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ABSTRACT

Composite nanostructures ( ~200 nm wide and several micrometers long) of metal and polyaniline (PANI) in two new variations of core —shell
(PANI-Au) and segmented (Au —PANI and Ni —Au—PANI) architectures were fabricated electrochemically within anodized aluminum oxide (AAO)
membranes. Control over the structure of these composites (including the length of the gold shells in the core —shell structures) was accomplished
by adjusting the time and rate of electrodeposition and the pH of the solution from which the materials were grown. Exposure of the core -
shell structures to oxygen plasma removed the PANI and yielded aligned gold nanotubes. In the segmented structures, a self-assembled
monolayer (SAM) of thioaniline nucleated the growth of PANI on top of metal nanorods and acted as an adhesion layer between the metal and

PANI components.

This paper describes the templated syntheSisf two new Structure 1: core-shell
variations of core-shelf1%-14 and segmentéd® composite

nanostructures composed of metal and polyaniline (PANI).
To form the core-shell composite (Figure 1, structuté, PANI

X X core
we exploited the pH dependence of the chemical structure i
of PANI, and the solubility of the anodized aluminum oxide
(AAO) template in basic solution, to direct the deposition
of gold as a shell around a preformed PANI nanotube. The Au shell —»

method that we used to fabricate structdreunlike the b B
electroless deposition procedtirased to form gold-coated
polypyrrole nanofiber§, or any other published method,

produced free-standing composites of PANI nanotubes with Structure 2: seg mented

gold shells, where both components were of controllable
length. To fabricate the segmented composite (Figure 1,
structure?), we formed a self-assembled monolayer (SAM)
of thioaniline to nucleate the electropolymerization of aniline
on top of a metal nanorod and created a robust, chemisorbed
contact between the metal and the PANI. Films of polypyr-
role!® or polyaniliné” that were grown from a metal surface
that had been chemically functionalized with the monomer
unit have demonstrated greater long-range order and formed | evaporated Cu |

stronger, less resistive contacts with metal substf&i&than

analogous films grown on bare metal. The electropolymer- Figure 1. Core-shell (1) and segmented2) polymer-metal
ization from a surface-bound monomer that we employed nanocomposites.

in the fabrication of structur2 is the first extension of this properties of conducting polymers with the high electrical

strategy to form composite nanostructures. , conductivity and magnetic properties of metals has inspired
The qeswe to. greate nanostructurgs that comblng thethe development of several techniques for the controlled

mechanical flexibility, optical properties, and electrical growth of nanocomposites of metals and polynfér¥The
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catalysis and for the dgtectlon .Of blploglcally gqtlve speties, Scheme 1. Procedure for the Preparation of the Co&hell
depends largely on (i) the directional mobility of charge pojymerMetal Nanostructures within the Pores of a AAO
carriers through the polymer, (i) the amount of surface area Membrane (Pore Size0.2 um, Thickness= 60 um) Backed
that is exposed to light, or is available to form an interface with 300 nm of A@

between the polymer and other photoactive materials, ~0.2 um

biological or chemical species, and (iii) the resistance and
the surface area of the contacts between the polymer and a T
metal electrode. Nanotubes are an attractive form of polymers

]

I [} 1 ] 1 1
/ of polyr B EDE AAO
for such purposes because they address issues i and ii: they EE"™N |
have a higher ratio of surface area to volume than spherical B IE N =
nanoparticles, and polymer chains that are aligned within i i i i ili 3 E
nanotubes provide an anisotropic pathway for electfons. Lt Ll bt gt 3*-0,3 pum
evaporaied A

The two separate fabrication techniques that we introduce
here additionally address the third characteristic of the l 1) Aniline electropolymerization
nanostructure, (iii): the geometry and chemical structure of

the polymer-metal interface.

L)
As the template for all synthetic procedures, we used an ;
AAO membrane with 200-nm-wide pores. The nanoporous ;
i

membrane (both AAO and polycarbonate) is the most widely
used sacrificial template for the construction of metal and
polymer nanostructur@s(bead?® and nanoporous block !
copolymerd’ also serve this purpose). The porous membrane
permits the synthesis of aligned, electrically connected arrays I il

of nanocomposites without the need to self-assemble the l 2) Drying, shrinking of PANI
template (nanoparticles, nanowires, or beads) before deposi-
tion of the second material.

