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V
ertically oriented arrays of anisotro-
pic micro- and nanomaterials1 pres-
ent an attractive combination of

large surface area, high aspect ratio, and
material properties. Within a solar cell, for
example, recombination is minimized as
the long axis effectively absorbs light, while
the small axis quickly separates excitons.2�4

Mechanisms for assembling columnar arrays
from suspensions of anisotropic particles
include alignment in applied electric or
magnetic fields,5�19 capillary forces during
controlled sample drying,20�31 solvation/de-
pletion effects,32�39 and templating.40�45 In a
few cases, approaches based ondryingmeth-
ods or electric fields have yielded large-area
arrays (>1 cm2).10,30 Obtaining orientational
fidelity in structures of these sizes gener-
ally required high levels of control over the

particle sizes, substrates, and experimental
conditions; though recent work showed as-
sembly over a 1 cm2 area with less stringent
considerations.15,28 Despite numerous assem-
bly methods reported for single-component
nanorods, the assembly and orientation of
multisegmented nanomaterials, desirable in
nanoelectronics and other applications, is ex-
tremely rare. Arrays in whichmultisegmented
particles are oriented the same direction have
been produced after assembly by reactions
that occur preferentially at the top of the
array to produce the segments.16,17,27 In
nearly every case of columnar self-assembly,
the small size of the individual nanoparticles
(typical reports feature CdS or CdSe nanorods
with diameters of 1�10 nm and lengths of
10�30 nm) necessitated sample drying prior
to characterization (e.g., by SEM).
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ABSTRACT Columnar arrays of anisotropic nano- and micropar-

ticles, in which the long axes of the particles are oriented perpendi-

cular to the substrate, are of interest for photovoltaics and other

applications. Array assembly typically requires applied electric or

magnetic fields and/or controlled drying, which are challenging over

large areas. Here, we describe a scalable approach to self-assemble

multicomponent nanowires into columnar arrays. Self-assembly of

partially etched nanowires (PENs) occurred spontaneously during

sedimentation from suspension, without drying or applied fields.

PENs, which have segments that are either gold or “empty” (solvent-filled) surrounded by a silica shell, were produced from striped metal nanowires by first

coating with silica and then removing sacrificial segments by acid etching. Electrostatic repulsion between the particles was necessary for array assembly;

however, details of PEN surface chemistry were relatively unimportant. The aspect ratio and relative center of mass (COM) of the PENs were important for

determining whether the PEN long axes were vertically or horizontally aligned with respect to the underlying substrate. Arrays with predominantly vertically

aligned particles were achieved for PENs with a large offset in COM relative to the geometric center, while other types of PENs formed horizontal arrays.

Assemblies were formed over >10 cm2 areas, with over 60% of particles standing. We assessed array uniformity and reproducibility by imaging many positions

within each sample and performing multiple assemblies of differently segmented PENs. This work demonstrates the versatility of gravity-driven PEN array

assembly and provides a framework for designing other anisotropic particle systems that self-assemble into columnar arrays.
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Columnar arrays with much larger individual com-
ponent sizes (i.e., micrometer-longwires) are of interest
for some applications; these are typically produced
by top-down methods. For example, high-quality
photovoltaic arrays have been produced in-place
using directed growth methods.46�48 When micro-
meters-long nanowires are allowed to self-assemble,
they typically lay down with their long axis parallel
to the underlying substrate. For example, Au nano-
wires of either 2 or 4 μm length formhorizontal smectic
assemblies.49 Applied magnetic or electric fields have
been used to orient particles perpendicular to the
substrate,5,6,14 but these methods do not produce
closely packed, high-density arrays. High-density
three-dimensional structures have been achieved for
polymer/metal segmented nanowires through a com-
bination of templating and capillary forces.40�43 These
structures can form curved superstructures that would
be difficult or impossible to produce by other means
but are less amenable to forming large-area planar
arrays. We recently reported a gravity-driven approach
to self-assemble multicomponent particles from sus-
pension in the absence of templating, capillary forces,
or applied fields.50 Unlike the applied electric or mag-
netic fields used in other studies, the gravitational field
is both ubiquitous and highly uniform. Partially etched
nanowires (PENs) inwhich a thin silica shell surrounded
a cylindrical core half filled with gold assembled to
form columnar arrays with the denser Au-filled ends
faced down and the lighter, solvent-filled ends facing
up. Vertical particle orientations were achieved by
oriented initial impact and rotation from initially hor-
izontal orientations, with columnar arrays observed for
high surface coverages of PENs. The less dense solvent-
filled segment clearly assisted vertical PEN orienta-
tions, serving as a sort of “assembly handle”. Whether,
and to what extent, this assemblymechanism could be
generalized was unclear since only half-Au/half-empty
PENs in deionized water had been evaluated.50

