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ABSTRACT:
and metal nanoparticle arrays. Based on a bottom-up approach with ultrathin polymer Langmuir-Blodgett films (poly-

The paper describes fabrication of hybrid polymer nanoassemblies possessing polymer nanosheets

mer nanosheets) and metal nanoparticles, we constructed hybrid nanoassemblies for opto/electric nanodevice applica-
tions: nanoscale positioning of metal nanoparticles, free-standing hybrid polymer nanosheets, hybrid polymer nanoas-
semblies for luminescence sensor application, and enhancement of nonlinear optical (NLO) efficiency via surface
plasmon coupling. Assembling nanomaterials such as nanoparticles and organic functional molecules through a bot-
tom-up approach makes it possible to strengthen free-standing nanofilm stability, enhance luminescence of luminescent
molecules, and enhance second harmonic light from NLO molecules under the influence of localized surface plasmons.

The high potential of hybrid polymer nanoassemblies for precise nanoscale design is also demonstrated.

[doi:10.1295 /polymj.PJ2006235]
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Design of nanostructures using polymer materials
has been widely explored and has now become prev-
alent. Bottom-up approaches such as layer-by-layer
(LbL) adsorption,' surface-initiated polymerization
exemplified by atom transfer radical polymerization
(ATRP),?> and Langmuir-Blodgett (LB) technique®”’
make it possible to develop myriad nanoarchitectures
on solid substrates. These approaches and their combi-
nations offer a promising route to polymer nanoarch-
itectures for a wide variety of functional materials and
surfaces. Using these nanostructures, for instance, the
surface properties can be controlled uniformly, even
on a nanoscale. These compelling qualities of ultra-
thin polymer films have been expanded to broad sci-
entific fields. It is important to intensify the interdisci-
plinary interactions, for example, between polymer
materials and inorganic nanoparticles in basic and
application-oriented work.

We have investigated functionalization of polymer
LB films consisting of poly(alkylacrylamide)s. Poly-
(N-dodecylacrylamide) (pDDA) proved to be excel-
lent for LB assembly; the material provides a highly
oriented and densely packed monolayer at the air-
water interface.® Varying the side chain length, the
film thickness is tuned at a nanometer scale (1-2nm
in length). Widely various functional molecules were
incorporated and distributed uniformly in a two-di-
mensional (2D) field. The key factor is the existence
of a 2D hydrogen-bonding network between polymer

Polymer / LB Film / Metal Nanoparticle / Surface Plasmon / Hybrid /

backbones, which enhances the monolayer stability at
the air-water interface, leading to quantitative deposi-
tion onto solid substrates via vertical dipping. We
recently designated polymer LB films consisting of
alkyl acrylamide polymer as polymer nanosheets. Us-
ing these advantages, directional (vectorial) electron
transfer between several redox components was
achieved in multilayered polymer nanosheets,'®!! ex-
tending to logic gate operations.!>!? We have demon-
strated photochemically patterned polymer nanosheets
for three-dimensional (3D) nanoarchitecture.!4!”
Compared to low-molecular-weight fatty acids and
other polymer LB films, the pDDA nanosheets give
simplicity and versatility in preparation and usage.
In fact, preparation of pDDA monolayers requires
no addition of ions to the water subphase to stabilize
the monolayer formation. The pDDA monolayers
were deposited onto numerous substrates, such as
quartz, glass, ITO glass,'®!! metals,'®!? plastic fiber,
and spin-coated films.

Recently, metal nanoparticles have received much
attention”® because they show fascinating features
such as quantum size effect, catalytic activity, and
localized surface plasmon.?!~23 We investigated prep-
aration of metal nanoparticle arrays with polymer
nanosheets through electrostatic interaction. Polymer
nanosheets, which consist of cationic comonomer
and N-dodecylacrylamide capable of forming LB
films, serve as a template for metal nanoparticle im-
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Figure 1.
semblies.

