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rganic and inorganic nanoparti-

cles (NPs) having metallic, semi-

conducting, and/or magnetic
properties have been fabricated through
various synthetic methods'? and applied
to biosensors and chemical sensors,** opto-
electronic devices,>® and nanodevices.”®
The intrinsic characteristics of a group of
NPs have mainly been studied in terms of
their ensemble average with a form of homo-
geneously dispersed solution or an array of
NPs. For example, the luminescence color of
semiconducting NPs in solution can vary
with the size of the NPs because of the
variation of the energy band gap.>'® Re-
cently, the self- and directed-assembly
mechanisms (including external electro-
static or magnetic forces) required for NPs
to be transformed into desired nanostruc-
tures have been studied.” Also, various
functionalized hybrid nanostructures using
NPs, such as hybrid NPs of semiconductor/
metal,'? hybrid core—shell NPs of metal/
polymer or ferromagnet/silica,'*'* and com-
plex nanocomposites of semiconducting
NP/m-conjugated polymers,’> have been
studied for the enhancement of their intrin-
sic properties and/or the development of
desired functions for applications. These hy-
brid or complex nanostructures have many
applications in bioengineering,'® diagnostic
sensing,'” surface-enhanced Raman spec-
troscopy (SERS),'® near-field microscopy,’
and holographic structures.' However, the
optical properties of a single unit of NPs (i.e.,
an isolated single NP) have not been thor-
oughly investigated.

Hybrid or complex nanostructures of or-
ganic semiconductors with inorganic met-
als such as Au, Ag, Ni, and Pt have been ap-
plied to photoluminescence (PL)
enhancement and DNA sensing through a
surface plasmon resonance (SPR)
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ABSTRACT Complex nanoparticles (NPs) of poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene)
(MEH-PPV) NP adsorbed with Au NPs (MEH-PPV/Au NPs) were fabricated through a reprecipitation method. The
formation of MEH-PPV/Au NP complexes was confirmed through high-resolution transmission electron microscopy

and Fourier transform infrared experiments. The laser confocal microscope photoluminescence (PL) efficiency of
the complex MEH-PPV/Au single NP dramatically increased compared with that of the MEH-PPV single NP without

Au NPs, which was directly confirmed through color charge-coupled device images. The enhanced PL efficiency of

the MEH-PPV/Au NP complex might have originated from the energy transfer effect in a surface plasmon resonance

coupling between a MEH-PPV NP and Au NPs. The strong local field enhancement due to nanogaps between Au
NPs in the background of a light-emitting MEH-PPV NP might be another origin of the PL enhancement of the NP

comple, as supported by finite difference time domain calculations. We also observed the blue shift of the PL
peaks of the single MEH-PPV and MEH-PPV/Au NP, compared with the solution PL peaks of those NPs.

KEYWORDS: nanoparticle - MEH-PPV - Au -

coupling.2°=2° When the surface plasmon
(SP) energy of nanoscale metals is closely
matched with the photon energy of light-
emitting organic semiconductors, the re-
sulting resonance (the so-called SPR) can
lead to an energy transfer between the
nanoscale materials, resulting in enhanced
PL. A local electromagnetic (EM) field en-
hancement in a form of metal-based nano-
bow tie or nanohole (i.e., metal-based nano-
scale gap) has recently been studied in the
field of photonics,?”?® which might also con-
tribute to the tuning luminescence effi-
ciency and/or color of organic-based hy-
brid or complex nanostructures.

