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Antagonistic functionalized nucleation and oxidative degradation
in the combustive formation of pyrene-based clusters mediated
by triplet O and O,. Theoretical modelistic study.

Andrea Maranzana and Glauco Tonachini*

Dipartimento di Chimica, Universita di Torino, Corso Massimo D'Azeglio 48, 1-10125 Torino, Italy

Abstract.

Polycyclic aromatic hydrocarbons (PAHs) and carbonaceous nanoparticles can be oxidized
right from their inception and all through their growth. Oxidation can promote their degradation
too. This modelistic density functional theory (DFT) study explores in a descriptive manner if
oxidation can mediate the earliest nucleation stages (“functionalized nucleation”), though
contrasted by mass declension triggered by oxidation itself. An initial O (*P) attack onto
pyrene, chosen as representative of a generic small PAH or nascent soot lamella, forms an
oxyl diradical intermediate, which can evolve to open-shell epoxide, phenol, or ketone
species, or undergo mass depletion right from the beginning (without impeding further
additions). Open-shell intermediates can add O or O, (325), and ethyne, in any order, and
open the way, through formation of carbon and oxygen bridges, to addition of a second

pyrene, while formation of direct carbon-carbon links between the two PAH-like parts might
also occur.

Suggested running title: C-nanoparticle oxidation/inception/degradation

Keywords: 1) polycyclic aromatic hydrocarbons; 2) oxidation; 3) oxygen atoms and molecules;
4) soot nucleation inception; 5) density functional theory.
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Introduction

Carbonaceous particulate is mostly an irregular agglomerate structure made of graphenic,
PAH-like layers, or lamellae (platelets), arranged in approximately spherical shapes which further
group together.1.2 It is a significant contributor to the overall mass of atmospheric aerosol.3.4
PAHs share the same origin and nature of soot lamellae. Their common structural traits are in
fact determined by combustion processes at relatively low O, concentrations,>6 or pyrolysis.’
Consequently, PAHs can be also found, not surprisingly, in association with soot particles.89 In
some studies, PAHs have been identified and quantified.10 Carbon nanoparticles, similarly
generated during combustion, can be oxidized to some extent, then can be released in the
environment,. Nanoparticles (platelet clusters) can be seen both as carbonaceous particulate
precursors and as primary pollutants in themselves.1l Since the presence of a variety of
functional groups affects the nanoparticle polarity and its hygroscopicity, functionalized PAHS,
soot precursors, and soot spherulae are also of interest (and concern) as regards human
health.12 Some functionalizations, in addition, are known to present or enhance mutagen or
carcinogenic characteristics.6 Chemical transformations of the hydrocarbon skeleton can be
pertinent to sheer PAH growth (additions of small molecules as ethyne, ring closures).13 But they
can also consist in the formation of functional groups through the reaction with a variety of small
oxidants, such as ground state O and O, (two diradicals), O3 (having some diradical character),
NO, NO,, and HO (all free radicals). Oxidation by these reactive species extends over the entire
course of soot formation and takes place also once soot particles are emitted in the environment.
It can thus accompany both molecular growth,14.15.16,17 and condensation and/or coagulation
steps of molecule-based initial systems. These processes will bring about in the end some
gradual transition from relatively low-mass gas phase molecular systems to solid particles.18
Oxidation can, on the other hand, consume carbonaceous particles, with an efficiency that
depends on the combustion conditions, and in particular at higher temperatures.19.20,
21,22,23,24,25 The two processes, oxidation and mass growth (with possible soot formation), can
coexist, and one can prevail over the other around some T value, T«. Usually, at temperatures
lower than Ty growth prevails over oxidation, beyond the reverse is true. If the reaction rates are
reported against temperature, growing (and approximately “ _/~ -shaped”) lines are obtained for
the two processes, and they cross at Ty because of their different slopes. Soot particle growth is
favored at lower temperatures in fuel rich mixtures, but it can continue at higher T values if the
mixture is enriched. In fact, the crossing point moves to higher T values as the fuel equivalence
ratio26 moves to higher values, i.e. from leaner to fuel-richer mixtures (see for instance Figure 1

in ref. 10, and Figure 6.7 and 6.8 in ref. 14). In principle, it can be supposed that, if a growing



hydrocarbon system can get oxidized to some extent already during the very first steps of
nanoparticle inception, this could on one hand affect the basic traits of its growth mode, on the
other hand put oxidative degradation in competition with growth.

Soot and PAHs have been extensively investigated under combustion conditions, and the
role of oxygen examined. Soot and flame properties along the axis of a round C,H4/O,/He
coflow laminar jet diffusion flame were measured by Kim et al.20.24,27 (see fig 4 of ref. 24). The
soot volume fraction is shown to increase from ca. 0.5 up to more than 1.5 ppm in the region z
(“height above burner”) = 25-45 mm. Within the same region, O, and O mole fractions do not
decline significantly, or even see some increase (Xo, = 10* — 10™ and xo = 10® — 10°). In the
same z region xy slightly declines from 10™ to 10™. Alexiou found that dioxygen addition can
depress soot formation and move its peak to lower temperatures.28 Regarding the related PAH
growth, Thomas et al.29:30 reported (for pyrolysis and fuel-rich oxidation of catechol) that an
increase in dioxygen concentration has been found to boost their formation rate at temperatures
lower than 1100 K, but to depress it at higher temperatures. More recently, Fuentes3l
investigated the soot formation and oxidation processes. When oxygen concentration in the
oxidizer stream (O, + Ny) of laminar co-flow ethylene diffusion flames was varied from 17% to
35%, two regimes were observed, depending on the concentration of O, in the oxidized flow
(oxygen index 1). In the case i < 25%, soot oxidation dominates, and increases more rapidly with
O, concentration than soot formation. When instead 7 > 25%, soot formation processes increase
more rapidly with O, concentration than soot oxidation. In another recent study, these Authors
found again that the soot volume fraction can be enhanced by an increase in .32

