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We report on the preparation and characterization of gold nanoparticle (Aunp)-based core—
shell particles and hollow spheres and of ordered structures obtained from their self-assembly.
Coated particles, comprising polystyrene (PS) cores and polyelectrolyte (PE) or Aune/PE
shells, were prepared by the layer-by-layer technique, that is, via the sequential adsorption
of oppositely charged PEs onto PS cores, or by the infiltration of gold nanoparticles into
preassembled PE multilayers onto PS particles, respectively. The thickness of the gold
nanoparticle-based coatings was varied by altering the number of preassembled PE layers
into which gold nanoparticles were infiltrated and by additional electroless gold plating.
Hollow spheres were obtained from the core—shell particles by either calcination or by
dissolution of the PS core by exposure to tetrahydrofuran. The coated colloids were used as
building blocks for the construction of ordered particle assemblies. Two different approaches
were employed to form the ordered particle structures. The first involved the gravity
sedimentation of Aunp/PE-coated PS spheres, while the second method entailed the formation
of ordered assemblies of PE-coated PS spheres, followed by infiltration with gold nanopar-
ticles. 3D macroporous (“hollow”) ordered structures were subsequently prepared from the
ordered core—shell particle assemblies by removal of the PS cores. UV—visible absorption
measurements of core—shell and hollow Aune/PE microspheres, and 3D ordered assemblies
of these particles, show red-shifted plasmon resonance bands relative to the gold nanopar-
ticles in solution. Near-IR reflectance spectra of the 3D ordered structures of hollow Aunp/
PE microspheres show Bragg reflectance peaks that are blue-shifted relative to the
corresponding structures prior to dissolution of the core. The strategy described opens a
new avenue to the production of particle assemblies derived from core—shell and hollow
colloids, which may provide new opportunities for their application in areas such as photonics,

photoelectronics, and catalysis.

Introduction

The organization of metal nanoparticles into diverse
structures is essential for their application in optical,
electronic, and magnetic devices.! Metal nanoparticles
have been assembled into monolayer or multilayer thin
films on planar surfaces,’ 2 2D or 3D superlattices,* 8
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nanowires,®~1% macroporous structures,® and colloidal
aggregates.1’~20 Recently, metal nanoparticles have also
found use as building blocks to construct core—shell
particles?'=32 and hollow spheres.?1:32-34 The properties
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of these particles can be distinctly different from those
of individual nanoparticles. For example, they can
possess unique size-dependent optical, electronic, and
catalytic properties, thereby making them of promise
in technological applications such as photonic materials,
surface-enhanced Raman scattering, chemical and bio-
logical sensing, and catalysis.?1~34

