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Abstract This study examines the radical nature and spin
symmetry of the ground state of the quasi-linear acene and
two-dimensional periacene series. For this purpose, high-
level ab initio calculations have been performed using the
multireference averaged quadratic coupled cluster theory
and the COLUMBUS program package. A reference space
consisting of restricted and complete active spaces is taken
for the m-conjugated space, correlating 16 electrons with 16
orbitals with the most pronounced open-shell character for
the acenes and a complete active-space reference approach
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with eight electrons in eight orbitals for the periacenes.
This reference space is used to construct the total config-
uration space by means of single and double excitations.
By comparison with more extended calculations, it is
shown that a focus on the 1 space with a 6-31G basis set is
sufficient to describe the major features of the electronic
character of these compounds. The present findings suggest
that the ground state is a singlet for the smaller members of
these series, but that for the larger ones, singlet and triplet
states are quasi-degenerate. Both the acenes and periacenes
exhibit significant polyradical character beyond the tradi-
tional diradical.

Keywords Singlet—triplet splitting - MR-AQCC -
Unpaired electron density - Natural orbitals

1 Introduction

Over the past decade, there has been significant rise in
graphene research due to its potential application in
nanoelectronics [1] and organic semiconductors [2]. This
enthusiasm was triggered by the so-called scotch tape
isolation [3] performed in 2004 by Geim and Novoselov.
After isolating a one-atom-thick sheet of graphite, which
they would coin as “graphene,” many experimental and
theoretical groups began to explore the peculiar electronic
properties of this zero-bandgap semiconductor [4]. Quasi-
linear acenes (Fig. 1a) and two-dimensional nanoribbons
[5] (Fig. 1b) have been frequently used to investigate the
fascinating electronic properties of graphene. The synthesis
of quasi-linear n-acenes is possible up to 9-acene, but
beyond 5-acene, measures must be taken to overcome its
high reactivity. For hexacene, emersion in silicone oil
solution has been used by Ref. [6]. Heptacene has been
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Fig. 1 Structures a n-acene and b (ma, nz) periacene

photogenerated in a polymethyl methacrylate matrix [7].
Octacene and nonacene were kept at very low temperatures
(~30 K) in a solid argon matrix by Tonshoff and Bettinger
[8]. Additionally, although not preserving the true mole-
cules, significant substitution by bulky groups has been
used to stabilize the acenes [9].

Extensive theoretical work has been performed on ac-
enes [10-13] and graphene flakes [14—18] using density
functional theory (DFT) calculations. However, because of
the polyradical character of these systems, an unrestricted
approach had to be used [10] with concomitant spin con-
tamination, demonstrating the energetic instability of the
restricted DFT procedure [11]. Furthering this, Scuseria
et al. [12] used a spin-projected UHF (SUHF) to overcome
the deficiencies in a standard single-determinant HF
approach. As an alternative, the density matrix renormal-
ization group (DMRG) [19, 20] and the active-space vari-
ational two-electron reduced density matrix (2-RDM)
methods [21, 22] aim at an exact solution within a full
configuration space spanned by a limited basis set (minimal
or non-polarized double zeta basis sets) in the w space. The
spin-flip configuration interaction method [23] and coupled
cluster with singles, doubles, and non-iterative triples
CCSD(T) [24, 25] have been applied as well. Recently,
multireference averaged quadratic coupled cluster (MR-
AQCC) calculations [26], with all ¢ molecular orbitals
(MOs) frozen, have been performed.