Soot and PAHs have also been tentatively identified in the years in planetary atmospheres, in
the envelopes of carbon-rich stars, and in the interstellar medium, hence under very diverse
conditions of temperature, pressure, irradiation.33:34.35 |n extraterrestrial environments the role of
atomic oxygen, in connection with the growth and presence of hydrocarbon-based systems, is
problematic, and will depend on the situation considered, since (1) O can be related to their
degradation, and (2) one should know its local density.36 Then, molecular oxygen has been also
detected in recent years,37 but its coexistence with PAHs seems to be quite uncertain.

Computationally, the characteristics of the particle inception process can be investigated at
different scales and by different theoretical tools.38 In this study, quantum mechanical methods
are used to model and illustrate this particular aspect: if and how nucleation could be mediated
by oxidation under combustion conditions. We will also consider how oxidation can contrast
nucleation by promoting PAH/soot platelet degradation. The PAH-like structures studied in our

modelistic study are based on pyrene, chosen as representative of a generic small PAH or



incipient soot platelet. Pyrene has been quantified in recent studies, for instance in counterflow
diffusion flames3® and in sooting low pressure methane flames.40

Notwithstanding the limited size of the delocalized n—systems studied here, based on pyrene,
their possible stacking is taken into account,4! as done in our previous studies on more extended
aromatic systems.13b,42.43 |ndeed, in the structures undergoing size growth upon oxidation,
some stacking of the PAH-like components could be induced by van der Waals interactions, and
its importance would in point of fact depend on the PAH system size.42 In this respect, we
mention that the formation of physical associations of two pyrene molecules (van der Waals
complex) was recently investigated experimentally and computationally by Sabbah et al.,44 who
concluded that the rather small pyrene molecule cannot undergo a significant dimerization
through van der Waals interaction at rather high temperatures. In recent studies by Kraft and
collaborators,18.38¢.45 similar cases were studied. In particular, on the basis of a molecular
dynamics investigation with their PAH Anisotropic Potential46 they concluded that van der Waals
pyrene dimerization is unable to contribute to soot particle formation even at low temperatures,
and cannot therefore be a crucial soot formation step at flame temperatures of ca. 1500-2000 K.
However, in the present study, while stacking may accompany the formation of s—bond links
between two pyrene-based structures, it does not intervene alone to keep them together.

When the functionalization and extension vs mass loss of this model hydrocarbon are here
considered, they imply, following a radical addition of ground electronic state O (°P) to a first
pyrene, CO and HCO' losses. These extrusions4’ form smaller radicals or diradicals, and can
flank or introduce, not necessarily impede, further additions (this aspect will be discussed in
section 2 and shown in Scheme 5). Then additions of O, (32(;,) and ethyne can follow, and finally
of a second pyrene. The mass increase steps so modeled hint to a further growth of the
molecular system (nucleation), i.e. to the onset of nanoparticle formation. Data on O atom?24.48
and O, molecule24.49,50 concentrations, available in the literature, depend on the experiment
conditions. A limitation comes from the fact that we have chosen to restrict our study, among the
variety of small reactive (di)radical oxidant species mentioned above, which could attack the PAH
or PAH-like systems, to the presence of oxygen atoms and molecules, both taken in their ground
electronic states (°P and 325, respectively).51 One practical reason for this choice was to limit the

extension of the study, which could easily become unmanageable.

Theoretical Method

The stationary (critical) points of chemical interest on the energy hypersurface are minima
and first order saddle points, which correspond to stable species and transition structures (TS).
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They were determined by gradient procedures®2 within the Density Functional Theory (DFT),53
and making use of the M06-2X>4 functional. The polarized split-valence shell 6-311G(d)>> was
used in the DFT optimizations. The nature of the stationary points was checked by vibrational
analysis at the same level. The energies were then recomputed by single-point energy comput-
ations with Dunning’s polarized valence-3¢ cc-pVTZ basis set.56

In the case of singlet diradicaloid structures, the wavefunction stability was checked, and
obtained by relaxing it in the orbital rotations space. In these cases, the spin densities expected
for a diradical were obtained, instead of the “automatic” closed shell singlet solution (which
obvious yields zero spin densities). Since this mixing gives a better description of the electron
distribution but alters the energy, the energy values had to be consequently refined by way of
Yamaguchi's formula.5”

The 6-311G(d) thermochemical corrections gave estimates of the zero point vibrational
energy (ZPE), by which the cc-pVTZ relative energies were corrected; the enthalpies (AH),
entropies (AS), and Gibbs free energies (AG) were also estimated. The AG values reported in
Schemes 1-5 (in kcal mol™), are defined with respect to the reactant reference level, i.e.
EzrelOCP) + 2 x pyrene + O, (°Tg) + HC=CH], set to zero. They are reported as bracketed
values, separated by slashes, in correspondence of a range of temperatures (T = 400/700/1500
K) which encompasses typical conditions of combustion and post-combustion (emission in the
environment). In the next section, the AG* for each step makes reference to the preceding
energy minimum, while the stability of each minimum is referred to the reactants level. A Table of
all forward and backwards barriers for each step can be found in the Supporting Information file.

