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ABSTRACT: The influence of the replacement of CH groups by
boron atoms on the reactivity of planar polycyclic aromatic
hydrocarbons has been explored by means of computational tools.
To this end, [4 + 2]-cycloaddition reactions involving anthracene and
neutral boranthrene with different dienophiles such as ethylene,
acetylene, and CO2 have been compared. In addition, the influence of
additional fused aromatic rings (pentacene or borapentacene) on the
reactivity of these species has been also explored. It was found that the
B-doped systems are systematically much more reactive than their all-carbon counterparts from both kinetic and thermodynamic
points of view. The observed trends in reactivity are quantitatively analyzed in detail using state-of-the-art methods, namely, the
activation strain model of reactivity and the energy decomposition analysis method. Our calculations reveal the importance of
molecular orbital interactions as the key factor responsible for the enhanced reactivity of the B-doped systems.
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■ INTRODUCTION

The chemistry of polycyclic aromatic hydrocarbons (PAHs)
has experienced a remarkable development in the last decades,
which is mainly due to the number of applications of these
species in materials science.1−4 For instance, PAHs have been
successfully applied to the design of electronic devices such as
organic light-emitting diodes (OLEDs),5−9 organic field-effect
transistors (OFETs),10−13 and organic photovoltaic cells
(OPVs).14−16

Despite that, purely organic compounds (i.e., composed
exclusively of carbon and hydrogen atoms) do not typically
exhibit small band gaps or low-lying LUMO energies and often
suffer from other shortcomings such as O2 sensitivity

17 or self-
dimerization (via Diels−Alder reaction),4,18 severely limiting
their applicability. To overcome these disadvantages and
modulate the properties of these species, the incorporation of
heteroatoms, especially those belonging to groups 13−15, into
the framework of PAHs has emerged as a powerful
strategy.19−21 Such C/heteroatom replacement usually has a
dramatic impact on the electronic properties of the system,
leading to doped PAHs that have applications in materials
science as well as medicinal chemistry.19−21

In this regard, the integration of boron atoms in doped
PAHs is particularly attractive as it has proven to lead to high
electron affinities and intense tunable luminescence.22−26 This
can be mainly ascribed to the interaction of the empty p
atomic orbital of boron with the surrounding π-system. For
instance, 9,10-dihydro-9,10-diboraanthracene (DBA) systems
and the corresponding dianion [DBA]2−, which have been
profusely studied by Wagner and co-workers, should be

especially highlighted (Figure 1a).27−31 Recently, Harman and
co-workers prepared and fully characterized the first neutral
1,4-diboron acene homologue, the 9,10-diboraanthracene 1
(also known as boranthrene, Figure 1b).32 This N-heterocyclic
carbene (NHC)-stabilized species features properties typically
found in transition metal complexes, such as redox chemistry at
mild potentials and a reactivity with small molecule substrates.
For instance, 1 is able to react with ethylene and CO2 to afford
the corresponding adducts under relatively mild reaction
conditions (Figure 1b). This sharply contrasts with the
reactivity of the parent anthracene that, for instance, cannot
undergo the analogous reaction with CO2.
Therefore, it becomes evident that the replacement of

carbon atoms by boron atoms in anthracene results in a
dramatic reactivity enhancement. Despite that, the factors
governing the reactivity enhancement upon the integration of
boron atoms in the PAH framework are so far not fully
understood. This is crucial because a detailed understanding of
the reactivity of these B-doped PAHs may be helpful toward
the rational design of novel B-embedded PAH derivatives with
different or improved properties. For this reason, in this work
we decided to computationally explore the influence of the
CH/B replacement on the reactivity of anthracene and related
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larger analogues. To this end, we shall compare the reactions of
anthracene and boranthrene with ethylene, acetylene, and
CO2. The trends of reactivity will be quantitatively analyzed
using state-of-the-art computational methods, namely, the
combination of the activation strain model (ASM)33−36 of
reactivity and the energy decomposition analysis (EDA)
method.37−39 This computational approach has been selected
because it has been really useful in rationalizing fundamental
processes in organic, organometallic, and main-group chem-
istry33−36,40−46 and, in particular, because it has allowed us to
understand the reactivity of both planar and curved PAHs,
including heteroatom-doped systems.47−52

