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Abstract An electronic structure study of singlet and triplet
states of two series of polyacenequinododimethides was per-
formed using the B3LYP method. It was found that the ground
state of all examined polyacenequinododimethides is a singlet
with significant diradical character. The diradical character of
the compounds under investigation was estimated using the
unrestricted symmetry-broken and complete active space
methods. It was shown that polyacene-2,3-quinododimethides
have more pronounced diradical character than polyacene-
2 x-quinododimethides. The diradical character of polyacene-
2 x-quinododimethides monotonically increases with their
increasing molecular size. Within the series of polyacene-2,3-
quinododimethides the diradical character is not a monotonic
function of the number of hexagons. It was found that penta-
cene-2,3-quinododimethide has the most pronounced
diradical character in this series. It can be predicted on the
basis of the singlet—triplet gap values that even higher poly-
acenequinododimethides will be singlet, but not triplet
molecules.

Keywords Polycyclic aromatic hydrocarbons -
Singlet—triplet gap - Density functional theory -
Electronic structure - Diradicals - Singlet diradicals

Introduction

Polyacenequinododimethides are a class of polycyclic
aromatic hydrocarbons (PAHs), compounds that have
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continuously attracted scientists’ attention for almost a
century [1-5]. Research in PAH chemistry has experienced
a surge during the last decades, as these hydrocarbons are
of importance in many diverse fields, such as materials and
nanoscience, theoretical organic chemistry, and astro-
chemistry [2-5]. On the other hand, PAHs constitute an
important group of environmental pollutants generated
during incomplete combustion of hydrocarbon-containing
fuel sources [6-8].

It has been widely accepted that polyacenequinodo-
dimethides are olefinic in nature [9] because only one classical
resonance structure having no conjugated circuits [10] can be
written for them. These hydrocarbons possessing exocyclic
methylene groups have been used as polyene-like reference
structures in homodesmotic reactions [11, 12]. In recent work
[13], Aihara et al. showed that polyacenequinododimethides
are moderately aromatic and that the conjugated circuit model
cannot be applied to these molecules.

The presence of two methylene groups in molecules
depicted in Fig. 1 causes these molecules to exist in a
single Kekulé structure. This distinctive feature of these
polycyclic molecules was the reason to suspect that mol-
ecules from this class can be triplet Kekuléan hydrocarbons
[14]. In the present work, the BALYP method was used to
examine the electronic structure of series of polyacene-2,x-
quinododimethides (2,x-dimethylene-2,x-dihydropolyacenes)
and polyacene-2,3-quinododimethides (2,3-dimethylene-
2,3-dihydropolyacenes).

It is known that density functional theory calculations of
large systems sometimes produce energetically quaside-
generate orbitals that cause a static correlation effect.
Although computationally demanding, the complete active
space (CAS) method is a straightforward way to include a
correction of the static correlation. One of the alternatives
to decrease the computational costs is the unrestricted
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Fig. 1 Structures of a polyacene-2,x-quinododimethides (2,x-di-
methylene-2,x-dihydropolyacenes) and b polyacene-2,3-quinododi-
methides (2,3-dimethylene-2,3-dihydropolyacenes). The number of
hexagons is indicated by n, whereas x denotes the position of the
second methylene group in polyacene-2,x-quinododimethides

symmetry-broken method, which allows spin-symmetry
breaking, and approximates the static correlation correction
by splitting o and f§ electrons into two different orbitals.
In the symmetry-broken method, a singlet spin state
with strong static correlation is expressed as a singlet
diradical.

A singlet diradical can be defined as a molecular species
that has all paired electrons, but a pair of these electrons
occupies different parts of space with a small sharing
region. The ground state of such species is a singlet, yet
they exhibit diradical character. On the other hand, a pure
diradical is a molecular species with two electrons occu-
pying two degenerate, or nearly degenerate, molecular
orbitals.

