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A B S T R A C T

Recent advances in the soot studies have shown experimental evidences of π-radicals and cross-linked structures
among the molecular constituents of just-nucleated soot particles. π-radicals could have an important role in
particle nucleation by increasing the binding energy between polycyclic aromatic hydrocarbons with respect to
pure van der Waals interactions. In this work we use density functional theory by Grimme D3 dispersion cor-
rection (DFT-D3) with hybrid functional and localized Gaussian basis set (B3LYP/6-31G**) to analyze and
classify the clustering behaviors of two aromatic radicals visualized experimentally by atomic force microscopy
(Commodo et al. Combust. Flame 205: 154–164, 2019). These aromatic radicals have different topological
structures and delocalization of the unpaired electron. The binding energy and energy bandgap characteristics of
the clusters are calculated. The theoretical results show a different clustering behavior for the two aromatic
radicals. The one with a partial localization of the unpaired electron tends to form a σ-dimer; conversely, the
radical with a greater delocalization of the unpaired electron leads to π-stacking formation with a slight over-
binding of few kcal mol−1 with respect to pure van der Waals interactions and a marked lowering of the energy
bandgap. The formation of π-stacking induced by delocalized π-radicals could in part explain some spectroscopic
evidences observed during soot nucleation.

1. Introduction

The formation of soot and condensed-phase carbonaceous materials
in flames is an area of ongoing research strongly motivated by the
adverse health effects of the emitted particles and the complex im-
plications they have to the climate change [1–4]. Moreover, in recent
years, it has been shown that soot, and carbon nanoparticles in general,
thanks to their optical and electronic properties, are interesting low-
cost materials to be used in a variety of applications, including energies
harvesting as solar cell material [5,6] and energy storage [7]. Carbon
nanoparticles have proven also to be a promising light-emitting nano-
material showing remarkable photoluminescence properties [8,9] and
quantum confinement behaviors [10].

An accurate tuning of the properties of flame-formed nanoparticles
requires a deep knowledge of their formation mechanisms, particularly
of the early stages of the nucleation process. Moreover, understanding
of the particle inception process is also crucial to develop low-emission,
cleaner combustion technologies.

It is generally agreed that polycyclic aromatic hydrocarbons (PAHs)
play an important role in soot nucleation and growth; they are ubi-
quitous by-products of fuel-rich flames that survive from fragmentation
at high temperature due to the high stability of the six-membered
benzenoid rings [11]. The most stable individual molecules are orga-
nized in pericondensed systems; examples are naphthalene, phe-
nantherene, pyrene and coronene, and even larger pericondensed aro-
matics. In addition to the purely benzenoid PAHs, five-member rings
are also present and they seem to have a controlling role in the for-
mation and growth of aromatic. Acenaphthylene-type rings, i.e., ace-
naphthylene and cyclopenta(cd)pyrene, are formed in flames due to
their high stability as predicted by Fahr and Stein [11]. This type of
pentagonal ring can be rapidly formed by hydrogen abstraction fol-
lowed by acetylene (C2H2) addition on a zigzag edge of an aromatic
structure as computationally observed by Frenklach and coworkers in a
series of earlier investigations [12–14]. In a combined experimental and
computational study, Johansson et al. [15], suggested, for the soot-
precursor structures, a relevant contribution of five-membered rings, as
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opposed to only six-membered rings. However, only the recent use of
high-resolution atomic force microscopy (HR-AFM), succeed in pro-
viding a definitive assessment on the contribution and type of penta-
gonal rings in the incipient soot molecules [16,17].

Other than acenaphthylene-type rings, a large variety of cross linked
bi-phenyl-, fluorene- and fluoranthene-like PAHs have also been de-
tected at the soot inception in laminar premixed flame [16,17]. No-
tably, a remarkable number of PAHs containing pentagonal rings or
even six-membered rings with methylene groups (–CH2-) were also
detected [16,17].

