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How to efficiently tune the biradicaloid nature
of acenes by chemical doping with boron and
nitrogen†

Max Pinheiro Jr, a Luiz F. A. Ferrão, a Fernanda Bettanin,a

Adélia J. A. Aquino, bcd Francisco B. C. Machado *a and Hans Lischka *bcd

Acenes are fascinating polyaromatic compounds that combine impressive semiconductor properties

with an open-shell character by varying their molecular sizes. However, the increasing chemical

instabilities related to their biradicaloid structures pose a great challenge for synthetic chemistry.

Modifying the p-bond topology through chemical doping allows modulation of the electronic properties

of graphene-related materials. In spite of the practical importance of these techniques, remarkably little

is known about the basic question – the extent of the radical character created or quenched thereby. In

this work, we report a high-level computational study on two acene oligomers doubly-doped with

boron and nitrogen, respectively. These calculations demonstrate precisely which the chemical route is

in order to either quench or enhance the radical character. Moving the dopants from the terminal rings

to the central ones leads to a remarkable variation in the biradicaloid character (and thereby also in the

chemical stability). This effect is related to a p-charge transfer involving the dopants and the radical

carbon centers at the zigzag edges. This study also provides specific guidelines for a rational design of

large polyaromatic compounds with enhanced chemical stability.

1 Introduction

The n-acenes (C4n+2H2n+4) are a class of polyaromatic hydro-
carbons (PAHs) composed of linearly condensed benzene rings,
resembling a quasi-1D graphene strip with zigzag boundaries.
Similar to other p-conjugated systems, the quantum confine-
ment arising from the finite length of acenes determines its
basic electronic properties such as band gaps, ionization
potential, electron affinity and singlet–triplet (ST) splitting.1,2

By increasing the carbon framework of oligoacenes, semiconducting
properties can already be observed for the medium-sized members
pentacene and hexacene, which exhibit high electrical conductivity
and low energy gaps that are very attractive for device applications
based on organic compounds.3–5 The trend of vanishing ST splitting
with growing acene length indicates the formation of polyradical
structures with high chemical instability.6–9 Thus, the availability of
longer acene chains is quite limited and remains a great challenge

for experimental research,10 although recent progress in the
synthesis techniques provided oligomers as large as octacene or
nonacene under special conditions.11

An efficient strategy for tailoring the electronic, magnetic
and physico-chemical properties of graphene-related materials
relies on the controlled introduction of substitutional defects
(chemical doping).12 Replacing carbon by boron (B) or nitrogen
(N) atoms, for example, allows modulation of the position of frontier
energy levels, since these aliovalent species introduce holes or
electrons into the p-system via charge transfer. Considerable efforts
have been made towards the analysis of the energy gap and
transport modulation by doping graphene.13–16 The dependence
of the band structure on graphene doping in various positions17 and
the effect on ionization energies and electron affinities has been
studied.18,19 However, the chemical consequences of heteroatom
substitutions in terms of the open-shell nature and stability of these
polyaromatic compounds still remain unclear. In particular, the
question of how the substitutional B or N doping might be used for
tuning the distribution of radical spins in extended acenes is
intriguing and opens fascinating opportunities for modulating
electronic properties into desired directions. Due to the immanent
chemical instability of the n-acenes described above, a reliable
documentation of their biradicaloid character is very difficult
to obtain from experiments. Quantum chemical calculations, on
the other hand, are very well suited to deliver this information
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São José dos Campos, 12228-900, São Paulo, Brazil. E-mail: fmachado@ita.br
b School of Pharmaceutical Sciences and Technology, Tianjin University, Tianjin,

300072, P. R. China. E-mail: hans.lischka@univie.ac.at
c Department of Chemistry and Biochemistry, Texas Tech University, Lubbock,

TX 79409-1061, USA
d Institute for Theoretical Chemistry, University of Vienna, A-1090 Vienna, Austria

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp03198j

Received 14th May 2017,
Accepted 27th June 2017

DOI: 10.1039/c7cp03198j

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 9

/1
9/

20
24

 8
:0

3:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-5120-4172
http://orcid.org/0000-0003-1294-8707
http://orcid.org/0000-0003-4891-6512
http://orcid.org/0000-0002-2064-3463
http://orcid.org/0000-0002-5656-3975
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp03198j&domain=pdf&date_stamp=2017-07-12
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C7CP03198J
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP019029


19226 | Phys. Chem. Chem. Phys., 2017, 19, 19225--19233 This journal is© the Owner Societies 2017

and can, thereby, contribute significantly to the efficient devel-
opment of new organic semiconducting materials.

