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Abstract

Nanoparticles of the insoluble organic compound 3,4,9,10-perylenetetracarboxylicdianhydride were prepared by nanosecond pulsed laser irradi-
ation of microcrystalline solid suspensions in polar solvents using the 3rd harmonic (355 nm) from a Nd: YAG laser. The initially cloudy suspensions
became transparent clear red dispersions that passed through a 0.2 wm membrane filter 1 day after 30 min of irradiation at laser fluences greater
than 130 mJ cm~2. Filtering reduced the red color indicating that it originated from light absorption by particles or aggregates with a size range
spanning the 0.2 wm filter cut-off. This is consistent with scanning electron microscope images. Whether or not the particles passed through the
filter depended on how long they were aged. Initially formed dispersions did not pass through, whereas those which had been aged for several
hours did, indicating that the nanoparticles were aggregated and that the aggregate size depended on the standing time after laser irradiation. HPLC
analysis revealed perylene and Cg, Cy9, Ci2, Cy4 polyynes byproducts, which probably formed respectively in a 3 photon photochemical and a
photothermal processes at the surface of the PTCDA particles. Initially the perylene production rate was rapid, but as the PTCDA particles’ surface
became decomposed it slowed down. However, it increased again as the surface area of the PTCDA particles became larger as smaller nanoparticles
formed and after the thermal decomposition of the surface was quenched. When the particles became smaller the thermal processes were quenched
and polyyne production stopped.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction Some of these compounds have even been used in elec-

tron transfer layers of organic electro luminescent devices

3,4,9,10-Perylenetetracarboxylicdianhydride (PTCDA struc-
ture shown in Scheme 1) and compounds such as 3,4,9,10-
perylenetetracarboxylicdiimide (PTCDI) are important can-
didate materials for organic semi-conductors due to their
extremely close m—stacking in the solid state.
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[1,2]. Among these compounds, PTCDA is considered to be
the archetype for organic semi-conductive materials. It is also
important as a starting material in the synthesis of various kinds
of organic compounds, including the low dimensional conduct-
ing polymer called polyperinaphthalene (PPN) which is thought
to be formed by elimination of the anhydride groups from
PTCDA [3,4]. To date various methods have been proposed
for enhancing the elimination of the anhydride side groups in
order to enhance PPN production, however, the exact elimination
mechanism is still not clear [5-10].

If PTCDA -related organic semi-conductive materials can be
made into thin-films, then these films can be components in
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functional devices. However, since PTCDA has very low solu-
bility in all but the most aggressive solvents, almost all of the
currently available methods of manipulation are dry processes
[1,2,11-16]. For large scale or ambient laboratory processing
wet techniques are sometimes preferable to dry ones when
taking into consideration cost performance, versatility and the
ease of preparing thin films. For example, it is possible to cre-
ate coatings from nanoparticles that have been dispersed in a
solvent by spreading the dispersion on the required substrate
and then evaporating the solvent. It is therefore desirable to
find alternative methods for dispersal of PTCDA and similar
compounds to allow easy handling for larger scale production
techniques.

Nanoparticle formation has recently attracted a great deal
of interest due to the possibility of tailoring the specific mate-
rial function depending on the particle size. In relation to this
there is one advantage of PTCDA’s low solubility, since the
availability of a poor solvent is the first requirement for the
formation of organic nanoparticles by either rapid precipita-
tion methods [17-20] or ablative methods [21-29]. The former
method requires that the material to be made into nanoparti-
cles is first dissolved in a good solvent and this solution is then
rapidly quenched into an unstable region of its phase diagram
by fast injection into a poor solvent, which results in precipita-
tion of nano-crystals. However, this method cannot be applied
to PTCDA and its related compounds as they do not have a good
solvent. This means that ablation is the only viable method of
causing particle division to create nanoparticles.

The formation of nanoparticles by laser ablation in the liquid
phase has recently become popular, not only for the preparation
of various metal and metal-oxide nanoparticles [21-26], but also
for making nanoparticles of organic materials from solid sus-
pensions in poor solvents [27-29]. For example, Asahi et al.,
prepared nanoparticles of vanadyl phthalocyanine (VOPc) by
laser ablation of VOPc powders, which were dispersed in water,
using a 351 nm pulsed excimer laser.

