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A
general goal of nanoscience is to

learn how to assemble nanoscale
building blocks into preconceived

higher order architectures with properties

that are derived from the type and place-

ment of such building blocks within the ex-

tended material. When the building blocks

are nanoparticles rather than discrete mol-

ecules, assembly strategies are limited. Thus

far, methods based upon hydrophobic,1

electrostatic,2 magnetic,3 DNA

hybridization,4,5 and capillary forces6 have

been evaluated and used to prepare im-

pressive structures such as rings, pyramids,

and network materials with varying degrees

of success. Recently, we introduced the con-

cept of kinetically controlled, template-

directed assembly, where rod-shaped nano-

particles could be assembled into discrete

superstructures that could be deliberately

varied in shape, depending upon the type

of template used, and the composition,

length, and diameter of the rods.7 Impor-

tantly, in this work, one set (but different

numbers) of nanorods could be directed to

assemble into different high-order architec-

tures (globes, hemispheres, and open

spheres). Upon detailed examination of

this system, we have discovered that a com-

plex combination of micro/nanoscale phe-

nomena and experimental variables are re-

sponsible for the assembly

processOspecifically, templating, capillary

force assembly, adhesion, and polymer de-

hydration. Herein, we explore the roles and

relative importance of each of these factors

in governing the assembly of the rods into

the intended higher order architectures.
Moreover, we develop a set of general
guidelines for using these factors to reli-
ably synthesize superstructures from tem-
plated sets of nanoparticle building blocks.

RESULTS AND DISCUSSION
Superstructure Assembly. The assembly pro-

cess begins with two-part gold-polypyrrole
(Ppy) nanorods synthesized inside an an-
odic aluminum oxide (AAO) template via
the method pioneered by Martin and by
Moskovits.8,9 Briefly, a silver backing is
evaporated onto the template (Whatman,
Figure 1a) which serves as a working elec-
trode for electrochemically depositing the
Au and Ppy into the pores. Upon dissolution
of the AAO template, Au�Ppy rods, which
on average have a 185 � 14 nm radius (r) and
a length between 5 and 30 (��15%) �m (l),
assemble into curved superstructures, with
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ABSTRACT The assembly mechanism by which hundreds of thousands of two-segment gold-polypyrrole

nanorods are assembled into kinetically controlled shape-directed superstructures is examined to predict the

range of nanoparticle sizes and materials that can be utilized in their formation. Four processes are responsible

for assembly: templating, capillary force assembly, adhesion, and polymer hydration. It is shown that templating,

where rods are prepositioned for assembly, is scale invariant and that the energy-minimized state after this step

is highly disordered. In addition, we predict that superstructures can be made independently from patterns of rods

separated by a distance as small as six times the inter-rod spacing. Both modeling and experiment show that

adhesion and polymer dehydration, which induces curvature in the superstructures, are applicable to other

materials. However, the high surface energy and low elastic modulus of polypyrrole are advantageous toward

generating three-dimensional structures, inducing curvature at gold/polypyrrole length ratios as large as 7:1.

KEYWORDS: nanorods · self-assembly · templating · adhesion · capillary force
assembly
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the radius of curvature of the final structure dictated

