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ABSTRACT

Nickel nanowires prepared by electrochemical growth in alumina templates have been removed from their templates and functionalized with
luminescent porphyrins. The nanowires response to magnetic fields was quantified using video microscopy. In viscous solvents, magnetic
fields can be used to orient the nanowires; in mobile solvents, the nanowires form chains in a head-to-tail configuration when a small magnetic
field is applied. The dynamics for chain formation have been quantitatively modeled. The results demonstrate a new approach for assembling
nanowires.

Colloidal solutions of spherical nanopatrticles will spontane- NiCl,:6H,0, 515 g L* Ni(H,NSGs),+4H,0, and 20 g L*
ously order into close-packed arrays under appropriate HsBO;, buffered to pH 3.4 at a potential 6f1.0 V (Ag/
experimental conditions® A great deal of research has been AgCl).}” The wires were grown to be-25 um in length,
published on the self-assembly of spherical semiconductoras controlled by the deposition time. The nanowires’ average
and metal nanoparticles with interesting optital,elec- radius wasa = 0.18+ 0.02um, as determined by scanning
tronic,”® and magnetic properti€€On the other hand, much  electron microscopy. The wires are therefore nanometers in
less attention has been paid to the assembly and ordering otliameter and microns in length. The nanowires were removed
nanowires® ¢ In principle, nanowires can be assembled into from the templates by dissolving the alumina in 0.5 M KOH
arrays and configurations not possible with spherical par- at T = 50 °C for 24 h, stirring occasionally. The wires were
ticles. We have recently initiated studies to assemble collected by centrifuging at 7000 rpm for 10 min, or by
nanowires and elongated nanoparticles with the goal of placing a small magnet on the side of the flask. This latter
creating ordered arrays with enhanced anisotropy. Here wemagnetic collection procedure exposed the wires to a field
report a magnetic approach for aligning and assembling in excess of 1 kG and permanently magnetized the wires
fluorescent and nonfluorescent nanowires. Specifically, nickel with their magnetic moments parallel to their long axis. With
nanowires functionalized with porphyrins and suspended in hoth procedures, the supernatant was decanted and the wires
fluid solution can be oriented and assembled with magnetic yere resuspended by sonication in 1.5 mL of absolute
fields. The assembly of nanowires into continuous chains ethanol. This collection and rinsing procedure was repeated
has been quantitatively modeled by assuming that viscoustyice with fresh ethanol or other solvents of interest and th
drag and magnetic dipotedipole interactions are the domi-  esypernatant was generally stored in these solvents in air.
nant forces. The results present a new approach for nanowirezggregation and settling of the wires was observed under a
assembly. variety of conditions, and brief sonication$ s, 42 kHz,
Nickel nanowires were fabricated by electrochemical Cole-Parmer model 8890) consistently resulted in redisper-
deposition into commercially available a@n thick alumina  sjon of the wires, regardless of their remnant magnetization.
filter templates (Anodisc, Whatman, Inc.) with a nominal  Nanowires suspended in low viscosity liquids such as
minimum pore diameter of 100 nm. A gold film was sputter- \aer ethanol, and 2-propanol precipitate from the solutions

d:aposnded on in? S'dedOf the_ tedmfplate to Slef}’e as% aworkmgm the course of several minutes. In addition, aggregation
electrode. Nickel was deposited from a solution of 20°g L occurs due to interwire magnetic forces. To minimize

- P A aggregation and precipitation, the nanowires were suspended
epartment of Physics and Astronomy. ; : ; .

# Department of Chemistry. in more viscous medl_a such as 1:1 hexadecaneH)/
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Figure 1. A 22 um-long nickel nanowire, functionalized with
Hematoporphyrin IX, and immobilized on a glass slide. The upper
panel shows an optical image of the nanowire, while the lower
panel shows a fluorescence image of the same wire.

suspensions are much more stable. For example, in hexa-
decane/octadecane the nanowires remained suspended for
periods of days.

