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ABSTRACT: The negative ion photoelectron (NIPE) spectrum of 1,2,4,5-
tetraoxatetramethylenebenzene radical anion (TOTMB•−) shows that, like
the hydrocarbon, 1,2,4,5-tetramethylenebenzene (TMB), the TOTMB
diradical has a singlet ground state and thus violates Hund’s rule. The
NIPE spectrum of TOTMB•− gives a value of −ΔEST = 3.5 ± 0.2 kcal/mol
for the energy difference between the singlet and triplet states of TOTMB
and a value of EA = 4.025 ± 0.010 eV for the electron affinity of TOTMB.
(10/10)CASPT2 calculations are successful in predicting the singlet−triplet
energy difference in TOTMB almost exactly, giving a computed value of
−ΔEST = 3.6 kcal/mol. The same type of calculations predict −ΔEST = 6.1−
6.3 kcal/mol in TMB. Thus, the calculated effect of the substitution of the
four oxygens in TOTMB for the four methylene groups in TMB is very
unusual, since the singlet state is selectively destabilized relative to the triplet state. The reason why TMB → TOTMB is
predicted to result in a decrease in the size of −ΔEST is discussed.

■ INTRODUCTION
Negative ion photoelectron spectroscopy (NIPES)1 has shown
that the substitution of the oxygen atom in oxyallyl (OXA) for
one methylene group in trimethylenemethane (TMM) has a
huge effect on the relative energies of the lowest singlet and
triplet states.2 NIPES experiments by Lineberger and co-
workers found that the triplet ground state of TMM is lower in
energy than the lowest accessible singlet state by ΔEST = 16.2
kcal/mol.3 In contrast, NIPES revealed that OXA has a singlet
ground state, with the triplet higher in energy by ΔEST = −1.3
kcal/mol.2 Thus, replacement of one CH2 group in TMM by
the oxygen in OXA selectively stabilizes the singlet, relative to
the triplet, by 17.5 kcal/mol.

A change in ΔEST of about this size between TMM and OXA
had been predicted many years previously.4 The predicted
change in ΔEST was attributed to two factors. First, the greater
strength of CO, relative to CC π bonds, makes the
resonance structure on the left dominant in both the singlet

and triplet states of OXA. Second, the greater electronegativity
of O, relative to CH2, selectively stabilizes one of the two
nonbonding MOs of OXA, which are degenerate in energy in
TMM. The higher occupancy of the lower energy MO in
singlet OXA than in triplet OXA makes the zwitterionic
resonance structure on the right more important in the singlet
than in the triplet state.5

In contrast to the case in OXA, NIPES has found that the
effect on ΔEST of the substitution of oxygen atoms for both
CH2 groups in meta-benzoquinodimethane (MBQDM) is
surprisingly small.7 Lineberger and co-workers measured
ΔEST = 9.6 kcal/mol in MBQDM,8 which is reduced by only
0.6 kcal/mol, to ΔEST = 9.0 kcal/mol, in meta-benzoquinone
(MBQ).7,9 The reason why the change in ΔEST is so small is
that, as had been predicted two decades earlier,10 the lowest
singlet state changes from 1A1 in MBQDM (where preserving
the aromaticity of the benzene ring is the dominant effect) to
1B2 in MBQ (where the greater strength of the CO π bonds
is the dominant effect). The relative energies of the 1A1 and

1B2

states change by 19.5 kcal/mol on going from MBQDM to
MBQ, but the energy difference between the lower of these two
states and the triplet decreases by only 0.6 kcal/mol.7
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In this paper we report the use of NIPES to measure the
value of ΔEST in the 1,2,4,5-tetraoxo derivative of 1,2,4,5-
tetramethylenebenzene (TMB). Like TMM and MBQDM,
TMB (more correctly named 2,3,5,6-tetramethylenecyclohex-
ane-1,4-diyl) is a non-Kekule ́ hydrocarbon diradical.11 The
nonbonding (NB)MOs of TMB can be chosen to be the
NBMOs of two pentadienyl radicals, so that, unlike the case in
TMM or in MBQDM, the NBMOs have no atoms in
common.12 Since the NBMOs of TMB can be chosen to be
disjoint, to a first approximation, the lowest singlet and triplet
states of TMB would be expected to have the same energies.13

