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A benchmark theoretical study of the electronic ground state and of the vertical and adiabatic
singlet-triplet �ST� excitation energies of benzene �n=1� and n-acenes �C4n+2H2n+4� ranging from
naphthalene �n=2� to heptacene �n=7� is presented, on the ground of single- and multireference
calculations based on restricted or unrestricted zero-order wave functions. High-level and large scale
treatments of electronic correlation in the ground state are found to be necessary for compensating
giant but unphysical symmetry-breaking effects in unrestricted single-reference treatments. The
composition of multiconfigurational wave functions, the topologies of natural orbitals in
symmetry-unrestricted CASSCF calculations, the T1 diagnostics of coupled cluster theory, and
further energy-based criteria demonstrate that all investigated systems exhibit a 1Ag singlet
closed-shell electronic ground state. Singlet-triplet �S0-T1� energy gaps can therefore be very
accurately determined by applying the principles of a focal point analysis onto the results of a series
of single-point and symmetry-restricted calculations employing correlation consistent cc-pVXZ
basis sets �X=D, T, Q, 5� and single-reference methods �HF, MP2, MP3, MP4SDQ, CCSD,
CCSD�T�� of improving quality. According to our best estimates, which amount to a dual
extrapolation of energy differences to the level of coupled cluster theory including single, double,
and perturbative estimates of connected triple excitations �CCSD�T�� in the limit of an
asymptotically complete basis set �cc-pV�Z�, the S0-T1 vertical excitation energies of benzene
�n=1� and n-acenes �n=2–7� amount to 100.79, 76.28, 56.97, 40.69, 31.51, 22.96, and
18.16 kcal/mol, respectively. Values of 87.02, 62.87, 46.22, 32.23, 24.19, 16.79, and 12.56 kcal/mol
are correspondingly obtained at the CCSD�T� /cc-pV�Z level for the S0-T1 adiabatic excitation
energies, upon including B3LYP/cc-PVTZ corrections for zero-point vibrational energies. In line
with the absence of Peierls distortions, extrapolations of results indicate a vanishingly small S0-T1

energy gap of 0 to �4 kcal /mol ��0.17 eV� in the limit of an infinitely large polyacene.
© 2009 American Institute of Physics. �doi:10.1063/1.3270190�

I. INTRODUCTION

Polycyclic aromatic hydrocarbons �PAHs� have long
been the focus of both theoretical and experimental
research.1 They occur in nature mostly in traces embedded in
different materials and their origin can be natural or anthro-
pogenic. The primary sources of anthropogenic PAHs are
from the burning of different organic materials, especially
crude oil derivatives.2 Many of these compounds are ex-
tremely hazardous environmental pollutants.3 PAHs have
also been identified in various extraterrestrial environments;
they are known to be ubiquitous in the interstellar medium4

and thought to be responsible for diffuse interstellar bands
and unidentified emission bands in the mid-IR range.5 Large
PAHs are also used for modeling glassy carbon materials6

and graphitic sheets, or graphenes.7

Among all known PAH compounds, polyacenes prob-
ably aroused the greatest fantasies since they were predicted
to behave as one-dimensional organic conductors with a
zero-band gap, and to be subject to an opening of the bang
gap due to Peierls distorsions only if the electron-phonon
coupling exceeds the elastic energy strain associated with
dimerization of the unit cell in a stiff lattice.8,9 Naphthacene
�also referred to as tetracene�, pentacene, and derivative
compounds have been used recently to prepare highly or-
dered conducting organic materials or thin films with particu-
larly large charge carrier mobilities.10 In contrast with the
prevailing view11 that large acenes have a closed-shell singlet
or open-shell triplet electronic ground states, a few
groups12–16 recently conjectured that large acenes such as
hexacene, heptacene, or octacene should rather be regarded
as open-shell singlet biradical systems, as a result of the
instability of unrestricted �UBLYP, UB3LYP, UPW91,
UBPW91, etc.� wave functions, in conjunction with rather
modest basis sets �STO-3G, 6-31G�, or cc-pVDZ�. This in-
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stability was diagnosed12 from the fact that in these unre-
stricted calculations the two outermost singly occupied � and
� spin orbitals do not smoothly follow the D2h symmetry
point group imposed by the nuclear frame, but rather reflect
an overwhelmingly strong symmetry breaking of the elec-
tronic wave function,12 in the form of a localization of the
two frontier electrons on opposite polyacetylenic strands.
Polyradical antiferromagnetic singlet ground states subject to
strong nondynamical electronic correlation and with one un-
paired electron spin every five to six rings would eventually
be found upon proceeding further to acenes longer than
dodecacene.13,14

These findings are most intriguing, considering that the
ionization and electron attachment energies17,18 of hexacene
could be recently recovered within �or very near to� chemical
�1 kcal/mol� accuracy from an extrapolation of various
single-reference symmetry-restricted calculations to the level
of coupled cluster theory incorporating single, double, and
perturbative triple excitations �CCSD�T�� in the limit of an
asymptotically complete basis set �CBS�, by virtue of the
principles of a focal point analysis �FPA� exploiting the
faster convergence of the highest-order correlation correc-
tions toward this limit.19–24 In continuation to several studies
on many-body quantum mechanical grounds by our
group17,18,25 of the electronic properties, ionization, and
shake-up spectra of large PAHs employing the restricted
Hartree–Fock �RHF� wave function as zero-order solution, a
first purpose of the present contribution is to assess the ex-
tent of multireference effects in the electronic ground state of
benzene �n=1� and n-acenes �C4n+2H2n+4� ranging from
naphthalene �n=2� up to heptacene �n=7�, and to determine
whether this state corresponds to a singlet closed-shell or a
singlet open-shell wave function. Popular quantum chemistry
methods such as MP2 /6-311G�� have, strangely enough,
predicted benzene, naphthalene, anthracene, and further pro-
totypical aromatic compounds to be nonplanar, because of an
insidious intramolecular basis set incompleteness error:26 a
deficiency from which the better balanced Dunning’s corre-
lation consistent basis sets do not suffer. Similarly, and not-
withstanding all experimental evidences or common sense, it
will be shown that even benzene and the smallest acenes can
be subject to an artifactual symmetry breaking27,28 of their
electronic wave function, yielding in turn a substantial but
unphysical energy lowering thereby into an open-shell sin-
glet ground state, depending on the employed method and
basis set.

Electronic instabilities are the consequence of the
nonanalyticity of variational self consistent field �SCF� pro-
cedures in symmetry breaking situations, which makes these
procedures inadequate for describing such situations.29 Self-
consistent field Hamiltonian operators are not necessarily di-
lation analytic upon symmetry lowering, because of a non-
physical “overcounting” and amplification of the effect of the
symmetry breaking by virtue of the SCF procedure. When
using unrestricted wave functions as zero-order solutions,
one must then pay more tribute in the treatment of static
and/or dynamic correlation at a post-SCF level in order to
compensate for the unphysical starting point, and recover the
correct symmetries30 in charge and spin densities.31 Symme-

try restricted SCF calculations are thus most generally advo-
cated for producing meaningful zero-order singlet wave
functions, prior to proceeding beyond the SCF level. In the
present contribution, we will therefore comparatively study
the performance of post-SCF restricted and unrestricted ap-
proached in tracking down the energy difference between the
lowest singlet closed-shell and so-called singlet open-shell
states of benzene and acenes toward the full-CI/CBS limit, a
limit at which this difference must identically vanish.

Once the true nature of the electronic ground state of
acenes is �re�established, we pursue this study by chasing
toward the same confines of nonrelativistic quantum me-
chanics the energy difference between the singlet ground
state and the lowest triplet state, which defines the so called
singlet-triplet gap. This is an important electronic property,
especially in those areas where photoluminescent processes
take place. For example, singlet-triplet gaps can be used to
evaluate the strength of electron-electron correlation in lumi-
nescent conjugated polymers.32 The singlet-triplet energy
gaps of benzene and linear acenes have been measured de-
cades ago, from phosphorescence spectra, and are well sum-
marized in a 1967 paper,33 or in books34 by Birks. Note that
most S0-T1 transition energies of aromatic compounds were
measured at various temperatures in glasslike solid crystals,
or in solutions. To our knowledge, the sole exception pertains
to a determination of the S0-T1 energy gap of anthracene
from photoelectron detachment experiments on the anion.35

Slight variations in the ST gaps of benzene and acenes
ranging from 100 to 200 cm−1 �0.29–0.57 kcal/mol� were
observed in different matrices. The discrepancies can be
larger in the case of �symmetry forbidden� weak vibrational
0-0 components, as was for instance the case with benzene.33

The greatest care is needed with experimental values ob-
tained for hexacene, which can only be synthesized in a
polymethylmethacrylate matrix, where it remains stable up
to 12 h at most.36 Heptacene can also be synthesized in the
same matrix �under an inert atmosphere�, where it can be
maintained only up to 4 h;37 no one has ever managed to
measure the ST gap of this compound so far. Except for
multireference MRMP2/cc-pVDZ,38 CASCI/cc-pVDZ or
CASCI/STO-3G studies13 on systems as large as naph-
thacene, hexacene, or dodecacene, respectively, most theoret-
ical determinations of oligo- and polyacenes are the result of
calculations employing empirical �Hückel�8 or semiempirical
�Parr–Pariser–Pople� Hamiltonians,9,39 Density Functional
Theory �DFT�,12,14 or Time-Dependent DFT �TDDFT�.40 In
spite of the fast convergence of results toward the size of the
basis set, the accuracy of DFT or TDDFT calculations of
excited states will always necessarily be limited by the ap-
proximate nature of the employed exchange-correlation
functionals. On the other hand, besides the complications
pertaining to the instability of closed-shell wave functions in
a one-determinantal depiction, the greatest care is needed
with the basis set in post-SCF calculations on large conju-
gated systems, because the influence of the basis set on cor-
related energies is known to rather rapidly increase with in-
creasing system size,17 due to the progressive closure of the
fundamental gap. Correlation consistent and exceedingly
large basis sets of, at least, quadruple zeta quality are most

224321-2 Hajgató et al. J. Chem. Phys. 131, 224321 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



generally required to achieve chemical accuracies �1 kcal/
mol�. Large scale many-body calculations of the excitation
energies of acenes in vacuum at 0 K are therefore most
clearly needed, considering the importance of these com-
pounds in physics and chemistry.

