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CONSPECTUS

n working with nanoparticles, researchers'stlll face Lessr Bahiloaion Suspenson o N T
two fundamental challenges: how to fabricate the microcrystals Colloidal solution ™ oganic Nanoparticles
nanoparticles with controlled size and shape and N
how to characterize them. In this Account, we e, oo vy
describe recent advances in laser technology both for S @ Chemical Biology

the synthesis of organic nanoparticles and for their Single Waraperiily Syaciessapy caat

Simultaneous Spectroscopic

Measurement and Morphology
Observation of

Organic Nanoparticles

. 2

Nanometer Size Effect
due to
“Structural Confinement”

analysis by single nanoparticle spectroscopy. - -
Organigc_nanoparticle
Laser ablation of organic microcrystalline pow- _;'\
ders in a poor solvent has opened new horizons for
the synthesis of nanoparticles because the powder
sample is converted directly into a stable colloidal o — _ Lorescent
solution without additives and chemicals. By tuning Ob{:;tswe & ignt
To the detector
laser wavelength, pulse width, laser fluence, and
total shot number, we could control the size and
phase of the nanoparticles. For example, we describe nanoparticle formation of quinacridone, a well-known red pigment,
in water. By modifying the length of time that the sample is excited by the laser, we could control the particle size (30—120
nm) for nanosecond excitation down to 13 nm for femtosecond irradiation. We prepared - and y-phase nanoparticles from
the microcrystal with 3-phase by changing laser wavelength and fluence. We present further results from nanoparticles pro-
duced from several dyes, Cs(, and an anticancer drug. All the prepared colloidal solutions were transparent and highly dis-
persive. Such materials could be used for nanoscale device development and for biomedical and environmental applications.
We also demonstrated the utility of single nanoparticle spectroscopic analysis in the characterization of organic
nanoparticles. The optical properties of these organic nanoparticles depend on their size within the range from a few
tens to a few hundred nanometers. We observed perylene nanoscrystals using single-particle spectroscopy coupled
with atomic force microscopy. Based on these experiments, we proposed empirical equations explaining their size-
dependent fluorescence spectra. We attribute the size effect to the change in elastic properties of the nanocrystal. Based
on the results for nanoparticles of polymers and other molecules with flexible conformations, we assert that size-
dependent optical properties are common for organic nanoparticles. While “electronic confinement” explains the size-
dependent properties of inorganic nanoparticles, we propose “structural confinement” as an analogous paradigm for
organic nanoparticles.

Excitation
light

1. Introduction

When the size of materials is reduced from bulk to
micrometer and from micrometer to nanometer,
physical and chemical properties are expected to
change, and indeed the thermal, electric, and elec-
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tronic properties of metals and semiconductors are
examined as a function of the size. In contrast,
such studies have not been conducted so much
for organic molecular solids, because it has been
believed that the size effect is not expected
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because electrons are confined in each molecule and do not
expand over the nanometer and micrometer domains. Fur-
thermore most of chemists had no “size” concept before
microchemistry studies were started."* Now we know chem-
istry in nanometer dimensions is important, and studies on
organic nanoparticles are expected to bridge gaps between
the understanding of molecules and materials.

Practically, organic nanoparticles are being used as
advanced materials such as display elements, inks, toners,
drugs, cosmetics, and so on, and in the future, they could be
considered to contribute to wider fields of chemistry and
material science. The first step in the nanoparticle research is
how to fabricate the nanoparticles with the requested size and
shape. Microparticles of organic molecules have been tradi-
tionally fabricated by mechanical milling treatments; however
their size is usually over sub-micrometer. To obtain smaller
nanoparticles, many trials have been done at laboratory scale,
and several effective ways have been developed. In 1992,
Nakanishi and co-workers proposed the reprecipitation
method and demonstrated the nanoparticles with the parti-
cle size less than 100 nm dispersed in water, and since then,
this method has been widely used in nanoparticle prepara-
tion for various kinds of molecules.*”'> Another approach to
nanoparticle preparation based on controlling precipitation of
the molecule is to use the sol—gel phase transition,'® solvent
evaporation in polymer solution,'”'® and stratification depo-
sition in a vacuum chamber.'®2° Because the above meth-
ods are based on the molecular association under some
mixing, evaporation, or cooling conditions, it is not so easy to
control the size, shape, and phase of the nanoparticles in their
preparation processes. From this viewpoint, we have proposed
and developed a new fabrication method of organic nanopar-
ticles utilizing laser ablation of microcrystals in water, where
the bulk solids are converted directly into nanoparticles. We
summarize the laser ablation method and discuss its great
potential in nanoscience and nanotechnology in this Account.

