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Ab Initio Study of Polycyclic Aromatic Hydrocarbons in Their Ground and Excited States
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Both ground- and excited-state ab initio calculations are reported for four polycyclic aromatic hydrocarbons
(PAHSs): pyrene, benzeajpyrene, fluoranthene, and benbj{uoranthene. Ground-state geometries, IR
frequencies, excitation energies, changes in excited-state electron distributions, excited-state geometries, and
excited-state frequencies are calculated and quantitatively compared to experimental data. Overall agreement
with experiment is quite good, with the largest discrepancies occurring when predicting the excitation energies
of the molecules. Changes in electron density correlate with changes in the excited-state geometry, with all
PAHSs lengthening along their axis of polarization upon excitation. These calculations are also used to examine
characteristic differences between the alternant (pyrene and l@op@(ne) and nonalternant (fluoranthene

and benzdf)fluoranthene) PAHs. Relative to their alternant isomers, nonalternant PAHs tend to possess
higher ground-state energies, lower relative excitation energies, and greater changes in their excited-state

electron densities and geometries.

. Introduction for numerous PAH&® Semiempirical molecular orbital cal-
culations have also been used to compute PAH propéttitese
recently, Schulman et al. used the Hartr€@®ck (HF) method
with a 6-31G* basis set to compute the geometries and heats

Polycyclic aromatic hydrocarbons (PAHSs) are an important
group of environmental pollutants composed solely of carbon

and hydrogen, whose structures consist of two or more fused of formation of some alternant PAHS. The geometries of non-

aromatic rings. These compounds are both naturally occurring alternant isomers have also been calculated with both semiem-
and anthropogenic, and they exist at trace levels throughout the ". . . n - . .
environment in a number of differing matrixes. In addition, pirical and ab initio methods. The carcinogenic activity of

they are the largest known class of chemical carcinogens anOIsuch isomers was estimated by computing the properties of their

mutagens, with 16 PAHSs identified by the U.S. Environmental reactive intermediates using semiempirical metHddsinally,

Protecon Agency a5 prioty polltarseesides he oovious _ ST TS, 0 e, el ncions meweds heve
environmental importance, PAHs and/or their ions are also P

i i 2,13
suspected as a source of unidentified infrared emission bandsand ionized PAHS:

(UIR bands) in the spectra of various astronomical objedts. ~ The excited-state properties of PAHs have also been studied
PAHSs exist in many configurations with the number of stable computationally. Initial work utilized the PariseParr—Pople
isomers increasing dramatically with the number of aromatic (PPP) approximation to calculate the transition energies and
rings. These isomers are organized into two main classes. Tolntensities of alternant PAHS %% More recently, semiempirical
distinguish between them, each carbon atom in the aromaticconfiguration interaction (Cl) methods have been used to
structure is labeled, alternately skipping an atom between labels calculate the electronic spectra of alternant and nonalternant
Alternant PAHs (e.g., pyrene), have a structure such that no 1S0mers’~1° as well as their ions and derivativés' Further-
two atoms of the same type (labeled or unlabeled) are adjacent™MOre, the energies of numerous PAH excited states as well as
Nonalternant PAHs (e.g., fluoranthene) have a structure in which the energy gap between their highest occupied molecular orbital
such labeling results in two adjacent atoms of the same type.(HOMO) and lowest unoccupied molecular orbital (LUMO)
These structural differences can result in large changes in theirh@ve been predicted. The magnitude of the HOM@MO
chemical, spectroscopic, and toxicological properties. The €nergy gap was then correlated with observed photoinduced
differing electron distribution of the two classes of PAHs toXicity.?> Semiempirical methods were also used by Chen and
undoubtedly plays an important role in their contrasting McGuffin to calculate the charge distribution of pyrene in its
characteristics, hence a study of the electronic structure of bothground and lower excited stat€s Both ab initio and semiem-
alternant and nonalternant PAHs is valuable. pirical methods have been used to predict the absorption and
To date, calculations of the ground-state properties of PAHs mission spectra for some smaller PAHs and their radical
have focused on predicting their geometries, charge distributions, cationsz*? Lastly, Gittins et al. used ab initio calculations to
ionization energies, heats of formation, and vibrational frequen- Predict the geometry and vibrational frequencies of besjzo(
cies. Conjugated hydrocarbons were first treated with a self- Pyrene in its ground and excited statés.
consistent field (SCF) method by Chung and Defvdrater, Despite these advancements, ab initio calculations of large
other workers combined molecular mechanics and molecular PAHs using a large basis set have been limited. Furthermore,
orbital methods to predict the geometries and heats of formation alternant PAHs have received more attention than their nonal-
ternant isomers, and there are few calculations involving excited
*To whom correspondence should be addressed. states. In this work, two pairs of alternant and nonalternant
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lll. Results and Discussion

A. Ground-State Calculations. 1. Energies and Optimized
Geometries. The optimized geometries of the four molecules
together with their total energies are contained in Table 1. Our
results show that the nonalternant isomers possess slightly higher
calculated energies. There is a difference of 0.6 eV between
pyrene and fluoranthene and a difference of 0.3 eV between
benzo&)pyrene and benzbjfluoranthene. These differences
include the contribution from zero-point vibrational energy for
each of the molecules (which was very similar between isomers).
Overall these results are consistent with a greater amount of
ring strairf® and/or disrupted aromaticitywhich is found in
nonalternant molecules.

