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Abstract: Unrestricted density functional calculations in combination with the broken-symmetry approach
and spin-projection methods have been employed to study a series of formally 4n π antiaromatic linear
and angular polyheteroacenes. Calculations show that the linear polyheteroacene molecules have either
stable singlet zwitterionic 6-9 or singlet diradical 5 ground states because they sacrifice the aromaticity of
the central arene to form two independent cyanines. The corresponding angular compounds 10-14 have
robust triplet states, since they cannot create independent cyanines to escape their overall antiaromaticity.
An analysis based on the SOMO-SOMO energy splittings, their spatial distributions, and the spin density
populations for the triplet states is presented to clarify the factors that determine their ground state
multiplicities.

Introduction

During the past two decades, theoretical and experimental
studies on molecule-based organic magnets not only have helped
in understanding the nature and fundamental principles of
magnetism at the atomic level but also have enabled the more
effective design and synthesis of organic ferromagnetic materi-
als.1 Molecule-based magnetic compounds have become a focus
in molecular science mainly due to their advantageous
properties.1a,dSpecies with unpaired electrons in p orbitals, such
as radicals and polyradicals, can be used as spin sources
connected through non-Kekule´ coupling units to provide pos-
sible ferromagnetic compounds.1b,c Recently polyheteroacenes
were investigated as possible stable heteroatomic diradicals
bearing one ferromagnetic coupling unit (m-phenylene). Tet-
raphenylhexaazaanthracene (1),2 an analogue of the stable 1,3-
diphenyl-1,2,4-benzotriazinyl radical,3 and diphenyltetraazap-
entacene (2)4 were synthesized, characterized, and found to exist
as “double-barreled” biscyanine zwitterionic singlets. Analogous
biscyanine zwitterionic systems that have since appeared in the
literature are the pyridine-bridged bis-1,2,3-dithiazole (3)5 and

the monocyclic 1,2,4,5-tetrasubstituted benzene (4).6 These
molecules are the current members of the rapidly growing family
of zwitterionic biscyanine compounds (Figure 1).

Recently Braunstein et al. described this family (Figure 1)
as “potentially antiaromatic” due to the fact that a singleπ f
π* excitation would restoreπ delocalization and antiaromaticity.6a

To avoid this “potential antiaromaticity” and hence a triplet
ground state, the molecules prefer to partition their overall
electronic system into two charge conjugatedπ subsystems
(cyanines) which are structurally connected byσ-bonds but not
electronically conjugated. Haas and Zilberg7 indicated that these
molecules can be envisioned as the union of two odd electron
radicals. These zwitterions are the result of an electron transfer
from the donor to the acceptor radical subunit. This transfer
will only take place if the donor and acceptor radicals have a
low ionization potential and a high electron affinity, respectively.

Calculations, performed on these systems,2,4-7 indicated that
the lowest triplet states of the heterocyclic members of this
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Figure 1. Current family of zwitterionic biscyanine compounds.
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family are energetically close to the singlet zwitterionic ground
states, especially for the benzo-bridged bisdithiazole5. This
close energetic competition can be manipulated within a
substitution scheme. Many theoretical and experimental studies
on m-phenylene diradicals and also on carbenes indicated that
substituents can influence their singlet-triplet energy gaps
(∆EST ) SE - TE) and hence their ground state multiplicities.8

On the basis that the zwitterionic biscyanines can be considered
to combine the electronic form of singlet carbenes and the
structural motif ofm-phenylene diradicals, we recently per-
formed a computational study to determine the effects of sub-
stituents on the ground state multiplicity of tetraazapentacene
6.9 Introduction of electron donating groups (EDG) para to the
negative cyanine and electron withdrawing groups (EWG)
para to the positive cyanine reduced the∆EST in favor of the
triplet state. Direct introduction of substituents on the cyanines
had a more profound effect on the ground state multiplicity
(Figure 2).

