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The relationship between the calculated energy of the HOMO-LUMO gap, where (εLUMO - εHOMO)/2
is defined as ∆HL, and of the longest wavelength transition in the UV-visible spectrum, ∆E, was
examined for a series of aromatic and antiaromatic cations and dications. TD-DFT calculations
accurately modeled the energies of a series of dications including fluorenylidene dications whose
UV-visible spectra are reported, as well as the energies of a series of aromatic and antiaromatic
monocations whose spectra were previously reported. There is a linear correlation of the energy of
the longest wavelength transition, ∆Ecalc, with ∆HL. There is no linear relationship between ∆Ecalc

and the sum of the NICS values, but there is a linear relationship between ∆Ecalc multiplied by the
number of atoms in the conjugated system, ∆Ecalc(T), and the sum of the NICS values. There is also
an approximate linear relationship between the average 1H NMR shift and the sum of the NICS
values. These relationships give further support to the suggestion that the magnetic and energetic
criteria of aromaticity and antiaromaticity are related. Furthermore, the data suggest that species
that have ∆Ecalc(T) < 20 are antiaromatic whereas those with ∆Ecalc(T) > 30 are aromatic.

Although the concept of aromaticity and, by extension,
antiaromaticity has general acceptance among the chemi-
cal community, the nature of the experimental evidence
used to validate the aromaticity of a compound or species
has experienced a great deal of controversy.2-4 In general,
the criteria used to characterize aromaticity fall into
three categories that are derived from properties of
benzene: magnetic, structural, and energetic.5,6 Briefly,
magnetic criteria focus on the consequences of the exist-
ence of a ring current, which include magnetic suscep-
tibility exaltation (Λ),7 nucleus independent chemical
shift (NICS),8 and diatropic shift of protons on the
periphery of an aromatic ring system.9,10 Interestingly,
although the diatropic shift is probably the single most
used measure of aromaticity, Schleyer has recently
provided evidence that the downfield shift of protons on
benzene is not due to the deshielding effects of the ring
current.11 An antiaromatic system would show values of

NICS, Λ, and potentially chemical shift that are opposite
in sign to those of an aromatic system.12 Structural
criteria include lack of bond length alternation and can
be evaluated through the harmonic oscillator model of
aromaticity (HOMA).13-15 Energetic criteria are based on
the greater stability of an aromatic system over a
comparable system with localized bonds. Antiaromatic
systems would show a greater thermodynamic instability
compared to that of an appropriate reference system.

If the evaluation of aromaticity is challenging, the
evaluation of the antiaromaticity of a system is even more
so, in part because of the lack of appropriate systems for
examination. We have discovered a class of fluore-
nylidene dications that appear to be antiaromatic, on the
basis of the criteria described above.16-23 By examining
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the antiaromaticity of these systems, we hope to refine
the way in which those criteria are used to define
aromaticity. Those criteria are based upon properties of
benzene; however, all properties of benzene are not
necessarily related to the aromaticity of benzene. By
examining the criteria in systems that are very far
removed from benzene, we hope to highlight any weak-
nesses in the relationships of the criteria to aromaticity.

One problem with the assessment of aromaticity/
antiaromaticity is that many of the criteria involve
calculated rather than measured quantities. Although
there is growing acceptance of the results of calculations,
many chemists are more comfortable when those results
are supported by experimental data. A particular problem
exists in the assessment of the stability of a molecule or
species because the choice of a reference system can be
contentious. We were interested in exploring the use of
the energy of the longest wavelength transition, which
we will call ∆Eexp, in the UV-visible spectrum as a
measure of stability and therefore aromaticity.

