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This study examines the dependence of the polyradical character of charged quasi-linear n-acenes
and two-dimensional periacenes used as models for graphene nanoribbons in comparison to the
corresponding neutral compounds. For this purpose, high-level ab initio calculations have been
performed using the multireference averaged quadratic coupled cluster theory. Vertical ionization
energies and electron affinities have been computed. Systematic tests show that the dependence on
chain length of these quantities can be obtained from a consideration of the π system only and that
remaining contributions coming from the σ orbitals or extended basis sets remain fairly constant.
Using best estimate values, the experimental values for the ionization energy of the acene series can
be reproduced within 0.1 eV and the experimental electron affinities within 0.4 V. The analysis of the
natural orbital occupations and related unpaired electron densities shows that the ionic species exhibit
a significant decrease in polyradical character and thus an increased chemical stability as compared
to the neutral state. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906540]

I. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are found in
nature as environmental pollutants1 and are related to chemical
reactivity of black carbon interfaces in soil.2 Additionally,
PAHs are found rather abundantly in the interstellar medium3

and are thought to be the cause of several unidentified bands
in the mid-IR spectral range.4–6 Recently, PAHs have received
increasing attraction as they are commonly used to model the
electronic structure of graphene and graphene nanosheets.7,8

Graphene is a fascinating material and of great interest because
of its potential use in nano-electronics.9 An important tool to
tune the electronic properties of graphene is the introduction
of defects.10 There are several means by which this goal can be
achieved, which include chemical doping,11 ejection of carbon
atoms,12 forming of ionic species, oxidation,13 and covering
in surfactant.14

Of the PAHs, quasi-linear acenes (Scheme 1(a)) and two-
dimensional nanoribbons (Scheme 1(b)) have been frequently
used to investigate the amazing electronic properties of
graphene. One remarkable feature of the mentioned PAHs
is the high radical character at the zigzag edges,15–20 which
leads, e.g., to a high chemical reactivity of the acenes with
pentacene being the largest well-characterized acene.21

Forming charged species is an interesting way to alter
the electronic structure of the PAHs. By the addition and
removal of a single electron, an anion and cation, respectively,
are formed for each of the molecular species. Many groups
have concentrated on the energetic aspects by investigating
electron affinities (EA) and ionization energies (IE) of PAHs.
The ionization potentials of various members of the acene
series have been measured with time-resolved photoioniza-

a)E-mail: hans.lischka@univie.ac.at

tion mass spectrometry,22 two-laser resonant photoionization
mass spectrometry,23 charge-stripping mass spectrometry,24

and photoelectron spectroscopy.25 The electron affinity of
naphthalene was first reported by Burrow et al.26 with the
use of electron transmission spectroscopy. This technique
captures the anionic energy for continuum states, which for
the case of electronic ground states is only applicable in the
acene series for benzene and naphthalene, as all the anionic
acenes beyond that are more stable than their respective neutral
ground states. Going beyond naphthalene, photodetachment
photoelectron spectroscopy has been applied to anthracene
at supercooled temperatures27 and tetracene and pentacene
have been investigated with an electron transfer equilibria
technique.28 To our knowledge, no experimental data are
available for the periacene series.

In terms of theoretical studies, different versions of the
outer valence Green’s function (OVGF) method were used
by Ohno et al.29 to quantify the ionization potential bands of
naphthalene and anthracene and by Ortiz et al.30 to calculate
those of anthracene and tetracene. The third-order algebraic
diagrammatic construction (ADC(3)) method has been used31

to calculate the early shake-up potential bands of anthracene.
Coupled cluster calculations with singles and doubles and non-
iterative triples (CCSD(T)) have been performed by Deleuze
et al.32 Although no theoretical data are available for the
charged periacenes species, some small 2D systems such
as pyrene and chrysene have been investigated in Ref. 33
in which ADC(3) and OVGF methods have been used. The
bulk of the previous theoretical work34–36 on anionic acenes
has been performed at the density functional theory (DFT)
level. CCSD(T) calculations have been performed as well37

for adiabatic electron affinities (AEAs).
Beyond the just-described ionization energies and elect-

ron affinities of selected PAHs, relatively little attention has
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SCHEME 1. Structures (a) n-acene and (b) (ma, nz) periacene.