The other key step in nanoparticle research is how to char-
acterize nanoparticles. In general, nanoparticles are measured
and analyzed as an ensemble, and unique size-dependent
optical properties, which are different from those of metals
and semiconductors, have been reported. Because some prop-
erties characteristic of nanometer dimension may be hidden
in the ensemble-averaged data, single-particle spectroscopy
giving various properties as functions of the nanoparticle size,
shape, and crystalline phase is strongly desired. Here size-
dependent optical properties are also summarized, and the
important role of single-nanoparticle spectroscopy is
demonstrated.
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FIGURE 1. (a) A chemical structure of quinacridone (QA), (b)
absorption spectra of supernatants of QA colloidal solutions
obtained at various laser fluences, and (c) the plot of absorbance at
580 nm as a function of laser fluences.

2. Fabrication of Nanoparticles by Laser
Ablation in Solvent

When organic microcrystals are suspended in water and
exposed to intense laser pulses, fragmentation of the micro-
crystals is induced. The ejected particles are caught by water
and stabilized as nanocolloids.?' ~2° We proposed this laser
ablation method in 2000 and have examined its applicabil-
ity and studied its mechanism.>'~2* First we describe some
results on quinacridone (QA, Figure 1a) as a representative
example to explain the method.**

Microcrystalline powder of QA obtained by hand-grinding
of bulk crystal in an agate mortar was suspended in water,
and then the mixture was irradiated with 355 nm nanosec-
ond laser pulses (8 ns fwhm and 10 Hz repetition rate). The
absorption spectra of the supernatants before and after laser
irradiation at various laser fluences are shown in Figure 1b,
and the absorbance at 580 nm is plotted as a function of the
laser fluence in Figure 1c. The spectra indicate that QA is
barely dissolved in water, while the fluence dependence
means that its formation has a threshold with respect to the
laser fluence. We took out a droplet of the red supernatant,
deposited it on a silicon substrate, and observed the nanopat-
ticles with SEM. The SEM image prepared at 100 mJ/cm? is
shown in Figure 2a, and the mean size is estimated to be 50
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FIGURE 2. (a) A SEM image of QA nanoparticles formed by
nanosecond laser irradiation (8 ns, 355 nm) at 100 mJ/cm?, (b)
AFM image of QA nanoparticles formed by femtosecond laser
irradiation (150 fs, 800 nm) at 40 mJ/cm?, and (c) The size
histograms of QA nanoparticles formed by femtosecond (red) and
nanosecond (blue) laser irradiation.

nm, and its standard deviation is 10 nm. The size reduction
during laser ablation was monitored by measuring absorp-
tion and light scattering of the colloid, and we understood
how the mean particle size became smaller and the distribu-
tion narrower.23¢ On the basis of the results, it is concluded
that QA nanoparticles are fabricated by laser ablation in water.

Similarly we examined a series of dye molecules similarly
to the procedure for QA, and the obtained results are listed in
Table 1.2272% The threshold for nanoparticle formation is in
the fluence range from 6 to 30 mJ/cm? depending on dye
molecules, while their particle size is around 50 nm, almost
independent of dyes when the nanoparticles were prepared at
laser fluence three times larger than the threshold. All the pre-
pared colloid solutions were transparent and highly disper-
sive, and their half-life covered from a few days to 2 months.

It is considered that laser ablation of organic microcrystals in
poor solvent is an easy, useful, and general method for fab-
ricating their nanoparticles.

One advantage of the laser ablation method is its high con-
trollability of size and phase of nanoparticles by tuning laser
pulse width, wavelength, fluence, and shot number. In Table
2, some results obtained for QA are listed,>>** and the AFM
image of nanoparticles and the size distribution are given in
Figure 2b,c, respectively. Higher fluence led to smaller nano-
particles, and the size changed drastically depending on pulse
width.?* It is especially worth noting that we have succeeded
in the fabrication of 13 nm size QA nanopatrticles by femto-
second laser irradiation.2>“4 Another interesting result is that
the phase of the formed QA nanoparticles depends on laser
wavelength and fluence. Judging from absorption spectra of
the nanocolloidal solution, s-phase was always produced for
355 nm excitation, while g- and y-phase nanoparticles were
formed at 532 and 580 nm excitation wavelengths, where QA
has a larger absorption coefficient than that at 355 nm.**?

