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Do defects in PAHs promote catalytic activity in
space? Stone—Wales pyrene as a test casef

*ab

Using density functional theory (DFT), we studied the formation of Stone—Wales defects in pyrene, as a
prototype PAH molecule. In addition, we studied the reactivity of the defective and pristine pyrenes toward
hydrogenation, a process that can occur in some regions of the interstellar medium. We found that the

formation of the defect requires overcoming energies of the order of 8.4 eV, but the defective structure is
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stable due to the high reverse reaction barrier (approx. 6 eV). We also found that the presence of the
defect decreases the sticking barrier for the first hydrogenation and promotes more stable singly and dou-
bly hydrogenated intermediates with respect to that of the pristine pyrene. Finally, our results show that

both Stone—Wales pyrene and pristine pyrenes can lead to the formation of H, through an extraction

rsc.li/pccp

1 Introduction

Among the different types of sp” carbon nanomaterials, poly-
cyclic aromatic hydrocarbon (PAH) molecules are of particular
interest in astrophysics since they are responsible for a family
of infrared emission bands in the 3-20 pm range, the so-called
aromatic infrared bands, which are observed everywhere in our
galaxy and beyond.'” PAHs are ubiquitous in space and, thus,
they should participate in the chemistry of the interstellar
medium (ISM). Indeed, they have been proposed as sources
of small carbon chains® and even fullerenes.” PAHs act as
catalytic surfaces where H,, the most abundant interstellar
molecule, can be formed.® It has been proposed that both
neutral and cationic PAH molecules can first react with atomic
hydrogen with little (few meV) to no barrier becoming super-
hydrogenated and, then, promote barrierless H, abstraction
through the Eley-Rideal mechanism.”® Since detailed photo-
chemical evolution models of PAHs in the ISM have questioned
the efficiency of the Eley-Rideal H, abstraction,” more recently
other mechanisms have been invoked, such as photodissocia-
tion of H, from normally hydrogenated PAHs."°

Stone-Wales (SW) defects are topological changes in the
structure ubiquitous in sp* carbon materials such as fullerene,
graphene, nanoribbons, and carbon nanotubes.'*™* They are also
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mechanism involving H atoms attached on distal carbon atoms with energy barriers below 2 eV.

studied in materials that have graphene-like structures but different
compositions, e.g. boron nitrides."* The defect is produced upon a
90° rotation of a C-C bond located in a hexagonal carbon ring,
creating two seven-membered and two five-membered rings. The
generation of SW defects can cause a curvature of the material that
hosts it, but in the case of graphene or other planar hexagonal
materials this defect results in a planar structure. Ma et al."® proved
that, in 2D materials, the formation of SW defects is inducted
in non-equilibrium conditions by irradiation or the effect of
mechanical strain. Experimental and theoretical studies conducted
on fullerene and PAHs have shown that an extra hydrogen or carbon
atom, chemisorbed on the molecule, induces a structure promoting
the formation of the SW defect with a lower energy barrier than the
formation of the defect in the pristine material.'>"” Defects are
known to change the physical and chemical properties; for example,
they can open band gaps and exhibit increased reactivity toward
oxygen and hydrogen atoms.'®?° Theoretical studies have shown
that PAH containing 5,7-membered rings are stable enough to
survive interstellar conditions and they might be responsible for
two of the AIBs, at 6.9 and 16.4 pm.**?

In this study, we used density functional theory (DFT) to
determine the mechanism leading to the formation of Stone-Wales
defects in a prototypical PAH molecule, pyrene. We investigated
the effect of the SW defect on the reactivity of pyrene toward
hydrogenation (single and double) and its ability to catalyse the
formation of molecular hydrogen in an interstellar environment.

2 Theoretical methods

We employed density functional theory (DFT) implemented in the
Gaussian 16, to estimate barrier, binding and reaction energies.
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We used the hybrid meta exchange-correlation functional
M06-2X developed by Truhlar and coworkers,>* with the seg-
mented polarization-consistent double zeta basis set pcseg-1
optimized for DFT and developed by Jensen.>® M06-2X proved
to be accurate when compared with CCSD(T) calculations for
the investigation of hydrogen chemisorption on graphene-like
structures such as PAHs.”® We corrected all calculated energies
for zero point vibrational energy and for basis-set superposition
error, using the counterpoise method.>”*®

