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bstract

Nanoparticles of the insoluble organic compound 3,4,9,10-perylenetetracarboxylicdianhydride were prepared by nanosecond pulsed laser irradi-
tion of microcrystalline solid suspensions in polar solvents using the 3rd harmonic (355 nm) from a Nd:YAG laser. The initially cloudy suspensions
ecame transparent clear red dispersions that passed through a 0.2 �m membrane filter 1 day after 30 min of irradiation at laser fluences greater
han 130 mJ cm−2. Filtering reduced the red color indicating that it originated from light absorption by particles or aggregates with a size range
panning the 0.2 �m filter cut-off. This is consistent with scanning electron microscope images. Whether or not the particles passed through the
lter depended on how long they were aged. Initially formed dispersions did not pass through, whereas those which had been aged for several
ours did, indicating that the nanoparticles were aggregated and that the aggregate size depended on the standing time after laser irradiation. HPLC
nalysis revealed perylene and C8, C10, C12, C14 polyynes byproducts, which probably formed respectively in a 3 photon photochemical and a
hotothermal processes at the surface of the PTCDA particles. Initially the perylene production rate was rapid, but as the PTCDA particles’ surface

ecame decomposed it slowed down. However, it increased again as the surface area of the PTCDA particles became larger as smaller nanoparticles
ormed and after the thermal decomposition of the surface was quenched. When the particles became smaller the thermal processes were quenched
nd polyyne production stopped.

2007 Elsevier B.V. All rights reserved.
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. Introduction

3,4,9,10-Perylenetetracarboxylicdianhydride (PTCDA struc-
ure shown in Scheme 1) and compounds such as 3,4,9,10-

erylenetetracarboxylicdiimide (PTCDI) are important can-
idate materials for organic semi-conductors due to their
xtremely close �–stacking in the solid state.

∗ Corresponding author. Tel.: +65 6874 1483; fax: +65 6872 0785.
E-mail address: hobleyj@imre.a-star.edu.sg (J. Hobley).

� We regret that Satoru Nishio who initiated and guided this work began a
ong battle with illness during its progress. He passed away on 15th October
006. Our deepest sympathy goes to his wife and his two sons.
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Some of these compounds have even been used in elec-
ron transfer layers of organic electro luminescent devices
1,2]. Among these compounds, PTCDA is considered to be
he archetype for organic semi-conductive materials. It is also
mportant as a starting material in the synthesis of various kinds
f organic compounds, including the low dimensional conduct-
ng polymer called polyperinaphthalene (PPN) which is thought
o be formed by elimination of the anhydride groups from
TCDA [3,4]. To date various methods have been proposed
or enhancing the elimination of the anhydride side groups in

rder to enhance PPN production, however, the exact elimination
echanism is still not clear [5–10].
If PTCDA-related organic semi-conductive materials can be

ade into thin-films, then these films can be components in
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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
Scheme 1.

unctional devices. However, since PTCDA has very low solu-
ility in all but the most aggressive solvents, almost all of the
urrently available methods of manipulation are dry processes
1,2,11–16]. For large scale or ambient laboratory processing
et techniques are sometimes preferable to dry ones when

aking into consideration cost performance, versatility and the
ase of preparing thin films. For example, it is possible to cre-
te coatings from nanoparticles that have been dispersed in a
olvent by spreading the dispersion on the required substrate
nd then evaporating the solvent. It is therefore desirable to
nd alternative methods for dispersal of PTCDA and similar
ompounds to allow easy handling for larger scale production
echniques.

Nanoparticle formation has recently attracted a great deal
f interest due to the possibility of tailoring the specific mate-
ial function depending on the particle size. In relation to this
here is one advantage of PTCDA’s low solubility, since the
vailability of a poor solvent is the first requirement for the
ormation of organic nanoparticles by either rapid precipita-
ion methods [17–20] or ablative methods [21–29]. The former

ethod requires that the material to be made into nanoparti-
les is first dissolved in a good solvent and this solution is then
apidly quenched into an unstable region of its phase diagram
y fast injection into a poor solvent, which results in precipita-
ion of nano-crystals. However, this method cannot be applied
o PTCDA and its related compounds as they do not have a good
olvent. This means that ablation is the only viable method of
ausing particle division to create nanoparticles.

