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1. Introduction

Perylene, Per, is a polycyclic aromatic hydrocarbon (PAH) found
ubiquitously as an environmental contaminant. It has been identi-

fied in products of incomplete combustion such as cigarette smoke
and engine exhaust, as well as smoked food products and in emis-
sions of oil fires, fly ash from municipal waste incinerations, asphalt
plants, and cooking plants. Per is also one of the few PAHs found in
nature whose source can include soil, dust-rise by wind, sea spray,
forest fires, volcanic dust, and some vegetation [1–8]. Most airborne
hydrocarbons are associated with particulate matter [9]. Because of
its low vapor pressure, Per exists solely in the particulate phase in
the ambient atmosphere.

The persistence of PAHs associated with fine airborne particu-
late matter is important not only because in the atmosphere they
may be transported over long distances, but also because they
can undergo chemical reactions. These transformations can lead
to their degradation or to transformations into products more toxic
than the parent compound [10]. Recent studies link air pollutants
released from motor vehicles and power plants to health effects and
higher death rates [11]. Because of the risks arising from pollution
to human health and to the ecological equilibria, studies of the fate
of atmospheric pollution are of great importance. In these terms,
studies of the photodegradation of PAHs adsorbed on surfaces are

∗ Corresponding author.
E-mail address: rarce@uprr.pr (R. Arce).

1010-6030/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2008.04.011
uan 00931-3346, Puerto Rico

ed perylene is strongly influenced by the environment in which it is found
of the photoproducts characterized on the adsorbed state in comparison to

lution. The separation, characterization, and identification of the products
ipped with UV–vis diode array and MS detection. Two of the products were

e and 3,10-perylenedione. Three additional products were characterized as
enediols based on their m/z ratio. Based on this information, two possible

proposed for the identified diones. The experimental data showed that
let oxygen participate in the route of photodegradation of perylene which
nd Type II pathways. These results assist in the understanding of complex
ne and other PAHs in the environment.

© 2008 Elsevier B.V. All rights reserved.

of relevance for our understanding of the fate of these compounds
in the atmosphere.

Fly ash produced in electric power plants consists mostly
of aluminum–silicon–oxygen compounds, mixed with smaller
amounts of sodium, magnesium, potassium, calcium, and titanium
[12]. This is called the aluminosilicate matrix. For this reason, silica
gel of different pore diameter and alumina has been used as model

surfaces in our laboratory, because they resemble the composition
of fly ash in particular and the atmospheric particulate matter in
general.

Photodegradation studies of Per and other PAHs have focussed
on the effect of the surface’s chemical and physical properties such
as color, carbon content, surface area, particle porosity, and size
and surface loading upon the rate of phototransformation [13–15].
Photolytic half-lives highly dependent on the physical and chemical
nature of the substrate have been reported [14]. For Per adsorbed
on silica or alumina substrates, half-lives of 4.7 and 1.7 h have been
calculated under specific laboratory experimental conditions [14].
Recently, more comprehensive mechanistic photochemical studies
of other PAHs have been reported [16–27].

McDow et al. [28] reported that PAHs adsorbed onto atmo-
spheric aerosol particles from sources such as diesel soot and wood
smoke are found in an organic layer (possibly liquid) around a
carbon core. The composition and polarity of this organic layer
depends on the emission source, and can influence the decay of
the PAHs. For these reasons, it was of interest to compare the effect
of surface interactions on the photochemical behavior of perylene
with that in solution. By analogy, this could provide information

http://www.sciencedirect.com/science/journal/10106030
mailto:rarce@uprr.pr
dx.doi.org/10.1016/j.jphotochem.2008.04.011


and P
P. Sotero, R. Arce / Journal of Photochemistry

on the photodegradation mechanisms of PAHs when adsorbed in
inorganic oxides in ashes versus those in diesel soot or wood smoke
particles.

