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Abstract: Flexible design of hybrid polymer nanoassemblies consisting of nonlinear optical (NLO) polymer
nanosheets and gold nanoparticle alignment was done to elucidate near-field effects of localized surface
plasmon (LSP) coupling, which was generated from coupled gold nanoparticles, on enhanced second
harmonic generation (SHG) from nonlinear optical (NLO) dyes in hybrid nanoassemblies. Structurally well-
defined hybrid polymer nanoassemblies comprising NLO polymer nanosheets and aligned gold nanoparticles
were fabricated using bottom-up approaches: Langmuir—Blodgett (LB) technique and nanoparticle
adsorption. Two hybrid polymer nanoassembled structures were particularly examined: a single-layer NLO
polymer nanosheet and gold nanoparticle monolayer (single-layer structure) exhibiting intralayer LSP
coupling, and a single-layer NLO polymer nanosheet sandwiched between two-layer gold nanoparticle
monolayers (sandwich structure). The latter enables interlayer LSP coupling between the two gold
nanoparticle monolayers. Dependence of SHG intensity on the distance between the NLO layer and
nanoparticle layer was examined according to the LB layer structure and gold nanoparticle size variation.
The SH light intensity from the NLO polymer nanosheet decreased almost exponentially with increasing
spacer distance between the NLO polymer nanosheet and gold nanoparticle monolayer in both single-
layer and sandwich structures. The decay length depends strongly on the gold nanoparticle size, indicating
effective spatial distance for enhanced SHG from NLO polymer nanosheets. Theoretical calculations were
used to study the enhancement mechanism. Finite difference time domain (FDTD) calculations reproduced
the exponential behavior of SH light intensity as a function of separation distance, which confirmed the
importance of coupled gold nanoparticle formation and parallel geometry of near-field coupling of the coupled
gold nanoparticles with NLO polymer nanosheets for efficient SHG enhancement. Dipole-type LSP coupling
along the long axis of adjacent gold nanopatrticles at the fundamental frequency dominates enhancement
of SHG from NLO dyes oriented parallel to the long axis of LSP coupling, which occurs at the center of the

Au NPs.

Introduction

Many nanosized materials have remarkable properties. Noble
metal nanoparticles such as gold nanoparticles (Au NPs) and
silver nanoparticles (Ag NPs), for example, have unique optical
properties and localized surface plasmon resonance (LSPR).' ™’
The single-metal nanoparticles can induce collective oscillation
of conductive electrons, localized surface plasmons, at the metal
surface when irradiated with visible light. When the localized
surface plasmon is excited, a strongly enhanced electromagnetic
field is formed at the particle surface, which provides new
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plasmon-based applications for chemicals and biosensors.®
Recently, metal nanoparticle assemblies have been studied
because stronger electromagnetic field enhancement occurs at
nanoparticle junctions than occurs with isolated nanoparticles.’
The LSPR from each single-metal nanoparticle can be coupled
electromagnetically when they are near each other. The en-
hancement of the electromagnetic field induced by coupled
LSPR is a few orders of magnitude greater than that by a single-
metal nanoparticle. To date, localized surface plasmons from
metal nanostructures created mainly using top-down approaches
have been investigated intensively to elucidate the enhancement
of emissive processes and nonlinearities.'®”'® However, very
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small features such as particle separation of less than 10 nm
are difficult to fabricate lithographically.'’

