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Abstract

Absorption and fluorescence emission spectra of the polycyclic aromatic hydrocarbons benzo[a]pyrene (BaP) and benzo[e]pyrene
(BeP) in solution and adsorbed on silica have been obtained and compared to examine the spectroscopic effects of clustering. Molecular
mechanics calculations with the UFF potential were done to optimize monomer, dimer and trimer geometries, and energy differences
were determined by MP2/6-31G* calculations. Fluorescence emission spectra of adsorbed BeP and BaP display a red shift that pro-
gresses with increased loading, and the two differ in their photodegradation kinetics. The experimental and theoretical results are found
to be consistent.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are environ-
mental pollutants found principally in airborne particles,
but to some extent also in water, soil, sediments and food
[1]. Several PAHs have been classified by the International
Agency for Research on Cancer and the US Environmental
Protection Agency as probable human carcinogens [1,2].
They have also been proposed as photoelectronic compo-
nents, in which their extensive p-electron systems could
act as charge-carriers [3,4]. Because they are nonpolar,
hydrophobic compounds with planar structures, PAH mol-
ecules tend to aggregate as stacked clusters [4]. Aggregation
affects their chemical, photophysical, and biological prop-
erties and is therefore an important attribute [5,6].

PAHs are formed primarily as products of incomplete
combustion of organic fuels [7]. Because of their low vola-
tility, PAHs readily adsorb onto airborne particles or con-
dense to initiate particle formation [8]. Condensed PAHs
released into the atmosphere are susceptible either to pho-
0009-2614/$ - see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2008.02.007

* Corresponding author. Fax: +1 787 743 7979x4114.
E-mail address: sfioressi@yahoo.com (S.E. Fioressi).
tochemical reaction if exposed to sunlight or to thermal
reaction with other pollutants [7]. The microenvironment
in which PAHs are adsorbed and their arrangement on par-
ticle surfaces affect their spectroscopic and chemical prop-
erties [9], and monomer–dimer differences in absorption
and emission spectra of some of the smaller PAHs have
been studied.

Anthracene forms ground-state pairs that exhibit a red
shift in the absorption spectrum with respect to the mono-
mer [10]. The fluorescence spectrum of ground-state
anthracene dimer is also shifted to longer wavelengths than
that of the monomer and presents some vibronic structure.
Phenanthrene and chrysene adsorbed on silica gel at high
loading, on the other hand, tend to form microcrystals
[11], as evidenced by the absence of a red shift in the
absorption spectrum, but with broadening and a red shift
in the emission spectrum. The changes in the fluorescence
spectra with increased loading are gradual, indicating that
crystal growth is also gradual. Photooxidation of polyaro-
matics is also affected by cluster formation, and because it
is a route to formation of toxic compounds, aggregation
that affects the rate of reaction may affect their toxicologi-
cal properties [12].
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Fig. 1. UFF optimized structures of BaP and BeP.
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Polyaromatic hydrocarbons are large, nonpolar mole-
cules that interact via van der Waals forces between their
p-electron systems. Interaction potential surfaces are con-
sequently shallow, and accurate theoretical calculation of
PAH cluster geometries and interaction energies is difficult.
Density functional theory (DFT) is the most common all-
electron theoretical method applied to large molecules,
but the current generation of functionals does not accu-
rately represent van der Waals interactions [13]. Recently,
however, the addition of dispersion terms to DFT energies
has yielded promising results [14]. Interactions among the
smaller PAH dimers, benzene, naphthalene and anthra-
cene, have been examined with all-electron wavefunction-
based methods with correlation correction such as MP2
or CCSD, while larger molecules are more commonly trea-
ted by force-field or semiempirical methods.

Benzene dimer has been extensively studied theoretically
[15] and experimentally [16,17]. Theoretical studies find two
stable isomers, one having a T-shaped or perpendicular
geometry and the other a stacked parallel structure in
which the monomers are displaced from the eclipsed con-
formation [15]. The T-shaped isomer is the global mini-
mum on the shallow potential surface. The leading
multipole interaction, the quadrupole–quadrupole interac-
tion, stabilizes both isomers but destabilizes the eclipsed
form [5,18]. In naphthalene dimer, and in the naphtha-
lene–anthracene complex, the T-shaped and stacked geom-
etries are very close in energy [18]. In larger PAHs stacked,
parallel displaced structures are expected to be the more
stable form [19,20].

