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Fluorescent nanoparticles of dendronized perylenediimide (DPDI) were fabricated by laser ablation in water. We succeeded in the

preparation of colloidal nanoparticles of different sizes (150–400nm) and examined their size-dependent optical absorption and

fluorescence properties. The size-dependent extinction spectra can be explained by the effect of light scattering loss, and it was confirmed

that their absorption spectrum is similar to that of molecules in solution. The very weak interchromophoric interaction is also confirmed by

fluorescence spectral measurement. On the other hand, we found that the fluorescence quantum yield decreases with decreasing of the

particle size, and we propose a new mechanism for the size-dependent reduction of emission intensity in organic nanoparticles. On the

basis of the size dependent-fluorescence quantum yield and solvent polarity dependence of DPDI fluorescence in organic solvents, we

considered that, while the interchromophoric interactions are weak in the nanoparticle, the excited singlet state migrates in a nanoparticle

owing to energy hopping and is quenched at the surface, leading to the observed size-dependent fluorescence quantum yield (�f) and a

smaller value of �f for nanoparticles than for the molecules in nonpolar solvents. # 2009 The Japan Society of Applied Physics

DOI: 10.1143/JJAP.48.065002

1. Introduction

Fluorescent organic compounds have attracted much atten-
tion because of their potential application as biological
labels,1,2) in light emitting diodes,3) and as chemical
sensors.4) One recent and attractive research topic is the
use of organic fluorescent compounds as a point light source
in bioimaging1,5) and microchip devices.6) Indeed, recently,
single molecule detection in combination with switchable
fluorescent compounds and image reconstruction has enable
a superspatial resolution (�a few tens of nm) in fluorescence
imaging, far beyond the optical diffraction limit.7–9) Single-
molecule fluorescence spectroscopy, however, is always
confronted with the problem of limited photostability. Most
commercial dyes undergo photobleaching in a few milli-
seconds under typical excitation conditions with a laser
fluorescence microscope. In addition, the phenomenon of
blinking, encountered in any single molecule system,
interferes with the process under study. One idea for
obtaining a stable point light source is to use an assembly
of molecules in the form of a nanoparticle. Because large
numbers of chromophores are incorporated, single nano-
particles show bright fluorescence even at a low excitation
power, do not undergo rapid photobleaching, and give less
emission blinking and off states that are generally observed
in single-molecule experiments.10)

Luminescent organic nanoparticles have been reported
for several compounds;11–13) however, the fabrication of
highly fluorescent nanoparticles is generally not easy. In the
solid state, molecules tend to aggregate and this leads to
fluorescence quenching and/or excimer emission as a result
of intermolecular interactions. For example, perylenediimide
(PDI) is a well-known fluorescent dye with a high
fluorescence quantum yield and a high photostability in
solution. On the other hand, the emission spectrum of the

nanoparticles of commercially available PDIs shows char-
acteristics of a strong intermolecular interaction (excimer-
like emission) and a low fluorescence quantum yield.14,15)

Recently, we demonstrated the fabrication of highly fluo-
rescent PDI nanoparticles by laser ablation in water using a
bay-substituted dendronized PDI (DPDI, Fig. 1).16) In DPDI,
bulky dendron groups at the PDI chromophore bay positions
hinder the electronic interactions among PDI chromophores.
As a result, the fluorescence and absorption spectra of the
nanoparticles are quite similar to those of DPDI molecules in
solution. Furthermore, single-particle experiments on these
laser-generated nanoparticles by time-correlated confocal
fluorescence microscopy underline that the DPDI nano-
particles are bright and sufficiently photostable to be useful
probes for single-particle fluorescence investigations.

In this study, we examine the size dependence of
extinction and fluorescence properties of DPDI nanoparticle
colloids prepared by laser ablation in water.17–21) Colloidal
nanoparticles with mean sizes ranging from 150 to 400 nm
were successfully fabricated by varying the laser fluence.
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Fig. 1. The molecular structure of DPDI.
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The shape and the maximum band wavelength of the
extinction spectra depending on the particle size are
discussed on the basis of Mie theory by comparing the
extinction spectra to numerical simulations. We also found
that the fluorescence quantum yield was influenced strongly
by the particle size and/or laser fluence although the spectral
shape was not. The yield decreased about a seventh as the
size decreased from 400 to 150 nm. In our previous paper, it
was suggested that nonradiative deactivation of the excited
state is enhanced in the nanoparticles compared with DPDI
molecules in solution and that fluorescence quenching at the
particle surface or impurities should be considered.16) We
examine herein the particle size dependence and the effect of
laser irradiation on the fluorescence intensity and present a
rationale that involves fluorescence quenching at the surface
of the nanoparticles in water.