Hybrid nanomaterials made of organic and inorganic nano-
materials are expected to produce noble and innovative functions
that might not be achieved from either component alone.
Moreover, nanoscale hybrid nanoassemblies present the great
potential to support development of small, inexpensive, and
highly efficient devices. Construction of hybrid nanoassemblies
requires well-ordered and uniform accumulation of hybrid
nanomaterials at the nanointerface. Different bottom-up ap-
proaches are useful for construction of hybrid nanoassemblies.
Some examples are the layer-by-layer (LbL)'® method, self-
assembled monolayers (SAMs),'” and Langmuir—Blodgett (LB)
technique.® The advantages of such bottom-up approaches
depend upon the fact that design features are related to the hybrid
nanoassemblies’ unique physical characteristics based on su-
pramolecular chemistry. We demonstrated the advantages of
polymer LB films, as exemplified by an amphiphilic polymer
poly(N-dodecylacrylamide) (pDDA).?' We can introduce various
functional molecules into the polymers properly and uniformly,
providing a functional polymer LB film.?>"2*> Recently, we
defined stable polymer LB films as “polymer nanosheets”. We
reported that the hybrid polymer nanoassemblies of nonlinear
optical (NLO) polymer nanosheets with Au NPs provide
enormous second harmonic (SH) light enhancement derived
from a coupled LSPR.?

Regarding plasmon-enhanced second harmonic generation
(SHG), increasingly numerous reports have described experi-
mental and theoretical considerations.>” ** Most reports have
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specifically addressed SHG from the metal nanostructure itself,
with several carrying hybrid nanoassemblies with metal nano-
structure and NLO dyes. The lack of spatial effects of LSPR
on SHG has also been investigated because of the difficulty in
precise positioning of metal nanoparticles® as well as the
difficulty of controlling the NLO dye orientation in hybrid
nanoassemblies at the nanometer scale. Because SHG from dye
molecules correlates with molecular nonlinear polarization,36
detailed investigations of SHG from NLO dyes enhanced by
LSPR offers a new fundamental scientific insight related with
light—matter interaction based on LSPR. Herein, we describe
the flexible design of hybrid polymer nanoassemblies, aiming
at deep understanding of plasmon-enhanced SHG in terms of
the structure—property relation. We quantitatively investigated
coupled LSPR using NLO polymer nanosheets. The salient
advantage of the LB technique is the attractive design of hybrid
nanoassemblies in both two-dimensional (2D) and 3D fields.*’
Using polymer nanosheets, we can control the interparticle
spacing of Au NPs carefully at nanometer-length scale.’® The
localized surface plasmon (LSP) coupling is near-field coupling
localized at the particle surface. Therefore, it is of great
importance to position Au NPs and NLO polymer nanosheets
with nanoscale precision for elucidation of structure—property
relations associated with SHG enhancement of coupled LSPR.

Numerous studies have examined the distance-dependence
of LSPR by SERS,* luminescence,® and UV—vis extinction**~*?
spectra. We used SHG for probing the nanoscale electromagnetic
fields of coupled LSPR. The SH light intensity shows a quadratic
response to the electric field magnitude. Therefore, we can obtain
specific information related to changes in LSPR. Two methods
were examined for respective results on SH light enhancement,
as presented in Scheme 1. Using the first method, effects of
coupled LSPR and NLO polymer nanosheets were assessed by
varying the separation distance between NLO polymer nanosheets
and Au NPs (fixed interparticle distance) (single-layer structure)
as well as the size of Au NPs. The second method varied the
interparticle distance between Au NPs in which NLO polymer
nanosheets were located at the center of two-layer Au NPs
(sandwich structure). Experimental results were compared with
finite difference time domain (FDTD) calculations*®® in terms
of structure—property relation between NLO polymer nanosheets
and intralayer and interlayer LSP coupling.