H atom abstraction to –CH2- of the partially protonated rim-based
pentagonal rings and/or H atom addition to acenaphthylene-type cyclo-
penta rings form delocalized π radicals. Indeed, if an H atom is removed
from the aromatic molecule composed by purely benzenoid rings, the
unpaired electron occupies an orbital lying in the plane of the local
molecular framework, thus forming a σ radical. Conversely, if a H atom
is removed from an sp3 hybridized carbon at the periphery of an aro-
matic molecule, such as a –CH2- group in a five-membered or six-
membered ring of a PAH, or a H atom is added to an unsaturated ring,
the unpaired electron occupies an orbital perpendicular to the local
molecular framework, thus forming a π radical which delocalizes over
the entire molecule [18].

Unpaired electrons in orbitals lying in the plane (σ radicals) are
unable to be delocalized on the aromatic system: it is the case of a
phenyl radical. In the molecular growth mechanism by acetylene
(HACA mechanism), these σ radicals undergo sequential reactions of
acetylene addition leading to the formation of larger aromatics [12].
The self-combination of these types of radicals forms bi-phenyl like,
cross-linked compounds [19].

An unpaired electron located in an orbital perpendicular to the
plane, π radical, is able to be delocalized through the entire molecule
and stabilizes by resonance. In addition to be critical for the formation
of the first aromatic ring [20], the resonantly stabilized π radicals have
long been considered important species in promoting soot nucleation
and growth [21,22], and recently they have been experimentally ob-
served by Johansson et al. [23] using photoionization mass spectro-
metry. Furthermore, resonantly stabilized π radicals were clearly ob-
served by HR-AFM [16,17], and more recently detected by electron
paramagnetic resonance (EPR) spectroscopy measurements [24].

On the bases of these new experimental evidences, it has been
speculated that resonantly stabilized π radicals, mainly due to partially
protonated rim-based pentagonal rings, might be involved in the nu-
cleation/clustering of aromatics, promoting bridging reactions [25,26],
to form three-dimensional carbon structures. The role of resonantly
stabilized radicals in aromatic growth and soot inception was already
hypothesized by D’Anna et al. [27].

Aromatic radicals are known to play a fundamental role in nu-
merous branches of organic chemistry; one of the most investigated
aromatic π radical compound, the phenalenyl radical, has been found to
form π-stacking intermolecular attraction, sometime referred to as
“pancake bond” or “multi-electron/multi-center (me/mc)” consisting
on an unusual delocalized covalent-like bond [28,29].

In this work we analyze the dimerization process of PAH molecules
and radicals recently identified as building-blocks of just nucleated soot
particles. We performed density functional theory DFT-D3 calculations,
with hybrid functional and localized Gaussian basis set (B3LYP/6-
31G**), to study the interactions of two π-PAH radicals found in the
ensemble of soot molecular constituents visualized by HR-AFM [17],
named in the following R1 and R2 (IS1 and IS13 in Ref. [17]). We
calculate the DFT-D3 structures of single radicals and of their dimers in
order to assess the role of radical aggregation on the inception of soot
particles. The Mulliken population analysis (MPAN) of the spin density
[30], has been used to understand the effect of the radical delocaliza-
tion value on different dimerization pathways.

Finally, an analysis of the two different dimerization processes, in
term of binding energy and spectroscopic behaviors (band gap), has

been also performed.

2. Computational method

Calculations have been performed by using the DFT-D3 approach
with a linear combination of atomic orbital (LCAO). All systems are
treated with the use of unrestricted spin polarized method. The
Hamiltonian adopted is the B3LYP global hybrid functional [31] as
implemented in the Crystal17 program [32]. All-electron 6-31G**
double zeta split valence plus polarization basis set of Gaussian-type
functions, centered on the nuclei, has been adopted for C, the number of
atomic orbitals span from 457 to 505 in isolated radical cases and the
twice (from 914 to 1010) in the dimer cases.

