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Abstract

Interactions of oxygen with polynuclear aromatic hydrocarbons (PAH) can occur both in the flame and
during oxidation of soot atmospherically. Past experimental measurements of PAH in soot samples collected
either immediately after combustion, from the atmosphere, or in a flame show a variety of oxygen moieties
within the PAH structures. This study investigated the electronic structure of oxygen-containing PAH to gain
insight into their interaction with light both to better interpret spectroscopic measurements and to recognize
the role of oxygen-containing PAH in atmospheric radiative forcing. Our research has shown that oxygen
in ethers and hydroxyl moieties on PAH showed little change to the HOMO-LUMO gap (HLG), whereas
ketones and aldehydes show a HLG decrease of 0.5eV. The effect is enhanced when more than one ketone
is present on a PAH molecule and further enhanced in subsequent dehydrogenation to a quinone-like struc-
ture. The presence of an oxygen-containing PAH with a ketone functional group in a dimer and trimer will
substantially lower the HLG of the PAH stack. This may have a significant effect in the interaction of atmo-
spheric soot with solar radiation.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Soot; Polynuclear aromatic hydrocarbons; Band gap; Oxidation; Electronic structure

1. Introduction

Black carbon (soot) absorbs a much greater por-
tion of visible, solar radiation than any other at-
mospheric aerosols [1], leading to this class of par-
ticulates being second only to carbon dioxide as
an atmospheric radiative forcer. Because the life-
time of black carbon in the atmosphere is relatively
short compared to molecular greenhouse gases, it
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is thought that reduction of soot emissions will
have a more immediate impact on climate forc-
ing, allowing greater opportunity for the replace-
ment of fossil fuels with carbon-neutral energy
sources. Further, carbon quantum dots—essentially
soot particulate with surfaces pacified with oxygen-
containing functional groups—have been proposed
as possible materials in solar radiation conver-
sion due to their reported red-shifted band gaps
compared to particulate with lower oxygen con-
tent. The unique optical properties of quantum
dots have led to their proposed use as high
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quantum yield fluorescent markers for biological
imaging [2].

In studies of atmospheric soot particulate,
Barradas-Gimate et al. were able to identify a
large amount of anthra- and naphthaquinones in
the PM2.5 [3]. The amount of quinones present
changed depending on the season; the warm-dry
season with greater solar radiation exposure re-
sulted in greater amounts of quinones measured.

Past studies of soot have shown both the
amount of oxygen present as well as the types of
oxygen present in molecules can vary significantly
depending on source. Schuster et al. showed that
quinone formation was increased on the surface of
diesel soot when oxidized some time after initial
soot production [4]. Studies by vander Wal et al.
of engine soots and other soots have shown that
the amount of oxygen and the types of oxygen
present in soot can vary depending on the power
and type of a jet engine, the type of diesel fuel
used in a diesel engine, as well as the source cate-
gory, e.g., wildfire soot vs. oil burner [5,6]. The types
of oxygen-containing hydrocarbons identified were
carboxylic, carbonyl and hydroxyl groups; however
ether/furan groups were not included in the fit of
the X-ray photoelectron spectroscopy (XPS) peaks
in these studies. XPS studies by Growney et al.
primarily identified the presence of hydroxyl and
ether/furan oxygen-containing hydrocarbons, with
a small amount of carbonyl groups present in car-
bon black and diesel soot [7].

Recently, studies have focused on studying the
carbon and oxygen speciation during soot forma-
tion [8-10]. Ouf et al. used synchrotron based
NEXAFS and XPS to examine soot formed from
a miniCAST both in an aerosol and collected as a
sample. NEXAFS showed that carbonyl and car-
boxylic acid species could be identified on soot
after collection, however the in situ XPS studies
showed that ether or hydroxyl containing species
were present on the surface of the particles in the
aerosol phase. Modeling and experimental stud-
ies of the earliest stages of soot formation by
Johannson et al. used XPS to determine nearly
equal concentrations of ether and hydroxyl groups,
with the hydroxyl groups decreasing and furan
groups dominating later in the flame [9,10]. XPS
studies of the reaction of coronene with oxygen
have shown that PAH can easily form structures
containing ether, carbonyl and carboxylic struc-
tures.

Other recent studies have investigated oxy-
gen’s role in the formation of 5-membered rings
[11-15]. Oxidation at the edge of a graphene sheet
primarily results in the formation of five-membered
rings [15]. However some PAH survive with oxy-
gens still present as a carbonyl or hydroxyl moiety
on the PAH molecule [11]. Frenklach group studies
demonstrated that OH oxidation of armchair sites
is preferential to zigzag sites which is, in turn, more
favorable than oxidation of free edge sites [12,13].