Schematic illustration of hybrid polymer nanoas-

mobilization. We assembled functional polymer nano-
sheets with metal nanoparticle monolayers to utilize a
localized surface plasmon as an excitation source
(Figure 1). The hybrid polymer nanoassemblies show
strong extinction bands in the visible light wavelength
because of the localized surface plasmon resonance of
metal nanoparticle arrays. They are expected to be
available for opto/electronic device application based
on their surface plasmon photonics. In this paper, we
specifically address recent topics of hybrid polymer
nanoassemblies via polymer nanosheets. We describe
a) fabrication of hybrid polymer nanoassemblies via a
bottom-up approach based on the LB technique, b)
robust and flexible free-standing polymer nanosheets
organized with photo-cross-linkable polymer nano-
sheets and gold nanoparticles, c) spectroscopic char-
acterization of hybrid polymer nanoassemblies for lu-
minescence sensor applications, d) enhanced second
harmonic generation from hybrid polymer nanoassem-
blies, and e) hybrid polymer nanoassemblies for pre-
cise nanoscale design. The potential applications and
advantages of the hybrid polymer nanoassemblies
for surface plasmon photonics are also discussed.

FABRICATION OF HYBRID
POLYMER NANOASSEMBLIES

Numerous reports have described new architectures
assembled with metal nanoparticles and polymer
materials.>* As described in a previous section, LbL
assembly, LB technique, and self-assembled mono-
layer method have emerged as popular and versatile
approaches. Our strategy for hybrid polymer nanoas-
semblies is very straightforward:> cationic polymer
nanosheets are transferred onto solid substrates. Sub-
sequently, the substrates are immersed in metal nano-
particle aqueous solution, then rinsed in distilled
water and dried with nitrogen gas (Figure 2). For that
process, amphiphilic copolymers containing a pyridyl
(VPy) or amino (DADOO) group were synthesized
through radical copolymerization (p(DDA/VPy) and
p(DDA/DADOO), Figure 2).'*1® These materials
have high LB-film-formation capability and provide
densely packed and highly oriented polymer LB films
with vertical dipping method. The polymer nanosheets
serve as good templates for metal nanoparticle order-
ing. Metal nanoparticles were synthesized through
citrate reduction method.?’*?® Using this method,
monodispersed metal nanoparticles were obtained,
the surfaces of which were covered by negatively
charged citrate anions at normal pH conditions.
Through immersion of the substrates coated with the
polymer nanosheets in metal nanoparticle aqueous so-
lution, the metal nanoparticles became immobilized
uniformly on the cationic polymer nanosheets through
electrostatic interaction. On the polymer nanosheets,
well-separated metal nanoparticle monolayer forma-
tion was achieved, probably because of electrostatic
repulsion between negatively charged metal nanopar-
ticles (Figure 3). These nanostructures are strongly
stable over one year, although particle aging resulting
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Figure 2. Chemical structure of cationic polymer nanosheets and schematic illustration of the preparation process of hybrid polymer

nanoassemblies.

412

Polym. J., Vol. 39, No. 5, 2007



Polymer Nanosheets for Surface Plasmon Photonics

gty

S R O

0.5,2,4,8,
12, 24 hours 2-layer p(DDA/VPy29)

nanosheets on silicon wafer

8h 12h 24 h

Figure 3. SEM images of gold nanoparticle arrays immobi-
lized on two-layer p(DDA/VPy) nanosheets with different VPy
contents.

from oxidation or contamination might affect spectro-
scopic properties, which reflects specific interaction
between metal nanoparticles and cationic polymer
nanosheets with multiple linkages. Control of lateral
metal nanoparticle ordering is also possible by vary-
ing the molar contents of VPy or DADOO in the poly-
mer nanosheets.

The pDDA nanosheets were transferred on p(DDA/
VPy29) (VPy contents = 29(mol %)) nanosheets, as a
function of the number of layers, to examine the effect
of cationic polymer nanosheets on metal nanoparticle
immobilization. Figure 4 shows that the amount of

immobilized gold nanoparticles depends strongly on
the spacer length. The amount decreased as the num-
ber of deposited pDDA spacer layers increased. Even-
tually no adsorption of gold nanoparticles (apart from
those immobilized through nonspecific physisorption)
was observed over five-layer pDDA nanosheets. The
findings imply that a long-range electrostatic interac-
tion exists between gold nanoparticle and p(DDA/
VPy) nanosheets and that this interaction is a predom-
inant driving force for gold nanoparticle immobiliza-
tion. As for the effect of cationic polymer nanosheets,
the surface charge density is also controllable by
changing the number of deposited cationic polymer
nanosheets; the amount of immobilized gold nanopar-
ticles was saturated above two-layer cationic polymer
nanosheets.

