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ynthetic techniques can produce

nanostructures with a diverse set of

shapes and an equally diverse range
of dimensions and compositions.'~” Har-
nessing these materials for their nanoscale
properties requires the ability to handle and
manipulate the materials. Although much
attention has been given to the manipula-
tion of many nanoscale materials,®~ ' some
structures have received relatively little at-
tention. One type of structure that requires
further development of techniques for their
assembly are solution-phase synthesized
nanowires.'® Some attention has been
given to the assembly of carbon nano-
tubes, another highly anisotropic nano-
structure. These nanotubes can be as-
sembled during or after synthesis.'*~2* One
lesson to learn from the previous work on
manipulating nanoscale materials is the im-
portance of developing techniques that
can be appropriately scaled to assemble
nanostructures in parallel for a range of con-
centrations. The challenge is to extend this
concept to nanowires that require solution-
based techniques for manipulation. Our
goal is to develop appropriate techniques
to direct nanowires into assemblies that
span over large distances (>5 c¢m) within a
few minutes for further manipulation and
utilization of these materials.

The challenge of directing the assembly
of synthetic nanowires increases as the
length (or aspect ratio) of these structures
also increases. This correlation is attributed
to an increased flexibility and fragility of
these nanostructures.?* Nanowires with a
small aspect ratio are relatively stiff struc-
tures, but nanowires with high aspect ra-
tios (e.g., 1:1000, diameter/length) are flex-
ible and easily entwined with other
nanowires (Supporting Information, Figure
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ABSTRACT Solution-phase synthesized nanowires with high aspect ratios can be a challenge to assemble

into desired structures. As synthesized, these nanostructures readily bend and entangle with each other to form

larger aggregates. This manuscript reports a general procedure for directing the assembly of semiconducting and

metallic nanowires into fibers that can easily span distances >1 cm. Dispersions of these nanostructures in a low

dielectric solution are organized by electrokinetic techniques into fibers that can be isolated from solution.

Theoretical studies suggest that the assembled fibers adopt an orientation along electric field lines in the solution.

The number of assembled fibers is a function of the duration of the assembly process, the magnitude of the

electric potential, and the initial concentration of nanowires dispersed in solution. These findings offer a general

method for the assembly of nanowires into macroscopic fibers of tunable dimensions. Fibers of selenium nanowires

isolated from solution can reversibly bend in response to a source of electrostatic charges positioned in close

proximity to the free-standing fiber. These flexible selenium fibers also exhibit a photoconductive response when

illuminated with white light.
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S1). This process of self-entanglement can
be avoided by dilution of the nanowire sus-
pensions. However, assembly of nanowires
one-by-one or in low quantities is inefficient
and impractical for many applications. A
number of approaches can be implemented
to assemble nanowires.'® Ideally, the tech-
nique for directing the assembly of nanow-
ires would be independent of the material
composition, scalable over multiple lengths,
and applicable to a wide range of nano-
wire concentrations.

Electrokinetics is a promising approach
to manipulating nanowires. Directing the
assembly of nanostructures within an elec-
tric field has a number of benefits and limi-
tations. Materials can assemble based on
polarization of the material and the interac-
tions of charge within an applied electric
field 82225732 The electric field lines direct
the assembly of the materials and can,
therefore, be used to assemble multiple
nanostructures in a parallel process.
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sembly, we chose a low dielectric solution in which the
nanostructures would be suspended. This type of solu-
tion will maximize the response of our system to ap-
plied electric fields. The first systems we tested were the
response of suspensions of selenium and silver nanow-
ires (detailed syntheses of the nanowires are described
in Materials and Methods) to static electric fields estab-
lished by externally applied charges. A number of meth-
ods can generate charge to create this external electric
field, such as Van de Graaf generators, Tesla coils, and
piezoelectric charge generators. The later method ion-
izes air molecules and is often used to dispel electro-
static charge accumulated within dry chemical pow-
ders.3> We use a commercially available Zerostat
antistatic gun to apply charge to the exterior of vessels
containing dispersions of nanowires (Figure 1). The ini-
tial dispersion of ~50 wm long selenium nanowires,
which have a zeta potential of —54.3 = 2.3 mV, are at-
tracted to the wall of the vessel when positive ions are
generated?® and repelled when negative ions are subse-
quently produced by the Zerostat antistatic gun. This
process is reversible and can be repeated multiple
times. Dispersions of ~10 um long silver nanowires
with a zeta potential of 43.3 = 5.0 mV exhibit an equal
and opposite response to the charge accumulated on
the vessel; these metal nanowires are repelled by posi-

