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C60 aqueous nanocolloids were prepared by irradiating a suspended aqueous solution of C60 with intense
nanosecond 532 and 355 nm laser pulses. The initial submicron crystal of C60 was fragmented into
nanoparticles, resulting in a transparent yellow solution which was followed by UV/vis absorption spec-
troscopy. The obtained absorption spectra were similar to those for C60 bulk film and its nanoparticles,
queous nanocolloids
aser ablation
igh dispersibility

which have a size on the order of 10 nm, and their formation had thresholds with respect to laser flu-
ence. The nanoparticles were confirmed by their SEM observation and by examining the centrifuging
effect on the colloids, while possible photochemical decomposition was excluded by 13C NMR analy-
sis of 1,2-dichlorobenzene-d4 solution, where the possible products can be dissolved in addition to C60

nanoparticles. The present result is the first demonstration of the preparation of pure and very stable
C aqueous nanocolloids without any additives. The formation mechanism and potential application to

icity

60

biological testing and tox

. Introduction

Fullerene C60 has been widely investigated and is now recog-
ized to have great potential in the research fields of chemistry,
hysics, biology, applied sciences, and technical applications. Some
f the more promising applications are medicinal and pharma-
eutical. For example, C60 has been examined as a novel drug for
hotodynamic therapy [1,2] due to its high quantum yield of active
xygen and wide absorption band [3,4]. For such biological testing,
he C60 molecules should be dissolved in water, although pristine
60 molecules are nearly water insoluble. Therefore, various water-
oluble fullerene derivatives have been synthesized, although some
f these derivatives have been reported to be highly toxic [5,6]. As
way alternative to such chemical synthesis, water dispersion of

60 itself has recently attracted increasing interest for biomedical
pplications. Some methods based on reprecipitation [7], solvent
eplacement [8], and ultrasonication [9] have been introduced to
repare the dispersion, and surfactant, polymer, or other detergents

re often added. However, many of the incorporated ingredients
nd organic solvents are highly toxic to living cells and tissues, and
his toxicity has become the most important factor limiting the bio-
ogical applications of C60. The toxicity of the water dispersions of
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are discussed.
© 2009 Elsevier B.V. All rights reserved.

C60 prepared by the above methods has been carefully investigated
both in tissue culture and in vivo, and it is reported that the dis-
persion shows toxicity due to the contained impurities and used
solvents [6,10]. Hand-grinding of C60 microcrystals can provide a
water dispersion without the addition of many chemicals, but the
resulting microcrystals usually have a wide size distribution and
cannot simply be regarded as “nanocolloids,” since C60 nanoparti-
cles of less than 100 nm in size only make up 5 wt% of the prepared
particles [11].

Over the past decade, we have developed a laser ablation method
for preparing various organic dye nanoparticles in solution with-
out any stabilizers or chemical modifiers [12–20]. In this method,
organic crystalline powders of micrometer size are suspended in
a poor solvent and exposed to laser pulses. Fragmentations of the
initial crystals are induced and the ejected nanoparticles are effi-
ciently collected by the poor solvent, resulting in a stable colloidal
solution. Our method is being adopted by many researchers, such
as for the preparation of various kinds of organic nanoparticles
[21,22]. Most recently, Hayashi and co-workers used this method to
prepare C60 nanoparticles suspended in ethanol [23], and demon-
strated that the mean size and distribution of the nanoparticles
were strongly dependent on the fluence and wavelength of the laser
pulses. With regard to the use of C60 dispersion for possible biomed-

ical applications, water should be chosen as a poor solvent, but to
our knowledge there has been no report on the use of water in such
cases.

In this paper, we present the preparation of C60 aqueous
nanocolloids by the laser ablation method and their characteri-

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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ation, examine the dispersibility of C60 nanoparticles in water,
nd discuss the ablation mechanism and its advantages for future
pplications.

