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Abstract: The recent theoretical and experimental investigations on the growth of polycyclic aromatic
hydrocarbons in pyrolytic environments highlight the possible role of the 1,4-cycloaddition/fragmentation
(1,4-CAF) steps in the formation of PAH intermediates and consequently soot. The present theoretical
study explores the possibility to generalize such mechanism to reactions involving various diradical
compounds and stable multi-ring structures. The calculations were performed using the uB3LYP/6-
311G(d,p) method and different composite methods, when possible, for more accurate energy estimates.
First the complex potential energy surface for the reactions between o-benzyne and naphthalene was
investigated, including the 1,4-CAF mechanism to form anthracene and acetylene through the
dibenzobicyclo[2.2.2]octatriene intermediate. Moreover, the products of the addition reactions to the -
and PB-carbons and to the ring-junction atoms were determined. The energies for the optimized CAF
structures, which constitute the most-favorable pathway from an energetic point of view, were calculated
using CBS-QB3, G3(MP2)B3, and G3B3 methods and compared to the corresponding values for the o-
benzyne + benzene reactions. Additional calculations were focused on the possible CAF reactions
between o-benzyne and larger multi-ring structures, such as anthracene, phenanthrene, pyrene, and the
four-ring PAHs. The results indicate how the energetics of such reactions is influenced by both the size of
the PAH compound and the position of the carbon atoms involved. In the second part of the study, the
energy barriers necessary to form multi-ring diradicals from the corresponding radical molecules were
analyzed at a G3(MP2)B3 level of theory. Such calculations are preliminary for the subsequent study on
the CAF reactions between the different diradical intermediates and benzene. While the size of the
diradical does not affect significantly the energy barriers, the position of the diradical site is critical. The
concerted Diels-Alder reactions between the naphthynes and naphthalene were also studied in order to
further clarify the analogies between the reactions involving different diradicals. Based on these results,
kinetic considerations were provided based on the comparison with the simpler o-benzyne + benzene
system, although further higher-level calculations and master equation kinetic analyses will be required to

derive the general kinetic rules.



1 Introduction

The reduction of soot emissions from modern, high-pressure combustion devices represents one of the
principal milestones towards next-generation, clean technologies. Nevertheless, current knowledge on soot
chemical kinetics is still rather incomplete. In particular, the growth of polycyclic aromatic hydrocarbons
(PAHSs) constitutes one of the most influential but uncertain processes involved in soot formation. The
uncertainties derive from two main aspects, the difficulties encountered in performing experimental and
theoretical studies on high molecular-weight compounds and the large number of reaction pathways
responsible for the appearance of the multi-ring intermediates from real fuels. Doubts were also raised on
the possibility to arrive at a solution of such a complex problem!. Yet new advances in computational
capabilities represent a valuable resource for the implementation of investigations on novel potential
energy surfaces for reactions between larger and larger compounds. In particular, recent theoretical studies
highlight the presence of a relatively low pathway involving 1,4-cycloaddition of singlet o-benzyne to
benzene and subsequent fragmentation to form naphthalene and acetylene®®. This pathway seems to be
energetically favorable compared to the addition step which proceeds through formation of a C-C bond
followed by subsequent isomerization reactions. Based on the CBS-QB3 single-point energy calculations
by Shukla et al.?, the cycloaddition entrance barrier is around 10 kcal/mol lower than the addition barrier,
although the latter may be affected by large uncertainties due to spin contamination. The pioneering
experimental works on aryne compounds also indicate the reaction of o-benzyne and benzene (deuterated
and not) as responsible for the formation of different PAH intermediates*®. In particular, Friedman and
Lindow® performed experiments on the pyrolysis of phthalic anhydride in benzene and benzene-d6 at
690°C and measured the PAH products which consisted mainly of naphthalene (80%) from the
cycloaddition/fragmentation (CAF) steps (as hypothesized by the authors). Other detected products
included biphenyl (9%), acenaphthylene (6%), and acenaphthene (5%) from other pathways. Experimental
evidences for the formation of the second-ring structure from the benzene + o-benzyne reaction were also

obtained by Comandini et al.” at conditions relevant to modern engines and turbines (high-pressure, high-



temperature). In this case, o-benzyne is produced from both the thermal decomposition of the phenyl-
iodide fuel and by the self-reaction between phenyl radicals (as suggested by Tranter et al.®). The
modeling results presented in Ref. 7 highlight the central role of o-benzyne in the growth to larger ring
structures (up to four-rings) including naphthalene from the above-mentioned CAF mechanism. Even
when large amounts of acetylene were added to the initial fuel mixture, the o-benzyne + benzene reaction
was responsible for the formation of naphthalene at high temperatures (~ 1450 K) compared to the lower
temperature experiments (below 1250 K) where the hydrogen migration from the ring to the vinyl moiety
of the C¢HsC,H» radical (produced by the addition of C,H» to the phenyl radical) followed by C,H,
addition and cyclization®!? play a dominant role. In a different shock tube study, Colket and Seery!!
investigated the pyrolysis of 1% toluene at 10 atm and 600 ps reaction time using gas chromatography as
detection technique. The resulting species profiles have been recently used by Yuan et al.!* for the
validation of a detailed and comprehensive model for toluene pyrolysis and oxidation. The kinetic
analyses indicate that the main formation pathway to naphthalene at such high pressure conditions
involves the CAF sequence between o-benzyne, formed through thermal decomposition of the benzyl

113

radical”, and benzene (mainly from the ipso-addition reaction of toluene with H).