The present work aims at providing a comprehensive under-
standing of the structural, electronic and open-shell properties
for a series of heteroatom (boron or nitrogen) doped acenes. In
our investigation, multireference methods20 will be used which
fulfill the challenging needs for a suitable and rigorous treatment
of multiradical systems in which the effects of electron unpairing
naturally arise from treating the correlated many-body problems.
Using the multireference averaged quadratic coupled cluster
(MR-AQCC)21 method, we investigate how the radical nature of
oligoacenes evolves when the dopant position is systematically
changed. This information is inferred from simple descriptors
such as natural orbital occupation numbers and densities of
unpaired electrons,22–24 which offer a good measure for the
singlet open-shell character.8,25 Moreover, the charge distribution
analysis of the p-system provides further insights into the charge
transfer process involved in the quenching of the radical
character. As an important consequence, the present study
provides a comprehensive strategy on how and at which positions
to dope the acenes, opening new perspectives for the design of
extended PAH compounds with enhanced chemical stability.

2 Methods

Investigation of chemical doping has been performed for
tetracene (C18H12) and octacene (C34H20) by replacing a pair
of carbon atoms with an equivalent number of boron (B) or
nitrogen (N) heteroatoms (Fig. 1). In both cases, the substitution
of two carbon atoms is carried out at symmetric positions with
respect to the inversion center of the molecule, starting with the
dopants placed at the terminal rings and then changing their
positions simultaneously towards the central bond. In this
particular substitution scheme, the doped structures belong to
the C2h symmetry point group, where each one of the doping
species occupies the (�x,y,0) and (x,�y,0) positions within
the carbon backbone. Therefore, 5 and 9 different doping
configurations are obtained in the case of tetracene and octacene,
respectively, for each N or B doping pair.

Full geometry relaxations were carried out using the second-
order Møller–Plesset perturbation theory26 within the resolution of
identity approximation (RI-MP2).27 The triple-z valence polarization
def2-TZVP basis set28 has been used in all the geometry
optimizations.

Electronic correlation effects were taken into account in the
framework of multiconfiguration (MC) and multireference
(MR) methods. In the former case, complete active space self-
consistent field (CASSCF)29 calculations were performed for all
structures. The optimized molecular orbitals (MOs) are used in the
subsequent MR calculations. Since our focus is the p-conjugated
system, the s orbitals were frozen at the CASSCF level. It has been
shown before25 that freezing the s-system had only a minor
influence on unpaired densities and singlet/triplet splittings.
Following the experience with a previous study on acenes and
periacenes,8 the active orbital space comprised eight electrons
correlated within eight orbitals, CAS(8,8), of p-symmetry. The

selection of the active space was supported by analyzing the
deviation threshold of the natural orbital (NO) occupations of
the CASSCF calculations from two (occupied) or zero (virtual).
For octacene, the actual open-shell structure contains four
orbitals (HONO�1, HONO, LUNO, and LUNO+1) with a thresh-
old 40.1 e. Considering an additional threshold of 0.05 e, we
found that in total four p occupied orbitals (eight p electrons)
and four p unoccupied orbitals, equally chosen from each
irreducible representation of the respective symmetry point group,
form a good choice for constructing the CAS(8,8) reference space.
The same reference space was also used for the smaller tetracene. In
the following, the averaged quadratic coupled cluster (MR-AQCC)
approach21 was applied to expand the correlated many-electron
wavefunction in configuration state functions (CSFs) with all
single and double excitations from all the reference configurations.
In cases where additional CSFs with a significant weight outside of
the reference space (intruder states) were detected, all individual
CSFs contributing with more than 1% to the AQCC wave function
were added to the reference space. The Gaussian polarized 6-31G*
basis set was used in all CASSCF and MR-AQCC calculations.