These dependences on laser parameters can be explained
in terms of the laser ablation mechanism: photothermal for
nanosecond laser ablation?”2~< and photomechanical for fem-
tosecond ablation.?” These mechanisms were concluded on
the basis of time-resolved fluorescence and absorption spec-
troscopy, dynamic imaging, and related optical measurement
during the laser irradiation. For nanosecond photothermal
ablation in a solvent, rapid temperature elevation upon pulse
excitation is compensated by a cooling process due to ther-
mal diffusion to the solvent, and its balance gives the tran-
sient temperature determining the nanoparticle size.?3®24
Higher fluence gives higher effective transient temperature,
leading to efficient fragmentation to smaller particles. In the
case of femtosecond irradiation, multiphoton absorption leads
to very rapid increase in molecular and lattice vibrations giv-
ing transient high pressure in the irradiated area.>’ As a result
explosive mechanical fragmentation is started before ther-
mal equilibrium with the solvent, leading to the small nano-
particles.

The fluence dependence of the phase of the formed QA
nanoparticles is consistent with its thermodynamic stability. It
is well-known that y-phase is a little more stable than s-phase,
while their interconversion is difficult at room temperature
because some energy barrier exists between two phases.?® In
our case, f-phase QA microcrystal is ablated in water, and
nanoparticles with 5- and y-phases are prepared just above
the threshold fluence of laser ablation and at higher fluence,
respectively. This is quite acceptable because the interconver-
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TABLE 1. Dye Nanoparticles Prepared by Nanosecond Laser Ablation of Microcrystalline Powders in Poor Solvent?

BY AlPc BP DR QA VOPc
mean size (nm) & 59 + 16 56 + 28 40 + 9 43 + 10 50 + 10 49 + 15
standard deviation (nm)
threshold (mJ am™3) 8 6 10 7 30 20
stability of colloidal 13 days 2 months 6 days 6 days 20 days 5 days
dispersion®

9 Excitation light is the third harmonic (355 nm) of a nanosecond Nd>":YAG laser (8 ns fwhm, 10 Hz) or a XeCl excimer laser (351 nm, 30 ns FWHM, 10 Hz).
Abbreviations: BY = 3,3'-dichloro-4,4'-[2-oxo-1-(N-phenylcarbamoyl) propylazo]-1,1'-biphenyl; AIPc = aluminum phthalocyanine chloride; BP = 6,6'-dichloro-

4,4'-dimethylth; DR =

3-hydroxy-4-[(4-methyl-2-nitrophenyl)azo]-N-(3-nitrophenyl)-2-naphthalenecarboxamide; QA =

quinacridone; VOPc =

oxo(phtalocyaninato)vanadium(lV). ” The half-decay time of the absorbance of colloidal dispersion.

TABLE 2. Crystal Phase and Size of Quinacridone Nanoparticles Fabricated by Laser Ablation by Choosing Laser Parameters

fluence (mJ/am?)

laser parameters:
wavelength (pulse width) 25 40 80 100 150
mean particle size, 355 nm (8 ns) 120 (B) 68 (B) 50 (B) 30(8)
nm (crystalline phase)
532 nm (8 ns) 110 (B) 55 (B+y) 35 (B+y) 25(y)
580 nm (8 ns) B 22 (y)
800 nm (150 fs) 40 (B) 13 () )

sion from S-phase to y-phase needs additional energy dur-
ing ablation.