The experimental, modeling, and theoretical investigations presented in the previous paragraph indicate
that at the high-pressure pyrolytic conditions encountered in shock tube experiments the o-benzyne +
benzene cycloaddition reactions may play a key role for the growth to the second-ring. Motivated by such
results, Comandini and Brezinsky'* extended their theoretical study on the radical/n-bond addition
between single-ring aromatic hydrocarbons? to investigate the reactions between o-benzyne and cyclic C5
hydrocarbons, including cyclopentadiene. Also in this case, an energetically favored CAF pathway leading
to indene + acetylene through the formation of a bicyclo intermediate (benzonorbornadiene) is identified.
The present theoretical work will explore the possibility to further extend the diradical
cycloaddition/fragmentation mechanism to larger multi-ring structures. First, the potential energy surface

for the reactions between o-benzyne and naphthalene will be investigated in detail as a relatively simple



example of reaction system involving a diradical compound and a polycyclic aromatic hydrocarbon. In
addition, the CAF steps between o-benzyne and the typical three- and four-ring aromatics will be analyzed
in order to determine the influence of the molecular size of the reactants on the energetics of the single
kinetic reactions. Finally, the formation of diradical species other than o-benzyne from the thermal
decomposition of PAH radicals and their cycloaddition/fragmentation reactions with other aromatic

intermediates will be evaluated as possible pathways for the rapid growth of multi-ring structures.

2. Computational Methods

All geometry optimizations were performed using the Becke three parameter hybrid method'® with the
Lee-Yang-Parr correlation functional approximation'® with spin-unrestricted, symmetry-broken wave
functions (uB3LYP) and Pople’s valence triple-{ basis set including polarization functions'’ (6-
311G(d,p)). All the structure optimizations of the local minima and saddle points were performed using
the Gaussian G09 program package'®. The saddle points, characterized by exactly one vibrational mode
with an imaginary frequency, were identified by similarity with other well-known reaction systems and
with the help of potential energy surface scans. Visualization of the movement of atoms in the imaginary
frequency mode was used to test if the atoms move toward the reactants and the products. In addition,
when necessary, intrinsic reaction coordinate (IRC) calculations'® were carried out on the optimized
transition state structures to confirm that the specific transition state is appropriate for the reaction path
under consideration. The estimated values of the energies and zero-point vibrational energy (ZPVE)
corrections from the uB3LYP/6-311+G(d,p) calculations were used to derive the potential energy surfaces
presented in the manuscript, unless otherwise mentioned. Multireference methods with appropriate active
spaces would definitely provide more accurate results especially in the case of spin contamination, but this
kind of calculation would require computational resources which are beyond the capabilities available to
the authors. However, the relative energies obtained with the present method are sufficiently accurate to
draw conclusions on the accessibility of the various reaction pathways as well as to provide indications of

the relative importance of the different channels. Additional single-point calculations based on the
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B3LYP/6-311G(d,p) optimized structures were performed using different composite methods, such as
CBS-QB32°2!and G3(MP2)B3/G3B3??, as specified in the text. These calculations, which are not
affected by spin contamination, are expected to be more accurate than the corresponding B3LYP hybrid

density functional calculations.

3. Results and Discussion

3.1. 0-Benzyne + naphthalene

The potential energy surface (PES) for the reactions between o-benzyne and naphthalene represents the
simplest case of reaction systems which involve a cyclic C6 diradical and a multi-ring compound. The
results of the calculations performed at the B3LYP/6-311G(d,p) level of theory are presented in Figure 1.
For clarity, the PES has been divided into three parts and all the energies are relative to the energy of the
reactants. The panel (a) of the figure contains the two energetically most favorable entrance channels, the
Diels-Alder concerted step to form the bicyclo intermediate S1 (dibenzobicyclo[2.2.2]octatriene) and the
addition to the a-carbon to the S3 diradical. Based on the B3LYP/6-311G(d,p) energies, the entrance
barriers differ by around 4 kcal/mol in favor of the cycloaddition. It is important to underline how this
value may be affected by large errors due to the spin contamination in the calculation of the optimized
TS3 structure. As for o-benzyne + benzene, the bicyclo stable intermediate can undergo fragmentation, in
this case forming anthracene (S2) and acetylene, with an energy barrier which is relatively low compared
to the energy necessary to re-dissociate the compound into o-benzyne and naphthalene. A more detailed
analysis of the energies for the CAF steps will be performed later in the manuscript using different
composite methods. On the other hand, the adduct S3 may easily undergo rotation around the C-C bond
between the rings forming S4 (barrier of ~ 3 kcal/mol). At this point, the radical site of the aromatic C6
ring can quickly form a bond with the carbon in position 4 to form dibenzobicyclo[2.2.2]octatriene or in
position 2 leading to S6, one of the isomers of benzodihydro-biphenylene. There exists a third possibility,

the formation of a bond between the above mentioned radical and the ring-junction carbon atom to form



