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Abstract

Understanding how micro- and nanoparticles interact is important for achieving bottom-up
assembly of desired structures. Here, we examine the self-assembly of two-component,
compositionally asymmetric nanocylinders that sediment from solution onto a solid surface. These
particles spontaneously formed smectic arrays. Within the rows of an array, nanocylinders tended
to assemble such that neighboring particles had the same orientation of their segments. As a probe
of interparticle interactions, we classified nanocylinder alignments by measuring the segment
orientations of many sets of neighboring particles. Monte Carlo simulations incorporating an exact
expression for the van der Waals (vdW) energy indicate that differences in the vdW interactions,
even when small, are the key factor in producing observed segment alignment. These results point
to asymmetrical vdW interactions as a potentially powerful means of controlling orientation in
multicomponent cylinder arrays, and suggest that designing for these interactions could yield new
ways to control self-assembly.
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Understanding and exploiting interparticle interactions has long been a goal of the nano- and
micro-particle assembly community. A traditional approach has been to take advantage of
electrostatic or steric repulsions to prevent uncontrolled particle aggregation due to van der
Waals (vdW) attractions.1~> Combining these forces with chemical or biochemical
recognition between surface molecules?4% and/or additional physical forces such as
entropic depletion,14 solvent evaporation,12 or the application of an external field246.7 has
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enabled well-controlled structures to be formed, most typically from uniform populations of
single-component, spherical particles.

As the geometrical and compositional complexity of particles to be assembled increases,
new challenges and opportunities for assembly present themselves. Single component
rodlike particles typically assemble with their long axes parallel, often into smectic rows and
in some cases in vertically oriented arrays that stand up on a substrate.8-17 If the two ends of
the particles are different, they can be oriented within an array either pointing the same
direction as their neighboring particles, pointing oppositely, or in a random mixture of
orientations. Controlling particle orientation for anisotropic particles such as nanorods or
nanowires is of interest to many researchers working to integrate these particles into devices
such as sensors18-23 or energy storage?4-32/collection33-38 materials. Multicomponent
cylindrical particles with lengths of several microns and diameters on the order of hundreds
of nanometers are readily prepared by template electrodeposition methods340 with
segments of various metallic, semiconducting, and/or conducting polymer materials. 4145
Coatings can be added post-synthesis.210:44-49 These not only allow surface
functionalization but also can provide the additional opportunity to etch away some
segments leaving behind air- or solvent-filled gaps, with the structure maintained by the
coating material 8:9:45-47.50-52 Hence, the materials properties of the segments along the
length of these particles can be varied over a large range. While the fabrication of segmented
multicomponent particles is relatively simple and has been the subject of extensive
work,4142:45 controlling their assembly orientation can be challenging and has been much
less studied. A few examples have appeared in which the orientation of individual particles
within a larger assembly has been controlled. Using electric fields, the Zheng group has
aligned axially doped Si wires.>3 Additionally, the Mirkin group has fabricated elaborate 3D
structures from segmented Au and polypyrrole particles by a combination of hydrophobic,
templating, and capillary effects.>4-57 In both of these examples, orientational ordering was
driven primarily by an external means, such as, the electric field or template, rather than by
self-assembly of the particles due to intrinsic interparticle interactions.

Previously, our group has shown alignment of segmented particles in the vertical
orientation. Partially-etched nanowires (PENs) composed of a silica shell that surrounds a
core of Au segments and solvent-filled segments, sedimented from water to form arrays of
particles consistently oriented with the Au end on the surface and the hollow (water-filled)
silica end on the top.8° These assemblies were completed without solvent evaporation or the
application of external fields, under the influence of gravity.8-® The standing orientation was
facilitated by the offset center-of-mass of the PENs, which had one dense end (Au-filled)
and one less-dense end (solvent-filled). Particle diffusion was also important in this
assembly strategy since it allowed PENs to convert to orientations that best optimize the
vdW interactions of the Au cores.89

To fully understand the roles of vdW and electrostatic interactions it is necessary to combine
experimental techniques with theoretical modeling. From a theoretical point of view,
understanding the interactions between nanoparticles in solvent is still challenging.
Molecular dynamics simulations have been used to understand the balance between vdW,
electrostatic, and solvation (hydration) forces for atomically explicit models of nanoparticles
in solvent.58-64 However, such detailed simulations cannot probe the length and time scales
that are often associated with assembly. To this end, coarse-grained mesoscale models have
been applied to understand nanoparticle assembly.10:65-68 For example, our group has
worked previously on assemblies of solid Au nanowires (2—7 pm in length, 300 nm
diameter).10 In that work, we were able to attribute the experimental observation of smectic
rows to a balance of vdW and electrostatic interactions using Monte Carlo (MC) simulations
in a coarse-grained model of the Au nanowires.10
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Here, we explore interparticle interactions by examining nanocylinder orientation within
smectic rows of segmented nanocylinders ca. 4 pm in length and 300 nm in diameter
composed of Au, Ag, and/or hollow silica segments. Assemblies were completed in
deionized water suspension without the presence of applied fields or solvent evaporation and
were observed using optical microscopy. Quantitative measurements were combined with
MC simulations to probe the affects of particle materials and segment sizes.

