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Abstract
The physical–chemical properties of polycyclic aromatic hydrocarbons (PAHs), molecules formed by fused carbon rings 
passivated by hydrogen atoms, make them attractive to several applications, including light-emitting diodes, photovoltaic 
cells, and transistors. They borrow some of the unique properties of graphene, nanotubes, and fullerenes. Additionally, 
radicals related to these structures may be involved in carcinogenic effects. In this work, electronic and energetic aspects 
of PAHs, including triangulenes, were analyzed using BLYP and B2PLYP density functionals as well as with unrestricted 
Hartree–Fock (UHF) and second-order Møller–Plesset perturbation (MP2) theories. The results show that DFT BLYP and 
B2PLYP functionals predict adiabatic singlet–triplet energy gap in better agreement to reference data when compared to 
MP2, with the double-hybrid B2PLYP producing better results than BLYP. On the other hand, for calculation of properties 
involving radical species, as homolytic bond dissociation energies, B2PLYP overestimates the binding energy, especially 
for larger PAHs. The erratic behavior of UHF and MP2 for open-shell species limits the B2PLYP performance regarding 
the stability analysis of triangulenes over different multiplicities.

Keywords  Polycyclic aromatic hydrocarbons · Density functional theory · Møller–Plesset perturbation theory · Bond 
dissociation energy · Triangulenes · Multiplicity

1  Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of very 
stable aromatic organic molecules, formed by fused benze-
noid rings passivated by hydrogen atoms [1]. They are sup-
posed to be prevalent in the interstellar medium, represent-
ing between 10 and 20% of the total interstellar carbon [2, 
3], and have been proposed as the carriers of aromatic infra-
red bands (AIBs). They are also very abundant in our local 
environment since they are a result of natural processes as 
biomass burning and by-products of fossil fuels incomplete 
combustion [4], which have become a problem since they 
are suggested to be carcinogens, mutagens, and teratogens 
[5]. Genotoxicity of PAHs largely depends on initial supra-
molecular interactions with the DNA, regulated by electron 
charge distribution and geometric distortions [6]. The latter 
is particularly relevant to determine the PAH affinity toward 
individual nucleotide bases, for example, with planar and 
non-planar derivatives binding with higher affinities gua-
nine and adenine nucleotides, respectively [6]. It is also 
known that increased non-planarity lowers the capability of 
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the PAH to be metabolized and ultimately produce DNA-
damaging adducts [7, 8]. Biological damage provoked by 
PAHs involves the formation of covalent bonds following 
supramolecular interactions, with the hydrocarbons acting as 
electrophiles while DNA and proteins act as the nucleophilic 
species. PAHs reactivity is often connected to the generation 
of intermediate stable radical compounds [6, 9].

The dependency of PAHs properties on their size and 
structure makes them amenable for applications as light-
emitting diodes, photovoltaic cells, and transistors [10]. 
They have many of the properties presented by their larger 
allotropic relatives, such as graphene, nanotubes, and fuller-
enes [11, 12], and can be considered as their constituent 
elements. The interaction of small molecules with PAHs 
has been extensively investigated using theoretical meth-
ods. Donchev [13] studied the molecular hydrogen interac-
tion with PAHs up to coronene (C24H12) using second-order 
Møller–Plesset (MP2) perturbation theory. It was found 
that the electrostatic energy component played an essential 
role in PAH–H2 interactions, and the energetic preference 
for the perpendicular H2 orientation over the parallel one 
decreases rapidly as PAHs size increases. Zhechkov et al. 
[14] studied the physisorption of N2 on PAHs C6H6, C10H8, 
C14H10, C22H14, C18H12 and C24H12 at MP2 level of theory, 
aiming to identify the relations among PAHs interaction 
energies, size, and structures. They have found that bind-
ing energies increase with the PAH polarizability, which is 
correlated with PAH size. Density functional theory (DFT) 
has been shown to be a valuable tool to study those interac-
tions. Tachikawa et al. [12] investigated the adsorption of 
atomic hydrogen on graphene nanoflakes (PAHs: C42H16, 
C54H18, C78H22 and C96H24) using CAM-B3LYP functional; 
Wagle [15] obtained the binding energies, orbital energies, 
and charge transfer behavior considering the sorption of 12 
different ionic liquids (ILs) onto six different PAHs with 
B3LYP functional; and Chakarova-Käck [16] proposed a 
functional, called vdW-DF, to study the stacking of PAHs 
(benzene, naphthalene, anthracene, and pyrene), and esti-
mated the exfoliation energy of graphene sheets.

