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Calculations of the Relative Energies of the 2B1g and %A,, States of Cyclobutanetetraone
Radical Cation and Radical Anion Provide Further Evidence of a B,, Ground State for the
Neutral Molecule: A Proposed Experimental Test of the Prediction of a Triplet Ground
State for (CO)4
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B3LYP, CCSD(T), and CASPT2 calculations with the 6-3114+G(2df) basis set have been performed on the
radical anion and radical cation of cyclobutanetetraone (1). The very similar energies computed for the *Bj,
and 2A,, states of both 1+ and 1+~ indicate that the singly occupied by, and a, MOs in these two states of
the radical cation and anion have nearly the same energies, thus supporting the previously made prediction
that neutral 1 has a *B,, ground state. Reaction of squaric acid with O+, followed by negative ion photoelectron
spectroscopy (NIPES) on the 1+ "thus formed, is proposed as an experimental test of the startling prediction
that tetraketone (1), a molecule that would be expected to be a closed-shell singlet, actually has a triplet

ground state.

Introduction

Cyclobutanetetraone (1), the cyclic tetramer of carbon
monoxide, has an aromatic dianion (172).! However, in all other
respects, 1 appears to be an unremarkable, closed-shell molecule.
Nevertheless, electronic structure calculations have shown 1 to
be unusual and of significant theoretical interest for a number
of closely related reasons.>~* First, the interaction of the lone
pair orbitals on the oxygens of the four carbonyl groups with
the C—C o bonds of the four-membered ring in 1 gives rise to
a very high-lying, filled b;, MO, which is shown in Figure 1.
Second, the in-phase (a,,) combination of C=0 s* orbitals,
also shown in Figure 1, provides the very low-lying, unfilled,
MO that is doubly occupied in 172! Third, the simultaneous
presence of a highest occupied (HO)MO of unusually high
energy and a lowest unoccupied (LU)MO of unusually low
energy raises the startling possibility that excitation of one or
two electrons from the by, to the a,, MO might result in a state
with 9 or 10 7 electrons actually being lower in energy than
the expected ground state of 1 with 8 7 electrons.

The fourth reason why 1 is such an interesting molecule is
that carrying out calculations, reliable enough to establish
unequivocally what the ground state of 1 actually is, has proven
to be an unexpectedly difficult task. Gleiter and coworkers, who
were the first to perform calculations on 1, found that at the
HF/6-31G(d) level of theory, the configuration in Figure 1 with
8 7 electrons is lower in energy by 64.6 kcal/mol than the
configuration with 10 7 electrons.”> However, upon the inclusion
of electron correlation at the MP2 level, the state with 10 &
electrons falls below the 8 7 state by 25.7 kcal/mol.

This 90.3 kcal/mol change in the relative energies of the two
states suggests that the Moeller—Plesset (MPn) perturbation
theory? is unsuitable for computing their relative energies. In
fact, Jiao and coworkers have shown that MPn calculations,
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Figure 1. Three electronic configurations that can be formed by
distributing two electrons between the b;, ¢ and the a,, 7% MOs of
cyclobutanetetraone (1).

with n = 2—4, on 1 do not converge on an answer as to which
singlet state is lower in energy.’

Gleiter’s (U)HF and (U)MP2 calculations both found the 9
7 triplet state to be higher in energy than the 8 s singlet.?
However, QCISD and CCSD(T) calculations by Jiao and
coworkers as well as their DFT calculations with several
different functionals found the 9 triplet to be lower in energy
than either the 8 7 or 10 7 singlets.’ Therefore, Jiao’s results
indicate that 1, which would naively be expected to have a
singlet ground state, is actually a ground state triplet.

