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ABSTRACT: The Diels—Alder (DA) reactions of pentacene (PT), . A AR A
6,13-bis(2-trimethylsilylethynyl)pentacene (TMS-PT), bistetracene , 20000 £ 2N ~
(BT), and 8,l7-bis(2-trimethylsilylethynyl)bistetracene (TMS-BT) /‘;;%‘\ @ ket =1
with the [6,6] double bond of [60]fullerene have been investigated l;’ A (’“ - .

by density functional theory calculations. Reaction barriers and free
energies have been obtained to assess the effects of frameworks and
substituent groups on the DA reactivity and product stability.
Calculations indicate that TMS-BT is about S orders of magnitude
less reactive than TMS-PT in the reactions with [60]fullerene. This
accounts for the observed much higher stability of TIPS-BT than TIPS-
PT when mixed with PCBM. Surprisingly, calculations predict that the bulky silylethynyl substituents of TMS-PT and TMS-BT
have only a small influence on reaction barriers. However, the silylethynyl substituents significantly destabilize the corresponding
products due to steric repulsions in the adducts. This is confirmed by experimental results here. Architectures of the polycyclic
aromatic hydrocarbons (PAHs) play a crucial role in determining both the DA barrier and the adduct stability. The reactivities of
different sites in various PAHs are related to the loss of aromaticity, which can be predicted using the simple Hiickel molecular

k R ,& -

orbital localization energy calculations.

B INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) composed of linearly
fused benzene rings have been widely explored as organic
semiconductor materials for their unique electronic properties."
Pentacene (PT) is among the most well-studied molecules and
has emerged as a promising donor material for organic
photovoltaic (OPV) devices due to its 51gn1ﬁcantly large
exciton diffusion length”* and high hole mobility.> PT is also
studied as the model system for calculating exciton-dissociation
and charge-recombination processes.” More recently, the
quantum efficiency of pentacene/fullerene-based OPVs was
significantly improved by the singlet exciton fission effect.’
Despite great progress, there is a fundamental problem
regarding the chemical stability of pentacene systems that
requires further investigation. Pentacene is unstable in air or
visible light, suffering from oxidation and rapid conversion to
transannular peroxides.® It has extremely poor solubility in
organic solvents,” which makes it useless for large-area,
solution-based applications. Pentacene has been found to be
highly reactive as a diene in Diels—Alder (DA) reactions with
[60]fullerene. Miller and co-workers reported that the DA
reaction of fullerene with pentacene in solution yields the C,,-
symmetric monoadduct across the central 6,13-carbons of
pentacene.® They also found that, when the reactive 6,13-
positions on pentacene are substituted, Cg, reacts with
pentacene at the 5,14- and 7,12-positions to generate bis- and

-4 ACS Publications  © 2014 American Chemical Society

monofullerene adducts.” One example is 6,13-bis(2-
trimethylsilylethynyl)pentacene (TMS-PT, Figure 1).® The
reaction of TMS-PT with excess fullerene in CS, leads to a
monoadduct across the 5,14-carbons after 24 h. Bisfullerene—
pentacene adducts also form after longer reaction times (2—3
days). In fact, the DA reactions between pentacene and its
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Figure 1. Structures of pentacene, bistetracene, and their derivatives
with their reaction sites as dienes in Diels—Alder reactions.
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derivatives with fullerene are so efficient that they have been
applied as methods to synthesize functional fullerene
materials.”

In the search for alternative air-stable, solution-processable,
highly crystalline organic materials for electronic device
applications, substituents such as silylethynyl, aryl, and alkyl
groups have been introduced on pentacene backbones."'® In
general, the substituted pentacenes are more stable and more
soluble than the parent compound, but many have the
disadvantages of minimal z-stacking and poorer device
performance.'' Other PAHs have been designed to achieve
desirable electronic properties and chemical stability."”
Recently, the Briseno group synthesized and characterized
bistetracene (BT) and its derivative, triisopropylsilylethynyl-
substituted bistetracene (TIPS-BT, Figure 1).”° TIPS-BT is
reported to have a half-life of 4 days under UV/vis irradiation in
chloroform, which is about 200 times longer than the half-life of
pentacene. Further investigation showed that the BT derivative
has promising properties, such as small band gap and high
carrier mobilities up to 6 cm?/(V-s)."

