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Organic nanocrystals (NCs) are in the mesoscopic phase between a single molecule and the corresponding bulk
crystals, and are expected to exhibit peculiar optical properties, depending on crystal size and shape. In the present Award
Accounts, recent progress on hybridized organic NCs and ordered array structure of encapsulated organic NCs will be
introduced in detail for optically functional materials toward next-generation organic device application. Hybrid material
(or hybridization) is an important area in current material science. Our attention is now focused on core­shell type
hybridized organic NCs, which seem to be the best suited nanostructure for providing novel optoelectronic properties and
photonic function induced by core­shell interface interaction. On the other hand, it may be necessary to arrange and
integrate organic NCs, including hybridized materials, on a substrate so as to receive and transmit input and output signals
by electronically and/or optically accessing organic devices. Hence, encapsulations of organic NCs, patterned substrates,
and tapered cell method have been employed suitably to fabricate and control ordered array structure of organic NCs on a
substrate. Finally, the future scope in the relevant fields of optoelectronics and photonics will be discussed in brief.

1. Introduction

“Hybrid and hybridization” is one of the most important and
interesting topics in current material science and technology.1­5

The original meaning of hybrid is the offspring of two different
species or varieties of animals or plants. This definition should
let us recall remarkably a different inner structure and novel
physical properties that would be different from original
material components. Hybridized materials are roughly divided
into three categories:1­5 (1) inorganic­inorganic systems such
as metal alloys and semiconductor­metal systems, (2) organic­
organic combinations like polymer blends and polymer alloys,6

and (3) organic­inorganic (metal, semiconductor, ceramics,
carbon material, and so on) hybridized materials,1­5 e.g.,
polymer composites, organic silica, etc. For example, polymer
blends and polymer composites are commonly produced by the
following techniques:6 dissolution using a cosolvent, mechan-
ical mixing in a dry state, sol­gel reaction in a polymer matrix,
and in situ polymerization in the presence of previously
surface-modified inorganic fillers. As a result, hybridized
polymer materials could exhibit useful properties and excellent
functions in industrial products, which would ordinarily exhibit
an additive and/or intermediate features between the original
material components.

The domain size in these hybridized materials is usually on
more or less a micrometer scale, and now great effort is being
expended to reduce this to a nanometer scale for further
improving application potential such as polymer nanocompo-

sites,6 in which nanometer-sized inorganic fillers are loaded
and randomly dispersed in a matrix. Similarly, grain size is
often controlled as possibly on a nanometer scale even in bulk
metal alloy in order to bring out desired metal properties. In
any case, the interface interaction between domains or between
a domain and the surrounding material matrix is the most
definitive and dominant factor determining properties and
functions in hybridized materials.1­6 Hence, intermediate states,
quasi-static stable structures, and dynamic structure including
relaxation process at the interface have been extensively
investigated so far, and this research is a still main theme in
the fields of catalyst, semiconductors, metal alloys, electrode
materials, material composites, and artificial bio-related mate-
rials. In particular, hetero nanointerfaces in polymer nano-
composites are much attractive for creating novel hybridized
materials.6 However, the size of these hybridized materials is
still above micrometer scale, and the material matrix itself is
usually in a bulk state.

On the other hand, hybridized nanomaterials, the overall size
of which is already on a nanometer scale, should be essentially
distinguished from the above-mentioned hybridized materials,
and have attracted great attention in nanoscience.7­15 The
components in hybridized nanomaterials are commonly metal
nanoparticles (NPs),16­18 and semiconductor NPs (or semi-
conductor quantum dots: SQDs),19­21 magnetic NPs,22 and
³-conjugated organic and polymer nanocrystals (hereinafter,
called organic NCs) and/or NPs,23­25 and their physical
properties are of much interest, e.g., localized surface plasmon
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(LSP),16­18 quantum confinement effects,19­21 giant magneto
resistive effects,22 and optoelectronic size effect.23­25 In
particular, hybridized core­shell type nanomaterials are ex-
pected to exhibit peculiar properties, resulting from mutual
interactions coupled between excitons (or delocalized elec-
tronic state) from a ³-conjugated component and LSP from a
noble metal component at the core­shell hetero nanointerface
(hereinafter, called “core­shell interface”),13,14,26­31 which are
strongly dependent on overall size (or total volume), core­shell
volume ratio (core radius and shell thickness), and the
combination of core­shell original material components.10­12

Conversely it is said that core­shell type hybridized nano-
materials may be the most suitable nanostructure for producing
notable optoelectronic, photonic, redox, conductive, and
catalytic functions, which would be affected remarkably by
thermally metastable nanostructure, electronic state and exci-
ton, LSP, optical response, etc. at the core­shell interface.32

However, mutual interaction at the core­shell interface has not
been necessarily investigated in the same way as interaction at
the hetero nanointerface in hybridized materials,33 although
heterojunctions have been studied extensively so far in semi-
conductors. In other words, it should be necessary to highly
control and construct well-defined core­shell nanostructure to
precisely understand this kind of mutual interaction at the core­
shell interface.32

Noble metal NPs, semiconductor NPs, and SQDs, as a
component in core­shell type hybridized nanomaterials, have
been so far and continue to be still now researched exten-
sively,16­21 compared with organic NCs.23­25 As is known,
Prof. T. Hayashi started the JST Project “Super Fine Particles”
in the 1980s. On the other hand, polymer colloids and
microspheres have been already established as industrial
materials. On the contrary, research with regard to organic
NCs have begun in earnest in 1992 by developing the
preparation processes of reprecipitation method.34

³-Conjugated organic NCs are in an intermediate state
between a single molecule and the corresponding bulk
crystal.23­25 The crystal size is usually in the range of several
tens of nanometers to submicrometer, which can be controlled
conveniently by optimizing the used good and poor solvents,
the concentration and amount of the injected solution, temper-
ature and stirring rate of poor solvent, added surfactant, and so
on in the reprecipitation conditions.35­42 These kinds of organic
NCs are also expected to provide new size-dependent physical
properties and peculiar optoelectronic and photonic func-
tion.23­25,43­52 In fact, the following materials have been
successfully nanocrystallized:23­25,53­62 polydiacetylene (PDA),
low-molecular-weight aromatic compounds like perylene and
C60, photochromic compounds of diarylethene, organic and
ionic functional chromophores such as pseudo-isocyanine,
merocyanine, phthalocyanine, and DAST (4¤-dimethylamino-
N-methylstilbazolium p-toluenesulfonate). PDA is one of the
most promising organic nonlinear optical (NLO) materials,63

which means large third-order NLO susceptibility »(3)(½)
with very fast optical response.64­66 Organic NCs have been
also investigated in detail after developing the reprecipitation
methods: i.e., nanocrystallization processes to further control
crystal size and shape42,67,68 the size dependence of linear
optical properties and reactivity in solid-state polymeriza-

tion,23,49,50,52,69 the enhanced NLO properties in layered thin
films of PDA NCs prepared by layer-by-layer technique,23,70­72

and applied electric- or magnetic-field-induced orientation of
“liquid and crystal” systems consisting of DAST NCs
dispersion liquids.51,73­75

It goes without saying that more creative research fields
concerning highly optical functional organic NCs, that is to say,
“New Creation of Hybridized Organic NCs,”76­85 should be
advanced intensively toward next-generation organic optoelec-
tronic and photonic device applications. Hence, the following
three strategic research items have been made a plan for
achieving this objective: (1) mass production of organic NCs
for hybridization and encapsulation by introducing pulseless
syringe pumps and microwave irradiation process into conven-
tional reprecipitation method, (2) development of fabrication
methods to produce core­shell type hybridized nanomaterials
such as hybridized organic NCs, e.g., “visible-light-driven
photocatalytic reduction method” (hereinafter, called “photo-
catalytic reduction method”)85 and “co-reprecipitation meth-
od,”77 and (3) ordered array structures of organic and/or
hybridized organic NCs on a substrate for device applications
by using an encapsulation technique, lithographically patterned
substrates and tapered cell method.86­93 These above-men-
tioned three research items will be described and discussed in
detail in the present Award Accounts.