Figure 1. Optical images show that dispersions of (a) selenium and tive charge accumulation and attracted to the side of
(d) silver nanowires in hexanes align with electric field lines created . . .

- - L the vessel with a subsequent generation of negative
after the exterior of the plastic or glass vial is exposed to charged . )
ions generated from a hand-held Zerostat antistatic gun. Selenium ions. In both systems, the assembled nanowires appear
nanowires (b) collect into fibers extending from the region nearestto o align with electric field lines extending from the
the source of charge when positive ions are generated and (c) repel . .

L - A . charge accumulated on the exterior of the container
from this interface upon generation of negative ions. The opposite
response is observed for silver nanowires when (e) positive and (f) to the nearest ground, such as the table top.

negative ions are generated by the Zerostat antistatic gun. All scale The solvent plays an important role in the electroki-
bars are 0.5 cm. . L .
netic assembly of the nanowires into macroscopic fi-
In addition, the process can be reversible if electro- bers. Solvent properties that influence the dispersion

chemical degradation of the sample is avoided during  of nanowires within a solvent also influence their as-
the assembly process. This ability to reconfigure the as-  sembly into fibers. These properties include dielectric
sembled nanostructures can be useful for optimizing constant of the medium, viscosity of the medium, polar-
their positions by cycling between assembly and disper- ity of the medium and of the suspended material, and
sion processes. The field lines can also be directed over  zeta potential of the dispersed nanostructures.?'32 It is

distances much larger than the largest dimension of anticipated that viscosity plays a minor role in the abil-
the nanostructures. These properties have been used ity to form fibers from dispersed nanowires. We

to assemble nanowires of metals, semiconductors, and  screened a number of solvents with similar viscosities.
dielectric materials over distances of a few These solvents had very different solvent polarities and
micrometers,’ =3 but for highly anisotropic nanostruc-  dielectric constants. Our studies revealed that dielec-
tures, only carbon nanotubes have been assembled tric constant of the solvent played a dominate role in
over larger distances through the use of determining whether dispersed nanowires would suc-
electrokinetics.??* We demonstrate herein the ability cessfully assemble into a visible macroscopic fiber

to use electrokinetics to direct the assembly of solution-  (Table 1). From the low dielectric solvents that we
phase synthesized nanowires over large distances (>5  screened, hexanes was chosen as the preferred solvent

cm). for assembly of the fiber-like structures. This choice was
dictated by a combination of macroscopic fiber stabil-
RESULTS AND DISCUSSION ity in each solvent and boiling point of the solvent.
Elecrokinetic assembly of nanostructures requires a Selenium and alkanethiol-modified silver nanowires
dispersion of either polarizable or charged materials.3>  dispersed within low dielectric solvents (i.e., dielectric
Assembly proceeds by either dielectrophoresis or constants = 4.34) could assemble into macroscopic fi-
electrophoresis.3*** To design a general system for as- bers under an applied electric field. A similar method of
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TABLE 1. Solvent Dependence for the Assembly of
Nanowires into Macroscopic Fibers®373

solvent €, P’ forms fiber
hexanes 1.89 0 yes
hexafluorobenzene 2.02 0 yes
1,4-dioxane 2.2 48 yes
carbon tetrachloride 2.3 1.6 yes
toluene 237 24 yes
diethyl ether 434 28 yes
chloroform 438 41 no
tetrahydrofuran 7.6 4 no
ethanol 253 5.2 no
acetonitrile 375 5.8 no

“Abbreviations: &, = dielectric constant and P" = solvent polarity.

