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ABSTRACT: The 9,10-didehydroanthracene is an aromatic diradical produced by
the Bergman cyclization of a benzannulated 10-membered enediyne. It is a 1,4
diradical, similar to p-benzyne. Here we study the spin state occupancy of the ground
state of 9,10-didehydroanthracene by employing multireference methods (MR-CISD
and MR-AQCC) with different basis sets (cc-pVDZ and cc-pVTZ) and active space
sizes (CAS (2,2) through CAS (8,8)). At the CAS (8,8) MR-AQCC/cc-pVDZ level
of theory, we find a two-configurational singlet ground state with an adiabatic ΔEST
of 6.13 kcal/mol. Unpaired electron density populations and dominant electronic
configuration interactions were used to analyze the features of the 9,10-
didehydroanthracene diradical.

■ INTRODUCTION
The Bergman cyclization is an important rearrangement
reaction involving a reactive diradical intermediate that plays
a key role in cleaving DNA of antitumor drugs such as
calicheamicin and dynemicin.1 Naturally occurring antitumor
molecules such as calicheamicin undergo the Bergman
cyclizaton reaction to produce p-benzyne, motivating interest
in these molecules for their potential use in cancer treat-
ments.2−27 Recently, Schuler et al.28 characterized a reversible
Bergman cyclization of a strained cyclic diyne (Figure 1). Using

atomic force microscopy (AFM), they were able to, for the first
time, visualize and manipulate the resulting 9,10-didehydroan-
thracene diradical stabilized on a NaCl substrate surface. Using
atomic manipulation, they reversibly induced retro-Bergman
ring-opening as well as diradical reformation. The 9,10-
didehydroanthracene diradical, also known as the anthracene
diradical, is a good model for the diradicals that form from the
Bergman cyclization of natural product enediynes because of
the size of the molecular system and the aromatic rings that
bracket and conjugate with the middle diradical-containing ring.
This molecule is closely related to p-benzyne, which has been
the subject of many experimental and computational studies
due its role as the intermediate of the simplest Bergman
cyclization.29−61 Radical electron coupling between the

dehydrocarbon atoms in p-benzyne leads to a stabilized singlet
state which falls below the triplet state in energy.29,30 To the
best of our knowledge, there are no previous reports exploring
these interactions in the anthracene diradical using highly
correlated, multireference methods.
In general, diradicals are difficult to characterize computa-

tionally because of their multireference character. The open-
shell nature and relatively high electron count of 9,10-
didehydroanthracene make it a particularly challenging
molecule for theoretical characterization. There have only
been a few previous studies, which use either density functional
theory (DFT), single-reference methods, or multireference
methods with perturbative inclusion of dynamical correlation.
Schottelius and Chen studied the geometry and energy of the
singlet state of 9,10-didehydroanthracene using the multi-
determinantal CASPT2N method with (2,2), (4,4), and (6,6)
active spaces and a 6-31G* basis set.62 The (4,4) and (6,6)
active spaces included any σ and σ* orbitals necessary to probe
1,4-diradical through-bond coupling and did not include any π
orbitals. Zahradnik et al. calculated the heat of formation and
ionization potential of the anthracene diradical using the
semiempirical AM1 method.63 Jones and Warner reported a
singlet−triplet (ST) energy gap (ΔEST = E(triplet) −
E(singlet) = 5.2 kcal/mol) using an unrestricted DFT method
(UBLYP/6-311+G**).64 Kim et al. used the spin-polarized
Perdew−Burke−Ernzerhof (PBE) functional to study the
singlet and triplet geometries and the adiabatic ST energy
gap (4.2 kcal/mol).65 The two aforementioned DFT studies
predicted a singlet ground state for the 9,10-didehydroan-
thracene diradical. However, the study published most recently
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Figure 1. Bergman cyclization of the cyclic diyne 3,4-benzocyclodeca-
3,7,9-triene-1,5-diyne.