Excited states and open-shell forms of PAHs have been 
investigated in an accurate scheme, by means of first prin-
ciples coupled-cluster calculations [17–20]. However, the 
computational cost of the calculations described on the pre-
vious paragraphs may become an issue, and MP2 and DFT 
approaches could be less expensive alternative methodolo-
gies. Parac and Grimme [21, 22] evaluated time-dependent 
density functional theory (TDDFT)-based approaches to 
obtain vertical excitation energies for PAHs, but B3LYP 
and the pure gradient-corrected BP86 presented consider-
able errors [21]. Buragohain et al. [23] studied the electronic 
transitions of pyrene (C16H10), perylene (C20H12), coronene 
(C24H12), and heptacene (C30H18) in neutral (PAH), proto-
nated (HPAH+) and deuterated (DPAH+) forms, by means 

of TDDFT-BLYP calculations. Protonated and deuterated 
isomeric forms of PAHs showed more electronic transitions 
in the visible wavelength range than the corresponding neu-
tral PAH that increased with molecular weight.

Powell et  al. studied the fluorescent spectra of three 
C24H14 isomers and a PAH containing heteroatoms. Best 
predictions were achieved by using CAM-B3LYP functional, 
and by including the influence of the solvent [24]. Yadav 
et al. [25] studied the similarities and differences between 
electron density, spin density, and MEP pattern distributions 
in ground and lowest π–π* excited states of C26H16, C28H14, 
C38H22 and C68H22, aiming to obtain their photochemi-
cal reactivity. They also evaluated possible application of 
PAHs in solar energy-harnessing technology, by analyzing 
the oscillator strengths of electronic absorption transitions.

Allison et al. [5] determined with B3LYP and MP2-based 
methodologies the enthalpies of formation for 669 PAH 
compounds and a set of functionalized molecules. To do so, 
they have used an empirical method to predict the thermo-
chemical properties of compounds as sums of the properties 
of their components, called ‘group additivity.’ The largest 
PAH considered in this study had a molecular formula of 
C38H22. Their methodology has proved reliable to predict the 
thermochemical properties with good accuracy.

An important feature of PAHs is the stability of gener-
ated radicals after homolytic hydrogen abstraction. Due to 
the genotoxicity of radical species, some studies have been 
conducted to predict the bond dissociation energy of PAHs 
(see, for example, Refs. [26, 27]). However, there is a limited 
amount of studies relating polyradicaloid PAH molecules, 
which contain unpaired electrons due to topological effects 
[17, 18, 28]. Such systems are known to exhibit an increas-
ing polyradical character with the number of fused benzene 
rings. Pérez-Guardiola et al. [29] studied these systems as 
representing the shortest segment of armchair or zigzag 
single-walled carbon nanotubes, using finite-temperature 
(FT-)DFT. It has shown the intricate and delicate interplay 
between structural and electronic effects in carbon-based 
structures, particularly challenging in the case of polyradi-
caloid molecules.

Phenalenyl (C13H10) is a PAH which presents a high-
spin open-shell radical character in its ground state [30, 
31]. The addition of benzene rings in this structure keeping 
its triangular form can lead to several π-conjugated phenal-
enyl derivatives, such as triangulene, also known as Clar’s 
hydrocarbon [32]. It exists as a diradical containing an even 
number of carbons, because it has two unpaired electrons, 
and it is considered as the smallest triplet-ground-state poly-
benzoid [32, 33].