To compare the stability between TIPS-PT and TIPS-BT
(Figure 1) in the fullerene system, the reactions of these
compounds with [6,6]-phenyl-Cg,-butyric acid methyl ester
(PCBM) were carried out in CDCI; under ambient conditions
and monitored by '"H NMR (for details, see the Supporting
Information). As shown in Figure 2a, the DA reaction between
TIPS-PT and PCBM is very fast, and several new signals can be
observed within a few minutes. This is consistent with previous
reports regarding the propensity of pentacene derivatives to
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Figure 2. '"H NMR spectra at various time intervals of TIPS-PT (a)
and TIPS-BT (b) mixed with PCBM in CDCl; at room temperature.

undergo DA reactions with fullerene derivatives.* By contrast,
the NMR spectra of mixed TIPS-BT and PCBM show almost
no observable change in the first 36 h (Figure 2b). There are a
few signal changes after longer reaction time (>48 h). This
indicates that the DA reaction of TIPS-BT with PCBM is much
slower than that of TIPS-PT.

These promising results stimulated the Briseno group to
investigate other conjugated PAH derivatives that have
appropriate properties with sufficient chemical inertness to be
used in OPV devices."> To enable rational design of new
molecules, there is the need to improve the understanding of
the influence of both substituent groups and frameworks on
stabilities of potential organic electronic materials.

These factors have been analyzed here by density functional
theory (DFT) and Hiickel molecular orbital (HMO)
calculations. We show here that the BT system is significantly
less reactive than pentacene, since it is more difficult to
interrupt the aromatic conjugation of the more highly
condensed benzene rings of BT. The rate of the DA reaction
between the fullerene and TMS-BT is predicted to be 70 000
times slower than that of TMS-PT molecule at 25 °C. The
introduction of bulky silylethynyl groups on site 3 (Figure 1) in
PT and BT molecules is surprisingly found to only slightly
influence the DA barriers on site 3, but to destabilize the
corresponding products substantially. The localization energies
obtained from HMO methods are found to correlate with the
activation free energies and reaction free energies from DFT
calculations on the DA reactions of fullerene with PT and BT.
As has been described for other DA reactions of polyacenes,'*
the HMO localization energies of different sites in various
PAHs can be used to estimate the reactivities of PAHs.

B COMPUTATIONAL METHODS

The DFT calculations were all performed with the Gaussian 09
programs.'® Recently, DFT calculations of cycloaddition reactions on
carbon nanotubes were reported,'® where optimizations were
performed at the B3LYP/3-21G* level.'”'® We started our geometry
optimizations with the same method and basis set, followed by single
point calculations at the B3LYP/6-31G(d) level. However, the B3LYP
results significantly underestimate observed reactivities. For pentacene,
the DA reaction between site 3 (Figure 1) and the [6,6] bond of
[60]fullerene was reported to occur rapidly.® However, the B3LYP
calculations gave an activation free energy of over 32 kcal/mol and an
endergonic product with a reaction energy of 5.8 kcal/mol. This
experimental and theoretical difference is consistent with previous
discoveries that B3LYP failed to give reliable energetics for medium- to
long-range electron correlations and dispersion effects.'”* The MO06-
2X method®' was demonstrated to yield more accurate energetics for
such systems and cycloaddition reactions.”> The performance of M06-
2X has been verified on graphene chemistry.*> Consequently, we have
performed optimizations at the M06-2X/3-21G* level. The vibrational
frequencies were computed at the same level to ensure each optimized
structure is an energy minimum or a transition state and to evaluate
zero-point vibrational energies (ZPVE) and thermal corrections at 298
K. Single-point energy calculations in CHCIl; using the CPCM
model** were carried out subsequently on the optimized structures at
the M06-2X with a larger basis set 6-31G(d). We tested optimizations
at the M06-2X/6-31G(d) level for the [60]fullerene—pentacene
system. The differences in both activation free energies and reaction
free energies are less than 1.0 kcal/mol. In addition, we tested single
point energy calculations at the B3LYP-D3/6-31G(d) or BP86-D3/6-
31G(d) level for all the investigated systems (for details, see Table S1
in the Supporting Information).

