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Nanoparticle Formation of Vanadyl Phthalocyanine by Laser Ablation of Its Crystalline
Powder in a Poor Solvent
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Water suspension of micrometer-sized vanadyl phthalocyanine (VOPCc) crystals was converted into VOPc
colloidal solution by irradiation with an excimer laser (351 nm, 30 ns, 5 Hz). VOPc nanoparticles with nearly
equilateral triangular and hexagonal shapes were obtained from the colloidal solution, and the mean width
and height are 60 and 19 nm for triangular nanoparticles, respectively, and 49 and 17 nm for hexagonal ones,
respectively. Laser fluence dependence was examined and laser ablation of the microcrystals in water is
considered to be responsible for the nanoparticle formation. A threshold laser fluence of the conversion was
determined to be-20 mJ/cm. Nanoparticle formation processes and their phase transition during standing
were analyzed by electronic absorption spectroscopy.

Introduction in water, nanoparticles with a size of 100 nm were formed.
For copper phthalocyanine (CuPc) witlphase, the molecular

. . aggregation structure of the initial crystals was changed to an
of aromatic and dye molecules have gradually been incre&sihg. e phase by laser irradiation. Namely, laser irradiation of

It is fascinating to design electronic and optical properties of organic crystals in a poor solvent is regarded not only as a
nanoparticles, to synthesize organic molecules, and to Ioreparenanoparticle formation method but also as a way to control its
their nanoparticles for realizing the properties. It is expected solid phase. Furthermore, the method is simple compared to
that organic nanopatrticles can be used as sensors, bioprobe§WO preceding methods ar'1d will give a new way to control the

dewce_s, and so on. We consider It essentlal_and Important 104, 4ng molecular aggregation structure of nanoparticles by
establish how to prepare nanoparticles, and indeed about half,

. ' ; . : adjusting optical parameters and chemical conditions.
of the published studies deal with preparation methddJntil To establish the laser ablation method it is necessary to

now, two approaches have been done based on deposition ang, , yine preparation conditions of nanoparticles in solution and

repreqipitation of organic molecules. In the deposition method, to elucidate the formation mechanism. As a typical sample we
organic molecules are evaporated in a chamber undervécuumchoose VOPc, as its colloidal solution formed by the laser

and inert gas atmosphéand nanometer-sized organic aggre- eipad is most stabfeThis is quite helpful for spectroscopic
gates are deposnec_zl ona substr_ate. In the reprecipitation me_tho nalysis of formation processes of colloidal VOPc nanopatrticles.
a SOIUF'OH ofgrgamc molecule is added to a poor solygnt%/wth In this study, a conversion of VOPc aqueous suspension into
and without™ surfactant, and nanometer-sized precipitates of colloidal solution is conducted by excimer laser irradiation, its

the molecule are produced. Although these two methods arep, ., aqses are analyzed by observing absorption spectra of initial
Interesting and useful, Itis strongly requested to o_levelop and irradiated solution, and its laser fluence dependence is made
more simple and versatile methods to prepare organic nano-ciear, Morphology of formed VOPc nanoparticles was examined
particles. in detail by AFM observation. On the basis of these experiments,

Recently, we have applied a laser ablation technique 10 \ye consider the formation mechanism of VOPc nanoparticles
preparation of organic nanoparticles, where some phthalocya-anq related phase transition.

nines and aromatic hydrocarbons were adopted as the first

example® Phthalocyanine and its metal derivatives are known Experimental Section
to possess useful photoconductive and semiconductive properties .
and, interestingly, size reduction of VOPc nanoparticles en- .VOPC (98% pu'rllty) was purchased ffo”? Wakp gnd used
hances its photoconductivifyAs absorption spectra of phtha- without further purification. Water was deionized, distilled, and
locyanines in the solid state strongly depend on mutual used a(sj %golvent. V(SD(;D ¢ Erysta;llllne pOWdc?rf (33% mg) Vﬁ]re
molecular orientation and intermolecular distakté® spec- f/lgsgen ed in water (50 m ézn Lsonlcate to.r py min. ?
troscopic analysis is useful to elucidate morphological and ¢ aqueous suspension (3.5 mL) was contained in a quartz

electronic properties of formed particles. In this method, organic S&!l 0f 1 1 x 5 cn with 1 em optical path length and stirred