However, 1,4-bonding interactions between the large positive
spin densities at C3−C6 and at the four methylene groups and
1,2-bonding interactions between the smaller negative spin
densities at C1−C2 and C4−C5 were predicted to make the
singlet the ground state of TMB.12 Initial experiments by the
group of the late Professor Wolfgang Roth appeared to show
that this prediction was incorrect and that the triplet is the
ground state of TMB.14 Nevertheless, subsequent experiments
by Berson and co-workers revealed that TMB does, in fact,
have a singlet ground state.15,16 Thus, TMB represents a rare
example of a diradical that, by having a singlet ground state,
violates Hund’s rule.17

Although it is now known that TMB does, in fact, have a
singlet ground state,15,16 the value of ΔEST in TMB has not
been measured. In this paper we report the measurement of
ΔEST in a heteroatom derivative, 1,2,4,5-tetraoxa (TO)TMB,
by NIPES. The NIPE spectrum of TOTMB•− shows that, like
TMB, TOTMB has a singlet ground state and thus violates
Hund’s rule.17

We also report the results of electronic structure calculations
that reproduce the NIPES value of ΔEST in TOTMB with
almost perfect accuracy. We have carried out exactly the same
type of calculations on TMB; so we argue that the value of
ΔEST in TMB thus obtained is also likely to be very accurate.
Interestingly, the calculations on TMB and TOTMB predict
that, in stark contrast to the case in TMM → OXA,2

substitution of the four methylene groups in TMB by the
four oxygens in TOTMB actually destabilizes the singlet state,
relative to the triplet. This computational finding is discussed
and rationalized.

■ METHODOLOGY, RESULTS, AND DISCUSSION
Generation and NIPE Spectroscopy of TOTMB•−. We were

able to obtain NIPE spectra of the radical anion of TOTMB

(TOTMB•−) by taking advantage of the acidifying effect of the four
oxygens in 2,5-dihydroxy-1,4-benzoquinone (DHBQ). Formation of
the dianion (DHBQ2−) in solution, followed by transfer of the dianion
into the gas phase by electrospray, led to spontaneous loss of an
electron and formation of TOTMB•− (Scheme 1).

The NIPE spectra of TOTMB•− were obtained with a low-
temperature, magnetic-bottle NIPE spectrometer, coupled to an
electrospray ion source (ESI) and a cryogenic ion trap.18 The
TOTMB radical anions were generated by electrospraying into the gas
phase a 0.1 mM solution of DHBQ, dissolved in water/acetonitrile, to
which a dilute aqueous solution of NaOH was added dropwise, in
order to optimize the TOTMB•− intensity.

The TOTMB radical anions formed were directed by quadrupole
ion guides into a cryogenic ion trap. The cooling of the radical anions
to 20 K eliminated the possibility of appearance of extra spectral peaks
in the NIPE spectrum, due to hot bands. The cooled radical anions
were transferred into a time-of-flight mass spectrometer.

DHBQ2− dianions were not observed in the mass spectrometer,
because they are electronically unstable species in the gas-phase, with
negative electron binding energies. The unbound electron sponta-
neously autodetaches in the gas phase, leading to formation of the
singly charged, TOTMB•−, radical monoanions.

In addition to TOTMB•−, singly deprotonated DHBQ anions were
concurrently generated, and they have m/z = 139, which is only 1 amu
larger than that of TOTMB•−. Therefore, the TOTMB radical anions
were carefully mass selected, before being intersected by a Nd:YAG
laser (266 nm; 4.661 eV) or a ArF laser (193 nm; 6.424 eV) in the
photodetachment zone of the magnetic-bottle, photoelectron analyzer.
Photoelectrons were collected at nearly 100% efficiency.

The best instrumental resolution was 20 meV full width at half-
maximum (fwhm) for electrons with 1 eV of kinetic energy, as
demonstrated, after maximum ion deceleration, by the NIPE spectrum
of I−. However, due to the modest mass intensity of TOTMB•−, the
NIPE spectra of TOTMB•− were obtained with less optimal
resolutions of 30 meV for 1 eV kinetic energy electrons.