Results and Discussion

Figure 1 shows an assembly of silica-coated Au-Ag nanowires (300 nm diameter, 4 pm long
particles with approximately 2 pm segments of Au and of Ag). Images were acquired 24 h
after placing an aqueous suspension of the particles into a sealed chamber. Similarly to
experiments with single segment Au nanowires, 10 smectic rows of varying quality were
observed in different regions across the sample. Ag and Au segments can be distinguished
based on differences in their reflectivity;43:69.70 the Ag segments appear brighter. The region
shown in Figure 1A is striking in that the nanowires are not only organized into smectic
rows, but individual particles within each row are also oriented with their Ag ends facing in
the same direction. This particular region contacted the air/water interface as the sample
began to dry, which may have influenced assembly. This degree of striking orientational
ordering was not typical. Other regions of the same sample, such as the one shown in Figure
1B, showed varying degrees of smectic order, and lacked the striking orientational ordering
of Figure 1A. However, on close inspection smaller areas of orientational ordering could
still be seen, as shown in the insets.

The orientational ordering of Figure 1 was observed in the absence of applied fields, for
particles with uniform silica coatings in the absence of binding interactions or templates.
This was a surprising result because Au and Ag segments have similar materials properties.
We therefore set out to determine what caused this orientational ordering, and whether it
could be better controlled.

Determining Orientational Ordering

When qualitatively examining the arrays of Figure 1, the eye is drawn to regions where
multiple nanowires are aligned. While not all of our images displayed such strong ordering,
many images had regions indicating order. However, these regions do not necessarily
indicate a non-random distribution of nanowire orientations within a full array. To allow
comparison between samples, it is necessary to quantify orientational ordering.

Here, we examined regions of well-aligned rows and focus on orientation within the rows.
Well-aligned smectic regions of an assembly were defined and analyzed as described in the
Methods section. Each nanowire can be oriented relative to its nearest neighbors in one of
three ways, as illustrated in Figure 2A. Neighboring wires on the left and right could both
face the same way as the central wire (111, categorized as I), one could face the opposite
direction (114, J11, categorized as 1), or both could face the opposite direction ({1J,
categorized as I11). Because there are two ways to achieve category Il but only one way to
achieve | or I11, we can anticipate a ratio of 1: 2: 1 (I: II: 111) for the random case where no
orientation is energetically more favorable than another. Orientational ordering within an
examined population is determined by tabulating these nearest neighbor interactions for each
particle. We used a triplet order parameter: S, which is defined as

_( X N)HOX N )+ x N

UI')

S N+N, +N @
I+ II+ 7
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To determine S3, cylinders with two nearest neighbors were classified into one of three
categories defined in Figure 2A. The totals for the three categories (N;, N, Njj;) were then
used to calculate the S3 value using Eq. 1. Figure 2B shows three potential observations and
their resulting S; values where 1 indicates all neighbors oriented the same direction, and -1
indicates alternating orientations. An Sz value of 0 indicates random orientations, with no
tendency to have orientational order. We adopted this definition of S; to quantify the type of
ordering observed experimentally and in the simulations. Note that regions of apparent
orientational ordering will still appear in random assemblies (Figure 2B) and that areas with
the same Sz value may visually appear to have different order (Supporting Figure S1); this
underscores the importance of quantification when interpreting images such as Figure 1. In
Figure 1, frames A and B have S; values of 0.57 and 0.13 for their well-ordered smectic
regions, respectively. Supporting Table 1 contains analysis results from the images in Figure
1 and four additional images acquired during that experiment.

Overall orientational ordering for Au-Ag assemblies—We repeated the experiment
from Figure 1, using a new batch of well-characterized nanowire populations and avoiding
drying during assembly (see Table 1 for Sz analysis and Supporting Table 2 for particle
characterization). Five separate assemblies of the same nanowire batch were prepared, each
was imaged in ten or more randomly selected regions that showed good smectic rows. To
calculate the S3 value, we examined at least 1000 nanowire sets from those five assemblies,
as described in Methods. The average Sz value was 0.15 + 0.07, with individual assemblies
ranging from 0.09 to 0.25 (Table 1). The ratio of categories I: 1I: 111 was 1.9: 2.7: 1. These
data indicate a slight preference for Au and Ag segments on adjacent nanowires to match
orientations. The exceptionally good ordering of Figure 1A clearly represents an anomaly
and ordering of that quality was not seen in any of the repeat samples, suggesting that
unintended factors such as drying-related forces, sample contamination, and/or oxidation of
the Ag segments may have been responsible for the higher orientational ordering in that
region of that sample. These data underscore the importance of repeated experiments and
quantification in interpreting assembly results. Additionally, though, the smaller S3 values
observed on average in the Ag-Au samples appear to be nonrandom and suggest that some
degree of orientational ordering is occurring.