Here, we explore the generality of gravity-driven
PEN self-assembly by varying particle and solution
characteristics. Forty different classes of PENs were
prepared and assembled, which enabled us to map
out the effects of PEN composition. Figure 1a illustrates
the basic PEN geometry and gives the ranges explored
for each PEN dimension. Particle coatings and solution
ionic strength were also varied to determine their
affect on assembly. We found the particle-driven,
gravity-induced PENassembly strategy to be a versatile
route for production of vertically or horizontally aligned
arrays of anisotropic particles, compatible with assembly
over large areas (>10 cm2).

RESULTS AND DISCUSSION

PENs were prepared from Au/Ag striped metal nano-
wires synthesized by electrodeposition in porous alumi-
na templates.50�54 After release from the template, the

nanowires were silica-coated and Ag segments were
subsequently removed by nitric acid etch.50,55 The
resulting PENs had porous silica shells the size and
shape of the original nanowires but were only partially
filled by the remaining Au core segments (Figure 1a).
Throughout the article, PEN patterns are described
as xAu-yE, where x and y are the length in micrometers
of each segment. For example, 2Au-2E indicates a
silica-coated particle in which the core is 2 μm of Au
followed by 2 μm of etched region (Figure 1a). Each
batch of PENs was characterized by transmission
electron microscopy (TEM) to determine dimensions
of the Au core, etched regions, and silica shell as
well as the overall particle length and diameter. This
information can be found in Supporting Tables 1�4.
Because in earlier work the particle concentration
was an important variable,50 for each of the experi-
ments described here, the particle concentration was
matched to the assembly area such that enough
PENs were present to fully cover the surface if they
formed a vertically oriented monolayer (e.g., 1�2 �
109 PENs/mL for most experiments; see Experimental
Section).

PEN Composition. We began by varying length, num-
ber, and position of Au core segments within PENs of
constant overall dimensions (4 μm length and 290 nm
cross-sectional diameter). Because the Au cores are
primarily responsible for both the overall mass of
individual PENs and van derWaals attractions between
them, changes in the amount and location of Au core
segments were expected to impact assembly. We
describe core arrangements in terms of PEN center of
mass (COM), which is reported as the fractional offset
from themore dense end of the particle. For symmetric
PENs (e.g., solid Au cores) COM = 0.5 and for 1Au-3E
PENs, COM = 0.213, as illustrated in Figure 1a. Aqueous
PEN suspensionswereplaced into sealed chambers atop
glass coverslips for assembly and observed from below
using reflectance optical microscopy. Hence, for PENs
in horizontal orientations, Au cores appear as bright rods
while “empty” solvent-filled silica tube regions appear
dark. Vertically oriented PENs appear as a bright dot.50

Images of individual particles and corresponding assem-
blies for a range of COMs are shown in Figure 2.