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

When ablating organic suspensions in the liquid phase it is
ften possible to isolate novel products. For example, polyyne
as been prepared by laser ablation of graphitic materials in
he liquid phase [30–31]. As mentioned previously, it has been
eported that laser ablation of PTCDA solid in a vacuum results
n the loss of its anhydride side groups leading to the formation
f perylene based polymeric structures such as PPN [5–8,32].

n the present study it was therefore also interesting, from a
echanistic point of view, to try to observe the production of

oluble side products resulting from laser ablation of PTCDA
uspensions.
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In this study, PTCDA nanoparticle formation was attempted,
sing laser ablation with the third harmonic of a Nd:YAG laser,
n various solvents in which the PTCDA was insoluble. It was
ound that PTCDA nanoparticles formed in polar solvents but
ot in non-polar solvents. In addition, it was found that a photo-
hermal reaction occurred resulting in the formation of four
olyynes (C8H2, C10H2, C12H2 and C14H2) and that a multi-
hoton photochemical reaction occurred that resulted in the
ormation of perylene. The mechanism of formation for these
ompounds will be discussed.

. Experimental

.1. Materials and apparatus

A schematic representation of the apparatus used for laser
blation of PTCDA suspensions is shown in Fig. 1. 0.2 mg cm−3

f PTCDA powder (Aldrich Chemicals) was dispersed in
9.5% pure fluorimetric grade ethanol (Cica Reagents) water
distilled) DMSO (Wako Chemicals) cyclohexane (Wako Chem-
cals) or toluene (Wako Chemicals). The PTCDA and all solvents
mployed were used as received.

Laser ablation of 10 cm3 of the PTCDA suspensions was
chieved using the 3rd harmonic (355 nm) from a Spectra
hysics CGR 230 Nd:YAG laser, with an 8 ns pulse duration,
perating at 10 Hz (unless otherwise stated). The laser fluence
sed was in the range from 0 to 200 mJ cm−2 pulse−1. The spot
ize was determined to be circular and to have an area of 0.5 cm2

sing burn paper. The laser power was measured with an Ophir
ptronics power meter. The unfocussed laser light was directed

nto a glass cell containing the suspensions of PTCDA in dif-
erent solvents. The suspensions were magnetically stirred in
rder to achieve more even irradiation of the cell contents dur-
ig. 1. Schematic representation of the apparatus used for the formation of
TCDA nano-particles by laser ablation of a 0.2 mg/cm3 suspension of PTCDA

n 10 cm3 of “poor” solvent in a cell of 1.5 cm path length and diameter of 3 cm.
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hould be sealed to prevent ignition via vapors, in the event of
ust entering the laser beam path.

.2. Monitoring nanoparticle formation

At various times after the start of the cumulative ablation
rocess, UV–vis absorption spectra of stirred unfiltered PTCDA
olutions were measured off-line using a Shimadzu UV 1600-
C UV-visible absorption spectrometer. The absorption spectra
f the solutions of PTCDA nanoparticles were measured in
ransmission mode and could be compared to those of solvated
TCDA measured in transmission mode in DMSO and solid
ellets of PTCDA measured in diffuse reflectance mode. The
ormation of nanoparticles was initially assessed by whether
r not the solution became a transparent with a typical solid
TCDA absorption spectrum with a low baseline in the UV–vis
egion indicating low levels of light scattering. However, the
TCDA nanoparticles could also be directly observed, after fil-

ration (0.2 �m Whatman, syringe type, PTFE, Puradisc, 25TF,
lters) on the filter, or after evaporation onto microscope cover
lides, using an S-4500 Hitachi scanning electron microscope.

.3. Monitoring the formation of by-products

To monitor the formation of by-products during nanoparticle
roduction the ablated solutions were first filtered, using 0.2 �m
uradisc 25TF filters, immediately after the irradiation had been
topped. Fluorescence excitation and emission measurements
ere made on these filtered ablated mixtures using an F-4500
itachi emission spectrometer in order to determine the perylene
erivative production as a function of irradiation time and laser
uence. The irradiation time for the determination of the fluence
ependence of perylene production was 20 min.

