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Abstract: It is shown that some Kekuléan fluoranthenes are diradicals and that
their ground state is a triplet. In the energetically less favorable singlet state,
these hydrocarbons aso exhibit pronounced diradical character. The diradical
character y of the compounds under investigation was estimated using the un-
restricted symmetry-broken (yPUHF) and complete active space (YNOON) me-
thods. It was found that the yPUHF values better reproduce the diradical cha-
racter of the investigated hydrocarbons. It was shown that singly occupied
molecular orbital (SOMO) and SOMO-1 of a diradical structure occupy diffe-
rent parts of space with a small shared region, resulting in a spin density
distribution over the entire molecule. The spatial diradical distribution in the
singlet diradical structures was examined by inspecting the HOMOs and
LUMOs for o and B spin electrons. It was shown that the a-HOMO and the
B-LUMO (as well as the B-HOMO and the a-LUMO) occupy practically the
same part of space. In this way, there are no unpaired electrons in a singlet
diradical structure, yet two of them occupy different parts of space, thus allow-
ing the -electrons to delocalize.

Keywords: fluoranthenes; diradical; singlet diradical; triplet diradical; unres-
tricted symmetry-broken method; complete active space calculation.

INTRODUCTION

Density functional theory calculations of large systems sometimes produce
energetically quasi-degenerate orbitals that cause a static correlation effect. Al-
though computationally demanding, the complete active space (CAS) method isa
straightforward way to include a correction of the static correlation. One of the
aternatives to decrease the computational costs is the unrestricted symmetry-bro-
ken method, which allows a spin-symmetry breaking and approximates the static
correlation correction by splitting oo and 3 electrons into two different orbitals. In
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1242 MARKOVIC et al.

the symmetry-broken method, a singlet spin state with strong static correlation is
expressed as asinglet diradical.

A singlet diradical can be defined as a molecular species that has all elec-
trons paired, but a pair of these electrons occupies different parts of space with a
small shared region. The ground state of such speciesis asinglet, yet they exhibit
diradical character. On the other hand, a pure diradical is a molecular species
with two electrons occupying two degenerate, or nearly degenerate, molecular or-
bitals. We are interested in the usual case when thisdiradical isin atriplet ground
state. In this paper, we are concerned with Kekuléan diradical hydrocarbons, i.e.,
hydrocarbons for which at least one Kekulé structural formula can be written.

The electronic structure of singlet diradicals with Kekulé structures has at-
tracted much attention.1-14 Experimental and theoretical methods were used to
investigate the diradical character of Chichibabin’s hydrocarbon,! substituted fluo-
ranthenes,3 linear polyacenes47.9.14 phenalenyl-based hydrocarbons,>6:811-13
and zethrenes.10 On the other hand, the question whether Kekuléan system can
exist in atriplet ground state has been less thoroughly examined. An assumption
that a sufficiently small HOMO-LUMO gap should allow the promotion of an
electron to produce a diradical resulted in cyclohepta]def]fluorenel® and nonace-
ne and higher linear polyacenes!®-18 being proposed as possible representatives
of triplet Kekuléan hydrocarbons. However, cyclohepta]def]fluorene has never
been synthesized. In addition, Bendikov et al. showed that the RB3LYP wave
function becomes unstable for polyacenes as small as hexacene, and all higher
polyacenes,# implying that the calculated energies for singlet states are unrealis-
tically 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 po-
lyacenes is a singlet for all chain lengths from naphthalene to dodecacene.® Fur-
thermore, the assumptions that anthracene-2,3-dimethylene,1° cyclopenta[a]cyc-
lopenta[i]anthracene,20 as well as pleiadene and benzopleiadene?l—24 are triplet
Kekuléan hydrocarbons have never been confirmed.

The only Kekuléan hydrocarbon the triplet state of which has been con-
firmed experimentally is 2,2-dimethyl-2H-dibenzo[cd,K]fluoranthene (6 in Fig.
1).3.25 The compound was generated photochemically and examined spectrosco-
picaly in acryogenic matrix and in solution using nanosecond laser flash photo-
lysis. On the basis of gpectroscopic measurements, trapping experiments and DFT
calculations, the singlet—triplet gap of 6 was estimated to be 3.3-5.4 kJ/mol in
favor of the triplet. It is worth mentioning that the DFT calculation was actually
performed on a relative of 6 (the compound in which — for the sake of compu-
tational feasibility — the methyl groups of 6 were replaced with H atoms).