. Experimental

C60 (>99.9% pure; Tokyo Kasei) was used without any further
urification. A mixture of water and C60 microcrystalline powder
5.6 × 10−4 wt%, 0.40 mg/ml) was poured into a quartz cuvette of
cm × 1 cm × 5 cm with a small magnetic stirrer. The suspension
as stirred vigorously and exposed to the second (532 nm, 14 ns,

0 Hz) or the third (355 nm, 8 ns, 10 Hz) harmonic of a Nd3+:YAG
ulsed laser under an aerated condition. All absorption spectra
ithin a range of 200–800 nm were measured by a UV/vis spec-

rometer (Shimadzu; UV-3100PC) at room temperature. For the
haracterization of the initial dispersion before laser irradiation and
he C60 water suspension after irradiation, both samples were dis-
olved in 1,2-dichlorobenzene-d4 and analyzed using a 400 MHz
MR (JOEL; JNM-ECP400) with a broadband probe. The 13C NMR
xperiment used a 30 degree 13C pulse and 1-s relaxation delay
ith proton decoupling taking 25,666 scans. Proton decoupling was

sed to narrow and to detect any 13C signals from proton-containing
pecies that might be present. For examining the morphology of
nitial microcrystals and prepared nanoparticles, a drop of the sus-
ensions before irradiation and one of the supernatant after laser

rradiation were spread on a silicon substrate, which was cleaned
sing standard clean 1, then dried at 60 ◦C for 15 min and observed
ith a scanning electron microscope (SEM) (FEI Strata DB235-31).

solvent exchange experiment was performed in order to deter-
ine whether the photoproducts were formed by laser irradiation.

fter completely evaporating water from the samples under a vac-
um for several days, toluene was poured into the cuvette, and the
oluene solutions were examined by UV/vis spectrometry.

ig. 1. (a and b) Absorption spectra of C60 aqueous nanocolloids after 10 min irradiation at
n (a). (c) Comparison of absorption spectra of C60 aqueous nanocolloids fabricated by 10
hotobiology A: Chemistry 207 (2009) 7–12

3. Results and discussion

3.1. Preparation of C60 aqueous nanocolloids by laser ablation at
532 and 355 nm excitation

First, C60 aqueous nanocolloids were prepared by laser ablation
of C60 powder in water at 532 nm excitation. In order to elucidate
the preparation process of the nanocolloids, the initial water
suspensions were exposed to the 532 nm pulse with various
fluences, and their absorption spectra were measured by a UV/vis
spectrometer. Fig. 1(a) shows the absorption spectra of the super-
natants before and after 10 min irradiation at fluences ranging
from 10 to 200 mJ/cm2; the absorption spectrum of molecularly
dissolved C60 in toluene is given as a reference. Before irradiation
no absorption band was observed, as most C60 microcrystals sank
to the bottom of the cuvette and the supernatant had no color.
This means that almost none of the C60 molecules were dissolved
in water just by vigorous stirring. After irradiation, the absorbance
of their dispersions increased as the laser fluences increased. This
absorption increment of the irradiated suspension should depend
on the number and size of the C60 crystals fragmented in water.
After irradiation the dispersions changed into a transparent and
pale yellow solution, and the color became deeper as the laser
fluence increased. Their spectral shapes of the colloids were very
different from that of toluene solution, but similar to that of C60
thin film with a face-centered cubic packing [24], suggesting that
C60 is dispersed in water as small crystals. The difference between
the spectral shape of the C60 molecular solution and that of the

thin film of small C60 crystals can be explained generally in terms
of Davydov splitting. Namely, mutual interaction between tran-
sition dipoles results in energy splitting of the excited electronic
state, leading to a red shift of the absorption bands. Furthermore,
these supernatants were almost transparent to the naked eye,

various laser fluences. Absorption spectrum of C60 in toluene is given as a reference
min irradiation at 50 mJ/cm2.
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Fig. 2. Fluence dependence of the absorbance at 266 nm

o that the size of the aggregates in water after laser irradiation
as considered to be much smaller than the wavelength of vis-

ble light. These results indicate that C60 is dispersed in water
s nanoparticles—that is, laser ablation of C60 microcrystalline
owder results in the formation of C60 aqueous nanocolloids.

