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Abstract: The highly ordered silver-coated colloidal crystals arrays and macroporous silver films were derived
through an electrostatics-induced adsorption effect using polystyrene (PS) as templates. Carboxyl-modified
PS microspheres were prepared by emulsifier-free emulsion polymerization using methacrylic acid (MAA) as
the functional monomer. PS microspheres were self-assembled into close packing colloidal crystals of face-
centered cubic arrays to the substrate with vertical deposition method. These colloidal crystals were modified
using dopamine (DA) to form poly-dopamine (PDA) during its oxidative polymerization. Through electrostatic
interaction, the silver nanoparticles were deposited and adsorbed onto the surfaces of colloidal crystals templates
by exposing [Ag(NHjz)z]"solution to infrared irradiation. Removal of the polymeric template by etching with
methylbenzene solvent resulted in 3D ordered macroporous silver films. The structural and properties of
the ordered silver-coated arrays and macroporous silver films were characterized by field emission scanning
electron microscopy (FE-SEM), X-ray diffraction (XRD), UV-vis spectroscopy and surface-enhanced Raman
spectroscopy (SERS). The results indicate that the prepared silver-coated arrays and macroporous silver films
possess the features of ordered multilayer arrangement, uniformity and repeatability as well as an ideal SERS
effect.
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Introduction

Noble metal nanostructures have recently been stud-
ied for their extraordinary surface plasmon resonance
(SPR) phenomenon, which is a collective electron oscil-
lation caused by electromagnetic (EM) radiation and its
movement along the interface between metals and di-
electric materials [1-3]. Localized surface plasmon res-
onance excitations in noble metal nanoparticles, easily
accessible with UV-visible light, determine their unique
optical properties and result in a wide range of appli-

cations of noble metal nanoparticles [4,5]. Therefore,
highly ordered noble metal nanostructure arrays should
be of interest for the development of optical waveguides,
sub-diffractional microscopy, and bio-chemical sensors,
because of guaranteeing the sensing devices employing
SPR effects [6-8].

Several methods for the fabrication of metallic nanos-
tructures have been reported, including the creation
of ordered nanostructures based on templates by us-
ing the evaporation system or lithography /etching tech-
nique, which are either difficult to obtain consistency
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or complicated to require expensive equipments [9-12].
As early as 2000, Velev and Kaler used colloid crys-
talline templates to achieve a porous metals structure
[13]. A decade later, Shimomura and co-workers em-
ployed a simple respective original structures of elec-
troless plating to create silver-deposited honeycomb-
patterned films and pincushion films [14]. More re-
cently, Lee and Haynes formed self-assembled periodic
nanohole arrays over a millimeter-sized area of metal-
lic film [15]. Directed self-assembly of functionalized
nanoparticles, due to the possibility of controlling the
spacing and organization in the resulting nanocompos-
ite systems, has probably given the greatest diversity
of architectures.

In this paper, we adopted an easy and inexpen-
sive method to fabricate highly ordered silver-coated
arrays and macroporous silver films. Mono-dispersed
PS microspheres could be self-assembled into colloidal
crystals of ordered three-dimensional structure by elec-
trostatic repulsion [16,17]. The emulsifier-free emul-
sion polymerization was employed to produce mono-
dispersed PS microspheres, and then by vertical depo-
sition method, the PS microspheres were self-assembled
into ordered colloidal crystals on glass substrates. We
combined both the colloidal crystals, used as templates
for the growth of silver nanoparticles, and the com-
plexation of Ag™ ions to form well-organized layers of
dense silver nanoparticles with a narrow size distri-
bution. The polydopamine with amine and catechol
groups played an extremely important role by anchor-
ing silver ions into the PS matrix [18]. The result was
the formation of a self-organized arrangement of sil-
ver nanoparticles located just on the colloidal crystals
surface, such as round-top hexagonal (RTH) nanos-
tructures possessed characteristics similar to those of
the fractals with regard to shape and size. After the
polystyrene template was removed with chemical sol-
vent, a well-ordered macroporous silver film in 3DOM
was formed on the substrate. The experimental ap-
proach of this work was simple and easy to operate.