Herein, we report on the fabrication and
nanoscale luminescent characteristics of an
isolated single unit of complex NPs consist-
ing of light-emitting poly(2-methoxy-5-(2'-
ethylhexyloxy)-p-phenylene vinylene) (MEH-
PPV) NP adsorbed with Au NPs (MEH-PPV/Au
NP). The nanostructure of the MEH-PPV/Au
NP complex was confirmed through analysis
using high-resolution transmission electron
microscopy (HR-TEM) and Fourier transform
infrared (FTIR) experiments. The nanoscale
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luminescent characteristics of a MEH-PPV/Au single NP PL intensity for the MEH-PPV/Au single NP compared to
were compared to those of a MEH-PPV single NP usinga  that of the MEH-PPV single NP without adsorption of Au
laser confocal microscope (LCM) with a high spatial reso-  NPs. The enhanced PL of the MEH-PPV/Au NP complex

lution. We observed considerable enhancement of LCM might have originated from the energy transfer effect in
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Figure 1. (a) Schematic diagram of the preparation of MEH-PPV/Au NP. (b) SEM image of MEH-PPV NPs. (c) EDS spectrum in
HR-TEM experiments for the dodecanethiolate Au NPs. (d,e) HR-TEM images of MEH-PPV/Au NPs complexes. Inset of (e): Mag-
nification of HR-TEM image of the MEH-PPV/Au single NP. The dotted circles represent the Au NPs. (f) Another magnifica-
tion of HR-TEM image of MEH-PPV/Au NP complex. (g) FTIR spectra of the Au NPs (dotted curve), MEH-PPV NPs (solid curve),
and MEH-PPV/Au NPs (solid bold curve).
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Figure 2. Three-dimensional LCM PL images of the (a) MEH-PPV NPs and (b) MEH-PPV/Au NPs. The color scale bars in the
left-hand side represent the intensity of LCM PL. (c) Comparison of LCM PL spectra of the MEH-PPV single NP (black curve)
and MEH-PPV/Au single NP (red curve). Inset: Magnification of LCM PL spectrum of MEH-PPV single NP for a reference. Color

CCD images of the (d) MEH-PPV NPs and (e) MEH-PPV/Au NPs.

the SPR coupling between the MEH-PPV NP and Au NPs
and/or from a local EM field enhancement of nanogaps
between Au NPs in the background of a light-emitting
MEH-PPV NP. We also observed that the PL spectrum of
the MEH-PPV/Au single NP was blue-shifted compared
with that of the ensemble average of the NPs dispersed
in a solution.

RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram of a MEH-
PPV/Au NP complex. The dodecanethiolate Au NPs
were adsorbed in a MEH-PPV single NP. MEH-PPV NPs
as a mother NP were prepared using a reprecipitation
method.? Figure 1b shows an SEM image of the MEH-
PPV NPs. The diameters of the MEH-PPV NPs were about
40—150 nm from the SEM image. The dodecanethio-
late Au NPs with a diameter of 2—4 nm as a daughter
NP were prepared through a reduction of gold(lll)
derivatives.?°~32 From an energy dispersive spectrum
(EDS), we observed Au characteristic peaks as shown in
Figure 1c. The MEH-PPV solution dissolved in tetrahy-
drofuran (THF) was vigorously stirred and mixed with
well-dispersed dodecanethiolate Au NPs in distilled wa-
ter. The hydrophobic sites of MEH-PPV were attached
with those of the dodecanethiolate Au NPs, resulting in
the formation of MEH-PPV/Au NPs complexes. The de-
tailed method for the synthesis of the MEH-PPV NPs, Au
NPs, and their NPs complexes is discussed in the Experi-
mental Section. The NP structure of the MEH-PPV/Au
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complex was confirmed through a HR-TEM image, as
shown in Figure 1d—f. The diameters of the MEH-
PPV/Au NPs were about 70— 180 nm, as shown in Fig-
ure 1d. The diameters of the MEH-PPV/Au NPs were
relatively larger than those of the MEH-PPV NPs be-
cause of the adsorption of the Au NPs (small black dots
in Figure 1e,f) on and inside the MEH-PPV NP. We note
that dodecanethiolate Au NPs could also be embedded
inside the MEH-PPV NP because of the mixing process
of the Au NPs in the MEH-PPV solution. From the mag-
nification of the HR-TEM image of the NP complex
shown in the inset of Figure 1e, we observed the fine
and periodic stripe patterns of the Au NP, representing
the atomic layer of the Au. We also observed that the di-
ameters of the Au NPs were 2—4 nm and nanoscale
gaps between the Au NPs existed, as shown in the in-
set of Figure 1e,f. Through FTIR spectra, we also con-
firmed that the complex nanostructure consisted of the
MEH-PPV and dodecanethiolate Au NP. The FTIR spec-
trum of the MEH-PPV/Au NPs (solid bold curve) was
compared with that of the MEH-PPV NPs (solid curve)
and with that of the Au NPs (dotted curve), as shown in
Figure 1g. The IR characteristic vibration peaks of the
MEH-PPV material were observed at 1353 and 1598
cm™', which were assigned to the C—C stretch and
C—H deformation vibration peak and the C—C ring
stretch vibration peak, respectively. Three characteris-
tic peaks at 2851, 2919, and 2952 cm ™' were observed
in the MEH-PPV/Au NPs and Au NPs and were assigned
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Figure 3. (a) Normalized UV —vis absorption spectra of the
MEH-PPV NPs (dotted curve) and MEH-PPV/Au (solid curve)
NPs in distilled water. Inset: UV —vis absorption spectrum of
the Au NPs in toluene solution. (b) Local electric field distri-
bution of the 2-D modeled nanostructure of light-emitting
polymer embedded with Au, based on the FDTD calculation.
Top inset: Magnification of local electric field distribution of
the 2-D nanostructure of polymer/Au based on the FDTD cal-
culation. Bottom inset: Schematic diagram of local electric
field between Au spots.