A similar preparation was made using 355 nm excitation, result-
ng in the absorption spectral data given in Fig. 1(b), where the
aser intensity was changed from 10 to 200 mJ/cm2. Up to the flu-
nces of 50 mJ/cm2, the spectral shapes continued to show their
haracteristic bands, but they were gradually modified as the flu-
nce was increased further. Consequently, the high fluences around
50 mJ/cm2 gave smaller absorption bands in the visible region.
ndeed, the supernatants obtained at 200 mJ/cm2 were colorless.
his result is consistent with that by Tsuji et al., who reported that
xposing C60 crystals in organic solvents to highly intense laser
ulses induced the production of polyyne [25].

Fig. 2 shows the fluence dependence of the absorbance of super-

atants at 266 nm for 532 and 355 nm excitation. The threshold
f the coloration was clearly obtained, confirming that laser abla-
ion was responsible for this phenomenon. The threshold at 532
xcitation was estimated to be about 30 mJ/cm2, which was almost
wice that at 355 nm excitation. This result was considered to be

ig. 3. SEM images of initial C60 microcrystals before irradiation and of C60 nanoparticle obt
ize histograms estimated from SEM images are given below.
0 aqueous nanocolloids prepared by 10 min irradiation.

due to the difference in the absorption coefficient of the initial
crystals at excitation wavelength. The fluence dependence obtained
at 532 nm excitation appeared to be a conventional laser ablation
behavior. On the other hand, for 355 nm excitation, laser irradiation
at high fluences dramatically altered the spectral shape—thus, for
the excitation at a fluence higher than 150 mJ/cm2, no appreciable
absorption band was observed in the visible region, as described
above.

It is important to point out that the spectral shapes of the
nanocolloids obtained at 532 and 355 nm excitation were different
from each other, even when the laser fluence was 50 mJ/cm2. A com-
parison of the absorption spectral shapes is shown in Fig. 1(c). Under
these experimental conditions, the 13C NMR results, as described
below, revealed that no photoproduct was formed by laser irra-
diation in either suspension. Thus, the difference in spectral shape
should ascribable to the size of C60 nanoparticles in water. The most
interesting point in Fig. 1(c) is the fact that the broad band in the

range from 400 to 500 nm, which is a characteristic band of C60
bulk crystal, is not clear at 355 nm excitation, while the spectral
shape at 355 nm excitation is almost the same as that of 10 nm-sized
C60 aqueous nanocolloids in the presence of other chemicals [26].
Thus, it is suggested that the C60 nanoparticles dispersed in water

ained after irradiation with the fluence of 50 mJ/cm2 for 360 min. The corresponding
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pon 355 nm excitation are smaller than those dispersed upon
32 nm excitation. And indeed, Hayashi and co-workers reported
hat 10 nm-sized C60 nanoparticles were dispersed in ethanol by
aser ablation at 355 excitation, while larger ones were prepared
t 532 nm excitation [23]. These results strongly support the idea
hat the suspension prepared at 355 nm excitation should contain
maller C60 nanoparticles compared to that prepared at 532 nm.
t can be considered that 355 nm-laser irradiation is confined to a
hinner surface layer than that by 532 nm excitation, causing frag-

entation into smaller nanoparticles, since the initial C60 crystal
as a larger absorption coefficient at 355 nm than at 532 nm. In
ection 3.4, we discuss the particle size effect as it relates to the
hoto-thermal laser ablation mechanism.