The asymmetric geometry of the studied compounds produces a C1

point symmetry. The truncation of Coulomb and exchange series is
controlled by five thresholds Ti (see Crystal manual [33], for more
details), which have been set to 8 (T1-T3), 12 (T4) and 50 (T5), for a
correct evaluation of the exchange interactions. The convergence
threshold on energy for the self-consistent-field (SCF) procedure has
been set to 10−8 Hartree for structural optimizations. The convergence
criteria of the route mean square (RMS) of the analytical gradient and
the displacement were tightened, from the default values of 0.0003 a.u.
and 0.0012 a.u. to 0.0001 a.u. and 0.0004 a.u., respectively, to provide
accurate geometry optimizations of the final structures. The DFT ex-
change–correlation contribution to the Fock matrix has been evaluated
by numerical integration over the molecular volume. Radial and an-
gular points for the integration grid are generated through Gauss-Le-
gendre radial quadrature and Lebedev two-dimensional angular point
distributions. The default pruned grid XLGRID with 75,974 points (75
radial and 974 angular points) has been increased to a very dense
XXLGRID with 991,454 points (99 radial and 1454 angular points),
whose accuracy can be measured by comparing the integrated charge
density considered Ni = 393.9996 electrons, with the total number of
394 electrons in the molecule. The dispersion interactions are evaluated
using “Grimme” D3 scheme method [34].

The classical dispersion energy is sum of the DFT energy using a
weight function that avoids double counting of the short-range inter-
actions. The electron 3D spatial extension of the electron and spin
densities have been calculated integrating the wave function obtained
from SCF calculations in a dense spatial point.

All dimerization energies have been reported without taking into
account the counterpoise correction (CC), usually employed for the
evaluation of the basis set superposition error (BSSE). The BSSE energy
corrections span in a range from +7 to +8 kcal mol−1 (as reported in
Table 2 it is evaluated for the case of not covalently bonded DR2 dimer
in different geometries) but they do not change the trends of the di-
merization energies. The approach used is not the most accurate if it is
applied to a small or medium size molecules, but it allows performing
agile and reliable calculations on moderately large models, as are those
investigated in this work, and it is easily extendable to molecules with
one thousand atoms and more.

In order to estimate the quality of our results about the energy di-
merization, a benchmark involving small aromatic dimers is reported in
the Supplemental Material. The domain-based local pair natural orbital
coupled cluster method with single, double and perturbative estimation
of triples excitations -DLPNO-CCSD(T)- has been chosen as a reference
method, employing ORCA 4.2.1 software [35]. In DLPNO-CCSD(T)
calculation a triple ζ basis set with two set of polarization functions
def2-TZVPP has been adopted [36].

2.1. Mulliken population analysis of the spin density

For very large and complex molecular systems, a clear discrimina-
tion between the two types of radicals, i.e., σ and π radical, may not be
a trivial task. In these cases, a helpful way to differentiate between the
two kinds of radicals is to use the Mulliken population analysis (MPAN)
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of the spin density, i.e., the electron density of the free electrons [30].
MPAN investigates the distribution of electronic spin within a system.
To this end, the spin up (α) and spin down (β) electronic populations
are analysed separately and their sums (α+ β) and differences (α-β) are
evaluated to yield the charges and net spins of the system, respectively.
Such analysis is very helpful in providing where the unpaired electron is
located for an assigned molecular structure. Although the MPAN de-
termination of the spin density suffer of some degree of inaccuracy that
arises from the equal division of the off-diagonal terms in the matrices
(P•S), it offers acceptable results for a comparison perspective, espe-
cially in these covalent systems.

In σ-aromatic radical, the spin population is concentrated almost
totally, more than 92%, on the carbon atom close to the dangling bond
(atom with an unsatisfied valence). For the π-aromatic radical, the spin
population is distributed over the carbon rings (in alternate topology)
and the maximum localization over single carbon atoms does not ex-
ceed 35–40%.