S5 but such reaction is characterized by a relatively large barrier compared to the previous two cases (the
difference is around 10 kcal/mol based on the present level of theory). If enough energy is provided to the
system, both dibenzobicyclo[2.2.2]octatriene and S6 benzodihydro-biphenylene may convert into
anthracene and acetylene, but while in the former case this process includes a single-step reaction as
described above, the S6 intermediate undergoes numerous isomerization steps. S6 is the most stable
compound in the pathway towards the formation of three fused-rings. Indeed, both the reverse reaction to
S4 and the three subsequent reactions through TS21, TS22, and TS23 are endothermic: the ring expansion
to 1,2:4,5-dibenzo-cyclooctatetraene (S16), followed by ring contraction to S17 and the 3-scission to form
a Ci4H0CoH, diradical intermediate (S18). Once formed, this intermediate may quickly isomerize
changing the orientation of the C,H, moiety and finally undergo a second P-scission to anthracene +
acetylene. Based on the B3LYP/6-311G(d,p) energies the entire pathway from S3 to these products lies
below the initial TS3 transition state energy. The third, energetically less-favored pathway through S5
proceeds through a relatively small barrier (~ 5 kcal/mol) to form the very stable 1,2:3,4-
dibenzocyclooctatetraene (S7, relative energy of around -53 kcal/mol). Two isomerization steps are
possible, although the corresponding barriers are higher than the reverse barrier to S5. The first, lower-
energy pathway involves an internal bending of the S7 structure to S8 followed by ring contraction to S9.
S9 contains three C6 fused-rings. As for the case of S17, B-scission may lead to a Ci4H;oC,H; diradical
intermediate (S10) although the corresponding reaction barrier is relatively high (~ 50 kcal/mol) even
compared to the ring expansion reaction back to S8 (~ 39 kcal/mol). On the other hand, once formed S10
quickly isomerizes to S11 which finally undergoes [-scission to phenanthrene (S12) + acetylene. The
second pathway from the ring expanded S7 leads to the formation of the same products (phenanthrene +
C,H») but it involves intermediate steps characterized by higher energies. In particular, the reverse of the
ring contraction reaction which leads to the formation of S13 is barrierless, thus the flux through such path
is expected to be low. The subsequent 3-scission reaction through TS16 is the only step where the energy

is higher than the entrance barrier (TS3); the global energy barrier required to overcome such transition



state from S7 is very high (~ 76 kcal/mol). The diradical formed from the (-scission reaction through

TS16 may undergo several isomerization steps to S10, S11, or S15 and subsequent acetylene loss.

The second portion of the PES for the reactions between o-benzyne and naphthalene, reported on panel
(b) of Figure 1, includes the other two possible additions to the -carbon and to the ring-junction carbon
atom. In the first case, the entrance barrier through TS27 is just few kcal/mol higher than the one for the
addition to the a-carbon. The resulting diradical structure easily rotates around the C-C single bond
between the rings forming S22 which may undergo various isomerization steps (similarly to S4, panel (a)).
The formation of a single bond between the radical site of the C6 ring and the other B-carbon on the
naphthalene-like structure leads to the benzodihydro-biphenylene isomer S23 which can undergo ring
expansion to the stable S24 intermediate (1,2:5,6-dibenzo-cyclooctatetraene). A second possible pathway
involves a similar barrier (~ 7 kcal /mol) through TS32 leading to the formation of a bond between the
radical site and the opposite ring-junction carbon atom. The resulting bicyclo S25 intermediate is not as
stable as S1, the product of the 1,4-cycloaddition, but it can undergo fragmentation to phenanthrene +
acetylene through a barrier of around 31 kcal/mol (the reverse barrier to the diradical S22 is ~ 5 kcal /mol
higher, based on the B3LYP/6-311G(d,p) calculations). There exists another possible isomerization of the
S22 intermediate to S6 which is analogous to the S4 — S6 step. On the other hand, an analogous transition
state could not be found. The energy scan obtained varying the C-C distance starting from the optimized
S22 structure to S6 indicate that the formation of the bond occurs without any barrier (Figure 2). In this
case, a transition state structure could be identified among the optimized scan structures in correspondence
with the early rotation around the C-C single bond. The corresponding step characterized by negligible
energy increment through the transition state is represented by the dash line in Figure 1, panel (b). Further
analyses with more accurate level of theories need to be implemented in order to confirm the validity of
such path. The subsequent reactions involving S6 and leading to the formation of anthracene + acetylene
have been described in the previous paragraph and reported in panel (a) of Figure 1. While the additions to