A single, direct introduction of an NMe2 group on the central
carbon of the tetraazapentacene’s negative cyanine led to a
drastic reduction of the∆EST from -11.4 to-5.5 kcal/mol and
revealed the importance of the negative cyanine on the deter-
mination of the molecule’s ground state multiplicity. A closer
look on the geometry of this amino group exposed significant
structural differences between the two states. In the singlet state
the amino group is out of plane (sum of C-N-C bond angles,
352.1°; torsion angleφ, 59.7°), while in the triplet state this
group approaches planarity (sum C-N-C bond angles, 360°;
torsion angleφ, 38.3°). In light of this subtle observation we
considered within the context of the present article to modify
the structure of the linear tetraazapentacene6 to an angular form
11, whereby the tertiary amine is placed directly on the negative
cyanine and forced into a planar geometry (Figure 3). This
angular structural motif was also applied to other members of
the “potentially antiaromatic” family of the biscyanine zwitte-
rions.

The singlet and triplet states of the linear and angular forms
of the above compounds (Table 1) were examined using spin

polarized density functional theory (UDFT). In particular, the
hybrid B3LYP method10 was employed for the computational
determination of the spin-coupling constantJ, which describes
the effective exchange interaction between spin-carrier sites and
until recently was considered to be an experimental parameter.
According to the simple Heitler-London model, the spin-
coupling constantJ can be subdivided into two parameters: (a)
the antiferromagnetic contributionâS(â, resonance integral;S,
quantum integral) which is negative and (b) the ferromagnetic
contributionK (exchange integral) which is positive.11 Positive
values ofJ result whenâS≈ 0 andK > 0 and indicate a parallel
alignment of spins in a triplet ground state and hence a
ferromagnetic coupling mechanism. Negative values ofJ occur
whenâS > Κ and designate antiparallel alignment of spins in
a singlet ground state and an antiferromagnetic exchange
mechanism.

The broken symmetry (BS) approach8e,f,12,14was introduced
to magnetic coupling by Noodleman13 and has since been
employed to molecular systems bearing possible magnetic ex-
change interactions (e.g., organic diradicals,8e,f,12transition metal
complexes,14 etc.) for the determination ofJ. The BS approach
provides lower energies for the singlet states of potential
diradicals, which are often spin-contaminated by higher multi-
plicity states. In contrast triplet states show only a slight spin
contamination.8e,f,12 Spin-projected methods are therefore em-
ployed to eliminate the redundant spin contamination from the
energy of the BS singlet states; however, these overestimate
the stability of the pure singlet states. The true singlet energy
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Figure 2. Depicted substitution pattern favors the destabilization of the singlet state.

Figure 3. Modification of the linear tetraazapentacene6 to the correspond-
ing angular structure11. The detailedπ-structure of them-phenylene
coupling unit of molecule11 is discussed later.

Table 1. Selected Linear (5-9) and Angular (10-14) Molecules
for the DFT Investigation

molecule AsB BsC CsD molecule AsB BsC CsD

5 SsS (AsC) SsN 10 SsS (AsC) SsN
6 NHsCH benzene

fusion
CHsN 11 NHsCH benzene

fusion
CHsN

7 NHsCH CHdCH CHsN 12 NHsCH CHdCH CHsN
8 NHsN NdCH CHsN 13 NHsN NdCH CHsN
9 NH2 O 14 NH2 O

Multiplicities of Linear vs Angular Polyheteroacenes A R T I C L E S
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lies between the spin-contaminated and spin-projected singlet
energies in a range of several kcal/mol.15 Nevertheless, the BS
approach is a powerful tool for the qualitative description of
the lowest singlet and triplet states of potential diradicals. The
three spin-projected methods differ in their application ability,
which depends on the degree of overlap between the magnetic
orbitals. The first scheme (J ab

(1)) has been derived by Gins-
berg,16 Noodleman,13a and Davidson17 (GND) and is applied
when the overlap of the magnetic orbitals is sufficiently
small. The second scheme (J ab

(2)) has been proposed by GND,
Bencini,18 and Ruiz19 and is used when the overlap is ade-
quately large. Finally the third scheme (J ab

(3)) has been devel-
oped by Yamaguchi et al.20 and reduces to the first and second
schemes in the weak and strong overlap regions, respectively
(Scheme 1).

