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a b s t r a c t
We investigated the formation of the naphthalene cation from the successive addition of two acetylenes
on the benzene cation. A DFT approach was used for that purpose. The entry channel corresponding to the
addition of the acetylenes is the energetically highest part of the entire reaction pathway. It was recalculated using the ab initio W1-F12 and G4 thermochemical protocols. At these levels, the energetically highest point in the entry channel is shown to be just below the energy of the free reactants. This Letter shows
that the formation of the naphthalene cation from benzene and acetylenes should proceed in space.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Benzene has been detected both in the upper atmosphere of
Jupiter, Saturn and Titan [1,2] and outside of our solar system
toward the carbon-rich protoplanetary nebulae CRL 618 [3], a circumstellar envelope. Acetylene is known to be abundant in the
cold interstellar medium (ISM) [4]. Neutral and charged polycyclic
aromatic hydrocarbons (PAHs) are commonly assumed to be present in the same ISM. If the evidence for their presence is quite
strong, arising from the 3.3, 6.2, 7.7, 8.6, 11.3 lm set of bands
known as the unidentiﬁed infrared emission bands (UIRs) [5] and
coming from a wide variety of astronomical sources [6], the chemistry leading to their formation is still a matter of debate.
Under terrestrial conditions, benzene and PAHs are known to
form in hydrocarbon ﬂames. Following this suggestion Bauschlicher et al. [7,8], using the hybrid B3LYP density functional theory
(DFT) functional [9], have studied the growth of the benzene cation
by the addition of two acetylenes molecules following a Bittner–
Howard-like mechanism i.e. a mechanism where the second acetylene adds to the ﬁrst before reacting with the existing ring to form
an additional ring. In their ﬁrst Letter, Bauschlicher et al. [7], have
found a route that would allow for the formation of the naphthalene cation through a barrierless reaction pathway. However, in
their second Letter [8], using a larger basis set, they have found
low barriers on the reaction pathway, which prevent the reaction
from occurring in the cold space environments of the ISM.
In the present Letter we are reinvestigating the mechanism
considered in Bauschlicher et al. [7,8], however without
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dehydrogenating the benzene cation in the ﬁrst step of the reaction. This Letter completes our previous one [10] where we considered the formation of the naphthalene cation from benzene
(neutral or ionized) reacting respectively with the C4 Hþ
3 cation
and C2H radicals in the cold interstellar medium (10–100 K). This
Letter extends our search on efﬁcient pathways for the growth of
PAHs in media where they are observed in abundance but where
no excess energy is available (i.e. for reaction pathways that are
exothermic, with reaction barriers below the free reactant
energies).
2. Computational methods
The geometries on the potential energy proﬁle for the successive addition of two C2H2 molecules to C6 Hþ
6 have been optimized
using two exchange–correlation DFT functionals: the hybrid generalized gradient approximation (GGA) B3LYP functional [9], and the
hybrid-meta GGA M06-2X functional [11]. Three basis sets were
used in conjunctions with these DFT procedures: (i) the Pople-style
triple-zeta-valence basis set with one d-type polarization function
6-311G(d,p); (ii) the double-zeta-valence basis set with two d-type
and one f-type polarization functions 6-31G(2df,p); and (iii) the
combination of the standard correlation–consistent cc-pVTZ basis
sets [12] on hydrogens, the aug-cc-pVTZ basis sets [13] on carbons
(denoted by A’VTZ). Harmonic vibrational analyses have been performed at the same levels of theory to conﬁrm each stationary
point as either an equilibrium structure (i.e., all real frequencies)
or a transition structure (TS) (i.e., with one imaginary frequency).
Zero-point vibrational energy (ZPVE) corrections have been obtained from such calculations as one-half the sum of the harmonic
frequencies, and have been scaled using literature scaling factors