This study reports on the photochemistry of Per adsorbed on
the inactivated surfaces of silica gel and alumina, and in some
nonpolar and polar solvents as models of atmospheric particulate
matter. The objective was to study the effect of the nature of the
adsorbent or the solvent, the average pore diameter, coadsorbed
gases and water, and surface loading on (1) the photochemical
reactions, (2) the participating excited states and reactive interme-
diates in the photochemical reactions [29], and (3) the nature and
yield of the products. Under these controlled laboratory conditions
we were able to obtain some understanding of the more complex
environment of an atmospheric aerosol. Because photodegradation
products can be more toxic than the parent compound, it is impor-
tant to characterize them, and to establish their possible routes of
formation in order to understand their ultimate environmental fate.

2. Experimental

2.1. Reagents

Perylene (Gold Label, 99%), Methylene blue (83% Dye con-
tent), and 2,5-dimethylfuran (99%+) were obtained from Aldrich
Chemical Co., Inc. 3,10-perylenedione (99%) was obtained from
Dr. Ehrenstorfer GmbH, Reference Materials for Residual Anal-
ysis, Germany. Alumina (Type F-20), Silica Gel (pore size 25 Å,
100–200 mesh; pore size 40 Å, 35–70 mesh; pore size 60 Å,
130–270 mesh; pore size 150 Å, 60–200 mesh) were obtained from
Sigma Chemical Co. and used unactivated as models of the atmo-
spheric particulate. The solvents hexane, methanol, acetone, and
acetonitrile (OPTIMA grade) were obtained from Fisher Scientific.

2.2. Instrumentation

The methods and instrumentation used in the absorption and
fluorescence measurements have been described elsewhere [29].

A C18 Jupiter Column, 250 mm × 5 �m × 4.6 mm (Phenomenex),
was used for the chromatographic separations in conjunction with a
Hewlett Packard 1100 HPLC with a diode array detector. For the sep-
aration, the gradient employed started at 50:50 acetonitrile/water
increased to 100% acetonitrile after 14 min, and returned to 70:30
acetonitrile/water after 28 min. The system was returned to 50:50
acetonitrile/water for the next run. The sample size injected was

15 �L at a flow rate of 1.00 mL/min and at a pressure of 93 bars.
Each sample was injected at least 3 times.

The MS analysis was made with a Quattro VG Organic Mass
Spectrometer using the Atmospheric Pressure Chemical Ionization
(APcI) method in the positive mode. Per and the products of pho-
todecomposition ionized readily upon elution from the column. The
mass spectrometer was coupled with an HPLC (Hewlett Packard
1100). The flow rate of the mobile phase was 1.00 mL/min.

2.3. Sample preparation [29]

For the singlet oxygen experiments, either methylene blue
or 2,5-dimethylfuran (DMF) was used as 1O2 sensitizer and 1O2
quencher, respectively. The methylene blue was dissolved in 100 mL
of methanol and the silica gel was added and stirred for 5 min using
0.0135 g of methylene blue for each 2 g of silica gel. The solvent
was removed by rotoevaporation. After this step, this silica gel was
mixed with 4 g of a sample of Per adsorbed on silica gel. The DMF
was coadsorbed on a sample of Per adsorbed on silica gel by expos-
ing the sample inside a small chamber to the vapor pressure of DMF
at 25 ◦C for 1 h. Thus, is assumed that under these conditions the
hotobiology A: Chemistry 199 (2008) 14–22 15

quantity of DMF adsorbed is larger than the initial number of moles
of Per (10−8 mol).

The reproducibility of sample preparation and of the loading
procedure was established from the initial fluorescence or diffuse
reflectance intensities.