been paid to the more general question of their electronic
structure and in particular to their polyradical nature. The goal
of this work is to explore these properties in more detail by
examining the singly ionic states of acenes and periacenes. It
has already been mentioned at the beginning of this section
that the neutral polyacenes and periacenes acquire substantial
radical character with increasing chain length and that it is
mostly concentrated at the zigzag edges. The focus of the
present work is directed towards the question of how the
electronic structure is affected by addition or removal of an
electron and how, thereby, the polyradiacal character and thus
the chemical reactivity of the ionized species are changed in
comparison to the corresponding neutral compounds. We have
shown in previous work on singlet and triplet states of neutral
polyacenes and periacenes18,38 that their polyradical character
can be well addressed by means of an ab initio multireference
(MR) formalism. It is the purpose of this investigation to
apply this approach also to the mentioned charged acenes
and periacenes. The multireference method is based on a
general concept aiming at an efficient representation of the
electronic wavefunction by constructing a reference space
containing the most important quasi-degenerate configurations
(non-dynamical electron correlation) and representing the
dynamical correlation by means of single and double excita-
tions.39 Size-extensivity contributions are included at the level
of the multireference averaged quadratic coupled cluster (MR-
AQCC)40 approach, which has been successfully applied and
found particularly useful for larger aromatic systems.18,38,41–44

Based on the MR-AQCC calculations, analysis of the
polyradical nature of the acenes and periacenes is performed
by two means: monitoring the evolution of the natural orbital
(NO) occupation with increasing chain length and using

the effectively unpaired density. The latter method was first
proposed by Takatsuka et al.45 and was further developed by
Staroverov and Davidson.46 The methodology used in this
paper comes from Head-Gordon.47 Calculations employing
the effects of polarized and diffuse basis sets on these quantities
are considered as well for all the molecular systems.

II. COMPUTATIONAL DETAILS

The acenes (Scheme 1(a)) were examined from n = 2-8,
n being the number of fused benzene rings in the chain.
The periacenes (Scheme 1(b)) were studied from (3a,2z) to
(3a,5z) in which the integers count the number of benzene
rings along each direction, and a and z denote armchair
and zigzag edges, respectively. These molecules belong to
the D2h symmetry group, with b1u, b2g, b3g, and au being the
irreducible representations that correspond to the π orbitals.
The geometries for the acenes and periacenes were taken
from Ref. 18, which had been optimized with second order
Møller-Plesset perturbation theory48 including the resolution
of the identity approach (RI-MP2)49,50 with a SV(P) basis
set.51 The orbital occupation scheme of the doubly occupied
orbitals was obtained by performing a DFT calculation with
the Becke-Perdew functional52,53 and a 6-31G(d) basis set.
For the purposes of this study, the “zigzag” edge of the
acenes and periacenes (Scheme 1) is taken to be along the
x-axis in the x-y plane. DFT calculations were performed
with the TURBOMOLE54,55 program package, and all other
calculations used COLUMBUS.56–60

Previous calculations on acenes18,38 had shown that
large active spaces (up to 16 electrons in 16 orbitals) were
necessary for producing reliable MR-AQCC calculations. A
corresponding complete active space (CAS) with a reference
space of that size would be far too large. Therefore, as an
efficient compromise, a smaller CAS was chosen which was
augmented by a restricted active space (RAS) and an auxiliary
space (AUX). Four electrons were correlated in four orbitals to
form the CAS and six orbitals were included in the AUX. AUX
orbitals are obtained by moving virtual orbitals into the active
space. An increasing number of RAS orbitals were included
by including orbitals from the reference doubly occupied
space as the size of the n-acenes increased (number of RAS
orbitals equals n until n = 6, and remained at this value for
n > 6). Only single excitations were allowed from the RAS
and into the AUX space. This created a RAS/CAS(4,4)/AUX
framework used for the multiconfiguration self-consistent field
(MCSCF) calculations performed to determine the molecular
orbitals (MOs). This RAS/CAS(4,4)/AUX was also used as a
reference space in constructing a multireference expansion in
configuration state functions (CSF) with all single and double
excitations into the virtual orbital space.39

