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Abstract: When an all-benzenoid nanographene is linearly unzipped into oxygen-joined fragments,
the oxidized benzenoid rings (aromatic sextets) selectively adopt the low-spin (∆S ) 0) or high-spin
conformation (∆S ) 1) to yield the thermally most stable isomer. The selection of the conformation
depends simply on the position of the aromatic sextets: the inner ones prefer the high-spin conformation,
whereas the peripheral ones prefer the low-spin conformation. Therefore, the resulting most stable
isomer has a total spin whose value equals the number of inner aromatic sextets (ni) along the oxidizing
line. The nanographene fragments contained in this isomer have a ferromagnetic spin coupling. Due
to the tautomerization between the high-spin and low-spin conformations, there also exist other possible
isomers with higher energies and with spins at ground state ranging from 0 to (ni - 1). The rich
geometrically correlated spins and the adjustable energy gaps indicate great potential of the graphene
oxides in spintronic devices.

1. Introduction

Conventional magnets are pure transition metals, metal
oxides, or metal alloys, which are inflexible and heavy and can
be made only under high temperatures. For decades, researchers
have attempted to create soft, light, and less energy-intensive
magnets as alternatives. Principally, magnetism based upon
metal-free materials is possible if the materials possess unpaired
electrons that are subject to parallel alignments (ferromagnetic
alignments) in the three-dimensional networks.1-3 Along this
road, several families of materials have been developed on the
basis of organic radicals such as nitroxides,4,5 polyarylmethyls,6,7

verdazyls,1,8 thiazyls,9 and phenalenyls,10 which exhibit mag-
netic orderings at very low temperatures. However, molecule-

based magnets at room temperature are extremely rare despite
intense investigations.11

When sp2-carbon atoms are arranged into two-dimensional
fused hexagons, they form a new material, namely, graphene.12

The exotic electronic properties and potential applications in
nanotechnologies13-19 make graphene and related materials the
superstar in advanced materials research.20-22 The newly
prepared graphene sheets are nonmagnetic themselves, which
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limits some of their applications such as in spintronics. However,
theoretical investigations revealed several intriguing phenomena.
When cutting properly, the unpaired electrons can align at the
zigzag edges of graphene, thus making graphene ferromagnetic
along the edge.23-25 When graphene is shaped into triangular
nanographenes (NGs), it exhibits a nonzero total spin, with the
spin simply scaling with size.26-30 Unpaired electrons can also
arise from the chemical reactions and defects of graphene.31-34

In harmony with these predictions are the inspiring observations
of room-temperature ferromagnetism for graphene oxide35 and
proton-bombarded graphite.36,37 These findings have proven that
NG polyradicals are striking building blocks for functional
magnetic nanostructures that hold great promise to work at room
temperature.

However, an obstacle exists between the theoretical models
and practical nanodevices. The perfect ferromagnetic align-
ment of unpaired electrons along the one-dimensional zigzag
edge of graphene is unstable and can be maintained only
within a short range at temperatures above absolute zero;13,38

on the other hand, the thermally driven face-to-face stacking
of two NG radicals is known to cause a strong antiferro-
magnetic coupling of the spins, which forces the unpaired
electrons into antiparallel alignments and cancels the total
magnetic moments.39-41 Therefore, it is highly desired to
design a thermally stable assembly of NG radicals with
ferromagnetic spin couplings.

Top-down approaches to nanometer-sized graphenes have
great technical implications for molecular electronics, and
breaking down the stable π-system in graphene by oxidation is

a commonly employed technique;42-55 among them, oxidizing
NGs provides a conceptually simple way to unzip the
π-system.43,48-50 The NGs obtained by organic synthesis,56 also
known as polycyclic aromatic hydrocarbons (PAHs), are stable
nonmagnetic (closed-shell singlet) molecules of nanometer sizes,
whose structures and properties have been well characterized,
and thus provide practically feasible models for molecule and
device design. In this article, we seek to understand and predict
how the π-system of such NGs respond to linear oxidation that
cuts them into oxygen-joined NG fragments.

