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Spectroscopic properties, including absorption, emission spectra, and excited-state lifetimes of the mononitrated
benzo[a]pyrenes (NBaPs), specifically 1-, 3-, and 6-nitrobenzo[a]pyrenes (1-, 3-, and 6-NBaP), are reported,
and correlations with structure are developed. With 1- and 3-NBaP, bathochromic shifts are observed in the
absorption spectra. The quantum yields of emission display the following trend: BaP . 6-NBaP > 1-NBaP
≈ 3-NBaP. Fluorescence lifetimes for nitrated BaPs were ∼6 to 7 times shorter than that of BaP. With the
help of time-dependent density functional theory (TD-DFT), assignments of the electronic transitions are
proposed and are in good agreement with the electronic spectra for the NBaPs in methanol. On the basis of
optimization of the triplet states, different photochemical consequences are discussed, and the observed
fluorescence quenching is explained. Changes in the electron density distributions in the ground and excited
states calculated at the second-order coupled-cluster level using the resolution-of-the-identity approximation
(RI-CC2) provide information about the possible mechanism of photochemical reactions of NBaPs. Correlations
between the orientation of the nitro group relative to the aromatic plane and the observed properties of the
NBaP are discussed.

1. Introduction

Emitted particulate matter from combustion processes, in-
cluding vehicles and power plants, contain a plethora of organic
compounds. Significantly, polycyclic aromatic hydrocarbons
(including nitro-PAHs and oxy-PAHs) comprise ∼50-74% of
mass composition.1 Studies have shown nitro-PAHs to be
cancer-enhancing and mutagenic in both human and experi-
mental cells, and it is estimated that mono- and dinitrated PAHs
account for over 50% of the total vapor- and particle-phase direct
mutagenicity of ambient air.2 The biological effects of nitro-
PAHs and their photochemistry have been correlated with the
nonplanarity of the structures, in particular, the orientation of
the nitro group relative to the aromatic plane.3-5

The optical spectroscopic properties of PAHs, including
assignment of the electronic transitions, have been reported.6-9

Studies on nitro-PAHs are, however, scarce. Despite the
synthesis and acquisition of electronic spectra of nitro-PAHs,10-14

only a few studies have focused on quantitative assignments.15

It has been observed that the substitution of a nitro group on
theparentPAHcauses redshifts in theabsorptionwavelengths.16,17

The fluorescence spectra of NPAHs has been acquired at low
temperatures18 or via reduction of the nitro group to the
correspondingly more fluorescent amino-PAH.2,19-24 Low quan-
tum yields of emission arise because of the quenching ability
of the nitro group.

In this study, we focus on mononitrated benzo[a]pyrenes
(NBaPs), namely, 1-, 3-, and 6-nitrobenzo[a]pyrenes (1-, 3-,
and 6-NBaP) shown in Figure 1 and have examined the
absorption and fluorescence spectra as well as their excited-

state lifetimes at room temperature. Using time-dependent
density functional theory (TD-DFT)25,26 calculations, we have
investigated the electronic structures of the ground and singlet
excited states for the nitrated BaPs. We also performed
electronic difference density calculations using the RI-CC2
methodology to obtain insight into the excited-state structures
and known photochemistry. Furthermore, the lowest triplet states
were also optimized to explain the emission spectra of these
nitroaromatic compounds. Correlations are proposed between
the nitro group orientation and the corresponding spectroscopic
and photochemical properties.

2. Experimental Procedures

Warning! Mono-nitrobenzo[a]pyrenes (N-BaP) and their
deriVatiVes are known carcinogens and therefore should be
handled with care!
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Figure 1. General numbering system used for 1-, 3-, and 6-nitroben-
zo[a]pyrene in the text.
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2.1. Reagents and Materials. Methanol (spectrophotometric
grade, Burdick & Jackson, MI) was used. Benzo[a]pyrene (97%
purity) was purchased from Aldrich. All other reagents were of
analytical grade. Mononitrated benzo[a]pyrenes were synthe-
sized and confirmed to be of high purity.