The energy gap between the pure spin-projected singlet and
the UDFT triplets can be estimated as∆EST ) T〈S2〉Jab given
by Ginsberg,16 where∆EST ) SE - TE. A positive splitting
denotes a triplet ground state. In the results the energies of the
unrestricted non-BS singlet states (USEDFT) and the correspond-
ing energy gaps of the scaled singlet-triplet states (∆EST

U ) are
included for comparison. Where∆EST

U ) SUSEDFT - STEDFT

andSUSEDFT ) the total scaled energy of the unrestricted non-
BS singlet state.

Computational Procedure

The geometries of the singlet and triplet states of molecule5-14
were fully optimized, and analytical second derivatives were computed
using vibrational analysis to confirm each stationary point to be a
minimum by yielding zero imaginary frequencies at the UB3LYP/6-
31G(d) level of theory. The possibility of internal instability in the
singlet wave function was investigated using stability calculations.
Where instabilities appeared the computations were repeated at the same
level of theory using the BS approach. All the energies were corrected
after zero-point energies (ZPE) were scaled by 0.981.21 Furthermore
single-point calculations were carried out on the geometries obtained
by optimizations, using higher level basis sets: 6-311+G(d,p) and
6-311+G(3df,2p). In these cases zero-point energies were scaled by
0.981 and 0.989, respectively.21,22 Although molecules5,5 6,4 8,2 and
96 have been previously studied computationally, we repeated the
investigation according to our computational methodology. All the
above computations were performed using the Gaussian 98 suite of
programs.23

Results and Discussion

Total Energies, Spin-Coupling Constants, and Singlet-
Triplet Gaps. In Table 2, the energies of the singlet and triplet
states, the spin-coupling constants (J), and the corresponding
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Scheme 1. Spin-Projected Methods Used to Eliminate Spin Contamination
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energy splittings (∆EST) for molecules5-14 are tabulated for
the full optimizations at the UB3LYP/6-31G(d) level of theory
and for the single-point calculations at the higher basis sets
6-311+G(d,p) and 6-311+G(3df,2p), respectively.

The broken symmetry approach is a powerful technique for
handling molecules with internal instabilities in their wave
functions as, for example, the single states of diradicals.8e,f,12

The drawback of this method, however, is that the BS solutions
of the singlet states are often spin-contaminated by higher
multiplicity states. Our calculations for molecules5-14 at the
UB3LYP/6-31G(d) level (Table 2a) indicate that the spin
contaminations of the triplet states are low and the deviation
from the expected value of 2.0 is at most 0.048. In the BS singlet
states, the spin contaminations have a broader range of values
which span from 0.042 to 1.022. The singlet wave functions of
molecules8 and9 are free of spin contamination at all the levels
of theory. In the case of the linear tetraazaanthracene7 the spin
contamination at the UB3LYP/6-31G(d) level is eliminated
when the calculations are performed at the higher basis sets
(Table 2b, c). For both the singlet and triplet states of molecules
5-14, the spin contamination is reduced at the higher levels of
theory. The spin contamination is approximately the same at
the two higher levels of single-point calculations but signifi-
cantly smaller from the analogous values of the optimizations;
e.g., for the angular tetraazaanthracene12, the spin contamina-
tions at the 6-311+G(d,p) and 6-311+G(3df,2p) levels are
1.0132 and 1.0121, respectively, while at the 6-31G(d) level it
is 1.0216.

The results from the optimization and single-point calculations
(J and∆EST, Table 2) indicated that molecules6-9 and10-
14 have singlet and triplet ground states, respectively. All the
molecules are 4n π antiaromatic systems, and normally triplet
ground states would be expected. Experimental and computa-
tional studies conducted during the past five years together with
the present study indicate that the linear molecules avoid their
overall antiaromaticity by accessing a “double-barreled” zwit-
terionic biscyanine.2,4-7 Our calculations suggest, however, that
the angular molecules10-14 cannot escape their potential
antiaromaticity in this manner and thus have triplet ground states.