Guided by experiments, we chose the all-benzenoid hydro-
carbons 1-3, which have been fully characterized,56,57 as our
oxidation targets. These three NGs satisfy Clar’s aromatic sextet
rule58 with exclusive Clar’s structure, in which all the π-elec-
trons form separated benzenoid rings (aromatic sextets) (Figure
1) and thus have great stability.58,59 Our computations demon-
strated that the linear oxidation of 1-3 results in a large number
of isomers of NG oxides with different geometries and spin
values. Importantly, the isomers with high spins, i.e., those
consisting of NG radicals with ferromagnetic spin coupling, have
the largest thermal stabilities. Therefore, our studies open a new
way for realization of NG-based molecular magnets.

2. Computational Details

All geometry optimizations and energy calculations were per-
formed using the Gaussian 03 program.60 Geometries were
optimized using the B3LYP method61-63 in combination with the
6-31G(d) basis set (B3LYP/6-31G(d)).64,65 For all the singlet states,
the spin-restricted (non-spin-polarized) scheme (RB3LYP) was
used, and for all the triplets, quintets, and heptets, the spin-
unrestricted (spin-polarized) scheme (UB3LYP) was employed. In
each computation, the symmetry was constrained to C1, Cs, or C2V
depending on the point group symmetry of the respective structures;
no additional geometric constraints were used. Each NG oxide
studied here has a large number of local minima on the potential
energy surfaces; to locate them, one needs proper input of spin
multiplicities and initial structures, especially the local structures
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along the oxidizing lines, to start the geometry optimizations.
Therefore, the NG oxide structures reported in this work were
located by trial and error. For 1a-e and 2a-d, frequency analyses
were performed at the same level of theory on the basis of the
optimized geometries to confirm that the optimized structures are
true local minima and calculate the zero-point energies (ZPEs) and
entropies. Because the spin-restricted single-determinant wave
functions for NG structures might have the RHFf UHF instability,
the stabilities of the wave functions of 1a, 1b, and 1e were checked
using the “stable” keyword; no such instability was found. In the
geometry optimization and energy calculation of 4a, 4b, or 4c, one-
dimensional (1-D) periodical boundary conditions (PBC) were
applied along the oxidizing line, with 10 k-points for the sampling
of the Brillouin zone. In the Gaussian 03 input file, this was realized
by defining one transition vector (Tv) along the oxidizing line of
the unit cell, in the molecule specification part, and by using the
option “PBC(NKPoint)10)” in the route section. The molecular
orbitals (MOs) of 1d and 6 were calculated using the spin-restricted
open-shell B3LYP (ROB3LYP) method in conjunction with the

6-31G(d) basis set (ROB3LYP/6-31G(d)), on the basis of the
geometries optimized at the same level of theory.

To confirm the performance of the 6-31G(d) basis set, we
calculated the relative stability for 2a-c with a larger basis set,
6-311G(d)66,67 (B3LYP/6-311G(d)), which gave the same relative
stabilities as B3LYP/6-31G(d) does (see Table S1 of the Supporting
Information, SI). Therefore, all energies discussed in this article
were obtained with the (U)B3LYP/6-31G(d) method. At the level
of (U)B3LYP/6-31G(d), the calculated expectation values of the
S2 operator (〈S2〉) are 0.0, 2.1, 6.2, and 12.3 for the closed-shell
singlet, triplet, quintet, and heptet, respectively, which correspond
to the total spins of 0, 1, 2, and 3 with only small spin combinations
(<5%) (Table S2 of the SI).

The effective exchange integral (Jeff) for the intramolecular NG
interaction of 1d was calculated with the equation proposed by
Yamaguchi et al.41

where LSE and HSE denote the total energies of the broken-symmetry
singlet and triplet states of 1d, and LS〈S2〉 and HS〈S2〉 denote the
respective total angular momentums. LSE was obtained through
single-point (SP) energy calculation at the UB3LYP/6-31G(d) level,
on the basis of the geometry of 1d (triplet) optimized at the same
level of theory; in the SP calculation, the “guess)mix” option was
used to generate a broken-symmetry initial guess for the spin-singlet
configuration.

3. Results and Discussion

3.1. Geometries and Spins of NG Oxides with the Highest
Relative Stability. We first studied the linear oxidation of 1 along
the dashed line as shown in Figure 1. This oxidizes one
benzenoid ring and two single bonds according to Clar’s
structure of 1 and leads to tetroxide. Geometry optimizations
at the (U)B3LYP/6-31G(d) level of theory led to five energy
minima for the tetroxide, 1a-e, which have different spins or
geometries (Figure 1). The lowest-energy isomer, 1d, is triplet
(total spin Stot ) 1), and its energy is lower than the lowest-
energy singlet (Stot ) 0), 1a, by 1.9 kcal/mol. The wave functions
of singlets 1a, 1b, and 1e are stable, suggesting that a stable
open-shell singlet state does not exist, unlike rectangular-shaped
NGs.68-71 The linear oxidation of 2 along the dashed line
oxidizes two benzenoid rings and three single bonds (Figure
1), for which our computations revealed more energy minima
(see Figure 1 and Figure S1 of the SI). Again, the isomer with
the highest spin, 2c, has the lowest energy.