FREE-STANDING ULTRATHIN HYBRID
POLYMER NANOASSEMBLIES

Free-standing membranes, which are decoupled
from supporting substrates, are of great interest for
use in micromechanical devices, sensors, and actua-
tors. The term free-standing means that the films re-
quire no full contact with a solid substrate to sustain
their shape and properties in air or liquid. In other
words, films that are partially supported by solid sub-
strates (such as a copper grid or those with one end
anchored) are included in this category. Their flexibil-
ity is distinctly advantageous for various applications;
their shape and dimensions can be changed. In gener-
al, preparation of free-standing ultrathin polymer films
requires two steps: film growth and removal on a sub-
strate. Many studies have been undertaken to develop
and establish fabrication procedures using a bottom-
up approach. Several different approaches based on
LbL assembly and LB techniques have reportedly
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Figure 4. SEM images of gold nanoparticle arrays immobilized on p(DDA/VPy) nanosheets as a function of the number of pDDA
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Figure 5. Schematic illustration of free-standing hybrid polymer nanoassemblies. Reprinted with permission from ref 35. Copyright

2006, American Chemical Society.

yielded robust and tough free-standing films.?’* Var-
ious inorganic nanomaterials such as magnetic materi-
als, semiconductors, metal nanoparticles, and carbon
nanotubes have been incorporated into free-standing
films. Moreover, chemical or physical cross-linking
has been found to strengthen and stabilize free-stand-
ing films. Combining incorporation of metal nano-
particles and photo-cross-linking reactions into poly-
mer nanosheets, we fabricated free-standing polymer
nanofilms.* The experimental outline of free-standing
hybrid polymer nanosheets is shown schematically
in Figure 5. Ten-layer pDDA nanosheets, sacrificed
layers, were transferred to a silicon wafer, and two-
layer p(DDA/DADQOQO) nanosheets were transferred
to immobilize gold nanoparticles. The surface was
coated with photo-cross-linkable polymer nanosheets
(p(DDA/M), see Figure 5). After photo-irradiation
with a deep UV lamp, the substrate was immersed
in chloroform. The ultrathin film was removed from
the surface. Figure 5 shows that the holes (85um
diameter) of the copper TEM grid were covered with
the free-standing hybrid polymer nanosheets. It is
worth noting that it was difficult to peel off the film
while leaving the gold nanoparticle layer in this proce-
dure. In other words, gold nanoparticles reinforce and
stabilize the free-standing structure as nano-filler
material. We prepared free-standing hybrid polymer
nanosheets that were larger than 50 mm? and which
showed high durability of several months. Figure 6
shows AFM images of the resultant hybrid free-stand-
ing polymer nanosheets. The film thickness was deter-
mined as approximately 30 nm, which is the same as
the diameter of gold nanoparticles that were mixed in-
to the film. Assuming that the p(DDA/M) nanosheets
take a fairly flat multilayer structure on the gold nano-
particle layer, the layer thickness is 2.0 x 14 = 28
(nm). Considering the free-standing film thickness
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(30nm) and the surface coverage of gold nanoparti-
cles (42%), the volume of the p(DDA/M) nanosheets
is sufficient to occupy the gap between gold nanopar-
ticles. Furthermore, the p(DDA /M) nanosheets under-
go a photo-cross-linking reaction during deep UV irra-
diation and might take thermal relaxation, keeping the
gold nanoparticles separated from each other. Conse-
quently, the free-standing hybrid polymer nanosheet
has a uniform distribution of gold nanoparticles and
a smooth surface (RMS < 5nm). These results indi-
cate that gold nanoparticles make polymer nanosheets
robust and easy to release from solid supports. As for
sacrificing the layer, the peeling test as a function of
the number of pDDA spacer layers showed that a crit-
ical length existed: above 10 layers (ca. 17 nm thick).
No detachment from the substrate was observed below
six layers and mechanical oscillation was necessary
for eight layers.

