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In this work, the optical band gaps of polycyclic aromatic hydrocarbons (PAHs) crosslinked via an
aliphatic bond, curved via pentagon integration and with radical character were computed using
density functional theory. A variety of different functionals were benchmarked against optical
band gaps (OBGs) measured by ultraviolet-visible spectroscopy with HSE06 being most accurate
with a percentage error of 6% for a moderate basis set. Pericondensed aromatics with different
symmetries were calculated with this improved functional providing new scaling relationships for
the OBG versus size. Further calculations showed crosslinks cause a small decrease in the OBG
of the monomers which saturates after 3–4 crosslinks. Curvature in PAHs was shown to increase
the optical band gap due to the resulting change in hybridisation of the system, but this increase
saturated at larger sizes. The increase in OBG between a flat PAH and a strained curved one was
shown to be equivalent to a difference of several rings in size for pericondensed aromatic systems.
The effect of σ -radicals on the optical band gap was also shown to be negligible, however, π-
radicals were found to decrease the band gap by ∼0.5 eV. These findings have applications in
understanding the molecular species involved in soot formation.

1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are hydrogen termi-
nated graphene fragments ubiquitous in nature with a rich chem-
istry. A delocalised π-bonding network stabilises these pericon-
densed aromatics making them the thermodynamically preferred
arrangement for hydrocarbons.1 This stability makes them ubiq-
uitous in thermal processes such as in interstellar dust,2 the
moon Titan’s atmosphere3,4 and terrestrial combustion.5 Their
rich chemistry has also attracted interest for molecular electron-
ics with a variety of graphene ribbons synthesized and differ-
ent schemes for tuning their electronic structure have been pro-
posed.6 Crosslinking via aliphatic bonds as well as integrating
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topological defects such as pentagonal rings are two such schemes
for tuning the electronic properties that have not received much
theoretical study to date. An example electronic application for
PAHs curved by pentagon integration is their potential in batter-
ies, as they have been shown to store large amounts of lithium.7

Our groups main interest is the role of PAHs as precursors for
carbonaceous particulates in flames. A fundamental understand-
ing of this process is of great interest, be it for mitigating emis-
sions from combustion or for the commercial production of car-
bonaceous particles for applications such as tire filler materials,
dyes, paints, and molecular electronics.8 Such an understanding
requires insight into both the gas-phase chemistry and particle
dynamics. While there are detailed descriptions of particle pro-
cesses there is still a lack of knowledge regarding particle incep-
tion, where gas phase species first form soot nuclei.9,10 Once the
PAHs have reached a sufficient size they condense, but the exact
size and structure of these nucleating PAHs is still unknown. In-
ception is frequently modelled as dimerisation of moderate PAHs
such as pyrene and coronene. However, molecular dynamics stud-
ies suggest that the bulk melting points of moderate PAH clusters
are too low to form soot at flame temperatures.11–13 The diffi-
culty of modelling inception and gas-phase chemistry necessitates
the use of diagnostic techniques to determine what PAHs may be
involved in particulate formation.

One property of particular interest for PAHs is the optical
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band gap (OBG). Previous studies reported the OBG at differ-
ent positions within flames by using laser extinction and the Tauc
method.14 Minutolo et al. assumed an indirect electron transi-
tion and observed a range of OBGs in their benzene/air flames
depending on whether the flame was non-sooting (3 eV – 4.6 eV),
nearly-sooting (1 eV – 5 eV) or sooting (0.6 eV – 1 eV).15 Adkins
and Miller performed a similar study on a diluted ethylene/N2/air
flame but found a much smaller OBG range of 1.85 – 2.35 eV
while assuming that the extinction corresponded to a direct tran-
sition.16 A similar OBG range of 1.7 – 2.4 eV was found by Botero
et al. for sooting n-heptane/toluene flames, again assuming a di-
rect transition.17

Once the OBGs inside a flame are known, the challenge is to
correlate the measured values to specific PAH structures present
in both soot and the gas phase. Soot consists of stacked PAHs as
confirmed by x-ray diffraction studies18 and Raman analysis.19

Furthermore, Robertson and O’Reilly have found that sp2 car-
bon systems, such as soot, have their electronic properties gov-
erned by π −π∗ interactions such as those in PAHs.20 Therefore,
OBGs measured in flames should be indicative of PAHs. There
have been several studies on how the OBG is dependent of the
number of benzenoid rings in the PAH. Robertson and O’Reilly
used Hückel molecular orbital theory calculations and showed
that the OBG scales with M− 1

2 , where M is the number of aro-
matic rings in the carbon system for clusters of diamond-like-
carbon.20 Adkins and Miller then performed time-dependent den-
sity functional theory (TD-DFT) calculations to obtain the OBG of
moderately-sized peri-condensed PAHs in the D2h point group, by
approximating the OBG as the energy between the highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) transition.16 These results were correlated
to OBG measurements in a diluted ethylene/N2/air flame, indi-
cating peri-condensed PAHs comprised of 10–20 rings. This is in
agreement with simulations performed by Yapp et al. on the same
flame, using a stochastic population balance model to resolve the
PAHs in the gas phase and soot. A OBG profile was calculated
based on the obtained PAH compositions, and a comparison to
experiments by Botero et al. suggested that the smallest peri-
condensed PAHs contributing to the OBG consist of 16 rings.17,21

However, more complex structures such as curved and cross-
linked PAHs as well as PAHs containing aliphatic side-chains
might be present in flames. Curved PAHs are hereby caused
by strain induced by the integration of internal pentagonal five-
membered rings. Cross-links are formed by aliphatic bonds be-
tween PAHs and, as this results in steric interactions between the
rings, also induces non-planarity.22,23 In a further study, Adkins
and Miller computed the OBG of several hundred PAHs of differ-
ent topologies, including different benzenoid PAHs, acenes and
structures with pentagonal rings. The calculated OBGs of these
species were correlated with the number of rings for a more com-
prehensive OBG taxonomy of PAHs24. For the curved PAHs, they
found that curvature increases the OBG due to σ interactions, but
this was secondary to molecular size effects from the number of
rings.24 A direct quantification of how the curvature impacts the
OBG was not made. Reports that include OBGs of cross-linked
PAHs are even scarcer.