2. Mass Production of Organic Nanocrystals

As described in the Introduction, organic NCs are commonly
prepared by conventional reprecipitation method,34 in which
the crystal size and shape can be basically controlled by
optimizing reprecipitation conditions: the combination of good
and poor solvents, the amount and concentration of the injected
solution, the injection rate and pressure, the temperature and
stirring speed of poor solvent, and the addition of surfac-
tants.23­25,34 Under the typical reprecipitation conditions, a
target compound is first dissolved in a water-miscible organic
solvent such as alcohol, acetone, or THF. The concentration is
usually on the order of mM, and a few hundred microliters of
this diluted solution are quickly injected into vigorously stirred
water (10mL) as a poor solvent at a given temperature using a
microsyringe. The target compound is immediately reprecipi-
tated and then nanocrystallized in an aqueous medium.
Namely, one can prepare successfully an aqueous dispersion
liquid of organic NCs, which looks like an ordinary solution
with low scattering loss, because the crystal size is normally
below the wavelength of vis light region. Most organic NCs
exhibit highly negative surface potential (¦-potential),23­25 and
are dispersed stably in water medium for a long period, i.e.,
more than a few months to half a year. In the case of PDA,
diacetylene (DA) monomer NCs are first obtained by the
reprecipitation method,23 and then further solid-state polymer-
ized in an aqueous dispersion liquid by UV-irradiation (­ =
254 nm) to convert DA monomer NCs into PDA NCs.94­96

Conventional reprecipitation method has been improved so far,
depending on the chemistry of target compounds. For example,
supercritical reprecipitation method is effective in the case of
phthalocyanine derivatives,54,55 which are slightly insoluble in
common organic solvents at room temperature. On the other
hand, the inverse-reprecipitation method is applicable for
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water-soluble organic and ionic functional chromophores as
mentioned in the Introduction.73­75 Good solvent is typically
ethanol, while n-hexane and decalin are used as a poor medium
in this case.

There are basically the two problems with these reprecipi-
tation methods. One is mass production, and the other is the
size-distribution control. These are closely related to charac-
terization and application of organic NCs as described
later. Pulseless syringe pumps58 (Teledyne, 260D, Japan)
and microwave irradiation process56,57,59,60 (Perkin-Elmer,
MULTIWAVE, USA) were introduced to conventional repre-
cipitation process in order to overcome the above-mentioned
problems as schematically demonstrated in Figure 1. Namely,
ca. 10mL of target compound solution is continuously injected
into 500mL of water (stirring speed: 1500 rpm) at the injection
rate of 10mLmin¹1 with a pulseless syringe pump, instead of
by microsyringe used in conventional reprecipitation method.
Just after injection, the organic NCs dispersion liquid is
immediately heated with microwave irradiation (2.45GHz,
5min), and then cooled to room temperature. As a result, for
example, the obtained amount of PDA NCs per unit operation
was of the order of mg and about one hundred fold improve-
ment of these reprecipitation conditions for mass production.
In addition, Figure 2 indicates the size distribution of PDA
NCs evaluated by dynamic light scattering (DLS) (Otsuka
Electronics, DLS-7000, Japan) measurement. Compared with
the previous results (Figure 2a), the size distribution is
considerably narrow in the improved reprecipitation method
as shown in Figure 2b, and the standard deviation in the size
distribution decreased considerably by an order of magnitude.
The scanning electron microscopy (SEM) (JEOL, JSM-6700F,
Japan) image (inset in Figure 2b) indicates almost monodis-
perse PDA NCs. Probably, the injection conditions, that is,
injection rate and stirring speed of poor solvent, in the
improved reprecipitation method provided a higher degree of
supersaturation and reduced some experimental errors, e.g.,
aggregation phenomena on the wall of the glass vessel in
the case of small scale of the conventional reprecipitation
method.23­25 In general, higher supersaturation would effec-
tively promote more homogenous nucleation and crystal
growth of PDA NCs,42,67,68 efficiently producing monodis-
perse PDA NCs could be produced efficiently on a massive
scale.

Successful mass production and narrow size distribution in
PDA NCs are very important to make a possible of hybrid-
ization and encapsulation as described later.

3. Size Dependence of Linear Optical Properties
in Organic Nanocrystals

Figure 3 demonstrates the typical extinction spectrum
(JEOL, V-570, Japan) of PDA NCs dispersed in an aqueous
medium.23­25 The excitonic absorption peak (EAP) positions,
­max, were clearly blue-shifted with decreasing crystal size.
This behavior is similar to the quantum confinement effect in
semiconductor NPs and SQD of single nanometer size.19­21 The
crystal size of organic NCs, however, is approximately ten to
fifty times that of an ordinary SQD, and this size dependence is
likely to be a phenomenon proper to organic NCs. On the other
hand, the size dependence was also observed in the fluores-
cence emission spectrum in perylene NCs.23­25,40 Put simply,

Figure 1. Scheme of the improved reprecipitation method for mass production and size-distribution control by introducing pulseless
syringe pump and microwave irradiation process.

Figure 2. Size distribution of PDA NCs evaluated by DLS
measurement: (a) conventional and (b) improved repre-
cipitation methods (Inset: SEM image of PDA NCs). The
size-distribution curves with different colors demonstrate
the data for every experiment, i.e., reproducibility, in both
(a) and (b).
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the fluorescence emission peak positions, ­max, from self-
trapped exciton (STE) levels were blue-shifted, when the
crystal size was reduced continuously. However, these size
dependences of linear optical properties are ensemble-averaged
data in organic NCs dispersion systems, even though the size
distribution narrows considerably as mentioned in Section 2.
Therefore, one has to investigate the relationship between
linear optical properties and crystal size in an individual
organic NC by measurement with scanning near-field optical
microspectroscopy (SNOM) so as to clarify the mechanism of
size dependence and shifts of ­max on spectra.49 SNOM enabled
us to provide simultaneously the crystal size and spectral data
in a single organic NC.

Figure 4 exhibits the topography and the corresponding
fluorescence images of perylene NCs measured by means of
SNOM (JASCO, NFS-320, Japan).49 From these data, one can
obtain the fluorescence emission spectra of single perylene NCs
with different crystal size as shown in Figure 5. There are the
two main emission peaks: one is a strong and broad peak from
the STE level at longer wavelength region, and the other is
relatively weak and sharp peak from the free-exciton (FE)
level. The STE emission peak positions were evidently blue-
shifted with decreasing crystal size, while the crystal size did

not almost affect the FE emission peak positions within
experimental errors. These relations are summarized and
plotted in Figure 6. The size dependence has been discussed
in detail on the basis of a strong coupling model of exciton­

Figure 4. Topography and the corresponding fluorescence images of perylene NCs by the measurement with SNOM:
(a) topography, (b) the corresponding fluorescence intensity image (wavelength range: 520 to 600 nm), and (c) the same image
(wavelength range: 450 to 520 nm).