The linear oxidation of 3 along the dashed line oxidizes three
benzenoid rings (Figure 1). Unlike 1 or 2, where the oxidized
benzenoid rings are all located in the inner area of the molecular
plane, two out of the three oxidized benzenoid rings in 3 are at
the peripheral edge. Unlike 1 or 2, the triplet 3b is the lowest-
energy isomer, rather than the higher-spin heptet 3d (Stot ) 3,
the highest in this case) or quintet 3c (Figure 1).

We further examined linear oxidation of infinite-size graphene
nanoribbons 4, which being infinite have only inner benzenoid
rings, along the dashed line (see Figure 2). Figure 2 shows the
optimized geometries and magnetic moments for the unit cells
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Figure 1. All-benzenoid polycyclic aromatic hydrocarbons (1-3) and the
oxides. Spin multiplicities are given; relative energies (Erel, regular print),
ZPE-corrected Erel (italic print) and relative Gibb’s free energies at 298.15
K (Grel, bold print) at the (U)B3LYP/6-31G(d) level of theory are given in
parentheses. The unit for energies is kcal/mol; I-V label the conformations
of the oxidized aromatic benzenoid ring (see text). The dashed lines
(oxidizing lines) of 1-3 show the directions along which they are oxidized.
The bond orders labeled for each structure are intended to give a
straightforward understanding of the electronic configuration, which do not
necessarily indicate the bond lengths.

Jeff ) (LSE - HSE)/(HS〈S2〉 - LS〈S2〉)
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of one-dimensional infinite graphene oxides, while Table 1
shows their relative stabilities. The selection of III for the
oxidized benzenoid ring indeed gives 4b the largest thermal
stability, which is energetically lower than 4a (selection of II)
and 4c (selection of V) by 6.2 and 2.1 kcal/mol, respectively
(Table 1).

To understand why oxidation products of 1, 2, 3, and 4 adopt
their respective lowest-energy spins, here we analyze the various
scenarios of linear oxidation of a benzenoid ring. In the
optimized geometries of 1a-e, 2a-d, 3a-e, and 4a-c, oxygen
atoms attached on the pristine single bonds of 1, 2, 3, and 4
always adopt the open-bonded ether-like bridge structure, not
contributing any net spin (∆S ) 0), whereas those attached on
the benzenoid rings can adopt five types of confirmation with
different geometries or spins, which are labeled with “I”-“V”
in Figure 1 and Table 2. The high-spin conformation III (∆S )
1) is energetically the most preferred pattern if the oxidized
benzenoid ring is localized in the inner area of NG; however,
the low-spin conformation II (∆S ) 0) is energetically the most
favorable if it is located at the peripheral edges. This different
preference is because the unpaired electrons generated in the

inner area can receive stabilization from the conjugation,
whereas those at the edge cannot. This stabilization also explains
why 1d, 2c, 3b, and 4b are the lowest-energy oxides for the
linear oxidations of 1, 2, 3 and 4, respectively (Figure 1).

3.2. Structural Tautomerization and Spin Conversion of
NG Oxides. Inspecting the energetic relation between the
respective lowest-energy isomers and the other isomers, we
observed that the high-spin conformation III of the oxidized
benzenoid ring can tautomerize to the zero-spin conformation
II with an energy penalty of 1.9-7.3 kcal/mol and with the
following relationship of spin conversion,

where SIII and SII denote the total spins for the isomers with the
oxidized benzenoid ring of III and II types, respectively. The
structural tautomerization and spin conversion between 2a, 3a,
and 4a are illustrated in Figure 3. The geometry/spin relationship
indeed follows eq 1. The largest spin density is localized on
III, whereas no spin density is on II; this distribution is well
consistent with the above analysis that conformations II and III
contribute net spins of 0 and 2, respectively (Table 2). Similarly,
the tautomerization between conformations II and III explains
the existence of 1a, 3a, 3c, 3d, and 4a, and the tautomerization
from III to IV or V accounts for the existence of other isomers
such as 1b, 1e, 2d, 3e, and 4c.