The calculated geometries for pyrene, fluoranthene, and
benzof)pyrene (Table 1) agree well with published neutron
diffraction result$33 No experimental ground-state geometry
could be found for benzbjfluoranthene, hence our results for
this molecule await experimental verification. All calculated
bond lengths for the PAHs fall withint3 pm (0.03 A) of
experiment with a root mean square (rms) deviatiog-tfpm
] o ] (0.01 A). While most of the calculated values underestimate
Figure 1. Optimized HF/6-31G* ground-state geometries of the four o eyperimental bond lengths, there are examples of the
PAHs with bond and axis designations. . . ; ' .

opposite. Such overestimations are uncommon, although prior

i 0 6
PAH isomers have been selected: pyrene, fluoranthene, benzo-c"j“(:u'{jltlons for pyrené fluoranthené,” and benzaf)pyrené

(@)pyrene, and benzbjfluoranthene. This set of molecules wil agree with the calculated values reported here. The calculated

be used to augment what is known about the properties of Iargebond angles also agree well with experiment with all deviations
PAHSs in both their ground and excited states. Novel calcula- within +£0.3" for pyrene £1.5" for benzog)pyrene, and:2.3

tions reported here include the around-state aeometry of ben 0_for fluoranthene. Finally, experimental results for the PAHs
! P Inciu grou ) y Z9"have shown that they deviate slightly from planarity in the solid

gg;ggﬂf?&zs:;héﬂi ?ﬁg't?gﬁgfeang deg%etterlizt;[fe ?r)geS:ngzcsj state. These deviations are most likely due to thermal and/or
’ 9 q packing forces and, hence, our assumption of planarity should

of quoranthen_e and bendnfiuoranthene, and the_ cr_\ange N hot introduce significant error in calculating gas-phase proper-
electron density for all four molecules upon excitation. Fur- ties

thermore, our calculations are internally consistent, allowing . .
direct comparison of alternant and nonalternant isomers in their The calc_ulated SCF b_ond Ie_ngth_s for pyrene differ slightly
. from experiment but their relative size g¢f > e> b > a>
ground and excited states. .
d) is preserved. Furthermore, the calculated values tend to
Il Methods exaggerate differences between -the bono!s. Bamy:(eng
) tends to have longer bond lengths in the region of the additional
Ground- and excited-state calculations have been completedaromatic ring (i.e., bonds a and s), with the remainder of the
using the Gaussian 94and Spartaf¥ programs on R10000  molecule being similar to pyrene (i.e., bonds j and k). The bond
Silicon Graphics workstations. The molecular structures, lengths for fluoranthene are consistent with its formal structure
together with a bond designation scheme and axis definitions, of a benzene and naphthalene molecule joined by a long
are contained in Figure 1. The PAHs were assumed to be planarliphatic bond. Similarly, benzbjfluoranthene resembles the
with the following symmetries: pyren®f#), fluorantheney,), joining of a benzene and phenanthrene unit.
benzoé)pyrene Cs), and benzdf)fluoranthene Cy). The 2. Vibrational Frequencies.Ground-state vibrational fre-
optimized ground-state geometries of the four molecules were quencies of the molecules are compared with experimental
determined at the HF/6-31G* level. In order to establish that spectra in Figures 25 and Tables 1ISVS (Supporting
true minima had been located on the potential energy surfacesinformation). On the basis of point groups and orientation of
(PES), normal mode analyses of the optimized geometries werethe PAHS, their normal modes can be assigned as follows.
completed with a 6-31G* basis set. Finally, the electron density Pyrene in-plane vibrations havelor by, symmetry, while out-
surfaces of the ground states were generated. of-plane vibrations havesb symmetry. Fluoranthene has in-
For the excited-state calculations, the FranGondon excita- ~ plane vibrations with aor b, symmetry and out-of-plane
tion energies for the five lowest lying singlet excited states were Vibrations with a or by symmetry. Finally, both benza)pyrene
determined using configuration interaction with single excita- and benzdf)fluoranthene have in-plane vibrations with a
tions (CIS) at the optimum HF/6-31G* geometry. Selected symmetry and out-of-plane vibrations with aymmetry. All
excited-state geometries were then optimized using a 6-31G* calculated frequencies are scaled by a canonical factor of 0.89
basis set, assuming the same symmetries as above. Adiabatito correct for electronic correlation and anharmoniéftyAs-
transitions were calculated from the energy difference betweensignment of the calculated frequencies to experimental data is
the minima on the ground- and excited-state PES. The electronbased on the adjusted frequency of the normal modes, their
density surfaces of the excited states were also generated, andymmetry as discussed above, and their relative intensity.
the changes in those densities from the ground state were In order to quantify the extent of agreement between the
visualized. Due to computational limitations, the frequencies calculated and experimental frequencies, the rms deviations of
of the excited states could only be determined with a 3-21G the predicted vibrational modes from experimental values have
basis set (using a CIS/3-21G geometry). been calculated. These results are as followd:6 cnr? for

BENZO(a)PYRENE BENZO(b)FLUORANTHENE
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TABLE I: Calculated (HF/6-31G*) versus Experimental Ground-State C—C Bond Lengths

pyrene fluoranthene benzo§)pyrene benzob)fluoranthene
(Dzhyb 1Ag,° (szb lAl,C (Cs,b lAr,c (Cs,b lA',C
—611.7680) —611.7456) —764.4158) —764.4034)

bond calcd expti calcd expth calcd expti calcd expti

a 1.384 1.395 1.360 1.361 1.410 1.410 1.342 N.A.
b 1.391 1.406 1.424 1.433 1.439 1.436 1.449 N.A.
c 1.446 1.438 1.366 1.383 1.438 1.423 1.413 N.A.
d 1.339 1.367 1.423 1.415 1.345 1.352 1.459 N.A
e 1.412 1.425 1.384 1.413 1.395 1.393 1.378 N.A
f 1.433 1.430 1.413 1.415 1.434 1.419 1.433 N.A
g 1.481 1.498 1.405 1.417 1.479 N.A
h 1.379 1.390 1.432 1.441 1.380 N.A