UV–vis absorption spectra on similarly filtered samples were
easured in order to evaluate the polyyne yield as a function of

aser ablation time and fluence (20 min irradiation time). HPLC
nalysis was carried out on the filtrates using a Hitachi L 6000
ump with an L 4000 UV–vis detector in order to identify which
olyyne compounds formed during ablation. The column was
everse phase Inertsil (Tm) ODS-2 from GLS Science and the
olvent was a 50:50 mixture of water (distilled) and HPLC grade
cetonitrile (Cica Reagents).

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

. Results and discussion

.1. Formation of PTCDA nanoparticles

Stable PTCDA nanoparticles, having a size less than 200 nm,

ormed after laser ablation in polar solvents such as water and
thanol, but they did not form in non-polar solvents such as
yclohexane and toluene. This may be because the nanoparticles
equire polar interactions in order to stabilize them and prevent

t
t
t
t

ig. 2. Spectra obtained for unfiltered samples after laser ablation of PTCDA
uspensions in various solvents (200 mJ cm−2 20 min).

e-aggregation. The following criteria were used to establish
hether 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 �m
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
oncluded to be effective for the production of nanoparticles
maller than 200 nm in size and the non-polar solvents, toluene
nd cyclohexane were concluded to be ineffective for the pro-
uction of nanoparticles smaller than 200 nm in size. The toluene
nd cyclohexane dispersions remained visually scattering to
he eye. Despite this it is clear from Fig. 2 that even in these
on-polar solvents the spectral features of PTCDA were clearly
een. Further, it is possible that the long tail to the absorption
bove 600 nm is contributed to by absorption by trapped low
nergy absorption CT sizes within the lattice. Long tails to the
T absorption have been observed under certain conditions of
TCDA film growth and these were attributed to different ori-
ntations within the lattice [34]. Division and re-aggregation in

he non-polar solvents may well result in inhomogeneity within
he aggregates leading to an increase in trap sites. We propose
hat in the non-polar solvents the long tail is caused by the scat-
ering that is evident to the eye, but is probably also contributed
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ig. 3. Fluence dependence of the PTCDA absorbance at 464 nm for samples
ltered through a 0.2 �m filter 1 day after 30 min of irradiation.

o by increased inhomogeneity and trapped CT sites within the
ggregated particles.

In the polar solvents, only ablation above a threshold flu-
nce of around 130 mJ cm−2 resulted in the formation of high
ields of nanoparticles below 200 nm in size, as determined by
ltration through a 0.2 �m filter 1 day after ablation for 30 min
Fig. 3). However, at fluences below this the suspensions did
ecome transparent red dispersions and some trace red color
id pass through the filter. On the other hand, in the absence of
blation the same result could not be obtained by other disper-
al means. Even extended periods of sonication did not result in
ispersion of the PTCDA into the solution and the suspension
lways remained cloudy. No PTCDA passed through a 0.2 �m
lter even after extended periods of sonication. The significance
f this threshold is probably that, at a given fluence, there is a
inimum size of particle that can be obtained and that for a mini-
um size of 200 nm the required fluence is ∼130 mJ cm−2. If the
lter size were 100 nm then the threshold fluence to pass through

he filter would probably be higher. Pyatenko et al., describe that
hotothermal division of particles critically depends on both the
aser fluence and the particle size [35].