The aforementioned studies were also primarily limited to
closed-shell PAHs, whereas there has been recent interest in rad-
ical PAHs, especially resonance stabilized or π-radical PAHs and
their role in soot formation.25

Even though the understanding of the correlation between PAH
size, structure and OBG has advanced substantially, it was pri-
marily based on computational studies. Previously, TD-DFT cal-
culations have used the B3LYP functional due to its widespread
applicability, but the accuracy of B3LYP and other functionals has
not been explored for PAHs.

The purpose of this study is twofold. First, experimental UV-
visible spectroscopy OBG measurements of a selection of small
PAHs are used to evaluate the performance of DFT calculations
with different functionals in predicting the OBG of PAHs. The
selected experimental test set PAHs have different structures, in-
cluding cross-links, peri-condensed species, acenes, and species
with pentagonal rings, to represent some of the main PAH classes
potentially involved in soot formation. The different hybrid func-
tionals were benchmarked against the experimental results to
identify the most suitable one. Second, the best performing func-
tional was used to elucidate the effect of various PAH character-
istics, such as size and symmetry, cross-linking by aliphatic bond
formation, curvature, and radical character on their OBG.

2 Materials and Methods

2.1 Ultraviolet-visible spectroscopy

The optical band gap of 18 different small PAHs and benzene were
measured by means of ultraviolet-visible (UV-Vis) spectroscopy.
These were chosen to represent a range of structures, namely
peri-condensed (benzene to perylene), linear acenes (benzene to
tetracene), cross-linked (phenyls) and pentagon-containing PAHs
(fluorene and acenaphthylene).

UV-Vis absorption spectra of PAHs dissolved in cyclohexane
were recorded. Cyclohexane was chosen as it is transparent in the
wavelength range of interest, is capable of dissolving PAHs and is
expected to cause minimal solute-solvent interactions as it is non-
polar. PAH concentrations of 10-5–10-4 M were used to minimise
PAH-PAH interactions and to keep the maximum absorbance be-
low 1.5 AU. The solution was placed in a quartz cuvette with 1
cm path-length and the sample’s UV-Vis spectra were measured
between 200–800 nm (Agilent, Cary 8453) using a step size of
0.5 nm with 0.5 s per step. The optical band gap was determined
from plots of absorbance vs wavelength using the absorption edge
method.26 This method has found wide use in optical character-
isation of organic thin films by UV-Vis spectroscopy, such as in
Costa et al.27 Further details of this method are found in the sup-
plementary material.

2.2 Time-Dependent Density Functional Theory

Optimised geometries of the PAHs were determined using the
6-311G(d,p) basis set and the B3LYP hybrid functional. This
combination has been shown to provide accurate molecular ge-
ometries in other works.28 Single point and TD-DFT calcula-
tions were then performed on these geometries using the same
6-311G(d,p) basis set and different hybrid exchange-correlation
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functionals. This included widely used hybrid functionals with
exact exchange (HSE06, B3LYP, B971, PBE0, and B972), func-
tionals including long-range interaction parameters and disper-
sion corrections (CAM-B3LYP and ω-B97XD) and the Minnesota
functional M06. The initial test calculations were performed on
naphthalene, biphenyl and fluorene to identify the most suitable
functional. These were chosen to cover the flat, cross-linked and
pentagonal categories and are economic enough for timely DFT
calculations. The theoretical optical band gap is estimated as the
HOMO-LUMO gap determined from the single point calculation.
This is the result of the ground single point calculation. The TD-
DFT calculations are used to confirm that the main contribution
to the lowest lying excited state is the HOMO-LUMO gap and to
compare the electronic structure determined by DFT to more ad-
vanced electronic structure calculations. DFT has been used in
previous works by Adkins and Miller to compare to optical absorp-
tion measurements in flames.16 The HOMO-LUMO gap and the
onset of optical absorption in PAHs are both determined by the
π−π∗ transition, so it is expected that the DFT calculated HOMO-
LUMO gap should correlate with the absorption edge measure-
ments, as suggested in other works.26,27 Still, it should be noted
that the HOMO-LUMO gap is not an exact estimate of the op-
tical band gap, but using the HOMO-LUMO gap of constituent
PAHs to understand the optical absorption measurements of car-
bon nanomaterials is well established in the combustion commu-
nity.16,20,24 It should also be noted that not all states are bright,
particularly for the high symmetry PAHs. Still, it should be noted
that HOMO-LUMO gaps tend to be an overestimate compared to
vertical excitation energies from higher level methods, so these
values are an estimate for the optical band gap. With this in mind,
the accuracy of the different functionals was quantified by com-
paring the percentage error between the computed (Eg,DFT) and
experimental OBG (Eg,Exp):

P.E.=
Eg,DFT −Eg,Exp

Eg,Exp
. (1)