3. Size-Dependent Optical Properties of
Organic Nanopatrticles
It is well-known that optical spectroscopy of metal and inor-
ganic semiconductor nanoparticles show typical nanometer
size dependences, which can be ascribed to electron confine-
ment in small volumes.*® However, the electron confinement
effect is not expected for organic crystals, since electrons are
localized only in chemical bonds or just over one molecule.
Nevertheless, organic nanoparticles show interesting size
effects of absorption and fluorescence spectra, fluorescence
emission enhancement,'#'3 and nonlinear optical response.>°
Many papers have considered size-dependent optical proper-
ties of organic nanoparticles and reported that their size
domain is quite different from that of inorganic materials, cov-
ering from a few tens of nanometers to a few hundreds of
nanometers.*~ 71131735

Kasai et al. reported that perylene nanocrystals gave mono-
mer and excimer emissions and that the latter peak wave-
length showed a blue shift and the monomer emission was
enhanced.® Similar dual emission behavior was also observed
by Seko et al. for pyrene, corone, and anthracene, and it was
explained by assuming two emissive centers; one is in the
inner side and the other is at the periphery of the nanopar-
ticle.?° Matsui and his colleagues examined aromatic nanoc-
rystals in polymer films and found that the absorption
bandwidth increased with size but showed a sudden fall to
zero over 12 nm.2' To explain this novel phenomenon, they

made theoretical consideration by taking into account the
effect of surface charge.

More complex luminescence phenomena of nanoparticles
were reported by Park et al. for 1-cyano-trans-1,2-bis-(4'-me-
thylbiphenyl)ethylene'2 and by Patra et al. for 7,7-bis(4-chlo-
roanilinol)-8,8-dicyanoquinodimethane,®? and a systematic
study was extended by Yao and his colleagues for nanopar-
ticles of pyrazoline derivatives such as 1,3-diphenyl-5-(2-an-
thryl)-2-pyrazoline.>®> Those nanoparticles gave multiple
emissions involving charge-transfer luminescence and showed
that the fluorescence spectra differed from those of bulk solid
and solution. Because these molecules have flexible confor-
mations, various inter- and intramolecular overlapping struc-
tures are realized in nanoparticles, depending on the particle
size and shape. A similar geometrical effect of molecular pack-
ing in a confined space was also discussed for a cyanine J-ag-
gregate.?*

In the case of conjugated polymers, more distinct size
dependence is expected because polymer chains are longer
and their conformations are more flexible. We studied poly(3-
[2-(N-dodecylcarbamoyloxy)ethyl]-thiophene-2,5-diyl)®>> and
confirmed such size-dependent absorption and fluorescence
spectra in the size range of a few tens to a few hundreds of
nanometers. For poly[2-methoxy,5-(2'-ethyl-hexyloxy)-p-phe-
nylene vinylene], the fluorescence properties including the
dynamics of exciton migration, trapping, and quenching have
been investigated by Barbara et al.,?>® and the size-depend-
ent fluorescence was discussed from the viewpoints of con-
formational order and heterogeneity of polymer chains
confined by the nanometer dimension.
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FIGURE 3. An experimental setup for single-particle spectroscopy
coupled with AFM observation.

4. Single Nanocrystal Spectroscopy of
Perylene

Most of the above studies have been done by ensemble mea-
surement of the colloidal solution, so the size-dependent spec-
tra are averaged over different sizes and shapes. Furthermore,
it is possible that nanoparticles contain some amorphous or
polymorphous domains and are even contaminated with sol-
vent. Therefore, it has been strongly desired to reveal simul-
taneously optical properties and morphology for individual
nanoparticles under dry conditions. In the past decade, sev-
eral works using single-nanoparticle spectroscopy have been
reported for organic nanoparticles.*°~*7 As a representative
molecular nanocrystal, perylene was first examined by single-
nanocrystal spectroscopy using a near-field optical setup, but
the size dependence of the fluorescence spectra was not made
clear.*>** Some groups and we have developed experimen-
tal setups for far-field microspectroscopy combined with AFM
observation.>®~*2 Figure 3 shows a schematic illustration of
our far-field fluorescence/light scattering microspectroscope
coupled with an AFM. From the top, AFM observation is con-
ducted, while optical measurement is performed from the bot-
tom. By applying this to single organic nanoparticles on a
dried surface and by examining the relation between their
morphologies and optical spectra, we have elucidated the
intrinsic nature of the size-dependent optical spectra.