2.2. Synthesis. The synthesis of 1-, 3-, and 6-NBaP has been
described elsewhere.5 The separation of 1- and 3-NBaP (with
very close dipole moments, calculated to be 6.4 and 6.5 D,
respectively) was achieved via medium-pressure liquid chro-
matography (MPLC). 1H and 13C NMR spectroscopy were
recorded with a 500 MHz spectrometer in CDCl3.

2.3. Instrumentation/Spectroscopic Studies. Absorption
and emission measurements in methanol were acquired in 1 cm
path quartz cuvettes at room temperature. Absorption spectra
were recorded with a UV-2501PC spectrophotometer (Shi-
madzu, Columbia, MD) from 200 to 600 nm. Fluorescence
(excitation and emission) measurements were acquired on a
SPEX Fluorolog-2 fluorimeter equipped with a Hamamatsu
R928 photomultiplier. Measurements were done on degassed
samples contained in sealed quartz cuvettes. The total concen-
tration was ∼0.10 absorbance units at a wavelength of 300 nm
in 1 cm quartz cuvettes.

An Oxford DN1704 liquid nitrogen cryostat with ITC 502
intelligent temperature controller placed inside the Shimadzu
UV/vis spectrometer was used for low-temperature experiments.
The spectra were recorded in petroleum ether glass obtained
by cooling the solution of NBaP to liquid-nitrogen temperature.
Some amount of baseline drift was observed because of moisture
condensation, even though the Oxford system is designed to
minimize this effect. The temperature of the measurement
chamber was under constant observation using the built-in
measurement facility of the setup.

Fluorescence decay profiles of argon degassed samples (∼20
min) were recorded using a time-correlated single photon
counting (TCSPC) instrument. Decays were monitored at the
emission maximum of the corresponding NBaPs.

The fluorescence quantum yields (Φf) of the NBaPs were
determined by a comparative method, using recrystallized BaP
in MeOH (Φf ) 0.42)27,28 as a reference standard. The equation

where the subscripts u and s represent the unknown and
standard, respectively, Φ is the quantum yield, A is absorbance
at the excitation wavelength, F is the integrated emission area
across the band, and n and no are the index of refraction of the
methanol containing the unknown (n) and the standard (no) at
a specified temperature and at the sodium D line,29 was used
for calculating the quantum yield of the NBaPs.

2.4. Computational Details. All of the density functional
theory (DFT) calculations were performed with the Gaussian
03 package30b of programs at the Ohio Supercomputer Center.
The geometries of all structures were fully optimized at the
Becke three-parameter31,32 hybrid exchange functional combined
with the Lee-Yang-Parr33 correlation functional (B3LYP),
along with the standard 6-31G* and 6-311+G** basis sets,34

and the structures have been previously reported.5 In all
computations, no symmetry constraints were imposed on the
geometry. We adopted the geometries from our earlier reports,5

and 20 to 30 singlet states were computed for the vertical
excitation energies and oscillator strengths of each NBaP at the
TD-B3LYP/6-311G** level of theory. It has been shown that

the TD-B3LYP/6-311G** level of theory generally reproduces
the experimental vertical excitation energies of closed- and open-
shell PAHs within 0.3 eV.35

To gain insight into the mechanism of the photochemistry of
NBaPs, electronic difference density calculations were per-
formed for the vertical excitations of the S1 and S2 states on
previously optimized geometries5 at the TD-B3LYP and RI-
CC236 level of theory with triple-� valence polarized (TZVP)
basis sets, as employed in the Turbomole-5.8037,38 suite of
programs. In addition, corresponding triplet states were opti-
mized at the B3LYP/6-311+G** level of theory using the
Gaussian 03 suite of programs. Because attempts to obtain the
difference density plots with the TD-B3LYP method failed
(because of instabilities with regard to calculating the gradient
on the excited-state surface), only RI-CC2 difference density
plots are discussed. Occupied and unoccupied orbitals, which
are involved in the vertical excitations for the Sn (n ) 1 to 4)
states, compare well between the Gaussian 03 and Turbomole
packages, and hence the same singlet states are under study.
(See Table S1 of the Supporting Information.) The orbitals
involved and the contributions of each orbital-to-orbital con-
figuration to each electronic transition are provided in Tables
S2-S5 of the Supporting Information.