Core—Shell Polyaniline-Gold Nanostructures. The
core—shell architecture 1) provided a high-surface-area
contact between an array of optically and electrically active
polymer tubes and a metal electrode. In the synthesis of the
core—shell structures, by performing a one-step electrodepo-

sition of the gold shell around the polymer tube, and tuning

the amount of charge that passed through the electrochemical 3) Au deposition (pH

cell during this deposition, we easily controlled the length l 10.2); partial dissolution of
of the shell. In contrast, multistep electroless deposition membrane walls

results in a layer of metal over the entire surface of the pores
of the membrane.

Scheme 1 outlines the general procedure for the prepara-
tion of PANI—Au core—shell nanostructures: We began with
an AAO membrane, onto one side of which we evaporated
300 nm of gold using an electron-beam (e-beam) evapora-
tor,?8 and electropolymerized+0.8 vs Ag/AgCl, 10 min)
PANI from a solution of aniline in buffer (0.5 M N8O,

0.1 M H,;SO,, pH = 1) inside the pores of the membrane to l

4) Complete dissolution of

yield ~3-um-long tubes. By tuning the time of electropo- R i

lymerization, we were able to control the length of the PANI
nanotubes generated by the electrodeposition. It has been
suggested that the PANI grows in tubes, rather than rods,
because coupling of oxidized monomers produces cationic
short-chain oligomers, which anchor to the negatively _
charged walls of the membra&Upon drying, ions and
solvent exited the polymer, and it contracféd.

We then immersed the AAO membrane containing the 2The steps are (1) electropolymerization of PANI at an applied
PANI tubes in a commercially available gold electroplating Potential of+0.8 vs Ag/AgCl in buffer solution (0.5 M N&Q;,
solution (pH~ 10.2) and electrodeposited gold, at a current -1 M H2SQi, pH = 1); (2) subsequent drying of the sample causes

. . . the polymer nanotubes to shrink inside the pores; (3) electrodepo-
density of 0.5 mA/criy by reduction starting from the gold  gjion of Au from an alkaline gold electroplating solution (p#

cathode. The strongly alkaline Au solution simultaneously 10.2) at a current density of 0.5 mA/8mand (4) complete
caused dissolution and widening of the pores of the alumina dissolution of the AAO membran&il M NaOH for 1.5 h.

<+— PANI core

M «— Au shell
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template as well as prevented the PANI tubes from re-
swelling to the width of the pore®. An annular space,
therefore, formed between the tubes and the membrane. (We
discuss these phenomena later.) PANI is an insulator at pH
10.2 @ < 107 Ohmt m™),3 so the gold deposited on the
gold cathode, and not on the PANI tubes, which acted only
as templates for formation of the gold shells. We dissolved
the AAO membrane completely by immersing it in 1 M
NaOH (aq) for 1.5 h.

Figure 2A shows a scanning electron microscopy (SEM)
image of the electropolymerized aniline nanofiber, after
dissolution of the membrane. Figures 2B show SEM
images of the polymermetal core-shell structure we
obtained after we electrodeposited Au foh (B), 1.5 h (C),
and 2.5 h (D) (with a deposition current of 0.5 mARmN
the preformed PANI nanotubes, and then dissolved the AAO
membrane in NaOH. The lengths of the gold shells were
approximately 0.5, 1.5, and @am.

Mechanism of Formation of the Cor&hell StructureWe
believe that the annular spaces between the PANI tubes and
the walls of the AAO membrane formed for two reasons
(although it is difficult to determine their relative contribu-
tions to the total mechanism of cetshell formation): (i)
The AAO membrane dissolves in basic solution. Partial
dissolution of the walls of the alumina membrane around
the polymer fibers, due to the alkaline medium of the gold
electroplating solution, left gaps between the polymer tubes
and the walls of the membrane. The gold solution is less
basic than ta 1 M NaOH (pH~ 14) used to completely
dissolve the membrane, but it easily wet the hydrophilic
pores, and probably dissolved the walls homogeneously along
the length of the PANI fibers<3 um). (ii) The counterions
that swelled the PANI upon electropolymerization (in the
acidic, aqueous monomer solution, PANI exists in its fully
protonated, oxidized form) were no longer present when the
monomer solution was removed and the polymer was dried.
The polymer, therefore, shrunk upon drying. The gold
electroplating solution is basic, and did not swell the polymer
back to the size of the pores.