Article

pubs.acs.org/JPCACite This: J. Phys. Chem. A XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.jpca.8b01233
J. Phys. Chem. A XXXX, XXX, XXX−XXX

pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.8b01233
http://dx.doi.org/10.1021/acs.jpca.8b01233


by Schuler et al. predicted a triplet ground state using DFT with
the PBE exchange-correlation functional.28

Although DFT methods have been able to characterize
diradicals with relative success in some cases, we cannot
evaluate its ability to accurately capture the multiconfigurational
nature of these systems.60 In the absence of an experimental
analysis of the ST energy gap, it is difficult to know which of the
predictions described above regarding the ground state spin
multiplicity is correct. Highly correlated multireference (MR)
methods, in contrast, can properly characterize the electronic
interactions of diradicals and should give the most trustworthy
answer as to which spin state is the ground state of 9,10-
didehydroanthracene.
MR methods use a multiconfigurational wave function as a

reference space to describe static correlation. The most
common way to obtain a multireference wave function is
through the complete active space self-consistent field
(CASSCF) approach. Post-CASSCF approaches to treat
dynamical correlation include multireference configurational
interaction with single and double excitations (MR-CISD).66

Another is the multireference averaged quadratic coupled
cluster (MR-AQCC) method,67,68 which inherently accounts
for size-extensivity and is state-specific, characterizing each
electronic state individually.
In this work, we present an application of the aforemen-

tioned highly correlated multireference methods to the
characterization of the lowest lying singlet and triplet states
of the 9,10-didehydroanthracene diradical. Various active space
sizes were explored in order to understand the methodological
dependence of the results. Properties such as important
geometric parameters, orbital energies, unpaired electron
densities, and Mulliken populations were analyzed to gain
insight into the electronic structure and relative stability of the
singlet and triplet states of the 9,10-didehydroanthracene
diradical.

■ COMPUTATIONAL DETAILS

Initially, the triplet state of the anthracene diradical was
geometry optimized using restricted open-shell Hartree−Fock
(ROHF) with a cc-pVDZ basis set69 using the Gaussian 09
program.70

The orbitals (Figure 2) were assigned irreducible representa-
tion labels under D2h symmetry. Geometry optimizations were
performed using the multiconfigurational self-consistent field
(MCSCF) method with starting geometries from the ROHF/
cc-pVDZ results. The orbital space for the MCSCF calculations
was divided into doubly occupied (DOCC) and complete
active space (CAS) sections. The DOCC orbitals were
constrained to be doubly occupied in all configuration state
functions (CSFs) and all possible CSFs in the CAS were
constructed based on a given state symmetry. Geometry
optimizations and energy computations with both the MR-
CISD and MR-AQCC methods were subsequently run using
MCSCF optimized orbitals. Size-extensivity corrections were
computed by means of the Pople method (MR-CISD+Q),
which is comprised of several variants of the Davidson
correction.71,72

An ideal active space for the anthracene diradical would be
CAS (16,16), which would include the 1−7π and 1−7π*
orbitals as well as the σ and σ* orbitals on the two radical
centers. However, with the inclusion of dynamical electron
correlation, our computational resources limited the largest
feasible active space to be CAS (8,8). In order to assess the
validity of the chosen active space, we explored a variety of
active spaces ranging from CAS (2,2) to CAS (14,10) (vida
inf ra).
Calculations were performed on the two lowest lying singlet

and triplet states. MCSCF, MR-CISD, and MR-AQCC
computations were carried out using the COLUMBUS 7.0
program73−75 with the atomic orbital integral package from