What is the explanation for this small but reproducible orientational preference? In the
absence of applied fields or chemical bonding, particle self-assembly is typically understood
in terms of electrostatic repulsions and vdW attractive forces.1#® The Au-Ag nanowires
used in these experiments are coated in a thin, uniform layer of silica. The silica shells are
negatively charged, and should provide constant electrostatic repulsions along the length of
the particles that would not provide a driving force for orientational ordering. We also
examined assemblies with a variety of other electrostatically repulsive coatings, including
polyelectrolytes, 2-mercaptoethanesulfonic acid, and thiolated DNA oligonucleotides
(Supporting Figure S2). Supporting Tables 3-5 summarize these results, all of which were
quite similar to the silica-coated Ag-Au nanowires, with Sz values between 0.1 and 0.2. The
similarity between S values for Au-Ag wire assemblies with a wide range of
electrostatically-repulsive coatings (inorganic and organic, including single-point and
multipoint attachment) indicates that the identity of the coating is unimportant for
orientational ordering. It also argues strongly against any role for anisotropic electrostatic
repulsion along the wire length that might be anticipated to arise from differences in coating
on the different metals.

Since the nanowire cores contain segments of Au and Ag, small differences in their
Hamaker constants (A), indicate a difference in their vdW attractions along the length of the
wire. Both metals have relatively large and similar A values, with some disagreement as to
the actual values depending on literature sources. 7172 Could small differences in Hamaker
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constant between the Au and Ag segments drive the partial orientational ordering observed
in Table 1? To address this question, we developed a computational model to explore these
interactions for segmented nanowire assembly.

Model System—To understand the experimental ordering of the Au-Ag nanowires, we
simulate the relative orientation of their Au and Ag segments using MC methods. We
simulate core-shell nanowires, with a bimetallic Au-Ag core and a uniform silica shell.
Figure 4A shows the essential elements of a simulated nanowire. We consider the nanowires
to be segmented cylinders, with a total length of L = Lay + Lag + 2ds, where Lay and Lag
are the lengths of the Au and Ag segments and d is the shell thickness. The total nanowire
diameter is d = dggre + 2ds, Where dqre is the diameter of the metal core. Wires had a 2.4 pm
segment of Au and a 2.3 pm segment of Ag. Nanowire diameters were 290 nm; and they had
an amorphous silica coating 38 nm thick as determined by measurement of TEM images
(Figure 3B and Supporting Table 2). Based on these numbers, we used Lay = Lag = 2.35
pum, ds = 38.0 nm, and dqore = 290 nm. Experimentally, the wires exhibit quasi-smectic
ordering (cf., Figure 1), which we consider to be perfectly smectic for the purpose of our
study. We also assume that the wires have uniform heights above the substrate, and exist in
a single layer, so that they form a two-dimensional array. Experimental assemblies typically
have sufficient particles to form between two to three monolayers, and hence are not two-
dimensional, however we are only able to image the bottom layer.10

Figure 4B shows a snapshot of a portion of a simulated smectic nanowire array with
randomly aligned Au and Ag segments (S; &~ 0). We adopt a wire spacing in the x direction
perpendicular to the nanowire axes of dx = 200 nm and a y-spacing parallel to the nanowire
axes of dy = 300 nm — these were experimentally estimated to be approximately 200 + 50
nm and between 100 and 500 nm, respectively. (See Methods section for details regarding
particle spacings.)

The total potential energy in our model system Eq; is given by

Etot :E\,dw +Ees +Ega (2)

where Eyqy is the vdW energy, Ees is the electrostatic energy, and Ey is the gravitational
energy. Since the nanowires in our model have uniform heights above the substrate, the
gravitational force is constant and does not influence their relative alignment. Similarly, if
the nanowires always remain in a perfectly smectic array and have a uniform silica coating,
electrostatic interactions between the nanowires are constant and do not influence their
relative orientation. Thus, vdW interactions are the key factor that affects the relative
nanowire orientations. We note that at the nanowire separations relevant for this study,
dispersion interactions are significantly retarded and likely negligible. At such long
separations, the non-retarded, zero-frequency orientation and induction energies (which
scale with distance as r=6) dominate the vdW interaction.®

To model core-shell vdW interactions between the cylindrical nanowires, we follow the
derivations by Vold”3.74 and Vincent’* for core-shell spheres. In our model, the elements of
which are illustrated in Figure 5, the total vdW interaction energy between two core-shell
cylinders i and j with metal cores of types C1 and C2 and shells S is given by

E, ow (4, j):Es,s (4, j)"'Em,s (4, j)+Ec2,s (4, j)+Ec1,c2 (4,9), (©)]
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where Eg s is the shell-shell interaction, Ec s and Ecy g are the interactions between cores 1
and 2 and the shell, respectively, and Ecy ¢ is the interaction between core 1 and core 2.
The terms in Eq. (3) take the form

2
Es,s:Hss (Aé/Z_A;@) ;@)

o=t (R A) (A7),

Eczﬁ,s:ch,s (Agf_A;/z) (Aé/Q_A‘lv/?) (8
And
Eo1,cz :Hchz (Aé/lz_A]é/Q) (Agf—Ai,/Q) v (D

where Ag, Ay, Ac1, and Ac» are the Hamaker constants for the shell, water, metal core 1,
and metal core 2, respectively.