The PENs in panels a, e, and f had COMs of 0.5 and
formed horizontal arrays, with less than 10% of parti-
cles oriented vertically. 2Au-2E PENs, however, had a
COM of 0.275 and showed standing of 68%, consistent
with our earlier work on this specific PEN pattern.50 We
observed areas of all vertically aligned particles that are
approximately 50 to 400 μm2 in size interspersed with
horizontally oriented PENs. Primarily vertical assem-
blies also resulted for PENs with COM 0.21 (Figure 2d).
The relative amount of Au core to solvent-filled shell
regions was much less important than the position
of these regions, which dictated whether and by
howmuch the particle COMwas offset from the center.
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This can be seen by comparing the assemblies of
Figure 2c,e, which have the same amount of total Au
and empty regions but differ greatly in COM and
standing percentages (68% standing for COM 0.27
and 2% for COM 0.5). For 3Au-1E PENs, which have
COM = 0.38, intermediate values of standing percen-
tage were observed (41%), with heterogeneity across
the sample. Near the edge of the assembly chamber,
3Au-1E PENs showed high standing values, >60%
(Supporting Figure 1) due to the hydrophobic spacer
influencing assembly behavior,49 while in the central
regions, more PENs had a horizontal orientation.

The PEN assembly process is depicted for COM=0.2
and 0.5 in Figure 1b,c. During sedimentation, PENs
impacted the surface with near-vertical orientations,
after which they fell into horizontal orientations at low
surface coverage. For PENswith offset COM, the denser

end impacted first and remained on the surface when
PENs that had lain down rotated up away from
the underlying surface. At higher surface coverage,
these PENs adopted vertical orientations supported by
neighboring particles. In contrast, particles with COM=
0.5 formed horizontal assemblies even at high surface
coverages. Supporting Figures 2 and 3 describe this
assembly process for 2Au-4E and 5Au-2E PENs, which
was similar to that reported previously for 2Au-2E
PENs.50 Supporting Figure 4 shows the specific num-
bers of particles oriented either vertically or horizon-
tally over time. As previously observed,50 the number
of horizontally oriented PENs increases and then
slightly decreases, indicating their conversion between
orientations. Although counterintuitive, the transition
from a horizontal to vertical orientation is an important
part of the assembly mechanism and can be observed

Figure 1. General form of a partially etched nanowire (PEN) and depiction of the center of mass (COM). (a) PEN comprises Au
segment(s) and an etched, solvent-filled segment, contained within an amorphous SiO2 shell. Within the ranges shown, the
lengths of each segment, the diameter of the PEN, and the glass thickness were adjusted. The ratio, size, and number of Au
and etched segments determined the COMof the particle. Examples of 4Au (a 4μmAuPEN) and1Au-3E PENs (a PENwith 1μm
Au and 3 μm etched segments) are shown here, with their respective COMs represented as black dots. The relative COMs are
0.5 and 0.213 for the 4Au and 1Au-3E PENs, respectively. The self-assembly behavior over time of 1Au-3E (b) and 4Au (c) is
illustrated. These illustrations depict assembly from both a side (above) and bottom (below) view. As time passes, the PENs
sediment, accumulating on the surface.With sufficiently high surface concentrations, the 1Au-3E PENs form vertically aligned
arrays, while the 4Au PENs form smectic rows.

Figure 2. Partially etched nanowires (PENs) and their self-assemblies. Transmission electron micrographs of PENs, all
approximately 4 μm in length and 290 nm in diameter, including (a) 4Au; (b) 3Au-1E; (c) 2Au-2E; (d) 1Au-3E; (e) 1Au-2E-1Au;
and (f) 4E. The electron-dense Au appears black, while the silica coating is gray. Optical microscope images of self-assembled
arrays are shown below: (a�e) bright-field reflectance;Au appears bright; (f) transmitted light (differential interference
contrast). All of the PENs and arrays shown are typical of those in a given sample. Themicrographswere obtained via inverted
microscopy; hence the bottom of the sample is visualized. The center of mass and average standing percentage for eachwire
set is listed, except for (f), which was too disordered to count effectively.
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in movies taken during the process.50 Assembly occurs
over approximately 15 min and depends on the sedi-
mentation rate of the given PEN set since high surface
concentrations are needed to induce vertical orienta-
tion of the PENs.50