SPECTROSCOPIC PROPERTIES OF
METAL NANOPARTICLES ASSEMBLED
WITH POLYMER NANOSHEETS

Spectroscopic characterization of metal nanoparti-
cles on a solid substrate sometimes meets difficulty
in determination because metal nanoparticles tend
to take an aggregate formation. In solution, the molar
extinction coefficient of metal nanoparticles is deter-
mined quantitatively using Mie theory.® A deep un-
derstanding of spectroscopic properties of metal nano-
particle will help us find new functionality that is
related to photonic and electronic device application.
We attempted to examine spectroscopic properties
of metal nanoparticles by preparing uniformly distrib-
uted metal nanoparticle monolayers. We then carried
out ESEM observation and UV-Vis extinction spectra
measurements. Figure 7 shows an environmental scan-

Polym. J., Vol. 39, No. 5, 2007



Polymer Nanosheets for Surface Plasmon Photonics

Figure 7. SEM image of hybrid polymer nanoassemblies on a
quartz slide.

ning electron microscope (ESEM) image of gold nano-
particles immobilized on two-layer p(DDA/VPy29)
nanosheets on a transparent glass substrate after 4 h
immersion. In this condition, the gold nanoparticles
take no notable aggregate formation on p(DDA/
VPy) nanosheets: almost all the gold nanoparticles
are isolated from their neighbors. The UV-Vis extinc-
tion spectrum of the substrate exhibits a strong extinc-
tion band at 525nm because of dipole-like surface
plasmon resonance, i.e., collective oscillation of free
electron gas in the gold nanoparticles coupled with in-
cident light (Figure 8). The ESEM image shows that
the surface density of the gold nanoparticle was deter-
mined as 51 £+ 3/um?. We can determine the molar
extinction coefficient of the gold nanoparticle on sub-
strates, assuming that the reflection loss from the gold
nanoparticle is negligible in UV-Vis extinction meas-
urement: 7.1 x 10”>M~!cm™' for gold nanoparticles
(30nm ¢). It is noteworthy that the molar extinction
coefficient includes the contribution from both absorp-
tion and scattering caused by surface plasmon reso-
nance.’” Considering the metal nanoparticle size, the
contribution from absorption seems to be predominant

Polym. J., Vol. 39, No. 5, 2007
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Figure 8. UV-Vis extinction spectrum of hybrid polymer
nanoassemblies on a quartz slide.

for smaller gold nanoparticles (30nm ¢).*® Similarly,
the molar extinction coefficient of silver nanoparticles
((averaged) 80 nm ¢) was determined as roughly 9.5 x
10'2M~!cm~!. These large molar extinction coeffi-
cient values®>*® imply that metal nanoparticles serve
as an effective acceptor in photoexcited energy trans-
fer processes. For gold and silver nanoparticles, the
respective optical extinctions at Ap,x of an aqueous
metal nanoparticle solution for immobilization were
1.4 (10 mm cell) and 1.5 (2 mm cell). From these argu-
ments, the concentration of metal nanoparticles in
aqueous solution is inferred to be lower, resulting in
a longer time for saturation of adsorption in a previous
report.3!

Ruthenium complexes are well known luminescent
molecules. They have high quantum yield, long excit-
ed-state lifetime, and strong absorption in the blue-
green spectral region. Broad structureless emissions
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arise from metal-to-ligand charge-transfer (MLCT).
The long microsecond lifetime comes from excited
states containing a high degree of triplet character.
The luminescence is quenched easily using molecular
oxygen. Consequently, the material, along with plati-
num-porphyrin, is useful as a luminescence sensor for
oxygen.*'™** We incorporated ruthenium complexes in
polymer nanosheets through polyion complex meth-
od® and examined the possibility of the luminescent
polymer nanosheets for oxygen sensor applications.
The luminescent polymer nanosheet provides smooth
surface coating, and enables the surface oxygen con-
centration detection as the luminescence intensity
changes. Faster optical response is expected using
these ultrathin films. However, it seems to be difficult
to gain sufficient luminescence intensity because of
insufficiently numerous luminophores in the ultrathin
film. We tried to enhance the luminescence from
ruthenium complexes incorporated in polymer nano-
sheets using a localized surface plasmon electromag-
netic field as an excitation source to overcome this
drawback.