The FPAs that are presented in the sequel are compa-
rable to similar strategies pursuing chemical �1 kcal/mol� or
even subchemical �0.1 kcal/mol� accuracies in benchmark
studies of conformational energy differences or torsional
barriers,19 the barrier to linearity in water,20 reaction and ac-
tivation energies,21 ionization energies,22 heats of
formation,23 binding energies of �-complexes,24 etc., which
also combine �perturbative� MPn and �iterative� CC treat-
ments. FPAs exploit the idea of a dual extrapolation toward
the highest attainable level in electron correlation �ideally,
the full-CI �configuration interaction� limit�, in the limit of
an asymptotically CBS. As in our previous works on the
ionization energies and electron affinities of benzene and
n-acenes, we here aim at achieving chemical accuracies
through a determination of ST-energy gaps of these com-
pounds at the CCSD�T�/CBS level.

II. METHODOLOGY AND COMPUTATIONS

All computations that are presented in this work have
been performed on geometries that were optimized by means
of DFT �Ref. 41� along with the Becke three-parameter Lee–
Yang–Parr �B3LYP� functional42 and the cc-pVTZ basis
set.43 Harmonic vibrational energies and zero-point energies
were computed at the same level. The main motivation for
using DFT �B3LYP� at this stage is that for strongly conju-
gated hydrocarbon molecules the computed structures and
vibrational frequencies are known to be very much
comparable44 to results obtained by means of CCSD�T� �Ref.
45� �coupled cluster ansatz including single and double elec-
tronic excitations and supplemented by a perturbative treat-
ment of triple excitations�. Notwithstanding its moderate
computational cost, the DFT/B3LYP approach has also been
retained for optimizing geometries in the benchmark W1
thermochemical protocol by Martin and de Oliveira46 for ex-
ceedingly accurate thermochemical calculations of atomiza-
tion energies and heats of formation. In this particular case,
B3LYP bond lengths are within 0.02 Å of the values ob-
tained by means of x-ray crystallographic studies of benzene
and acenes �see Ref. 38 for a detailed comparison of B3LYP
data with experimental structures�.

Complete active space self-consistent field theory47

�CAS-SCF� and second order multiconfigurational perturba-
tion theory48 �CASPT2� have been employed in order to
evaluate the extent of static correlation in the ground state.
Use was made of the so called g2 Fock matrix formulation
correction49 to remove the systematic error related to differ-
ences in the number of closed shell �paired� electrons �i.e.,
doubly occupied orbitals� in the case of CASPT2
calculations.50 In these multiconfigurational calculations, all
electrons �including the core levels� were correlated. The
employed active space encompasses the whole � band sys-
tems of naphthalene �10 electrons in 10 spin orbitals� and
anthracene �14 electrons in 14 spin orbitals�. For longer

acenes, an active space consisting of 14 electrons in 14 spin
orbitals was retained. This active space was constructed from
2, 1, 2, and 2 orbitals belonging to the au, b1g, b2g, and b3u

irreducible representations of the symmetry point group of
naphthacene and hexacene, whereas 2, 1, 3, and 1 orbitals of
au, b1g, b2g, and b3u symmetry character where retained for
pentacene and heptacene, respectively.

Single point energy calculations have been performed at
the level of Hartree–Fock theory51 �HF�, of Møller–Plesset
theory52 truncated at second-order53 �MP2�, third-order54

�MP3�, and fourth-order with single, double, and quadruple
terms55 �SDQ-MP4�, as well as at the CCSD and CCSD�T�
levels of coupled cluster theory in conjunction with basis sets
of improving quality, under the approximation of frozen core
�C1s� electrons at all correlated levels. The basis sets
that were used in this study comprise: cc-pVDZ,43

cc-pVTZ, cc-pVQZ,43 cc-pV5Z,43,56 aug-cc-pVDZ,43,57

aug-cc-pVTZ,43,59 and aug-cc-pVQZ.43,59 The largest em-
ployed basis sets �cc-pV5Z up to anthracene, and cc-pVQZ
from naphthacene� incorporate 876, 1350, 1824, 1350, 1630,
1910, and 2190 atomic basis functions when n=1–7, respec-
tively. For the sake of simplicity, the SDQ-MP4 approach
will be from now on referred to as the MP4 level. These
single-point calculations were run onto the B3LYP/cc-pVTZ
geometries of the ground state and of the first triplet excited
states, in order to evaluate vertical and “well to well” S0-T1

excitation energies. In the sequel, these will be referred to as
VES-T and WWES-T energy gaps, respectively. Adiabatic ex-
citation energies �AES-T energy gaps� were obtained by add-
ing to the latter values B3LYP/cc-pVTZ corrections for zero-
point vibrational energies. This study was supplemented by
multireference averaged quadratic coupled cluster58 �MR-
AQCC� calculations on benzene, in order to accurately treat
vertical electronic excitations to degenerate states.

Most calculations, comprising geometry optimizations,
vibrational analyses, as well as the single-point MP2, MP3,
and MP4 energy calculations have been carried out using the
GAUSSIAN03 �Ref. 59� program package. All CCSD and
CCSD�T� single-point energy calculations on closed- and
open-shell systems as well as the MR-AQCC calculations on
benzene have been performed using the MOLPRO2000.1 pack-
age of programs,60 whereas MOLCAS5.4 �Ref. 61� was used to
run all CASSCF and CASPT2 calculations. At last, we re-
sorted to the ACES II �MAB� �Ref. 62� and MRCC �Ref. 63�
packages of programs in order to perform further coupled-
cluster calculations at the CC2,64 CC3,65 CC4,66 CCSDT,67

CCSDT�Q�,68,66 CCSDTQ,69 and CCSDTQ�P�66 levels, and
study thereby the outcome of symmetry breakings toward
and close to the full-CI limit, in small to medium-size basis
sets. The main purpose of the latter calculations is to dem-
onstrate that the idea of a singlet open-shell wave function
for the ground state is physically unsound.

Total HF energies have been extrapolated to the limit of
an asymptotically CBS from results obtained using
Dunning’s correlation consistent basis sets �cc-pVXZ,
aug-cc-pVXZ� of improving quality, using Feller’s three-
point extrapolation formula,70

224321-3 Ground state and singlet-triplet gap of acenes J. Chem. Phys. 131, 224321 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



E�l� = E� + Ae−Bl, �1�

where the cardinal l number is 2 ,3 ,4¯ when X
=D,T,Q,¯. Many methods and basis sets have been used
in the analysis and nonstandard notations are needed for sim-
plifying the discussion. The result of a three-point energy
extrapolation according to Feller’s protocol from data ob-
tained using the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-
pVQZ basis sets will be for instance referred to as a F-AQZ
result. The obtained result will be referred to as a F-5Z en-
ergy difference, if in the extrapolation use is made of data
obtained using cc-pVTZ, cc-pVQZ, and cc-pV5Z basis sets.
Thus, in our notation, the last suffix characterizes the degree
of splitting �cardinal number, X� of the largest basis set that
has been used in the extrapolation and an “A” label precedes
if the basis set is augmented by diffuse functions.

Electron correlation energies are extrapolated separately
using a three-point extension71 of Schwartz extrapolation
formula72

E�l� = E� +
B

�l + 1
2�4 +

C

�l + 1
2�6 . �2�

The total energy at a given level in correlation in the limit of
an asymptotically CBS is thus obtained in the latter case by
adding to the extrapolated HF energy, according to Feller’s
method, the value obtained at this level of theory for the
electron correlation energy by means of Eq. �2�. Further no-
tations are introduced here for discriminating the results ob-
tained through applications of Schwartz’s extrapolation ap-
proach at various theoretical levels �MP2, MP3, MP4,
CCSD, CCSD�T�� along with different series of basis sets.
For example, energies referred to as SMP2-AQZ results will
be obtained as the sum of the HF energy extrapolated at the
HF /aug-cc-pV�Z �F-AQZ� level, and of the MP2 electron
correlation energy extrapolated in the limit of the same as-
ymptotically CBS, according to a three-point Schwartz ex-
trapolation employing the MP2/aug-cc-pVDZ, MP2/aug-cc-
pVTZ, and MP2/aug-cc-pVQZ single point results.

In our preceding works on ionization energies17 and
electron affinities,18 we had, for practical reasons �lack of
computational resources�, to restrict ourselves to evaluations
at the B3LYP/cc-pVTZ or B3LYP /cc-pV�Z levels of adia-
batic geometrical relaxation �GRXE� energies, defined as en-
ergy differences between the vertical and geometrically re-
laxed geometries for the final state. In the present study, we
wish to compare such estimates with highly accurate
CCSD�T� /cc-pV�Z values for relaxation energies. As in our
work in Ref. 18, or in an highly accurate study of atomiza-
tion energies,73 B3LYP/cc-pVXZ �X= �D,T,Q�� energies
will be extrapolated to the limit of the asymptotically com-
plete cc-pV�Z basis set, according to Feller’s three-point
extrapolation scheme �Eq. �1��. The main rationale for this is
that electronic energies obtained using both DFT and HF
methods are known to exhibit exponential convergence prop-
erties with regard to the largest angular momentum charac-
terizing the atomic functions in the basis set.74

Further extrapolations were performed toward the
CCSD�T� level of theory in the limit of an asymptotically
CBS, using the principles of a FPA. In such an approach, the

faster convergence of the higher-order correlation corrections
to the calculated energy differences is exploited in well-
suited extrapolations of results obtained using CCSD�T�
theory. To be more specific, reliable estimations of CCSD�T�
energy differences in the limit of an infinitely large basis set
can for instance be made by adding almost converged high-
level correlation corrections, derived at the MP4 and
CCSD�T� levels of theory with rather limited basis sets, to
lower-level HF and MP2 results which can be obtained in
conjunction with much larger basis sets, along with the
Feller’s and Schwartz’s extrapolations toward the CBS limit.

The outcome of further basis set extensions in the FPA
has been carefully studied, through matching different levels
of theory at the confines of the current computational possi-
bilities. Various combinations are proposed in order to evalu-
ate at best the errors made by evaluating at the CCSD�T�/
CBS level the energies of the lowest triplet states relative to
the closed-shell ground states, using four different protocols
for the extrapolation to this limit,

FPA _ QZ = SMP2-QZ + �EMP4/cc-pVTZ − EMP2/cc-pVTZ�

+ �ECCSD�T�/cc-pVDZ − EMP4/cc-pVDZ� , �3�

FPA _ AQZ = SMP2-AQZ + �EMP4/aug-cc-pVTZ

− EMP2/aug-cc-pVTZ�

+ �ECCSD�T�/aug-cc-pVDZ − EMP4/aug-cc-pVDZ� ,

�4�

FPA _ 5Z = SMP2-5Z + �EMP4/cc-pVTZ − EMP2/cc-pVTZ�

+ �ECCSD�T�/cc-pVDZ − EMP4/cc-pVDZ� , �5�

FPA _ 5Z2 = SMP2-5Z + �EMP4/cc-pVQZ − EMP2/cc-pVQZ�

+ �ECCSD�T�/cc-pVTZ − EMP4/cc-pVTZ� . �6�

According to these definitions, FPA_AQZ results
�Eq. �4�� are comparable to CCSD�T� /aug-cc-pV�Z esti-
mates, whereas all other extrapolations are expected to con-
verge to the CCSD�T� /cc-pV�Z value. In view of the size of
the largest employed basis sets �cc-pV5Z� in the extrapola-
tion, the FPA_5Z2 protocol �Eq. �6�� is expected to provide
the most accurate results.