the o- and B-carbons require similar energies to overcome the corresponding entrance barriers, the



addition to the ring-junction carbon atoms leads to the formation of an highly-distorted structure (S26)
characterized by a relatively high energy (~ 26 kcal /mol). Consequently this should be the least probable
reaction pathway. After the rotation around the single C-C bond to form S27, a second bond between the
C6 and the C10 structures may be formed through relatively low barriers (few kcal/mol) leading to S5
(bond with the a-carbon) or S28 (bond with the second ring-junction carbon atom). Other reactions of the
S5 intermediate have been already discussed in relation to the addition to the oa-carbon. A third
isomerization of the S27 diradical is possible, with the formation of a bond between the radical site of the
C6 ring and the opposite B-carbon forming S25. In this case, no transition state could be found (the scan
over the bond distance does not highlight any barrier for the bond closure) and further, more accurate
calculations are necessary in order to clarify the presence of such reaction step. Finally, the benzodihydro-
biphenylene isomers (S6 and S23) may undergo didehydrogenation to form the corresponding benzo-
biphenylenes (S29 and S30) but the barriers for such processes are too high to be accessible (~ 100 and ~

84 kcal/mol, respectively, as presented in Figure 1, panel (c)).

To summarize the results presented in Figure 1, the reactions between o-benzyne and naphthalene
proceed through several pathways among which the concerted channel is characterized by the lowest
entrance barrier and leads to the formation of anthracene and acetylene. Based on the B3LYP/6-311G(d,p)
calculations, addition to the a- and B-carbons also may lead to the formation of the same products through
the bicyclo intermediate S1 (dibenzobicyclo[2.2.2]octatriene) or through a series of isomerization steps.
The pathways to the other three-ring fused compound, phenanthrene, are possible but require higher
energies, while the formation of the benzobiphenylenes is energetically unfavorable. It is also important to
underline the fact that the entropies of the entrance transitions states with the lowest energies (TS1 for the
concerted pathway, TS3 and TS27 for the stepwise pathways, Figure 1) are very similar. If we use the
harmonic oscillator approximation, the corresponding entropies at 1000K are 222.2 kcal/mol, 222.3
kcal/mol, and 222.7 kecal/mol, respectively. Thus, the entropic factor will not play a significant role in the

determination of the branching ratios.



Due to the importance of the o-benzyne + benzene CAF mechanism for the formation of naphthalene in
shock tube experiments”!?, higher-level single-point energy calculations were performed with quantum
chemistry composite methods (CBS-QB3, G3(MP2)B3, and G3B3) on both the (0-CsHs + CsHe) and the
(0-C¢H4 + CioHs) cycloaddition/fragmentation pathways. As mentioned above, these calculations are not
affected by spin contamination, contrarily to the addition steps which should be analyzed using higher
level methods. The relative energies calculated with the different methods are compared in Table 1. The
G3(MP2)B3 and the G3B3 methods provide very similar results, in particular concerning the energies of
the transition states. The energies of the bicyclo intermediates (benzobicyclo[2.2.2]octatriene (CsH4CsHe)
and dibenzobicyclo[2.2.2]octatriene (S1)) formed by Diels-Alder reactions and the energies of the
products differ between 1 and 2 kcal/mol. The CBS-QB3 energies for the (0-CsHs + CsHs) CAF are
similar to the corresponding G3(MP2)B3 ones, with a maximum discrepancy of around 1 kcal/mol for the
transition state of the fragmentation step to naphthalene and acetylene. Concerning the o-benzyne +
naphthalene reactions, the CBS-QB3 energies are slightly lower compared to the G3 values, with
maximum discrepancy of ~ 2 kcal/mol. For comparison, the B3LYP values are also reported in Table 1,
which show large discrepancies with respect to the energies obtained with the composite methods. Such
discrepancies suggest that the DFT method may not be able to correctly account for the intermolecular
interactions, confirming the necessity of future investigations with higher-level theories. Nevertheless the
uncertainties in the absolute values, the energies in Table 1 indicate clearly how the cycloaddition step is
favored for the o-benzyne + naphthalene reaction compared to the case of benzene (based on the
composite methods, the entrance barrier in the former case is only 1 kcal/mol, thus almost 5 kcal/mol
lower than the (0-C¢H4 + C¢Hs) case). These results are somehow in agreement with the only experimental
results available in the literature, the study by Miller and Stiles in the early sixties*. The authors produced
o-benzyne from the low-temperature pyrolysis of benzenediazonium-2-carboxylate in both benzene and
naphthalene. While in the first case various products were measured suggesting the availability of

15,6

different reaction pathways (as also discussed in detail in other experimental®® and theoretical studies®?),

the presence of naphthalene led to dibenzobicyclo[2.2.2]octatriene as the only detectable product, even if
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analytical limitations could have masked the presence of other minor products. Finally, the results
presented in Table 1 indicate that dibenzobicyclo[2.2.2]octatriene (S1) is much more stable compared to
benzobicyclo[2.2.2]octatriene (CsH4CeHs), thus the fragmentation barrier forming anthracene + acetylene
is much higher compared to the step from benzobicyclo[2.2.2]octatriene to naphthalene and C.H, (~ 58

kcal/mol and 48 kcal/mol, respectively, based on the G3B3 energies).