The MR-AQCC method40 already mentioned above was
used for the calculations on the acenes. For the periacenes
though, MR-AQCC calculations were not feasible due to
a significant number of intruder states which led, in many
cases, to non-converging calculations. Intruder states are
defined as configurations not contained in the reference
space which nevertheless acquire a significant weight. As
threshold for that weight, a value of ∼1% was adopted.
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Extending the reference space to include these configurations
turned out to be computationally too expensive. Therefore,
in this case, the multireference configuration interaction with
singles and doubles (MR-CISD) method was employed and a
CAS(8,8) was chosen containing two orbitals for each of the
symmetries of the π orbitals. To account for quadruple and
higher excitations, the renormalized Davidson correction39,61

(denoted +Q) was used as follows:

EQ =

�
1−c2

0

�(ECI−EREF)
c2

0

(1)

in which c0
2 is the sum of the squared coefficients of the

reference configurations in the MR-CISD expansion and EREF

denotes the reference energy.
The requirements in terms of basis set were significantly

more challenging especially for the anions as compared to
the neutral systems investigated before.18,38 Because of the
drastically enhanced computational requirements, extensive
surveys of different factors influencing the results, such as
basis set and freezing schemes for the σ orbitals, were
performed to develop a procedure by which to compute the
electron affinities and ionization energies for the larger acenes.
As will be discussed below, the most extended calculations
were performed for anthracene only, but the validity of the
developed corrections in terms of basis sets and freezing of
σ orbitals was verified by calculations on larger members of
the acene series up to heptacene. For anthracene, a full scope
of Pople62 basis sets was used ranging from 6-31G up to
6-311G(2d,f)63,64 with augmented functions for the carbon
atoms. Augmentation here is performed by adding up to 2
diffuse functions to the s and p functions by scaling the
lowest occurring exponent by a factor of 1/3 for each function
added. The latter is denoted d-aug-6-311G(2d,f).63 For the EA
calculations of the remaining acenes, 6-31G, aug-6-31G, and
aug-6-31G(d) basis sets were taken. Likewise, for the π IE
calculations, 6-31G, 6-31G(d), and doubly polarized 6-31G
(6-31G(2d)) were chosen. No difference was found between
the π and the all valence calculations for IE; therefore, no
σ-π correlation correction is included. Each of the basis sets
listed above is that for carbon. For the hydrogen, only s basis
functions are included for each respective basis set.

The MR-AQCC calculations correlating all valence elec-
trons and using larger basis sets including especially double
augmentation became excessively demanding for the systems
beyond anthracene. Therefore, the most extended set of
calculations, in terms of molecular size, were performed by
freezing all σ orbitals. Starting from a self-consistent field
(SCF) calculation, all occupied and virtual σ orbitals were
frozen by transforming the one- and two-electron integrals
into a new basis, keeping only the π orbitals. The effect
of the frozen σ orbitals was folded into effective one-
electron Hamilton matrix elements according to the formalism
described by Shavitt.65 This procedure resulted in a significant
enhancement of the efficiency of the MCSCF and MR-AQCC
calculations since only the π orbitals needed to be considered
which decreased the effective basis set size considerably. For
consistency with previous calculations,18,38 a closed-shell SCF
representation was taken for all states of all species. For

comparison, σ orbitals derived from a series of restricted
open-shell SCF calculations for the cations and anions and
the 6-31G basis were used in the freezing scheme as well.
The ionization energies did not change as compared to the use
of the closed shell σ orbitals, but the electron affinities were
increased on average by 0.31 eV for the acene series n= 2-8.
Thus, in the case of π calculations, the value of 0.31 eV is
included in the correction for the σ correlation. To test the σ
freezing scheme, a second series of calculations (also using a
6-31G basis set) was performed where only the σ core orbitals
were frozen. In these calculations though, a slightly smaller
reference space was taken. Based on the comparison of the
results of the calculations in the π only and the full valence
space including the σ orbitals, a σ-π correlation correction
(denoted as +TC in the figures—“Total Correction”) is added
to the EA π calculations. In this context, “Total” denotes
the electron correlation treatment with the inclusion of all
occupied π and valence σ orbitals.