i 1.391 1.413 1.403 1.412 1.390 N.A

i 1.385 1.375 1.372 1.375 1.386 N.A
k 1411 1.408 1.395 1.378 1.408 N.A

I 1.380 1.402 1.390 N.A

m 1.418 1.415 1.381 N.A

n 1.453 1.433 1481 N.A

o 1.333 1.342 1.403 N.A

p 1.453 1.446 1.368 N.A

q 1.435 1.444 1.409 N.A

r 1.361 1.361 1.374 N.A

S 1.416 1.418 1.412 N.A

t 1421 1.425 1.406 N.A

u 1.357 1.374 1.370 N.A

Y 1.413 1.397 1.400 N.A

w 1.359 1.364 1.368 N.A

X 1.422 1.418 1.407 N.A
2Bond designations as shown in Figure 1; bond lengths in angstfdBysnmetry.c State. HF energy (au).
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Figure 2. Experimental versus calculated (HF/6-31G*) ground-state Figure 3. Experimental versus calculated (HF/6-31G*) ground-state
IR frequencies for pyrene. Experimental data adapted from Semmler IR frequencies for fluoranthene. Experimental data adapted from
et al® Semmler et at®

pyrene (11 points)t17 cnt?! for benzo@)pyrene (11 points), normalized so that their sum is unity according to the equation:
+22 cmt for fluoranthene (7 points), and27 cnt? for benzo-

(b)fluoranthene (8 points). Experimental frequencies were an =1 (1)
obtained in the gas phase at 563 K and 1°3tfar all four

PAHSs with the exception of the three lowest frequency bands Then the normalized peak intensities are compared to calculate
of pyrene, which were in the gas phase at 623 K and 13&tm. the similarity index (SI) according to the equation:

For all four PAHs, deviations from experiment are the most

severe when predicting the frequency of the aromatieHC SI=[1- Z|1/2(Pn(calc)— P.(exp))](100%) (2)
stretch. This band is found in the region 365070 cn!
experimentally, but was predicted to be-4&0 cnt?! lower in A similarity index of 100% indicates complete similarity,

frequency. It is known from experiment that this band is whereas 0% indicates complete dissimilarity. The results for
sensitive to changes in both ph#sand temperaturk:3” While the four PAHs are as follows: 87.0% for pyrene (8 points),
calculated frequencies correspond to gas-phase molecules, they0.3% for benza)pyrene (11 points), 86.6% for fluoranthene
do not account for any temperature effects. (7 points), and 69.8% for benzwluoranthene (8 points). This
The deviation of the calculated IR intensities from experiment demonstrates the level of agreement obtainable when using ab
has been determined using an algorithm suggested by Crawfordnitio methods to predict IR intensities. However, because of
and Morrisor®® In this algorithm, the calculated peak intensities the lower agreement for bena)pyrene and benzbjfluoran-
(Pn(calc)) and experimental peak intensitieB,(Exp)) are thene, the most prominent bands in the spectra are not correctly
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220 and adiabatic energies can only be calculated when the energy
2001 of an optimized excited-state structure is also computed. The
1804 published experimental values for these compounds are exclu-

sively adiabatic transitions, which are intrinsically lower in
energy than vertical transitions. Lastly, in some cases the
experimental data were acquired in the liquid or solid phase.
This reduces the observed transition energies relative to the gas

RELATIVE INTENSITY

.00 phase and, hence, reduces agreement with our calculations.
080 Despite these limitations, the relative excitation energies and
060 + oscillator strengths for excited states can be reliably reproduced.
a0t What follows is a comparison of our calculated excitation
- l energies for the four PAHs to experimental transition energies.
000 ) . I [TIY IV O PV The excited states of pyrene have been well characterized
3400 3000 2600 2200 1800 1400 1000 600 and there is general agreement on their ordering and charac-
FREQUENCY (o) teristics. The ground state of pyrene)lBas symmetryA,,

Figure 4. Experimental versus calculated (HF/6-31G*) ground-state while the lowest excited-state singlets;(8nd $) have

IR frequencies for benza)pyrene. Experimental data adapted from symmetrleZU and 1By, respectivel}?,3'39 and are accessible

Semmler et a> via one-photon excitation. The S~ S transition is very weak
220 and is polarized along the show) @xis of the molecule, while

the S — S transition is much stronger and is polarized along

the long @ axis. In addition, the energy separation of these

| states is quite small (2700 crhin the solution phagé or 3500

I cm1in the gas phagd). The CIS calculations (see Table 2)

I correctly predict the existence of these two states, their
1204 WJ\/\/\/W\,JU L polarizations, as well as their disproportionate oscillator strengths
100 (0.0002 and 0.33, respectively), but invert their order. Such

| an inversion has been seen previously in a PPP calculation of
the $ and S states of pyren& Given the proximity of these
states and the known limitations of the CIS method to estimate

200 T

1.80

0.80

RELATIVE INTENSITY

0.60 T+

T excitation energies, this inversion is not surprising.
| /1 The S and S states of pyrene are two-photon active with
000 = y +— symmetry'Bsg. These states have been studied using semiem-
3400 3000 2600 2200 1800 1400 1000 600 - 415 .
FREQUENCY (cm™) pirical methods'> as well as measured in a two-photon

Figure 5. Experimental versus calculated (HF/6-31G*) ground-state quor(_ascence _eXCitation experiment of pyrene in cyclqheféé_l_we.
IR frequencies for benzbjfluoranthene. Experimental data adapted [N this experimental work, the authors tentatively identified

from Semmler et ai® another two-photon active band ¥4 symmetry between the

Sz and S states; however, this band has not been predicted by
identified. Theory predicts a lower intensity for the-8 bend previous calculations or by our results. Finally, thesgte of
of benzo@)pyrene at 757 cmt relative to its G-H stretch as pyrene hasB,, symmetry and is one-photon active, polarized
well as a lower intensity for the €H bend of benzd)- along the short axis of the molecule. While its relative excitation
fluoranthene at 741 cm relative to its CG-H bend at 774 cmt. energy is in agreement with experimental gas-phase redults,