The 8 7 and 10 7 configurations in Figure 1 both have 'Aj,
symmetry. Consequently, they both appear in the wave function
for the lowest singlet state. If these two configurations are close
in energy, then both should be included in the reference wave
function for the lowest energy 'A, . state. Therefore, we
undertook CASSCF and CASPT2 calculations on 1 in which
both configurations were included in the active space.*

Unfortunately, even with an active space that consisted of
16 electrons, distributed among 16 orbitals, not enough electron
correlation could be included to provide an even-handed
description of the two lowest 'A; ¢ states at the (16/16)CASSCF
level. The occupation numbers of the natural orbitals from a
CISD calculation showed that in a CASSCF wave function for
the 'Aj, state in which the 10 z configuration is dominant, at
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least four more doubly occupied MOs should be added to the
active space beyond the eight doubly occupied o and 7 orbitals
that we were able to include in our (16/16)CASSCEF calculations.
Consequently, the weight of the (16/16)CASSCF reference wave
function in the (16/16)CASPT2 calculations is considerably
smaller for the lAlg state, in which the 10 7 configuration is
dominant, than for the 'A, ¢ state, in which the 8 77 configuration
is dominant.

Second-order perturbation theory, which is used in the
CASPT?2 calculations, tends to favor spuriously the 'Aj, state
in which the weight of the CASSCEF reference is smaller in the
CASPT2 wave function. Therefore, the finding that the 10 7
singlet state goes from being 92.6 kcal/mol higher in energy
than the 8 7 singlet at the (16/16)CASSCEF level to being lower
by 7.5 kcal/mol at the (16/16)CASPT2 level* is understandable
but does not necessarily mean that the 10 s singlet is actually
the lower of the two states.

However, it is significant that the 9 77 *B,, state is calculated
to have nearly the same energy as the 10 s singlet. The smaller
weight of the (16/16)CASSCEF reference in the CASPT2 wave
function for the 10 s singlet should spuriously tend to make its
CASPT2 energy lower than that of the triplet. Therefore, the
fact that the triplet and 10 7 singlet are calculated to have nearly
the same CASPT2 energies suggests that the triplet really is
lower in energy than the 10 7 singlet.

CCSD(T) calculations’ and several composite methods based
on CCSD(T) (e.g., G3B3® and ccCA?) all predict that the triplet
lies 5 to 6 kcal/mol below the 10 s singlet state and 2 to 4
kcal/mol below the 8 7 singlet.* B3LYP calculations'® also
predict a triplet ground state for 134 but a lower energy for the
10 7 singlet state than for the 8 7 singlet state.

On the basis of the calculations that have been performed to
date, perhaps the only unequivocal conclusion one can reach is
that the 9 7t 3B,, state and the 8 s and 10 ‘Alg states are all
very close in energy. Although most of the calculations indicate
that the 3B,, state is lowest in energy, experiments, not
calculations, will ultimately have to resolve the issue of whether
the triplet really is the ground state of 1 and what the energies
of the two singlet states of 1 are, relative to the triplet.

Over the years, Carl Lineberger and coworkers have used
negative ion photoelectron spectroscopy (NIPES) to determine
the relative energies of the lowest singlet and triplet states in a
variety of organic molecules,!! including diradicals such as
trimethylenemethane,'>*" tetramethyleneethane,'> m-benzoqui-
nodimethane,'?! and Dy, cyclooctatetraene.'” Therefore, if the
radical anion of 1 (1+7) can be successfully generated, then
NIPES experiments should, at least in principle, resolve the
question of the relative energies of the three lowest-lying states
of 1.

Unfortunately, interpretation of the NIPEs spectrum of 1+~
could be complicated by the possibility that, like the neutral
molecule, the radical anion might have more than one low-lying
electronic state. This possibility can be readily appreciated by
noting that, as shown in Figure 2, the 3B,, state of 1 could be
formed from two different electronic states of 1+~, depending
on whether the extra 3-spin electron in the radical anion occupies
the bj; 0 MO or the a,, & MO. If, as suggested by the
calculations on the electronic states of the neutral molecule,”™
these two MOs are very close in energy, then the radical anion
could have two nearly degenerate electronic states, By, and
2Ao,.