Experimental Section

Hybrid Polymer Nanoassembly with Gold Nanoparticles.
Two-layer cationic p(DDA/VPy) nanosheets were deposited on
hydrophobic glass substrates at the surface pressure and temperature
of 35 mN/m and 15 °C; then they were immersed in Au NP aqueous
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Scheme 1. Schematic lllustration of Hybrid Polymer Nanoassembly Fabrication.
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solution in a refrigerator for respective times. After immersion, the
substrate was washed with distilled water and dried using nitrogen
gas. In these processes, Au NPs were immobilized uniformly on
p(DDA/VPy) nanosheets through electrostatic interaction. N-layer (N
= 2,6, 10, and 18 for 30-nm-diameter Au NPs, N = 2, 4, 6, and 10
for 12-nm-diameter Au NPs) pDDA spacer nanosheets were deposited
on Au NP monolayers, and then a single-layer p(DDA/DR28)
nanosheet was deposited (single-layer structure) (Scheme 1). For the
sandwich structure, (N-2)-layer pPDDA spacer nanosheets were depos-
ited on the single-layer structure. Then, two-layer p(DDA/VPy)
nanosheets were deposited, followed by immersion in Au NP aqueous
solution for 6 or 12 h. A single-layer p(DDA/DR28) nanosheet was
located in the center of the sandwich structure. The pDDA nanosheet
was used for controlling the separation distance between Au NPs and
the p(DDA/DR28) nanosheet.

Measurements. Optical SHG measurements were carried out
using the Maker fringe method.** Details of the optical setup are
described in Supporting Information. The SH light intensity of the
sample at an incident angle of 45° was determined by normalizing
the Maker fringe envelope with that from a Y-cut quartz. The film
thickness of the sandwich structure was characterized using a
surface profiler (Dektak 3ST; Ulvac Technologies Inc.). All
measurements were carried out at room temperature.

FDTD Calculations. Finite difference time domain (FDTD)
calculations were carried out using a commercially available program
(FDTD solutions 6.0; Lumerical Solutions, Inc.).>” For those calcula-
tions, we used a workstation (64 GB RAM, Precision T7400; Dell
Computer Corp.) with good processing capabilities (3.0 GHz Xeon
X5450; Intel Corp.). The simulation region was set to be 150 x 150
x 150 nm? with perfectly matched layer conditions imposed at the
boundaries. The gold nanoparticle diameter was set to 30 nm. Typical
simulations were ranged around 300 fs. We located Au NPs at
designated positions surrounded by vacuum. Total-field scattered-field
sources, which separate the simulation area into two regions, total-
field (incident plus scattered field)- and scattered-field-only regions,
were used to calculate the scattering and absorption cross sections.
For this study, the incident field is defined as a plane wave with a
wave vector that is normal to the injection surface. The scattered and
total fields were monitored during the simulation such that the total or
scattered transmission was measurable.® A mesh override region was
set to 1 nm around the Au NPs to minimize simulation times and
maximize the resolution of field enhancement regions around Au NP
sphere. The dispersion-dependent function of Au NP was described
by the modified Drude model with plasma frequency w, = 1.38 x

(44) Chen, C. K.; Heinz, T. F.; Ricard, D.; Shen, Y. R. Phys. Rev. B 1983,
27, 1965-1979.
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10'® s! and collision frequency v, = 1.075 x 10'*s~". (see Supporting
Information). Using different geometries of Au NPs, 3D calculations
were performed. Spatial electric field distribution at 1064 nm as well
as the electric field enhancement at the center of the cell were obtained.

Results and Discussion

SHG from Hybrid Polymer Nanoassemblies: Single-Layer
Structure. NLO polymer nanosheets consisting of poly(NV-
dodecylacrylamide) (pDDA) and poly[/N-dodecylacrylamide-co-
4'-([2-acryloyloxyethyl]ethylamino)-4-nitroazobenzene]s (p(DDA/
DR)s) (Figure 1) exhibit good SHG properties at the monolayer
level (Figure S4, Supporting Information). The SH light intensity
from hybrid polymer nanoassemblies with 12-h immersion time
was enhanced by a factor of 8 over that of NLO polymer
nanosheets without Au NPs (Figure S6, Supporting Information).
No SH light enhancement occurred with less than 8-h immersion
time.?® The average interparticle distance was estimated from
SEM images as more than 100 nm at 6-h immersion time;
consequently, no interaction occurred between these Au NPs.
As the immersion time increased, the number of Au NPs
immobilized on the polymer nanosheets increased, thereby
engendering a red-shift and broadening of the LSPR band
(Figure S7b, Supporting Information). The ESEM image of the
sample with 12-h immersion time in Figure S8b, Supporting
Information showed the appearance of two adjacent Au NPs
along with isolated Au NPs. In other words, intralayer LSP coupling
occurred between two adjacent Au NPs, thereby creating a red-
shift of the extinction band. Further immersion in Au NP aqueous
solution (20 h) provided two distinct extinction bands (Figure S7c,