Lastly, it should be noted that our frequency assignments its predicted oscillator strength is significantly larger than that
differ from those reported for benzw)pyrene2® On the basis ~ measured im-heptane’3
of assignments for the other PAPfswe suggest that the In general, the calculated excitation energies for fluoranthene
experimental bands in the benajifyrene spectrum at 757, 822, show better agreement with experiment than the results for
and 879 cm* are more likely out-of-plane €H bending modes  pyrene. The ground stategj$as symmetryA; and the one-
(d' symmetry) than in-plane modes &mmetry) as previously ~ photon active $through § states alternate betweéB, and
publishec?® Our calculations predict three intense modes of A; symmetry. The'B, excited states are polarized along the
a' symmetry at 752, 835, and 901 chwhich are assigned to  short ) axis of the molecule, while thbA; excited states are
the above experimental bands. In addition, the intensity of the polarized along the longz) axis. Although the calculated
calculated band at 3011 crhimplies that it, rather than the  excitation energies are higher than experiment, their relative
weaker calculated band at 3049 thnshould be assigned to  values are correct. There are no published gas-phase excitation
the most intense €H stretching mode seen in the experimental energies for this molecule; hence, we have compared our
results. Overall, these differing assignments improve the calculated values to experimental results acquired in 3-meth-
correspondence between calculation and experiment. ylpentane at 77 K. These solid-state experimental energies are

B. Excited-State Calculations. 1. Excitation Energies. further lowered from those in the solution phase by 2500
The calculated excitation energies for the five lowest lying cm 14 These discrepancies notwithstanding, there is good
singlet excited states of each PAH are contained in Table 2. agreement between the calculated and measured oscillator
There are some difficulties in comparing these results to strengths. For example, the CIS model correctly predicts the
experiment that deserve comment. First, the lack of diffuse forbidden nature of the first singlet. In addition, CIS calcula-
functions in the basis set as well as no consideration of tions correctly predict lower excitation energies for fluoranthene
differential electron correlation contribute to an inherent over- relative to pyrene as well as a larger difference between the
estimation of excitation energies by the CIS method. Second, vertical and adiabatic excitation energies for the shate.
the CIS method predicts gas-phase vertical excitation energies Discrepancies from experiment include the lower calculated
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TABLE 2: Calculated versus Experimental Excitation Energies

theory (CI1S/6-31G*) experiment
molecule state  polarization  energy (8V) energy (eV) fe solvent  energy (eV) feor (loge)®  ref
pyrene 1Bay y 4.88 4.67 0.0002 vapor 3.41 0.002 41
1By, z 4,73 4,51 0.33 vapor 3.85 0133 41
1Bgq 5.81 0 CH 4.12 42
Bsg 6.33 0 CH 4.29 42
Bay y 6.60 1.06 vapor 4.68 0.85 41
fluoranthene B, y 4.64 4.03 0.01 3-MP 3.07 0.01 44
A z 4.88 0.39 3-MP 3.44 0.17 44
B, y 5.41 0.06 3-MP 3.84 0.05 44
A z 5.85 0.14 3-MP 4.30 0.55 44
B, y 6.60 0.11 3-MP 4.70 ~0.14 44
benzoé)pyrene A 4.68 4.43 0.002 HP 3.06 (3.32) 46
A 4.33 4.04 0.43 HP 3.22 4.47) 46
A 5.67 0.06
A 5.85 0.25 HP 4.18 (4.89) 46
A 5.91 0.001
benzob)fluoranthene A’ 4.75 4.18 0.08 CH 3.10 0.004 48
A 4.82 0.33 CH 3.36 0.50 48
A 5.12 0.07 CH 3.63 0.50 48
A 5.67 0.01 CH 4.12 0.30 48
A 6.03 0.71 CH 4.46 0.30 48

aVertical transition.” Adiabatic transition® Calculated and/or experimental oscillator stren§tGH = cyclohexane at room temperature, 3-MP
= 3-methylpentane at 77 K, HR n-heptane at room temperatufd.ogarithm of the experimental molar absorptivity (L mbtm™). fIn n-heptane
at room temperature (ref 43).

oscillator strength for § Interestingly, this error has also been pyrene, reflecting a greater degree of relaxation in the excited
seen in previous semiempirical PPP restitsLastly, the state for the nonalternant PAHSs.

polarization of g is calculated to be along the shoy} @xis of 2. Optimized GeometriesDespite the inherent overestima-
the molecule, in contrast to experimental work where it was tijon of the excitation energies, it has been shown that the
tentatively assigned along the long @xis™ However, this  geometries and frequencies of excited states can be reliably
weak band occurs amidst stronger transitions in the fluoranthenegjmulated by using the CIS methdt.Geometries for selected
absorbance spectrum, and its characterization must be considereghyy lying singlets optimized using the CIS method are contained

incomplete. in Table 3. Given the close spacing of the first two excited
Benzog)pyrene is similar to pyrene in that the &nd $ singlets of pyrene and benz)pyrene, both states are reported.

states are closely spaced. Furthermore, the-S transition  The changes in the bond lengths from the ground state are also

is forbidden while the $— S transition is allowed®*’ The included in the table. All molecules have been constrained to

calculations correctly predict these singlets, however there pjanar geometries with the same symmetry as the ground state.
appears to be an inversion of the forbidden and allowed statespyera|l, the calculated bond lengths agree with semiempirical
based on their calculated oscillator strengths (see Table 2). Sinc&a|culations for fluoranthene withiz5 pm (0.05 Aj®and CIS/
the symmetry of the states is identical, their assignment is 3.21G results for benzalpyrene within£0.5 pm (0.005 A}S
difficult. Furthermore, our calculations predict the spacing For the !By, state of pyrene, the largest changes in bond
. u ]
ggm;erfg ;?iensﬁ];tifs htz(a) sé)eol\?er?aellrathrzgnt]:r?t igesf)rr]né(\ivuhg(: Ir]engths occur in the central region of the molecule with a
; gasp ) 9 . contraction along its shory) axis and a lengthening along its
improved by comparing to gas-phase results_ (expsrlmental long (@) axis. Bonds ¢ and f contract by-3 pm, while bonds
:It?(l,ufesmcgir?ilr}s s;llcir;:tsgls?r:grgtrlsﬁgglfltr:ggig“i;e;?;&; d b and d lengthen by approximately the same amount. For the
S ' . ; 1B, state of pyrene, the changes in geometry yield a contraction
to an observed transition in benajjyrene. This assignment anZLrjlg its Ion%yZ) axis and a?ength%ning al)gxg the shoy} (

is based on the relative energy of theskate as well as on its . . .
higher calculated oscillator strength versus the surrounding axis. Bonds ¢ and f contract by 3 and 6 pm, respectively, while
bonds d and e lengthen by-3 pm.