assembly was reported by Kamat et al.?° Kamat intro-
duced extrinsic charges onto the surfaces of their mate-
rials through the addition of an ionic surfactant to po-
larize their material under applied electric fields. In
comparison to our study, Kamat et al. were able to as-
semble their material into linear bundles along electric
field lines in a relatively high dielectric constant solvent.
In our system, both selenium and silver nanowires were
assembled into macroscopic fibers without the addi-
tion of charged surfactants. The assembly of nanowires
in our system relies on a combination of material polar-
ization and dispersion in the solvent. Low dielectric con-
stant solvents were required in our method of nano-
wire assembly. The insulating properties of these
solvents prevented loss of charge or screening of polar-
ization from the nanowires within the electrostatic
field.

Fine tuning the response of the assembled system
requires the use of a variable power supply to control
the strength of the applied electric field. The distance
covered by the assembled nanowires and the density of
the nanowires collected within the electric field lines
should scale with the strength of the applied field. The
type of power supply necessary to direct the assembly
of nanostructures within a low dielectric solution can be
estimated from the electrostatic potential used in the
previous study (e.g., 2—5 kV for a Zerostat antistatic
gun). Electrodes from a high voltage DC power supply
connected to opposing sides of a glass vial can estab-
lish electric field lines within the container for directing
the organization of nanostructures. The nanowires as-
semble into macroscale fibers extending from the walls
of the container. These fibers span the diameter of the
vial between the two external electrodes (Figure 2). In-
creasing the applied field strength increases both the
length and the quantity of assembled fibers. Lengths of
the fibers are limited by the distance between the two
electrodes or the distance to a second, more efficient
source of ground (Supporting Information, Figure S2).
To achieve larger assemblies, the systems need to be
isolated from unwanted grounding sources.

www.acsnano.org

Figure 2. Optical images of silver nanowires assembled into fibers
by electrokinetic processes. (a) Silver nanowires dispersed in hex-
anes align with electric field lines (b,c) created using an external
power supply. Electrodes from this power supply are in contact with
opposite sides of the glass vial at the positions indicated by the
white arrows in (a). Increasing the electric field strength (0.33 MV/m
in b, and 0.67 MV/m in c) increased the density and length of the fi-
bers assembled between the two electrodes. Similar results were
also observed for the assembly of selenium nanowires (Supporting
Information, Figure S2). All scale bars are 0.4 cm.

There are few options to isolate a system contain-
ing high voltage field lines from external, unwanted
grounding sources. One of the best electric insulators
is air. A simple method for insulating our system is to
suspend it in air. A number of insulating containers of
either plastic or glass could be used to contain the dis-
persions of nanowires during the assembly process. A
simple and inexpensive container is an open glass dish,
such as a glass Petri dish or crystallizing dish. This setup
can be easily viewed from above or from the side with
minimal distortion. The new container is also conve-
nient for assessing the dynamics of the assembling
nanowires. In this configuration, the choice of elec-
trode is important to avoid unwanted electrochemical
reactions between the nanowires and the electrode. For
example, although copper wires can be used to direct
assembly within the solution, the nanowires and the
electrodes can electrochemically react during this pro-
cess. Platinum wires are the preferred choice for direct-
ing the assembly of selenium or silver nanowires. Ma-
terial in solution starts to assemble into fiber-like
structures extending from these electrodes as soon as
a sufficient electric field is applied to the solution. These
fibers will grow to lengths of ~1 ¢cm in <30 s and con-
tinue to grow in both length and width as more nanow-
ires accumulate along the field lines over time (Figure
3). The fibers and field lines can extend in all directions
from a single working electrode. Fibers can also form
between electrodes with orientations along the applied
field lines (Figure 3b and Supporting Information, Fig-
ure S3).
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Figure 3. Selenium nanowires assemble into fibers along electric
field lines generated in a solution of hexanes. Visible fibers are ob-
served extending (a) from a single working electrode or (b) between
two electrodes in close proximity. In both (a) and (b), a field of 1.7
MV/m was applied for 30 s. (c—e) Centimeter long fibers can form be-
tween the two electrodes. Increasing the field strength (e.g., from
1.6 MV/m in c to 3.3 MV/m in d) drives the assembly of the nanow-
ires into a single fiber. Scale bars in a—e are 1 cm.

