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ABSTRACT

First-principles density functional theory (DFT) calculations are performed to study the effect
of ring size on the structure, stability, and aromaticity of 16 polycyclic aromatic hydrocarbons
(PAHs) that are listed as priority pollutants by the U.S. Environmental Protection Agency.
This study aims to determine a suitable level of theory for investigating these systems. DFT
functionals, namely ®B97xD, PBE-D2, B97-D3, and B3LYP, are used to compare the stabili-
ty and energy gap of the PAHs. As the ring size or carbon-to-hydrogen (C/H) ratio increases,
the energy gap decreases, which affects the stability, reactivity, and overall electronic energy
of the PAH molecules. Nucleus-independent chemical shift calculations predict the position
and number of resonant sextets or Clar structures and establish a correlation between the
distribution of m-electrons in PAHs. The comparison of different functionals shows that the
wB97xD functional overestimates the energy gap, whereas B3LYP performs better in predict-
ing the energy gap with a smaller mean absolute error compared to the experimental values.

KEYWORDS: Wildfire, Polycyclic aromatic hydrocarbons, Density functional theory, Electron-
ic properties, Energy gap, Clar structures.

1 INTRODUCTION

Forest fires pose a significant threat in the western U.S. and semi-arid/arid regions worldwide.
The frequency and severity of wildfires have increased due to factors such as prolonged summer
droughts, higher temperatures, earlier snowmelt, and climate change. Wildfires have significant
implications for public health, as recent research has shown that minority populations, including
black, Hispanic, and Native Americans, are 50% more vulnerable compared to other demographic
groups (Campos and Abrantes, 2021; Davis et al., 2018). Wildfire smoke contains a mix of harm-
ful substances, including particulate matter, toxic chemicals, gaseous substances, and semi-volatile
organic compounds, such as polycyclic aromatic hydrocarbons (PAHs) (Chen et al., 2018). PAHs
are produced during all combustion processes, including wildfires, and can easily enter terrestrial
and aquatic ecosystems due to the susceptibility of wildfire ash to erosion (Wentworth et al., 2018;
Yuan et al., 2008). The U.S. Environmental Protection Agency (EPA) has identified sixteen unsub-
stituted PAHs as priority pollutants found in groundwater samples, with potential links to lung,
colon, and breast cancers (Srogi, 2007; Williams et al., 2013). PAHs are also byproducts of burning
oil, gas, coal, fossil fuels, wood, and tobacco, as well as being emitted in cigarette smoke (Balmer
et al., 2019; Kerkeni et al., 2022; McAdam et al., 2013; Vu et al., 2015).
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Williams et al. (2013) reported the potential cancer risks associated with incidental ingestion of
human carcinogens or B2 PAHs, including benz[a]anthracene, benzo[k]-fluoranthene, benzo[b]
fluoranthene, benzo[a]pyrene, chrysene, dibenz[a,h]anthracene, and indeno[123-cd]pyrene from
settled house dust and coal-tar-based pavement sealants. The exposure to B2 PAHs in settled house
dust posed a significant risk for children under 6 years of age. Srogi (2007) provided a compre-
hensive overview of PAH concentrations in various environmental samples, such as sediment/soil,
water, and air, and discussed the associated risks and hazards on the ecosystem and human health.
Synthetic zeolite and clinoptilolite were used as sorbents for the removal of high-toxicity volatile
organic compounds and PAHs such as anthracene, naphthalene, benzo[a]pyrene, and dibenz[a,h]
anthracene in aqueous solutions (Wotowiec et al., 2017).

Computational research has investigated the interplay between PAHs and nanomaterials, indi-
cating that nanomaterials could potentially function as cost-effective substrates for the remediation
of PAH pollutants (Hu et al., 2020; Yi et al., 2022; Yue et al., 2021). The interaction between four
PAH molecules (benzene, naphthalene, coronene, and ovalene) and graphene was studied using
density functional theory (DFT) with empirical dispersion correction (Ershova et al., 2010). The
findings revealed that an increase in the size of the PAH molecules resulted in higher binding
energy and greater z-distance separation between the PAH molecule and the graphene surface. The
frictional force for the sliding of PAH molecules on graphene increased linearly with the number
of atomic contacts and was energetically favorable for a specific stacking path (Ershova et al.,
2010). Dispersion-corrected DFT calculations of the adsorption of benzene, naphthalene, pyrene,
chrysene, benzo[a]pyrene, coronene, and ovalene on phosphorene and graphene nanoflake showed
that 7—x stacking of PAH-graphene was driven by dispersion forces (~60%), while electrostatic
forces contributed to ~34% (Cortés-Arriagada, 2021). Moreover, PAH induced a bandgap opening
in phosphorene (~10—-60 meV), comparable to the bandgap opening in graphene (~10—40 meV).
Despite progress in the research of PAHs at the theoretical and experimental levels (Chakaro-
va-Kéck et al., 2010; Gonzalez-Berdullas and da Silva, 2021; Kerkeni et al., 2022; Liu et al., 2019;
Liu et al., 2019; Ruiz-Morales, 2022), prior theoretical studies did not include all 16 PAHs listed
by the U.S. EPA as priority pollutants (Chen and Wang, 2019; Kateris et al., 2023; Liu et al., 2019).

A comprehensive understanding of the arrangement of polycyclic aromatic rings within the
molecular framework, as well as the structural stability, energetics, and electronic properties of
PAHs, holds significance in chemistry. Our objective is to perform an in-depth theoretical inves-
tigation of PAH molecules that are relevant to the environment and to methodologically compare
their structure and electronic properties. DFT calculations with empirical dispersion correction
are employed to gain theoretical insights into the role of the number of polycyclic rings and the
conjugation of 5- and 6-membered rings on the structure and stability of PAHs. In addition, the
density of states (DOS), nucleus-independent chemical shift (NICS), and frontier molecular orbit-
als are computed. It is hypothesized that a methodical exploration of the structural and electronic
properties of PAHs will augment our understanding of their aggregation behavior under suitable
environmental conditions. This research will be particularly advantageous in elucidating the inter-
actions of PAHs with functional nanomaterials, where intermolecular interactions are predomi-
nantly governed by weak van der Waals n—n stacking and hydrogen bonding.
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2 METHODS