All quantum mechanical calculations were carried out by using the GAUSSIANO9 system of

programs.58 The MOLDEN program was exploited to display some optimized structures.>®



Results and discussion

The nascent soot platelets or PAH-like systems are modeled by involving two pyrene
molecules.60 Triplet O and O, attacks on one pyrene are seen as supportive of a possible
addition to a second pyrene, a first step toward an incipient nanoparticle oxidized right from the
beginning (we will call this “functionalized nucleation”). We attempt also to illustrate how it can be
contrasted by elimination (extrusion)4’ processes which promote a mass decrease and the
possible oxidation and degradation of a PAH or soot lamella. To curb an excessive expansion of
our investigation, some choices have been operated regarding possible positions of addition of O
and O, onto pyrene or reaction intermediates (with potential formation of similar regio- or
diastereoisomers). The rationale about these choices®l has been that addition will possibly
involve a position of substantial spin density, but also give an intermediate geometry open to
growth. In other words a geometry not presenting crowding or rigidity such to hamper a possible
mass growth through addition of a second pyrene, on one side, or excessive elongation of chain
structures such to prevent a robust linking of two PAH-like structures, on the other side.

An interesting aspect resides in the spin multiplicity change that subsequent attacks of triplet
O and O, can induce, since, at some growth stage, the oxidized PAH-like system can be
inclined, as a singlet, to build up not only bridges but also simple carbon-carbon bonds between
two PAH-like parts.

Within an investigation plan so delineated and delimited, we will address in particular the
following main issues.

(1) Assessing the extent to which steps apt to bring about various forms of oxidation can come
out to be intertwined with the very early nucleation steps, through O-C and C-C connections
between distinct PAH-like parts.

(2) Exploring if degradation processes, which are initiated again by oxidation, and in principle
coexist with growth at some of its stages, could either alter its course significantly, or impede it
altogether (in particular, mass loss via CO extrusion appears to be an interesting candidate to

this role).

1. Initial steps. The reference to the reactants level [O(°P) + 2 x pyrene + O, (325) + HC=CH]
is generally chosen to display AG values in the Schemes for all critical points. Table S3 in the
Supporting Information reports instead, for each reaction step, forwards and backwards Gibbs
free energy barriers (which does not imply, in itself, that an equilibrium condition is attained).
Initial steps (preceding possible growth) are depicted in Schemes 1-3 and discussed in
subsections 1.1 to 1.3, while growth is described in Schemes 4-5, and discussed in sections 2

and 3.62



1.1 OCP) addition to pyrene. The first reaction step considered in all cases is the radical
attack by the triplet oxygen atom onto pyrene (top left of Scheme 1).63 A van der Waals (vdW)
complex is defined, in which O interacts with the n—system.6465 The O radical attack onto
position 1 of pyrene®6 produces the initial triplet diradical adduct ‘O—pyrene’ labeled A1,67 which
is the most stable among the three possible adducts. Al is the starting point for our
considerations. It has one unpaired electron localized on the oxyl group, and another one
delocalized on the 1 system, and can consequently be at the origin of different reactions. Even
at this early stage, the system could be open to several processes, either unimolecular, a—c, or

bimolecular, d—e (Scheme 1).

3
PAH, (pyrene)

‘ ‘ *o
[10.2/18.1/39.5]

3-ring
closure

[-4.4/4.6/28.9]

A2 epoxide

b [-15.1/-7.0/14.0] [-12.8/-4.4/17 .4]
c d
rearrangement 3 H abstraction: e
-HCO" [7.6/15.8/37.5] + 0, [-5.5/13.1/60.8]
or -HOO" 3
co * 0,
3 OH 2 o)
A3 phenol A4 ketone
[-40.5/-32.8/-13.8] [-59.7/-57.7/-57.9]

Scheme 1. Initial steps for PAH; (pyrene), opened by O (*P) addition to give the oxyl radical adduct
Al (here the most stable isomer is represented). (a) Formation of the epoxide ring of triplet A2. (b)
Mass loss, described in detail in Schemes 2 and 3. (¢) Formation of the triplet phenol diradical A3,
via Hgem abstraction operated by —O". (d) Hgem abstraction by O, to give a doublet ketone A4. (e)
Dioxygen addition, described in detail in Scheme S2 (Supporting Information). All systems have
one n—delocalized electron; a single resonance structure is drawn. Free energy values are with
respect to the reactants (AG at T = 400/700/1500 K between brackets; unit: kcal mol™).

(a) The oxyl oxygen in Al could reversibly close an epoxide ring to A2, through disruption of a 7
electron couple. Hence the initial oxyl/r triplet diradical becomes an all-7t triplet diradical, since
one 7 electron is used to couple with the oxyl unpaired electron to form the new - bond. The
triplet epoxide A2 is only some 3 kcal mol™ less stable than Al. Hence, the backwards step (ring
opening) presents a slightly lower barrier. (b) Next comes CO or HCO loss (extrusion), discussed

in more detail in subsection 1.2, important in the oxidation and degradation of PAHs and soot
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particles, which can start off from the oxyl group in A1. (c) Phenol formation proceeds through a
rearrangement involving Hyem. This step presents a significant barrier, though it brings about an
energy gain with respect to Al in forming the triplet mt,7t diradical A3. (d) O abstraction of Hgenm
presents a smaller barrier with respect to A1 and O,. It gives the doublet ketone A4. The step
entails a significant energy gain, but, due to the nature of the process, sees a significant
temperature effect on the barrier height. (e) Dioxygen addition takes place by involving either the

initial pyrene-O derivatives A1 and A2, or the intermediates formed upon HCO or CO losses.