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[14–16] a standard procedure to account for anharmonic effects
and imperfections of the theoretical models. The connectivities of
the transition structures were conﬁrmed by performing intrinsic
reaction coordinate (IRC) calculations at the B3LYP/6-311G(d,p)
level of theory [17]. The optimized geometries for all the species
considered in the present Letter are given in Tables S3–S5 of the
Supporting Information.
In order to obtain reliable reaction energies and barrier heights
for the entry channel part of the reaction pathway, single point calculations have been carried out at the CCSD(T)/6-311++G(d,p) level
of theory (coupled cluster with singles, doubles, and quasiperturbative triple excitations) using the B3LYP/6-311G(d,p) optimized
geometries. These reaction energies and barrier heights have also
been calculated using the GAUSSIAN-4 (G4) thermochemical protocol
[15] and 6-31G(2df,p) geometries. All the geometry optimizations,
frequency calculations, G4 and CCSD(T)/6-311++G(d,p) calculations
were performed using the GAUSSIAN 09 program suite [18].
The G4 protocol is widely used for the calculation of accurate
thermochemical and kinetic properties. Speciﬁcally, G4 obtains
mean absolute deviations (MADs) from reliable experimental
thermochemical data below the threshold of ‘chemical accuracy’
(arbitrarily deﬁned as 1 kcal/mol) [19]. For example, for the 454
experimental thermochemical determinations of the G3/05 test
set (including heats of formation, ionization energies, and electron
afﬁnities), G4 attain a MAD of 0.83 kcal/mol [15]. For the computation of barrier heights, G4 also offers generally good performance.
For example, it gives a MAD of 0.58 kcal/mol when evaluated
against the 24 barrier heights in the DBH24/08 database (which includes barriers for heavy-atom transfer, nucleophilic substitution,
and hydrogen-transfer reactions) [20]. Similarly, for the set of 76
barrier heights in the ‘hydrogen-transfer barrier heights’ (HTBH),
and ‘non-hydrogen-transfer barrier heights’ (NHTBH) datasets
[21,22], G4 attain a MAD of 0.71 kcal/mol [23].
In addition, high-level ab initio calculations have been carried
out using the W1-F12 thermochemical protocol with the Molpro
2012.1 program suite [24]. W1-F12 theory [25] represents a layered extrapolation to the relativistic, all-electron CCSD(T) basisset-limit energy, and can achieve ‘sub-chemical accuracy’ (i.e., it
is associated with a MAD from accurate atomization energies of
0.32 kcal/mol, vide infra) for molecules whose wave functions are
dominated by dynamical correlation [25,26]. W1-F12 combines
explicitly-correlated F12 methods [27,28] with extrapolation techniques in order to approximate the CCSD(T) basis-set-limit energy.
Due to the drastically accelerated basis-set convergence of the F12
methods [29,30], W1-F12 is superior to the original W1 method
[16] not only in terms of performance but also in terms of computational cost [25].
The computational protocol of the W1-F12 method has been
speciﬁed and rationalized in detail in Ref. [25]. In brief, the geometries and harmonic frequencies have been obtained at the B3LYP/
A’VTZ level of theory, and ZPVE corrections have been obtained
from such calculations and scaled by 0.985. The Hartree–Fock component is extrapolated from the VDZ-F12 and VTZ-F12 basis sets,
using the E(L) = E1 + A/La two-point extrapolation formula, with
a = 5 (where VnZ-F12 denotes the cc-pVnZ-F12 basis sets of Peterson et al. [28], which were speciﬁcally developed for explicitly correlated calculations). Note that the complementary auxiliary basis
singles (CABSs) correction is included in the SCF energy [31–33].
The valence CCSD-F12 correlation energy is extrapolated from
the same basis sets, using the same two-point extrapolation formula but with a = 3.67. In all of the explicitly-correlated coupled
cluster calculations the diagonal, ﬁxed-amplitude 3C(FIX) ansatz
[28,30,34,35] and the CCSD-F12b approximation are employed
[31,36]. The (T) valence correlation energy is obtained in the same
way as in the original W1 theory, i.e., extrapolated from the A’VDZ
and A’VTZ basis sets using the above two-point extrapolation