The electronic structure of singlet diradicals with
Kekulé structures has attracted much attention [15-27].
Experimental and theoretical methods have been used to
investigate the diradical character of Chichibabin’s
hydrocarbon [15], substituted fluoranthenes [17], linear
polyacenes [18, 21, 23, 27], phenalenyl-based hydrocar-
bons [19, 20, 22, 24-27], and zethrenes [25]. On the other
hand, the question of whether a Kekuléan system can exist
in a triplet ground state has been less thoroughly examined.
An assumption that a sufficiently small highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gap should allow the promotion of an
electron to produce a diradical resulted in the proposal of
cyclohepta[def]fluorene [28], nonacene, and higher linear
polyacenes [29-31] as possible representatives of triplet
Kekuléan hydrocarbons. However, cyclohepta[def]fluorene
has never been synthesized. In addition, Bendikov et al.
[18] showed that the RB3LYP wavefunction becomes
unstable for polyacenes as small as hexacene, and all
higher polyacenes, implying that the energies calculated
for singlet states are unrealistically high. They performed
reoptimization applying the unrestricted symmetry-broken
method, and showed that higher polyacenes exist in a
singlet state with a large amount of diradical character. In
agreement with the findings of Bendikov et al., high-level
ab initio calculations showed that the ground state of linear
polyacenes is a singlet for all chain lengths from naph-
thalene to dodecacene [23].
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The only Kekuléan hydrocarbon whose triplet state has
been confirmed experimentally is 2,2-dimethyl-2H-
dibenzo[cd k]fluoranthene [17, 32]. In a series of recent
papers [33-35] we presented density functional theory
(DFT) calculations on fluoranthenes. Our investigations
showed that some fluoranthenes are diradicals, implying
that their triplet ground state is energetically more favor-
able in comparison with the singlet state. In addition, their
singlet ground state possesses a significant amount of di-
radical character. This phenomenon was explained by the
tendency of the investigated molecules to delocalize their
n-electrons. This leads to aromatic stabilization which is
stronger than the destabilization caused by the unpaired
electrons.

The assumption that some polyacenequinododimethides
[14] are triplet Kekuléan hydrocarbons has never been
confirmed. In this paper we present a detailed study of the
electronic structure of polyacenequinododimethides in
their singlet and triplet states. Our ultimate goal is to
determine whether some polyacenequinododimethides are
triplet Kekuléan hydrocarbons.

Results and discussion

The results of our investigation using the 6-311G(d,p) basis
set for a series of polyacene-2,x-quinododimethides
(Fig. 1a) and polyacene-2,3-quinododimethides (Fig. 1b)
are summarized in Tables 1 and 2. To examine the effect of
diffuse functions, the 6-311+G(d,p) basis set was
employed for Sa (Table 1) and Sb (Table 2). It was
revealed that the addition of diffuse functions invokes only
negligible changes in geometry and energy. For this reason
all further discussion is based on results obtained at the
B3LYP/6-311G(d,p) level of theory.

Careful inspection of the data in Table 1 reveals that
only in the cases of la and 2a do the results for the
RB3LYP singlet and UB3LYP symmetry-broken singlet
coincide. For n > 2, the energy difference between open-
shell singlet and closed-shell singlet (AGos_cs) of poly-
acene-2,x-quinododimethides is negative, and decreases
with increasing size of the molecules considered (Fig. 2).
Similarly, AGos_cs is negative for all molecules from the
series of polyacene-2,3-quinododimethides (Table 2). On
the other hand, AGps_cs for this series first decreases,
achieves its minimal value for the molecule Sb, and then
slowly increases (Fig. 2). It is reasonable to assume on the
basis of the behavior of AGgs_cs for polyacene-2,3-qui-
nododimethides that AGog_cs will remain negative for
even larger molecules (n > 8). These results clearly indi-
cate that singlet states of polyacene-2,x-quinododimethides
and polyacene-2,3-quinododimethides are best described
using the unrestricted symmetry-broken method.
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Table 1 Difference in free energy/k] mol™' between open-shell symmetry-broken singlet and closed-shell RB3LYP solution (AGos_cs),
singlet—triplet gap (AGr_ps), spin contamination for the open-shell singlet ((S2>), and diradical index ypypur/%

Compound AGos_cs AGr_os (Sz> YPUHF
Benzene-2,4-quinododimethide (1a; x = 4) 0.00 119.85 0.00 14.43
Naphthalene-2,6-quinododimethide (2a; x = 6) 0.00 63.80 0.00 30.85
Anthracene-2,6-quinododimethide (3a; x = 6) —6.56 37.41 0.45 49.33
Naphthacene-2,8-quinododimethide (4a; x = 8) —15.08 25.10 0.80 62.82
Pentacene-2,9-quinododimethide (5a; x = 9) —23.33 (—22.53)* 19.48 (19.46)" 1.00 70.99
Hexacene-2,10-quinododimethide (6a; x = 10) —30.25 17.29 1.17 76.33
Heptacene-2,11-quinododimethide (7a; x = 11) —38.25 17.13 1.35 80.04
Octacene-2,12-quinododimethide (8a; x = 12) —45.53 17.88 1.56 82.68

? Results in parenthesis obtained using the 6-3114+G(d,p) basis set

Table 2 Difference in free energy/kJ mol™' between open-shell symmetry-broken singlet and closed-shell RB3LYP solution (AGos_cs)s
singlet—triplet gap (AGt_os), spin contamination for the open-shell singlet ((S%)), and diradical indices ypyyr/% and ynoon/%