As key quantities for analyzing the radical nature of the
doped systems, (i) the natural orbital occupation numbers
(NOONs) as computed from the AQCC density by following the
deviations of individual NO occupations ni from zero (unoccupied)
and two (doubly occupied), respectively, in conjunction with (ii)
the unpaired density and the population of effectively unpaired
electrons NU

22–24 as originally proposed by Takatsuka et al.,22,23

have been chosen. The nonlinear model of Head-Gordon24 was
chosen to evaluate NU as given by the expression

NU ¼
XM

i¼1
ni
2 2� nið Þ2; (1)

Fig. 1 Structures and doping configurations. (a) Schematic molecular
structure of pristine tetracene and octacene with the numbering scheme
adopted to identify the doping positions. The conjugation path along
which doping is carried out is highlighted in blue. (b) Illustration of the
three possible substitution patterns of doped oligoacenes according to the
local molecular structure around an impurity center, X = B or N: in
a-substitution, dopants are coordinated with three C atoms as in a graphene
lattice, in b-substitution, two C and one H atoms are covalently bonded to
each dopant in a benzene-like form, and g-substitution corresponds to the
case where two dopants are bonded to each other and to two C atoms.
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where ni is the occupation of the ith NO and M is the total number
of NOs. Accordingly, the open-shell character is maximized when
the contribution from each orbital to the effective number of
unpaired electrons, NU, approaches ni = 1.

The RI-MP2 calculations were performed using the quantum
chemical program package ORCA 3.0.3.30 For the MCSCF and
MR calculations, we have used the parallel implementation31,32

of the COLUMBUS program package.33–36 Post-processing of the
MR results was carried out using the TheoDORE program37,38 to
evaluate the Mulliken atomic charges and the partitioning of
unpaired densities into atomic contributions.

3 Results and discussion
3.1 Molecular structure

The structures of tetracene and octacene investigated in this
work and the definition of bond types are shown in Fig. 1. The
MP2 geometry optimization of tetracene accurately reproduces
the experimental bond lengths,39 with a largest deviation of
�0.04 Å obtained for the C2–C3 and the C11–C12 ‘‘rung’’ bonds
(Table S1 in the ESI†). These are continuously elongated when
going from the end rings to the central bond. Because of the
lack of experimental data for the structures of octacene, the
MP2 bond lengths are compared with the values derived from
both restricted (RB3LYP) and unrestricted (UB3LYP) DFT
geometry optimizations performed by Yang et al.40 (see Table S1,
ESI†). The C–C bond distances predicted by MP2 are shorter
by less than 0.02 Å in comparison with those obtained using
RB3LYP. Using the spin-unrestricted formalism for the B3LYP
geometries, the difference in the bond length of two successive
C–C ladder bonds decreases as well as the length of the rung
bonds, bringing the DFT geometries in close accordance with
MP2. Also, an even better agreement between MP2 and B3LYP
geometries is found for the innermost benzene rings. Another
interesting aspect of oligoacenes reproduced by the MP2 calculations
is the geometry of the innermost region where successive C–C ladder
bonds tend toward equalized lengths, indicating a higher delocaliza-
tion of the p bonds especially in the octacene.41 Hence, the electronic
properties of the doped acenes should be sensitive not only to the
relative separation among the dopants but also to the differences in
the local molecular structure.