~cHcHy,  Horo-cHp o e —(CHz—(?H)ﬁ(CHz-CH)—O_ZQ
CI;:O Cc=0 C=0 C‘)=O

NH %IH S NH »
(?Hz)ﬂ ((?Hz)n ((I:HZ)2 (?Hz)n
CHs CHg 'li-Csz CHs

pDDA  p(DDA/DR) p(DDA/VPY)

4

n=0.18 0r0.28 N
N

NO,

Figure 1. Chemical structures of amphiphilic polymers used for this study.
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Figure 2. Number of Au NPs adsorbed onto p(DDA/VPy) nanosheets in
the hybrid polymer nanoassemblies as a function of immersion time.

Supporting Information), reflecting aggregate formation with more
than two Au NPs (Figure S8c, Supporting Information). The peak
position of the “aggregates” (678 nm) differed from that of coupled
Au NPs, although both bands broadened to 1500 nm.

To obtain further detailed information related to Au NP
adsorption, we examined the number of Au NPs with various
ensemble situations: isolated, coupled, and aggregated states (Figure
2). As described above, the aggregated state corresponded to the
Au NP ensembles consisting of more than two gold nanoparticles.
For 12-h immersion time (the optimized immersion time for SHG
enhancement in the single-layer structure®®) 79% Au NPs existed
as isolated, 16% as form-coupled, and 5% as form-aggregated. The
ratio of the coupled Au NPs was the largest in all single-layer
structures with different immersion times. For 16 and 20 h, the
ratio of coupled Au NPs decreased, and the SH light intensities
became less than those measured after 12 h of immersion.”® We
therefore inferred that coupled Au NPs, not aggregates, are most
effective for strong electric field enhancement of SHG. The coupled
Au NPs enhanced the electromagnetic field at the fundamental light
(1064 nm),** thereby enhancing the SH light at 532 nm from DR.

Effects of Separation Distance between p(DDA/DR)
Nanosheets and Au NP Monolayer and Au NP Size on SH
Light Intensity. Intralayer LSP coupling occurs at the nanom-
eter-length scale around the metal nanoparticle surface because
the LSPR is optical near-field excitation. Therefore, the electric
field that is enhanced by the LSP coupling is attenuated
concomitantly with increasing distance from the metal surface.
Because the pDDA nanosheet has a monolayer thickness of 1.7
nm, the pDDA nanosheet serves as a good nanoruler to control
the distance between the NLO polymer nanosheet and the Au
NP monolayer at the nanometer scale. We inserted spacer pPDDA
nanosheets (N = 2, 6, 10, and 18 layers) between the single-
layer p(DDA/DR28) nanosheet and a Au NP monolayer (single-
layer structure). Numerous reports in the relevant literature
describe effects of the distance between Au NPs on LSP
coupling using extinction spectroscopy.®**!24>46 In this case,
the distance between coupled Au NPs and the single-layer
p(DDA/DR28) nanosheet was adjusted two-dimensionally in the
single-layer structure. In other words, we can probe the electric
field distribution of coupled LSPRs in line with the substrate
surface normal. Figure 3 depicts the SH light intensity from
the single-layer structure (incident angle = 45° with respect to
the surface normal) as a function of the distance 7 (in nm)
between the single-layer p(DDA/DR28) nanosheet and the Au
NP monolayer. The SH light intensity in Figure 3 decreased
exponentially. From fitting with a single exponential function,
we determined the decay length dj., of which the SH light
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Figure 3. SH light intensity from a single-layer structure as a function of
the separation distance between Au NPs (30 nm ¢) and a p(DDA/DR28)
nanosheet (inset).
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Figure 4. SH light intensity from a single-layer structure as a function of
the separation distance between Au NPs (12 nm ¢) and a p(DDA/DR28)
nanosheet (inset).

intensity fell to 1/e: 8.4 nm. This value indicates that effective
LSP coupling for SH light enhancement occurred within a
distance of 8.4 nm from the Au NP monolayer.