; ; ing irradiation. A XeF excimer laser (Lambda Physik
crystalline powders suspended in a poor solvent are exposed todurmg rra o
a laser beam, which induces fragmentation of the initial crystals. =1 RA 200, 351 nm wavelength, 30 ns fwhm, 5 Hz repetition

Consequently, the opaque suspension is converted into arate) was applied as an irradiation light source. The laser beam

transparent colloidal solution. In the case of VOPc dispersed W& focused by a lens € 259 mm), where the spot size at the
P P center of the cell was estimated to be 333.7 mn? by

* Part of the special issue “Noboru Mataga Festschrift”. examining a laser beam pattern formed on a thermal recording
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In recent years, studies on organic nanoparticles consisting
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. L is discussed later. The absorption bands of the blue supernatant
] a | around 350 and 750 nm are assigned to the Soret band and
Q-band, respectively, on the bases of similarity between the
A supernatant spectrum and reference dtd@he band shape of
! the blue supernatant is more similar to that of the VOPc thin
. ! film than that of VOPc in solution, indicating VOPc are

—
1
T

Absorbance (arbit. unit)

<

T . dispersed in water as aggregates. The solution was optically
400 600 800 1000 transparent, so that their sizes are much smaller than the
Wavelength (nm) wavelength of UV light. Thus, it is considered that fragmentation

Figure 1. (a) Absorption spectra of supernatants of VOPc agueous of crystals to nanometer-sized particles takes place upon intense
suspensions after irradiation, (b) VOPc vapor-deposited thin film of oy cimer laser irradiation.

phase I, and (c) VOPc in pyridine. The spectra of (b) and (c) are cited

from ref 14. To confirm the fragmentation directly, examined was mor-

phology of dispersoids in a VOPc colloidal solution, which was

(Hewlett Packard 54522A). Absorption spectra were measured©Ptained by irradiating VOPc aqueous suspension at 68 mJ/
with a spectrophotometer (Shimadzu UV-3100PC). For examin- cn¥ for ZQ min and allowing the _|rrad|ated_ suspension to stand
ing morphologies of initial crystals and formed nanoparticles, for 1 h. Figure 2 shows a SEM image of initial VOPc crystals
corresponding solutions were spread on a sapphire substraté@d AFM images of the obtained VOPc nanoparticles. The
(Shinkosha, Sapphire STEP) which is hydrophobic and flat in grystals are bulky and have planes and arrises, while nanopar-
atomic level. The particles with various sizes on the substrate ficles are rather flat and roughly classified to two types;
were observed by a SEM (Hitachi, S-3500N) or by a tapping equilateral triangle and hexagon (or circle). It is worth noting
mode AFM (Digital Instruments, Nanoscope Il1a) using silicon that the sizes of nanoparticles are far smaller than micrometers.
probes. The size of initial VOPc crystals in aqueous suspensionsk 0 more quantitative elucidation, width and height of formed
prior to irradiation was in the order of 1m (see below). To ~ Nanoparticles were analyzed. The AFM images of the nano-
understand the shape of nanoparticles and to determine the siz82rticles were sectioned from side to side of the particles as
distribution of nanoparticles, 420 particles were examined. All Shown in Figure 2C. The results on both triangle and hexagonal

experiments were conducted at room temperature in air. particles are summarized as histograms in Figure 3. The particle
size is small and its distributions are narrow enough; the width

