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A large number of PAH molecules is collected from recent literature. The HOMO-LUMO
gap value of PAHs was computed at the level of B3LYP/6-311+G (d,p). The gap values lie
in the range of 0.64–6.59 eV. It is found that the gap values of all PAH molecules exhibit a
size dependency to some extent. However, the gap values may show a big variation even
at the same size due to the complexity in the molecular structure. All collected PAHs are
further classified into seven groups according to features in the structures, including the
types of functional groups and the molecular planarity. The impact of functional groups,
including –OH, –CHO, –COOH, �O, –O– and –CnHm on the bandgap is discussed in detail.
The substitution of ketone group has the greatest reduction on the HOMO-LUMO gap of
PAH molecules. Besides functional groups, we found that both local structure and the
position of five-member rings make critical impacts on the bandgap via a detailed analysis
of featured PAHs with unexpected low and high gap values. Among all these factors, the
five-member rings forming nonplanar PAHs impact the gap most. Furthermore, we
developed a machine learning model to predict the HOMO-LUMO gaps of PAHs, and
the average absolute error is only 0.19 eV compared with the DFT calculations. The
excellent performance of the machine learning model provides us an accurate and efficient
way to explore the band information of PAHs in soot formation.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) generated from the incomplete combustion of
hydrocarbon fuels are accepted as the precursors of soot. The identification of PAHs and their
structures is critical to interpret their growth mechanism, which is the basis for the reduction of the
soot emission (Wang and Chung, 2019).With the application of novel measurement methods, recent
researchers have made important progress in the investigation of the key process in soot formation
by identifying the potential intermediates. Johansson and his coworkers proposed a radical-assisted
PAH growth mechanism supported by the aerosol mass spectrometry measurements (Johansson
et al., 2018). Schulz et al. (Schulz et al., 2019) used the state-of-art Atomic Force Microscopy (AFM)
to identify the detailed configuration of large PAHs (>300 amu). Although the abundance and
relevance of these identified PAHs to soot formation is unknown, it was the first time that the
configurations of large PAHs are confirmed in measurements. Commodo (Commodo et al., 2019)
further studied the early formation stage of different soot samples by AFM/SEM, providing the direct
evidence of the formation of cross-linked structures. Adamson (Adamson et al., 2018) detected
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aliphatic bridged multi-core PAHs by atmospheric sampling
high-resolution tandem mass spectrometry, revealing the
presence of alkylated aromatic compounds. It is found that
the main component of soot, e.g., PAHs, are more
complicated than we expected and they are affected by
many factors, such as size, functional group, cross-linking,
and aliphatic chains (Commodo et al., 2019; Schulz et al.,
2019; Gentile et al., 2020; Wang et al., 2021). In the formation
process of soot, PAHs containing 30–40 carbon atoms are the
main components of soot (Elvati and Violi, 2013; Adkins and
Miller, 2015; Johansson et al., 2016; Adkins et al., 2017;
Kholghy et al., 2018). Lots of aliphatic, aromatic and
oxygenated functionalities are substituted on the surface of
PAHs, among which the common oxygenated functional
groups include hydroxyl (–OH), formyl (–CHO) and
carboxyl (–COOH) (Öktem et al., 2005; Cain et al., 2010).
Some special PAHs also contain different types of functional
groups (–O–, �O) and five-membered rings. Note that the
structures of PAHs containing five-membered rings are
mostly nonplanar (Wang et al., 2021).