to the asymmetric C—H in CH; due to the dodecane-
thiol group. A symmetric C—H bending peak in the CH;
group at 1468 cm ™' appeared for the MEH-PPV/Au
NPs and Au NPs due to dodecanethiol group, but that
peak was not detected for the MEH-PPV NPs. From the
FTIR spectra, the formation of the complex NP structure
of the MEH-PPV and Au materials was confirmed.

For the study of nanoscale luminescent characteris-
tics of an isolated single unit (i.e., single particle) of the
MEH-PPV and the MEH-PPV/Au NPs, LCM PL images and
spectra were measured under the same experimental
conditions, for example, with a focused laser power of
35 pW and a fixed excitation wavelength at 488 nm. As
shown in Figure 2a,b, a three-dimensional (3-D) LCM
image of the MEH-PPV/Au single NP was much brighter
than that of the MEH-PPV single NP without Au NPs.
The color scale bar with units of voltage on the left-

hand side of Figure 2a,b represents the measured LCM
PL intensity. The average of measured LCM PL intensi-
ties of the MEH-PPV/Au single NP was about 3.60 *+ 0.29
V obtained from 44 different NPs, while that of the MEH-
PPV single NP was about 267 = 17.7 mV obtained from
100 different NPs. The LCM PL spectra of the single NP
of the MEH-PPV and of the MEH-PPV/Au complex were
compared in Figure 2c¢ with the same acquisition time
of 0.1 s. The peak intensity of the LCM PL spectrum of
the MEH-PPV/Au single NP was about 30 times higher
than that of the MEH-PPV single NP. We observed the
LCM PL peak at about 548 and 560 nm of the MEH-
PPV/Au and MEH-PPV single NP, respectively. By means
of the color charge-coupled device (CCD) images
shown in Figure 2d,e, we directly confirmed the in-
crease of luminescence efficiency of the MEH-PPV NPs
after the adsorption of Au NPs. The color CCD image of
the MEH-PPV/Au NPs shows a relatively bright greenish-
yellow light emission, in which the particle sizes (Fig-
ure 2e) seemed to be larger than the real sizes of the
MEH-PPV/Au NPs because of their brightness. The en-
hancement of the PL efficiency of the MEH-PPV/Au NPs
might have originated from the energy transfer effect
in an SPR coupling. 20!