One approach at the forefront of the preparation of
coated and hollow spheres is the layer-by-layer (LbL)
assembly method.3®> By sequentially adsorbing oppo-
sitely charged species onto colloid templates, a variety
of core—shell and hollow particles of various composition
(from organic to inorganic and composites) can be
prepared.3> Metal nanoparticles such as gold, Au@SiO,,3?
and octa(3-aminopropyl)silsesquioxane (NSi8) stabilized
Ag?% have been used as components for the construction
of such composite and hollow spherical particles. For
the preparation of hollow spheres from precursor core—
shell particles comprising nanoparticle shells through
calcination, a close packing of the coating nanoparticles
is required.26:32.35% T When gold nanoparticles are used,
the surface coverage is typically around 30%.24 This
surface coverage can be increased to be close to that of
a close-packed monolayer if surface-modified metal
nanoparticles are used.?%:32 For example, the presence
of a thin silica®? or NSi82¢ coating on the nanoparticles
can be exploited to allow them to pack closely together.
However, such surface coatings can prevent the subse-
guent metallization of the deposited nanoparticles (or
coatings) through, for example, electroless plating.
The ability to control the morphology and structure
of the coatings (e.g., nanoparticulate, continuous,
etc.) through electroless plating is particularly of inter-
est in applications that require tailored optical
properties.??
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Recently, in an alternative strategy, we reported that
significantly increased surface coverages (up to mono-
layer coverage, which corresponds to ~74%, and even
higher) can be obtained by exploiting the adsorption
behavior of gold nanoparticles stabilized by 4-(dimethyl-
amino)pyridine (DMAP) (Aunp) into preassembled poly-
electrolyte (PE) multilayers on colloid particles.3! We
also showed that these Aunp/PE-coated particles can be
assembled into ordered arrays, which display tunable
optical properties depending on the gold nanoparticle
loading.®® In this paper, we present a detailed study on
the preparation and characterization of core—shell and
hollow spheres based on DMAP-stabilized gold nano-
particles. Additionally, ordered assemblies of the core—
shell particles formed through gravity sedimentation
and water evaporation were used as templates to
prepare ordered assemblies of hollow Aunp/PE micro-
spheres. The optical properties of the dispersions of
core—shell and hollow spheres and the ordered as-
semblies were investigated by UV—visible absorption
and near-IR reflection spectroscopy.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH), M,, 70000,
poly (sodium 4-styrene sulfonate) (PSS), M,, 70000, poly-
(ethylenimine) (PEI), M,, 25000, poly(diallyldimethylammo-
nium chloride) (PDADMAC), M,, < 200000, chloroauric acid
(HAuUCl,), and hydroxylamine hydrochloride (NH,OH-HCI)
were obtained from Sigma-Aldrich and used as received, except
for PSS, which was dialyzed against Milli-Q water (M,, cutoff
14 kDa) and lyophilized before use. Jeffamine M2070, a
random copolymer of 70% PEO with 30% poly(propylene
oxide), My, 2000, was obtained from Huntsman Chemicals. The
negatively charged sulfate-stabilized polystyrene (PS) par-
ticles, diameter 640 nm, were prepared as described else-
where.’” The 4-(dimethylamino)pyridine (DMAP)-stabilized
gold nanoparticles (6 + 2 nm diameter, positively charged),
Aunp, Were prepared as described previously.®® The water used
in all experiments was prepared in a three-stage Millipore
Milli-Q Plus 185 purification system and had a resistivity
higher than 18.2 MQ-cm.

Preparation of the Core—Shell Particles. Before ad-
sorption of the Aunp, the PS spheres were coated with PE
multilayers:3¢ 0.5 mL of positively charged PAH or PDADMAC
(2 mg mL~t in water containing 0.5 M NaCl) was added to 0.5
mL of a dispersion of negatively charged (1 wt %) 640-nm-
diameter PS spheres. After 15 min, the excess polyelectrolyte
was removed by three centrifugation (6800g, 10 min)/washing
cycles. Next, negatively charged polyelectrolyte (PSS) was
deposited using the same conditions and procedure. The above
process was repeated until the desired number of PE layers
(2—8) was deposited. In some cases a layer of the amine-
terminated PEO copolymer was adsorbed onto the spheres
(with an outermost PSS layer) at pH 3 for 15 min, followed by
removal of the excess copolymer by three centrifugation
(6800g, 10 min)/washing cycles. The PE,/Aunp-coated PS
spheres were prepared by adding 1 mL of a 0.5 wt % dispersion
of the PE-coated PS particles (with x = 2, 4, 6, or 8; outermost
layer = PSS) to a 10-mL dispersion of the positively charged
DMAP-stabilized Aunp (concentration of ca. 1 x 105 particles
mL1).31.36 An adsorption time of 24 h was used to ensure Aune
adsorption. The coated PS particles were then subjected to
three centrifugation (960g, 10 min)/washing cycles and
additionally coated with two PE layers (PEIl and PSS) to
prevent possible aggregation of the composite colloid particles
formed.
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Electroless Plating of Aunp-Coated Particles. The ad-
sorbed Aunp can serve as seeds for subsequent shell growth
by electroless gold plating.?2=2® Two hundred microliters of a
0.8 wt % Aunp/PE-coated PS dispersion was diluted to 20 mL
with water, and then a mixture of 0.1-0.5 mL of 1 wt %
HAuCI, and 0.5—2.5 mL of 0.04 M NH,OH-HCI was added
under stirring for 10 min. For electroless plating of the PS—
(PAH/PSS),/Auns/PEI/PSS and (PDADMAC/PSS),/Aunes/PEI/
PSS particles, 0.1 mL of 1 wt % HAuCl, and 0.5 mL of 0.04 M
NH,OH-HCI, and 0.3 mL of 1 wt % HAuCl, and 1.5 mL of
0.04 M NH;OH-HCI, were used, respectively. The plated
particles were then coated with two additional layers of
polyelectrolyte (PEI and PSS).