Figure 1 shows the 20 K NIPE spectrum of TOTMB•− at 266 nm.
The NIPE spectrum at 193 nm, which is provided in Figure S1 of the
Supporting Information (SI), shows the same set of peaks with
electron binding energies (EBEs) of 4.0−4.6 eV as in the 266 nm
spectrum. However, additional peaks are seen at EBE = 4.63 and 5.06
eV in the 193 nm NIPE spectrum.

Scheme 1

Figure 1. The 20 K NIPE spectrum of TOTMB•− at 266 nm (4.661
eV). The origins of the bands for what appear to be the first two
electronic states of TOTMB are marked X and A.
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The well-resolved spectral peaks in Figure 1 correspond to
transitions from the ground state of TOTMB•− to the ground and
excited states of TOTMB, along with the vibrational excitations that
are associated with formation of each electronic state of TOTMB. The
two sharp, strong peaks, X and A, at EBE = 4.025 and 4.175 eV,
respectively, are assigned as the origins of the first two electronic states
of TOTMB. The EBEs of all of the peaks in Figure 1 are 4.025 (X),
4.105 (X1), 4.175 (A), 4.225 (A1), 4.260 (A2), 4.345 (A3), 4.390 (A4),
and 4.430 eV (A5).
As shown in Figure 1, the intensity of peak X is marginally smaller

than that of peak A in the 266 nm NIPE spectrum, and the intensity of
X is ca. 30% smaller than that of A in the 193 nm spectrum (Figure S1
of the SI). Unless the geometry of the triplet state differs much more
than that of the lowest singlet state from the geometry of the radical
anion, spin statistics make the peak for formation of the triplet the
more intense peak in NIPE spectra.1 Therefore, since the geometries
of the lowest singlet and triplet states of TOTMB are predicted to be
nearly the same (vide infra), the NIPE spectra of TOTMB•− indicate
that peak A is for formation of the triplet state of TOTMB and peak X
is for formation of the lowest singlet state. Thus, the NIPE spectra of
TOTMB•− indicate that, as is the case in TMB,15,16 a singlet is the
ground state of TOTMB.
The adiabatic detachment energy (ADE) of TOTMB•− [i.e., the

electron affinity (EA) of TOTMB] is determined from the position of
peak X to be 4.025 ± 0.010 eV. The EBE difference between peaks X
and A in Figure 1 corresponds to the energy difference between the
lowest singlet and triplet electronic states of TOTMB. ΔEST = −0.15
± 0.01 eV = −3.5 ± 0.2 kcal/mol is obtained from the NIPE spectrum
in Figure 1.
Electronic Structure Calculations. The assignment of peaks X

and A in Figure 1 as belonging to, respectively, the lowest singlet and
triplet states of TOTMB is strongly supported by the results of
electronic structure calculations. DFT calculations were performed
with the B3LYP hybrid functional,19−21 using the augmented cc-pVTZ
basis set.22 Geometries were optimized and vibrational frequencies
were computed at this level of theory using the Gaussian09 suite of
programs.23

Wave function-based calculations were also performed. They
consisted of CASSCF calculations, for which configurations were
generated by distributing all 10 π electrons among the 10 lowest-
energy π MOs. The orbitals from the (10/10)CASSCF calculations
served as the input for (10/10)CASPT2 calculations.24 The CASPT2
calculations include the effects of dynamic electron correlation25 that
are missing from the CASSCF calculations.
The (10/10)CASPT2 calculations were performed with augmented,

correlation-consistent basis sets, ranging from aug-cc-pVDZ to aug-cc-
pVQZ.22 Geometries were optimized and vibrational frequencies were
computed at both the (10/10)CASSCF and (10/10)CASPT2 levels of
theory using the aug-cc-pVDZ basis set. The CASSCF and CASPT2
calculations were performed using MOLCAS Version 8.0.26

Table 1 summarizes our calculated values of EA and ΔEST for
TOTMB and compares them to the experimental values, obtained
from the NIPE spectrum of TOTMB•−. As shown in Table 1, all of the
computed EA values are too high by 0.1−0.3 eV, but CASPT2 gives
values of ΔEST that are in almost perfect agreement with the
experimental value.