3. Results and Discussion

3.1. Absorption Spectra. Figure 1 represents the labeling
used for the nitro-BaPs. The absorption spectra of BaP and the
three nitro derivatives, as shown in Figures 2 and 3, are in
agreement with literature.16,39 The calculated (TD-B3LYP/6-
311G**) energies and the corresponding oscillator strengths of
the electronic transitions are presented graphically in Figures 2
and 3, overlaid on the observed spectra. More details of the
specific nature of the transitions are shown in Tables 1-4. (Also,
see Tables S2-S5 of the Supporting Information for further
details). The calculations, in general, do a good job of predicting
the strongest transitions. For BaP, the band predicted at 393
nm (S0 f S1) is close to the observed value of 396 nm (Figure
2), which is in agreement with previous studies.40 The S0f S1

and S0 f S2 transitions are predominantly due to HOMO f
LUMO and a combination of HOMO-1f LUMO and HOMO
f LUMO+1 transitions, respectively. Some of the less intense
transitions were predicted to be under the vibronic bands; for
instance, the transition to the S5 and S6 states in the case of
BaP have very small oscillator strengths and, therefore, might
be underneath the 298 nm band or its vibronic features.

Φu ) [(AsFun
2

AuFsno
2)]Φs

Figure 2. Experimental and calculated UV-vis absorption spectra of
benzo[a]pyrene (BaP). Theoretical predictions (vertical excitation
energies and oscillator strengths) made with time-dependent DFT
calculations (TD-B3LYP/6-311G**) are shown as vertical bars.

Optical Spectroscopic Studies of NBaPs J. Phys. Chem. A, Vol. 113, No. 45, 2009 12559



For 1-NBaP (Figure 3a and Table 2), the strongest low-energy
transition S0 f S1 is predicted at 446 nm, corresponding
primarily to a HOMO f LUMO transition, which is in
reasonable agreement with the observed value of 430 nm. For
3-NBaP (Figure 3b and Table 3), the S0 f S1 transition is
predicted at 444 nm, as compared with the observed band at
440 nm. These transitions are assigned primarily to HOMO f
LUMO transitions. For 6-NBaP (Figure 3c and Table 4), the
two lowest singlet bands are calculated at 443 and 387 nm,
whereas bands at 440 (shoulder) and 402 nm are observed. In
contrast with the parent BaP and other nitrated structural isomers
(1- and 3-NBaP), the S0 f S1 transition of 6-NBaP is not a
pure HOMO f LUMO transition and also has a significant
contribution from the HOMOf LUMO+1 transition. However,
the S2 state is similar to the others, being dominated by the
HOMO f LUMO+1 transition.

Figure 4 shows the MO plots corresponding to the low-energy
transitions for the NBaP isomers. The MO plots were generated
using the GaussView30a visualization software. These plots show
that the LUMOs have significant involvement of the NO2 group,
whereas the HOMOs are primarily on the aromatic unit;
therefore, the lowest singlet excitations can be characterized as
moving electron density from the aromatic unit to the nitro
group. Moreover, because the S0 f S1 transition of 1- and
3-NBaP is largely a HOMO f LUMO transition, we expect
from Figure 4 that the lowest energy transition would cause a
quinoidal structure in the excited state and thus decrease the
C-N bond order. However, the lowest energy transition of
6-NBaP involves considerable contribution from the HOMO
f LUMO+1 transition in addition to the HOMO f LUMO
transition, thus rendering 6-NBaP to be different from the other
two isomers. Additionally, the second lowest transition of
6-NBaP also consists of both HOMO f LUMO and HOMO
f LUMO+1 transitions, with the latter being dominant. The
mixing of these two transitions in the S1 as well as the S2 states
also imparts moderate intensity to these transitions, whereas only

Figure 3. Experimental and calculated UV-vis absorption spectra of
(a) 1-NBaP, (b) 3-NBaP, and (c) 6-NBaP. Theoretical predictions
(excitation energies and oscillator strengths) made with time-dependent
DFT calculations (TD-B3LYP/6-311G**) are shown as vertical bars.