A variety of semiempirical methods have been employed
in studies of PAH clusters [15,21]. Force-field molecular
mechanical methods have been notably successful in
describing PAH stacking [20–22]. These latter can be
parametrized in accurate calculations on smaller molecules
[14,19]. The parameters of the universal force field (UFF)
[23,24], which is employed in this study, have been derived
from fundamental properties and empirical rules available
for every element, with special emphasis on organics, for
which a greater depth of data is available. The van der
Waals interaction energy is represented as a Lennard–
Jones potential. UFF and similar potentials have proven
reliable in determining stacking geometries of polyaro-
matics [20,22].

We here report on the results of a study undertaken to
examine the effects of clustering on the absorption and
emission spectra of benzo[e]pyrene (BeP) and benzo[a]pyr-
ene (BaP) (Fig. 1) and on their photoreactivity. To better
understand the relation between molecular cluster structure
and observed absorption and fluorescence spectra the
geometries of BeP and BaP monomers, dimers and trimers
have been optimized in molecular mechanics theoretical
calculations, and MP2/6-31G* single-point calculations
performed at the optimum geometries.

MP2/6-31G* single-point calculations at the UFF opti-
mized geometries yield total energies and energies of the
highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals. Although the HOMO–
LUMO energy difference does not in general yield accurate
spectral transition energies, it has in fact long been used to
correlate with spectral shifts and other physicochemical
properties of PAHs [25,26], and HOMO–LUMO differ-
ences do correlate satisfactorily with the shifts in kmax that
accompany increases in the number of chromophores in
PAHs, even to the extent of being able to distinguish
among isomers [27].

2. Methods

2.1. Experimental

BeP and BaP (Sigma–Aldrich) were used as received;
their purity was verified by HPLC to be at least 99%. Meth-
anol, acetonitrile and hexane (Optima, Fisher Scientific)
were used as solvents. The adsorbed samples were prepared
by adding a measured volume of standard solution of PAH
in hexane to a weighed amount of adsorbent (unactivated
silica gel grade 923, 25 Å pore size, Sigma–Aldrich). The
solvent was evaporated using a rotary evaporator at
40 �C. A Cary 3 UV–visible spectrophotometer was used
to record the absorption spectra of the samples. Excitation
and emission fluorescence spectra were measured on a Cary
Eclipse (Varian, Inc.) spectrofluorometer. The excitation
and emission wavelengths were set at 330 and 398 nm,
respectively for BeP samples, and at 384 and 430 nm for
BaP. For solid samples the fluorescence spectra were
recorded in a front face arrangement. In photodegradation
kinetics studies samples were irradiated with an Oriel
1000 W Xe(Hg) lamp. A Corning 7–54 glass filter was used
to isolate the wavelength range 250–350 nm. A water filter
was placed between the lamp and the sample cell to prevent
overheating by infrared radiation incident on the sample.

2.2. Computational

Structures of the monomers, dimers and trimers of BeP
and BaP were optimized in molecular mechanics calcula-
tions using the universal force field (UFF) [23,24] potential
as implemented in GAUSSIAN 03 [28]. B3LYP/ and MP2/6-
311G* optimizations of the monomer geometries were con-
ducted to verify the UFF results, and the UFF geometries
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were found to be in close agreement with these. An MP2/6-
31G* single-point calculation of each optimized structure
was then done to obtain relative energies and HOMO–
LUMO separations.
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Fig. 3. Bathochromic shift of the fluorescence emission spectra of BeP
adsorbed on silica as loading increases. The inset shows the gradual red
shift of the emission maxima at intermediate loadings.