When we used different (commercially available) metal
plating solutions with different pH values, Ag (pH 12.5), Ni
(pH 5.5), and Cu (pH 3.5), solutions with acidic pH did not
lead to the formation of the coreshell structure (we mainly
observed free-standing polymer fibers with a thin layer of
Ni or Cu decorating the top of the fibers). We suspect that,
upon adding the acidic Ni and Cu plating solutions, the
protonated PANI re-swelled to the size of the unetched AAO
pores, and the Ni and Cu deposited on top of, rather than
around, the PANI tubes. When we dissolved the membrane,
poor adhesion between the metal and the PANI caused much -
of the Ni and Cu layers to detach from the PANI. The highly |
alkaline Ag plating solution caused a fast dissolution of the 2pum
template, such that the Ag deposited as a film on the gold

working electrode covering the base of the tubes, rather thanFigure 2. SEM images of nanostructures grown in the AAO

as defined shell structures around the nanotubes. membrane (after dissolution of the membraneliM NaOH for

. 1.5 h). (A) PANI fiber only; (B-D) PANI—Au core-shell
Plasma E?Ch'ng of CoreShell Struqtures to Form Gold structures resulting from the procedure in Scheme 1, where the Au

NanotubesFigures 3 and S1 (Supporting Information) show was deposited fol h (B), 1.5 h (C), and 2.5 h (D) (see the cartoons

the same sample as in Figure 2C but after exposure for 10next to the images).

(aBieys) swny uonisodapoijos|z ny Buiseasou|
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Figure 3. SEM image of Au nanotubes (diameter~200 nm)
produced when we treated the ceshell structures in Figure 1
with oxygen plasma for 5 min. A small amount of Au deposits
inside of the PANI tube during step 2 of Scheme 1. We believe
that the fibrous material in the bottom-right and top-left corners of
the image is Au that had deposited inside of the PANI tubes; this

Au was released as the plasma etched the PANI but remained

tethered to the Au backing. Figure S1 shows a larger-area picture
of the array of Au nanotubes.

min to oxygen plasma (at 1 Torr, 100 W). Plasma oxidation
removed the PANI and left the gold shell; this procedure

generated an array of aligned, free-standing gold nanotubes.

Electron backscattered diffraction (EBSD, Figure S1) identi-
fied the bright, fibrous material that emerges from the tubes
and is gathered in the bottom-right and top-left corners of
the image as gold that originally deposiiadide(rather than

formed as a shell around) the PANI tubes. We suspect that
the gold fibers are very thin because, when the gold deposited

inside the tubes, the polymer was in its “shrunken” state.
Segmented Polyaniline-Gold Nanofibers. The key

feature of our procedure for fabricating segmented metal

PANI composites (structur®) is the formation of the SAM

of thioaniline on top of the gold segment and the use of the

SAM to nucleate the electropolymerization of aniline. The

SAM provided a chemisorbed contact between the metal and

polymer segments and added stability to the composite
(especially during electrodeposition, when variation in ap-
plied potential changes the shape of many electroactive
polymers and can delaminate the filf).

Scheme 2 sketches the procedure for fabricating segmente(ﬁ0

composite metatPANI nanostructures. We first deposited
a 300-nm-thick film of copper (the working electrode) on
one face of an AAO membrane using an e-beam evapd¥ator.
We then electrodeposited metallic Au rods inside the alumina
template (current density= 0.5 mA/cnf). A SAM of
thioaniline formed on the top surface of the gold rods when
we immersed the partially filled AAO membrane in a 0.01
M ethanolic solution op-mercaptoaniline (HS§1,NH,) for

Nano Lett., Vol. 6, No. 9, 2006

Scheme 2. Procedure for the Preparation of the Segmented
Polymer-Metal Nanostructures within the Pores of a Cu-Backed
AAO Membrané

membrane

44 ~0.3 um

evaporated Cula (=0
1) Au electrodeposition
2) Formation of
p-mercaptoaniline SAM

3) Aniline
electropolymerization

evaporated Cu layer

4) Dissolution of
the membrane

<+— PANI

SAM
S A

evaporated Cu layer ’

a(1) Electrodeposition of Au from a neutral gold electroplating
solution (pH= 7.4) at a current density of 0.5 mA/ém(2)
rmation of a SAM of thioaniline (see the inset at the bottom of
the figure); (3) electropolymerization of PANI; and (4) dissolution
of the AAO membrane.