We used polyion complex method to prepare
polymer nanosheets having ruthenium complexes
(Ru(dpphen)32+). Spreading a mixed solution of
poly(N-dodecylacrylamide-co-acrylic acid) with
Ru(dpphen);>* on a water surface, the lumines-
cent polymer (p(DDA/Ru)) nanosheets, in which
Ru(dpphen);?* is uniformly distributed, were trans-
ferred onto the solid substrate using the LB technique.
The concentration of Ru(dpphen);?* is adjustable
by varying the contents of acrylic acid group and
Ru(dpphen);2*. Figure 9 shows luminescence spectra
of p(DDA/Ru) nanosheets (four layers, excitation
wavelength = 460 nm) with or without a silver nano-
particle monolayer, as a function of oxygen concentra-
tion. In both cases, the luminescence intensity de-

@W
[=3
o

Ru(dpphen),?* (0%
0

9

20

33

66

80

100

Intensity
a 8 B
o o o

o
o
T

o
o
T

%00 550 600 650 700 750 800
Wavelength (nm)

creases as the oxygen concentration increases. As-
sembling a silver nanoparticle (80 nm ¢) monolayer
on the p(DDA/Ru) nanosheets (Figure 9(b)), four-
fold luminescence intensity enhancement was achiev-
ed in an argon atmosphere (0% O, concentration).
Similar to the case of Ru(bpy);’* in a previous
report,*%® the surface plasmon electromagnetic field
generated around silver nanoparticles enhances the
excitation efficiency of Ru(dpphen);** incorporated
in p(DDA/Ru) nanosheets. Linear Stern-Volmer plots
were obtained for both p(DDA/Ru) nanosheets and
hybrid polymer nanoassemblies, indicating the
uniform microenvironment around Ru(dpphen);>*
(Figure 10). The hybrid nanostructure shows lower
sensitivity to oxygen than that of single p(DDA/Ru)
system. Figure 11 shows the average lifetime of
Ru(dpphen);* as a function of oxygen concentration.
The third harmonic frequency (355nm) of a pulsed
Nd:YAG laser was used as an excitation beam and
luminescence was detected using a streak camera.
Semilogarithmic plots of the time-resolved lumines-
cence decay curves showed a curved character, but
they were fitted easily with a sum of two exponential
terms. The average lifetime was determined as
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Figure 10. Stern-Volmer plots of single p(DDA/Ru) nano-
sheet system and hybrid nanoassembly.
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Figure 9. Luminescence spectra of (a) four-layer p(DDA/Ru) nanosheets and (b) four-layer p(DDA/Ru) nanosheets + AgNP mono-

layer. They were assembled on quartz slides.
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Interestingly, the average luminescence lifetime in
argon atmosphere decreased when the p(DDA/Ru)
nanosheets were assembled with a silver nanoparticle
monolayer. The enhanced luminescence intensity, the
enhancement of the radiative rate,*® in addition to
possible luminescence quenching by silver nanoparti-
cle are plausible explanations of the decreased lumi-
nescence lifetime. Furthermore, the lifetime of the hy-
brid polymer nanoassemblies decreases as the oxygen
concentration increases, but the sensitivity to oxygen
becomes lower than that of p(DDA/Ru) nanosheets
alone. Consider two effects of sensitivity to oxygen:
an increased radiative rate and luminescence quench-
ing by silver nanoparticles. The luminescence quan-
tum yield increases if the radiative rate enhancement
is the case. Consequently, the decreased luminescence
lifetime decreases the extent of luminescence quench-
ing by oxygen. The luminescence quenching by silver
nanoparticles will also lower the sensitivity to oxygen
analogously. The silver nanoparticle monolayer has
a broad extinction band at 620 nm, overlapped with
the luminescence band of Ru(dpphen);>*. Thus, the
silver nanoparticle serves as a quencher for excited
Ru(dpphen);>*. The effect of separation distance on
the change in luminescence intensity from Ru(bpy);>*
implies that energy transfer quenching is a predomi-
nant factor of decreased luminescence intensity (data
not shown). For practical purposes, it is noticeable
that the sensitivity of p(DDA/Ru) nanosheets in both
p(DDA/Ru) and its hybrid nanostructure for oxygen
concentration is lower than that of Ru(dpphen)ngr
itself, probably because of the lesser accessibility of
oxygen to Ru(dpphen);>* protected by long alkyl side
chains. However, the response for oxygen concentra-
tion will be faster because of very ultrathin film thick-
ness; in fact, the response was reversible and the film
performance varied in a repeatable manner with oxy-
gen concentration within 20s. The time response

Polym. J., Vol. 39, No. 5, 2007

should be much faster because the change in oxygen
concentration was a rate-determining process. Such
luminescence enhancement has also been achieved
in a metallo-porphyrin/silver nanoparticle system.*’
We observed similar enhancement effects on metal-
lo-porphyrin incorporated in polymer nanosheets.
Details related to those observations will be reported
in the near future.