.2. Characterization of C60 aqueous nanocolloids prepared by
aser ablation

In order to measure the size of the C60 nanoparticles in water,
EM observation was carried out for the nanocolloids at each
xcitation with a fluence of 50 mJ/cm2 for 360 min and for the
anocolloids following centrifuging at 2000 rpm for 30 min. Fig. 3
hows SEM images of the initial C60 crystals and C60 nanoparticles
rom the suspensions after laser irradiation. The irradiation time
f 360 min gave saturated absorption spectra of the nanocolloids,
hich means that the irradiation yielded the maximum number

f C60 nanoparticles under the experimental conditions used. In
ig. 3(a), the initial crystal consisted mainly of microcrystals with
size of several tens to several hundreds micrometers. Fig. 3(b

nd c) shows SEM images of C60 nanoparticles after laser irradi-
tion at 532 and 355 nm excitation, respectively, from which their

istograms were obtained. We confirmed that their average sizes
ere 44 and 42 nm, and that the coefficients of variation were 12%

nd 22% at 532 and 355 nm excitations, respectively. Thus, it is
learly demonstrated that laser irradiation of C60 bulk crystals in
ater gave nm-sized C60 particles dispersed into water. Surpris-

ig. 4. (a and b) Absorption spectra of C60 aqueous nanocolloids processed by ultracentri
or 360 min. (c) A SEM image of C60 nanoparticle obtained at 355 nm excitation after cent
hotobiology A: Chemistry 207 (2009) 7–12

ingly, the mean size at 355 nm excitation was almost the same as
that at 532 nm excitation, which was not what we expected from
the absorption spectral measurement. To understand this inconsis-
tency, we have measured and compared the absorption spectra of
both nanocolloids after centrifuging them at 2000 and 12,000 rpm
for 10 min, with the results shown in Fig. 4. In the case of 532 nm
excitation, the absorbance decreased slightly after the centrifuging
at 2000 rpm, and no appreciable absorbance was observed after
that at 12,000 rpm. On the other hand, in the case at 355 nm excita-
tion, the absorbance showed almost no change after centrifuging
at 2000 rpm, and it decreased only by half after centrifuging at
12,000 rpm. This result strongly supports our assumption that a
number of smaller C60 nanoparticles were dispersed in water upon
355 nm excitation. The latter nanoparticles may be smaller than the
size at which SEM observation is made possible under the present
conditions.

In order to check whether photoproducts of C60 are involved in
the nanocolloids, a solvent exchange experiment was conducted.
As seen in Figs. 1 and 2, the spectral shape and absorbance at the
fluence higher than 150 mJ/cm2 at 532 nm excitation are slightly
different from those at lower fluence. The aqueous nanocolloids
prepared at 532 nm with the fluence of 70 and 200 mJ/cm2 for
20 min were chosen as representative of this system. After water of
both nanocolloids was exchanged for toluene, the absorption spec-
tra of the nanocolloids were measured and normalized at 334 nm as
shown in Fig. 5. The absorption spectrum at 200 mJ/cm2 has a larger
tail extending at the range from 350 to 600 nm compared to that
of the non-irradiated sample, indicating that photodecomposition
products are formed by laser irradiation and included in the aque-
ous nanocolloids. On the other hand, no absorption spectral change

was observed at 70 mJ/cm2. Indeed, in the case at 70 mJ/cm2, the
color of the toluene solution was violet, as a result of the pristine
C60 being directly dissolved into toluene. In contrast, the toluene
solution prepared from nanocolloids at 200 mJ/cm2 was not violet,
but obscure and brownish.

fuge. The nanocolloids were obtained by irradiation with the fluence of 50 mJ/cm2

rifuging at 12,000 rpm. (d) Its histogram estimated from (c).
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ig. 5. Absorption spectra of C60 toluene solutions normalized at 334 nm for after
he solvent exchange. These nanocolloids were fabricated at 70 and 200 mJ/cm2 for
0 min.