Effect of Aspect Ratio and Center of Mass. Variations in
segment length, material, and number were used to
further examine the relationship between standing
percentage and particle characteristics. Thirty-three
different sets of PENs, with a nominal diameter of
290 nm, were prepared to have aspect ratios (ARs)
between 5 and 40 and COMs from 0.19 to 0.5. Higher
AR PENs were susceptible to bending and breakage
(for instance, the 2Au-11E PENs AR = 39.7, COM= 0.188
had substantially more broken and bent wires),52 while
shorter PENs (specifically those with Au lengths <1 μm)
were difficult to analyze in situ. Full particle character-
istics are found in Supporting Tables 1 and 2. Figure 3
plots standing percentage as it depends on the relative
COM and AR. Red indicates regions of close-packed,
vertically aligneddomains, while violet areas had larger
smectic or disordered particle domains aligned parallel
to the substrate. Since the background heat map is
interpolated, it should be only be used to guide the
eye, especially when far between experimental values.
The best columnar assemblies, with >60% standing,
were obtained for PENs with an aspect ratio of 10 to 20
and a center of mass that was offset by at least 20% of
the total length, though at least 50% standing was
observed for a much wider range. The highest ob-
served standing percentage was limited to 72% aver-
agedover an entire set of arrays. Perfect vertically aligned
regions of 50 to 400 μm2were common in these arrays.
In the image shown in Supporting Figure 5a, a standing
percentage of 84% was determined; we observe nu-
merous areas such as this one in our assemblies. We
believe limits on the overall standing percentage of the

array were due to multilayer formation (Supporting
Figure 6) inhibiting further conversion of PENs to
vertical orientations and broken/aggregated particles.
We note that many of these multilayered particles
appear vertically oriented. Overall, we observed an
inverse relationship between the COM of a PEN set
and the resulting standing percentage but no clear
relationship between AR and standing percentage
(Supporting Figure 7). PENs with the largest ARs, and
thus long lengths, were observed to interweave as
large numbers deposited, creating disordered arrays
(Supporting Figure 1b). PENs with large ARs and very
low COMs, however, still oriented vertically.

Smaller Diameter PENs. Because not only COM and AR
but also total particle mass, van der Waals attractions,
sedimentation, and diffusion rates, etc. impact as-
sembly, it was not clear whether the trends observed
in Figure 3 would be instructive for assembly of
other particles. Therefore, we also tested PEN sets
with diameters of approximately 190 nm for a range
of COM values. These smaller diameter PENs have
reduced overall mass, which impacts sedimentation
and diffusion rates as well as van der Waals attrac-
tions. Assemblies of the 190 nm diameter PENs
behaved similarly to their larger diameter analogues,
with higher standing percentages for greater offsets
in COM (Figure 4). We generally observed higher
standing percentages for these PENs than expected
for a similar PEN with a larger diameter, which could
be a result of the enhanced diffusion, lower mass,
etc. of these smaller particles (Supporting Figure 8
plots the standing percentages onto Figure 3 for
comparison). The general trends, and the important
role of COM for columnar assembly, remained applic-
able for these PENs.

Consequences of an Offset COM. The offset COM of
a PEN, which resulted from having a large etched
segment and a small Au segment, affected both the
self-assembly process and interparticle interactions.
PENs with lower COMs oriented more vertically both
during deposition and after reaching the surface.
Supporting Figure 10 shows the orientation distribu-
tion of PENs during impact. PENs with a lower COM
also exhibited greater rotation off the substrate plane,
which is important because it provides a mechanism
for conversion from horizontal to vertical orientations
after depositing on the surface (see Figure 1b, ref 50,
and Supporting Figure 4). PENs with COM values <0.35
showed adecrease in the number of “laying”wires over
time during assembly, while higher COM PENs acted
similar to previously studied all-Au nanowires showing
alignment parallel to the surface.49