Figure 5. Fluorescence emission spectra for a single
perylene NC with different crystal size: (I) 394, (II) 545,
and (III) 634 nm.

Figure 6. Plots of STE and FE emission peak positions vs.
crystal size in a single perylene NC.

Figure 3. Extinction spectral changes of PDA NCs with
decreasing crystal size in an aqueous dispersion medium.

AWARD ACCOUNTSBull. Chem. Soc. Jpn. Vol. 84, No. 3 (2011)236



lattice interaction in the short range for molecular crystal, the
configuration coordinate model, as illustrated in Figure 7.49

The three adiabatic potential curves, i.e., ground state, FE,
and STE levels, are represented schematically against gener-
alized coordinate Q in a bulk crystal (Figure 7a) and NC
(Figure 7b), respectively, in which 2B denotes the excitonic
band. The curvature ½ of three adiabatic potential curves is
assumed to be all the same in the present case, and means
an angular frequency of phonon in lattice vibration, which
corresponds to the bulk modulus of lattice. The lattice
relaxation energy ELR is usually too high in bulk crystal, and
only STE emission may be generated at Qmin represented
by (2ELR/½)1/2. On the contrary, the following is speculated
in the case of perylene NCs. Probably, it becomes difficult
to reorientate and stabilize excited perylene molecules, i.e.,
Frenkel exciton, in perylene NC lattice so as to acquire
sufficient ELR, due to the thermal softening of organic NC
lattice23­25,49,50,52 induced by both enlargement of surface area
and decreasing intermolecular interaction. Namely, the values
of ½ and ELR are reduced, and Qmin simultaneously increases
by assuming the decrement of ¤(2ELR) < ¤½ as shown in
Figure 7b. In other words, organic NC lattice can be regarded
to be in general metastable, and the band gap energy at Qmin is
increased, compared with bulk crystal. In addition, FE emission
observed in a NC can be explained by the reduction of ELR.
That is to say, an exciton on the STE level could thermally go
back to the FE level over the relatively lower energy barrier
between FE and STE levels.

Size dependence of linear optical properties in organic NCs
is of great importance for optical device application as well as
nanoscience.

4. Core­Shell Type Hybridized Organic Nanocrystals

As mentioned in the Introduction, PDA is a typical one-
dimensional ³-conjugated polymer with large »(3)(½) and high
optically fast response among organic NLO materials,63­66 and
PDA NCs exhibit the peculiar size dependence of linear optical
properties, due to the thermally softened NC lattice.23­25 The
»(3)(½) value of PDA, however, is still low for NLO device
application. On the other hand, LSP in noble metal NPs has
been widely investigated for enhancement of optically electric
field and fluorescence emission intensity,16­18,97,98 so-called

surface-enhanced Raman spectroscopy (SERS), and chemical-
and biosensors applications. A coupling between exciton and
LSP at the core­shell interface would provide a new hybrid
electronic state and novel optical response for next-generation
organic photonic materials and devices.26­31 Thus, it is said that
the important points are to establish a fabrication for core­shell
type hybridized organic NCs in order to control core­shell
interface structure and to further investigate mutual interaction
at the core­shell interface,32 which is still now poorly under-
stood, compared with heterojunctions between semiconductor
and metal.33

4.1 Polymer Core­Metal Shell Hybridized Nanocrystals.
Hybridized organic NCs composed of PDA NCs core and Ag
NPs shell, i.e., PDA core­Ag shell hybridized NCs, have been
successfully fabricated by the following photocatalytic reduc-
tion method,85 which exploits the absorption of vis light by
the PDA core, because of excitonic absorption along the ³-
conjugation polymer backbone chain.63 In this method, a given
amount of AgNO3 aq and NH3 aq are first added into a PDA
NCs dispersion liquid, which has been previously prepared by
reprecipitation method, and then vis light should be irradiated
for typically 30min at 40 °C, using a Xenon lamp (USHIO,
500W) equipped with attenuator and UV-cut filter (­ > 420
nm). NH3 aq was added to form a diamminesilver complex
[Ag(NH3)2]+ and to control pH in the dispersion liquid.
Actually, PDA core may act as a photocatalysis and substrate as
discussed later.

Figure 8 shows the SEM and transmission electron mi-
croscopy (TEM) (JEOL, JFM-2000X, Japan) images of the
resulting hybridized NCs.85 A large number of bright white and
black dots correspond to the deposited Ag NPs in SEM and
TEM images, respectively. Thus, as a Ag shell, 5 to 15 nm Ag
NPs were densely deposited only on the surface of PDA core.
There were no isolated Ag NPs observed in either SEM or
TEM images. The electron-diffraction (ED) pattern (the inset in
TEM image) clearly exhibits Debye­Scherrer rings, i.e., ED
from (111), (200), (220), and (311) planes in the fcc crystal
lattice of bulk Ag (JCPDS: 4-783). In addition, powder XRD
(Bruker, AXS, D8 Advance, USA) pattern (Figure 9) and
EPMA (JEOL, JXA-8200, Japan) data (Figure 10) also
demonstrated obviously that the metal NPs deposited on
PDA core are not silver oxide but really Ag.

Figure 7. Strong coupling model of exciton­lattice interaction in the short range for molecule crystal, configuration coordinate
model, in the cases of (a) bulk crystal and (b) NC.
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Figure 11 displays photographs of the dispersion liquids of
PDA NCs and PDA core­Ag shell hybridized NCs, and the
corresponding extinction spectra are shown in Figure 12.85 In
the comparison with the LSP (­ = 395 nm) of bare Ag NPs
with the same size (diameter = ca. 10 nm) as the Ag NPs
deposited on PDA core,97 the LSP in the hybridized organic
NCs was obviously red-shifted to ­ = 448 nm and the half-
width was broadened. The red shift of LSP is mainly induced
by the enlargement of dipole­dipole interaction with the
decrease in average distance among the deposited Ag NPs,98 as

photocatalytic reduction method may proceed. On the contrary,
the broadening is not so clear and complicated. Perhaps, this is
due to inhomogeneous distribution in size and the dephasing
effect in Ag NPs grown and deposited on PDA core.98­101 On
the other hand, the EAP (­ = 653 nm)63 was also red-shifted
slightly, owing to changes of dielectric environment in the
surrounding PDA core surface. In any case, these spectral
changes in Figure 12 may support the formation of PDA core­
Ag shell hybridized NCs as shown in Figures 8 to 10. The LSP
spectrum in these hybridized organic NCs was tailed and
overlapped on EAP. This suggests a certain coupled interaction
between plasmon and exciton in the present case.13,14,26­31

The mechanism of photocatalytic reduction process is
speculated in Figure 13.85 Interestingly, Ag+ (actually,
[Ag(NH3)2]+) from AgNO3 was not reduced thoroughly by
vis light irradiation in the absence of PDA NCs as a core or in
the presence of solid-state unpolymerized DA monomer NCs
that do not absorb vis light.85 Namely, the present photo-
catalytic reduction process may occur specifically only on the
surface of or in the coexistence of PDA core. The typical band
structure of PDA is conduction band (CB) = ¹3.44 eV, valence

Figure 9. Powder XRD pattern of PDA core­Ag shell
hybridized NCs.