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




TRIPLET FLUORANTHENES 1243

In a series of recent papers,26-35 we studied various n-€lectron properties of
fluoranthenes were studied including also their Kekulé structures.33.34 Based on
the observations made in,33:34 some triplet-ground-state Kekuléan fluoranthenes
were recognized.35

Fluoranthenes are polycyclic conjugated hydrocarbons consisting of two
benzenoid units joined through a five-membered ring.26 Interest in nonalternant
polycyclic compounds of this kind has recently greatly increased, after the disco-
very that these compounds are formed from benzenoid hydrocarbons in flash va-
cuum pyrolysis experiments.36.37 As fluoranthenes are Kekuléan hydrocarbons,
one would expect asinglet ground state for them. Surprisingly, DFT calculations
revealed that some fluoranthenes are diradicals, implying that their triplet ground
state is energetically more favorable in comparison to the singlet state. In addi-
tion, their singlet ground state possesses a significant amount of diradical charac-
ter. This phenomenon was explained by the tendency of the investigated molecu-
les to delocalize their w-€electrons. This leads to aromatic stabilization, which is
stronger than the destabilization caused by the unpaired electrons.

In thiswork, some additional fluoranthene diradicals are reported. The triplet
hydrocarbon 6 and the well-defined singlet fluorantheno[8,9-b]triphenylene (7 in
Fig. 1) were included in the investigation. The diradical character of the fluoran-
thenes under investigation is discussed in detail.

COMPUTATIONAL METHODS

All calculations were performed with the Gaussian 03W, version 6.1, program pack-
age,38 at the B3LY P/6-311G(d,p) level of theory.3%40 The frequency calculations showed that
the examined structures have no imaginary vibrational frequencies. The hydrocarbons were
calculated in their singlet and triplet states using the restricted and unrestricted schemes for
closed-shell and open-shell calculations, respectively.

The singlet diradical character of the investigated hydrocarbons was estimated using two
approaches. In the first approach, a CASSCF(6,6) method in the RB3LY P/6-311G(d,p) opti-
mized geometry was used. The diradical index yYNOON was determined according to the
NOON (natural orbital occupation number) analysis,*! i.e., based on the occupation number
(n) of the LUMO, resulting from the CAS calculation. In the second approach, a symmetry-
broken UB3LY P/6-311G(d,p) method along with geometry optimization was applied. The
diradical index yPUHF, related to the HOMO and LUMO for singlet states, is defined by the
weight of the doubly-excited configuration in the multi-configurational MC-SCF theory, and
isformally expressed in the case of the spin-projected UHF (PUHF) theory as;1042.43

)

Yeure =1-
PUHF 1472

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

n -Nn
T= HOMO2 LUMO (2)
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1244 MARKOVIC et al.

The applicability of both approaches was tested based on the results for singlet fluo-
ranthene 7 and compound 6, the triplet state of which has been confirmed experimentally.325

RESULTS AND DISCUSSION

The optimized geometries of the investigated fluoranthenes are presented in
Fig. 1. The molecules 4 and 7 are planar, whereas in 6 only the two methyl
groups deviate from planarity. The other investigated molecules afford non-pla-
nar geometries, due to the repulsion of the hydrogen atoms located on the oppo-
site sides of the bays. The results of this research are summarized in Tablel.
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Fig. 1. Optimized geometries of triplet (1-6) and singlet (7) fluoranthenes.