When ablating organic suspensions in the liquid phase it is
often possible to isolate novel products. For example, polyyne
has been prepared by laser ablation of graphitic materials in
the liquid phase [30-31]. As mentioned previously, it has been
reported that laser ablation of PTCDA solid in a vacuum results
in the loss of its anhydride side groups leading to the formation
of perylene based polymeric structures such as PPN [5-8,32].
In the present study it was therefore also interesting, from a
mechanistic point of view, to try to observe the production of
soluble side products resulting from laser ablation of PTCDA
suspensions.

In this study, PTCDA nanoparticle formation was attempted,
using laser ablation with the third harmonic of a Nd: YAG laser,
in various solvents in which the PTCDA was insoluble. It was
found that PTCDA nanoparticles formed in polar solvents but
not in non-polar solvents. In addition, it was found that a photo-
thermal reaction occurred resulting in the formation of four
polyynes (CgHy, CioHz, C12Hz and Ci4H3) and that a multi-
photon photochemical reaction occurred that resulted in the
formation of perylene. The mechanism of formation for these
compounds will be discussed.

2. Experimental
2.1. Materials and apparatus

A schematic representation of the apparatus used for laser
ablation of PTCDA suspensions is shown in Fig. 1. 0.2 mg cm ™3
of PTCDA powder (Aldrich Chemicals) was dispersed in
99.5% pure fluorimetric grade ethanol (Cica Reagents) water
(distilled) DMSO (Wako Chemicals) cyclohexane (Wako Chem-
icals) or toluene (Wako Chemicals). The PTCDA and all solvents
employed were used as received.

Laser ablation of 10cm® of the PTCDA suspensions was
achieved using the 3rd harmonic (355nm) from a Spectra
Physics CGR 230 Nd:YAG laser, with an 8 ns pulse duration,
operating at 10 Hz (unless otherwise stated). The laser fluence
used was in the range from 0 to 200 mJ cm~2 pulse~!. The spot
size was determined to be circular and to have an area of 0.5 cm?
using burn paper. The laser power was measured with an Ophir
Optronics power meter. The unfocussed laser light was directed
into a glass cell containing the suspensions of PTCDA in dif-
ferent solvents. The suspensions were magnetically stirred in
order to achieve more even irradiation of the cell contents dur-
ing the ablation period. As a note on safety, it is important that
the interface between the air and a flammable organic liquid is
not irradiated by a high fluence nanosecond laser pulse as this
may ignite the liquid. Further the vessel containing the liquid
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Fig. 1. Schematic representation of the apparatus used for the formation of
PTCDA nano-particles by laser ablation of a 0.2 mg/cm? suspension of PTCDA
in 10 cm? of “poor” solvent in a cell of 1.5 cm path length and diameter of 3 cm.
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should be sealed to prevent ignition via vapors, in the event of
dust entering the laser beam path.

2.2. Monitoring nanoparticle formation

At various times after the start of the cumulative ablation
process, UV—vis absorption spectra of stirred unfiltered PTCDA
solutions were measured off-line using a Shimadzu UV 1600-
PC UV-visible absorption spectrometer. The absorption spectra
of the solutions of PTCDA nanoparticles were measured in
transmission mode and could be compared to those of solvated
PTCDA measured in transmission mode in DMSO and solid
pellets of PTCDA measured in diffuse reflectance mode. The
formation of nanoparticles was initially assessed by whether
or not the solution became a transparent with a typical solid
PTCDA absorption spectrum with a low baseline in the UV—vis
region indicating low levels of light scattering. However, the
PTCDA nanoparticles could also be directly observed, after fil-
tration (0.2 wm Whatman, syringe type, PTFE, Puradisc, 25TF,
filters) on the filter, or after evaporation onto microscope cover
slides, using an S-4500 Hitachi scanning electron microscope.