∆Eexp has been shown to be related to the calculated
HOMO-LUMO gap, (εLUMO - εHOMO).24-27 Molecules with
large HOMO-LUMO gaps have been shown to be stable
and unreactive; those with small gaps are chemically
reactive.28-32 The theoretical basis for the relationship
between the HOMO-LUMO gap and stability was ar-
ticulated by Pearson and defined as hardness, η.33-35

Operationally, hardness is related to the difference
between the ionization energy (I) and the electron affinity
(A) and, via Koopman’s theorem, to the difference be-
tween the energy of the HOMO and that of the LUMO:33

Because stability is one of the criteria used to assess
aromaticity, hardness has been associated with
aromaticity.36-38 Global hardness, evaluated as ∆HL and
calculated by density functional theory, has been shown
to be a good measure of aromaticity/antiaromaticity for
a series of five-membered heterocycles, C4H4X, through
its strong correlation with magnetic susceptibility exalta-
tion, Λ.39 Other studies show a good correlation between
hardness and measures of aromaticity such as REPE,
resonance energy per electron.37

We were intrigued with the possibility of exploiting the
relationship of hardness, a calculated measure of aro-

maticity/antiaromaticity, to an experimental observable,
∆Eexp. Because hardness, and therefore ∆HL, is a measure
of stability, ∆Eexp could offer an experimental evaluation
of stability that did not depend on the choice of a
reference system. Our plan was first to confirm the
relationship between ∆HL and ∆Eexp and then to examine
the relationship between ∆Eexp and other measures of
aromaticity, such as 1H NMR shift and NICS. We report
here the experimental spectra for a series of fluore-
nylidene dications, 1-5, as well as for the dications of
9,9′-dixanthylidene 6 and tetrabenzo[7.7]fulvalene 7.

Calculation of the electronic spectra using TD-DFT
methods revealed that ∆Eexp for dications 1-5 would
occur at very long wavelengths (>950 nm) (see Table S1,
Supporting Information) that were inaccessible to us
because of experimental limitations. We therefore ap-
proached the problem by comparing the calculated spec-
tra to the experimental spectra, in regions accessible to
us. We attempted to improve the validity of this method
of comparison by extending it to seven additional aro-
matic and antiaromatic cations, 8-14, whose electronic

spectra were reported in the literature. Although our
intent was to examine the relationship of ∆Eexp to
measures of aromaticity/antiaromaticity, our inability to
observe ∆Eexp for 1-5 required us to rely on the calcu-
lated values of the energy of the longest wavelength
transition, ∆Ecalc. Thus, our initial goal of evaluating an
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experimental observable, ∆Eexp, was not possible, al-
though we will argue that comparison of calculated and
experimental UV-visible spectra support the use of ∆Ecalc

in place of ∆Eexp. Because the calculated values were good
predictors of experimental electronic spectra, we were
ultimately able to extend our studies to include dications
15-20, for which electronic spectra had not been reported
in the literature.

To summarize, this paper reports the electronic spectra
for a set of seven dications. Those data, along with
literature values for seven additional monocations, were
used to evaluate the quality of TD-DFT calculations of
the electronic spectra of these 14 mono- and dications.
∆Ecalc from the TD-DFT calculations were compared to
∆HL for 1-20 and exhibited a linear relationship. ∆Ecalc

and an adjusted value of ∆Ecalc, vide infra, were then
compared to the 1H NMR shift for dications 1-14 and to
the NICS values for 1-20.

Results and Discussion

UV-Visible Spectra of 1-7. Dications 1-7 were
prepared by oxidation of the neutral precursors in SbF5

in SO2ClF or in SO2Cl2 at temperatures varying from -30
to 0 °C. Oxidation with SbF5/SO2ClF at -50 °C was
originally examined because these conditions were those
in which dications 1-5 were originally characterized by
NMR spectroscopy.17 However, oxidation with SbF5/SO2-
Cl2 at -30 to 0 °C gave identical spectra, so data for
oxidations in SO2Cl2 at -30 °C are the ones reported
here. The strongest absorptions for the UV-visible
spectra of 1-7 and the absorptions for the corresponding
monocations 8-14 for which UV-visible spectra are
reported40-46 are given in Table S2 in Supporting Infor-
mation, along with the transitions calculated by TD-DFT
spectra, using the 6-31G(d,p) basis set. TD-DFT calcula-
tions at the B3LYP/6-31G(d,p) level have been shown to
give reasonable agreement with experimental spectra,
with accuracies of 0.3 eV.47 TD-DFT calculations of
excited states are often remarkably improved relative to
CIS with either gradient corrected or local density
functionals.48 The correlation between experimental and
calculated spectra is shown in Figure 1.