We calculated the DA reactions of [60]fullerene with polycyclic
aromatics, PT, TMS-PT, BT, and TMS-BT. Their structures and DA
reaction sites are shown above in Figure 1, and the structures of
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Figure 3. Free energies and distortion/interaction analysis for the Cq)-PT reactions (energies in kcal/mol).

transition states and products are given below in Figures 3, 4, 6, and 7.
Substituent effects were assessed by comparing PT/BT and TMS-PT/
TMS-BT systems. The effects of additional fused aromatic rings were
evaluated through the comparison of PT and BT systems.

Sola and co-workers reported the enthalpies of DA reactions
involving Cg.'** The optimized reactant complexes were local minima
and were stabilized by 4—12 kcal/mol in enthalpy with respect to
separated reactants. We also considered the complexes between Cq,
and four PAHs and observed the same stabilization effect of 8—12
kcal/mol in enthalpy, due primarily to dispersion interactions.>® Here
we report energy profiles in terms of Gibbs free energy. In the free
energy (AG = AH — TAS), the entropy term (—TAS is positive)
causes the free energies of these four complexes to actually be higher
than those of separated reactants. As a result, the energies discussed in
the text are all given relative to separated fullerene and PAHs.

We also analyzed the activation barriers using the distortion/
interaction model.>**” This model relates the activation energy (E,.)
to the distortion energy (Eg,) required for the geometrical
deformation of the reactants to achieve their transition-state
conformations and the interaction energy (E,) arising from the
interactions between two distorted reactants in the transition state.”®
Fragment distortion and interaction energies were computed at the
M06-2X/6-31G(d) level in the gas phase. In all cases, the distortion
energies of PAHs are predominant, around 75% of the total distortion
energies.

B RESULTS AND DISCUSSION

It is well established both experimentally and computationally
that the DA reaction of fullerene occurs on a [6,6] double bond
(located between two fused 6-membered rings).”**** Our
calculations indicate that the reaction barriers on the [5,6]
bond (where S- and 6-membered rings are fused) are about 14
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kecal/mol higher than those on the [6,6] bond (for details, see
Figure S1 in the Supporting Information). Therefore, we only
discuss the DA reactions on a [6,6] bond of fullerene here.
Figure 3 shows the DA transition states and products
involving pentacene (PT) and the [6,6] bond of fullerene. Site
3 is the most reactive site of PT as the diene, where the DA
barrier is only 17.6 kcal/mol. The free energy barrier on site 2 is
slightly higher (19.1 kcal/mol). Site 1 has the highest reaction
barrier of 29.9 kcal/mol. According to the distortion/
interaction analysis, the interaction energies (E,,) for three
transition states are very close, between —5.0 and —35.9 kcal/
mol. The distortion energies (Ey,) are related to the position
of transition states, measured as the partially formed C—C bond
length. The distortion energies control activation barriers.
Smaller distortion energies lead to lower activation energies. It
is easiest to interrupt the aromatic system of pentacene on site
3. This corresponds to the earliest transition state (PT_TS3)
with longest forming C—C bonds (2.39 A) and thus the
smallest transition-state distortion energy (Egy) of 9.0 kcal/
mol. Site 1 has the highest reaction barrier, and formation of
the DA adduct is endergonic. Its transition state has the
shortest forming C—C bonds (2.22 A) and the largest
distortion energy (20.4 kcal/mol). The C—C bond lengths
on site 2 are intermediate, with a distortion energy of 10.6 kcal/
mol. The adduct on site 3 (PT_P3) is the most stable one with
a reaction free energy of —18.6 kcal/mol. The adduct on site 2
(PT_P2) is less exergonic, with a free energy of —14.3 kcal/
mol. The DA reaction on site 1 is endergonic by 4.3 kcal/mol.
Therefore, the DA reaction on site 3 is preferred kinetically,
with the earliest transition state, and thermodynamically, with
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Figure 4. Free energies and distortion/interaction analysis for the C4-TMS-PT reactions (energies in kcal/mol).

the most exergonic product.®® This result is in agreement with
the experiment that pentacene reacts rapidly with Cg, through
the DA reaction across the central 6,13-carbons.