Once the best functional was identified, the OGBs of some
larger, cross-linked, curved, and radical PAHs were also calcu-
lated. The cross-linked PAHs consisted of naphthalene, pyrene,
coronene and ovalene monomer units connected by aliphatic
bonds in para-geometries. To investigate the effect of curvature,
constrained geometry optimisations were performed on corannu-
lene, a small, curved molecule with a central pentagonal ring and
five outer hexagonal rings. The constrained geometry optimisa-
tion fixed the value of the dihedral angles between the pentag-
onal plane of corannulene and the hexagons beneath, thereby
varying the curvature of the corannulene molecule. This is ex-
plained further in the supplementary material. The impact of the
cyclohexane was also briefly considered using the SCRF solvation
model for cyclohexane (29). Compared with the vacuum calcula-
tions the resulting HOMO-LUMO gaps were impacted minimally,
with the solvent calculations giving 3.44 eV vs. 3.42 eV in vac-
uum for pyrene and both calculations giving 3.44 eV for coran-
nulene. All DFT calculations were performed using Gaussian09
(Gaussian Inc.)30 except for the corannulene geometry optimisa-

tions, which were performed using Gaussian0331 to use the con-
strained geometry optimisation implemented in this version of the
program. The Gaussian09 calculations were performed in parallel
on 20 Intel Xeon cores using 32 GB of memory. The Gaussian03
calculations were performed using the Darwin Supercomputer of
the University of Cambridge High Performance Computing Ser-
vice (http://www.hpc.cam.ac.uk/).

3 Results and discussion

3.1 Choice of functional

In order to quantify the accuracy of the considered TD-DFT func-
tionals, the percentage errors (PE) between simulated and mea-
sured OBGs was calculated for three representative PAHs (naph-
thalene, biphenyl and fluorene) (Fig.1). All functionals overpre-
dict the OBG of the three PAHs when compared to the experi-
ments. The simulated OBG of naphthalene is more accurate than
that of biphenyl and fluorene. All functionals predict a larger OBG
for fluorene than for naphthalene, whereas the measured OBG is
4.2 eV for naphthalene and 4.1 eV for fluorene. This indicates
that the B3LYP/6-311G(d,p) level of theory used for the geometry
optimisation might be less accurate for the complex non-planar
structures of the cross-linked biphenyl and five-ring containing
fluorene. Amongst the considered functionals, HSE06 results in
the most accurate OBGs with an average P.E. of 7%. This is sup-
ported by a similar DFT study performed on semiconductors.32

The next best performing functional is the widely used B3LYP
with an average PE of 20%. Functionals such as the CAM-B3LYP
and ω-B97XD overestimate the OBG significantly. The reason for
this is that they are parametrised to give orbital energies for ac-
curately calculating the transport gap, which includes the energy
to create an unbound electron-hole pair, rather than the OBGs.33

The computed OBG values are also in agreement with the current
literature. For example, the OBG of 4.85 eV for naphthalene pre-
dicted using B3LYP and the 6-311G(d,p) basis set is very similar
to the 4.75 eV reported for B3LYP and the similar 6-31+G(d,p)
basis set.27

The experimental OBGs of 18 PAHs and benzene were com-
pared to the DFT predictions obtained with the most accurate
functional to further evaluate the applicability of HSE06 for PAH
OBG simulations (Fig. 2). Overall, there is good agreement be-
tween the simulated and measured OBGs for all PAH geometries
considered (see Table S2 for full list). The largest deviation be-
tween the computational and experimental OBG is observed for
tetracene, at a percentage error of 11 % and absolute error of
0.3 eV. The absolute OBG values are also in good agreement
with previous studies. For example, DFT predicts OBGs of 2.89
eV for perylene, 3.84 eV for chrysene and 2.33 eV for tetracene
while the semi-emperical ZINDO/S predicted 2.82 eV, 3.86 eV and
2.81 eV respectively.34 Even though the DFT and semi-empirical
OBGs are very similar, semi-empirical methods can struggle with
more complex organic structures outside their parametrisation.35

Therefore, DFT with a combination of the HSE06 functional and
6-311G(d,p) basis set is suitable for OBG calculations of PAHs.
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Fig. 1 Comparison of the percentage errors between the OBGs obtained
from experimental UV-Vis absorption experiments and DFT simulations
using different hybrid functionals. Also shown are the structures of the
three PAHs we tested.
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Fig. 2 Comparison between the optical band gaps obtained from TD-
DFT simulations and UV-Vis absorption measurements of 19 different
PAHs. Also shown are the molecular structures for some representative
PAHs.

3.2 Comparison with higher level methods
As the size of the PAHs enlarge in size and the OBG shrinks, the
number of spin configurations that are required to describe these
systems increases. As a result, it is not certain if the accuracy of
the DFT calculations in this work extends to larger PAHs. Many
aromatics in the flame lie below 20 number of rings. At this size,
the method may be compared with multireference calculations.
Vertical excitation energies of low excited states are compared to
those computed using DFT/MRCI by Shi et al. for pyrene, circum-
pyrene, and circumcoronene.36 This suggests reasonable agree-
ment with multi-reference methods. For example, the method

used in this work computes 3.81 compared to 3.73 eV for pyrene’s
second bright state, 2.41 and 2.54 eV compared to 2.22 and 2.36
eV for the two lowest singlet states of circum-1-pyrene, and 2.15
and 2.39 eV compared to 1.94 and 2.37 eV for the two lowest
excited singlet states of circum-1-coronene by Shi et al..36 This
would suggest that HSE06 is giving reasonable descriptions of
the electronic structures of PAHs up to around 20 rings in size. It
is anticipated that for species larger than 20 rings the agreement
will become worse. Nevertheless, the HSE06 functional has been
found to give reasonable predictions for both the band gap of low
band gap semiconductors by Garza et al. as well as for optical
properties of larger carbon nanotube and graphene nanoribbon
structures by Barone et al..37,38 Therefore, the values for larger
PAHs in the following section are provided as a prediction of fur-
ther trends.