by the gold and polypyrrole segment lengths.10,11 To ef-

fect shape control over the superstructures, a pattern

of photoresist can be used to block pores of the tem-

plate selectively, preventing electrodeposition in un-

desired regions (Figure 1b). This templates, or preposi-

tions the rods, such that when the AAO is dissolved and

the rods are released, they assemble into superstruc-

tures consisting of hundreds of thousands of rods (5.3

� 0.5 � 105 for a hemisphere pattern, 1.6 � 0.1 � 106

for a cross pattern) with the template providing shape-

control (Figure 1c). The rod assembly occurs in three

distinct steps (Figure 1d). In step one, the template is

dissolved but little discernible rod movement is ob-

served. The nanorods are spaced an average of 32 � 9

nm apart both in the template and in solution (as con-

firmed by SEM and optical microscopy)7 and their sepa-

ration does not change over time so long as the collec-

tion of rods remains surrounded by water. In step two,

the water between the rods evaporates, the rods are

brought together via capillary forces, and a more

densely packed structure is observed. In the final step,

additional water evaporation occurs, the polypyrrole

segments of the rods dehydrate, their diameters shrink,

resulting in a pseudoconical building block, and curva-

ture is induced in the superstructure of rods. Each of

these steps is essential to the formation of the observed

superstructures. Some of them can be deliberately ma-

nipulated to control the dimensions of the final

superstructure.

Prepositioning of Rods. The first and most important

step is the prepositioning of rods via the alumina tem-

plate. Templating provides three functions: constrain-

ing rod orientation via the pores, determining rod

placement in the template via the photoresist pattern,

and controlling inter-rod spacing via the spacing of the

pores. Since the nature of the template prevents vary-

ing the rod orientation, we examined the importance of

rod spacing and rod placement by varying the tem-

plate. The former was studied by Monte Carlo simula-

tions, and the latter was studied by a combination of

theory and experimental laboratory procedures.

In our analysis, when a rod is defined as part of a par-

ticular pattern it is assumed that the rod does not dis-

sociate and assemble into an adjacent pattern. This as-

sumption is supported by the shape control reported

previouslyOif dissociation occurred one would expect

a thermodynamic product with no shape control pro-

vided by the pattern. However, as the spacing between

these two patterns (x in Figure 2a) decreases, the dis-

tance between patterns eventually approaches the

spacing between rods inside the pattern. At this point

random motion will cause a portion of the rods to trans-

fer from one pattern to the next and the pattern’s shape

will be distorted. To examine the limits of rod place-

ment and patterning for generating kinetically con-

trolled structures we focused on reducing the interpat-

tern spacing x. In our original paper, patterns in the

template were separated by 400 and 200 �m.7 We re-

duced this spacing using square patterns separated by

100 and 50 �m (Figure 2a). At all pattern spacings, the

assemblies retain their original shape and there is no

evidence of rod exchange, as determined by optical mi-

croscopy and SEM. However, the smaller spacings are

really of interest. Below a pattern spacing of 5 �m12 it

becomes challenging to use photolithography to pat-

tern the alumina template which is 50% porous (factory

specifications, Supporting Information, Figure S1). To

Figure 1. Superstructure shape control. (a) An SEM image of the pores of a bare AAO membrane used as a template for
nanorod generation. (b) The AAO template is patterned with photoresist (darker elevated pattern). The areas covered by
photoresist are not exposed to the plating/polymerization solution and rods are electrochemically deposited exclusively in
the uncovered areas (rods are the light areas at the bottom of the template). (c) After the template is removed the rods as-
semble into a superstructure (in this case a hemisphere) whose shape is determined by the photoresist pattern in conjunc-
tion with the template. The insets show typical two-part Au�Ppy rods which comprise the curved superstructures. (d) A
scheme showing each step of the assembly process and a description of the manipulations responsible for generating the ki-
netically controlled superstructures. After dissolving the template holding the rods, a loose collection of rods remains in wa-
ter (blue). The bulk water evaporates, and the rods are brought together. When the water contained within the Ppy evapo-
rates, the Ppy segment shrinks, which induces curvature. Scale bars in panels a, b, and c are 2, 300, and 100 �m, respectively.
Inset scale bars are 1 �m. In panel d, the inter-rod spacing has been exaggerated for visual clarity.
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examine pattern spacings below this size regime, we

performed Monte Carlo simulations on a similar collec-

tion of rods, without a template.