In addition to altering spin states, the structural tautomeriza-
tion exerts a strong influence on the molecular shape, especially
the joint angle between the two NG fragments. The influence
of joint angle is illustrated in Figure 2c, by layering 4a, 4b,
and 4c. These three compounds have joint angles of about 98°,
119°, and 136°, respectively, because of the respective C-O-C
bond angles they contain (Table 1). The involvement of an
epoxide unit in 4a accounts for its relatively small joint angle,
and the joint angle of 4b is also reasonably comparable to the
C-O-C bond angle of ethers, which is around 110°. To study
the reason for the significantly large joint angle of 4c, we list
the C-O bond lengths and C-O-C bond angles of the three
compounds in Table 1. Accompanying the larger C-O-C bond
angles of 4c are the shortening of C-O bond lengths and the
larger planarity ring of V. The orbital hybridization theory72 is
very useful in explaining the shapes of molecules. On the basis

(72) Pauling, L. J. Am. Chem. Soc. 1931, 53, 1367.

Figure 2. Unit cells 4 and 4a-c of one-dimensional infinite graphene oxide optimized at the B3LYP/6-31G(d) level of theory with 10 k-points for the
samplings of Brillouin zones. (a) Top view and (b) side view. II, III, and V label the conformations of the oxidized aromatic benzenoid rings; the dashed
line (oxidizing line) of 4 shows the direction of oxidation.

Table 1. Calculated Magnetic Moments (M), Relative Energies
(Erel), and Geometric Parameters for Unit Cells 4a-ca

4a 4b 4c

M (µB) 0.0 2.0 0.0
Erel (kcal/mol) 6.2 0.0 2.1
bond length (Å) of C-O 1-2 1.384 1.380 1.364

4-5 1.413 1.379 1.346
7-8 1.386 1.379 1.346

bond angle (deg) of C-O-C 1-2-3 106.4 118.7 133.7
4-5-6 71.2 118.8 138.5
7-8-9 106.0 118.8 138.5

a Calculated C-O bond length and C-O-C bond angle for 5 (Figure
4c) are 1.331 Å and 134.4°, respectively.

Table 2. Five Conformations of Oxidized Benzenoid Ring

no. structurea
hybrid state
of oxygen

contribution of net spin
electrons (net spin, ∆S)

I epoxide/epoxide sp3 2 (1)
II epoxide/ether sp3 0 (0)
III ether/ether sp3 2 (1)
IV epoxide/epoxide sp3 0 (0)
V (10e)-aromatic ring sp2 0 (0)

a See Figure 1 for the structures of I-V.

SIII ) SII + 1 (1)
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of these geometric characters, we propose that unlike oxidized
benzenoid rings II and III where oxygens are sp3-hydridized
(for III, see Figure 4a), both oxygens in V partially adopt sp2-
hydrid state, with one of the lone pairs of electrons delocalized
into the ring (see Figure 4b). Because structure V has 10
π-electrons, it obeys the 4n+2 rule and is aromatic. For
verification, we calculated the molecular orbitals (MOs) for
C6O2H6 (denoted as 5), the prototype molecule of structure V.
The result shows that 5 is indeed planar, has a closed-shell
singlet ground state, and has eight delocalized MOs (see Figure
4c) derived from the eight atomic orbitals, as shown in Figure
4b. Due to the formation of the C-O aromatic bond, the C-O
bond length of 5 is shortened to 1.331 Å. Therefore, the types
of hybridization we proposed for the oxygens in the NG oxides
profoundly rationalize the geometry and spin of ring V, as well
as the joint angle of 4c. Because of the difference in geometric
demand, the coexistence of V with III is sterically more
hindered. Therefore, the isomerization of III to V does not
deserve further attention; neither does the isomerization to I or
IV, because I causes a much larger penalty of energy and IV
has a similar geometry/spin to II but also causes a larger penalty

of energy. Because the energy barriers for all tautomerizations
are not considered in this study, care should be taken when using
the above results to make conclusions regarding the kinetic
feasibility of the process.

3.3. Magnetic Interaction between NG Fragments of Individual
NG Oxides. Because the NG oxides with high-spin ground states,
e.g., 1d and 2c, can be viewed as two NG fragments bridged
with oxygen atoms, one wonders (1) the correlation between
the electronic structures of the NG oxides with their fragments
and (2) the magnetic interaction between both fragments in the
individual NG oxides.