Further evidence of the congruence between the computed and
observed NIPE spectrum of TOTMB•− comes from the comparisons
in Figure 2 of the vibrational bands in the simulated NIPE spectrum

with those in the actual 266 nm spectrum. The simulated spectrum
was generated by using the results of the CASPT2/aug-cc-pVDZ
vibrational analyses to compute the Franck−Condon factors28 for the
vibrational bands in the peaks for formation of the 1Ag and

3B1u states
of TOTMB from the 2B2g state of TOTMB•−.29 The ezSpectrum
program30 was used to calculate the intensity of each of the vibrational
bands in the NIPE spectrum. The optimized geometries, unscaled
harmonic vibrational frequencies, and normal mode vectors from the
CASPT2/aug-cc-pVDZ calculations were used as the input to
ezSpectrum, and Duschinsky rotations31 were included in the
calculated intensities.

Table 1. Calculated and Experimental Values of the EA and the Singlet−Triplet Energy Difference (ΔEST) in TOTMB

method EA (eV)a −ΔEST (kcal/mol)b

UB3LYP/aug-cc-pVTZ//UB3LYP/aug-cc-pVTZc 4.12d 5.2e

CASPT2/aug-cc-pVDZ//CASSCF/aug-cc-pVDZ 4.12 3.6
CASPT2/aug-cc-pVDZ//CASPT2/aug-cc-pVDZ 4.16 3.4
CASPT2/aug-cc-pVTZ//CASPT2/aug-cc-pVDZ 4.28 3.6
CASPT2/aug-cc-pVQZ//CASPT2/aug-cc-pVDZ 4.34 3.6
NIPES 4.025 ± 0.010 3.5 ± 0.2

aAdiabatic EA. bNegative sign for ΔEST indicates that the singlet is lower in energy than the triplet. cUsing a broken symmetry wave function with S2

= 0.98 for the lowest singlet state. dBefore correction for spin contamination of the singlet wave function by the triplet,27 EA = 4.23 eV. eBefore
correction for spin contamination of the singlet wave function by the triplet,27 −ΔEST = 2.7 kcal/mol.

Figure 2. (a) CASPT2/aug-cc-pVDZ calculated vibrational structure
in the NIPE spectrum of TOTMB•−, superimposed on the
experimental NIPE spectrum (red). Frequencies (cm−1) for sym-
metrical vibrational modes are shown for each state. (See Figure S2 of
the SI for mode assignments). The positions of the bands in the
calculated spectrum have been adjusted by −0.09 eV for both the
singlet (blue) and triplet (green), in order to align the 0,0 bands in the
calculated spectrum with the 0,0 bands in the observed spectrum. (b)
Convoluted spectrum (gray), using Gaussian line shapes with 25 meV
fwhm for each stick in (a), superimposed on the experimental 266
spectrum (red). The convoluted spectrum was obtained by multi-
plying the Gaussians by the FCFs for the singlet and 1.15 times the
FCFs for the triplet and summing.
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In superimposing the positions and intensities of the vibrational
bands in the calculated CASPT2/aug-cc-pVDZ NIPE spectrum of
TOTMB•− onto the 266 nm NIPE spectrum, the positions of the
computed 0,0 bands were adjusted. Table 1 shows that the calculated
value of EA at this level of theory is 0.09 eV higher than the
experimental value. Therefore, the positions of all of the calculated
vibrational bands in the singlet and triplet state of TOTMB were
decreased by this amount of energy. The resulting stick spectrum is
shown in Figure 2a.
The calculated NIPE spectra, convoluted with a Gaussian line shape

for each stick in Figure 2a, were generated and superimposed on the
experimental 266 nm spectrum. A series of different Gaussians (fwhm
= 25, 20, and 30 meV) was used. The resulting spectra are shown in
Figures S3−S5. These three simulated spectra are similar to each
other, but the one with a simulated resolution of fwhm = 25 meV in
Figure S3 best fits the experimental spectrum in terms of reproducing
the main spectral peak widths. This simulated NIPE spectrum is
shown in Figure 2b.
The simulations provide a good fit for almost all of the observed