The simulations were performed by modeling the

rods as connected spheres13 (“string of pearls” struc-

ture) with a diameter equal to the corresponding di-

mension of the nanorod segment. Rods are 4.5 �m long

with a gold to polypyrrole segment-length ratio of 3:2

or 1:4. The number of spheres per segment is deter-

mined by the length of the segment divided by the

sphere diameter which is then rounded up to the near-

est integer. In a typical simulation, the initial state of

the system is a square pattern made of 100 or 400 rods

(10 � 10 or 20 � 20). The two primary forces between

the segments are metal�metal (M�M) and hydropho-

bic (hy) interactions with the interaction energies per

unit area between the rods’ component spheres mod-

eled by the formulas

and

respectively.14 Here the �SL are the surface tensions of

Au and Ppy in water (1.54 and 0.33 J/m2),15,16 �Au is the

Thomas�Fermi screening length for Au (0.588 Å),17 �Ppy

is the characteristic decay length of the hydrophobic in-

teraction for Ppy (2 nm),14 and L is the distance be-

tween the component spheres. The weaker van der

Waals interactions between the gold and the polypyr-

role segments are ignored in the simulations. The po-

tential energy landscape of the system is sampled by

jumps on the order of 108 kT at room temperature,

which is of the same order of magnitude as the interac-

tion energy of two such rods in contact, and simula-

tions were run until the energy of the system con-

verged. In the simulations the rods are allowed to

translate and rotate in three dimensions. Both single

rods and clusters of rods are allowed to move accord-

ing to the data augmentation algorithm.18

To examine the effect of the pattern spacing (x) be-

tween initial squares of aligned rods on the ability to

maintain the predefined pattern shape, we varied the

spacing between two 10 � 10 patterns starting from 64

nm (or twice the inter-rod distance) to 192 nm, and ex-

amined the probability for rod exchange between the

squares in the final state. The data are reported as a per-

centage of the rods of the two faces closest to each

other (20 rods) that are exchanged between squares.

We observe that in the case when x � 64 nm there is a

significant rod exchange between the two interfaces

(20%). When the spacing is increased this percentage

remains about the same, up to a spacing of 160 nm.

Then, at a spacing of 192 nm, the number is zero for

any reasonable time scale. Thus, we can predict that the

ultimate limit for the assembly process would be 192

nm, or a pattern spacing of six times the inter-rod dis-

tance. This behavior is dependent on both the rod

length and spacing, as well as pattern spacing, and we

expect that systems with dimensions of similar ratios

would behave similarly (discussed below).

In addition to controlling the number of rods that

can participate in an assembly process, the template

also controls the spacing between the rods. To exam-

ine the role of inter-rod spacing within a single square

pattern on the assembly process, we simulated systems

with rod spacings significantly larger than the experi-

mental distance (32 � 9 nm). Spacings of 100, 200 (Fig-

ure 2c), and 300 nm, respectively, were studied. In these

simulations, for inter-rod distances up to 200 nm, the in-

tended shape (a square raft) is maintained. However,

with a spacing of 300 nm the rods disperse, and the in-

tended structure does not form. This is not based on

the decay of the hydrophobic force19 over distance. In-

deed, as follows from eq 2, the hydrophobic force is

negligible at both 200 and 300 nm inter-rod spacings.

Moreover, even if the interactions are strengthened (by

doubling the length of the polypyrrole section, giving

stronger hydrophobic forces) no difference in the final

superstructure is seen. Shape control, instead, is domi-

nated by the random motion (entropy) of the rods and

Figure 2. (a) Top: lithography pattern for generating specific spacing (x) between superstructures. Bottom: an SEM of the
corresponding photoresist pattern (dark areas) on an AAO template. Lighter areas are exposed pores. (b) SEM image of a
250 �m square superstructure after curving. (c) Images of converged systems generated from Monte Carlo simulations where
the spacing in-between rods is varied. From the top: 3:2 Au:Ppy rods with 100 nm initial spacing; 3:2 Au:Ppy rods with 200
nm initial spacing; 1:4 Au:Ppy rods with 200 nm initial spacing. Scale bars in panels a and b are 1 mm and 100 �m, respec-
tively.