PAH molecules and soot particles have unique optical band
gap (OBG) and electronic properties (Chen and Wang, 2019a; Li
et al., 2020). It is feasible, in theory, to correlate PAH
configurations with OBGs. The studies of OBG of soot starts
from the pioneering work of Minutolo (Minutolo et al., 1996).
The OBG of soot samples was found to be proportional to the
H/C ratio. In later works, Adkins and Miller analyzed the optical
band gap of soot in diffusion flames by laser extinction
measurements combined with density function theory (DFT)
calculations (Adkins and Miller, 2015). They determined that the
size of polycyclic aromatic hydrocarbons is 10–20 aromatic rings.
As the molecular PAH always has a well-defined band structure, it
is straightforward to estimate the gap value using computational
methods (Adkins and Miller, 2015; Chen and Wang, 2019a).
Thus, it is possible to approximate the PAH size in soot particle
based on the values of the optical band gap. A successful example
can be seen in a recent work of Menon et al. (Menon et al., 2019).
They found that the computed gap values from DFT results can
well reproduce the experimental OBGs measured by UV-Visible
absorption spectrum. Not only the PAH size but also the particle
size of soot impacts the magnitude of band gaps. In another
recent work, soot particles were found to exhibit quantum dot
behaviors that the OBG is inversely proportional to the particle
size. (Liu et al., 2019). This indicates that the impact of particle
size on the OBG must be excluded when interpreting
experimental measurements for PAH identification. The DFT
calculations were further conducted to evaluate the impact of
surface functionalization on soot particle. Chen and Wang
explored the impact of different types of functional groups
(–OH, –CH3, –CHO, –COOH) on the computed HOMO-
LUMO gaps of PAH monomers, showing that –CHO group
substitution have the largest influence factor on gap values. The
PAH clusters with surface formyl groups were further built to
evaluate the impact of surface functionalization together with the
effect of particle size (Chen and Wang, 2019a; Li et al., 2020).
Previous works had made significant contribution to understand
the impact of particle size, PAH size and even surface

functionalization on the OBG, however, it is still lack of a
systematic work to study the band structures and the
corresponding gaps of all the important PAHs in soot
formations, especially those large PAHs extracted from AFM
measurements (Commodo et al., 2019; Schulz et al., 2019).

In this work, we collected hundreds of reliable PAHs relevant
with the formation of soot from recent literature. The selected
PAHs were classified into seven groups according to the features
in the structures. The optimized structures and bandgaps of
PAHs were obtained from DFT calculations. The effect of
functional groups and structure planarity on the bandgaps
were discussed from the analysis of the orbital structures in a
set of unique PAHs. We further developed a machine learning
model to evaluate the bandgaps from PAH structures directly.
The accuracy in the predictions was examined by comparing with
DFT calculations.

COMPUTATIONAL METHOD

To build a comprehensive data set of PAHs, we exanimated a
large number of publications about soot particles mostly in the
last ten years, but potential structures with S and N elements are
excluded to simplify our analysis in the bandgap. In this work, we
selected 323 PAHs ranging from 6 up to 96 carbon numbers
(Lafleur et al., 1993; Elvati and Violi, 2013; Kislov et al., 2013;
Lowe et al., 2015; Johansson et al., 2016; Zhang et al., 2016;
Johansson et al., 2017; Adamson et al., 2018; Kholghy et al., 2018;
Li et al., 2018; Commodo et al., 2019; Elvati et al., 2019; Giaccai
and Miller, 2019; Kozliak et al., 2019; Schulz et al., 2019; Wang
et al., 2019; Zhang, 2019; Frenklach and Mebel, 2020; Gavilan
Marin et al., 2020; Gentile et al., 2020; Leon et al., 2020;
Michelsen, 2020; Pascazio et al., 2020; Saldinger et al., 2020;
Zhao et al., 2020; Chen et al., 2021; Shi et al., 2021; Wang et al.,
2021). The molecular structures are all included in
Supplementary Table S1 (see Supplementary Material). We
performed DFT calculations to optimize the geometry of each
molecule using the B3LYP method with the 6-311+G (d,p) basis
set. An empirical dispersion correction was also included. All
DFT calculations were carried out using Gaussian 09 (Frisch et al.,
2009). The HOMO-LUMO gap value is computed from the
energy difference between HOMO and LUMO-Kohn-Sham
(KS) orbitals. The predicted HOMO-LUMO gap using B3LYP/
6-311+G (d,p) is consistent with those from the B3LYP/6-31G(d)
method (Supplementary Table S2), which is commonly used in
previous works (Li et al., 2020). We built a structure and bandgap
database including all the collected PAHs from literature. The
selected PAHs are divided into seven groups according to the
substituted groups and molecular structures. The detail of each
group is discussed below. Based on the database, we further
developed a machine learning model that can predict the
HOMO-LUMO gap value of PAHs using molecular structures.
The coordinates are preprocessed by Smooth Overlap of Atomic
Positions (SOAP) method (De et al., 2016) to guarantee
invariance of geometry under translation, rotation, and
permutation among identical particles. The SOAP method
provides a robust descriptor that encodes regions of atomic
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geometries by using a local expansion of a Gaussian smeared
atomic density with orthonormal functions based on spherical
harmonics and radial basis functions.