To evaluate the effects of heteroatomic substitutions on the
equilibrium structures of oligoacenes, changes in the bond
distances are examined. Due to the different covalent radius of
carbons and dopants, all bonds around the B atoms are
significantly lengthened, whereas a contraction is observed
for N-doping (Tables S2 and S3 in the ESI†). The B–C bond
distances vary from 1.48 Å to 1.56 Å, around the typical value of
1.50 Å reported for B-doped graphene nanostructures.42–44 For
N-doping, the N–C rung bonds are the largest ones with the
length varying from 1.39 to 1.43 Å, close to DFT values calculated
for N–graphene systems.44–46 These bond length variations
around the impurities may induce some strain in the acene
backbone, which can be estimated by calculating the deviation
of bond lengths from a fully resonant bonding of 1.4 Å (Ri � 1.4),

defined here as the resonant bond deviation (RBD). It also
provides useful insight into the extent of aromaticity in the sp2

carbon network.
The bond alternation pattern (Fig. 2 and Fig. S1 in the ESI†)

for the equilibrium geometry of pristine octacene shows that
the rung C–C bond distances are significantly lengthened
(0.03 Å) when going from the outermost to the inner benzenoid
rings. The adjoining ladder bonds, in turn, assume a fully
resonant character with C–C distances of about 1.4 Å, starting
already from the second outer rings. This bonding pattern
confirms the lower aromaticity of the acene core in long
oligomers47 and contributes to reducing electronic interaction
between the p-systems of the two ladder chains.

RBD is strongly affected by introducing B or N defects into
the octacene skeleton. The inter-atomic bonds surrounding the
B defects have stronger single-bond character upon relaxation
(intense blue in Fig. 2), whereas N–C bonds in N2-octacenes
(red in Fig. 2) exhibit a markedly higher double-bond character
compared to the pristine system. In both cases, the aromaticity
of the outermost benzenoid rings in pristine acenes is disrupted
by the doping at external positions. Besides the local effects,
there is a contraction of the rung bonds away from the B or N
dopants. For instance, introducing B impurities at the 3,20-b
and 5,22-a positions induces a shortening of the central
C11–C28 bond length by 0.02 Å and 0.03 Å with respect to
1.464 Å of the pristine molecule (Fig. S1 in the ESI†). Furthermore,
there is a noticeable enhancement in the bond-distance alter-
nation of successive (C–C) ladder bonds for the doped structures
compared to pristine octacene (Fig. 2), which is a characteristic
of closed-shell quinoidal structures.

3.2 Polyradical character

The radical nature of the doped oligoacenes is studied first by
evaluating the natural orbital occupation numbers (NOONs)
computed from the MR-AQCC density (see the Methods section).
Following the highest occupied natural orbital (HONO) and the
lowest unoccupied natural orbital (LUNO) along the dual-doped
acene series (Fig. 3 and Fig. S2 in the ESI†), there is a general
tendency of approaching the HONO/LUNO occupancies towards
the closed-shell reference values of two/zero as the doping sites
are changed from the outer to the inner rings. Starting with the
b-substitution in the outermost rings (which originally have the
highest aromaticity, Fig. 2) results in a HONO–LUNO occupation
gap of 0.4–0.5 e, indicating a biradical character. This effect is
much less pronounced in the doped tetracene case. Especially in
the doped octacene series, a gradual quenching in the biradical
character is observed, as indicated by a significant increase in the
HONO–LUNO occupation gaps, which become larger than those
of the pristine molecules (0.8 e for octacene, Fig. 3). The lowest
radical character is achieved at the innermost b-configuration
(6,15 for tetracene and 10,27 for octacene) with occupation gaps
varying around 1.6–1.7 e. Interestingly, N-doping is slightly more
effective for reducing the radical character as compared to boron
which is noticeably seen in the octacene series (Fig. 3b). For the
directly bonded dopants, g-configuration, there is an increase in
the radical character, noticeably higher in the B-doped tetracene.
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This effect is probably due to the lack of electrons in boron which
could induce destabilization of the p-bonding orbitals, mainly in
a closed-shell system with a low number of p-electrons.