EM-M ) -2γSL,Au(1 + L/λAu) e-L/λAu (1)

Ehy ) -2γSL,Ppy e-L/λPpy (2)

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 1 ▪ 259–266 ▪ 2010 261



the dimensions of the system (in addition to templat-
ing). At 200 nm random motion both translates and ro-
tates the rods. A small percentage of movements (or
more accurately, a sequence of movements) will rotate
the top (or bottom) of a rod toward its nearest neighbor
(within the square), or translate a rod into contact with
its neighbor. At this point the hydrophobic and
metal�metal interactions become significantly larger
and restrict the motion of the rods. This must happen
before the random movements (entropy) cause the
rods to escape from the edge of the pattern (or from
the plane of the initial matrix). When the spacing is in-
creased to 300 nm, a sequence of movements leading
to connections between rods becomes statistically less
likely, and entropy dominates, dispersing the rods.

There are two additional noteworthy points about
the Monte Carlo simulations. First, the templating is
scale invariant for a wide range of sizes. Since inter-rod
forces are insignificant until near contact, and random
rod movement dominates, a pattern of rods where l �

4.5 �m, r � 200 nm, and the distance between rods is
200 nm, will behave almost identically to a pattern
where l � 9 �m, r � 400 nm, and the distance be-
tween rods is 400 nm, since they are identical from the
perspective of the random rod movement. We expect
that for very large rods, gravity would lead to deviation
from scale invariant behavior. Second, the converged
system contains a large degree of small angle orienta-
tional disorder, where rods are randomly connected in
a nonparallel, noncoalesced fashion (second image in
Figure 1d). This network of disordered interconnected
rods stabilizes the dimension of the system in solution

and leads to the retention of its initial size until an addi-
tional force is applied. This agrees with experimental re-
sults (Figure 3a,b) which show that the superstructure
dimensions do not change while in solution.

Capillary Force Assembly. While hydrophobic and
metal�metal forces are sufficient to sustain the loose
collections of rods in solution, they are insufficient to as-
semble the rods into cofacial contact. Thus, a second,
stronger, force20 must be applied to bring the network
of rods togetherOin this case capillary forces.21 These
forces have been empirically studied and have been
shown to be significant over a distance of several mi-
crometers and sufficiently strong to bring together
nanoparticles into network solids.22,23 Indeed, capillary
forces are the basis of the standard methods for prepar-
ing such network structures.24 More quantitatively,
they have been shown to be 2 orders of magnitude
larger than hydrophobic forces at particle spacings simi-
lar to ours (albeit with different particle sizes and
geometry).20,25 Precise numerical solutions for parallel
rod systems are possible for large inter-rod spacings
relative to the rod radius; however, they become non-
trivial as the ratio of those distances decreases and the
contact angle between the water and the rod’s surface
becomes a function of the inter-rod distance. Theory
describing the difficulties in the quantitative treatment
of the capillary forces (along with numerical solutions
for highly simplified systems) is provided
elsewhere.6,26,27

The role of capillary forces can be observed by opti-
cal microscopy (Figure 3). For a cross-like structure, the
initial photoresist pattern has an “arm” width of 143 � 1

Figure 3. Optical images of a cross-shaped grouping of rods: (a) Rods immobilized in an anodic aluminum oxide template;
(b) the grouping of rods where the template has been dissolved; (c) bulk water has been removed from the system, capil-
lary forces have drawn the rods together, and the structure’s dimensions have been reduced. Images a through c are the
same scale and the 80% reduction in the object size can be seen in image c. The red bar in image c is the original arm dimen-
sion (seen in images a and b). (d) A superstructure that has been damaged during handling. Note that in both the right
and lower arms, fractures have broken the structure into sections separated by �40 �m. (e) After capillary force assembly
and adhesion mediated curving, these sections have been assembled into the main structure. Scale bars are 100 �m. Insets
are 15% of the size of the original.
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�m. This distance remains constant for rods within the
template (red line, Figure 3a) and when the template
has been dissolved (Figure 3b). When the bulk water
has receded from the structure, contraction can be
clearly observed (Figure 3c). The amount of contrac-
tion (83.2 � 4.1%)7 is slightly more than ideal contrac-
tion (92%), but is reasonable when one considers void
spaces (missing rods) and three-dimensional reorgani-
zation. Capillary assembly of AAO-based nanorods has
been independently confirmed by McCarley via the use
of freeze-drying and Frank via the use of scCO2 which
eliminate capillary forces.28,29