Figure 6 illustrates the essential elements of the H functions in Egs. (4)-(7). For two
cylinders with parallel axes, as would occur in a smectic nanowire array, the H functions
have the form

Ry 27 yio0t+Ll1 Ry 27 y20tL2 r1dr1d0ydy, rodrodfsdy
H(Ry3y1,0:L1;:R2sy2,0:L2:Ro)=— [ [ [ [ . 1) ]1%6 2
71=001=0Y1=Y1,072=002=0¥Y2=Y2,0

where

2 . N2 2]1/2
R:[(y2—y1) +(r18infy —rosins) “+ (R —r1cosdi +racosby) } )]

In Figure 6, we see that Ry is the distance between cylindrical axes along the x direction in
our chosen coordinate system, and r, y, and @are the radial, axial, and angular coordinates
describing the wire geometry [cf., Figure 4B].

In general, Eq. (8) for H cannot be solved analytically — although analytical approximations

to Eq. (8) exist for two, parallel, equal-length cylinders of length L with their ends
aligned.””"8 In this case, we have

2R\ R, 1
H(Ry;L;Ro;L;Ro)=— szl (10
R1+R3 24(Ry—R;—R;y)

for R-R—-Ry < Ry, Ry and
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3 (7Ry)*(nRy)°

H(R1;L;R2;L;Ro)=—8ﬂ L

R »  (11)
for Ry > Ry, Ro. In the limit of very large nanowire separations Ry > Ry, Ry, the wires
behave as point particles and their interaction is given by

mRZL) (rR3L)

H(R1;L;Ry;L;Ry)=— ( Jok (12)
0

Figure 7 shows a logarithmic plot of Egs. (10) — (12), along with the exact numerical
solution of Eq. (8), which we obtained using Mathematica®. In this figure, we considered
two parallel nanowire segments, each of length L = La, and Ry = Ry = dqore/2, at separation
intervals of NARy, where ARy = dggre + 2ds + dxand n= {1, ..., 49}. These correspond to the
possible separations we would find along a nanowire row in the experimental nanowire
arrays. In Figure 7, we see that the nanowire pair interaction energy decreases by
approximately 10 orders of magnitude over a 27 um distance. Equation (12) captures the
exact solution at the longest nanowire separations, Eq. (11) comes close to the exact solution
at short nanowire separations, and Eq. (10) comes close only at the shortest separation.

To provide an idea of the relative nanowire interactions in this system, we also plot the exact
solution of Eg. (8), along with the long-range solution given by Eq. (12) for two coaxial
nanowire segments, each of length L = L, and Ry = Ry = dqre/2, in Figure 8. The
separation intervals between the wires in this figure are nALg, where ALg = Lay + Lagt 2ds
+dyand n={1, ..., 5}. These correspond to the possible separations we would find between
two coaxial nanowire segments in different smectic rows in the experiments. To compare
the analytical and exact solutions, we replace Ry by Lg in Eq. (12). In Figure 8 we see that
the inter-row interaction between nanowires is weak compared to the intra-row interaction
and it decays rapidly across the rows. The inter-row interaction essentially matches the
solution from Eq. (12) for all but the shortest nanowire separation.

To obtain the total energy in a smectic nanowire array with a given orientation of the wires,
we add the pair interactions between various nanowire segments. For the core-core
interactions, this sum has the form

2 2
Evd W, core :ZZZ ZECk,Cl (i’ J)v (13)

i j>ik=1l=1

where the sums run over all unique i-j nanowire pairs, over segments k and | in nanowires i
and j, respectively, and Ecy cj is given by Eq. (7). Similar to the electrostatic and
gravitational forces, the vdW shell-shell and core-shell interactions are constant and do not
depend on the relative nanowire orientations. Thus, Eq. (13) provides an effective
expression for changes in the total energy of the system as we change the relative nanowire
orientations.

To perform the MC simulations, we use a smectic nanowire array with 100 nanowires in the
x direction [cf., Figure 4B] and 12 nanowires along the y direction, for a total of 1200
nanowires. We use periodic boundary conditions, so that the longest distances between
nanowire pairs are the longest distances in Figures 7 and 8. In these figures, we also see that
the interaction energy at the longest nanowire separations in the x and y directions is about
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10 orders of magnitude smaller than that at the shortest separations. Thus, the dimensions of
our simulation box are sufficient to eliminate finite-size effects.

In the MC simulations, a trial move consists of randomly choosing a nanowire and
attempting to flip its orientation, by exchanging the positions of its Au and Ag segments. We
note that this does not mimic the complex mechanisms (described below in the final section)
by which nanowires change their orientations in the experimental system. The MC
simulations are designed to predict equilibrium configurations of the smectic array and, as
such, they do not consider kinetic phenomena. We use the Metropolis MC algorithm to
accept the move with a probability given by

Pove=1 , if AE<0
Prowe=exp(—AE/k,T) , if AE>0 @ 19
where AE = Eygw f — Evaw,i is the difference between the total energies of the system in the
final (f) and initial (i) states. The total energy is given by Eq. (13), which requires us to
numerically evaluate the integral in Eq. (8) for all pairs of hanowire segments. Since
multiple evaluations of this integral throughout the course of a MC simulation would
considerably reduce the computational efficiency, we calculate the nanowire core-core
interaction for all possible core-core pairs prior to commencing the MC simulations. We,
then obtain this interaction from a look-up table when it is required in the simulation.
Equation (13) also requires us to have Hamaker constants for Au, Ag, and silica — although a
detailed analysis of Egs. (7) and (13) indicates that the relative vdW energies of various
nanowire configurations only depend on the relative Hamaker constants of Ag and Au and
not on the shell material. We use values of Aa, = 44.0 x 10720 J71 and Agjjicq = 7.0 x 10720
J. 72 The Hamaker constant for Ag Ang takes on values in the literature that vary between
20-45 x 10720 J. 72 We examine the effect of varying Aag in this range.