RESULTS AND DISCUSSION

The relationship between the number of carbon atoms in PAHs
and HOMO-LUMO gap values is presented in Figure 1. Figures
1A,B include the HOMO and LUMO energy as a function of
PAH size, respectively. The HOMO energy increases as the
increase of PAH size, while the LUMO energy shows an
opposite trend. The overall effect reduces the gap values with
an increase in the PAH size (Figure 1C). This finding is
consistent with previous works that a bigger PAH always has
a lower gap value (Miller et al., 2013; Adkins et al., 2017; Chen and
Wang, 2019a). The gap values lie in the range of 0.64–6.59 eV.
The gap values cluster in the range of 20–50 carbon atoms, and
the variation of the same sized PAHs in the gap values can be as
large as ∼2 eV. Such big variation is correlated with the complicity
in the PAH structures, which will be explored in later contents.

The number of PAHs larger than fifty carbons is rather limited
compared to its smaller counterpart, and this can be attributed to
the technical difficulty in the sampling method. But the recent
advances in AFM allows researchers to identify large PAHs
(Commodo et al., 2019; Chen et al., 2021; Wang et al., 2021).
In a previous work (Chen and Wang, 2019b), we know that the
bandgap of PAHs follows a dependence of m−2/3, where m is the
PAH mass, due to the quantum confinement effect. All data in
Figure 1C is fitted with the same correlation (black line).
The fitted line cannot capture all the data due to the
complicity in the selected PAH structures. Some PAHs show
unexpected low and high gap values, and the underlying reason
will be examined below.

We group PAHs into seven groups in order to better analyze
the gap values of PAHs. According to the types of functional
groups substituted on the surface of PAHs, four groups are
included as “–OH, –CHO, –COOH”, “�O”, “–O–” and
“–CnHm”. The groups of “Planar” and “Nonplanar” refer to
planar and nonplanar PAH with only five- and six-member
rings, respectively. Besides above groups, the PAHs with
straight carbon rings are regarded as the group of “Linear”.

FIGURE 1 | (A) HOMO energies of all PAHmolecules. (B) LUMO energies of all PAHmolecules. (C)HOMO-LUMO gap of all PAHmolecules. The line is fitted using
EH−L � E∞

H−L + am−2/3, where E∞
H−L is the gap value for a bulk counterpart,m refer to the PAHs mass and a is a fitting parameter. Each color represents the gap information

of a specific group including “Planar”, “Nonplanar”, “–OH, –CHO and –COOH”, “�O”, “–O–”, “–CnHm” and “Linear”.
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The relevant statistics of each PAH group are shown in Table 1. It
should be noted that the PAHs with –OH, –CHO, and –COOH
groups are classified into one group due to the limited number of
samples in all data. Some PAH molecules are substituted by
multiple functional groups; for example, C32H14O4

(Supplementary Table S1) contains –OH, –C2H3 and three
–O– groups (Elvati et al., 2019), and this PAH is classified
into two groups of “–OH, –CHO, –COOH” and “–O–”.