The comparison of experimental with calculated spec-
tra utilized the calculated transitions with the largest

oscillator strength.49 However, the oscillator strengths
associated with the longest wavelength transitions tended
to be small, consistent with absorbances with small molar
absorptivity, as is shown in Table S1 in Supporting
Information. For dications 1-5, those transitions were
calculated to be in the long wavelength region inacces-
sible to us because of instrumental limitations, as previ-
ously mentioned. The literature data for 8-14 did not
show absorbances at the wavelengths predicted by cal-
culation, which also were calculated to have small
oscillator strengths. These results could call into question
the reliability of ∆Ecalc. We carefully examined the spectra
of dications 6 and 7, for which ∆Eexp should be accessible.
There was no evidence of absorbances with small molar
absorptivities that would suggest that the calculated
energy of the longest wavelength transition was very
different from the experimental value.

The experimental support for the calculations justifies
expansion of the study to include cations for which no
experimental data exist. Thus, Table S1 also includes the
calculated values for the monocations 15-20.

Correlation of the Energy of the Longest Wave-
length Transition with the HOMO-LUMO Gap. The
calculated energy of the longest wavelength transition
was first compared with the calculated ∆HL, which has
been associated with aromaticity/antiaromaticity. The
energies of the HOMO and LUMO and ∆HL, which is
(εLUMO - εHOMO)/2 for 1-20, are given in Table S3,
Supporting Information. Because ∆HL is suggested to be
small for antiaromatic species, it is possible that the
triplet energy for such a species might be lower in energy
than the singlet. Calculations of 15 show that the triplet
state is lower than the singlet.50,51 However, calculations
for 1-5, the fluorenyl cation 8, and the indenyl cation
18 show the singlet state to be lower in energy than the
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FIGURE 1. Calculated vs experimental energies of the
electronic spectra for 1-14.
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triplet state.22,51 Thus, all mono- and dications except 15
are predicted to be singlets. Although the triplet state of
15 was calculated to be lower in energy than the singlet,
calculations for 15 are reported only for the singlet state
to maintain consistency with calculations for the other
species.

Figure 2 shows the correlation between ∆HL at the
B3LYP/6-31G(d,p) level and the energies of the longest
wavelength transition, ∆Ecalc, calculated using the TD-
DFT method at the same level for the geometries
optimized at the B3LYP/6-31G(d) level. The relationship
between these properties and aromaticity/antiaromaticity
has been with hardness, η, which is equated to ∆HL, not
with ∆Ecalc or ∆Eexp, so it is appropriate to examine the
assumptions made in relating ∆E to ∆HL. The approach
was used by Mitsui et al.,27 and we reiterate their
arguments. The method is based on the rough ap-
proximation that treats the S1 r S0 transition as an one-
electron excitation from the HOMO to the LUMO. The
molecular orbitals are assumed to be unchanged regard-
less of the electronic excitations. In Hartree-Fock theory,
the energy of the HOMO, a measure of ionization
potential using Koopman’s theorem, is considered reli-
able.52 However, the energy calculated for the LUMO of
the neutral molecule reflects the electron affinity of the
anion rather than the electron affinity of the neutral
molecule, which is necessary for accurate calculation of
the energy of the HOMO-LUMO gap.53 Thus, at the
Hartree-Fock level, correlation of the energy of the
HOMO-LUMO gap with excitation energies has not
been reliable. It is not immediately apparent that this
approach can be used with density functional theory
calculations because the energies of these orbitals have
no obvious physical meaning.54 However, studies examin-

ing the relationship of experimental excitation energies
to HOMO-LUMO gaps calculated by the TD-DFT method
show that there is good agreement.25,27,54,55 Our results
also support this relationship. It now remains to explore
the relationship between ∆Ecalc and other measures of
aromaticity/antiaromaticity.