The extraordinary spin polarization and half-metallic
properties of zigzag graphene nanoribbons (GRN) (Fig. 1)
[5] have been demonstrated in many investigations based
on general considerations using Clar’s sextet theory [27,
28] and by explicit quantum chemical calculations using
DFT [14, 16, 18, 29], DMRG [19, 20], 2-RDM [21, 22],
and MR-AQCC methods [26]. Singlet-triplet (S-T) split-
ting gives important information about the radical character
of a compound. It was first estimated by Angliker et al. [6]
that the ground state of nonacene and beyond was a triplet
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state. This estimate was based on the extrapolation of the
experimentally observed singlet—triplet splitting available
between benzene and pentacene to nonacene. But in 2010,
Tonshoff and Bettinger [8] concluded from the existence of
a finite optical band gap deduced from Vis/NIR spectros-
copy that nonacene was in fact a singlet, while, e.g., in
[30], EPR spectra for substituted nonacene were observed
indicating a non-singlet state. Additionally, several theo-
retical groups [19, 31-33] report S-T splittings for acenes
and S-S excitation energies have been examined as
well [34]. For a detailed discussion on these findings,
see Sect. 3.

The present study explores the spin symmetry and rad-
ical nature of graphene nanoribbons via quasi-linear acenes
as well as two-dimensional periacenes. There are two
questions this study seeks to answer: (1) What is the spin
state of the ground state of acenes and periacenes, and can
this knowledge then be used to extrapolate this to a larger
graphene nanoribbon? (2) What can be said about the
radical nature of graphene?

The first question posed is addressed with calculations
using multiconfigurational and multireference ab initio
methods. Multireference averaged quadratic coupled clus-
ter (MR-AQCC) [35] calculations are particularly useful
for large aromatic systems and radical systems [26, 36, 37],
of which the molecules in this study are both. This
approach aims at a compact representation of complicated
electronic wave functions by constructing a reference space
containing the most important quasi-degenerate configu-
rations (non-dynamical electron correlation) and repre-
senting the dynamical correlation by means of single and
double excitations [38]. Size extensivity contributions are
taken care of by the AQCC approach. To answer the sec-
ond question, an analysis of the radical nature of the acenes
is performed by two means: tracking the evolution of both
the natural orbital (NO) occupations with increasing chain
length and the total number of effectively unpaired elec-
trons (Ny). The method for determining Ny was first pro-
posed by Takatsuka et al. [39] and was further developed
by Staroverov and Davidson [40]. The methodology
eventually used in this paper comes from Head-Gordon
[41]. Additionally, we investigate the influence of freezing
the ¢ orbitals on the NO occupations and the S-T splittings.
The effect of polarized basis sets on these quantities is
considered as well.

2 Computational methods

For the purposes of this study, the “zigzag” edge of the
acenes and periacenes is taken to be along the x-axis in the
x—y plane. The acenes were examined from n = 2-13,
n being the number of fused benzene rings in the chain.



Theor Chem Acc (2014) 133:1511

Page 3 of 9 1511

The periacenes were studied from (5a,2z) to (5a,5z), in
which m and n count the number of benzene rings along
each direction and a and z denote armchair and zigzag
boundaries, respectively (Fig. 1b). These molecules belong
to the Dy, symmetry group, with by, by, bse, a, being the
irreducible representations that correspond to the m orbitals.
The geometries for the acenes and periacenes were taken
from Ref. [26], which had been optimized with second-
order Mgller—Plesset perturbation theory [42] including the
resolution of the identity approach (RI-MP2) [43, 44] with
an SV(P) basis set [45] under D,y, symmetry.

As a first option in constructing the multireference
wave function, a complete active-space (CAS) approach
was chosen. In this, eight electrons were correlated with
eight orbitals (two taken from each m symmetry). This
resulting CAS(8,8), although modified at times, was used
throughout the calculations of the periacenes. CAS self-
consistent field (CASSCF) calculations were performed to
determine the MOs. This CAS(8,8) was used as a refer-
ence space in constructing a multireference (MR)
expansion in configuration state functions (CSF) with all
single and double excitations [38]. This MR expansion
was used in two ways. The multireference averaged
quadratic coupled cluster (MR-AQCC) method [35] is our
preferred method in the reliable treatment of static and
dynamic electron correlation effects. In calculations of
higher triplet states, which were performed to determine
the symmetry of the lowest one, the MR-AQCC method
suffered from the problem of intruder states. In these
cases, and for the purpose of comparison with MR-AQCC
calculations on the lowest triplet state, the multireference
configuration interaction with singles and doubles (MR-
CISD) method was employed, also using the same con-
figuration space as for the MR-AQCC approach. To
account for quadruple and higher excitations, the renor-
malized Davidson correction [38, 46] (denoted + Q) was
used as follows:

Eq = (1 — ) (Ect — Escr) 0

2
<o

in which ¢j is the sum of the squared coefficients of the
reference configurations in the MR-CISD expansion.