A consideration of the spin-coupling constantsJ revealed
information regarding the ground state multiplicities of mol-
ecules5-14. The linear molecules6-8 have large equally
negative spin-coupling constantsJ(2) and J(3), i.e., a strong
overlap region and therefore stable singlet states. The angular
molecules10-14have large equally positiveJ(1) andJ(3) values
(weak overlap region) indicating triplet ground states. More
information about the ground state nature of these molecules is
given by the calculated dipole moments (Table 3).

With the exception of fused dithiazole5 the linear molecules
6-9 have large dipole moments supporting a charge-separated
electronic structure. In a previous computational study,5 mol-
ecule5 was shown to have a triplet ground state of 5.1 kcal/

mol at the B3LYP/6-31G(d,p) level. From Table 2a, the equality
of J(1) with J(3) (weak overlap region) along with their small
positive values indicated that molecule5 is a singlet diradical
rather than a stable triplet as was first predicted. Moreover
according to our calculations at the two higher levels of theory,
these coupling constants become marginally negative, due to
the stabilization of the singlet state by additive dynamic spin
polarization,24 which causes the violation of Hund’s rule.25 The
small dipole moments of the angular molecules10-14 desig-
nate, in accordance with the triplet ground state nature described
above, that these molecules are not charge-separated species.

The chosen basis sets used in this study can influence the
singlet-triplet energy gaps. The ground state dependency of
the∆EST to the basis sets is, however, small and consistent for
most of the molecules. The higher basis sets preferentially
stabilize the singlet state giving smaller∆EST. This stabilization
is greater when the 6-311+G(3df,2p) basis set is used; e.g., for
the linear hexaazaanthracene8, the change in the∆EST

(3) is 0.4
and 1.13 kcal/mol for the 6-311+G(d,p) and 6-311+G(3df,2p)
basis set, respectively, in favor of the singlet state. Exceptions
to the higher basis sets singlet stabilization trend are the singlet-
triplet energy gaps (∆EST

U ) for molecules12 and 13 which
have slightly bigger values at the two higher levels demonstrat-
ing a small stabilization of the triplet states.

The structural modification of the linear compounds into their
corresponding angular form has a dramatic change in their
singlet-triplet energy gaps and hence in their ground state
multiplicities. The differences between the S-T energy gaps
of the linear and the corresponding angular compounds
(∆EST

X
(LfA) ) ∆EST

X
(A) - ∆EST

X
(L)) at the UB3LYP/6-31G(d)

level are listed in Table 4. The biggest change of∆EST
(3)

(LfA)

(28.58 kcal/mol) is observed in the conversion of9 (-21.61
kcal/mol) to14 (+6.97 kcal/mol).

Geometrical Considerations: Bond Order Analysis.The
observed geometrical differences in the ground state multiplici-
ties of these two groups of molecules can be easily understood
in terms of a bond order analysis. A bond order comparison of
the triplet and singlet states of molecules5-9 (Tables S1-S6
in the Supporting Information) supports the “double-barrel”
biscyanine structure of these molecules. On going from the
triplet to the singlet state of these molecules, the C-N (5-8),
C-S (5), C-NH (6-9), and C-O (9) bond orders of the
cyanines increase, while the bond orders of the lateral C-C
bonds (the bonds which connect the two cyanines) decrease.
No significant change in the bond orders of the cyanines C-C
bonds was observed. In the singlet states the lateral C-C bonds
have bond order values which support their single bond character
and therefore the lack of conjugation between the twoπ

(24) Karafiloglou, P.J. Chem. Educ.1989, 66, 816-818.
(25) Borden, W. T.; Iwamura, H.; Berson. J. A.Acc. Chem. Res.1994, 27, 109-

116.