2.3. Monitoring the formation of by-products

To monitor the formation of by-products during nanoparticle
production the ablated solutions were first filtered, using 0.2 pm
Puradisc 25TF filters, immediately after the irradiation had been
stopped. Fluorescence excitation and emission measurements
were made on these filtered ablated mixtures using an F-4500
Hitachi emission spectrometer in order to determine the perylene
derivative production as a function of irradiation time and laser
fluence. The irradiation time for the determination of the fluence
dependence of perylene production was 20 min.

UV-vis absorption spectra on similarly filtered samples were
measured in order to evaluate the polyyne yield as a function of
laser ablation time and fluence (20 min irradiation time). HPLC
analysis was carried out on the filtrates using a Hitachi L 6000
pump with an L 4000 UV-vis detector in order to identify which
polyyne compounds formed during ablation. The column was
reverse phase Inertsil (Tm) ODS-2 from GLS Science and the
solvent was a 50:50 mixture of water (distilled) and HPLC grade
acetonitrile (Cica Reagents).

Emission spectra of stirred PTCDA solutions were measured
in situ, using an IMUC multi-channel-plate (MCP) detector, dur-
ing manually triggered shot by shot laser excitation, in order to
investigate the shot to shot evolution of the emission spectra of
the suspensions.

3. Results and discussion
3.1. Formation of PITCDA nanoparticles

Stable PTCDA nanoparticles, having a size less than 200 nm,
formed after laser ablation in polar solvents such as water and
ethanol, but they did not form in non-polar solvents such as
cyclohexane and toluene. This may be because the nanoparticles
require polar interactions in order to stabilize them and prevent
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Fig. 2. Spectra obtained for unfiltered samples after laser ablation of PTCDA
suspensions in various solvents (200 mJ cm ™2 20 min).

re-aggregation. The following criteria were used to establish
whether stable nanoparticles (<200 nm) form or not.

(1) Firstly we assessed whether the absorption spectrum of the
suspension achieved a low baseline in the long wavelength
region at 750 nm or above. If it did not then the suspension
was assessed to be highly scattering and made up of particles
that were larger than or of the order of the wavelength of
light (See Fig. 2). This test was also confirmed by eye in
that the suspension could be classified as cloudy or clear,
since absorption at long wavelength could also be due to
new phases of the PTCDA.

(2) Secondly the suspensions were passed through 0.2 pm
membrane filters at various times after ablation. If no red
color passed through the membrane then the particles were
surely greater than 200 nm in size.

(3) Thirdly, the suspensions were coarse filtered with a What-
man filter paper to remove large particulate matter and the
slightly cloudy supernatant was allowed to stand for a period
of 1 week during which time it was visually inspected. If
the solid matter all settled and no red color remained in the
supernatant then it was assumed that the cloudy dispersion
had been unstable and/or was made up of particles that were
large enough to be affected by gravity.

Using these tests the polar solvents, water and ethanol were
concluded to be effective for the production of nanoparticles
smaller than 200 nm in size and the non-polar solvents, toluene
and cyclohexane were concluded to be ineffective for the pro-
duction of nanoparticles smaller than 200 nm in size. The toluene
and cyclohexane dispersions remained visually scattering to
the eye. Despite this it is clear from Fig. 2 that even in these
non-polar solvents the spectral features of PTCDA were clearly
seen. Further, it is possible that the long tail to the absorption
above 600 nm is contributed to by absorption by trapped low
energy absorption CT sizes within the lattice. Long tails to the
CT absorption have been observed under certain conditions of
PTCDA film growth and these were attributed to different ori-
entations within the lattice [34]. Division and re-aggregation in
the non-polar solvents may well result in inhomogeneity within
the aggregates leading to an increase in trap sites. We propose
that in the non-polar solvents the long tail is caused by the scat-
tering that is evident to the eye, but is probably also contributed
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Fig. 3. Fluence dependence of the PTCDA absorbance at 464 nm for samples
filtered through a 0.2 wm filter 1 day after 30 min of irradiation.

to by increased inhomogeneity and trapped CT sites within the
aggregated particles.