The SPR-assisted PL enhancement was supported
by UV—vis absorbance spectra, as shown in Figure 3a.
We observed the w—* transition peaks at 490 and
495 nm for the MEH-PPV and MEH-PPV/Au NPs, respec-
tively, as shown in Figure 3a. We also observed the
UV —vis absorption peak at 510 nm for the Au NPs, rep-
resenting the SP energy, as shown in the inset of Fig-
ure 3a. When a laser beam (A\¢x = 488 nm) was incident
on the MEH-PPV/Au NPs, SPR coupling occurred be-
tween the Au NPs and the MEH-PPV NP because of the
close match of the SP energy of the Au NPs and the
photon energy (about 490 nm) of the MEH-PPV NP,
which contributed to an effective energy transfer.
Through the energy transfer in the SPR coupling, the
number of excitons for band gap emission of the MEH-
PPV NP increased,?*?" resulting in the enhancement of
PL efficiency of the MEH-PPV/Au NPs. We noted that the
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Figure 4. Comparison of normalized PL spectra of the MEH-
PPV (dotted curve) and MEH-PPV/Au (solid curve) NPs in dis-

tilled water and of the single unit of MEH-PPV/Au NP com-
plex (solid bold curve).
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excitons in the MEH-PPV NPs by the incident laser beam
were not quenched; rather, they contributed to the
emission by energy transfer. Another important origin
of the increase in luminescence efficiency might be due
to a local EM field enhancement of nanogaps between
the Au NPs in the background of a light-emitting MEH-
PPV NP. Figure 3b shows the simulation result of a finite
difference time domain (FDTD) calculation for the local
EM field enhancement using the simplified nanostruc-
tures.3® Rather than randomly distributed Au NPs on
and inside a light-emitting polymer NP, we have mod-
eled the nanostructure as a two-dimensional (2-D) cross
section of an infinitely long polymer nanowire (NW)
regularly embedded with Au NWs, as shown in Figure
3b. In the 2-D modeled nanostructure FDTD calculation,
the diameters of the polymer and Au materials were
200 and 3 nm, respectively. The distance between Au
spots was 3 nm. The incident wave was a plane wave of
488 nm. The wave propagates in the x-direction, and
the direction of the electric field is the y-axis. The dielec-
tric constants of the polymer and Au were gpolymer =
3.4225 and gp, = —2.214 + i3.829 at 488 nm, respec-
tively. The FDTD simulation results showed a strong lo-
cal electric field enhancement in nanogaps between Au
spots in the background of the light-emitting polymer,
represented by the white and yellow parts in Figure 3b
and its inset. This might also contribute to the enhance-
ment of PL efficiency for the MEH-PPV/Au NPs.

Figure 4 shows the normalized PL spectra for a
single unit and ensemble of MEH-PPV/Au NPs. For the
solution PL spectrum, the MEH-PPV and MEH-PPV/Au
NPs were homogeneously dispersed in distilled water.