Oxygen moieties
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Fig. 1. Oxygen moieties used in this study. Oxygens are
shown on benzanthracene in the outside (1) position. Hy-
drogens in ketone moiety are shown across the armchair
from the ketone.

Chaparala and Raj have shown that oxygen is less
likely to leave a zigzag site than a free edge [16].

Chen and Wang have recently examined the ef-
fect of oxygen substituents on the electronic struc-
ture of PAH, showing a decrease of the band gap
when certain oxygen substituents are present [17].
Our group’s previous investigations centered on
the electronic structures of different PAH struc-
tures, including nearly circular, symmetric individ-
ual PAH molecules, PAH agglomerates and across
different PAH topologies [18-20]. This paper ex-
tends these studies to the electronic structure of
oxygen containing PAH, including molecules where
oxygens are present as substituents, cyclic ethers
and ketone groups in the PAH structure itself.

2. Methodology

Molecules were analyzed with density func-
tional theory (DFT) with and without oxygen
species. The parent molecules in the study are nine
PAH molecules with at least one armchair fea-
ture ranging in molar mass from 178 Da (phenan-
threne) to 643 Da (circumbenzo[ghi]perylene) and
can be seen in Fig. S1. The oxygen moieties exam-
ined can be seen in Fig. 1. Abbreviations in the
table are used in the chart showing DFT results
for all molecules studies, presented in the Supple-
mental Information. Six different oxygen moieties
were studied: three substituents onto a PAH [hy-
droxyl (OH), aldehyde (CHO) and carboxylic acids
(COOH)]; two cyclic ethers [furans (COC-5) and
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pyrans (COC-6)]; and a ketone group directly on a
PAH ring (C=0). Each oxygen moiety was added
at the armchair edge of the parent molecule. In
cases where the parent PAH molecule is asymmet-
ric, both armchair edges were studied.

Adding a ketone to a PAH ring shifts one dou-
ble bond outside of the PAH structure to the oxy-
gen atom and forces sp’ hybridization of one of the
carbons in the PAH structure. Pyrans also contain
an sp® hybridized carbon. Due to the aromaticity of
the structure, the sp® hybridized carbon can occur
in many locations on the PAH ring structure; this
study only examined molecules with sp* carbons ei-
ther immediately adjacent to the oxygen location or
across the armchair from the ketone location.

Each monomer was geometry optimized in
NWChem v 6.5 using density functional theory
(DFT) with the 6-31G* basis set and B3LYP ex-
change correlation [21-24]. After geometry opti-
mization, the DFT energies of the molecule and the
partial charges on each atom were determined from
the electrostatic potential. Although oxygen atoms
have increased electronegativity, which might sug-
gest the use of a basis set with diffuse compo-
nents such as 6-31 4+ G*, tests showed that the dif-
ferences in monomer geometries, dimer geometries
and binding energies were minimal and did not jus-
tify the increase in computational time required
when using the 6-31+4 G* basis set. Dimers con-
structed from monomers optimized with 6-31 4+ G*
(diffuse containing basis set) were examined and
compared to the dimers used in the remainder of
the study. Changes in binding energy (BE) aver-
aged 1.3% greater with the diffuse 6-31 + G* ba-
sis set and can be seen in Fig. 2. Changes to the
dimer geometries were minimal and can be seen in
Fig. S3.

NWChem calculated Kohn-Sham orbitals were
used to determine the HOMO-LUMO gaps (HLG)
for monomers, dimers and trimers. For each oxygen
moiety and parent PAH combination, the change
in HLG between the parent PAH (AHLG) and the
oxygen-containing PAH was calculated. To deter-
mine the overall effect of an oxygen moiety, the av-
erage and standard deviation of AHLG for each
oxygen moiety was calculated across the various
PAH parent molecules.

Dimers and trimers were not geometry opti-
mized in NWChem, but rather PAH dimers and
trimers were formed in a custom atom-pair mini-
mization program that uses a simplex algorithm to
find the geometric conformation of molecules with
the strongest BE [25,26]. BE is calculated from the
electrostatic and dispersive interactions between
each atom on each molecule, Eq. (1).