Correlation with UV-Visible Spectra and Mea-
sures of Aromaticity/Antiaromaticity. The HOMO-
LUMO gap, ∆HL, is related to the concept of hardness
that is a reflection of stability/reactivity. Thus the
HOMO-LUMO gap reflects the energetic criterion of
aromaticity. Stability has also been assessed by compari-
son with appropriate reference systems, to give the
aromatic stabilization energies.56,57

It is of interest to examine the relationship of the
energy of the longest wavelength transition, ∆E, to other
criteria of aromaticity. We have previously suggested that
the structural criterion of aromaticity that is reflected
in the lack of bond length alternation is not particularly
useful when examining polycyclic aromatic hydrocarbons
whose bond length changes are limited by their benz-
annulation.22

Magnetic criteria, based on the special behavior as-
sociated with induced ring currents, have been suggested
as the most important of the three criteria.3 The nucleus
independent chemical shift (NICS)8 has been shown to
be an effective measure of aromaticity/antiaromaticity,
and NICS values have recently been correlated with
experimental measures of aromaticity58 and anti-
aromaticity.21-23 NICS values are calculated at the center
of the ring system of interest and are negative for
aromatic ring systems and positive for antiaromatic
systems. Because “local shielding effects” influence the
magnitude of NICS, particularly for small rings, it has
been recommended that they be calculated 1 Å above the
plane of the ring.59 The NICS values for 1-20 calculated
1 Å above the ring system are reported in Table S4 in
Supporting Information, along with the sum of the NICS
values. NICS values have been calculated using a variety
of basis sets and show a dependence upon the basis set
used.20 We have calculated them at the B3LYP/6-31G(d)
level because our calculations at that level on 1-5 and
other fluorenylidene dications show that this basis set
gives the best agreement of calculated NMR shift with
experimental shift and presumably the most reliable
value for NICS.20-23 A number of recent papers also
utilize NICS values calculated with this basis set.60-62

Although NICS values evaluate local aromaticity, Schley-
er has suggested that the summation of NICS values can
be used to reflect global aromaticity(antiaromaticity).63

For dications 1-5, we also report the summation for the
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FIGURE 2. Plot of HOMO-LUMO energies vs energy of
longest wavelength transition.
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fluorenyl rings only. The correlation of the sum of the
NICS values with ∆Ecalc is shown in Figure 3 and is
obviously not linear. As would be expected from the linear
relationship of ∆Ecalc and ∆HL, the plot of the sum of the
NICS(1) values vs ∆HL shows the same relationships as
were true for the correlation of NICS(1) with ∆Ecalc.

Because the magnitude of ∆HL depends on the size of
the conjugated system as well as on its potential aroma-
ticity/antiaromaticity,35 Aihara has suggested a new
index, the T value in which the HOMO-LUMO gap is
multiplied by the number of conjugated atoms.31,32,64 The
correlation of the sum of the NICS values with T is shown
in Figure 4 and is more linear than the correlation with
either ∆Ecalc or ∆HL. However, the graph shows a great
deal of scatter.

Close analysis of the graph shows that the scatter is
due primarily to two groups of compounds, those in which
there is incomplete conjugation (10, 16, 17, and 20) and
to the dicationic systems, 1-7. Previous studies on the

fluorenylidene dications showed that each existed as two
perpendicular ring systems, with substantial antiaroma-
ticity in the fluorenyl portion of the dication.17,22 Analo-
gously, the geometries calculated for 6 and 7 also reveal
that the ring systems are perpendicular. Because ∆Ecalc

for 1-5 was very small, a result that would be consistent
with an antiaromatic system, we evaluated the relation-
ship of T vs the summation of the NICS values consider-
ing only the fluorenyl systems of 1-5. For consistency,
we treated the ring systems of 6 and 7 analogously. This
plot is shown in Figure 5. The two points that lie off the
apparent line belong to 16 and 17. When they and 10
and 20 are removed from the plot, r2 ) 0.92 (see
Supporting Information for this plot).

