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Self-assembled silver wires in micro-meter scale were obtained from aqueous silver nitrate solution in the
presence of a comb-like copolymer as the sole organic component. The requisite copolymer was easily pre-
pared by the grafting poly(oxyethylene)-monoamine (POE-amine) onto poly(styrene-co-maleic anhydride)
(SMA). Upon storage at ambient temperature with exposure to daylight, the aqueous AgNO3;/SMA-POE
solution gradually underwent a color changed from transparent pale-yellow to dark-violet over a period

’S@f’f words: bl of hours, and after several months a solid precipitate was deposited. The formation process was monitored
Sﬁv;iscsstr:es v by ultraviolet-visible spectrometer, particle size analysis, scanning electron microscope, and transmission
Silver wires electron microscope. Silver wires were hierarchically formed by progressive transformation from the initial

appearance of silver nanoparticles (ca. 10 nm in diameter), followed by the intermediate rectangles (0.6—
1.0 pm in width and 0.4 pm in length) in solution and ultimately the precipitates in micro-scale of silver
wires at 1.6-6.4 um in diameter and 100-370 pm in length. The progressive formation of the precipitated
silver wires was accelerated by the exposure of visible light as a photo-reducing energy source. The micron-

Photo-reduction

scale wires have a silver content over 97.4 wt.% and a sheet resistance of 5.5 x 10! Q/square.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recent developments of using bottom-up synthesis for the fabri-
cation of nano- and micro-meter metal materials has found versatile
material applications in electronic [1], optical [2] and biomedical
areas [3].In general, the nanometer-sized materials can be classified
into three categories according to their geometric shapes: spherical
particles, lengthy tubes, and thin platelets. One of the most intrigu-
ing self-assembly mechanisms is the progressive formation of unit
interconnections, such as secondary structures of fibrous arrays
from spherical particles. In nature, self-organizing mechanisms are
ubiquitous in living matter, including the formation of grape-vine
morphology in the growth of microorganisms and of fern-like arrays
of fungi colonies and in the plant kingdom. In the realm of man-made
materials, syntheses of nanoparticles [4], quantum dots [5] and one-
dimensional nanowires [6] have been extensively reported for their
potential applications in optical [7], electrical [8-12] and magnetic
devices [13].
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Among synthetic nanomaterials, silver nanoparticles (AgNPs) are
well-known for their unique antimicrobial [14] and electronic con-
ducting properties [15]. In general, the synthesis involves the reduc-
tion of silver ions (Ag") in the presence of organic stabilizers [16] and
reducing agents [17]. Furthermore, silver nanostructures of various
shapes [18], including spherical, triangular and fibrous morpholo-
gies have been reported by using polymer templates, including block
copolymers [19-21], DNA [22,23], poly(acrylic acid) (PAA) [24],
poly(vinyl pyrrolidone) (PVP) [25-27], poly(vinyl alcohol) (PVA)
[28] and poly(styrene-alt-maleic anhydride) (SMA) [29]. Organic
surfactants such as cetyltrimethylammonium bromide (CTAB) [30]
may be present to form rod-shaped micelles which consequently di-
rect the formation of the silver morphology. Sodium borohydride
[31,32], formaldehyde [33], hydrazine [34,35], ethylene glycol [27]
and poly(ethylene glycol) (PEG)[36] are commonly used as reducing
agents. Physical methods such as photo-reduction [37-39], ultravi-
oletlight[40], microwaves [41]and the involvement of organic poly-
mers such as PVA [40] and PEG [36] have been reported in the
literatures.

In the present study, we first used a comb-like copolymer as a
template to control the hierarchical formation of rectangle-united
silver fibrous wires in daylight. The synthesis [42], amphiphilicity
[43] and pH-thermoresponse [44] of grafting poly(oxyethylene)
[POE] segmented monoamine onto SMA have been extensively stud-
ied in our laboratory. The copolymer possesses multiple amidoacid
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Fig. 1. Color changes of the solution from light yellow to dark-violet and appearance of solid precipitates during the storage of AgNO3;/SMA-POE aqueous solution. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

polar functionalities for association with Ag®. Under visible light
enhancement, Ag” was gradually reduced to AgNPs which subse-
quently self-assembled into micro-sized wires in the presence of
the polymer template.