We found that the periacenes were well described by the
MR-AQCC/CAS(8,8) approach. In the case of the larger
members of the n-acene series (n larger than 8), a signifi-
cant number of intruder states appeared. This resulted in
configurations (mostly singly excited either from the dou-
bly occupied orbitals into the CAS or from the CAS to the
virtual orbital space) not included in the references. Con-
figurations exceeding a threshold of 0.01 in their weight in
the CSF expansion were considered intruder states. More-
over, in such cases, the reference space was not preserved
throughout the calculations. Consequently, the symmetry

numbering of the output natural orbitals (NOs) did not
correspond to that of the MOs used for the construction of
the reference space in the input. We therefore set up an
extended scheme as second option, in which the number of
internal orbitals was significantly increased. However,
including these orbitals as a CAS proved to be too costly.
Following the procedures used by Plasser et al. [26], a set
of active orbitals was introduced by moving some refer-
ence doubly occupied orbitals into the restricted active
space (RAS) from which only single excitations were
allowed in the process of constructing the references.
Similarly, auxiliary orbitals were introduced by moving
virtual orbitals into the auxiliary active space (AUX). Only
a single electron, at most, was permitted into the AUX. The
set of reference CSFs constructed from this RAS/CAS/
AUX scheme was then used to construct the entire CSF
expansion space by means of single and double excitations
as described above for the CAS(8,8) reference space.

The RAS is composed of orbitals that are generally in
the 1.84e—1.90e range for NO occupation. The number of
RAS orbitals used for n = 2-6 was n, and for n = 7-13,
six orbitals were maintained as in the 6-acene. Their con-
tribution to the reference space is greater than that of the
doubly occupied space, but less than that of the CAS.
Based on experience with the calculations on the singlet
state of the n-acenes [26], a CAS(4,4) was taken for all n,
correlating 4 electrons with 4 orbitals. These orbitals
exhibited the most pronounced open-shell character in the
CAS(8,8) calculation. They are, therefore, given the largest
weight in the reference space. The range of their NO
occupation is from 0.25¢ to 1.75e. The auxiliary space
(AUX) is the excitation space for the reference configura-
tions. The AUX orbitals generally have an NO occupation
of 0.07¢-0.15e.

This calculation is referred to as RAS/CAS(4,4)/AUX in
the following. A total of 16 electrons/orbitals are used, at
most, in this reference space, as opposed to the 8 in the
CAS(8,8) reference space. This RAS/CAS(4,4)/AUX rep-
resentation is used at the MCSCF, MR-CISD, and MR-
AQCC levels. For the n-acenes, n = 9—11, one additional
configuration was added to the reference space to accom-
modate for a significant intruder state in the MR-AQCC
wave function.

In terms of molecular size, the most extended set of
calculations were performed by freezing all ¢ orbitals and
using the 6-31G basis set [47]. Starting from a closed-shell
self-consistent field (SCF) calculation, all occupied and
virtual ¢ orbitals were frozen by transforming the one- and
two-electron integrals into a new basis, keeping only the 7
orbitals. The effect of the frozen ¢ orbitals was folded into
effective one-electron Hamilton matrix elements according
to the formalism described by Shavitt [48]. To validate the
use of the 6-31G basis set and the freezing of ¢ orbitals,
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two additional sets of calculations were performed for the
n-acenes up to n = 9. The first was identical to the scheme
outlined above, except a 6-31G* basis set [47] was used.
The second series of calculations also used a 6-31G* basis
set, but froze only the ¢ core orbitals. In these calculations
though, a smaller reference space was chosen. For
n = 24, a CAS(4,4) was sufficient as a reference space,
which is the same CAS(4,4) as in the RAS/CAS(4,4)/AUX.
For n = 5, one orbital was added to both the RAS and the
AUX space based on their proximity to CAS occupations.
For n = 6-7, two RAS and AUX orbitals were added, and
an additional amount of ¢ orbitals equal to the number of
1s core orbitals was frozen. This procedure was tested for
n = 7, and no significant deviation in S-T splitting energies
was found. This second calculation was only used up to
n=717.