SEM images of PTCDA nanoparticles that were produced
fter irradiation at a fluence of 200 mJ cm−2, using different
rradiation times, are shown in Fig. 4. As shown in Fig. 4(a) after
min large particles of nearly 200 nm in size had formed. The

urface of these larger particles appeared broken and fractured.
fter irradiation for 20 min smaller nanoparticles had formed as

een in Fig. 4(b), however, on the glass cover slide these formed
arger aggregates. These aggregates may also exist in the solution
s suggested from absorption spectra of filtrates described later.
he dispersed nanoparticles formed at longer irradiation times
ere powder like and they were too small to determine weather

hey were amorphous or if they had some crystalline form. For
omparison the needle type micro-crystals of the initial PTCDA
owder are shown in Fig. 4(c). The filtered particles could also
e observed on the membrane filter as shown in Fig. 4(d). These
ltered particles were only a few hundred nanometers in size.
.2. Spectra of PTCDA nanopaticles

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

Fig. 4. SEM images of particles formed by ablation at 10 Hz with a fluence
of 200 mJ 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 �m 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
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T
through the 0.2 �m 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-
blation with a pulse fluence of 150 mJ cm−2. Inset: photographs of the PTCDA
uspentions. (i) The starting material; (ii) just after irradiation—unfiltered; (iii)
few hours after irradiation–filtered).

or the DMSO solution is shown in Fig. 5(a). This can be com-
ared to the spectrum of solid PTCDA that was measured in
iffuse reflectance mode, which is shown in Fig. 5(b). Clear
ifferences are apparent between the solid’s diffuse reflectance
pectrum and the solution’s absorption spectrum. The solution’s
bsorption spectrum has clear vibrational structure, whereas in
he solid the vibrational structure is lost and a new CT band
s observed at longer wavelength, which has its origin in the
-stacking of the PTCDA in the solid state. The ratio of CT

o singlet–singlet absorption for the solid diffuse reflectance
pectrum is similar to previously reported absorption spectra
easured in transmission mode [15]. The PTCDA emission at

round 650 nm appears to originate from the CT band in the
olid.

The evolution of the absorption spectra of unfiltered PTCDA
amples, during nanoparticle production by laser ablation, is
hown in Fig. 5(c). The initial absorption spectrum before abla-

ion has a raised baseline with weak features that are consistent
ith the diffuse reflection spectrum of solid PTCDA. This spec-

rum results from light scattering by the large PTCDA solid
icro-crystals, and the weak PTCDA absorption features are

F
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resent due to diffuse reflections and surface absorption in this
cattering medium. During the ablation process this baseline
ropped as the particle size diminished and an absorption spec-
rum was obtained that was similar, but not identical to, a typical
olid PTCDA diffuse reflectance spectrum. The most notable
ifference between the solid diffuse reflectance spectrum, the
bsorption spectra from the literature [15] and the nanoparti-
le’s absorption spectrum, was the reduced ratio of the CT to
inglet–singlet absorption bands in the nanoparticle’s absorp-
ion spectrum. Similar absorption spectra to the nanoparticle’s
bsorption spectra have been reported for deposited films [16].
n this previous report it was found that PTCDA films grown at
oom temperature had smaller grain size than those formed at
igher temperature and that the room temperature film also had
n absorption spectrum in which the CT to singlet–singlet band
atio was lower than when the film was made at higher temper-
ture. Hence, the CT to singlet–singlet band ratio seems to be
ependent on the particle size. The current observation, that the
T to singlet–singlet band ratio is different for microcrystals
nd nanoparticles, is consistent with this result.

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

From Fig. 6 inset it can also be seen that just after the cessa-
ion of the ablation process, it was still possible to remove almost
ll of the PTCDA nanoparticles from the solution by filtration
ith a 0.2 �m membrane filter. The amount of PTCDA passing

hrough the filter increased with standing time, reaching a peak
fter several hours. This finding indicates that, just after ablation,
he nanoparticles are held together, as larger aggregates, by an
ttractive force and that this force diminishes with time. In the
bsence of other rational explanations, we suggest that mechan-
cal cleavage of the PTCDA particles during ablation may have
eft some residual static electrical charge on the particles. If this
ccurred then the particles may form loose aggregates, which
annot pass through the filter. These loose aggregates may then
isperse to smaller ones with time as the static charge decays.
he absorbance due to PTCDA in solutions which had passed
ig. 6. Spectra of unfiltered nanoparticles compared to suspensions filtered at
ifferent times after the cessation of irradiation (150 mJ/cm2, 20 min).
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Table 1
Peak positions assigned to the polyynes C8H2, C10H2 and C12H2 using HPLC together with the values reported in the literature