In the polar solvents, only ablation above a threshold flu-
ence of around 130 mJ cm™2 resulted in the formation of high
yields of nanoparticles below 200 nm in size, as determined by
filtration through a 0.2 pum filter 1 day after ablation for 30 min
(Fig. 3). However, at fluences below this the suspensions did
become transparent red dispersions and some trace red color
did pass through the filter. On the other hand, in the absence of
ablation the same result could not be obtained by other disper-
sal means. Even extended periods of sonication did not result in
dispersion of the PTCDA into the solution and the suspension
always remained cloudy. No PTCDA passed through a 0.2 pm
filter even after extended periods of sonication. The significance
of this threshold is probably that, at a given fluence, there is a
minimum size of particle that can be obtained and that for a mini-
mum size of 200 nm the required fluence is ~130 mJ cm™2. If the
filter size were 100 nm then the threshold fluence to pass through
the filter would probably be higher. Pyatenko et al., describe that
photothermal division of particles critically depends on both the
laser fluence and the particle size [35].

SEM images of PTCDA nanoparticles that were produced
after irradiation at a fluence of 200 mJ cm™2, using different
irradiation times, are shown in Fig. 4. As shown in Fig. 4(a) after
2 min large particles of nearly 200 nm in size had formed. The
surface of these larger particles appeared broken and fractured.
After irradiation for 20 min smaller nanoparticles had formed as
seen in Fig. 4(b), however, on the glass cover slide these formed
larger aggregates. These aggregates may also exist in the solution
as suggested from absorption spectra of filtrates described later.
The dispersed nanoparticles formed at longer irradiation times
were powder like and they were too small to determine weather
they were amorphous or if they had some crystalline form. For
comparison the needle type micro-crystals of the initial PTCDA
powder are shown in Fig. 4(c). The filtered particles could also
be observed on the membrane filter as shown in Fig. 4(d). These
filtered particles were only a few hundred nanometers in size.

3.2. Spectra of PTCDA nanopaticles

The solubility of PTCDA was found to be very limited in all
solvents used except DMSO. The absorption spectrum obtained

Fig. 4. SEM images of particles formed by ablation at 10 Hz with a fluence
of 200mJ cm~2 (a) Nanoparticles formed after 2 min of irradiation. (b) After
20 min of irradiation. (c) The starting material after sonication. (d) PTCDA
nano-particles on a 0.2 wm membrane filter after extraction from ethanol.
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Fig. 5. (a) Absorption spectrum of PTCDA in DMSO. (b) Diffuse reflectance
and emission spectrum of a PTCDA pellet. (c) Absorption spectra of a PTCDA
suspensions in ethanol at different irradiation times (0, 0.5, 1, 1.5, 2 min) during
ablation with a pulse fluence of 150 mJ cm™2. Inset: photographs of the PTCDA
suspentions. (i) The starting material; (ii) just after irradiation—unfiltered; (iii)
a few hours after irradiation—filtered).

for the DMSO solution is shown in Fig. 5(a). This can be com-
pared to the spectrum of solid PTCDA that was measured in
diffuse reflectance mode, which is shown in Fig. 5(b). Clear
differences are apparent between the solid’s diffuse reflectance
spectrum and the solution’s absorption spectrum. The solution’s
absorption spectrum has clear vibrational structure, whereas in
the solid the vibrational structure is lost and a new CT band
is observed at longer wavelength, which has its origin in the
m-stacking of the PTCDA in the solid state. The ratio of CT
to singlet—singlet absorption for the solid diffuse reflectance
spectrum is similar to previously reported absorption spectra
measured in transmission mode [15]. The PTCDA emission at
around 650 nm appears to originate from the CT band in the
solid.