TABLE 1: Observed and Calculated Absorption Bands
(nanometers), Oscillator Strengths, and Vertical Transitions
in Unsubstituted Benzo[a]pyrene (BaP) at the TD-B3LYP/
6-311G** Level of Theorya

state
calcd oscillator

strength
calcd λmax

values (λ/nm)
obsd λmax (nm)
values (λ/nm)

S1 0.25 393 396
S2 0.01 362
S3 0.08 305
S4 0.32 293 298

295
S5 0.00 287 b

S6 0.04 280 b

S7 0.10 264 b

S8 0.42 257 b

S9 0.26 254 b

S10 0.06 244 b

S11 0.01 240 b

S12 0.26 231
S13 0.05 225 225

a For orbital-to-orbital contributions to each vertical transition,
see Table S2 of the Supporting Information. b Covered by the
vibronic bands.

TABLE 2: Observed and Calculated Absorption Bands
(nanometers), Transitions, and Oscillator Strengths in
1-Nitrobenzo[a]pyrene (1-NBaP) at the TD-B3LYP/6-311G**
Level of Theorya

state
calcd oscillator

strength
calcd λmax

values (λ/nm)
obsd λmax

values (λ/nm)

S1 0.32 446 430
S2 0.02 379 b

S3 0.00 342
S4 0.01 339
S5 0.22 316 303
S6 0.01 315
S7 0.02 299
S8 0.00 295
S9 0.02 288
S10 0.22 272 295
S11 0.04 263
S12 0.01 260
S13 0.55 256 255

a For orbital-to-orbital contributions to each vertical transition,
see Table S3 of the Supporting Information. b Covered by the
vibronic bands.
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the S1 state carries a high oscillator strength and with the S2

state being a dark state for both 1- and 3-NBaP (Tables 2-4
and Figure 3).

Absorption spectra of all of these compounds were also
recorded at 77 K to resolve the vibronic bands, but minimal
improvement in the resolution was observed (data provided in
the Supporting Information; there are a few weak peaks in all
of these spectra, e.g., 510, 525, and 580 nm, which possibly
arise from impurities incorporated during the chromatography).

3.2. Emission Spectra. The fluorescence spectra of BaP and
6-NBaP are shown in Figure 5. The fluorescence quantum yield
(Φf) of 6-NBaP relative to BaP (Φf ) 0.4227,28) in degassed
methanol is 0.03. The emission from 1-NBaP and 3-NBaP was
significantly weaker than that from 6-NBaP and is considered
to be nonfluorescent (Figure S5 in the Supporting Information).
In the emission spectra of 6-NBaP, there is a very weak shoulder

at 417 nm, which we assign to an impurity species, and the
0-0 transition is assigned to the strong band at 436 nm. The
fluorescence lifetimes (τf) of BaP and 6-NBaP were measured
using a TCSPC instrument, and BaP showed a single exponential
decay in methanol with a lifetime of 45 ns, comparable to
previously reported data of 44 ns.41 6-NBaP exhibited a lifetime
of 6.6 ns but with a second component (∼10%) with a lifetime
of 3.8 ns; the latter ispossibly due to an impurity.