The effective unpaired electron densities and total
number of effectively unpaired electrons (Ny) were com-
puted [39—41]. To avoid overemphasizing the contribution
of the natural orbitals (NOs) that are nearly occupied or
nearly unoccupied, we chose to use the nonlinear model
suggested in [41] where Ny is given by

M
NU = Zl’llz(2 — I”l,')2 (2)

in which n; is the occupation of the ith NO and M is the
number of NOs. In this, the open-shell character is given
the largest weight.

The orbital occupation scheme of the doubly occupied
orbitals was obtained by performing a DFT calculation
with the Becke—Perdew functional [49, 50] and a 6-31G*
basis set [47]. Geometry optimizations were performed
with the TURBOMOLE [51, 52] package, and all other
calculations use COLUMBUS [53-55].

3 Results
3.1 Singlet—triplet splitting

A direct product of all the © symmetries for D,y results
in the following symmetries for the triplet states: 3Ag,
B3, °Bsy, and 3B1g. The S-T splitting for the m-MR-
CISD + Q/CAS(8,8)/6-31G calculation for each of these
symmetries (i.e., the excitation energies from the 11Ag
state to the respective lowest triplet state in these sym-
metries) is compared in order to determine the lowest
energy state. It is shown in Figs. 2 and 3 (Tables S1-2 in
the Supplementary Material contain the data in tabular
form; the same procedure has been followed for the other
figures showing S-T splittings) that the *Bs, state has the
smallest S-T splitting for all molecules. In light of this,
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Fig. 2 Singlet—triplet splitting of n-acenes (n = 2-9) with respect to
the IAg ground state using the n-MR-CISD 4+ Q/CAS(8,8)/6-31G
approach
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Fig. 3 Singlet—triplet splitting of (5a,nz) periacenes (n = 2-5) with
respect to the 'Ag ground state using the n-MR-CISD + Q/CAS(8,8)/
6-31G approach

only the *Bs, symmetry was considered in the remaining
work.

The S-T splitting for the MCSCF, MR-CISD, and MR-
AQCC calculations for the acenes (Fig. 4, Table S3)
remains positive in all instances, indicating that the system
maintains singlet ground state character for these compu-
tational levels and all values of n investigated. However,
the relative theoretical-experimental error, as shown in
Table 1, shows that the n-MR-AQCC/RAS/CAS(4,4)/
AUX/6-31G results deviate by 0.27 £ 0.06 eV from the
experimental data [31, 56-59]. Correcting our results by
this value shows that our calculations predict 11-acene as
the first case where the triplet state is lower than the singlet
state, as it can be seen from S-T splitting of 0.26 in Table
S3. This value of n = 11 compares quite well with the
value of n =9 deduced by Angliker et al. [6] from
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Fig. 4 Singlettriplet splitting for n-acenes (n = 2-13) at four
different levels of theory using a m-RAS/CAS(4,4)/AUX reference
space and the 6-31G basis set in comparison with experimental data

Table 1 Average difference and standard deviation of the S-T
splitting (eV) between theory and experiment for the linear acenes
n=2-6