Vertical ionization energy (VIE) and electron affinity
(VEA) are computed as the difference of energies obtained by
independent calculations with the neutral, cation, and anion
at the optimized geometry of the neutral system. The electron
affinity is defined as E A= En−Ea, in which En is the neutral
state energy and Ea is the anionic energy. A negative EA value
represents an unbound state. Ionization energy is calculated as
IE = Ec−En in which Ec is the cationic energy.

The effectively unpaired electron densities and total num-
ber of effectively unpaired electrons (NU)45–47 were computed
to discuss the polyradical character of the different molecular
systems. To avoid overemphasizing the contribution of the
NOs that are nearly doubly occupied or nearly unoccupied,
the non-linear model suggested in Ref. 47 was chosen, where
NU is given by

NU =

M
i=1

n2
i

�
2−n2

i

�
(2)

in which ni is the occupation of the ith NO, and M is the
number of NOs.

III. RESULTS

In the first part of this section, the calculations of the
ionization energy and electron affinity of the n-acenes and
of the periacenes will be presented. The second part will be
dedicated to the discussion of the electronic structure of the
singly positively and negatively charged n-acenes and of the
periacenes with particular emphasis of their radical character
and unpaired densities. The symmetries of the doublet states
of these charged systems are found by removing one electron
from the π system and adding one, respectively. The symmetry
of the cationic and anionic states, respectively, depends on the
symmetry of the highest occupied natural orbital (HONO)
and the lowest occupied natural orbital (LUNO), respectively.
For the neutral 1Ag state, the symmetry of HONO for the
acene and periacene series alternates between au and b2g, and
conversely, the LUNO symmetry alternates between b3g and
b1u. Therefore, the computation of the lowest ionic state is
reduced to an alternation between states (anion: 2B3g and
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FIG. 1. First ionization energy for n-acenes (n = 2-8) with respect to the 1Ag
state using the π-MR-AQCC/RAS/CAS(4,4)/AUX/6-31G approach.

2B1u, cation: 2Au and 2B2g). However, explicit calculations (see
below) were made for all symmetries to check this assumption.

A. Ionization energy

The dotted line in Figure 1 (Table S1 in the supplementary
material66 contains these data in tabular form; the same
procedure has been followed for other figures as well) indicates
the alternation of the 2Au and 2B2g states as described above for
the ionization energy. For the acene series (Figure 1), the two
states that were never the lowest (2B3g and 2B1u) suffered from
intruder states. Accordingly, some of the values, especially for
the larger acenes, are not given.

Figure 2 (Table S266) shows MR-AQCC results obtained
with more extended basis sets where only the energetically
lowest state according to Figure 1 has been computed. A first
comparison of the IE computed with the σ system frozen and
with all valence electrons correlated (Figure 2, Table S266)
using the 6-31G basis set shows that the latter calculation does
not change the calculated ionization energy, as the two curves
nearly perfectly overlay. A series of significantly larger basis
sets was used for anthracene in order to create an incremental
scheme for estimating basis set effects (Table I). The addition

FIG. 2. First ionization energy for n-acenes (n = 2-8) for MR-AQCC using
several basis sets in comparison with the experiment.22–25

TABLE I. Basis set comparison with experiment for ionization energy (eV)
of all valence calculations of anthracene.

Basis set IE

6-31G 6.85
6-31G(d) 7.00
6-31G(2d) 7.09
Aug-6-31G 7.06
d-aug-6-31G 7.06
d-aug-6-311G(d) 7.22
d-aug-6-311G(2d) 7.29
d-aug-6-311G(2d,f) 7.34
Experimenta 7.44

aReference 23.

of a single polarization function (6-31G vs. 6-31G(d)) shows
a 0.15 eV increase in the IE. Adding a second d function
(6-31G(2d)) increases the IE by 0.09 eV. Independently,
the addition of a single diffuse function to 6-31G (aug-6-
31G) changes the IE by 0.21 eV. Extending the number of
diffuse functions beyond the first one had a negligible effect
(<0.01 eV).