We hypothesize that the standing orientation may
provide a route to maximizing van der Waals interac-
tions between the PENs' Au cores. A vertically oriented
assembly orients the Au segments with respect to
those on neighboring particles more effectively than

Figure 3. Plot showing the standing percentages for filled
and partially etched nanowire samples with varying aspect
ratios and relative centers of mass. The circles each indicate
a series of experimental sets fromwhich the colored surface
was interpolated. The color of each circle indicates average
standing percentage, while the size signifies the 95% con-
fidence interval. All measured and calculated values, with
associated confidence intervals for these PEN sets, can be
found in Supporting Tables 1 and 2.
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is likely in horizontal arrangements since the hollow
silica segments in PENs may prevent favorable van der
Waals interactions. We note that the hollow silica
segment should be solvent-filled and is not more
buoyant than the surrounding media. In horizontally
oriented smectic arrays, which are seen for all-Au wires
(COM 0.5), neighboring wires maximize attractive
van der Waals interactions along the entire wire
length.49 Here we observed 4Au and 1Au-2E-1Au
PENs forming smectic rows where the Au segments
are aligned (Figure 2a,e). Completely etched tubes, 4E
PENs, had no metallic cores and therefore weak van der
Waals attractions. These tubes produced only disordered
multilayered arrays instead of either smectic rows or
columnar arrays (Figure 2f).

Assembly Chamber Size. Since no external applied
fields or controlled drying is needed, this assembly
strategy should be amenable to larger areas, relatively
independent of area. To test this, assembly chambers
defined by silicone spacers of three different sizes, 0.01,
0.64, and 10.8 cm2 (Supporting Figure 11), were used
to examine scalability of arrays of 2Au-2E PENs
(Supporting Table 4). To our knowledge, the >10 cm2

area assembled here is the largest example of a self-
assembled columnar structure achieved, though
highly oriented assemblies have been produced on
the 1 cm2 scale.10,30 As can be seen in Figure 5, these
assemblies displayed similar behavior. The micro-
graphs from each sample did not differ qualitatively
between samples; assemblies of vertically oriented
PENs had horizontally aligned trapped (or malformed)
PENs interspersed. Quantitatively, they were similar as
well with standing percentages increasing over time,
reaching over 65% standing. Supporting Figure 12
displays histograms of standing percentages for many
regions in these samples, and Supporting Figure 5
shows a subset of the images from which histograms
were generated. A composite image generated from

six adjacent images shows a larger, contiguous area
(Supporting Figure 13). As mentioned above for the

Figure 4. Partially etched nanowires (PENs) and their self-assemblies. Transmission electron micrographs of PENs, all
approximately 190 nm in diameter, including (a) 3.5Au-1E; (b) 3Au-1E; (c) 4Au-2E; (d) 3Au-2E; (e) 2Au-2E; and (f) 2Au-4E. The
electron-dense Au appears black, while the silica coating is gray. Opticalmicroscope images of self-assembled arrays are shown
below. All of the PENs and arrays shown are typical of those in a given sample. The micrographs were obtained via inverted
microscopy; hence thebottomof the sample is visualized. Au appearsbright in these reflectance images. The center ofmassand
average standing percentage for each PEN set are listed. Supporting Figure 9 shows the distribution of diameters of the particle
sets with full measurements found in Supporting Table 3.

Figure 5. Partially etched nanowires (PENs) assembled on
substrates of different sizes. (a) Plot of the standing percen-
tage of assemblies completedwithin small (black, 0.01 cm2),
medium (blue, 0.64 cm2), and large (red, 10.8 cm2) chambers
over time. The difference in the onset of increasing standing
percentage is due to the difference in spacer height and
thus nanowire deposition time. The inset shows the average
standing across these assemblies after 1 h has elapsed.
Representative reflectance micrographs for chambers of
(b) 0.01, (c) 0.64, and (d) 10.8 cm2 are shown.
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3Au-1E PENs (Supporting Figure 1), we observed edge
effects near the silicone spacers used to define the
sample volume. Otherwise, arrays were generally quite
homogeneous, as shown by the histograms in Sup-
porting Figure 12, with the exception of the aforemen-
tioned 3Au-1E PENs. For a PEN set that stands, the
assembly mechanism is driven by the surface concen-
tration and gravity.50 Therefore, the resulting columnar
structures should be scalable to any substrate size.