Figure 4 shows the DA transition states and products from
reactions of TMS-PT and [60]fullerene. The introduction of
the trimethylsilylethynyl substituent groups does not have a
significant effect on the DA reactivity. The barriers for reactions
on sites 1—3 of TMS-PT are very close to those of PT. Site 3 in
TMS-PT is the most reactive one among the three sites with an
activation free energy of 16.8 kcal/mol. This barrier is even
slightly lower than that for pentacene via transition state
PT _TS3 (17.6 kcal/mol, Figure 3). This indicates that the
reaction of TMS-PT with Cg will be quite fast at room
temperature. The reaction on site 2 via TMS-PT TS2 requires
an activation free energy of 19.8 kcal/mol, which is 3.0 kcal/
mol higher than that on site 3 via TMS-PT_TS3. The reaction
on site 1 has the highest barrier of 29.6 kcal/mol. The
distortion/interaction analysis shows that both interaction
energies (E,,) and distortion energies (Eg,) vary with the
length of the forming C—C bonds. The longer the C—C bonds,
the lower the distortion energies. Similar to pentacene, site 3
has the earliest transition state with the longest C—C bonds
(235 A). The distortion energy of transition state TMS-
PT TS3 is 12.1 kcal/mol. The transition state on site 2 is
intermediate with slightly shorter C—C bonds of 2.34 A. Site 1
has the latest transition state with the shortest C—C bonds
(222 A), which leads to more severe distortion energy of 20.7
kcal/mol. The interaction energies become more favorable as
bond length elongates. It ranges from —5.1 kcal/mol on site 1
to —10.7 kcal/mol on site 2 to —14.1 kcal/mol on site 3. The
stabilizing dispersion interactions between TMS-PT and

fullerene mainly contribute to the interaction energies. There
is a better alignment in TMS-PT_TS3, and thus it has an
enhanced stabilizing dispersion between TMS-PT and full-
erene.

Similar to PT, the DA reaction of TMS-PT on site 1 is
endergonic by 4.8 kcal/mol. However, the stability of the
products on sites 2 and 3 is reversed by the bulky side groups
(Figures 3 and 4). The reaction free energy of adduct TMS-
PT P2 is —13.0 kcal/mol, 4.3 kcal/mol more favorable than
that of adduct TMS-PT_P3 on site 3 (—8.7 kcal/mol, Figure
4). As shown in Figures 3 and 4, five out of six DA adducts have
formed C—C bonds of 1.58 A. To avoid the large steric
repulsions between the bulky silylethynyl groups of TMS-PT
and fullerene, the adduct on site 3 has to stretch the formed C—
C bonds to 1.60 A. This significantly destabilizes the product
TMS-PT_P3.

The DA reaction between TMS-PT and Cg, was reported by
Miller’s group.9b The monoadduct across the site 2 (TMS-
PT _P2) was obtained in a yield of 75% after refluxing in CS,
for 24 h, while the adduct across the site 3 (TMS-PT_P3) was
not isolated. This is consistent with the computational result
that the DA reaction on site 2 is thermodynamically much more
favorable. However, calculations indicate that the formation of
adduct on site 3 is preferred kinetically. To test this prediction,
we conducted the reaction of TIPS-PT with Cg, in a CDCl,/
CS, mixed solution at room temperature and monitored it by
'H NMR (Figure S; for details, see the Supporting
Information). As expected, it was found that about half of
TIPS-PT was converted into the fullerene monoadduct on site
3 (TIPS-PT_P3) in S min with almost no signals of the adduct
on site 2 (TIPS-PT_P2, Figure S). This shows that the DA
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Figure 5. "H NMR spectra at various time intervals of TIPS-PT mixed
with C4 in CDCl;/CS, at room temperature.

reaction of fullerene on site 3 of silylethynyl substituted
pentacene is still much faster than that on site 2, although the
adduct on site 3 is less stable.

As shown in Figure 6, for the BT molecule, the DA barriers
are substantially higher than those with the PT molecule. The
two-row fused aromatic ring framework deactivates the whole
system. Site 2 is the most reactive one among four possible
reaction sites (Figure 1), requiring an activation free energy of
22.1 kcal/mol. The reaction on site 3 has a similar barrier of
23.1 kcal/mol. The reaction barriers on sites 1 and 4 are much

higher, 31.4 and 37.1 kcal/mol, respectively. Site 2 has the
earliest transition state with the lowest distortion energy of 13.4
kcal/mol. For products, only the adduct on site 2 is formed
exergonically, with a free energy of —8.3 kcal/mol. The
formation of the product on site 3 is endergonic by 2.2 kcal/
mol. This implies that retro-DA reaction on site 3 is faster than
the forward DA reaction. Even with a surmountable transition
barrier, BT_P3 is highly unstable and easily decomposes. The
reaction free energies on sites 1 and 4 are even more
endergonic.