Fig. 4. UFF optimized global minimum stac
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Fig. 2. Bathochromic shift of the fluorescence emission spectra of BaP
adsorbed on silica as loading increases. The inset shows the gradual red
shift of the emission maxima at intermediate loadings.
3. Results and discussion

The absorption spectra of BeP and BaP in polar solvents
and adsorbed on silica are similar, except that slight broad-
ening of the bands is observed in the spectra of the
adsorbed samples. The fluorescence excitation and emis-
sion spectra of BeP and BaP are similar for samples
adsorbed at loadings lower than 3 � 10–7 mol PAH/g of sil-
ica (Figs. 2 and 3) and in solutions in polar solvents. Some
PAH-surface interaction broadening is seen in the
adsorbed state. As surface loading increases a bathochro-
mic shift is observed, and the shift progresses with
increased loading. The maxima in the excitation and emis-
sion spectra of BaP of 3 � 10�6 mol/g are shifted 2 nm to
longer wavelengths relative to maxima at 3 � 10�7 mol/g.
In the case of BeP the shift between the maxima in samples
of 5 � 10�7 mol/g and samples 10 times more concentrated
is 3 nm. This observation is consistent with the formation
of aggregates on the silica caused by a surface pooling
effect during sample preparation. As solvent is removed
by evaporation, PAH molecules adsorb one over another,
forming stacked clusters. UFF molecular mechanics opti-
mizations of BeP and BaP monomers (Fig. 1), dimers
and trimers (Fig. 4) were performed, and geometrical
parameters are presented in Table 1. Columns of the table
from left to right, respectively, display the total MP2/6-
31G* energies, the energy of each isomer relative to the glo-
bal minimum, binding energies of the global minimum
dimers and trimers with respect to the appropriate number
of monomers, the HOMO–LUMO separation, the inter-
planar separation(s) of each isomer and the rotation angle
relative to the top molecule of each monomer composing
the dimers and trimers. A progression to lower energy is
seen in the calculated HOMO–LUMO differences for both
BeP and BaP (Table 1) corresponding to a progression
from monomer to dimer to trimer, qualitatively reflecting
the shifts seen in the fluorescence spectra, and thus rein-
forcing the interpretation that the red shift arises from
clustering.

The most stable conformations of BaP and BeP dimers
and trimers are stacked, parallel and slightly displaced.
The stacked, parallel structure is favored in most large
PAHs [20]. Therefore the interplanar distances and
king structures of BaP and BeP trimers.



Table 1
UFF optimized interplanar distances and rotation angles and MP2/6-31G* energies for BaP and BeP monomers, dimers and trimers

Isomer EMP2/6-31G
*

(a.u.)
DErelative

(kcal/mol)
DEbinding

(kcal/mol)
DEHOMO–LUMO

(a.u.)
Interplanar distance
(Å)

Rotation angle
(�)

BaP

Monomer –765.86209 0.2776

Dimer A –1531.75063 0.00 16.60 0.2615 3.46 179.6
B –1531.74841 1.40 0.2625 3.44 19.4
C –1531.74767 1.86 0.2625 3.44 339.0
D –1531.74112 5.97 0.2414 3.48 0.0

Trimer A –2297.63785 0.00 32.36 0.2545 3.43/3.45 179.8/206.7
B –2297.63733 0.33 0.2533 3.43/3.45 179.2/158.7
C –2297.63516 1.68 0.2565 3.43/3.43 20.8/41.7
D –2297.63177 3.81 0.2550 3.45/3.45 179.3/360.0

BeP

Monomer –765.86553 0.3183

Dimer A –1531.75717 0.00 16.38 0.3164 3.43 180.0
B –1531.75697 0.12 0.3070 3.41 31.4
C –1531.75621 0.60 0.3032 3.46 146.5
D –1531.75517 1.25 0.3104 3.41 84.8
E –1531.75513 1.28 0.3090 3.44 151.1
F –1531.74695 6.41 0.2814 3.48 0.0

Trimer A –2297.65083 0.00 34.03 0.3103 3.42/3.45 177.2/355.3
B –2297.65124 0.26 0.3036 3.40/3.40 27.4/56.3
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Fig. 5. Photodegradation kinetics (relative fluorescence intensity vs. time)
of BaP and BeP adsorbed on silica at high and low loadings.
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rotation angles shown in Table 1 define the geometries rel-
ative to the global minimum energy structure. In the most
stable BaP and BeP dimers (Table 1) the two molecules are
rotated 180� with respect to each other and slightly dis-
placed. In BaP trimer (Fig. 4) the topmost two molecules
of the most stable isomer show a similar rotation, while
the third is rotated by less than 30� with respect to the sec-
ond. In BeP trimer the 180� rotation of the top two mole-
cules is less stable than rotation through a smaller angle.
This is the pattern seen in pyrene [20]. BeP also displays
a slightly shorter intermolecular distance than BaP, indi-
cating a more compact cluster structure.