Table 3. Ground State Dipole Moments (D) of Molecules 5-14 at
the B3LYP/6-31G(d) Level

linear molecules dipole (D) angular molecules dipole (D)

5 2.73 10 1.61
6 7.41 11 3.48
7 7.88 12 3.85
8 5.07 13 3.01
9 8.08 14 3.40

Table 4. Energy Difference ∆E ST
X

(LfA) (kcal/mol) between the
Singlet-Triplet Gaps of the Linear and the Corresponding Angular
Compounds at the UB3LYP/6-31G(d) Level

linear f angular ∆E ST
(3)

(LfA) ∆E ST
U

(LfA)

5 f 10 6.65 11.05
6 f 11 14.72 24.23
7 f 12 13.60 23.55
8 f 13 19.76 31.13
9 f 14 28.58 33.36
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subsystems. This shows that molecules5-9 to avoid their
overall antiaromaticity prefer to sacrifice the aromaticity of their
central benzene ring for the creation of the two independent
cyanines. Braunstein explained the above observations using
the molecules frontier orbitals (e.g., linear tetraazapentacene6
in Figure 4).6a The delocalized LUMO of these compounds has
a large orbital density (π bonding character) over the two lateral
C-C bonds of the central benzene ring and nodal points
(antibonding character) between the C-N bonds. Promotion of
an electron from the HOMO to the LUMO results in the lowest
triplet states of these molecules. This electron transfer supplies
the C-N bonds and linkage C-C bonds withπ-antibonding
(smaller bond orders) andπ-bonding character (larger bond
orders), respectively.

An analogous bond order comparison for the triplet and
singlet states of the angular molecules10-14 (Tables S7-S8
in the Supporting Information) revealed that the C-C bond
orders of the central benzene ring in these molecules display a
moderate uniformity around the value 1.68( 0.07, indicating
that the aromaticity of the central ring is essentially preserved.
From the resonance structures of the angular molecules (e.g.,
angular tetraazapentacene11 in Figure 5), it can be seen that
they cannot support the electronic partitioning of the “antiaro-
matic” system into two independent cyanines. The two potential
cyanines are electronically connected (cross-conjugated) and
overlap over the central benzene ring. The angular molecules
10-14 cannot therefore escape from their overall antiaroma-
ticity.

The ground state multiplicity of molecules5-14 is deter-
mined by the ability of the molecule to electronically partition
into two independent cyanines. The degree of partitioning can
be qualitatively measured by considering the aromaticity of the
central “sacrificial” arene. For this purpose we have chosen to
use Bird’s aromatic index26 (IA) which is based upon the
statistical degree of uniformity of the rings peripheral bond
orders, where the aromatic index of benzene isIA ) 100 (details
on how these indices are calculated are provided in the
Supporting Information). The indices of the central rings of the

linear (IA
l) and angular (IA

a) molecules were calculated (Table
5), and as anticipated the linear molecules5-9 have compara-
tively smaller aromaticity indicies (IA

l 0.5-61) than their angular
counterparts10-14 (IA

a 55-85) supporting the structural
deformation of the central aromatic arene on going to a charge-
separated system.

In particular the “aromaticity” of the arene in molecule9 is
totally lost (IA

l ) 0.5) indicating that the separation between
the two cyanines is more complete; Braunstein noted6a that the
lateral C-C bonds of molecule9 bear mainlyσ character. In
molecules5-8, the lateral C-C bonds retain someπ-bonding
character, and this is reflected by the relatively large aromatic
indices (IA

l ≈ 50).

SOMO-SOMO Energy Splittings: Hoffmann’s Postula-
tion. Other factors which influence the∆EST and hence the
ground state multiplicity of these molecules are the SOMO-
SOMO energy splittings (∆ESS), their topological distributions,
and the spin polarization effect. These three factors contribute
to the ground state nature of molecules5-14 to varying degrees.
According to Hund’s rule27 the ∆EST should be related to the
energy gap of the two SOMOs (∆ESS). In Table 6, the energy
levels (1ES and2ES) and energy gaps (∆ESS) of the two SOMOs
of the triplet states of molecules5-14 appear at the B3LYP/
6-31G(d) level, since there is no significant difference in these

(26) (a) Bird, C. W. Tetrahedron1985, 41, 1409-1414. (b) Bird, C. W.
Tetrahedron1987, 43, 4725-4730. (c) Bird, C. W.Tetrahedron1992, 48,
335-340.

(27) (a) Hund, F.Linienspekten Periodisches System der Elemente; Springer-
Verlag: Berlin, 1927; p 124ff. (b) Hund, F.Z. Phys.1928, 51, 759.