Sharma et al. [33] investigated triplet (ferromagnetic) and 
singlet (antiferromagnetic) states for triangulene. Their main 
goals were to study its electronic and vibrational properties 
in the ground state, to analyze the effects of transition metals 



Theoretical Chemistry Accounts (2020) 139:118	

1 3

Page 3 of 11  118

on electronic and magnetic properties, and also to deter-
mine global reactivity descriptors as polarizability, global 
hardness, electrophilicity, and additional electronic charge. 
It was found that the ferromagnetic (triplet) state was more 
stable, which was confirmed by vibrational frequencies and 
by global reactivity descriptor analyses.

Ciolowsky et al. [26] obtained bond dissociation energies 
(BDE) for some PAHs at the BLYP level of theory, as well 
as May et al. [34] at B3LYP and BP86 levels, and Barckholtz 
et al. [27] at UHF, MP2, BLYP and B3LYP, among others. 
DFT has accurately predicted BDEs for C–H bonds of ben-
zene and small PAHs with an even number of carbon atoms.

The aim of this work is to assess the performance of dis-
tinct popular electronic structure methods, based on DFT 
and MP2 approaches, to compute multiplet energy differ-
ences and BDEs for different classes of PAHs. In this work, 
we have extended the Cioslowsky et al. [26] investigation 
on PAHs to structures with more than 18 carbon atoms, 
structures with even an odd number of carbon atoms and 
triangulenes, and the performance of the distinct methods 
was measured against both experimental and reference theo-
retical data available in the literature.

2 � Methods

The ab initio second-order Møller–Plesset perturbation the-
ory (MP2) [35–37], and density functional theory (DFT) 
[38–40] approaches, as implemented in the ORCA 3.0.3 
package [41, 42], have been applied to investigate the struc-
ture, energetics, and electronic states of all 24 PAHs studied 
in this work. The geometries of all PAHs were fully opti-
mized using the BLYP [43, 44] functional with inclusion 
of the D3 dispersion correction method [45]. The geom-
etry optimizations were followed by vibrational frequency 
calculations in the same level of theory to ensure that all 
structures correspond to a true minimum on the potential 
energy surface.

The 6-311G(d) basis set was used for geometry optimi-
zation and for the subsequent single-point calculations of 
all PAHs. As the functional and the basis set chosen for 
the geometry optimization is the same for all PAHs ana-
lyzed in this work, thus, such information will be omitted 

henceforth. The basis set selection was based on previous 
works already described here, which use, in most cases, Ahl-
richs def2 [17, 20, 29, 46] and split-valence Pople [1, 12, 33, 
47] basis set families in most cases, with Dunning cc-pVnZ 
family [5, 24] being less common. Sure et al. [48] presented 
an extensive review of basis set—functional combinations, 
critically discussing the more appropriate sets for the evalu-
ation of different properties evaluations of PAHs, including 
the sources of errors and the role of long-range interactions. 
Barckholtz et al. [27] performed a basis set benchmark study 
on BDE values of PAHs comparing single-point calcula-
tions based on Pople basis sets 6-31G(d), 6-311 + G(d,p) and 
6-311 + G(3df,2p) along with B3LYP functional and authors 
pointed out no significant differences in either smaller or 
larger basis, with higher angular momentum and diffuse 
functions. A systematical comparison of benzene BDE 
values evaluated with different levels of theory (HF, DFT 
and MP2) and basis sets (SV(P), SVP, TZVP, and TZVPP), 
performed by May et al. [34], shows that for HF and DFT 
levels of theory, both with different basis set, similar results 
were obtained; for MP2, more substantial variations were 
observed. Moreover, DFT results with the mentioned basis 
sets were compared with UHF/6-31G and B3PLYP/6-
311G(d,p) found in the literature, reaching a good agreement 
with both. Based on these findings and on the complexity of 
variables we are interested in, we have chosen Pople basis 
6-311G(d) for the calculations reported in this work.