The long-range nature of the capillary forces has
two important implications for the assembly process.
One, it provides defect tolerance. For example, in in-
stances where the pattern of rods is mishandled and
broken into multiple segments, capillary forces are
strong enough to draw the sections back into contact
with the main structure (Figure 3d,e). Flaws spanning
distances of up to 40 �m have been “healed” in this
manner. Two, patterns in the same droplet of water can
be easily drawn together and would be expected to ad-
here to each other. While attraction and contact occur
randomly, we have found one clear instance (in over
500 structures) where capillary forces have drawn two
structures together such that they remain in adhesive
contact (Supporting Information, Figure S2). This is
minimized in our procedure by diluting the water which
contains the structures and ensuring only one struc-
ture is contained per droplet, which is then allowed to
dry.

Adhesive Forces and Polymer Dehydration. After the water
has evaporated and assembled the nanorods into a
close packed form, adhesive forces dominate.30 These
forces are expected to maintain the contact between
the Ppy sections even as the polymer dehydrates and
shrinks7,31 to give the final curved superstructure. The
modeling of the adherence force requires calculation of
the adhesive force which compresses both segments
(resulting in deformation) and a restorative (Hertzian)

force opposite in direction to the adhesive force (Fig-
ure 4a).32

The attractive forces for the two segments can be
calculated independently only if the two sections are
able to reach equilibrium compression without the in-
fluence of the other material. Surprisingly, this condi-
tion is met. Initially the polypyrrole section is slightly
swollen and adhesion between these sections domi-
nates. Tapping mode atomic force microscopy, per-
formed in aqueous environment identical to assembly
conditions, shows a small but significant amount of
swelling of the polymer section of the nanorod. As mea-
sured at the interface of the gold and polymer, the ra-
dius difference is 11.5 � 9.7 nm (Figure 4b and Support-
ing Information, Figure S3). As this segment shrinks
during polymer dehydration, the Au segments are
brought closer together until they have reached equi-
librium, and the contact zone is maximized. Once both
segments have reached equilibrium the Ppy continues
to shrink and the segments pull on each other until the
pull-off force of the Au segment is exceeded, contact
is broken, and the rods splay.

Deformation and adhesion can be modeled by
Johnson�Kendall�Roberts (JKR),
Derjaguin�Muller�Toporov (DMT), or
Maugis�Dugdale (MD) theory, with a transition param-
eter �trans

33 determining the applicability of approxima-
tions contained in each theory.34 In deriving a cohesive
zone model35 for the cylindrical geometry, Hui showed
that JKR theory was applicable for a �trans of 4 or greater;
for �trans 	 4 cohesive zone models are of higher accu-
racy.36 We find that for both Au and Ppy, the JKR theory
is applicable (Supporting Information).