1 h. The thioaniline monolayer served as a surface initiation
factor to electropolymerize the aniline on top of the gold
rods (potentiostatically, at an applied voltageted.8 V vs
Ag/AgCl for 10 min). Finally, the AAO membrane dissolved
during immersioni 1 M NaOH (aq) for 1.5 h.
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Figure 4. SEM image of Au-PANI segmented nanostructures (that
resulted from Scheme 2) after dissolution of the membrane.

We believe that this procedure resulted in chemisorbed
contacts between the PANI and the gold rods; that is,
crucially, the thioaniline monolayer was stable to an applied
potential of+0.8 V under ambient conditions at a pH of
~1. Widrig et al’* determined the dependence of the
potential for oxidative desorption ofpropanethiolate mono-
layers from Au surfaces on the pH of an electrolyte (where
the electrolyte was a mixture ofsHO, and KOH at constant
ionic strength). For pHc 4, this potential is>1.2 V versus
Ag/AgCl, and for pH~ 1 (the pH of the solution from which
the electropolymerization of aniline was carried out), this
potential is~1.4 V35

Figure 4 shows an SEM image of the nanostructures
obtained (after dissolution of the membrane) according to
Scheme 2. We clearly obtained structures consisting of two
fragments, and there is no detectable space between the metal
and the polymer. Figure S2 shows SEM images (cross
section, top, and top view, bottom) of the sample obtained
(after dissolution of the membrane) using Scheme S1, where

we didnotmodify the top surface of the gold nanorods with Figure 5. SEM images of the Ni/Au-thioaniline/PANI segmented
a SAM of thioaniline before the deposition of PANI. We Structure before (A) and after (B) dissolution of the evaporated Cu
could detect very little PANI on top of the Au rods in this backing, and, in both cases, after dissolution of the AAO membrane.

case because, we believe, a failure of adhesion between thesurface of the gold. We electrodeposited the PANI, as
polymer and the metal fragment resulted in their detachmentpreviously, for 10 min, and dissolved the membrane by
once the AAO membrane was dissolved. These resultsexposing it® 1 M NaOH for 1.5 h.
demonstrate the importance of the organic monolayer for Figure 5B shows one of the same nanofibers after
the adhesion of the polymer segment to the metal segmentdissolution of the evaporated Cu backing (by immersing the
Fabrication of Segmented Magnetic Nanostructuidse sample in 0.3 M aqueous FeCsolution for 5 min and
incorporation of magnetic segments into polyaniline nano- washing with water). The nickel layer ends in a fine t60
structures introduces a means of potentially controlling their nm in diameter). The tips formed because the pores of the
motion and aligning them on a surface in the absence of anmembrane were not completely covered by the evaporated
electrolyte. Magnetic structures with low densities (formed Cu backing, and tiny holes remained in the Cu layer. These
by complexing magnetic metal with polymer) are also very holes were filled with the first electrodeposited metal (here,
desirable in biology! We prepared nanofibers with segments Ni). When we attempted to grow the PANI oxidatively
of PANI, Au, and Ni (Figure 5A) using the following directly on top of the Ni (without intervening layers of Au
procedure: First, we deposited a 300-nm-thick layer of Cu or thioaniline), the Ni layer dissolved completely, and we
onto one side of the porous AAO membrane. We electrode- saw no nanostructures after dissolution of the AAO mem-
posited Ni from a commercially available solution of nickel brane. When we deposited a layer of Au before growing the
sulfamate (pH 5.5) at 0.5 mA/chfior 2 h, and Au (pH 7.4) PANI, the Ni segment remained intact through the elec-
at 0.5 mA/cnd for 2 h. Immersion of the membrane (with tropolymerization because the Au separated the Ni segment
segmented Ni/Au nanorods in the pores) in a 0.1 M ethanolic from the acidic aniline solution, which solvates the Ni
solution ofp-mercaptoaniline fol h formed a SAM on the  cations.

PANI

Au

Ni
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In summary, we have described convenient and adjustable (6) Cepak, V. M.; Hulteen, J. C.; Che, G.; Jirage, K. B.; Lakshmi, B.

rocedures for the preparation of metablymer core-shell B.; Fisher, E. R; Martin, C. R]. Mater. Res1998 13, 3070-3080.
P prep ROl (7) Park, S.; Lim, J.-H.; Chung, S.-W.; Mirkin, Gcience2004 303,
and segmented nanostructures. The €steell structures 348-351.
resulted from first-growing PANI nanotubes, and subse- (8) Love, J. C.; Urbach, A. R.; Prentiss, M. G.; Whitesides, G.JW.
quently depositing gold from an alkaline plating solution. Am. Chem. So@003 125 12696-12697.