The geometry optimization of minima and transition states
(TSs) in the potential energy surface (PES) were calculated using the
Berny algorithm® and their nature in the PES were characterized
by analyzing the normal modes (i.e. one imaginary frequency for
the TS and no imaginary frequencies for the minima). All calcula-
tions were carried out using the unrestricted approach (UHF) and
in order to produce a correct UHF wavefunction for blue singlet
open-shell biradical systems in the case of TSs, we mixed the
HOMO and LUMO destroying o—f orbitals and spatial symmetries
(see the ESIt).*

The vibrational frequencies, molecular structures, and intra-
and intermolecular distances were analyzed with Molden.>"*
Binding energy, energy barrier and reaction energy were calcu-
lated according to the following equations:

AEbind = [(EH + Ereagent) - EnH— pyrene]

AEbar = [ETS - (EH + Ereagent)]

AEr = [Eproduct - (EH + Ereagent)]

where AEy;ng is the binding energy, AEy,, is the energy barrier
and AE, is the reaction energy. Ey; is the energy of the isolated
hydrogen, Eicagent is the energy of the isolated pyrene, E,i_pyrene
is the energy of pyrene with one or two atomic hydrogens
chemisorbed, Erg is the energy of the transition state structure
and Eproduee i the energy of pyrene with two atomic hydrogen
atoms chemisorbed. The binding energies are considered exoergic
when they are positive as opposed to the reaction energies that
are negative for exoergic processes. Barrier energies are always
positive for the definition of transition state.

3 Results
3.1 Formation of PAHs with Stone-Wales defects

Pyrene (Cy6Hjo) is an organic molecule belonging to the Dy,
point group (Fig. 1). The system can undergo a Stone-Wales
transformation,*® through the in-plane 90° rotation of the bond
formed by C(2) and C(4) to a Stone-Wales defect in the structure,
characterized by the presence of two seven-membered rings and
two five-membered rings.

The formation of a SW defect in the neutral pyrene molecule
features two concerted transition states (Fig. 2) of the first
order, connected by a shallow minimum. A similar mechanism
was proposed in a previous study using a modified G4(MP2)
method,” but in that case only transition states of the second order
were obtained. The first transition state (TS 1) is a non-planar
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Fig. 1 Labeled optimized structures of pyrene and SW-pyrene. The
arrows show the Stone—Wales formation.

structure characterized by the partial breaking of two carbon-
carbon bonds C(2)-C(7) and C(5)-C(4) (now 2.42 A apart) and an
energy barrier of 8.26 eV, slightly higher than that calculated
before.?> The mechanism, then, proceeds with the formation of a
high-energetic intermediate (8.17 eV) with a bicyclic structure of
two ten-membered rings. Once this intermediate is formed, 0.25 eV
is required to overcome a second barrier associated with a second
non-planar transition state (TS 2) featuring the partial formation
of bonds C(2)-C(5) and C(4)-C(7) with elongation of 2.32 A.
Overcoming the second energy barrier leads to the production
of SW-pyrene, which lies 2.35 eV above the pristine structure.
Thus the formation of pyrene is an endoergic process, requiring
8.42 eV. Nevertheless, once the defective structure is created,
6.07 eV is needed to revert to the pristine structure. During the
formation of the defect, all equivalent carbon-carbon distances
are contracted down to 1.38 A with respect to pristine pyrene
where these carbon-carbon distances are 1.43 A, similar to
what is observed in graphene.**

It has been proposed that the presence of additional H
chemisorbed on carbonaceous material can catalyze the for-
mation of a SW defect.'® As we are interested here in defective
PAHs and their reactivity, we investigated this mechanism for
pyrene. We started with a molecular structure where a hydrogen
atom is chemisorbed on one of the inner carbon atoms (C(2) or
C(4)) involved in the SW transformation (Fig. 3). Starting from this
structure, the reaction goes through a transition state (TS 1 h) lying
2.20 eV above the reactant. For comparison, an energy barrier of
6.8 eV was found to break a central carbon-carbon bond in a
graphene nanoflake with a chemisorbed H atom.”® In our system
the TS is characterised by the partial breaking of a carbon-carbon
bond, where the carbons are 2.33 A apart. After TS 1 h, intermediate
INT 1 h is formed at 2.14 eV, featuring a ten-membered ring
structure. From there, an additional 4.05 eV is needed to break a
second carbon-carbon bond and form intermediate INT 2h, a
shallow minimum with a bicyclic structure. After overcoming
0.46 eV (TS 3 h) a new carbon-carbon bond is created, leading to
the formation of a pentagonal ring. In the end, we have the
formation of a more stable intermediate (Int 3h) geometrically
structured by a five membered-ring, a seven membered-ring and a
ten membered-ring. The process ends with the barrierless for-
mation of the SW-pyrene with a hydrogen chemisorbed on the
inner carbon (1H-SW-pyrene).
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Fig. 2 Potential energy surface for the formation of a Stone—Wales defect starting from pristine pyrene, illustrated with optimised molecular structures.