Figure 4 shows some examples of the AFM images and flu-
orescence spectra of single perylene nanocrystals.*® A broad
excimer emission around 600 nm and a monomer fluores-
cence peak at 480 nm were detected for each crystal, while
the spectrum changed from nanocrystal to nanocrystal. We
examined many nanocrystals and tried to relate the peak
wavelength of the excimer emission and the intensity ratio of
the monomer over excimer peaks to size parameters. The
spectrum did not show any clear dependence on the height,
width, and length of each nanocrystal. Instead we found that
the “size” defined by eq 1 can be related to the fluorescence
spectroscopic data.

size = Vlength x width x height (1)

We consider the mechanism of the present size depen-
dence by referring to the fluorescent nature of the a-form bulk
perylene crystal,*®49 which is explained in terms of the strong
coupling model of short-range exciton—phonon (lattice vibra-
tion) interaction.>® In the case of a-form crystal, because the
lattice relaxation energy (E, g) is large enough, electronic exci-
tation energy is trapped in a sandwich-like pair of two mole-
cules, that is, excimer formation. With use of a generalized
configuration coordinate Q, E  is given by E z = wQ,,*/2,
where o is the angular frequency of the phonon and Q,
means a relative displacement of the excimer state from the
bottom of the ground state. Our consideration is schemati-
cally illustrated in Figure 5, where self-trapping energy (Es) is
given by Es; = E;x — B and B is half of the free exciton band-
width. The fluorescence peak energy of excimer emission,
hC/Aax, is presented by he/ARax = hc/Aay — Est — AE,, where
AE, means the Franck—Condon destabilization energy in the
ground state. On the other hand, it is well-known that the
monomer fluorescent state is thermally in equilibrium with the
excimer state,*® and the intensity ratio of the monomer over
the excimer, I\/Ig, is given by

I/le = kyy/ke €xp(—Egi/(KT)) 2)

where k,, and k; are the radiative transition rate constants
from the monomer and excimer states to the ground state,
respectively.

Because the monomer fluorescence peak of nanocrystal is
identical to that of the bulk one, the value of B can be con-
sidered to be independent of size. Therefore, the size depend-
ences of AL, and I/l should be ascribed to reduction in E 5
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FIGURE 4. (a—c) AFM images of perylene nanocrystals and (d)
fluorescence spectra corresponding to the AFM images in panels
a—c and that of a bulk crystal (blue line). All the spectra were
corrected with respect to the spectral sensitivity of the instrument
and were normalized to unity at the maximum intensity.
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FIGURE 5. Schematic illustration of potential energy surfaces of
perylene nano- and bulk crystals. It assumed that the ground and
excited Franck—Condon states give the same potential to bulk
crystal. Abbreviations are in the text.

with the decrease in the size. Because E, is a function of the
angular phonon frequency of crystalline lattice and lattice dis-
tortion due to excimer formation, the present size effect can
be attributed to a change in elastic properties of nanocrystal
with size. We have considered that the lattice instability
caused by the large surface-to-volume ratio will be responsi-
ble for lowering of lattice vibration or rigidity with the
decrease in the crystal size, which leads to the up-shift of the
excimer energy level.*® Indeed, it was confirmed experimen-
tally that hc/A,,, increases monotonously with the surface-to-
volume ratio, and its relation looked roughly linear. This idea
will be related to the fact that the melting temperature of
metallic nanoparticles and some organic nanocrystals is lower
than that of bulk, which is eventually ascribed to the increase
in free energy of the nanocrystal by a contribution of the sur-
face free energy.>' >3

Along this line, we proposed the following empirical equa-
tions as a function of size as defined by eq 1 by assuming that
the Ilattice relaxation energy in the nanocrystal decreases lin-
early with the surface-to-volume ratio, that is, the inverse of
size, 403

Er(nanocrystal) = E¢;(bulk) — b/(size + a) (3)

hc/AE

max

(nanocrystal) = hc/AL _ (bulk) + b/(size +a) (4)

max

where g is a parameter having the distance dimension b =
akrR™, and AE, is set to be constant in the derivation of eq 4.
Using the value of lattice relaxation energy in bulk, 8% (1715

cm™'),*® we calculated the size dependence of AL, from eq
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FIGURE 6. (a) Dependence of the excimer fluorescence peak on
size and (b) dependence of the intensity ratio of monomer to
excimer emissions at their peaks on size. Size is defined by eq 1.

Dotted lines in panels a and b represent the calculated size

dependences of 1., from eq 4 and of I/l from eqs 2 and 3 using

a = 34 nm (see text).