The MC simulations were run at a temperature of 300 K. For each set of conditions, we ran
3 separate trials beginning with one perfectly ordered (S3 = 1) and two random initial
conditions. Each run consisted of 200 attempted moves per site, or Monte Carlo steps
(MCS) of equilibration, followed by 1000 MCS of production. The total energy fluctuated
about a constant value at the end of the equilibration stage and remained in this range
throughout the production runs. We obtained the value of S3 using Eq. (1) as an average of
values measured every MCS.

Simulation Results For Ag-Au Nanowires—Figure 9 shows S as a function of the
difference AA between the Hamaker constants of Au and Ag for Aag ranging from 20 to 40
x 10720 ], Here, we see that Sy increases as AA increases. This occurs because there is a
greater energetic driving force for aligning Au segments as the difference between the
Hamaker constants of Au and Ag increases. If Au and Ag had equal Hamaker constants (AA
= 0), we would have S3 = 0, or no preferred ordering of the nanowires. The experimentally
observed ordering for the base case (or the most likely experimental parameters, as
discussed above) is consistent with AA~ 8 x 10720 J, or Ap, = 44 x 10720 J and Aag = 36 x
10720 ], Also plotted in Figure 9 is another scenario (Case 1) in which dx = 180 nm and dgore
=310 nm were used and AA is observed to shift to the left so that the experimentally
observed S3 would indicate Apg = 37.5 x 10720 J, Although these Hamaker constants fall
well within the range of literature values, we emphasize that the calculations can only
determine a value AA that is consistent with the experiments. The calculations cannot
uniquely determine values of the Hamaker constants.
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Figure 10 shows selected snapshots for the base case. For AA =24 x 10720 J, S;=0.94
[Figure 10A] and we see long runs of aligned nanowires within the rows. At ordering
consistent with the experimental conditions [Figure 10B] S3 = 0.14, the length of the aligned
nanowire runs within the rows has decreased considerably. For AA=4 x 10720, S; = 0.033
[Figure 10C]. Such a value of S3 is easily achievable when we randomly generate initial
nanowire alignments.

In addition to AA, the nanowire diameter and spacing — especially the spacing between
nanowires in the same row — can influence nanowire alignment. Figure 9 shows results from
simulations in which we used dggre = 310 nm, which is 20 nm thicker than the base-case
value of 290 nm, and dx = 180, which is 20 nm smaller than the base value of 200 nm. We
have selected these values as they fall within the observed range of nanowire diameters (+
50 nm) and interparticle spacings which are measured with optical microscopy and based on
the nanowire diameter. (See Methods section for details regarding particle spacings and
Supporting Table 2 for particle dimensions.) Here, we see that by increasing these values,
we increase the value of S; for a fixed AA. By increasing either d.qyre Or dx, we increase the
value of the integral in Eq. (8) and we, thus, endow a greater preference for energetically
favored Au-Au side-by-side segments.

To understand the driving force for nanowire ordering, we defined the energy gain Egyjn for
a pair of anti-parallel (anti) wires to assume a parallel (par) configuration as Egajn = Egnti -
Epar- Supporting Figure S3 shows Egjn/KT as a function of nanowire separation for the first
10 neighbors within a nanowire row, assuming the base case parameters for the nanowire
array. Here, we see that the energy gained by the nanowires in assuming a parallel
interaction falls off dramatically with nanowire distance within a row. Indeed, the second-
neighbor interaction is only about 2% of the nearest-neighbor value. We also see that Eggjn
depends on the difference between the Au and Ag Hamaker constants. For the AAag = 24.0
x 10720 J, where we find S; ~ 1, we see that Egain = 3.3KT per nearest-neighbor nanowire
pair at 300 K. For a Hamaker constant of AAxg = 8.0 x 107203, which provides the best
match between simulation and experiment for the base-case nanowire array parameters, we
see that Egajn = 0.28KT per nearest-neighbor nanowire pair at 300 K. Thus, a relatively small
parallel energy gain can impart a significant degree of orientational ordering to the
nanowires.

One way to experimentally increase AA is through the use of different segment materials.
The templated synthesis method has been used to produce wires with a wide variety of
segment materials from metals to polymers to molecular layers.*1-4345 Metals generally
have the largest A values, while polymers, and amorphous materials and liquids are much
smaller. Partially etched nanowires (PENSs) are hybrid silica nanotube/nanowires that feature
a glass shell around a partially metal-filled, partially solvent-filled core. These PENs
assemble into either horizontal or vertical arrays based on their segment properties.8-° Based
on our previous studies, we concluded that a PEN designed with a 2 pm segment of Au, a 1
pum etched segment, and a terminal 1 pm Au segment should create smectic arrays (as
opposed to the vertically oriented arrays often seen).8: Within the rows, PENs have a larger
difference in vdW interactions based on their orientation compared to the all metallic Au-Ag
wires of above.