3.2. CAF between o-benzyne and multi-ring PAHs

The results presented in the previous sections clearly indicate the presence of a low-energy concerted
pathway involving o-benzyne and naphthalene which is similar to the one proposed in previous
publications for the o-benzyne + benzene system>>. The following question which will be addressed in
this section concerns the possibility to extend the CAF mechanism to other reaction systems involving
even larger intermediates. Thus, additional calculations were implemented on the
cycloaddition/fragmentation reactions of o-benzyne with three- and four-ring compounds. The results of
the B3LYP optimizations are shown in Figure 3. The 1,4-cycloaddition of o-benzyne to anthracene and
the subsequent fragmentation lead to the formation of the four-ring acene, naphthacene. In addition, the
reactants may undergo a second cycloaddition step which involves the carbons in position 5 and 6 of the
PAH structure. In this case, a very stable intermediate, S32, is formed. Such intermediate may only
undergo fragmentation back to the reactants. The chemical structure of phenanthrene provides the
possibility to explore a different cycloaddition, the one involving the two opposite ring-junction carbon
atoms of the three-ring structure. In this case the CAF steps lead to the formation of triphenylene and
acetylene. Such pathway is in competition with the 1,4-cycloaddition and fragmentation to
benzo[a]anthracene + C,H». In order to further improve our understanding on the cycloaddition to the
ring-junction atoms, the concerted reaction of o-benzyne with pyrene to form benzo[e]pyrene was also
investigated. Concerning the four-ring PAH compounds, the reactions of o-benzyne with naphthacene are
similar to the ones described for anthracene, with a competition between the growth steps to pentacene
and the 5,6-cycloaddition to the stable S37 intermediate. On the other hand, three possible entrance steps
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have been considered for the PES of benzo[a]anthracene + o-benzyne, which include the 1,4-CAF to
benzo[a|naphthacene and acetylene, the 5,6-cycloaddition to S39, and the 9,12-CAF to pentaphene +
C,H». Finally the 1,4-cycloaddition of o-benzyne to chrysene, triphenylene, and benzo[c]phenanthrene
were investigated, including the subsequent fragmentation to benzo[b]chrysene, dibenzo[a,c]anthracene,
and naphtho[1,2-a]anthracene, respectively. For the cases of benzo[a]anthracene, chrysene, and
triphenylene the reactions between the o-benzyne and the ring-junction atoms were not considered due to
the corresponding high entrance barriers observed for the cases of phenanthrene and pyrene, as discussed

in the following paragraphs.

In order to understand the influence of the PAH size on the energy barrier for the o-benzyne CAF steps,
the B3LYP barriers for the cycloaddition and fragmentation processes have been compared in Figure 4. If
the acenes are considered (circles), as the size increases from benzene (1 ring) to naphthacene (4 rings) the
entrance barriers decrease monotonically (Figure 4a). The differences in the energy barriers diminish with
the size, thus it is reasonable to think that above a certain dimension the barriers become nearly constant.
When the compounds are not constituted by linearly fused benzene rings (crosses), such as for example
the cases of phenanthrene, benzo[a]anthracene, chrysene, triphenylene, and benzo[c]phenanthrene, the
cycloaddition barriers are slightly higher compared to the previous cases. It is interesting to notice how all
the entrance barriers for the non-linear structures are similar (~ 9.5 kcal/mol) with the one corresponding
to the 1,4-cycloaddition to benzo[a]anthracene (~ 8 kcal/mol) being the lowest (just above the value for
naphthacene, ~ 7 kcal/mol). This is possibly due to the fact that the ring which undergoes the
cycloaddition process is adjacent to two linearly fused rings (compared to only one for the other cases)
thus the reaction is less affected by the “non-linearity” of the PAH structure. More accurate calculations
with reduced uncertainties in the energy estimates for large, multi-ring intermediates and transition states
will be necessary to confirm this observation. As shown in Figure 4a, the 5,6-cycloaddition reactions are
the ones with the lower barriers. The figure does not contain the cycloadditions to the two opposite ring-

junction carbon atoms for which the barriers are relatively high (see Figure 3). Figure 4b contains the
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fragmentation barriers which exhibit opposite trends compared to the cycloaddition ones. Indeed, such
barriers increase along with the size of the acenes towards a nearly asymptotic value, while the
fragmentation for the non-linear structures is favored. Once again, the barrier in the case of the bicyclo
intermediate formed by 1,4-cycloaddition of o-benzyne to benzo[a]anthracene is the closest to the

corresponding value of the acene series.