To investigate the low-lying electronic states of 1+~, we have
performed ab initio and DFT calculations. Because, as indicated
in Figure 2, the 2A,, and B, states of the radical anion differ
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Figure 2. Diagram showing that the >B,, state of neutral 1 can be
formed from two different states, >A,, and ZBlg, of the radical anion
1+~ by photodetachment of an electron.
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Figure 3. Diagram showing that two different states, *B, and Ay,
of radical cation 1+ can be formed by photodetachment of an electron
from the °B,, state of neutral 1.

by whether the b, or a, MO contains a second electron, the
relative energies of these two states provide information about
the relative energies of the b;, and a,, MOs. As shown in Figure
3, similar information about the relative energies of these two
MOs can be gleaned from the relative energies of the By, and
2A,, states in the radical cation of 1 (1-7), which differ by
whether the by, or a;, MO is occupied. Therefore, we also carried
out ab initio and DFT calculations on 17,

In this article, we report the results of our calculations on
both radical anion 1+~ and radical cation 1+*. Our calculations
find that the 2B1g and ?A,, states are, indeed, very close in energy
in both 1+~ and 1-*. This finding indicates that the energies of
the by, and a,, MOs are nearly the same, thus supporting the
previous prediction that 1 is likely to have a triplet ground state.

Computational Methodology

As we did for neutral 1,* for its radical ions, 1+~ and 1+,
we performed three different types of calculations: DFT
calculations using the B3LYP functional,'® coupled-cluster
calculations at CCSD(T) level,” and CASPT2° calculations based
on CASSCEF reference wave functions. The CASSCF active
space contained 17 electrons in the anion and 15 electrons in
the cation. In both ions, these electrons were distributed among
16 orbitals: four bonding o, four bonding s, four antibonding
0, and four antibonding 7t MOs. The 6-311+G(2df) basis set!?
was used for all of these calculations.

Single-point CCSD(T) and CASPT?2 calculations were per-
formed at the unrestricted (U)B3LYP/6-311+G(2df) optimized
geometry for each of the two low-lying electronic states of 1+~
and 1+ as well as at the optimized geometry for *1. Vibrational
analyses were carried out to ensure that all five of the optimized
geometries were true energy minima. The geometry optimiza-
tions, the vibrational analyses, and the single-point CCSD(T)
calculations were performed with the Gaussian 03 suite of
programs.'* MOLCAS'" was used for the CASPT?2 calculations.

Results and Discussion

Table 1 summarizes the results of our calculations on the
two lowest electronic states of 1+~ and 1+ ™. Table 1 also shows
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TABLE 1: Results of B3LYP, CCSD(T), and CASPT2 Calculations on the 3B, State of 1 and on the ?A,, and zBlg States of 1--

and 1- at B3LYP/6-3114+-G(2df) Optimized Geometries

1-3B,, 19 - 27y,

1+ -2B,4

19+ -2Byg 1e4 - 27y,

big—f— +azu b19-H— +a2ub19+ —H-azu b1g+ —ag,big— —1—32u

R(C-C)a 1.554 1.515
R(C=0)" 1.184 1.221
E[B3LYP]° 0° -78.6%
E[CcsD(m)]° of -79.0%
E[CASPT2]° 0® 71.9¢

1.509 1.641 1.619
1.215 1.155 1.151
d e e
-81.3 223.7 224.2
d e e
-78.0 212.1 215.9
d e e
-76.2 222.4 214.0

“Bond lengths in angstroms. ” Relative energies in kilocalories/mole. ¢ E = —453.382073 hartree. ¢ EA of the B,, state of 1. ¢ IE of the *B,,

state of 1./ E = —452.525302 hartree. ¢ E = —452.492347 hartree.

how the geometries and energies of these states compare with
the energy of the triplet state of neutral 1 (°1).

What changes in bond lengths would one, in fact, expect upon
oxidation or reduction of *1? Both the a,, and bijs MOs are C—C
bonding and C—O antibonding.'® Therefore, the addition of an
electron to either singly occupied (SO)MO of the triplet should
lead to a shorter C—C bond length and a longer C—O bond
length. Depopulation of either SOMO of the triplet should have
the opposite effect.

These are exactly the types of changes observed in the
computed bond lengths in Table 1. Upon adding an electron to
either the by, 0 or the a,, 7* MO of *1, to form the ?A,, and
?By, states of 1+, the C—C bond length decreases, and the C=0
bond length increases. The opposite changes in these two bond
lengths occur upon removing either the o or 7* electron from
one of the singly occupied (SO)MOs in 31.