The evolution of the absorption spectra of unfiltered PTCDA
samples, during nanoparticle production by laser ablation, is
shown in Fig. 5(c). The initial absorption spectrum before abla-
tion has a raised baseline with weak features that are consistent
with the diffuse reflection spectrum of solid PTCDA. This spec-
trum results from light scattering by the large PTCDA solid
micro-crystals, and the weak PTCDA absorption features are

present due to diffuse reflections and surface absorption in this
scattering medium. During the ablation process this baseline
dropped as the particle size diminished and an absorption spec-
trum was obtained that was similar, but not identical to, a typical
solid PTCDA diffuse reflectance spectrum. The most notable
difference between the solid diffuse reflectance spectrum, the
absorption spectra from the literature [15] and the nanoparti-
cle’s absorption spectrum, was the reduced ratio of the CT to
singlet—singlet absorption bands in the nanoparticle’s absorp-
tion spectrum. Similar absorption spectra to the nanoparticle’s
absorption spectra have been reported for deposited films [16].
In this previous report it was found that PTCDA films grown at
room temperature had smaller grain size than those formed at
higher temperature and that the room temperature film also had
an absorption spectrum in which the CT to singlet—singlet band
ratio was lower than when the film was made at higher temper-
ature. Hence, the CT to singlet—singlet band ratio seems to be
dependent on the particle size. The current observation, that the
CT to singlet—singlet band ratio is different for microcrystals
and nanoparticles, is consistent with this result.

In the inset of Fig. 5(c) solutions before and after irradiation
are shown. Also the nanoparticle dispersion after filtration, just
after ablation was stopped, is shown. From this it is clear that the
initially cloudy suspension became a non-scattering dispersion
of particles.

From Fig. 6 inset it can also be seen that just after the cessa-
tion of the ablation process, it was still possible to remove almost
all of the PTCDA nanoparticles from the solution by filtration
with a 0.2 wm membrane filter. The amount of PTCDA passing
through the filter increased with standing time, reaching a peak
after several hours. This finding indicates that, just after ablation,
the nanoparticles are held together, as larger aggregates, by an
attractive force and that this force diminishes with time. In the
absence of other rational explanations, we suggest that mechan-
ical cleavage of the PTCDA particles during ablation may have
left some residual static electrical charge on the particles. If this
occurred then the particles may form loose aggregates, which
cannot pass through the filter. These loose aggregates may then
disperse to smaller ones with time as the static charge decays.
The absorbance due to PTCDA in solutions which had passed
through the 0.2 wm membrane filter was always less than the
unfiltered dispersion, indicating that particles or extended aggre-
gates of varying size formed and that some of these were smaller
than 200 nm in diameter, whereas others were larger. This find-
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Fig. 6. Spectra of unfiltered nanoparticles compared to suspensions filtered at
different times after the cessation of irradiation (150 mJ/cm?, 20 min).
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Table 1
Peak positions assigned to the polyynes CgHz, CioH; and Ci2H; using HPLC together with the values reported in the literature
Reference C8H2 (138 min) C]0H2 (458 min) C12H2 (—) C|4H2 (—)
Our data 216, 225 nm 228,239, 252 nm 262,277 nm 297 nm
Tsuji et al.? 215,225 nm 228,238,251 nm 248, 259, 273 nm 295 nm
Eastmond et al.P 216, 226 nm 228,239, 252 nm 248,261, 275 nm 297 nm

2 From [32].

® From [33].

ing may be important in explaining why non-polar solvents were
not good for nanoparticle (<200 nm) formation, since any static
charge would dissipate much more slowly in solvents with a low
dielectric constant and permanent re-aggregation to form stable
larger aggregates may be favored over de-aggregation to form
stable nanoparticles.

When the dispersions were left to stand for longer periods the
amount of PTCDA passing through the filter again diminished.
In many cases the PTCDA re-precipitated after several weeks of
standing time. This indicates a long-term aging effect results in
re-aggregation.

3.3. UV absorption spectra of polyynes formed in the
filtrate

The near colorless filtrates obtained after 0.2 pm filtration,
just after the ablation had stopped, were analyzed using UV-
absorption spectroscopy. The absorption spectra obtained are
shown in Fig. 7(a) along with the peak assignments. These UV-
absorption spectra had several sharp peaks and the intensity
of these peaks increased with longer laser irradiation times or
higher laser fluences. The origin of these peaks was assigned to
the polyynes CgH,, C1oHz, C12H> and C14H; using either HPLC
or by the peak position in the spectrum or by both of these tests.
The elution times and absorption peak positions were compared
to data previously reported by Tsuji et al. [31] A comparison of
the current data with that in the literature, for the spectral peak
positions and the HPLC elution times, is given in Table 1.