Visualization of the total electronic redistribution after a
vertical excitation was made possible via a difference density
plot.42 Such plots provide information regarding probable
geometrical changes on the excited-state potential energy
surfaces. Therefore, the total electron density of the ground state
wave function was subtracted from the total electron density of
the excited state at the S0 geometry; the resulting difference
density can then be visualized by a contouring envelope at some
value of the electron density. Such an approach was recently
utilized to understand the excited states of various aryl azides43

and N-confused porphyrins.42

Difference density plots for the vertical S1 and S2 states for
1-, 3-, and 6-NBaP are shown in Figures 6 and 7. In these plots,
the depletion of the electron density is shown in red, and the
accumulation of electron density in the excited state upon
vertical excitation is shown in green. All of the plots are shown
with the same contour value. For the S1 state of 1- and 3-NBaP,
accumulation of electron density is observed at the C-N bond,
which suggests a partial C-N π-bond formation in these cases.
In contrast, no accumulation of electron density along the C-N
bond is noted for the S1 state of 6-NBaP, but rather accumulation
of electron density in the π* orbitals of the nitro group is
observed. For the S2 states of 1-, 3-, and 6-NBaP, accumulation
of electron density in the π* (NO2) orbitals is evident for all of
the isomers at a lower contour, as shown in Figure 7. At a higher
contour value (Figure S1 in the Supporting Information),
depletion of the electron density along the C-NO2 π-bond is
also noted. It is also noteworthy that 6-NBaP tends to have
significantly more electron density on the aromatic system than
the other structural isomers.

The geometry of the T1 state was optimized at the UB3LYP/
6-311+G** level of theory. These triplet geometries are shown
in Figure 8. Both 1- and 3-NBaP attained completely planar
geometries in the T1 states. In 6-NBaP, the nitro group had a
torsion angle of 46° in the optimized T1 state. In addition,
characteristic changes were observed in the aromatic unit making
the conjugated system to be more quinoidal for all three NBaPs.
The C-N bond lengths were also found to be decreased by
about 0.03 Å for the optimized T1 states when compared with
the S0 geometries.

The observed fluorescence yields and lifetimes for the NBaPs
can be rationalized on the basis of the geometries of the triplet
excited states and possible geometries of the lowest singlet
excited state; specifically, one can speculate that if these
geometries are similar, then intersystem crossing (ISC) will be
more facile. The planar triplet structure for 1- and 3-NBaP is
similar to the S1 excited-state geometries due to π-bonding at
the C-N moiety, and thus the singlet excited state has an
additional path of decay other than just internal conversion (IC)
to the ground state. The ISC would be less allowed for the S1

state of 6-NBaP because of differences in the possible singlet
excited-state and triplet-state geometry, resulting in the observed
higher quantum yield and lifetime for fluorescence.

3.3. Photochemistry of Mononitrated Benzo[a]pyrenes.
The difference density plots shown in Figures 6 and 7 also
provide insight into the reported photochemistry of nitroaro-

TABLE 3: Observed and Calculated Absorption Bands
(nm), Transitions, and Oscillator Strengths in
3-Nitrobenzo[a]pyrene (3-NBaP) at the TD-B3LYP/6-311G**
Level of Theorya

state
calcd oscillator

strength
calcd λmax

values (λ/nm)
obsd λmax

values (λ/nm)

S1 0.29 444 440
S2 0.06 380 b

S3 0.11 349
S4 0.00 337
S5 0.04 311
S6 0.03 305
S7 0.07 304
S8 0.00 293
S9 0.01 289
S10 0.35 274 265
S11 0.02 270
S12 0.03 260
S13 0.08 254
S14 0.36 249 250
S15 0.26 245 b

S16 0.13 244 b

a For orbital-to-orbital contributions to each vertical transition,
see Table S4 of the Supporting Information. b Covered by the
vibronic bands.