and height are 66t 5 nm and 194+ 5 nm for triangular
nanoparticles, respectively, and 4913 nm and 174+ 5 nm
Nanoparticle Formation in Water by Excimer Laser for hexagonal ones, respectively. Thus, it is clearly demonstrated
Irradiation. VOPCc crystalline powders in water were sinking that laser irradiation of VOPc crystals in water gave nanometer-
on the bottom of a glass vessel during and after sonication, andsized particles.
its supernatant was keeping colorless. This means that VOPc Laser Fluence Dependence of Nanoparticle Formationwe
molecules are hardly dissolved in water, as the compound hasconsider that aqueous colloidal solution is possibly prepared
a strong absorption band in the visible wavelength region. The by laser ablation of crystals in water. Hence, it is important
crystals were floated in water by applying a magnetic stirrer and indispensable to examine fluence dependence for revealing
and exposed to laser pulses, then the solution became transparemite nanoparticle formation mechanism. A series of irradiation
and blue. With increasing irradiation time the color of the experiments were performed, in which laser fluence was varied,
solution and the number of the floating crystals became deeperirradiation time was kept 10 min, and absorption spectra of
and fewer, respectively. Absorption spectra of supernatants of supernatants of irradiated VOPc suspensions were recorded at
the irradiated solution were measuredLd after irradiation at 1 h after the irradiation. The spectra of supernatants before and
the fluence of 30 mJ/cfrfor 10 min and shown in Figure 1a.  after irradiation indicate clearly whether formation of VOPc
The standing time was necessary to exclude VOPc crystalsnanoparticles is achieved or not. Figure 4A shows absorption
remaining after irradiation from the supernatant, since the spectra of supernatants obtained at various laser fluences. A
crystals were floating for a few tens of minutes after stopping flat spectrum of the initial supernatant can be ascribed to
the stirring. absorption and reflection by VOPc crystals, suggesting that some
The absorption spectrum of the blue supernatant after thecrystals were suspended in the colorless supernatants. The
irradiation is compared with absorption spectra of the VOPc spectral shape of the supernatants obtained above 26 fid/cm
molecule dissolved in pyridirté and a VOPc vapor-deposited almost independent upon laser fluence, except for UV region

Results and Discussion

thin film4in Figure 1. The latter is referred to phas¥ yhich (see below).
A o \,
I50 Bm R \ 1150 nm
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Figure 2. (A) A SEM image of initial VOPc crystals after sonication. (B) and (C) AFM images of VOPc nanoparticles formed by irradiation at
the fluence of 68 mJ/cffor 20 min. The image (C) corresponds to the square in (B). The arrows in (C) denote sectioning directions.
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04 0- Figure 5. Absorption spectra of VOPc aqueous supernatants after
0 0 50 100 150 irradiation. Laser fluence and irradiation time are (a) 30 m3/and
Height (nm) 10 min, respectively, and (b) 11 mJ/&Zmnd 27.3 min, respectively,
& while total photon numbers was fixed to 1:910%,
(b) Hexagonal particles
150 the threshold characteristic absorption bands of VOPc nano-
60— Av. 49 nm Av. 17 nm particles were not raised. The nanoparticle formation clearly
kS ke requires high photon density as in laser ablation of material
ks 7 surface in air and vacuum environment. On the basis of these
o 40 o results we conclude that laser ablation of crystalline powders
B B in water leads to the present nanoparticle formation. The
g 20 E absorbance ratio of the supernatants produced at various laser
~ “ fluences can be regarded as relative conversion yield from VOPc
0 = b ; crystals to nanoparticles.
0 50 100 150 0 50 100 150 Sharp peaks were observed at 230 and 291 nm when prepared
Width (nm) Height (nm) at 73 mJ/crias in Figure 4A. The peaks were confirmed to be

Figure 3. Histograms of width and height of VOPc triangular (a) and due to water-soluble components, which means that they can
hexagonal (b) nanoparticles formed by irradiation at the fluence of 68 pbe separated from VOPc nanoparticles. The peaks were not
m\]/prﬁ2 for 20 m_in. T_he mean width and height, and their standard ghserved after long time irradiation at 30 mJtdior 24.3 min
deviations are given in the figure. where the total photon number, 4610'°, was approximately
N R B T the same as that of irradiation at 73 mJdor 10 min. It is
A 73 mifem’ considered that this degradation of VOPc molecules occurs only
‘3‘3 i at higher laser fluence, forming a decomposition product
26 | exhibiting the peaks. To check other impurity formation, the
0 I colloidal solution was deposited on a glass substrate, the material
left was dissolved in dichloromethane, and absorption spectra
B of the solution were measured. As a result unknown absorption
400 600 800 1000 were not observed. Thus, adjusting laser fluence just above the
Wavelength (nm) threshold we can suppress decomposition of molecules and
At prepare chemically pure nanoparticles.
1.0 o T Nanoparticle Formation Processes and Mechanismg.o
1 elucidate VOPc nanoparticle formation mechanism, VOPc
suspensions were irradiated at different laser fluence and their
absorption spectra were monitored. The absorption spectrum
1 o® I of the initial suspension was measured immediately after adding
00t P 1+ the suspension to an optical cell. Then, the cell was irradiated
0 20 40 60 80 and the absorption spectra were measured, which was repeated
Fluence(ml/em’) during pauses of less than 3 min between the irradiation.
Figure 4. (A) Absorption spectra of supernatants of irradiated VOPC  Thereby, these spectra include contribution of crystals. Absorp-
agueous suspensions at various laser fluence for 10 min. The IasertiOn spectral changes showing nanoparticle formation are given