The lowest singlet and triplet excited states, used to calcu-
late the corresponding adiabatic energy differences (AEST) 
of the selected PAHs shown in Table 1 (and Table SM2), 
were obtained with single-point energy calculations using 
MP2, the BLYP functional with D3 dispersion correction, 
and the B2PLYP functional with D3 with Becke–Johnson 
damping (D3BJ) [49]. These AEST results were compared 
with reference CCSD(T) single-point energy calculation 
over B3LYP geometries using the cc-pVTZ basis set [50]. 
The carbon-hydrogen homolytic bond fission that gave the 
most stable radical isomer for each PAH shown in Table 2 
was evaluated using BLYP and B2PLYP single-point energy 
calculations over BLYP optimized geometries. The total 
energy of the triangulenes, shown in Table 3, which can 
be experimentally generated from specific bond-breaking 
patterns from graphene sheets, were calculated after proper 

Table 1   Adiabatic singlet–
triplet energy gaps (AEST, in 
eV) and errors, in parenthesis, 
regarding CCSD(T) calculations 
[50]

a Chemical formula and, for phenanthrene, isomer identification, as in Table 2

Compounda CCSD(T)//
B3LYP [50]

BLYP//BLYP B2PLYP//BLYP MP2//BLYP UHF//BLYP

Perylene (C20H12) 1.71 1.35 (‒ 0.21) 1.83 (0.07) 3.73 (1.18) 0.46 (‒ 0.73)
Pyrene (C16H10) 2.22 1.94 (‒ 0.13) 2.34 (0.05) 3.20 (0.44) 1.26 (‒ 0.43)
Chrysene (C18H12) 2.79 2.27 (‒ 0.19) 2.69 (‒ 0.04) 5.55 (0.99) 1.36 (‒ 0.51)
Phenanthrene (C14H10_2) 2.92 2.56 (‒ 0.12) 3.07 (0.05) 5.26 (0.80) 1.42 (‒ 0.51)
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Table 2   Bond dissociation 
energies (BDE, in kcal mol−1) 
obtained for the extraction of 
different hydrogen atoms in 
PAHs with an even number of 
carbon atoms, calculated with 
BLYP and B2PLYP on BLYP 
geometries

Abstracted H BLYP B2PLYP BLYP B2PLYP

a 115.1 116.3 115.1 118.9

b 115.1 115.9 115.1 116.6

c – – 115.3 116.2

a 115.0 116.1 114.6 115.3

b 115.1 116.0 115.1 117.1

c 115.2 116.2 114.6 115.1

d 115.0 115.8 – – 

e 113.4 114.3 – – 

a 112.7 113.5 115.2 113.2

b 115.1 116.0 – –

a 116.4 131.9 117.8 136.3

b 117.2 133.4 117.3 116.0

c 117.2 133.1 117.2 135.6

d 116.6 131.9 117.4 116.0
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hydrogen atoms passivation. These results were evaluated 
using BLYP optimized geometries and MP2, BLYP, B3LYP 
[44, 51–53], and B2PLYP single-point energy calculations 
at different multiplicities due to their radical character. An 
additional B2PLYP single-point energy calculation over 
D3BJ-B2PLYP optimized geometries was also included for 
comparison (Table SM3). BLYP, B3LYP, B2PLYP function-
als, as well as MP2 and UHF methods, were used to compare 
the relative energies among multiplets of the naturally occur-
ring ground-state radical forms of the triangulenes studied 
in this work.

3 � Results and discussion

3.1 � Singlet–triplet energy gap and bond 
dissociation energy

The performance of the selected methods for singlet–tri-
plet energy gaps was assessed for the compounds shown 
in Table 1 (and Table SM2). Our results were compared to 

CCSD(T) reference calculations which in turn are in good 
agreement with experimental values [50]. As it can be seen, 
the singlet–triplet energy gap is quite well reproduced by 
B2PLYP (using BLYP optimized geometries) and show 
considerable improvement over the results obtained using 
BLYP. On the other hand, the MP2 singlet–triplet energy 
gaps are overestimated compared to reference data. Unre-
stricted Hartree–Fock (UHF) calculations were included to 
shed light into the behavior of MP2 and (to a less extent) 
B2PLYP calculations. The results from UHF single-point 
energy calculations underestimate the energy gap by a com-
parable amount and display strong spin contamination (this 
will be further discussed below–see Figs. 1, 2); this results 
in overstabilization of the radical species as indicated by 
BDE estimates [26].