Figure 2. ROHF/cc-pVDZ orbitals for 9,10-didehydroanthracene.
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DALTON.76 The energy convergence criteria for MCSCF and
MRCI were 1.0E(−8) and 1.0E(−6), respectively. The
Dunning all-electron correlation consistent cc-pVDZ and cc-
pVTZ (with the d orbitals on H removed for tractability) basis
sets69,77 were employed. Unpaired electron densities and
Mulliken populations were generated using the COLUMBUS
7.0 program. The Visual Molecular Dynamics78 program and
MOLDEN79 were used to visualize these plots. For comparison
to single reference (SR) results, we also performed geometry
optimizations using the CCSD(T) method80 with the cc-pVDZ
basis set as available in the MOLPRO program.81

■ RESULTS AND DISCUSSION

Active Space Optimization. The smallest active space
used for describing the anthracene diradical included only the σ
and σ* orbitals (CAS (2,2); 10b3u and 12ag; Figure 2). This
minimum active space was employed to estimate the ST energy
gap, and to compare the effects of different basis sets. We
calculated the MCSCF, MR-CISD, MR-CISD+Q, and MR-
AQCC adiabatic (Table S1) and vertical (Table S2) ST energy
gaps using a CAS (2,2) reference wave function with the cc-
pVDZ and cc-pVTZ basis sets. MR-AQCC/cc-pVTZ results
show the singlet state to lie lower than the triplet by 3.03
(adiabatic) and 3.82 (vertical) kcal/mol. The results using a cc-
pVDZ basis set are very close to those of cc-pVTZ. The largest
difference between the two basis sets was 0.22 and 0.44 kcal/
mol, in the MR-AQCC calculation, for the adiabatic and vertical
excitation energies, respectively. The geometry parameters
corresponding to this level of theory are shown in Table S3.
There is little change in bond distances and angles between the
different basis sets at the CAS (2,2) level. For instance, bond
distances for all directly bonded atom pairs in the singlet are
only 0.010−0.017 Å shorter for TZ than for DZ. The C9−C10
nonbonded distance between the didehydrocarbon atoms in
the singlet show the largest deviation. This interaction is 0.030
Å shorter with TZ than DZ. At the CAS (2,2) level, the
geometries and relative energies of the anthracene diradical are
nearly unaffected by the choice of basis set used. For
computational tractability, we will use the cc-pVDZ basis set
for all subsequent calculations.

It is necessary to select a proper minimal active space that is
sufficient for describing the most essential part of the wave
function. Choosing a CAS (16,16) active space which
incorporates all σ, σ*, π, and π* orbitals was not possible
due to computational limitations. In order to determine which
orbitals were most likely to contribute to any possible
multiconfigurational character, we ran MCSCF single point
calculations with the largest possible MCSCF active space
(CAS (12,12)) and systematically included various combina-
tions of σ, σ*, π, and π* orbitals. We used the MCSCF natural
orbital coefficients to assess the occupation of each orbital
(Table 1). Orbitals that were either unoccupied or close to
doubly occupied were considered less important for inclusion
in the active space than orbitals with partial occupations.
(Dynamical correlation between electrons in nonactive orbitals
is still included via the electronic excitations in the CI and
AQCC expansions.)
Using the natural orbital information we next chose different

size active spaces, including CAS (2,2), CAS (4,4), CAS (6,6),
CAS (8,8) and CAS (10,10) to calculate the adiabatic ST
energy gap at the MCSCF level with the cc-pVDZ basis set
(Table 2). The results show that the CAS (2,2) active space is
insufficient for characterizing the anthracene diradical. For the
triplet, this active space provides only one configuration and is
therefore equivalent to an ROHF treatment.
We also explored the impact of active space choices under

the influence of dynamical electron configuration by computing

Table 1. Natural Orbital Populations from Various CAS (12,12) MCSCF Singlet Single Point Calculations with the cc-pVDZ
Basis Set