fluence is given in the figure. The spectrum at the fluence of zero for irradiated . t30 and 68 m¥ tati
corresponds to the supernatant of the suspension prior to the irradiation. orirradiated suspension a an mJiasia representative

(B) Absorbance of the supernatants at 760 nm as a function of laser€xample in Figure 6. The flat spectrum of the initial suspensions
fluence. is due to absorption and reflection by crystals and other spectra

also include these effects to more or less extent. It is clear that

Laser fluence dependence of formation of VOPc nanoparticles absorption of the irradiated suspension is increased with the
can be assessed by the Q-band intensities of the supernatantigradiation period.
after irradiation. The absorbance at 760 nm of the supernatant The absorption increment of the irradiated suspension can
after 10 min irradiation is plotted as a function of the laser be correlated to number of VOPc molecules which are respon-
fluence in Figure 4B. It is clear that the absorbance increasedsible to light absorption and scattering. It should be noted that
only above 20 mJ/cf indicating that the VOPc nanoparticle absorption coefficient of VOPc at 351 nm is very large, and its
formation has a threshold with respect to laser fluence. To skin depth is about 40 nm. The value is calculated from the
confirm thoroughly that the nanoparticle formation does not absorption coefficient of VOPc vapor-deposited film of phase
depend on total photon number but on excitation photon density, | at 351 nm,~2.43 x 10° cm~ 114 Thus, the effective VOPc
two suspensions were exposed to the same number of photonsnolecules located at the crystal surface layer have an important
at two fluences below and above the threshold. The measuredrole in absorption of irradiated suspension. Since the size of
absorption spectra are presented in Figure 5. At a fluence belowthe initial crystalline powders was a few tens of micrometers,

—
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. . . __Figure 8. Absorption spectra of irradiated VOPc aqueous suspensions
Figure 6. Absorption spectral changes of VOPc aqueous SUSpensions yqgrmalized at the Q-band peak position of each spectrum. (A) and (B)

by irradiation at the fluence of (A) 30 and (B) 68 mJferiihe total are obtained from Figure 6A and 6B, respectively. The total irradiation
irradiation periods of each spectrum are given in the figures. periods of each spectrum are given in the figures.

0.6 ces L positions did not change during irradiation, nanometer-sized
g | ° particles are produced even at the early stage of the irradiations.
So4q ° 5 Thus, the above idea that only the surface layer of VOPc crystal
g . w0 Sk is fragmented is supported by examining the absorption spectral
<027 oo°°°°°o° i changes of the suspension through the irradiation. Another
0.04 ” L explanation that the cracking of crystals into a few pieces and

o 20 40 60 its repetitions give nanoparticles is inconsistent with the spectral

Trradiation time (min) changes in Figure 8.