2.4. Sample irradiation

Samples were photolyzed using an Oriel Xe–Hg ozone free
1000 W UV lamp which was located at an end of an optical bench. A
cylindrical water filter was used to absorb IR radiation. Cold water
was circulated through the filter to minimize the heating of the
sample and avoid thermal reactions on the irradiated surface. A
Corning 4–70 band-pass filter was used to isolate the wavelength
range of 320–580 nm. Five grams of sample were placed in a Pyrex
rotatory cell that was located 48 cm from the lamp housing. This
cell has indentations on its inner surface to disperse the powder
sample inside the cell as it is rotated, thus providing homogeneous
mixing and irradiation when rotated [14,30]. For the sensitization
experiments with singlet oxygen, a Corning 2–59 filter was used
to prevent the sample from receiving wavelengths under 610 nm.
Wavelengths greater that 610 nm are absorbed mainly by methy-
lene blue.

2.5. Sample extraction

The powdered sample is placed inside a flask to which 30 mL
of acetone were added. After stirring for 15 min with a magnetic
stirrer, the sample was filtered and washed again with acetone.
This process was repeated 3 times and the extract was then pre-
concentrated. The extraction efficiency was determined by visually
inspecting the color of the silica and by recording the diffuse
reflectance and fluorescence spectra of the surface after the extrac-
tion. After the extraction procedure, no absorption or fluorescence
emissions were observed from the extracted silica indicating a high
extraction efficiency.

Extractions at room temperature and the subsequent HPLC anal-
ysis of the sample were done immediately after the irradiations to
avoid possible thermal degradation of the products.

2.6. Product quantization and data analysis

The amount of 3,10-perylenedione produced was calculated by

using the area of the chromatographic peaks and the response fac-
tor from the HPLC. The response factor was calculated using the
following equation:

fε = A/C (1)

where A refers to the integrated peak area of the photoproduct,
f� is the response factor which includes all the conditions includ-
ing the molar absorption coefficient of the compound, and C refers
to the moles of compound injected to the HPLC. The value of f�
was obtained from a calibration curve generated using solutions
of known concentrations of the standard of 3,10-perylenedione in
ethyl acetate. From the slope of the resulting curve of peak area
as a function of concentration (M), a value of f� = 3 × 107 M−1 was
obtained. The response factors for the other products were not
determined due to the unavailability of the standards.

The percent of products formed by reaction of perylene with
singlet oxygen and by the radical intermediate pathway were cal-
culated from a comparison of the peak areas of the extracted
products from samples irradiated in the presence of air, A0, (pres-
ence of radical intermediate species and singlet oxygen) and in
the absence of singlet oxygen, A1, (sample containing coadsorbed
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2,5-dimethylfuran). The equation used for the calculation was:
{

(A0 − A1)
A0

}
× 100 (2)

In reporting photodegradation rates and rate constants, corre-
lation coefficients were used as a measure of the closeness of the
fitting of the data to a linear function.

3. Results and discussion

3.1. Spectral changes during the photochemistry of perylene
adsorbed on silica gel and alumina surfaces and in polar and
nonpolar solvents

The phototransformations of adsorbed Per were studied as a
function of the chemical nature of the surface (silica gel versus

alumina), the surface loading, and in the presence of coadsorbed
species (Argon, O2), changing these variables one at a time. In
samples irradiated under an O2 atmosphere the intensity of the
perylene’s emission band decreased as a function of irradiation
time and a broad band with a maximum at 487 nm was formed
(Fig. 1A). Also, new absorption bands were seen with maxima at
300 and 650 nm (Fig. 1B). Under these irradiation conditions the
products adsorbed on the surface presented emission and absorp-
tion bands in wavelength regions where Per also absorbs or emits. In
contrast, at equal irradiation times no new emission bands (data not
shown) were observed in those photolyzed in the presence of argon,
although the diffuse reflectance spectra presented similar absorp-
tion bands. This suggests that the emitting adsorbed products result
from the reactions of O2 with adsorbed perylene as discussed
below. A decrease in the photodegradation rate from 0.063 to
0.042 min−1 under an inert gas atmosphere (r = 0.999 and r = 0.998,
respectively) was observed from the fluorescence intensity data as a
function of irradiation time. These results [29] motivated the study
herein presented on the effect of surface parameters, sample load-
ing, and presence of coadsorbed species on the nature and yield of
the principal products.

