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Polyaromatic hydrocarbon oxyradical stability
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Abstract. A simple connection is established between aromaticity and overall stabil-
ity of five-ring linear polyaromatic hydrocarbon oxyradicals. A chemically intuitive
model is developed that exhibits a linear trend between an inexpensive geometric mea-
sure of aromaticity and the energetic stability of a model graphene edge with oxygen
at different positions. It is believed to be an important step in establishing reaction
pathways of soot and graphene oxidation.
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1 Introduction

While development of alternative sources of energy and reduction of carbon emissions
remain crucial in the battle for environmental and public health, the fact remains that
combustion reactions and carbon fuels will be prevalent for some time. As such, it is
critical to investigate means of mitigating the dangers inherent to some of these methods.
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One of the most harmful byproducts of these processes is soot, which is known to con-
sist of polyaromatic hydrocarbon fragments. Additionally, one of the primary pathways
by which soot production is alleviated is oxidation. Past theoretical studies of soot oxida-
tion have focused on the model cases of oxidation reactions of one-ring aromatics [1–4]
and oxygen chemisorption at selective sites of two- and three-ring aromatics [5–8].A cru-
cial first step towards the understanding of these pathways is knowledge of the stability
of oxyradical intermediates.

Many of the systems of interest are, unfortunately, too large to treat by highly accurate
methods. It is the goal of this work to develop an efficient and accurate model based
on intuitive notions of aromaticity for determining the stability of polycyclic aromatic
hydrocarbon oxyradical fragments.

2 Computational details

The geometries of oxyradical derivatives of pentacene depicted in Fig. 1 were optimized
at the UB3LYP/6-311G(d, p) level of theory [9–12] in the Gaussian 03 software pack-
age [13]. The results of these calculations were verified by ab initio perturbation theory
(RO-RI-SOS-MP2/6-311G(d, p)) at the UB3LYP geometries in the Q-Chem [14] software
package. The expectation value of the S2 operator was found to be 0.75 for all oxyradi-
cals as a consequence of the restricted open shell formalism. A normal mode calculation
confirmed all structures represented an energy minimum. A factor [15] of 0.967 was used
to scale vibrational frequencies and zero-point energies (ZPE).

Figure 1: Structures of the pentacene molecule (I) and pentacene oxyradicals with the oxygen atom in different
positions (II - V). Connections between atoms are drawn on the basis of interatomic distance. Upper case
Roman numerals designate oxyradicals with different O atom positions; lower case italic Roman numerals
designate six-atom rings; Arabic numerals enumerate C atoms.

A simple geometric measure of aromaticity known as the harmonic oscillator model
of aromaticity (HOMA) [16], was used. HOMA offers an inexpensive evaluation of local
aromatic character based on a simple comparison to an ideal aromatic benzene. HOMA
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Table 1: Enthalpies of formation and entropies of pentacene oxyradicals at 298.15 K relative to those of
pentacene oxyradical II at B3LYP/6-311G (d, p) level of theory; relative energies of pentacene oxyradicals at 0
K at B3LYP/6-311G (d, p) and MP2/6-311G(d, p)//B3LYP/6-311G (d, p) (in parenthesis) levels of theory.

Pentacene oxyradical II III IV V
Enthalpy (kcal/mol) relative to II 0 2.8 13.6 16.5
Entropy (cal/mol K) relative to II 0 3.0 3.2 3.7

Erel (kcal/mol) 0 (0) 2.9 (3.5) 14.1 (14.6) 17.1 (17.7)

is formally defined as follows

HOMA=1− a
n

N

∑
i=1

(rcc−rcc−ideal)2, (1)

where rcc is the computed carbon-carbon bond length, rcc−ideal is the ideal carbon-carbon
bond length in benzene, n is the number of bonds in the ring, and a was chosen such
that HOMA = 1 for the aromatic form of benzene, and approaches 0 for a Kekulé form of
benzene. It is possible to use the sum of the HOMA indices for individual rings in the
PAH (cumulative HOMA) to characterize global aromaticity of a molecule [17–19].