III. RESULTS AND DISCUSSION

A. Multi-reference effects and electronic instabilities
in the electronic ground state

Preliminary investigations of the lowest electronic states
of linear acenes up to heptacene using the CAS-SCF/
CASPT2 method in conjunction with the cc-pVDZ and cc-
pVTZ basis sets indicate that, for all systems, the ground
state is the closed-shell 1Ag reference, followed by 3B1u and
1B1u wave functions as lowest triplet and singlet excited
states. This finding is obviously in sharp contradiction with
the conclusions by Hachman et al.13 regarding the strong
multireference and biradical �open-shell� nature of the 1Ag

electronic structure of systems larger than pentacene, an ob-
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servation which requires a detailed analysis of electronic in-
stabilities and multireference effects in the ground state of
these compounds.

The square of the CI coefficients characterizing the two
most important contributions to the CASSCF wave function
of the n-acenes are far from being equal: these amount to
0.81 and 0.02, 0.74 and 0.02, 0.74 and 0.03, 0.73 and 0.04,
0.68 and 0.06, and 0.65 and 0.07, when n runs from 2 �naph-
thalene� to 7 �heptacene�, respectively. All investigated CAS
wave functions for the ground state are thus largely domi-
nated by one configuration, indicating47 that all investigated
systems are not subject to particularly strong nondynamical
�static� correlation �arising from near-degeneracies among
electronic configurations�, but are rather dominated by
dynamical correlation �arising from the Coulomb repulsion�.
In line with the composition of the CASSCF wave function,
the T1 diagnostics75 of coupled cluster theory ��0.012� in-
dicates that all investigated compounds are merely of single
reference nature �Table I�.

A comparison of MP2 and CASPT2 estimates for the ST
energy gap indirectly confirms the limited extent of multiref-

erence effects in all investigated systems. For instance, the
ST energy gaps of naphthalene and heptacene amount to
91.18 and 40.51 kcal/mol at the MP2/cc-pVDZ level, and to
71.10 and 16.39 kcal/mol at the CASPT2/cc-pVDZ level.
Differences between these MP2/cc-pVDZ and CASPT2/cc-
pVDZ values are almost the same, being equal to 20.08 and
24.12 kcal/mol, respectively. Although they seem highly im-
pressive at first glance, these energy differences as such
should not be ascribed solely to multireference effects, as
CASPT2 reduces to MP2 when reducing the active space to
zero orbital, but becomes equivalent to a full-CI treatment if
the selected active space matches the whole orbital basis set.
Therefore, differences between MP2 and CASPT2 results are
active-space dependent and measure indirectly the contribu-
tions of higher-orders correlation terms. Since a large active
space was employed in these multiconfigurational calcula-
tions, it is to be expected that single-reference MP2 and
CASPT2 calculations based on a CASSCF�14,14� wave
function give substantially different results, even if the ref-
erence wave function describes a closed-shell system. Naph-
thalene is most commonly known as a singlet closed-shell
system, which can be correctly treated by single-reference
theories. The discrepancy between the MP2/cc-pVDZ and
CASPT2/cc-pVDZ values for the ST gap of heptacene being
only marginally larger, by 4 kcal/mol, there is thus definitely
no indication at all in the CASPT2 results that heptacene
would be subject to particularly strong multireference ef-
fects.

Computations of atomization energies represent the most
stringent tests of the quality of many-body theories. The per-
centages of the total atomization energy �TAE� accounted for
at the Hartree–Fock level, %TAE�SCF�, and by parenthetical
connected triple excitations, %TAE��T��, are known to be
reliable energy-based diagnostics for assessing the extent of
nondynamical �i.e., multireference� correlation effects.76 For
instance, %TAE�SCF��67% and/or %TAE��T���2% indi-
cate systems that are dominated by dynamical correlation.
Applying the above criteria to benzene and oligoacenes up to
heptacene �Table I� further confirms that all these compounds
exhibit very mild nondynamical correlation effects; 75%–

TABLE II. Convergence toward the full-CI limit of the energies of benzene and naphthalene at improving levels of coupled cluster theory in conjunction with
the STO-3G basis set, using restricted �RHF� closed-shell and unrestricted �UHF� “open-shell” singlet reference wave functions �calculations are based on
B3LYP/cc-pVTZ geometries; all results are in hartree �1 a.u.=27.2114 eV=627.51 kcal /mol��.

Benzene Naphthalene

RHF UHF �E�U−R� RHF UHF �E�U−R�

HF �227.891 24 �227.910 19 �0.018 94 �378.684 85 �378.730 84 �0.045 99
CC2 �228.237 59 �228.209 40 0.028 19 �379.264 20 �379.213 56 0.050 64
CC3 �228.318 63 �228.314 36 0.004 27 �379.388 82 �379.378 69 0.010 13
CC4 �228.320 04 �228.320 11 �0.000 06 �379.391 73 �379.391 06 0.000 67
CCSD �228.310 55 �228.301 58 0.008 97 �379.372 70 �379.355 14 0.017 56
CCSDT �228.319 49 �228.318 60 0.000 89 �379.390 37 �379.386 74 0.003 63
CCSDTQ �228.320 02 �228.320 00 0.000 02 ¯ ¯ ¯

CCSD�T� �228.318 72 �228.312 71 0.006 01 �379.388 97 �379.374 43 0.014 54
CCSDT�Q� �228.320 04 �228.320 31 �0.000 27 �379.391 75 �379.390 47 0.001 27
CCSDTQ�P� �228.320 04 �228.320 03 0.000 01 ¯ ¯ ¯

TABLE I. T1 diagnostics at the CCSD/cc-pVDZ level of theory and decom-
position �in percent� of the TAEs in terms of contributions from the HF
wave function and perturbative triple �T� excitations �upon a comparison of
HF /cc-pV�Z �F-QZ� with CCSD�T� /cc-pV�Z �FPA_QZ� results for TAEs�
�calculations based on the B3LYP/cc-pVTZ geometries for the singlet
closed-shell ground state�.

T1
TAE�HF�a

�%�
TAE��T��b

�%�

Benzene 0.0098 75.97 1.39
Naphthalene 0.0103 75.51 1.56
Anthracene 0.0106 75.22 1.66
Naphthacene 0.0109 75.02 1.73
Pentacene 0.0112 74.86 1.78
Hexacene 0.0114 74.74 1.82
Heptacene 0.0115 74.65 1.85

aUpon a comparison of HF /cc-pV�Z �F-QZ� with CCSD�T� /cc-pV�Z
�FPA_QZ� results for TAEs.
bUpon a comparison of CCSD/cc-pVDZ, CCSD�T�/cc-pVDZ and
CCSD�T� /cc-pV�Z �FPA_QZ� results for TAEs.
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76% of the atomization energy is accounted for at the
Hartree–Fock level and 1.4%–1.9% by the �T� triples. Note
that in systems that are dominated by dynamical correlation,
as is the case here, CCSD�T� is known to be generally very
close to the full CI limit �within chemical accuracy�, as the

higher-order �nonperturbative� triple excitations, T̂3− �T�,
and the connected quadruple excitations, T̂4, tend to largely
cancel one another.76–78 Therefore, single-reference electron
correlation methods such as MP2, MP3, MP4, CCSD, or
CCSD�T� represent the most reasonable and most efficient
path28 toward the full-CI limit in a given basis set.

There is a consensus in the literature about the fact that
linear acenes possess D2h symmetry.13–15 In the work by
Bendikov et al.,12 in spite of marginal deviations of the mo-
lecular structure from the D2h symmetry point group, by 10−5

Angstroms or less, it was not possible to associate an elec-
tronic state with a correct symmetry label to the so called
open shell singlet biradical states, because of exceedingly
strong symmetry breakings in the associated unrestricted
wave functions. Although all � and � spin orbitals depart to
varying extent from the D2h symmetry point group, our op-
timizations of the geometry of acenes in an “open-shell” sin-
glet state at the UB3LYP/cc-pVTZ level and subsequent fre-
quency calculations show that a molecular structure with a
D2h symmetry point group corresponds to a true energy mini-
mum for the ground state. Geometry optimizations and fre-
quency calculations at the same level indicate that in their
first triplet excited states, acenes exhibit also a D2h symmetry
point group. We shall now demonstrate that both the symme-
try breaking of SCF orbitals in this point group and the as-

sociated energy lowering in the ground state are artifacts
resulting from an incomplete treatment of electronic correla-
tion.

At the HF/STO-3G level, the open-shell singlet state of
benzene or naphthalene lies at 11.9 or 28.9 kcal/mol below
the expected closed-shell ground state, respectively �Table
II�. It is immediately apparent from this table that these en-
ergy differences reverse in favor of the closed-shell depiction
at post-SCF levels and ultimately vanish when moving to-
ward the full-CI limit. Thus, results obtained by means of
treatments of electronic correlation of improving quality on
both the symmetry broken singlet “open-shell” unrestricted
Hartree–Fock �UHF� and the closed-shell RHF reference
wave functions demonstrate that these states converge to the
same energy limit, as expected,29 although RHF-based many-
body calculations converge obviously faster to the FCI solu-
tion.

Similarly, at the HF/cc-pVDZ level, the symmetry-
broken open-shell singlet states of pentacene, hexacene, and
heptacene are located at 48.3, 65.2, and 84.9 kcal/mol, re-
spectively, below the closed-shell reference �Tables III–V�.
Again, these differences correspondingly reverse to 98.7,
115.0, and 126.1 kcal/mol in favor of the closed-shell wave
function at the MP2 level, and tend to vanish when proceed-
ing further toward higher orders in correlation. For instance,
the energy difference between the singlet open-shell and
closed-shell ground states of pentacene reduces to 8.00 kcal/
mol only, when reaching the CCSD level �Table IV�. The
fact that at all post-SCF levels the singlet open-shell wave
function is found to be unstable against the pairing of the two

TABLE III. Evolution of the energies of pentacene with improving single-reference treatments of electron correlation in conjunction with various basis set,
using closed-shell �RHF� and “open-shell” �UHF� singlet reference wave functions �WF� and B3LYP/cc-pVTZ geometries. Absolute energies are in hartree
�1 a.u.=27.2114 eV=627.51 kcal /mol�, energy differences ��E� are in kcal/mol.