2. Experimental
2.1. Materials

The copolymer, poly(styrene-co-maleic anhydride) (SMA) with
styrene/maleic anhydride (ST/MA) molar ratios of 2:1 in the back-
bones, was purchased from Aldrich Chemical Co., and named as
SMA2000. The average molecular weight was estimated to be
6000 M,, by gel permeation chromatography (GPC) using polysty-
rene as the standard. The poly(oxyethylene-oxypropylene)-mono-
amine (POE-amine) with the designated trade names of Jeffamine®
M2070 (abbreviated M2070) was obtained from Huntsman Chem-
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Fig. 2. UV-vis analyses of AgNO3;/SMA-POE solution in water during 1-5 days and
the supernatant after the formation of precipitates.

ical Co. The amine, hydrophilic and water-soluble, has a backbone
of oxyethylene/oxypropylene blocks at 32/10 unit molar ratio with
an average molecular weight of 2000 M,,. Silver nitrate (AgNOs,
99.8%) was purchased from SHOWA Chemical Co.
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Fig. 3. TEM images of the AgNO3;/SMA-POE solution over a long period of time (a)
initial solution (b and c) formation of spherical and trapezoidal arrays.
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Fig. 4. TEM images of spherical Ag® and trapezoidal Ag’/SMA-POE complex (incubated
for 5 days) under the irradiation of TEM electron beam; (a) initial (b) after 30 min
irradiation.
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2.2. Instruments

The surface analyses were performed by field emission scanning
electron microscope (FE-SEM) with JOEL J[SM-6700F and operated
at the 15 kV. Transmission electronic microscope (TEM) was per-
formed with a Zeiss EM 902A and operated at 80 kV. X-ray powder
diffraction (XRD) (Schimadzu SD-D1 using a Cu target at 35KV,
30 mA) was used to measure the lattice of silver atoms in the crys-
tal form. XRD were operating at a scanning rate of 1°/s in 20 rang-
ing from 2° to 120°. Ultraviolet-visible (UV-vis) spectrometer was
recorded on Shimadzu UV-1240. The absorption of fourier-trans-
form infrared spectroscopy (FT-IR) was measured by using a Per-
kin-Elmer Spectrum 100 FTIR Spectrometer. The surface element
analysis was performed on an energy dispersive X-ray spectros-
copy (EDS, Hitachi SR845). A Zeta Plus zetameter (Brookhaven
Instrument Corp., NJ) was used for characterizing the average par-
ticle size in diameter of the SMA-POE copolymer and AgNPs.

2.3. Preparation of the SMA2000-POE copolymer

The preparation of POE-amine graft SMA2000 copolymers
(SMA-POE) was reported previously in our laboratory [42-44].
Typical procedures for preparing POE-amine grafted SMA2000 at
1:1 MA/NH, molar ratio are described below. The SMA2000
(10.0 g, 32.7 mmol of MA) was added drop-wise to the M2070
(65.4 g, 32.7 mmol of NH,) in tetrahydrofuran (THF, 50 mL) and
stirred at 25 °C for 2-3 h. During the process, samples were taken
periodically and monitored by using a FT-IR. The absorption peaks
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Fig. 5. Conceptual diagram of hierarchical formation from polymer template, silver reduction into nanoparticles, and self-assembled silver fibrous wires.
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at 1734cm™! and 1690 cm™! for the carboxylic acid and amide
functionalities, respectively, appeared at the expense of anhydride
absorption at 1780 cm ™' (s) and 1850 cm™! (w). Another charac-
teristic absorption at 1100 cm~! of oxyalkylene was observed.

2.4. Preparation of silver self-assemblies

Silver nitrate (0.20 g) in water (0.50 g) and added into solution
of SMA-POE copolymer (0.50 g in 0.5 g water). The mixture solu-
tion was placed in a test tube and vigorously mixed by shaking
for 3 min. The homogenized solution was light-colored, but gradu-
ally changed into pale-yellow and dark-violet under visible light
during several days in storage. After standing for a long period of
4 months, a solid precipitate appeared at the bottom of the flask.
The precipitates were collected at ambient temperature, washed
thoroughly with de-ionized water, and dried under vacuum. The
sample morphology was analyzed by XRD, FE-SEM, EDS and TGA.
The morphological variation of the collected silver wires after heat-
ing to 100, 200, 250 and 900 °C for each 1 h under nitrogen atmo-
sphere was then observed by FE-SEM. The melting phenomenon on
the wire surfaces and the connection between the wires are ob-
served. The sheet resistance was measured by QUATEK QT50 using
four-point probe of the Hp 4338B Milliohmeter according to ASTM
Method D257-93. The sheet resistance is expressed in Ohms/
square or Q/square, in which the size of the square is immaterial.