singlets. Given the forbidden nature of the calculatgdtSte, -
it would be difficult to discern experimentally. Note that similar ~ The changes in th&B; state of fluoranthene are even more
oversights have occurred with the &nd S states of fluoran- ~ Pronounced and result in a contraction along the lagiis

of the molecule, centered around the five-membered ring. The

thend® as well as the Sstate of benzdi)fluoranthené? .
two bonds labeled g, which connect the benzene and naphthalene

The results for benzbjfluoranthene agree fairly well with ) D¢ !
experiment. The forbidden nature of the Sate is correctly ~ Moieties of fluoranthene, show the largest change by contracting

predicted, although the;SS; spacing is smaller than has been almost 8 pm. In contrast, bond k, which is also in the five-
found experimentally® In addition, while the relative energies Mmembered ring, lengthens by 6 pm.

of the remaining singlets are correctly predicted, the calculated Benzog)pyrene, while also an alternant PAH, shows larger
intensities of $ and S are much lower than solution phase changes in bond lengths than pyrene. For th€'8') state,
experimental data. In contrast to the trend observed for most changes occur in alternating bonds around the perimeter
fluoranthene and pyrene, the excitation energies for bépgzo(  of the molecule. This includes the shortening of bonds c, f, k,
fluoranthene are higher than for its isomer bewajoyrene, n, p, and x and the lengthening of bonds a, d, e, j, |, o, r, and
which is in agreement with experimeftit. However, there w. In contrast, the changes in bond lengths for thg'8")
continues to be a larger difference between the vertical andstate are more pronounced and clustered around the center of
adiabatic values for benzwfluoranthene versus benz) the molecule at bonds a, e, f, and g.
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TABLE 3: Calculated (CIS/6-31G*) Excited-State C—C Bond Lengths

pyrene pyrene fluoranthene benzo@)pyrene benzo@)pyrene benzob)fluoranthene
(Dan,P 1By, —611.5968) (Don,? 1B1,,° —611.60238) (Cy,,P 1B2,° —611.5973) (CsP 1A' ,C —764.2528) (Cs,P 1A' ,C —764.2678) (Cs2 1A' —764.2496)

bond calcd change calcd change calcd change calcd change calcd change calcd change

a 1.395 0.011 1.385 0.001 1.403 0.043 1.457 0.047 1.431 0.021 1.383 0.041
b 1.398 0.006 1.419 0.028 1.386 —0.038 1416  —0.023 1.464 0.025 1416 —0.034

c 1.420 —0.026 1.409 —0.037 1.397 0.032 1.423 —0.014 1.409 —0.029 1.427 0.014

d 1.363 0.024 1.376 0.037 1.408 -0.015 1.363 0.018 1.365 0.021 1.453 —0.006

e 1.447 0.035 1.430 0.018 1.409 0.025 1.449 0.055 1.426 0.032 1.399 0.020
f 1.377 —0.055 1.402 —0.030 1.434 0.022 1.389 —0.045 1.408 —0.026 1.431 —0.002

g 1.404 —0.077 1.442 0.037 1.426 0.021 1.415 —0.063

h 1.418 0.039 1416 —0.016 1421 —-0.011 1.413 0.032

i 1.355 —0.036 1.398 —0.004 1.394 —0.009 1359 —0.031

j 1.441 0.056 1.386 0.014 1.401 0.029 1.441 0.055
k 1.473 0.062 1.396 0.001 1.369 -—0.026 1.472 0.064

1 1.393 0.013 1421 0.041 1.354 -0.035

m 1.436 0.018 1.429 0.011 1.421 0.040
n 1.427 —0.026 1408 —0.045 1398 —0.083

(o] 1.354 0.021 1.371 0.039 1.442 0.038
p 1.424 —0.029 1413 —0.040 1.410 0.042

q 1.439 0.003 1.432 —0.003 1372 —0.038

r 1.392 0.031 1.400 0.039 1.413 0.039
S 1.397 —0.019 1405 -0.010 1395 -0.018

t 1.412 —0.008 1.410 —0.010 1.412 0.006

u 1.367 0.010 1.378 0.021 1.363 —0.007

\Y 1.415 0.002 1.389 —-0.024 1.413 0.013

w 1.366 0.007 1.392 0.033 1.358 -0.010

X 1.420 —0.002 1.389 —0.032 1.426 0.018

2Bond designations as shown in Figure 1; bond lengths in angstfdBysnmetry.c State.d CIS energy (au)é Difference between excited state
(CIS/6-31G*) and ground state (HF/6-31G*) optimized geometries.

Finally, in benzo)fluoranthene, as in fluoranthene, there is ' 'y ’ :
a large change in geometry about the five-membered ring. For T 7T !.
example, bonds g and n contract by 6 and 8 pm, respectively, e ‘}'T
while bond k lengthens by 6 pm. Also like fluoranthene, benzo- i ‘r" i 1
(b)fluoranthene demonstrates an overall contraction along the |
long (2) axis of the molecule through bonds b, i, |, and qg. 'l

It has been observed that there is a large energy loss for a ; :
absorbed photons that are subsequently emitted by fluorescence -
of nonalternant PAH4® This large Stokes shift, as well as the =Y
lack of vibrational structure in their emission spectra, has been _’ :