In this case, due to the fact that the UHF zeroth-order 
reference is contaminated, MP2 may also present difficulties 
in singlet–triplet gap and BDE calculations, as seen before 
[54]. Moreover, previous calculations for PAHs and nanog-
raphenes, in which relativistic spin-coupling phenomena 
were taken into account, as well as sophisticated methods 

Table 2   (continued) a 117.3 158.3 115.2 158.2

b 117.1 160.5 115.0 137.9

c 117.2 134.6 120.1 136.2

d 117.7 136.5 115.4 138.1

e 117.7 149.1 115.2 145.7

f 117.7 136.1 115.2 148.1

g 116.9 136.1 115.4 157.5

h 115.7 133.9 119.4 137.3

i – – 113.4 135.9

Table 3   Bond dissociation 
energies (BDE, in kcal mol−1) 
obtained with BLYP and 
B2PLYP, both on BLYP 
geometries, for the extraction 
of the hydrogen atom bonded to 
the sp3 carbon in PAHs with an 
odd number of carbon atoms

BLYP = 68.4
B2PLYP =75.9

BLYP = 67.4 
B2PLYP = 75.9

BLYP = 42.6 
B2PLYP = 48.3

BLYP = 65.6 
B2PLYP = 76.1

BLYP = 52.4
B2PLYP = 66.5

BLYP = 54.1 
B2PLYP = 74.4
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for singlet–triplet gaps and spin–orbit coupling, showed that 
DFT approaches are adequate to obtain ground-state proper-
ties, especially when intrinsic magnetism is negligible. Mag-
netism may occur in nanographene structures when defects 
are present [18, 55] or for singlet open-shell biradicaloids, 
namely zenthrenes, for which Das and co-workers [17] have 
shown that high-level theoretical multireference methods are 
more appropriate tools to describe their electronic structure.

We have calculated the bond dissociation energies (BDE) 
between hydrogen and carbon atoms for a series of com-
pounds shown on Tables 2 and 3. Structures with even num-
ber of carbon atoms have only sp2 hybridized carbons, while 
structures with odd number of carbon atoms can present 
different isomers (see Table SM1, for total electronic ener-
gies) depending on the position of the sp3 carbon (except for 
triangulenes, presented in next section). BDE results for the 
most stable isomer of each PAH are shown in Tables 2 and 3.

Ciolowsky et al. [26] observed for PAHs with an even 
number of carbon atoms that the hydrogen atoms from 
“congested regions” are removed preferentially. In our cal-
culations, these regions can be found in C14H10_2, sites e, 
in C18H12, sites a, C38H16, sites h, or sites i for C46H18. In 
these cases, BLYP and B2PLYP share the same trend with 
absolute BDE values in quite good agreement with previous 
works [26, 34, 56].

However, for larger PAHs (C38H16, C40H16 and C46H18), 
the differences in BDE for different hydrogen sites are pre-
dicted to be much larger when computed by B2PLYP then 
when BLYP is used. As reference, for large ‘even-PAHs’ that 

present armchair and zigzag borders, in analogy to graphene 
sheets, May et al. [34] found that BDE at zigzag or arm-
chair positions are similar differing by only 0.7 kcal mol−1 
in energy.