Reference C8H2 (13.8 min) C10H2 (45.8 min) C12H2 (–) C14H2 (–)

Our data 216, 225 nm 228, 239, 252 nm 262, 277 nm 297 nm
Tsuji et al.a 215, 225 nm 228, 238, 251 nm 248, 259, 273 nm 295 nm
E , 239,
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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

Fig. 7. (a). Absorption spectrum and assignment of polyynes in a filtrate from
a suspension laser ablated in ethanol. (b) Fluence dependence for the yield of
polyyne determined off-line for a filtered suspension of PTCDA in ethanol,
astmond et al.b 216, 226 nm 228

a From [32].
b From [33].

ng may be important in explaining why non-polar solvents were
ot good for nanoparticle (<200 nm) formation, since any static
harge would dissipate much more slowly in solvents with a low
ielectric constant and permanent re-aggregation to form stable
arger aggregates may be favored over de-aggregation to form
table nanoparticles.

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

.3. UV absorption spectra of polyynes formed in the
ltrate

The near colorless filtrates obtained after 0.2 �m filtration,
ust after the ablation had stopped, were analyzed using UV-
bsorption spectroscopy. The absorption spectra obtained are
hown in Fig. 7(a) along with the peak assignments. These UV-
bsorption spectra had several sharp peaks and the intensity
f these peaks increased with longer laser irradiation times or
igher laser fluences. The origin of these peaks was assigned to
he polyynes C8H2, C10H2, C12H2 and C14H2 using either HPLC
r by the peak position in the spectrum or by both of these tests.
he elution times and absorption peak positions were compared

o data previously reported by Tsuji et al. [31] A comparison of
he current data with that in the literature, for the spectral peak
ositions and the HPLC elution times, is given in Table 1.

Tsuji et al. obtained CnH2 (n = 8, 10, 12, 14, 16) after
aser ablation of graphite in benzene, toluene and hexane using
064 nm, 532 nm and 355 nm beams from a Nd:YAG laser. They
lso obtained CnH2 (n = 8, 10, 12, 14) after laser ablation of C60
n hexane and methanol using 1064 nm, 532 nm, 355 nm and
66 nm beams from a Nd:YAG laser. They suggested that C2
adicals, produced by ablation, connect continuously with each
ther to form polyyne and that this growth is terminated by
apping with hydrogen atoms at both ends of the polyyne. The
verage and maximum chain length is determined by the reaction
robability in concerted reactions of polymerization and hydro-
enation, which strongly depended on the solvent employed.
n our case, CnH2 (n = 8, 10, 12, 14) were obtained but longer
= 16 polyynes were not detected.

It was found that there was a threshold fluence below which
he polyyne absorption bands were not observed. This indicates

hat the mechanism resulting in polyyne production is typical
f a photothermal laser ablation processes [21,22]. The fluence
nd irradiation time dependence for the production of polyynes
s shown in Fig. 7(b) and (c). It is interesting that the production

u
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252 nm 248, 261, 275 nm 297 nm

f polyynes was quenched at longer timescales, which indirectly
lso suggests that the polyynes may be formed in a photo-thermal
rocess having an activation threshold. This can be rationalized
sing the magnitude of the absorption peaks for the respective polyynes. (c).
olyene absorbance at 225 nm (filtered sample) as a function of irradiation time
ompared to the time course for the loss of the baseline (un-filtered sample) at
50 nm due to reduction in light scattering as nano-particles form (pulse fluence
f 200 mJ cm−2).
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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).
(
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ig. 8. (a) Fluence dependence of polyyne production after 20 min of irradiation.
b) Time dependence of polyyne production at a fluence of 200 mJ cm−2.

urrounding solvent into which heat can dissipate). However, as
maller and smaller particles form, the resulting heating caused
y absorption of the laser pulses becomes more dispersed within
he mixed suspension and solvent. This is because the PTCDA
tself is in a more dispersed state. The smaller particles will there-
ore be able to dissipate their heat to the solvent faster and more
fficiently than can the larger particles. To test this hypothesis
e compared the timescale for polyyne production with that for

he reduction in the amount of scattered light, which must fol-
ow the reduction in particle size. The amount of light scattering
as determined by monitoring the raised baseline absorption at
50 nm. This data is plotted in Fig. 7(c) and clearly shows the
irect time correlation for these two processes.