Crystallization of the Core—Shell Particles. The cell
employed for crystallization consists of a Teflon ring of 1-cm
inner diameter, a quartz slide (which was cleaned according
to the RCA protocol®), and two fixed steel plates to prevent
leakage of the liquid.®¢ One hundred microliters of the particle
dispersions of about 1 wt % were added into the chamber over
the accessible quartz area encircled by the Teflon ring.
Samples were kept at room temperature, and the coated
colloids were crystallized by gravity sedimentation and water
evaporation.

Nanoparticle Infiltration of Colloidal Crystals and
Electroless Gold Plating. To infiltrate the ordered assem-
blies of PE,/PEO-coated PS spheres with the gold nanopar-
ticles, the samples were immersed in the Aunp solution for 24
h and then washed with water (3 x 10 s). The gold nanopar-
ticles that infiltrated into the colloidal crystals were used as
seeds for subsequent shell growth by electroless gold plating.
This was achieved by sequentially dipping the quartz substrate
with the ordered assemblies of PE/PEO-coated PS colloidal
crystals infiltrated with gold nanoparticles into a 2 wt %
HAuUCI, solution for 2 h, and then into a 0.4 M NH,OH-HCI
solution for 1 h. Higher gold coverages were obtained by
repeating the HAuCl, and NH,OH-HCI stages.

Hollow Spheres and Ordered Assemblies. Both non-
plated and gold-plated core—shell particles and their ordered
assemblies were used to produce hollow gold spheres and
ordered assemblies thereof by either calcination (at 310 °C for
2 hin Nz and then at 310 °C for 22 h in O,), causing removal
of the core and polyelectrolyte, or by dissolution of the PS core
by tetrahydrofuran (THF) treatment (for 0.5 h in the case of
separated particles in solution or for 12 h in the case of quartz-
supported ordered arrays). After THF treatment, the samples
were subsequently washed with THF and water.

Characterization Methods. Transmission electron mi-
croscopy (TEM) measurements were performed with a Philips
CM12 microscope operated at 120 KV. Scanning electron
microscopy (SEM) images were recorded with a JEOL (JSEM
6330 F) instrument operated at an acceleration voltage of 5
kV. For SEM investigations, 5 nm of Pd or Au film was sputter-
coated onto the samples prior to measurement. The UV—
visible absorption data were recorded on a Cary 4E spectro-
photometer. The reflectance spectra were collected on a Cary
500 spectrophotometer and were taken at an angle of incidence
of 20° to the (111) crystal plane. A Netzsch TG 209 apparatus
was used for thermogravimetric analysis of the coated par-
ticles, which were heated between 20 and 700 °C in oxygen.
The weight percent of gold was determined as the ratio of the
mass of the samples after heating to 700 °C, which leads to
the oxidation of all organic materials, to the initial mass of
the samples.

Results and Discussion

A. Core—Shell Particles and Hollow Spheres. (a)
Preparation and Characterization. Before gold nano-
particle adsorption, PS spheres of 640-nm diameter
were coated with 2—8 multilayers of PAH and PSS or
PDADMAC and PSS by the LbL approach.3®> The
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1424,
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Figure 1. TEM images of PS—(PAH/PSS),/Aunp spheres with
x = 2 (a) and x = 4 (b), PS—(PAH/PSS),/Aunp/(PEI/PSS)
spheres after electroless gold plating (c), and PS—(PDADMAC/
PSS)./Aunp/(PEI/PSS) after electroless gold plating (d). The
PEI/PSS layers were deposited after electroless plating (c and
d).