Increasing the field strength concentrates the
nanowires into a single fiber spanning the shortest
path between the working and ground electrodes. The
onset of assembly for both selenium and silver nanow-
ires into macroscopic fibers was visually observed for
field strengths >0.30 MV/m, and fibers of appreciable
length (>1 c¢m) are seen at ~0.50 MV/m. The assembled
fibers continue to gather nanowires from solution until

Figure 4. Optical images of selenium nanowires assembled into ar-
rays of fibers. (a) Suspensions of nanowires (~5 g of selenium
nanowires) can be assembled between electrodes fabricated from
stainless steel mesh. (b) Increasing the concentration of suspended
nanowires (~120 pg) will increase the number of assembled fiber-
like structures between the two opposing electrodes. (c) The geom-
etry and relative positions of the working and ground electrodes can
be used to (d) assemble nanowires (~80 pg) into fibers of a desired
configuration. In both (c) and (d) electrical contact with the central
electrode is made through a hole in the bottom of the glass dish. All
scale bars are 1 cm and all field strengths are 2 MV/m.

W) VOL. 4 = NO.5 = WANG ET AL.

reaching ~9 MV/m. At this field strength, fiber-like
structures were observed to shuttle back and forth be-
tween the two electrodes. It is likely that these bundles
of selenium or silver nanowires are carrying charge be-
tween the electrodes and may be undergoing electro-
chemical reactions at the electrodes. Many low dielec-
tric solvents should be stable at this potential. Hexane,
for example, has a breakdown potential of 246 MV/m.>®
It is possible that reactions at both electrodes could oc-
cur between the nanowire and the oxygen or water
present in the solution. However, the source of the
charge remains unclear as any structural or chemical
changes to the nanowires remains below the detec-
tion limits of X-ray diffraction and X-ray photoelectron
spectroscopy (Supporting Information, Figures S1 and
S4). It is likely that the demonstrated method of assem-
bly is very sensitive to small amounts of charge present
within the solution.

To further demonstrate the versatility and scalabil-
ity of the system, we pursued a number of different
electrode configurations for directing the nanowires
into arrays of fibers. The fibers form along electric field
lines in solution, which seek the path of least resistance
between the working and the ground electrodes. Paral-
lel assembly of nanowires into multiple fibers can be
achieved by increasing the area of either the working
or ground electrodes (Supporting Information, Figure
S5). Electrodes fabricated from a stainless steel mesh
demonstrate a few important considerations in the de-
sign of these larger electrodes to create desired pat-
terns from the assembled fibers (Figure 4). Density of fi-
bers assembled between the mesh electrodes is
nonuniform across the width of the electrodes and is
mostly attributed to the periodic shape of the mesh
electrode. Flat protrusions of the working electrode col-
lect a dense array of fibers along its length. Gaps be-
tween the organized fibers correspond to the recesses
at the edge of the mesh electrode. Nanowires collect
primarily along the regions of the highest electric field
strength, which correspond to the shortest distances
between the electrodes. Therefore, density of fibers can
be controlled by the periodicity of the metal protru-
sions extending from the working electrode. The num-
ber of assembled fibers also depends on the concentra-
tion of nanowires in solution. Density of the fibers
increases proportional to increases in the nanowire con-
centration (Figure 4).

The open glass dishes were useful for assembling
long fibers of selenium nanowires. Extending this to
the assembly of silver fibers presented a larger chal-
lenge. Although these metal nanowires assembled into
long fibers (>1 cm) within glass vials, in the open glass
dish, the silver nanowires formed short fibers (Support-
ing Information, Figure S6). One of the primary reasons
for our inability to form long silver fibers in the open
dish was the interaction of the silver nanowires with the
surfaces of the glass dish. The silver nanowires had a

www.acsnano.org



positive surface charge and assembled on the nega-
tive electrode. However, the negative charge of the
glass also attracted these nanowires and could be one
of the reasons short fibers of silver nanowires irrevers-
ibly collected on the bottom of the glass dish. Despite
our attempts to protect the glass surface with a coating
of 1H,1H,2H,2H-perfluorodecyltrichlorosilane, the metal
nanowires irreversibly adhered to the surfaces of the
glass dish. However, the nanowires collected within the
region between two electrodes did align with the direc-
tion of the applied electric field.