WF RHF UHF �E�U−R� RHF UHF �E�U−R� RHF UHF �E�U−R�
Basis STO-3G STO-3G STO-3G 6-31G 6-31G 6-31G cc-pVDZ cc-pVDZ cc-pVDZ

HF �831.023 71 �831.190 83 �104.87 �840.978 82 �841.067 28 �55.51 �841.335 43 �841.412 36 �48.27
MP2 �832.311 68 �832.143 21 105.72 �842.881 74 �842.734 16 92.61 �844.176 83 �844.019 59 98.67
MP3 �832.462 95 �832.310 26 95.82 �842.937 47 �842.844 11 58.58 �844.239 27 �844.153 04 54.11
MP4SDQ �832.497 39 �832.377 04 75.52 �842.975 31 �842.902 54 45.67 �844.248 83 �844.191 38 36.05
CCSD �832.531 71 �832.499 03 20.51 �842.988 43 �842.972 38 10.07 �844.252 42 �844.239 72 7.97
CCSD�T� �832.576 27 �832.538 01 24.01 �842.270 21 �842.283 16 15.47 ¯ ¯ ¯

TABLE IV. Evolution of the energies of hexacene with improving single-reference treatments of electron correlation in conjunction with the cc-pVDZ basis
set, using closed-shell �CS� or “open-shell” �OS� singlet reference wave functions, as well as closed-shell �CS� singlet, “open-shell” �OS� singlet and triplet
B3LYP/cc-pVTZ geometries B3LYP/cc-pVTZ geometries. Absolute energies are in hartree �1 a.u.=27.2114 eV=627.51 kcal /mol� and energy differences
are in kcal/mol.

Geometry CS singlet CS singlet OS singlet OS singlet OS singlet OS triplet
State CS singlet OS triplet CS singlet OS singlet OS triplet OS triplet

HF �993.981 37 �993.981 09 �993.981 19 �994.085 28 �993.981 58 �993.997 18
MP2 �997.341 27 �997.276 30 �997.341 44 �997.158 20 �997.276 59 �997.278 52
MP3 �997.409 24 �997.361 89 �997.409 26 �997.313 81 �997.362 27 �997.369 68
MP4SDQ �997.419 81 �997.381 52 �997.419 79 �997.358 97 �997.381 94 �997.391 24
CCSD �997.424 22 �997.387 08 �997.424 22 ¯ �997.387 52 �997.397 89
CCSD�T� �997.601 43 �997.563 93 �997.601 52 ¯ �997.564 35 �997.573 38
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frontier electrons demonstrates once more that a closed-shell
depiction for the electronic ground state prevails.

Interestingly, when considering DFT methods, stability
tests indicate that the onset for a transition from a closed-
shell to an open-shell singlet ground state tends to shift to-
ward larger acenes, upon decreasing the ratio of HF ex-
change in the employed exchange-correlation functional
�Table VI�. It would therefore certainly be worth studying in
more detail the influence of nonlocal electronic exchange
onto the nonanalyticity of variational SCF procedures, and
on the extent therefore of the symmetry breakings29 in large
conjugated systems.

CAS-SCF calculations are in principle more resilient to
such complications than single-reference methods, a fact
which is immediately apparent when comparing contour
plots for the highest occupied natural orbital �HONO� and
lowest occupied natural orbital �LUNO� obtained from
CASSCF�14,14�/cc-pVDZ calculations performed under the
constraint of a D2h symmetry point group �Fig. 1�a�� on hep-
tacene with the results of CASSCF�12,12�/cc-pVDZ calcula-
tions with no symmetry constraint at all �Fig. 2�a��. The com-
parison is extended further to contour plots for the canonical
frontier orbitals �highest occupied molecular orbital
�HOMO� and lowest unoccupied molecular orbital �LUMO��
of this compound, obtained using the restricted B3LYP/cc-
pVDZ and HF/cc-pVDZ �Figs. 1�b� and 1�c�� as well as the

unrestricted UB3LYP/cc-pVDZ and UHF/cc-pVDZ �Figs.
2�b� and 2�c�� approaches. The extent of the symmetry
breaking is obviously the most pronounced at the UHF level
�Fig. 2�c��, whereas D2h symmetry has been very effectively
restored at the CASSCF�12,12�/cc-pVDZ level �Fig. 2�a��. In
sharp contrast, contour plots are all essentially equivalent to
the above CASCF/cc-pVDZ results when using restricted ap-
proaches �Fig. 1�. This demonstrates further on topological
grounds the relevance of RHF single determinants as mean-
ingful zero-order singlet ground states, which must be clearly
preferred over UHF wave functions in accurate treatments of
dynamical correlation.

We also provide in Fig. 3 contour plots for the
frontier orbitals obtained from symmetry-unrestricted
CAS�N ,N� /cc-pVDZ calculations on heptacene employing
increasing active spaces �N=2,4 ,6 ,8 ,10,12�. Although
these calculations were based on the symmetry-broken �C2v�
�-part of the UHF wave function as input, they nicely en-
lighten the convergence of the natural orbitals of large acenes
to extensively delocalized topologies, which very much re-
semble canonical RHF orbitals belonging to the B2g and B3u

irreducible representations of the D2h symmetry point group,
in the limit of a complete active space. The corresponding
occupation numbers for the HONO and LUNO are equal to
1.88, 1.86, 1.84, 1.87, 1.79, and 1.78, and to 0.12, 0.13, 0.16,

TABLE V. Evolution of the energies of heptacene with improving single-reference treatments of electron correlation in conjunction with the cc-pVDZ basis
set, using closed-shell �CS� or “open-shell” �OS� singlet reference wave functions, on the ground of closed-shell �CS� singlet, “open-shell” �OS� singlet and
triplet B3LYP/cc-pVTZ geometries. Absolute energies are in hartree �1 a.u.=27.2114 eV=627.51 kcal /mol� and energy differences are in kcal/mol.

Geometry CS singlet CS singlet OS singlet OS singlet OS singlet OS triplet
State CS singlet OS triplet CS singlet OS singlet OS triplet OS triplet

HF �1146.626 52 �1146.640 37 �1146.621 26 �1146.761 84 �1146.648 32 �1146.655 83
MP2 �1150.505 58 �1150.441 03 �1150.507 67 �1150.299 25 �1150.443 01 �1150.441 66
MP3 �1150.578 76 �1150.536 57 �1150.577 16 �1150.477 12 �1150.540 86 �1150.543 05
MP4SDQ �1150.590 18 �1150.559 74 �1150.587 58 �1150.529 15 �1150.564 98 �1150.568 21
CCSD �1150.595 48 �1150.567 28 �1150.593 45 ¯ �1150.573 26 �1150.577 15
CCSD�T� �1150.802 09 �1150.772 04 �1150.801 86 ¯ �1150.777 68 �1150.780 51

TABLE VI. Closed-shell singlet and “open-shell” singlet cross-over points of various DFT functionals.

Functional
HF exchange

�%� Basis Geometry
First “open shell”

in the series

HF 100 cc-pVDZ RB3LYP/cc-pVTZ Benzene
MPW1Ka 42.80 cc-pVDZ RB3LYP/cc-pVTZ Naphthacene
B3LYPb 20 6-31G� UB3LYP /6-31G� Hexacene
PW91b,c 0 6-31G� UPW91 /6-31G� Heptacene
BPW91b,d 0 6-31G� UBPW91 /6-31G� Heptacene
TPSSe 0 cc-pVDZ RB3LYP/cc-pVTZ Heptacene
BLYPb,f 0 6-31G� UBLYP /6-3G� Octacene
PBEg 0 cc-pVDZ RB3LYP/cc-pVTZ Octacene

aModified Perdew–Wang one-parameter for kinetics �Ref. 90�.
bFrom Ref. 12.
cPerdew–Wang 1991 functional �Ref. 91�.
dBecke’s 1988 exchange functional and Perdew–Wang 1991 correlation functional �Ref. 92�.
eTao, Perdew, Staroverov, and Scuseria functional �Ref. 93�.
fBecke’s 1988 exchange functional along with the correlation functional of Lee, Yang, and Parr �Refs. 92 and
42�.
gPerdew, Burke, and Ernzerhof 1996 functional �Ref. 94�.
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0.13, 0.21, and 0.22, respectively, which demonstrates fur-
ther that a single-reference closed-shell depiction prevails.

At last, we wish to close this discussion on the electronic
ground state of n-acenes by showing that the change in the
electronic structure detected at the level of hexacene by
Hachmann et al. in Ref. 13 from a barely visible variation in
the scaling properties of estimates of the numbers of un-
paired electrons derived from CASCI natural occupations
should not be regarded as the sign of a major transition in the
electronic structure toward a biradical or multiradical regime.
It rather reflects the fact that, from this compound, inappro-
priate singlet open-shell UB3LYP /6-31G� geometries,12 re-
sembling very closely the triplet geometries, were used;
compared with the RB3LYP geometries, these UB3LYP ge-
ometries exhibit a reversal of bond length alternations �Fig.
4�. Note also that, according to the estimates that were used
in the analysis by Hachmann et al.,13 even naphthalene
would contain one to two unpaired electron spins, which is
obviously in sharp contradiction with the most commonly
accepted closed-shell depiction for the electronic ground
state of this compound.

B. Vertical singlet-triplet gaps

The results of the FPAs of the vertical singlet-triplet
�VES-T� gaps of benzene and acenes are given as the main
entries in Tables VII–XIII. These results can be readily com-
pared with the values correspondingly obtained for the
“well-to-well” �WWES-T� excitation energies, which are pro-
vided in brackets. In these tables, the HF values for the
singlet-triplet energies are reported as �HF results. In the
following rows, we provide the outcome of successive im-
provements in treating electronic correlation. More specifi-

cally, values reported under the +MP2, +MP3, +MP4,
+CCSD, and +CCSD�T� entries correspond to the correc-
tions obtained at the MP2, MP3, MP4, CCSD, and CCSD�T�
levels, compared to the HF, MP2, MP3, MP4, and CCSD
levels, respectively. Comparison is then made between
�CCSD�T�, �CASSCF and, in the case of benzene,
�MR-AQCC results for singlet-triplet excitation energies.
For the sake of clarity, we shall in this section concentrate on
the vertical excitation energies and postpone the discussion
of the WWES-T data to the next section.