Fig. 1. (A) Emission, (B) diffuse reflectance spectra of perylene adsorbed on silica gel 60 Å a
380 nm; oxygen atmosphere. excitation and emission slits set at 4 mm. Fluorescence mea
hotobiology A: Chemistry 199 (2008) 14–22

Because PAHs in atmospheric aerosols are found in a liquid-like
environment [28], it was of interest to compare the photochemi-
cal behavior of Per in nonpolar and polar solvents to that adsorbed
on the different surfaces. The irradiation of solutions of Per in dif-
ferent solvents resulted in the degradation of Per, based on the
decrease on the intensity of the absorption and emission spectra
as a function of the irradiation time (data not shown). Interest-
ingly, formation of new bands at wavelengths above 450 and
550 nm in the absorption and emission spectra, respectively, were
not observed. Bands in this region were observed for irradiated
adsorbed samples. Only increases in the absorbance at wavelengths
below 350 nm were detected in solution. This could imply a signif-
icant destruction of the extended � conjugated electronic system
of Per.

Assuming a first order disappearance process, rate constants
were calculated from plots of log(C/C0) versus irradiation time.

Values of k (h−1) equal to 1.35, 0.73, 0.29, and 0.45 (correlation coef-
ficient values between 0.996 and 0.999) were obtained for perylene
dissolved in acetonitrile, methanol, hexane, and methanol/H2O,
respectively. These results indicate much faster rates in polar
than in nonpolar solvents, and a quenching effect by water. These
qualitative results suggested also a strong dependence of the
photodegradation process mechanisms on the solvent polarity
and on the surface effects exerted on the adsorbed molecule as
demonstrated by the different nature of the products. In terms
of the photochemistry of PAHs in the atmospheric particulate
matter, these results demonstrated the value of photochemical
studies of PAHs in the different controlled environments for under-
standing their transformation on the more complex matrix of
the atmospheric particulate matter. The effect of solvent polarity
on the photodegradation rates could be explained by the dif-
ferences in the mechanisms of degradation reported by others
which includes the participation of a perylene radical cation in
polar solvents [31] or a solvent radical cation-Per anion pair in
cyclohexane [32]. The results in polar solvents suggest that prod-
ucts resulting from the reactions of the Per radical cation can be
expected.

t different irradiation times. Sample loading: 5 × 10−7 mol/g; excitation wavelength:
sured at 45◦ .
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yields of the products depend on the surface porosity, loading, and
Fig. 2. HPLC Chromatograms of an extract of a sample of perylene adsorbed on
silica gel 60 Å and irradiated for 30 min taken at 254, 324, and 400 nm. Mobil phase:
acetonitrile/H2O; flow rate: 1.00 mL/min.

3.2. Product properties and characterization
The characterization and identification of the stable photoprod-
ucts is of great relevance to their classification based on structure,
reactivity, and toxicity, and to the elucidation of the mechanism of
photodegradation of Per when adsorbed on surfaces. Three major
products were observed in the chromatograms of extracts of irra-
diated samples (Fig. 2). These are identified according to their
retention times (Rt = 7 min, Rt = 9 min and Rt = 15 min). On increas-
ing the time of irradiation, other chromatographic peaks became
evident in the chromatogram. As the major peaks decreased with
irradiation time, five other peaks appeared (Rt ≈ 8 min, Rt ≈ 11 min,
Rt ≈ 13 min, Rt ≈ 20.4 min, Rt ≈ 20.9 min). Since the intensity of
these was very small, it was difficult to integrate the peaks or to
record their UV–vis spectra.

All the products had retention times shorter than Per
(Rt ≈ 24.3 min), suggesting a more polar character or fragmenta-
tion of the parent molecule. The larger polarity was due to the
incorporation of oxygen functionalities to the aromatic system, as
suggested by the appearance of absorption bands in the 450 nm
region during the irradiation, the increase in the photodegrada-
hotobiology A: Chemistry 199 (2008) 14–22 17

tion rate in the presence of O2 [29], and the product identification
studies (discussed below).