BE = ) qiq;r;;' — Aryf + Be " 1)
ij

The electrostatic contribution is the coulom-
bic potential between the partial charges (q) de-
termined from NWChem on any two atoms (i,j)
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Fig. 2. Comparison of current and previous methods
for evaluating the binding energy. Solid line and circles:
W99 and ESP BE used in this work, open circles show
oxygen-containing PAH. Dashed lines and diamonds:
Herdman & Miller BE used in previous work. Gray lines
and crosses: W99 and ESP BE calculated with 6-31 + G*
basis set.

on the different molecules, while the dispersive po-
tential is calculated from an exp-6 dispersive force
using coefficients (A,B,C) determined by Williams
(W99); r is the distance between the two atoms
[27]. Our previous studies have shown that use of
the partial charges calculated from the electrostatic
potential field instead of assigning partial charges
by atom type allows greater variety in the types
of PAH molecules examined, including those with
bays, fjords and alkyl sidechains that could not
be previously studied [28]. Here, the use of par-
tial charges derived from the electrostatic potential
also allows for the inclusion of hetero atoms in the
PAH.

Updating the dispersive coefficients A, B and
C to the W99 coefficients allows the examination
of PAH containing oxygen or nitrogen. The bind-
ing energies calculated with W99 are smaller than
those calculated previously but follow the estab-
lished trend with the BE proportional to the re-
duced mass of the dimer, see Fig. 2. Binding en-
ergies of both oxygen-containing PAH dimers and
PAH dimers without oxygen are in agreement. Val-
ues of the binding energy of a coronene dimer
obtained from calculations in other studies range
from —73 to —98 kJ/mol [29-35], whereas our val-
ues using the W99 and JHMS84 dispersive coeffi-
cients were —74 and —99 kJ/mol, respectively. W99
dispersive terms are prone to underestimating the
BE in T-shaped conformers. While underestimat-
ing the BE may be problematic in studying larger
PAH clusters, the lowest energy conformers for
PAH dimers, as studied here, are turbostratic stacks
[36].
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Fig. 3. Average AHLG from the parent molecule ver-
sus oxygen moiety for all singly-oxygenated PAH. Error
bars show the standard deviation over the different parent
PAH molecules studied. OH, CHO and COOH are hy-
droxyl, aldehyde and carboxylic acid substituents respec-
tively. COC-5 and COC-6 are cyclic ethers with five or six
membered rings, and C=O0 is a ketone group directly on
a PAH ring.

3. Results and discussion
3.1. Oxygen-containing PAH monomers

The oxygen moieties likely to be observed in the
early PAH and soot formation regions; hydroxyls,
furans and pyrans; show generally small changes in
the HLG (see Fig. 3). The average and standard de-
viation were calculated for each moiety over all the
parent molecules studied. A hydroxyl group sub-
stituent only shows an average change of —0.05eV
over all the molecules studied, while a furan shows
an average change of —0.02¢eV. Expected to be
formed later in the flame, or in post-flame oxida-
tion, aldehydes and ketones on the PAH ring on
average show a decrease in the HLG. Although car-
boxylic acids show a negligible increase in the HLG
(—0.07eV), aldehydes show an average decrease of
—0.28 ¢V and ketones on the PAH ring show an av-
erage decrease of —0.74eV. When compared with
the effect of the Boltzmann thermal energy distri-
bution, kT at 1500 K is 0.13 eV, only the aldehyde
substituent and ketones on the PAH ring can be
considered to have significant effects on the HLG.
Of the different oxygen moieties examined, only the
ketone addition changes the m electron configura-
tion of the PAH parent molecule.

For most molecules examined, locations where
oxygen moieties were added were limited to arm-
chair structures, due to their greater stability. How-
ever a small study of pyrene molecules was under-
taken to ensure agreement with previous results of

Ketone Location

Fig. 4. Average change in HLG as the location of the ke-
tone changes. Gray crosses: sp3 carbon located across the
armchair from the ketone, black circles: sp3 carbon lo-
cated adjacent to ketone. The ketone can be located on a
symmetric PAH parent molecule, or towards the inside or
outside of an asymmetric PAH parent molecule.

Chen and Wang [18]. When hydroxyl, carboxylic
acid and aldehyde substituents were added to dif-
ferent locations of the pyrene molecule, our results
generally agreed with those of Chen and Wang, see
Supplemental Information. However, when exam-
ining the three possible locations that oxygen moi-
eties could be located, our study found that the ef-
fect on the HLG could vary dramatically based on
substituent location.