Method Average + standard
deviation
n-MCSCF/6-31G 0.48 + 0.22
n-MCSCF/6-31G* 0.48 £ 0.18
Total-MCSCF/6-31G* 0.70 £ 0.13
n-MR-CISD/6-31G 0.41 £ 0.06
n-MR-CISD + Q/6-31G 0.33 £0.13
n-MR-AQCC/6-31G 0.27 £ 0.05
n-MR-AQCC/6-31G* 0.29 £ 0.08
Total-MR-AQCC/6-31G* 0.40 £ 0.19

experimental data as mentioned above. The difference
between these two n values comes from a slight leveling
off of the MR-AQCC results (Fig. 4).

n-MR-CISD/6-31G and n-MR-CISD + Q/6-31G cal-
culations have been performed for n = 12 and 13 with the
present RAS/CAS/AUX scheme, for which the MR-AQCC
calculation showed significant intruder states. It is inter-
esting to note that until n = 10, the former two methods as
well as MCSCF show very good agreement with the MR-
AQCC data, and only starting at n = 10, no further
reduction of the S-T splitting is observed for these meth-
ods. This good agreement with the MR-AQCC reference
data is partly due to the flexible reference configuration set,
but probably also due to error cancelation in computing the
energy difference between singlet and triplet states.

While it is possible that acenes maintain a singlet
ground state as n approaches infinity, they surely have
nearly degenerate singlet and triplet ground states. A
similar situation is present in the much larger periacene
system, in which the S-T splitting, as shown in Fig. 5

2.5
2.0 4
%‘ —e— -MCSCF
~ 1.5
g ——n-MR-AQCC
& ., —+— 1-MR-CISD
% ——1-MR-CISD+ Q
0.5
0.0 !
1 2 3 4 5 6

Fig. 5 Singlet—triplet splitting for (5a, nz) periacenes (n = 2-5) at
four different levels of theory with the ¢ system frozen using a
CAS(8,8) reference configuration set

(Table S4), drops to nearly zero (0.05 eV) by the (5a,4z).
From DFT calculations, there is no clear consensus on the
spin multiplicity of the acenes beyond octacene. Houk et al.
[31] and Rayne et al. [32] show that nonacene is a triplet,
while Bendikov et al. [10] report a singlet state, at least
through decacene. Going beyond DFT, Casanova and
Head-Gordon [23] developed a single-reference (*A;) spin-
flip configuration interaction method that predicts a singlet
up to 20-acene, though the S-T splitting is nearly zero
(0.09 eV). MR-CISD was used recently with an S-T
splitting for decacene (Table 3 in Ref. [33]) consistent with
our MR-CISD values (Fig. 4, Table S3). DMRG calcula-
tions [19] have been interpreted to result in a small but
finite singlet—triplet gap. Hajgatd et al. [25] concluded that
the S-T splitting in the large n limit would be around
0.17 eV and went later on [24] to show with single-refer-
ence CCSD(T) that this limit is ~0.06 eV. Their study
included up to n = 11 in the acene series and gave an S-T
splitting for n = 11 of 0.31 eV. This value falls within the
same near-degeneracy that our adjusted MR-AQCC pre-
dicts. To our knowledge, there is no current experimental
S-T data for the periacene series. Additionally, we have
only found one other group [60] that reported theoretical
S-T data for periacenes. With R(U)B3LYP/3-21G, they
found a —0.33 eV S-T splitting for the (5a,5z) periacene,
indicating a triplet ground state. For the MR-AQCC/
CAS(8,8)/6-31G calculation, we find a splitting of 0.05 eV.
Accordingly, all these calculations strongly suggest that an
actual graphene nanoribbon has a ground state with nearly
degenerate singlet and triplet states.