3. Results and discussion

The synthesis of AgNPs generally involves the use of reducing
agents [31-36] and organic stabilizers [19-29]. In this study,
AgNO3 was reduced in the presence of POE-functionalized SMA
copolymers under exposure to visible light. It was found that, with
the assistance of SMA-POE copolymer, an aqueous solution of
AgNO5; was slowly reduced and changed color from pale-yellow
to dark-violet over a period of 24 h, as indicated by the pictures
in Fig. 1. After standing for 5 days, the solution maintained a dark
color, but some solid precipitate appeared. The color changes im-
plied the occurrence of Ag* reduction of Ag" to AgNPs [45]. The
whole process was apparently induced by visible light. In a control
experiment, when the sample was stored in a vial wrapped with
aluminum foil to exclude light, the solution did not change color
or form a solid precipitate over the same period of storage time.

The process of AgNPs formation could be monitored by UV-vis
absorption (Fig. 2), with the characteristic absorption at 460 nm
signaling the presence of AgNPs on the first and second days. An-
other absorption at 540 nm appeared after 5 days, indicating a sec-
ondary species of AgNPs. After 4 months of induction time,
precipitation occurred and the suspension displayed another
absorption signal at 420 nm, which indicated the presence of smal-
ler AgNPs. The absorptions at 460 and 540 nm disappeared due to
the precipitation of secondary AgNPs at the bottom of solution. In
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Fig. 6. FE-SEM images of the precipitates before (a and b) and after water washing (c-f).
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this reduction profile, Ag* was first bound at the carboxylic amido-
acid sites [24] and then at the poly(oxyethylene) [i.e. (CH,CH,0),]
segment [46] of the SMA2000-M2070 copolymer through a chelat-
ing mechanism and then reduced to AgNPs.

When examined by TEM, as shown in Fig. 3, the appearance of
longitudinal silver rods were observed after the sample has been
stored for 5 days. Initially, after 2 h of storage, the TEM morphology
of the sample revealed spherical shapes of AgNPs with particle
sizes from 30 to 60 nm (Fig. 3a). After 2 days of storage, more par-
ticles and array of AgNPs were observed (Fig. 3b). After 5 days of
storage (Fig. 3c), secondary AgNPs with a trapezoid shape and
lengthy rods were formed. The spherical vs. trapezoid is roughly
estimated to be 62:19 in number. Since the size of the latter is
much larger, the area ratio representing to the mass ratio is also
estimated to be 13:85 in the 5-day sample. Apparently, the coexis-
tence of spherical particles, progressively larger cubes and longitu-
dinal rods revealed the sequence of the self-assembly of the AgNPs.
Initially, the amphiphilic SMA-POE copolymer formed the poly-
meric micelles, which was evidenced by the presence of particles
of average diameter 4 nm when the solution was analyzed by
means of a Zeta Plus zetameter (Fig. S1). After addition of aqueous
AgNOs to the copolymer solution, the SMA-POE micelles served as
templates for chelating the Ag* through the POE pendant groups
and functional amidoacids [45]. The particle size of the SMA-
POE/Ag" micelles increased to 10 nm in diameter, which was
maintained over 3 days, indicating the adsorption of Ag* onto the
polymer templates (Fig. S1). Furthermore, the copolymer micelle/
Ag’ complex may serve as a template for orientating silver growth
after the addition of AgNOs and the ability of the copolymer to
lower the surface tension in water was measured (Fig. S2). Both
the copolymer and its Ag* complex exhibited a similar ability to
lower the surface tension in water, indicating that the copoly-
mer-Ag” complex maintained their micelle structures.