Tsuji et al. obtained C,Hy (n=8, 10, 12, 14, 16) after
laser ablation of graphite in benzene, toluene and hexane using
1064 nm, 532 nm and 355 nm beams from a Nd: YAG laser. They
also obtained C,H; (n=8, 10, 12, 14) after laser ablation of Cg
in hexane and methanol using 1064 nm, 532 nm, 355 nm and
266 nm beams from a Nd:YAG laser. They suggested that Cy
radicals, produced by ablation, connect continuously with each
other to form polyyne and that this growth is terminated by
capping with hydrogen atoms at both ends of the polyyne. The
average and maximum chain length is determined by the reaction
probability in concerted reactions of polymerization and hydro-
genation, which strongly depended on the solvent employed.
In our case, C,Hy (n=8, 10, 12, 14) were obtained but longer
n=16 polyynes were not detected.

It was found that there was a threshold fluence below which
the polyyne absorption bands were not observed. This indicates
that the mechanism resulting in polyyne production is typical
of a photothermal laser ablation processes [21,22]. The fluence
and irradiation time dependence for the production of polyynes
is shown in Fig. 7(b) and (c). It is interesting that the production

of polyynes was quenched at longer timescales, which indirectly
also suggests that the polyynes may be formed in a photo-thermal
process having an activation threshold. This can be rationalized
because large particles can absorb many photons in close prox-
imity meaning that the total heating per unit volume is relatively
large in the solvent zone surrounding the irradiated particle (the
heated volume which should be considered also includes the
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using the magnitude of the absorption peaks for the respective polyynes. (c).
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of 200mJ cm™2).
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surrounding solvent into which heat can dissipate). However, as
smaller and smaller particles form, the resulting heating caused
by absorption of the laser pulses becomes more dispersed within
the mixed suspension and solvent. This is because the PTCDA
itselfisin amore dispersed state. The smaller particles will there-
fore be able to dissipate their heat to the solvent faster and more
efficiently than can the larger particles. To test this hypothesis
we compared the timescale for polyyne production with that for
the reduction in the amount of scattered light, which must fol-
low the reduction in particle size. The amount of light scattering
was determined by monitoring the raised baseline absorption at
750 nm. This data is plotted in Fig. 7(c) and clearly shows the
direct time correlation for these two processes.

The dependence of the polyyne chain length on the irradi-
ation time and the laser fluence was determined. As shown in
Fig. 8a, it was found that the polyyne chain lengths increased
approximately linearly with fluence. This implies that the rela-
tive production of all polyynes is similar with fluence. As can be
seen in Fig. 8b, at longer irradiation times the relative amount
of short chain polyyne was slightly favored. The reason for this
is not clearly understood, but it implies that the polyynes are
themselves subject to secondary reactions after their formation
in which they are cut forming shorter chain length final products.

3.4. Emission of perylene formed in the filtrate

The emission and excitation spectra of colorless supernatants,
which were obtained by filtration just after ablation had been
stopped, were compared to those of perylene, as shown below

(a)
500 —e—Ablated filtate emission
3 —— Ablated filtate excitation
2 400 4 e Perylene emission
K7 s ====Perylene excitation
=
2 300
=
200
100
0 J=* e 5
|IIII|III||IIII|IIII|I|II|
350 400 450 500 550 600
Wavelength /nm
(b)
5 L 4
1000
= ]
2 750
2 ]
= ]
500 3
250
3