Compound AGos_cs AGr_os <52> YPUHF YNOON
Benzene-2,3-quinododimethide (1b) —1.69 83.93 0.00 18.16 8.1
Naphthalene-2,3-quinododimethide (2b) —10.38 29.71 0.62 53.55 10.2
Anthracene-2,3-quinododimethide (3b) —-31.22 14.93 1.06 79.89 15.7
Naphthacene-2,3-quinododimethide (4b) —53.22 12.54 1.17 92.31 214
Pentacene-2,3-quinododimethide (5b) —67.74 (—68.73)* 14.22 (13.89)* 1.24 99.10 96.9
Hexacene-2,3-quinododimethide (6b) —65.34 17.50 1.33 96.71 86.8
Heptacene-2,3-quinododimethide (7b) —62.42 19.08 1.47 93.96 71.9
Octacene-2,3-quinododimethide (8b) —63.01 24.92 1.66 90.42 75.7

? Results in parenthesis obtained using the 6-311+G(d,p) basis set
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Fig. 2 Dependence of the difference in free energy/kJ mol™'
between open-shell symmetry-broken singlet and closed-shell
RB3LYP singlet (AGps_cs) on the number n of hexagons of
polyacene-2,x-quinododimethides (circles) and polyacene-2,3-qui-
nododimethides (diamonds)

The negative values of AGgs_cs for all examined
polyacenequinododimethides indicate a diradical character
of these molecules. The diradical character of the mole-
cules under investigation is assessed by means of the
diradical index ypypp, obtained using the unrestricted

symmetry-broken method. In the case of polyacene-2,x-
quinododimethides, the values of ypypr increase with
increasing molecular size (Table 1; Fig. 3a). It is notice-
able that all molecules in the series beyond 4a have more
than 50% diradical character. Analogous results for
polyacene-2,3-quinododimethides show that ypyyg is not a
monotonic function of the number of hexagons in these
molecules (Table 2; Fig. 3a). With ypypr = 99.10% Sb
has the maximal diradical character in the given series,
whereas larger molecules have somewhat lower ypypr
values, although still higher than 90%. By comparing
the values of ypypr for the same-size molecules of the
polyacene-2,x-quinododimethides and polyacene-2,3-qui-
nododimethides series it is evident that polyacene-2,3-
quinododimethides have significantly more pronounced
diradical character. The same conclusion can be obtained
by comparing the values of AGgg_cs from Tables 1 and 2.
The growth of the diradical character along the series of
polyacene-2,x-quinododimethides is expected, and can be
explained with the fact that wider molecule area provides
higher possibility for achieving aromatic stabilization. A
peculiar change of the diradical index along the series of
polyacene-2,3-quinododimethides was the reason to eval-
uate their diradical character using the CAS(8,8)/6-
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Fig. 3 a Dependence of the diradical index ypyyre/% on the number
n of hexagons of polyacene-2,x-quinododimethides (circles) and
polyacene-2,3-quinododimethides (diamonds). b Dependence of the
diradical index ynoon/% on the number n of hexagons of polyacene-
2,3-quinododimethides

311G(d,p) method. Table 2 presents the diradical index
Ynoon determined according to natural orbital occupation
number (NOON) analysis, i.e., on the basis of the occu-
pation number of the LUMO, resulting from the CAS
calculation. The values of yyoon for the first four members
of the series of polyacene-2,3-quinododimethides are sig-
nificantly lower than the values of ypyyg. On the other
hand, both methods agree about the very high diradical

Fig. 4 Frontier orbitals

for heptacene-2,11-
quinododimethide (7a)
calculated using the unrestricted
symmetry-broken method
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character for larger molecules, and maximal diradical
character of S5b (Fig. 3b).

The diradical character of molecules under study can be
analyzed by examining the spatial distribution of the
HOMO and LUMO electrons in the singlet diradical
structures. As an example, Fig. 4 shows frontier orbitals
obtained using the unrestricted symmetry-broken method
for 7a. Analogous results are obtained for 7b (Fig. 5). Two
characteristic features of Figs. 4 and 5 are immediately
recognized. First, it is obvious that -HOMO and -HOMO
of 7a and 7b are delocalized over the entire molecules, but
have very small sharing regions. The same observation
holds for «-LUMO and f-LUMO. Second, «-HOMO and
p-LUMO, as well as f-HOMO and o-LUMO, occupy
practically the same part of space. In this way there are no
unpaired electrons in any singlet diradical, yet two of them
occupy different parts of space, thus allowing the m-elec-
trons to delocalize.

The main goal of the present work is to elucidate
whether triplet state is the ground state for some poly-
acenequinododimethides. The values of the singlet—triplet
gaps (AGy_og) for these two classes of molecules are
given in Tables 1 and 2. Positive values of AGt_qg reveal
that all examined molecules exist in the singlet ground
state. Another conclusion arising from analyzing the
dependence of AGt_pg on the number of hexagons is that
AGr_ops remains positive even for higher members of the
given series (n > 8), indicating that their ground state
would be a singlet (Fig. 6).

