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The mechanism of selective fluorescence quenching of alternant polycyclic aromatic hydrocarbons (PAHs)
by nitromethane has been investigated using ab initio calculations. Initial studies using 10 archetypal
configurations of pyrene (an alternant PAH) and nitromethane established trends in the attractive and repulsive
interactions between the two molecules. In general, the computed energy of interaction in the ground and
excited states correlated with the orientation of the dipole moment of nitromethane with respect to the
electrostatic potential of pyrene. In addition, many local minima were found on the potential energy surface;
hence, two representative configurations (one attractive and one repulsive) were explored in detail. Calculations
of the interaction of pyrene and fluoranthene (a nonalternant isomer of pyrene) with nitromethane were also
conducted as a function of intermolecular separation distance. Two main routes were found for deactivation
of the excited-state PAHs by nitromethane: direct energy transfer to the quencher or formation of a
fluorophore-quencher ion pair. In studies of their various excited states, pyrene showed an energetically
feasible path to an ion pair, whereas fluoranthene did not. In addition, simulation of PAH-solvent complexes
showed that neither isomer formed energetically reasonable ion pairs with acetonitrile. Therefore, the selectivity
of nitromethane for pyrene appears to be based on the relative ease with which these molecules form an ion
pair and then undergo back electron transfer to regenerate the ground state.

I. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large and
diverse family of organic compounds composed solely of carbon
and hydrogen. PAHs consist of two or more fused aromatic
rings in many and varied configurations, where the number of
stable isomers increases dramatically with the number of
aromatic rings. These compounds are both naturally occurring
and anthropogenic, having environmental, toxicological, and
astronomical importance.1-3

PAH isomers can be organized into two main classes. To
distinguish between them, each carbon atom in the aromatic
structure is labeled, alternately skipping an atom between labels.
Alternant PAHs (e.g., pyrene) have a structure such that no two
atoms of the same type (labeled or unlabeled) are adjacent.
Nonalternant PAHs (e.g., fluoranthene) have a structure in which
such labeling results in two adjacent atoms of the same type.
These structural differences can result in large changes in the
physical, chemical, spectroscopic, and toxicological properties.
Given the importance and structural diversity of PAHs, it is
highly desirable to be able to differentiate between alternant
and nonalternant isomers. Among the analytical techniques used
for the determination of PAHs, luminescence spectroscopy offers
high sensitivity and selectivity and is widely applicable to many
samples.4-14 However, luminescence techniques are not always
sufficiently selective for the analysis of PAH isomers in complex
samples.

Fluorescence quenching is one approach that may provide
the requisite sensitivity and selectivity for PAH analysis.
Previous experimental work has shown that nitromethane

selectively quenches the fluorescence from alternant PAHs over
nonalternant PAHs.15 Subsequent quantitative measurements
have shown that alternant isomers are quenched 100-1000 times
more effectively than nonalternant isomers.16-18 However, the
continued development of selective quenching for PAH analysis
has been relatively limited. This lack of progress is mainly due
to incomplete understanding of the mechanism for fluorescence
quenching and the consequent inability to identify promising
quenching agents without time-consuming, trial-and-error ex-
perimentation. The most widely accepted theory for selective
quenching of alternant and nonalternant PAHs presumes an
electron-transfer mechanism, where the fluorophore serves as
an electron donor or acceptor in a charge-transfer complex with
the quencher.19 In this mechanism, the fluorophore and quencher
form an encounter complex in solution, followed by partial or
full electron transfer. This is followed by a rapid back electron
transfer, which returns both quencher and fluorophore to their
ground states. Using the Hu¨ckel approximation, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of alternant PAHs have higher one-
electron energies than their nonalternant isomers.20 Because the
LUMO of an electron-accepting quencher such as nitromethane
is assumed to lie at a lower energy than the LUMO of the
alternant PAH that is serving as the electron donor,21 Hückel
theory predicts that an excited-state alternant PAH should
undergo electron transfer with nitromethane more readily than
an excited-state nonalternant isomer.

Although this model for the selectivity of fluorescence
quenching seems intuitively reasonable, it has not been con-
firmed experimentally. For example, ionization energies and
reduction potentials of PAHs (which would presumably reflect
electron donating or accepting ability) have not been good
empirical predictors of quenching efficiency.16,17 In addition,
this model considers only the electronic properties of the
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fluorophore and not the quencher to be important to the
quenching mechanism. This model cannot quantitatively predict
quenching efficiencies, nor does it account for the numerous
PAHs that possess an alternant or nonalternant structure but do
not exhibit the expected quenching behavior. Previous ab initio
calculations (HF/6-31G*) have shown that pyrene and fluoran-
thene adhere to the HOMO/LUMO trend discussed above,
whereas benzo(a)pyrene and benzo(b)fluoranthene do not.22

Moreover, the LUMO energy of nitromethane at this level of
theory is higher than the LUMO energy of any of the above
PAHs (in the gas phase). All of these discrepancies suggest that
the current model is not an adequate or sufficient description
of the selective quenching process.

The use of ab initio quantum mechanics to study this
phenomenon is attractive as such methods may provide an in-
depth view and increased understanding of the photophysical
processes that underlie fluorescence quenching. To date, ab initio
calculations have been used to predict geometries,23-26 heats
of formation,27-30 vibrational frequencies,31-33 charge distribu-
tions, and ionization energies34 of ground-state PAHs. For
excited states, the Pariser-Parr-Pople (PPP) approximation has
been applied to the calculation of PAH electronic spectra.35-37

Other semiempirical methods have also been used for excited-
state PAHs38-41 as well as their ions and derivatives.42-45 More
recently, time-dependent density functional theory has been
applied to the calculation of PAH excitation energies.46 Finally,
other excited-state properties such as charge distributions47 and
vibrational frequencies48 have been calculated.