Figure 10. EPMA data of PDA core­Ag shell hybridized
NCs.

(a) (b)

Figure 11. Photographs of (a) PDA NCs and (b) PDA
core­Ag shell hybridized NCs dispersed in an aqueous
dispersion medium.

Figure 12. Extinction spectra of Ag NPs (diameter = ca.
10 nm), PDA NCs, and PDA core­Ag shell hybridized
NCs.

Figure 8. (a) SEM and (b) TEM images of PDA core­Ag
shell hybridized NCs fabricated by photocatalytic reduc-
tion method. The inset in TEM image is the corresponding
ED pattern.
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band (VB) = ¹5.77 eV, and the band gap = 2.33 eV,102 which
corresponds to ­ = 530 nm in the vis light region and is
different from EPA. On the other hand, the redox potential of
[Ag(NH3)2]+ is 0.373V vs. SHE (=¹4.873 eV),85 which is
located in the band gap between CB and VB for PDA. As
demonstrated in Figure 13, the excited electrons from VB to
CB of PDA core by absorbing vis light could specifically
reduce [Ag(NH3)2]+ to Ag0 on the surface of PDA core.
Subsequently, the nucleation and crystal growth of Ag0 may
further proceed, and then Ag NPs are deposited only on the
surface of PDA core.

There are some advantages in surface-specific reduction
of [Ag(NH3)2]+ on PDA core in the present photocatalytic
reduction method: (1) the electrostatic adsorption of
[Ag(NH3)2]+ on PDA core with ¦-potential (MALVERN, Zeta
Sizer Nano Series, U.K.) = ca. ¹40mV,44 (2) the self-catalytic
effect of already-deposited Ag NPs to further promote the
reduction of [Ag(NH3)2]+,103 and (3) suppression of electron­
hole recombination because of rapid carrier separation at the
core­shell interface.

The pH of the dispersion liquid was changed roughly from 9
to 6 during this photocatalytic reduction process. This suggests
that the hole generated in VB of vis light-irradiated PDA core
could be quenched possibly by the oxidation of the surrounding
water molecules in the dispersion liquid as expressed by the
following oxidation process:

2H2Oþ 4hþ ! O2 þ 4Hþ ð1Þ
In addition, the pH dependence of redox potential for water
molecule is given by104

EredoxðH2OÞ ½V vs: SHE� ¼ 1:23� 0:059� pH ð2Þ
Namely, the reduction process does not take place under acidic
conditions. It is difficult to scavenge holes in VB of PDA core
by oxidizing water molecule, when pH is low.

4.2 Extension of Photocatalytic Reduction Method. The
most important point is that the redox potential of metal
complex ion should be intermediate between CB and VB for
³-conjugated organic and polymer core, and the hole generated
in VB should be quenched immediately through a suitable
oxidation process of scavenger.85 In other words, the present
photocatalytic reduction process may proceed, independent
of the size, shape, and morphology of organic core.85 Some
examples are summarized in Figure 14:91 PDA core­Pt shell
hybridized NCs, fibrous PDA core­Pt shell hybridized NCs,
and poly(3-octylthiophene) (PAT)33 core­Pt shell hybridized
NCs. The deposited metal shells were identified evidently by
measurement with the ED pattern from TEM images, powder
XRD patterns, and EPMA data. The preparation process of
these hybridized organic NCs is basically the same as that
of previous PDA core­Ag shell hybridized NCs. Namely,
K2[PtCl4] was employed, instead of AgNO3, to produce Pt
shells. The redox potential of [PtCl4]2¹ is 0.73V vs. SHE
(=¹5.23 eV) and located well in the band gap of PDA core.91

Fibrous PDA NCs were fabricated carefully by the conven-
tional reprecipitation method,23 when the temperature of water
as a poor solvent was ca. 60 °C. PAT is also a ³-conjugated
polymer in semi-crystalline state,105 and PAT NPs could be
successfully fabricated as a core by reprecipitation method
using THF as a good solvent. PAT has a shallow band structure
(CB = ¹2.85 eV and VB = ¹5.25 eV)106 rather than PDA, and
so the hole should be quenched by oxidization of a small
amount of added formaldehyde, Eredox(HCHO) = 0.197V vs.
SHE as follows.104

HCHOðaqÞ þ 2H2Oþ 4hþ ! CO3
2� þ 6Hþ ð3Þ

One can see that Pt NPs are deposited more densely on PDA
and PAT cores, and that the average size is too small and below
5 nm from TEM images in Figure 14, compared with the case

E
ne

rg
y/

eV

Figure 13. Proposed mechanism of photocatalytic reduc-
tion process. CB and VB of PDA, the redox potential of
metal complex ions, and the WF of the corresponding
metals are referred to the text.

Figure 14. TEM images of (a) PDA core­Pt shell hybridized NCs, (b) fibrous PDA core­Pt shell hybridized NCs, and (c) PAT
core­Pt shell hybridized NCs.
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of Ag NPs as shown in Figure 8. This difference in average
size and deposition density between Ag and Pt NPs could be
reasonably explained on the basis of the relationship between
redox potential of metal complex ion and work function (WF)
of the deposited metal as displayed in Figure 13.91 The WFs of
Ag and Pt are, respectively, ¹4.26 and ¹5.64 eV.91 Thus, the
WF level is higher than the redox potential in the case of Ag.
Hence, the excited electrons may usually transfer to the WF
level, once Ag NPs are initially deposited on PDA core. As a
result, already-deposited Ag NPs may further grow. On the
other hand, the relation is reverse in the case of Pt, and the
excited electrons may always move to the redox potential level.
Thus, Pt complex may be mainly reduced only on the surface
of PDA core, and then the average size decreases with high
deposition density. Simply stated, the relative correlation
between WF and redox potential may affect remarkably the
morphology of the metal shell. Of course, the following
experimental conditions should be optimized to produce well-
defined core­shell type hybridized organic NCs:85,91 added
amount and concentration of metal complex salt, pH control,
reaction temperature and time, stirring rate, and intensity and
wavelength of vis light, except for the selected combination of
³-conjugated polymer as a core and noble metal as a shell. Just
recently, it was found that ultrasonic wave irradiation is much
more effective than mechanical stirring.