Sixteen PAH molecules were considered in this study (see Figure 1). Geometry optimization
(minimum energy configurations) was performed in the gas phase using Becke’s three-param-
eter Lee-Yang-Parr (B3LYP) hybrid exchange-correlation functional (Becke, 1993; Smiga and
Constantin, 2020; Stephens et al., 1994), and the double-zeta basis set 6-31G(d,p) for hydrogen
and carbon atoms (Francl et al., 1982). All DFT calculations were performed using the GAUSS-
IAN16 program (Frisch et al., 2016). The geometry optimization was followed by a frequency
calculation at the same level of theory to confirm that the geometries were in their actual ground
state. The B3LYP functional combines Becke’s three-parameter exchange functional and the
Lee-Yang-Parr gradient-corrected correlation functional (Xu and Goddard, 2004). Though hybrid
functionals are computationally more expensive than other exchange-correlation functionals, the
results for ground-state properties obtained using B3LYP functional are markedly more accurate
compared with experiments for systems such as PAHs in general (Ao et al., 2021; Liu et al., 2019),
metal clusters (Abdalmoneam et al., 2017; Bhattacharjee et al., 2014; Contreras-Torres, 2020) and
other small molecules (Ofem et al., 2022). In terms of the choice of basis set, the computed energy
gap values were reported to be convergent above the 6-31G(d) basis set with absolute derivation
of <1% (~0.03 eV) from the 6-311++G(d,p) basis set (Chen and Wang, 2019). Increasing the basis
size from 6-31G to 6-311G or from 6-31G(d) to 6-311G(d) did not result in significant improve-
ment in the computed energy gap (Chen and Wang, 2019).

The NICS was performed using the Gauge-Independent Atomic Orbital (GIAO-DFT) method
(Ditchfield, 1974; Wolinski et al., 1990) as implemented in GAUSSIAN16. Ghost or dummy
atoms were positioned at the geometrical center of each ring referred to as NICS(0) and at a
distance of 1 A above the molecular plane of the ring, referred to as NICS(1). NICS(1) is a
measure of the n—electron delocalization, while NICS(0) is a gauge of the o+n electron delocal-
ization (Baryshnikov et al., 2013). NICS(1) indices account for the n—electronic effects. NICS
calculations can identify Clar structures and the magnitude of the HOMO-LUMO energy gap can
correlate to the number of resonant sextets and spatial arrangement of fused aromatic rings. It has
been reported that NICS calculations are sensitive to the choice of basis set and a sufficiently large
basis set can provide an accurate description of the chemical shift (Ruiz-Morales, 2004; Schleyer
et al., 1996). We used the 6-31G(d,p) and 6-31+G* basis set to compare the NICS contributions of
the studied PAHs with that of benzene.

Furthermore, various DFT functionals were benchmarked and geometry optimizations followed
by frequency calculation were performed at different levels of theory. Grimme’s empirical disper-
sion term was included in the geometry optimization for PBE-D2/6-31G(d,p), long-range corrected
hybrid functional wB97xD/6-31G(d,p), and the semi-empirical functional B97-D3/6-31G(d,p)
(Perdew et al., 1996). Due to our limited computational resources and to maintain consistency,
we considered the 6-31G(d,p) basis set for all calculations to facilitate the comparison of various
DFT functionals on the energetics and electronic properties of PAHs. The choice of functionals
and basis sets was based on prior research (Abdalmoneam et al., 2017; Abdalmoneam et al., 2021;
Saikia et al., 2016; Saikia et al., 2017; Saikia et al., 2018). Additionally, the electronic properties
such as the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), the density of states, and the frontier molecular orbitals asso-
ciated with these energy levels, were determined. Data analysis and visualization were performed
using Gaussview 6.1.
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3 RESULTS
3.1 Structure and Electronic Properties of the PAH

The optimized geometries of 16 PAHs are shown in Figure 1, categorized based on the number
of polycyclic rings, ranging from 2 to 6. Some PAHs exhibit fused 5-membered rings, while others
share the same carbon-to-hydrogen (C/H) ratio, as detailed in Table A1 of Appendix A. Nota-
bly, 5-membered rings are a constituent in many PAHs and some are situated along the edges, as
observed in acenaphthylene, acenaphthene, and fluorene. The calculated average C—H and C—C
bonds at the B3LYP/6-31G(d,p) level are 1.09 and 1.42 A, respectively. Since dipole moments
serve as a measure of molecular polarity, the low dipole moment values indicate that the molecules
are nonpolar. All the PAHs maintain a planar geometry and exhibit low dipole moment values,
except for acenaphthene, which has a dipole moment of 1.55 D. With an increase in the number
of rings, the total electronic energy of the molecule decreases (becomes more negative). Among
the 3-rings, those with only hexagon rings, namely anthracene and phenanthrene have lower total
electronic energy values. This trend is also observed for the 4- and 5-ring PAHs.

2-rings 3-rings 4-rings 5-rings 6-rings

Naphthalene i /; : :
Acenaphthylene Pyrene Benzol[b]fluoranthene

Benzo[g,h,i]perylene

Acenaphthene Fluoranthene Benzo[k]fluoranthene %

b

Indeno[1,2,3-c-d]pyrene

%

Fluorene Benzo[a]anthracene
Anthracene Chrysene Dibenzo[a,h]anthracene
Phenanthrene

Figure 1: The gas phase optimized geometries of 16 PAHs at the B3LYP/6-31G(d,p) level. The PAHs are
categorized according to their ring sizes.
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The isomeric systems with the same number of atoms of each kind or C/H ratio are depicted
in Figure 2, and the total electronic energy is provided in Table 1. In general, it is observed that
PAHs with the same C/H ratio exhibit comparable total energy values, as evidenced by the cases
of anthracene and phenanthrene; pyrene and fluoranthene; benzo[a]anthracene and chrysene;
benzo[b]fluoranthene, benzo[k]fluoranthene, and benzo[a]pyrene; and benzo[g,h,i]perylene and
indeno([1,2,3-c,d]pyrene.