; ; ; ; (9) Martin, B. R.; Dermody, D. J.; Reiss, B. D.; Fang, M.; Lyon, L. A;;
This solution not only partially dissolved the walls of the Natan, M. J.- Mallouk. T. EAdy. Mater, 1999 11 10211025,

mem_brane but_also prevented the PANI r_wanotubes from (10) Li, L; Yang, Y.-W.: Li, G.-H.; Zhang, L.-DSmall2006 2, 548

swelling to the size of the pores, so the gold filled the annular 553.

space between the walls of the pores and the PANI and (11) E"e'SwvtK-;z%%zta;%lF?- Jz-;zif'atth'asy S.; Lee, W.; Ross, GAdh.
. ng. Mater. , —221.

formed a shel] around t.he PANI nanotubg. We believe that (12) Sun, Y. Wiley: B.: Li. Z.-Y.: Xia, Y.J. Am. Chem. S0@004 126

this structure is well-suited for incorporation into solar-cell 9399-9406.

and OLED devices because it allows for deposition of (13) Xu, J.; Li, X;; Liu, J.; Wang, X.; Peng, Q.; Li, YJ. Polym. Sci.,

another photoactive material inside the polymer core. We Part A: Polym. Chem2005 43, 2892-2900.
. (14) Cao, H.; Tie, C.; Xu, ZAppl. Phys. Lett2001, 78, 1592-1594.
are currently exploring the use of arrays of cestell (15) Menon, V. P.; Martin, C. RAnal. Chem1995 67, 1920-1928.

polymer-gold nanocomposites as hole-collecting components (16) Sayre, C.; Collard, D. MLangmuir 1995 11, 302—306.

in a nanostructured, heterojunction solar cell (where the (17) Ulgut, B; Zhao, Y.; Grose, J. E.; Ralph, D. C.; ABayrH. D.
; ; _ ; Langmuir2006 22, 4433-4437.

polym_er nan(.)tUbeS f’ire filled V.Vlt.h .an elecnor.] Conductlng (18) Huang, Q.; Li, J.; Evmenenko, G. A.; Dutta, P.; Marks, TCHem.

material). This architecture minimizes the distance both Mater. 2006 18, 24312442,

excitons and charges must migrate in order to reach an (19) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, Kadv. Mater.1999 11, 605—

interface at which they charge separate or inject charge into 625. _
the circuit respectively (20) Bognitzki, M.; Hou, H.; Ishaque, M.; Frese, T.; Hellwig, M.;

. . - . Schwarte, C.; Schaper, A.; Wendorff, J. H.; GreinerA8lv. Mater.
Electropolymerization of aniline from a SAM of thio- 2000 12, 637-640.

aniline deposited on the surface of the gold nanorods resulted (21) Koller, G.; Blyth, R. I. R.; Sardar, S. A.; Netzer, F. P.; Ramsey, M.
in good adhesion between the metal and PANI components 22 2 App'-B PK‘AVS-RLe“ﬁOQQ 76,*\492;_22?:t b K Pichier K. Fid

. . ager, b. M.; Roscheisen, V. R.; Petritscn, K.; Pichier, K.; Fldanza,
of the_SEQmented structure. Without the SAM, the PANI did J.; Yu, D. U.S. Patent Appl. Publ. Photovoltaic devices fabricated
not stick to the gold nanorods once the AAO template was by growth from porous template, 2005.
dissolved. The formation of a robust, chemisorbed contact (23) Paulose, M.; Shankar, K.; Varghese, O. K.; Mor, G. K.; Hardin, B.;
between a metal and an organic layer within a nanostructure _ _ Grimes, C. A.Nanotechnolog200§ 17, 1446-1448.
. . in ad . 9 )k/) . llecti (24) Martin, C. R.; Kohli, PNature2002 2, 29—-37.
is a major step in advancing nanofabrication from a collection (25) Wang, J.. Dai, J.. Yarlagadda, Tangmuir2005 21, 9—12.

of techniques that produces images to one that produces (26) Love, J. C.; Gates, B. D.; Wolfe, D. B.; Paul, K. E.; Whitesides, G.

functional devices. M. Nano Lett.2002 2, 891—-894.
(27) Lee, Jd. 1.;Jang, J. A.; Yu, J. W.; Kim, J. Rolym. Prepr.2005 46,
. 549-550.
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