Taking 1d as an example, it can be deemed as two triangular
units 6 connected with four oxygen atoms along the zigzag
edges, where the oxygens simultaneously replace the terminating
hydrogens of the edges. 6 is a triangular-shaped NG with an
odd number of carbon atoms, whose electronic structures have
been reported recently.26-30 Our calculation suggests that 6 has
a doublet ground state, which is consistent with the recent
results.26-30 To compare the electronic structure of 6 and 1d,
we show the shapes and energies of the singly occupied
molecular orbitals (SOMO) and the two neighboring MOs of 6
in Figure 5a and those of the two SOMOs and the neighboring
MOs of 1d in Figure 5b. According to Figure 5, the two SOMOs
of 1d can be characterized as the combination of the SOMO of
6; however, both SOMOs of 1d have the same energies as that
of 6. Similarly, the next-HOMO - 1 and next-HOMO - 2 of
1d are the combination of the next-HOMO of 6, and the next-
LUMO and next-LUMO + 1 of 1d are the combination of the
next LUMO of 6; again, the corresponding orbital energies of
1d are nearly the same as those of the corresponding primitive
ones of 6. These results indicate that the orbital interactions
between the two fragments are very weak and that 1d keeps
the main electronic features of the fragments.

The effective exchange integral (Jeff) calculated for 1d is 197.5
cm-1, which implies that the two magnetic centers, i.e., the two
NG fragments of 1d, have a ferromagnetic spin coupling;41 in
other words, in 1d, the spins prefer a parallel alignment. Such
a preference agrees with Figure 6, which shows the SOMOs of
1d in the broken-symmetry low-spin state: the R and � SOMOs,
i.e., the magnetic orbitals, are distributed separately on the two
fragments, out of phase from each other, and hardly yield orbital
overlap. The ferromagnetic coupling of segregated magnetic
moments in 1d is in sharp contrast to many other examples of
graphene nanostructures, where the localized magnetic moments
tend to couple antiferromagnetically.39-41,73

3.4. Linear Oxidation of NGs and NG Derivatives with
Arbitrary Shapes. To further rationalize the selection and
conversion of geometry/spin and predict the spin ground state
for linearly oxidized all-benzenoid NGs with arbitrary shapes,

(73) Wang, W. L.; Yazyev, O. V.; Meng, S.; Kaxiras, E. Phys. ReV. Lett.
2009, 102, 157201.

Figure 3. Spin conversion and spin density distribution of 2a, 2b, and 2c. Dark color, majority spin; light color, minority spin; the setting of atom colors
is the same as in Figure 2.

Figure 4. Delocalized atomic orbitals of oxidized benzenoid ring (a) III
and (b) V. (c) Delocalized MOs of prototype molecular 5 (C6O2H6) that
resembles structure V. The insets of (a) and (b) show the orbital
hybridization of the respective oxygen atoms. MOs #1-5 of (c) are doubly
occupied by a total of 10 electrons, while MOs #6-8 of (c) are vacant
orbitals.
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we considered the crystal structure of graphene, i.e., carbon
atoms arranged in a hexagonal structure consisting of a triangular
lattice with a base of two atoms per unit cell, sublattices A and
B (Figure 7). Previous works have found a simple equation to
determine the total spin of the ground state of this kind of
material, S ) |NA - NB|/2, where NA and NB are the numbers of

atoms belonging to the two sublattices. This equation, known
as Lieb’s theorem, was first proved by Lieb in 1989, on the
basis of an approximate model, the half-filled Hubbard model
on some bipartite lattices,74 and recently confirmed by first-
principle calculations.28-30 According to these results, the carbon
atoms belonging to the different sublattices have different spin
orientations (up or down), whose balance determines the net
spin of NG. Here, with the aid of Lieb’s theorem, we extend
the geometry and spin selection rule we have found above to
predict the geometries/spins for the linearly oxidized all-
benzenoid NGs with arbitrary shapes.