Under D6h symmetry, the lowest vertical triplet excited
state of benzene has two degenerate and partially filled or-
bitals, therefore, straightforward applications of one-
determinant methods like HF or DFT give rise to a symmetry
breaking of the electronic wave function compared to the
geometry of the nuclear frame. To correctly treat this elec-
tronically degenerate state within the right symmetry point
group, one has to resort to multireference or multistate meth-
ods. The vertical singlet-triplet gap of benzene has thus been
calculated according to MR-AQCC�4,4� calculations based
on a CAS-SCF�4,4� wave function, thereby using the mini-
mal size active/reference space at the CAS-SCF level, which

(a)

CAS(14,14) HONO CAS(14,14) LUNO
(b)

RB3 HOMO RB3 LUMO
(c)

RHF HOMO RHF LUMO

FIG. 1. Contour plots �Ref. 96� of the highest occupied molecular/natural
orbitals and lowest unoccupied molecular/natural orbitals of heptacene. �a�
CASCF�14,14�/cc-pVTZ//RB3LYP/cc-pVTZ, �b� RB3LYP/cc-pVTZ, and
�c� RHF/cc-pVTZ �symmetry restricted �D2h� calculations upon the
RB3LYP/cc-pVTZ geometry�.

(a)

CAS(12,12) HONO CAS(12,12) LUNO
(b)

UB3 HOMO UB3 LUMO
(c)

UHF HOMO UHF LUMO

(α) (α)

(β) (β)

(α) (α)

(β)(β)

FIG. 2. Contour plots �Ref. 96� of the highest occupied molecular/natural
orbitals and lowest unoccupied molecular/natural orbitals of heptacene. �a�
CASCF�12,12�/cc-pVTZ, �b� UB3LYP/cc-pVTZ, and �c� UHF/cc-pVTZ re-
sults �symmetry unrestricted calculations upon the RB3LYP/cc-pVTZ
geometry�.
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consists of four electrons distributed in four active orbitals,
since both the HOMO and LUMO of benzene are doubly
degenerate. All configurations produced in this CAS-
SCF�4,4� calculation were these used as reference states for
the MR-AQCC calculations. Accounting for the symmetry
breaking of the electron density in the triplet excited state
results into a decrease in the vertical singlet-triplet energy
gap by 3.57 kcal/mol �only� at the MR-AQCC�4,4�/aug-cc-
pVQZ level of theory, a value which measures the extent of
multireference effects in the triplet excited state.

The first conclusions that can be drawn from Tables
VII–XIII are that the �HF values converge rather rapidly to
finite values with respect to an increase in the cardinal num-
ber, l, and, thereby, successive improvements of the quality
of the basis set. Note that, due to the neglect of dynamical
correlation, HF theory incorrectly predicts the triplet state to
be the electronic ground state of hexacene �Table XII� and
heptacene �Table XIII�. Another striking trend that emerges
from our results is that +MP2 corrections are systematically
positive and largely dominate the vertical ST-gap of penta-
cene �Tables XI�, hexacene �Table XII�, and heptacene
�Table XIII�. On the contrary, higher-order �+MP3,
+MP4,¯, etc.� perturbation corrections always yield a de-
crease in this gap. The extent of the successive +MP2,

+MP3, and +MP4 corrections are first decreasing, and then
increasing again �from around naphthacene� upon an in-
crease in system size. In contrast, the total �CCSD�T� versus
HF� correlation corrections are increasing monotonically
with system size. A similar trend was observed in a system-
atic study of the ionization energies of linear acenes.17 The
+CCSD and +CCSD�T� correlation corrections are small and
show overall an oscillatory convergence upon an increase in
system size. Convergence upon improvements of the basis
set is smooth at all levels in the treatment of electronic cor-
relation, which enables quantitative extrapolations to the
limit of an infinitively large basis set. For instance, results
obtained for naphthalene using the cc-pVXZ �X=D,T� basis
sets demonstrate that the +CCSD �+CCSD�T�� corrections to
the MP4SDQ �CCSD� values for the ST gaps have con-
verged below 1 kcal/mol with regard to the basis set when
X=D. Basis set extrapolations employing triple-, quadruple-,
and quintuple-zeta basis yield slight increases, of the order of
one-fourth of a kcal/mol only, of the singlet-triplet gaps ob-
tained at the MP2 level, compared to extrapolations made
using smaller basis sets. Our CCSD�T� /cc-pV�Z
�FPA_5Z2� values �56.97 and 40.69 kcal/mol� for the vertical
ST-gap of anthracene �n=3� and naphthacene �n=4� are
much larger than the MRMP2/cc-pVDZ values �46.12 and
34.82 kcal/mol, respectively� reported by Kawashima et
al.,38 an observation which sheds light on rather serious
shortcomings in the latter study with regards to the employed
CASSCF geometries, as well as in the �-valence �12,12�

(a)

CAS(2,2) HONO CAS(2,2) LUNO
(b)

CAS(4,4) HONO CAS(4,4) LUNO
(c)

CAS(6,6) HONO CAS(6,6) LUNO
(d)

CAS(8,8) HONO CAS(8,8) LUNO
(e)

CAS(10,10) HONO CAS(10,10) LUNO
(f)

CAS(12,12) HONO CAS(12,12) LUNO

FIG. 3. Evolution of the highest occupied and lowest unoccupied natural
orbitals of heptacene, according to symmetry unrestricted �C1�
CASSCF�N ,N� /cc-pVTZ / /RB3LYP /cc-pVTZ calculations: �a� N=2, �b�
N=4, �c� N=6, �d� N=8, �e� N=10�, and �f� N=12.
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FIG. 4. Closed shell �RB3LYP /6-31G��, open shell singlet
�UB3LYP /6-31G��, and triplet �UB3LYP /6-31G�� outer bond lengths of
�a� pentacene, �b� hexacene, �c� heptacene, �d� octacene, �e� nonacene, and
�f� decacene. Data taken from Ref. 12, employed in Ref. 13.
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TABLE VII. FPA of the vertical singlet-triplet gaps of benzene �all energies and corrections are given in kcal/mol�. The � values are the singlet-triplet energy
gaps at a given level. The +MP2, +MP3, +MP4, +CCSD, and +CCSD�T� entries correspond to the corrections obtained at the MP2, MP3, MP4, CCSD, and
CCSD�T� levels, compared with the HF, MP2, MP3, MP4, and CCSD levels, respectively. “Well-to-well” S0-T1 excitation energies �WWES-T� results are
correspondingly given in parentheses.

Benzene

cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ F/S-QZ F/S-AQZ F/S-5Z
No. basis 114 264 510 876 192 414 756

�HF 78.99 77.79 77.57 77.48 78.30 77.61 77.48 77.52a 77.47b 77.44c

�63.13� �63.09� �63.06� �63.07� �–� �–� �–� �63.04�a �–� �63.08�c

+MP2 46.84 48.08 48.51 48.62 46.86 47.83 48.39 48.62d 48.53e 48.67f

�47.77� �50.40� �51.29� �51.52� �–� �–� �–� �51.51�d �–� �51.67�f

+MP3 �12.60 �14.17 �14.65 �12.87 �14.25 �14.70 �14.85g �14.82h

��13.89� ��15.38� ��15.88� �–� �–� �–� �–� �–�
+MP4�SDQ� �4.88 �5.37 �5.58 �5.51 �5.58 �5.66 �5.55i �5.68j

��4.72� ��5.23� ��5.46� �–� �–� �–� �–� �–�
+CCSD �2.90 �1.87 �1.55 �2.43 �1.67 �1.46 �1.47k �1.41l

��2.79� ��1.83� �–� �–� �–� �–� �–� �–�
+CCSD�T� 0.01 0.36 0.40 0.16 0.38 0.40 0.41m 0.42n

�0.43� �0.63� �–� �–� �–� �–� �–� �–�
�CCSD�T� 105.45 104.82 104.70 104.50 104.32 104.46

�89.93� �91.67� �–� �–� �–� �–�
�CASSCF�4,4� 111.08 110.69 110.53 110.48 110.45 110.42
�MR-AQCC�4,4� 100.59 100.50 100.61 100.15 100.26 100.49

aF-QZ.
bF-AQZ.
cF-5Z.
dSMP2-QZ.
eSMP2-AQZ.
fSMP2-5Z.
gSMP3-QZ.

hSMP3-AQZ.
iSMP4�SDQ�-QZ.
jSMP4�SDQ�-AQZ.
kSCCSD-QZ.
lSCCSD-AQZ.
mSCCSD�T�-QZ.
nSCCSD�T�-AQZ.

TABLE VIII. FPA of the vertical singlet-triplet gaps of naphthalene. “Well-to-well” S0-T1 excitation energies �WWES-T� results are correspondingly given in
parentheses �all results are given in kcal/mol�.

Naphthalene

cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z aug-cc-pVDZ F/S-QZ F/S-AQZ F/S-5Z
No. basis 180 412 790 1350 302

�HF 69.27 68.18 67.88 67.71 68.13 67.76a 67.64b 67.63c

�50.69� �50.57� �50.45� �50.40� �–� �50.38�a �–� �50.38�c

+MP2 21.91 22.83 23.24 23.40 22.36 23.34d 23.36e 23.57f

�32.04� �34.04� �34.72� �34.92� �–� �34.88�d �–� �35.10�f

+MP3 �7.50 �8.34 �8.59 �7.64
��11.81� ��12.92� ��13.26� �–�

+MP4�SDQ� �3.97 �4.25 �4.36 �4.25
��4.64� ��5.04� ��5.21� �–�

+CCSD �0.03 0.60 0.19
��0.55� �0.19� �–�

+CCSD�T� �2.66 �2.56 �2.56
��1.12� ��1.02� �–�

�CCSD�T� 77.03 76.46 76.22
�64.62� �65.82� �–�

�CASSCF�10,10� 71.62 71.61
�CASPT2 71.10 70.03

aF-QZ.
bF-AQZ.
cF-5Z.

dSMP2-QZ.
eSMP2-AQZ.
fSMP2-5Z.
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active space, which was incomplete.
In view of possible couplings with Rydberg states and/or

with the continuum, assessing the influence of diffuse func-
tions in the basis set on frontier orbitals and related proper-
ties is always a mandatory step in accurate computations of
excited state properties. The computed vertical excitation en-
ergies for benzene and the next six terms of the acene series
are around 101, 76, 57, 41, 32, and 22 kcal/mol �according to

our best FPA estimates�, and lie thus much below the ioniza-
tion threshold, which is correspondingly located at 218, 190,
172, 160, 152, and 148 kcal/mol.17 In line with our former
works on ionization energies17 and electron affinities,18 we
do not except therefore that the inclusion of diffuse functions
in the basis sets would significantly affect the extrapolation
of triplet excitation energies toward the limit of asymptoti-
cally complete cc-pV�Z basis sets. The excitation energies

TABLE IX. FPA of the vertical singlet-triplet gaps of anthracene. “Well-to-well” S0-T1 excitation energies �WWES-T� results are correspondingly given in
parentheses �all results are given in kcal/mol�.