To summarize the results on the reactions of o-benzyne with PAH intermediates, the calculations show
that the 1,4-cycloaddition steps are favored when large acenes are involved compared to the single-ring
case, although the corresponding fragmentation steps require more energy. For molecules characterized by
non-linearly fused rings, the entrance barriers are slightly higher compared to the acene ones although
lower fragmentation barriers are present, while the 5,6-cycloadditions are the most energetically-favored
pathways. Thus, the CAF mechanism is influenced mainly by the size of the stable PAH molecule, its

structure (linearly or non-linearly fused), and the position of the reacting carbon atoms.

Before moving to the next chapter, another alternative pathway involving the cycloaddition to the PAH
bay regions will be considered. As an example, calculations have been performed on the simplest system,
the reaction between o-benzyne and phenanthrene (Figure 5). The 4,5-cycloaddition leads to the formation
of the intermediate S44 through a 12.0 kcal/mol energy barrier, comparable to but slightly higher than the
entrance barrier for the 1,4-CAF process (9.8 kcal/mol). The subsequent didehydrogenization step to form
benzo[e]pyrene + H, involves a barrier of only 17.2 kcal/mol. S44 may also undergo two subsequent
hydrogen migrations to form the intermediate S46, but the corresponding energy barriers are too high
compared to the didehydrogenization process and even to the reverse barrier to the reactants. If produced,
S46 would undergo didehydrogenization to benzo[e]pyrene + H, the favored step compared to the
possible fragmentation to triphenylene + C,H,. The cycloaddition to the bay region followed by
didehydrogenization may definitely be a competitive process to the cycloaddition to the rings followed by

fragmentation (CAF).

3.3. CAF involving other diradicals
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Several pathways for the formation of o-benzyne have been discussed in the introduction section in
relation to the experimental results obtained in shock tube pyrolytic experiments, including self-reaction
between phenyl radicals® and thermal decomposition of the benzyl radical’®>. On the other hand,
o-benzyne is also formed from the dehydrogenization of the phenyl radical at relatively high temperatures.
The process involves an energy barrier between 76 kcal/mol*?* and 78 kcal/mol**, considerably lower
than the overall energy necessary for the fragmentation of C¢Hs into n-C4Hs and C,H,***%, Although
high concentrations of o-benzyne may be produced at the typical engine conditions due to the presence of
large amounts of phenyl radicals from the dehydrogenization or the H-abstraction from benzene, the
availability of o-benzyne diradicals may be limited by the presence of competing consumption pathways,
such as reactions with acetylene (HACA mechanism?’?®), self-recombination to form biphenylene®, and,
very important at high temperatures, dissociation into acetylene and diacetylene (as investigated both
experimentally and theoretically*»**-?). Benzene is not the only aromatic compound which may undergo
didehydrogenization to form a diradical intermediate. The thermal decomposition of multi-ring structures
may proceed in a similar fashion, starting from the dehydrogenization or H-abstraction by another radical
(mainly H, OH, O) which lead to the formation of a radical intermediate. The corresponding kinetic steps
are usually modeled using kinetic parameters from the reactions involving benzene, even if specific
studies concerning PAHs have been performed in the past (such as the work by Violi et al.3! on the
hydrogen abstraction reactions by H atoms). In general, these steps are very important for modeling PAH
growth and soot formation since they constitute the base for the subsequent addition of acetylenes as for
the HACA mechanism. The formation of diradical compounds at high temperatures may be an alternative
consumption path for the radical intermediates. In order to test this hypothesis, calculations have been
performed at the G3(MP2)B3 level of theory on the dehydrogenization of various multi-ring radical
compounds (Figure 6). The energy obtained for the decomposition of the phenyl radical to benzyne + H is
77.6 kcal/mol, in the range of the previous estimates, and it will be used as a reference for evaluating the
dehydrogenization barriers for larger radicals. The first observation that can be done looking at the various
energies is that the barriers vary between 77 and 83 kcal/mol, thus they are not very different. More in
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detail, the decomposition of the intermediates with radical sites in position 1 or 2 favors the formation of
1,2-diradicals. Indeed, the barrier for formation of the 2,3-diradicals (Figure 7, crosses) is 2-4 kcal/mol
higher compared to the corresponding 1,2-diradical case (Figure 7, circles). Another important result is
that the energy required to form the energetically favored 1,2-diradical increases with the number of rings
(from 77.6 kcal/mol to 80-81 kcal/mol from 1 to 4 rings). Although these results necessitate additional
validations with more accurate theories, the trends should be accurate. Finally, a difference can be
observed between the anthracenyl and the phenathrenyl radicals, the latter requiring higher energies in
order to undergo dehydrogenization to the more-stable 1,2-diradicals. Concerning the 3- and 4-
phenathrenyl radicals, they both may lead to the formation of 3,4-phenanthryne, with barriers equal to
around 78 kcal/mol and 80 kcal/mol, respectively. Once again, the barrier to the 2,3-phenanthryne is
higher by ~ 4 kcal/mol. The 9-phenathrenyl radical can also be formed from phenanthrene, and the
decomposition of such radical may lead to the 9,10-phenanthryne with a barrier which is comparable to
the one for the phenyl radical. Finally, the formation of the 4,5-pyrene from the 4-pyrenyl radical is the
step characterized by the minimum energy barrier, around 77 kcal/mol. From a practical modeling point of
view, the results presented in Figure 6 may be used to adjust the activation energy of the
dehydrogenization reactions to derive an expression for the formation of multi-ring diradicals starting
from Arrhenius expression of the simpler (phenyl — o-benzyne + H) reaction. Such reaction has been
already studied in detail in the previous investigations and the corresponding kinetic parameters were
validated against experimental results concerning the decomposition of the single-ring aromatic