The UV–vis absorption spectra and the photochemical kinetic
curves for each of the major products are presented in Figs. 3–5.
Compared to the absorption spectrum of Per, the absorption spec-
tra of the products showed loss of the vibronic structure and
the presence of another band with maximum between 450 and
460 nm, although the shape of the spectrum differed consider-
ably among them. The fact that some of these products absorption
bands appear in a wavelength region where Per also absorbs,
could explain the observation that the product yields reached a
plateau and then started to decrease with irradiation time due to
their simultaneous photodestruction. The peaks at Rt = 7 min and
Rt = 9 min were identified preliminarily as 1,12-perylenequinone
and 3,10-perylenequinone, respectively, based on the absorption
spectra reported by Nowakowska et al. [33]. The identity of 3,10-
perylenequinone was corroborated by co-injection of a standard
with the irradiated sample. Based on the shape of the UV–vis spec-
trum, which is similar to that of quinones of other PAHs for which
the carbonyl functionalities are in opposite sides of the molecule,
the chromatographic peak at Rt = 15 min (Fig. 5) could correspond
to another quinone [34]. Other chromatographic peaks that were
observed at longer irradiation times when the intensity of the prin-
cipal products started to decrease (Rt = 8, 11, and 13 min), could
be associated with quinones due to the proximity of their chro-
matographic peaks to those of the major products. The peaks with
retention times at 20.4 and 20.9 min could correspond to hydrox-
yperylenes, and we suggest that these peaks are produced by
secondary reactions. The formation rate of the products (Figs. 3–5)
was also influenced by the surface. It was observed that the prod-
uct with the largest percent yield (at the conditions used for their
detection) in all the surfaces was the one at Rt = 9 min, identified as
3,10-perylenequinone. It was also the product that photodegraded
faster, especially when adsorbed on silica gel 150 Å. On this sur-
face the percent yield of the chromatographic peak with Rt = 7 min,
preliminarily identified as 1,12-perylenequinone, was lower than
on other surfaces. The percent yield of the product with Rt = 15 min
was smaller in samples of Per adsorbed on alumina than in the
other surfaces. Increasing the surface loading by a factor of ten
resulted in a 50% decrease in the rates of both Per photodegradation
and product formation. However, the relative product distribu-
tion yield remained the same, suggesting that none resulted from
bimolecular reactions in the aggregates. In brief, these photochem-
ical kinetic curves demonstrate that the rates of formation and
nature of the surface. In order to determine the percent of sur-
face adsorbed Per transformed into the major products, an attempt
was made to quantify the yield of each product. For a sample in
which 94.6% of the Per was degraded, the number of moles of 3,10-
perylenedione was calculated to be 1.51 × 10−9 (4.26 × 10−7 g). The
response factors, f�, of the other products were not determined due
to the unavailability of standards. Nonetheless, the molar absorp-
tion coefficient for the 1,12-perylenedione and for the product with
retention time of 15 min were estimated by analyzing their respec-
tive absorption spectra (the band in the 400 nm wavelength region)
and comparing it with that of the 3,10-perylenedione in the fol-
lowing manner. The ratios of the absorbance at 400 nm to the
total band absorption (proportional to the integrated band absorp-
tion coefficient) for each compound were obtained and compared
to that of 3,10-perylenedione. Then, each ratio was multiplied by
the known absorption coefficient of the 3,10-dione to obtain the
absorption coefficient of the unknown. From an analysis of the
HPLC chromatogram recorded at � = 400 nm, and by comparing
the absorbance spectrum of the product at a particular wave-
length, it was estimated that the molar absorption coefficient of
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Fig. 3. Formation of 1,12-perylenedione on different surfaces as a function of irradiation
These kinetic results were obtained by HPLC quantifications of the peak areas of the chro