Experimental

Materials

Styrene (St) was purchased from Shanghai Chemi-
cal Reagent Co. (China) and purified by treating with
5% NaOH aqueous solution to remove the inhibitor.
Potassium persulfate (K2S20g, KPS) was purified by
recrystallization in absolute ethanol (EtOH). Silver ni-
trate (AgNOg, 99%), ammonia hydroxide (NH3-H20),
methylbenzene and methacrylic acid (MAA) were
also purchased from Shanghai Chemical Reagent Co.
(China) and used as received. Dopamine (DA) and
trihydroxymethyl aminomethane (Tris) were purchased
from Aladdin Chemical Co. Limited. Deionized water
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was used for all the experimental processes.

Fabrication of mono-dispersed PS microspheres
and PS colloidal crystals

The carboxyl-modified PS microspheres were synthe-
sized by emulsifier-free emulsion polymerization using
MAA as a functional comonomer. The typical recipe
was as follows: 80.0 g deionized water, 0.15 g KPS,
1.1 g MAA and 11.0 g St were charged into four-neck
round flask equipped with mechanical stirrer, No in-
let, thermometer with temperature controller, and con-
denser. The vessel was immersed into a thermostat
water bath. The reaction solution was deoxygenated
by bubbling with nitrogen gas at room temperature for
about 30 min, and then followed by heating to 75°C.
Under a stirring rate of 300 rpm, the polymerization
was continued for 6 h at constant temperature. By
the tuning of the amount of KPS and MAA, carboxyl-
modified polystyrene with different particle size could
be obtained and for further use.

Microscope slides were cut into about 1.0 cm x 3.0
cm pieces and were soaked in ethanol, acetone in se-
quence under ultrasonic cleaning, immersed into iso-
propanol for 30 min, then rinsed with deionized wa-
ter and dried by high purity nitrogen, using as sub-
strates. Vertical convective self-assembly deposition
was achieved to obtain high-quality colloidal crystals.
Each cleaned substrate was dipped into the suspensions
of mono-dispersed PS vertically in a vial. The suspen-
sions were placed in a constant temperature at 45°C
and humidity at 65% RH until water was completely
evaporated form the dispersions, adding a large beaker
with holes outside the vial so as to reduce the influence
of wind force to the self-assembly. The colloidal crys-
tals were then dried naturally at room temperature for
24 h.

Preparation of ordered silver-coated arrays and
macroporous silver films

The PS colloidal crystals were immersed in the PDA
solution (0.02 g dopamine, 0.12 g TRIS hydroxy methyl
aminomethane and 10.0 g deionized water), and then
were dried under the infrared lamp to form the PDA-
modified colloidal crystal templates. The [Ag(NHgz)o]™
solution was prepared by adding ammonia water slowly
into AgNOg3 solution and stirring them constantly, un-
til the muddy solution turned to transparent. The
prepared PDA-modified PS colloidal crystal templates
were immersed into [Ag(NHgz)z]™ solution and then
were dried keeping in the infrared lamp. The silver
nanoparticles were deposited coating on the colloidal
crystals. After the vacuum drying, the ordered silver-
coated arrays were obtained. After removing colloidal
crystal template by etching in methylbenzene solvent at
room temperature for 24 h, a well-ordered macroporous
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silver film in 3DOM was formed on the substrate.
Characterization

Field emission scanning electron microscopy (FE-
SEM) and energy dispersion spectrum analysis (EDS)
were carried out with a HITACHI S-4800 scanning elec-
tron microscope operating at an acceleration voltage
of 15 kV. X-ray powder diffraction (XRD) measure-
ments were performed on a BRUKER DSADVANCE
X-ray diffract meter with Cu-K « radiation. The ab-
sorption spectra (UV-Vis) were collected on a VARIAN
CARY 5000 spectrophotometer. Surface-enhanced Ra-
man spectroscopy (SERS) was performed with a REN-
ISHAW IN VIA Raman spectrometer.