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

.4. Emission of perylene formed in the filtrate
The emission and excitation spectra of colorless supernatants,
hich were obtained by filtration just after ablation had been

topped, were compared to those of perylene, as shown below

a
s

c

c) Perylene yield as a function of laser irradiation time at a pulse fluence of
00 mJ cm−2 determined off line with the irradiation stopped after 20 min of
rradiation, using the magnitude of the respective perylene peak.

n Fig. 9(a). The filtrate’s emission and excitation spectra are
dentical to the corresponding perylene spectra in terms of the
eak positions; however, they differ slightly in terms of peak
o valley heights. In view of the peak positions, which were
ot shifted compared to those of perylene, we suggest that the
ltrate of the ablated mixture contains a series of perylene deriva-

ives that are not more conjugated than the parent perylene
olecule. However, in view of the difference in the valley height

etween the peaks, compared to the perylene spectrum, it is
ossible that there is some inhomogenous line broadening, per-
aps because some of the perylene may still have saturated alkyl
hains attached in various substitution patterns. The summation
f many very similar derivatives, having the same overall conju-
ation may result in some spectral broadening. Laser ablation is

high energy phenomenon and can result in many uncontrolled

ide reactions involving radicals and even the solvent.
The detection of perylene or its derivatives is a clear indi-

ation 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 mJ cm−2. Arrows indicate
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00, 1000 and 2000 laser shots. Note: this data was measured during single shot
y shot evolution (not 10 Hz).

he process of laser ablation, which supports this mechanism as
probable process occurring during pulsed laser deposition of
TCDA reaction products to form PPN as previously assigned
7,8]. The mechanism of the perylene production is partially
larified by examination of the fluence and time dependences
f the perylene production. This data is shown in Fig. 9(b) and
c). The perylene production occurs even from low fluences with
o threshold. This indicates that it is not a thermally activated
rocess. However, the perylene production increases to the 3rd
ower of the laser fluence. This indicates that it is a multi-photon
nd possibly a tri-photonic process with the caveat that a further
omplicating feature of the process is revealed by monitoring the
ime dependence of perylene production at higher laser fluences
s described in the next paragraph.

In Fig. 9(c) it is apparent that the fastest rate of perylene pro-
uction was in the first 60 s of irradiation at a repetition rate of
0 Hz. In other words the fastest rate of production was in the first
00 laser shots, at a laser fluence of 200 mJ cm−2. After this time
he rate of production dropped drastically, but then increased
gain at longer timescales. We hypothesize that this must be
ue to the formation of a layer of decomposed material at the
article surface during the first 600 laser shots, which prevents
irect excitation of the PTCDA below this decomposed surface
ayer. The layer is possibly a high carbon content decomposition
roduct, which can absorb laser light and photothermally react to
orm polyynes, but does not form perylene photochemically. To
est this hypothesis we observed the evolution of emission occur-
ing from an identical stirred suspension of PTCDA in ethanol
or every laser shot that was absorbed over 2000 laser shots.
his data is shown in Fig. 10. Here the dips observed at around
40 nm are due to a feature of the detector and can be ignored.
rom this data it is clear that the main emission detected during

he first few shots of pulsed laser excitation is from PTCDA itself
nd is characterized by a peak at ∼650 nm from the CT band,

hich is similar to the emission spectrum shown in Fig. 5(b).
owever, this emission is nearly totally quenched within 600

aser shots and replaced with a broader emission at shorter wave-
ength, which probably results from irradiation and ablation of

t
b
F
D
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he decomposed particle surface. This later emission spectrum
lso contains some features due to the excitation of perylene,
hich became dissolved in the solution during irradiation using

he initial 600 laser pulses. Other emitting soluble products that
ould contribute to the emission spectra obtained after 600 shots
id not form. This can be stated because only perylene peaks
ere observed when the same solution was excited below the