Figure 7 shows the DA transition states and adducts
involving four reaction sites of TMS-BT and fullerene. Very
similar to the BT molecule, the reaction on site 2 has the lowest
free energy barrier, 23.4 kcal/mol. The final adduct can only be
formed on site 2 with a reaction free energy of —7.3 kcal/mol.
The trimethylsilylethynyl groups make the DA adduct on site 3
(TMS-BT_P3) much more unfavorable, with a free energy of
8.4 kcal/mol above the reactants. Comparing the free energy of
TMS-BT_P3 and BT P3, an additional side group destabilizes
the product by 6.2 kcal/mol (8.4 versus 2.2 kcal/mol, Figures 7
and 6). Therefore, the DA reaction on site 2 of TMS-BT is
preferred both kinetically and thermodynamically.

In summary, for pentacene, the reaction across central 6,13-
carbons is preferred both kinetically and thermodynamically.
Adding bulky substituent groups on these two carbons does
little to the transition state energy but decreases the product
stability by about 10 kcal/mol. This is confirmed by
experimental results here (Figure S). Similarly, for BT, one
side group on site 3 reduces the stability of the corresponding
product by about 6 kcal/mol. Therefore, the introduction of
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Figure 6. Free energies and distortion/interaction analysis for the C¢-BT reactions (energies in kcal/mol).
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Figure 7. Free energies and distortion/interaction analysis for the C4-TMS-BT reactions (energies in kcal/mol).
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Figure 8. HMO 1,4-localization energies for different PAHs (in units of —f).

each bulky group decreases the stability of adduct on the
substituted carbon site by approximately S kcal/mol. The
lowest energy DA transition states for TMS-PT and TMS-BT
molecules are TMS-PT_TS3 (Figure 4) and TMS-BT TS2
(Figure 7), requiring activation free energies of 16.8 and 23.4
kcal/mol, respectively. On the basis of the free energy
difference of 6.6 kcal/mol, we predict that TMS-BT is 70 000
times less reactive than TMS-PT in reactions with fullerene.
This accounts for the experimental results in Figure 2: the
mixed TIPS-BT and PCBM shows almost no signal change
until about 2 days, while the reaction between TIPS-PT and
PCBM readily occurs within a few minutes.

Relative Reactivities and Stabilities Assessed by HMO
Localization Energies. The concept of localization energy
was developed by Wheland®' and Brown® in 1940s. By
definition, the localization energy (E_) is the energy difference
between the initial 7 system (E) and that remaining (E,) after
removal of one or more p orbital and electron from the &
system: E; = E. — E. The localization energies were found to
correlate with the reactivities in some types of aromatic
substitution reactions®> and DA reactions."*** For different
reaction sites in one molecule, the larger E; is, the more stable
the site is and the more difficult the cycloaddition reaction is.
The most reactive position has the smallest localization energy.
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The properties and stabilities of large PAHs depend upon the
number and the spatial arrangement of benzene rings in their
conjugated systems, which are usually associated with their
resonance energies. Developed in 1930s, the HMO theory can
be applied to calculations of the energies of 7 electrons in such
planar conjugated systems. Schleyer et al. have also explored
the relationship between other aromaticity indices and the
reactivities of polyacenes in DA reactions.**

We recently applied HMO calculations on graphene models
and found that the HMO localization energies could predict the
reactivities of different graphene sites.”>® The HMO energies
were calculated using the online Hiickel program SHMO
developed by Arvi Rauk.*® In the HMO theory, the energy of 7
electrons is expressed in terms of @ and f: E = na + Af, where
a is the Coulomb integral and f is the resonance integral. Here
the localization energies on seven reaction sites within PT and
BT molecules (Figure 1) were calculated by HMO theory.
Because all seven sites have the same loss in « term, the @ term
is neglected. The computed 1,4-localization energies (in units
of —f3) for PT, BT, and other PAHs are summarized in Figure
8.

Figure 9 shows a plot of DFT activation free energies or
reaction free energies versus HMO localization energies for the

40 7
AG (kcal/mol) BT TS4m
BT TSI
30 PT TSI MW" _—
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Figure 9. Correlation between HMO localization energies and DFT
activation free energies (in blue) or reaction free energies (in red) of
DA reactions on seven reaction sites in PT and BT.