Results and Discussion

Effect of PDA on the formation of PS/Ag com-
posite structures

After the polymerization process, mono-dispersed PS
microspheres with spherical shape were obtained as
shown in Fig. 1(a). It can be seen clearly that the
formed PS microspheres are of smooth surfaces, and
the size distribution of individual microspheres is about
270 nm in diameter. Figure 1(b) shows the FESEM im-
ages of self-assembly colloidal crystal arrays from mono-
dispersed PS spheres emulsion with a diameter of 270

Fig. 1 FESEM images of (a) PS microspheres with a di-
ameter of 270 nm synthesized by emulsifier-free emulsion
polymerization and (b) PS colloidal crystal arrays assem-
bled by vertical deposition.
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nm. Each PS microsphere is surrounded with six of
them, forming the close-packed hexagonal structure
with thermal stability and in a certain large area. The
insert shows that, therefore, it can be used as a tem-
plate but also existing some holed defects. During the
self-assembly process, keeping a dilute concentration of
colloidal crystals will get a strong interaction force be-
tween particles, and will contribute to the spontaneous
crystallization assisted by electrostatic interaction in
the deposition process [19,20]. Meanwhile, the modi-
fied microsphere surface with carboxyl group and the
functioned hydrogen bond in carboxyl are to enhance
the bonding strength between microspheres [21].

To our knowledge, few works had discussed in de-
tail the mechanism of metal-doped composite micro-
spheres’ synthesis, the polymer beads were sensitized
so that metal nanoparticle growth essentially started
from the surface of each polymer bead [22]. Dopamine
containing both amine and catechol functional groups
could self-polymerize to form thin, surface-adherent
polydopamine films onto a wide range of PS arrays [18].
The incorporation of PDA onto the surfaces of PS ar-
rays was confirmed by FT-IR spectroscopy measure-
ments. Curves 1 and 2 in Fig. 2 show FT-IR spectra of
PS and PDA-coated PS, respectively. Compared with
the IR spectrum of PS in curve 1, the presence of typical
peak of the N-H bending vibration band (1662 cm~!) in
curve 2 of PDA-coated PS confirmed the incorporation
of PS and PDA.
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Fig. 2 FTIR spectra of PS (1) and PDA-coated PS (2).

PDA adheres to many types of surfaces, and the cat-
echol group has been used as a linker between colloids
and nanoparticles. The polydopamine coating affects
the adherent and uniformity of metal deposition [18,23].
Figure 3 shows the FESEM images of the silver-coated
array nanostructures prepared by without PDA and us-
ing PDA. As seen in Fig. 3(b), the surface of spheres
becomes rough because a relatively uniform and dense
coverage of silver nanoislands on the PS beads is also
achieved. PDA improves the dispersion of hydrophobic



Nano-Micro Lett. 5(3), 182-190 (2013)/http://dx.doi.org/10.5101/nml.v5i3.p182-190

PS microspheres in aqueous solution because of its hy-
drophilicity, and the metal-binding ability of phenolic
hydroxyl and nitrogen-containing groups present in the
PDA structure is exploited to absorb [Ag(NH3)2]™ com-
plex ions onto the PDA-coated PS microspheres sur-
face. The absorbed [Ag(NHjz)2]™ complex ions are re-
duced to zero-valent silver by the reducibility of PDA,
and silver nuclei are formed on PS microspheres sur-
faces. Nuclei are created at the silver ions bound to
PDA-coated PS microspheres by the nucleation site role
of Ag™ ions bound to PDA, similar with the role of seed
materials [24,25].

Characterization of ordered silver-coated arrays
and macroporous silver film

Figure 4 shows the FESEM images of the resultant
island silver films over close-packed arrays of dielectric
polystyrene nanoparticles prepared by a combination of
a seeded growth technique for metal coating on isolated
colloids and the template-directed patterning methods.
As seen in Fig. 4(a), the round-top hexagonal closed-
packing of 270 nm polystyrene nanoparticles coated
with silver nanoislands films are fabricated, which are
highly reproducible because they imitate the bottom

Fig. 3 FESEM images of (a) the silver-coated array nanostructures prepared by without PDA and (b) the silver-coated

array nanostructures prepared by using PDA.