Energies are calculated with respect to pristine pyrene.
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Fig. 3 Potential energy surface for the formation of a Stone—Wales defect starting from hydrogenated pyrene illustrated with optimised molecular

structures. The symbol (//) indicates the absence of energy barriers.

To summarize, the creation of a Stone-Wales defect in
neutral pyrene requires an energy of 8.42 eV and the over-
coming of two transition states. Once the shallow intermediate
structure is formed, due to the small difference in barriers, the
rate of the forward (creation of SW-pyrene) and backward
reaction (creation of pyrene) should be comparable. The addition
of a chemisorbed H atom catalyzes the process, which requires a
total energy of 6.60 eV. However due to symmetry breaking, the
process requires several additional steps. In particular, after the

6740 | Phys. Chem. Chem. Phys., 2020, 22, 6738-6748

formation of INT 1H, the energy difference between TS 1h
(0.06 eV) and TS 2h (4.05 eV) indicates that the former is more
likely to happen, thus making the formation of 1H-SW-pyrene
unlikely.

3.2 Hydrogenation process

First hydrogen attachment. Due to the symmetry of the
SW-pyrene, there are five non-equivalent carbon sites, C(2),
C(5), C(8), C(11) and C(12) available for interaction with a

This journal is © the Owner Societies 2020
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Table 1 Binding energies (AEping) and energy barriers (AEy,,) for the
hydrogenation of different carbon sites of Stone-Wales and pristine
pyrene

SW pyrene Pristine pyrene
C Site AEbind (eV) AEbar (eV) AEbind (eV) AEbar (eV)
C(12) 1.55 0.18 1.23 0.23
C(8) 1.45 0.19 1.24 0.22
C(5) 1.14 0.27 — —
c(11) 1.10 0.25 — —
C(2) 1.04 0.21 0.26 0.43

radical hydrogen atom; we calculated the binding and barrier
energies for H chemisorbed on these sites. The most reactive
carbon sites are the one possessing the highest binding energies
and the lowest energy barriers. Table 1 reports the values for the
different sites for SW-pyrene and pristine pyrene for comparison.
In both structures, edge carbons C(12) and C(8) are the most
reactive sites with binding energies of 1.55 and 1.45 eV and energy
barriers of 0.18 and 0.19 eV, respectively. To follow, C(5), C(11)
and C(2) have lower binding energies and slightly higher energy
barriers, up to 0.27 eV in the case of C(5). Thus, the addition of the
H atom to edge carbons C(8) and C(12) produces the most stable
isomers, in line with previous studies.”**”” In any case, all the
energies calculated are exoergic and favorable.

The energetics for H adsorption on three different sites
(2 edge and 1 graphene-like carbon) of pristine pyrene were
also calculated, to evaluate the effect of the SW defect on
reactivity. The values reported for the binding energies
(Table 1) are consistently lower by 0.25 eV with respect to
previous calculations,*® while the barrier energies are consistently
higher by 0.16 eV. This is expected since the previous work used
a different functional (PBE) and in our work a correction for
zero-point vibrational energy is also included. Binding energies
for singly hydrogenated SW-pyrene are always larger than those
in the pristine molecules and energy barriers are smaller in
accordance with the general Brgnsted-Evans-Polayni rule®**°
that in a reaction lower energy barriers are connected to larger
exoergicity. In particular, when C(2) is hydrogenated in the
SW-pyrene the binding energy is 1.04 eV compared to only
0.26 eV in the pristine molecule, and the energy barrier is
halved, 0.21 versus 0.43 eV.