outermost layer was negative to promote adsorption of
the positively charged Aunp. The 4-(dimethylamino)-
pyridine (DMAP)-stabilized gold nanoparticles (6 &+ 2
nm diameter) were prepared by synthesis in toluene,
followed by phase transfer to water.3® Aunp/PE-coated
PS spheres were prepared by exposing the PAH/PSS or
PDADMAC/PSS multilayer-coated PS spheres (with
different coating thickness) to a Aunp dispersion in
water. This resulted in the nanoparticles infiltrating
and binding to the PE layers,3! giving a dense and
uniform Aunp coating (Figure 1a,b). The thickness of
the Aunp layer was varied by changing the number of
preassembled PE layers. Figure 1a,b shows TEM images
of PS spheres coated with 4 and 8 PE layers, respec-
tively, and subsequently exposed to a Aunp dispersion.
The diameters of the coated spheres are 678 + 5 and
694 + 5 nm, respectively, corresponding to an average
diameter increase of 38 + 5 and 54 + 5 nm (relative to
pure 640-nm PS). TEM and single-particle light-scat-
tering measurements on PAH/PSS-coated particles in-
dicate a thickness increment of 1.5 nm/PE layer3® (shell
thickness of about 6 and 12 nm for the PE4- and PEg-
coated PS spheres, respectively), giving a diameter
increase of 26 + 5 and 30 = 5 nm due to adsorption of
the gold nanoparticles. Thermogravimetric analysis
(TGA) indicated that the gold content in the samples
increases with increasing PE layer thickness. For the
PS—PE./Aunp/PEI/PSS particles, the gold content was
47, 57, and 59 wt % for x = 4, 6, and 8, respectively.36
It is noted that to increase the colloidal stability of the
composite particles formed, an additional two-layer PE
coating (PEI/PSS) was deposited.

Gold nanoparticles deposited on the surface of the PS
spheres can serve as seeds for subsequent shell growth
by electroless plating.?? Such treatment results in a
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uniform increase in gold coverage, and in turn an
increase in the particle diameter (Figure 1c,d). For PS—
(PAH/PSS),/Aunp/PEI/PSS and PS—(PDADMAC/PSS),/
Aunp/PEI/PSS particles, electroless plating (see Experi-
mental Section) results in an increase in the particle
diameters to 734 + 5 and 745 + 5 nm, respectively. The
increase in particle diameter as a result of plating is
50 £ 5 nm for the PS—(PAH/PSS),/Aunp/PEI/PSS
particles and 79 + 5 nm for the PS—(PDADMACI/PSS),/
Aunp/PEI/PSS particles. The larger increase for the
latter particles is due to the use of more HAuCl, (0.3
mL vs 0.1 mL of 1 wt % HAuCI,) for their plating. It
was possible to continue to increase the particle diam-
eter with electroless plating, but we found that such
particles have lower colloidal stability and aggregate
easily.

In our earlier studies on PS particles coated with PE
multilayers and nanoparticles (e.g., SiO», TiO,, Fe30y,
Au@SiO,, octa(3-aminopropyl)silsesquioxane-stabilized
Ag), we showed that hollow spheres could be formed by
either thermal or chemical means.?6:3235 In the first
approach, pure inorganic hollow spheres were formed,
as calcination removes both the PS core and bridging
PEs. In the second route, the hollow spheres consist of
PE and inorganic nanoparticles. In the current work,
both thermal and chemical approaches were investi-
gated. It was found that despite the high melting
temperature of bulk gold (~1064 °C49), the gold nano-
particles melted while heating at 310 °C for 24 h, and
hollow gold spheres were not formed (data not shown).
However, for PS—(PAH/PSS)/Aunp/PEI/PSS particles
electroless-plated with a thicker gold layer (~50 nm),
macroporous hollow gold spheres were prepared after
calcination (Figures 2a and b). At higher magnification,
fused gold nanoparticles were observed (Figure 2b). On
the other hand, THF treatment of the PS particles
coated with (PAH/PSS)4/Aunp/PEI/PSS, followed by THF
and water washing, yielded hollow Aunp/PE spheres
(Figures 2c). The hollow spheres made from the non-
plated colloids show some change in shape (compared
with original template) due to drying of the samples,
leading to folding and collapse. Some of the hollow
spheres also appear broken, probably due to ultrasound
treatment and mechanical forces during washing and
sample preparation for TEM. The hollow spheres made
from the particles PS—(PAH/PSS),/Aunp/PEI/PSS after
electroless gold plating remain more intact (Figure 2d).