In addition, SHG enhancement was observed using a smaller
Au NP (12 nm ¢). The decay length depends strongly on the
Au NP size (Figure 4). The d,/. value for a 12-nm-diameter Au
NP was determined to be 4.0 nm. The Au NP size dependence
on the dy, value is convincing evidence that the SH light
intensity reflects coupled LSPR. Quantitative analysis offered
excellent prospects of positioning functional molecules in hybrid
polymer nanoassemblies for LSPR-based optoelectronic devices.

SHG from Hybrid Polymer Nanoassemblies: Sandwich
Structure. The SH light intensity from a sandwich structure (12-h
immersion time) achieved 36-fold enhancement compared to that
from using single-layer Au NPs (Figure S9, Supporting Informa-
tion). This enhancement corresponds to 288-fold enhancement
compared to that of a pristine single-layer NLO polymer nanosheet.
The SH light enhancement results from interlayer LSP coupling
between two adjacent Au NPs assembled perpendicular to the
substrate in addition to intralayer LSP coupling. It must be added
that no remarkable SHG signal was obtained from the sandwich
structure without a p(DDA/DR) nanosheet. In other words, the SHG
contribution from Au NPs is negligible: we observed plasmon-
enhanced SHG only from the p(DDA/DR) nanosheet in our

(45) Jain, P. K.; Huang, W. Y.; El-Sayed, M. A. Nano Lett. 2007, 7, 2080—
2088.

(46) Su, K. H.; Wei, Q. H.; Zhang, X.; Mock, J. J.; Smith, D. R.; Schultz,
S. Nano Lett. 2003, 3, 1087-1090.
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Figure 5. SH light intensity from the sandwich structure (12-h immersion
time) as a function of the separation distance between two Au NP monolayers.

experimental conditions. Considering the polymer nanosheet thick-
ness, the separation distance between Au NPs in interlayer LSP
coupling can be estimated as less than 10 nm. The number density
of the coupled Au NPs was estimated using scanning electron
microscopy and atomic force microscopy as 60 (um~2) and 30
(um™?), respectively, for intralayer and interlayer LSP coupling.
Two inferences can be drawn from these results. First, strong
electric field enhancement occurs by coupled LSPR. For that
reason, the interparticle spacing in interlayer LSP coupling is less
than that in intralayer LSP coupling. Second, the dipole-like
electromagnetic interaction of the LSPR with nonlinear polarization
is much more effective in interlayer LSP coupling because LSP
coupling has a dipole-like character. In the next section, we examine
the structure—property relation of LSP coupling for SH light
enhancement.

Effect of Separation Distance between Interlayer Au NP
Monolayers on SH Light Intensity. We inserted pDDA spacer
(N =12, 6, 10, and 18 layers) into the sandwich structure to
elucidate the distance dependence on LSP coupling with the
interlayer Au NP monolayer in the sandwich structure (Scheme
1). The immersion time in Au NP aqueous solution was 12 h
for both first and second Au NP adsorption, indicating that both
intralayer and interlayer LSP coupling contribute to the SH light
enhancement. Each Au NP maintained equal distance from a
centrally located p(DDA/DR28) nanosheet. Figure 5 depicts the
SH light intensity from the sandwich structure as a function of
separation distance. Similar to the single-layer structure, the SH
light intensity decreased exponentially with increasing separation
distance. Previously, Su et al. reported that the coupled LSPR
showed that plasmon shift decayed exponentially as the intra-
layer Au NP distance increased.*® Recently, Lal et al. reported
the exponential decay of surface-enhanced Raman scattering
(SERS) intensity with increasing distance from the Au
nanoshell.*” These exponential behaviors are explainable as
dipolar-type LSP coupling.'** Therefore, the distance depen-
dence of SH light intensity in the single-layer and sandwich
structure is dominated by dipole LSP coupling. The UV —vis—NIR
extinction spectra in Figure 6 represent the extent of the
interaction between intralayer and interlayer LSP coupling. The
nearest distance between Au NPs (N = 2) showed a red-shift
and broadening in the LSPR band, indicating that the strongest
LSPR interaction occurred. The LSPR band moved toward a