Some justification for this treatment lies in an exami-
nation of the HOMO and LUMO for 1-5, which are
shown in Figure 6. The TD-DFT calculations for 1-4
show that the calculation of the excited state with the
lowest energy includes a substantial contribution for the
promotion of an electron from the HOMO to the LUMO.
That is, the largest coefficient in the CI expansion, which
is greater than 0.66 for these systems, is for the contribu-
tion from that transition. Those molecular orbitals for
2-4 primarily involve the fluorenyl system. The lowest
energy excited state for 1 of necessity involves a fluorenyl
system because 1 only possesses fluorenyl systems. The
HOMO for 5 involves the tropylium system; however, the
lowest energy excited state involves the transition from
the HOMO-1 to the LUMO, both of which primarily
involve the fluorenyl system.

However, ∆HL is a calculated value, and we were
interested in using an experimental value, ∆Eexp, or the
calculated value, ∆Ecalc, which could be related to an
experimental value. We therefore examined the analo-
gous treatment of ∆Ecalc, in which the values of ∆Ecalc

were multiplied by the number of atoms in the conjugated
system. Figure 7 shows the relationship between this
modified value of ∆Ecalc, which we will call ∆Ecalc(T), and
the sum of the NICS(1) values, using only the fluorenyl
ring system for 1-5. Again the relationship is linear.
When 10, 16, 17, and 20 are removed, r2 ) 0.94; see
Supporting Information. Thus there is an excellent

(64) Yoshida, M.; Aihara, J. Phys. Chem. Chem. Phys. 1999, 1, 227-
230.

FIGURE 3. ∆Ecalc vs Sum of NICS(1) for 1-20.

FIGURE 4. T vs sum of NICS(1), 1-20.

FIGURE 5. T vs sum of NICS(1), 1-20. Only the NICS for
the fluorenyl ring system of 1-5 are used.
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FIGURE 6. Molecular orbitals calculated by TD-DFT, B3LYPO/6-31g(d,p).
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correlation between a measure of stability, reflecting the
energetic criteria, and a measure of the ring current,
reflecting the magnetic criteria. Of importance to the
assessment of aromaticity and antiaromaticity, the cat-
ions and dications that remain after 16 and 17, which
possess no benzene rings, are excluded fall into two
distinct groupings, a set of cations/dications suggested
to be antiaromatic, with ∆Ecalc(T) < 20 and those for which
NICS values are negative and therefore aromatic, which
have ∆Ecalc(T) >30.

Although the relationship between the sum of the
NICS(1) values and ∆E was gratifying, we wanted to
examine the relationship between an experimental mea-
sure of ring currents and this “experimental” measure
of stability. 1H NMR shifts have been seen as the primary
indicator of aromaticity/antiaromaticity, although the
relationship between proton chemical shifts and ring
currents has recently been called into question.11 It is
inappropriate to consider the average chemical shift for
dications 1-5 because the protons on positions 1/8 and
2/7 of the fluorenyl system are affected by the opposing
ring system.17 For that reason, we have examined only
the relationship between ∆Ecalc and the remaining species
for which proton shifts are available in the literature,
monocations 9, 11-14, and 20.65-73 The relationship
between the average shift and ∆Ecalc multiplied by the
number of atoms in the conjugated system is shown in
Figure 8. The relationship is roughly linear, with data
for 14 and 20 furthest from the apparent line. One might
argue that 14, because it is the only species with a

heteroatom, or 20, the only species in which the conjuga-
tion is not complete, might not be expected to have the
same linear relationship as the other species. Even with
the remaining species, the spectra would be expected to
show only an approximate linearity because they were
taken in a variety of solvents, such as liquid SO2,
acetonitrile, concentrated sulfuric acid, and Magic Acid,
respectively. In addition, the counterions varied from
azide and thiocyanate to the conjugate base of the acid
used to protonate the alcohol precursor. Both counterion
and solvent would be expected to affect the magnitude
of the chemical shift, as shown by the differences in
chemical shift for the same ion; see Supporting Informa-
tion. However, Figure 8 suggests the possibility that a
linear relationship might be observed if all cations were
prepared under the same conditions.