To understand the origin of this difference we looked at the
structural differences in the two molecules. Indeed, in a PAH
molecule the addition of a H atom changes the hybridization of
the C atom where it is bonded from sp” to sp*, leading to a
tetrahedral puckering of the carbon skeleton. This structure
relaxation is fundamental as it creates the correct condition for
the binding to happen. Both the defect and pristine pyrene are
planar and hydrogenation triggers the creation of a much
rippled structure for SW-pyrene. The hydrogenation of C(2)
generates a puckering of 0.40 A in the SW structure versus
0.46 A in the pristine pyrene. In addition, in the SW-structure,
edge carbon atoms forming the pentagons, C(1), C(3), C(10) and
C(12), experience a downward motion of 0.29 A, while for the
pristine pyrene C(21) and C(11) move downward by 0.21 A, and
C(9) and C(20) by 0.10 A. The larger puckering of C(2) in the

This journal is © the Owner Societies 2020
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Fig. 4 Optimized molecular structure of SW—pyrene with arrows indicat-
ing the different carbon pairs considered in this study.

pristine pyrene is likely responsible for the higher energy
barrier.*® As for the larger binding energy, we hypothesize that
the flexibility of SW-pyrene permits the downward motion of
the five-membered rings, thus, releasing part of the strain
caused by the H-addition in the molecule. Thus this results
in more stable hydrogenated intermediates, with the extreme
case of C(2), in the SW molecule. Our calculations confirm that
introducing a Stone-Wales defect increases consistently the
reactivity of a PAH as it happens for graphene.*!

Second hydrogen attachment. The attachment of a H atom
to SW-pyrene generates an open-shell doublet structure with an
unpaired electron that is susceptible to the attack of another
H atom. As we are interested in the ability of SW-PAHs to
catalyse H,, we considered both adjacent and non-adjacent
carbon sites, which are illustrated in Fig. 4.

A spin population analysis (values are reported in the ESIY)
based on the Mulliken partitioning scheme for the single hydro-
genated species of SW-pyrene and pristine pyrene (Fig. 7 and 8)
shows a population of spin-up and spin-down electrons on
the carbon framework. Specifically, for 1H-C2-SW-pyrene and
1H-C5-SW-pyrene a larger population of spin-up is localized in
the carbons adjacent to the hydrogenated site (Fig. 7a and b,
respectively); this is also true for 1H-C12-pyrene (Fig. 8b). These
are the sites where we expect that the second hydrogen will
most likely chemisorb as seen for coronene and pentacene
molecules.”’®** The other isomers analysed have the population
of spin-up electrons distributed more uniformly over the entire
carbon framework.

We first attempted to calculate the energy barrier for the
attachment of the second H atom to a different site. Due to the
computational issues of dealing with bi-radical systems in a
singlet spin state, not all the calculations reached convergence
(see ESIt). In isomer 1H-C12-SW (Fig. 5) the attachment of a
second H atom on C(14) has an energy barrier of 0.033 eV, while
there is no barrier when, on 1H-C2-SW, the second H atom
attaches on C(4). If the second H is attached to an edge C atom
that was hydrogenated previously, the reaction is found to be
barrier-less. In pristine pyrene it is found that in 1H-C(2)-
pristine, the energy barrier to attach the second H to C(4) is
calculated to be 0.19 eV, whereas we do not find transition state
structures for the edge carbons of the pristine pyrene due to
convergence issues. A previous study®® found that all the

Phys. Chem. Chem. Phys., 2020, 22, 6738-6748 | 6741
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a) 1H-C8-SW

¢) 1H-C2-SW

Fig. 5 Optimized molecular model of different isomers of hydrogenated
SW—pyrene with an atomic hydrogen bonded on C(8) (a), C(12) (b) and C(2) (c).
All belong to the C point group.

second H-addition reactions to singly-hydrogenated pyrene are
barrier-less, while for our study this is true only when the
reaction involves edge carbons. The difference is likely due to
the different methods used and the lack of zero-point correc-
tion in the previous study. Incidentally, we note that the
observed small barriers of 5 and 33 meV (Table 2) are below
the barrier height error of M06-2X (0.06 eV) estimated by
Mardirossian et al.** with the hydrogen transfer barrier heights
database (HTBH38) and, therefore, these small energy barrier
values obtained here can be approximated to 0 eV.

The stability of the doubly-hydrogenated defective species in
terms of binding energy is summarised in Table 2 together with
the carbon-carbon distance. There is no correlation between
the stability of the intermediates and the carbon-carbon dis-
tances. All the double hydrogenated isomers have non-planar
structures (see Fig. 6 for some examples). As to be expected,””*®
the most stable species are 2H-C12C10-SW and 2H-C8C11-
SW, where the dihydrogenation occurs at the edge.** The
isomer 2H-C5C13-SW has a similar binding energy even if
the 2 H atoms are attached to distal carbons. The dihydrogena-
tion of the C(2)-C(4) junction follows at 2.59 eV. The presence
of the SW defect significantly decreases the energy barrier in