SECOND HARMONIC GENERATION FROM
HYBRID POLYMER NANOASSEMBLIES

Optical second harmonic generation (SHG) requires
noncentrosymmetric structures of nonlinear optically
(NLO) active molecules; consequently, LB technique
is of interest because it enables orientation control of
NLO material at the molecular level.**° When LB
films are fabricated in the vertical dipping method,
the resultant LB films have two consecutive layers
with either head-to-head or tail-to-tail type structures,
thereby creating a centrosymmetric structure. The for-
mation of that structure can be avoided by alternate
deposition®! of the NLO active molecular layer with
a passive spacer molecular layer. We demonstrated a
nanoscale combination of NLO active polymer nano-
sheet and a gold nanoparticle array and achieved SHG
enhancement from hybrid polymer nanoassemblies to
further improve NLO properties of LB films.’> Noble
metal nanoparticles have large x® susceptibility val-
ues;>? therefore, nonlinear optical characteristics of
nanoparticles have been investigated intensively, in
particular, for third harmonic generation. As for
the SHG efficiency of the nanoparticle, however,
the x® values of noble metal nanoparticles are very
small, which imparts modest NLO effects: x® =0
for a perfectly spherical nanoparticle. The combina-
tion of an NLO active polymer nanosheet and a gold
nanoparticle array facilitates effective surface plas-
mon coupling with SHG.

An amphiphilic NLO active copolymer (p(DDA/
DR)) was designed and synthesized through free
radical copolymerization. The molecular weight and
DR content were determined with GPC (polystyrene
standard) and UV-Vis spectroscopy: M, = 2.80 x
10°, My/M, = 1.58, 18 mol% DR content (Figure
12). The pDDA was used as an inert layer to create
a noncentrosymmetric layer structure. Alternate LB
film deposition was carried out with an automatically
controlled LB trough. A glass substrate was rendered
hydrophobic using octyltrichlorosilane. The surface
was precoated with four-layer pDDA nanosheets to
avoid surface effects. We constructed hetero-struc-
tured polymer nanosheets by transferring p(DDA/DR)
(downstroke) and pDDA (upstroke) alternately at sur-
face pressures and temperature of 30.0mN/m for
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Figure 12. Schematic illustration of hybrid polymer nanoassemblies for SHG enhancement.
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Figure 13. Second harmonic fringe patterns. Reprinted with
permission from ref 52. Copyright 2006, American Institute of
Physics.

pDDA, 15.0mN/m for p(DDA/DR), and 20.0°C.%!
Two-layer cationic polymer nanosheets, p(DDA/
VPy) (Figure 2) at 35 mN/m and 15.0 °C, were depos-
ited on the hetero-deposited polymer nanosheets. The
substrate was immersed in a gold nanoparticle (30 nm
@) aqueous solution.

Figure 13 shows the SH light interference pattern
obtained from one bilayer film of p(DDA/DR) and
pDDA coated on both sides of the glass substrates
(Figure 13, dashed line). The p-light component of
fundamental frequency (1064nm) from a nanosec-
ond-pulsed Nd:YAG laser was incident on the sample
and the p-component of the second harmonic light
(532 nm) was detected by a photomultiplier as a func-
tion of the incident angle. Dependence of the SH light
intensity on the incident angle shows a well-contrast-
ed fringe pattern resulting from interference between

418

the emitted SH light produced by the front and back
layers. Interestingly, the SH light intensity is en-
hanced remarkably under gold nanoparticle arrays
(Figure 13, solid line). Eight-fold SH light intensity
enhancement was achieved. The clear SH light inter-
ference pattern also indicates that the gold nanoparti-
cle arrays are immobilized uniformly on the hetero-
structured polymer nanosheets and thereby produce
a nanoparticle monolayer, engendering no aggregate
formation that would affect the light coherence and
scattering.