5π + 5π* + 2σ 6π + 6π*

irrep orbital 1 2 3 4 5 6 7 8 9

4b2g π*7 0.0046 0.0044 0.0148 0.0202 0.0228
3au π*6 0.0051 0.0058 0.0337 0.0324 0.0212
3b2g π*5 0.0547 0.0352 0.0545 0.0345 0.0716 0.0605 0.0717 0.0674 0.0708
4b1u π*4 0.0059 0.0715 0.0675 0.0710 0.0396 0.0672
3b3g π*3 0.0836 0.0840 0.0083 0.0970 0.0777 0.0950 0.0814
2au π*2 0.0586 0.0719 0.0591 0.0692 0.1142 0.0891 0.1116 0.0790 0.1066
3b1u π*1 0.1106 0.1371 0.1094 0.1364 1.8872 1.9054 1.8890 1.9155 1.8886
12ag σ 0.7984 0.7618 0.7986 0.7613
10b3u σ* 1.2016 1.2382 1.2013 1.2388
2b2g π7 1.8950 1.8624 1.8942 1.8626 1.9211 1.9425 1.9212 1.9800 1.9332
2b3g π6 1.9392 1.9329 1.9393 1.9315 1.9268 1.9337 1.9268 1.9382 1.9291
1au π5 1.9161 1.9932 1.9166 1.9350 1.9439 1.9344 1.9413
1b2g π4 1.9948 1.9944 1.9874 1.9876 1.9950
2b1u π3 1.9430 1.9634 1.9427 1.9622 1.9678 1.9862 1.9685 1.9808 1.9812
1b3g π2 1.9945 1.9944 1.9798 1.9806 1.9817 1.9828
1b1u π1 1.9944 1.9951 1.9913 1.9978 1.9889

Table 2. Adiabatic ST Energy Gaps for Different CAS Sizes
at the MCSCF Level with the cc-pVDZ Basis Seta

CAS
sizes

MCSCF
ΔEST active orbitals

(2,2) 0.43 10b3u,(σ*) 12ag (σ)
(4,4) 3.20 2b2g(π

7), 10b3u, 12ag, 3b1u(π*1)
(6,6) 2.85 2b3g(π

6), 2b2g, 10b3u, 12ag, 3b1u, 2au(π*2)
(8,8) 4.38 1au(π

5), 2b3g, 2b2g, 10b3u, 12ag, 3b1u, 2au, 3b3g(π*3)
(10,10) 4.27 2b1u(π

3), 1au, 2b3g, 2b2g, 10b3u, 12ag, 3b1u, 2au, 3b3g,
4b1u(π*4)

aA positive ΔEST (kcal/mol) indicates a singlet ground state for the
anthracene diradical.
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MR-CISD, MR-CISD+Q, and MR-AQCC adiabatic ST energy
gaps for CAS (4,4), CAS (6,6), and CAS (8,8) reference wave
functions with the cc-pVDZ basis set. The absolute and relative
energies of the singlet and triplet states are shown in Table 3.
This is an important test as interactions between electrons not
included in the active space will be included as part of the
dynamical correlation. From these results we determined that
the CAS (8,8) active space provided the best balance of
nondynamical electron correlation and computational tract-
ability. The convergence with respect to adiabatic and vertical
ST energy gap at CAS (8,8), along with the MCSCF natural

orbital information, suggested that the most important orbitals
for inclusion in the active space were 1au(π5), 2b3g(π6),
2b2g(π7), 10b3u(σ*), 12ag(σ), 3b1u(π*1), 2au(π*2), and
3b3g(π*3). This active space was used to optimize the geometry
of the lowest lying singlet and triplet state and to determine the
corresponding adiabatic ST energy gap. In order to estimate
vertical ST energy gaps, we also performed triplet state single
point calculations using the MR-AQCC optimized singlet state
geometry.