1 ] 1
60 80 100 120 140 160 180 200
Laser Pulse Fluence/mJ ¢m-2

Emission at 466nm

I o e B IR B o o
0 10 20 30 40 50 60
Irradiation time/min

Fig. 9. (a) Excitation and emission spectra of filtrates from ablated suspensions
of PTCDA in ethanol compared with those for pure perylene in ethanol. (b)
Fluence dependence of perylene yield as determined off-line with the irradiation
stopped after 20 min of irradiation, using the intensity of the perylene peak at
466 nm (the same time course was determined for the emission at 438 nm).
(c) Perylene yield as a function of laser irradiation time at a pulse fluence of
200mJ cm~2 determined off line with the irradiation stopped after 20 min of
irradiation, using the magnitude of the respective perylene peak.

in Fig. 9(a). The filtrate’s emission and excitation spectra are
identical to the corresponding perylene spectra in terms of the
peak positions; however, they differ slightly in terms of peak
to valley heights. In view of the peak positions, which were
not shifted compared to those of perylene, we suggest that the
filtrate of the ablated mixture contains a series of perylene deriva-
tives that are not more conjugated than the parent perylene
molecule. However, in view of the difference in the valley height
between the peaks, compared to the perylene spectrum, it is
possible that there is some inhomogenous line broadening, per-
haps because some of the perylene may still have saturated alkyl
chains attached in various substitution patterns. The summation
of many very similar derivatives, having the same overall conju-
gation may result in some spectral broadening. Laser ablation is
a high energy phenomenon and can result in many uncontrolled
side reactions involving radicals and even the solvent.

The detection of perylene or its derivatives is a clear indi-
cation that the anhydride side groups can be removed during
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Fig. 10. The shot to shot evolution in the emission spectrum measured in-situ
as nanoparticles form with a laser fluence of 200 mJcm™2. Arrows indicate
direction of change during shot by shot accumulated laser pulses for 1, 100,
500, 1000 and 2000 laser shots. Note: this data was measured during single shot
by shot evolution (not 10 Hz).

the process of laser ablation, which supports this mechanism as
a probable process occurring during pulsed laser deposition of
PTCDA reaction products to form PPN as previously assigned
[7,8]. The mechanism of the perylene production is partially
clarified by examination of the fluence and time dependences
of the perylene production. This data is shown in Fig. 9(b) and
(c). The perylene production occurs even from low fluences with
no threshold. This indicates that it is not a thermally activated
process. However, the perylene production increases to the 3rd
power of the laser fluence. This indicates that it is a multi-photon
and possibly a tri-photonic process with the caveat that a further
complicating feature of the process is revealed by monitoring the
time dependence of perylene production at higher laser fluences
as described in the next paragraph.

In Fig. 9(c) it is apparent that the fastest rate of perylene pro-
duction was in the first 60 s of irradiation at a repetition rate of
10 Hz. In other words the fastest rate of production was in the first
600 laser shots, at a laser fluence of 200 mJ cm™2. After this time
the rate of production dropped drastically, but then increased
again at longer timescales. We hypothesize that this must be
due to the formation of a layer of decomposed material at the
particle surface during the first 600 laser shots, which prevents
direct excitation of the PTCDA below this decomposed surface
layer. The layer is possibly a high carbon content decomposition
product, which can absorb laser light and photothermally react to
form polyynes, but does not form perylene photochemically. To
test this hypothesis we observed the evolution of emission occur-
ring from an identical stirred suspension of PTCDA in ethanol
for every laser shot that was absorbed over 2000 laser shots.
This data is shown in Fig. 10. Here the dips observed at around
640 nm are due to a feature of the detector and can be ignored.
From this data it is clear that the main emission detected during
the first few shots of pulsed laser excitation is from PTCDA itself
and is characterized by a peak at ~650 nm from the CT band,
which is similar to the emission spectrum shown in Fig. 5(b).
However, this emission is nearly totally quenched within 600
laser shots and replaced with a broader emission at shorter wave-
length, which probably results from irradiation and ablation of