3. Results and discussion

Before analyzing two characteristic soot component radicals iden-
tified by HR-AFM [16,17], we have performed preliminary calculations
on the phenalenyl radical self-combination, a mechanism that has been
largely studied in the literature. These preliminary calculations are
useful to test the capability of the used approach to reproduce previous
theoretical and experimental studies.

Phenalenyl, sketched in Fig. 1, is a π radical as also confirmed by
spin MPAN: 31% of spin density on the equivalent peripheral carbon
atoms; 15% on the semi-peripheral Carbon atoms; 7% at the central
site.

The peculiarity of this radical lies in its self-combination capability
through the formation of two types of dimers: σ- and π-dimer. The σ-
dimer shows a single C–C bond between peripheral carbon atoms of the
two radicals; the two molecules do not overlap as shown in Fig. 1 (right
side). The dimerization energy is 12.9 kcal mol−1, calculated with re-
spect to the two separated phenalenyl radicals in reasonable agreement
with literature data, 10 kcal mol−1 [37]. The π-dimer has two different
configurations: in the first one the two radicals exactly overlap whereas
in the second configuration, shown in Fig. 1 left side, the two radicals
present an inversion center (head–tail configuration) and a shift of the
polyaromatic rings giving a staggered “graphite” like structure. Our
calculations show the perfectly overlapped stacking dimer to be
13.6 kcal mol−1 more stable than the monomers in unrestricted open
shell singlet electronic configuration and 9.7 kcal mol−1 in the triplet
state. The π-dimer in head–tail graphite-like configuration is more
stable than the σ-dimer; its interaction energy is of 22.3 kcal mol−1, a
value higher than that calculated at coupled cluster level [28].

Based on this test-case, we have extended our computational effort
to larger molecular models based on the experimental observations of
the molecular constituent of incipient soot [16,17]. Therefore, the two
radical PAHs, named R1 and R2, and sketched in Fig. 2, are examined in
this study.

The radicals have been preliminary studied as individual structures.
In principle, these molecules are π radicals since the electron of the
dangling bond is not univocally localized in one specific atom site on
the molecular plane, thus the unpaired electron is hosted by molecular
orbitals belonging to the π system. Fig. 2 (top panel) reports the

calculated 0.001 electrons/bohr3 iso-level of the electronic density,
projected in the singly occupied molecular orbital (SOMO) range en-
ergy, in R1 and R2, respectively. It provides a topological representa-
tion of the magnetic behavior of the molecules. Note that, this classical
representation does not correspond to the physical position of the un-
paired electron. Indeed, this latter is provided by MPAN that gives, in a
first approach, the formal charges and spin densities, whose results are
reported in Table 1 and also shown in Fig. 2 (lower panel) as colored
dots highlighting the carbons with higher (red-label) and lower (blue-
label) spin orbital contribution.

R1 radical has a hybrid behavior, due to its peculiar topology,
showing a low delocalization of the unpaired electron. The carbon atom
belonging to the non-aromatic ring (C25) shows a spin population
μ = 0.67 |e| (see Table 1), thus indicating a noticeable localization of
the unpaired electron. It is also possible to find a second localization
site, namely C11 (in alternate position with respect to C25), which has a
spin population μ = 0.41 |e| (Fig. 2 and Table 1). We could define this
type of radical as a partially localized π-radical, whose role in the ag-
gregation/clustering, through an enhanced binding in PAHs clusters,
was formerly postulated by Wang [38], and in a recent DFT study
thoroughly discussed by Martin et al. [25].

By contrast, the R2 radical can be considered as a pure π radical;
indeed, the maximum localization does not exceed a spin population
value of 0.42 |e| over a single site (C11) while the other two with
largest spin population are equally spanned among other two sites (C1
and C3, see Fig. 2 and Table 1). The delocalization of the unpaired
electron, more specifically the spin population, was observed to be
higher on peripheral carbon sites than the central ones.