We first analyze the PAH molecules substituted with
functional groups including –OH, –CHO, –COOH, �O, –O–
and –CnHm (Figure 2A). From previous works (Li et al., 2020) the
optical band gap of soot exhibits quantum confinement effects
(Chen and Wang, 2019a), and the gap value is related to R−2or
m−2/3, where R andm are the radius andmass of the soot particles,
respectively. In this work, we adapt the formula
EH−L � E∞

H−L + am−2/3to fit the gap values of PAHs, where a,
EH−LandE∞

H−Lare the fitting coefficient, the gap value of PAHs
with mass m, and the bulk value, respectively. The range of gap
values in the group of “–OH, –CHO, –COOH”, “–O–” and
“–CnHm

” is 2.07–4.42, 2.38–4.7, and 0.67–6.28 eV, respectively.
The range of gap values in the first two groups is close, while the
PAHs in the group of “–CnHm” exhibits a large variation. The
minimum values in the group of “–CnHm” reach 0.67 eV, and this
is attributed to the unique configurations (a), which will be

analyzed in the later section. The fitted curves of these three
groups locate all above the fitting curve of all PAHs, suggesting
that the PAHs in these groups follow the overall trend. The bulk
gap values (e.g., E∞

H−L) of the “–OH, –CHO, –COOH”, “–O–” and
“–CnHm” group are 1.84, 1.89, and 1.26 eV, respectively. The
corresponding value is 1.1 eV considering all selected PAHs. The
PAH molecules substituted with ketone groups show smaller gap
values comparing with other three groups. The gap values are
comprised in the range of 2.07–3.68 eV. However, the scattering
data in Figure 2A indicates that unique structures in each group
have gap values far away from the others cases. To address this
issue, we further identify eight PAHs as the featured species to
highlight the abnormal gap values (Figure 2B).

Prior to analyze the featured species, we shall explore the
impact of the substitution for the groups of “–OH, –CHO,
–COOH”, “O–”, “�O” and “–CnHm

”. A four-ring PAH (e.g.,
benz(a)anthracene) (Giaccai and Miller, 2019) is selected as a
base configuration to illustrate the impact of different groups.
Note that all the substituted PAHs presented in Figure 3 are
included in the data of Figure 1. In Figure 3A, we can find that all
substitution lowers the gap values for all groups; the impact of
–CH3, –OH, –COOH, –O–, –CHO, �O groups on the HOMO-
LUMO gap values are 0.001, 0.03, 0.04, 0.13, 0.39, 1.46 eV,
respectively. Among all the functional groups, the ketone

TABLE 1 | Key statistics of PAHs in different groups.

Group Planar Nonplanar –OH,
–CHO,
–COOHa

=O –O– –CnHm Linear All data

Bandgapb 0.64–6.59 0.75–5.1 2.07–4.42 2.07–3.68 2.38–4.7 0.67–6.28 1.45–5.97 0.64–6.59
Carbon numberc 6–96 18–64 12–36 13–33 10–50 6–71 10–26 6–96
Number of Datad 145 14 15 9 17 121 9 323

aIn this group, five PAHs molecule contain a “–O–” group, and two PAH molecules contain a “�O” group.
bThe value range of HOMO-LUMO gap.
cThe number of carbon atoms in PAHs.
dThe number of PAH molecules in each group.

FIGURE 2 | (A)HOMO-LUMO gaps of PAHs with oxygenated and aliphatic groups. The lines are fitted using EH−L � E∞
H−L + am−2/3. The PAH a, b, c, d, e, f, g, and h

refer to PAHs molecules that deviate from the fitted curves. The configurations of c’ and d’ is evolved from the c and d, respectively. Dashed line is drawn to guide the
eyes. (B) Molecular structures of PAH a, b, c, d, e, f, g, and h. The grey, white and red atoms represents to Carbon, Hydrogen and Oxygen atoms, respectively.
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group substitution has the greatest reduction on the HOMO-
LUMO gap value, while the –CH3, –OH and –COOH
substitution has a relatively small influence on the gap value.
The finding here is consistent with the previous works (Giaccai
and Miller, 2019). From the electronic structure diagrams in
Figure 3B, the substitution of –CH3, –OH and –COOH has very
limited influence on the electronic structures of HOMO and
LUMO. The –CHO group has an obvious bonding effect on the
LUMO contributed by the substituted carbon atom and

neighbors, but the impact on the HOMO structure is limited.
The ketone group induces a clear impact on the closest aromatic
rings lowering the LUMO energy significantly. We can also
identify its impact on the HOMO orbital, but the change in
the HOMO energy is minor. The overall effect of “�O”
substitution on the LUMO and HOMO orbitals causes a large
reduction in the HOMO-LUMO gap.