DA reactions of seven reaction sites in PT and BT molecules
(all seven reactions in Figures 3 and 6). Although some points,
such as BT_TS3 and BT_P3, have large deviations from the
lines, the overall correlation for reaction free energies is good
(R* = 0.87). This indicates that the reactivities of different sites
in PAHs are mainly determined by the loss of the resonance
energies after reactions. Although highly simplified, the HMO
localization energy can be used as a tool to estimate the
reactivities of various PAH molecules for experimental
guidance. According to the linear equation in red (Figure 9),
the HMO localization energy of 3.6 corresponds to a reaction
free energy of about 0 kcal/mol. We set the localization energy
of 3.6 as the critical value. Only reaction sites with localization
energies lower than 3.6 are able to undergo DA reactions with
fullerene.

We further explored other aromatic molecules composed of
one or two rows of pentacene or tetracene with all the possible
arrangements. Their chemical structures and HMO localization

energies of different diene sites are listed in Figure 8. The
reaction sites with localization energies lower than 3.6 are
highlighted in red.

To test the applicability of two linear equations shown in
Figure 9, we applied them to five reactive sites (E_ < 3.6) of
another three PAHs (b, h, and i shown in Figure 8). Based on
their HMO localization energies, the derived activation free
energies (AG,-D) and reaction free energies (AG,,-D) in
cycloadditions with [60]fullerene were obtained (Table 1). For

Table 1. Comparison of Activation Free Energies and
Reaction Free Energies Derived (AG,-D and AG,,-D, in
kcal/mol) from Linear Equations (Figure 9) and Those
(AG,, and AG,,,, in kcal/mol) from DFT Calculations

PAH_site E, (-p) AG,-D AG,, AG,,-D AG,
b 2 327 21.0 22.0 —12.1 -9.7
b_3 3.32 21.7 22.2 -10.3 -9.2
h 2 3.26 209 209 —-12.4 —-12.2
h 3 3.28 21.2 18.7 -11.7 —158.5
i2 3.34 22.0 21.3 -9.6 -10.5

comparison, the corresponding values from DFT calculations
are listed as AG,, and AG,, in Table 1. For activation free
energies, the differences between the HMO method and the
MO06-2X method are in the range of 2.5 to —1.0 kcal/mol.
Similarly, the differences of reaction free energies are in the
range of 3.8 to —2.4 kcal/mol. These results demonstrate that
the simple HMO method can be of considerable value in
estimating reaction barriers and thermodynamics.

B CONCLUSION

The Diels—Alder reactions of Cq, with pentacene, bistetracene,
and their bis(2-trimethylsilylethynyl)-substituted derivatives
have been studied by density functional theory calculations.
For pentacene, the reaction on the central diene site 3 is
favorable both kinetically and thermodynamically. For TMS-
PT, the substituent groups on site 3 have a strong influence
only on the stability of product TMS-PT_P3. The formation of
TMS-PT _P3 is still kinetically favored, which is validated by
NMR experiments at room temperature. Under thermodynami-
cally controlled conditions (refluxing in CS, for 24 h), the most
stable adduct on site 2 (TMS-PT_P2) is obtained as the major
product. For BT, the two-row fused aromatic ring framework
deactivates the molecule toward DA reactions. The DA barriers
are significantly higher than those with pentacene. Site 2 in BT
is the most reactive one among four reaction sites, and only the
reaction on site 2 is exergonic. The additional side groups
slightly affect the reaction barriers with TMS-BT, which are
quite close to those with BT. One silylethynyl substituent on
site 3 can further destabilize the stability of the corresponding
adduct (TMS-BT_P3) by about 6 kcal/mol. In addition,
calculations show that TMS-BT is about 5 orders of magnitude
less reactive than TMS-PT in the reactions with fullerene. This
accounts for the chemical inertness of the TIPS-BT molecule.
We also investigated the localization energies of different sites
in a series of PAHs based on the HMO method. We found that
the HMO localization energies can be used to estimate the
reactivities of various PAH molecules in cycloadditions with
fullerenes. Our study provides valuable insight into the design
of stable, unconventional linear PAHs for organic electronic
applications.
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