The Anthracene Diradical Has a Singlet Ground State.
As shown in Table 3, the singlet state was found to be the

Table 3. Comparison of the Singlet and Triplet Total Energies and MCSCF, MR-CISD, MR-CISD+Q, and MR-AQCC Adiabatic
and Vertical ST Energy Gaps Using the cc-pVDZ Basis Set and the CAS (4,4), (6,6) and (8,8) Active Spacesa

singlet (au) triplet (au) adiabatic ΔEST (kcal/mol) vertical ΔESTb (kcal/mol)

CAS (4,4) MCSCF −534.754963 −534.749865 3.20
MR-CISD −535.998870 −535.993565 3.33
MR-CISD+Q −536.536136 −536.530035 3.83
MR-AQCC −536.544624 −536.537676 4.36

CAS (6,6) MCSCF −534.773474 −534.768936 2.85
MR-CISD −536.011731 −536.006547 3.25
MR-CISD+Q −536.543810 −536.537504 3.96
MR-AQCC −536.552143 −536.544944 4.52

CAS (8,8) MCSCF −534.780064 −534.773079 4.38 4.15
MR-CISD −536.017476 −536.010439 4.42 4.89
MR-CISD+Q −536.550293 −536.541737 5.37 6.41
MR-AQCC −536.560963 −536.551189 6.13 7.18

SR CCSD(T) −536.642087 −536.634832 4.55
DFT BLYP64 5.20

PBE65 4.24
PBE on NaCl28 −3.46

aOrbitals for each active space are shown in Table 2. A positive energy gap indicates a singlet ground state. bAll single point absolute energies
included in Table S6 (Supporting Information).

Table 4. Dominant Configurations in the MR-CISD and MR-AQCC Results for the Singlet and the Triplet Statescomputed
Using the CAS (4,4), (6,6), and (8,8) Active Spaces with the cc-pVDZ Basis Set

states dominant configuration in MR-CISD dominant configuration in MR-AQCC

CAS (4,4) 1Ag 44% π7
2(σ*)2 + 27% π7

2σ2 35% π7
2(σ*)2 + 18% π7

2σ2

3B3u 76% π7
2σ1(σ*)1 53% π7

2σ1(σ*)1

CAS (6,6) 1Ag 44% π6
2π7

2(σ*)2 + 26% π6
2π7

2σ2 34% π6
2π7

2(σ*)2 + 17% π6
2π7

2σ2

3B3u 71% π6
2π7

2σ1(σ*)1 52% π6
2π7

2σ1(σ*)1

CAS (8,8) 1Ag 44% π5
2π6

2π7
2(σ*)2 + 26% π5

2π6
2π7σ

2 34% π5
2π6

2π7
2(σ*)2 + 16% π5

2π6
2π7

2σ2

3B3u 71% π5
2π6

2π7
2σ1(σ*)1 51% π5

2π6
2π7

2σ1(σ*)1

Figure 3. CAS (8,8) cc-pVDZ optimized geometries for 9,10 didehydroanthracene in the lowest singlet and triplet states. Values shown for MCSCF
(blue), MR-CISD (green), and AQCC (red). The numbers denote the bond distance (Å) and bond angle (deg).
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ground state at every theoretical level of our work. At the
MCSCF/cc-pVDZ level of theory with a CAS (8,8) active
space, the singlet lies 4.38 kcal/mol lower in energy than the
triplet. The inclusion of electron correlation increases the ST
energy gap by a small amount (4.42 and 5.37 kcal/mol for MR-
CISD and MR-CISD+Q, respectively.) At the MR-AQCC level
of theory, the singlet lies 6.13 kcal/mol lower in energy than
the triplet (Table 3). We analyzed the dominant electronic
configurations for the singlet and triplet states with CAS (4,4),
(6,6), and (8,8) active spaces in MR-CISD and MR-AQCC
computations with the cc-pVDZ basis set (Table 4).
Configurations with weightings (square of the CSF coefficients)
less than 10% were considered insignificant and are not
reported. The singlet state (1Ag) is multireference with
configurations (σ*)2π5

2π6
2π7

2 and σ2π5
2π6

2π7
2 contributing

34% and 16%, respectively. The configuration state function
with a doubly occupied out-of-phase σ* orbital is the leading
configuration in the singlet state, suggestive of through-bond
coupling.29,30 The 18% CSF weighting difference between
(σ*)2 and σ2 occupancy indicates that the σ* orbital is lower in
energy than the σ orbital, but that the gap between them is
small enough to populate both levels. There is only one main
configuration in the triplet state (3B3u), namely a
σ1(σ*)1π5