Electrokinetic assembly of nanowires can form very
long and stable fibers. Nanowires can be assembled
into fibers with lengths >7 cm that are suspended in
solution (Figure 3e). These fibers are stable upon re-
moval of the applied electric field. The suspended fi-
bers stay in contact with the electrode and remain in-
tact except for distortions imparted by Brownian
motion and gravitational forces on these dense materi-
als (Supporting Information, Figure S7). If the aspect ra-
tio of the nanowires is significantly decreased, the
nanostructures assembled into a very different arrange-
ment. These shorter nanowires will also assemble
within the applied electric field, but the observed as-
semblies are no longer simple fiber-like structures. Sele-
nium nanowires with lengths of ~1 wm assemble into
thick bundles extending from the working electrode
(Figure 5). These bundles do not form the long fibers
that were observed for the assemblies of 50 wm long
nanowires. Higher resolution imaging is required to fur-
ther understand the interactions between the 50 pm
nanowires within the fiber.

A simple technique to remove the selenium fibers
from solution is to lift-out the fiber by placing a solid
substrate beneath the fiber and gently removing the fi-
ber and substrate from the solution. The low surface
tension of hexanes minimizes potential distortions to
the fiber during a quick solvent evaporation (~1 s).
Scanning electron microscopy (SEM) analysis suggests
that the fibers are held together by entangled nanow-
ires (Figures 6a,b). The nanowires interact with each
other in solution through van der Waals and electro-
static forces and possibly through material polarization
within the applied electric field. If the fibers of selenium
nanowires were not removed from solution prior to
evaporation of the bulk solvent the structure of the fi-
ber looked very different. The nanowires within the fi-
ber collapsed into a two-dimensional structure due to
reorganization during solvent evaporation over a pe-
riod of 12 h (Supporting Information, Figure S8). These
structures were sheets of randomly oriented nanowires
with an outline in the shape of the original fiber. The
collapsed structure strongly adhered to and could not
be removed from the substrate.

The free-standing selenium fibers exhibited photo-
conductive properties. The fiber was insulating in the
absence of light (Figure 6¢) but became conducting
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Figure 5. (a,b) Optical images of a mountainlike structure assembled
by electrokinetic processes from selenium nanowires with lengths
of ~1 pum. These structures grew by assembly of the short nanow-
ires collected at the working electrode under field strengths of 5
MV/m. (c) Scanning electron microscopy (SEM) images of the origi-
nal selenium nanowires with average lengths of 1.08 = 0.44 pm.
Scale bars in a and b are 0.5 cm and in care 1 pum.

with white light illumination producing peak currents
of —4.4t0 5.8 pA at —3 and 3V, respectively. The ob-
served current under white light illumination was non-
center symmetric, possibly due to charge accumulation
on the fiber. The current passing through the selenium
fiber is comparable to that reported by Liao et al. for a
single selenium nanowire (~100 nm in diameter) over a
distance of ~500 nm.*’ There are at least three pos-
sible explanations for the relatively low conductivity of
our fibers. One reason is the low intensity light source
used in these studies (i.e., light emitting diodes) relative
to that of Liao et al. (i.e., 514 nm output from an Ar ion
laser). In addition, the mobility of charge carriers de-
creases for nanowires with smaller diameters (our
nanowires have diameters between 20 and 60 nm).#142
A third possible explanation for the relatively low pho-

o

increasing
light intensity

(1) 100 % intensity

(2) 50 % intensity

(3) 25 % intensity

(4) 10 % intensity

(5) absence of light
n 1 n

current (pA)

-3 -2 -1 0 1 2 3
potential (V)