Previous calculations by Goodpaster et al. have established
clear differences in the ground- and excited-state properties of
alternant and nonalternant PAHs.22 In this work, good agreement
was observed between the computed ground-state geometries
and experimental data from neutron diffraction. In addition,
ground- and excited-state vibrations were accurately predicted.
Interestingly, the ground-state geometries of nonalternant iso-
mers contained five-membered rings whose bonds were not fully
conjugated with the aromaticπ system. Upon reaching an
excited state, these aliphatic C-C bonds tended to contract more
than the aromatic C-C bonds in other parts of the molecule,
which accounts for the lack of vibrational fine structure in the
emission spectra of these molecules.22,49Furthermore, the excited
states of nonalternant PAHs were generally at lower energy
relative to the ground state when compared to their alternant
isomers.

In recent years, there has been significant interest in studying
both ground- and excited-state charge-transfer reactions using
computational techniques.50-53 Nevertheless, published calcula-
tions involving complexes between PAHs and other chemical
species have not been as well developed as those for individual
PAH molecules. Semiempirical methods have been used to study
the ground- and excited-state structures of some PAH charge-
transfer complexes.54-56 The majority of work in this area has
not involved large PAH molecules nor the transient excited-
state complexes that are characteristic of selective quenching
reactions. The development of a theoretical model for selective
fluorescence quenching would allow the computational evalu-
ation of novel quenchers and help to direct experimental efforts.
Toward that end, this study has examined energy and electron
transfer in various fluorophore-quencher and fluorophore-
solvent complexes involving the PAHs pyrene and fluoranthene,
the quencher nitromethane, and the solvent acetonitrile.

II. Methods

Ground- and excited-state calculations use the Gaussian 9857

program on a SGI Origin 2400 with thirty two 300 MHz R12000

processors and a CRAY T90. All ground-state calculations use
the Hartree-Fock (HF) method, whereas excited states are
treated using configuration interaction with single excitations
(CIS). The geometries of all molecules are optimized individu-
ally at the HF/6-31G* level while constrained to the following
point groups: pyrene (D2h), fluoranthene (C2V), nitromethane
(Cs), and acetonitrile (C3V).

Partial optimizations are performed wherein the molecular
geometries are held constant while the relative separation
distance and orientation of the molecules are varied. An initial
study of the pyrene-nitromethane system uses 10 archetypal
configurations where a plane of symmetry is preserved for an
overall Cs point group. Subsequent studies use two configura-
tions (one attractive and one repulsive) for each molecular
complex with a custom basis set. In these calculations, a 6-31G
basis set is used for the atoms of the fluorophore molecule,
whereas a 6-31+G basis set is used for the atoms of the
quencher or solvent molecule in order to simulate more
adequately the diffuse electron density characteristic of an anion.
In all calculations, the energies and properties of the ground
state and 10 lowest singlet and triplet excited states are
determined as a function of intermolecular separation distance.

III. Results and Discussion

A. Effect of Molecular Orientation. A total of 10 repre-
sentative configurations of pyrene and nitromethane are shown
in Figure 1. To provide an initial and qualitative comparison of
these various configurations, the interaction energy is calculated
at the HF/3-21G level and basis set superposition error is
neglected. In these calculations, the molecules are held in their
optimum ground-state geometries while the intermolecular
separation distance is varied. The interaction energy is defined
as the difference between the energy of the pyrene-ni-
tromethane complex at its optimum separation distance and the
energy of the isolated molecules. These calculations, sum-
marized in Table 1, demonstrate that the interaction energy is
dominated by the relative orientation of the dipole moment of
nitromethane with respect to the electrostatic potential of pyrene.
Nitromethane is a highly polar molecule, with a calculated dipole
moment (4.2 D at the HF/3-21G level) that is directed along
the C-N bond axis toward the negative nitro group. The
configurations where this dipole moment is oriented toward the
positive electrostatic potential of the hydrogen atoms on pyrene
(i.e., A, B, and C) are the most stable. The configurations where
this dipole moment is oriented in the opposite direction (i.e.,
H, I, and J) are the least stable. In configurations such as these,
the optimized intermolecular separation distance is very large,
and the energy of the molecular complex is slightly higher than
that of the separated molecules. We believe these local minima
reflect the competition between the long-range, repulsive dipole
interaction and the shorter-range, attractive induced-dipole/dipole
interaction, both of which succumb to the larger Pauli repulsion
as the separation distance between the molecules decreases. It
is also noteworthy that the interaction energies for the ground-
state complexes are similar to those for the excited-state
complexes, which indicates that the dipole moment of ni-
tromethane and the electrostatic potential of pyrene do not
change substantially upon excitation.

For the ground-state complexes, optimization of all intermo-
lecular variables results in various final configurations, all of
which are similar to A, B, C, or D in Figure 1. The precise
final location of the optimized molecules depends on their initial
location. This suggests that, although there is a substantial
driving force for the association of the nitro group of nitro-
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methane with the hydrogen atoms of pyrene, there are multiple
local minima on the potential energy surface of the pyrene-
nitromethane system. Accordingly, two representative configu-
rations, one attractive (A) and one repulsive (G), are used in
further studies. This approach is appropriate given that excited-
state quenching interactions are thought to be transient and
collisional in nature, allowing many possible orientations of the
two molecules as they randomly diffuse together in solution.

B. Effect of Basis Set and Basis Set Superposition Error.
The effect of basis set on the relative energies of the singlet
excited states of the pyrene-nitromethane (1Px + 1Ny) and
fluoranthene-nitromethane (1Fx + 1Ny) complexes is shown in
Figures 2 and 3, respectively. Both complexes are held in
configuration A with an intermolecular separation distance of
2.0 Å. In order of increasing energy relative to the ground state
(1P0 + 1N0), Figure 2 shows the first two singlet excited states
of pyrene (1P1 + 1N0 and1P2 + 1N0), the first two singlet excited
states of nitromethane (1P0 + 1N1 and1P0 + 1N2), and the third
singlet excited state of pyrene (1P3 + 1N0). In addition, a singlet
ion-pair state (2P+ + 2N-) is seen, which is of particular interest
as transitions to this state from other excited states have been
implicated in the mechanism for fluorescence quenching.19,21

The analogous states for the fluoranthene-nitromethane com-
plex are shown in Figure 3.