Figure 4. Frontier orbitals of linear tetraazapentacene6 calculated at the B3LYP/6-31G(d) level with a contour value of 0.02 au and 100× 100 grid points.

Figure 5. Resonance structures of the angular tetraazapentacene11.

Table 5. Bird Aromatic Indices (IA) of the Central Benzene Rings
in the Ground States of the Linear Molecules 5-9 and Their
Angular Analogues 10-14

linear
molecule IAl

angular
molecule IAa

5 54 10 74
6 55 11 79
7 61 12 83
8 56 13 85
9 0.5 14 55

Table 6. Energy Levels (1ES and 2ES) and the Energy Gaps
(∆ESS) of the SOMOs for the Triplet States of Molecules 5-14 at
the B3LYP/6-31G(d) Level

molecule 1ES (au) 2ES (au) ∆ESS (eV)
∆E ST

(3) a

(kcal/mol)

5 -0.209 06 -0.175 89 0.90 0.28
6 -0.180 48 -0.133 96 1.27 -10.05
7 -0.169 01 -0.120 83 1.31 -10.89
8 -0.211 58 -0.152 79 1.60 -17.12
9 -0.239 43 -0.167 24 1.96 -21.61

10 -0.192 19 -0.183 33 0.24 6.93
11 -0.158 76 -0.146 91 0.32 4.67
12 -0.147 42 -0.134 78 0.34 2.71
13 -0.181 69 -0.169 81 0.32 2.64
14 -0.195 55 -0.179 57 0.43 6.97

a The S-T gaps are also listed for comparison.
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values at the two higher basis sets. Hoffmann28 provided a rough
empirical criterion based on extended Hu¨ckel calculations on
benzynes and diradicals which suggests that if∆ESS < 1.5 eV,
the two nonbonding electrons will prefer to occupy different
degenerate orbitals with a parallel-spin configuration to mini-
mize their electrostatic repulsion leading to a triplet ground state.
Based on our calculations, molecules with∆ESS > 1.3 eV are
clear singlets. The linear fused dithiazole5 which is best
described as a singlet diradical has a∆ESS) 0.9 eV well above
the splittings of the triplet molecules10-14. These angular
molecules10-14have very small SOMO-SOMO energy gaps
< 0.43 eV (nearly degenerate orbitals) and hence have triplet
ground states with large positive singlet-triplet energy gaps
(Table 6). From Table 6 and the plot of∆EST vs ∆ESS (Figure
6), there is a good linear relationship between the two. Molecules
with small ∆ESS splittings tend to have large positive∆EST’s,
while molecules with large∆ESS’s have smaller or negative
∆EST’s.

Shapes of SOMOs: Disjoint, Nondisjoint, and Asym-
metrical. The singlet-triplet energy gap of molecules5-14 is
also affected by the spatial distributions of the SOMOs. Borden
and Davidson29 explain that molecules with nondisjoint SOMOs
(atoms in common) have a high spin ground state because the

two unpaired electrons cannot appear in the same atomic orbital
simultaneously (Pauli forbidden). Molecules with disjoint SO-
MOs (no atoms in common), however, have at a first ap-
proximation singlet and triplet states with similar energies, since
the two unpaired electrons can be confined to different sets of
atoms (with parallel or antiparallel configurations) to minimize
the Coulombic repulsion energy coming from electrons of
opposite spin (Pauli allowed). Dynamic spin polarization, in this
case, selectively stabilizes the singlet over the triplet state
violating Hund’s rule and giving rise to singlet diradicals.25 The
disjoint and nondisjoint terminology is based on the connective
pattern of two odd radical moieties which join to form a
diradical. The nondisjoint SOMOs of them-phenylene ferro-
magnetic coupling unit, which are sketched in Figure 7, have
been called, by Li et al.,8e (a) typical and (b) nontypical.
Molecules with typical nondisjoint SOMOs have triplet ground
states, whereas molecules with nontypical nondisjoint SOMOs
were shown to have singlet or near degenerate ground states
(singlet diradicals).8e