The comparison between the basis sets (6-31G and
6-31G*) and the two different electronic systems (m-con-
jugated and total) for the linear acenes, as shown in Fig. 6
(Table S5), leads to the conclusion that the m-conjugated
system with a 6-31G basis set is quite adequate to describe
the S-T splitting for these molecules. There is virtually no
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—— n-MR-AQCC/6-31G

—— 1-MCSCF/6-31G*
—— n-MR-AQCC/6-31G*

—+— total-MCSCF/6-31G*

S-T Splitting (eV)
N

—— total-MR-AQCC/6-31G*

Fig. 6 Singlet—triplet splitting for the n-acenes computed at MCSCF
and MR-AQCC levels for three different cases: n-6-31G, n-6-31G*,
and total-6-31G*

difference in the relative S-T splittings for the three MR-
AQCC variants. This is true in particular for the larger
systems beyond pentacene where the three values are
always within an interval of 0.1 eV. Only the S-T splittings
computed at the MCSCF level deviate a bit from the MR-
AQCC results. Also, what can be seen from these graphs is
that a systematic error with respect to experiment, as
shown in Table 1, still arises in the MR-AQCC, regardless
of the basis or level of o—=n correlation. Thus, it is not the
freezing of the ¢ orbitals that leads to the error, and
accordingly, the SCF approach seems to be sufficient for
the description of the & system. While the MR-AQCC
corrects for the size extensivity issue present in MR-CISD,
it is likely the truncated nature of the calculations that still
causes this error.

3.2 Radical character

It is primarily the zigzag edge of graphene nanoribbons that
contributes to its high radical character. Nakada et al. [61]
showed analytically that there is a degenerate flat band near
the Fermi level on the zigzag edge, which is not present on
the armchair edge. Jiang et al. [15] went on to show that the
carbon atoms on the zigzag edge of a graphene nanoribbon
are more chemically reactive than those of a graphene
sheet, nanotube, and nanoribbon armchair edge, having a
bond dissociation energy at least 1.2 eV times higher than
any of them when bonded to hydrogen. The radical char-
acter of the system is examined via two means in this
paper: the NO occupation and effective number of unpaired
electrons.

3.2.1 NO occupation
The NO occupations are derived from the spin-averaged

one-electron density matrix, thus leading to a spectrum of
occupation from zero to two. This can be seen for the 3B3u

@ Springer
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Fig. 7 Natural orbital (NO) occupations of the 3B3u state of n-acenes
(n = 2-11) obtained from n-MR-AQCC/RAS/CAS(4,4)/AUX/6-31G
calculations

—o— (5a,2z) periacene
—&— (5a,3z) periacene
—— (5a,4z) periacene
05 | —— (5a,5z) periacene
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[
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Fig. 8 Natural orbital (NO) occupations of the 3B3u state of (5a,nz)
periacenes (n = 2-5) obtained from n-MR-AQCC/CAS(8,8)/6-31G
calculations

state for the acenes in Fig. 7 and for the 3B,, state for the
periacenes in Fig. 8. The HONO and LUNO for each
molecule can be recognized by the occupations closest to
one for the whole series. The acene series starts for n = 2
with a HONO/LUNO difference of about 0.56, which is
reduced to about 0.27. With increasing n, additional NO
occupations deviating from the limit values of zero and two
appear, indicating the evolving polyradical character. This
evolution of increasing radical character is analogous to the
one found for the lowest singlet state of acenes in the MR-
AQCC [26], DMRG [19], 2-RDM [21], and projected
Hartree—Fock calculations [12]. DMRG calculations on
larger acenes [20] show for the singlet state a HONO/
LUNO gap of ~0.5e, which is classified by the authors as
single radical occupation being, in their conclusions, sim-
ilar to the just-mentioned other calculations. The singlet
and triplet NO occupation plots differ primarily for the
initial members of the acene series, which starts with
HONO/LUNO occupations for the singlet case close to
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zero and two, respectively, whereas in the triplet case, the
aforementioned open-shell NOs already appear at the very
beginning of the series. However, after a certain size of the

4
3 —e— Singlet
=3
5 —e— Triplet
—a— Singlet without
1 HONO/LUNO
—— Triplet without
0 T T T T T HONO/LUNO
1 3 5 7 9 11

Fig. 9 Effective number of unpaired electrons for the 1Ag and >Bj,
states of the m-acenes with and without the HONO and LUNO
included using the n-MR-AQCC/RAS/CAS(4,4)/AUX/6-31G method