(b) Optical Properties. The particle—particle interac-
tions between the gold nanoparticles for the different
systems are reflected in the optical spectra shown in
Figure 3. The initial DMAP-stabilized gold sol has a
plasmon resonance peak at 517 nm. After formation of
composite layers on the PS particles, the peak shifted
to 655 nm (for PS—(PAH/PSS)./Aune/(PEI/PSS) particles
dispersed in water) because of enhanced interactions
between the gold nanoparticles*! and changes in the
dielectric medium surrounding the gold nanoparticles.*2
Electroless plating before PS core removal leads to peak
broadening (strong extinction from 500 to 850 nm),

(40) Handbook of Chemistry and Physics, 80t ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 1999; pp 4—127.

(41) Krebig, U.; Vorde, M. Optical Properties of Metal Clusters;
Springer-Verlag: Berlin, 1995; Vol. 25.

(42) Leatherdale, C. A.; Bawendi, M. G. Phys. Rev. B 2001, 63,
165315.
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Figure 2. TEM images of PS—(PAH/PSS),/Aune/(PEI/PSS)
after electroless gold plating, PEI/PSS deposition, and core
removal by calcination (a, b), PS—(PAH/PSS)4/Aunp/(PEI/PSS)
after core dissolution by THF (no electroless plating) (c), and
PS—(PAH/PSS)./Aunp/(PEI/PSS) after electroless gold plating,
PEI/PSS deposition, and dissolution of the core by THF (d).
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Figure 3. UV-—uvisible extinction spectra of a DMAP-stabilized
gold sol (1), and of PS—(PAH/PSS)./Aunp/(PEI/PSS) core—shell
particles before (2) and after (4) PS core removal, and the same
core—shell particles after electroless plating (3).

which suggests coalescence of the gold nanoparticles and
an increase in thickness of the metal coating on the PS
colloids.?2231 PS core removal by THF also affects the
peak position—a blue shift is observed relative to the
core—shell (PAH/PSS),/Aunp/(PEI/PSS) particles (625 vs
655 nm). This may be explained by a combination of
effects: a decrease in the average refractive index and
the light scattered by the composite particles, and
swelling of the individual hollow spheres in solution.*®

Increasing the number of preassembled PE layers on
the PS colloids affects not only the degree of gold

(43) Radtchenko, I. L.; Sukhorukov, G. B.; Leporatti, S.; Leporatti,
S.; Khomutov, G. B.; Donath, E.; Moehwald, H. J. Colloid Interface
Sci. 2000, 230, 272.
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Figure 4. UV-visible extinction spectra of PS—(PAH/PSS),/
Aunp/(PEI/PSS) particles (a) and the corresponding hollow
spheres obtained after dissolution of the PS core with THF
(b) for different PE coating thicknesses: x = 1 (solid spectrum),
2 (dashed spectrum), 3 (dash-dotted spectrum), and 4 (dotted
spectrum).

nanoparticle loading and the composite particle diam-
eter but also the optical properties of the colloids (Figure
4a,b). The extinction spectra of core—shell PS—(PAH/
PSS)/Aunp/(PEI/PSS) (x = 1, 2, 3, 4) particles (Figure
4a), and hollow spheres derived from these particles by
THF treatment (Figure 4b), show an evident red shift
and broadening of the plasmon resonance bands with
an increase in PE layer number (i.e., coating thickness).
For the core—shell particles, the peak systematically
shifted from 615 to 730 nm with increasing polyelec-
trolyte bilayer number from 1 to 4 and from 595 to 720
nm for the corresponding hollow spheres. The red shift
in the spectra could be due to the combined effect of a
change in the dielectric constant*2 and coupling of the
plasmon resonances in neighboring metal nanopar-
ticles.*! Increasing of the gold nanoparticle loading in
our case will lead to increasing gold particle—particle
interactions, thus causing a red shift in the optical
spectra. To confirm that the red shift measured was not
an artifact caused by scattering, we also used an
integrating sphere to measure the diffuse reflectance
spectra. Diffuse reflectance spectra of core—shell par-
ticles and hollow spheres in solution (data not shown)
revealed similar trends to those recorded in the normal
absorption mode (that is, a red shift of the extinction
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Figure 5. Schematic illustration of the preparation of the
core—shell particles and ordered assemblies of the core—shell
and hollow spheres.