■ COMPUTATIONAL DETAILS
Geometry optimizations of the molecules were performed
without symmetry constraints using the Gaussian 09 (rev.
D.01)53 suite of programs at the dispersion-corrected
B3LYP54−56-D357/def2-SVP58,59 level. Reactants and adducts
were characterized by frequency calculations and had positive
definite Hessian matrices. Transition states (TS’s) showed only
one negative eigenvalue in their diagonalized force constant
matrices, and their associated eigenvectors were confirmed to
correspond to the motion along the reaction coordinate under
consideration using the intrinsic reaction coordinate (IRC)
method.60 Energy refinements were carried out through single-
point calculations at the same DFT level with the much larger
triple-ζ basis-set def2-TZVPP58,59 and including solvent effects
(benzene as the solvent) by means of the polarization
continuum model (PCM) method.61−63 This level is denoted
PCM(benzene)-B3LYP-D3/def2-TZVPP//B3LYP-D3/def2-
SVP.
Activation Strain Model of Reactivity and Energy
Decomposition Analysis

The ASM method,33−36 also known as the distortion and
interaction model,34 involves decomposing the electronic
energy (ΔE) into two contributions, namely, the strain or
distortion (ΔEstrain) that results from the deformation of the
individual reactants from their equilibrium geometries and the
interaction (ΔEint) between these increasingly deformed
reactants along the reaction, ζ, as follows:

ζ ζ ζΔ = Δ + ΔE E E( ) ( ) ( )strain int

Herein, the reaction coordinate is defined as the projection of
the IRC onto the C···C or B···C bond-forming distance.
The EDA method37−39 is used to further decompose the

interaction energy into four energy terms that are associated
with the following physical factors: the classical electrostatic
interaction between the unperturbed charge distributions of
the deformed reactants (ΔEelstat); the destabilizing Pauli
repulsion (ΔEPauli) between closed-shell orbitals; the stabilizing
orbital attractions (ΔEorb) that accounts for bond-pair
formation, charge transfer (including, among others,
HOMO−LUMO interactions), and polarization; and finally
interactions coming from dispersion forces (ΔEdisp).

ζ ζ ζ ζ

ζ

Δ = Δ + Δ + Δ

+ Δ

E E E E

E

( ) ( ) ( ) ( )

( )
int elstat Pauli orb

disp

Moreover, the ΔEorb term can be further decomposed by
means of the NOCV (natural orbital for chemical valence)64

extension of the EDA method. The EDA-NOCV approach
provides pairwise energy contributions for each pair of
interacting orbitals to the total bond energy.
The ADF65,66 program package was used for EDA

calculations using the optimized B3LYP-D3/def2-SVP geo-
metries at the same DFT level in conjunction with a triple-ζ-
quality basis set using uncontracted Slater-type orbitals
(STOs), which was augmented by two sets of polarization
functions with a frozen-core approximation for the core
electrons.67 Auxiliary sets of s, p, d, f, and g STOs were used to
fit the molecular densities and represent the Coulomb and
exchange potentials accurately in each SCF cycle.68 Scalar
relativistic effects were incorporated by applying the zero-order
regular approximation (ZORA).69−71 This level of theory is
denoted ZORA-B3LYP-D3/TZ2P//B3LYP-D3/def2-SVP.

■ RESULTS AND DISCUSSION

We first focused on the [4 + 2]-cycloaddition reaction of
anthracene and boranthrene with ethylene. To this end, we
selected three different NHCs, namely, the model 1,3-
dimethyl-imidazol-2-ylidene (1a), 1,3-diphenyl-imidazol-2-yli-
dene (1b), and the real system with the IPr (1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) NHC (1c). Our calcu-
lations indicate that the cycloaddition reaction occurs in all
cases concertedly through a highly synchronous six-membered
transition state (TS), resulting in the corresponding cyclo-
adduct in an exergonic reaction (see Figure 2 for the
representative reaction involving 1a).
Table 1 gathers the computed barrier and reaction energies