Fig. 4 FESEM images of the ordered silver-coated array nanostructures.

images.
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(a) (b) Top view images; (c¢) (d) Cross-section
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shape of the PS colloidal crystal. The upper layer of
the structure is analogous to silver films over nanos-
tructures. According to capillary condensation, which
is the adopted terminology to depict phase transforma-
tion in nanoconfined surfaces, conical shapes of metal
arrays can be realized easily by using a nanoscale tem-
plate [10,26]. From the inset of Fig. 4(b), few vacancies
and the fracture lines in upper layer are found as the
characteristic pattern. The long range ordered stacking
in the obtained sample can be seen. Figure 4(c) and
4(d) show that the ordered silver-coated array films are
three-dimensional nanostructures, and the number of
multilayer arrangement is about 10.

Figure 5(a) presents the energy spectrum analysis of
the ordered PS/Ag arrays. The detection of Ag element
in the spectrum shows that Ag particles have been suc-
cessfully absorbed on the surface of colloidal crystal.
The weight fraction of Ag element is 48.47%, atom frac-
tion being 9.48%. The peak of carbon is attributed to
PS substrate, and another peak is Au because that the
sample is sputtered with a thin film of gold to increase
the surface conductivity for FESEM. Figure 5(b) shows
XRD spectrum of the same sample. The four diffrac-
tive peaks around 38.1°, 44.3°, 64.4°, 77.4° are charac-
teristic peaks of Ag(111), Ag(200), Ag(220), Ag(311),
crystal plane of the face-centered cubic (fcc) structure
respectively. Without obvious impurity peaks and sim-
ilar to the standard diffractive spectrum of the pure
silver (JCPDS card No 4-783), all above can prove that
the synthesized silver nanoparticles on the surface of
template is of high purity and stable in air without the
interference of silver oxide, etc.
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Fig. 5 (a) EDS analysis and (b) XRD pattern of the ordered
silver-coated arrays.
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A well-ordered silver macroporous structure can be
fabricated by removing templates, as shown in Fig. 6.
Black holes connecting the neighboring pores are clearly
observed in Fig. 6(a). Each hole is surrounded by other
six holes. This structure is a hexagonal close-packed
arrangement of spherical holes with visible three silver
branches below each hole. Figure 6(b) shows that the
average pore sizes are about 180 4 10 nm, which results
30~35% shrinkage in comparison with the primary PS
spheres.

Fig. 6 Top view of FESEM images of the ordered silver
macroporous structures.

Optical properties analysis

Highly ordered silver-coated arrays and porous films
over several square centimeters in area can be fur-
ther confirmed by UV-Vis spectra. The existence of
stop-bands in the entire visible and near infrared re-
gions is observed in the measurement of light absorp-
tion spectra, as shown in Fig. 7. The peak positions
of absorbance are at about 639 and 646 nm for PS
colloidal crystals and silver-coated arrays, respectively.
The spectra from silver-coated arrays are shifted to
longer wavelength compared to from colloidal crystals
with an increased absolute absorption, demonstrating
that the surface plasma resonance (SPR) peak of the
silver nanocrystals in the colloidal crystals is found.
Maybe it is due to plasmon coupling effect between
silver particles closed to each other [27-30]. In addi-
tion, the hexagonal packing of the particles opens the
potential for longer range dipole coupling [31]. The ab-
sorption band of the macroporous silver film is in the
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region of 420~460 nm, depicting that the template di-
ameters influence the optical property of ordered silver
macroporous structures.

Absorbance (a.u.)

1 1
600 800

Wavelength (nm)

1
400 1000
Fig. 7 UV-Vis absorption spectra of (a) PS colloidal crys-
tals; (b) ordered silver-coated arrays; and (¢) macroporous
silver film, measured at a normal incidence of light.