When the armchair structure of the parent PAH
is asymmetric, two non-identical armchair loca-
tions are present where ketone groups can be added
to the PAH, one closer to the center of the molecule
and one further from the center of the molecule.
In addition, for both symmetric and asymmetric
molecules, the sp* hybridized carbon could be lo-
cated either immediately adjacent to or across the
armchair from each location of the ketone group.
Figure 4 shows both changes in ketone location
for ketone-containing PAH with the sp* hybridized
carbon located either across the armchair or adja-
cent to the ketone. Ketone-containing PAH with
the sp> hybridized carbon located adjacent to the
ketone had only minor differences in AHLG both
overall, and when comparing changes in ketone lo-
cation from the outside to the inside of an asym-
metric PAH parent molecule or when on a sym-
metric PAH parent. Conversely, structures with
the PAH located across the armchair had a very
large range in HLG compared to that of the par-
ent molecule, as seen by the extremely large stan-
dard deviations for these structures in Fig. 4. The
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Fig. 5. Change in HLG as the number of ketone moieties
on the PAH increases. Two non-identical locations for the
ketone moiety and two locations for the sp3 carbon ac-
count for the four data points with one carbonyl group
on the PAH; conformations A-D can be seen in Fig. S4.
Dehydrogenation of the double ketone PAH to a quinone-
like structure is shown in a separate column. The parent
molecule is dinaphtho(8,1,2-abc:2’,1’,8'-klm)coronene.

hydrogen atoms on the sp® carbon in these
molecules are very close to the oxygen and can
easily form a keto-enol structure with the ketone
group. Although the structures of the molecules
were confirmed after geometry optimization, slight
differences in hydrogen proximity to the oxygen
may result in the variations of AHLG observed.

The variation in HLG with a change in oxy-
gen location on the parent PAH molecule also
can be seen in the extended armchair structure
of dinaphtho(8,1,2-abc:2’,1’,8'-klm)coronene [ex].
In dinaphtho(8,1,2-abc:2',1',8'-kim)coronene, four
possible molecular configurations to add a single
ketone group were studied, conformations A-D, see
Fig. S4, as well as the addition of a second ketone
group. Figure 5 shows two groupings of two data
points each where only one ketone was added to
the dinaphthocoronene. The range in AHLG over
the variations in the molecular structure demon-
strates how important the exact location of the
ketone group is to the HLG. As observed previ-
ously, the structures with the sp® carbon adjacent
to the ketone, A and B, show a smaller decrease
in HLG than the structures with the sp® carbon
located across the armchair from the ketone, C
and D.

As Chen and Wang found [18], multiple oxy-
gens on a PAH molecule increase the effect on the
HLG. In situations where little effect was caused
by the original oxygen moiety, e.g., a hydroxyl
substituent, little effect was observed when multi-
ple substituents were added to the PAH. However,
molecules with more than one ketone group added

Dimer Components

Fig. 6. Average AHLG from the parent-parent dimer
with the increase in number of ketones present in dimer
for all molecules examined. Error bars show standard de-
viation in AHLG over the various PAH parent molecules
examined.

(to different aromatic rings of the PAH molecule)
demonstrated a larger decrease in HLG with each
subsequent addition, see Fig. 5. When an even
number of carbonyls are added to a PAH, dehy-
drogenation of the two sp® carbons paired with
the ketone additions results in a quinone-like struc-
ture. The number of 7 electrons present is not only
those in the original PAH structure, but also the
lone pairs from the oxygen in the ketone moiety
and an additional pair of electrons from the new
double bond due to the dehydrogenation. The pres-
ence of quinone-like structures further decreases
the band gap, beyond that observed by the addi-
tion of two ketone groups. This strongly suggests
that the change in aromaticity with addition of the
carbonyl groups onto the PAH is what brings about
the largest decrease in HLG.

3.2. Oxygen-containing PAH dimers and trimers

Two series of dimers were studied. In the
first study hydroxyl/hydroxyl, hydroxyl/parent, ke-
tone/hydroxyl, ketone/parent and ketone/ketone
dimers were compared to parent/parent dimers for
all the PAH in this study, with all of the monomers
containing only one oxygen moiety. Figure 6 shows
that there is no significant difference in HLG
between hydroxyl/ketone, ketone/parent molecule,
and ketone/ketone dimers. The two dimers with
oxygen present but no ketone moiety all have sim-
ilar HLG, while the three dimers with one or
more ketone-containing monomer have an aver-
age AHLG from non-ketone-containing dimers of
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C=0/C=0 C=0O/parent The second series of dimers paired hydroxyl-

and ketone-containing PAH with circumcoronene

(cc). In earlier studies [20], dimers formed from

LUMO 8 one large and one small PAH hagi a HLG close

to that of the larger molecule, until the molecules

M o=V approach a similar size, when there is a decrease

A A in the HLG. Figure 8 demonstrates that the low-

! est HLG of the two monomers controls the HLG

Fig. 7. Molecular orbitals for ketone-ketone and ketone-
parent dimers showing electron density remains on the
ketone containing monomer in the HOMO and LUMO
orbitals. In the ketone/parent dimer the ketone molecule
is the upper molecule. Parent molecule is naphtha[8,1,2-
abc]coronene.