formula with a = 3.22. The CCSD inner-shell contribution is calculated with the core-valence weighted correlation–consistent aug’cc-pwCVTZ basis set of Peterson and Dunning [37], whilst the (T)
inner-shell contribution is calculated with the cc-pwCVTZ(no f)
basis set (where cc-pwCVTZ(no f) indicates the cc-pwCVTZ basis
set without the f functions). The scalar relativistic contribution
(in the second-order Douglas–Kroll–Hess approximation) [38] is
obtained as the difference between non-relativistic CCSD(T)/
A’VDZ and relativistic CCSD(T)/A’VDZ-DK calculations [39]. The
atomic spin–orbit coupling terms are taken from the experimental
ﬁne structure, and the diagonal Born–Oppenheimer corrections
(DBOCs) are calculated at the HF/A’VTZ level of theory.
W1-F12 theory shows excellent performance for systems
containing ﬁrst-row elements (and H). Speciﬁcally, for the 97
ﬁrst-row systems in the W4-11 dataset [26], W1-F12 attains a
MAD of 0.13 kcal/mol from all-electron, relativistic CCSD(T) reference atomization energies at the inﬁnite-basis-set limit. When
considering reference atomization energies at the full-conﬁguration-interaction (FCI) basis-set limit, a MAD of 0.32 kcal/mol is obtained. Essentially this is equivalent to evaluating the performance
of the W1-F12 procedure against experimental reference values.
Since W1-F12 theory represents a layered extrapolation to the
CCSD(T) basis-set-limit energy, it is of interest to estimate whether
the contributions from post-CCSD(T) excitations are likely to be
signiﬁcant for the systems considered in the present Letter. The
percentage of the total atomization energy accounted for by parenthetical connected triple excitations, %TAEe[(T)], has been shown to
be a reliable energy-based diagnostic indicating the importance of
nondynamical correlation effects [40,41]. It has been suggested
that %TAEe[(T)] < 2% indicates systems that are dominated by
dynamical correlation, while 2% < %TAEe[(T)] < 5% indicates systems that include mild non-dynamical correlation. Table S2 of
the Supporting Information gathers the %TAEe[(T)] values for the
equilibrium and transition structures located on the ﬁrst part of
the entry channel. The %TAEe[(T)] values for all the structures span
a narrow range of 2.1–2.4%. For example, for aromatic systems that
are associated with similar %TAEe[(T)] values (such as benzene,
pyridine, and furan), post-CCSD(T) contributions to the atomization energy range from 0.25 to 1 kcal/mol [42,43]. Nevertheless,
it should be pointed out that post-CCSD(T) contributions to reaction energies should be smaller than for atomization reactions.
Thus, the %TAEe[(T)] values suggest that our W1-F12 energies
should be close to the full conﬁguration interaction (FCI) basisset limit.
To summarize, the following levels of theory have been considered in the present Letter: W1-F12, G4, CCSD(T)/6-311++G(d,p)//
B3LYP/6-311G(d,p), B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p) and
M06-2X/6-311G(d,p)//M06-2X/6-311G(d,p). In all cases energies
have been corrected adding scaled ZPVE.