To further examine our findings, we compared spin den-
sities computed using BLYP, B3LYP, B2PLYP functionals, 
and UHF for two possible radical species obtained from 
C38H16. The selected H-extraction sites were named b and 
g. These are quite similar sites, and the BDE difference is 
only 0.2 kcal mol−1 as calculated by BLYP. However, this 
difference is estimated to be 24.4 kcal mol−1 by B2PLYP 
calculations. We found that spin contamination increases 
as BLYP < B3LYP < B2PLYP < UHF resulting in very dif-
ferent spin density plots as shown in Fig. 1. As it can be 
seen from the presented surfaces, the more contaminated 
the wave-function, the more delocalized are the spin densi-
ties. B2PLYP spin density, for instance, is fairly delocal-
ized and shows no spin density on carbon that has lost the 
hydrogen atom for site b (the dangling bond). This leads to 
poor accuracy on BDE values that get worse with increasing 
system size. The problem is analogous to the one observed 
for MP2 results on singlet/triplet stabilities (Table 1), where 
spin contamination on the UHF reference leads to poor MP2 
energies.

For PAHs with an odd number of carbon atoms (Table 3), 
the BDE values calculated with BLYP functional decrease 
as the structures get larger, as expected, since the larger 
the conjugation system, the more stable the radical is. This 
is less evident for B2PLYP results. Figure 2 presents the 

Site BLYP B3LYP B2PLYP UHF

b 

S2 0.7866 1.0340 1.2751 5.2657

g 

S2 0.7672 0.8075 2.2867 6.1911

Fig. 1   Spin density calculated with different methods for two C38H15 
radical species (‘sites’ refer to hydrogen abstraction indicated in Fig-
ure SM1). Isosurfaces value = 0.07 e/au3. The green surface refers to 

an excess density of alpha spin, while the red surface to an excess 
density of beta spin. S2 refers to expectation value of the total spin-
squared operator
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BLYP B3LYP B2PLYP UHF

C17H11

S2 0.7644 0.8016 1.0974 2.6314

C19H11

S2 0.7643 0.8048 1.1508 2.9047

C25H13

S2 0.7653 0.8119 1.3643 3.7945

C27H13

S2 0.7638 0.8093 1.3506 4.0015

C33H15_2

S2 0.7673 0.8293 1.7680 4.9697

C43H17

S2 0.7682 0.8447 2.1337 6.3645

Fig. 2   Spin density calculated with BLYP, B3LYP, B2PLYP, and 
UHF for radical species of PAHs with an odd number of carbons. Iso-
surfaces value = 0.07 e/au3. The green surface refers to an excess den-

sity of alpha spin, while the red surface to an excess density of beta 
spin. S2 refers to expectation value of the total spin-squared operator
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spin densities obtained for ‘odd-PAHs.’ It is expected for 
radical species that the spin density spreads over the conju-
gated system with a pattern related to the node structure of 
the molecular orbital with the excess electron, since these 
structures have only sp2 carbons. We observe that BLYP and 
B3LYP spin densities are localized at border carbon atoms, 
while B2PLYP and UHF ones are delocalized over the entire 
system. The observed spin localization at PAH edges is simi-
lar to the localization on zigzag-shaped edges of graphene 
nanoribbons [57]. As previously mentioned, the behavior 
on the results observed for B2PLYP and UHF seem to be 
a consequence of strong spin contamination in the single 
determinant wave-function.

3.2 � Polyradicaloids: triangulene derivatives

Triangulenes (Fig. 3) are singular PAH species that are 
intrinsic radicals in their ground state [33, 58, 59]. Here, we 
evaluated triangulene energy differences for different mul-
tiplets (Fig. 4; Table SM3). The calculated ground state of 
the C22H12 and C46H18 PAHs were found to be of triplet and 
quintet multiplicity, respectively. For C22H12, the triplet state 
was predicted to be more stable than the singlet closed-shell 
one by 0.35 eV [59], and for C46H18, the quintet state was 
found to be lower in energy by 0.13 eV and 0.38 eV [58] 
than the triplet and singlet closed-shell states, respectively.