4.3 Metal Nanoshell Structure by Post Chemical Reduc-
tion Treatment. Already-deposited Ag or Pt NPs on the
surface of PDA or PAT core can be regarded as a new reduction
starting point or a self-catalysis for alternative and subsequent
reduction process and electroless plating.91

For example, it seems to be difficult to experimentally
deposit Au NPs on PDA core, because the redox potential
of [AuCl4]¹ (=1.002V vs. SHE) is very close to the redox
potential of water given by eq 2 as well as VB for PDA. In
addition, since H[AuCl4] may absorb vis light somewhat,
[AuCl4]¹ is reduced directly in the dispersion liquid as well as
on PDA core. As a result, nondeposited Au NPs are also
formed at the same time. The post chemical reduction treatment
can be applied to overcome this problem. In fact, a given
amount of H[AuCl4](aq) and ascorbic acid (reducing agent)
were added an aqueous dispersion liquid of PDA core­Ag shell
hybridized NCs, and then the mixture was stirred at room

temperature for a given time. The reduction of [AuCl4]¹ by the
added ascorbic acid may start selectively on the surface of
already-deposited Ag NPs on PDA core as self-catalysis.
Figure 15 demonstrates the SEM image of Au(-Ag) NPs
deposition on PDA core, i.e., PDA core­Au shell hybridized
NCs, and this formation was supported experimentally by
EPMA data (Figure 16a) and the corresponding extinction
spectral changes (Figure 16b). The LSP peak of Ag NPs was
reduced gradually, while the LSP peak from Au NPs appeared
around at 560 nm. Both deposited Ag NP and Au NP domains
formed inside the metal shell are much smaller than the
wavelength in vis light, and the effective dielectric constant
may correspond to Ag­Au alloy. That is to say, the LSP in
Figure 16b may reflect the dielectric constant of Ag­Au
alloy,107,108 being not the simply additive extinction spectra
from individual Ag NPs and Au NPs.91 However, the powder
XRD pattern has not been measured, because the fcc lattice
constant of Au (a = 0.408 nm) is almost the same as that of Ag
(fcc: a = 0.409 nm).109

In addition, the uses of K2[PtCl4] and Na2[PdCl4] have
successfully led to Pt(-Ag) NPs and Pd(-Ag) NPs depositions
on the surface of PDA core, respectively.110­112 Ascorbic acid
was also used as a reducing agent.

Figure 17 demonstrates the TEM image of Pt(-Pt) NPs
deposition on PDA core, i.e., PDA core­Pt shell hybridized
NCs having Pt nanoshell structure.91 K2[PtCl4](aq) and form-
aldehyde (reducing agent) were further added into PDA core­Pt

Figure 15. SEM image of Au(-Ag)-deposited PDA NCs.

Figure 16. (a) EPMA data of PDA core­Au(-Ag) shell hybridized NCs, and (b) extinction spectral changes with the post chemical
reduction treatment.
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shell hybridized NCs dispersion liquid in this case. One can
control easily the thickness of Pt nanoshell by changing the
amount of K2[PtCl4] and formaldehyde. After the post chemical
reduction treatment, the XRD peaks from PDA core disap-
peared and the broad (111) diffraction peak from Pt NPs grew
up at the same time in the powder XRD patterns as shown in
Figure 18,109 which also supports the formation of thicker Pt
nanoshell structure on PDA core. In addition, Pt(-Pt) NPs
deposition on PAT core could be fabricated successfully by
using K2[PtCl4], poly(vinylpyrrolidone) as a dispersion stabil-
izer, and formic acid as a reducing agent.

4.4 Nonlinear Optical Properties. Neeves et al. have
theoretically predicted the enhancement of NLO properties,
»(3)(½) value, in the case of ³-conjugated polymer core­metal
shell hybridized NCs, due to enlargement of optically electric
field induced by LSP.113 For example, the values of »(3)(½)
were, respectively, calculated to be 1 © 10¹5 esu (shell: Au)
and 2 © 10¹4 esu (shell: Al) by reference to »(3)(½) = 1 © 10¹7

esu for only PDA core. So-called Z-scan method [Nd-YAG
pulsed laser (EKSMA: PL2143A, 20ps, 5Hz), OPG/OPA
(EKSMA, SHG crystal: LBO (420 to 1800 nm), diamond
pinhole (d = 100¯m), Si-photodetector (Molelectron, J3S-10),
LabView (National Instruments)] was employed to evaluate
»(3)(½) value in the present PDA core­Ag shell hybridized
NCs, and then the »(3)(½) value was confirmed for the first time
to be enhanced by about two orders of magnitude (»(3)(½) µ
10¹6 to 10¹5 esu).114 Further detailed analyses, e.g., power
dependence of incident laser light, wavelength dispersion
corresponding to extinction spectrum, and scattering effect

from thin film of PDA core­Ag shell hybridized NCs prepared
by layer-by-layer process, are currently under investigation to
determine »(3)(½) value very precisely.114 In particular, it is
important to prepare the thin film of hybridized organic NCs of
optically high quality without scattering loss. The improved
tapered cell method,115,116 as described in Section 5, as well as
the previous layer-by-layer process70­72 is now attempted for
the purpose of bringing about a maximum performance in
»(3)(½) value as well as highly accurate measurement.

4.5 Metal Core­Polymer Shell Hybridized Nanocrystals.
This core­shell nanostructure is an inverse of that described in
the previous Sections, and Ag core­PDA shell hybridized NCs
could be also fabricated successfully by establishing the co-
reprecipitation and microwave irradiation method.77,82 An
aqueous dispersion liquid of Ag NPs was employed as a poor
medium, which was previously prepared by the reduction of
AgNO3 using trisodium citrate.117 In fact, an acetone solution
of DA monomer (commonly 5mM and 200¯L) was injected
into an aqueous dispersion liquid of Ag NPs, and subsequently
the mixed dispersion liquid was quickly heated by microwave
irradiation (2.45GHz, 500W, 40 s). After cooling to room
temperature, UV-irradiation (­ = 254 nm) was performed
for solid-state polymerization to convert DA to PDA.94­96

Figure 19 indicates the SEM and TEM images of Ag core­
PDA shell hybridized NCs. Ag core is coated with the very thin
layer of PDA shell,82 which suggests that Ag core may act as a
nucleus to adsorb DA monomer and to form solid-state
polymerizable DA shell by heat treatment during microwave
irradiation process.

Figure 20 shows the peculiar extinction spectral changes
during solid-state polymerization, when PDA with N-carbazol-
yl side chain was used as a shell.77 Namely, the EPA grew at
ca. 655 nm with UV-irradiation time, due to formation of
³-conjugated PDA backbone, while the intensity of LSP from
Ag core at around 395 nm was continuously reduced and

Figure 17. TEM image of Pt(-Pt)-deposited PDA NCs.

Figure 18. Powder XRD patterns of PDA core­Pt shell
hybridized NCs and PDA core­Pt(-Pt) shell hybridized
NCs.

Figure 19. SEM (upper) and TEM (lower) images of Ag
core­PDA shell hybridized NCs.
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disappeared at the same time without changing resonance
frequency. The intensity of LSP is often damped with changing
resonance frequency in some cases such as metal alloys and
metal NPs in glass matrix.118,119 Interestingly, no LSP damping
was observed in the case of UV-irradiated mixture of Ag NPs
and the same DA monomer NCs dispersion liquids, and the
obtained extinction spectrum indicates the additives of both
spectra from Ag NPs and PDA NCs.77 Probably, the LSP
damping is closely related to the EPA growth, due to specific
electronic interaction at the core­shell interface in the present
case.