PAH molecule C/H ratio E, . (kcal/mol)
Anthracene 1.40 -338570.67
Phenanthrene 1.40 -338575.81
Pyrene 1.60 -386413.66
Fluoranthene 1.60 -386399.24
Benzo[a]anthracene 1.50 -434988.59
Chrysene 1.50 -434990.54
Benzo[b]fluoranthene 1.67 -482815.31
Benzo[k]fluoranthene 1.67 -482817.25
Benzo[a]pyrene 1.67 -482826.67
Benzo[g,h,i]perylene 1.83 -530668.44
Indeno([1,2,3-c,d]pyrene 1.83 -530652.63

Table 1: The total electronic energy of isomeric PAHs classified based on their C/H ratio at the
B3LYP/6-31G(d,p) level.

The calculated HOMO-LUMO energy gap (Eg) at B3LYP/6-31G(d,p) level demonstrates varia-
tions with an increase in the number of polycyclic rings, as shown in Figure 3 and Table 2. Among
the studied PAHs, naphthalene, comprising two aromatic rings, has an energy gap of 111.29 kcal/
mol (4.83 eV). Mao et al. (2018) reported an energy gap of 4.83 eV using the B3LYP/6-31G(d,p)
level, which agrees with our calculation at the same level. The optical band gap for naphthalene
is reported to be 4.75 eV at the B3LYP/6-31+G(d,p) level (Costa et al., 2016), and 4.85 eV at the
B3LYP/6-311G(d,p) level (Menon et al., 2019). The experimental optical band gap of naphthalene
is reported to be 4.22 eV (Menon et al., 2019). Smaller PAH molecules, such as naphthalene with
a higher HOMO—-LUMO gap, have greater stability, rendering them less susceptible to structural
degradation or modifications compared to PAHs with 4- to 6-rings.

The calculated energy gap of anthracene is 82.91 kcal/mol (3.59 eV) while the reported experi-
mental gap is 3.27 eV (Menon et al., 2019). The experimental and computed band gap of anthra-
cene is reported as 3.97 £ 0.22 eV and 3.37 eV, respectively (Fedorov, 2017). Using photoemission
spectroscopy, Vaubel and Baessler (1968) reported an energy gap of 3.72 + 0.03 eV. Pyrene has
an energy gap of 88.58 kcal/mol (3.84 eV) at the B3LYP/6-31G(d,p) level. Malloci et al. (2007)
reported a band gap of 4.45 eV for pyrene. Literature values for the band gap of pyrene are 3.78
eV (Chen and Wang, 2019), 3.75 and 3.51 eV in time—dependent DFT calculations (Kateris et al.,
2023; Parac and Grimme, 2003). With empirical force fields, the band gap of pyrene was calcu-
lated to be 3.57 eV (UFF, MMFF94s) and 3.60 eV (GAFF), respectively (Kateris et al., 2023).
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Figure 2: The total electronic energy of isomeric PAHs classified based on their C/H ratio.
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Figure 3: The HOMO-LUMO energy gap of 16 PAHs calculated at the B3LYP/6-31G(d,p) level. The

energies are in units of kcal/mol.
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Numbering E D

scheme PAH molecule C/H ratio kéal/mol (eV) Debye
1 Naphthalene 1.25 111.29 (4.83) 0.0
2 Acenaphthylene 1.50 90.29 (3.92) 0.61
3 Acenaphthene 1.20 108.50 (4.70) 1.55
4 Fluorene 1.30 116.16 (5.04) 0.50
5 Anthracene 1.40 82.91 (3.59) 0.0
6 Phenanthrene 1.40 109.14 (4.73) 0.03
7 Pyrene 1.60 88.58 (3.84) 0.0
8 Fluoranthene 1.60 92.70 (4.02) 0.30
9 Benzo[a]anthracene 1.50 86.93 (3.77) 0.07
10 Chrysene 1.50 97.85 (4.24) 0.0
11 Benzo[b]fluoranthene 1.67 84.92 (3.68) 0.27
12 Benzo[k]fluoranthene 1.67 92.44 (4.01) 0.35
13 Benzo[a]pyrene 1.67 77.56 (3.36) 0.04
14 Dibenzo[a,h]anthracene 1.57 89.80 (3.89) 0.0
15 Benzo[g,h,i]perylene 1.83 81.71 (3.54) 0.05
16 Indeno[1,2,3-c,d]pyrene 1.83 76.93 (3.34) 0.61

Table 2: The C/H ratio, HOMO—-LUMO energy gap, and dipole moment of the 16 PAHs at the
B3LYP/6-31G(d,p) level in gas phase. The same PAH numbering scheme is used in Figure 3.

The experimental band gap of pyrene is reported to be 3.53 eV (Kateris et al., 2023). Phenanthrene,
composed of three fused benzene rings has an energy gap of 109.14 kcal/mol (4.73 eV). Glimiis
and Gilimiis (2017) reported an energy gap of 4.74 eV at the B3LYP/6-31++G(d,p) level. The
orbital energy gap of phenanthrene is reported to be 4. 78 eV (Yin et al., 2013). The energy gap of
chrysene is calculated to be 97.85 kcal/mol (4.24 eV). Yang et al. (2018) reported an energy gap of
4.0 eV using the B3LYP functional. Drawing from the congruence observed between the computed
HOMO-LUMO gap and existing literature on certain PAHs, we substantiate our choice of func-
tional and basis set for this study. In general, it is noted that all PAH molecules exhibit a reduction
in energy gap relative to their size, with the extent of this reduction being intricately linked to the
molecular topology.

3.2. Nuclear—independent chemical shift and Clar structures

The HOMO-LUMO energy gap of PAHs is correlated with their aromaticity, specifically
the number of aromatic resonant sextets or Clar’s sextets (Clar, 1972; Ruiz-Morales, 2004). To
comprehend the reactivity and aromaticity of PAHs, it is necessary to understand their aromatic
center based on the sextet rings (Clar, 1964). In addition to the Hiickel 4n+2 rule for monocyclic
n—conjugated systems, the Clar sextet rule finds the resonance structure of PAHs by assigning
the maximum possible number of sextets to disjoint hexagonal rings in a molecule. The presence
of double bonds within an aromatic ring signifies polyene-like character in C—C bonds, and the
optimal Clar structure is a closed-shell configuration with the highest number of sextet rings. The
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details on the Clar sextet rule and its application to pericondensed fused benzenoid PAHs and
monocyclic compounds can be found elsewhere (Alvarez-Ramirez and Ruiz-Morales, 2020; Baez-
Grez et al., 2018; Ruiz-Morales, 2004).