For the kinetic transformation of the silver arrays, only spherical
AgNPs were observed after 2 h by TEM (Fig. 3a) and characterized
by ultraviolet-visible spectrometer at ca. 460 nm. After standing
for 1 day, more AgNPs arrays had been formed (Fig. 3b), which sub-
sequently self-assembled into rod-like and trapezoidal AgNPs after

£ 0.4x10' Q/sq

5 days (Fig. 3c). Both the rod-like and trapezoidal AgNPs may be re-
garded as templates for Ag* absorption or Ag® formation, and fur-
ther self-aggregated and precipitated into irregular shapes of
micro arrays after standing for 4 months. In order to characterize
the silver trapezoids, the trapezoidal AgNPs were exposed to an
electron beam for 30 min (Fig. 4). Under the high-energy exposure,
the AgNPs maintained their morphology, indicating that the trape-
zoidal particles contained Ag® instead of Ag*. The trapezoids were
also examined by the selected-area electron diffraction (SAED),
which indicated that the structure was polycrystalline in nature
(Fig. S3). In a hierarchical manner, the self-assembly involves the
initial formation of polymeric templates, which lead to the reduc-
tion of Ag* to spherical Ag®. Further aggregation created the series
of nano-rods and trapezoids, and finally the Ag wire precipitated
from the solution. The proposed formation mechanism is concep-
tually described in Fig. 5.

The precipitate was analyzed by FE-SEM, which revealed the
directional, ordered wire bundles (Fig. 6a and b). The collected pre-
cipitate was further washed several times with de-ionized water to
remove the absorbed SMA-POE organic copolymer. The purified
precipitates revealed wire-like fibers with high uniformity and
had dimension of 1.6-6.4 um in diameter and 100-370 pm in
length (Fig. 6¢ and d). The magnified surface morphology of the fi-
bers was seen to be ladder-shaped with the units of stacked trap-
ezoid cubes (Fig. 6e and f). Individual cubes had an average size of
3.3-4.8 um in rectangle shape. It appeared that the cubes were
stacked in both vertical and horizontal directions to form wires.

The purified precipitate consisting of wire-like fibers was fur-
ther characterized by XRD and the XRD pattern showed the lattice
constant of the silver fiber was calculated to be 4.0677 A, which is
closest to the literature data (a = 4.0862 A JCPDS File 04-0783) that
indicate a crystal of fcc phase (Fig. S4). As showed in Fig. S5, ele-
mental analyses of the fibers by used EDS revealed the Ag® (ca.
97.4 wt.% or 80.9 mol%) as the major constituent, along with some
carbon content (2.56 wt.% or 19.1 mol%). The presence of carbon
suggests polymer incorporation between the cube interfaces that
result from the cube stacking. For practical applications, the melt-
ing and electrical resistance properties of the wire-like fibers were

200 °C

Fig. 7. Surface morphological changes of silver wires heated at 100, 200, 250 and 900 °C for each 1 h.
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studied. In Fig. 7, the results further demonstrate the morphologi-
cal changes into a progressively smoother silver wire surface with
ongoing thermal treatment at 100, 200, 250 and 900 °C. The micro-
graphs indicate that the silver wires melted at 200 °C and that the
melted surface was welded along a single silver wire, possibly
adhering into a cross-linked network structure. The images dem-
onstrate an initial melting at 200 °C and more thoroughly melting
at 900 °C. The low sheet resistance of 9.4 x 10! Q/square was ob-
tained due to the high content of silver (97.4 wt.% from EDS). After
heating from 25 °C to 100, 200 and 250 °C, the sheet resistance of
Ag wire showed a slightly decreased from 9.4 x 10! Q/square to
6.8-5.5 x 10! Q/square, respectively.

4. Conclusion

With a copolymer template and radiation by visible light, silver
nitrate was reduced to silver nanoparticles, which continued to
transform into self-aggregated longitudinal rods and eventually
lengthy fibrous wires. The comb-branched SMA-POE copolymers
used was essential for directing this hierarchical self-assembly. In
the process, visible light is required for the initial silver ion reduc-
tion. The observation of transformation of AgNPs into lengthy sil-
ver wires in micro-meter scale reveals the diversity of copolymer
templates for the self-assembly as well as a facile method for the
potential bottom-up synthesis of micro-conductors.
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