Overall, and as expected, there is a large decrease in the
excitation energies of both complexes as the basis set is
expanded. More importantly, however, the energies of the
various excited states change relative to one another. In
particular, the energy of the lowest-lying ion-pair state of
pyrene-nitromethane decreases dramatically with respect to the
adjacent singlet excited state of pyrene (1P3 + 1N0). In fact,
this decrease is sufficient at the CIS/6-31G level to make the

ion pair less energetic than1P3 + 1N0 at the separation distance
studied. Notably, this behavior is not seen with fluoranthene-
nitromethane. Adding diffuse (+) functions to the atoms of
nitromethane further lowers the energy of this ion pair and
results in the appearance of a new ion-pair state for both the
pyrene-nitromethane and fluoranthene-nitromethane systems.
Therefore, a mixed 6-31G/6-31+G basis set is applied in the
remaining studies in order to represent the anionic character of
the quencher in the ion pair more accurately.

Because these systems are molecular complexes, the effect
of basis set superposition error (BSSE) must also be considered.
BSSE arises because the basis set of the complex is more
spatially extensive than that of the isolated molecules, such that
their energies cannot be directly compared. The traditional
approach for calculating and removing BSSE is to use an a
posteriori method known as the Boys-Bernardi or counterpoise
method.58-60 In this method, separate calculations are performed
for the isolated molecules using the basis set for the entire
complex. These energies are then subtracted from the energy
of the complex to determine the BSSE-corrected interaction

Figure 1. Representative configurations of the pyrene-nitromethane complex. All complexes are constrained toCs symmetry.

TABLE 1: Interaction Energy ( Ea)a for the Ground-State
Pyrene-Nitromethane Complex (1P0 + 1N0)

configurationb Ea(eV) configurationb Ea(eV)

A -0.2669 F -0.0816
B -0.2623 G 0.0006
C -0.2475 H 0.0007
D -0.1412 I 0.0126
E -0.0977 J 0.0158

a Interaction energy is difference between energy at optimum
intermolecular separation distance and energy of isolated molecules
(HF/3-21G).b See Figure 1.

Figure 2. Effect of basis set on the relative energies of the excited
states of the pyrene-nitromethane complex (configuration A, 2.0 Å
intermolecular separation distance). States: (see legend to right of
figure) S1 ) 1P1 + 1N0, 1A′ symmetry; S2 ) 1P2 + 1N0, 1A′ symmetry;
S3 ) 1P0 + 1N1, 1A′′ symmetry; S4 ) 1P0 + 1N2, 1A′′ symmetry; S5 )
1P3 + 1N0, 1A′ symmetry; S6 ) 2P+ + 2N-, 1A′ symmetry; S7 ) 2P+ +
2N-, 1A′ symmetry.
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energy. This process is repeated at each intermolecular separa-
tion distance in order to generate the BSSE-corrected potential
energy surface. These a posteriori corrections should be seen
as a crude estimate of the error and not an upper bound.

In the case of pyrene-nitromethane and fluoranthene-
nitromethane, the magnitude of the BSSE correction varies with
the state of interest. For example, the BSSE correction for the
ground and first seven singlet excited states of pyrene-
nitromethane ranges from-0.04 to-0.09 eV at a separation
distance of 2.0 Å. Similarly, the BSSE correction for fluoran-
thene-nitromethane ranges from-0.05 to-0.08 eV. In general,
the correction was relatively similar for all of the neutral excited
states and smallest for the ion pairs. However, these corrections
represent a very small fraction of the excitation energy, ranging
from +0.57 to-0.33% for pyrene-nitromethane (Figure 2) and
+0.24 to-0.27% for fluoranthene-nitromethane (Figure 3).
There is no change in the order of the excited states and little
change in their relative energies. As a consequence, BSSE
corrections have not been included in subsequent calcula-
tions.

C. Singlet-State Potential Energy Surfaces.1. PAH-
Nitromethane Complexes.As previously mentioned, two con-
figurations (A and G, Figure 1) have been chosen to generate
singlet-state potential energy surfaces using a 6-31G/6-31+G
basis set. The energies of the PAHs with either nitromethane
or acetonitrile are calculated as a function of intermolecular
separation distance and are shown in Figures 4-11. It is
important to note that all of these pseudo one-dimensional
potential curves are the adiabatic curves obtained directly from
the CIS calculations and, although these curves cannot describe
the various crossings as accurately as the corresponding diabatic
curves, they do provide considerable qualitative insight.

Figures 4 and 5 show the interaction of pyrene and ni-
tromethane in configurations A and G, respectively. In both
cases, a number of curves that represent the energies of various
excited states are displayed. At large separation distances, the
states represented in order of increasing energy are as follows:
excited-state pyrene with ground-state nitromethane (1P1 + 1N0,
1P2 + 1N0, 1P3 + 1N0, and1P4 + 1N0), ground-state pyrene with
excited-state nitromethane (1P0 + 1N1 and1P0 + 1N2), and two
ion pairs consisting of a pyrene cation with a nitromethane anion
(2P+ + 2N-).