the decomposed particle surface. This later emission spectrum
also contains some features due to the excitation of perylene,
which became dissolved in the solution during irradiation using
the initial 600 laser pulses. Other emitting soluble products that
could contribute to the emission spectra obtained after 600 shots
did not form. This can be stated because only perylene peaks
were observed when the same solution was excited below the
ablation threshold at 355 nm, meaning that the broad emission
background is the result of multiphotonic ionization and plasma
formation during the ablation process and is not due to single
photon induced emission from side products. It is clear from
this data that, at 10 Hz repetition rate, 600 s would indeed be
sufficient time to create an outer layer on the particles, which
would absorb most of the 355 nm pulse, preventing excitation
of the inner core of PTCDA. Of course some PTCDA would
remain exposed especially as the particles became more and
more finely divided and the surface area increased. This would
resultin the observed acceleration of perylene production at even
longer timescales, especially since decomposition is expected to
occur less and less as the particles divide further and further and
as photo-thermal processes become less efficient. We can con-
clude that the perylene derivatives are produced by the direct
excitation of PTCDA in a multi (probably 3) photonic process.
Further mechanistic assignment would require a transient time
resolved study, which is beyond the scope of the current work.

3.5. Surface temperature of the particles

It is interesting to estimate the surface temperature of the
nanoparticles just after the absorption of the laser pulse. To do
this we need to know the density, heat capacity and the absorp-
tion coefficient of the PTCDA. The absorption coefficient of
solid PTCDA at 355 nm can be estimated to be 2.5-8.9 x 10*/cm
[15,36]. The lower value is obtained from the absorbance of an
80 nm thick film of nanoparticles [14], which would have alower
density than the bulk solid. The higher value is for a single crys-
tal and is therefore more representative of a bulk solid [36].
The heat capacity of a typical organic molecular solid at around
room temperature can be estimated as around 1 J/gK [37]. How-
ever, note that this value will no doubt increase with temperature
and especially so if the melting point is exceeded, if indeed the
particles have time to melt before the heat generated from the
photoexcitation is dissipated. We can assume that the density
of PTCDA is approximately 1 gcm™>. The surface temperature
rise can then be estimated in the limiting case using the follow-
ing expression; AT =1Iya/pC,, [38]. Where AT is the temperature
rise, Iy is the laser fluence in J cm™2, a is the absorption coef-
ficient in cm™!, p is the density in gecm™> and Cp is the heat
capacity in J/gK. Keeping C,, constant we can estimate that the
maximum temperature rise would be 1000 K at 40 mJ cm~2 and
5000 K at 200 mJ cm~2 if o is 2.5 x 10* cm~!. These estimates
increase to 3560 K and 17800 K if ais 8.9 x 10* cm~!. These are
maximum values because the melting point and probably even
the boiling point could be exceeded at these temperatures and
because the value of C;, would surely increase with temperature.
Further, the heat would begin to dissipate during the laser pulse.
Dissipation of this heat would inevitably lead to heating of the
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bulk solvent especially considering that the laser repetition rate
is 10 Hz. If each pulse contains 100 mJ (the maximum case for
200 mJ cm~?) then, at 10 Hz, 60 J would be absorbed by the sys-
tem every minute since the pulse is completely absorbed. In the
case of water this would lead to a temperature rise of 1.4 K/min.
However, losses to the surroundings would limit the maximum
temperature rise to a steady state value lower than product of the
heating rate and time as the system is not insulated. In the case
of ethanol the maximum heating rate would be 3 K/min, again
the total temperature rise would be limited by heat loss to the
surroundings.

4. Conclusion

Irradiation of suspensions of PTCDA in water or ethanol
using the 3rd harmonic of a Nd: YAG laser resulted in the forma-
tion of PTCDA nanoparticles. No nanoparticle production was
seen when irradiation was carried out in cyclohexane or toluene.
The production of nanoparticles was accompanied by the for-
mation of polyynes in a photo-thermal process and perylene in a
multi-photonic process. A reduction in the amount of these side
products is possible by forming the nanoparticles at lower laser
fluences. This method of dispersion of insoluble compounds as
nano-aggregates using laser ablation could also have application
for the delivery of insoluble or sparingly soluble pharmaceuti-
cally important compounds, such as drugs or compounds used
in chemo and photodynamic therapies. The possibility that a
particle’s surface can be modified by photochemical and photo-
thermal processes is also revealed.
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