the 1,12-perylenedione and the other dione were, respectively, 1/8
and 1/4 of the value of the 3,10-perylenedione. The results shown
in Table 1 demonstrate that at a 53.5% photodegradation of Per
(4.4 × 10−9 mol of Per consumed), the yields of 3,10-perylenedione
formed was twice as large as that for 1,12-perylenedione or the
other dione. The total sum of the moles of products formed only
accounted for close to 30% of the photodegradation of Per. This can
be explained by (1) the photodegradation of products absorbing
light in the same wavelength region as Per (Figs. 3–5), (2) the failure
of other products to absorb at � < 300 nm, (3) the lack of recovery
of all products in the extraction procedure, although the diffuse
reflectance and emission spectra of the extracted surfaces did not
show evidence of residual absorptions or emission, and (4) possible
thermal degradation during the extraction procedure.

Atmospheric Pressure Chemical Ionization (APcI) in the positive
mode was used for further characterization of some of the products.

Fig. 4. Formation of 3,10-perylenedione on different surfaces as a function of irradiation
These kinetic results were obtained by HPLC quantifications.
time. Sample loading: 5 × 10−7 mol/g, unless otherwise specified; air atmosphere.
matograms. Percent yields are expressed in terms of percent starting material.

The chromatographic peak at Rt = 7 min, preliminarily identified as
1,12-perylenequinone, gave a peak with an m/z value of 283 (Fig. 6)
which corresponded to (M+H)+ for a perylenequinone (formula:
C20H10O2; mass = 282 g/mol). The peak at Rt = 9 min identified as
3,10-perylenequinone also gave a peak with an m/z value of 283,
which corroborated also its identity as a perylenequinone. In a
similar fashion, the chromatographic peak at Rt = 15 min, suspected
to be another perylenequinone, had an m/z value of 283, support-
ing its identity as another perylenequinone. The chromatographic
peaks that eluted at Rt = 20.4 min and Rt = 20.9 min could be iso-
mers, based on the proximity of the peaks and on the similarity of
their UV–vis spectra. APcI+ analysis of both chromatographic peaks
resulted in parent ions with m/z of 285 (formula: C20H10O2) which
could correspond to (M+H)+ for perylenediol (Fig. 7).

Using Daughter Ion Analysis (DAI), ions with m/z of 282
were allowed to pass through the collision cell where they

time. Sample loading: 5 × 10−7 mol/g, unless otherwise specified; air atmosphere.
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Fig. 5. Formation of the third major product (Rt = 15 min) on different surfaces as a functi
air atmosphere. These kinetic results were obtained by HPLC quantifications.

were bombarded and fragmented. For the three chromatographic
peaks identified as perylenequinones (Rt = 7 min, Rt = 9 min, and
Rt = 15 min) only three peaks with m/z values 225.8, 254.4 and
282 were observed, which corresponded to the quinone (data not
shown). The appearance of only two fragments implied a large
fragment stability of these molecules. The fragment with m/z = 254
could correspond to a loss of a C–O group (loss of mass = 28) while
the other with a m/z of 225.8 (loss of mass = 56.2) could corre-
spond to the loss of another C–O group. The similarity of the DAI
spectra for the perylenequinones is evidence that their correspond-
ing parent ions were similar, with the carbonyl groups located at
opposite sides of the molecule. The fact that the chromatographic

Table 1
Perylene + products in a sample of perylene adsorbed on silica gel 60 Å at different
percent of photodegradation

Product/peak Amount produced (×10−9) moles

53.5% 74.3% 87.0%

1,12-Perylenedione 0.0 0.1 0.1
0.3* 0.4* 0.4*

3,10-Perylenedione 0.6 0.6 0.6
Rt = 15 min 0.1 0.1 0.1

0.3* 0.4* 0.4*

Rt = 20.4 min 0.060 0.02 0.04
Rt = 20.9 min 0.012 0.02 0.04
Perylene remaining on the surfacec 3.8 2.1 1.1
Perylene (initial moles)c 8.2 8.2 8.2
Perylene (moles degraded)c 4.4 6.1 7.2
Moles of product
formedc