Combining these functions and allowing for somewhat
more flexibility in the valence part of the s and p bases,
the use of the d-aug-6-311G(2d) leads to an increase of the
computed ionization energy by 0.44 eV in relation to the 6-
31G result. Adding an f function improves agreement with
experiment to 0.10 eV. In summary, the improvements in the
quality of the basis set with respect to the 6-31G basis amount
to 0.49 eV. Table S266 shows that the basis set increment of
0.24 eV between the 6-31G(2d) and 6-31G results is very
well constant up to n = 6, the largest calculated acene with
the former basis set. Assuming such a behavior also for the
more extended basis sets, the total increment of 0.49 eV is
added to the total/6-31G IEs for the larger acenes. Thereby,
the theoretical-experimental error is reduced to 0.12±0.04 eV
(shown as “Best Estimate” curve in Figure 2 and Table S266).

In view of the increased size of the periacenes and the
experience with the calculations on the n-acenes concerning
the insensitivity of the ionization energies to the inclusion
of σ orbitals into the calculation, only π/MR-CISD+Q results
have been performed for the periacenes (Figure 3, Table S366).
In analogy to Figure 1 for the acenes, the dotted line in

FIG. 3. First ionization energies for the (3a,nz) periacenes (n = 2-5) using
the π-MR-CISD/CAS(8,8)/6-31G approach.
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Figure 3 shows, similar to the analysis found the acenes, the
alternation of the 2Au and 2B2g states for the ionization energy.
A comparison of molecular systems of similar size between the
acenes (Figure 2) and periacenes (Figure 3), such as 7-acene
and (3a,3z) periacene, shows their IEs to be 5.52 eV and
5.54 eV, respectively, demonstrating an internal consistency
within the calculations. Further wavefunction analysis, as
examined in Sec. III C, will support the adequacy of this
comparison.

In comparison to previous calculations, it is noted that
in the OVGF calculations by Ohno et al.,29 the symmetry of
the first ionization bands switches from 2Au for naphthalene
to 2B2g for anthracene, which is in good agreement with the
alternating lowest state symmetries in Figure 1 for acenes
and Figure 3 for periacenes. Deleuze et al.32 have shown
an accuracy in ionization energies within 0.02-0.07 eV for
benzene through hexacene with extrapolations using CCSD(T)
calculations combined with a focal point analysis67 (FPA). A
comparison of the raw data shows that our results agree well
with the CCSD(T) results. Basis set extrapolations were not
performed in this study since it requires correlation consistent
basis sets instead of the Pople basis sets used here.

B. Electron affinity

Similar to the discussion of the most stable symmetries
of the cationic states, the consequences of adding an electron
to the LUNO is an alternation of the symmetry of the lowest
state. Figure 4 (Table S466) indicates this phenomenon with
a dotted line, pointing to the switching between the 2B3g and
2B1u states. The following aspects make the calculation of the
electron affinities more difficult than those for the ionization
energies: (i) the basis set effects are more pronounced that for
the cationic systems and (ii) inclusion of the σ orbitals into
the electron correlation scheme proved to be important.

The addition of the σ electrons to this system (independent
of the basis and n) has a significant influence in the amount
of ∼0.73 eV in the average for n= 2-5 (see Table S5,66 6-31G
basis). This value is approximately constant (Table S566); thus,
0.73 eV is taken for all values of n. Its use is denoted by the
label +TC in the figures. For anthracene, as given in Table II,
the addition of a diffuse function (aug-6-31G) to the π-only
system increases the EA by 0.44 eV and the polarization (6-

FIG. 4. Electron affinity for n-acenes (n = 2-8) for the π-MR-AQCC/RAS/
CAS(4,4)/AUX/6-31G approach.

TABLE II. Basis set comparison with experiment for electron affinity (eV)
for full valence calculations of anthracene.

Basis set EA

6-31G −0.98
6-31G(d) −0.74
Aug-6-31G −0.54
Aug-6-31G(d) −0.29
d-aug-6-311G(d) −0.17
d-aug-6-311G(2d) −0.04
d-aug-6-311G(2d,f) 0.01
Experimenta 0.53

aReference 27.