vibrational fine structure. However, starting with EBE > 4.3 eV, the
peaks in the experimental NIPE spectrum seem to sit on top of a
background, which makes these peaks appear more intense than they
would be if only direct detachment processes were involved. Resonant
photodetachment32 may give rise to an underlying band in this region
of the NIPE spectrum, which could account for the differences in
Figure 2 between the calculated and observed intensities of the bands
in this region of the spectrum (e.g., in the band with EBE = 4.39 eV).
Comparisons of the calculated frequencies of the vibrational bands

that are active in the NIPE spectrum of TOTMB•− in Figure 2a show
that the frequencies of these bands are very similar in the singlet and
triplet regions of the spectrum. The calculated bond lengths in these
two states are also very similar. The bond lengths, optimized at three
different levels of theory, are given in Figure 3.

The fact that the vibrational frequencies and C−C bond lengths in
the singlet and triplet states of TOTMB are very similar is not
surprising, because both states can be described as consisting of two
1,5-dioxapentadienyl radicals, which interact only weakly. However,
the 0.007−0.011 Å shorter C1−C2 and C4−C5 bond lengths (r3) in
the singlet than in the triplet indicate that the weak interactions
between the 1,5-dioxapentadienyl radicals in TOTMB provide more
bonding in the singlet than in the triplet. This is, presumably, the
reason why the singlet is the ground state of TOTMB.
There are two types of weak interactions between the

dioxapentadienyl radicals in TOTMB. The first type consists of the
1,4-interactions between the pairs of atoms where unpaired spin
appears (i.e., the central carbons and the oxygen atoms of the two 1,5-

dioxapentadienyl radicals). These 1,4-interactions, which occur
between electrons of opposite spin in the singlet state, are bonding
in this state, but not in the triplet state, where the interactions involve
electrons of the same spin.

In MO theory these 1,4-interactions make the in-phase (b3u)
combination of the two dioxapentadienyl nonbonding orbitals slightly
lower in energy than the out-of-phase (b2g) combination. Con-
sequently, the in-phase combination has a slightly higher occupation
number than the out-of-phase combination in the lowest singlet state;
whereas, in the triplet state one electron occupies each of these MOs.
Consequently, these 1,4-interactions stabilize the singlet but not the
triplet state.

The size of this selective stabilization of the singlet state can be
estimated by comparing the energy of a two-configuration (TC)SCF
wave function for the singlet with an ROHF wave function for the
triplet. The unequal occupation numbers of 1.29 electrons in the b3u
MO and 0.71 electrons in the b2g MO are calculated to make the
TCSCF singlet lower in energy than the ROHF triplet by 2.0 kcal/mol
and to make the r3 bond length 0.007 Å shorter in the singlet than in
the triplet.

The remaining 1.6 kcal/mol of the calculated value of −ΔEST = 3.6
kcal/mol in TOTMB is attributable to the second type of weak
interaction between the two dioxapentadienyl radicals in TOTMB.
These interactions involve the negative spin densities at the nodal
carbons (C1−C2 and C4−C5) of the two dioxapentadienyl radicals in
TOTMB. Negative spin densities do not appear in the ROHF wave
function for a monoradical or in the ROHF or TCSCF wave functions
for a diradical. However, negative spin densities do appear in CASSCF
and CASPT2 wave functions, where correlation between unpaired
electrons in nonbonding MOs and electrons in bonding MOs is
included.33

The electron spins in the 2p-π AOs at these pairs of nodal carbons
are parallel in the triplet but antiparallel in the singlet. Consequently,
there should be more π bonding between C1 and C2 and between C4
and C5 in singlet TOTMB than in the triplet, thus contributing to the
shorter r3 bond distances in the singlet than in the triplet. The greater
π bonding between these pairs of carbons in the singlet than in the
triplet also contributes to the fact that, in violation of Hund’s rule, the
singlet is both calculated and found to be the ground state of TOTMB.