Figure 6. (a,b) Single fibers can be isolated from the solution and
imaged by SEM (c) These fibers are photoconductive in response to
varying intensities of white light. The inset shows an optical image
of the selenium fiber on a glass substrate with a tungsten probe in
contact with either end of the fiber. Scale bars are 20 pm in a, 2 pm
inb,and T mminc.
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Figure 7. (a—e) Optical images of a selenium fiber partially supported
on carbon tape upon an aluminum mount that is electrically insu-
lated from ground. (a,b) This fiber is repelled by charged ions pro-
duced from a ZeroStat antistatic gun. (c,d) This same fiber is at-
tracted to electrical ground or oppositely charged materials. (e)
After bending the fiber, >200 times by steering the fiber with elec-
trostatic charges the fiber remains intact, but (f) SEM analysis reveals
fractured nanowires along the bend in the fiber (indicated by the
white arrow). Scale bars in a—e are 3 mm and in fis 10 pm.

toconductivity of the assembled fibers of selenium is
the increased resistance due to the long (~4 mm) and
discontinuous pathway for electronic transport along
the fiber.

Fibers of selenium nanowires isolated from solution
exhibited the ability to reversibly bend in response to
electrostatic charges brought into proximity to these fi-
bers. A free-standing fiber bends relative to the magni-
tude of the electrostatic charge. One method of intro-

ducing charge onto the fibers is through the use of a
ZeroStat antistatic gun. A free-standing selenium fiber
deflects away from the source of the charge; the fiber
can move either up or down, depending on the relative
position of the external charge (Figure 7a—d). The fi-
ber is repelled from the external charge independent
of the sign of the charge (Figure 7a,b), which indicated
a saturation of charge accumulated on the surfaces of
the fiber. Each fiber was electrically insulated from the
ground, leading to a quick accumulation of charge and
afast response (or actuation) of the fiber. These charged
fibers were attracted to either an electrical ground or
oppositely charged material (Figure 7c,d). The actuated
fibers exhibited a high range of flexibility (reversibly
bending over angles of at least 154°; see Supporting In-
formation, Figure S9) and a moderate resistance to
breaking (remaining predominately intact after bend-
ing >200 times; Figure 7e). Analysis by SEM revealed
the presence of some fractured nanowires at the bend
in the fiber. These fractured nanowires are predomi-
nately located near the center of the fiber (Figure 7f).

CONCLUSIONS

We have developed a technique for assembling
nanowires of semiconductors and metals into macro-
scopic fibers directed along electric field lines when sus-
pended in low dielectric solvents. This electrokinetic as-
sembly is dominated by electrophoretic movement of
the suspended nanowires. The assembly process is
simple to implement, fast, and reversible. Multiple
nanowires can be assembled in a parallel process over
distances much greater than the length of individual
nanowires. Anisotropic structures extending over ~7
cm assemble from dispersions of nanowires within 1
min of applying an electric potential to the solvent.
These fiber-like structures can be isolated from solu-
tion or redispersed as a suspension of individual
nanowires that can be assembled into another fiber.
Free-standing fibers of selenium nanowires are flexible
and photoconductive. Extending this technique to the
assembly of individual nanowires over micrometer-
scale lengths should be possible. Electrokinetic tech-
niques are versatile and scalable for directing the as-
sembly of solution-phase synthesized nanowires that
may otherwise be difficult to organize.

MATERIALS AND METHODS

Nanowires used in the studies on electrokinetic assembly
were synthesized by solution-phase techniques. Selenium
nanowires were synthesized from a solid-solution-solid transfor-
mation using amorphous selenium powder. Silver nanowires are
produced via the polyol method as discussed below.