1.2 Loss of HCO radical or CO. Oxidation is not only important in the degradation of fully
formed soot particles, but can also cause mass diminution in an incipient carbonaceous

nanoparticle or a PAH, which can take place through CO (or HCO radical) loss.47.68

6-ring opening by

cleavage of bond 1
[8.6/16.2/36.7]

[-15.1/-7.0/14.0] [2.5/8.3/23.0]

5-ring closure
[18.8/26.1/43.6]

[ )
H-C=0

+

bond cleavage OO

[0.7/7.2/24.5]
A6 A7

[-20.7/-14.1/3.0] [-19.9/-24.0/-35 6]

Scheme 2. Following oxidation of pyrene by atomic oxygen, loss of formyl radical (a possible precursor
of CO) leaves a smaller radical PAH system, A7. All systems have one n—delocalized
electron; a single resonance structure is drawn. AG values (with respect to the reactants) at
T = 400/700/1500 K are between brackets; unit: kcal mol™.

In Scheme 2 it is shown that loss of a CO precursor, the formyl radical, can occur starting
right from the initial oxyl radical A1. The overall process from Al to A7 is an extrusion reaction,
which does not take place concertedly, but in a few steps.4’ The cleavage of C-C bond 1 is
associated to a non-negligible barrier of ca. 23 kcal mol™, fairly insensitive to T change. It leads
to the diradical A5. The step is endoergic by ca. 17-9 kcal mol™?, depending on T. A 5-ring
closure presents a barrier well above the reactants level, then might generate A6. All these

intermediates retain the triplet multiplicity. Finally, another homolytic bond cleavage (barrier ca.
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21 kcal mol™ high) dissociates A6 to the formyl radical and the lighter radical PAH A7. Next,
HC'O might lose a H atom. While the single barriers heights are, as seen, generally around 20
kcal mol™* and do not depend on temperature in a marked way (that connecting A5 to A6 is the
most sensitive), the overall sequence does depend on T, since from a single molecular system
we get two: it presents a total exoergicity spanning from ca. -5 to almost -22 kcal mol™. It can

also be noted that one step in particular is quite reversible (A5 back to Al).

3 3 O
/ 3
H transfer - CO
[5.9/12.9/31.2] [4.8/9.2/20.7]
A8

A9
[2.5/8.3/23.0] [-16.0/-10.5/3.4] [-13.3/-18.8/-33.3]

[8.6/16.2/36.7]

C-C bond
cleavage 1 A5

[0.0/-4.0/-14.3]

o)
Al | o

[-15.1/-7.0/14.0] 4 H 3
°
C-C bond |
cleavage 2 H transfer
[9.5/17.0/37.2] [10.1/16.2/32.1]

A1l0 All Al2
[6.6/12.5/27.4] [-17.0/-11.2/3.4] [-13.6/-19.5/-34.8]

- CO

[5.1/9.5/21.1]

Scheme 3. CO multistep extrusions from the initial oxyl radical A1, leaving smaller triplet diradical PAH
systems, A9 and A12. A1l undergoes two different C—C bond cleavages: 1, to A5 (already
encountered in Scheme 2), and 2, to A10. Both are followed by intramolecular hydrogen
abstractions from the aldehydic groups and subsequent CO loss. All systems have one n—
delocalized electron; a single resonance structure is drawn. Free energy values (with respect
to the reactants) at T = 400/700/1500 K are between brackets; unit: kcal mol™.

But other transformations (Scheme 3) could depart from the Al intermediate, following initial
homolytic openings of the O-bearing 6-ring (steps 1 or 2). After a cleavage of the bond marked 1,
seen previously, the A5 intermediate could undergo an intramolecular radical H abstraction
(instead of the 5-ring closure just seen), i.e. a rather easy hydrogen transfer from the aldehydic
group to the localized in-plane radical center, to give A8. The relevant barrier is ca. 8 kcal mol™
high, rather insensitive to T. The reverse process has a much higher barrier. CO loss requires
overcoming a barrier which is not very dependent on T, notwithstanding the formation of two
species from a single one. It leaves a lighter triplet diradical, A9. The overall process is slightly

endoergic at lower T, but becomes more and more exoergic as T rises, as expected.
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The alternative cleavage of the bond marked 2 in Al triggers a similar sequence through
A1069 and A11l. The first step shows a barrier which again varies little with T. The H transfer
away from the CHO group is again not demanding (as expected on the basis of its bond
strength).70 As for the preceding H transfer case, the backwards step is more difficult. The final
CO loss leaves Al12, related to A9 simply by a H shift. The free energies of these two
intermediates are quite close, and their interconversion barrier moderately temperature-
dependent.

In alternative to the above reactions, further oxidation by O, addition could take place in both
Al and A2 (steps e in Scheme 1 and Scheme S2 of the Supporting Information). Different
additions can produce the singlet diastereomer adducts B1-B4. The reaction steps are
described in detail only in the Supporting Information, section 6, where it is shown that they do

not appear to be too promising.