2π6
2π7

2 occupancy with a 51% weighting. Vertical
ST energy gaps range from 4.15 kcal/mol at the MCSCF level,
to 7.18 kcal/mol with MR-AQCC (Table 3).
Singlet and Triplet Geometries of the Anthracene

Diradical are Similar. The CAS (8,8) AQCC/cc-pVDZ
singlet and triplet geometries are remarkably similar in both of
the outer aromatic rings, as well as in the middle ring
containing the radical centers (Figure 3). The structural
similarity between the two states suggests a lack of through
space coupling between the dehydrocarbon atoms in the
singlet, i.e. through-space coupling would lead to a large C9 −
C10 orbital overlap and subsequent partial bond formation,
which would distort the singlet geometry relative to the triplet
geometry. The lack of through space coupling in the singlet is
underscored by a C9−C10 distance that is 0.041 Å longer in
the singlet than in the triplet at the AQCC level.
Electronic Structure of the Singlet and Triplet. We also

examined the energies of the MCSCF optimized active space
orbitals for the singlet and triplet states, both at the CAS (8,8)
level of theory as well as for the CAS (2,2), (4,4), and (6,6)
calculations (Table S7). With all active spaces, the out-of-phase
10b3u (σ*) orbital lies lower in energy than the 12ag (σ) orbital,
indicative of through-bond coupling between the electrons on
the didehydrocarbon atoms. The σ and σ* orbital energies in
the singlet state are both negative (occupied) reflecting the
increased two-configurational nature and the subsequent
narrowing of the ST gap.
We calculated the Mulliken populations and unpaired

electron densities (UED) for the singlet and triplet state at
the CAS (8,8) AQCC/cc-pVDZ level (Figure 4). The UED
and Mulliken analysis further underscores the similarity
between the electronic structures of the singlet and triplet
states. The Mulliken population in every atom is nearly the
same for the two states. The biggest difference (0.025) is on the
radical carbons. The total number of effective unpaired
electrons is 2.126 for the singlet and 2.675 for triplet. This
difference also comes mainly from the radical carbons, which
are assigned 0.644 and 0.907 unpaired electrons for the singlet
and triplet states, respectively. The observation that the singlet
state has less total UED is consistent with the above energetic

conclusion, and shows that radical interaction in the singlet
state is a source of stabilization. Both energetics and UED
indicate that the singlet state is the ground state for the
anthracene diradical.

Comparison to p-Benzyne. The anthracene diradical is
structurally similar to the well-studied p-benzyne diradical. Both
species have singlet ground states with small adiabatic ST
energy gaps (Table S8). The adiabatic ST energy gap in the
anthracene diradical is 0.02 kcal/mol smaller than in p-benzyne
at the MR-AQCC level.82 The anthracene and p-benzyne
diradical have similar geometries, and for both diradicals, the
ground state singlet and lowest lying triplet state have similar
geometries (Figures 3 and S1) and electronic structures. The
UED plots of the singlet and triplet p-benzyne are very similar
to the anthracene diradical singlet and triplet UED images
when compared with the same isovalue (Figure 4 and S2). The
unpaired electron population on the radical carbons and total
molecular UED in the anthracene diradical and para-benzyne
are summarized in Table 5. In both molecules, the UED on the
singlet didehydrocarbons is smaller than in the triplet,
suggestive of electronic coupling. The smaller singlet−triplet
difference in total UED for the anthracene diradical is likely due
to the effect of delocalized electron density from conjugation
with the neighboring acene rings.