Comparison with TMB. If the π systems of TMB and TOTMB
can be described, respectively, as those of two weakly interacting
pentadienyl radicals and two weakly interacting 1,5-dioxapentadienyl
radicals, it follows that substitution of the four oxygens in TOTMB for
the four methylene groups in TMB should have only a minor effect on
ΔEST. In fact, previous (10/10)CASPT2/6-31G*//(10/10)CASSCF/
6-31G* calculations on TMB gave −ΔEST = 5.2 kcal/mol,16 which is
close to but slightly greater than the CASPT2 values of −ΔEST = 3.4−
3.6 kcal/mol in Table 1 for TOTMB.

We decided to carry out calculations on TMB at exactly the same
level of theory as the calculations in Table 1 on TOTMB for two
reasons. The first is that the CASPT2 calculations in Table 1 provide
computed values of −ΔEST in TOTMB that are in almost perfect
agreement with the experimental values obtained by NIPES.
Consequently, there is every reason to believe that the same type of
calculations should provide an equally accurate predicted value of
−ΔEST in TMB, a value that has not yet been measured.

Second, we wanted to know whether identical types of calculations
would find that −ΔEST really is slightly larger in TMB than in
TOTMB. This question is of interest because it would mean that, in
stark contrast to the case in TMM → OXA,2 the substitution of the
four oxygens in TOTMB for the four terminal CH2 groups in TMB
actually destabilizes the singlet state, relative to the triplet state.

The results of our calculations of −ΔEST in TMB are given in Table
2. Comparison of the results in Table 2 with the results in Table 1
shows that the computed values of −ΔEST are about 70−80% higher
in TMB than in TOTMB. Therefore, in TMB → TOTMB the
substitution of oxygen for CH2 really is predicted to destabilize the
singlet state, relative to the lowest triplet state.

Also shown in Table 2 are calculated values of the EA in TMB. The
fact that EA is computed to be positive means that TMB•− should be

Figure 3. Calculated bond lengths (Å) in the 2B2g state of TOTMB•−

and in the 1Ag and
3B1u states of TOTMB, optimized at three different

levels of theory using the aug-cc-pVDZ (CASSCF and CASPT2) and
aug-cc-pVTZ (B3LYP) basis sets.
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bound. Therefore, NIPES can, at least in principle, be used to measure
the singlet−triplet energy difference in TMB and to confirm the
prediction that in TMB → TOTMB, the substitution of oxygen for
CH2 lowers, rather than raises, the value of −ΔEST.
Why is the substitution of the four oxygens in TOTMB for the four

methylene groups in TMB predicted to lower, rather than raise, the
value of −ΔEST? The results of TCSCF and ROHF calculations on
TMB show that at this level of theory, the singlet is calculated to be
lower in energy than the triplet by 2.0 kcal/mol, which is the same as
the energy difference between these two states in TOTMB.34

Consequently, the 2.6 kcal/mol lower CASPT2 values of −ΔEST in
Table 1 for TOTMB than in Table 2 for TMB must be due to less
bonding between the negative spin densities at the nodal carbons in
the two 1,5-dioxapentadienyl radicals in singlet TOTMB than between
the negative spin densities at the nodal carbons in the two pentadienyl
radicals in singlet TMB.
Replacement of the π bonds to the two terminal methylene groups

of pentadienyl radical by the stronger CO π bonds in 1,5-
dioxapentadienyl radical would be expected to increase the localization
of the unpaired electron at the central carbon. Since it is the
correlation between the unpaired electron and the electrons in the π
bonding MOs that gives rise to the negative spin densities in
pentadienyl radical,33 increasing the localization of the unpaired
electron at the central carbon should decrease the amount of negative
spin density at the two nodal carbons in 1,5-dioxapentadienyl radical,
relative to that in pentadienyl radical. In fact, the results of the
UB3LYP/aug-cc-pVTZ calculations, summarized in Figure 4, do show
this to be the case.35

The smaller amounts of negative spin densities at the nodal carbons
of 1,5-dioxapentadienyl radical than of pentadienyl radical explain why
there is less π bonding between the nodal carbons of the two 1,5-
dioxapentadienyl radicals in TOTMB than between these carbons of
the two pentadienyl radicals in TMB. Thus, it is the reduction in
negative spin density at the nodal carbons, caused by the substitution
of the four oxygens in TOTMB for the four CH2 groups in TMB, that

results in this substitution of O for CH2 actually making the value of
−ΔEST smaller in TOTMB than in TMB.