2. Experimental Procedure

The synthesis of DPDI has been described previously,22) and
its colloidal nanoparticles have been prepared by the laser
ablation method.15–20) In brief, DPDI powder was put in an
aqueous solution of 8mM 3-[(3-cholamidopropyl)dimethyl-
ammonio]propanesulfonate (CHAPS; Dojin). Next, the
suspension (3� 10�3 wt%) was sonicated for 30min. The
mixture (3.0mL) was put in a 1� 1� 5 cm3, quartz cuvette,
stirred vigorously with a magnetic stirrer, and then exposed
to the frequency-doubled beam of a nanosecond YAG laser
(Continuum Surelite II, 532 nm, 10Hz, 8 ns full width at half
maximum). The spot area was approximately 22mm2, and
the laser intensity was adjusted using a polarizer.

The ultraviolet–visible (UV–vis) extinction and emission
spectra of the nanoparticle colloidal solution were measured
with a UV–vis–near infrared (NIR) scanning spectropho-
tometer (Shimadzu UV-3100PC) and a fluorescence spec-
trophotometer (Hitachi F-4500), respectively. The size of
nanoparticles was estimated by dynamic light scattering
(DLS) measurements (Malvern Instruments Zetasizer), and
their zeta potential was also evaluated using the same
equipment. The morphology of the prepared nanoparticles
was observed using a scanning electron microscope (SEM;
FEI Strata DB235-31).

3. Results and Discussion

3.1 Nanoparticle formation by laser ablation
The initial sample powder, when mixed in water, sinks to the
bottom of the cuvette and its supernatant is almost colorless.
This indicates that DPDI hardly dissolves in water, as can be
expected form its hydrophobic character. When the suspen-
sion is exposed to laser pulses at laser fluences above the
threshold, it is gradually transformed to a magenta trans-
parent colloidal solution. The apparent absorption spectra of
the supernatants obtained after letting the solution settle for
1 h are shown in Fig. 2(a). The spectra at laser fluences above
40mJ/cm2 show similar features as the spectra of solutions
of DPDI molecules. In addition, long wavelength tails are
observed owing to light scattering. These spectral features
are characteristic of the nanoparticle colloidal solutions.

The absorbance at 570 nm is plotted as a function of the
laser fluence in Fig. 2(b). The absorbance increases when
the laser fluence is above the threshold of 40mJ/cm2 and
saturates for fluences higher than 180mJ/cm2. The depend-

ence on fluence demonstrates clearly that the nanoparticle
formation requires high photon density, similar to the case
of laser ablation-induced nanoparticle formation by other
organic dyes in water.17–22) At higher laser fluences, the
colloidal solution of DPDI nanoparticles is stable and the
absorption spectrum does not change significantly even after
the solution is settled for a week at room temperature. To
verify molecular decomposition by the intense laser light,
the water in the colloidal solution was allowed to evaporate
in a vacuum chamber. The material left was dissolved again
in ethanol, and the absorption spectrum of the ethanol
solution was measured. The shape of the spectrum of the
colloidal solution in ethanol corresponds closely to that of
DPDI molecules in an ethanol solution in the wavelength
region from 250 to 800 nm. No additional absorption bands
are observed. From these data, it can be concluded that
molecular decomposition can be neglected under the laser
excitation conditions used.

We prepared nanoparticle colloids by laser irradiation at
50, 100, 150, and 200mJ/cm2 for 10min, followed by
centrifugation at 3000 rpm for 10min to remove micro-
meter-sized crystals. DLS measurements of the obtained
nanoparticle colloids (see Table I) demonstrated that mean
particle sizes and the polydispersity indexes (pdi) decreased
with increasing laser fluence. To characterize nanoparticles
directly, we measured SEM images of nanoparticles at
200mJ/cm2 laser fluence. To remove the maximum amount
of surfactant from the colloidal solution, the colloidal
solution was centrifuged at 15000 rpm for 30min, the
colorless supernatant was replaced by pure water, and then
the nanoparticle redispersed by sonication. A drop of the
nanoparticle dispersion was spread on a surface-modified
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Fig. 2. (a) Laser fluence dependence of absorption spectra of DPDI

water suspensionsafter 10min laser irradiation. The laser fluence

is given in the figure. (b) The peak absorbance of a DPDI water

suspension after 10min laser irradiation as a function of laser fluence.
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silicon substrate and dried in a vacuum chamber. After
coating its surface with a thin gold layer (5 nm thick), SEM
images were recorded. Figure 3 shows two selected pictures.
First of all, despite centrifugation to remove the surfactant,
a considerable amount of the surfactant remained on the
sample. Its aggregation is characterized by the cloud-like
gray background on the SEM images which render the
small-sized particles difficult to distinguish. On the other
hand, we clearly see sharp-edged structures like the cubic or
rectangular ones (with a size from 100 to 300 nm) which can
be considered to be DPDI nanoparticles. Using such
discrimination, we can observe nanoparticles with sizes
between 50 to 300 nm. Even if the SEM images allow us to
see DPDI particles, however, the size characterization is not
fruitful in this case due to surfactant aggregation.