As expected, the application of the symmetry-broken method to the triplet 6
led to a negative singlet—triplet gap, whereby the calculated va ue perfectly matched
the experimental estimation. In the case of 7, the singlet—triplet gap was positive.
In addition, there was no energy lowering (AEps_cs = 0.0 kJymal) or invoked
structural changes, in comparison to the closed-shell calculation. These findings
are in harmony with the fact that 7 is a singlet Kekuléan hydrocarbon. All these
facts confirm the applicability of the unrestricted symmetry-broken method to the
hydrocarbons under investigation. According to the values for AET-OS and
AEOS-CS in Table I, hydrocarbons 1-6 are pure diradicals, the less favorable
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TRIPLET FLUORANTHENES 1245

singlet states of which are best described by the unrestricted symmetry-broken
method, and show pronounced diradical character.

TABLE I. Difference in the total energy (kJ mol1) between the open-shell symmetry-broken
singlet and the closed-shell RB3LYP solution (AEOS-CS), singlet—triplet gap (AET-OS),
NnLUMO and diradica character y (%), calculated using the NOON and PUHF approaches,
and the orbital overlap T

nLUMO nLUMO

Compound  AEpscs’ AEr.o8 yNOON T  yPUHF
(NOON) (PUHF)
1 —37.3% —16.5%® 0.431 43 0.979 0.021 9%
2 -36.5% -16.1% 0.495 50 0.955  0.045 a1
3 -125 -10.9 0.175 18 0.943  0.057 89
4 -239 -17.7 0.085 8 0.890 0.110 78
5 —5.4% —5.2% 0.128 13 0.785 0.215 59
6 —32.6% —7.5% 0412 41 0.925 0.075 85
7 0.0 192.4 0.083 8 0293  0.707 6

@0pen shell singlet energy minus RB3LY P singlet energy; Ptriplet energy minus open shell singlet energy

The diradical character of the investigated compounds is numerically expres-
sed by means of the yYNOON and yPUHF values (Table 1). It is worth pointing
out that both approaches assume that the diradical index ranges from 0 % for the
closed-shell state to 100 % for the pure diradical state. Taking into account that
1-6 are pure diradicals, the YNOON values are relatively low. In addition, the va-
lue for the singlet hydrocarbon 7 (8 %) is identical to that for the triplet fluo-
ranthene 4. On the other hand, the yPUHF value for 7 (6 %) is negligible in com-
parison to the significantly higher yPUHF values for triplet hydrocarbons. In ad-
dition, the orbital overlap T decreases with increasing diradical character. It turns
out that, in spite of the simplicity of the scheme using theunrestricted natural
orbitals (UNOs), it successfully reproduces the diradical character of the
investigated molecul es.

The unpaired electrons reside in the delocalized singly occupied molecular
orbitals (SOMOs) of each diradical. As anillustration, the SOMO, SOMO-1, and
spin density map for triplet 1 (1T) are presented in Fig. 2. The SOMO and
SOMO-1 are dmost degenerate (—0.173 and —0.182 eV). Obviously, SOMO and
SOMO-1 occupy different parts of space with a small shared region, resulting in
aspin density distribution over the entire molecule.

The spatial diradical distribution in the singlet diradical structures was exa-
mined by inspecting the HOMOs and LUMOs for the o. and 3 spin electrons. The
frontier orbitals for the oo and B spin electrons of triplet 1 and singlet 7, calculated
using the unrestricted symmetry-broken method (10S and 70S), are depicted in
Figs. 3 and 4, respectively. A remarkable feature of Fig. 3 is that the a-HOMO
and B-LUMO of 10S occupy practically the same part of space, involving appro-
ximately 0.51+0.49 electrons. The same situation was found in the case of the 3-
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1246 MARKOVIC et al.

Fig. 2. SOMO (a), SOMO-1 (b),
and spin density map (c) for 1T. In
the spin density map, the blue and
red regions indicate the highest
and lowest spin density values,
respectively. In the grayscale pre-
sentation the dark regions indicate
the highest spin density values.

B-LUMO a-LUMO
Fig. 3. Frontier orbitals for 10S.

-HOMO and a-LUMO. In this way, there are no unpaired electrons in 10S, yet
two of them occupy different parts of space, thus alowing the n-electrons to de-
localize. The situation is quite different in 70S (Fig. 4). Here, the o-HOMO and
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TRIPLET FLUORANTHENES 1247

B-HOMO, as well as the a-LUMO and B-LUMO, are of amost identical shapes.
Thus, the HOMO and LUMO are occupied with 1.71 and 0.29 electrons, respec-
tively. In addition, there is a noticeable shared region between the HOMO and
LUMO, which isin agreement with the high T value for 7 (Table I). The frontier
orbitals for the oo and B spin electrons clearly reflect the triplet and singlet nature

of the compounds 1 and 7.