The results obtained with BLYP functional remarkably 
predicts a stable polyradical character (multiplicity = triplet 
for C22H12, quartet for C33H15, and quintet for C46H18) for 
all the compounds, in reasonable agreement with experi-
mental and theoretical references. For C22H12, the B2PLYP 

results are in better agreement with reference data, while the 
MP2 overstabilizes the singlet state. On the other hand, both 
B2PLYP and MP2 approaches predict the singlet closed-
shell state as more stable for C46H18 than the other higher 
states. If one excludes the singlet closed shell, MP2 and 
B2PLYP also indicate the quintet as the ground state, even 
though the B2PLYP difference between triplet and quintet 
states is very small. It is not of our knowledge the synthesis 
or simulation of triangulene C33H15, but it is possible it has 
a quartet character in the ground state, as predicted by BLYP 
and MP2.

As observed before for the singlet–triplet gap (Table 1 
and Refs. [26, 51]), the MP2 difficulties in predicting the 
adequate multiplicity of polyradicaloids is a consequence 
of applying perturbation theory to poor UHF data refer-
ence and, in fact, our UHF calculations indicate high spin 
contamination also for these systems. The double-hybrid 
functional, B2PLYP, is less affected by the problems in the 
UHF reference state. The results obtained using the B3LYP 
functional adequately predict the correct order of stability 
for the different multiplicity forms.

4 � Conclusions

Density functional theory and electronic structure 
approaches have been used as an efficient methodology to 
study the molecules stability and the radical species forma-
tion. In this work, electronic and energetic aspects of polycy-
clic aromatic hydrocarbons (PAHs), including triangulenes, 

Fig. 3   Structure of studied tri-
angulene derivatives (first row) 
and respective passivated form 
(second row) used as reference 
for BDE calculations
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were analyzed with UHF and MP2 theories as well as with 
BLYP and B2PLYP density functionals.

The singlet–triplet energy gap results of selected PAHs 
indicate that the description of these excited states is affected 
by the spin contamination present in the UHF reference 
state, also used for the MP2 calculations. The overestima-
tion of the MP2 results in contrast to the underestimation 
of the UHF ones can be rationalized in terms of the slow 
convergence exhibited by spin contaminated wave-functions. 
The absence of the UHF reference-state contribution in the 
BLYP functional composition led to considerable improve-
ment of singlet–triplet energy gaps obtained with this func-
tional. Best results, however, were obtained with the double-
hybrid B2PLYP density functional, whose method includes 
the same correction responsible for the overestimation of 
the excited-state energies showed by the MP2 calculations. 
It should be noted that part of the B2PLYP success for this 
energy gap suggests a compensation between the spin con-
tamination and the MP2 correction, both part of the B2PLYP 
method.

The bonding dissociation energies (BDE) of the adiabatic 
homolytic hydrogen withdrawn from different positions of 
even and odd-numbered carbon atom PAHs were calculated 
with BLYP and B2PLYP functionals—this analysis included 
PAHs up to C46H18. Although showing the same trend as the 
preferential site for the hydrogen withdrawn, the difference 
between BDE obtained with BLYP and B2PLYP for larger 

PAHs is considerable. Furthermore, the unrestricted UHF 
reference state contribution, and its “correction” due to the 
MP2 part, present into the B2PLYP composition, seems to 
amplify the BDE differences for different sites considered to 
have similar chemical characteristics. This result also seems 
to be related with the spin contamination for B2PLYP.

The BDE values tend to decrease as the PAH structures 
get larger, although it shows to be less pronounced in the 
B2PLYP results than in the BLYP ones. This result indicates 
that spin contamination in the B2PLYP calculation, caused 
by the UHF and MP2 contributions, destabilizes the gener-
ated radical.

As a final remark, the different possible multiplicities that 
can be achieved by the triangulenes make them interesting 
PAHs structures from a theoretical point of view. For this 
class of PAHs, BLYP (and also B3LYP) correctly predicts 
the most stable multiplicity for the three investigated sys-
tems. At the same time, B2PLYP underestimation of energy 
gaps can be rationalized in terms of the extreme behavior 
obtained from UHF and MP2 calculations.
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