—
-

|
associated with large changes in their geometry upon reaching i 1 ‘! IJ""" Y
the excited stat¢® In fact, a nonplanar excited state for o M ; T :
fluoranthene has been propog@dThis possibility has been . }
explored previously using semiempirical calculatidhsThese
calculations suggested that th_e bond length _changes for quo'Figure 6. Visualizations of electron density differences after subtracting
ranthene are large but the excited state remains plén@hat the ground-state electron density (HF/6-31G*) from the excited-state

observation has been confirmed in this work by optimizing the density (C1S/6-31G*). Positive differences.002 electronsé?) are
geometry for fluoranthene witB; symmetry at the CIS/3-21G  white and negative differences—0.002 electronsé®) are black.
level. The deviation from planarity as measured by dihedral Molecules shown are (A) pyrene'Bz), (B) pyrene {Bi), (C)
angles was less that0.02 and the bond lengths of the fluorantheneiB,), (D) benzog)pyrene (S *A’), (E) benzog)pyrene

optimized structure were withint0.1 pm (0.001 A) of a (S "A). and (F) benzdffluoranthene {A").

constrained planar structure. Hence, it is likely that Iarge_ IN- yespectively, upon optimization in the excited state (Table 3).
plane rather than out-of-plane bond length changes are sufficientg,ep, the relative magnitude of the change correlates with the
to give rise to some of the unusual excited-state properties of 5i;o of the isosurface generated. In addition, the areas of
nonalternant PAHSs. electron density decrease tend to cluster along the axis of
3. Changes in Electron DensityWhen a molecule is  polarization (the transition moment axis) for each state. This
promoted from the ground to excited state, the spatial distribu- behavior explains the overall lengthening of the molecule along
tion of electrons may undergo a significant change. These its transition moment axis as described above. Finally, the
changes in electron density for the four molecules of interest transition appears to relocate electrons almost exclusively from
are visualized in Figure 6AF. This figure represents the ithin the z system, although the use of a smaller isovalue of
subtraction of the ground-state electron density from the excited- +£0.001 electronsg? is able to discern some changes in the

state density, where positive difference<€(002 electronsé®) electron density ofr bonds.

are white and negative differences@.002 electrons®) are For fluoranthene (Figure 6C), the redistribution is more

black. complex. Around the perimeter of the molecule is an alternating
For the excited states of pyren®§, in Figure 6A and'By, pattern of electron density increase and decrease which shows

in Figure 6B), the regions of electron density increase or good agreement with excited-state optimization results, including
decrease correspond well to bonds that shorten or lengthenthe large change in electron density around the central five-
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TABLE 4: Excited-State Vibrations for Pyrene ('B,,)

theory (CIS/3-21G) experiment (gas phaséy°® theory (CIS/3-21G) experiment (gas phaséy®
symmetry frequency (cm?) frequency (cm?) symmetry frequency (cm?) frequency (cm?)
bsu 89 = 1017 1022
a 149 by 1046
bau 194 e 1095 1110
big 224 by 1098
bag 237 a 1135 1144
bou 348 by 1146
a 378 Iyg 1162 1155
8y 396 393 by 1188
bau 448 by 1227
Dag 450 443 3 1237 1250
bag 478 kg 1242 1245
b1y 482 by 1284
bsg 495 494 a3 1288 1330
big 498 by 1340
bog 508 kyg 1380 1356
Bau 529 a 1392 1424
a 545 572 By 1409 1396
a 659 by 1429
b1y 669 by 1433
b3y 683 Iy 1467 1466
b3g 729 730 by 1470
bsy 740 ) 1502 1486
bag 746 B 1525
8y 778 780 hy 1536
b1y 782 Iy 1545 1573
big 806 3 1621 1629
bog 829 by 2978
bsu 845 Iyg 2978
a 900 = 2985
bou 912 by 2987
big 916 by 2990
buy 951 (o 2992
bag 967 = 2998
bau 975 by 2998
a 1004 hy 3014
bag 1008 ) 3015

TABLE 5: Excited-State Vibrations for Pyrene ('By,)

theory (CIS/3-21G) experiment (gas phase) theory (CIS/3-21G) experiment (gas phase)
symmetry frequency (cm?) frequency (cm?) symmetry frequency (cm?) frequency (cm?)
bay 98 bg 1016
a 142 by 1028
bay 200 & 1034
b1g 213 by 1066
bag 256 a 1119
bay 338 o 1123 1125
a 380 by 1133
a 399 412 By 1142
bsg 437 [ 1163
bag 473 by 1182
Bau 479 a 1189
bsg 485 o 1226
b1y 494 [ 1255 1232
big 517 a 1264
by 526 By 1318
bzg 550 3 1336
8y 558 600 By 1375
b1y 663 lyg 1411 1412
a 664 by 1418
sy 695 by 1448
bsg 702 by 1457
Bag 745 3 1465
bay 753 by 1484
a 798 o 1484
by 799 by 1497
big 809 a 1502
bag 863 o 2980
bay 869 kyg 2981
a 885 = 2983
byg 906 oY 2985
by 919 by 2991
b1y 955 kyg 2992
bag 979 by 3000
bag 988 a 3000
a 995 o 3008

by 1012 2 3009
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TABLE 6: Excited-State Vibrations for Benzo(a)pyrene (fA')

theory (CIS/3-21G) experiment (gas phagé) theory (CIS/3-21G) experiment (gas phasé)
symmetry frequency (cm?) frequency (cm?) symmetry frequency (cm?) frequency (cm?)
a’ 54 54 & 1017
a’ 75 76 a 1019
a’ 137 141 a 1040 1020
a’ 177 175 a 1087
a’ 199 198 a 1093 1111
a 208 204 a 1129 1129
a’ 267 a 1144
a’ 276 a 1157
a 326 321 a 1172 1166
a 370 372 a 1180 1182
a’ 379 a 1201 1191
a’ 435 a 1216 1215
a 450 450 a 1236 1239
a 474 472 a 1260 1249
a’ 481 a 1269 1253
a’ 493 a 1278
a 499 515 a 1307
a 508 521 a 1332
a’ 511 a 1339
a’ 522 a 1365
a 556 551 a 1375
a 590 591 a 1412
a 628 625 a 1430
a’ 660 a 1437
a’ 676 a 1448
a 676 686 a 1463
a’ 733 a 1485
a 746 748 a 1506
a’ 753 a 1531
a’ 756 a 1534
a 780 792 a 1537 1549
a’ 811 a 1571
a 818 827 a 1618
a’ 827 a 2977
a’ 845 a 2980
a’ 860 a 2983
a 873 a 2983
a’ 912 a 2986
a’ 925 a 2991
a 935 a 2994
a 978 960 a 2999
a’ 986 a 3011
a’' 991 a 3012
a 999 998 a 3020
a’ 1005 a 3042