Similarly, open shell systems are more prone to requiring many
spin configurations to describe their electronic structure. This
limitation can be explored by comparing the excitation energies
computed by HSE06 to those performed by Sandoval et al..39

They used restricted active space configuration interaction (RAS-
CI) calculations to compute the excitation to the lowest lying ex-
cited states for phenalenyl and triangulene, which were found
to give excellent agreement with multireference calculations per-
formed by Das et al..40 Comparing the vertical excitation energies
of the two lowest states for phenalenyl in Sandoval et al. to those
computed by the level of theory used here, good agreement is
found with the excitations being 2.82 eV in and 3.05 eV in this
work compared to 2.76 eV and 3.04 eV respectively.39 Similarly,
good agreement is also found for the low-lying singlet and triplet-
state vertical excitation energies for triangulene, with the values
in this work being 0.52 eV and 2.71 eV in this work compared
to 0.57 and 2.82 eV respectively in Sandoval et al..39 Compar-
ison with Das et al. for the quartet–quartet vertical excitation
energy gap of a triangulene with 10 rings again suggests reason-
able agreement: 2.8 eV in this work compared to 3.3, 3.1, and
3.0 eV for CASSCF, MR-CISD, and MR-CISD+Q methods respec-
tively in theirs. This comparison suggests that the HSE06 func-
tional is providing reasonable predictions for small to moderate
radical and multi-radical triangulenes. For larger triangular and
hexagonal graphene nano-islands as well as other graphene struc-
tures, screen-based DFT methods, similar to the ones employed
in HSE06, have been shown to describe the spin states in the
ground state correctly.41,42 However, as was the case for closed-
shell PAHs, the accuracy of prediction of optical properties for
larger radical species is expected to wane, but they are included
in this work for completeness.

3.3 Trends for Flat PAHs of varying symmetry

With the accuracy of the DFT method shown, the OBGs of ad-
ditional PAHs were simulated. These included PAHs that are
expected to form during hydrocarbon combustion but are diffi-
cult to acquire commercially. Previous studies have shown that
molecule size, typically quantified by the number of benzenoid
rings M, is the determining factor of the optical band gap.20,24

The TD-DFT results show that the OBGs of the acenes decrease
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more rapidly with M than for D2h and D6h peri-condensed PAHs
(Fig. 3), which is in agreement with previous reports.24 The
smaller OBG of acenes for a given M can hereby be explained
by their Clar structures. They only have one clar sextet, mak-
ing them electronically more similar to graphene than the peri-
condensed PAHs. The correlation between the OBG and M of the
three PAH classes follows the reported inverse power law, namely
a ·M−1/2+b,20 or c ·Md ,24a with a, b, c and d being fitting param-
eters. For D2h peri-condensed PAHs, the current TD-DFT simula-
tions result in c = 5.621 and d = −0.376, similar to c = 5.978 and
d = −0.327 reported previously.24 The power-law fit for acenes
gives c = 6.479 and d = −0.732, again similar to c = 8.913 and
d = −0.891 in24. The effect of symmetry is also very apparent,
with the lowest symmetry group, the C2v acenes possessing sub-
stantially lower OBGs than the more symmetric D2h and D6h peri-
condensed PAHs. There is also a noticeable difference between
the D2h and D6h species, highlighted by the 7-ring D6h coronene
having a slightly higher OBG than the much smaller 4-ring D2h
pyrene.

Figure 3 also gives some indication of which isolated PAHs have
OBGs within the range of those observed in flames for the differ-
ent symmetry groups. For D2h peri-condensed species, the flame
region of OBGs includes isolated PAHs with 14-24 rings. For D6h
peri-condensed species, the reported OBG range in flames corre-
lates to approx. 19-20 rings (the size of circumcoronene) and ex-
tends well past circumcircumcoronene (37 rings) to species con-
taining hundreds of rings. However, the latter are likely larger
than what can be expected to form in a flame from HRTEM stud-
ies.17 For acenes, the flame region of OBGs includes isolated PAHs
only 4–5 rings in size. It should also be noted that PAH clusters
have OBGs approximately 1 eV lower than their isolated coun-
terparts.43 Thus for a given OBG measured inside the flame, the
PAH size that can be assigned to it decreases if a PAH cluster was
measured. Acene clusters are therefore unlikely because the con-
stituting PAHs would be too small to form a condensed phase in a
flame and are not thermally stable.12,44 However, species such as
ovalene (D6h peri-condensed) and hexabenzocoronene (D2h peri-
condensed) might be large enough to incept and their clusters
would result in OBGs similar to what was measured in flames.

3.4 Trends for cross-linked PAHs

The variation in OBG for flat PAHs is well known in the litera-
ture. Less is known about the effect of cross-linking on the OBG
of PAHs. Cross-linking reactions between PAHs has been observed
in flames and hypothesized as a possible route for soot particle in-
ception via chemical clustering.45–47 Cross-linking also can be a
mechanism of carbonization of soot nanoparticles, as bridge form-
ing between PAHs requires the release of hydrogen from the PAH,
thereby increasing the carbon-to-hydrogen ratio. The following
calculations aim to probe the effect of such cross-linking reac-
tions on the OBG of complex PAHs. Since the agreement between
HSE06/6-311G(d,p) DFT calculations and experiments is good
for the smaller cross-linked (supplemental information), the DFT
calculations were therefore extended to larger and more complex
cross-linked PAHs. The variation in the OBG with increasing num-

ber of homogeneous cross-linked PAHs was further studied by
performing DFT calculations of naphthalene, pyrene, coronene,
and ovalene (Fig. 4a), cross-linked in the para-position, that is
forming linear chains. The homogeneous cross-linked structures
vary in size from the respective monomer to the octamer for naph-
thalene, the pentamer for pyrene, and the trimer for coronene and
ovalene.