3. Results and discussion
3.1. Benchmark G4 and W1-F12 reaction energies and barrier heights
for the entry channel
Before proceeding to a detailed discussion of the G4 and
W1-F12 results, it is of interest to compare our G4 and W1-F12
ionization potential (IP) for benzene at 0 K with the best known
experimental value of 213.165 kcal/mol from the Active Thermochemical Tables (ATcT, version Alpha 1.110 of the Core (Argonne)
Thermochemical Network) database of Ruscic et al. [44–46]. With
both the G4 and W1-F12 procedures we obtain essentially the
same IP value of 213.69 kcal/mol. This value is in good agreement
with the ATcT value (i.e. it is 0.52 kcal/mol higher than
experiment). Some of this discrepancy is liable to come from the
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approximations in the scaled harmonic ZPVEs involved in these
thermochemical protocols and from the complete neglect of
post-CCSD(T) contributions [41].
The energy proﬁle for the entry channel of the successive addition of two C2H2 molecules to C6 Hþ
6 has been investigated using the
high-level composite G4 and W1-F12 thermochemical protocols
[15,25]. The G4 and W1-F12 potential energy surfaces (DH0 K) for
the entry channel are shown in Figure 1. Energies are given relative
to the free reactants (2 C2H2 and C6 Hþ
6 ). Let us begin with the potential energy surface (PES) obtained at the G4 level. The addition
of the ﬁrst acetylene proceeds via the formation of a long-range
complex (I1). This entry channel complex involves p–p interactions between the C6 Hþ
6 and the C2H2 species and is more stable
than the free reactants by 5.75 kcal/mol. The transition structure
(T1-2) for the formation of the second intermediate lies
2.28 kcal/mol below the starting reactants. Thus, at the G4 level
þ
the reaction barrier for the C2 H2 þ C6 Hþ
6 ! C8 H8 reaction is
3.47 kcal/mol. The second reaction intermediate (I2) is more stable
than the free reactants by 2.81 kcal/mol. This I2 reaction intermediate can form a long-range complex with another C2H2 molecule,
resulting in a reaction intermediate (I3) that is more stable than
the starting reactants by 8.35 kcal/mol. The subsequent transition
structure (T3-4) for binding of the second acetylene lies
1.76 kcal/mol below the free reactants. The resulting reaction
intermediate (I4) in which the acetylene is covalently bonded to
the C8 Hþ
8 moiety is very stable and is lower in energy than the free
reactants by as much as 41.7 kcal/mol.
For the species that involve up to 8 carbon atoms (namely, I1,
T1-2 and I2) we were able to obtain enthalpies at 0 K (DH0 K) by
means of the computationally more expensive W1-F12 procedure.
Figure 1 and Table 1 shows the good agreement between the G4
and W1-F12 results (the deviations being within 1 kcal/mol)
[25,26,47,48]. Speciﬁcally, relative to the W1-F12 results, the G4
energies for the intermediates (I1 and I2) are lower by 0.91 and
1.25 kcal/mol, respectively. The G4 and W1-F12 energies for the
T1-2 transition structure are in excellent agreement with each
other, namely the G4 energy (–2.28 kcal/mol, relative to the free
reactants) is lower by just 0.21 kcal/mol than the W1-F12 energy
(2.07 kcal/mol).
We have also calculated the PES for the entry channel at the
CCSD(T)/6-311++G(d,p)//B3LYP/6-311G(d,p) level of theory. These
results are summarized in Table 1. The CCSD(T)/6-311++G(d,p)