compounds.

The formation of multi-ring diradicals at the high-temperature conditions encountered in modern
combustion engines opens the possibility for alternative CAF pathways for PAH growth. The simplest
case involves reactions with benzene, which also represents the most abundant aromatic compound
available in typical combustion environments. The corresponding CAF steps are reported in Figure 8. The

1,2- and 2,3-naphthynes may lead to the formation of phenanthrene and anthracene, respectively. In a
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similar fashion, 1,2- and 2,3-anthracyne can react with benzene and, through cycloaddition and
fragmentation, form benzo[a]anthracene and naphthacene, respectively. Benzo[a]anthracene can also be
produced starting from 2,3-phenanthryne, while the 1,2-phenanthryne + benzene reactions lead to
chrysene. Triphenylene may also be produced by cycloaddition of 9,10-phenanthryne with CsH¢ and
subsequent fragmentation, while the pyryne diradicals CAF reactions leads to five-ring fused structures,
benzo[e]pyrene and benzo[a]pyrene. The PES presented in Figure 8 are of course limited only to the
concerted steps, but, based on the previous results, the corresponding entrance channels should be
energetically favored over the addition reactions. The results can be divided into groups which exhibit
similar B3LYP reaction barriers. Such barriers are presented in Figure 9. The entrance barriers for the 1,2-
diradicals (represented by circles, Figure 9a) are similar to the one for o-benzyne (~ 13+1 kcal/mol). The
cycloaddition of the 2,3-diradicals with benzene is energetically slightly favored although the
corresponding reaction rates should be limited by the concentrations of such diradicals. In fact, based on
the calculations presented in Figure 6, the 1,2-diradicals are produced through lower energy pathways.
The 9,10-phenanthryne and the 4,5-pyryne have similar symmetric structures, where the diradical site is
connected to two ring-junction carbon atoms, and the corresponding barriers are essentially identical (~ 15
kcal/mol). In particular, the entrance barrier is slightly higher than the case of o-benzyne + benzene
cycloaddition. Once formed, the bicyclo intermediates may undergo fragmentation to the products (Figure
9b). The barriers for the fragmentation reactions on the (1,2-diradicals + benzene) PES are similar to the
ones for o-benzyne + benzene, while the bicylo intermediates on the (2,3-diradical + benzene) PES are
more stable compared to the reactants. This aspect of course influences the reaction barriers which are
larger compared to the 1,2-diradical cases. The fragmentation steps for the bicyclo intermediates from the
reactions between 9,10-phenanthryne and 4,5-pyryne with benzene to triphenylene and benzo[e]pyrene +
acetylene proceed through energy barriers which are similar to the 1,2-diradical cases. From a practical
point of view, the results presented in Figure 8 indicate that the energy barriers for the CAF steps are
mainly influenced by the position of the diradical site. For the case of 1,2-diradicals, the most abundant