The NICS is a magnetic—based aromaticity index that is linked to the magnetic property of a
molecule and is defined as the negative value of the absolute isotropic magnetic shielding at a
specified point in space. NICS(0) corresponds to the center of a ring, while NICS(1) corresponds to
1 A above the geometrical center of a ring. The NICS is reported with a negative sign to conform
with the nuclear magnetic resonance chemical shift, where positive values indicate downfield and
negative values indicate upfield. A negative NICS value in the center of the ring indicates aroma-
ticity, while a positive value denotes antiaromaticity (Ruiz-Morales, 2004; Schleyer et al., 1996).

The NICS values of PAHs calculated using GAIO—DFT are evaluated by comparing them with
the NICS values of benzene at the B3LYP/6-31G(d,p) level (see Table 3 and Figures 4 and 5).
Additionally, the results from the B3LYP/6-31+G* level are included, as NICS calculations are
subtle to the basis set, and 6-31+G* is a recommended basis set. The results from the B3LYP/6-
31+G* level are provided in Appendix B, Figures B1 and B2. The calculated NICS of benzene is
consistent with previous studies (Baryshnikov et al., 2013; Ruiz-Morales, 2004). Specifically, the
total NICS(0) and NICS(1) of benzene are -9.8 and -11.3 ppm at B3LYP/6-31G(d,p) level, and
-8.0 and -10.1 ppm at B3LYP/6-31+G* level. Negative NICS(0) and NICS(1) values indicate the
aromaticity of benzene.

Type NICS, NICS | Total NICS NICS anisotropy
B3LYP/6-31G(d,p)

NICS(0) -7.6 -14.3 -9.8 -6.7

NICS(1) 2.4 -29.2 -11.3 -26.8
B3LYP/6-31+G*

NICS(0) -5.4 -13.2 -8.0 -7.8

NICS(1) -0.8 -28.8 -10.1 -28.0

Table 3: GIAO-DFT calculated total NICS, NICS anisotropy, NICS, and NICS | for benzene at
B3LYP/6-31G(d,p) and B3LYP/6-31+G* levels (numbers in ppm).

NICS =—(o,+0,)/2. NICS =—0_. Total NICS = (2/3) NICS + (1/3) NICS =0, , .. NICS
amsotropy NICS —NICS,.

Figure 4 illustrates the computed NICS(0) and NICS(1) values for 2- and 3-ring PAHs at the
B3LYP/6-31G(d,p) level. The NICS(0) and NICS(1) of benzene are presented for comparison,
with the NICS(1) value provided in parenthesis. At a distance of 1 A above the molecular plane, or
NICS(1), the m—electron ring current is dominant, and local o-bonding contributions diminish. The
NICS of naphthalene closely resembles that of benzene, confirming the presence of two resonant
sextets (10 n—electrons), with NICS(0) =-10.1 ppm and NICS(1) =-11.5 ppm for both aromatic
rings of naphthalene. Acenaphthene exhibits two resonant sextets (10 n—electrons). Acenaphth-
ylene and fluorene have 6 double bonds (12 n—electrons) but lack a resonant sextet in the hexa-
gons. The fused 5-membered ring in acenaphthylene and fluorene yields positive NICS values,
indicating an antiaromatic character at the center of the ring. Anthracene and phenanthrene each
have 14 n—electrons, and the hexagons are deemed aromatic due to their negative NICS values.
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The central ring of anthracene exhibits a higher NICS(0) value of -12.8 ppm compared to benzene,
while for phenanthrene, the two flanking 6-membered rings have a higher NICS(0) value than
benzene. A lower NICS(0) value in the central ring of phenanthrene suggests a reduced aromatic-
ity index.

| -9.8 (-11.3) -10.1 (-11.5)
S AL
&1 101el
T T
Benzene Naphthalene
-0.2 (-1.2) 3.4 (-0.8)
0.6 (-2.8)
S 100 (116 -9.0(-10.6)
/ \\\ - . (_ g ) //K /

A A

~ y S~ T/‘
-10.d ({11.4) |
Acenaphthene Acenaphthylene Fluorene

-10.2 (-11.8)

M )y T3
I AN
- ~_ \\T/ \\Y/ ~
T ( )
M/ PN P l\ //x\?e_g (-9.2)
| T

Anthracene Phenanthrene

Figure 4: Structures of benzene, naphthalene, acenaphthene, acenaphthylene, fluorene, anthracene, and
phenanthrene. The NICS(0) at the center of ring and NICS(1) at a distance of 1 A above the molecular
plane are presented. The NICS(1) value is shown in parentheses. The resonant sextet at the center of the
ring is shown in circle.

The NICS values for PAHs containing 4-, 5-, and 6-rings are depicted in Figure 5. Pyrene with
16 m—electrons exhibits two resonant sextets and two double bonds (4 n—electrons). The NICS(0)
values for the resonant sextets are higher than those of benzene, while the hexagons with two
double bonds display significantly lower NICS(0) values, confirming the absence of resonant
sextets in these rings. Fluoranthene, featuring a fused 5-membered ring, lacks any resonant sextets,
and both NICS(0) and NICS(1) values are lower than those of benzene. The 16 n—electrons in
fluoranthene behave as two disjointed conjugated systems, separated by a fused 5-membered ring.
The 5-membered ring in fluoranthene exhibits a positive NICS(0) value of 4.2 ppm, indicating an
antiaromatic character. Among the 4-rings PAHs, both benzo[a]anthracene and chrysene, with 18
n—electrons, possess two resonant sextets and three double bonds (6 n—electrons), with the hexa-
gons containing the double bond displaying lower NICS values compared to benzene.