—0.5¢V, whether the dimer has a total of two or
only one carbonyl group.

Examination of the molecular orbitals of the
mixed dimer, Fig. 7, demonstrates that electron
density is concentrated on the ketone-containing
monomer in the ketone/parent dimer, whereas in
the ketone/ketone dimer, the electron density is lo-
cated on both molecules between the HOMO and
LUMO, as found in homogeneous PAH dimers in
earlier studies [20]. In the HOMO both molecules
have some electron density, although the main com-
ponents of the HOMO are located on the upper
molecule of the dimer, whereas the electron orbitals
comprising the LUMO are primarily from the
lower molecule of the dimer pair. This is in contrast
to the ketone/parent dimer where the electron den-
sity for both the HOMO and LUMO is only present
on one molecule, the ketone-containing PAH.
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of the dimer, not necessarily monomer size. When
molecules with a larger HLG than circumcoronene
are paired with circumcoronene, the HLG of the
dimer is close to the lower HLG of circumcoronene,
demonstrated by the HLG of dimer pairs that
reach an asymptote at the HLG of circumcoronene,
Fig. 8a. The HLG of the dimer diverges from
the asymptote when molecules with HLG low-
ered by ketone groups, or even more so, dehy-
drogenated molecules with more than one ketone
and a quinone-like structure begin to dominate
the HLG of the dimer pair. Figure 8b-d illus-
trates the molecular orbitals found for the differ-
ent dimer situations. When the HLG of the dimer
is dominated by that of the ketone-containing
monomer, electron density remains on the ketone-
containing monomer, Fig. 8b; when the HLG of
the dimer is dominated by the circumcoronene
monomer, electron density remains on the circum-
coronene molecule, Fig. 8d. Where the HLG of
both monomers is similar, the electron orbitals
of the individual monomers overlaps and electron
density is found on both molecules of the dimer in
the HOMO and LUMO.

In the limited number of trimer systems studied,
the same effects observed in dimers remain. Trimers
with the lowest bandgap were observed when they
contained molecules with more than one ketone
group. If two of the ketone-containing PAH were
next to each other the electron density could spread
across both molecules, as in the dimer in Fig. 7, and
further lowers the HLG.

Fig. 8. (a) Comparison of HLG between monomers and dimers formed with circumcoronene. Dashed line: HLG of cir-
cumcoronene monomer, circles: ketone-containing PAH, triangles: non-ketone containing PAH, stars: dimers illustrated
in molecular orbitals, indicated by arrows. Molecular orbital diagrams of the LUMO (top row) and HOMO (bottom row)
for three dimers. In (b) the electron density remains on the lower HLG ketone-containing PAH, in (d) the electron density
remains on the lower HLG circumcoronene, and in (c¢) the HLG of both monomers are similar and electron density is on
both molecules. Circumcoronene molecule is the lower molecule in all dimers.
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4. Conclusions

Understanding the effect of different molecu-
lar structures on the HLG of PAH molecules and
agglomerates is important in being able to prop-
erly interpret analyses of soot and PAH molecules
both in samples of soot emitted from flames and
in situ measurements. In areas where oxygen re-
actions with nascent soot can be expected, unless
the presence of ketones is suggested, the effect on
HLG of the PAH should be minimal. However,
in later stages of soot development, and in post-
combustion atmospheric oxidation of soot where
ketones are more common, a decrease in HLG
should be expected. The decrease in band gap with
oxygen-containing PAH is separate from other ef-
fects on band gap, so it may be combined with
changes in PAH topology and aggregation to fur-
ther decrease the band gap. Those interested in de-
signing PAH-based solar cells and quantum com-
puters may find these effects particularly useful.
The quinone-like structures studied had HLG ap-
proaching 2-1.5¢eV, or 620-830 nm in the red and
near infrared areas of the solar spectrum. The
lower HLG of quinones and quinone-like PAH
found in soot particles that have been oxidized at-
mospherically will affect the amount of radiative
forcing occurring in the atmosphere and should be
better understood to predict the role of soot and
oxidized soot in climate change. Further experi-
mental studies of the oxidation during the later
stages of soot formation and in the atmosphere
for different combustion sources are required to
give an accurate description of the types of ox-
idation occurring in atmospheric soot and to al-
low an accurate prediction for the role of oxidized
PAH.
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