2. Growth prepared by O,, O, and C,H, additions. The pathways described up to now
bring about oxidations of the original pyrene, PAH,, by initially forming A1 and A2, then either the
generation of smaller radical PAH systems (as A7, A9, A12) by loss of a HCO or CO molecule,
or C16H1003 isomers (as B1-B4) by further dioxygen addition, which however have just been
found unlikely under combustion conditions in the preceding section.’1

We will now examine possible growth steps hopefully apt to exemplify a nucleation process
under way. In any of the above cases, we choose to consider subsequent additions preferentially
to high spin-density positions, either by dioxygen, (case A, Scheme 4), or, alternatively, oxygen
atom (case B, primed structures, Scheme 4), and also ethyne, present, it too, with significant
molar fractions in combustions.49:49 Yet, attack to the highest spin density positions is not taken
as a strict rule, as stated at the beginning of this section. O/O, and C,H, additions are taken in
any order. They end up in generating slightly larger species centered on the initial pyrene, PAH4,
which acquire, upon 20, or 20 addition, singlet spin multiplicity. Addition to a second PAH (PAH))
will see peroxy (A), ether (B), and vinyl bridges binding PAH; to PAH,, and will thus hint to

nucleation (Scheme 5).
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H transfer

[0.0/-4.0/-14.3]

Al2
[13.6/-19.5/-34.8]

[6.6/

| o
+ HCCH
[-15.0/-9.2/6.2]
A13
[-36.1/-40.0/-49.8]

2.9/-5.9]

3
+ 70,

+ HCCH
[-24.4/-16.4/5.3]

B8 B9
[-50.6/-42.6/-21.5] [-24.3/-5.6/43.1]

Scheme 4. Oxidation / addition steps by dioxygen (case A), oxygen atom (case B) and ethyne, in any
order, starting from the triplet diradicals A9 or A12 seen in Scheme 3. All systems have one n—delocalized
electron; a single resonance structure is drawn. Free energy values are with respect to the reactants (AG
at T = 400/700/1500 K between brackets; unit: kcal mol™).

The triplet diradical A12 (CO loss product encountered in Scheme 3), is connected to A9 by
a simple H shift. Also a 5-ring closure can occur in A12, in particular, to give the & diradical A13,
similar to another mass-loss product, the radical A7 of Scheme 2. In A13 the unpaired electrons
(triplet state) are both pertaining to the © system, but while one is delocalized on the three fused
6-rings, the other is localized in one position of the 5-ring, as shown.’2 Ethyne, dioxygen, or
oxygen atom additions to A9, Al12, or A13 can be involved in further reaction steps shown in
Scheme 4. The structures Bn (dioxygen attack) and Bn’ (O atom attack) are thus formed. The
additions are privileged if occurring onto the site of a localized unpaired electron: (1) the in-plane

sp? site in A12 (top ring, spin density of 1.28), (2) the vinyl position for A9 (spin density of 1.28),
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and (3) the p orbital site on the 5-ring in A13 (spin density of 0.93). Also addition to positions
belonging to the delocalized 1t system, and having lower spin density, will be contemplated, since
they allow the presence of two peripheral substituents in appropriate positions, which can
prepare the scene for the formation of strong PAH;-PAH, connections. Will now examine in more
detail the three possibilities just declared.

(1) Though additions can take place involving a ring sp? radical site, the resulting substituent
groups must result rather rigidly bound. This possibility has been examined for A12, and this
rigidity causes the group to be inclined to lie mostly on the plane approximately defined by PAH;.
These were obviously deemed not promising because we looked for structures extended in the
three dimensions, in other words to subsequent formation of heavier “nuclei” made by not simply
lined parts.”3

(2) Dioxygen addition (case A) to the vinyl site of A9 might produce B5, a singlet
intermediate bearing a -CH=CH-OO chain, with a terminal radical site. When considering the
forward and backwards processes centered on A9, we see that since A9 and Al12 are almost
isoergic at any temperature, the two related barriers are of course very close. The barriers for the
A9-B5 bimolecular step, [9.8/20.6/48.8] kcal mol™, are to be compared (a) again with those of the
A9-A12 backwards step, and then (b) with those of the unimolecular B5-A9 backwards step,
[38.4/37.0/33.6], in which dioxygen loss results less sensitive to T variations. At the two lower T
values, dioxygen addition seems easier than its re-dissociation, but only at T < 500 K B5
formation is easier than the step back to A12. Moreover, though a further PAH, addition to this
site in B5 is possible, we have also to consider that in this singlet system a unimolecular process,
the 7-ring closure, will compete with it efficiently (see the Supporting Information, section 7).

(3) Turning now to triplet A13, it could add either ethyne or dioxygen to the 5-ring site with
significant spin density. Both additions are considered. Ethyne addition would give B6, and upon
a subsequent O, addition the singlet B7 diradical would form. When considering the forward and
backwards processes centered on B6, we see that for the A13-B6 step the G barriers are
[21.1/30.8/56.0] kcal mol™, to be compared with those for the B6-A13 backwards step, [28.5/27.3
124.4]. Beyond 600 K, the backwards step is easier. Then, for the B6-B7 bimolecular step, the
barriers are to be compared with that of the unimolecular B7-B6 backwards step. Dioxygen loss
(again little sensitive to T variations) results much easier than its addition at all temperatures.
Due to this last set of data B7 formation is quite unlikely.

Similarly, but in the reverse order, a first O, addition to A13 would give the singlet diradical
B8. We consider now the forward and backwards processes centered on it. For the A13-B8 step
the G barriers are lower than those for the B8-A13 backwards step at the two lower

temperatures. The backwards step is easier only at 1500 K, and up to ca. 800 K the pathway
13



passing through B8 could be open to further PAH, addition. We will consider possible growth
steps from B8 in the next subsection. If ethyne addition instead follows, it gives B9. But the
barriers for the B8-B9 bimolecular step result all higher than the B8-A13 backwards barriers. The
formation of B9 seems thus precarious.