Table 1
relative energies (DH0 K, kcal/mol) for the stationary points of the entry channel
calculated at the B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p): B3LYP, M06-2X/6-311G
(d,p)//M06-2X/6-311G(d,p): M06-2X, CCSD(T)/6-311++G(d,p)//B3LYP/6-311G(d,p):
CCSD(T), G4 and W1-F12 levels of theory. Energies are corrected adding scaled ZPVE
as indicated in the text. At the B3LYP and M06-2X levels, relative energies are
calculated using an energy for the benzene cation with respect to benzene, adjusted
to the IP experimental value. The C–C bond distances linking the acetylene to the
benzene moiety optimized at the B3LYP/6-311G(d,p) and M06-2X/6-311G(d,p) levels
are given in Å.
I0

I1

T1-2

I2

I3

T3-4

I4

D H0 K
B3LYP
M06-2X
CCSD(T)
G4
W1-F12

0.0
0.0
0.0
0.0
0.0

11.2
8.70
3.80
5.75
4.84

6.20
6.00
0.80
2.28
2.07

6.20
5.80
1.70
2.81
1.56

9.00
11.6
5.80
8.35
–

4.70
5.00
+1.60
1.76
–

42.7
45.1
38.9
41.7
–

Distances
C–C B3LYP
C–C M06-2X

–
–

2.83
2.76

1.93
2.01

1.71
1.74

3.55
3.32

2.37
2.26

1.46
1.46

energies are systematically higher than the G4 energies by nontrivial amounts ranging from 1.1 (I2) up to 3.3 (T3-4) kcal/mol.
Furthermore, the T3-4 transition structure is higher in energy by
1.6 kcal/mol than the free reactants. Thus, at the CCSD(T)/6311++G(d,p) level of theory the entry channel pathway has an
overall reaction barrier (DHz0 K ) of + 1.6 kcal/mol and should not
proceed at very low temperatures according to classical transition
state theory. This indicates that the CCSD(T)/6-311++G(d,p) level of
theory should be applied with caution when modeling reactions
that involve polycyclic aromatic hydrocarbons.
3.2. DFT energies for the entire reaction channel
In the previous section we have calculated the PES (DH0 K) for
the entry channel of the successive addition of two C2H2 molecules
to C6 Hþ
6 by means of the high-level thermochemical protocols (G4
and W1-F12). We have shown that the energies of all the species
involved in the entry channel are bellow the energy of the free
reactants, i.e. the reaction is barrierless at 0 K. We also showed that
the ﬁnal reaction intermediate of the entry channel (I4, Figure 1) is
more stable than the free reactants by as much as 41.7 kcal/mol (at
the G4 level). Here we study the entire reaction pathway for the

Figure 1. The entrance channel of the lowest energy path (DH0 K, kcal/mol) for the successive addition of two acetylenes to the benzene cation calculated at the G4 and W1F12 (in between brackets) levels of theory. Atomic color scheme: local minima structures are shown in gold; transition structures are shown in silver. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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formation of the naphthalene cation with DFT methods that have a
signiﬁcantly reduced computational cost (namely, the B3LYP/6311G(d,p) level of theory). This is a standard electronic structure
calculation for such types of reactions [7,8,10,49,50]. We show that
the PES, after the entry channel reported Figure 2a, is highly exothermic. Therefore there is no need to obtain it with computationally expensive procedures (such as G4) in order to be sure that the
entire reaction pathway is submerged relative to the free reactants.
Before proceeding to a detailed discussion of the complete PES,
we note that at the B3LYP/6-311G(d,p) level our calculated ionization potential (IP) of 207.63 kcal/mol for benzene, is underestimated by 5.53 kcal/mol, with respect to the ATcT experimental
value of 213.165 kcal/mol [43–45]. Our relative energies for the

entire reaction path (Figure 2a to Figure 2d) are calculated with respect to a B3LYP absolute energy of the benzene cation corrected
for this 5.53 kcal/mol discrepancy. The van der Waals structures located along the entrance channel have been also optimized using
the M06-2X functional [11], considered to be suited for mediumrange noncovalent interactions, using the same 6-311G(d,p) basis
set. The resulting relative energies can be viewed in Table 1. They
are calculated with respect to an energy for the benzene cation adjusted to the experimental IP value, although we note that with
this functional the calculated IP of C6 Hþ
6 (212.2 kcal/mol) is closer
to the experimental one. The M06-2X relative energies agree rather
well with the B3LYP ones (Table 1). We have also reported Table 1
the C–C bond distances linking the acetylene to the benzene

Figure 2a. The lowest energy path (DH0 K, kcal/mol) for the successive addition of two acetylene radicals on benzene cation: the entrance path calculated at the B3LYP/6311G(d,p) level. All energies are calculated with respect to the reactant energies for which the energy of benzene cation has been adjusted to the experimental IP value of
213.165 kcal/mol.