Among the 5-rings PAHs, benzo[b]fluoranthene and benzo[k]fluoranthene possess 10 double
bonds, equivalent to 20 n—electrons. Benzo[b]fluoranthene lacks a resonant sextet due to its low
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Figure 5: Structures of PAHs with four, five, and six-rings. The NICS(0) at the center of the ring and
NICS(1) at a distance of 1 A above the molecular plane are presented. The NICS(1) value is shown in
parentheses. The resonant sextet that is at the center of the ring is shown in circle.

NICS value in comparison to benzene. The fused 5-membered ring in benzo[b]fluoranthene
exhibits a positive NICS(0) value of 4.5 ppm, indicating an antiaromatic character. Similarly, the
5-membered ring in benzo[k]fluoranthene also displays a positive NICS(0) value, suggesting an
antiaromatic character. Notably, benzo[k]fluoranthene features one resonant sextet, depicted in
Figure 5, and all the hexagon rings are deemed aromatic. Benzo[a]pyrene, containing five fused
hexagon rings, has 20 n—electrons, distributed among three resonant sextets and two double bonds
(4 m—electrons). Dibenzo[a,h]anthracene, with 22 n—electrons, exhibits three resonant sextets and
two double bonds (4 n—electrons). The aromatic character of the five hexagons in both benzo[a]
pyrene and dibenzo[a,h]anthracene is evident from their negative NICS value, although two hexa-
gons with double bonds display lower NICS values compared to benzene. In contrast, the central
ring in benzo[g,h,i]perylene demonstrates an antiaromatic character with NICS(0) of 1.5 ppm.
Among the five outer hexagon rings, three are resonant sextets, while the remaining two contain
two double bonds (4 n—electrons). Except for the central ring, all hexagon rings in benzo[g,h,i]
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perylene are aromatic. In the case of indeno[1,2,3-c,d]pyrene, the fused 5-membered ring exhibits
an antiaromatic character, while the five hexagons are aromatic. Indeno[1,2,3-c,d]pyrene has 22
n—electrons, with two of the hexagons being resonant sextets and a total of 5 double bonds (10 n—
electrons). Consequently, the calculated NICS values offer theoretical evidence for local aromatic-
ity and Clar’s aromatic n—sextet, thereby presenting the most significant =—conjugated, resonance
structures in polycyclic aromatic systems.

All PAH molecules exhibit a decrease in the energy gap as a function of size, with the extent of
the decrease being directly associated with the molecular topology. Consequently, the topology
of a molecule plays a critical role in the HOMO-LUMO energy gap. Within a PAH family (with
the same number of m—electron or isomeric structures), the highest number of resonant sextets
corresponds to the largest HOMO-LUMO gap (Ruiz-Morales, 2004). Naphthalene, the smallest
PAH has two resonant sextets. Acenaphthene with 10 n—electrons has two resonant sextets, akin
to naphthalene. However, a comparison of the energy gap between acenaphthene and naphthalene
indicates a higher energy gap for naphthalene possibly attributed to differences in spatial arrange-
ment and the presence of a fused 5-membered antiaromatic ring in acenaphthene. Both acenaph-
thylene and fluorene have 12 n—electrons without resonant sextets. However, fluorene displays a
higher energy gap than acenaphthylene. Anthracene and phenanthrene each have 14 n—electrons,
yet phenanthrene features two resonant sextets, resulting in a higher energy gap. Benzo[a]anthra-
cene and chrysene have 18 n—electrons with two resonant sextets. Still, a higher energy gap in
chrysene may be attributed to the spatial arrangement of the fused benzene rings. Benzo[k]fluoran-
thene, with one resonant sextet, exhibits a higher energy gap compared to benzo[b]fluoranthene.
Dibenzo[a,h]anthracene, benzo[g,h,i]perylene, and indeno[1,2,3-c,d]pyrene have 22 n—electrons.
However, a higher energy gap in dibenzo[a,h]anthracene may be attributed to the spatial arrange-
ment of the fused hexagon rings, with the resonant sextets occupying alternate positions.

3.3 Frontier molecular orbitals

The frontier molecular orbitals play a crucial role in elucidating the stability and chemical
reactivity of molecules, as they are based on the HOMO and LUMO (Saikia and Deka, 2010;
Saikia and Deka, 2011). The localization of electron density in the HOMO indicates nucleophilic
sites, while the localization of LUMO suggests electrophilic sites. The frontier molecular orbitals
provide insights into the overall stability, reactivity, optoelectronic properties, electrical conductiv-
ity (La Porta et al., 2012; Talipov et al., 2015; Talipov et al., 2019), and intermolecular interactions
of molecules (Abdalmoneam et al., 2017; Saikia et al., 2016; Sebastianelli and Pereyra, 2020).
The E,,,, signifies the electron-donating ability of a molecule; with higher values indicating an
increased ability to donate electrons to the unoccupied molecular orbital of a receptor. Conversely,
the £ ,,, value is associated with the molecule's ability to accept electrons, with a lower value
indicating a greater ability to accept electrons. A high HOMO-LUMO energy gap indicates greater
stability and lower reactivity of the chemical species. Figure 6 illustrates the frontier molecular
orbitals corresponding to the HOMO and LUMO, as well as the DOS of selected PAHs, namely

naphthalene, acenaphthylene, and pyrene.

We compared the (4 ) HOMO and (Bzg) LUMO of naphthalene with a previous study by Yang
and Bittner (2015) and observed a strong correspondence with the HOMO and LUMO isosurface.
The DOS, HOMO, and LUMO of the other PAHs are provided in Appendix C. The DOS illustrates
the occupied and virtual orbitals along with the energy gap. The HOMO isosurface of the three
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Figure 6: The DOS showing the occupied (green) and virtual (red) orbitals along with the HOMO and
LUMO isosurface for naphthalene, acenaphthylene, and pyrene at the B3LYP/6-31G(d,p) level. The
occupied orbital corresponds to HOMO while the virtual orbitals correspond to LUMO.
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PAHs is delocalized on the C—C bond of the phenyl ring and is predominantly of © character, while
the LUMO is of n* (antibonding) character and is localized on the carbon atoms of the ring with
some contribution from the hydrogen atoms (see Figure 6). As shown in Table 2 and DOS plots in
Figure 6, an increase in the number of polycyclic rings leads to a decrease in the HOMO-LUMO
energy gap, although there are variations in the electronic energy levels even for isomeric PAHs
with the same C/H ratios. This may be attributed to the presence of 5-membered rings embedded
within the 6-membered rings. Overall, the energy gap calculated using DFT agrees well with previ-
ous studies (as discussed in Section 3.1 and summarized in Table 2).

