted in
(b). The features present in (b) are characteristic of all peaks.
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