A comparison of the SOMOs of the linear and angular
tetraazapentacenes6 and11, respectively, partially explains the
observed difference in their ground state multiplicities (Figure
8). The SOMOs of the tetraazapentacene6 have a large quantum
overlap and hence strong antiferromagnetic interaction which
leads to a singlet ground state. In contrast the “asymmetrical”
SOMOs of molecule11have large densities occupying the same
region of space. This results in a more intense Pauli exclusion
which keeps the two nonbonding electrons from appearing
simultaneously in the same region of space. The ferromagnetic

(28) Hoffmann, R.; Zeiss, G. D.; Van Dine, G. W.J. Am. Chem. Soc.1968, 90,
1485-1499.

(29) (a) Borden, W. T.; Davidson, E. R.J. Am. Chem. Soc.1977, 99, 4587-
4594. (b) Borden, W. T. InMagnetic Properties of Organic Materials;
Lahti, P. M., Ed.; Marcel Dekker: New York, 1999; Chapter 5, pp 61-
102.

Figure 6. ∆EST vs ∆ESS for molecules5-14 at the B3LYP/6-31G(d) level of theory.

Figure 7. Nondisjoint SOMOs ofm-phenylene ferromagnetic coupling unit.
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interaction of the two SOMOs maximize the exchange integral
K and thus the spin-coupling constant leading to a robust triplet.

The linear compounds5-9 which are singlets (6-9) or
singlet biradical (5) (Figures 8 and 9) have SOMOs that
resemble the nontypical nondisjoint SOMOs of them-phenylene
ferromagnetic coupling unit (Figure 7b). The “asymmetrical”
SOMOs of the angular compounds10-14 (Figures 8 and 9)
do not fit into the two categories of the nondisjoint SOMOs
(Figure 7). They could, however, be described as having a
nondisjoint character because there is considerable sharing of
atomic orbitals, which strongly prevents the two electrons from

simultaneously appearing in the same region of space giving
rise to more stable triplet states.

Spin Densities: Spin Polarization vs Spin Delocalization.
Spin delocalization (SD) and spin polarization (SP) are the two
mechanisms of spin distribution inm-phenylene diradicals.
Yamaguchi et al.12a-d,30 have extensively reported that spin
polarization is another source of triplet state stabilization in
m-phenylene-based diradicals. The SP effect occurs at the

(30) (a) Yamaguchi, K.; Toyoda, Y.; Fueno, T.Synth. Met.1987, 19, 81-86.
(b) Yamaguchi, K.; Toyoda, Y.; Nakano, M.; Fueno, T.Synth. Met.1987,
19, 87-92. (c) Yamaguchi, K.; Okumura, M.; Maki, J.; Noro, T.Chem.
Phys. Lett.1993, 207, 9-14.

Figure 8. A comparison of the SOMOs of tetraazapentacenes6 and11.

Figure 9. B3LYP/6-31G(d) calculated SOMOs of molecules5-14 pictured with a contour value of 0.02 au and 100× 100 grid points.
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m-phenylene coupling unit via theπ-electron system network
(Figure 10). The spin of the unpaired electron in theπ-orbital
polarizes the spins of the paired electrons in the orthogonal
σ-orbital in such a way that the two electrons on one atom will
have similar spin orientations but opposite from its neighboring
atom.

According to theoretical and experimental studies unrestricted
DFT is a useful technique for the calculations of spin densities
in organicπ-radicals.12a,31 An alternating distribution pattern
of spin densities is characteristic for SP and hence of triplet
ground states. Furthermore the size of spin densities is directly
related to the magnitude of the∆EST. Spin delocalization
disrupts spin polarization and selectively stabilizes the singlet
states. In nontypical nondisjoint diradicals the SP effect is broken
down by SD and is responsible for the small∆EST.8e For
molecules5-9, which were shown above to have SOMOs
which resemble the nontypical nondisjoint SOMOs of singlets
or singlet diradicals, the SP effect is considerably diminished
by the SD mechanism (Table 7). This observation explains
partially the singlet ground state nature of these molecules and
their small∆EST. Normally for molecules10-14, which were
shown to have stable triplet ground states, we would expect an
alternating pattern of large spin densities as the SP effect
stabilizes the high-spin states. Surprisingly the SP effect, of these
molecules, is severely violated by SD (Table 8), especially for
the angular hexaazaanthracene13. This phenomenon indicates
that for the angular molecules10-14 the Coulombic exchange
is the main factor which determines their ground state multi-
plicities. The reduction of the SP effect from SD for molecules
5-14 and also for the nontypical nondisjoint diradicals is
attributed to the high delocalization character of their SOMOs.