Electrostatic Contribution to Self-Assembly. All of the
assembly experiments described above were per-
formed in DI H2O. To explore the importance of electro-
static repulsion within gravity-driven PEN assembly,
we varied the solution ionic strength and PEN sur-
face chemistry. The SiO2 coating on the PENs carries
a negative charge.50,56 Literature values for the zeta-
potential of silica nanospheres prepared by similar
sol�gel methods range from �20 to �30 mV in water
with a similar pH to that used here.57,58 We observed
2Au-2E PENs (Supporting Table 4) within NaCl solutions
to examine the stability of the assemblies as the Debye
screening length, κ�1, decreased. In a 100 μM NaCl
solution (κ�1 = 28 nm), identical behavior to those in
deionized water (κ�1 = 68 nm, pH approximately 4.7)49

was observed (Figure 6a,b). In a 1 mM NaCl solution
(κ�1 = 9.6 nm), however, the standing percentage dec-
reased and clumps of particles appeared (Figure 6c).
These clumps decreased the vertical alignment from
>60 to about 40% by creating more areas of off-axis
assembly (i.e., leaning particles). With 100 mM NaCl
(κ�1 = 1 nm), instant aggregation between PENs was
observed within the sample (Figure 6d). These results
match earlier work for horizontally aligned all-Au parti-
cles, which formed smectic arrays with several different
electrostatically repulsive coatings.49 Electrostatic repul-
sions ensure that the particles do not aggregate,
thereby allowing assembly to occur. The silica coat-
ing therefore both preserved the pre-etched nano-
wire shape and imparted an overall negative surface
charge through deprotonated �OH groups, which
stabilized the particles and their arrays.50,56

Many surface chemistries could provide an electro-
static repulsion and retain the particle shape. We
examined both polyelectrolyte coatings and modified
silicas on 2Au-2E PENs as example systems of alternate
functional coatings. Polyelectrolytes have been used
to incorporate drugs and enzymes into coatings,
while the modified silicas have prevented biofouling
and selectively sequestered ions.59�64 Supporting
Figure 14 shows representative micrographs from
assemblies of polyelectrolyte-coated PENs onto similarly
coated and uncoated surfaces. PENs prepared with
organically modified silicas coatings, silicas with func-
tional groups incorporated throughout,62 also showed
columnar assemblies (Supporting Figure 15). While the
self-assembly process depended on the heterogeneous
internal composition of the PENs, the process appeared

independent of coating as long as charge repulsion
remained.

Overall Assembly Mechanism. We observe three impor-
tant forces at work in this system: electrostatic repul-
sion, gravity, and van der Waals attraction. Electrostatic
repulsion is necessary to prevent the particles from
aggregating or sticking to the substrate; assembly is
possible only when the particles do not aggregate first.
Gravity sediments the particles to create high surface
densities and orients them as they fall. High surface
densities are needed in order to stabilize vertical
orientations of the particles.50 Once enough particles
are on the surface and standing is stabilized, particles
which subsequently fall to the surface in a vertical
orientation probably retain this orientation. At early
times when PEN surface coverage is low, gravity does
not provide a driving force for vertical orientation. After
impact, particles lay down on the surface. These initi-
ally horizontal PENs sample vertical orientations and

Figure 6. Partially etched nanowire (PEN) assembly com-
pleted in different NaCl solutions of various concentrations.
(a�d) Representative reflectancemicrographs for nanowire
suspensions. ThePENs in (d) immediately froze into position
upon contacting the surface/other nanoparticles, hence the
large open framework seen. This structure still included
many perpendicularly aligned nanowires. (e) Plot of assem-
bly over time for three concentrations of added NaCl. Inset
shows the average standing across many samples for the
same salt additions after 1 h had elapsed.
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ultimately convert to vertical orientations driven, we
hypothesize, by van der Waals attractions particularly
between the Au core segments.