peak with an increase in the PE layer number and a
blue shift in the spectra of hollow spheres relative to
those of the core—shell particles), although the red shifts
were less pronounced (50-nm shift from the 1 to 4
bilayer system for the core—shell particles and a 90-
nm shift for the corresponding hollow spheres). Similar
trends for absorption and diffuse reflectance spectra
were recently reported for semiconductor nanoparticles
in solution and in solid state.*

B. Ordered Assemblies of Core—Shell Particles
and Hollow Spheres. (a) Preparation and Character-
ization. Earlier, we demonstrated the ability to form 3D
metallodielectric opals using PS—PE,/Aunp core—shell
particles.3® Here, we have produced ordered assemblies
of Aunp-based hollow microspheres. Two different ap-
proaches were used (Figure 5). In the first strategy (left
part of Figure 5), both 3D ordered arrays made of the
PE,/Aunp-coated PS spheres (as well as of electroless-
plated PE./Aunp-coated PS spheres) were formed by
gravity sedimentation of the particles in a circular-cell
chamber on hydrophilic quartz substrates. In the second
approach (right part of Figure 5), ordered arrays of
brushlike PEO-modified PAH/PSS-coated PS spheres
were first formed and subsequently exposed to a disper-
sion of the gold nanoparticles. The use of a PEO
outermost layer provided additional stability for the
ordered particle template for the Aunp infiltration step.38

(44) Dollefeld, H.; Weller, H.; Eychmuller, A. J. Phys. Chem. B 2002,
106, 5604.
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Figure 6. SEM images (a, b) of the ordered assemblies of
hollow spheres and TEM images (c, d) of separated hollow
spheres prepared by ultrasound treatment of the samples
shown in aand b. The ordered assemblies of the hollow spheres
(a) were prepared by THF treatment of the ordered assemblies
of (PAH/PSS)./Aunp/PEI/PSS-coated PS spheres (the coated
particles shown in Figure 1b) (see left part of Figure 5). Then
sonication was used to re-disperse assemblies to obtain
separated hollow spheres (c). For (b, d), the (PDADMAC/PSS),/
Aunp-coated PS spheres were electroless gold-plated and then
coated with PEI/PSS (the core—shell particles shown in Figure
1(d)), crystallized, and treated with THF (b), followed by
sonication (d). The core—shell particles were crystallized by
gravity sedimentation and water evaporation.

Additionally, the gold nanoparticles that were infiltrated
into the ordered arrays can also serve as seeds for
subsequent shell growth using electroless gold plating,
resulting in increased gold coverage. For all cases,
ordered arrays with different gold content, depending
on the number of preassembled PE layers onto the PS
spheres, were prepared. Hollow sphere ordered arrays
were obtained by exposing the aforementioned ordered
arrays of core—shell particles to THF to dissolve the PS
cores.

Figure 6a shows an SEM image of an ordered as-
sembly of the hollow spheres made of (PAH/PSS)4/Aunp/
PEI/PSS-coated PS spheres after dissolution of the PS
cores. TEM images of separated microspheres from the
ordered assemblies after ultrasound treatment con-
firmed dissolution of the cores (Figure 6¢). The SEM
images of ordered assemblies of PE./Aunp-coated PS
particles before THF treatment have been reported in
our earlier work.3® Figure 6 may be compared with TEM
images of the corresponding separated core—shell and
hollow spheres shown in Figures 1 and 2. The center-
to-center distances of the PS—(PAH/PSS)4/Aunp/(PEI/
PSS) particles in the ordered assemblies, according to
SEM, are 705 + 5 nm3® and 660 + 5 nm (Figure 6a)
before and after dissolution of the core, respectively. The
core removal step causes a shrinkage of 6%. The shell
thickness is 25 + 5 nm, as measured from the broken
spheres (SEM image not shown). Figure 6b shows an
SEM image of the assemblies prepared from (PDAD-
MAC/PSS)./Aunp/PEI/PSS-coated PS spheres that were
electroless-plated and additionally coated with PEI/PSS,
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Figure 7. SEM images of ordered assemblies of hollow
spheres prepared by Aunp infiltration of ordered arrays of PEg/
PEO-coated PS spheres, followed by dissolution of the PS cores
with THF (a) (see right part of Figure 5), or followed by
electroless gold plating first and then PS core dissolution (b).