The different delocalization of unpaired electrons in R1 and R2
radicals produces a substantial difference in dimer formation. Dimers of
R1 radicals, DR1, always form a single bond between the carbon atoms,
hosting the localized unpaired electron. The bond length is 1.603 Å,
while the two poly-aromatic structures are slightly bent, as shown in
the dimer equilibrium geometry reported in Fig. 3, in which the cal-
culated 0.001 electrons/bohr3 isolevel of the electronic density in DR1

and R2 dimers, DR2, in both spin multiplicity, are reported.
To study the energetic contribution of the open shell configuration

in aromatic dimerization we compared the calculated interaction en-
ergy of the DR1 and the corresponding closed shell M1 molecule sket-
ched in Fig. 4. Indeed, DR1 can be formed by H atom abstraction from
the partially protonated rim-based pentagonal ring of molecule M1
(backward reaction in Fig. 4 upper panel).

The calculated interaction energy for M1 dimer, DM1, is about
30 kcal mol−1. We can assume that this value is representative of
purely van der Waals interactions. The interaction energy in DR1 is
71.7 kcal mol−1. Therefore, assuming that the van der Waals interac-
tions accounts for the same energy value for both DR1 and DM1 dimer,
we can estimate that the σ bond contributes with about 40 kcal mol−1,
corresponding to a weak single CeC bonds.

For DR2, different geometries, and spin multiplicities need to be
considered. Particularly, three geometries have been explored as re-
ported in Fig. 5:

• radicals perfectly overlapped;

• radicals shifted in a graphite staggered like structure;

• radicals in head–tail configuration.

In Table 2 the interaction energies for DR2 in the three geometries
and in singlet and triplet multiplicity states are reported.

It is worth noticing that DR2 triplet multiplicity does not present the
overlapped equilibrium geometry due to electronic repulsion. In DR2,
the π electronic densities tend to overlap, as shown in Fig. 3; with a
distance between the two stacked molecules that ranges from 3.40 to
3.60 Å, considering both the singlet and triplet state, with an average
distance of 3.45 Å for the stack in singlet state and an average distance
of 3.58 Å for the stack in triplet state. Calculated distances are reported

- σ-

Fig. 1. Scheme of phenalenyl radical dimerization.
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in detail in Table 2.
As for DR1, we compare the interaction energy of the most stable

DR2, i.e., head–tail configuration in triplet state, to the interaction en-
ergy of the dimer of closed shell M2 molecule, DM2, (Fig. 4). A value of
−35.8 kcal mol−1 was calculated for the DM2, and again we assumed
that the interaction is purely due to van der Waals forces. Therefore, the
interaction energy of the most stable DR2 is just few kcal mol−1

(2–4 kcal mol−1) larger than the interaction energy of the DM2 in-
dicating a weak multi-center π-π orbital interaction.

Fig. 2. Investigated R1 and R2 radicals; Top panel:
the spin isodensity surface projected only over the
SOMO orbital. The surface ranges are evaluated at
0.001 |e|/(a0)3 isodensity. Red surface are positive
values, while blue are negatives; Lower panel: the
molecular sketch, in which the small black dot is
one of possible resonance representations of the
unsaturated site (carbon dangling bond). The cir-
cles (with atomic label) indicate the carbon atoms
with the higher (positive) values of the MPAN of
spin distribution. The striped circles indicate the
carbon atoms with the lower (negative) values of
the MPAN (values reported in Table 1). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Table 1
MPAN: Atomic net charge, ρ, and spin population, μ, values for R1 and R2
radicals. All charges are expressed in electron fractions |e|.