EXPERIMENTAL SECTION

Materials. The NPs of poly(2-methoxy-5-(2'-ethylhexyloxy)-
p-phenylene vinylene) (MEH-PPV) were made using a repre-
cipitation method.? The MEH-PPV (average M, = 40 000—
70 000) material was purchased from Aldrich, Inc. and used
without further purification. The MEH-PPV powder was dis-
solved in tetrahydrofuran (THF) solution with a concentration
of 1 mg/mL at room temperature (rt). The MEH-PPV solution
dissolved in THF was rapidly dropped in vigorously stirring
distilled water at rt. This solution was stirred for 20—30 min
and then ultrasonicated for 20—30 min. The hydrophobic
MEH-PPV was self-assembled into a form of NPs in distilled
water. We obtained the MEH-PPV NPs after drying for 2 h on
a substrate in a vacuum oven at rt. Dodecanethiolate Au
NPs with a diameter of 2—4 nm were made using a reduc-
tion of gold(lll) derivatives at rt based on a conventional
method reported by Turkevitch.*® The functionalized Au NPs
with a dodecanethiol group were fabricated using the Brust
method.?" AuC1,~ was transferred from aqueous solution to
toluene using tetraoctylammonium bromide (C;;HggBrN) as
the phase-transfer reagent and reduced with aqueous so-
dium borohydride (NaBH,) in the presence of dodecanethiol
(Cy15H25SH).29732 The reduced Au NPs were ultrasonicated in
distilled water for 30 min at rt, and the dodecanethiolate Au
NP suspension was obtained. The chemicals HAuCl,,
C3,HggBrN, and NaBH, were purchased from Aldrich, Inc. In or-
der to fabricate the MEH-PPV/Au NPs complexes, the MEH-
PPV solution dissolved in THF was rapidly injected into a so-
lution of Au NPs homogeneously dispersed in distilled water
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The solution PL peaks of the MEH-PPV and MEH-PPV/Au
NPs were observed at 578 and 581 nm, respectively.
The normalized LCM PL peaks of a single unit of the
MEH-PPV and MEH-PPV/Au NPs were observed at 560
and 548 nm, respectively, as shown in Figure 2c. Com-
pared to the solution PL spectra of the MEH-PPV and
MEH-PPV/Au NPs, the solid LCM PL peaks of an isolated
single unit of the MEH-PPV and MEH-PPV NPs were
blue-shifted. These results might have originated from
the oxidation of the single NP of the MEH-PPV and MEH-
PPV/Au materials in an atmosphere.*

CONCLUSION

We fabricated complex NPs using a light-emitting
MEH-PPV NP adsorbed with Au NPs through a reprecip-
itation method. The formation of the MEH-PPV/Au NP
complexes was confirmed through HR-TEM and FTIR ex-
periments. From the LCM PL images and spectra, the lu-
minescence efficiency of an isolated single unit of the
MEH-PPV/Au NPs increased considerably compared to
that of a MEH-PPV single NP without the adsorption of
Au NPs, which was directly confirmed through color
CCD images. The enhancement of luminescence effi-
ciency of the MEH-PPV/Au NPs might have originated
from the energy transfer effect in the SPR coupling
and/or the strong local field enhancement of the nano-
scale gaps between Au NPs in the background of a
light-emitting MEH-PPV NP supported by the FDTD
simulation results. We also observed that the PL peaks
of a single unit of the MEH-PPV and MEH-PPV/Au NP
complex were blue-shifted, as compared with the solu-
tion PL peaks of the NPs.

at rt. The suspension of MEH-PPV and Au NPs was robustly
stirred for 20—30 min and then ultrasonicated for 20—30
min. The MEH-PPV/Au NP suspension was dried for 2 h on a
substrate in a vacuum oven at rt. Finally, we obtained the
MEH-PPV/Au NPs.

Measurements. The PL images and spectra of a single unit of
the MEH-PPV and MEH-PPV/Au NPs in the nanoscale were mea-
sured by using a homemade laser confocal microscope (LCM) at
rt. For the LCM PL excitation, the unpolarized argon ion laser
(Nex = 488 nm) was used. In order to obtain the results shown
in Figure 2, the laser power and acquisition time incident on the
sample for the LCM PL measurements were fixed at 35 pW and
0.1 s, respectively. Additional details for the LCM experiment
were reported previously.??' We visualized the formation of the
NPs using a field emission scanning electron microscope
(FE-SEM, JEOL KSM-5200) and a high-resolution transmission
electron microscope (HR-TEM, JEOL JEM-3010). Ultraviolet and
visible absorption (UV—vis, HP-8453) and the solution PL
(Aminco. Bowman FA-256) spectra were measured for the opti-
cal properties of the MEH-PPV and MEH-PPV/Au NPs, which were
homogeneously dispersed in distilled water at rt. For the struc-
tural properties of the NPs, the FTIR spectra were measured us-
ing a Perkin-Elmer Spectrum GX1.
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Supporting Information Available: FDTD simulation picture of

the electromagnetic wave propagation image in the 2-D poly-
mer/Au nanostructure. This material is available free of charge
via the Internet at http://pubs.acs.org.
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