followed by dissolution of the PS cores. Prior to core
dissolution, the diameter of the PS—(PDADMAC/PSS),/
Aunp/PEI/PSS spheres after electroless plating is 745
+ 5 nm (from TEM). After core removal, the diameter
decreases to 730 &+ 5 nm (Figure 6d). The center-to-
center distances by SEM are 760 + 5 and 740 + 5 nm,
respectively, before and after dissolution of the PS cores.
A shrinkage of ~3% occurs as a result of core removal.
The shell thickness is 50 + 5 nm, determined from
deliberately broken spheres (SEM image not shown).
TEM images after ultrasound treatment of the ordered
assembly (Figure 6d) show that the hollow spheres
retain their original morphology when they are electro-
less-plated prior to core dissolution.

Preparation of the gold-containing samples by Aunp
infiltration into 3D-ordered assemblies of PE,/PEO-
coated PS spheres has been described elsewhere.36 In
this case, gold nanoparticles infiltrated into both the
interstices of the ordered arrays and the PE multilayer
coatings on the PS spheres. The gold content, according
to TGA data, was 49 wt % (PS—PE4/PEO/Aunp) and 59
wt % (PS—PEs/PEO/Aunp).* Figure 7a shows an SEM
image of ordered assemblies of hollow spheres prepared
from PEg/PEO-coated PS spheres infiltrated with the
Aupnp after dissolution of the PS cores. The samples have
hexagonal ordered packing with the (111) face parallel
to the quartz substrate. SEM observation of the cleaved
edges of the samples revealed 3D order. The ordered
hollow sphere assemblies (PEg/PEO/Aunp) show a shrink-
age of 7% as a result of core removal. The shell
thickness, determined from broken spheres, is 28 + 5
nm. It is noted that the extent of order of the hollow
sphere arrays made of PS—PE,/PEO/Aunp (i.e., infiltra-
tion samples) is higher than that observed for the arrays
made of PS—PE/Aunp/PEI/PSS particles by crystalliza-
tion of individual composite particles, followed by core
dissolution. This may be explained by the fact that the
Aunp/PE-coated PS spheres are heavier and have higher
surface roughness than the PE,/PEO-coated PS par-
ticles, thus making them more difficult to crystallize.
Figure 7b shows an SEM image of the hollow sphere
ordered array prepared from PEg/PEO-coated PS spheres
infiltrated with the gold nanoparticles, followed by
electroless gold plating and PS core removal. A shrink-
age of 4% in the particle diameters as a result of PS
core removal was observed. A shrinkage of 15—20% is
typically observed for hollow spheres made from core—
shell particles by calcination.3® In the present work, the
ordered assemblies of hollow spheres prepared by THF
treatment show shrinkages of less than 10%. This may
be attributed to the remaining PE in the sphere walls.
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After electroless plating, the ordered assemblies show
little shrinkage upon dissolution of the cores due to the
thicker gold coatings. The stability of the microspheres
also depends on the number of preassembled PE, layers.
For x = 2 and x = 4, SEM revealed the presence of
collapsed hollow spheres (images not shown), which may
be due to the shell thickness being too thin to form a
stable structure.

(b) Optical Properties. Extinction spectra of quartz-
supported ordered arrays made of PE/PEO-coated PS
spheres infiltrated with gold nanoparticles show a gold
plasmon resonance peak that is red-shifted relative to
that of the gold nanoparticles in solution: The plasmon
peak occurred at 517 nm for the Aunp sol. For ordered
films of particles, it occurred at 576 nm for PS—PE,/
PEO/Aunp, 583 nm for PS—PE4/PEO/Aupp, 588 nm for
PS—PE&/PEO/Au, and 603 nm for PS—PEg/PEO/Aunp.
This red shift is due to the coupling of the surface
plasmons in neighboring particles (similar to the indi-
vidual PE/Aunp-coated PS particles in solution (Figure
4a)). After electroless gold plating the plasmon reso-
nance showed no measurable peak in the visible range,
which may indicate coalescence of the gold nanoparticles
and an increase in thickness of the metal coating on the
PS colloids, or even the formation of a continuous metal
film.2241 The spectra of the ordered arrays after dis-
solution of the PS cores also do not show sharp plasmon
resonance peaks characteristic of gold nanoparticles.
The increasing absorption of gold at higher wavelengths
and broadening of the peak (relative to the ordered
arrays before dissolution of the core) may be explained
by increasing nanoparticle interactions due to shrinkage
after PS core removal. However, the UV—visible extinc-
tion spectra of the corresponding separated hollow
spheres in solution show a blue-shift relative to the
core—shell particles, most probably due to swelling of
individual hollow spheres in solution, and hence a
decrease of the average refractive index of the composite
spheres formed (Figure 3).