Comparison between UV-Visible Spectra of Di-
cations and Monocations. Dications 1-5 have been
shown to possess perpendicular ring systems, and cal-
culations suggest that this is the case for 6 and 7 also. If
so, it is of interest to see whether the UV-visible spectra
for the dications are effectively composites of the spectra
of the individual monocations. We show the comparison
of composite spectra with the spectra of each dication in
Figure 9. We have chosen to use the data calculated using
the TD-DFT method rather than experimental data
because this allows us to examine all seven dications. In
addition, the data show the energies associated with the
longest wavelength transitions that are anticipated to
have small molar absorptivities because the calculated
spectra have small oscillator strengths. The plots of the
data show that 1-5 are not simply composites of the
spectra of the individual monocations. The plots show
that 1-5 are more antiaromatic than the fluorenyl
monocations and that the energy of the longest wave-
length transition is affected by the cationic substituent
on position 9 in the fluorenylidene dications. That is,
modification of the cyclic substituent at position 9 (in the
box), see Figure 10, affects ∆Ecalc, from Tables S1 and
S2, even though the ring systems are roughly perpen-
dicular. We have seen similar effects on 1H NMR spectra,
NICS, and magnetic susceptibility. The presence of the
cationic substituent also acts to decrease DE for dications

(65) Kessler, H.; Walter, A. Angew. Chem. 1973, 85, 821-822.
(66) Feigel, M.; Kessler, H.; Leibfritz, D.; Walter, A. J. Am. Chem.

Soc. 1979, 101, 1943-1950.
(67) Dradi, E.; Gatti, G. J. Am. Chem. Soc. 1975, 97, 5472-5476.
(68) Olah, G. A.; Liang, G. J. Org. Chem. 1975, 40, 2108-2116.
(69) Guenther, H.; Shyoukh, A.; Cremer, D.; Frisch, K. H. Justus

Liebigs Ann. Chem. 1978, 150-164.
(70) Vilceanu, R.; Balint, A.; Simon, Z.; Rentia, C.; Unterweger, G.

Rev. Roum. Chim. 1968, 13, 1623-1633.
(71) Radics, L.; Kardos, J. Org. Magn. Reson. 1973, 5, 251-252.
(72) Convert, O.; Le Roux, J. P.; Desbene, P. L.; Defoin, A. Bull.

Soc. Chim. Fr. 1975, 2023-2025.
(73) Rentia, C. C.; Balaban, A. T.; Simon, Z. Rev. Roum. Chim. 1966,

11, 1193-1203.

FIGURE 7. (∆Ecalc × atoms) vs sum of NICS(1), 1-20.

FIGURE 8. (∆Ecalc × atoms) vs the average proton shift, 9,
11-14, 20.
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FIGURE 9. Comparison of calculated spectra for dications 1-7 with composite spectra for corresponding monocations 8-11 and
20, respectively. Long wavelength transitions with very small oscillator strengths are indicated by arrows. (a) Comparison of 1
(top) with 9 (bottom). Arrows indicate absorvances with frequencies below 0.001. (b) Comparison of 2 (top) with composite of 8
and 9 (bottom) Peaks for 8 indicated by / in long wavelength region. (c) Comparison of 3 (top) with composite of 8 and 10 (bottom)
Peaks for 8 indicated by × in long wavelength region. (d) Comparison of 4 (top) with composite of 8 and 20 (bottom). Peaks for
8 indicated by × in long wavelength region. (e) Comparison of 5 (top) with composite of 8 and 11 (bottom). Peaks for 8 indicated
by × in long wavelength region. (f) Comparison of 6 (top) with 9 (bottom). (g) Comparison of 7 (top) with 11 (bottom).
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6 and 7 in comparison with their monocation analogues.
The TD-DFT calculations show that the energy of the
lowest excited state for 1-4 is primarily associated with
the HOMO and LUMO, which are “fluorenyl-based”
orbitals. Analogously, the orbitals of 5 that contribute to
the lowest energy excited state are based on the fluorenyl
system.