3.4 Comparison of different functionals

To compare the effect of different functionals on the electronic properties of PAHs, we consid-
ered four DFT functionals and computed the HOMO-LUMO energy gap. Although the commonly
utilized B3LYP hybrid functional, incorporating 20% Hartree—Fock (HF) exchange, can approx-
imate bond lengths and vibrational frequencies in close agreement with experimental data, it
does not adequately capture dispersion interactions between molecules, thus failing to accurately
describe noncovalent van der Waals (vdW) interactions. This limitation becomes particularly rele-
vant when considering the adsorption of PAHs on surfaces of nanomaterials, where weak n—n
stacking interactions are prevalent (Grossman et al., 2021; Saikia et al., 2017). The Generalized
Gradient Approximation using the PBE functional has been found to have deficiencies in accu-
rately representing the self-interaction error and noncovalent vdW interactions (Saikia et al., 2017).
Consequently, Grimme’s empirical correction (D2) term has been incorporated into the PBE
functional to address these shortcomings (Saikia et al., 2016). Grimme’s D2 method effectively
accounts for vdW interactions and yields comparable results at a reasonable computational cost
compared to more computationally intensive methods such as CCSD(T) (Grimme, 2006; Grimme
et al., 2010). The B97-D3 functional, which is a less computationally demanding dispersion-cor-
rected functional, incorporates Grimme’s functional with a Becke-Johnson damped dispersion
term (Grossman et al., 2021). B97-D3, as a semi-empirical pure functional, accelerates compu-
tational efficiency for larger clusters of atoms and is reported to enhance the accuracy of vibra-
tional analysis (Grossman et al., 2021). Range-separated functionals, such as wB97xD and hybrid
exchange-correlation functional using the Coulomb-attenuating method (CAM-B3LYP), introduce
a range separation parameter o to transition between DFT and HF methods for modeling large
conjugated and other systems (Chen et al., 2019; Saikia et al., 2017; Saikia et al., 2018). Notably,
the wB97xD, B97-D3, and PBE-D2 functionals incorporate empirical corrections for dispersion,
while B3LYP represents the level of interaction in the absence of dispersion corrections. Conse-
quently, wB97xD, B97-D3, and PBE-D2 were compared against B3LYP energies.

Table 4 presents a comparison of the energy gap at different computational levels, namely
wB97xD, PBE-D2, B3LYP, and B97-D3. The B3LYP functional demonstrates the closest agree-
ment to the energy gap in comparison to previous studies (discussed in Section 3.1). The compar-
ison includes the HOMO-LUMO gap and the experimentally derived optical band gap for select
PAHs highlighted in bold in Table 4. The trend in the variation of the energy gap follows the order:
PBE-D2 < B97-D3 < B3LYP < wB97xD which remains consistent across all 16 PAHs considered.
Notably, PBE-D2 and B97-D3 underestimate the energy gap, while B3LYP and wB97xD overes-
timate it in comparison to experimental values. Additionally, PBE-D2 and B97-D3 exhibit compa-
rable energy gap values.
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PAH molecule (C/H ratio) wB97xD PBE-D2 B3LYP B97-D3 Experiment

Naphthalene (1.25) 8.56 341 4.83 3.42 4.22°
Acenaphthylene (1.50) 7.726 2.47 391 2.50 3.592
Acenaphthene (1.20) 8.42 3.30 4.70 2.52 -
Fluorene (1.30) 8.77 3.64 5.04 3.65 4.06*
Anthracene (1.40) 7.137 2.33 3.59 2.34 3278
3.97 £0.22b

Phenanthrene (1.40) 8.42 3.36 4.73 3.37 4.16%
Pyrene (1.6) 7.25 2.62 3.84 2.63 3.64%
Fluoranthene (1.6) 7.59 2.72 4.02 2.74 -
Benzo[a]anthracene (1.5) 7.31 2.51 3.77 2.52 3.342
Chrysene (1.5) 7.82 2.94 4.24 2.95 3.80?
Benzo[b]fluoranthene (1.67) 7.19 2.43 3.68 2.45 -
Benzo[k]fluoranthene (1.67) 7.53 2.74 4.01 2.76 -
Benzo[a]pyrene (1.67) 6.73 2.20 3.36 2.22 -
Dibenzo[a,h]anthracene (1.57)  7.43 2.63 3.89 2.65 3.3¢
Benzo[g,h,i]perylene (1.83) 6.91 2.37 3.54 2.38 -
Indeno[1,2,3-c,d]pyrene (1.83)  6.70 2.17 3.34 2.18 -

Table 4: HOMO—-LUMO energy gap of the 16 PAHs as computed by various DFT functionals and
6-31G(d,p) basis set, given in units of eV. The optical band gap obtained from the experiment for
some of the PAHs is shown in bold. (-) The experimental values are not available. *Menon et al., 2019;
bFedorov et al., 2017; Zhao et al., 2022.

The HOMO-LUMO gap is utilized to interpret optical adsorption of carbon nanomaterials,
although it is not a precise indicator of the optical band gap (Adkins and Miller, 2015; Adkins
and Miller, 2017; Menon et al., 2019). The wB97xD functional tends to overestimate the energy
gap in comparison to other functionals and experiments. Rowberg et al. (2018) reported HOMO—
LUMO gaps of 7.284, 6.811, 7.602, 7.392, and 7.697 eV for anthracene, benzo[a]pyrene, benzo[b]
fluoranthene, benz[a]anthracene, and chrysene, respectively, using Austin Model 1 semi-empirical
quantum calculations. These values are consistent with the wB97xD functional but diverged from
experimental results and other DFT functionals. Our findings, employing the wB97xD functional,
agree with a previous study (Menon et al., 2019) which reported high energy gap values for naph-
thalene and fluorene at the wB97xD and CAM-BLYP levels of theory and a 6311G(d,p) basis set.
The energy gap of naphthalene and fluorene was 8.55 eV (7.39 eV) and 8.72 eV (7.56 eV) for the
wB97xD (CAM-B3LYP) functionals (Menon et al., 2019).