3.2 Size dependence of extinction spectrum
In the preceding section, we described that the mean size of
the prepared nanoparticles can be changed by varying the
laser fluence. Here, we discuss the size dependence of their
optical properties in detail. The absorption spectra of
colloidal solutions prepared at different fluences are shown
in Fig. 4. Each spectrum was normalized at the maximum
band wavelength. The spectra show a gradual tail in the
region wavelength longer than 620 nm where the molecule
in solution has no absorption, and the peak position shifts to
longer wavelengths with increasing particle size. It is worth
noting that conventional absorption measurements of colloid
samples provide an optical extinction that is the sum of
optical absorption and scattering coefficients. The extinction
coefficient �ext is given by absorption �abs and scattering �sca
cross sections, and the number of particles, N, as follows:

�ext ¼ Nð�abs þ �sctÞ: ð1Þ

The relative contribution of the two components in the
extinction is a function of the particle size, and scattering
becomes dominant in larger-sized nanoparticles. Therefore,
the spectral measurement of extinction does not give direct
information on the size-dependent maximum position of the
optical absorption band.

In order to explain the size-dependent extinction spectra,
we calculated the extinction, scattering, and absorption
coefficient of spherical DPDI nanoparticles having the
complex refractive index of the nanoparticle given in
Fig. 5(a) on the basis of Mie theory using the algorithm
described in ref. 23. We estimated the imaginary part of the
complex refractive index � from the absorption spectrum of
a DPDI acetone solution as

� ¼
�

4�
"c: ð2Þ

Here, " and c are the molar absorption coefficient in solution
and the concentration of DPDI molecules in a nanoparticle,
respectively. Because electronic interactions between PDI
chromophore are very weak due to the bulky dendron groups
in the bay positions, we can safely assume that the
absorption spectra of DPDI in both solid state and solution
are virtually the same. We set the molar concentration of the
nanoparticle to be 0.58mol/dm3. On the other hand, the real
part, n, was calculated by the Kramers–Kronig relation given
by

nð�Þ ¼
Z 1

0

�ð�Þ
�½1� ð�=� 0Þ2�

d� þ n0; ð3Þ

where n0 is the refractive index at a wavelength far from the
resonance absorption band, and here it was assumed to be
1.6.

The calculated extinction, scattering, and absorption cross
sections for spherical nanoparticles having different diam-
eters are shown in Figs. 5(b)–5(d), where all spectra are
normalized by the value at the maximum. The simulated
extinction spectra show the same features of size depend-
ence as the experimental ones. The maximum band wave-
length shifts from 592 to 581 nm as the size of the
nanoparticles decreases from 500 to 100 nm. The simulation
indicates that the gradual tail of the extinction in the longer

Table I. Mean particles size (d ), absorption maximum wavelength

(�max), and fluorescence quantum yield (�f) of DPDI nanoparticle

colloidal solutions and those of DPDI solutions in acetone and toluene.

Laser fluence

(mJ/cm2)

d

(nm)/(pdi)

�max

(nm)

Relative fluorescence

intensitya)
�f

b)

50 436/(0.299) 577 0.055 0.13

100 261/(0.229) 573 0.038 0.055

150 177/(0.207) 571 0.023 0.027

200 156/(0.103) 571 0.019 0.018

Acetone — 573 0.19 0.17

Toluene — 581 1 0.92

a) Relative fluorescence intensities of the colloidal and molecular

solutions normarized with respect to the toluene solution; optical

density of each sample is 0.05 at the excitation wavelength (570 nm).

b) Fluorescence quantum yields using the DPDI toluene solution as a

reference. (�f ¼ 0:92).22)

Fig. 3. SEM image of DPDI nanoparticles. Nanoparticles are

observed together with surfactant deposited from the solution.
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wavelength region is due to light scattering, and that the
scattering contribution increases with particle size, while the
absorption spectrum is independent of particle size. There-
fore, it can be concluded that the scattering loss is the main
reason for the size dependence of the extinction spectra and
for the discrepancy in the spectra between the colloidal
nanoparticle solutions and the solutions of DPDI.