For the purpose of revealing the damping mechanism of
LSP, synchrotron radiation X-ray photoelectron spectroscopy
(SR-XPS) and X-ray absorption near-edge structure (XANES)
were measured at SPring-8 (BL15XU),79,81 and this beam line
is a revolver type (planar or helical) undulator X-ray source
with Si double crystal monochromator (4.75 keV and ¤E/E =
10¹4), which is managed by the National Institute for Materials
Science (NIMS, Japan). The XPS analyzer used is the modified
one based on a ULVAC-PHI 10­360 model hemispherical
analyzer. The binding energy was calibrated with not the Fermi
edge but the corresponding C(1s) = 284.8 eV, and L3M4,5M4,5

Auger intensity in L3-absorption edge was monitored in
XANES. There was scarcely a difference in XANES before
and after solid-state polymerization, which was almost in
agreement with that of bulk Ag, not with silver oxide. These
data support speculation that physicochemical changes such as
oxidation did not occur in Ag core during solid-state polymer-
ization. In other words, Ag core is still metallic in the
hybridized organic NCs. The XPS bands, Ag(5s) and Ag(4d),
in Ag core­PDA shell (with N-carbazolyl side chain) hybri-
dized NCs are shown in Figure 21.79,81 Ag(5s) is often
hybridized with Ag(4d) band even in bulk Ag state. Ag(5s)
band exhibits a gentle slope at Fermi edge, and the intensity,
corresponding to DOS, became higher in comparison with bulk
Ag. In addition, Ag(4d) band was clearly shifted by about
0.4 eV to high binding energy region, and the band width
became narrow. Probably, a different type hybrid band of
Ag(5s) and Ag(4d) would be formed in the present hybridized
organic NCs. The narrowing of Ag(4d) band strongly suggests

that the electronic conductive domain inside Ag core is below
ca. 5 nm,120 which is actually less than the overall size of Ag
core. This domain in Ag core may behave as a resistive
boundary against collective oscillation and mean-free-path
(MFP) of conduction free electrons in VB of Ag core that is the
origin of LSP. On the other hand, the C(1s) band (284.8 eV)
from PDA shell was incidental to the satellite peak (ca.
292 eV), owing to ³­³* transition in PDA,121 and was
distinctly broadened and tailed asymmetrically the high energy
region. This fact suggests an electron-poor state in PDA shell.

These experimental results would make a possible to
propose the following LSP damping mechanism.79,81,120,122

PDA chains inside the shell may keep a locally and
physicochemically strong contact and interaction like chem-
isorption and/or chemical band formation at some or many
points on the surface of Ag core. The contact points at the core­
shell interface can be regarded as a kind of anchors to disturb
and depress the collective oscillation inside Ag core, which
may lead to the dramatic reduction of MFP and then LSP
intensity damping without changing resonance frequency.

5. Ordered Array Structure toward
Optically Functional Materials

Next-generation organic devices in optoelectronics and
photonics have some advantages over inorganic silicon
devices:9,10,12,30,32,123 various molecule designs and modifica-
tions for functional materials, high performance and response,
easy fabrication process, low cost, and so on. On the other
hand, it is in general difficult to maintain thermal stability and
long material life, to continuously repeat device actions with
highly reliability, and to standardize material products.

For organic optoelectronic and photonic device application
by the use of organic NCs including hybridized organic NCs,
one needs establish fabrication processes to fairly produce an
ordered array structure on a substrate.86,87,123 In other words, it
would be necessary to well orientate and arrange organic NCs
and to further integrate and assemble them selectively on a
substrate so as to control input and output information signals
by electronically and/or optically accessing organic de-
vices.123­126 However, there are mainly two problems to realize
this.92 One is that the shape of organic NCs is usually not

Figure 20. Extinction spectral changes during solid-state
polymerization for Ag core­DA (having N-carbazolyl side
chain) shell hybridized NCs.

Figure 21. SR-XPS spectra of Ag core­PDA (having
N-carbazolyl side chain) shell hybridized NCs.
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spherical but cubic or rectangular, and the other is commonly
the size distribution. To overcome and dissolve these problems,
our attention is now intensively focused on (A) encapsulation
of organic NCs,92 (B) the use of lithographically patterned
substrate,90 and (C) the employment of so-called tapered cell
method.115,116 Encapsulation may provide some merits: pseudo-
monodisperse in size of organic NCs, spherical shape, and
passivation effect for stable dispersion. On the other hand, a
patterned substrate is very effective to selectively and precisely
control the position and location for encapsulated organic NCs
so as to assemble and integrate an ordered array structure.127,128

So far, sedimentation method under gravity effect,129 crystal-
lization induced by capillary force,130 and dewetting process131

are well known to fabricate self-assembled micro- and nano-
structure on a flat substrate for photonic device applications
using polymer microspheres (or polymer colloidal particles)
and colloidal silica particles.123 However, these techniques
cannot be unexpected to produce an ordered array structure for
organic NCs. On the contrary, the present combination of
above-mentioned techniques (A) to (C) would be definitively
superior to the previous methods in the cases of organic
NCs,90,92 including polymer microspheres (or polymer colloi-
dal particles) and colloidal silica particles.

Figure 22 shows typical patterned Si(100) substrates, which
were prepared by electron beam (EB) lithography and
subsequent anisotropic wet etching.90 There exist regularly
inverse square-pyramidal dimples with hexagonal or tetragonal
symmetry, which is defined as the dimple size (L) and the pitch
(P) between dimples. These patterned Si substrates used have
an advantage of allowing encapsulated organic NCs to integrate
with the present Si-based semiconductor devices. The set-up
of tapered cell method is schematically illustrated in
Figure 23,115,116 where a cover glass was slightly tilted (ca. 1
to 2°) on a patterned Si substrate that has been previously
surface-treated with piranha solution. For example, an aqueous
dispersion liquid of polystyrene microspheres (PSMS) should
be injected into the space between tilted cover glass and
patterned substrate in the tapered cell under controlled
conditions of PSMS dispersion concentration, temperature
(ca. 20 °C), and humidity (ca. 40%). Consequently, PSMS
would be trapped into the dimples by drawing back of the
meniscus, and the residual PSMS not trapped by the dimples is
completely dragged and swept with moving the meniscus.
Thus, there is no PSMS on the terrace of the patterned
substrate. This process could be basically repeated to further

trap PSMSs on the first layer of ordered PSMS array structure
as a template.90,92

5.1 Ordered Array Structure of PSMS. Ordered array
structure could be designed conveniently by optimizing the
parameters of L and P, pattern symmetry, and the diameter (D)
of PSMS.88­90,93 Figure 24 demonstrates some examples of
ordered PSMS array structure on a patterned substrate.90

Figures 24a and 24b indicate the hexagonal and tetragonal
array structure of PSMS on the patterned substrate. Interest-
ingly, Figure 24c shows that the large-sized PSMS (D = 2¯m)
are trapped into the dimples and the small-sized PSMS
(D = 300 nm) are located only on the terrace of the patterned
substrate by means of the repeated tapered cell method.124,125

On the other hand, the small-sized PSMS (D = 300 nm) are
closely filled up only inside the dimples as shown in
Figure 24d.124

Figure 25 exhibits so-called Kagome structure132 consisting
of PSMS that is the second layer of ordered array structure by
repeating the tapered cell method. Kagome structures made up
by dielectric rods or wire networks are now theoretically
investigated and there is much interest in the large flat photonic
bands and magnetic properties, superior to honeycomb struc-

Figure 22. SEM images of (a) hexagonally and (b)
tetragonally patterned Si(100) substrates prepared by EB-
lithography and the subsequent anisotropic wet etching.