0.7 0.8 0.8
1.2* 1.4* 1.5*

Percent yielda of
products

16% 13% 23%
27%* 23%* 21%*

Total percent yieldb 55% 35% 23%
61%* 43%* 32%*

* Corrected values (assuming that the value of the molar absorption coefficient
was 8 times smaller for the product at Rt = 7 min and 4 times smaller for the product
at Rt = 15 min).

a Percent yield = (moles of photoproducts/initial moles of perylene).
b Total percent yield = (moles of photoproducts + perylene remaining on the sur-

face/initial moles of perylene).
c Calculated error = 0.3.
on of irradiation time. Sample loading: 5 × 10−7 mol/g, unless otherwise specified;

peak at Rt = 7 min (1,12-perylenequinone) exhibited a small peak at
m/z = 254 suggested that it can be associated to an unstable product
that losses both carbonyl groups simultaneously. This agreed with
the results reported by Fatiadi et al. [35] in the sense that they found
that 1,12-perylenequinone was very unstable, labile and tended to
oxidize in air.

3.3. Mechanisms of product formation: singlet oxygen, radical
cation

In an oxygen atmosphere the fluorescence emission of adsorbed
perylene is quenched by about 70%, its photodegradation rate
increases by 64% in comparison to samples irradiated under an inert
gas atmosphere, and new changes in the absorption and emission
bands are observed [29].

The direct photolysis of adsorbed Per on silica gel in the pres-
ence of air results in 100% degradation in a 1-h irradiation and
the major products formed under these conditions are 3,10 and

1,12-perylene diones, another uncharacterized dione with reten-
tion time of 15 min, and five other products that include diols. These
results suggest a strong participation oxygen reactive species in
the photodegradation mechanism. To establish this participation
several experiments, described below, were performed.

Irradiation of adsorbed Per on silica gel under low pressure con-
ditions (to exclude some O2) resulted in only 64% photodegradation
after 4 h of photolysis as compared to 100% under an air atmosphere
in a 1-h irradiation time. The chromatograms of the extracts pre-
sented 4 peaks of which three corresponded to the 1,12 and 3,10
perylenediones, the other dione (Rt = 15 min), and the fourth peak
appeared at 16.5 min. This new product presented an absorption
band with maximum at 405 nm and a shoulder at 380 nm. The
spectrum is very similar to the spectrum of 3,10-perylenedione.
Under these low pressure conditions the 1O2 pathway nor the for-
mation of a perylene radical cation through an electron transfer
reaction of excited Per to O2 should be present. Thus, the diones
can be formed by the direct photoionization of Per to produce the
radical cation which then reacts with adsorbed water (Scheme 1)
that was not totally removed during the pumping process of 2 h
at pressures less than 1 Torr. We have reported [29] that the tran-
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Fig. 6. APcI+ mass spectrum of 1,12-perylenedione (Rt = 7 min, mass = 282). Temperature of the source was 120◦ and temperature of the probe 600 ◦C. The cone and HV lens
were set at 30 and 0.05 eV, respectively.

Fig. 7. APcI+ mass spectrum of the chromatographic peak with Rt = 20.4 min. Cone voltage: 30 eV. Temperature of the source was 120◦ and temperature of the probe 600 ◦C.
The cone and HV lens were set at 30 and 0.05 eV, respectively.

Scheme 1. Possible mechanism of formation of 3,10-perylenedione.
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Scheme 2. Possible mechanism of formation of 1

sient diffuse reflectance spectrum of adsorbed Per irradiated with
266 or 355 nm laser pulses under a nitrogen atmosphere showed
only the radical cation band with maximum at 540 nm and a small
shoulder at 570 nm that suggest the presence of a radical anion. A
triplet absorption band with maximum at 490 nm, seen in N2(g)
saturated acetonitrile solutions, was not observed on the adsorbed
samples. The prompt appearance of the radical cation absorption
signal within the nanosecond response time of the kinetic spec-
trometer strongly supports that the 266 or 355 nm laser pulse
excitation induces the photoionization of adsorbed Per during sub-
nanosecond time scale. Moreover, the ESR spectra of irradiated Per
on silica gel at 77 K showed the previously reported spectrum of
the Per radical cation.