Porphyrins are an important class of macrocycles that
regulate many biological processes such as the transport and
activation of dioxygeri® Free-base porphyrins display intense
fluorescence and are readily derivatized with functional
groups that bind tenaciously to solid-state surfaces, but doFigure 2. Assembly of 12um long nickel nanowires, function-
not affect the fluorescent properties. To functionalize mag- alizéd with porphyrins and aligned in a magnetic field in a 1:1
netic nanowires with fluorescent porphyrins, we chose Frﬁggg?mi/?ﬁtea?oﬁpEar:éftiirifLZ?eSffféeﬂﬁnfée'.s an opical
Hematoporphyrin 1X, [8,13-bis(1-hydroxyethyl)-3,7,12,17-
tetramethyl-2H,23H-porphine-2,18-dipropionic acid], which
has two intense, red fluorescence barigs{(= 626 and 696  excited stated® One probable explanation for the intense
nm in ethanol) and two carboxylic acid groups that are steady-state fluorescence observed is that the emissive
known to bind strongly to metal oxides and to the native porphyrins are distant from the metallic nickel due to the
oxide films on metals, such as nick€lReaction of the  native oxide film and the flexible ethane spacer between the
nanowires with mM concentrations of Hematoporphyrin IX  carboxylic acid binding groups and the porphyrin ring. The
for 24 h in ethanol at room temperature resulted in surface porphyrin coatings on the nanowires were stable in ethanol
binding. The solution was then centrifuged, the supernatantfor hours, although desorption does occur after a few days,
decanted and saved, and fresh ethanol was added. Thigs evidenced by fluorescence from the ethanol solutions. The
procedure was repeated until no fluorescence was observethanowires remained fluorescent for weeks when stored in
from the supernatant solution. Typically between two and hexadecane/octadecane, water, or air.
four iterations were required before the supernatant was The response of suspensions of nanowires to magnetic
nonemissive. fields was investigated under optical and fluorescence micro-

Figure 1a shows an optical microscope image, and Figurescopes. Even in the most viscous solvents, the nanowires
1b shows the corresponding fluorescence image of a single respond to the torques produced by small uniform magnetic
porphyrin-functionalized nickel nanowire deposited onto a fields, and align parallel to the field, as shown in Figure 2.
glass slide by spin coating at 3000 rpm from an ethanol Magnetic field gradients, produced either by external magnets
suspension. This spin-coating procedure yielded a largeor by neighboring nanowires, exert forces on the nanowires,
number of isolated wires, in contrast to evaporative deposi- and provide means to manipulate and assemble them. For
tion, which generally resulted in aggregation of the wires. example, the 1000 G/cm field gradient produced by a small
The observation of fluorescence along the full length of the bar magnet, placed outside an experimental cell containing
nanowires seen in Figure 1b suggests a uniform surfaceapproximately 3 chof a water suspension, allows rapid
coverage. We note that porphyrin aggregation and energycollection of all the nanowires at the side of the cell in times
transfer to metallic surfaces are known to quench molecular of order 30 s.
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Figure 3. Chains of Ni nanowires, assembled from a water
suspension on a glass substrate in a 20 G external magnetic fieldfFigure 5. Separation vs time for the pair of nanowires shown in
Figure 4. The data points each correspond to a single video frame
- - (point spacingAt = 1/30 s). The large circles (a)d) indicate the
locations of the corresponding images in Figure 4. The solid line
- - obtains a velocity = F/D, whereD is the appropriate drag
coefficient. This relationship holds for particles moving under
Figure 4. Video microscopy images showing attractive interaction gravitational (settling), electric (electrophoresis), or as in our
between two Ni nanowires, coaligned & 1 Gexternal field in a case, magnetic forcéd.Nickel nanowires are known to

is a fit described in the text.
water suspension. The nanowires’ lengths are 16.4 angré.4 . .
P g a possess a very large remnant magnetizaéhThus, given

) their high aspect ratio, for distances large compared to the
Assembly of the nanowires can be controlled by the jire radius a, the magnetic field of a wire is well-
application of a small magnetic field ~ 1 G. Since the 545 0ximated by that of an extended dipole with length equal

isolated wires all align parallel to H, their _tendency 10 15 the wire or chain, and magnetic charge®, = Mxa? at
aggregate in a random way due to the complicated angularOne end and-Q., at the other, whereM is the wire's

dependence of the dipolar forces between randomly orientedy, g netization. For our wires, this approximation is accurate
wires is prevented, and instead the interwire interactions to within 0.05% for distances 5 «m from the wires’ ends.

cause the wires to form head-to-tail chains along the magnetic,o equivalent Coulomb forces between the magnetic
field lines. As shown in Figure 3, these chains become quite charges on the two wires then give the magnetic force

long, and can ultimately extend over hundreds of microns. yonveen a pair of wires or chain segments. We consider here