31G(d)) by 0.24 eV (both in reference to the π/6-31G). Table II
shows that these effects are additive in that the aug-6-31G(d)
gives an increase of 0.68 eV. The addition of a second diffuse
function along with increased basis set flexibility in the s
and p bases (d-aug-6-311G(d)) showed a 0.12 eV increase
in EA upon the aug-6-31G(d) result. Including a second d
function (d-aug-6-31G(2d)), an additional 0.13 eV is realized.
The largest basis set used (d-aug-6-311G(2d,f)) adds a single
f function to the d-aug-6-311G(2d) basis set for each of the
carbons. This leads to an additional change of 0.05 eV.

The curve in Figure 5 labeled “Best Estimate” shows
the combined effects of adding the σ correlation (0.73 eV)
to the π system, two diffuse functions (0.56 eV), and three
polarization functions (0.42 eV) (two in the d set and one in
the f set), as taken from the anthracene data (Table II), which
totals 1.71 eV. With this addition, the average theoretical-
experimental error for the acene series is reduced to 0.44 eV,
excluding the data point for naphthalene. Qualitatively, this
“Best Estimate” curve gives the correct description of the
anions, by virtue of being bound or unbound, for all acenes in
the series in comparison to the experimental findings.26–28

Table III shows the average difference and standard
deviation (eV) between theory and experiment for electron
affinities and first ionization energies of n-acenes for n in
which experimental data are available. The input data for
the statistical analysis are taken from Figures 2 and 5 for
the ionization energy and electron affinity, respectively. As

FIG. 5. Electron affinity for n-acenes (n = 2-8) for different basis sets and
levels of theory as compared with experiment.26–28 TC denotes the approxi-
mate inclusion of σ correlation.
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TABLE III. Average difference and standard deviation (eV) between theory
and experiment for electron affinities and first ionization energies of n-acenes
for n in which experimental data are available.

Method Average ± standard deviation

Ionization energy
π-MR-AQCC/6-31G 0.52 ± 0.11
Total-MR-AQCC/6-31G 0.57 ± 0.10
Total-MR-AQCC/6-31G(2d) 0.33 ± 0.10
Best estimate 0.12 ± 0.04

Electron affinity
π-MR-AQCC/6-31G 2.23 ± 0.15
π-MR-AQCC/aug-6-31G(d) 1.56 ± 0.08
Total-MR-AQCC/6-31G 1.50 ± 0.15
π-MR-AQCC/aug-6-31G(d)+TC 0.82 ± 0.08
Best estimate 0.44a ± 0.15

a0.51 eV if naphthalene is included.

mentioned previously, EA calculations proved to be more
sensitive to basis set effects and σ correlation than those
of IE. This is evident when comparing the relative error
between the basis sets. The π-MR-AQCC/6-31G, Total-MR-
AQCC/6-31G, and Best Estimate data are available for direct
comparison between the IE and EA.

Because of the size of the two-dimensional periacene
systems, the calculations were limited to a π/MR-CISD+Q/6-
31G approach. Results are displayed in Figure 6 (Table S666).
As described for the acenes, an alternation between 2B3g and
2B1u is displayed by the dotted line in Figure 6. If the same TC
correction of 0.73 eV as was obtained for the acenes is used
also in a further approximation for the periacenes (shown as
the upper dotted line in Figure 6), then all members of the
series are bound or nearly bound. For the larger n values in
the (3a,nz) periacene series, positive EA values are obtained
in any case. Their increase is, however, less pronounced than
for the n-acenes (Figure 5).

In previous calculations, Rienstra-Kiracofe et al.34 showed
for 2-4 acenes that BLYP and B3LYP functionals with an
aug-cc-pVDZ basis were especially useful for calculating
VEAs. They reported an average computational-experimental
error of 0.18 eV. Modelli et al.35 produce similar results
with B3LYP/6-31+G*. Betowski et al.36 extend this with
B3LYP/6-31+G(d,p) and B3LYP/6-311G(d,p) to reach an

FIG. 6. Electron affinity for (3a,nz) periacenes (n = 2-5) for the π-MR-
CISD+Q/CAS(8,8)/6-31G approach. TC denotes the approximate inclusion
of σ correlation.

average computational error of 0.07 eV. Going beyond DFT,
CCSD(T) has been employed37 up to an aug-cc-pVQZ basis
sets with FPA67 to extrapolate to the full basis limit giving
AEAs of at most a 0.04 eV error. The CCSD(T) raw data
points shown in Ref. 37 are only about 0.1 eV more accurate
than our d-aug-6-31G(d)+TC data.