The results suggest that cross-linked structures of moderate
PAHs have a reduced OBGs that reach an asymptote. When naph-
thalene is the repeat unit, there is a significant reduction in the
OBG of ≈ 1.1 eV for 8 monomers. However, when larger PAHs
such as pyrene, coronene, and ovalene are the repeat units, the
final reduction of the OBG is only around 0.1 eV. In contrast, pre-
vious studies found that clustering by physical agglomeration of
PAHs effects a decrease in OBG of approximately 1 eV even for
PAHs as large as ovalene, which is not the case here.43 The ob-
served trends can be explained by considering the change of the
relevant orbitals when the monomer size increases. The LUMO
of p-ternaphthyl extends across all three naphthalene units, thus
each one contributes to the LUMO energy and consequently the
OBG. For p-terpyrenyl, the DFT calculations indicate that the
LUMO is localised onto only the central pyrene, and the addi-
tion of further pyrene monomers has little influence on its LUMO
(Fig. 4b). Similar observations are made for the HOMOs of
these two molecules. For larger p-naphthyls, the orbital local-
ization can also be observed. This indicates that the number of
monomers required for orbital localization depends on the size of
the monomers. Therefore, the localization of orbitals is a function
of monomer size and number, explaining the observed asymp-
totes in Fig. 4a. The impact of longer aliphatic chains was not
explored in detail due to their insulating nature. However, as
an example, the HOMO-LUMO gap for two pyrenes joined via a
four-carbon aliphatic bridge was computed to be 3.41 eV com-
pared with 3.42 eV for pyrene alone. Therefore, it is expected
that longer aliphatic bridges will also have a minimal impact on
the OBG.

It should be noted that the asymptotic OBGs of all cross-
linked species are higher than the OBGs observed in ethylene and
toluene flames by either Adkins and Miller16 or Botero et al.17.
This agrees with previous studies for pyrene and coronene that
suggested that such clusters are unlikely to be in flames48 and
hence it is understandable that their OBG does not match those
measured in flames. However, even for the case of ovalene, the
asymptotic OBG is higher than those observed in flames. In con-
trast, physical clusters of ovalene were seen to have OBGs that
are in the range of those observed in such sooting flames.43 Thus
homogeneous chemical clustering by cross-linking would require
larger PAH monomers than homogeneous physical clustering to
match the observed OBGs in flames.

The effect of cross-linking between different PAHs on the OBG
was also explored computationally. Heterogeneous cross-linked
structures of naphthalene, pyrene, coronene, and ovalene were
chosen in order to use the same monomer PAHs as the homoge-
neous case (Fig. 5).

Figure 5 would suggest that the optical band gap of heteroge-
neously cross-linked PAHs is strongly correlated with the optical
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Fig. 3 Plot of the optical band gap of PAHs against number of rings, M. Previous literature results from similar fittings done by Adkins and Miller 24 and
Robertson 20 are also shown.

band gap of the largest monomer PAH fragment within the PAH.
In other words, the OBG of the heterogeneously cross-linked PAHs
is controlled by the largest PAH/lowest OBG of the monomer PAH
fragments in the molecule. This is clearly seen for cross-linked
structures between naphthalene and a larger PAH, with species
(c), (g), and (j) having OBG values very close to the larger PAH
of pyrene, coronene, and ovalene respectively. Similarly, all het-
erogeneous cross-linked structures which contain ovalene have
OBGs very close to ovalene, although there is a slight reduction
suggesting that there may be a minute amount of spread of the
HOMO and LUMO orbital across the aliphatic cross-link. How-
ever, there are complications for PAHs that have coronene as the
largest fragment cross-linked to a pyrene fragment. In this case,
the OBG of pyrene and coronene are quite close (3.64 and 3.42
eV respectively), and the OBG of the cross-linked PAHs are ≈ 3.55
eV, which is nearer to the average of the OBGs of pyrene and
coronene. Nevertheless, using the OBG of coronene is still clearly
a reasonable approximation for molecules (h), (i), and (j).

In addition to the localization effect in cross-linked PAHs, the
formation of a cross-link introduces another degree of freedom in
the PAH, namely the rotation of the monomer fragments about
the cross-link axis. Tuning of such electronic and optical proper-
ties by twisting fragments in a polymer has been seen experimen-
tally, for example in TiO2 based-dyes for solar cell applications .49

Particularly at the higher temperatures experienced in flames, it
may be the case that a cross-linked PAH will be able to adopt sev-
eral rotational conformers, resulting in a spread of the OBG. The
upper bound of this effect can be seen by considering the rota-
tion of the two phenyl fragments in biphenyl. As the cross-linked
PAH with the smallest individual monomer fragments, biphenyl
is expected to be able to rotate with the most ease and therefore
have the largest spread in its OBG. This effect was explored by
means of a relaxed scan of the biphenyl molecule with the dihe-

dral angle of the cross-link bridge used as the scan coordinate.
The minimum energy geometry and optical band gap were then
determined for each rotational conformer along the scan point.

Figure 6 suggests that some spread in the OBG is expected
for cross-linked PAHs due to their ability to rotate. Rotational
conformers are deemed to be accessible if the deviation between
the energy of the conformer and that of the equilibrium biphenyl
geometry was less than or equal to the Boltzmann thermal en-
ergy, kBT . At 298 K, the regions shaded in beige are accessible
to biphenyl, resulting in a modest spread in optical band gap of
0.4 eV. At a temperature of 1500 K, typical of those in flames,
all conformers are expected to be accessible, as kBT has a value
of 0.13. Thus, in flame, biphenyl could have an optical band
gap spread of 1.3 eV. This spread corresponds to a maximum de-
crease in the OBG of 0.37 eV compared to biphenyl’s equilibrium
geometry, and a maximum increase of 0.93 eV. As a result, rota-
tion appears to favor an increase in the OBG over the equilibrium
value in the case of biphenyl. This increase in OBG is significant
enough that it would have to be considered when making optical
measurements at higher temperatures. However, it should also be
noted that biphenyl represents the cross-linked PAH that is most
likely to rotate. Larger cross-linked PAHs are unlikely to have so
many rotational conformers accessible due to the additional en-
ergy required, and so the spread in optical band gap expected
would be lower. It is also expected that the more cross-links that
form, the more difficult it will be for internal rotations about the
cross-link to occur, meaning the increase in OBG due to rotation is
likely mainly significant for smaller cross-linked PAHs as opposed
to those with larger monomers or multiple cross-links.