PEN Simulations—To simulate the assembly of these particles we used the three segment
PENSs with dimensions defined in Figure 11. Following the experimental measurements
(Supporting Table 2), we used Loa, = 2.4 um, La, = Lg = 1.3 pm, and dggre = 270 NM. d,
dx, and dy assumed the values we used for the Au-Ag nanowires. For three-segment PENSs
the total vdW interaction between core segments is given by
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3 3
EvdW,coTc :ZZZ ZEczc,cz (ia ])7 (15)

i j>ik=1l=1

where the sums run over the three segments. To evaluate Ecy c|, we use Egs. (7) and (8),
taking the Hamaker constant for water to be Ay = 3.73 x 10720 J.5 Since the Hamaker
constant for the solvent-filled segment is considerably less than those of either Ag or Au,
there is a strong preference for the PENSs to align their long Au segments. Thus, in
simulations of PEN arrays characterized by the experimental parameters, we predict S3 =
0.99 at 300 K.

A snapshot from our simulation is shown in Figure 12. Here, we see that not only are the
long (and short) Au segments aligned along rows, but there is also inter-row ordering that
favors the pairing of long Au segments with other long Au segments and as a result short Au
segments pair with other short ones.

Assembly of PENs—We synthesized PENs matching the dimensions given above with
the simulations; characterization data for these particles can be found in Supporting Table 2.
Figure 13 shows a SEM and TEM image of the type of particle and an image of the
assembly using optical reflectance microscopy. As expected, the assemblies formed
horizontal, smectic rows. Here, the etched segments are much less reflective than the Au and
hence generally appears as black as the background.8° The etched segment, which can be
seen in the TEM image, can be distinguished by the spacing of the two Au segments in the
optical micrograph, since inter-row spacings are much smaller.19 Figure 14 shows additional
images from these assemblies showing the differences in S; across a single sample. Despite
some variation across the sample (Frame A S3 = 0.29, Frame B S3 = 0.40), orientational
ordering in these samples is typically higher than for the Au-Ag wires.

Experimentally Determined S3 Values for PEN Assemblies—We determined the
average S value from five separate assemblies of PENs to be 0.33 £ 0.09 (Table 2). This
value is over twice as high as we observed for the Au-Ag wires, and a single assembly (=10
images, 21000 PENSs) gave an average S; value as high as 0.47. This average Sz value,
driven solely by vdW differences, approaches that of the anomalous region of Figure 1A,
which probably formed due to drying effects. Thus, designing the particles to maximize
vdW differences along their length did greatly improve orientational ordering in the
experiments.

Although S3 values for PENs were much higher than for Au-Ag wires, they were
significantly lower than the perfect orientational ordering predicted by the model. This can
be understood in terms of differences between the experiment and model. Real assemblies
may be unable to reach true thermodynamic minima and instead be trapped in metastable
states. For example, individual particles cannot actually flip to sample orientational energies
in the experiments. Rather, they exchange with particles in an upper layer that may already
have a more preferred orientation.19 The presence of particle multilayers, while providing a
mechanism for increasing Sz by swapping out misoriented particles, also inhibits the
movement of any individual particle and as such can depress S3 values. Additionally,
improved orientational ordering within an assembly works against this exchange
mechanism, since the odds of having a wire with opposite orientation in the upper layer are
higher when the energetic cost of misorientation is low. We believe this contributed to the
lower-than-predicted experimental S3 values in our PEN assemblies. Because the etched
regions of the PENS are transparent, it is in fact possible to see that differently oriented wires
in the upper layer are relatively rare in these assemblies (Supporting Figure S4).
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Two other key differences between the experiment and model should be noted: (1) The
particle population is reasonably monodisperse, but also includes defect wires (branched,
bundled, or broken particles). These interfere with the overall assembly. (2) Although the
model is limited to a perfect smectic array, the experiment can sample other arrangements
that can reduce the energetic cost of misorientation. For example, particles within a row can
be offset, and/or can interdigitate with adjacent rows (Figure 15 and Supporting Figure S5).
Figure 15 shows an example of “misoriented” PENSs that have shifted their position within
the row to optimize attractive interactions between Au segments on adjacent particles. Such
observations suggest that it should be possible to further improve orientational ordering by
enforcing smectic rows, ensuring fully 2-D assemblies without any multilayers, and/or
improving particle monodispersity.

Conclusions

Methods

Materials

Thus, we observed and documented the self-assembly of compositionally anisotropic
nanocylinders. Inherent differences in the attractive vdW forces between different material
segments in the cylinder led to orientational ordering. Through both experiments and MC
simulations based on exact evaluation of the vdW interaction between the nanocylinders, we
demonstrated that even a very small difference between the Hamaker constants of the
different material segments can result in non-random alignment of the cylinders relative to
their nearest neighbors within the overall assembly. We anticipate that the effects of
anisotropic vdW forces between different regions of multicomponent particles will be
observed more often as experimenters assemble increasingly complex particles. This could
aid or hinder desired assembly orientations, depending on particle compositions and desired
assembly outcomes, and should be considered. It is hoped that future research can design
for, and take advantage of, these effects to better control orientational ordering in arrays of
functional multicomponent particles, as a means of ultimately optimizing optical and
electronic device performance.