for all the considered cycloaddition reactions. From the data in
Figure 2 and Table 1, it is evident that the processes involving
boranthrenes 1a−1c proceed with a much lower activation
barrier (ΔΔG≠ ∼10 kcal/mol)72 and are much more
exergonic. This result nicely agrees with the reactivity
enhancement upon the CH/B replacement, as noted above.
A similar reactivity trend was found when acetylene was
considered as the dienophile (for the corresponding reaction
profile, see Figure S1 in the Supporting Information).
Moreover, the effect of the substituent directly attached to
the nitrogen atoms of the NHC can be considered negligible in
view of the rather similar barrier energies computed for the
processes involving 1a−1c. Therefore, the model boranthrene

Figure 1. Representative boranthrenes described so far.
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1a can be safely used to find the origin of the computed
reactivity trends (see below).
The activation strain model (ASM) of reactivity was then

used to quantitatively understand the factors behind the
significantly enhanced reactivity of boranthrene. Figure 3
shows the corresponding activation strain diagrams (ASDs)
from the initial stages of the transformation up to the
corresponding transition states projected onto the C···C (for
the process involving anthracene) or B···C (for the process
involving boranthrene 1a) bond-forming distance. The
computed ASDs are rather similar for both reactions in the
sense that the ΔEint term remains constant or even slightly
destabilizing at the initial stages of the transformation but
becomes highly stabilizing at the proximity of the transition
state. This is the typical behavior that has been observed for
analogous [4 + 2]-cycloadditions and related pericyclic

reactions.47−52,73,74 Despite that, the strain energy (measured
by the ΔEstrain term) is more destabilizing for the reaction
involving 1a and therefore it is not responsible for the lower
barrier computed for the 1a and ethylene reaction. In contrast,
the interaction energy (ΔEint) is clearly much more stabilizing
for the boranthrene reaction along the entire transformation.
Therefore, it can be concluded that the enhanced reactivity of
the B-doped anthracene is solely derived from a strong
interaction between the deformed reactants along the entire
reaction coordinate.
The energy decomposition analysis (EDA) method was

applied next to quantitatively unveil the factors leading to the
enhanced interaction computed for the process involving 1a.
As graphically shown in Figure 4, which once again presents
the evolution of the EDA terms along the reaction pathway

Figure 2. Computed reaction profiles for the cycloaddition reaction
involving anthracene (blue lines) and boranthrene 1a (black lines)
with ethylene. Relative energies (free energies, computed at 298 K,
within parentheses) and bond distances are given in kcal/mol and
angstroms, respectively. All data have been computed at the
PCM(benzene)-B3LYP-D3/def2-TZVPP//B3LYP-D3/def2-SVP
level.

Table 1. Computed Activation Barriers (ΔE≠, kcal/mol)a

and Reaction Energies (ΔER, kcal/mol)b for the
Cycloaddition Reactions Involving Anthracene and
Boranthrenes 1a−1cc

reaction of anthracene or 1 and ethylene or acetylene

ΔE≠ ΔE≠ (ΔG≠) ΔER (ΔGR)

anthracene 23.0 (33.7) −17.7 (−6.6)
[27.1 (36.8)]d [−27.2 (−17.0)]d

1a 10.2 (22.2) −28.5 (−16.7)
[13.0 (23.8)]d [−43.1 (−32.4)]d

1b 10.0 (23.1) −23.6 (−9.2)
1c 12.9 (22.6) −22.5 (−11.7)

aComputed as ΔE≠ = E(TS) − E(diene) − E(dienophile).
bComputed as ΔER = E(cycloadduct) − E(diene) − E(dienophile).
cFree energies, computed at 298 K, are given within parentheses.
dReaction involving acetylene as the dienophile. All data have been
computed at the PCM(benzene)-B3LYP-D3/def2-TZVPP//B3LYP-
D3/def2-SVP level.

Figure 3. Comparative activation strain analyses of the cycloaddition
reactions between ethylene and anthracene (solid lines) or
boranthrene 1a (dashed lines) projected onto the C···C or C···B
bond-forming distance, respectively. All data have been computed at
the PCM(benzene)-B3LYP-D3/def2-TZVPP//B3LYP-D3/def2-SVP
level.