blation threshold at 355 nm, meaning that the broad emission
ackground is the result of multiphotonic ionization and plasma
ormation during the ablation process and is not due to single
hoton induced emission from side products. It is clear from
his data that, at 10 Hz repetition rate, 600 s would indeed be
ufficient time to create an outer layer on the particles, which
ould absorb most of the 355 nm pulse, preventing excitation
f the inner core of PTCDA. Of course some PTCDA would
emain exposed especially as the particles became more and
ore finely divided and the surface area increased. This would

esult in the observed acceleration of perylene production at even
onger timescales, especially since decomposition is expected to
ccur less and less as the particles divide further and further and
s photo-thermal processes become less efficient. We can con-
lude that the perylene derivatives are produced by the direct
xcitation of PTCDA in a multi (probably 3) photonic process.
urther mechanistic assignment would require a transient time
esolved study, which is beyond the scope of the current work.

.5. Surface temperature of the particles

It is interesting to estimate the surface temperature of the
anoparticles just after the absorption of the laser pulse. To do
his we need to know the density, heat capacity and the absorp-
ion coefficient of the PTCDA. The absorption coefficient of
olid PTCDA at 355 nm can be estimated to be 2.5–8.9 × 104/cm
15,36]. The lower value is obtained from the absorbance of an
0 nm thick film of nanoparticles [14], which would have a lower
ensity than the bulk solid. The higher value is for a single crys-
al and is therefore more representative of a bulk solid [36].
he heat capacity of a typical organic molecular solid at around

oom temperature can be estimated as around 1 J/gK [37]. How-
ver, note that this value will no doubt increase with temperature
nd especially so if the melting point is exceeded, if indeed the
articles have time to melt before the heat generated from the
hotoexcitation is dissipated. We can assume that the density
f PTCDA is approximately 1 g cm−3. The surface temperature
ise can then be estimated in the limiting case using the follow-
ng expression; �T = I0�/�Cp [38]. Where �T is the temperature
ise, I0 is the laser fluence in J cm−2, � is the absorption coef-
cient in cm−1, � is the density in g cm−3 and Cp is the heat
apacity in J/gK. Keeping Cp constant we can estimate that the
aximum temperature rise would be 1000 K at 40 mJ cm−2 and

000 K at 200 mJ cm−2 if � is 2.5 × 104 cm−1. These estimates
ncrease to 3560 K and 17800 K if � is 8.9 × 104 cm−1. These are

aximum values because the melting point and probably even

he boiling point could be exceeded at these temperatures and
ecause the value of Cp would surely increase with temperature.
urther, the heat would begin to dissipate during the laser pulse.
issipation of this heat would inevitably lead to heating of the
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ulk solvent especially considering that the laser repetition rate
s 10 Hz. If each pulse contains 100 mJ (the maximum case for
00 mJ cm−2) then, at 10 Hz, 60 J would be absorbed by the sys-
em every minute since the pulse is completely absorbed. In the
ase of water this would lead to a temperature rise of 1.4 K/min.
owever, losses to the surroundings would limit the maximum

emperature rise to a steady state value lower than product of the
eating rate and time as the system is not insulated. In the case
f ethanol the maximum heating rate would be 3 K/min, again
he total temperature rise would be limited by heat loss to the
urroundings.

. Conclusion

Irradiation of suspensions of PTCDA in water or ethanol
sing the 3rd harmonic of a Nd:YAG laser resulted in the forma-
ion of PTCDA nanoparticles. No nanoparticle production was
een when irradiation was carried out in cyclohexane or toluene.
he production of nanoparticles was accompanied by the for-
ation of polyynes in a photo-thermal process and perylene in a
ulti-photonic process. A reduction in the amount of these side

roducts is possible by forming the nanoparticles at lower laser
uences. This method of dispersion of insoluble compounds as
ano-aggregates using laser ablation could also have application
or the delivery of insoluble or sparingly soluble pharmaceuti-
ally important compounds, such as drugs or compounds used
n chemo and photodynamic therapies. The possibility that a
article’s surface can be modified by photochemical and photo-
hermal processes is also revealed.
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