Now, we shall examine the featured species in Figure 2B (a, b,
c, d, e, f, g, and h). Here, simplified configurations are built by

FIGURE 3 | (A)HOMO and LUMO energies of a four-ring PAHwith and without six functional groups. (B) The HOMO and LUMO electronic structures of PAHs with
“–OH”, “–CHO”, “–COOH”, “�O”, “–O–” groups.

FIGURE4 | TheHOMOand LUMO electronic structures of PAHswith –CnHm substitutions. The a’, b’, c’, and d’ refer to a simplified configuration of a, b, c, and d by
removing the functional groups, respectively.
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removing the features in the eight species. This strategy allows us
to directly evaluate the key factors in each case. The featured
species a, b, c, and d are taken from the group of “–CnHm

”. In
Figure 4, the two PAHs molecules, e.g., a and b, have aliphatic
substitution (–C2H group) and five-member rings. Both
structures are bent into a “bowl” shape due to the five-
member rings on one side, and the HOMO-LUMO gap values
are 0.67 and 1.2 eV, respectively. We learn from Figure 3 that
aliphatic substitution has a very weak effect on the electronic
structures of HOMO and LUMO. Thus, we only consider the
influence of the five-member ring here for a and b. Two simplified
PAHmolecules a’ and b’ are built by replacing five-member rings
with six-member rings in a and b, respectively and the two
molecules a’ and b’ are both planar structures. The gap value
of a’ is much larger than that of a. The same trend can be found in
the comparison between b and b’. Clearly, the five-member ring
has an obvious influence on the electronic structures of HOMO
and LUMO, and the overall effect on the HOMO-LUMO gap
values are 2.91 and 1.56 eV, respectively. Such effect can be also
viewed as the effect of non-planarity in the PAH structures. The
molecules c and d have multiple or a long –CnHm aliphatic
groups. After removing the aliphatic groups, the molecules are
marked as c’ and d’, which have almost the same gap values as the
counterparts, because the aromatic planes dominate the HOMO
and LUMO energies. However, due to the reduction of carbon
atoms in the molecular structure, the c’ and d’ approach to the
fitting curve, as highlighted by the dotted line in Figure 2A.

In Figure 5, the two five-member rings in molecule e is
replaced with six-carbon rings, labeled as e’. Such modification
in the structure causes an obvious impact on the electronic
structures of HOMO and LUMO, increasing the HOMO-
LUMO gap value by 0.11 eV. Further removing the group of
“–OH”, the electronic structures of HOMO and LUMO of e’’ is
almost unchanged. Therefore, the key factor in molecule e lies in
the five-member rings. Unlike molecule a and b, the two five-

member rings do not bend the PAH into a nonplanar one, and its
impact on gap values is very limited. In the case of f, we built a
simplified configuration of f’ by removing two –OH groups and
replacing five oxygen atoms with carbon atoms. The reduction of
gap values is 0.16 eV comparing f and f’. Further replacing the
five-member rings with six-member rings, we build a molecule f’’,
and the reduction in gap values is increased to 0.47 eV. This
explains the unexpected large gap value in f.

In Figure 6, the ketone group in molecule g is replaced by a
six-member rings, and we term the configuration as g’.
Comparing the LUMO molecular orbital, the bonding effect
can be identified from g, which is consistent with the finding
in Figure 3B. Such effect causes a big reduction in the LUMO
energy, and in turn, the gap value is reduced by 1.37 eV
accordingly. All the functional groups in h are removed, and
we view this configuration as h’. A moderate increase in the gap
value is observed.