A comprehensive view on the modulation of the radical
character is provided by the analysis of unpaired electrons
(Fig. 4). Doping the octacene at the aromatic external rings
(3,20b and 4,21b, Fig. 4a), the total number of unpaired
electrons, NU, increases from 2.5 e in pristine octacene to about

3.0 e. The corresponding density is delocalized over the oligomer
but has a higher concentration close to the impurities at the
terminal rings with a depletion towards the central moiety. This
probably reflects the loss of aromatic character due to the doping
at the end-rings. As the distance between the dopants decreases
towards the center, NU decreases and achieves its minimal value
at the 10,27b configuration with approximately one unpaired
electron for both B and N-doping. This tendency is reverted reaching

Fig. 3 Modulation of the radical character. Natural orbital occupation numbers of the frontier levels – the HONO and the LUNO – derived from the
correlated MR-AQCC wavefunction for the series of dual-doped (a) tetracene and (b) octacene. The horizontal dashed lines correspond to the reference
values calculated for the pristine molecules with the same method.

Fig. 2 Assessing the doping effects on molecular structures. Alternation of bond lengths (Å) is represented in a color scale according to the deviation
from a fully resonant bond length of 1.40 Å for the pristine and doped octacene at five different doping configurations. Bond length contractions are marked
in red and stretching are marked in blue. Comparison between the geometries of the pristine molecule and doped systems reveals that the B–C bond lengths
are stretched, while the N–C bond lengths are slightly shortened, but in all cases the geometry distortions propagate away from the doping sites.
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the g-configuration, but still presenting a lower NU compared to the
pristine acene. These observations are consistent with the analysis
based on NO occupation numbers.

Interestingly, the breakdown of the atomic distribution of
NU (Fig. 4a) reveals that most of the open-shell electrons
contributing to the radical behavior of the doped acenes comes
from the b-carbons (Cb), whereas the graphene-like carbons Ca

contribute with a small amount of 0.2–0.5 unpaired electrons.
This is also evidenced by the unpaired density plots (Fig. 4b).
The remaining fraction of unpaired electrons is localized on the
dopants and follows the same decreasing trend as Cb and the
total NU. Accordingly, Cb and dopants should play a key role in
the quenching of the polyradical character. In fact, as shown for
pristine n-acenes,8,48 the distribution of unpaired densities
already resides mainly on b-carbons of the zigzag boundaries,
which commonly appears to be the rule in many extended
PAHs.8,25,49 Additionally, the population of unpaired electrons
in the pristine PAHs7,48 is increasingly higher around the
central moieties of the zigzag edges.

The higher efficiency of N-doping for stabilizing the radical
character of acenes is also evidenced by the unpaired electron
distribution. Recent experimental studies50–52 have suggested
the introduction of nitrogen atoms into the acene framework

(aza-acenes) as one possible route to stabilize longer oligomers.
Concomitantly, it has been shown theoretically53,54 that the
hydrogenated forms of aza-acenes with inner N substitutions
possess one more aromatic sextet ring compared to their pristine
acene counterparts, which explain qualitatively the higher stability
of these N-rich compounds according to Clar’s rule.55,56

According to the above discussion based on natural orbital
occupations and unpaired electron distributions, our results
clearly demonstrate the possibility of tuning the radical character
of acenes by means of chemical doping. In particular, the
introduction of electrons (holes) into the p-system via N (B)
substitutions is more effective in reducing the electron unpairing
when doping is performed at the inner b positions. This poses a
natural question about the underlying electronic process involved
in quenching of the radical character. Further insights into this
regard can be obtained from a detailed Mulliken population
analysis in conjunction with the distribution of natural orbitals.

3.3 Charge transfer and orbital analysis

The Mulliken net charges calculated from the MR-AQCC p-density
clearly indicate the emergence of a charge transfer process
involving the hetero-atomic species B or N (Fig. 5a). Regardless
of the doping site, B atoms exhibit a negative net p-charge

Fig. 4 Radical character fingerprints. (a) Evolution of the total number of effectively unpaired electrons (NU) and its atomic compositions calculated from
the MR-AQCC density for the series of dual-doped octacenes, which demonstrate the wide range of the polyradical character achievable. The horizontal
dashed line (lower panel) corresponds to the reference value of NU = 2.5 e obtained for the pristine octacene, of which 2.0 unpaired electrons are
distributed over the b-type carbons, Cb, and the remaining 0.5 are located on the a-type, Ca (upper panel). (b) The unpaired electron densities plotted at a
0.002 e Bohr�3 isosurface level indicate the spatial regions of a higher polyradical character.
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resulting from the interaction between the empty p-orbital of
each B atom and the p-electrons distributed on carbons, which
confirms the electron-withdrawing nature of this species with
respect to the p-system for doping of graphene nanostructures.
Conversely, N atoms donate partially the lone pair electrons
for the p-system of octacene as indicated by the positive net-
charges (Fig. 5a). Overall, the coordination of the heteroatom
with three carbons (a-configurations) presents the highest
charge transfer (0.4–0.6 e per dopant) which also increases
when going from the end-rings towards the center.