All water used in these experiments was purified to >18.2 MQ-cm, using a Barnstead
Nanopure filtration system or was BDH Avistar Plus HPLC grade water (low TOC, VWR).
Chemicals were used as received.

Nanowire Preparation

Nanowires were prepared via templated electrodeposition into porous alumina templates
(nominal pore diameter 0.2 um, Whatman) as described elsewhere.8:39:40:44.45 A gold cap
(~100 nm) was included after the Ag segment of the Au-Ag nanowires to prevent it from
etching during the dissolution of the working electrode layer (this cap was ignored in
simulations). Amorphous silica coating followed previously published reports.8:°:46 Final
PEN concentrations were determined using a Hausser Scientific Neubauer Hemacytometer.

Sample Preparation

Nanowires, 6 uL of 1.5 x 109 nanowire/mL suspension, were pipetted into an assembly
chamber comprised of a silicone spacer (CoverWell, Electron Microscopy Sciences) sealed
to a glass cover slip. The spacer was 2.0 mm in diameter and 2.0 mm deep, creating a
surface area of 0.031 cm? for assembly and a total volume of 6.3 pL. For a 4 pm nanowire,
this amount should produce between two and three monolayers of horizontally aligned
particles. Before addition to the chamber, the nanowire suspension was sonicated to
randomly distribute nanowires throughout the suspension and reduce particle aggregation.
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The chambers were placed on the microscope stage before the nanowires were added. Once
the wires were added to the chamber, it was sealed completely with another cover slip to
prevent evaporation. These cover slips were left on the microscope for 24 hours before
imaging; all imaging was completed before 25.5 h had elapsed.

Imaging was performed on a Nikon TE200 inverted microscope using reflected white light
from a Hg bulb and 100x oil (NA 1.4) objective. Approximately 30 images were obtained
per sample and eight samples from the same nanowire synthesis batch were imaged
sequentially. No observed aggregation or stickiness, for example, to the substrate, in the
sample was allowed, and areas with a minimum of broken, bundled, or clumped particles
were imaged. Nanowire segments were identified by differences in the reflectivities of the
metals.38.65.66 Although contrast between Au and Ag can be maximized by using only short-
wavelength illumination and/or filtering the reflected light, here we used the entire spectrum
of the Hg bulb so that both Au and Ag segments could be clearly distinguished from the
non-reflective background; this provided sufficient contrast between Au and Ag segments to
distinguish them.

Image Analysis

The orientational ordering within arrays of nanowires was compared for nanowires in well-
ordered sections of the images, hereafter referred to as rectangles. Each rectangle contained
a minimum of seven nanowires all of the same length (+ 20 %), none of which were visibly
branched. All of the nanowires within a rectangle were fully in the plane of focus, directly
next to the adjacent nanowire within that row, and shifted by no more than 20% of the
nanowire length (up or down) from the adjacent nanowires. Only rectangles within 30
degrees of the axis perpendicular to the space between the rows were counted (i.e., the wires
generally formed a parallelogram with corner angles not less than 60 degrees). Selection of
“well-ordered sections” is illustrated in Supporting Figure S6. Examples of rectangles used
in determination of S3 values and those omitted from use in calculating S; values are
illustrated in Supporting Figure S7. Within a rectangle, the nanowires were analyzed in sets
of three wires focusing on the middle nanowire. Counts placed wires in one of three
categories: all nanowires in the same direction (111); one adjoining nanowire the same
direction with the other in the opposite direction (11]); or all nanowires alternating ({1). A
minimum of 1000 nanowires was counted for each experiment and the totals for five
experiments were averaged. We note that no trend in S3 values with row length was
observed (Supporting Figure S8).

Particles spacings were determined by averaging measurements and Fourier transform
analysis. Intrarow spacings (i.e., the spacing between the short axes of nanowires within a
row) were determined by measuring a series of ten wires. Measurements were taken for ten
spots across five images in each sample. Subtraction of the average wire width (determined
by measurement of TEM images) gave a measure of the spacing, approximately 200 + 50.
These values matched those previously observed for similar assemblies.10:77 Interrow
spacings (i.e., the spacing between the long axes of nanowires) has been previously
determined by Fourier transform analysis.10 77 Those sources show that the spacing of
multiple assemblies varies between 100 and 500 nm, which match the assemblies seen
herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Reflectance optical microscope images showing different regions of the same sample of
self-assembled Au-Ag nanowires in deionized water. (A) An exceptionally well-ordered
region in which individual nanowires are oriented the same way within smectic rows. (B)
Another region, more representative of the full assembly. For clarity, insets show enlarged
views of the corresponding numbered regions within each of the top panels. Assemblies
were formed on glass coverslips and all optical microscopy images were acquired from
below.
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A) Possible ordering configurations for a particle and its two neighbors. With reference to
the middle wire, the neighbors can be aligned the same way, partially aligned the same, or
both oppositely aligned. B) The bottom three images show both of the extreme Sz values (1
and -1) and a random sample (Sz = 0). We note that calculations of Sz only consider the two
immediately adjacent nanowires, not those within neighboring rows above and below.
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Figure 3.