TABLE 4: Observed and Calculated Absorption Bands
(nm), Transitions, and Oscillator Strengths in
6-Nitrobenzo[a]pyrene (6-NBaP) at the TD-B3LYP/6-311G**
Level of Theorya

state
calcd oscillator

strength
calcd λmax

values (λ/nm)
obsd λmax

values (λ/nm)

S1 0.12 443 weak shoulder at 440
S2 0.15 387 400
S3 0.00 369
S4 0.08 320
S5 0.03 314
S6 0.00 305
S7 0.00 300
S8 0.16 294 298
S9 0.03 286
S10 0.15 284 b

S11 0.03 271
S12 0.07 261
S13 0.16 260 264
S14 0.014 257
S15 0.36 255 b

S16 0.18 245

a For orbital-to-orbital contributions to each vertical transition,
see Table S5 in the Supporting Information. b Covered by the
vibronic bands.
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matic compounds, in general. Two mechanisms are suggested
in the literature for the photochemistry of nitroaromatic
compounds, namely, dissociative-associative and intramo-
lecular rearrangement mechanisms, as shown in Figure 9.17

The dissociative-associative mechanism involves the revers-
ible homolytic cleavage of the C-N bond toward NO2

• and
aryl radical formation, followed by the recombination of both
radicals to give the corresponding aryl nitrite (Ar-ONO).
Conversely, the intramolecular rearrangement mechanism
depends on the rotation of the nitro group relative to the

aromatic plane.44,45 It has been proposed that if the nitro group
is significantly twisted relative to the plane of the aromatic
ring, then in the (n,π*) excited state, overlap may take place
between the half-filled, nonbonding p orbital of the oxygen
and the adjacent sp2 orbital of the aromatic ring to form a
three-membered ring, which can lead to the corresponding
aryl nitrite.17 Whereas the dissociative-associative mecha-
nism has been observed in the case of nitromethane,46,47 the
intramolecular rearrangement mechanism has been recom-
mended for the nitroaromatic compounds.17 Semiempirical

Figure 4. Occupied and unoccupied molecular orbitals (MOs) involved in the transitions for the S0 f S1 and S0 f S2 states for the nitrated
benzo[a]pyrenes: (left) 1-NBaP; (center) 3-NBaP; and (right) 6-NBaP. (S0 f S1: HOMO f LUMO; S0 f S2: HOMO f LUMO+1, primarily.
HOMO-1 is MO76, HOMO is MO77, LUMO is MO78, and LUMO+1 is MO79).
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calculations44,45 have also been reported to corroborate the
rearrangement mechanism.

There are a few studies on the photochemistry of the NBaP
isomers. It has been reported that the 6-isomer decays faster
under photoirradiation as compared with the 1- and 3-isomers,48

and the intramolecular arrangement was proposed to be occur-
ring for 6-NBaP. Also, the 6-isomer was found to release NO
upon photodecomposition, whereas the 1- and 3-NBaP did not.
Our calculations show no accumulation of electron density along
the C-N bond for the S1 state of 6-NBaP (Figures 6 and 7),
but rather accumulation of electron density in the π* orbitals
of the nitro group is observed, suggesting that radical chemistry
involving the nitro radical (NO2

•) formation is more likely for
the 6-isomer (dissociative-associative mechanism). Moreover,
this mechanism appears to be unlikely for 1- and 3-NBaP
because of the accumulation of electron density (i.e., strengthen-
ing) of the C-N bond. However, for photochemistry mediated
through the S2 state, the dissociative-associative mechanism
should be favored for all of the isomers because electron density
is transferred to the π* orbital of the nitro group and can promote
NO2

• formation.
3.4. Structural Correlations. The absorption and emission

spectra, their lifetimes, and the reported photochemistry of the
6-isomer are quite distinct from the 1-and 3-NBaP isomers.
Major structural differences among the three isomers are related
to the orientation of the C-C-N-O dihedral angles that
describe the orientation of the NO2 group relative to the aryl
plane. For the 1- and 3-NBaP isomers, calculations have shown
that the dihedral angles are on the order of 29 and 30°,
respectively, whereas 6-NBaP was predicted to have a
C-C-N-O dihedral angle of 68°.5 (Gas-phase and X-ray
structural studies49 support the assignment for 6-NBaP.)