4 -
3 —e— Singlet
—e— Triplet
=)
= 2
—a— Singlet without
HONO/LUNO
14 —a— Triplet without
HONO/LUNO
0 T T
1 3 5

n

Fig. 10 Effective number of unpaired electrons for the IAg and 3B3u
states of the (5a,nz) periacene series with and without the HONO and
LUNO included using the n-MR-AQCC/CAS(8,8)/6-31G method

Fig. 11 Unpaired electron
density for the ]Ag (top) and
3B3Ll (bottom) states of the
11-acene (isovalue 0.005 a.u.)
of the m-MR-AQCC/RAS(6)/
CAS (4,4)/AUX(6)/6-31G
calculation with individual
atomic populations computed
from a Mulliken analysis

acene chain, the NO occupation graphs look very similar.
The same situation is seen with the periacenes in Fig. 3 of
Ref. [26] and Fig. 8. HONO/LUNO plots for the 11-acene
and (5a,5z) periacene for both the ]Ag and B, states are
included in the supplementary material (Figures S1-4).

3.2.2 Effective number of unpaired electrons

In Fig. 9, the Ny values (Eq. 2) for the singlet and triplet
states of the acene series are presented. The triplet curve
starts from a value of 2.4 for n = 2, which is consistent
with the strong open-shell character shown in Fig. 7. The
singlet state starts with closed-shell character, but then, it
rapidly catches up with the triplet state. It has been found
for a true biradical (the stacked tetracyanoethylene anion
dimer complex with two potassium cations as counter ions)
[62] that the Ny values could be modeled by the HONO/
LUNO contributions alone. The situation is completely
different here. There is still a strong increase in Ny even
after the HONO/LUNO contribution is deducted (Fig. 9).
A similar situation is found for the periacenes (Fig. 10). It
is interesting to note that the partial number of unpaired
electrons is almost identical for the singlet and triplet states
in all cases considered. This suggests similarities between
the many-particle wave functions in both cases and that the
single major difference lies in the frontier orbitals, which
are only in the triplet case necessarily occupied by unpaired
electrons. As soon as the singlet acquires radical character
its total Ny reaches the value of the triplets. Plots of the
unpaired densities including a Mulliken population ana-
lysis are given in Figs. 11 and 12. The unpaired density is
always located on the zigzag edge. There is a specific
concentration on the center, but a delocalization over the
whole edge is visible.
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Fig. 12 Unpaired electron density for the *Bs, state of the (54,5z)
periacene (isovalue 0.005 a.u.) of the -MR-AQCC/CAS(8,8)/6-31G
calculation with individual atomic populations computed from a
Mulliken analysis

4 Conclusions

The purpose of this work was twofold: first, to determine
whether the ground state of graphene nanoribbons is a
singlet or a triplet and second, to qualify/quantify the
multiradical nature of these systems. This was accom-
plished by performing high-level ab initio multiconfigu-
rational and multireference calculations using the
COLUMBUS program on quasi-linear acenes and two-
dimensional periacenes. It is clearly seen that the validity
of the results of these calculations is independent of both
the basis set and the amount of correlated G electrons. For
both systems, a near-degeneracy of the singlet and triplet
states is found for sufficiently extended systems. For the
n-acene series, this happens at around n = 11. In partic-
ular, in the periacene case, the S-T splitting drops rapidly
to nearly zero eV by the (5a,4z). It is clear, however,
from the calculations that graphene is multiradical in
nature as the number of unpaired electrons increases with
chain length. As in the case of the singlet state, the
unpaired densities in the periacenes are concentrated
along the zigzag edges with only minor extension into the
inner parts of the nanosheet. The multiradical character of
the acenes and periacenes leads to very high reactivity,
which will be amenable to tuning, either by structural
defects or by heteroatoms. Further work will examine
various forms of defects in regard to their stability and
electronic properties.

@ Springer
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