Conclusions

The singlet and triplet states for a series of linear and angular
m-phenylene-bridged polyheteroacenes have been studied using
DFT calculations in combination with the BS approach and spin-
projected methods. The calculations show that the linear
compounds are either stable zwitterionic singlets (molecules
6-9) or singlet diradicals (molecule5), while the corresponding
angular analogues are stable triplet diradicals with large singlet-
triplet energy gaps. The ground state multiplicity of these
molecules is determined by their ability to form independent
cyanines. The linear molecules5-9 readily sacrifice the
aromaticity of their central benzene ring and access the “double-
barreled” biscyanine avoiding in this way their overall antiaro-
maticity. In contrast the angular molecules10-14cannot create
independent cyanines and cannot escape their antiaromaticity
and a triplet ground state. The spatial distributions of the SOMOs
are another important factor for the determination of the ground
state multiplicity. The SOMOs of the linear molecules5-9 are
similar to the nontypical nondisjoint SOMOs of them-phenylene
diradicals which are characteristic of stable singlets and singlet
diradicals. Their large quantum overlap leads to a strong
antiferromagnetic coupling and hence to singlet ground states.(31) Wright, B. B.; Platz, M. S.J. Am. Chem. Soc.1983, 105, 628-630.

Table 7. Spin Density Populations for the Triplet States of Molecules 5-9 Calculated at the UB3LYP/6-31G(d) Level

atom site

molecule X1 C1 C2 C3 X2 Y1 C6 C5 C4 Y2

5 0.107 0.264 -0.159 0.264 0.107 0.459 -0.174 0.388 -0.174 0.459
6 0.133 0.196 -0.111 0.196 0.133 0.448 -0.114 0.334 -0.114 0.448
7 0.206 0.130 -0.034 0.130 0.206 0.427 -0.079 0.228 -0.079 0.427
8 0.266 0.058 0.038 0.058 0.266 0.365 0.006 0.161 0.006 0.365
9 0.127 0.246 -0.088 0.246 0.127 0.414 -0.049 0.656 -0.049 0.414

Table 8. Spin Density Populations for the Triplet States of Molecules 10-14 Calculated at the UB3LYP/6-31G(d) Level

atom site

molecule X1 C1 C2 C3 C4 Y2 Y1 C6 C5 X2

10 0.136 0.290 -0.156 0.307 -0.162 0.426 0.426 -0.155 0.298 0.156
11 0.164 0.203 -0.071 0.260 -0.094 0.397 0.399 -0.053 0.198 0.188
12 0.216 0.128 -0.019 0.209 -0.066 0.386 0.393 -0.013 0.125 0.228
13 0.270 0.078 0.050 0.141 0.019 0.326 0.339 0.064 0.069 0.285
14 0.197 0.314 -0.025 0.343 -0.006 0.316 0.325 0.006 0.318 0.280

Figure 10. Spin polarization mechanism (throughπ-network) in m-
phenylene-based diradicals.
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The “asymmetric” SOMOs of the angular molecules10-14,
however, share to a high degree the same atomic orbitals giving
rise to a more drastic Pauli prevention and hence to more stable
triplet states. The violation of the spin-polarization effect
explains the observed ground state multiplicities of the linear
compounds but fails to rationalize the triplet ground states of
the angular analogues. A better understanding of the origins of
the stable triplet states for these compounds10-14 could arise
from the use of computationally more demanding methods such

as difference dedicated CI (DDCI)32 that can more accurately
predict the magnetic coupling parameters of organic biradicals.
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