In the context of a fluorescence quenching experiment, the
lowest-lying excited states of pyrene are populated via absorp-
tion of photons of the appropriate wavelength. The adiabatic
transition energy, which is the difference between the minima
of the potential energy curves for the ground and excited states
of pyrene, is given in Table 2. The relatively small difference
in transition energy between the first two excited states of pyrene
(4.838 and 4.984 eV) as well as their disproportionate oscillator
strengths (0.392 and 0.001) are consistent with what is known
experimentally about the excited states of pyrene. Experimental
measurements have shown that these states are accessible via
one-photon excitation; the first singlet excited state (1B2u) is
allowed, whereas the second singlet excited state (1B1u) is
forbidden.61-63 Although CIS calculations correctly predict the
existence of these two states, it has been found that their order
is inverted.22 Subsequent calculations have confirmed this
inversion and demonstrated that the multireference effect is
crucial in predicting the correct order of the two lowest-lying
singlet excited states of pyrene.64 It has been shown experi-
mentally, however, that excitation to the allowed singlet state

Figure 3. Effect of basis set on the relative energies of the excited
states of the fluoranthene-nitromethane complex (configuration A, 2.0
Å intermolecular separation distance). States: (see legend to right of
figure) S1 ) 1F1 + 1N0, 1A′ symmetry; S2 ) 1F2 + 1N0, 1A′ symmetry;
S3 ) 1F0 + 1N1, 1A′′ symmetry; S4 ) 1F0 + 1N2, 1A′′ symmetry; S5 )
1F3 + 1N0, 1A′ symmetry; S6 ) 2F+ + 2N-, 1A′ symmetry; S7 ) 2F+ +
2N-, 1A′ symmetry.

Figure 4. Interaction of pyrene (P) with nitromethane (N) in config-
uration A. States: (9) S1 ) 1P1 + 1N0, 1A′ symmetry; ([) S2 ) 1P2 +
1N0, 1A′ symmetry; (0) S3 ) 1P0 + 1N1, 1A′′ symmetry; (]) S4 ) 1P0

+ 1N2, 1A′′ symmetry; (2) S5 ) 1P3 + 1N0, 1A′ symmetry; (X) S6 )
1P4 + 1N0, 1A′ symmetry; (- - -) S7 ) 2P+ + 2N-, 1A′ symmetry;
(- - -) S8 ) 2P+ + 2N-, 1A′ symmetry.

Figure 5. Interaction of pyrene (P) with nitromethane (N) in config-
uration G. States: (b) S0 ) 1P0 + 1N0, 1A′ symmetry; (9) S1 ) 1P1 +
1N0, 1A′ symmetry; ([) S2 ) 1P2 + 1N0, 1A′′ symmetry; (0) S3 ) 1P0

+ 1N1, 1A′′ symmetry; (]) S4 ) 1P0 + 1N2, 1A′′ symmetry; (- - -)
S5 ) 2P+ + 2N-, 1A′ symmetry; (2) S6 ) 1P3 + 1N0, 1A′′ symmetry;
(- - -) S7 ) 2P+ + 2N-, 1A′′ symmetry; (- - -) S7 ) 2P+ + 2N-, 1A′′
symmetry.
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can result in population of the forbidden singlet state through
vibrational coupling.22,65Therefore, it can be assumed that both
of these excited states are available for deactivation by nitro-
methane.

As pyrene and nitromethane diffuse toward one another in
solution, the energies for their various excited states change as
shown in Figures 4 and 5. In some cases, the curves for these
states cross, representing separation distances where an excited-
state pyrene complex may undergo a transition to another
electronic state. These radiationless transitions represent possible
mechanisms for selective fluorescence quenching. In particular,
1P1 + 1N0 and1P2 + 1N0 become isoenergetic with1P0 + 1N1,
1P0 + 1N2, and 2P+ + 2N-. When the molecules are brought
together in the attractive configuration A (Figure 4), these
crossing points occur at distances of 1.625-1.875 Å. In the
repulsive configuration G (Figure 5), the crossing points for
the nitromethane excited states occur at farther distances of
2.35-2.75 Å, but the ion pair does not intersect until a short
intermolecular distance (approximately 2.00 Å) and very high
energy are reached. Note that these crossing points occur at
distances less than the minima of the potential energy curves.
As the energy of the ion-pair state has been shown to be
sensitive to basis set (vide supra), it is likely that additional
basis functions will create crossing points at larger and more
energetically feasible distances. In both the attractive and
repulsive configurations, the ion-pair state has a charge separa-
tion ranging from(0.99 to (0.85, which decreases as the
separation distance decreases. The formation of a true ion pair
for pyrene-nitromethane contrasts with the experimental and
calculated behavior of pyrene with other quenchers such as
aliphatic amines, which have been shown to form only partial
charge-transfer complexes in fluorescence quenching reac-
tions.66,67 Finally, the intersections of the1P1 + 1N0 and1P2 +
1N0 surfaces with those of1P0 + 1N1 and 1P0 + 1N2 occur at
relatively the same energy in the attractive and repulsive
configurations. This implies that the transition energy between
excited-state pyrene and excited-state nitromethane may be
relatively insensitive to molecular orientation.

To assess the likelihood of an excited-state pyrene complex
undergoing a transition to either an excited-state nitromethane
complex or an ion pair, both energetic and symmetry constraints
can be considered. By optimizing the intermolecular separation
of the attractive configuration (A), the adiabatic transition
energies can be calculated between the various potential energy
surfaces (Table 2). For example, the transition energy from1P1

+ 1N0 or 1P2 + 1N0 to 1P0 + 1N1 or 1P0 + 1N2 is 0.18-0.36 eV,
whereas that to2P+ + 2N- is 0.70-0.85 eV. It is important to
note that the transition energies to nonradiative states, particu-
larly the ion pair, are likely to be overestimated given the
limitations of the basis set and computational methods used here.

With additional basis functions, the transition energies to the
ion-pair state are quite likely to decrease, as discussed above.

Symmetry selection rules dictate that two electronic states
must have the same symmetry in order for vibrationless (ν0 -
ν0) transitions between those states to be allowed.68 Accordingly,
1P0 + 1N1, 1P0 + 1N2, and2P+ + 2N- are potential partners for
energy transfer with1P1 + 1N0 or 1P2 + 1N0 in configuration
A. However, only the route involving the ion pair is allowed
by symmetry selection rules, despite a higher transition energy.
Similarly, the only symmetry-allowed adiabatic transitions to
the ground state (1A′) are either fluorescence from the1P1 +
1N0 or 1P2 + 1N0 states or recombination of the ion pair to form
a neutral ground-state complex.