The mean absolute error (MAE), a statistical predictive model used to assess the average magni-
tude of error between calculated and experimental values, was employed to quantify the error in
the HOMO-LUMO energy gap. MAE is calculated using equation 1:

1
MAE = “TZ.ly; - 5i (M
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where y. and y, are the energy gap calculated at the different DFT functionals and experiment and
n is the number of observables.

As there is a lack of experimental data for the energy gap of certain PAHs, we performed a
comparative study using various DFT functionals. MAE for wB97xD, PBE-D2, B3LYP, and
B97-D3 functionals are 4.11, 0.86, 0.48, and 0.84 eV, respectively. The hybrid functional B3LYP
demonstrates superior performance and a lower MAE in the computed energy gap, followed by
B97-D3, PBE-D2, and wB97xD. This elucidates why B3LYP is a preferred method for accu-
rately predicting molecular geometries and ground state properties of polycyclic aromatic systems
due to its small MAE and lower computational cost. Dispersion-corrected functionals such as
wB97xD may be more suitable for investigating weak interactions in which dispersion interactions
are predominant.

4 DISCUSSION

The current study is centered on a systematic theoretical investigation of 16 PAHs commonly
detected in environmental monitoring samples and identified as primary carcinogenic pollutants
by the U.S. EPA. Calculations performed at the B3LYP/6-31G(d,p) level and benchmarked against
different dispersion-corrected functionals, indicate that B3LYP has an agreement with prior theo-
retical calculations and experimental measurements (Costa et al., 2016; Giimiis and Glimiis, 2017,
Malloci et al., 2007; Menon et al., 2019) thus supporting our choice for the theoretical calcula-
tions. The wB97xD functional which includes Grimme’s dispersion correction term overestimates
the energy gap of PAHs. A comparison of different DFT functionals reveals that the variation in
the energy gap follows the order: PBE-D2 < B97-D3 < B3LYP < wB97xD and is consistent for
all 16 PAHs. The PAH molecules exhibit a reduction in the energy gap as a function of size, with
the extent of the decrease being directly associated with the molecular topology. To establish a
consensus that the HOMO-LUMO gap increases with increase in number of Clar’s resonant n—
sextets, NICS calculations were included, and NICS(0) and NICS(1) values were compared to
those of benzene. The maximum number of resonant sextets (aromaticity indices) and their local-
ization within the aromatic ring were studied to understand the n—electron distribution in polycy-
clic aromatic systems. Among the studied PAHs, the maximum resonant sextets or Clar’s structures
were three, and the inclusion of a 5-membered ring within the PAH molecule resulted in an antiar-
omatic character within the 5S-membered ring. Generally, for PAHs with the same number of n—
electrons, the energy gap increases with an increase in the number of resonant sextets. However,
if fused 5-membered rings are present, then spatial arrangement and local aromaticity must be
considered. The DOS indicates the observed lowering in the energy gap and changes in the virtual
and occupied orbitals along the energy gap region. The frontier molecular orbitals corresponding
to HOMO are primarily delocalized on the phenyl ring and are predominantly m in character, while
the LUMO is n* (antibonding) in character and is localized on the ring carbon atoms with some
contribution on the hydrogen atoms.

For future research, we plan to develop a robust protocol utilizing widely employed density
functionals including B3LYP-D3, BHandHYLP, PBE, PBE-D3 PBEO-D3, PBEO, M06, M06-D3,
MO06-L, M06-2X, M06-2X-D3, MPWIK, MPWBI1K-D3, B3PW91, B3PW91-D3, B97-D,
B97-D3, and CAM-B3LYP in conjunction with the 6-31G(d,p) basis set. This protocol will provide
a systematic workflow for studying similar polycyclic aromatic systems. We will extend the calcu-
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lations to the solvent phase to model the exposure of PAHs to water and other contaminants, as
well as to explore their aggregation behavior. Furthermore, we intend to explore the potential
application of graphene-based nanomaterials as effective adsorbents for all 16 PAHs in aqueous
environments for detection and uptake purposes. The interaction between PAHs and nanomaterials
will be governed by vdW n—r stacking interactions, and we will utilize DFT functionals such as
wB97xD and PBE-D2, which are suitable for studying systems involving dispersion interactions.
We anticipate that the present findings will advance the field of PAH research and offer valuable
contributions to the New Mexico community through the promotion of computational research
training, engagement, and involvement.
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APPENDIX A. TOTAL ELECTRONIC ENERGY OF PAH MOLECULES

Numbering Total
scheme PAH molecule C/H ratio kcal/mol

1 Naphthalene 1.25 -242159.47
2 Acenaphthylene 1.50 -289972.88
3 Acenaphthene 1.20 -290744.18
4 Fluorene 1.30 -314657.79
5 Anthracene 1.40 -338570.67
6 Phenanthrene 1.40 -338575.81
7 Pyrene 1.60 -386413.66
8 Fluoranthene 1.60 -386399.24
9 Benzo[a]anthracene 1.50 -434988.59
10 Chrysene 1.50 -434990.54
11 Benzo[b]fluoranthene 1.67 -482815.31
12 Benzo[k]fluoranthene 1.67 -482817.25
13 Benzo[a]pyrene 1.67 -482826.67
14 Dibenzo[a,h]anthracene 1.57 -531406.01
15 Benzo[g,h,i]perylene 1.83 -530668.44
16 Indeno[1,2,3-c,d]pyrene 1.83 -530652.63

Table A1: Total electronic energy of the 16 PAHs at the B3LYP/6-31G(d,p) level in gas phase.
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APPENDIX B. GAIO CALCULATED NICS VALUE OF PAH MOLECULES AT THE
B3LYP/6-31+G* LEVEL
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Figure B1: Structures of benzene, naphthalene, acenaphthylene, acenaphthene, fluorene, anthracene,
phenanthrene. The NICS(0) at the center of the ring and NICS(1) at a distance of 1 A above the molecular
plane are presented. The NICS(1) value is shown in parentheses. The resonant sextet that is in the center
of the ring is shown in circle.
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Figure B2: Structures of PAHs with four, five, and six-rings. The NICS(0) at the center of the ring and
NICS(1) at a distance of 1 A above the molecular plane are presented. The NICS(1) value is shown in
parentheses. The resonant sextet that is in the center of the ring is shown in circle.
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APPENDIX C. THE DENSITY OF STATES (DOS) AND FRONTIER ORBITALS COR-
RESPONDING TO HOMO AND LUMO OF PAH MOLECULES AT B3LYP/6-31G(D,P)