Table 2 Energy barrier (AEy,), binding energy (AEping) and carbon-—
carbon distance (d) values for distal (|) and adjacent (-) carbon pairs of
SW-pyrene hydrogenated with two extra hydrogen atoms

C pairs AEp,; (6V) AEping (€V) d (A)
c(12)|c(4) 0.033” 2.00 2.49
C(5)-C(2) “ 2.21 1.56
c(8)|c(3) “ 2.41 2.66
C(11)|C(2) “ 2.49 3.27
C(2)-C(4) 0.005” 2.59 1.55
C(8)-C(11) 0.005” 3.00 1.53
c(5)|c(13) 0.005” 3.02 2.91
C(12)-C(10) 0.005” 3.18 1.52

“ Denotes calculations that did not converge. ? values to be considered

0 eV (see main article text).
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a) 2H-C5C13-SW b) 2H-C12C10-SW

c) 2H-C2C4-SW

Fig. 6 (a) Side and top views of optimized molecular structures for
different isomers of hydrogenated SW-pyrene with two extra atomic
hydrogens bonded on C(5) and C(13) (a), C(12) and C(10) (b) and C(2)
and C(4) (c).

the C(2)-C(4), thus, increases the reactivity of the molecule.
Calculations on equivalent carbon sites in pristine pyrene
reveals that the dihydrogenation on C(5)|C(13) has a binding
energy of 2.21 eV, C(8)-C(11) of 2.70 eV and C(2)-C(4) of 1.72 eV,
hence, showing less stability than the same positions calculated on
SW-pyrene. Surprisingly, the binding energy for the 2H-C12C10
isomer is 3.59 €V, 0.41 eV more stable than the equivalent isomer
of SW-pyrene. In this last case, the inversion of reactivity might be
attributed to the added strain on the already perturbed pentagonal
ring in the SW-pyrene. The high binding energy of 2H-C5C13-SW
(Fig. 6) suggests that the heptagonal ring can provide additional
flexibility and, hence, a larger stability for the isomer. Indeed in
this isomer the part of the hydrogenated heptagon that deviates
significantly from planar has bond angles C(5)-C(8)-C(11) =
121.19° and C(13)-C(11)-C(8) = 121.77°, closer to the internal
angles of a hexagon (120°) than those of a heptagon. We thus
confirm that the most stable species are formed due to the largest
electronic affinity of the atomic hydrogen for the carbons located
on the edges.?” Furthermore, in the case of the second hydrogena-
tion, introducing a Stone-Wales defect appears to increase the
reactivity and in most cases the stability of the dihydrogenated
species.

3.3 Molecular hydrogen formation

To follow, we investigated the formation of molecular hydrogen
from the dihydrogenated intermediates discussed in the previous
section. The formation of H, in these molecules can occur through
two different mechanisms. The first type of mechanism is the
extraction process that can involve H atoms attached either to

This journal is © the Owner Societies 2020
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Fig. 7 Spin population analysis for each optimized geometry of single hydrogenated species of SW—-pyrene. The colour scale shows the distribution of

spin-up (green) and spin-down (red) for each atom.
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0.000
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’@‘ | "
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Fig. 8 As in Fig. 7, but for each optimized geometry of single hydro-
genated species of pristine pyrene.

neighbouring or distal carbons. This mechanism is characterized
by a concerted transition state formed by the partial formation of a
H-H bond and the partial break of C-H bonds (Fig. 9, top panel).
The second type of mechanism occurs only for adjacent carbon
pairs, in particular on C(2)-C(4), C(5)-C(8) and C(8)-C(11), and can
be defined as a transposition-extraction (Fig. 9, bottom panel). In
the transition state of this mechanism one H atom is transposed to
the adjacent carbon where there is the partial formation of a H-H
bond and the partial rupture of a C-H bond. This eventually leads
to the extraction of H,.

Table 3 shows the values for energy barriers and reaction
energies (i.e. the difference in energy between the products and
the reagents) together with the carbon-carbon distances in the
transition state and the type of reaction. The extraction of H,

This journal is © the Owner Societies 2020
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Fig. 9 Schematic representation of the process that leads to the for-
mation of transition state for the molecular hydrogen formation: the
extraction (a) and the transposition-extraction (b) mechanisms.

from adjacent carbons in the edge - as in the case for C(12)-C(10)
and C(8)-C(11) - is the most energetically expensive, with
energy barriers of almost 5 eV and slightly endoergic products.
On adjacent, internal carbon atoms, the extraction of H,
requires almost 3 eV and the reaction is quite exoergic, with
the products being almost 1 €V more stable than the reactants.
This is to be expected, since the release of H, would remove the
strain in the molecules caused by the sp® hybridisation at the
single hydrogenation site. Interestingly, we found that distal
carbon atoms promote the formation of H,, with a barrier lower
than 2 eV and exoergic reactions.