C Atom (R1) ρ(R1) μ(R1) C Atom (R2) ρ(R2) μ(R2)

2 0.13 −0.13 1 −0.17 0.33
3 −0.14 −0.08 2 −0.08 −0.15
6 0.06 0.18 3 −0.16 0.31
11 −0.23 0.41 6 0.09 −0.17
12 0.21 −0.21 11 0.00 0.42
25 −0.19 0.67 12 0.04 −0.14

Table 2
Interaction energies and distances between molecules for three geometries and two multiplicity state of DR2. All energies are reported without taking into account the
BSSE corrections. The BSSE evaluation increase the interaction energies of in a range from +7 to +8 kcal mol−1.

DR2 configurations Sz = 1 interaction energy [kcal mol−1] Sz = 3 interaction energy [kcal mol−1] Sz = 1 Distance [Å] Sz = 3 Distance [Å]

Overlapped −28.6 – 3.379
Staggered −31.1 −33.5 3.450 3.674
Head-tail −33.7 −36.8 3.512 3.495

DR2(Sz=3) α+β

DR1 α+β

DR2(Sz=1) α+β

1.603Å

Z C=3.447 Å

Z C=3.584 Å

Fig. 3. Calculated 0.001 electrons/bohr3 isolevel of the electronic density in
DR1 and DR2 dimers. < Z> C is the average distance between top and bottom
carbon atoms z-coordinates. DR1 (left): the dashed line shows the distance of the
C–C covalent bond; the two bonded C-atoms are sp3 hybridized DR2 (right): the
DR2 head–tail structures representing the more stable energetic configurational
isomer in singlet (top) and triplet state (bottom).
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The above analysis about the interaction energy of the two radical
dimers and the equilibrium geometry allows concluding that polycyclic
aromatic radicals may form π stacking if the unpaired electron is suf-
ficiently delocalized, which gives a slight overbinding in the cluster
interaction with respect to pure van der Waals interactions. When the
topology of the molecule causes some spin localization, like in the R1
case, a CeC covalent bond is formed among the localization sites.

3.1. Electronic bandgap calculations

The electronic band gap is an important quantity that characterizes
semiconductors and it is widely used for nanostructured materials in-
vestigations. However, measured band gap strongly depends on the
experimental method. For instance, optical, electrochemical, electrical
band gap may show slight differences since they monitor different
processes [39]. Theoretically, the band gap is the difference between
the highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO). Although, B3LYP has been shown
to over predict the measured optical band gap [40], the HOMO-LUMO
gap (Eg) resulting from our model gives correct trends with respect to
gaps calculated at higher theory levels and the method is applicable to
large polycyclic aromatic models. Recently, it has been reported in the
literature a correlation between PAHs characteristics and their optical
band gap, OBG [41,10]. PAH size, structural symmetry, cross-linking,
curvature due to pentagonal-ring, radical presence, all these char-
acteristics cause a variation on the OBG of PAHs [40]. In light of this,
one of the main objectives of the present study is to deepen the analysis
of the effect of the supramolecular assemblies of the polycyclic aromatic
molecules and radicals on the HOMO-LUMO gap. To this aim, the en-
ergy gap between occupied and unoccupied electronic states has been

evaluated for both open and closed shell investigated dimers.
This computational investigation is aimed to shed light on some

experimental observations indicating a typical value of the energy gap
for just-nucleated soot particles which is of the order of 1.5–2 eV
(34.6–46 kcal mol−1) [42], thus significantly lower than the typical
energy gap of the constituent aromatic molecules.

The results of DFT-D3 calculation in terms of energy gap are re-
ported in Fig. 6. M1 molecule has a HOMO-LUMO gap of approxima-
tively 3.3 eV (76.1 kcal mol−1) that decreases when considering the
SOMO-LUMO gap of the corresponding R1 radical, i.e., 2.5 eV
(57.65 kcal mol−1). A similar trend is also obtained for the corre-
sponding dimers, DM1: the molecular dimer presents an energy gap of
3.2 eV (73.79 kcal mol−1) while the radical dimer, i.e., the σ-bonded
DR1, has a gap of 3.03 eV (69.87 kcal mol−1).