As an alternative to the above dioxygen additions, an O atom could be involved.24.48,65 We
will consider, to illustrate this possibility, only the steps departing from A13, avoiding the
formation of longer chains, as was the case for B5. Again, O addition will be taken as occurring
either after or before an ethyne addition. Of the imaginable structures, B8’ comes out not to be a
singlet diradical but a very stable closed shell epoxide.”4 B7’ (from O addition to B6) could
instead, as a diradical, add a second PAH. This structure is attained very easily, through a
barrierless and exceedingly steep all-downhill pathway on the energy surface. Though the attack
is one out of some more or less equivalent attacks on positions of relatively high spin density, we

proceed further from one single position.

3. Growth through PAH, addition. The additions shown in Scheme 4 create singlet
PAH-like intermediates with side chains that bear unpaired electrons (B7’, B8). They prepare the
scene for a possible further PAH, addition, which exemplifies the beginning of a nucleation
process. Scheme 5 illustrates two growth possibilities. Starting from B7’, the first attack can be
carried out on PAH, by either of the two high-spin-density positions (the oxyl oxygen or the
terminal vinyl carbon). Then the other can form a second bridge between the two PAH-like parts.
Whichever the choice, the cage-like structure C2 is obtained. We have selected in Scheme 5 the

choice “vinyl first, then oxygen”.

+ PAH,
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Scheme 5. Further pyrene (PAH,) addition steps, which describe nucleation inception through formation
of closed shell adducts. The PAH-like parts are bound by vinyl and peroxyl bridges, or directly
through occ bonds. Free energy values are both with respect to the reactants (AG at T = 400/
700/1500 K between brackets; unit: kcal mol™). A side view is chosen for the adducts (new
bonds in bold).

The barrier for the B7’-C1 step is [18.7/32.9/69.8] kcal mol™ high. The reverse step requires
overcoming a barrier of [31.3/29.5/25.1] kcal mol™. This datum would indicate that C1 could form
at the lower temperatures, but less and less easily beyond 700 K. This temperature could be
seen as a threshold, beyond which the addition process cannot be efficient. But the second
barrier, to get C2 from C1, is of very moderate height. They can be compared and formation of
C2 appears to be feasible.

A different connection is obtained when starting from B8, in which a single peroxyl substit-
uent can potentially link PAH,. In this case, the energetics is less favorable. The G barrier for the
B8-C3 step is high. The reverse step C3-B8 requires overcoming a lower barrier. However, it
can be contrasted with the C3-C4 step. Though the barrier to get C4 from B8 puts this step on a
favorable ground at the lowest T, it is not so at the two higher T values. Therefore, C4 unlikely
forms but at the lowest temperature, approximately not beyond 500 K. In summary, while C2
might form more easily, especially at lower T, C4 formation is not as feasible. The steps leading
to these rather compact structures (Figure 1) can be seen as more or less viable examples of
nucleation onset. But, within the limits of our growth exemplification based only on pyrene
elementary units, we have to stress at this point that the formation of heavier systems containing
two pyrene units, taking place through a oc-bridging promoted by oxygen and ethyne, is viable

only at rather low temperatures.

C2 c4
Figure 1. Two closed shell addition products shown in Scheme 6, in which the PAH-like parts are bound

either by ether and vinyl bridges (C2), or by a peroxyl bridge, right, and directly through a ccc bond,
left (C4).
In all singlet peroxyl species considered so far, ring closure to a peroxide intermediate or
formation of a peroxy linkage between PAH-like moieties, can in principle take place. On the

other hand, the relatively weak peroxy bond, however formed, might undergo cleavage, with
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formation of two oxyl radical functionalities and possible mass loss. These steps are described in

detail in the Supporting Information, section 7.

The succession of reaction steps described so far provides an obviously incomplete
illustration of the possible interconnection between oxidation processes which give simple
functionalization, mass declension via CO loss, or oxygen-mediated nucleation. Within the limits
of our exemplification, we can now recall the issues raised at the beginning of this section, and
state the following points. (1) At temperatures < 700 K, oxidation can give a chance of growth,
through the formation of peroxidic and aliphatic connections (e.g. -CH=CH- bridges) between
PAH-like parts, or sheer C-C connections between them that involve carbons belonging to the
initial PAHs. (2) Mass loss can certainly take place, yet cannot impede successive growth modes,
just as oxidation following growth can cause, by contrast, mass loss via CO extrusion. The two
processes can coexist, and appear, from a mechanistic point of view, to be deeply intertwined:
the balance between mass growth and degradation will ultimately depend on the combustion
conditions.

These results can be compared with the conclusions previously drawn in the experimental
and theoretical study by Sabbah et al.,44 who ruled out the possible formation of van der Waals
pyrene dimers at combustion temperatures. Our results can also be compared with some recent
theoretical investigations. Those by Kraft and coworkers18,38¢,4546 took into account the
possible stacking of larger PAH units via van der Waals interaction, and found that pyrene
dimerization is unlikely as a critical soot formation step for T = 1500-2000 K. Then also the
studies by Violi and coworkers, > who discuss also the role of side chains on the PAH propensity
to dimerize. They find that for T > 1000 K, only large PAHs see the formation of dimers favored
over the free monomers, ruling out the simple stacking of pyrene as the main step for soot
formation.’6 In this respect, we can recall that a van der Waals pyrene dimerization had been

considered in preceding years as a possible seed for soot nucleation.””