Figure 2b. The lowest energy path (DH0 K, kcal/mol) for the successive addition of two acetylene radicals on benzene cation: the intermediate path calculated at the B3LYP/
6-311G(d,p) level. All energies are calculated with respect to the reactant energies for which the energy of benzene cation has been adjusted to the experimental IP value of
213.165 kcal/mol.
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moiety. Comparing these distances at both DFT levels for the long
distance complexes (I1 and I3) and the transition structures (T1-2
and T3-4) we note that they are rather close (within 0.1–0.2 Å). For
the equilibrium structures as I2 they are as expected almost identical (Figure 3).
We now compare our entrance reaction path to the one reported in reference [8] and corresponding to the addition of the
two acetylenes, it is worth noting that while in reference [8] the
addition of C2H2 on a dehydrogenated benzene cation lead to a
C6 H5  CCHþ
2 structure, with two H atoms attached at the C terminal, with the consequence that the addition of the next C2H2 moiety involve a barrier, the addition of C2H2 on the benzene cation
C6 Hþ
6 lead to the I2 structure (Figure 2a) on which a second C2H2
can add without a barrier allowing for the reaction to proceed
further. Once structure I4 is formed the evolution toward the
hydrogenated naphthalene cation is rather straightforward. The
corresponding B3LYP/6-311G(d,p) energy proﬁles can be viewed
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Figure 2b and Figure 2c. Hydrogen migrations lead to structure I6
that can close to structure I7 (Figure 2b). Thanks to the exothermicity related to the formation of I7, it can lose a hydrogen leading to
protonated naphthalene I11 (Figure 2c). The transition structures
involved are far below the energy of the reactants as are all the
transition states involved between I4 and I6. The formation of
protonated naphthalene is exothermic enough to allow for the removal of one more hydrogen to give the naphthalene cation
(Figure 2c).
The reaction intermediate I6 can also evolve through a different
path, as shown in Figure 2d. Hydrogen migration can transform I6–
I12, followed by the closure of the cycle to form a structure with a
5-membered ring attached to the six-membered ring. The resulting
structure I13 is an isomer of protonated naphthalene. The formation of the 5 membered structure F0 (Figure 2d) from I13 is however slightly endothermic with respect to the energy of the free
reactants:+1.3 kcal/mol at the B3LYP/6–311G(d,p) level (Figure 2d).

Figure 2c. The lowest energy path (DH0 K, kcal/mol) for the successive addition of two acetylene radicals on benzene cation: the terminal path calculated at the B3LYP/6311G(d,p) level. All energies are calculated with respect to the reactant energies for which the energy of benzene cation has been adjusted to the experimental IP value of
213.165 kcal/mol.

Figure 2d. The lowest energy path (DH0 K, kcal/mol) for the successive addition of two acetylene radicals on benzene cation: the alternative path calculated at the B3LYP/6311G(d,p) level. All energies are calculated with respect to the reactant energies for which the energy of benzene cation has been adjusted to the experimental IP value of
213.165 kcal/mol.
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Figure 3. Optimized I2 structure (shown in Figure 1a) at the B3LYP/6-311G(d,p), M06-2X/6-311G(d,p) and B3LYP/A’VTZ (used in the W1-F12 calculations) levels of theory
(bond lengths are given in Å and selected angles are given in degrees).

We have calculated this endothermicity to be 5.87 kcal/mol at the
G4 level. This energy is high enough to prevent the formation of
this isomer of naphthalene from C6 Hþ
6 and C2H2, in the cold interstellar medium where no excess energy is available. We recall here
that we have shown in a previous Letter [10], that this isomer can
be formed efﬁciently in the cold interstellar medium from the reaction of C6H6 with C4 Hþ
3.
4. Conclusions
We show, by means of high-level ab initio calculations, that
the formation of the naphthalene cation from the benzene cation
and two acetylene molecules should occur in the cold interstellar
medium. All the steps are exothermic and the barriers located are
all below the reactant energies. The highest point of the PES is
the TS for the addition of a second acetylene molecule to the
C8 Hþ
8 cation (T3-4, Figure 1). At the G4 level, this TS lies
1.76 kcal/mol below the energy of the starting reactants. Thus,
the formation of the naphthalene cation from the benzene cation
and two acetylenes should be considered in the astrochemical
networks related to PAHs growth. From an observational point
of view, regarding the facility with which this reaction should
occur we do encourage for the search of naphthalene in space
even though the last attempts for its detection have remained
unsuccessful.
From a methodological point of view we show that the potential
energy surface for the entry channel obtained at the CCSD(T)/
6-311++G(d,p) level of theory deviates signiﬁcantly from those obtained at the W1-F12 and G4 levels. For example, the deviations
between the G4 and CCSD(T)/6-311++G(d,p) results range between
1.1 and 3.3 kcal/mol. This indicates that the latter level of theory
should be applied with caution when modeling reactions that involve polycyclic aromatic hydrocarbons, and that higher levels of
theory (e.g. W1-F12 or G4) must be used when chemical accuracy
is required.
The next step of this Letter would be dynamical calculations
using the presently calculated PES in order to provide the
astrochemists modeling the chemistry of PAH’s in the ISM with
reliable rate constants for the 10–100 K temperature domain of
interest.
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