A notable feature of the calculated bond lengths for 1+~ in
Table 1 is that they are very similar, no matter to which SOMO,
o or 7, of *1 an electron is added. Likewise, the bond lengths
calculated for 1+ are very similar, no matter from which SOMO
an electron is removed. Upon adding an electron to 1, the
calculated C—C bond length decreases are 0.039 and 0.045 A
for forming, respectively, the 2A, and ?By, states of radical anion
1-7, and the corresponding C=0 bond length increases are,
respectively, 0.037 and 0.031 A. Upon removing an electron
from 1, the C—C bond length increases are 0.087 and 0.065 A
for forming, respectively, the 2B;, and ?A,, states of radical
cation 1+%, and the corresponding C=0 bond length decreases
are, respectively, 0.029 and 0.033 A.

The similar changes in bond lengths that occur upon adding
an electron to either of the SOMOs of *1 or upon removing an
electron from either of the SOMOs of *1 are indicative of not
only similar nodal patterns but also very similar amounts of
C—C bonding and C=0 antibonding in both SOMOs.!® The
similar sizes of these bond length changes suggest that the
SOMOs of *B,, have very similar energies, and this is, indeed,
found to be the case. The UB3LYP/6-311+G(2df) Kohn—Sham
energies of the by, and a;, SOMOs of 3B,, are, respectively,
—0.28096 and —0.28336 hartree, so that their Kohn—Sham
orbital energies differ by only 1.5 kcal/mol.

The near degeneracy of the two SOMOs of *1 is also reflected
in the nearly equal energies that are computed for the 2A,, and
’B, electronic states of both 1+~ and 1-*. B3LYP and CASPT2

calculations predict that the addition of an extra electron to the
7% MO of the triplet is more exothermic than the addition of
an extra electron to the 0 MO, whereas CCSD(T) makes the
opposite prediction. The differences between the absolute
energies of the two states of the radical anion range from a low
of 1.0 kcal/mol for CCSD(T) to a high of 4.3 kcal/mol for (17/
16)CASPT2.

The CASPT2 value for this energy difference is probably
too high because the weights of the (17/16)CASSCEF reference
wave functions in the (17/16)CASPT2 wave functions are 0.726
and 0.718, respectively, for the 2A,, and °B 1¢ electronic states
of 1-7. As already noted, a lower weight of a CASSCF reference
wave function means that less of the CASPT2 energy is
recovered variationally and more is recovered via second-order
perturbation theory. Because second-order perturbation theory
tends to overestimate the amount of dynamic electron correlation
energy that is recovered nonvariationally, CASPT2 should tend
to overestimate the amount by which 2By, is lower in energy
than 2A,,.

In forming the radical cation from 31, B3LYP and CCSD(T)
both predict that it should be easier to remove the electron from
the a,  SOMO of the triplet than from the b;, 0 SOMO, but
CASPT2 makes the opposite prediction. CASPT2 almost
certainly overestimates the amount by which 2A,, is lower in
energy than ?Bj, in 1+% because the weight of the (15/
16)CASSCEF reference wave function in the (15/16)CASPT2
wave function is 0.746 for *B,, but only 0.722 for ?A,,. Indeed,
the reason that CASPT?2, unlike B3LYP and CCSD(T), predicts
that it is easier to remove an electron from the 6 SOMO than
from the 7 SOMO of 31 may very well be that CASPT2
overestimates the effect of dynamic correlation in the 2A,, state
of the radical cation.

The results of our B3LYP calculations predict that 2.7 kcal/
mol more energy is liberated by the addition of an electron to
the 7 SOMO of *1, but 0.5 kcal/mol more energy is required to
remove an electron from the 0 SOMO. Therefore, in forming
the radical anion and cation from the triplet, B3LYP finds that
the average difference between selectively occupying the o and
71 SOMOs is only (2.7 — 0.5)/2 = 1.1 kcal/mol, with occupancy
of the ay, 7 MO being calculated to give a lower energy than
the occupancy of the b, 0 MO. This computational result is
consistent with the relative energies of the B3SLYP Kohn—Sham
orbitals, given above.
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In contrast, the results of our CCSD(T) calculations predict
that 1.0 kcal/mol more energy is liberated by the addition of an
electron to, and 3.8 kcal/mol more energy is required for
removing an electron from, the ¢ than the 7 SOMO of *1. In
forming the radical anion and radical cation from the triplet,
CCSD(T) finds that the average difference between selectively
occupying the o and = SOMOs is (1.0 + 3.8)/2 = 2.4 kcal/
mol, with the b;, 0 MO being calculated to give a lower energy
than the a,, 7 MO.