Images and assemblies of Au-Ag nanowires. Representative scanning (A) and transmission
(B) electron microscopy images of these particles. Due to atomic number, in (A) the Au
segments are brighter while the Ag segment is darker. This wire was imaged prior to silica
coating in order to clearly show the Au and Ag segments; these can be obscured by the
coating, which charges in the SEM. Due to electron density differences, in (B) the silica
coating appears gray while the Au segments are black. The Ag segment has been etched for
contrast and to enable TEM analysis of wire dimensions. C) Optical reflectance image of an
assembly obtained after 24 hours. Two insets, denoted by white boxes in the main image,
better show individual nanowires; Ag segments appear brighter due to their higher
reflectivity. Assemblies were formed on glass coverslips and all optical microscopy images
were acquired from below.
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A) Essential elements of a core-shell segmented Au-Ag nanowire, with an Au segment of

length Lay, an Ag segment of length Lag, a silica shell of uniform thickness d, and a

metallic core diameter of dqore. B) A diagram of a smectic nanowire array in which only the
metallic cores are shown. Au is gold and Ag is gray. Nanowires are separated by a spacing

of dx along the rows and dy is the inter-row spacing.
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Figure 5.
Cut-away view, looking down the nanowire axis, of two parallel core-shell nanowires with
metal cores, silica shells, and water surrounding the wires.
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Y

Ilustration of the essential parameters for calculating the H function between two parallel
cylinders using Eq. (8). yp,1 and yp 2 are the positions of the nanowire bases in our chosen
coordinate system (cf., Figure 4B), R; and Ry are the radii, L1 and L, are the lengths of
nanowire 1 and nanowire 2, respectively, and Ry is the distance between the two centers.

ACS Nano. Author manuscript; available in PMC 2015 January 28.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Smith et al.

log [-H(Ry)]

10 [

10 [~ ® Exact Solution
| Eq.
10 7 - - Eq. (11)
10" F — Eq. (12)

10-11 + L1 lllllll L1 lllllll L1 lllllll

(10)

. 2
10

Figure 7.

4 68 2 4 68 2 4 68

10° 10° 10*
log Ry(m)

Page 23

Plot of Eq. (8) (exact solution), along with the approximate solutions of Egs. (10)—(12) for
two aligned, parallel cylinders, as shown in the inset.
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Plot of Eq. (8) (exact solution) along with the approximate solution of Eq. (12) for two co-

axial cylinders, as shown in the inset.
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Figure 9.

S; as a function of AA for the base case (most likely experimental parameters characterizing
the nanowire arrays, as discussed in the text) and for Case 1, in which dggre = 310 nm and dx
=180 nm (cf., Figure 4).
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Figure 10.

Snapshots of ¥4 of the simulated lattice with the base-case nanowire array parameters for (a)
AA =24 x 10720 J (S3=0.94); (b) AA=8 x 10720 J (S3 = 0.14) and; (c) AA=4 x 10720 ) (3
= 0.033). Au segments are shown in gold and Ag segments are shown in gray — the shell is
not shown.
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Figure 11.

Schematic of a PEN, characterized by two Au segments, one of length Ly, and one of
length Ly, and an empty, solvent-filled segment, of length Lg. The shell thickness is dg and
the core diameter is dgre.
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Figure 12.

Snapshot of ¥ of the simulated lattice for PENs. Au segments are gold and solvent-filled

segments are white.
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Figure 13.

Images and assemblies of PENs. Representative scanning (A) and transmission (B) electron
microscopy images of these wires. C) Optical reflectance image of an assembly obtained
after 24 hours had elapsed. Two insets, denoted by white boxes in the main image, better
show individual PENs. The wire in frame A was imaged prior to silica coating and etching
to show the presence of the Ag segment. Once coated, the segments can be obscured by
charging on the silica in the SEM. Frame B shows the actual particles used for assembly
where the Au segments are black and the silica shell is gray. In the optical micrographs, the
etched segments appear dark due to their low reflectivity and partial transparency.
Assemblies were formed on glass coverslips and all optical microscopy images were
acquired from below.
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Figure 14.

Optical reflectance images showing various areas across a single assembly of PENs. White
boxes highlight regions that are expanded in the insets below. Assemblies were formed on
glass coverslips and all optical microscopy images were acquired from below.
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Figure 15.

Reflectance optical images of a PEN assembly that illustrates one way particles may offset
to gain more favorable interactions. Frame A shows a region of PENSs in loosely smectic
rows. Frame B shows an enlargement of the area highlighted by the white box, and outlines
(red) six PENs from neighboring smectic rows. The middle PENSs are shifted so that the long
end of the lower PEN fills space left open by the short end of the top PEN between two
longer Au segments. By increasing the interactions between the gold ends this essentially
aligns the etched segments of these PENS, reducing the cost of “misorientation”.
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