We evaluated energy barriers and reaction energies for
selected dihydrogenated isomers in the pristine pyrene for
comparison (Table 4). Energy barriers for H, extraction are
slightly lower than the values found for the same process in
defective pyrene, with a maximum difference of 0.39 eV when
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Table 3 Values of energy barrier (AEy,,), and reaction energy (AE,) for the
extraction of H, in different isomers of doubly hydrogenated SW-pyrene.
Also reported are distances between the two carbon atoms where the
extra hydrogen atoms are attached (d) in the transition state and the type
of mechanism involved in the formation (see Fig. 9). The symbols — and |
identify adjacent and distal carbons, respectively

Stone-Wales

C pairs AEp,; (eV) AE;, (eV) d (A) Type
C(12)-C(10) 4.87 0.28 1.44 (a)
C(8)-C(11) 4.60 0.10 1.48 (@)
c(5)-C(8) 3.46 0.03 1.51 (b)
C(2)-C(4) 2.94 —0.72 1.51 (b)
c(5)-C(2) 2.42 —1.00 1.55 (a)
c(8)|c(3) 2.58 —0.49 2.42 (a)
c(12)|C(4) 2.07 —0.80 2.28 (a)
c(5)|C(13) 1.84 —0.21 2.83 ()
C(11)|C(2) 1.96 —0.77 2.85 (@)
Table 4 Values of energy barrier (AEp,,), reaction energy (AE,) and

carbon-carbon distance (d) in the transition state for the extraction of
molecular hydrogen in pristine pyrene

Pristine

C pairs AEp,; (€V) AE; (eV) d (A) Type
c(12)-c(10)’ 4.89 0.48 1.45 (a)
c(8)-c(11) 4.21 —0.28 1.50 (b)
c(2)-c(a) 2.71 —2.33 1.57 (b)
c(5)'|c(13) 1.67 -0.77 2.61 (a)

considering the C pair C(8)-C(11). The reaction is also more
exoergic; in particular for the same reaction type (a) and bond
length, the extraction of H, from the C-pair C(2)-C(4) has a reaction
energy of —0.72 eV in the defective pyrene and of —2.33 eV in the
pristine molecule. This is the result of the high stability of
the pristine pyrene with respect to its hydrogenated counterparts.
The energy barriers for the H, formation found on pristine pyrene
are slightly higher than what was found previously on graphene;*>*®
this confirms that small graphene-nanoflakes like pyrene behave like
graphene when H, formation is considered.

Fig. 10 shows the potential energy surface for the formation
of H, on defective and pristine pyrene, considering hydrogena-
tion on the same ring (left) and on the SW junction C(2)-C(4).
In the case of SW-pyrene, the energy barrier for the first
hydrogenation, namely 0.2 eV, is the limiting barrier for the
formation of H, independently, if we consider carbons belong-
ing to the same ring or the SW junction. For pristine pyrene, on
the other side, the limiting barrier is 0.7 eV, represented by the
transition state for the formation of H, on the hydrogenated
intermediates. If distal carbon atoms are considered, H, for-
mation has a submerged barrier, with a value comparable to
what is seen in SW-pyrene. As seen in Section 3.2, the addition
of H atoms on the reactive SW-pyrene results in stable isomers
and the subsequent formation of H, has a submerged barrier.