■ CONCLUSIONS
The NIPE spectrum of TOTMB•− shows that, like TMB,15,16

the TOTMB diradical has a singlet ground state and thus
violates Hund’s rule.17 From the NIPE spectrum, −ΔEST = 3.5
± 0.2 kcal/mol in TOTMB is obtained. (10/10)CASPT2
calculations are successful in predicting this value of −ΔEST
almost exactly.
The value of −ΔEST in the TMB hydrocarbon diradical has

not yet been measured, but (10/10)CASPT2 calculations
predict a value of −ΔEST = 6.1−6.3 kcal/mol. Given the high
accuracy with which (10/10)CASPT2 predicts the value of
−ΔEST in TOTMB, there is every reason to expect the (10/
10)CASPT2 value of −ΔEST = 6.1−6.3 kcal/mol in TMB to be
very accurate.
Although, the substitution of oxygen for one methylene

group in TMM selectively stabilizes the singlet state of OXA by
17.5 kcal/mol,2 in contrast, our (10/10)CASPT2 calculations
predict that the substitution in TOTMB of all four methylene
groups in TMB by oxygens has the opposite effect. In TMB →
TOTMB, the singlet state is calculated to be selectively
destabilized by 2.5−2.7 kcal/mol.
Since the system of TMB can be described as two

pentadienyl radicals connected at nodal carbons, to a first
approximation the substitution of the four oxygen atoms in
TOTMB for the four methylene groups in TMB should have
no effect on ΔEST. However, the four oxygens in TOTMB
increase the localization of the unpaired electrons at the two
central carbons (C3 and C6), which reduces the amount of
negative spin density at C1, C2, C4, and C5. It is bonding
between the negative spins at these carbons that helps to make
the singlet the ground state of both TMB and TOTMB. The
reduction of the negative spin density at these four carbons in
TMB by the four oxygens in TOTMB is the reason why
TOTMB actually has a smaller predicted value of −ΔEST than
TMB.
NIPES seems the most promising way to test our prediction

that TOTMB has a 2.6 kcal/mol smaller value of −ΔEST than
TMB. We hope that our prediction will serve to stimulate the
measurement of the NIPE spectrum of TMB•−.
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Table 2. Calculated Values of the EA and the Singlet−Triplet
Energy Difference (ΔEST) in TMB

method
EA

(eV)a
−ΔEST

(kcal/mol)b

UB3LYP/aug-cc-pVTZ//UB3LYP/aug-cc-pVTZc 1.05d 9.2e

CASPT2/aug-cc-pVDZ//CASSCF/aug-cc-pVDZ 1.17 6.1
CASPT2/aug-cc-pVDZ//CASPT2/aug-cc-pVDZ 1.18 6.1
CASPT2/aug-cc-pVTZ//CASPT2/aug-cc-pVDZ 1.28 6.2
CASPT2/aug-cc-pVQZ//CASPT2/aug-cc-pVDZ 1.32 6.3

aAdiabatic EA. bNegative sign for ΔEST indicates that the singlet is
lower in energy than the triplet. cUsing a broken symmetry wave
function with S2 = 0.98 for the lowest singlet state. dBefore correction
for spin contamination of the singlet wave function by the triplet,27 EA
= 1.26 eV. eBefore correction for spin contamination of the singlet
wave function by the triplet,27 −ΔEST = 4.4 kcal/mol.

Figure 4. UB3LYP/aug-cc-pVTZ spin densities (red) and bond
lengths (Å, blue) in pentadienyl (left) and 1,5-dioxapentadienyl (right)
radicals. The greater localization of the unpaired electron in the latter
radical is shown not only by the higher spin density at the central
carbon but also by the longer C−C bonds to it. The greater
localization of the unpaired electron is calculated to result in about a
50% reduction in the amount of negative spin density at the two nodal
carbons in 1,5-dioxapentadienyl radical, compared to pentadienyl
radical.
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