Taking into account the relatively low singlet—triplet
gaps for higher members of the polyacenequinodo-
dimethides series, it is reasonable to expect that promotion
of an electron from the HOMO to the LUMO can be easily
achieved. Such electron promotion would lead to a triplet
diradical structure. As an illustration of the spin density
distribution, spin density maps for triplet 4a and 4b are
presented in Fig. 7. It is obvious that the strongest spin
density is located on the carbon atoms of methylene groups
in 4a and 4b. The repulsion between two unpaired elec-
trons causes the spin density to be practically equal to zero
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Fig. 5 Frontier orbitals

for heptacene-2,3- |
quinododimethide (7b) ‘
calculated using the unrestricted
symmetry-broken method
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Fig. 6 Dependence of the singlet—triplet gap AGr_os/k] mol~' on
n for polyacene-2,x-quinododimethides (circles) and polyacene-2,3-
quinododimethides (diamonds)

in the middle of molecule 4a. On the other hand, the spatial
arrangement of the two methylene carbon atoms in 4b
limits delocalization of spin density to only one part of the
given molecule.

The optimized geometries of Sa and Sb are presented in
Fig. 8. These geometries were obtained at the UB3LYP/6-
311G(d,p) and UB3LYP/6-3114+G(d,p) levels using the
symmetry-broken method, which gives the best description
of the ground state of these molecules as discussed above.
It is obvious that the addition of diffuse functions does not
cause any significant changes in geometry. It is worth
mentioning that the unrestricted symmetry-broken method
produces planar structures for all molecules, except for 1b.
All structures for triplet states are also planar. On the other
hand, RB3LYP singlet structures are nonplanar in the case
of the first five members of the polyacene-2,3-quinododi-
methides series (1b, 2b, 3b, 4b, and Sb), whereas higher
members of this series (n > 5) and all polyacene-2,x-qui-
nododimethides are planar. Figure 8 shows that C—C bonds
which are double according to the Kekulé structures have
lengths in the range 135.2-139.2 pm, whereas the lengths
of single bonds range from 141.1 to 145.7 pm. These
intervals are typical for the C—C bond length in aromatic
hydrocarbons. This fact reveals that the structure of a

Fig. 7 Spin density maps for triplet 4a (a) and 4b (b). Blue and red
regions indicate the highest and lowest spin density values. In the
grayscale presentation, dark regions indicate the highest spin density
values (color figure online)

polyacenequinododimethide cannot be properly described
with a single Kekulé structure. These findings are in perfect
agreement with Aihara’s results [13], showing that these
hydrocarbons are aromatic, and that the conjugated circuit
model is not applicable to them.

Methods

All calculations were performed with the Gaussian 09
program package, revision A.02 [36], at the B3LYP/6-
311G(d,p) level of theory [37, 38]. The effect of diffuse
functions was examined by applying the B3LYP/6-
311G+(d,p) method on 5a and Sb. The computed Hessian
matrices showed the optimized structures to correspond to
minima on the potential energy surface. The molecules
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Fig. 8 Optimized geometries obtained at the B3LYP/6-311G(d,p) level using the unrestricted symmetry-broken method of 5a (a) and 5b (b).
Results in parenthesis obtained using the 6-311+4G(d,p) basis set; C—C bond lengths in pm

under investigation were calculated in their singlet and
triplet states, using the restricted and unrestricted schemes
for closed-shell and open-shell calculations.

The singlet diradical character of the investigated
hydrocarbons was estimated using a symmetry-broken
UB3LYP/6-311G(d,p) method along with geometry opti-
mization. The diradical index ypyyg, related to the HOMO
and LUMO for singlet states, was defined by the weight of
the doubly excited configuration in the multiconfigura-
tional self-consistent field (MC-SCF) theory, and is
formally expressed in the case of the spin-projected unre-
stricted Hartree—Fock (PUHF) theory [39, 40] as

2T

-1-——_
YPUHF 1+ 72

where T is the orbital overlap between the corresponding
orbital pairs, and can be calculated using the occupation
numbers of UHF natural orbitals as

__"HOMO — N'LUMO

T
2

For the series of polyacene-2,3-quinododimethides the

singlet diradical character was also estimated using the
CASSCEF(8,8) method. The diradical index ynoon Was
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determined according to natural orbital occupation number
(NOON) analysis [41], i.e., on the basis of the occupation
number of the LUMO, resulting from the CASSCF(8,8)/6-
311G(d,p) calculation. Both diradical indices range from
0% for closed-shell states to 100% for pure diradical states.
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