It is important to note that the applicability of these symmetry
arguments is limited. This is true because the irreducible
representation for the various excited states is dependent on the
location of theCs symmetry plane for the molecular complex.
Therefore, an excited state that is directly analogous in the two
configurations may have a different symmetry designation
depending on the location of the symmetry plane (e.g.,1P2 +
1N0 in Figures 4 and 5). Furthermore, rotation of the methyl
group of nitromethane can alter the location of the symmetry
plane and thereby change the symmetry designation. Such
changes in symmetry designation, for example, cause transitions
between excited-state pyrene and excited-state nitromethane to
be allowed in certain molecular configurations. Last, in all cases,
vibronic transitions may occur between electronic states pro-
vided that molecular vibrations of the appropriate symmetry are
present. Given the complexity of this system, it is expected that
a large density of vibrational states exists among the electronic
states, thereby increasing the opportunities for allowed transi-
tions. Taken together, the limitations on symmetry arguments
for this system outweigh any potential insight they may offer,
so further mechanistic discussions will be limited to energetic
concerns.

Various similarities and differences to pyrene can be seen in
the behavior of the fluoranthene-nitromethane complex. Figures
6 and 7 show the interaction of fluoranthene and nitromethane
in configurations A and G, respectively. As with pyrene, the
lowest-lying states represented in order of increasing energy
are as follows: excited-state fluoranthene with ground-state
nitromethane (1F1 + 1N0, 1F2 + 1N0, 1F3 + 1N0, and1F4 + 1N0),
ground-state fluoranthene with excited-state nitromethane (1F0

+ 1N1 and 1F0 + 1N2), and two ion pairs consisting of a
fluoranthene cation with a nitromethane anion (2F+ + 2N-).
Although various crossing points are seen in these potential
energy surfaces, only the1F2 + 1N0 and 1F0 + 1N1 states are
involved. In addition, although an ion pair is shown to form
between fluoranthene and nitromethane, it is energetically
inaccessible from either the1F1 + 1N0 or 1F2 + 1N0 surface.

TABLE 2: Adiabatic Transition Energies for the Pyrene-Nitromethane Complex in Configuration Aa,b

initial state symmetry Ri (Å) Ei (au) final state symmetry Rf (Å) Ef (au) ∆E (eV)
symmetry
allowed? f

1P0 + 1N0
1A′ 2.838 -855.093 1P1 + 1N0

1A′ 2.816 -854.915 4.838 Y 0.392
1P0 + 1N0

1A′ 2.838 -855.093 1P2 + 1N0
1A′ 2.828 -854.910 4.984 Y 0.001

1P1 + 1N0
1A′ 2.816 -854.915 1P2 + 1N0

1A′ 2.828 -854.910 0.146 Y ?
1P1 + 1N0

1A′ 2.816 -854.915 1P0 + 1N1
1A′′ 2.944 -854.903 0.333 N ?

1P1 + 1N0
1A′ 2.816 -854.915 1P0 + 1N2

1A′′ 2.865 -854.902 0.365 N ?
1P1 + 1N0

1A′ 2.816 -854.915 2P+ + 2N- 1A′ 2.027 -854.884 0.849 Y ?
1P2 + 1N0

1A′ 2.828 -854.910 2P+ + 2N- 1A′ 2.027 -854.884 0.703 Y ?
1P0 + 1N1

1A′′ 2.944 -854.903 1P0 + 1N0
1A′ 2.838 -855.093 -5.171 N 0.000

1P0 + 1N2
1A′′ 2.865 -854.902 1P0 + 1N0

1A′ 2.838 -855.093 -5.203 N 0.000
2P+ + 2N- 1A′ 2.027 -854.884 1P0 + 1N0

1A′ 2.838 -855.093 -5.688 Y 0.028

a 6-31G/6-31+G. b Ri andRf ) intermolecular separation distance of optimized initial and final state;Ei andEf ) energy of optimized initial and
final state;∆E ) Ef - Ei ) adiabatic transition energy;f ) oscillator strength.
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A final unique characteristic of this system is that the second
ion-pair state of fluoranthene-nitromethane exhibits an avoided
crossing with the1F4 + 1N0 state. In this case, the two states
exchange identities but have a discontinuity at the point of their

intersection. Theories for this phenomenon have been explicitly
developed for diatomic molecules, where avoided crossings are
observed if the two states have identical symmetry, electronic
wave functions that strongly mix, and the force of their approach
(e.g., the change in the energy with separation distance) is
high.69-71 Similar discontinuities have been observed for poly-
atomic systems as well.72-75 In these systems, nonadiabatic
“hops” may occur between closely approaching potential energy
surfaces of identical symmetry. However, these “hops” are not
observed in all cases because the potential energy surfaces may
have continuous or conical intersections owing to the greater
degrees of freedom in the polyatomic systems. It is noteworthy
that avoided crossings are often observed in computational
studies of photochemical reactions.74-77

Adiabatic transition energies for fluoranthene-nitromethane
complexes (Table 3) show similar trends to those for the
pyrene-nitromethane complexes. However, major differences
include higher transition energies between the1F1 + 1N0 or 1F2

+ 1N0 surfaces and other excited states, particularly the ion-
pair state (1.1-1.3 eV). In addition, the transition from the ion
pair thus formed to the ground state exhibits a smaller oscillator
strength for fluoranthene than for pyrene (0.01 versus 0.03).
Taken together, these results indicate that deactivation of
fluoranthene by nitromethane can proceed via formation of an
ion pair. However, this process is much less favorable than for
pyrene-nitromethane.