According to JKR theory, the restoration forces from
deformation (per unit length) are equal to 
h2E*/(4R)
and the adhesion forces are �(2
E*hW)1/2 (h is the half
contact length, Figure 4a; W, R, and E* are defined in
Table 1).37,38 Using these expressions, we find that for
perfectly smooth cylinders the pull-off force Pmax (the
maximum force necessary to separate the two rods)

Figure 4. (a) Illustration of the two major forces involved in adhesion. The adhesive force brings the two flattened cylinders
together while the Hertzian (restoration from deformation) force opposes it. (b) AFM data of a typical rod and an illustration
highlighting statistical information. AFM data show both the image of the rod (inset) as well as height data. Height data
are taken from along the line in the image. The Ppy segment is on the left side of the profile and the arrows highlight the tran-
sition from the Ppy segment to Au. The illustration of the hydrated two-part rod shows the measured difference in radius
of the Au and Ppy segments (�r) and its standard deviation as measured for six rods. Statistical data can be found in the Sup-
porting Information.
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scales as (W2RE*)1/3 which is much larger for Au than

for Ppy if the parameters from Table 1 are used. This cal-

culation is in apparent conflict with the experiments

showing that the stronger interactions between the Ppy

segments result in the observed curved structures (Fig-

ure 1c,d). Two factors have been ignored in this expla-

nation, which are important in our system and account

for this apparent discrepancy. The first is that the net in-

teraction energy between Au segments or Ppy seg-

ments is a more relevant quantity than the pulloff forces

which make assumptions about the way the forces are

applied. This energy scales roughly as Pmax
2/E*, by anal-

ogy to the relationship between the critical stress inten-

sity factor and critical strain energy release rate in frac-

ture mechanics.39 This gives an interaction energy that

scales as (W4R2/E*)1/3. Thus, due to the fact that Ppy’s

lower elastic modulus allows for greater compression

and contact area, the net interaction energy between

the Ppy segments is comparable to that between Au

segments, as seen in Table 1.

The second factor that must be accounted for is

the fact that the surfaces of the nanorods are not per-

fectly smooth, so that the actual contact area between

the nanorods is less than the ideal value. The effect of

roughness can be accounted for by replacing the actual

value of W obtained from surface energies with an ef-

fective value that is substantially diminished.40,41 An es-

timate of the relative decrease in the value of W for the

two materials can be obtained by varying the segment

lengths. As can be seen in Figure 5, when the ratio of

the two segments is increased, the Ppy�Ppy interac-

tions dominate until the Au:Ppy ratio is approximately

equal to 7:1. At this point the Au�Au interactions domi-

nate, and the superstructure no longer curves (Figure

5, bottom right image). Our qualitative explanation is

that the roughness decreases Weff, the effective value of

the adhesion energy, so that (Weff
4R2/E*)1/3 is seven

times larger for Ppy than it is for Au.

The mechanism of curving raises several interesting

points. The most apparent is that the curving processes

are dominated by the materials properties. Polypyrrole

is unusual in that it has a relatively high surface energy

for an organic polymer, yet it has a very low elastic

modulus, which results in a highly attractive net interac-

tion energy and curved superstructures at nearly any

length. For example, if polystyrene or polypropylene

were used, the force (and net interaction energy) per

unit length would be smaller. If one uses values for the

surface energy (�0.03 J/m2) and elastic modulus (3 GPa)

that are typical for most thermoplastics such as polysty-

rene and polypropylene, the interaction energies are

less than that for Ppy by a factor of 40. The other seg-

ment (gold) has materials properties (elastic modulus

and surface energy)14,42 that are similar to many other

metals and inorganic materials. Another interesting im-

plication arises from the fact that polymer dehydration

is essential to the curving. As our observations and cal-

culations show, curving occurs as a result of adhesion/

dehydration, a distinct step from capillary force

assembly.