Figure 4. Comparative energy decomposition analyses of the
cycloaddition reactions between ethylene and anthracene (solid
lines) or boranthrene 1a (dashed lines) projected onto the C···C or
C···B bond-forming distance, respectively. All data have been
computed at the ZORA-B3LYP-D3/TZ2P//B3LYP-D3/def2-SVP
level.
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from the initial stages of the process to the corresponding
transition states, all the stabilizing contributions (ΔEelstat,
ΔEorb, and ΔEdisp) become more stabilizing for the process
involving 1a. These stabilizing contributions compensate for
the clearly more destabilizing Pauli repulsion computed for the
1a and ethylene cycloaddition and therefore this process
presents a stronger interaction between the deformed reactants
along the cycloaddition reaction as compared to analogous
process involving the parent anthracene.
According to the data in Figure 4, the major contribution to

the interaction energy difference between both reactions
comes from the ΔEorb term,75 which becomes much more
stabilizing for the reaction involving the boranthrene 1a. This
can be initially ascribed to the much lower HOMO(1a)−
LUMO(ethylene) gap as a consequence of the presence of the
boron atoms, which significantly raises the energy of the
HOMO(π) from −5.48 eV in anthracene to −2.80 eV in 1a.
To gain a deeper insight into the origin of the crucial ΔEorb
term, the natural orbital for chemical valence (NOCV)
extension of the EDA method was applied next. This approach
identifies two key molecular orbital interactions that govern the
total orbital interactions in the considered cycloaddition
reactions, namely, the normal electron demand HOMO(π-
diene) → LUMO(π*-ethylene) and the inverse electron
demand HOMO(π-ethylene) → LUMO(π*-diene) interac-
tions (denoted ρ1 and ρ2, respectively; see Figure 5). While the
inverse ρ2 interaction is rather similar for both processes
(ΔΔE(ρ2) = 0.7 kcal/mol, computed at the same consistent
C···C or C···B bond-forming distance of ca. 2.4 Å),76 the
normal HOMO(π-diene) → LUMO(π*-ethylene) is markedly
stronger in the process involving the boranthrene 1a
(ΔΔE(ρ1) = 14.2 kcal/mol), which is consistent with the
more favorable HOMO(diene)−LUMO(ethylene) gap (see
above). Therefore, it can be concluded that the enhanced
reactivity of boranthrenes 1, in comparison with that of
anthracene, is mainly derived from a much more stabilizing

HOMO(π-diene) → LUMO(π*-ethylene) molecular orbital
interaction, which significantly enhances the total interaction
between the reactants along the transformation and ultimately
leads to a lower activation barrier.
The enhanced reactivity of boranthrene compared to

anthracene becomes even more evident when comparing the
reactions with carbon dioxide. Once again, both trans-
formations are concerted and proceed through the correspond-
ing six-membered transition state TS(CO2), which on this
occasion is highly asynchronous (i.e., the C···C or B···C bond
forms ahead of the C···O or B···O bond; see Figure 6). Despite
that, the computed reaction profiles clearly confirm that while
the reaction involving anthracene is unfeasible in view of its
rather high barrier (ΔG≠ > 50 kcal/mol) and endergonicity
(ΔGR = +35.3 kcal/mol), the reaction involving boranthrene
1a is both kinetically (ΔG≠ = 11.6 kcal/mol) and
thermodynamically (ΔGR = −12.2 kcal/mol) much more
favorable, which nicely agrees with the experimental
observations.
We once again applied the ASM-EDA method to

quantitatively rationalize the dramatic difference in reactivity
between boranthrene and anthracene when reacting with CO2.
Not surprisingly, the ASM method confirms that despite the
strain energy being comparatively more destabilizing for this
process as compared to the ethylene reaction,77 the enhanced
reactivity of 1a is solely derived from a much more stabilizing
interaction energy between the deformed reactants along the
entire transformation (Figure 7a). Similar to the reaction with
ethylene, this stronger interaction originates, according to the
EDA method (Figure 7b), from more stabilizing dispersion
interactions (ΔEdisp), electrostatic attractions (ΔEelstat), and
orbital interactions (ΔEorb), the latter of which contributes to a
much greater extent.
The crucial role of the orbital interactions is again related to

the reduced HOMO(π-diene)−LUMO(π*-CO2) gap as a
consequence of the destabilization of the HOMO in