diradicals produced from the didehydrogenization of multi-ring intermediate compounds (Figure 6), the
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kinetic parameters for the o-benzyne + benzene reactions may be used as a first approximation (after
adjusting the pre-exponential based on the multiplicity of the reaction pathways). Similar considerations
apply for all the cases where the diradical site is adjacent to two ring-junction carbon atoms, as in 9,10-
phenanthryne and 4,5-pyryne. This is a very interesting result since it suggests how the CAF mechanism
may be further extended to PAHs of any size and structure, including ring clusters produced from other
reaction mechanisms (as the HACA). On the other hand, the 2,3-diradicals are even more reactive towards
cycloaddition although their formation through dehydrogenization of PAH radicals is energetically
unfavored. It is important to underline the fact that more detailed studies especially focused on the
numerous contributions to the vibrational partition functions of such large reaction systems will be
required for more accurate evaluations regarding the kinetics of the different pathways. Before concluding
the analyses on the CAF reactions involving the different diradical intermediates, additional calculations
will be presented in order to confirm the analogy between the multi-ring diradical CAF and the o-benzyne
case. These calculations involve the reactions between the naphthyne diradicals and naphthalene (Figure
10). The fragmentation steps of the bicyclo intermediates S33 and S31 has been already reported in Figure
3 thus they are not presented here. As for the results in Figure 8, the cycloaddition of the 1,2-naphthyne
has an energy barrier which is comparable to the one for the cycloaddition between o-benzyne and
naphthalene (Table 1). Moreover, the barrier for the 2,3-naphthyne case is lower by around 1.5 kcal/mol
compared to the previous case, reproducing the same trend observed in Figure 8. These results support the
idea that the CAF mechanism is not much influenced by the size of the diradical, but mainly by the
position of the diradical in the PAH structure as well as the size of the intermediate stable reactant

involved in the reaction.

4. Conclusions

A comprehensive investigation on the reactions involving diradical intermediates and aromatic

compounds has been performed for the first time using computational chemistry techniques. In particular,
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the role of the concerted cycloaddition/fragmentation reactions has been explored in detail as relevant to
the formation of the typical soot building blocks.

The ab-initio calculations of the reactions between o-benzyne and naphtahlene confirm from a
theoretical point of view that the reaction proceeds mainly through the formation of
dibenzobicyclo[2.2.2]octatriene as observed experimentally?. A novel pathway which involves the
fragmentation of dibenzobicyclo[2.2.2]octatriene has been proposed for the first time as relevant to the
formation of anthracene, in analogy with the reactions of o-benzyne + benzene??. The stepwise addition
channels have also been studied and are found to lead to numerous multi-ring intermediates, including the
very stable dibenzo-cyclooctatetraenes. Further isomerization and fragmentation steps finally may produce
the three-ring compounds if sufficient energy is provided to the system.

The energetics of the CAF steps was also evaluated using different composite methods, and the results
highlight how the 1,4-cycloaddition reaction of the o-benzyne with naphthalene is favored compared to
the corresponding ones with benzene. The influence of the PAH size on the CAF energy barriers was
further analyzed by studying the reactions between o-benzyne and the three- and four-ring structures. The
results indicate how the entrance barriers for the 1,4-cycloaddition decrease with the size in the case of
linearly fused structures, while the relative energies of the corresponding transition states in the case of
non-linearly fused PAHs is higher. The 5,6-cycloaddition steps are found to be the energetically favored
pathways, while cycloaddition to the ring-junction carbon atoms is the least accessible.

The second part of the paper concerns the CAF reactions between different multi-ring diradicals and
benzene as well as between the naphthynes and naphthalene. First, the relative energies of various two-,
three-, and four-ring diradicals compared to the corresponding radical intermediates have been evaluated
for the first time using the G3(MP2)B3 method. The results show how the formation of the 1,2-diradicals
is favored and that the dehydrogenization energy barriers increase with the number of rings. The
subsequent investigation on the reactivity of such diradicals indicates that the size of the diradical is not as
important as the position of the diradical site for the determination of the cycloaddition/fragmentation

energies.
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The present work confirms that the CAF mechanism could possibly play a significant role in the
mechanisms of growth of PAH species and soot, bringing light on the central role of the different diradical
intermediates. The results can be used as the base for estimating the kinetic parameters of the different
reactions by comparison with the o-benzyne + benzene case, which has been already studied in the past
and successfully used to explain the formation of naphthalene in shock tube pyrolytic studies. Future
higher-level investigations implementing multireference methods will be necessary to clarify unresolved
questions raised in the manuscript, as well as to refine the kinetics of the proposed CAF mechanism by

providing the base for fundamental master equation kinetic analyses.
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Table 1. Relative energies in kcal/mol for 1-4-CAF between o-benzyne and benzene/naphthalene.

B3LYP/6-311G(d,p) CBS-QB3  G3(MP2)B3 G3B3
0-CeHa+CeHse 0.0 0.0 0.0 0.0
TS (0-CsHs+CecHs - CsHaCeHo) 12.9 4.9 55 5.5
CesH4CsHse -43.3 -56.8 -56.4 -58.1
TS (CeHsCsHs — C10Hs+C2H2) -0.4 -10.5 93 -9.6
CioHs+C:H2 -394 -40.2 -40.3 413
0-CsHa+CroHs 0.0 0.0 0.0 0.0
TS1 (0-CsHa+C1oHs — S1) 9.0 0.2 1.1 1.0
S1 -56.9 -71.3 -69.9 -71.8
TS2 (S1 > a-CiaHi0+C2H2) -4.4 -15.0 -13.4 -13.8
a-CisHio+C2H> -35.8 -37.2 -36.7 -37.6
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