Can the spectroscopic properties and the photochemistry be
correlated with the orientation of the NO2 group? For the

Figure 5. Fluorescence emission spectra of (a) benzo[a]pyrene (BaP)
and (b) 6-nitrobenzo[a]pyrene (6-NBaP) obtained in methanol (λexc )
383 nm, the 0-0 band of 6-NBaP is assigned to the 436 nm band).

Figure 6. Vertical difference density plots at the RI-CC2/TZVP level for the S1 state of (a) 1-NBaP, (b) 3-NBaP, and (c) 6-NBaP. The depletion
of the electron density from the ground state is shown in red, and the accumulation of electron density in the S1 excited state is shown in green
(contour value is -0.01 (red) and +0.0005 (green) in au).

Figure 7. Vertical difference density plots at the RI-CC2/TZVP level for the S2 state of (a) 1-NBaP, (b) 3-NBaP, and (c) 6-NBaP. The depletion
of the electron density from the ground state is shown in red, and the accumulation of electron density in the S2 excited state is shown in green
(contour value is -0.01 (red) and +0.0005 (green) in au).
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absorption spectra, 1- and 3-NBaP exhibit red shifts, as
compared with BaP, whereas the spectra of 6-NBaP and BaP
are similar. This can be correlated to the interaction between
the nitro group and BaP ring through π-π* conjugation in the
1- and 3-NBaP isomers, whereas in 6-NBaP, the two parts of
the molecule are isolated, and spectroscopic properties resemble
those of BaP. Our calculations indicate that in both the singlet
and triplet excited states of 1- and 3-NBaP, the nitro group is
coplanar with the ring, whereas in 6-NBaP, the nitro group is
not. The extended conjugation between the BaP ring and the
NO2 group in 1- and 3-NBaP promotes ISC to the triplet

manifold and can explain the decreased quantum yield of
fluorescence emission. The out-of-plane geometry in the excited
state of 6-NBaP can also account for its different photochemistry
as compared with that of the other two isomers.

5. Conclusions

For BaP with an NO2 group at the 1- and 3-positions, strong
UV-vis absorption bands are red-shifted, as compared with
BaP, in their absorption spectra, whereas the red-shifted band
in 6-NBaP was considerably smaller. On the basis of MO plots,
the πBaP f π*BaP,NO2 excitations were found to be dominant in
the S1 state of 1-, 3-, and 6-NBaP. Increased orbital overlaps
between the aromatic moiety and the nitro group enhanced the
extent of conjugation and thus enhanced the oscillator strength
of the low-energy absorption band, which is consistent with the
C-C-N-O dihedral angle in the ground (S0) state: 6-NBaP
(62°) > 3-NBaP (∼30°) ≈ 1-NBaP (30°). The quantum yield
of emission for 6-NBaP was higher than that for 1- and 3-NBaP,
suggesting that ISC is promoted by the coplanar orientations
of the NO2 and aryl units in the singlet and triplet states.
Difference density plots for the S1 excited states suggest that
photochemistry via the low-lying singlet excited states should
proceed through a dissociative-associative mechanism for
6-NBaP but is unlikely for the 1- and 3-NBaP isomers. However,
photochemistry via the S2 state can proceed through a
dissociative-associative mechanism for all three isomers. The
triplet manifold was found to have significant structural differ-
ences among 1, 3-, and 6-NBaPs. It can also be concluded that
the T1 state would not generate the aryloxy radical and nitric
oxide.
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6-NBaP at UB3LYP/6-311+G** level of theory (selected bond lengths are in units of angstroms).

Figure 9. Proposed mechanisms for the photochemistry of nitroaro-
matic compounds: (a) dissociation-association mechanism46,47 and (b)
intramolecular rearrangement mechanism.17,44,45
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1-, 3-, and 6-NBaPs, optimized triplet-state geometries, and
NMR data of the NBaPs. This material is available free of
charge via the Internet at http://pubs.acs.org.
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