To summarize, for cross-linking between PAHs, the OBG can
be approximated by the OBG of the largest monomer in the sys-
tem. The rotation of monomer fragments about a cross-link was
seen to result in a significant spread in the optical band gap of
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Fig. 4 a) Plot of optical band gap against number of linked monomers
for homogeneous aromers. An exponential decay curve has been fit-
ted to guide the eye, with the dashed lines representing the expected
asymptotic gap value. The blue shaded region represents flame opti-
cal band gap measurements from Botero et al. 17 b) LUMO orbitals of
p-ternaphthyl (top) and p-terpyrenyl (bottom) .

biphenyl, and resulted in a net increase in the optical band gap
of biphenyl when considering all conformers. However, this was
noted to be an upper bound as larger cross-linked PAHs and clus-
ters of such PAHs are expected to require greater energy to effect
internal rotation, and so the effect is hypothesized to be signif-
icant only for smaller cross-linked PAHs. These results suggest
that forming a cluster of PAHs by continuous cross-linking would
require larger PAHs present than for physical clustering to explain
the lower OBG regimes measured in flames, as there is no addi-
tional reduction in OBG due to forming a network of PAHs like
there is for physical clustering.

3.5 Trends for curved PAHs

Finally, the effect of pentagons and curvature on the OBG of PAHs
is investigated. Curved PAHs form via the integration of interior
pentagons into their geometry. This can occur, for example, from
zig-zag edge oxidation of a PAH.22 Understanding how pentago-

Fig. 5 Optical band gap of cross-linked structures of naphthalene,
pyrene, coronene, and ovalene. Mmax is defined as the number of rings
in the largest PAH monomer fragment in the cross-linked PAH (blue for
pyrene, green for coronene, red for ovalene). The structures of the PAHs
are found in Fig S5 in the supplemental information. The horizontal lines
on the bar plot show the optical band gap of the 4 different monomer
PAHs for reference.

nal rings and curvature affect the OBG is desired, as the presence
of pentagonal-ring containing curved PAHs such as fullerene and
corannulene has been observed in soot and flames50 and may
contribute to OBG measurements. Therefore, it is useful to under-
stand what sort of pentagonal-ring structures would have OBGs
similar to those observed in flames. For example, fluorene and
acenaphthylene have quite different OBGs (4.1 and 3.6 eV respec-
tively) despite having similar structures. This can be explained by
aromatic differences as Zdetsis and Economou recently found a
correlation between aromaticity and OBG.51 The position of the
pentagon is very different in acenaphthylene and fluorene, re-
sulting in them having different Clar sextets. By calculating the
aromatic fluctuation index52 of the rings in both fluorene and
acenaphthylene using Multiwfn53, it is found that the hexagonal
rings in fluorene are significantly more aromatic than their coun-
terparts in acenaphthylene, as acenaphthylene has one Clar sextet
shared between it’s two hexagonal rings. The differences in aro-
maticity between fluorene and acenaphthylene help explain their
difference in OBG.

The comparison between experiments and DFT simulations for
fluorene and acenaphthylene indicate that HSE06/6-311G(d,p)
gives reasonably accurate OBGs for PAHs containing 5-member
rings (Supplemental information). The comparison of these two
molecules suggests that slight differences in pentagon position
can have significant impacts on aromaticity and the OBG. Such
differences are likely to be of even more importance when the
PAHs are curved due to internal pentagon integration. For ex-
ample, a recent study by Martin et al. found that more curved
PAHs have larger dipole moments due to the π-electron flexo-
electric effect. Additionally, by applying strain to corannulene,
they found that the dipole moment increased linearly with the
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Fig. 6 Optical band gap and change in energy of biphenyl rotational
conformers as a function of the dihedral angle, θ . Examples of some of
the rotational conformers in the scan are illustrated in the plot, with the
atoms comprising the dihedral angle θ highlighted in blue. The beige
and blue shaded regions represent the rotational conformers accessible
at 298K and their corresponding OBG values.

pyramidalization angle54, showing that curvature can have a sig-
nificant impact on the properties of PAHs. Previous studies have
suggested similar ideas, with Adkins et al. finding that curva-
ture effects are generally secondary to those of size and shape for
larger PAHs.24 However, it would be useful to establish the optical
band gap ranges in which PAH curvature has a significant effect.
To do this, the OBG of a set of curved PAH species of varying size,
symmetry, and number of pentagons (and therefore curvature)
was computed using the same levels of theory as before. This set
of PAHs was previously studied by Martin et al. to elucidate the
effect curvature and size had on dipole moment.54 This is seen in
Figure 7.

Due to the curved PAHs having different number of pentagons,
the symmetry of the curved PAHs are quite different. Therefore
when comparing to flat peri-condensed PAHs, the power-law fit-
ting in Figure 7 was done for the combined set of D2h and D6h
PAHs previously computed in Figure 3. Figure 7 helps establish
some guidelines on when the effect of curvature impacts the OBG
of peri-condensed PAHs. For smaller PAHs (and therefore higher
OBG values), the effect of curvature is important, and arguably of
similar significance to the size and symmetry effects. This appears
to be the case up until around PAHs of size 15-20 rings. In this
smaller PAH range, one can also see that the 2-pentagon PAHs
have lower OBGs that are very similar to the D2h flat PAHs. The
≥3 pentagon containing curved PAHs can be seen to have OBGs
that are similar and even exceeding that of the highly symmetric
D6h PAHs in the same size range. As a result, if one takes an OBG
of 2.4 eV, corresponding to the upper limit of that measured by
Botero et al. in flames17, one can see that a flat peri-condensed
PAH would be expected to be around 12–13 rings to give this,
whilst a curved PAH would need to be around 16–17 rings to
give the same value. Typically, the OBGs measured in flames are

related to the size of the peri-condensed species, which led to
the conclusion that modest sized PAHs such as ovalene could be
present in soot.16,43 However, the above analysis suggests the
same higher OBG mode could similarly be attributed to curved
PAHs of larger sizes which could have increased dispersion inter-
actions. This larger OBG mode in flames is generally attributed to
nascent soot as opposed to more mature soot, so the results here
also suggest that consideration of larger curved PAH species may
be relevant to nascent soot conditions.