We measured UV-Vis extinction spectra of hybrid
polymer nanoassemblies as a function of immersion
time in a gold nanoparticle aqueous solution. The
number of gold nanoparticles immobilized on the
polymer ultrathin film surface increased as the immer-
sion time increased. Nearer gold nanoparticles gener-
ate a coupled surface plasmon electromagnetic field,
thereby causing a red shift of the extinction band
broadened to 1500 nm. Figure 14 shows the absorb-
ance at 1064 nm and the SH light intensity of hybrid
polymer nanoassemblies with different immersion
times. Interestingly, no remarkable SH light intensity
enhancement was observed below 8h, and eight-fold
enhancement was achieved at 12h immersion time.
The change in SH light intensity is closely coincident
with that in optical extinction at 1064 nm, although
the extinction at 532 nm increases monotonically. As
the immersion time surpasses 6 h, the gold nanoparti-
cles increase to the extent that they mutually interact
electromagnetically. The electromagnetic field en-
hancement at 1064 nm is attributable to the dipole-like
coupled surface plasmon mode generated between ad-
jacent gold nanoparticles. The enhanced electromag-
netic field at 1064 nm, generated from coupled surface

Polym. J., Vol. 39, No. 5, 2007
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Figure 14. Changes in SH light intensity and absorbance at
1064 nm as a function of immersion time. Reprinted with permis-
sion from ref 52. Copyright 2006, American Institute of Physics.

plasmon resonance, excites nonlinear polarization of
DR, thus enhancing the SH light intensity at 532 nm,
which is a plausible explanation for the SH light inten-
sity enhancement. It is noteworthy that SH light inten-
sity enhancement was also obtained when the s-com-
ponent of incident light impinged on the sample.
These results strongly suggest that gold nanoparticle
ordering for creating coupled surface plasmon electro-
magnetic field and hybridization of NLO active mole-
cules with gold nanoparticle arrays at the nanometer
scale are important for SH-light-intensity enhance-
ment based on localized surface plasmon resonance.
Gold nanoparticles used in craftwork have shown
beautiful colors, with their colors maintained exactly
as they were several hundred years ago. Their optical
properties were then exploited for coloration of glass,
ceramics, china, and pottery. These optical properties
arise from individual localized surface plasmons of
gold nanoparticles; the various hues of the nanoparti-
cles have been ascribed to various nanoparticle sizes,
nanoparticle shape, stages of agglomeration, and over-
all composition. Recently, surface plasmon coupling,
also known as particle-particle coupling, has received
considerable attention.’*>% For widely separated
nanoparticles, they behave independently. As that par-
ticle separation decreases, the dipolar response red-
shifts as described above, which also implies that
color tuning as a function of interparticle spacing
is possible with a well-defined nanostructure. Control
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Figure 15. (a) UV-Vis extinction spectra of gold nanoparticle
multilayers (after four deposition cycles) as a function of the num-
ber of pDDA spacer layers. The values show the numbers of
pDDA spacer layers. (b) Plots of the surface plasmon coupling ef-
ficiency as a function of spacer distance between adjacent gold
nanoparticle monolayers. The inset shows the layer structure.

of the surface plasmon coupling at the nanometer
scale is achieved by varying the interlayer distance be-
tween gold nanoparticle monolayers with the number
of inserting pDDA nanosheets. The gold nanoparticle
appears scarlet in water, which is also the case for a
gold nanoparticle monolayer immobilized on two-lay-
er p(DDA/DADOO) nanosheets after 4h immersion
in an aqueous gold nanoparticle solution. The gold
nanoparticle monolayer comprised uncoupled and iso-
lated nanoparticles, which implies that no interparticle
coupling occurred between adjacent gold nanoparti-
cles in the monolayer because of its well-separated
configuration. After repeating two-layer p(DDA/
DADOO) nanosheet deposition and gold nanoparticle
adsorption with an n-layer (n = 0,4, 8, 12, 16, 20, 24)
pDDA spacer four times, UV-Vis extinction spectral
measurement was implemented (Figure 15(a)). The
extinction spectra in the extinction peaks at 538 and
637nm are assigned respectively to isolated particle
and interparticle surface plasmon coupling. It is note-
worthy that the extinction peak for isolated gold nano-
particles redshifts because the environment moves
from air to pDDA nanosheets. For n = 0, no pDDA
nanosheets were inserted between gold nanoparticle
monolayers. Also, dipole-like surface plasmon cou-
pling between two adjacent gold nanoparticle mono-
layers was the strongest, resulting in the red shift
and broadening of the extinction band. The extinction
band shape resembles that of gold nanoparticle in so-
lution when the number of pDDA layers increases.