We have studied the dynamics of this chain formation for ¢ ghecial case where the nanowires are aligned collinearly,
wires near the glass bottom of our experimental cells through, 1.1 is sufficient to analyze the chaining event shown in

video microscopy. Videos were taken of a variety of joining g re 4. In this case, the attractive force between two
events involving either pairs of single nanowires, or pairs o qwires of lengths; andL, is

of chain segments. Here we present the details of chaining
two nanowires, with lengthk; = 16.4+ 0.1 um andL, = 1 1 1 1

. _ 2
6.4+ 0.1um, suspended in water at temperatiire 35 C fN=-Qun|5~ LY aaL >+ Lt 2) 1)
that come together across an initial separatips 37.2um A U A GRS,
in a timet. = 11.1 s. Four frames from this process are ) ) _ )
shown in Figure 4. From such data, the position of each wire Wherer is the end-to-end wire separation. The time depen-
or chain segment can be determined frame-by-frame usingdenf:e of this separation is determined from the e_quatlon of
commercial object-tracking software (IgorPro, Wavemetrics, motion d/dt = Df(r), whereD = DiDJ/(D; + Do) is the
Inc.). The resulting plot of end-to-end separation vs time réduced drag coefficient. This equation may be integrated
for the event in Figure 4 is shown in Figure 5. Circles in analytically to give
Figure 5 indicate the data points corresponding to the four
frames in Figure 4. All joining events show the basic shape tr) =k(Fy (L +ro Ly, L) =F(L+rL,L)) (2
seen here-an initially slow relative motion that speeds up
dramatically as the separation closes. The use of higherHereL = (L; + Ly)/2, k = D/mym,, andmy , = Mrra?l, ; are

viscosity solvents such as ethylene glycol results in slower
wire motion over comparable distances.

For nanoparticles in fluid suspension, the Reynolds number
R is very small R < 107° for our nanowires), and hence
viscous drag dominates all other hydrodynamic effé&t3.
Thus, in response to an applied forEe a nanoparticle
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the total magnetic moments of the nanowires. The function
F, is given by

@7 — 1007 L, + 37,0 (L2 + LAV N @

Faubyly) = 864 108 307"
(L= L2 L2+ L — (L2 + LADY? Arctan ———2Y34
i+ LA+ LA

i108v/3b%y/20% + L2+ L,2
(LA = AL2L2+ LA+ (L2 + LAY Arctar( 23

NJ2r+ LA+ |_22) 3)
108V/3b%/2b% + L2+ L,2

with b = 4\/L14 —4L%L,% + L,". Equation 2 is not readily
inverted to giver(t), and therefore we fit our data tir).

This two-parameter model gives an excellent account of
chaining events for a wide variety of wire lengths and initial
separations. For the event shown in Figure 4, the model gives
the solid line in Figure 5, withp = 37.2+ 0.1um andk =
(1.48+ 0.1) x 1076 sfum®.

The reduced drag coefficient may be determined fiom
Nickel nanowires of this size have been shown to have
coercive fieldsH; ~ 200 G, and remnant magnetizations
M, ~ 0. Mg, WhereMg,:= 485 G is the room temperature,
bulk saturation magnetization of Ki:?>As these nanowires
had been magnetized in fields in excess of 1 kG, with a small
bar magnet placed outside the experimental cell, they should
possess their full remnant magnetization, iM.= M,. On
this basis, we obtai® = 2 x 1075 g/s. We note, however,
that there is nearly a 50% uncertainty in this number, arising
principally from uncertainty in the nanowires’ radius that
results from variations in the pore sizes of the alumina
templates. In the limit where the nanowires are far from the
cell bottom, the drag coefficient®; and D, for the two
nanowires, and hend®, can be calculated by approximating
the nanowires’ shapes as prolate ellipséffS.This yields
D = 1.2 x 1075 g/s, in quite good general agreement with
our measured value. The determinatiorDo€an clearly be
refined in the future by using nanowires grown in more
uniform templates.

In summary, these studies demonstrate a new magnetic

approach for manipulating and orientating nanowires. The
dynamics of “chaining” nanowires in fluid solution is

quantitatively understood using a theoretical model that
assumes viscous drag and magnetic dipdipole forces are

dominant. This model allows accurate predictions of nano-
wire dynamics in magnetic fields and an estimate of the
reduced drag coefficient. By coating the nanowires with por-
phyrins, they become highly fluorescent. These nanowires,

and many possible variations based upon them, have potential

applications in biotechnology and separations chemistry
where the powerful optical tracking techniques currently in
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use can be combined with magnetic manipulation. Studies
of the chemical, optical, and magnetic properties of these
nanowires in biological media are currently underway in our
laboratories.
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