Figure 7 also confirms that the effect of curvature on the OBG is
also finite, namely that it becomes less significant as the PAHs get
larger. After PAHs grow enough, size is clearly the more impor-
tant factor impacting OBG. At the lower OBG mode of around 1.7
eV, one would expect the flat and curved PAHs to be of roughly
the same size. This would suggest that the decrease in OBG as
soot matures cannot be attributed to potential curvature integra-
tion after soot formation, but due to other mechanisms, such as
growth of PAHs.

To understand why the effect of curvature seems to become less
relevant for larger species, it is helpful to consider what happens
if curvature is reduced in a PAH by applying strain. For example,
by considering the smallest PAH with a fully integrated pentagon,
corannulene, and constraining it to have varying degrees of cur-
vature, one can see the variance in optical band gap solely with
curvature. To do this, the curvature of corannulene was varied by
fixing the value of the dihedral angles during geometry optimisa-
tion. The OBG was then calculated as with the other PAHs.

Figure 8 shows the variance in the OBG of corannulene as it
is subjected to different degrees of strain. Flat corannulene has
dominantly π character, and has the lowest optical band gap,
which is consistent with smaller flat PAHs having lower band gaps
than curved ones. As the corannulene is strained into a curved ge-
ometry, its OBG increases as more σ character is introduced into
the π-bonding due to the change from sp2 to sp3 hybridisation
.54,55 This agrees with observations made by Jäger et al.56 Three
distinct regimes are seen in Figure ??. The first is for the very
flat corannulenes, where the OBG is constant. The dihedral an-
gle needs to reach 175◦ before an increase in OBG is observed.
Then, the OBG increases in a quadratic manner with the dihedral
angle, suggesting a reasonably strong dependence on curvature
of the OBG. The overall increase in OBG between the flat ge-
ometry and the curved saturation geometry is 0.4 eV, which is
similar to the difference seen between smaller/moderate flat and
curved PAHs in Figure 7. One can also see that once a dihedral
angle of around 142◦ is reached, there is no further change in
the OBG, meaning additional curvature no longer increases the
optical band gap. The corannulene shows that there is a limit to
the amount that curvature impacts the optical band gap in PAHs,
which could also explain why larger curved PAHs have similar op-
tical band gaps to larger flat PAHs. Even though the larger curved
PAHs in this case are more curved than corannulene, it would
seem that their optical band gap is already saturated by the size
of the PAH and adding curvature is less important. For small and
moderate PAHs, this is not the case, and adding curvature effects
a noticeable change in optical band gap due to the σ -character.
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3.6 Trends for open-shell PAHs
3.6.1 σ -radical PAHs

The previous sections considered PAHs of various geometries, but
all structures were closed-shell species, so we now explore the
impact of radical nature on the OBG. Firstly, a single hydrogen
was removed from the acene, D2h, and D6h PAHs studied in the
first section. The structures of these PAHs can be found in Figure
S4 in the supplemental information. This forms an open-shell
PAH σ -radical, with one radical site. Such PAHs are of interest as
they are formed during the HACA mass growth process.5,57 Soot
is also known to possess several radical sites on it’s surface58 that
have ramifications for surface growth and oxidation processes of
such particles as well as PAHs in the gas phase.59,60 The effect
of radicals on optical properties of PAHs is thus important to take
into account. The effect of the radical site and its position in the

PAH on the OBG is then compared to the closed-shell counterpart,
using the same computational methods as before. This is seen in
Figure 9.

Figure 9 suggests that there is almost no difference between the
OBG of a single radical site open-shell PAHs and their closed-shell
counterparts, as most of the simulated points lie on the y = x line.
The position of the radical site on the PAH also seems to have
almost no impact, as this would appear on Figure 9 as a scatter
of points lying on the same vertical line, but most points for the
different radical sites are near indistinguishable. This was due the
minimal impact on the HOMO and LUMO energies which are π-
orbitals that are orthogonal to the low lying σ -orbitals responsible
for the carbon hydrogen bonding. There was a very slight shift
towards lower orbital energies for the case of the radical, but
this is negligible compared to the magnitude of the HOMO and
LUMO energies. The orbital densities make it clear that since
removing a hydrogen removes a σ -bond and not a π-bond, the
aromatic network of the PAH is conserved, leading to the OBG
being invariant to this change. Therefore, it can be stated that
the OBG of a σ -radical PAH and it’s corresponding closed shell
PAH are likely identical.

The one exception to the above rule in the DFT calculations
appears to be pentacene, where two distinct points are identified,
with one representing the α and β sites and the other represent-
ing the γ and δ sites. Strangely, no other acene radicals have this
bi-modal OBGs, even the larger hexacene, so it could well be an
artifact of the DFT calculation. Nevertheless, the average of the
two pentacene radical OBGs is approximately equal to the OBG
of closed-shell pentacene. Therefore, the approximation that the
OBG of a σ -radical flat PAH is the same as the closed shell PAH is
valid. From a flame diagnostics perspective, this means that OBG
measurements in flames could be attributed to either closed or
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Fig. 9 Comparison between the OBG of open-shell flat PAHs containing
one radical site and their closed-shell counterparts. The gray numbers
represent the number of unique radical sites the PAH in question pos-
sess. Examples are given for naphthalene (2), pyrene (4), and pentacene
(5) with each unique potential radical site demarcated with a Greek letter.
Other base structures are located in Figure S4 in the supplemental infor-
mation. The straight line plotted represents the open and closed-shell
counterparts having the same OBG.