(47) Lal, S.; Grady, N. K.; Goodrich, G. P.; Halas, N. J. Nano Lett. 2006,
6, 2338-2343.
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Figure 6. Extinction spectra of sandwich structures (12-h immersion time)
with different separation distances between Au NP monolayers.
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Figure 7. Sandwich structure (6-h immersion time) thickness as a function
of the number of pDDA spacer layers.

shorter wavelength because of the increased distance between
two-layer Au NPs. Finally, at the 18-layer (~30.6 nm) pDDA
spacer, the LSPR band shape came to resemble that of single-
layer Au NPs, meaning that Au NPs in each layer behave
independently. The SH light enhancement in the sandwich
structure with 18-layer pDDA spacer showed the same mag-
nitude of SH light intensity as that of NLO polymer nanosheet
without Au NPs. The d,,, value of the sandwich structure was
determined as 12.8 nm. Similarly, the d,, value for Au NPs
(12 nm ¢) was determined as 7.1 nm (see Figure S13,
Supporting Information). These values involve the contribution
of the intralayer and the interlayer LSP coupling at the 12-h
(30 nm ¢) or 4-h (12 nm ¢) immersion time.

Regarding the contribution of intralayer and interlayer LSP
coupling to SHG enhancement, we reported previously that it was
possible to create only interlayer LSP coupling in the sandwich
structure when the immersion time was set at less than 8 h for
first and second Au NP adsorption.’” We prepared another
sandwich structure at 6-h immersion times for both first and second
Au NP adsorption. We measured the film thickness (Figure S11,
Supporting Information); Figure 7 portrays a comparison of
experimental thickness measured using a surface profiler with
theoretical thickness based on simple addition of respective
thicknesses of pDDA, p(DDA/DR), and p(DDA/VPy) nanosheets
and the diameter of Au NP. Experimental thickness results are
similar to those of the theoretical thickness, indicating that we can
control the distance between two-layer Au NPs precisely using a
polymer nanosheet. Figure 8 portrays the SH light intensity from
the sandwich structure as a function of the distance between
interlayer Au NPs with an immersion time of 6 h. Exponential
decay behavior was also observed between SH light intensity and
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Figure 8. (a) Calculated electric field enhancement as a function of the separation distance between the interlayer Au NP (6-h immersion time) fitted curve
with a single exponential calculated curve (solid), with FDTD calculation (dotted), and with experimental data (closed circles). (b) Schematic illustration of
the geometry of Au NPs and the direction of irradiated light. (c—e) Electric field distribution between interlayer Au NPs as a function of separation distance

with Z-polarized incident light.

interlayer Au NPs distance. The d},. value was determined as 9.4
nm, smaller than that of 12-h immersion. This value is contributed
solely by interlayer LSP coupling between two-layer Au NP
monolayers. The dy,. for the intralayer or interlayer LSP coupling
was estimated to be of a comparative order of magnitude. Detailed
analyses of DR orientation on Au NPs and layer structure will
further elucidate the effect of DR on near-field coupling with
coupled LSPR. That work is now in progress.