Figure 7. Temporal profiles of 760 nm absorbance of VOPc aqueous ~ The absorbance at 760 nm approaches asymptotically a
suspensions irradiated aD) 30 and ®) 68 mJ/crd. The data constant value and already saturates at 10 min of irradiation
correspond to Figure 6. period at 68 mJ/cfas shown in Figure 7. The starting crystals
are consumed, while some VOPc crystals remained at the ends
of the irradiations, which means formation rates of nanopatrticles
are significantly slowed at the late stages of the irradiation.
Effective laser fluence should be lowered by formed nanopar-
ticles, as the nanopatrticles increase and absorb more incident
e assumed ere he same wih sach oher on e basis f91L 11 N8 adaton perec, The eecie fuences
spectral similarity. It is well-known that some organic nano- for incident fluences of 30 and 68 mJ/&mespectively, at the

particles show phenomenologically a size dependence of absorp- RO .
tion spectr&59-13 while our result does not, as seen in Figure end of each irradiation. Furthermore, it was found that the

4. Furthermore, we confirmed that the mean sizes of VOPc formed nanoparticles aggregate with each other and the ag-

nanoparticles are almost the same at 30 and 68 rAJKence gregation is accelergted _by stirring. The aggregates are opticglly
geemed as something like crystals, as surface layer absorbing

absorbance of the nanopatrticles are considered to be proportionat . . . i Lo .
: : he light is shielded and effective absorption is reduced. It is
to their number. Consequently, from the temporal profiles the ; . i
d y P P also considered that the aggregation leads to suppression of the

formation rate of nanoparticles, namely, an increase of nano- tf i e Th Hoct ina f i
particles per laser pulse can be deduced. The absorbance proﬁlegpparen ormation rate. These efiects accompanying fragmenta-

of the irradiated suspensions at 760 nm are summarized intion of crystals give th_e spectral changes of Figure 6 and the
Figure 7. The formation rate at 68 mJ&iw faster than that at asymptotic curve of Flggre £ _ _ ]

30 mJ/cm. Higher laser fluence gives a larger fragmentation ~ Before closing the discussion on nanoparticle formation
rate, which is similar to laser ablation behavior. Indeed ,for Processes and mechanisms, we have to consider why triangular

most molecules have nothing to do with absorption and
reflection. Upon fragmentation by laser irradiation, effective
surface layer becomes large, so that the number of probed
molecules increases, giving large absorption.

Sizes of nanoparticles formed at different laser fluences

CuPd” and its derivativé thin films, the ablation experi- ~ and hexagonal particles are formed in parallel. Surface energy
ment confirms such a relation between the fluence and the etchand mechanical stability of each shape should be responsible,
depth. but we have not found any suggestive data to show the

Absorption spectra of VOPc suspensions irradiated at 30 andcorrelation between the shape and experimental conditions, so
68 mJ/crd of Figure 6 are normalized at the Q-band peak that we are now extending various experiments.
position and shown in Figure 8. The bandwidth at 30 m3/cm Phase Transition in Formed Nanoparticles.The VOPc
is broad and becomes narrow with increasing irradiation period. colloidal solution obtained by the present laser ablation method
The peak positions of Soret and Q-bands are almost constanis stable enough without surfactant at room temperature and
through the irradiations at both fluences and correspond to thatthe blue color becomes pale after some precipitation. Interesting
of the final irradiated suspension at 68 mJ¥crnder this absorption spectral changes of VOPc nanopatrticles were detected
irradiation condition VOPc nanoparticles with size distribution while the irradiated solution stood at room temperature for 6
around~50 nm are formed as shown in Figure 3. As the peak days. The results on the Q-band of a colloidal solution obtained
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Figure 9. (A) Absorption spectral changes of an aqueous solution of
VOPc nanoparticles which was formed by an irradiation at 48 n®J/cm
for 10 min and left at room temperature for long time. The standing
time after irradiation is given in the figure. (B) Normalized absorption
spectra before{——) and after {-) 30 days.

by an irradiation at 48 mJ/chfor 10 min are given in Figure
9A and 9B. The absorbance decreased over the whole wave
length region owing to precipitation of nanoparticles, while a
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is narrow enough. The nanoparticle formation can be realized
only above a certain threshold of laser fluence, indicating that
the method is based on laser ablation of crystals in poor solvent.
It is probable to control size and molecular packing in
nanoparticles by changing laser wavelength, pulse duration,
fluence, repetition rate, irradiation period, solvent, temperature,
and so on. It will be simple and easy to optimize irradiation
and chemical conditions. We believe that the present laser
ablation method will be applied to diverse organic compounds
as the third method for organic nanoparticle formation, following
deposition and reprecipitation methods.
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