Because of the balanced population of sublattices A and B,
any all-benzenoid hydrocarbon has zero total spin (Figure 7)
according to Lieb’s theorem.74 This balance is clearly due to
the balance of A and B in each elemental benzenoid ring (NA )
NB ) 3). However, when split into two separated fragments or
fragments joined by σ-bonds along a straight line, sublattice
imbalance arises: the split of every one ring leads to the
generation of two unbalanced sites, i.e., A and B, with a
ferromagnetic interaction and, thus, increases the total spin by
1. One may therefore write the total spin of the two fragments
as Stot ) n, where n is the number of split benzenoid rings. In
the case of linear oxidation, such split corresponds to the
formation of III-type oxygen bridges for the oxidized benzenoid
ring, and thus n is the number of rings that are oxidized to III.
The formation of II does not change the spin because the
epoxidation converts the unpaired A and B into an sp3 hybrid
state and thus removes both from the π-conjugated system. The
formation of V also does not change the spin because A and B
are again paired in the (10e)-aromatic ring therein. Since
peripheral rings prefer to form II-type and the inner rings prefer
to form III-type oxygen bridges, one may predict that a linear
oxidation gives rise to oxides with

where Sg is the total spin at ground state and ni is the number
of inner rings along the oxidation line. Therefore, eq 2 nicely
predicts the spin ground state for linearly oxidized all-benzenoid
NGs with arbitrary shapes; in combination with eq 1, other low-
lying states can also be predicted. For example, in Figure 7,
linear oxidations along a1-a2, b1-b2, and c1-c2 will lead to
ground-state oxides with Sg ) 2, 1, and 2, respectively
(according to eq 2), and these oxides will isomerize to give at
least (ni - 1) higher-energy isomers with S ) 0 through (ni -
1), respectively (according to eq 1).

Equations 1 and 2 are also applicable for NG derivatives.
For example, reducing or expanding the π-conjugation of 2 to
2H4 or 2C4 does not change the sublattice balance as in 2;
consequently, the ground states of the heptoxide of both remain
quintet, the same as 2, only adjusting energy levels (see Figure
8). Edge oxidation is likely to occur in the reactions of NG.
Because edge oxidation does not change the sublattice balance,
similar to the case of 2H4, eqs 1 and 2 are applicable. So, the
energy gaps of the oxide can be engineered via chemical
reactions without destroying the main spin property.

4. Conclusion

In summary, we have shown that when an all-benzenoid NG
is linearly unzipped into oxygen-joined fragments, the geom-

(74) Lieb, E. H Phys. ReV. Lett. 1989, 62, 1201. Erratum. Phys. ReV. Lett.
1989, 62, 1927.

Figure 5. Some MOs of (a) NG fragment 6 and (b) NG oxide 1d at the
ground states calculated at the ROB3LYP/6-31G(d)//ROB3LYP/6-31G(d)
level of theory. Orbital energies (in eV) are given in parentheses.

Figure 6. R and � SOMOs of 1d in the broken-symmetry low-spin states
at the UB3LYP/6-31G(d)//UB3LYP/6-31G(d) level of theory.

Figure 7. Split of stable NG along a1-a2, b1-b2, and c1-c2.

Sg ) ni (2)
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etries and spins of the resulting oxides in the ground state can
be predicted. To yield the most stable isomer, the oxidized
benzenoid ring (aromatic sextet) favorably adopts the low-spin
conformation II (∆S ) 0) if it is located at the periphery of
NG, whereas it adopts high-spin conformation III (∆S ) 1) if
it is in the inner plane. Consequently, the total spin of the oxide
in the ground state equals the number of inner aromatic sextets
(ni) along the oxidizing line. Due to the tautomerization between
the high-spin and low-spin conformations, there exist a rich
number of other possible isomers with higher relative energies
and spins ranging from 0 to (ni -1). The rich geometrically
correlated spins, adjustable energy gaps, and high thermal
stabilities of NG oxides open new opportunities for us to realize
the NG-based molecular magnets. We believe that further
experimental and theoretical efforts will not only bring us new
insights into such novel materials but also pave the way to the
new generation of molecule-based magnets.
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Figure 8. Energy levels of heptoxides of 2, 2H4, and 2C4 at the (U)B3LYP/6-31G(d) level of theory; these oxides are generated through the linear oxidations
along the respective dashed lines. (a) Derivatives of 2. (b) Eg(singlet), HOMO-LUMO gap of the lowest-energy singlet state; Eg(quintet), (R-HOMO)-(�-
LUMO) gap of the lowest-energy quintet; ES-Q, the singlet-quintet split energy, E(singlet) - E(quintet). Lines are guides to the eye.
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