2. PAH-Acetonitrile Complexes.To elucidate the origin of
selective fluorescence quenching of PAHs, it is important to
contrast the behavior of the quencher with that of the solvent.
Solvent molecules such as methanol or acetonitrile are far more
abundant than quencher molecules in solution-phase studies and
ultimately limit the energy and lifetime of the excited-state
fluorophore. To examine this in more detail, Figure 8 shows
the interaction of pyrene and acetonitrile in the attractive
configuration A. In this case, only states corresponding to
excited-state pyrene with ground-state acetonitrile (1P1 + 1A0

and 1P2 + 1A0) and an ion pair consisting of a pyrene cation
with an acetonitrile anion (2P+ + 2A-) are seen. Importantly,
no excited-state acetonitrile states are located within a reasonable
energy of the1P1 + 1A0 and 1P2 + 1A0 surfaces, precluding
direct energy transfer between pyrene and acetonitrile. As shown
in Table 4, ion pairs may form between pyrene and acetonitrile.
However, the transition energies from excited-state pyrene to a
pyrene-acetonitrile ion pair are unfavorable (1.3-1.4 eV).

The interaction of pyrene with acetonitrile in the repulsive
configuration G is shown in Figure 9. These potential energy
surfaces are noticeably similar to those for the attractive
configuration A, as shown in Figure 8. This demonstrates that
the smaller dipole moment of acetonitrile relative to nitro-

Figure 6. Interaction of fluoranthene (F) with nitromethane (N) in
configuration A. States: (9) S1 ) 1F1 + 1N0, 1A′ symmetry; ([) S2 )
1F2 + 1N0, 1A′ symmetry; (0) S3 ) 1F0 + 1N1, 1A′′ symmetry; (]) S4

) 1F0 + 1N2, 1A′′ symmetry; (2) S5 ) 1F3 + 1N0, 1A′ symmetry; (X)
S6 ) 1F4 + 1N0, 1A′ symmetry; (- - -) S7 ) 2F+ + 2N-, 1A′ symmetry;
(- - -) S8 ) 2F+ + 2N-, 1A′ symmetry.

Figure 7. Interaction of fluoranthene (F) with nitromethane (N) in
configuration G. States: (b) S0 ) 1F0 + 1N0, 1A′ symmetry; (9) S1 )
1F1 + 1N0, 1A′′ symmetry; ([) S2 ) 1F2 + 1N0, 1A′ symmetry; (0) S3

) 1F0 + 1N1, 1A′′ symmetry; (]) S4 ) 1F0 + 1N2, 1A′′ symmetry; (2)
S5 ) 1F3 + 1N0, 1A′′ symmetry; (X) S6 ) 1F4 + 1N0, 1A′ symmetry;
(- - -) S7 ) 2F+ + 2N-, 1A′ symmetry; (- - -) S8 ) 2F+ + 2N-, 1A′′
symmetry.

TABLE 3: Adiabatic Transition Energies for the Fluoranthene-Nitromethane Complex in Configuration Aa,b

initial state symmetry Ri (Å) Ei (au) final state symmetry Rf (Å) Ef (au) ∆E (eV)
symmetry
allowed? f

1F0 + 1N0
1A′ 2.759 -855.070 1F1 + 1N0

1A′ 2.737 -854.895 4.759 Y 0.012
1F0 + 1N0

1A′ 2.759 -855.070 1F2 + 1N0
1A′ 2.709 -854.887 4.978 Y 0.425

1F1 + 1N0
1A′ 2.737 -854.895 1F2 + 1N0

1A′ 2.709 -854.887 0.219 Y ?
1F1 + 1N0

1A′ 2.737 -854.895 1F0 + 1N1
1A′′ 2.861 -854.880 0.404 N ?

1F1 + 1N0
1A′ 2.737 -854.895 1F0 + 1N2

1A′′ 2.825 -854.878 0.464 N ?
1F1 + 1N0

1A′ 2.737 -854.895 2F+ + 2N- 1A′ 1.966 -854.845 1.344 Y ?
1F2 + 1N0

1A′ 2.709 -854.887 2F+ + 2N- 1A′ 1.966 -854.845 1.126 Y ?
1F0 + 1N1

1A′′ 2.861 -854.880 1F0 + 1N0
1A′ 2.759 -855.070 -5.163 N 0.000

1F0 + 1N2
1A′′ 2.825 -854.878 1F0 + 1N0

1A′ 2.759 -855.070 -5.223 N 0.000
2F+ + 2N- 1A′ 1.966 -854.845 1F0 + 1N0

1A′ 2.759 -855.070 -6.103 Y 0.011

a 6-31G/6-31+G. b R1 andRf ) intermolecular separation distance of optimized initial and final state;Ei andEf ) energy of optimized initial and
final state;∆E ) Ef - Ei ) adiabatic transition energy;f ) oscillator strength.
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methane reduces the influence of molecular orientation on the
energy of the complex. Of further note is an avoided crossing
between the1P2 + 1A0 and 1P3 + 1A0 surfaces. As this is a
transition between excited states of pyrene, it represents a
perturbation of the fluorescence emission by internal conversion
rather than by deactivation or quenching of the pyrene mole-
cule.

Finally, Figures 10 and 11 show the interaction of fluoran-
thene and acetonitrile in configurations A and G, respectively.

The calculated potential energy surfaces for fluoranthene-
acetonitrile demonstrate the same trends as those for pyrene-
acetonitrile. There are very few crossing points and no
opportunities for energy transfer to either excited-state aceto-
nitrile or fluoranthene-acetonitrile ion pairs. Also, as shown
in Table 5, there is a larger barrier for formation of a
fluoranthene-acetonitrile ion pair (1.8-2.1 eV).