The relationship between the HOMO-LUMO gaps and PAH
planarity is shown in Figure 7. The planar and nonplanar PAHs
discussed in this section excludes those with any functional
groups discussed above. The fitting curve of planar PAHs is
very close to the overall fitting curve, and the range of HOMO-
LUMO gap value is 0.64–6.59 eV. However, the nonplanar PAH
shows very different trend compared to the planar ones. In the
selected PAHs, we have 14 ones classified as the “nonplanar”
ones. More importantly, the gap values scatter in Figure 7A,
indicating that the large variation exist in the nonplanar PAHs.
Again, we selected four PAHs molecules j, k, l, and m marked in
the figure as the target to explain the results behind the
unexpected low gap values. The detailed structures are shown
in Figure 7B.

The selected HOMO and LUMO electronic orbitals of j and k
are shown in Figure 8. These two molecules are nonplanar ones.
The molecule j contains five five-member rings, and the overall
structure is a “bowl” shape. The band gap is 1.08 eV. The

FIGURE 5 | The HOMO and LUMO electronic structures of PAHs with
–OH substitutions. The e’ and e’’ are two simplified configurations of e by
removing five-member rings and –OH functional group, respectively. The furan
rings in f is replaced by six-member ring, and this configuration is termed
as f’. Further replacing five-member ring in f’, we have the configuration of f’’.

FIGURE 6 | The HOMO and LUMO electronic structures of PAHs with
ketone and furan groups. The g’ is the simplified PAH of g without the ketone
group. The h’ is made from the configuration of h by replacing the furan ring
with six-member rings and removing the –OH group.
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molecule j’ is made by replacing all five-member ring in jwith six-
member rings, and it becomes a planar PAH. Similar as the
molecule a and b in Figure 4, the non-planarity significantly
impacts the gap values, changing from 1.08 to 2.15 eV in Figure 8.
The non-planarity in molecule k also lower the band gap by
2.25 eV comparing with the molecule k’. Figure 9 presents the
HOMO and LUMO electronic structures of two selected planar
PAHs (l and m). The molecule l has a unique feature that two of
its edge hydrogens are missing. This feature leaves two reactive
sites impacting HOMO and LUMO orbitals, and the overall band
gap is only 0.64. Compared to l’, the reduction caused by the two
missing hydrogens is 3.36 eV. Them’ is made from replacing two
five-member rings with six-member rings in m, and the

corresponding change in the gap value is 0.23 eV. However,
further replacing the other two five-member rings in m, the
HOMO-LUMO gap value is reduced by 0.95 eV, which is much
larger than the change from m to m’. This finding highlights that
the effect of five-member rings depends on their position. Overall,
the factors such as functional groups, local structure, and the
position of five-member rings all contribute to the band gap to
some extent. Among all these factors, the five-member rings
leading non-planar PAHs impact the gap most.

In this work, two types of PAH fall into the group of “Linear”;
the ones with benzene rings connected by each other (n, q, and r)
or by a single C-C bond (o and p). Figure 10 illustrates the

FIGURE 7 | (A) HOMO-LUMO gaps of PAH molecules with planar and nonplanar structures. The curves presented as solid line are obtained fitting with
EH−L � E∞

H−L + am−2/3, wherem refer to the PAHs mass and a is a fitting parameter. Molecules j, k, l, andm indicates a few representative PAH molecules away from the
fitted curves. (B) Molecular structures of j, k, l, and m.

FIGURE 8 | The HOMO and LUMO electronic structures of selected
nonplanar j and k. The j’ and k’ is made from replacing five-member rings in j
and k by six-member rings, respectively.

FIGURE 9 | The HOMO and LUMO electronic structures of two planar
PAHs (l andm). The l’ is a coronene having two more hydrogens compared to
l. Them’ is made from replacing two five-member rings with six-member rings
in m. The m’’ is made from replacing all five-member rings with six-
member rings in m.
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relationship between the HOMO-LUMO gap and the carbon
number of linear PAHs. The overall trend follows the same as
other cases that the band gap values decreases rapidly with the
increase in the carbon number. However, the reduction is more
significant compared to other cases. The bulk gap value (E∞

H−L)
extracted from the fitted expression is a negative value as -2.36 eV,
which have no physical meaning.