Conclusions

The nucleation onset of a carbonaceous nanopatrticle in an oxidizing environment has been
examined by theoretical modeling, using density functional theory (DFT). This work has been set
to illustrate the possible interconnection modes of PAH or soot platelet oxidation by *O and 20,
with mass growth (involving also ethyne) and, by contrast, with their degradation. Our purpose

was a qualitative representation of the events which involve a pyrene-based system, not
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comprehensive of all conceivable reaction pathways, aimed to clarify: (1) if the very first
nucleation steps can be mediated by oxidation (a process here dubbed "functionalized
nucleation”); then (2) to get some answer regarding the question if processes that cause mass
loss can also impede growth steps.

The reaction pathways have been examined, and the relevant thermochemistry defined at
different combustion or post-combustion temperatures (from T=1500 K down to 700 and 400 K).
The functionalization, mass loss, or extension of the initial system imply: ., and o.. bond
formations, ¢, bond cleavages, CO and HCO' losses (extrusions), H transfers, as well as a
more or less pronounced stacking of the aromatic components. Succeeding O and O, radical
attacks on PAH systems can oxidize them by forming oxygen-containing functional groups.
Phenol, ketone, epoxide, ether, and peroxide functionalities can be present in the open shell
intermediates, aside to oxylic and peroxylic radical groups. Meanwhile, when oxyl radical groups
form, extrusion of CO (or HCO', seen as a CO precursor) can bring about mass loss. These
losses alter the intermediate structures by forming smaller hydrocarbons of radical or diradical
nature, but do not inhibit further O, or hydrocarbon (ethyne was considered here) additions and
growth. Then, one or the other of the antagonistic growth and depletion phases can become the
dominant process, depending on temperature. The subsequent radical attacks open the way to
addition to another PAH, with formation of -O-, —-O—O-, and —-CH=CH- bridges between PAH-
like parts. They can also induce singlet spin multiplicity and formation of direct —-C—C- links
between the PAH-like parts (Scheme 5). Whichever the connection, the "PAH-linkup" structures
so formed (efficiently only up to ca. 700 K) can be seen as the seeds of carbon nanopatrticle
nucleation, since they could proceed towards a mass increase through further radical reactions,
then by physical processes of coagulation and condensation.’8

Within the limits of our model, we can conclude that the formation of more extended
molecular systems, with two pyrene units c—connected by oxygen and vinyl spacers, is possible
only at rather low temperatures. If PAHs significantly larger than pyrene were considered, a
twofold effect could be present. (1) A larger dispersion effect could promote the formation of van
der Waals complexes, as observed for instance in refs 42 and 45; it could as well enhance van
der Waals interactions and consequent stabilization in intermediates already bound by
o-bridges. (2) A larger size might bring about some extra flexibility in the PAH-like units, and
consequently a smaller deformation energy for each PAH-like unit upon o-linking, since the
deviation from the ideal planarity could be distributed over a larger number of carbons, thus
easing the formation of c—bond connections between them.43

From the features of the simple reaction pathways investigated, a qualitative description

emerges, where functionalization (oxidation) of PAH molecules, and formation of oxygen and
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carbon links between PAH-like components, can be significantly interconnected. They can also
coexist with mass loss steps, and the two channels will bear different relative importance
depending on temperature.

In summary, this study provides a qualitative but interesting result: During combustion, while
30 and 3O2 additions can cause various forms of PAH oxidation, they can also trigger,
contextually, the growth of a carbon-based nanoparticle. The computational modelistic results
suggest that mass growth can most likely occur by this oxygen intermediacy at lower

temperatures, while at higher temperatures extrusion can prevail, and bring about mass loss.
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The restricted size of pyrene is not expected to greatly affect the chemical aspects under scrutiny
(oxidation and growth). Yet, some rigidity of the bridged PAH-like parts might be inclined in some
situations to restrain the extent of their interaction (stacking), by keeping the two rigid pyrene-based
units too far apart.

This study is not exhaustive of all possible reaction pathways, as is currently done to offer quantitative
predictions on all the outcomes of a specific reacting system. Thus, the two opposite processes of
growth and destruction are not studied in an complete and quantitative way. Recent examples of
studies of that kind, by other groups: A. Landera, R. |l. Kaiser, A. M. Mebel J. Chem. Phys. 2011, 134,
024302; da Silva, G.; Trevitt, A. Phys. Chem. Chem. Phys. 2011, 13, 8940-8952; G. da Silva J. Phys.
Chem. A, 2014, 118, 3967-3972; and also by us: D. Trogolo, A. Maranzana, G. Ghigo, G. Tonachini
J. Phys. Chem. A 2014, 118, 427-440.

The single reaction steps can be seen more or less as equilibria, depending on temperature.
Therefore, to avoid a notation which would classify them as irreversible or reversible steps on the
basis of a rather arbitrary boundary, all structures are connected in the Schemes just by line
segments.

A first attack conducted by dioxygen is significantly more demanding. The addition to position 1
requires for instance to pass a barrier of 34.3 kcal mol™, and forms an adduct located at 32.6

kcal mol™. If the initial attack were instead conducted by other reactive radical species as H or HO, for
instance, a doublet radical adduct would of course form in lieu of the triplet diradical, but these cases
are not explored in the present paper.