The nature of cluster formation was experimentally
tested by extracting the adsorbed samples with hexane.
The hexane extracts analyzed spectrophotometrically indi-
cate only monomer PAH present in solution, rather than
the aggregates seen in the adsorbed samples. The aggrega-
tion/disaggregation process is thus confirmed to be com-
pletely reversible. This behavior is consistent with the
view of PAH clusters being formed by weak interactions
among the molecules. Adding water to the surface prior
to adsorption of the PAH is also found to induce broaden-
ing and bathochromic shifts in the fluorescence spectra,
even at loadings lower than 3 � 10–7 mol/g. When water
molecules occupy the active sites of the silica surface, the
hydrophobic BeP and BaP molecules shun the surface
and adhere to each other. The effect is more pronounced
with BeP than BaP, indicating either that BeP is more
hydrophobic than BaP and/or that BeP clusters are more
stable than those of BaP.

The MP2/6-31G* binding energies (Table 1) of the most
stable isomers of BeP and BaP dimer are essentially identi-
cal, although the average BeP dimer is about 0.5 kcal/mole
more stable than the average BaP dimer. The global mini-
mum energy BeP trimer is more than 1.5 kcal/mol more
stable than that of BaP with respect to three monomers.
Therefore the calculated binding energies are consistent
with the picture that BeP clusters are more stable than BaP.

PAH aggregation also affects the photodegradation
kinetics of BeP and BaP. When samples of adsorbed BeP
and BaP were irradiated with UV light, emission intensity
decreased, indicating that photodegradation was under-
way. The photoproducts of the adsorbed PAHs have been
previously reported. The principal products of BeP photo-
degradation are diones, diols and hydroxyl derivatives [9],
and for BaP mainly diones [7]. The photodegradation
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kinetics depends on surface coverage as can be noted from
Fig. 5. At low loading degradation of BaP and BeP follows
first-order kinetics with apparent rate constants of 0.01 s�1

for BeP and 0.03 s�1 for BaP. For loadings of 1 � 10–6

mol/g or higher, kinetics is no longer first order, displaying
rapid initial decay followed by a much slower second step.
The initial decay kinetics are similar for low- and high-
loading samples, but the slower parts of the degradation
curves fit neither first nor second-order kinetics. This
behavior suggests that monomeric PAH is being rapidly
degraded by UV light, and that after the monomer is con-
sumed, a slower reaction involving clusters takes place. The
photoreactivity differences between the monomer and the
clusters are more pronounced for BeP than for BaP, again
in agreement with the slightly smaller trimer stabilization
energies calculated for BaP than for BeP.

BeP trimers are more structurally compact than BaP
(Fig. 4). Attributing to BaP a looser aggregate structure
and poorer stabilization of the trimer provides a good
rationale for the experimental results that show less effect
of BaP aggregation on reactivity and spectroscopic red
shift in the adsorbed molecules.

4. Conclusions

Fluorescence spectra of BeP and BaP adsorbed on silica
gel present a progressive red shift with increasing loading
that is consistent with PAH cluster formation on the sur-
face. The aggregation process of both PAHs is completely
reversible, evidence consistent with weak p�p interaction
between the stacked molecules. UFF molecular mechanics
optimizations of BaP and BeP dimers and trimers locate a
number of energetically closely-spaced isomers. MP2/6-
31G* single-point calculations reveal a narrowing of the
HOMO–LUMO gap in proceeding from monomer to
dimer to trimer in both molecules, consistent with the spec-
troscopically observed red shifts. The calculated dimer and
trimer binding energies of BeP are slightly greater than
those of BaP, consistent with observation that photodegra-
dation kinetics of BeP differs from that of BaP and that
BeP clusters are more stable. Although both the spectral
shifts and calculated binding energies are small, the exper-
imental results show a tendency that qualitatively corre-
lates with the theoretical data.
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