419



M. MITSUISHI et al.

Using the two optical extinction values at 538 and
637 nm, the efficiency of surface plasmon coupling
is estimated as

_— (A637/As38)n — (A637/As538)24
v (A637/As538)24

where As3gs and Ags; represent optical extinction at
538 and 637 nm. Figure 15(b) illustrates the distance-
dependent behavior for interlayer surface plasmon
coupling: the 7., value decreases exponentially as
the distance between gold nanoparticle monolayers
increases. Assuming that the monolayer thicknesses
of p(DDA/DADQOQ) and pDDA are 2.0 and 1.7 nm,
the separation distance between gold nanoparticle
monolayers is determined. The experimental data
were fitted with a single exponential function (solid
line, Figure 15(b)). Consequently the decay distance
(d1/e), of which the magnitude falls to 1/e, was deter-
mined as d;;, = 8.7 nm, indicating that effective inter-
layer surface plasmon coupling occurs within the
spacer separation distance of 8.7nm for a 30nm ¢
gold nanoparticle. Although quantitative analyses in-
volving surface density of gold nanoparticle in the
monolayer are necessary to yield more detailed infor-
mation, this approach provides a basis for understand-
ing important interactions that occur in hybrid poly-
mer nanoassemblies.

The photographs in Figure 16 show a clear progres-
sion in coloration. For more numerous pDDA spacer
layers, the colors progressively became violet-purple,
purple, purple-red, and finally ruby-red. The colors in-
tensified with more layers. The resulting films showed
metallic colors when the gold nanoparticle was immo-
bilized for 20h and assembled three times with no
pDDA spacer layers. The gold nanoparticles were op-
tically coupled through intra-layer and inter-layer di-
polar interactions, but no electronic coupling exists.

) )

pDDA spacer

(@) ©) (@
Figure 16. Photographs of gold nanoparticle multilayers with
different numbers of pDDA layers after their respective third dep-

osition cycles. The numbers of pDDA spacer layers: (a) 0, (b) 4,
(c) 8, and (d) 24 layers.
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All these findings reflect well-defined 3D nanostruc-
tures of ultrathin polymer nanosheets and metal nano-
particle arrays, which enable control of surface plas-
mon coupling at the nanometer scale.

CONCLUSION

We described fascinating aspects of hybrid polymer
nanoassemblies consisting of polymer nanosheets and
noble metal nanoparticle arrays: preparation of free-
standing ultrathin films, luminescence enhancement
for luminescence sensor application, and enhancing
SH light intensity under surface plasmon coupling be-
tween two gold nanoparticles. The advantage of this
approach lies in precise, nanometer-scale positioning
of noble metal nanoparticles and functional molecules
along with the film surface normal. By varying the
functional group’s molar contents and immersion
time in an aqueous metal nanoparticle solution, repro-
ducible and precise control of metal nanoparticle
immobilization was achieved. This approach provides
a suitable configuration for a deep understanding of
the relationship between the materials’ spectroscopic
properties and localized surface plasmon generated
from metal nanoparticles: a well separated metal
nanoparticle monolayer was stacked on the functional
polymer nanosheets. This approach also enables fruit-
ful characterization of the interaction between metal
nanoparticles and functional molecules in hybrid
polymer nanoassemblies. Because of its strong extinc-
tion (absorption and scattering) in the visible light re-
gion, it is possible to realize a free-standing film even
though its thickness corresponds to the nanoparticle
diameter. The resultant free-standing film is robust
and flexible: it is highly anticipated as a next-genera-
tion nanomaterial. To use localized surface plasmons
effectively, the importance of the hybrid nanoassem-
bled structure with metal nanoparticles (Au and Ag)
and photo/electro functional molecules at nanometer
precision should be emphasized because localized
surface plasmons are confined to the metal surface.
An understanding of the relationship between material
properties and optical/spectroscopic properties of
functional molecules will open up new avenues for fu-
ture nanodevice applications. For example, character-
ization and functionalization of free-standing films re-
mains as an important issue to be clarified. In addition,
the strong extinction band from metal nanoparticles
implies that the metal nanoparticle serves as an effec-
tive quencher when the nanoparticle is coupled with a
suitable luminophore. In particular, this tendency is
observed for smaller metal nanoparticles. In this
sense, detailed investigation of luminescence or SHG
properties of hybrid polymer nanoassemblies will pro-
vide a deep understanding of localized surface plas-
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mon coupling with functional molecules. Some of
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these issues are being addressed by work in progress.
Their results will be published in future reports.
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