4 and the dependence of I,/I¢ from eqgs 2 and 3, by assum-
ing ky/ke to be independent of the size. As shown in Figure 6,
the calculated size dependences both for AL, and I/l can
reproduce the experimental results semiquantitatively when
the value of a is about 30 nm. The physical meaning of the
value of a might be related to structural homogeneity of the
nanocrystal but is not so clear at the present stage of investi-
gation. This is the first work to propose empirical equations
representing size-dependent optical spectra of organic nanoc-
rystals as far as we know, and such trials are strongly desired
for understanding the nature of the optical properties. Single-
nanoparticle spectroscopic study on organic systems has a
short history, so further systemic studies on the nanosize effect
should be extended in more detail. There is no doubt that sin-
gle-nanoparticle/nanocrystal spectroscopy with AFM observa-
tion is very useful and provides novel results.

5. Structural Confinement in Organic
Nanoparticles Giving Unique Size Effects

In addition to the size effect of the perylene nanocrystal, which
can be explained by a change of elastic properties of the crys-
tal, we here point out other effects on the size-dependent opti-
cal properties of organic nanoparticles. As described in section
3, conformational structures of molecules confined in a small
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Space are the key issue to explain the size dependence of
nanoparticle fluorescence in the case of flexible molecules,
espedially conjugated polymers. Morphological effects of poly-
mer chains such as a chain packing, conformational defects,
and distortions were also presented for understanding single
nanocrystal Rayleigh scattering spectroscopy of poly(substi-
tuted diacetylene).?®3° The excitonic transition resonance
peak can be correlated to the cross section of nanocrystals
with a rectangular shape, which is ascribed to mutual cou-
pling of electronic polarization in the bundle of the chains or
to conformational instability giving defects and kinks. On the
basis of the spectroscopic data of various organic compounds,
we can conclude that the size effect on organic nanoparticles
is characteristic of a few tens and a few hundreds of nanom-
eters order and related to some molecular conformation, pack-
ing, and elastic properties of nanoparticles. This gives us the
idea to call the present size effect “Structural Confinement”, is
contrast to electron confinement for metals and inorganic
semiconductors.

6. Future Potential of Organic
Nanoparticles

As a summary of this Account, we discuss the great potential
of organic nanoparticles in green chemistry and chemical biol-
ogy. Organic nanoparticles can be dispersed well in water, so
studies on their chemical reactions will not always need
organic solvents. The larger surface of nanoparticles may give
a greater chance for them to encounter other reactants than
bulk solids, a chemical reaction might proceed at the collid-
ing surfaces. These are consistent with the requirements for
green chemistry, where water is preferred to organic solvents
from the viewpoint of health and environmental concerns.>*
The excellent solubility of organic nanoparticles in water will
also open new aspects also in chemical biology. Usually
chemical modification or dispersion by adding detergents are
applied to dissolve organic molecules and to react them with
living cells, but their nanoparticles can interact with living cells
and tissues without such treatments.

To achieve such status of organic nanopatrticles, their size,
shape, and phase should be controlled fully, which will be
realized by developing the laser ablation method. This is one
of the top-down methods of nanoparticle fabrication, where no
contamination is involved because no solvent is added, the
process is in principle noncontact, and the nanoparticles can
be collected in poor solvent without being exposed to air. As
examples, we here introduce laser fabrication of Cgq
fullerene®>>® and an anticancer drug. Cs, has recently

attracted increased interest in its medical application such as
a novel photodynamic therapy drug. We prepared the aque-
ous colloid with size 30—50 nm by laser ablation.>> The col-
loid is stable without detergents and organic solvents, so this
is one of the best samples for the use of Cg, in its medical and
biological applications. 7-Ethyl-10-hydroxycamptothencin, on
the other hand, is well-known as a candidate drug for cancer
therapy, but does not dissolve well in water. This molecule
was also successfully fabricated as an aqueous nanocolloid by
laser ablation, and its interaction with living cells was tested.
The effect as a drug was proven to be acceptable enough and
lasted longer with a lower amount than expected. These
examples indicate great potential of organic nanoparticles and
give us a dream where nanoparticles are key materials in
innovative research fields of chemistry. Spectroscopic analy-
sis of nanoparticles is also important and indispensable for
characterization and functionalization. The ultimate potential
of the relevant optical and chemical properties will be shown
by single-nanocrystal spectroscopy.
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