3.4 Astrophysical implications

Observed infrared spectra of astronomical objects have been inter-
preted as revealing the presence of SW-PAHs."”*® We calculated
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the infrared spectra of pristine and Stone-Wales pyrene (see ESIT)
and their spectra can be identified apart, thanks to the presence of
a strong mode around 1375 cm ' in pristine pyrene (see also
ref. 22). The same is true for 1H-C2-SW pyrene that shows strong
activity in the 1300-1600 cm ™" region, while 1H-C2 pristine pyrene
as little to no activity there. Hopefully the James Webb Space
Telescope that will observe the AIB spectrum in the full 3-20 pm
region at high spectral resolution (R > 1550) will allow astron-
omers to confirm the presence of SW-PAHs. Defective PAHs as
pristine PAH molecules should take part in the chemistry happening
in space. Astrochemical models based on combustion chemistry*’
suggest that PAHs and carbon soot should be efficiently formed in
the inner regions of carbon-rich giant stars.”® Defective PAHs can be
created starting from 6-membered ring species through a process
requiring energies of the order of ~8 eV (Fig. 2). To evaluate the
stability of the mechanism, we calculated the Rice-Ramsperger—
Kassel-Marcus (RRKM) rates®" as functions of internal energy for the
backward and forward reactions when the system is in the inter-
mediate state (Fig. 2). Once the intermediate is formed and possess
enough internal energy, roughly a third of the time the mechanism
will go forward and a defective structure will be created. The time-
scale needed for the intermediate to revert back to pristine pyrene is
comparable with the timescales to share the excess energy among
the other modes of the molecule, few tens of picoseconds.”
At internal energies above 30 eV the process is even more frequent.
On graphene the energy needed to perform a Stone-Wales trans-
formation is calculated to be 5 eV'®> and this might hint at the
size dependence of the energy involved in the SW rearrangement.
Nevertheless, the high barrier derived here makes it unlikely that
SW-PAHSs are formed in the interstellar medium itself. An alternative
route could be the formation through energetic processing of
6-membered ring species. Indeed, molecular dynamics simulations
show that interaction of PAHs with a sub-keV ion can break C-C
bonds without perturbing the rest of the structure®® and can
promote the formation of the 5 and 7 member rings.>* Clearly more
studies are needed to identify a precise pathway for the formation of
SW-PAHSs through energetic processes. Once SW-PAHs are formed,
they can survive for a long time due to the higher barrier required for
the conversion to the unaltered 6-membered PAHs and, thus, take
part in the AstroPAH populations (Fig. 11).

Both neutral and cationic PAHs have been put forward as
catalytic surfaces where H, can be efficiently formed via an
Eley-Rideal mechanism after initial hydrogenation (see the
recent review by Wakelam et al, ref. 6). The key resides in the
very low sticking barrier when the H is on the edge, calculated
to be a few tens of meV, and the barrierless abstraction of H,,
as seen from both experiments and theory. Photochemical
evolution models of PAHs in photodissociation regions show
that the Eley-Rideal mechanism is effective only when the gas
temperature is enough to overcome addition and extraction
barriers.” Accurate DFT calculations including zero point vibra-
tional energy correction, like the one presented here and also
elsewhere®® give sticking barriers one order of magnitude
higher (few hundreds of meV) than what were used in photo-
chemical models in the past.””**” This means that even
higher gas temperatures are needed for the process to happen.
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Fig. 10 Comparison between the potential energy surfaces for the formation of molecular hydrogen from SW (top) and pristine pyrene (bottom).

Also, the efficiency of the Eley-Rideal mechanism depends on
the incident direction of the H that impinges on the super-
hydrogenated PAH molecule. If the molecule is heavily super-
hydrogenated, this is not much of an issue. However,
astronomical observations of PAHs and the aforementioned
photochemical models show that PAHs are scarcely super-
hydrogenated, with up to 4 additional hydrogen atoms in
the shielded region (A, > 4). Thus, while the energetics of
the Eley-Rideal H, formation are very favourable, its efficiency
is below 1%.°

Other mechanisms, such as H,-loss from photodissociation
of normally hydrogenated PAHs'® and protonated PAHs *°°
have been invoked to explain the enhanced H, formation rates
in some photodissociation regions.*® In addition, PAH molecules
can exist in the form of aggregates or clusters in the denser part of
the photodissociation regions®"** and they might catalyse the

This journal is © the Owner Societies 2020

formation of H,. The study of the specific reactions involved and
the interplay with competing channels is interesting and could
have important implications for H, formation; however it is beyond
the scope of the present work and should be addressed in a
separate publication.

Here we have shown that Stone-Wales defects in PAHs can
facilitate the catalytic formation of H,. First, the presence of the
defect lowers the difference in the H addition barrier between
internal and edge carbons, which is 0.05 eV compared to
pristine pyrene where the difference is 0.2 eV. Second, singly
and doubly hydrogenated intermediates in SW-pyrene are
located in a deeper well of the PES than in the case of pristine
pyrene. The largest differences are seen for the 1H-C2-SW and
2H-C2C4-SW, where the H atoms are attached on the Stone-
Wales rotated C2-C4 bond (Fig. 10, upper right). Moreover, the
2H-C2C4-SW intermediate needs slightly higher energy, in the
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Fig. 11 Comparison between reaction rates for the forward reaction
toward SW—pyrene (solid line) and for the reverse reaction toward pristine
pyrene (dashed line) as a function of internal energies. Rates were
calculated using the RRKM formalism>">° starting from the energies and
vibrational analysis performed in this paper at the M06-2X/pcseg-1 level.