One striking feature of our results is that the extra electron
or hole provided by the dopants (as compared to carbon) is
partially delocalized in the p-system, but occupying preferably
the pz orbitals of the b-carbons (Fig. 5b). These atoms correspond
to those containing the higher amount of unpaired electrons in
the pristine molecule. In particular, the central Cbs, which

concentrate most of the radical character in acenes, appear as
the species most affected by the charge transfer with an
increasingly high Mulliken p population for the innermost
doping configurations (Fig. 5b). For example, moving the N
dopants from the 3,20 to 10,27 b-positions, the p population of
C12 and C29 atoms increases from 1.00 e to 1.13 e. To obtain a
more detailed view of the charge rearrangements upon
chemical doping, the electron density difference (EDD) maps
of the p-system (Dr = rdop � rprist) are illustrated in Fig. 6 for two
different N-doped octacene structures chosen as examples. The
EDD maps are calculated by subtracting the AQCC p-electron
density of the doped structure from that obtained for the pristine
one. One can see that there is a large gain of p-electron density
mostly around the Cbs atoms upon N-doping. While the EDD
isosurfaces also show significant charge rearrangements around
some C–C bonds, there is a good correspondence between the

Fig. 5 Charge transfer upon doping. (a) The Mulliken p-charges calculated from the MR-AQCC electron density for the series of dual-doped octacene
structures indicate the acceptor and donor characters of B and N impurities, respectively. (b) Color-scale mapping of the Mulliken population of the p
electron density illustrating the charge transfer process.
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charge accumulation regions observed in the EDD isosurfaces and
the Mulliken p-population as shown in Fig. 5b, thus confirming
the charge transfer process predicted by the Mulliken analysis.

In the case of the s-system (Fig. S4 in the ESI†), the net
charges are more localized around the dopants and follow a

trend related to the difference in electronegativity between the
nearest-bonded atoms. Furthermore, the spatial distribution of
the HONO and LUNO in doped acenes tends to localize mostly
on the Cbs nearest to the impurities, while in the undoped
octacene the HONO and LUNO are centralized in the middle of
the molecule (Fig. S5 in the ESI†). For the innermost B or N
substitutions, there is a notable similar spatial distribution of
HONO and LUNO orbitals between the pristine and doped
systems. Therefore, for these substitutions, the frontier natural
orbitals and the charge transfer involve the same atoms. Taken
together, these results suggest that the long-range charge
transfer occurring in the p-system upon doping plays an
important role in the modulation of the radical character of
the acenes.

The closed-shell character along the b or a series of dual-
doped acenes can be analyzed in terms of energetic stability
(Fig. 7a). Upon moving the dopants from the periphery towards
the central acene rings, the stabilization is noticeably enhanced
for the b-configurations, while there is no clear trend observed
for a-configurations. A large energetic stabilization of about
1.6 eV occurs upon changing the dopants in the b-position from

Fig. 6 Rearrangement of the p-electron density upon doping. Isosurface
maps of the p-electron density difference (EDD� Dr = rdop� rprist) calculated
for the 5,22-a and 10,27-b N2-octacene structures. The red color indicates
charge accumulation regions and the blue color indicates charge depletion.