Anthracene

cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ F/S-QZ F/S-AQZ F/S-5Z
No. basis 246 560 1070 1824 412 874 1580

�HF 44.68 44.02 43.83 43.74 44.05 43.79 43.73 43.76a 43.72b 43.70c

�30.83� �30.91� �30.82� �30.79� �–� �–� �–� �30.74�a �–� �30.77�c

+MP2 18.63 19.26 19.66 19.85 18.99 19.44 19.75 19.76d 19.82e 20.02f

�25.67� �27.26� �27.89� �28.14� �–� �–� �–� �28.06�d �–� �28.35�f

+MP3 �4.23 �5.02 �4.54 �5.13
��7.68� ��8.74� �–� �–�

+MP4�SDQ� �2.39 �2.56 �2.64 �2.67
��3.13� ��3.44� �–� �–�

+CCSD 1.05 1.23
�0.89� �–�

+CCSD�T� �0.33 �0.36
�0.52� �–�

�CCSD�T� 57.40 56.73
�47.10� �–�

�CASSCF�14,14� 54.00 54.03
�CASPT2 50.34 49.39

aF-QZ.
bF-AQZ.
cF-5Z.

dSMP2-QZ.
eSMP2-AQZ.
fSMP2-5Z.

TABLE X. FPA of the vertical singlet-triplet gaps of naphthacene. “Well-
to-well” S0-T1 excitation energies �WWES-T� results are correspondingly
given in parentheses �all results are given in kcal/mol�.

Naphthacene

cc-pVDZ cc-pVTZ cc-pVQZ F/S-QZ
No. basis 312 708 1350

�HF 25.05 24.53 24.40 24.36a

�13.09� �13.20� �13.15� �13.09�a

+MP2 29.35 30.30 30.79 30.91b

�35.76� �37.39� �38.05� �38.23�b

+MP3 �7.74 �8.96
��10.32� ��11.81�

+MP4�SDQ� �4.13 �4.49
��4.77� ��5.23�

+CCSD �0.27
��0.56�

+CCSD�T� �1.06
��0.16�

�CCSD�T� 41.19
�33.05�

�CASSCF�14,14� 38.93 38.96
�CASPT2 35.29 34.50

aF-QZ.
bSMP2-QZ.

TABLE XI. FPA of the vertical singlet-triplet gaps of pentacene. “Well-to-
well” S0-T1 excitation energies �WWES-T� results are correspondingly given
in parentheses �all results are given in kcal/mol�.

Pentacene

cc-pVDZ cc-pVTZ cc-pVQZ F/S-QZ
No. basis 378 856 1630

�HF 11.50 11.02 10.91 10.88a

�0.46� �0.49� �0.44� �0.40�a

+MP2 34.11 35.36 35.94 36.09b

�42.53� �44.40� �45.13� �45.31�b

+MP3 �9.07 �10.54
��12.44� ��14.28�

+MP4�SDQ� �4.83 �5.34
��5.96� ��6.60�

+CCSD 0.08
��0.69�

+CCSD�T� 0.21
�1.06�

�CCSD�T� 31.99
�24.95�

�CASSCF�14,14� 29.96 30.07
�CASPT2 24.92 24.19

aF-QZ.
bSMP2-QZ.
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obtained using the cc-pV�Z and aug-cc-pV�Z basis sets in-
deed do not differ by more than 0.3 kcal/mol �see results in
Table XIV�.

The trends emerging from our calculations on the first
seven terms of the n-acene series are clear enough to enable
semiquantitative extrapolations to much longer acenes. In
view of the dominance of second order dynamical correla-
tion, it is rather obvious that the singlet closed-shell state will

remain the electronic ground state of much larger members
in the series. In Table XV, we describe linear correlations of
benchmark FPA_QZ results for singlet-triplet energy gaps
with estimates obtained at lower levels, MP3/cc-pVDZ,
MP4SDQ/cc-pVDZ, CCSD/cc-pVDZ, and CCSD�T�/cc-
pVDZ, respectively. Clearly, an improvement in the quality
of the regression is to be related with a convergence of the
treatment of electronic correlation. A preliminary
CCSD�T� /cc-pV�Z estimates of 14.29 kcal/mol, amounting
to a dual extrapolation by means of the FPA_QZ protocol,
can for instance be derived from a CCSD/cc-pVDZ//B3LYP/
cc-pVTZ value of 14.18 kcal/mol for the vertical ST-gap of
octacene.

Similar observations can be made upon correlating vari-
ous FPA results. Indeed, a three point extrapolation based on
the FPA_QZ and FPA_AQZ results obtained for benzene,
naphthalene, and anthracene yields the following
regression formula: FPA_AQZ=1.0047�FPA_QZ−0.2776
�R2=1.000 00�. Similarly, FPA_5Z values can be estimated

TABLE XII. FPA of the vertical singlet-triplet gaps of hexacene. “Well-to-
well” S0-T1 excitation energies �WWES-T� results are correspondingly given
in parentheses �all results are given in kcal/mol�.

Hexacene

cc-pVDZ cc-pVTZ cc-pVQZ F/S-QZ
No. basis 444 1004 1910

�HF 0.18 �0.28 �0.37 �0.38a

��9.92� ��9.96� ��10.01� ��10.05�a

+MP2 40.59 42.08 42.74 42.90b

�49.29� �51.38� �52.19� �52.39�b

+MP3 �11.05 �12.78
�14.55� ��16.69�

+MP4�SDQ� �5.69 �6.35
��6.90� ��7.72�

+CCSD �0.72
��1.41�

+CCSD�T� 0.23
�1.08�

�CCSD�T� 23.53
�17.60�

�CASSCF�14,14� 21.90 21.97
�CASPT2 18.59 17.95

aF-QZ.
bSMP2-QZ.

TABLE XIII. FPA of the vertical singlet-triplet gaps of heptacene. “Well-
to-well” S0-T1 excitation energies �WWES-T� results are correspondingly
given in parentheses �all results are given in kcal/mol�.

Heptacene

cc-pVDZ cc-pVTZ cc-pVQZ F/S-QZ
No. basis 510 1152 2190

�HF �8.69 �9.17 �9.26 �9.28a

��18.39� ��18.54� ��18.60� ��18.63�a

+MP2 49.20 51.10 51.86 52.05b

�58.50� �60.93� �61.83� �62.05�b

+MP3 �14.04 �16.15
��17.70� ��20.26�

+MP4�SDQ� �7.37 �8.25
��8.62� ��9.65�

+CCSD �1.41
��2.28�

+CCSD�T� 1.16
�2.03�

�CCSD�T� 18.86
�13.54�

�CASSCF�14,14� 18.31 18.32
�CASPT2 16.39 15.92

aF-QZ.
bSMP2-QZ.

TABLE XIV. Estimates of the vertical singlet-triplet gaps �all results are
given in kcal/mol�. “Well-to-well” S0-T1 excitation energies �WWES-T� re-
sults are correspondingly given in parentheses. Best estimates are in bold-
face.

FPA_QZ FPA_AQZ FPA_5Z FPA_5Z2

Benzene 103.71 103.90 103.67 104.37
�91.58� �–� �91.78� (92.22)

Naphthalene 75.83 75.96 75.92 76.28
�65.63� �–� �65.84� (66.18)

Anthracene 56.65 56.61 56.86 56.97a

�48.02� �–� �48.34� (48.51)b

Naphthacene 40.49 40.68c 40.77d 40.69a

�33.57� �–� �33.90�e (34.01)b

Pentacene 31.37 31.51c 31.70d 31.51a

�25.19� �–� �25.55�e (25.61)b

Hexacene 22.89 22.96c 23.26d 22.96a

�17.61� �–� �17.98�e (18.00)b

Heptacene 18.12 18.16c 18.52b 18.16a

�13.26� �–� �13.64�e (13.63�b

aExtrapolated results; FPA_5Z2=1.0072FPA_QZ−0.0946.
bExtrapolated results; FPA_5Z2=1.0035FPA_QZ+0.3246.
cExtrapolated results; FPA_AQZ=1.0047FPA_QZ−0.2776.
dExtrapolated results; FPA_5Z=0.9949FPA_QZ+0.4874.
eExtrapolated results; FPA_5Z=0.9976FPA_QZ+0.4146.

TABLE XV. Correlation between FPA_QZ and lower level methods, ac-
cording to the fit of the form FPA_QZ=A�method+B. “Well-to-well”
�WWES-T� results are correspondingly given in parentheses.

Method A B R2

MP2/cc-pVDZ 0.9629 �13.625 0.9709
�1.1287� ��18.088� �0.9587�

MP3/cc-pVDZ 0.9731 �5.0972 0.9951
�0.9635� �6.9982� �0.9929�

MP4SDQ/cc-pVDZ 0.9553 0.4489 0.9989
�1.0047� ��0.2710� �0.9986�

CCSD/cc-pVDZ 0.9690 0.3230 0.9990
�0.9986� ��1.0725� �0.9993�

CCSD�T�/cc-pVDZ 0.9878 0.2912 1.0000
�0.9772� �0.3772� �1.0000�
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from the FPA_QZ and FPA_5Z results of benzene, naphtha-
lene, and anthracene according to the regression FPA_5Z
=0.9949�FPA_QZ+0.4874 �R2=1.000 00�. Finally,
FPA_5Z2 values can be inferred from the FPA_QZ and
FPA_5Z2 results for benzene, and naphthalene, and related
to lower-level results by the equation FPA_5Z2
=1.0072�FPA_QZ−0.0946 �Table XIV�. It is worth noticing
that the discrepancies between the different FPA results for
the vertical S0-T1 excitation energies of benzene and acenes
do not exceed 0.70, 0.45, 0.36, 0.28, 0.33, 0.37, and
0.40 kcal/mol, when n=1–7, respectively, indicating conver-
gence of our treatment of electronic correlation within
chemical �1 kcal/mol� accuracy. The best �FPA_5Z2� esti-
mates for the vertical singlet-triplet energy gaps �VES-T� of
naphthalene, anthracene, naphthacene, pentacene, hexacene,
and heptacene are, therefore, 76.28, 56.97, 40.69, 31.51,
22.96, and 18.16 kcal/mol, respectively �Table XV�. Our best
estimation for the S-T energy gap of benzene is 100.79 kcal/
mol. This value was derived by adding to the best FPA
�FPA_5Z2� estimate of 104.37 kcal/mol the �MR-
AQCC�4,4�/aug-cc-pVQZ� correction of �3.57 kcal/mol for
the symmetry breaking of the electronic density.