TABLE 4: Adiabatic Transition Energies for the Pyrene-Acetonitrile Complex in Configuration A a,b

initial state symmetry Ri (Å) Ei (au) final state symmetry Rf (Å) Ef (au) ∆E (eV)
symmetry
allowed? f

1P0 + 1A0
1A′ 3.039 -743.427 1P1 + 1A0

1A′ 3.017 -743.249 4.839 Y 0.408
1P0 + 1A0

1A′ 3.039 -743.427 1P2 + 1A0
1A′ 3.025 -743.244 4.983 Y 0.001

1P1 + 1A0
1A′ 3.017 -743.249 1P2 + 1A0

1A′ 3.025 -743.244 0.144 Y ?
1P1 + 1A0

1A′ 3.017 -743.249 2P+ + 2A- 1A′′ 2.411 -743.195 1.456 N ?
1P2 + 1A0

1A′ 3.025 -743.244 2P+ + 2A- 1A′′ 2.411 -743.195 1.312 N ?
2P+ + 2A- 1A′′ 2.411 -743.195 1P0 + 1A0

1A′ 3.039 -743.427 -6.295 N 0.003

a 6-31G/6-31+G. b R1 andRf ) intermolecular separation distance of optimized initial and final state;Ei andEf ) energy of optimized initial and
final state;∆E ) Ef - Ei ) adiabatic transition energy;f ) oscillator strength.

Figure 8. Interaction of pyrene (P) with acetonitrile (A) in configu-
ration A. States: (b) S0 ) 1P0 + 1A0, 1A′ symmetry; (9) S1 ) 1P1 +
1A0, 1A′ symmetry; ([) S2 ) 1P2 + 1A0, 1A′ symmetry; (2) S3 ) 1P3

+ 1A0, 1A′ symmetry; (X) S4 ) 1P4 + 1A0, 1A′ symmetry; (- - -) S5

) 2P+ + 2A-, 1A′′ symmetry; (*) S6 ) 1P5 + 1A0, 1A′ symmetry; (O)
S7 ) 1P6 + 1A0, 1A′ symmetry; (+) S8 ) 1P7 + 1A0, 1A′ symmetry.

Figure 9. Interaction of pyrene (P) with acetonitrile (A) in configu-
ration G. States: (b) S0 ) 1P0 + 1A0, 1A′ symmetry; (9) S1 ) 1P1 +
1A0, 1A′ symmetry; ([) S2 ) 1P2 + 1A0, 1A′′ symmetry; (2) S3 ) 1P3

+ 1A0, 1A′′ symmetry; (- - -) S4 ) 2P+ + 2A-, 1A′′ symmetry; (X)
S5 ) 1P4 + 1A0, 1A′′ symmetry; (*) S6 ) 1P5 + 1A0, 1A′′ symmetry;
(O) S7 ) 1P6 + 1A0, 1A′ symmetry; (+) S8 ) 1P7 + 1A0, 1A′ symmetry.

Figure 10. Interaction of fluoranthene (F) with acetonitrile (A) in
configuration A. States: (b) S0 ) 1F0 + 1A0, 1A′ symmetry; (9) S1 )
1F1 + 1A0, 1A′ symmetry; ([) S2 ) 1F2 + 1A0, 1A′ symmetry; (2) S3

) 1F3 + 1A0, 1A′ symmetry; (X) S4 ) 1F4 + 1A0, 1A′ symmetry; (*) S5

) 1F5 + 1A0, 1A′ symmetry; (O) S6 ) 1F6 + 1A0, 1A′ symmetry;
(- - -) S7 ) 2F+ + 2A-, 1A′′ symmetry; (- - -) S8 ) 2F+ + 2A-, 1A′
symmetry.

Figure 11. Interaction of fluoranthene (F) with acetonitrile (A) in
configuration G. States: (b) S0 ) 1F0 + 1A0, 1A′ symmetry; (9) S1 )
1F1 + 1A0, 1A′′ symmetry; ([) S2 ) 1F2 + 1A0, 1A′ symmetry; (2) S3

) 1F3 + 1A0, 1A′′ symmetry; (X) S4 ) 1F4 + 1A0, 1A′ symmetry;
(- - -) S5 ) 2F+ + 2A-, 1A′′ symmetry; (*) S6 ) 1F5 + 1A0, 1A′
symmetry; (- - -) S7 ) 1F6 + 1A0, 1A′′ symmetry; (- - -) S8 ) 2F+ +
2A-, 1A′ symmetry.
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D. Triplet-State Potential Energy Surfaces.The mecha-
nisms for selective fluorescence quenching discussed above only
consider interactions between singlet states of the fluorophore
and quencher. However, it is also possible to deactivate a singlet-
state fluorophore by internal conversion to a triplet state. This
process is especially prevalent in fluorophores or quenchers that
contain atoms with a high atomic number (the heavy atom
effect), where electron spin and orbital motions are efficiently
coupled.78,79 The consequence of this spin-orbit coupling is
mixing of electronic states with different multiplicity, which
facilitates intersystem crossing from the singlet to triplet state.
In fact, one of the earliest applications of fluorescence quenching
was the use of iodomethane and iodoethane to enhance
intersystem crossing and thereby increase the phosphorescence
yield of selected PAHs.1,80

To investigate their possible role, the triplet-state potential
energy surfaces have been calculated for pyrene-nitromethane
and fluoranthene-nitromethane in configuration A. Various

excited-state triplets are comparable in energy to the low-lying
singlets of pyrene-nitromethane, including triplet states of
pyrene (3Px + 1N0) and triplet states of nitromethane (1P0 +
3Nx). In addition, at small separation distances (1.5 Å), a triplet
ion pair (2P+ + 2N-) appears in which the unpaired electrons
have the same, rather than opposite, spin. Energetically, these
triplet states are accessible from the singlet states of pyrene that
are expected to be populated by absorption of photons (1P1 +
1N0 or 1P2 + 1N0). Intersystem crossing to either the neutral or
ionic triplet states could lead to the quenching of fluorescence
by promotion of phosphorescence or by deactivation of the
longer-lived triplet states through subsequent collisions with
ground-state quencher molecules.