membered ring. Thi$B; state is polarized along the shoy) ( tend to support the potential inversion of theeghd S states
axis and, while the trend is not as clear as with pyrene, the of benzo@)pyrene, as was seen with tHg,, and!By, states of
majority of bonds that undergo a decrease in electron density pyrene.
and a lengthening upon excitation are oriented along this axis  Finally, benzo)fluoranthene (Figure 6F) shows behavior
(i.e., bonds a, c, f, k, and j). Finally, in contrast to pyrene, itis very similar to that of fluoranthene, with a complex redistribu-
readily apparent that electrons are redistributing between bothtion of electron density largely centered about the five-
the 7 and o bonds within the molecule. membered ring. In addition, exchange of density between
Benzo@)pyrene shows results similar to those of pyrene with ando bonds is apparent.
an alternating pattern of electron density increase and decrease 4, Numerical FrequenciesAs mentioned above, the excited-
around the molecule, all localized within thesystem. The  state vibrations of the alternant and nonalternant PAHs have
calculated $state (Figure 6E) also shows differences from the been calculated at the CIS/3-21G level. The effects of a smaller
calculated $state (Figure 6D). Although the pattern of density basis on the calculation of ground-state frequencies has been
changes are similar, they are spread more evenly throughoutexplored by Langhoff3 who found that increasing the size of
the molecule in the Sstate but concentrated in the central the basis set tends to decrease the calculated frequencies and
portion of the molecule in the;State. Furthermore, there are intensities only slightly. In analogous calculations for this work,
qualitative similarities between the states of bea}mfrene and increasing the basis set from 3-21G to 6-31G* for the ground
pyrene. For example, both thB,, state of pyrene and theeS  state of pyrene tends to decrease those frequencies below 1400
state of benz@)pyrene have more localized changes in electron cm™! but increase those above 1400 @dm In all cases, the
density and a larger contraction of bond f. In contrast!Bg change in frequency is less than 10% and there is no clear trend
state of pyrene and the calculated & benzoé)pyrene both for changes in intensities. This suggests that the use of a smaller
possess a more uniform distribution of density changes, with a basis for excited-state frequencies should not introduce signifi-
smaller contraction of the central bond f. These similarities cant error.



3380 J. Phys. Chem. A, Vol. 102, No. 19, 1998 Goodpaster et al.

TABLE 7: Excited-State Vibrations for Fluoranthene (1B,) and Benzop)fluoranthene (*A’)

fluorantheneB>) fluorantheneB,) fluorantheneB,) benzob)fluoranthene A’
symmetry frequency (cr) symmetry frequency (cr) symmetry frequency (cm) symmetry frequency (cm)
b; 92 b 1210 a 60 a' 1019
& 115 a 1249 a 94 d’' 1037
b, 179 b 1273 a 108 a 1039
b, 199 a 1293 ad 143 a 1040
& 218 a 1299 a 157 a 1060
by 276 b 1306 a 230 a 1079
& 343 a 1344 a 251 a 1115
& 379 b 1364 a 260 a 1119
b, 407 o) 1426 a 298 a 1159
by 436 a 1427 a 313 a 1173
a 476 a 1443 a 374 a 1182
by 500 a 1448 a 395 a 1188
& 514 o) 1468 a 422 a 1214
a 539 a 1504 a 451 a 1245
b, 557 a 1520 & 469 a 1256
by 576 b 1521 a 504 a 1259
b, 606 b 1557 a 528 a 1277
& 617 b 2981 a 537 a 1303
a 638 a 2982 a 554 a 1304
b, 732 b 2992 a 581 a 1341
& 733 a 2998 a 587 a 1358
by 764 b 2999 a 598 a 1383
by 768 a 3001 a 604 a 1414
& 768 o) 3010 a 644 a 1431
& 786 b 3013 a 661 a 1438
& 834 a 3013 a 745 a 1449
by 844 a 3019 a 746 a 1463
% 865 a 753 a 1481
& 880 a 758 a 1506
by 903 a 763 a 1520
a 919 a 773 a 1532
b, 953 a 782 a 1552
b, 973 a 836 a 1587
& 1013 & 845 a 2979
b; 1013 a 857 a 2988
b: 1017 a 858 a 2991
a 1030 a 877 a 2992
& 1039 ad 900 a 2998
a 1056 a 911 a 2999
b, 1056 a 919 a 3002
b, 1063 a 926 a 3009
b, 1124 a 986 a 3011
& 1164 a 1005 a 3014
b, 1180 a 1011 a 3020
& 1188 a 1017 a 3023

The CIS/3-21G results for thd,, andB;, states of pyrene  than thelBy, state at+22 cnt! (5 points), but this is to be
are reported in Tables 4 and 5 and compared with experimentalexpected given the difficulty of resolving these bands experi-
results using supersonic jet expansions. In the fluorescencementally.
excitation experiments, only vibrational modes @f @ by The excited state vibrations for benajifyrene are contained
symmetry are observed. For both excited states, modes within Table 6. Both the number and range of frequencies are larger
a symmetry arise from FranekCondon overlap with the  than for pyrene. Gittins et al. compared the calculated frequen-
ground state, while 4 modes tend to arise from vibronic  cies for the $state of benza&)pyrene to those obtained for the
coupling of the excited stat&8. Overall, the agreement of the ~ €xperimental $state and found good agreement with an rms
calculated frequencies of tAB,, state of pyrene with supersonic ~ deviation of only=5 cni™ (32 points):® However, on the basis
expansion resul®&5951is satisfactory with an rms deviation of ~ Of our calculated oscillator strengths of the first two states of
+17 cntt (20 points), which is larger than that of the ground benzo&)pyrene and their similar excitation chz_iracter when
state but still quite good. In this case, assignment of vibrational compared to théB,, and B, states of pyrene (Figure 6), we
modes above 1700 crhis difficult due to the presence of many suspect that an inversion of states has occurred in the calcula-

combination and overtone bands from lower energy modes, astlons for this molecule. Hence, the experimental .frequer'mles
. s . - should be compared to those calculated for the higher singlet
well as the overlapping transitions from thB,, state which : : S .
: . state. This comparison results in slightly poorer agreement, with
complicate the experimental spectfa.

an rms deviation of£9 cnt? (32 points).