The etched segments of PENs are not expected to
contribute much toward overall van der Waals attrac-
tions since the AuHamaker constant is at least an order
of magnitude greater than for any other material used
here.65,66 The system, therefore, produces the most
energetically favorable array when these Au cores are
aligned. In order tomaximize attractions, PENswith large
etched segments (therefore, those with highly shifted
COMs) must align the Au core segments on neighboring
PENs. Since gravity necessitates that the dense Au core
remains on the surface, all vertically oriented particles
have their cores automatically aligned and have the
opportunity for more nearest-neighbors (six, in hexago-
nal vertical arrays). Particles arrayedparallel to the surface,
however,wouldhave fewernearest-neighbors due to the
presence of the underlying silica substrate. They are also
more likely to be trapped in unfavorable alignments
since 180� rotations would be needed to sample PEN
orientations; such rotations are inhibited by the presence
of other particles both within the plane and above it
(the latter when multilayers form). Hence, optimized
PEN�PEN interactions are facilitated by vertical orienta-
tions, and columnar arrays result from a balance of elec-
trostatics, gravitational concentration/orientation, and
these asymmetric van der Waals attractions.

CONCLUSIONS

Spontaneous, gravity-driven self-assembly of par-
tially etched nanowires into columnar arrays in the

absence of applied external fields and/or drying forces
was observed over a wide range of conditions. By
adjusting the relative center of mass, assemblies with
primarily horizontal or vertical PEN alignments were
achieved. Vertically aligned arrays are of particular
interest because they are difficult to achieve by self-
assembly methods in the absence of external applied
fields; the offset center of mass approach developed
here provides a means of achieving such arrays. PENs
with an aspect ratio from 10 to 20 and a COM under
0.3 displayed the best columnar structures, with PEN
standing percentages >60%. Arrays were formed over
>10 cm2 areas with more than 60% of the nanowires
vertically aligned. Electrostatic repulsionwas necessary
to prevent aggregation and allow assembly; otherwise,
the specific coating (polyelectrolyte, modified and
unmodified silica) did not affect assembly. Efforts are
underway to increase the standing percentages, which
are limited by multilayers and imperfect particles. It is
of interest to expand the materials (both internal
segments and coatings) and particle sizes to further
elucidate the assembly process and ultimately facil-
itate assembly of device-applicable structures.
The role played by solvent-filled silica shell regions

should be a rather generic one; that is, other materials
with much lower density and sufficient van der Waals
interactions may serve a similar function. Low-density
“assembly handles” such as the solvent-filled silica
shell regions employed here may provide a means
for assembly of multicomponent anisotropic particles
into vertically aligned arrays without the use of applied
electric or magnetic fields or drying forces.

EXPERIMENTAL SECTION

Materials. All water used in these experiments was purified
to >18.2 MΩ 3 cm, using a Barnstead Nanopure filtration system,
or was BDH Aristar Plus HPLC grade water (low TOC) from VWR.
Alumina membranes, with a nominal pore diameter of 0.2 or
0.02 μm, were purchased from Whatman. Orotemp 24 and
Silver Cyless R plating solutions were purchased from Technic
Inc. Tetraethoxysilane (TEOS), 3-aminopropyltrimethoxysilane
(APTMS), and the organically modified silanes were purchased
from Gelest. CoverWell perfusion chamber gaskets were pur-
chased from Invitrogen, or spacers were cut from a large piece
of silicone from Allstate Gasket and Packing. Large coverslips,
4.5� 6.25 in., were purchased from Brain Research Laboratories.
Polyallylamine hydrochloride (PAH) and sodium polystyrene
sulfonate (PSS) were purchased from Sigma. All chemicals were
used as received except where noted.