C. Radical character

It has been shown in several investigations that the
primary contribution to the high radical character of graphene
nanoribbons comes from its zigzag edge. Nakada et al.68

showed analytically that there is a degenerate flatband near
the Fermi level on the zigzag edge, which is not present
on the armchair edge. Jiang et al.69 went on to demonstrate
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.
Recently, the significance of the zigzag edge has also been
reported by means of projected Hartree-Fock theory70 and
MR-AQCC calculations.18,38 The radical character of the
system is examined via two means in this paper: the NO
occupation and the effective number of unpaired electrons.

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. Though it was necessary to
go beyond 6-31G to obtain more accurate electron affinities
and ionization energies, NO occupations appear to be quite
insensitive of basis set size. Although data are only available
for anthracene for the largest basis sets, there is virtually
no difference between π/6-31G and Total/6-311++G(2d,f)—
orbital occupations agree within 0.02 e. Additionally, for
the basis sets that are used for larger n-acenes (6-31G, 6-
31G(d), 6-31G(2d), aug-6-31G(d), and aug-6-31G(2d)), a
similar situation is found. In view of this good agreement
and for reason of consistency with the periacene calculations,
all figures here show data for π/6-31G. In Figure 7, the

FIG. 7. NO occupations (e) for alternating cationic 2Au/
2B2g states of

n-acenes (n = 2-8) obtained from π-MR-AQCC/RAS/CAS(4,4)/AUX/6-31G
calculations.
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FIG. 8. Effective number of unpaired electrons for the 1Ag (singlet),
2Au/

2B2g (cation), and 2B3g/
2B1u (anion) states of the n-acenes (n = 2-8)

with and without the HONO and LUNO for the singlet and the single
occupancy of the ions using the π-MR-AQCC/RAS/CAS(4,4)/AUX/6-31G
method.

NO occupations for the cationic 2Au/
2B2g series of n-acenes

are shown. The NO occupation pattern for the remaining
cases (anionic n-acenes, cationic, and anionic periacenes) is
nearly identical and can be found in Figures S1-S3 of the
supplementary material.66

All of these graphs, as displayed in Figures 7 and S1-S3,66

show a pronounced single radical character with only a slight
increase in polyradical character from the peripheral orbitals
with increasing chain length. This polyradical character
coming from non-HONO/LUNO states is less pronounced to
that of singlet18 and triplet38 states found in previous MR-
AQCC calculations.

2. Effective number of unpaired electrons

Figure 8 (Table S766) shows NU values for the acenes
computed using Eq. (2). It has been shown previously71 that,
e.g., for a biradical formed from a dimer of the tetracyanoethy-
lene anion, the NU values can be well approximated from the
HONO/LUNO orbitals exclusively. In the case of singlet and
triplet graphene nanoribbons, it was found38 that this model
breaks down showing additional polyradical character. To test
the same behavior here, in Figure 8, NU and reduced NU values
are shown, where the contributions from the nearly singly

FIG. 9. Effective number of unpaired electrons for the 1Ag (singlet),
2Au/

2B2g (cation), and 2B3g/
2B1u (anion) states of the (3a,nz) periacenes

(n = 2-5) with and without the HONO and LUNO for the singlet and the
single occupancy of the ions using the π-MR-CISD/CAS(8,8)/6-31G method.

