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Quantum Mechanical Modeling of 
Soot, Pyrene, and Benzo[a]pyrene



2-D structure model of hexane soot from Akhter et al. (1985)

Quadruple the
size of this model.
Perform classical
simulations with 
COMPASS force 
field (Sun, 1998)
at 300K to obtain
3-D structure.
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DFT and MP2 Energy Calculations

• Calculate energy of each PAH in the gas-
phase and in dielectric continuum to 
obtain solvation energy.

• Calculate PAH adsorbed to soot fragment 
to assess p-p interactions and obtain 
sorption energy.
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DFT does not accurately account for dispersion forces
and an energy minimum is not found between PAHs
and the soot model surface.

Pyrene

Soot



Minimum energy configurations were calculated with
the COMPASS force field.
Adsorption energies were then calculated using the MP2
energies based on the force field configurations.

Phenanthrene

Coronene

≈ 3.5 Å
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Sellin Jeffries et al.,
ES&T, 2013, 47, 5450

PAH phototoxicity model showing the relationship between 
median lethal time (1/LT50 [h]), UVA irradiance (IUVA, expressed in 
μW/cm2), and total phototoxic PAH concentration equivalents



The active site region of the dATP:(+)-ta[BP]G system

Perlow & Broyde, J. Mol. Biol. (2003) 327, 797



Possible reaction 
pathways for the 
formation of the 
1,10-
dihydroxycoronene 
and 1,10-
coroquinone 
obtained by 
irradiation of
coronene and water 
at l > 235 nm.

Guennoun et al., 
Phys. Chem. 
Chem. Phys., 
2011, 13, 7340



Metabolic intermediates can take on 
various conformations

7,8-Dihydroxy-9,10-epoxide
benzo[a]pyrene (BaPDE).

Brown et al. Chem. Res. Toxicol., 15, 8, 2002



Representative steps in 
the photo-oxidation of 
BaP showing the HOMOs 
as calculated with the 
B3LYP/6-31G(d,p) method
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Another O2

then reacts 
at the 
remaining -
bond of the
ring to form 
BaPDE.

The stable 
ground state 
which adsorbs 
radiation to 
become the 
excited triplet 
state. 

An O atom reacts 
with the excited 
BaP to form the 
epoxide and then

via hydrolysis for 
the BaP diol. 



Comparison of estimated triplet and singlet excitation 
energies (in kJ/mol) for benzo[a]pyrene using various 
methods

Expt 3P* = +177 kJ/mol; 1P* = 297 kJ/mol
(Morgan et al., 1977, Photochemistry and Photobiology, 24, 31)

The most accurate of the methods is the TDDFT, and 
although computationally more expensive than semi-
empirical methods, it is much more efficient than MP2
methods.
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DFT structures of 
BaPDE conformers



Classical and semi-empirical methods do not result in 
the same prediction for the stable structure (0 kJ/mol) 
as quantum methods.

Comparison of relative potential energies (kJ/mol) for 
four conformations of the benzo[a]pyrene diol
epoxide in the gas-phase



Comparison of relative potential energies (in kJ/mol) 
for four conformations of the benzo[a]pyrene diol
epoxide in model aqueous solution

The aqueous model in each case predicts a 
different conformer to be the stable configuration 
compared to the gas-phase calculations.



PM5

2.67

B3LYP/6-31G(d,p)

1.87

Calculated model 
structures of the BPDE-
DNA adduct based on 
PM5 and B3LYP/6-
31G(d,p) methodologies

Intermolecular 
interactions such as H-
bonding and van der 
Waals forces more 
sensitive to methods

Quantum methods required



Model of BaP catecholate complex 
which was used to estimate the 
dipole moment of this
possible breakdown product of 
BaP.

Energy minimized structure of a 
BaP catecholate-Si complex that
could form in solution or on 
mineral surfaces as the breakdown 
product of the BaP becomes more 
reactive.

B3LYP/6-31G(d,p) with IEFPCM water solvation

BaP-Cat + Si(OH)4  BaP-Cat-Si(OH)2 + 2H2O G = + 22 kJ/mol



Conclusions

1.Structure affects photoactivity which is strongly 
influenced by modeling methodology and 
solvation effects.

2.Photo-excited states can be modeled accurately 
and efficiently with TD-DFT.

3.Need to model reactive intermediate chemistry 
in aqueous solution and with surfaces to 
predict fate. 