Nanowire Preparation. Nanowires were grown by electroche-
mical deposition in the pores of alumina membranes following
previously reported methods.51�54 Briefly, silver was coated
onto one side of a membrane viametal evaporation to serve as
a working electrode. Materials were then plated under a con-
stant current with the length of each metal segment controlled
by the deposition time. After dissolution of the backing elec-
trode layer and membrane, the nanowires were coated with
silica and selectively etched, as described elsewhere.50,55

Nanowire Assembly. As described previously,49,50 a silicone
spacer was rinsed with water and placed onto a glass coverslip
(typically 24� 60 mm); this formed wells 9 mm in diameter and

2.5 mm deep. The smaller (0.12 cm diameter, 0.67 cm height)
and larger chamber (4.11 � 2.61 cm, 0.67 cm height) were
constructed from a large piece of silicone. All PENs were rinsed
into deionized water prior to assembly. The chamber was
allowed to rest on the microscope stage while the nanowires
were added. On the basis of our previous work, in order to cover
the surfacewith a vertically orientedmonolayer, 1.8� 108 PENs/
cm2 were needed.50 For the 0.64 cm2 spacer typically used,
we used 100 μL of a 1�2 � 109 PENs/mL suspension. Here,
concentration is given as a range since it was based the on
average batch concentration, determined elsewhere.50,55 Nano-
wire suspensions were sonicated immediately before addition
to each well. A coverslip was then placed on top of the spacer
to seal the well and prevent drying from affecting the assembly.
All coverslips were rinsed with deionized water and dried
before use.

Imaging. Optical microscopy was performed on a Nikon
Eclipse TE300 or Nikon Eclipse TE200 invertedmicroscopes with
either Xe or Hg lamps and Photometrics CoolSNAP HQ cameras.
Plan Fluor and Plan Apo 100� oil objectives (NA 1.4 and 1.3,
respectively) were used. Reflected bright-field images were
taken using white light with Image Pro Plus (versions 4.5 or
7.0; Media Cybernetics). Transmission electron microscopy was
performed on a JEOL JEM 1200 EXII. Images were collected at an
operating voltage of 80 or 120 kV on a Tietz F224 camera.

Image Analysis. Images from which standing percentages
were determined were processed using Image Pro Plus
(version 7.0) as previously described.50 Briefly, a filtered image
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was counted for objects larger than 9 pixels. These objects were
classified into two groups based on the ratio of the objects
largest radius to its smallest radius; objects with a radius ratio
smaller than 3 were classified as standing, while those with a
ratio larger than 3 were determined to be lying down. We note
that typically 10�20% of particles are identified as “standing” in
early time points. This occurs for three reasons. First, some
particles are simply vertically oriented. Second, many of the
particles observed early are impacting the surface. Particles
generally impact while oriented vertically. Third, our analysis
results in some misidentification of particles (as compared to
hand counts) at particle densities under 5�8 � 107 NWs/cm2.
We were primarily interested in indentifying particles in high-
density arrays, where our identification is more error-free. In
comparisonswith hand counts, the overall total number of PENs
determined was within(5% of hand count at all time points. To
characterize the arrays, imageswere collected in twoways. First,
images were collected at specified time points, at a single
location, for at least six separate experiments. Following that
1 h of observation, at least 20 images taken during manual
rastering across the entire chamber were collected. These
images reflected the overall assembly features. Successful
experiments were defined as any assembly without broken,
bundled, or clumped wires (no more than 1% of the observed
PENs), or without any or observed aggregation or stickiness. For
the large-area assembly (>10 cm2), >500 images were taken
across the whole surface in order to ensure a representative
characterization of the assembly.

Nanowire dimensions were determined from transmission
electron micrographs using NIH ImageJ software. For each
sample at least 30, but usually >50, nanowires were examined.
Measurements for each length, width, and thickness were taken
at two places along the wires.
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