Vibrations of the'By, state of pyrene have also been observed  Lastly, the calculated frequencies for the excited states of
experimentally?®5! Although no experimental symmetry des-  fluoranthene and benzgluoranthene are included in Table
ignations have been reported, some tentative assignments arg. The increase in the number and range of frequencies with
made in Table 5. The rms deviation from experiment is larger the size of the PAH can also been seen in these nonalternant
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compounds. However, no experimental results for the excited  (9) Peck, R. C.; Schulman, J. M.; Disch, R.L.Phys. Cheml199Q

. 94, 6637.
state frequencies of the nonalternant PAHs could be found for (10) Plummer, B. F.: Steffen, L. K.: Herndon, W. Siruct. Chem1993

comparison. 4, 279.
(11) Rabinowitz, J. R.; Little, S. BInt. J. Quantum Chenl994 52,
IV. Summary 681.

) ) ) o (12) Vala, M.; Szczepanski, J.; Pauzat, F.; Parisel, O.; Talbi, D.; Ellinger,
Ground-state geometries are reliably predicted by the ab initio Y. J. Phys. Chem1994 98, 9187.
method and agree well with experimental crystallographic (ﬁ) hanrghOfI, S}-(Ré- Pf:yS- I_Chserr;]11996C1hQQ 2§1t9- Berlinlo6s 3
results. In addition, the total energies of the PAHSs reflect the 40% ) Nishimoto, K.; Forster, L. STheor. Chim. Acta (Berlin} 968 3,
greater stability of the alternant isomers. The calculations  (15) Nishimoto, K.Theor. Chim. Acta (Berlin}967, 7, 207.
reliably predict the ground-state IR spectra in good agreement  (16) Pucci, R.; Barl]do, M.; Martin-Rodero, A.; Piccitto, G.; Tomasello,
P _ ; ; i P.Int. J. Quantum Chenil984 26, 783.
W|th_ gas phas_e experlmental_ rt_esults, with the greatest discrep (17) Das Gupta, N. K.: Birss, F. WBull. Chem. Soc. Jpri978 51
ancies occurring when predicting the frequency of theHC 1211
stretching vibration. (18) Das Gupta, A.; Chatterjee, S.; Das Gupta, NBKll. Chem. Soc.
The prediction of either vertical or adiabatic excitation JP”-gWSQ f]Z ?079- o U G X «t. Chem198Q 32
energies is not as accurate, given the inherent overestimation&,rggl ) Suhnel, J.; Kempka, U.; Gustav, &.F. Prakt. Chem198Q 322
of the CIS method. However, the relative excitation energies  (20) Du, P.; Salama, F.; Loew, G. i&hem. Phys1993 173 421.
and intensities are more reliably calculated. Interestingly, it  (21) Negri, F.; Zgierski, ZJ. Chem. Phys1994 100, 1387.
appears that, in the case of the alternant isomers, the CIS method (22) Mekenyan, O. G.; Ankley, G. T.; Veith, G. D.; Call, D. SAR
ith a 6-31G* basis set has inverted the two lowest lying singlet and QSAR in Enronmental Researclio94 2, 237.
with a ! 1as n\ Stlying sing (23) Chen, S. H.; McGuffin, V. LAppl. Spectrosc1994 48, 596.
states. Despite these limitations, the changes in the electron (24) Niederalt, C.; Grimme, S.; Peyerimhoff, S. Ohem. Phys. Lett.
density of the molecules agree well with calculated excited- 195(9255)24’3 45_5-F Zqierski, M. 3. Chem. Phys1996 104 3486
: ; egri, F.; Zgierski, M. ZJ. Chem. Phy , .
Stat.e ge_ometnes,_and_ reveal a Ie_n_gthenlng of the m0|eCl.JleS along (26) Gittins, C. M.; Rohlfing, E. A.; Rohlfing, C. MJ. Chem. Phys.
their axis of polarization. In addition, the nonalternant isomers 199q 105, 7323.
dramatically contract along the long aliphatic bonds within their ~ (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
VO- ; itati i itad- Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.
;Ive mem.berfed rI!]ngSIUpon exCItatlon' Finally, the ”eXCIted Stﬁte A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
requencies for t _ea_temant ISOmers compare W(_a _t_o gas-phas§, .: ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.
fluorescence excitation results. Overall, the ab initio methods Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
presented here have provided a deeper insight into the groundlé\/ongb N3 V\é} Aklndrejh Js L-[;) F}G‘P'Og'g, fJE SB-; Eomjperést, R QABJ\”'S- RF-I L-:d
: _ . . _rFox, D. J.; binkley, J. 5.; Detrees, D. J.; baker, J.; ewart, J. P.; Head-
and _ex0|ted state properties of four enwronmentally_ and astr(_) Gordon, M.. Gonzalez, C.. Pople, J. /Saussian 94 Revision D.3:
nomically relevant compounds, as well as expanding what is Gaussian, Inc.: Pittsburgh, 1995.

known about alternant and nonalternant PAHSs. (28) Spartan, Version 3.1; Wavefunction, Inc.: Irvine, CA, 1994.
(29) Blumer, M.Sci. Am.1976 234, 35.
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