Electric Field Enhancement of LSPR Calculated using the
FDTD Method. Regarding LSP coupling between two Au NPs,
strong electromagnetic field enhancement is observed when the
polarization of the incident light is parallel to the interparticle
long axis.'” Electric field enhancement by LSP coupling is
affected strongly by the distance separating Au NPs. The electric
field generated by two Au NPs can be estimated using FDTD
calculations.*®>° We compared our experimental results of SH
light enhancement at 6-h immersion time to the numerically
calculated electric field distribution using FDTD (Figure 8). We
simulated the electric field enhanced at 1064 nm by interlayer
LSP coupling. Electric field enhancement for light polarization
parallel to the dimer axis is portrayed in Figure 8. The intensity
enhancement is directly related to the square of the electric field.
The electric field enhancement and intensity at (x, y, z) = (0, 0,
0) and T = 8.2 nm, the shortest distance in the experimental
conditions, were calculated respectively as 3.77 and 14.26.
Theoretically, the SH light intensity is proportional to the square
of the fundamental laser light intensity: 1EI*.>® Figure 8a portrays
the electric field enhancement at 1064 nm calculated at (x, y, 7)
= (0, 0, 0) as a function of the separation distance between
two Au NPs. The calculated values show good agreement with
that of the sandwich structure (9.4 nm for 6-h immersion time)
without the exception of the value at 7= 8.2 nm. In other words,
the strong electric field enhancement parallel to the interparticle
long axis coupled with incident light polarization at the
fundamental frequency dominates the SHG enhancement from
DR components. It must be explained that the calculated point
at T = 8.2 nm is deviated from the fitted exponential function,
which implies that dipole-like near-field coupling becomes more
predominant at a spacer distance of less than 10 nm.

Electric field enhancement, as revealed by FDTD calculation,
also enables estimation of the number of SH active molecules

and estimation of the DR capability of interacting with LSP
coupling for SH light enhancement. The effective cross-sectional
area for LSP coupling was assumed to be 1.1 x 10?> nm? (in
the X—Y plane), where the magnitude of the enhancement
reached more than 80% of the maximum (red region in Figure
8c) and the number of DR molecules in the area was estimated
to be 1.0 x 102 The number density of coupled Au NPs is
determined to be 30 (ym‘z). Therefore, 0.33% of the DR in
p(DDA/DR) nanosheet monolayer can undergo light-matter
interaction with LSP coupling.

Finally, we carried out FDTD calculation to respond to the
following question: why are coupled Au NPs, not aggregates,
most effective for SHG enhancement? Experimentally, the SH
light intensity decreased with greater than 12-h immersion
(single-layer structure) at which time aggregate formation (not
chain type) consisting of three more Au NPs was generated. In
an earlier study, we observed suppression of the SH light
intensity in a multilayer structure with 12-h immersion time.*’
In other words, aggregates with more than two Au NPs suppress
the SH light intensity in both intralayer and interlayer LSP
coupling. We simulated the electric field distribution of Au NP
ensembles (Figure 9). Figure 9a depicts the geometry of the
Au NP ensembles. The centers of the three Au NPs are located
in the X—Z plane. Two of them form LSP coupling with
separation distance of 8.2 nm along the Z axis. One other Au
NP is located on the X axis separately from the two Au NPs.
The Z-polarized plane wave was used as incident light. We
calculated the electric field distribution, moving the Au NP along
the X axis while maintaining the two other Au NPs on the Z
axis. The bottom part of Figure 9 presents the simulation results:
the squared magnitude of the £, component, which is parallel
to the incident light polarization (Figure 9b,c), and those of
perpendicular E, component (Figure 9d,e). Lower near-field
coupling occurred among the three Au NPs when the Au NP is
far from the coupled Au NPs (the end-to-end distance is 7 =

(48) Futamata, M.; Maruyama, Y.; Ishikawa, M. J. Phys. Chem. B 2003,
107, 7607-7617.

(49) Zhang, J.; Fu, Y.; Chowdhury, M. H.; Lakowicz, J. R. Nano Lett.
2007, 7, 2101-2107.