Figure 5. Contour plots of NOCV deformation densities Δρ and associated energies ΔE(ρ) (computed at the ZORA-B3LYP-D3/TZ2P//B3LYP-
D3/def2-SVP level) for the (a) anthracene and ethylene and (b) boranthrene 1a and ethylene reactions computed at the same consistent C···C and
C···B bond-forming distance, respectively, of ca. 2.4 Å. The electron-density charge flows in the red → blue direction.
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boranthrene (see above). The NOCV extension of the EDA
method confirms that, on this occasion, the main contribution
to the total ΔEorb term indeed comes from the HOMO(π-
diene) → LUMO(π*-CO2) molecular orbital interaction (see
Figure 8), which contributes ca. 80−90% to the total orbital
interactions. From the data in Figure 8, which shows the
corresponding stabilization energies (ΔE(ρ1)) computed at the
same consistent C···C or C···B bond-forming distance of 2.0 Å,
the HOMO(1a) → LUMO(π*-CO2) molecular orbital
interaction is significantly higher than the corresponding
orbital interaction involving the parent anthracene. This results
into a much stronger total interaction between the reactants,

which is then reflected in the much lower activation barrier
computed for the 1a and CO2 reaction.
It is well known that the Diels−Alder reactivity in planar (all

carbon) acenes increases with the number of fused rings.78

This has been traditionally ascribed to the relative stability of
the final cycloadducts and not the aromaticity of the reactive
ring, which actually becomes the most aromatic ring in all
cases. We were finally curious to explore whether this reactivity
trend is also followed by the considered B-doped PAHs. To
this end, we explored the [4 + 2]-cycloaddition reaction
involving ethylene and pentacene and its B-doped counterpart
2a, where the boron atoms are attached to the model NHC
1,3-dimethyl-imidazol-2-ylidene.
From the data in Figure 9, a similar reactivity enhancement

to that observed when comparing anthracene and boranthrene
(see above) was found when comparing pentacene and 2a.
Again, the barrier associated with the concerted (and
synchronous) [4 + 2]-cycloaddition is ca. 10 kcal/mol lower
for the cycloaddition involving 2a, and the transformation is ca.
10 kcal/mol more exergonic. In addition, and in agreement
with the reactivity trend of planar acenes noted above, it was
confirmed that the cycloaddition becomes both kinetically (by
ca. 4−5 kcal/mol) and thermodynamically (by ca. 12 kcal/
mol) more favored with the increasing size of the system. The
reduction barrier seems to be directly related to the higher
stability of the final cycloadducts. Moreover, the corresponding
transition states are reached earlier in the processes involving
pentacene and 2a (bond-forming distances of 2.292 and 2.490
Å, respectively) as compared to the analogous reactions
involving their smaller counterparts anthracene and 1a (bond-
forming distances of 2.231 and 2.428 Å, respectively), which is
fully consistent with the Hammond−Leffler postulate.79,80

Indeed, a very good linear relationship was found when the
bond-forming distances were plotted versus the computed free
activation barriers (correlation coefficient R2 = 0.99, see Figure
S3 in the Supporting Information).
The enhanced reactivity of 2a as compared to that of

pentacene has, according to the ASM-EDA method, the same
origin as that found when comparing anthracene and
boranthrene. As shown in Figures S4 and S5 in the Supporting

Figure 6. Computed reaction profiles for the cycloaddition reaction
involving anthracene (blue lines) and boranthrene 1a (black lines)
with CO2. Relative energies (free energies, computed at 298 K, within
parentheses) and bond distances are given in kcal/mol and angstroms,
respectively. All data have been computed at the PCM(benzene)-
B3LYP-D3/def2-TZVPP//B3LYP-D3/def2-SVP level.