However, the observation that the spectra of 1-5 are
not composites of the spectra of the individual ring
systems comprising 1-5 suggests that there must be
interaction between the two essentially orthogonal sys-
tems. We have suggested two explanations for the
manner in which perpendicular ring systems can interact
with each other. The magnitude of the charge on the
opposing ring system can affect the degree to which the
charge is delocalized throughout the ring system.22

Alternatively, σ to p donation, also known as cross-
hyperconjugation, as shown below for 1, with the benzene
rings eliminated for clarity, allows the ring systems
to interact, even though they are perpendicu-
lar.16-18,21,22,74,75

Summary. TD-DFT calculations of the electronic
spectra exhibit a strong linear correlation with experi-
mental UV-visible spectra for aromatic and antiaromatic
cations. There is a good linear relationship between the
highest wavelength transition for these cations and ∆HL.
There was no linear relationship between ∆Ecalc and the
sum of the NICS values. There was a linear relationship
between ∆Ecalc multiplied by the number of atoms in the
conjugated system, ∆Ecalc(T), and the sum of the NICS

values, when NICS values for the ring systems implicated
in ∆Ecalc are used. The plot of the average 1H NMR shift
vs the sum of the NICS values suggests a possible linear
relationship. These results give further support to the
suggestion that the magnetic and energetic criteria of
aromaticity and antiaromaticity are related.2 Further-
more, the data suggest that species that have ∆Ecalc(T) <
20 are antiaromatic whereas those with ∆Ecalc(T) > 30 are
aromatic. If this relationship holds true for other systems,
this would give another measure of aromaticity that is
directly related to experimental data.

Experimental Section
Compounds 1-7 were synthesized by literature

methods.17,76,77

Dication Preparation. SbF5 (∼7 mL, ∼9 mmol) was added
to a graduated centrifuge tube in a drybox, and the tube was
capped with a septum. When SO2ClF was used as the solvent,
the SbF5 was cooled to 0 °C and SO2ClF (1.2 mL, at -78 °C)
was added by cannula. The reagents were mixed on a vortex-
stirrer and rapidly cooled to -78 °C. When SO2Cl2 was used
as the solvent, the SbF5 was mixed with SO2Cl2 (1.2 mL) at
room temperature under argon and cooled to -30 °C. Ap-
proximately 1 mg of the dication precursor (2.6-3.0 mmol) was
added under argon, and the solution was mixed on a vortex
stirrer. Approximately 0.3 mL of this solution was transferred
by cannula to 1.2 mL of pure solvent at -78 °C (SO2ClF) or
-30 °C (SO2Cl2). The solution was transferred to a gastight
cell with a path length of 0.1 cm, and spectra were recorded
from 300 to 900 nm. A reference solution without dication
precursor was prepared similarly, and its spectrum was
subtracted from that of the dication.

Computational Details. Geometries were optimized at
B3LYP/6-31G(d) density functional theory levels with the
Gaussian 98 and 03 program packages.78,79 The energies of the
12 lowest excited states were calculated using the TD-DFT
formalism, as implemented in Gaussian 98 and 03 and using
the B3LYP/6-31G(d,p) functional on geometries optimized at
the B3LYP/6-31G(d) level. The nucleus-independent chemical
shifts (NICS8) in the ring centers were calculated at B3LYP/
6-31G(d) using the GIAO approach with Gaussian 98 or 03.
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