Fig. 7 Enhancement of the energetic stability upon chemical doping. (a) Relative AQCC energy calculated for the series of boron and nitrogen dual-doped
octacene molecules with respect to the total energy of the 11,28 doping configuration. (b) Evolution of the electronic correlation energy calculated as the
difference between the MCSCF and HF (static) and MR-AQCC and MCSCF (dynamic) total energies. The horizontal dashed lines represent the reference
values obtained for the pristine octacene. (c) Resonance structures of the dual-doped octacene showing an increase in aromaticity as the dopants (in red) are
moved from the terminal benzene rings to the next ones along the b positions. Clar’s aromatic sextet rings are represented in blue.
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the terminal rings to the next ones, probably reflecting an
increase in the number of aromatic rings (Fig. 7c). In all cases,
the most energetically stable doped structure is found at the
10,27-b substitutional site (Fig. 7a), which also corresponds to
the lowest radical structure. As a general aspect, the chemical
stabilization of acenes resulting from the doping can be viewed
as a competition of two main effects: on the one hand, the
quenching of the radical character as the dopants are moved
more to the center contributes to the stabilization of the
systems but, on the other hand, the increase of electrostatic
(Coulomb) repulsion between the dopants leads to an energetic
destabilization, which becomes predominant only at the shortest
distances. Thus, although the least energetically stable 11,28-g
structures do not have the highest radical character, the shortest
separation between the dopants contributes to the destabilization
of this structure due to Coulomb repulsion. Overall, nitrogen
doping appears to be more effective in stabilizing the oligoacene
structures than boron doping, probably due to smaller geometric
distortions caused by the impurities.

Complementary to the above discussion, it is interesting to
remark that the progressive decrease in the radical character of the
oligoacenes upon chemical doping also reflects in a reduction of the
electron-correlation energy (Fig. 7b). The nondynamical (static) con-
tribution for the correlation can be estimated from the differences
between the CASSCF and HF total energies, whereas the difference
between MR-AQCC and CASSCF gives the dynamic part of the
correlation energy. For instance, at the 3,20 pair doping
configuration, the static energy is 3.22 eV for B2-octacene and
5.13 eV for N2-octacene, and both numbers decrease up to
1.90 eV for the nearest (non-bonded) dopant separation 10,27.

4 Conclusions

The results presented show that a strong modulation of the
radical character of the acenes is attainable through chemical
doping by varying the positions of the impurities along the
carbon backbone. In particular, inserting the dopants into the
outer rings leads to an increase of the radical character compared
to the pristine acenes, since these external rings originally possess
a higher aromaticity with stronger p-electron bonding and,
consequently a smaller unpaired character. As the doping proceeds
towards the inner rings, which correspond to the region of higher
unpaired electron density of the pristine molecule, the N or B
substitutions start to quench the radical character of the acenes.
Based on a Mulliken population analysis, this feature was
interpreted as the result of a partial charge transfer from the
dopants mostly to the b-carbon atoms, which are the centers
with the highest electron unpairing in the p-system. In the case
of N (B) substitutions, the doubly-occupied (empty) pz orbital of the
impurity atom donates (receives) electrons to (from) the p network,
confirming the n-type (p-type) character of the doping. Additionally,
the stronger electron pairing of the p-system in doped acenes
connected with a lower radical character also results in a relative
energetic stabilization of these polyaromatic compounds.

Finally, we should point out that the concise molecular
picture derived from our calculations provides a more general
understanding about the electronic process underlying the
evolution of the radical structure in doped PAHs. In fact,
although the present study has focused on a class of quasi-1D
polyaromatic systems, they exhibit the feature of localizing the
radical spin states in the zigzag boundaries commonly observed
in many other extended PAHs, for which the present results can
be directly transferred. However, there are other classes of PAHs
such as zethrenes or diindeno[b,i]anthracenes57,58 to name a few,
where the analysis of reactive centers is not so clear and where
calculations as the ones presented here will provide important
support by pinpointing the most chemically reactive centers and
tuning their native radical structures through the introduction of
donor or acceptor hetero-atomic defects in the carbon skeleton.
Thus, the tunability of the diradical character of the acenes
demonstrated in the present study through chemical substitutions
is a potential route to be explored for designing organic molecules
with enhanced nonlinear optical activity59,60 or with optimized
efficiency for singlet fission process in organic photo-voltaic
devices61,62 while retaining the feasibility of chemical synthesis.

Data availability

The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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