C. Well-to-well and adiabatic singlet-triplet gaps

The principles of the FPA have been extended to “well-
to-well” and adiabatic excitation energies as well, by running
all necessary single-point calculations on geometries opti-
mized at the B3LYP/cc-pVTZ level for the triplet excited
states. In our revision, adiabatic geometrical relaxation ener-
gies �GRXE� were thus estimated in the limit of a
CCSD�T� /cc-pV�Z �FPA_5Z2� treatment �Table XVI�,

according to the energy differences at this level between
the vertical and relaxed triplet excited state �see data in
Table XIV�. Improvements over the corresponding
B3LYP /cc-pV�Z values are marginal, within 1 kcal/mol,
except in the case of benzene, which undergoes more com-
plicated symmetry-breaking effects due to Jahn–Teller dis-
tortions from a nonabelian symmetry point group �Table
XVI�. Details of the extrapolations of the B3LYP/cc-pVXZ
�X= �D,T,Q�� relaxation energies to their asymptotic limit
�B3LYP /cc-pV�Z� are given in Table XVII. The largest in-
crease in the relaxation energy due to the extension of the
basis set from cc-pVTZ to cc-pV�Z is observed with ben-
zene and amounts to 0.29 kcal/mol only.

As with the VES-T estimates, FPA_5Z and FPA_5Z2 val-
ues for the well-to-well singlet-triplet energy gaps can be
estimated from the FPA_QZ results, using linear correlations
of exceedingly high quality, namely, FPA_5Z
=0.9976�FPA_QZ+0.4146 �R2=1.000 00�, and FPA_5Z2
=1.0035�FPA_QZ+0.3246.

In line with the increased delocalization of the molecular
orbitals, geometrical relaxation energies smoothly decrease
with increasing system size due to the more extended delo-
calization of the involved orbitals. Correspondingly, the
overall amplitude of the structural relaxation effects that are
induced by a triplet excitation process decreases upon an
increase in system size. Typically, the shorter CuC bonds
get longer whereas the longer CuC bonds get shorter, while
the CuH bonds do not change significantly �Fig. 5�. For
instance the largest CuC bond stretching is 0.126 Å for
benzene, 0.067 Å for naphthalene, 0.045 Å for anthracene,
0.039 Å for naphthacene, 0.036 Å for pentacene, 0.030 Å for
hexacene, and 0.024 Å for heptacene. In contrast, the lengths

TABLE XVI. Calculated and experimental singlet-triplet energy gaps, along with zero-point vibrational energy ��ZPE� and geometry relaxation �GRXE�
contributions. All results are given in kcal/mol.

VES-T WWES-T WWES-T GRXE GRXE �ZPE AES-T

Experimental
CCSD�T� /
cc-pV�Za

CCSD�T� /
cc-pV�Za

CASCI/
cc-pVDZb

CCSD�T� /
cc-pV�Za,c

B3LYP / /
cc-pV�Zd

B3LYP/
cc-pVTZ

CCSD�T� /
cc-pV�Za,e

Benzene 100.79f 92.22 ¯ �12.15 �14.10 �5.20 87.02 84.34g

Naphthalene 76.28 66.18 61.0 �10.10 �9.98 �3.31 62.87 60.90,h 61.00i

Anthracene 56.97 48.51 44.0 �8.46 �7.58 �2.29 46.22 42.60,j 43.10k

Naphthacene 40.69 34.01 31.9 �6.68 �6.13 �1.78 32.23 29.45l

Pentacene 31.51 25.61 23.4 �5.90 �5.15 �1.42 24.19 19.83	0.70m

Hexacene 22.96 18.00 17.5 �4.96 �4.41 �1.21 16.79 12.43	1.20n

Heptacene 18.16 13.63 ¯ �4.53 �3.93 �1.07 12.56

aFPA_5Z2 estimate �see methodology section for details�.
bFrom Ref. 13.
cCalculated from the differences between the WWES-T FPA and VES-T FPA data.
dFB3LYP-QZ estimate.
eUpon adding �ZPE corrections to WWES-T CCSD�T� /cc-pV�Z data.
fSymmetry-corrected result, the noncorrected �symmetry-broken� value is 104.37 kcal/mol.
gIn argon or methane matrix at 4 K, for details see Ref. 33 and references therein.
hIn ether-isopentane-alcohol or related �solid� solvents �EPA+� at 77 K, for details see Ref. 33 and references therein.
iFrom Ref. 34 �no experimental details were provided�.
jIn ether-isopentane-alcohol or related �solid� solvents �EPA+� at 77 K, for details see Ref. 33 and references therein.
kValue obtained from laser-detachment photoelectron spectroscopy experiments in the gas phase on the anion �Ref. 35�. This value was determined as the
difference between the anion to neutral singlet and the anion to neutral triplet transition energies and corresponds thus to the S0-T1 excitation energy of the
neutral within the geometry of the anion.
lMeasured in a polymethylmethacrylate matrix at room temperature, see Ref. 33 and references therein for details.
mMeasured in a naphthacene matrix at room temperature, see Ref. 95 for details.
nMeasured in silicone oil at room temperature, see Ref. 11 for details.
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of the longer CuC bonds decrease by less than 0.009 Å for
benzene, 0.055 Å for naphthalene, 0.044 Å for anthracene,
0.035 Å for naphthacene, 0.026 Å for pentacene, 0.025 Å for
hexacene, and 0.024 Å for heptacene. The less pronounced
geometrical changes are usually found around the central
ring�s� of the molecule.

Adding B3LYP/cc-pVTZ estimates for the ZPVEs cor-
rections to the well-to-well excitation energies �WWES-T�
yields the adiabatic ST energy gaps reported in Table XVI
under the AES-T entry, which represent our best estimates for
these energy differences. The changes induced at the B3LYP/
cc-pVTZ level by adiabatic triplet excitation processes onto
the zero-point vibrational energies ��ZPE� are found to sig-
nificantly decrease, by about 5.20 kcal/mol, the adiabatic
singlet-triplet energy gap of benzene �in its triplet state at
equilibrium geometry, benzene exhibits a C2h symmetry, and
possesses a 3Bu electronic wave function�. Proceeding further
through the linear acene series, we observe that the �ZPE

corrections closely follow the trends observed previously for
the relaxation energies �GRXE values� and tend to vanish
with increasing system size.

Our best estimates for the ST energy gaps of benzene
and acenes at 0 K in vacuum systematically overestimate the
available experimental values by �3 to �4 kcal /mol. This
discrepancy is most probably ascribable to intermolecular
interactions and packing effects in various environments �so-
lutions, glassy matrices�, residual defects in the employed
B3LYP/cc-pVTZ geometries, zero-point vibrational and/or
thermal distortions of the molecular structure, anharmonici-
ties, vibronic coupling interactions, or to further geometrical
complications in the case of photoelectron detachment ex-
periments on mass-selected anions, as was for instance the
case with anthracene.35 The main factor limiting the accuracy
of the many-body calculations in vacuum is most probably
not the solution of the electronic Schrödinger equation, but
that of the nuclear Schrödinger equation.79 We note also
for instance that bathochromic shifts as large as 0.089 eV
��2 kcal /mol� or 0.171 eV ��4 kcal /mol� have been
observed at the level of the absorption threshold in the
UV-visible spectrum of naphthalene80 and anthracene81 when
these compounds are trapped in zeolites.

Our benchmark CCSD�T� /cc-pV�Z �FPA_5Z2� esti-
mates for the well-to-well energy gaps �WWES-T� are signifi-
cantly larger, by �1 �hexacene� to �6 kcal /mol �naphtha-
lene�, than the CASCI/cc-pVDZ values provided for the
same energy gaps by Hachmann et al.13 The excellent match,
within �0.0 �naphthalene� to �3.6 kcal /mol �pentacene�,
between the latter results and experiment was thus largely
the result of error compensations, due to the neglect of zero-
point vibrational energies and limitations in the employed
basis set and active space. According to results presented in
the study by Hachmann et al.13 for naphthalene, it was con-
cluded that the neglect of 
-space dynamic correlation
should not significantly affect the singlet-triplet gap of larger
systems, unless the active space is constructed from an in-
complete �-valence space. We found the latter observation to
be true in the case of naphthalene, upon comparing our
CASSCF/cc-pVDZ �61.23 kcal/mol� and CASPT2/cc-pVDZ
�61.14 kcal/mol� results for the well-to-well singlet-triplet
gap of this compound. On the other hand, with a system still
as small as anthracene, values of 44.87 and 41.90 kcal/mol
are correspondingly obtained, demonstrating the increasing
influence ��2.96 kcal/mol already� of the second-order dy-

TABLE XVII. Calculated and extrapolated geometrical relaxation energies �GRXE�. All results are given in
kcal/mol.

B3LYP/cc-pVDZ B3LYP/cc-pVTZ B3LYP/cc-pVQZ B3LYP /cc-pV�Za

Benzene 14.33 14.39 14.23 14.10
Naphthalene 11.08 10.02 9.93 9.98
Anthracene 8.44 7.57 7.52 7.58
Naphthacene 6.81 6.12 6.08 6.13
Pentacene 5.69 5.14 5.11 5.15
Hexacene 4.83 4.39 4.37 4.41
Heptacene 4.27 3.91 3.90 3.93

aFB3LYP-QZ estimate.
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FIG. 5. Main geometry parameters of the investigated compounds �bond
lengths in angstrom� and geometrical relaxations upon triplet excitation �in
angstrom� at the B3LYP/cc-pVTZ level of theory.
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namic correlation that is missing at the CAS-SCF level, com-
pared to a CASPT2 calculation employing a complete
�-valence space. Most likely, the influence of the missing
dynamic correlation associated with 
−��, �−
�, and to a
lesser extent, 
−
� excitation contributions ought to in-
crease with system size, in view of the expected size-
extensive scaling of dynamic electron correlation energies,
and because of the progressive closure of the HOMO-LUMO
�−�� band gap, along with the decrease and saturation
thereby of the 
−��, �−
�, and 
−
� band gaps to a finite
limit. Note therefore that the error ��2.96 kcal/mol� arising
from neglecting partially the dynamic correlation in the CAS
type wave function seems to be comparable with the CASCI/
cc-pVDZ value of +3.33 kcal /mol that was proposed for the
well-to-well singlet-triplet energy gap when n→�.13

D. Extrapolation to an infinite system

In the work by Hachmann et al.,13 a �much too large�
ST-gap of 8.69 kcal/mol at infinite length was obtained from
an extrapolation of CASCI/STO-3G data obtained for acenes
ranging from benzene up to dodecacene, using a fitting func-
tion of the form a+be−c. In their work, Hachmann et al.13

also proposed a value of 3.33 kcal/mol for the ST-gap of an
infinitely long chain of polyacene, based on an extrapolation
of CASCI/cc-pVDZ data obtained for acenes ranging from
naphthalene up to hexacene. Restricting the extrapolation of
the CASCI/STO-3G data to the terms ranging from naphtha-
lene to hexacene gives an intermediate ST-gap of 6.61 kcal/
mol in the polymer limit, which demonstrates that overlook-
ing the importance of the basis set in treatments of
correlation may yield errors as large, if not larger, than errors
due to truncating the extrapolation range.