An additional measure of aromaticity, the nucleus independent chemical shifts (NICS)
[20, 21] metric, was used for comparison with HOMA values. NICS offers a straightfor-
ward measure of aromaticity based on magnetic shielding in the center of a ring. It is
calculated at the geometric center of the ring and 0.5 Å and 1.0 Å above the plane of
the ring, yielding NICS(0.5) and NICS(1). Negative values of NICS are indicative of aro-
maticity while positive values suggest anti-aromaticity. Values close to zero are typical
for most non-aromatic systems. The present work primarily utilized the out-of-plane
component of the NICS tensor (NICSzz) at 1.0 Å from the plane of the ring as a measure
of aromaticity because of its better performance for planar rings [22].

3 Results and discussion

The enthalpies of formation and entropies of the four pentacene oxyradicals at 298.15 K
relative to oxyradical II are listed in Table 1. The enthalpy of formation of oxyradical II
is the most favorable energetically, while that of oxyradical V is the least favorable of the
four. To assess thermodynamic stability, we calculated the standard Gibbs free energy of
the four pentacene oxyradicals relative to oxyradical II, with results shown in Fig. 2.

Examination of the data displayed in Fig. 2 indicates that below 1000 K the stability
of the four oxyradicals follows the trend of the relative energies at both B3LYP and MP2
levels of theory, i.e., is in the order: II > III > IV > V, while above 1000 K oxyradical III
becomes more stable than II. This is indicative of the entropic favorability of pentacene
oxyradical III at higher temperatures.
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Figure 2: Standard Gibbs free energy of pentacene oxyradicals relative to that of pentacene oxyradical II as a
function of temperature at B3LYP/6-311G (d, p) level of theory.

The aromatic character predicted by HOMA is compared with the value predicted
by NICSzz for each ring in Table 2 and found to be in good agreement. This supports
HOMA as a reliable indicator of local aromaticity in the oxyradicals systems studied.

The relative energetic stabilities calculated by DFT are in agreement with the values
calculated by ab inito perturbation theory (RO-RI-SOS-MP2/6-311G(d, p)) at the UB3LYP
geometries. The ZPE-corrected relative energies of oxyradicals II-V (at the UB3LYP/6-
311G(d, p) level of theory) are plotted against cumulative HOMA in Fig. 3. A linear trend
between the two is observed, suggesting a direct correlation between energetic stability
and degree of aromatic character.

Figure 3: The relative energies of oxyradicals at 0 K plotted against the corresponding cumulative HOMA value.
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Table 2: Assessment of local aromaticity: values of HOMA and NICSzz indices for structures I - V and proto-
typical aromatic benzene and naphthalene molecules.

Structure Ring i Ring ii Ring iii Ring iv Ring v

HOMA NICS
a
zz HOMA NICS

a
zz HOMA NICS

a
zz HOMA NICS

a
zz HOMA NICS

a
zz

I 0.49 -4 0.57 -17 0.59 -22 0.57 -17 0.49 -4

-13 -27 -31 -27 -13

-21 -33 -37 -33 -21

II 0.77 -7 0.71 -1 -0.17 25 0.71 -1 0.77 -7

-16 -11 17 -11 -16

-24 -20 4 -20 -24

III 0.89 -3 -0.12 24 0.57 2 0.69 -10 0.67 -7

-12 16 -7 -19 -16

-20 3 -17 -27 -24

V 0.03 16 0.43 10 0.58 -3 0.67 -11 0.63 -7

8 1 -12 -21 -15

-3 -10 -21 -28 -23

Benzene 0.99 -14 na na na na na na na

Naphth- 0.79 -13 0.79 -13 na na na na na

alene
aThree NICSzz values are calculated at 0.0 Å, 0.5 Å, and 1.0 Å above the ring, yielding NICS (0.0),
NICS (0.5) and NICS (1), respectively.

4 Conclusions

The relative stability of the polyaromatic oxyradical species studied exhibits a strong
linear correlation between the relative energetic stabilities and the aromatic character
predicted by HOMA. This offers an inexpensive and chemically intuitive model to ex-
plain the stability trends observed. The simple geometric nature of the model suggests a
natural extension to larger systems which are intractable by high accuracy quantum me-
chanical calculations or a prediction by an exponentially growing number of resonance
structures. An in-depth analysis of the present work and extension to fundamentals in
local electronic structure is available [23].
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