Comparison to Previous Results. Previously, the
energetics of the anthracene diradical have been studied using
DFT methods. Most studies identified a singlet ground state, in
agreement with our highly correlated MR results, and report
small adiabatic ST energy gaps, ranging between 4 and 5 kcal/
mol (Table 4). Our highest level of theory (CAS (8,8) MR-
AQCC) predicts the singlet to be lower in energy than the
triplet by 6.13 kcal/mol (adiabatic). Schuler et al.28 reported a
DFT-based triplet ground state for both the free anthracene
diradical as well as when adsorbed to a NaCl/Cu(100) surface.
They report a ΔEST of 3.46 kcal/mol in favor of the triplet on
the NaCl/Cu(100)surface using the PBE exchange-correlation
functional. In their work, the surface distorts the anthracene
diradical to a nonplanar geometry, with the outer benzene rings
bending toward the surface. This suggests that the surface may
be playing a role in stabilizing the triplet. They do not report a
geometry or a ΔEST for the free diradical; however, the latter
value can be estimated to be less than 1 kcal/mol from Figure
4e of the Schuler et al. report, with the triplet lying lower.28 It is
important to note that Schuler et al.28 generated a potential
energy surface by driving the C−C distance of the bond formed
during cyclization; it is not clear if the singlet and triplet
geometries were fully optimized.

Figure 4. Unpaired electron density plot for the anthracene diradical
(isovalue: 0.006). Also shown are unpaired electron populations (red)
and Mulliken electron population (black) values. CAS (8,8) MR-
AQCC/cc-pVDZ optimized geometries were used.
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Previously, studies of the geometry of the anthracene
diradical used DFT methods, and also the CASPT2N
multireference method. The DFT geometries are in good
agreement with our MR results (Table 6), suggesting that for
this molecular system, geometries may not be dependent upon
a MR treatment. This may be due to the geometric similarities
between the singlet and triplet state (vida supra).
For instance, a comparison of the BLYP to MR-AQCC

geometries shows that the C9−C10 radical electron distances
in the triplet are a bit shorter than in the singlet (BLYP (Δ =
0.046 Å) and AQCC (Δ = 0.041 Å)). The C11−C12 distances
are similar for all cases; however, the C9−C11 distances are
elongated in the singlet and shortened in the triplet, similar to
the singlet−triplet geometric changes found in p-benzyne. The
angle that includes the dehydrocarbon radical (∠C11−C9−
C14) is smaller in the singlet state relative to the triplet state in
both the MR-AQCC and BLYP results.
To better compare both the energetics and geometries

obtained with SR and MR methods, we also geometry
optimized the singlet and triplet with CCSD(T)/cc-pVDZ.
The singlet−triplet gaps as well as the geometries agree well
with the MR-AQCC/cc-pVDZ results (Tables 3 and 6).
Excepting the Schuler et al.28 report, the general agreement
between DFT, SR, and MR results suggests that the dynamical
electron correlation included in the density functional and
CCSD(T) models is accurately capturing both the non-
dynamical and dynamical components of this diradical system.

■ CONCLUSIONS
We have demonstrated the singlet state of the anthracene
diradical to be the ground state using a variety of highly
correlated, multireference methods. Geometry optimization
using these methods produces singlet and triplet state
structures that are very similar to each other. The singlet
state is two configurational with a weighting of 34%
(σ*)2π5

2π6
2π7

2 and 16% σ2π5
2π6

2π7
2. A comparison of the

electronic structure of each state suggests that there is a bit less
unpaired electron density in the singlet state relative to the
triplet state. This indicates that while there is more interaction
between the radicals in the singlet state it only produces a slight

stabilization, leading to a relatively small ST energy gap
(adiabatic 6.13; vertical 7.18 kcal/mol, respectively, at the MR-
AQCC/cc-pVDZ level). The agreement between the SR-
CCSD(T) and the MR-AQCC results suggests that the second
configuration in the two-configuration singlet is not playing a
significant role in the geometry or energetics. In this diradical,
the single reference result may be capturing all of the important
correlation effects.
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