Here, we should more carefully examine possible photoprod-
cts of laser irradiation, since it is well known that fullerene
erivatives such as C120 [27] and C180 [28] are synthesized by
xposing C60 ethanol solution to visible light. We therefore per-
ormed 13C NMR analysis, which gives multiple peaks and often a
roadened band for chemically altered fullerene derivatives. As a
ypical example for this analysis, a nanocolloid prepared under the
ame laser irradiation conditions as used in the solvent exchange
xperiment was chosen. Water of the nanocolloid was completely
vaporated under a vacuum, and the residue at the bottom of the
uvette was dissolved by 1,2-dichlorobenzen-d4, by which possi-
le photoproducts can also be dissolved. Fig. 6 shows the 13C NMR
pectra of C60 dissolved in 1,2-dichlorobenzen-d4. The multiple
eaks around 130 ppm are ascribed to the solvent, while the sin-
le peak at 143 ppm is quite similar to that of solid-state 13C NMR
f bulk C60 crystal [29]. Note that it was reported that the chemi-
al shift of the C60 water dispersion prepared by another method
as 146 ppm [30]. The difference was ascribed to be the intercala-

ion of the used solvent into the C60 crystal lattice, which is a well
nown phenomenon [31]. Thus, 13C NMR analysis revealed that no
ppreciable photoproduct is formed under these laser irradiation
onditions. Of course, decomposition of C60 is surely induced above

50 mJ/cm2 at 532 nm excitation, although no detailed assignment
f photoproducts has been made. A similar result was obtained
t 355 nm excitation, and at less than 50 mJ/cm2 no photoprod-
cts were observed by 13C NMR analysis. Thus we can conclude

ig. 6. 13C NMR spectrum of 1,2-dichlorobenzene-d4 solution dissolving both fabri-
ated C60 nanoparticle.
Fig. 7. Absorption spectra of C60 aqueous nanocolloids before and after standing
at room temperature. The nanocolloid was fabricated by 532 nm irradiation at
70 mJ/cm2 for 20 min.

that photodecomposition can be well suppressed by selecting the
laser wavelength and tuning the laser fluence properly, under which
conditions only C60 nanoparticles are dispersed in water.

3.3. High dispersibility of C60 aqueous nanocolloids by laser
ablation

One of the most important issues in regard to the preparation of
nanocolloids is their dispersibility. Not only biological testing but
also all other applications require nanocolloids with high stability.
Tracing the decay of the absorption spectrum of the nanocolloids is
a useful and easy way to estimate the dispersibility, since the decay
is due to aggregation of nanoparticles followed by sedimentation.
Fig. 7 shows the absorption spectral decay of aqueous nanocolloids
prepared under the same laser irradiation conditions as used for the
SEM observation. It can be clearly seen that the absorption spectra
remain basically constant even after the nanocolloids have stood
for three months at room temperature. This result indicates that C60
nanoparticles formed by the present laser ablation method remain
stably dispersed in water for a long period. It is worth noting that
no chemical reagents are added in this method. The surface condi-
tion of the C60 nanoparticles, which may be responsible for the long
stabilization, is interesting from the standpoint of how a hydropho-
bic fullerene changes into a hydrophilic one. It is considered that
the surface molecules of C60 nanoparticles are partly changed into
hydroxided molecules, since the laser beam is irradiated into the C60
water suspension without de-aeration. Alternatively, the nanopar-
ticles may be charged to some extent due to the ionization of the
surface molecules as a result of the high intensity laser excita-
tion. However, since no chemically modified and/or ionized C60
was detected by NMR analysis, we consider at the present stage of
investigation that such minor changes in the chemical and phys-
ical properties of the surface of C60 nanoparticles would not be
sufficient to attain the present high dispersibility.