FIG. 10. Plot of the unpaired electron density for the anionic 2B1u state of
the (3a,5z) periacene (isovalue 0.005 e) of the π-MR-CISD/CAS(8,8)/6-31G
calculation with individual atomic populations computed from a Mulliken
analysis. NU = 1.25 e.

occupied NOs (for the singlet, this is the HONO and LUNO;
for the doublets, it is the singly occupied NO) have been
excluded. Figure 9 (Table S866) displays the corresponding
graphs for the periacenes. Though the ionic species show
singly radical character starting from 2-acene, they only show a
gradual increase in unpaired electrons with increasing n, while
the singlet (neutral) state for comparison increases rapidly.
The reduced NU values show for the ionic species of acenes
a steady increase, which remarkably follows the singlet curve
completely. This realization further supports the explanation
given in Sec. III for the singly occupied orbital, in that only the
HONO and LUNO orbital occupations were affected by the
ionization and electron attachment. For the periacene series,
Figure 9 shows that similar to the n-acene series, the NU

values of the neutral singlet case surpass the values of the
ionic species with increasing chain length. Again, the reduced
NU values show a remarkable agreement between ionic and
neutral cases. The constancy of these values with increasing
n as compared to the observed increase in the n-acene series
(Figure 8) is probably due to the use of the MR-CISD method
in the former case. The dominance of the neutral systems
in terms of NU values for larger chains indicates a reduced
chemical reactivity of the charged systems. This gives further
support to the idea that neutral graphene possesses significant
multiradical behavior as suggested previously,18,38 which can
be reduced by adding/removing electrons such that only one
open-shell orbital remains.

It has been shown15–20,38 that the bulk of the unpaired
electron density for acenes and periacenes rests on the zigzag
edge, thus leading to the conclusion it is the most reactive part
of graphene. That is, the case presented here for the charged
periacenes as well. Figures 10 and S466 show the unpaired
density plots for the anionic and cationic species, respectively,
for the (3a,5z) periacene. Both ionic species show less radical
character than the singlet state (Figure S566). The NU values
are ∼1.25 e in the former and 1.61 e in the latter case.

IV. CONCLUSIONS

The purpose of this work was to explore the singly
ionic states of graphene as a means to better understand
its radical nature. This was accomplished by performing
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high-level ab initio multiconfigurational and multireference
calculations (MR-AQCC) on quasi-linear acenes and two-
dimensional periacenes. The qualitative features of the char-
acter of the charged systems have been explained on the
basis of removing/adding an electron to the HONO/LUNO
system. Full valence calculations with extended basis sets were
required to capture the effects of diffusivity and polarization of
the ionic species. To make calculations at the multireference
level possible for the whole range of n-acenes, a correction
scheme for the effect of including the σ orbitals into the
electron correlation process and using larger polarization basis
functions was developed on the basis of extended calculations
on anthracene and selected tests concerning their dependence
on chain length. It was found that the main energetic trends
in ionization energies and electron affinities could be quite
well reproduced quantitatively on the basis of π-only electron
correlation and a double zeta basis set. The remaining, non-
negligible contributions could be determined very well from
extended calculations for the acene series with the largest
calculations being performed only for anthracene. It was found
that contribution of sigma orbitals in the case of electron
affinities and basis set effects was remarkably constant along
the acene and periacene series, respectively. These findings
certainly rely on error compensation when subtracting the total
energies of the neutral and charged species. Nevertheless, this
situation is consistent with the picture discussed in the context
of unpaired densities that electron removal/addition can be
discussed on the basis of HONO and LUNO. For this process
and the concomitant polarization of the π system, a relatively
small basis set is sufficient. The remaining bulk electron
correlation effects seem to cancel. Even though it would
of course be preferable to perform complete calculations
including all valence electrons and a large basis set, the present
results open the possibility to perform also useful, more limited
calculations which can be focused on the multireference
character of the wavefunction and the chemical reactivity
following it.

This chemical aspect of our investigations is represented
in the analysis of the natural orbitals and the unpaired density.
Based on the comparison of total numbers of unpaired density,
the calculations show that the ionic species should be less
reactive than corresponding neutral singlet and triplet states.
The analysis shows a singly occupied HONO and LUNO,
respectively, being primarily responsible for the unpaired
density. Starting with a zigzag length of four (3a,4z) in the
periacene series, the total unpaired density for the neutral
singlet state surpasses the charged systems and continues to
grow significantly. This comparison illustrates the prediction
of the just-mentioned reduced reactivity of the latter systems.
We expect similar stabilizing effects on doping graphene
nanoribbons with heteroatoms.
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