Figure 7. (a) Comparative activation strain and (b) energy decomposition analyses of the cycloaddition reactions between CO2 and anthracene
(solid lines) or boranthrene 1a (dashed lines) projected onto the C···C or C···B bond-forming distance, respectively.
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Information, the lower barrier of the 2a and ethylene reaction
originates solely from a more stabilizing interaction between
the deformed reactants along the entire reaction coordinate,
which comes from stronger dispersion, electrostatic, and
orbital interactions, the latter of which once again contributes
to a higher extent.
We applied the ASM-EDA method to understand in detail

the computed further reactivity enhancement that results from
the presence of additional fused aromatic rings in the system.
To this end, we compared the cycloaddition reactions
involving 1a, 2a, and ethylene. Figure 10a clearly indicates
that the strain energy, that is, the energy required to deform
the equilibrium geometry of the reactants along the process, is
practically identical in both processes. Therefore, it is the
interaction energy, which is more stabilizing for the reaction
involving the larger B-doped PAH 2a along the entire

coordinate, that is the sole factor responsible for the lower
barrier computed for the 2a and ethylene reaction. According
to the evolution of the EDA terms (Figure 10b), the higher
interaction energy computed for the larger system is solely due
to stronger orbital interactions, as the other contributors to the
total interaction are nearly identical in both reactions. This is
consistent with the further destabilization of the HOMO(π) in
2a (−0.10 eV) in comparison to that in 1a (−2.80 eV) as a
consequence of the greater extension of the π-conjugation in
the system, which results in a more favorable HOMO(diene)−
LUMO(ethylene) gap and therefore a more stabilizing
HOMO(diene) → LUMO(ethylene) orbital interaction.

■ CONCLUSIONS
Based on the results of the present computational study, it is
confirmed that the CH/B replacement in anthracene has a
dramatic impact on its Diels−Alder reactivity. Although the
mechanism is identical, i.e., concerted through a highly
synchronous transition state, boranthrene is much more
reactive than anthracene from both kinetic and thermodynamic
(by ca. 10 kcal/mol) points of view. This reactivity
enhancement becomes particularly more evident in their
reactions with CO2, which is unfeasible for anthracene but
proceeds with a relatively low barrier and in an exergonic
transformation for the process involving boranthrene. Accord-
ing to the combination of the ASM and EDA methods, the
enhanced reactivity of boranthrene as compared to anthracene
solely originates from a stronger interaction between the
deformed reactants along the entire reaction pathway. This can
be ascribed to a significant enhancement of all the attractive
interactions, namely, dispersion, electrostatic, and orbital
interactions, the latter of which contributes to a much greater
extent because the key HOMO(diene) → LUMO(dienophile)
interaction becomes significantly more stabilizing for the
process involving the B-doped system. We have studied the
effect of additional fused rings in the PAH (pentacene and
borapentacene) and found that the transformation becomes
both kinetically (by ca. 4−5 kcal/mol) and thermodynamically
(by ca. 12 kcal/mol) more favored with the increasing size of
the system. This is exclusively due to stronger orbital
interactions in the larger system, which significantly increase
the total interaction between the reactants along the
transformation. In our opinion, the insight gained in this
work has contributed to rationalizing the physical factors

Figure 8. Contour plots of NOCV deformation densities Δρ and associated energies ΔE(ρ) (computed at the ZORA-B3LYP-D3/TZ2P//B3LYP-
D3/def2-SVP level) for the (a) anthracene and CO2 and (b) boranthrene 1a and CO2 reactions computed at the same consistent C···C and C···B
bond-forming distance, respectively, of ca. 2.0 Å. The electron-density charge flows in the red → blue direction.

Figure 9. Computed reaction profiles for the cycloaddition reaction
involving pentacene (blue lines) and borapentacene 2a (black lines)
with ethylene. Relative energies (free energies, computed at 298 K,
within parentheses) and bond distances are given in kcal/mol and
angstroms, respectively. All data have been computed at the
PCM(benzene)-B3LYP-D3/def2-TZVPP//B3LYP-D3/def2-SVP
level.
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controlling the reactivity of B-doped PAHs and may stimulate
future experiments toward the design of novel derivatives with
tunable properties.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00023.