Though vdW complexes can be thought of as preceding the addition transition structures, and have
been defined on the E hypersurface for each addition step, the evolving system does not necessarily
pass through them, since (a) it could as well find a way to bypass them, as illustrated in the Supporting
Information file, Section 2, and (b) their stability drops with increasing temperature.

The oxygen atom (a diradical) is known to react with aromatics. See for instance: R. J. Cvetanovic J.
Phys. Chem. Ref. Data 1987, 16, 261-326; J. M. Nicovich, C. A. Gump, A. R. Ravishankara J. Phys.
Chem. 1982, 86, 1684-1690.

The initial O attack can take place on different pyrene positions. Considering the AE,-¢ values, and
making reference to the reactants, the barrier is just 0.3 high for position 1, and the adduct is at -25.4
kcal mol™. If the attack is on position 2, the TS is at +4.7 kcal mol™, and the adduct at -5.8. If onto
position 4, the TS is at +0.2 kcal mol™?, while the adduct is at -22.8 kcal mol?, thus comparable to the
one whose evolution is here considered explicitly.

We use Al-A12 labels for the initial transformations which do not involve a mass increase, apart from
the first oxygen atom addition. Then B1-B11 for any of the structures from ethyne, oxygen atom, or
dioxygen addition. If primed they differ by having only one oxyl radical functionality instead of peroxyl.
Finally, C1-C4 entail mass increase through addition of a second PAH.

68 Extrusion, upon temperature rise, of CO (and CO,) from functionalized PAHs, taken as representative

of soot lamellae zones, was compared with Temperature Programmed Desorption (TPD) experiments
in a former study by our group: G. Barco, A. Maranzana, G. Ghigo, M. Causa, G. Tonachini, J. Chem.
Phys., 2006, 125, 184706.

22


http://www.cmbi.ru.nl/molden/molden.html

69

From A10, a 5-ring closure might in principle open the way to another formyl loss, but it entails a
barrier of [37.8/ 39.5/ 44.9] kcal mol™, and the pathway is consequently less attractive.

70 This trait is illustrated for instance by Dy values: only 87 kcal mol™ for an aldehydic hydrogen. See M.
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B. Smith, J. March, March’s Advanced Organic Chemistry, 6" ed., Wiley-Interscience, 2007, Ch. 5,
Table 5.4.

Depending on the combustion environment, some processes might be initiated by NO intervention on
intermediates carrying a peroxyl group to transform it into oxyl, and this aspect is of course connected
with CO extrusion and loss of mass. However, NO has obviously no role if nitrogen is absent in a
specific combustion environment (i.e. no N, and no nitrogen in the fuel). Details on how NO operates
are presented in the Supporting Information file, Section 4.

A similar 5-ring closure in A9 is not viable, since it requires overcoming a barrier [31.0/32.5/ 37.2] kcal
mol™ high. In this case the two triplet unpaired electrons would be in a situation similar to that of the
triplet ethene twisted structure, leading to a strained structure.

One example of this is the possible product of addition of HCCH (or 0,) to the localized sp? electron
site in A12. The vinyl substituent in A12 (s-cis) can first undergo an easy rotation, which entails a free
energy barrier of [6.4/ 8.1/ 13.5] kcal mol™, to expose the said radical site. The s-trans rotamer so
obtained is almost at the same free energy of the s-cis, [-13.5/ -19.6/ -35.6] kcal mol™ (it is not shown
in Scheme 4). After a first HCCH (or O,) addition to the top ring, a further pyrene (PAH,) addition to
the resulting high-spin density atom belonging to this pendant is however expected to produce a rather
stiff adduct, without an optimal spatial arrangement of the PAH-like parts, because of geometrical
constraints. Therefore it is not discussed any further.

Epoxidation of PAHs can be of toxicologic interest, being their epoxides (pro)mutagenic or
(pro)carcinogenic, because they interact with DNA. Epoxides of structures close to B8’ have been
studied experimentally: see for instance J. N. Pitts, jr, D. M. Lokensgard, P. S. Ripley, K. A. van
Cauwenberghe, L. van Vaeck, S. D. Shaffer, A. J. Till, and W. L. Belser, jr Science 1980, 210,1347-
1349. Though in that case the functionalization of benzo[a]pyrene was attained by ozonization, not by
direct action of the atomic oxygen, O; can simply act as an oxygen atom donor (A. Giordana,

A. Maranzana, G. Ghigo, M. Causa, G. Tonachini J. Phys. Chem. A 2011, 115, 470-481).

J. Lowe, P. Elvati, A. Violi, 8" U. S. National Combustion Meeting (The Combustion Institute),
University of Utah, May 2013, Paper # 070EN-0335. S.-H. Chung Computational Modeling of Soot
Nucleation, Ph. D. Dissertation, University of Michigan, 2011: in particular pp 7, 8, 78 and following
pages (Chapter 4).

P. Elvati, A. Violi, Proc. Comb. Inst. 2013, 34, 1837-1843 (in particular p 1842).

See for instance: C. A. Schuetz, M. Frenklach Proc. Comb. Inst. 2002, 29, 2307-2314. J. D. Herdman,
J. H. Miller J. Phys. Chem. A. 2008, 112, 6249-6256.

See for instance: F. Ossler, L. Vallenhag, S. E. Canton, J. B. A. Mitchell, J.-L. Le Garrec, M. Sztucki,
S. di Stasio, Carbon, 2013, 51, 1-19, and H. Wang Proc. Comb. Inst. 2011, 33, 41-67.
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