Synthesis of Selenium Nanowires. ** In brief, to synthesize amor-
phous selenium, 2.73 g (21.1 mmol) of selenious acid (H,SeO;,
98%; Sigma-Aldrich) was dissolved in 100 mL of 18.0 M() - cm wa-
ter (produced via a Millipore water filtration system) in a 250
mL round-bottom flask. The H,SeOs solution was chilled with
an ice—water bath. This solution was reduced with 3 mL (61.1

@NTANK) VOL. 4 = NO.5 = WANG ET AL.

mmol) of hydrazine (N;H4, 50—60% in water; Sigma-Aldrich),
which was introduced over a 2 min period drop-by-drop into
the reaction solution under magnetic stirring. After a total reac-
tion time of 15 min, the red precipitate was collected by vacuum
filtration onto a PVDF membrane (catalogue number: VV-
LP04700; Millipore). The filtrate was rinsed with 200 mL of ice-
cold high purity water to remove residual N,H,. The resulting red
solid was stored in a desiccator in darkness at 22 °C. Selenium
nanowires were produced by sonicating for 20 s a dispersion of
1 mg of amorphous selenium powder in 1 mL of ethanol (EtOH,
95%; Commercial Alcohols) within a 1 dram glass vial. The
nanowires grow over a period of 12 h while this sonicated solu-
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tion was stored in darkness at 22 °C. After centrifugation at 1500
rpm for 15 min, the ethanol solution was decanted and re-
placed with hexanes. This solvent exchange process was re-
peated at least three times to remove trace amounts of etha-
nol. The final solution of selenium nanowires was used for the
electrokinetic assembly studies.

Synthesis and Surface Modification of Silver Nanowires.” In the polyol
synthesis of silver nanowires, 220 mg of polyvinylpyrrolidone
(PVPssy, My,: 55 k; Sigma-Aldrich) dissolved in 5 mL of ethylene
glycol (EG, =99%; Sigma-Aldrich) was heated to 120 °C with an
oil bath while N, (g) was blown over the top of the solution at 2
mL/min to remove water vapor. When the solution reached 120
°C, 1 mL of an ethylene glycol solution containing 0.024 mg plat-
inum(ll) chloride (PtCl,, 99.99+%; Aldrich) was added dropwise
into the reaction mixture. The reaction proceeded under an at-
mosphere of N, (g) for 1 h before adding a solution of 50 mg of
silver nitrate (AgNOs, 99+%; Sigma-Aldrich) and 220 mg of
PVPss dissolved in 7.5 mL of ethylene glycol. The later solution
was introduced into the reaction mixture at 2 mL/min via a sy-
ringe pump. After the addition of this solution, the reaction tem-
perature was increased at 1.8 °C/min to 160 °C. Upon reaching
this temperature the N, (g) flow was removed, and the reaction
flask was capped to prevent the accumulation of dust in the so-
lution. The reaction was held at this temperature for 1 h, result-
ing in formation of silver nanowires. This solution of nanowires
was diluted with 20 mL of acetone (Anachemia; Lab grade) and
purified at least three times via centrifugation at 3000 rpm for 10
min, decantation of the supernatant, and redispersion in etha-
nol. The purified silver nanowires were coated with self-
assembled monolayers of alkanethiol. A solution of 0.5 mL of
1-dodecanethiol (=98%; Aldrich) and 1 mL of purified silver
nanowires in acetone contained within a 2 mL centrifuge tube
was vortexed overnight. Excess alkanethiol is removed by purifi-
cation of the nanowires by at least three processes of centrifug-
ing, decanting, and washing the modified nanowires with hex-
anes (=98.5%; Anachemia).