LEVEL
2.5 . : : :
Acenaphthene it
’; 20 —— Virtual orbitals
o |
~
o
IS 15}
o
@ 1.oﬂ H 1 HOMO (-5.48 eV, A)
S
N o5} .
Y
~ h h H U
2 0.0
n
C
0]
.
-1.0 . l - . LUMO (-0.77 eV, A)
-20 -15 -10 -5 0 5
Energy (eV)
Figure C1: Acenaphthene
3-0 T T T I
Fluorene T
) 25 —— Virtual orbitals
>
B
o 20p :
3
L 15} 1
% {\ HOMO (-5.77 eV, A)
o Lot
-+
7]
‘5 05} J |
2 U
=
@ 0.0Ff '
[
[}
0O o5/ <
-1.0 L n 1 L LUMO (-0.73 eV, A)
-20 -15 -10 -5 0 5
Energy (eV)

Figure C2: Fluorene

NMJS 2023 | Volume 57

43



2.5

Anthracene
2.0}

Density of States (states/eV)

1
— DOS spectrum
—— Occupied orbitals
—— \Virtual orbitals

'-20 15 -10
Energy (eV)

Figure C3: Anthracene

OOULM u UJVUU

m

3.0 - - T
Phenanthrene
2:9F

2.0} ﬁ
15} ﬂ

1.0H }/‘
ZZM I | \N

LUl 1

Density of States (states/eV)

L
—— DOS spectrum
—— Occupied orbitals
—— Virtual orbitals

=20 -15 -10 -5
Energy (eV)

Figure C4: Phenanthrene

NMJS 2023 | Volume 57

HOMO (-5.24 eV, A)

LUMO (-1.65 eV, A)

9
HOMO (-5.74 eV, A)

LUMO (-1.01 eV, A)

44



3.0

Fluoranthene

15¢
1.0f
0.5H
0.0 U

| —

Density of States (states/eV)

|
o
w
T

1
—— DOS spectrum
—— Occupied orbitals
—— Virtual orbitals

| HOMO (-5.78 eV, A)

9

LUMO (-1.76 eV, A)

=20 =15 -10

Figure C5: Fluoranthene

m

Energy (eV)

3.0 T T
Benzo[a]anthracene
25}
20}

15+ n

1.0H

0.5

Density of States (states/eV)

|
o
(%]
T

\

|
e
o

1
—— DOS spectrum
—— Occupied orbitals
— \Virtual orbitals

1

|
N
o

=15 -10

|

Energy (eV)

Figure C6: Benzo[a]anthracene

NMJS 2023 | Volume 57

5

|

\J )

HOMO (-5.33 eV, A)

LUMO (-1.56 eV, A)

45



30 T T T 1
—— DOS spectrum
Chrysene | sl
— 25 | — \Virtual orbitals
>
()
B S
Q 2.0} ; J
8
» 15t |
» HOMO (-5.53 eV, A)
9 10 |
8
/)] X :
w 05} i
s JW _fwb ] g
.é’ 0.0} , \ \
(/2]
o ,
A ~05F
~1.0 , l l , LUMO (-1.28 eV, A)
=20 -15 -10 -5 0 5

Energy (eV)

Figure C7: Chrysene

4 T T T 1
—— DOS spectrum
Benzol[b]fluoranthene — Occupied oriais
—— \Virtual orbitals
S 3] m
)
~~
()]
Q
©
o Y
(2]
o
o
- ] .
n
Y
5 |
2 |
-a 0 |
=
0]
-1 . , . . LUMO (-1.72 eV, A)
=20 -15 -10 -5 0 5
Energy (eV)

Figure C8: Benzo[b]fluoranthene

NMJS 2023 | Volume 57 46



3.0

Benzo[k]fluoranthene -

2.5 —— \Virtual orbitals ]

2.0 F |

A M

'~20 -15 -10
Energy (eV)

Density of States (states/eV)

|
o
Ul

LUMO (-1.73 eV, A)

Figure C9: Benzo[k]fluoranthene

3.0

1
—— DOS spectrum

BenZO [a] pyrene = Occupied orbitals

2 5 | —— \Virtual orbitals

2.0+

9

15}
1.0
0.5 \N\J

-15 -10 -5 0
Energy (eV)

HOMO (-5.11 eV, A”)

Density of States (states/eV)
o

|
o
w

|
.
o

‘ LUMO (-1.75eV, A”)
5

|
N
o

Figure C10: Benzo[a]pyrene

NMJS 2023 | Volume 57



4 T T T 1

— DOS spectrum

Dibenzo[a,h]anthracene — Occupied orbitals

—— Virtual orbitals

wa HOMO (-5.39 eV, B)

L L |

15 15 ~10 -5 0 > LUMO (-1.49 eV, A)
Energy (eV)

w
T
]

N
1

[

Density of States (states/eV)
o

1

Figure C11: Dibenzo[a,h]anthracene

4 T T T L
Benzo[g,h,i]perylene  Ocrupien obitas
—— \Virtual orbitals
3+ i}
2

[

Density of States (states/eV)

\

=20

|

Figure C12: Benzo[g,h,i|perylene

x | 0

-10 =5
Energy (eV)

|

5

LUMO (-1.67 eV, A)

NMJS 2023 | Volume 57

48



3.0

T
- DOS spectrum

Inden0[1 ,2,3-C,d]pyrene — Occupied orbitals

— Virtual orbitals

2.5

20f

15} 9

HOMO (-5.35eV, A)
1.0 !
05} | .
: | ‘ H |HH H HH HH
] -10 : 0

-5 5

Energy (eV)

Density of States (states/eV)

J
LUMO (-2.01 eV, A)

Figure C13: Indeno[1,2,3-c,d]pyrene

NMJS 2023 | Volume 57