M2 molecule has a gap of 2.8 eV (64.57 kcal mol−1), while the gap
of the corresponding R2 radical is 2.1 eV (48.43 kcal mol−1). The stack
constituted by two M2 molecules, i.e., DM2, has a 2.6 eV
(59.96 kcal mol−1) gap, slightly lower than the M2 molecule alone. In
the dimer configuration of DR2 the orientation of the stacks might
further affect the HOMO-LUMO gaps. Indeed, the triplet electronic
structures have higher gaps than the singlet ones. Specifically, the DR2

in overlapped geometry has an energy gap of 1.39 eV
(32.05 kcal mol−1); the DR2 in staggered geometry has an energy gap of
1.26 eV (29.06 kcal mol−1) for singlet multiplicity state and 1.96 eV
(45.20 kcal mol−1) for the triplet one; DR2 for head–tail configuration
has an energy gap of 1.02 eV (23.52 kcal mol−1) for singlet and 1.83 eV
(42.20 kcal mol−1) for triplet. This behavior is explained by the parallel
spin electron repulsion due to the exchange interaction in triplet con-
figuration that decreases the coulombic repulsion causing a stabiliza-
tion of the HOMO and a consequent increase of the bandgap. It is
evident from our calculations that the presence of delocalized π un-
paired electrons sensibly decreases the HOMO-LUMO gap. Therefore,
the stacking of polycyclic aromatic radicals decreases the HOMO-LUMO
gap by a quantity that is dependent on the geometry of aggregation and
spin multiplicity.

Fig. 4. Equilibrium molecular structures of M1 and M2 closed shell molecules,
derived from the R1 and R2 radicals. Radicals are formed by H atom abstraction
from the partially protonated rim-based pentagonal ring of the molecules. The
largest red spheres indicate the carbon atom of the original radical where the
hydrogen atom has been added. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. a) DR2 Staggered geometry; b) DR2

Head-tail geometry; c) DR2 Overlapped geo-
metry.

Fig. 6. Calculated HOMO-LUMO gaps.
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4. Conclusion

DFT-D3 calculations of the self-association of two π-radicals and the
corresponding molecules have been performed. The radicals differ each
other for a different level of delocalization of the unpaired electron over
the aromatic framework. This difference is crucial in determining the
dimerization process, the binding energy, and energy band gap char-
acteristic of the clustering of two different molecular radicals.

Based on MPAN calculations, our results show that π radicals with a
partial localization tend to form a σ-dimer. The σ-dimer is characterized
by longer length and weaker energy bond than a standard σ-bond. On
the other hand, our calculations showed that π radicals with a greater
delocalization of the unpaired electron lead to π-stacking formation.
The interaction energy of this dimer resulted prevalently due to Van der
Waals contributions, however, an additional interaction energy, at-
tributed to multi-electron/multi-center bond, has been estimated.

Another relevant result of the present computational work is the
evaluation of the effects of delocalization of the unpaired electron and
type of dimerization process on the HOMO-LUMO gap. We can assert
that the formation of a radical leads to a lowering of the optical
bandgap. The HOMO-LUMO gap further decreases as they form dimers.
The obtained gap values are different based on the molecular geometry
of the stacked structures and on their spin-multiplicity. Nevertheless,
the formation of π-stacking induced by delocalized π-radicals could in
part explain some spectroscopic evidences observed during soot nu-
cleation [43,44].

According to the experiments, soot particles are composed by an
ensemble of PAH whose typical size are of the order of ovalene, 1 nm.
However, the optical band gap measured for nascent soot particles is
commonly much lower than the corresponding cluster of pure ovalene
and other characteristic aromatic molecules [10,41,45]. To this regard,
the presence of radicals and their dimers into a soot particle may ex-
plain such discrepancies. Further work is needed to better understand
the role of interactions involving radical compounds also considering a
broader set of molecule and radical precursors of soot.
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