Exciton binding energies of n-acenes in periodic lattices
are known to decrease faster than n−1, according to band
structure calculations82 of the dielectric tensor on the four
first-terms �n=2–5� of the series by solving the Bethe–
Salpeter equation for the electron-hole Green’s function. In
the absence of localization effects into excitonic waves, adia-
batic and vertical estimates for the ST gaps ought to con-
verge to the same value in the polymer limit �n→��. Stan-
dard nonlinear least squares fitting of our final sets of VES-T

and AES-T data in Table XVI by means of the above fitting
function gives estimates of 0.27 kcal/mol �Ref. 83� and
�0.37 kcal/mol �Ref. 84� for the vertical and adiabatic ST-
gaps of n-acenes in the polymer limit �n→��. Residual dif-
ferences from these fits do not exceed 0.8 and 0.6 kcal/mol,
respectively. Estimates of 3.75 �Ref. 85� and �0.22 kcal/mol
�Ref. 86� are correspondingly obtained if benzene is ex-
cluded from the fit. A further estimate of 3.50 kcal/mol is
obtained in the polymer limit for the vertical ST-gap when
using in the fit87 the symmetry-broken FPA_5Z2 value of
104.37 kcal/mol �Table XIV� for the VES-T gap of benzene.
In view of the dependence of the extrapolated results upon
details of the fit, it can only be tentatively concluded that in
this limit, the lowest singlet and triplet states should be de-
generate within �4 kcal /mol ��0.17 eV�, which qualita-

tively corroborates the absence of Peierls distortions in this
limit,14 and the closure of the fundamental gap therefore �see
Fig. 2 in Ref. 9�.

Indeed, at the RB3LYP/cc-pVTZ level, “outer” bond
lengths around the central ring of heptacene do not differ by
more than 0.008 Å. Alternations between these bond lengths
monotonically decrease with increasing system size �Fig. 5�
and vanish in the polymer limit.15 In line with these geo-
metrical features, structure factors computed for spin-spin
and charge-charge correlation functions on the ground of
density matrix renormalization group calculations using an
empirical Pariser–Parr–Pople Hamiltonian also demonstrate
that infinite polyacenes in their electronic ground state favor
uniform charge distribution with no oscillations in spin den-
sities or charge densities.9

IV. CONCLUSIONS

The physical nature of the singlet electronic ground state
of benzene and n-acenes ranging from naphthalene to hepta-
cene has been thoroughly discussed, on the ground of single-
and multireference calculations based on restricted or unre-
stricted zero-order wave functions. High-level and large
scale treatments of electronic correlation in the singlet
ground state are found to be necessary for compensating gi-
ant but unphysical symmetry-breaking effects in unrestricted
single-reference treatments. The composition of multicon-
figurational wave functions, the topologies of natural orbitals
in symmetry-unrestricted CASSCF calculations, the T1 diag-
nostics of coupled cluster theory, and further energy-based
criteria �%TAE�HF� and %TAE��T��� demonstrate that all
investigated systems exhibit a 1Ag singlet closed-shell elec-
tronic ground state.

A most common misconception among quantum chem-
ists is to believe that releasing symmetry restrictions over
space or spin in order to minimize the energy of a single
Slater determinant, according to the variation theorem, nec-
essarily yields the most suitable zero-order wave function for
a post-SCF treatment of electron correlation, whereas RHF
solutions ought to be proscribed. A most classical argument
in favor of unrestricted approaches is the failure of restricted
HF or DFT theories in describing bond dissociations. It is for
instance well known that a RHF treatment of H2 using a
minimal basis set of two 1s atomic functions centered at the
nuclei leads to an overestimation of the energy by 243 kcal/
mol at infinite nuclear separation. However, even in this
case, the correct energy, amounting to twice that of the iso-
lated hydrogen atom, is recovered by adding to the RHF
energy the full-CI �in this particular case, SDCI� estimate in
that minimal basis set for the correlation energy �see Eq. 4.24
in Ref. 51 and discussion therein�.

The present contribution convincingly demonstrates that
a UHF wave function is not necessarily a better starting point
than a RHF wave function for dealing with �symmetry-
restoring� dynamical correlation in symmetry-breaking situ-
ations. On the contrary, in such situations, the variational
energy minimum form of the unrestricted HF wave function
may represent one of the worst choices for a post-SCF treat-
ment of electron correlation �see Ref. 29, see also Ref. 88 for
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a general discussion of the CI energy dependence of one-
particle orbital bases obtained as SCF solutions of a gener-
alized Fock operator incorporating two independent param-
eters for scaling the Coulomb and exchange potential�. From
Eqs. �10� and �16� in Ref. 29, it is clear that the extent of
symmetry-breaking complications in unrestricted treatments
will smoothly increase with increasing system size, and de-
creasing band gap thereby, to reach asymptotically its climax
at the polymer limit, where the band gap and the lowest
excitation energies are expected to vanish in the absence of
Peierls distorsions,9 a �metallic� scenario which the present
contribution seems to confirm. Indeed, the T1 diagnostics
and the energy-based %TAE�HF� and %TAE��T�� criteria
corroborate the idea that multireference effects very slowly
increase with system size. However, for all selected systems,
the values of these diagnostics indicate that there is no risk at
all in assuming a single-reference depiction.

Since a single-reference depiction prevails for the elec-
tronic ground state, the vertical singlet-triplet excitation en-
ergies of benzene and n-acenes ranging from naphthalene to
heptacene have been quantitatively determined from an ex-
trapolation of the results of single-reference many-body cal-
culations to the confines of nonrelativistic quantum mechan-
ics for solving the electronic Schrödinger equation in
clamped-nuclei configurations. The present study is based on
various FPAs that exploit the overall smooth and regular con-
vergence of electronic energy differences with regard to the
size of the basis set and level of correlation attained in cal-
culations employing the HF, MP2, MP3, MP4SDQ, CCSD,
and CCSD�T� approaches along with increasingly complete
Dunning’s correlation consistent polarized valence basis sets
�up to 2190 basis functions for heptacene�. Such analyses
allow us to perform extrapolations to the CCSD�T� level in
conjunction with asymptotically CBSs. At the so called
FPA_5Z2 level �Eq. �6��, which amounts specifically to an
extrapolation to the CCSD�T� /cc-pV�Z level, based on
three-point Feller’s and Schwartz’s extrapolations of HF re-
sults and MP2 correlation energies obtained using Dunning’s
cc-pVXZ basis sets �X= �T,Q,5��, in combination with
+MP3 /cc-pvQZ, +MP4SDQ /cc-pVQZ, +CCSD /cc-pVQZ,
and +CCSD�T� /cc-pVQZ corrections, benzene, naphthalene,
anthracene, naphthacene, pentacene, hexacene, and hepta-
cene are found to have vertical singlet-triplet energy gaps of
100.79, 76.28, 56.97, 40.69, 31.51, 22.96, and 18.16 kcal/
mol, respectively. Upon accounting for zero-point vibrational
energies and geometry relaxation effects, the adiabatic
singlet-triplet energy gaps of these compounds are corre-
spondingly estimated to be around 87.02, 62.87, 46.22,
32.23, 24.19, 16.79, and 12.56 kcal/mol. The estimated adia-
batic values are in excellent match with the available experi-
mental values, taking into account the likely influence of the
environment in solid matrices or solvents. The largest devia-
tions between the results obtained using our various extrapo-
lation schemes �FPA_QZ, FPA_AQZ, FPA_5Z, and
FPA_5Z2� for the vertical �or well-to-well� ST-gaps of ben-
zene and of n-acenes �n=2,3 ,4 ,5 ,6 ,7� do not exceed 0.70
�0.64�, 0.45 �0.55�, 0.36 �0.49�, 0.28 �0.44�, 0.33 �0.42�, 0.37
�0.39�, and 0.40 �0.38� kcal/mol, respectively. This observa-

tion along with our analysis of multireference effects makes
us believe that, regardless of possible complications pertain-
ing to nuclear motions, we managed to grasp the lowest ex-
citation energies of acenes up to heptacene in vacuum within
chemical accuracy �1 kcal/mol, i.e., 43.4 meV�. Further ex-
trapolations with respect to system size indicate within an
accuracy of a few kcal/mol only that both the lowest vertical
and adiabatic ST excitation energies tend to vanish in the
polymer limit �n→��. Because of larger uncertainties on
energy differences, it is at this stage still not possible to
unambiguously determine whether the electronic ground
state of finite acenes approaching the polymer limit would
possess a singlet, a triplet, or even a higher spin-multiplet
function.

The accuracy obtainable via extrapolations toward the
CBS limit is very much dependent on the rate of conver-
gence of the correlation energy in the orbital expansion,
which can be frustratingly protracted in large conjugated sys-
tems. One of the most promising developments in response
to the sluggish convergence rates of the one-particle expan-
sion found in traditional correlation treatments has been the
emergence of linear R12 methods.89 These techniques explic-
itly include the interelectronic distance, R12, in the func-
tional form of the wave function, resulting in a wave func-
tion that exhibits the proper behavior with respect to electron
cusp conditions and a more rapid convergence thereby of the
correlation energy to the CBS limit. It would therefore be
useful to evaluate the outcome of explicitly correlated R12
wave functions in further studies of the electronic properties
of large conjugated compounds employing the principles of a
FPA. In view of the scarcity of accurate experimental deter-
minations of the excitation properties of large conjugated
systems, a main general conclusion of our work is that,
nowadays, many-body quantum chemical calculations can
deliver transition energies at very high accuracies, sometimes
competing with experiment. As was clearly shown in this
paper, this no longer true only for atoms and small molecules
of academic interest, but also for large conjugated com-
pounds that are currently attracting much attention in the
field of materials sciences and molecular engineering.
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