Materials Characterization Techniques. All optical images were
taken with an HP Photosmart 945 digital camera and all color im-
ages in the main body of the manuscript were altered to gray
scale using Adobe Photoshop CS3 Extended software. Scanning
electron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDS) data were acquired with Strata DB235 FESEM
operating at 5 kV. Samples for SEM analysis were prepared by ei-
ther drop-casting a solution of nanowires or otherwise position-
ing the sample of interest onto a 1 cm? piece of silicon wafer.
Bright field transmission electron microscopy (TEM) images were
obtained with a Tecnai G? STEM operating at 200 kV. These TEM
samples were prepared by drop-casting or dip-coating solu-
tions of nanowires onto a 300 mesh copper grid coated with
Formvar/carbon (catalogue number: FCF300_CU_50; Cedarlane
Laboratories Limited). Average dimensions of the nanowires
were calculated from more than 100 measurements obtained
on different nanowires. X-ray diffraction (XRD) patterns were ac-
quired with a Rigaku diffractometer using Cu Ka radiation. X-ray
photoelectron spectra were obtained using a Kratos Analytical
Axis ULTRA spectrometer containing a DLD detector. Zeta poten-
tial measurements were acquired in ethanol using a Malvern In-
struments Zetasizer Nano ZS system and disposable capillary cell
(catalogue number: DTS1060C; Malvern Instruments). Three con-
secutive measurements were made for each sample. The re-
ported values are the mean with the error reported as one stan-
dard deviation from the mean for a normal distribution.
Conductivity measurements of selenium fibers were performed
on a Cascade Microtech, Inc. M150 probe station equipped with
a Leica Stereo Zoom microscope, Leica ringlight LEDs (color tem-
perature of 5000 K), and an Aglient BI5S00A semiconductor de-
vice analyzer. Tungsten probes were placed in direct contact
with the selenium fibers and the current collected from —3 to 3
V at 50 mV increments both in the absence of light and during il-
lumination from the LEDs of the microscope.

Electrokinetic Assembly Techniques. Care was taken to avoid the
presence of dust within the solutions containing the dispersions
of nanowires. Hexanes were initially filtered through a syringe fil-
ter containing a PTFE membrane with 0.2 pm holes (catalogue
number: AP-4225; Acrodisc). Open solutions of nanowires were
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kept in an environment that was cleaned to minimize the pres-
ence of dust and all dispersions were analyzed immediately after
placement into the rinsed glassware. These solutions were capped
with a rinsed watch glass upon completion of each study.

Nanowires dispersed in hexanes are contained in glass or
plastic vials for small scale assemblies (e.g., over distances up to
1 cm). This assembly can be driven by the accumulation of
charge on the exterior of the vials from a Zerostat antistatic
gun (product number: Z108812-1EA; Sigma-Aldrich) held next
to the vial. Alternatively, similar assemblies of nanowires can be
achieved using a high voltage power supply (Spellman High
Voltage DC Supply; with an operating range of 0.1—30 kV) that
is connected by copper or platinum wire leads attached to the
exterior of the vial. Larger scale assemblies were performed with
dispersions of nanowires contained in a glass Petri dish that
was suspended in air with either a single clamp or hollow glass
supports. The electrodes used for these assemblies were either
copper or platinum wires (~1 mm in diameter, 2 to 3 cm in
length; =99.9%; Sigma-Aldrich) or a stainless steel mesh with
open circular holes (Small Parts Inc.). The high voltage power
supply is connected to these electrodes after positioning the
wire or mesh within the suspension of nanowires. WARNING: use
extreme caution when working with high voltages. The system un-
der study should be appropriately grounded, and the working and
ground electrodes should be at least 3 cm apart while performing
the electrokinetic assembly to avoid arcing. Sparks created from
electrode arcing can easily initiate combustion of the hexanes. Ex-
treme care should be taken when performing large scale assem-
bly of nanowires in an open dish of hexanes.

Modeling of Electric Field Lines. Simulated spatial distributions of
the electric field lines and gradients were performed with COM-
SOL Multiphysics 3.5 using the constitutive relation, D = g¢ X &,
X E for two spherical electrodes immersed in water contained
within a glass Petri dish. Water was used as the solvent for this
simulation as we were not able to model highly insulating solu-
tions, such as hexane. Scaling for this simulation was identical to
that for the experimental conditions. The two opposing spheri-
cal electrodes (each with a radius of 0.65 cm) were spaced 4.6 cm
apart (center-to-center distance) within the glass Petri dish. This
dish had a volume of wr*h, where r = 425 cm and h = 1.3 cm.
Physical properties of water (at a temperature of 293 K) entered
into the model include relative permittivity, e, = 1; conductivity,
o = 5.5 X 107¢ S/m; and viscosity, n = 1.003 mPa-s. In addi-
tion, potentials of —5000 and +5000 V under DC conditions
were applied to the working and ground electrodes, respectively.
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