Figure 23. Schematic set-up of tapered cell method.

(a) (b)

(c) (d)

Figure 24. SEM images of some kinds of ordered PSMS
array structure on the patterned substrate: (a) hexagonal
array structure, (b) tetragonal array structure, (c) large
(D = 2¯m)- and small (D = 300 nm)-sized PSMS are,
respectively, trapped into the dimples and only on the
terrace of the patterned substrate, and (d) small-sized
PSMS (D = 300 nm) are closely filled up only inside the
dimples.
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ture.133­135 In addition, Kagome structure is said to exhibit a
confinement effect of light propagation. Hence, the Kagome
structure containing a small amount of the same-sized
fluorescent PSMS could be successfully prepared again in
order to confirm this. One can see experimentally the confine-
ment of light propagation from fluorescent PSMS in Kagome
structure (Figure 26a) by reference to ordinary hexagonally
close-packed PSMS structure on a flat substrate as shown in
Figure 26b.136 In other words, a novel ordered array structure
consisting of PSMS would contribute open new research fields
of optical waveguide and optical wiring between CPUs or
between semiconductor chips.123,136

It is also possible to repeat the tapered cell procedure, after
the first-ordered array structure on the patterned substrate is
rotated at 90°. One can obtain the ordered PSMS array structure
with branching points, i.e., 90°-corner structure on tetragonally
patterned substrate, as shown in the SEM image of Figure 27.89

As already discussed in Figure 26, ordered PSMS array
structure can be regarded as a coupled-resonator optical
waveguide (CROW) to control and manipulate the light
propagation path. The light propagation behavior from fluo-
rescent PSMS at the branching point has been elaborately
investigated by measurement with a handmade SNOM instru-
ment mounted with a GaN-based laser diode (­ = 406 nm).
The spot size was ca. 10¯m, and the propagated light was
collected with a bent type of cantilevered optical fiber probe,
i.e., far-field illumination and near-field collection mode.
Figure 28 indicates the real light propagation spectrum (upper
Figure),89 in which Point-A and Point-B are the positions
before and beyond the branching point, respectively. The

scattering spectrum (lower Figure) from a single PSMS
calculated using the Mie theory137 is also displayed in
Figure 28. Here, TEn,l and TMn,l denote the polarization type,
i.e., transverse electric and transverse magnetic, and the
subscripts n and l are an angular number and a radial quantum
number, respectively. Interestingly, the intensity of TE16,1 at
Point-B is much lower (or approximately zero) than those of
TM15,1 and TM16,1. This tendency is the same as the intensities
of TE15,1 and TE17,1. The experimentally most important point
is that the relative intensity of TM16,1 at Point-A is completely
different from that at Point-B, compared with the intensity of
TM15,1. Namely, it has become clearly apparent that TM16,1

does not propagate through the branching point at a 90°-corner
structure.89 This behavior could be reproduced well by FDTD
simulation.89 In other words, this kind of ordered PSMS array
structure would be expected to exhibit the possibility of
multiplexer and/or demultiplexer.93

5.2 Ordered Array Structure of Encapsulated Semi-
conductor Nanoparticles. Encapsulated semiconductors such
as CdS and ZnS NPs have been fabricated before encapsulating
organic NCs. CdS and ZnS NPs were produced by so-called
gel­sol method.138 For example, a gelatin aqueous solution,
which contained Cd(OH)2, EDTA-2Na, ammonium acetate,
NH3 aq, and thioacetamide as a source of S2¹, was heated at
60 °C for about 10 h. After removing gelatin and by-products,
the resulting CdS NPs were redispersed stably in an aqueous
dispersion medium. On the other hand, ZnS NPs aqueous
dispersion liquid was also prepared by the same procedure
using Zn(NO3)2. Figure 29 shows the SEM images of CdS and
ZnS NPs, which are spherical and almost monodisperse in size.
ZnS NPs have smooth surface, compared to the case of CdS
NPs.

The obtained CdS and ZnS NPs were further encapsulated
by means of seed-emulsion polymerization process.92 Namely,
CdS and ZnS NPs dispersion liquids were refluxed at 80 °C
under nitrogen atmosphere by adding styrene (St) monomer,
divinylbenzene (DVB) as a crosslink agent, and potassium
peroxodisulfide (KPS) initiator, followed by purification using
centrifugation instrument, and then redispersed in an aqueous
dispersion medium. As a result, CdS and ZnS NPs were
successfully encapsulated with transparent and weakly cross-
linked polystyrene (PS) shell, i.e., PS-encapsulated CdS and
ZnS microparticles (MPs), as shown in Figure 30.92 The white

Figure 25. SEM image of Kagome structure of PSMS on
hexagonally patterned substrate.

Figure 26. Far-field optical images of light propagation
from fluorescent PSMS in (a) Kagome structure and
(b) ordinary hexagonally close-packed PSMS structure on
a flat substrate.

Figure 27. SEM image of ordered PSMS array structure
with branching points, i.e., 90°-corner structure, on
tetragonally patterned substrate.
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area in the SEM image and the black part in the TEM image
correspond to CdS and ZnS NPs, respectively. The thickness of
PS shell could be controlled conveniently by repeating a series
of seed-emulsion polymerization process. A small amount of
added surfactant sodium dodecyl sulfate (SDS) was applicable
for encapsulation of ZnS NPs, but not so in the case of CdS
NPs. That is, the inside morphology of the resulting encapsu-
lated MPs would be influenced remarkably by the difference in

affinity among St, the formed PS, SDS, and semiconductor
NPs. Actually, ZnS NP was approximately centered inside the
encapsulated MP, whereas CdS NP was out of the central part
as shown in Figure 30.

Both PS-encapsulated CdS and ZnS MPs are clearly
spherical, and the size is almost uniform. Hence, one can
prepare easily the ordered array structures of these PS-
encapsulated CdS and ZnS MPs on hexagonally patterned
substrate using the same tapered cell method as shown in
Figure 31.92 Probably, the rate of stepping back of the
meniscus should be further optimized so as to obtain a large
area of ordered array structure, compared with PSMS case,
because CdS or ZnS NP has a higher specific gravity than
PSMS. In addition, PS-encapsulated semiconductor MPs
indicated higher ¦-potentials, which are ¹65 and ¹54mV
with CdS and ZnS, respectively, than the bare semiconductor
NPs (ca. ¹23mV), owing to the sulfo-residual fragments
originating from decomposed KPS on the surface of PS shell.

5.3 Ordered Array Structure of Encapsulated Polydi-
acetylene Nanocrystals. PDA NCs were also encapsulated
successfully by basically using the same procedure. PDA NCs
dispersion liquids previously prepared by reprecipitation
method23 were condensed and then used without dialysis
treatment. The conductivity of the PDA NCs condensed
dispersion liquid was over 1000¯S. Soap-free seed-emulsion
copolymerization was performed under the following condi-

Figure 28. Light propagation spectra before (Point A) and beyond (Point B) the branching point, (upper Figure) and the
corresponding scattering spectrum from a single PSMS calculated using the Mie theory (lower Figure).

Figure 29. SEM images of (a) CdS and (b) ZnS NPs.