It should be noted here that in many reports of the size
dependence of the optical extinction of organic nanoparti-
cles, the size-dependent absorption was discussed mainly
from the viewpoint of the geometrical effect of molecular
packing in nanoparticles that results in changes of electronic
interactions between molecules in a bulk crystal. In the case
of DPDI, on the other hand, the absorption spectrum is not
sensitive to the manner of molecular packing because of a
very weak electronic interaction between chromophores due
to bulky dendron groups, so we can elucidate the details of
the effect of light scattering loss in the extinction spectra.

Indeed, in this work we have demonstrated clearly that the
scattering effect is important to consider when interpreting
the size dependent extinction spectrum of nanoparticle
colloids, and the experimental observation can be explained
semi qualitatively on the basis of Mie scattering theory in the
case of DPDI.

3.3 Size dependence of fluorescent properties
In Fig. 6(a), we present the fluorescence spectra of DPDI
colloidal solutions obtained at several laser fluences along
with the spectrum of a DPDI acetone solution. Optical
densities (i.e., extinction) at the excitation wavelength
(570 nm) were set to the same value (0.05). The relative
fluorescence intensities of the nanoparticle colloidal solution
and the acetone and toluene solutions are shown in Table I.
The shape of the fluorescence spectra of the nanoparticle
colloids obtained at different fluences are nearly identical
and similar to the spectrum recorded for the DPDI acetone
solution. A very weak interchromophoric interaction is also
confirmed by the similarities in the fluorescence spectra. On
the other hand, the fluorescence yield of the colloidal
solutions depends on the particle size, and it is lower than
that of the acetone solution.

We estimated the fluorescence quantum yield of the
nanoparticles using a DPID toluene solution as the reference
(�f ¼ 0:92)22) and by considering the influence of the
scattering loss of the excitation light in the fluorescence
measurement. Indeed, as described previously, the optical
density of a colloidal sample does not equal its optical
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absorption. Using the numerically simulated spectra in
Fig. 5, we can calculate the ‘‘true’’ optical absorption of
DPDI nanoparticles for each colloidal sample. For example,
in the case of a 300 nm nanoparticle colloid, the true
absorption is about 50% of its optical density obtained by a
conventional absorption measurement. Taking into account
the light scattering loss as outlined, we evaluated �f for the
colloidal nanoparticles of different size. The values are listed
in Table I together with those of acetone and toluene
solutions of DPDI.

In our previous paper, we reported that �f of 300 nm
nanoparticles was about 0.6, by assuming �f of the acetone
solution to be one.16) However, this assumption was wrong.
We measured �f for an acetone solution and obtained a
value of 0.17, which is smaller than the values obtained for
methylcyclohexane (0.96), toluene (0.92), and tetrahydro-
furan (THF) (0.77) solutions.22) This result indicates that
�f of DPDI molecules depends on the solvent polarity:
methylcyclohexane, " ¼ 2:02; toluene " ¼ 2:38; THF, " ¼
7:58; acetone, " ¼ 21. In a previous paper, we have already
shown that electron donor groups on the side bay of the
PDI can increase nonradiative decay especially in a polar
medium;24) therefore, the dendron group at the side bay of
the PDI core can act as an electron donor. Intramolecular
electron transfer induced by photoexciting the PDI core may
take place in a highly polar solvent such as acetone, resulting
in a reduced �f .

The smaller value of �f of the nanoparticle colloids than
that of molecules in solution means that non-radiative
deactivation channels exist for excited states in the nano-
particles. As mentioned in §1, reduction of emission
intensity in nanoparticles was observed and discussed for
commercially available PDIs, and the reduction was attrib-
uted to a strong electronic interaction between molecules
(chromophores) leading to excimer formation with a low
fluorescence quantum yield and to enhancement of non-
radiative transition rates.14,15) However, such a consideration
is not probable for DPDI nanoparticles because interchro-
mophoric interaction is very weak. Consequently, we
consider here fluorescence quenching at the surface of the
nanoparticle and discuss the size-dependent reduction of the
fluorescence quantum yield. As shown in Fig. 6(b), the value
of �f becomes lower for smaller nanoparticles and corre-
lates well to the surface-to-volume ratio of the nanoparticle,
estimated by assuming spherical particles. The result
indicates that fluorescence quenching can be linked to the
surface of the nanoparticles. We considered that surface
molecules play an important role as fluorescence quenching
sites, because the �f of DPDI molecules decreases markedly
in highly polar solvents. As DPDI molecules in the nano-
particle located at the particle surface are surrounded by
water (" ¼ 80:4), their �f is much lower compared with
molecules inside the nanoparticle. The latter molecules
indeed ‘feel’ an apolar environment comparable to nonpolar
solvents. Moreover, the excited states can migrate between
several molecules during an intrinsic lifetime in a nano-
particle by Förster energy transfer. Indeed, the considerably
large overlap of absorption and emission spectra of DPDI
result in efficient energy hopping.24) Therefore, some of the
excited states reach the surface and, as a consequence, they
are quenched.25) As the probability of surface quenching