order of 0.2 eV, to either lose a H atom or form H, than in the
same isomer for the pristine case. This may imply that super-
hydrogenated Stone-Wales PAH species may have a longer
lifetime against dehydrogenation than superhydrogenated
pristine PAH in the interstellar medium and that they can be
a sink for additional hydrogen atoms also in the case of
diffusion.** Finally, in SW-pyrene the catalytic formation of
H, is limited only by the barrier for first hydrogen attachment,
which is of the order of 0.2 eV. H, formation from 2H-C2C4-
SW pyrene requires 2.9 eV, comparable to the energy needed to
photodissociate H, from a PAH cation.>® An additional favour-
able channel for catalytic H, formation was found in both SW
and pristine pyrenes, in the case where hydrogenation occurs
on distal carbon atoms (2H-SW-C5C13 and 2H-SW-C11C2, see
Tables 3 and 4). The energy barrier for this reaction, that
proceeds through an extraction mechanism, is typically below
2 eV with the lowest for pristine pyrene at 1.67 eV. This type of
reaction might help to increase the amount of H, formed in the
interstellar region where superhydrogenated PAHs are present.

There are other processes that can compete with the forma-
tion of H, on hydrogenated SW-PAHs. Specifically, H-loss and
H-roaming might be important reactions to be considered.>>®*%
For SW-pyrene, H-loss can be a competitive channel when H, is
formed on the C2-C4 junction, as the difference between the two
reactions is 0.35 eV, which favours the H-loss. This is not the case
for the formation of H, on distal carbons, where the energy
difference is 0.88 eV, favouring the H, formation (Fig. 10). Calcula-
tions of energy barriers and reaction energies for H-roaming from
C4 to C7 on 2H-SW-C2C4 are 0.92 and 0.40 eV, while for the
reverse reaction they are 0.52 and —0.40 eV, respectively. This
means that H will move rapidly to the nearby tertiary carbon
position but likely go back to position C4. This will slow down
the formation of molecular hydrogen. Calculations for H roaming
along the edge in 2H-SW-C5C13 gives higher values, 1.65 eV for
the energy barrier and 1.00 eV for the reaction energy. The reverse
reaction has a barrier of 0.65 eV and a reaction energy of —1.00 eV.
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The difference in energy barrier between H-roaming and H, for-
mation is only 0.2 eV and thus competition might be less important.
We defer a detailed modelling of the kinetics of the processes
involved to a future study.

Finally, we want to note that in this study we provided
binding and barrier energies for H, extraction that can be
useful for astrochemical modelling. We note that cross-over
quantum mechanical temperature ranges between 397 and
534 K for SW-pyrene and between 400 and 571 K for pristine
pyrene (see ESIt). For lower temperatures a proper evaluation of
the reaction rate coefficient has to take tunneling effects into
account.

4 Conclusions

We studied, using computational chemistry, the formation
mechanism and catalytic properties of a prototype PAH with a
Stone-Wales defect, pyrene. We calculated binding energies
and barrier energies indispensable for subsequent astronom-
ical modelling studies. We found:

e The creation of a SW defect requires 8.42 eV. Moreover, the
addition of one atomic hydrogen on the inner carbon of
pristine pyrene reduces the energy barrier for the creation of
the SW defect by 1.82 eV.

e The C-C bond involved in the creation of the SW defect has
enhanced reactivity, which translates to a lower H addition
barrier for the first hydrogenation (the second is barrierless)
and more stable singly hydrogenated SW-pyrene with respect
to the pristine molecule. Thus, the SW defect “normalises” the
differences in sticking barriers and stability seen between edge
and central carbon atoms in pristine PAHs.

e Catalytic formation of H, in SW-pyrene is limited only by
the barrier of the first hydrogen addition, in the order of 0.2 eV.

e An additional mechanism for H, formation involves
hydrogenation of distal carbon atoms and has an energy below
2 eV, both in pristine and SW-pyrenes.

In the interstellar medium, due to their enhanced reactivity
towards hydrogenation and stability, SW-containing PAHs can
act as H sinks in regions of moderate irradiation. In this region,
together with pristine PAHs, they can promote the catalytic
formation of H, in addition to the Eley-Rideal mechanism.
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