Surface enhanced Raman scattering (SERS) is a type
of abnormal optical enhanced effect based on the rough
surface of nano-scale, particle morphology and the
granular lumps, also it has been used as a highly sen-
sitive analytical tool to study the interaction between
molecule and the metal surface [32]. Theoretical model
exhibits that the enhanced effect of metal particle poly-
mer increases obviously compared with that of single
particle [33]. It is of great use to expand the applica-
tion of SERS technology when to fabricate and design
highly ordered substrate of ideal Raman enhanced sig-
nal. In this study, SRES measurements are performed
on the two distinct structures (ordered silver-coated ar-
rays and macroporous silver film) for evaluation of their
optical properties. Figure 8 presents the spectra of or-
dered silver-coated arrays and macroporous silver films
dipped in the 1x107% mol/l R6G solution, almost all
the distinctive peaks corresponde to the Raman lines
for the R6G molecules. The observed peaks including
v(C-H) out-of plane bend mode at 774 cm~*!, v(C—
C) stretching mode at 1360 cm~!, 1508 cm~! can be
seen clearly in curve b and c¢, which agree well with
the literature [34]. For comparison, a silver flat film
does not show any distinguishable enhanced Raman
spectra. This evidence indicates that ordered silver-
coated arrays and macroporous silver film as SERS
substrates have excellent SERS performance. The en-
hancement factor measured from a macroporous silver
film, 4.85x10%, is significantly higher than 2.11x10%
measured from a silver-coated arrays. However, the
macroporous silver film shows a stronger enhancement
of the SERS spectra than the ordered silver-coated ar-
rays. As known from literatures, the SERS effects de-
pend strongly on the roughness of the metal nanostruc-

187

ture used as the substrate [35,36]. It is suspected that
the reason can be attributed to the macroporous sil-
ver film surface roughness, in which the higher surface
area can adsorb more R6G. The influence of concentra-
tion of R6G on SERS effects is studied and the SERS
results are shown in Fig. 9. As for the 1x1072 mol/l
R6G without silver particles, the Raman lines for the
R6G molecules can be seen from curve a where no peaks
appeared. But when the 1x107% mol/l R6G deposits
on the macroporous silver film, the peaks can be seen
clearly. Curve b shows the SERS signals. With increas-
ing of R6G to 1x10~% mol/l, it can be seen in curve ¢
that the intensity of peaks becomes stronger. When
the concentration of R6G increases further to 1x1073
mol/l, the Raman signals are magnified significantly as
curve d shown. The macroporous silver film has a more
affordable geometry to enhance electromagnetic field,
providing lots of controllable “hotspots” [37,38].

Intensity (a.u.)

R PR N

a

800 1000 1200 1400 1600
Raman shift (cm™1)

Fig. 8 SERS spectra of (a) 1 x 10™% mol/1 R6G on a silver
flat film; (b) 1 x 1072 mol/l R6G on a silver-coated array;
and (c) 1 x 107% mol/1 R6G on a macroporous silver film.
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Raman shift (cm™1)

Fig. 9 Raman spectra of R6G. (a) 1 x 1073 mol/l without

silver particles; (b) 1 x 107° mol/l on a macroporous silver

film; (c) 1 x 107* mol/1 on a macroporous silver film; and

(d) 1 x 107® mol/1 on a macroporous silver film.
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Conclusions

Consequently, we successfully fabricated a regular
hemispherical corrugation silver nanoislands film and
macroporous silver film with polystyrene colloidal crys-
tals as the template. The structural studies showed that
three-dimensional highly ordered silver-coated arrays
retained mainly the hexagonal closed-packing shape
of the PS colloidal crystal, and the pore sizes of
macroporous silver film depended on the diameter of
polystyrene templates. The absorption spectra dis-
played a stronger high energy red-shifted peak for the
ordered silver-coated arrays which indicated the ad-
justable optical quality. In addition, we observed that
macroporous silver film had a stronger SERS enhance-
ment by Raman spectroscopy depended on the rough-
ness of the nanostructure. The method used in this pa-
per could also be applied to the coating of other metals
on the surface of PS colloidal crystal.

Integrating with the characteristic optical proper-
ties, periodic structure and the large specific surface
area, the three-dimensional ordered metal-coated nano-
materials enjoy an abroad and attractive future appli-
cation. Shi had pointed out that plasmonic microstruc-
tures consisting of a metallic film coated with a peri-
odic dielectric structure can support two kinds of sur-
face modes: surface plasmon polariton (SPP) modes
bound at the metal-dielectric interface, and guided
modes (GMs) bound at the periodic dielectric structure
[39]. The formation of ordered assemblies of controlled
shape and size nanoparticles appears to be one of the
important issues.
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