In samples of perylene containing coadsorbed 2,5-
dimethylfuran to trap singlet oxygen, the irradiation resulted
in 96% degradation of the Per after 4 h of photolysis. For these
samples, the chromatogram of the extracts showed only a very
small yield of the diones suggesting the formation of 1O2 through
an energy transfer process from excited singlet Per and the rapid
scavenging by DMF, thus quenching the formation of diones.
Using Eq. (2) under the assumption that the rate constant for 1O2
reaction with DMF is larger than with Per (kq quenching of O2
by DMF is 4 × 108 M−1 s−1, for Per has not been reported, but for
anthracene kq = 105 M−1 s−1 [36] and the experimental conditions
surface loading DMF > Per), the percent of the products formed by

the reaction of Per with 1O2 and by the radical cation intermediate
were obtained.

For the reaction with the 1O2 the percentages were 72 for the for-
mation of 1,12-perylenedione, 89 for the 3,10-perylenedione, and
57 for the uncharacterized dione (Rt = 15). Thus for the principal
products, the 1O2 pathway is predominant, although these could
be produced through a radical intermediate species.

It has been reported that Per is one of the few PAHs that can pro-
duce 1O2 by energy transfer process from either its excited singlet or
triplet states [37–39]. Recently, a value of 0.28 for the efficacy of 1O2
production by the excited singlet state of Per was reported while the
value for other ten PAHs was zero [39]. Thus, in the case of adsorbed
Per, where the intersystem crossing is smaller than in solution
(0.009 methanol [40]), 1O2 is formed by an energy transfer process
from the excited singlet state of Per, which then reacts with a ground
state Per to form the observed products. These can be formed
through a Diels Alder cycloaddition reaction (1,12-perylenedione,
Scheme 2) or through an electron transfer reaction from perylene
to the singlet oxygen [41] and subsequent reactions of the pery-
lene radical cation (3,10-perylenedione, Scheme 1). To confirm for
the participation 1O2 in the formation of the perylenediones, this
hotobiology A: Chemistry 199 (2008) 14–22 21

rylenedione, adapted from Dabestani et al. [24].

species was produced by the excitation of methylene blue adsorbed
on silica mixed with silica powder containing adsorbed perylene in
the presence of air. After 14 h of irradiation, Per was degraded by
93% and the three main diones were detected in the extracts while
the diols, observed in the direct photolysis, were not detected. The
effectiveness of coadsorbed 2,5-dimethylfuran as 1O2 scavenger
was demonstrated in irradiated samples containing methylene blue
as 1O2 sensitizer, DMF, and perylene. In these, products were not
observed.

The effect of surface pore size and of a different surface on
the products percent yields (Figs. 3–5) can be then rationalized
in terms of a decrease in the radical cation yield with an increase
in the average pore diameter and on alumina [29]. Because 3,10-
perylenedione is the product produced with the largest yield and
its precursor is a radical cation, its lower yield in the larger pore
size silica will have a larger effect in this dione than in the other
products. Furthermore, we postulated [29] that in silicas of small
pore diameters the closer proximity of 1O2 to perylene would lead
to a larger product yield in these surfaces.

It has been recently reported [42] that Per in dilute aqueous
solution does not show evidence of photodegradation through a
radical cation intermediate, in contrast to our results that show that
adsorbed Per on silica gel photodegrades through a singlet oxygen
and radical cation mediated combined mechanisms. These results
demonstrate the importance of the surface-adsorbate interactions,

and the differences in the photodegradation routes in the different
environments found in the atmospheric aerosols.
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