Computed reaction profiles and individual strain
energies, plot of the C···X bond-forming distance vs
the computed free activation barrier, comparative
activation strain analyses, and Cartesian coordinates
and energies of all the species discussed in the text
(PDF)

■ AUTHOR INFORMATION

Corresponding Author

Israel Fernández − Departamento de Química Orgánica I and
Centro de Innovación en Química Avanzada (ORFEO-
CINQA), Faculdad de Ciencias Químicas, Universidad
Complutense de Madrid, 28040 Madrid, Spain;
orcid.org/0000-0002-0186-9774; Email: israel@

quim.ucm.es

Authors

Iván Cortés − Facultad de Ciencias Bioquímicas y
Farmacéuticas, Instituto de Química Rosario (IQUIR,
CONICET-UNR), Universidad Nacional de Rosario, 2000
Rosario, Argentina

Jorge Juan Cabrera-Trujillo − Departamento de Química
Orgánica I and Centro de Innovación en Química Avanzada
(ORFEO-CINQA), Faculdad de Ciencias Químicas,
Universidad Complutense de Madrid, 28040 Madrid, Spain;
orcid.org/0000-0002-1158-5409

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsorginorgau.1c00023

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Spanish MICIIN (Grants
PID2019-106184GB-I00 and RED2018-102387-T). I.C. ac-
knowledges the Fundación Carolina and Ministerio de
Educación de Argentina for a fellowship, and J.J.C-T.
acknowledges the MINECO for a FPI grant.

■ REFERENCES
(1) Harvey, R. G. Polycyclic Aromatic Hydrocarbons; Wiley-VCH:
Weinheim, Germany, 1997.
(2) Polycyclic Arenes and Heteroarenes: Synthesis, Properties, and
Applications; Miao, Q., Ed.; Wiley-VCH: Weinheim, Germany, 2016.
(3) Anthony, J. E. Functionalized Acenes and Heteroacenes for
Organic Electronics. Chem. Rev. 2006, 106, 5028−5048.
(4) Anthony, J. E. The Larger Acenes: Versatile Organic Semi-
conductors. Angew. Chem., Int. Ed. 2008, 47, 452−483.
(5) Wu, K. C.; Ku, P. J.; Lin, C. S.; Shih, H.-T.; Wu, F.-I.; Huang,
M.-J.; Lin, J.-J.; Chen, I.-C.; Cheng, C.-H. The Photophysical
Properties of Dipyrenylbenzenes and Their Application as Exceed-
ingly Efficient Blue Emitters for Electroluminescent Devices. Adv.
Funct. Mater. 2008, 18, 67−75.
(6) Omer, K. M.; Ku, S.-Y.; Wong, K.-T.; Bard, A. J. Efficient and
Stable Blue Electrogenerated Chemiluminescence of Fluorene-
Substituted Aromatic Hydrocarbons. Angew. Chem., Int. Ed. 2009,
48, 9300−9303.
(7) Lee, K. H.; Park, J. K.; Seo, J. H.; Park, S. W.; Kim, Y. S.; Kim, Y.
K.; Yoon, S. S. Efficient deep-blue and white organic light-emitting
diodes based on triphenylsilane-substituted anthracene derivatives. J.
Mater. Chem. 2011, 21, 13640−13648.
(8) Xiao, J.; Liu, S.; Liu, Y.; Ji, L.; Liu, X.; Zhang, H.; Sun, X.; Zhang,
Q. Synthesis, structure, and physical properties of 5,7,14,16-
tetraphenyl-8:9,12:13-bisbenzo-hexatwistacene. Chem. - Asian J.
2012, 7, 561−564.
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D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, rev. D.01; Gaussian, Inc.: Wallingford, CT, 2009.
(54) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(55) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(56) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spin-dependent
electron liquid correlation energies for local spin density calculations:
a critical analysis. Can. J. Phys. 1980, 58, 1200−1211.
(57) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104−15419.
(58) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(59) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057−1065.
(60) Gonzalez, C.; Schlegel, H. B. Reaction path following in mass-
weighted internal coordinates. J. Phys. Chem. 1990, 94, 5523−5527.
(61) Miertus,̌ S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a
solute with a continuum. A direct utilization of ab-initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, 55,
117−129.
(62) Pascual-Ahuir, J. L.; Silla, E.; Tuñón, I. GEPOL: An improved
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