Excited-state triplets of fluoranthene-nitromethane are also
comparable in energy to the low-lying singlets of this complex,
including triplet states of fluoranthene (3Fx + 1N0) and triplet
states of nitromethane (1F0 + 3Nx). However, unlike pyrene-
nitromethane, no triplet ion pair is observed. These results

TABLE 5: Adiabatic Transition Energies for the Fluoranthene-Acetonitrile Complex in Configuration A a,b

initial state symmetry Ri (Å) Ei (au) final state symmetry Rf (Å) Ef (au) ∆E (eV)
symmetry
allowed? f

1F0 + 1A0
1A′ 2.930 -743.404 1F1 + 1A0

1A′ 2.914 -743.229 4.760 Y 0.013
1F0 + 1A0

1A′ 2.930 -743.404 1F2 + 1A0
1A′ 2.886 -743.221 4.979 Y 0.442

1F1 + 1A0
1A′ 2.914 -743.229 1F2 + 1A0

1A′ 2.886 -743.221 0.219 Y ?
1F1 + 1A0

1A′ 2.914 -743.229 2F+ + 2A- 1A′′ 2.275 -743.153 2.074 N ?
1F2 + 1A0

1A′ 2.886 -743.221 2F+ + 2A- 1A′′ 2.275 -743.153 1.855 N ?
2F+ + 2A- 1A′′ 2.275 -743.153 1F0 + 1A0

1A′ 2.930 -743.404 -6.834 N 0.000

a 6-31G/6-31+G. b R1 andRf ) intermolecular separation distance of optimized initial and final state;Ei andEf ) energy of optimized initial and
final state;∆E ) Ef - Ei ) adiabatic transition energy;f ) oscillator strength.

Figure 12. Visualization of the electron density changes for two excited-state singlets of pyrene (1P1 + 1N0 and 1P2 + 1N0) and a pyrene-
nitromethane ion pair (2P+ + 2N-) in configuration A as a function of intermolecular separation distance.
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suggest that, as with the singlet excited states, selective
deactivation of excited-state PAHs via a triplet-state intermediate
involves electron transfer. However, transitions between singlet
and triplet states are forbidden by spin selection rules for both
pyrene and fluoranthene and neither the fluorophore nor
quencher has heavy atoms to promote intersystem crossing.
Therefore, the overall likelihood of this deactivation mechanism
is low.

E. Visualization of Ion-Pair Formation. As a final illustra-
tion of the quenching phenomenon and its potential quantum
chemical mechanism, the electron density differences between
the ground and excited states of pyrene-nitromethane are
visualized in configuration A. As shown in Figure 12, three
singlet excited states are portrayed at various separation
distances with their relative energies reflected in their placement
on the vertical axis. Areas where the electron density increases
from the ground state are shaded in white, whereas areas where
the electron density decreases are shaded in black. At large
separation distances, the two lowest-lying excited states can be
identified as singlet states of pyrene (1P1 + 1N0 or 1P2 + 1N0,
respectively). Changes in electron density are localized on the
pyrene molecule and reflect its excitation character.22 In contrast,
the third excited state can be identified as a pyrene-ni-
tromethane ion pair (2P+ + 2N-). There is a large decrease in
charge on the pyrene molecule and a similarly large increase in
charge on the nitromethane molecule.

As the intermolecular separation distance is reduced, the
relative energies of these states change. For example, when the
molecules are at a separation distance of 1.75 Å, the energy of
1P2 + 1N0 and the ion pair converge. Concomitantly, there is
strong mixing of the excitation character of these two states.
This implies that in the quenching mechanism, ionization of
this particular singlet state of pyrene may initiate the deactivation
process. As the molecules approach one another, the ion pair
continues to decrease in energy with respect to the other excited
states, eventually becoming the lowest lying singlet at a
separation distance of 1.5 Å.

IV. Summary

The use of ab initio techniques to elucidate the photophysical
mechanism of selective fluorescence quenching is a powerful
and novel approach for studying a long observed but poorly
understood phenomenon. The importance of accurately simulat-
ing the diffuse electron density of the neutral and anionic states
of the quencher has been demonstrated. Specifically, the relative
energy of the ionic states is much reduced upon the addition of
diffuse functions to the atoms of the quencher molecule. As
electron transfer appears to be the basis for the selective
deactivation of alternant fluorophores such as pyrene, inclusion
of diffuse basis functions on the atoms of the fluorophore as
well as the quencher would serve to account more accurately
for these interactions.

Using standard configurations of pyrene, fluoranthene, ni-
tromethane, and acetonitrile, the nature of their molecular
complexes has been detailed. In particular, the magnitude and
orientation of the dipole moment of either nitromethane or
acetonitrile with respect to the electron density of the PAH is
critical in determining the energy of attraction or repulsion. In
the case of nitromethane, the formation of planar complexes
such as A, B, and C in Figure 1 appears to be highly favored
and may indicate the preferred orientation of quencher molecules
within the solvent cage of the excited-state fluorophore.

Studies of the interaction of the PAHs with nitromethane as
a function of distance show that fluorescence quenching has

two possible mechanisms: direct energy transfer from the
excited-state fluorophore to produce excited-state quencher or
formation of an excited-state fluorophore-quencher ion pair.
Both mechanisms are energetically feasible for the alternant
isomer pyrene, but only direct energy transfer is possible for
the nonalternant isomer fluoranthene. Furthermore, symmetry
selection rules for vibrationless electronic transitions dictate that
formation of the ion pair is allowed, whereas direct energy
transfer is forbidden. These results suggest that, other than
fluorescence, the most viable route to the ground state for an
excited-state pyrene molecule is through the formation of an
ion pair with nitromethane. Similar studies with acetonitrile
clearly show that ion-pair formation is not energetically favor-
able. This is in agreement with experimental results, which show
that nitromethane selectively deactivates alternant PAHs such
as pyrene, whereas acetonitrile demonstrates no such ability.1,16-18

However, the calculations described here use a modest basis
set without BSSE correction, do not include electron correlation
or molecular vibrations, and are analogous to the gas phase.
Given these limitations, quantitative prediction of solution-
phase behavior has not been attempted. It is expected that the
inclusion of a model for solvation of the excited-state complexes
would enable more accurate prediction of solution-phase
quenching constants and the identification of promising novel
quenchers.
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