(50) Brandl, D. W.; Mirin, N. A.; Nordlander, P. J. Phys. Chem. B 2006,
110, 12302-12310.
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Figure 9. (a) Schematic illustration of the geometry of Au NPs and the
direction of irradiated light. (bottom) FDTD calculation for electric field
distribution using Z-polarized incident light with different coupled Au NP
geometries: (b) Z-component electric field distribution at 7 = 8.2 nm; (c)
Z-component electric field distribution at 7 = 2.0 nm; (d) X-component
electric field distribution at 7 = 8.2 nm; (e) X-component electric field
distribution at 7= 2.0 nm.

8.2 nm, Figure 9b.d). The coupled Au NPs have a dipole-like
LSP coupling character. However, the purely Z-polarized
incident field induces a local E, component at 7 = 2.0 nm, as
depicted in Figure 9e, leading to the decreased E, component
(Figure 9c). The LSP coupling is distributed evenly between
the left Au NP and right Au NP pair, changing its polarization
direction. This LSP coupling “delocalization” and distribution
suppress SHG enhancement because a parallel orientation of
LSP coupling with DR polarization is necessary for obtaining
strong SH light intensity. It is noteworthy that strong electric
field enhancement of the E, component also occurred between
three Au NPs. This is very preferable for SHG enhancement
because nonlinear optical phenomena are based on tensor mode
polarization.*®>" In fact, the SH light intensity from the sandwich
structure with 12-h immersion time exhibited enormous SHG
enhancement even when s-polarized light was used as the
incident light (Figure 10). The FDTD method is useful for
elucidating LSP coupling and for elucidating the enhancement
of nonlinearity in terms of the structure—property relation.

Conclusions

We fabricated hybrid polymer nanoassemblies consisting of
NLO polymer nanosheets and gold nanoparticles (Au NPs). We
then characterized the structure—property relation of SH light
enhancement by controlling the distance separating NLO
polymer nanosheets and Au NPs at a nanometer-length scale.
We assembled Au NPs and NLO polymer nanosheets at the
nanometer-length scale and produced hybrid polymer nanoas-
semblies of two types using LB technique and immersion
method: a single-layer structure and a sandwich structure.

(51) Prasad, P. N.; Williams, D. J. Introduction to Nonlinear Optical Effects
in Molecules and Polymers; Wiley-Interscience: New York, 1991.

4424 J. AM. CHEM. SOC. = VOL. 131, NO. 12, 2009

6000 T T T T T T T

5000

4000

3000

2000

SH light intensity (arb. unit)

1000

0 L L L L
-80 60 -40 -20 0O 20 40 60 80
Incident angle (deg)

Figure 10. SH fringe patterns from a sandwich structure (12-h immersion
time) obtained using p-polarized light (red) and s-polarized light (green).

Intralayer and interlayer localized surface plasmon (LSP)
coupling from adjacent Au NPs enhanced the SH light intensity
efficiently. We investigated the distance-dependence on SH light
intensity by inserting a pDDA spacer between NLO polymer
nanosheets and Au NPs (single-layer structure) or between two-
layer Au NPs (sandwich structure). The exponential decay of
SH light intensity as a function of distance demonstrates that
dipole-like LSP coupling at the fundamental frequency domi-
nates SHG enhancement from hybrid polymer nanoassemblies.
The quantitative results of d,, demonstrate that we can control
the LSP coupling in hybrid polymer nanoassemblies on a
nanometer scale using the LB technique. We demonstrate the
structure—property relation in terms of enhanced SHG, compar-
ing experimental data with results obtained from FDTD calcula-
tions. Interestingly, the results suggest that the electric field
enhancement at fundamental frequency alone is insufficient to
achieve SHG enhancement: the resonance frequency and the
polarization direction of enhanced electric field by LSP coupling
with regard to the nonlinear optical component are also
important for SHG enhancement. That is an appropriate
explanation of why we were unable to elicit enhanced SHG
from aggregates with more than two Au NPs. These findings
will provide tremendous possibilities of hybrid polymer nanoas-
semblies for opening up new scientific fields related to nano-
optics and nanophotonics based on bottom-up approaches.
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