3.4. Ablation mechanism and excitation wavelength dependence
of C60 nanoparticle size

We have previously studied the laser ablation mechanism of
polymer films, aromatic hydrocarbon-doped polymer films, organic
amorphous films, and organic crystals, and elucidated how elec-
tronic excitation evolves to ablation [32–35]. For nanosecond and

femtosecond laser ablation, photothermal and photomechanical
processes are critical, as shown by our direct observation of these
processes using time-resolved absorption and emission spectro-
scopies and dynamic imaging [36,37]. In the present ablation,
nanosecond excitation energy of 532 and 355 nm photons should
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e efficiently converted to thermal energy, inducing fragmenta-
ion into nanoparticles. In the case of 355 nm-laser irradiation, the
enetration depth of laser light is short because the absorption coef-
cient is relatively large, so the energy density should be higher
nd heated up to greater extent compared to that by 532 nm exci-
ation. Thus smaller nanoparticles should be prepared for 355 nm
xcitation, which is confirmed by the centrifuging experiments.

On the other hand, the size distribution before the centrifuging
ooks similar for both excitations, as shown in Fig. 3. It is impor-
ant to note that the present experiment was performed in water,
hich afforded cooling. The cooling process due to thermal diffu-

ion to solvent takes place competitively with fragmentation [14].
he cooling rate for smaller particles should be faster due to their

arger surface to volume ratio. Consequently, when the particle size
s smaller, the temperature elevation is not fast enough to induce
urther fragmentation. On the other hand, the size of the initially
repared nanoparticles is relatively large for 532 nm excitation, and
hus the cooling is slower and further fragmentation will be possi-
le. We therefore consider that the size distribution of C60 by 532
nd 355 nm excitation becomes similar, although the absorption
oefficients at the two wavelengths are different. Of course, we
hould note that additional smaller nanoparticles are formed, as
hown by the centrifuge experiment, and this is a problem that
emains to be addressed. A time-resolved spectroscopic approach

ight be able to confirm whole our explanation if the effective
emperature is reflected in the absorption and/or Rayleigh light
cattering spectroscopy.

. Summary

We have succeeded in preparing C60 aqueous nanocolloids by
anosecond laser ablation in solution. No detergent and no organic
olvent were added during the process, so that it is pure in principle.
ossible photoproduct formation was carefully checked and surely
enied at relatively less fluence on the bases of 13C NMR analy-
is of 1,2-dichlorobenzene-d4 solution dissolving C60 nanoparticles
nd of UV/vis abruption measurement after the solvent exchange,
lthough decomposition was occurred due to the high laser fluence.
he particles were characterized by SEM observation and their size
as estimated to be around 40 nm. When centrifuging was applied

or the nanocolloids obtained at 355 nm excitation, smaller particles
f about 23 nm were prepared. Both nanocolloids were very stable
nd their absorption spectra did not change for three months. At the
resent stage, we consider that the SEM observations were iden-
ical between the two excitation wavelengths because the water
ispersion prepared by 355 nm excitation included small nanopar-
icles beyond the measurement limit of SEM. Therefore, further
etailed study by transmission electron microscope will be needed
o characterize the smaller nanoparticles, while the surface prop-
rties should be considered to explain the high stability. Plans for
oth such studies are currently underway in our laboratory.

Reprecipitation, solvent exchange, and ultrasonication methods
ave often been applied for preparing organic nanoparticles, but
hen using these methods, there remains the possibility that some

mount of solvent will be left in the dispersion. This is very critical
or applying C60 nanoparticles to biological testing, photodynamic
herapy, and so on, as organic solvents are usually toxic for living
ells and tissues. The other preparation method involves mechan-
cal grinding, but it is well known that most of the nanoparticles
emain larger than 100 nm by this method. This is often too large

or efficient endocytosis of living cells. Laser ablation in solution is
powerful method to overcome these problems, and Hayashi et al.
pplied this method to C60 [23]. They used ethanol as a poor sol-
ent and gave no detailed examination of its dispersibility, so that
irect extension to biological application was not possible. In the

[

[

[
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present study we have successfully prepared very stable C60 aque-
ous nanocolloids with a size of several tens nm. We believe our
approach will contribute to biomedical applications in addition to
materials research, and will help to realize the high potential of the
laser ablation method.
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