{;,J !

%

;vd .

a-HOMO a-LUMO
Fig. 4. Frontier orbitals for 70S. The shapes of the B-HOMO and B-LUMO
are amost identical to those of the a-HOMO and a-LUMO.

CONCLUSIONS

The unrestricted symmetry-broken method was applied to the triplet 2,2-di-
methyl-2H-dibenzo[ cd,k]fluoranthene (6) and the singlet fluorantheno[8,9-bjtri-
phenylene (7). The excellent agreement with the experimental results confirms
the applicability of the symmetry-broken method to the Kekuléan fluoranthenes
1-5. Thetriplet ground state of 1-6 was confirmed by the negative singlet-triplet
gap values. These compounds tend to delocalize their n-electrons and thus they
take up diradical structures. Even in the singlet state, these Kekuléan hydro-car-
bons show a pronounced diradical character, and their structures are best pre-
sented with those of singlet diradicals. Such structures provide a possibility for an
electron pair to occupy different parts of space and allows for the achievement of
aromatic stabilization. The diradical index ynoon is not in good agreement with
the diradical character of the investigated molecules. On the other hand, ypynE
successfully reproduces the diradical character of the investigated molecules.
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U3BO [
JUPAJIMKAJICKU KAPAKTEP HEKHNX ®JIYOPAHTEHA

CBETJIAHA MAPKOBUR, JEJIEHA BYPBEBUR, CBETJIAHA JEPEMUK u UBAH 'YTMAH
IIpupoono-maitiemaiiiuixu gaxyaitiein, Ynueepsuiteii y Kpazyjesuy, Kpazyjesay

IMokazaHo je na cy Heku (IIyOpaHTCHH JMPAIUKaHd, Tj. a je HbUXOBO OCHOBHO CTame TPH-
wieTHO. M y eHepreTCKH HEMOBOJbHUjEM CHHIJICTHOM CTamy OBH YTJbOBOJOHHUIIHM [I0OKA3yjy H3PasUT
JMPATIUKAICKH KapakTep. J[MpaauKaicKku KapakTep HCIUTUBAHUX jEAUIbEEha MPOICHEH je momMohy
unrestricted symmetry-broken (Ypunr) 1 complete active space (Ynoon) Metoaa. Hahero je na Ypunr
BPEIHOCTH YCIECIIHHjE PENPOAYKY]y THUPaIUKAICKH KapaKTep HCIIUTUBAHUX YIriboBOAOHKKA. [Toka-
3aH0 je 1a SOMO u SOMO-1 op6urane 3a AUPAIUKAICKY CTPYKTYPY 3ay3UMajy pas3InduTe JeJI0BE
[POCTOpa ca MajJoOM 3ajeJHUYKOM PETHjoM, IITO PE3yJITHPA PACIOACIOM CIIMHCKE T'yCTHHE MPEKO
esior MoJiekyna. [IpocTopHa JupaauKalicka pacrojena y CHHITIETHO-AUPAJUKAICKUM CTPYKTypa-
Ma je ucrmurana Ha ocHoBy o6nuka HOMO u LUMO opOurana 3a enekrpone o u 3 criuHa. Ilo-
kaszaHo je n1a 0-HOMO u B-LUMO (kao u B-HOMO u 0-LUMO) 3ay3umajy npakKTHYHO HCTH J€O
npocropa. Ha oBaj HauMH, y CHHIJIETHOM JUpaIUKaly HeMa HECIIAPeHUX eJICKTPOHA, alli [[Ba eJIeK-
TPOHA UIAK 3ay3MMajy PasIHYKTe JEIOBE MPOCTOPa, ITo OMOoryhapa JAeMoKaIu3alijy T-eIeKTPOHa.

(Mpumsbeno 19. anpuia, pesuaupano 18. maja 2010)
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