σ open-shell PAHs. Much like how the degree of cross-linking is
not reflected in the OBG, neither is the σ radical character of the
soot/gas-phase present.

3.6.2 π-radical PAHs

Another key category of PAH species include resonance-stabilized
radical (RSR) PAHs such as indenyl RSRs, peri-condensed RSRs,
cyclopentamethylene RSRs, and triangulene RSRs. Example RSRs
in each of these categories can be found in Figure S7 in the sup-
plemental information. Resonance-stabilized radical species are
known to form from reactions of unsaturated hydrocarbons61,
and play important roles in the initial formation chemistry of
smaller gas-phase PAHs.4,62 Recently, RSR PAHs have been pro-
posed as potential precursors to the formation of soot, initiated
first by growth of RSRs by HACA or vinyl addition followed
by radical-chain reactions resulting in an incipient soot parti-
cle consisting of several RSR and closed-shell PAHs covalently
linked.9,25,46 Understanding how the optical band gap of RSR
PAHs compares to their closed shell counterparts can help shed
light on the differences in properties between these two classes
and what this could mean for soot formation. To do so, the OBG
of several different classes of RSR PAHs was computed. These
include four categories of RSR PAHs. The first is those formed
from growth of indenyl which are hypothesized as seed radical for
PAHs.25 The second is the traditional odd-number carbon peri-
condensed radicals which have been seen in mass-spectra anal-
yses of PAHs in flames.47,63 The third is PAHs containing pen-
tagonal rings and methylene groups, which have been observed

in young soot particles by atomic force microscopy.64 Finally, the
fourth category consists of triangulene-like PAHs. This is seen in
Figure 10.

Figure 10 suggests that resonance-stabilized-radical PAHs have
lower optical band gaps than closed-shell peri-condensed PAHs or
their σ radicals on average. The triangulenes in particular have
much lower OBGs than the other types of resonantly stabilized
radicals. This is in spite of the fact that triangulenes have higher
symmetry than the other π-radical PAHs and higher symmetry
typically leads to larger OBG values. However, the triangulenes
are also noted to typical possess bi-radical character as well as
potential non-Kekulé structures that contribute to their energet-
ics and optical properties as nano-graphene structures.65 In the
context of soot, triangulenes with OBG values in the range of 1.7
- 2.4 eV are expected to be very small, around 5-8 rings. Much
like the acenes, these triangulenes are not expected to be very
stable at flame temperatures. For the rest of the RSR PAHs, the
size-range of PAHs that match the optical band gaps observed in
sooting flames is significantly more narrow. At the upper end of
2.4 eV, the size of RSR PAHs is estimated to be ≈ 9 rings, sig-
nificantly smaller than flat peri-condensed PAHs (12-13 rings),
and curved peri-condensed PAHs (≈ 16 rings). The lower end of
1.7 eV corresponds to a RSR PAH of size around 16 rings, sug-
gesting that in general the RSR PAHs in soot would have to be
smaller than other types of PAHs to explain the same OBG mea-
surements. Given that such small PAHs are unlikely to be able to
cluster physically, it would be expected that the RSR PAHs would
need to cluster covalently to be stable, which is consistent with
the recent hypothesis of Johansson et al..25

4 Conclusions
The accuracy of different functionals for Density Functional The-
ory (DFT) calculations of the optical band gap (OBG) of PAHs was
evaluated by comparison with experimentally determined values.
The results indicate that HSE06 gives the most accurate OBG val-
ues compared to other functionals, especially for smaller PAHs
including cross-linked and curved PAHs. Certain popular hybrid
functionals were seen to significantly overestimate the OBG due
to being parametrised to give the transport gap. The HSE06 func-
tional was further used for calculating the OBG of larger and
more complex PAHs. The observed inverse power-law correla-
tion of the OBG with number of rings was in agreement with
previous reports. In case of homogeneous cross-linked PAHs, it
was shown that orbital localization effects cause an asymptotic
decrease in the OBG with increasing number of monomers. This
effect was especially pronounced for larger PAH monomers. For
cross-linking between two different PAHs, the OBG was shown to
reflect the OBG of the largest monomer PAH and not the average
of the monomers.

The effect of PAH curvature was also studied by first comparing
the OBG of peri-condensed curved PAHs with varying number of
pentagons to the OBG of flat peri-condensed PAHs. These calcula-
tions suggested that PAH curvature is important when considering
the higher value OBGs measured in flames, as curved PAHs are
expected to be larger than flat ones for these higher OBG values.
However, for lower OBG ranges or larger sizes, it was seen that
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flat and curved PAHs essentially converge to the same number,
so this range cannot be explained by curvature effects. By induc-
ing strain in corannulene, a small curved PAH, it was found that
the difference in OBG between a flat corannulene and a highly
strained corannulene is 0.4 eV, but there is a limit to how much
curvature changes the OBG. This helped explain why larger flat
and curved PAHs have similar OBG values.

Finally, the effect of radical character on the OBG of PAHs was
considered. σ -radical PAHs were seen to have the same OBG as
their equivalent closed-shell structure, regardless of the location
of the radical site as well. On the other hand, π-radical PAHs
were seen to have significantly lower optical band gaps than flat
peri-condensed species of the same size, meaning that smaller π-
radicals may also be important PAHs to consider. Further steps
would include considering the effects of clusters of curved PAHs
and π-radical PAHs on the optical band gap, as well as under-
standing the kinetics and thermodynamics of the formation of
larger curved and π-radical PAHs under flame conditions.
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