The above analysis of each group proves that the band gap is
a unique molecular property depending on its local structures.
We further develop a machine learning model using the above
data to predict the gap information from an arbitrary structure.

The atomic coordinates are chosen as the features to train the
machine learning model. The coordinates are preprocessed by
Smooth Overlap of Atomic Positions (SOAP) method (De et al.,
2016) to guarantee the invariance of geometry under
translation, rotation, and permutation among identical
particles. The SOAP method could not only describe the
numbers and types of atoms in PAH molecules, but also
records the connectivity of atoms.

In the training section, we use the 10-fold cross-validation
linear regression, where the full datasets are divided into 10
equal sized subsets. One of the subsets is treated as the test set
for model validation, and the remaining 9 subsets are used as
training sets to train the model. As Figure 11A shows, the
predictions from the model agrees well with the DFT data; the
mean absolute error (MAE) is 0.19 eV and the coefficient of
determination values (R2) is 0.96. The insert in Figure 11A
also shows that the MSE evolution of training set and test set;
the learning curve decline gradually with the increase of the
data size, supporting that the problem of overfitting does
not occur. We further evaluate the quality of the prediction
using the machine learning model on the selected PAHs
including planar, nonplanar, and linear ones (Supplementary
Table S3). In Figure 11B, the results show that the model
gives a very good prediction for planar and linear ones with
a MAE smaller than 0.01 eV. In the case of nonplanar
PAHs, the MAE is a bit higher as 0.11 eV. Considering the
complicity in the molecular structures of nonplanar PAHs,
the quality of the prediction is excellent. These results suggest
that the current machine learning model is quite accurate and
efficient. Also, the computational cost of our machine learning
model is several order of magnitudes lower than the DFT
calculations. Therefore, the present machine-learning model
provide a good tool to predict the HOMO-LUMO gaps of
PAH molecules with good accuracy and high computational
efficiency.

FIGURE 10 | HOMO-LUMO gaps of linear PAH molecules. The lines are
fitted using EH−L � E∞

H−L + am−2/3, where m refer to the PAHs mass and a is a
fitting parameter. The molecule n, o, p, q, and r indicate the representative
PAHs in the group of “Linear”.

FIGURE 11 | (A) HOMO-LUMO gaps of 323 PAHs predicted by the machine learning model and DFT calculations. The inset indicates the convergence of learning
curve for the 10-fold cross-validation split of the data. (B) The average gap values of planar, nonplanar and linear PAHs calculated from DFT method and the machine
learning model. The detail of PAH is included in Supplementary Table S3–S5.
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CONCLUSION

In this work, we used DFT method to calculate the HOMO-
LUMO gaps of PAHs in a comprehensive data set collected from
recent publications. The range of gap values lies in 0.64–6.59 eV
for 323 PAHs in the data set. The HOMO energy increases with
the increase in the PAH size, but the LUMO energy shows an
opposite trend. The overall effect reduces the gap values.
However, gap values may vary several eV at the same size due
to the differences in the molecular structure. To address this issue,
seven groups are identified from the PAHs, including “–OH,
–CHO, –COOH”, “�O”, “–O–”, “–CnHm

”, “Planar”, “Nonplanar”
and “Linear”. We explore the impact of –CH3, –OH, –COOH,
–O–, –CHO, �O groups on the HOMO-LUMO gap values are
0.001, 0.03, 0.04, 0.13, 0.39, 1.46 eV, respectively, and the ketone
group substitution has the greatest reduction on the HOMO-
LUMO gap value. By applying a detailed analysis of PAHs with
unexpected low and high gap values, we found that the factors
such as functional groups, local structure, and the number of five-
member rings all contribute to the band gap to some extent.
Among all these factors, the aliphatic substitution has a very weak
effect on the electronic structures of HOMO and LUMO, the five-
member rings leading non-planar PAHs impact the gapmost. We
developed a machine learning model to predict the HOMO-
LUMO gaps of PAHs, which is in good agreement with the DFT
data set, and the average absolute error is only 0.19 eV. This
model can quickly and accurately predict the HOMO-LUMO
gaps of PAHs.
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