CONCLUSIONS
In summary, we have studied the mechanism by

which hundreds of thousands of two-part

gold�polypyrrole nanorods are assembled into dis-

crete superstructures, dictated in large part by the

choice of template. Four contributing factors were stud-

ied: the type of template, capillary forces, adhesion,

and polymer dehydration. This work suggests that the

combination of templating and capillary forces is virtu-

ally scale-independent, and is effective for a rod spacing

of 200 nm or less (limited by templating) and a pattern

spacing of similar dimension. The combination of adhe-

sion and polymer dehydration dominates the structure

TABLE 1. Materials Properties of Ppy and Au Used in the Calculation of the Forces and Energies between Two Rods

Mat’II
Young’s
modulus
(Ei) [GPa]

Poisson’s
ratio (�i)

combined modulus
(E* � [(1� �1

2)/E1 �

(1 � �2
2)/E2]�1) [GPa]

surface
energy

(�) [J/m2]

work of adhesion
(W � 2�) [J/m2]

effective radius
(R � 1/(1/r1 � 1/r2))

[nm]

(W2RE*)1/3

[N/m]
(W4R2/E*)1/3

[J/m]

(Weff
4R2/E*)1/3

experimental
ratio

Ppy 0.615,49 0.415 0.36 0.3315 0.66 98.37 2.5 1.7 � 10�8 7
Au 8050,51 0.4251 49 1.5416 3.07 92.57 35 2.5 � 10�8 1

Figure 5. Superstructures generated from a sphere pattern,
which have not closed completely. Here the Au:Ppy segment
length ratios are clearly observable in the SEM images. As the
Ppy segment length decreases, there is no discernible change
in the superstructure curvature until the ratio of Au to Ppy ex-
ceeds 7:1, at which point the interaction energy between Ppy
segments is less than that between Au segments. Curvature
loss can be seen in the region labeled >7:1. A sampling of
structures were fractured to confirm that the dimensions of
the visible rods at the edge of the superstructure were repre-
sentative of the bulk. The scale bars are 40 �m.
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and provides the driving force for curvature until the
Au:Ppy length ratio exceeds �7:1, taking advantage of
Ppy’s unusually strong interactions. The versatility of
this system, along with the rapid advancement of tem-

plate generated nano-objects and patterns,43�48 sug-
gests that it is possible to deliberately make a wide va-
riety of structures containing greater complexity in both
shape and composition.

MATERIALS AND METHODS
Materials. Metal plating solutions were purchased from Tech-

nic. The gold solution (Orotemp 24 RTU) was purchased with a
metal concentration of 0.25 troy oz/qt and the silver (1025 RTU)
with 4.5 troy oz/gal. Ppy was polymerized from a homemade so-
lution (340 �L of Ppy, 0.212 g of LiClO4, 20 mL of H2O).

Superstructure Preparation. Nanorods were electrochemically
grown within the pores of Whatman 0.1 �m Anodisc mem-
branes (pore working diameter was � 0.37 �m, membrane di-
ameter was 1.3 cm). The templates were prepared for the elec-
trochemical steps by first thermally evaporating a silver layer
(�150 nm) which serves as the working electrode, then adher-
ing the silver backing to a silver coated microscope slide (�150
nm Ag). The silver slide provides electrical contact as well as a
rigid substrate for the lithography steps. Polyethylene glycol
acted as the adhesive.

Lithography was performed using commercial specifications
and SU-8 (2025, Microchem) as a photoresist. The membrane
was then subjected to electrochemical processes which depos-
ited/polymerized the rod segments. A representative procedure
for the 1:1 superstructures in Figure 5 follows. A sacrificial silver
layer was deposited for 23 min (�900 mV vs Ag/AgCl, 0.38 C of
charge), followed by gold (�900 mV vs Ag/AgCl, 200 min, 2.16 C)
and Ppy (750 mV vs Ag/AgCl, 20 min, 0.82 C). Afterward, the tem-
plate was exposed to CH2Cl2 (5 min) to remove the photoresist.
This was followed by HNO3 (5 min) to remove the silver and 3 M
NaOH (5 h) to remove the alumina template. The structures,
held together only by loose interactions, were rinsed with Nano-
pure H2O (18.1 M
) and placed individually on a microscope
slide where the water was allowed to evaporate. When the slide
was coated with a low surface energy material (for example, oc-
tadecanethiol on gold) substrate�superstructure interactions
were minimized and consistent structures were realized.
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