The difference between B3LYP and CCSD(T) in the relative
energies of the by, and a, MOs in 1+~ and 1-" is consistent
with the ordering of the 8 st and 10 7 singlet states in 1 by
these two methods. B3LYP finds the 10 7 singlet, in which the
a, 7 MO is doubly occupied and the b;, 0 MO is left empty,
to be lower in energy by 2.0 kcal/mol than the 8 7 singlet, in
which the b;, 0 MO is doubly occupied and the a,, ¥ MO is
left empty. In contrast, CCSD(T) places the 8 7 singlet below
the 10 s singlet by 3.5 kcal/mol.

It would be interesting to know from experiment whether
B3LYP or CCSD(T) correctly orders the energies of the by,
and a,, orbitals by determining the relative energies of the B,
and 2A,, states of 1+~ and 1-7 and the relative energies of the
8 mr and 10 7 singlet states of 1. However, the fact that both
B3LYP and CCSD(T) predict the b,, and a,, orbitals to have
nearly the same energies means that 1 should really be regarded
as a diradical. Because diradicals frequently (although not
always) have triplet ground states,'® the very similar energies
of the ?Bj, and Ay, states of 1+~ and 1+ are wholly consistent
with the computational prediction that 1 has as its ground state
a triplet, rather than either an 8z or 107, closed-shell, singlet
state.>*

As noted in the Introduction, the best way to confirm this
prediction and to ascertain whether the energy difference
between the triplet and lowest singlet is more accurately
predicted by B3LYP (AEsr = 11.2 kcal/mol) or by CCSD(T)
(AEst = 2.4 kcal/mol) would be to generate 1+ and to obtain
its NIPE spectrum. Although our calculations indicate that two
electronic states of 1+, 2B, g and 2A,,, will be populated around
room temperature,'® this is unlikely to prove to be a serious
problem. If thermal equilibrium between the two low-lying states
of 1+ is established, even the 1.0 kcal/mol difference, predicted
by CCSD(T), between the energies of the ?B, and *A,, states
should give a factor of five difference in the intensities of the
sets of peaks in the NIPE spectrum that are due to photode-
tachment of electrons from each of the states of 1+~. Cooling
the radical anions should further increase the differences in peak
intensities that are due to the different populations of the B,
and %A,, states.

Studies of the angular distribution of the photoelectrons that
are associated with the more intense (and higher energy) triplet
peak in the NIPE spectrum of 1+~ could lead to the identification
of whether the 2By, or 2A,, state of 1+~ gives rise to this peak.?
Therefore, NIPES on 1+~ could, at least in principle, establish
whether 2By, or ?A,, is the lowest-energy doublet state of 1+~
With the energetic ordering of these two doublet states of 1+~
established, studies of the angular distributions of the photo-
electrons that are associated with the singlet peaks in the NIPE
spectrum of 1+~ could lead to the establishment of whether the
8 ot or 10 7w 'Ay, state is the lowest-energy singlet state of 1.

Radical anions for NIPES of diradicals can frequently be
generated in the gas phase by reaction of a suitable precursor
with O+, which abstracts a hydrogen atom and a proton.!!1224
Therefore, as shown in Scheme 1, commercially available
“squaric acid” (2) might prove to be a suitable precursor of 1+ ™.
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SCHEME 1
0, O Q, O~

+ H0

HO OH O - 0

B3LYP/6-3114+G(2df) calculations predict the reaction in
Scheme 1 to be energetically favorable by 128 kcal/mol.
Therefore, reaction of 2 with O+~ and NIPES on the 1+~ thus
formed could, at least in principle, provide an experimental test
of the extraordinary prediction that 1 should have a triplet
ground state** and also lead to the energetic ordering of the
By, and %Ay, states of 1+~ and of the 8 77 and 10 7 'A, states
of 1.
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