The ordered arrays of core—shell particles we have
used to prepare the hollow sphere assemblies have a
3D ordered structure. It is well-known that monodis-
perse colloid spheres of silica or polystyrene spontane-
ously self-organize into crystal structures at optical
wavelength scales with long-range periodicity and pos-
sess an optical stop band in the visible to near-IR-
spectral ranges depending on the particle diameter.*>
Near-IR reflectance spectra show Bragg reflectance of
ordered arrays of PS core particles coated by a Aunp/
PE shell.3® Optical properties of such materials can be
controllably modulated through variation of the PE shell
thickness of the coated colloids.®¢ The near-IR reflec-
tance spectra of the 3D ordered assemblies made of
hollow PE&/PEO/Aunp spheres were measured (curve 2,
Figure 8). We examined the near-IR reflectance proper-
ties of the hollow sphere arrays made of PS—PEL/PEO/
Aunp (i.e., infiltration samples) only because, as men-
tioned earlier, the degree of order in these systems is
higher than that observed for the crystallized arrays
made of PS—PE/Aunp/PEI/PSS particles followed by the
core dissolution. The peak position is near 1200 nm,
while it is at 1360 nm for colloidal crystals of pure 640-

(45) See, for example, the special issue Adv. Mater. 2001, 13, 369.
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Figure 8. Near-IR reflection spectra of PS—(PAH/PSS):/PEO/
Aunp ordered arrays before (1) and after (2) PS core removal.
The angle of incidence is 20°.

nm-diameter PS3 and at 1640 nm for the sample with
the same composition before the PS core removal (curve
1, Figure 8). The blue shift may be explained by fact
that the PS cores have been dissolved and hence the
refractive index properties of the system have changed.
Shrinkage also leads to a lower wavelength of the peak
position. The peak broadening and decrease in intensity
may be attributed to a decrease in structural order in
the system and by the decrease in refractive index
contrast.

Conclusions

We have prepared core—shell particles by the layer-
by-layer technique, utilizing PE multilayers assembled
onto PS cores as thin films in which to infiltrate gold
nanoparticles. The layer thickness of the gold coating
was varied from 10 to 50 nm by changing the number
of preassembled PE layers used or by additional elec-
troless gold plating of the gold nanoparticle infiltrated
layers coated on the PS particles. Hollow spheres were
obtained from these particles upon removal of the
templated PS cores. UV-—visible extinction spectra
showed that the plasmon resonance peaks of the Aunp
in the core—shell particles and hollow spheres are in
the range 595—730 nm, depending on the gold-coating
thickness and if the particles were electroless-plated.
Thicker gold coatings resulted in a larger red shift in
the peak plasmon resonance band. The extinction peak
of the hollow Aunp/PE spheres red-shifted relative to
that of gold nanoparticles in solution. It also red-shifted
for the hollow spheres that had increasing PE layer
numbers, but blue-shifted relative to core—shell par-
ticles with the same layer composition. The shift in the
plasmon peak positions was attributed to changes in the
average refractive index of the composites formed and
nanoparticle interactions in the layered structures. The
core—shell particles, either with PE/PEO or Aunp/PE
(with or without electroless plating) coatings, were
organized into 3D ordered assemblies. For the PS—PE,/
PEO particles (x = 2—8), subsequent Aunp infiltration
or electroless gold plating was performed. For the 3D-
ordered core—shell particle assemblies, removal of the
PS cores led to ordered assemblies of hollow spheres.
The UV—uvisible extinction spectra of the 3D ordered
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hollow assemblies show a similar trend to that observed
for hollow spheres in solution, except for the red shift
after removal of the core due to the shrinkage of the
structures. From the near-IR reflectance spectra of the
3D ordered hollow assemblies, the Bragg reflectance is
blue-shifted relative to the sample before dissolution of
the cores.
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