Figure 30. (a, c) SEM and (b, d) TEM images of PS-
encapsulated (a, b) CdS and (c, d) ZnS MPs.

(a) (b)

Figure 31. SEM images of ordered array structure for PS-
encapsulated (a) CdS and (b) ZnS MPs.

H. Oikawa Bull. Chem. Soc. Jpn. Vol. 84, No. 3 (2011) 245



tions.92,139 St monomer, DVB, KPS, and hydrophilic styrene
derivative monomer (HSt: 1-(4-vinylphenyl)ethane-1,2-diol)
were added into PDA NCs dispersion liquids. SDS was not
added in the present soap-free case. The mixture of the
dispersion liquids was refluxed at 80 °C and 1000 rpm under
nitrogen atmosphere at the molar ratio of St:HSt = 99:1.
Copolymerization and encapsulation processes were monitored
with 1HNMR, IR, and the extinction spectrum, and the
thickness of poly(St-co-HSt) shell could be controlled by
repeatedly adding the mixed monomer of St and HSt under the
same molar ratio.92

Figure 32 demonstrates the SEM images of PDA NCs
encapsulated with only PS or with poly(St-co-HSt), respec-
tively.92 Evidently, PS-encapsulated PDA NCs was not
spherical but irregular, and a large number of isolated PS
NPs that do not contain PDA NCs were observed in the SEM
image. In some cases of soap-free seed-emulsion polymeriza-
tion, the dialysis treatment should be carried out for several
days,140 because high ionic strength would unexpectedly
induce undesirable aggregation and segregation of seeds.
However, interestingly, the present copolymerization of St
and HSt may proceed successfully without dialysis treatment,
and the encapsulated PDA NCs with poly(St-co-HSt) shell are
almost spherical and uniform (ca. 95 nm) in size. In addition,
the ¦-potential became higher (¹66mV), because of the above-
mentioned same reason in the previous Section. The TEM
image (Figure 33) obviously shows that rectangular PDA NCs
was fully encapsulated and covered with spherical poly(St-co-
HSt) shell, and the EAP from PDA NCs was observed at ca.
650 nm in the extinction spectrum of poly(St-co-HSt)-encap-
sulated PDA NCs.

The following two schemes of encapsulation mechanisms
are now speculated:92 (1) At the initial stage of copolymeriza-
tion, St-co-HSt oligomers are first produced in a bulk aqueous
medium, which have a higher affinity to PDA NCs than only St
oligomers. As the copolymerization further proceeds, poly(St-
co-HSt) may easily adsorb on the surface of PDA NCs and
form a nucleus for polymer shell, due to the lowering of
solubility in the water phase, and then encapsulation may take
place completely at the surrounding of PDA NCs. On the other
hand, (2) St fine droplets including HSt are assumed to exist
near PDA NCs dispersed in aqueous dispersion medium. St fine
droplets may be stabilized thermodynamically by the surface
activity of hydrophilic HSt, and copolymerization starts on the

surface of St fine droplets in the presence of PDA NCs. In both
schemes, HSt is likely to be a kind of surfactant and may
enhance the affinity and dispersion stability to finely form
poly(St-co-HSt) shell. Probably, actual encapsulation may
occur through the intermediate path between the above-
mentioned (1) and (2) schemes.92

In principle, it would be possible to arrange and produce
ordered array structure of poly(St-co-HSt)-encapsulated PDA
NCs on a patterned substrate, because of the almost spherical
shape of poly(St-co-HSt)-encapsulated PDA NCs.92 Figure 34
displays the SEM images of the heterogeneously ordered array
structure formed on the hexagonal patterned substrate by using
the repeated tapered cell method.92 PSMS is inside the dimple
and poly(St-co-HSt)-encapsulated PDA NCs are on the terrace
in Figure 34a. On the other hand, PS-encapsulated ZnS MPs
are trapped in the dimple and poly(St-co-HSt)-encapsulated
PDA NCs exist on the terrace in Figure 34b. Heterogeneously
ordered array structure composed of PSMS, encapsulated MPs
and/or NCs having different optoelectronic and/or photonic
properties will open a new path toward integrated device
application such as functional photonic crystals and superlattice
structure.

6. Concluding Remarks for Future Scope

The author has summarized and discussed the preparation
techniques, structure analysis, and optical properties of organic
NCs and the corresponding core­shell type hybridized organic

Figure 32. SEM images of PDA NCs encapsulated with
(a) only PS and (b) poly(St-co-HSt).

Figure 33. TEM image of poly(St-co-HSt)-encapsulated
PDA NCs.

Figure 34. SEM images of the heterogeneously ordered
array structure formed on the hexagonal patterned
substrate: (a) PSMS in the dimple and poly(St-co-HSt)-
encapsulated PDA NCs on the terrace, and (b) PS-
encapsulated ZnS MPs in the dimple and poly(St-co-
HSt)-encapsulated PDA NCs on the terrace.
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NCs. It has become feasible to perform mass-production
process of organic NCs based on reprecipitation method, and
SNOM measurements have revealed semiquantitatively the size
dependence of linear optical properties for organic NCs, which
is different from so-called quantum confinement effect in SQD.
In addition, the present photocatalytic reduction method and
the post chemical reduction treatment have been established
to fabricate many kinds of core­shell type hybridized organic
NCs and NPs. It was suggested for the first time that NLO
properties would be enhanced in PDA core­Ag shell hybri-
dized NCs, due to enlargement of optically electric fields
induced by LSP from metal shells.113 Further detailed analysis
of obtained »(3)(½) value is now under investigation. It is also
expected that this photocatalytic reduction method is applicable
to create a nanoplating and meta-materials141 in the near future.

On the other hand, some various kinds of ordered array
structures have been successfully demonstrated on an EB-
lithographically patterned substrate by introducing encapsula-
tion process and the tapered cell method. First, Kagome
structure consisting of PSMS prepared by the repeated tapered
cell method has revealed the confinement effect of light
propagation. Moreover, CdS and ZnS NPs were encapsulated
conveniently with PS shell. The resulting PS-encapsulated
semiconductor MPs were spherical and almost uniform in size,
and it became possible to arrange ordered array structures on a
patterned substrate. Rectangular PDA NCs were also encapsu-
lated successfully with poly(St-co-HSt) shell. In particular,
heterogeneously ordered array structure composed of PSMS,
encapsulated semiconductor MPs, and encapsulated PDA NCs
with the different type of optoelectronic and photonic proper-
ties is of great importance toward novel optoelectronic and
photonic device application.92

Organic NCs, hybridized organic NCs, and the correspond-
ing encapsulated organic NCs, including encapsulated semi-
conductor MPs and PSMS, can be regarded as promising
building blocks in bottom-up processes. On the other hand, a
patterned substrate is prepared by a typical top-down process.
It is beyond question that these new building blocks are key
materials,142 and that the combination of bottom-up and top-
down processes are of much interest and will be further
advanced possibly toward next-generation organic and polymer
devices for optoelectronics, nonlinear optics, and photonics in
the near future,143­145 e.g., flexible organic TFT, organic EL,
organic photovoltaic, printed RF-ID, sensors, memory, e-paper,
and so on. These organic and polymer device application
would appear to be also useful and effective considerably to
reduce resource, energy, and environmental problems on a
global scale.
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