increases with decreasing particle size, the fluorescence
intensity becomes weaker for smaller nanoparticles. The
small value of �f ¼ 0:018 for nanoparticles with a mean
diameter of 150 nm indicates efficient migration of the
excited singlet state in the nanoparticles. When assuming
that �f of DPDI molecules inside nanoparticles is almost
unity and that at the surface zero, we consider that 90%
of the excited singlet states generated in a nanoparticle
migrate to the surface and are quenched, which suggests the
diffusion length of the excited state to be on the order of
100 nm.

In the laser-assisted colloid preparation method that was
used here, particle size is varied by changing laser fluence.
The intense pulse laser irradiation likely generates fluores-
cence quenching sites or species in the nanoparticles. To
examine the laser irradiation effect on the fluorescence
intensity, we measured the dependence of the fluorescence
intensity on irradiation time, the particle size, and the
zetapotential at a fixed laser fluence of 50mJ/cm2. The
results are shown in Fig. 7. In the first 30min of irradiation,
both the fluorescence intensity and the size decrease with
irradiation time. This agrees with the particle size depend-
ence shown in Fig. 6(b). After this point (30min), further
increasing the irradiation time does not result in any further
change in the particle size. In contrast, the fluorescence
decreases continuously, and also the zetapotential of the
colloid become smaller with increasing irradiation time.
Since a change of the zetapotential can be interpreted as the
formation of charged species at the particle surface, it is
likely that laser-induced ionization or oxidization of mole-
cules occurs at the surface, which would partially contribute
to the fluorescence quenching.

We also examined the fluorescence intensity of nano-
particle colloids prepared by 200mJ/cm2 laser irradiation
for 10min followed by further laser excitation under
different irradiation conditions (50mJ/cm2 for 120min,
100mJ/cm2 for 60min, and 150mJ/cm2 for 40min). Note
that the total number of irradiated photons is the same in all
excitation conditions but they are delivered differently to the
nanoparticles. Although the particle size did not change
when the second part of the laser irradiation was applied
in sequence, the fluorescence intensity decreased at laser
fluences of 100 and 150mJ/cm2 but not at the fluence of
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50mJ/cm2 (Fig. 8). These results suggest that higher
fluences generate more fluorescence quenching sites in the
nanoparticle prepared at 200mJ/cm2.

At the current stage of this work, it is clear that the solvent
plays a strong role in the fluorescence quenching of
nanoparticles but the exact mechanism of the size-dependent
fluorescence yield has not yet been established. Fluorescence
decay measurements in a single particle and in different
environments seem to be indispensable for investigating the
excited state dynamics and fluorescence quenching mecha-
nism in more detail. Moreover, influence of the surfactant
should be taken in account as we demonstrated that the
quenching mechanism happens essentially at the surface
which is surrounded by surfactant. We are currently
conducting such experiments.

4. Conclusions

DPDI nanoparticle colloids of different sizes were prepared
by laser ablation in water, and the size dependence of their
optical properties was characterized. We attribute the size-
dependent extinction spectra to light scattering loss, which
becomes dominant for large particles. Both the absorption
and the emission spectra are similar to those of molecules
in solution, which indicated weak electronic interactions
bwtewwn the PDI moieties owing to the bulky dendron
groups situated in the bay positions of the PDI core. We
found that the fluorescence intensity depends on the particle
size and that it is smaller than that of DPDI molecules in
nonpolar solvents. While the interchromophoric interactions
are weak in the nanoparticles, the excited singlet state can
migrate through the nanoparticle by energy hopping and can
be quenched at the surface, leading to the observed size-
dependent fluorescence quantum yield. Because the surface
molecules of the nanoparticle in water feel a polar environ-
ment, their fluorescence yield is reduced, probably due to
intramolecular electron transfer from the dendrons to the
core. Therefore, the surface molecules act as fluorescence
quenching sites. The laser irradiation effect on the fluo-
rescence intensity suggests that ions or oxidized species are
generated at the particle surface under the intense laser
excitation used. This further contributes to fluorescence
quenching at the surface.
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