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We report the synthesis and study of trialkylsilylethyne-substituted
"oblique” pyrene-fused acenes, carbon nanoribbons demonstrating
near-IR absorption with reversible oxidation and reduction, and
acene-like evolution of electronic properties upon extension of the
aromatic core. Their electronic structures are investigated through
DFT studies, which support the more delocalized nature of their
frontier molecular orbitals compared to more common “vertical”
pyrene systems. Despite a longer aromatic core, the more extended
of the two examples demonstrates enhanced photostability com-
pared to the shorter derivative, running counter to the trend in
linear acenes. The unusual stability of the longer core is ultimately
linked to its relatively low T; energy inhibiting the generation of
reactive O, species. The byproduct generated upon photooxidation
of the shorter nanoribbon appears to catalyze the generation of 10,
due to its large T; energy, leading to its relatively decreased
stability.

Introduction

The enormous degree of structural diversity in polycyclic aro-
matic hydrocarbons (PAH) provides remarkable opportunities
to systematically alter electronic properties, which are highly
dependent on molecular structure and edge topology.'™ The
importance of molecular structure is prominently displayed in
the acene series, in which the presence of only one Clar sextet,
regardless of molecular length, results in rapid evolution of
electrochemical properties with each linearly-fused ring.* While
the robust tunability of acenes makes them of significant
interest for organic electronic and photonic applications, the
diminished stability with each additional fused ring means that
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the longer acenes are especially prone to decomposition.” The
functionalization of acenes, particularly through substitution with
trialkylsilylethyne (TAS) groups, is a common method to improve
their stability as well as enhance solid-state ordering.>” With few
exceptions,® the poor stability of TAS-substituted acenes longer
than pentacene has hindered their study under ambient condi-
tions and largely prevents practical device applications.

The development of structure-property relationships in
larger, 2-D PAH systems, often referred to as graphene nano-
ribbons (GNRs) or nanographenes, is aided through the bottom-
up synthesis of well-defined molecules.”'° The incorporation of
acene-like moieties onto other versatile molecular frameworks,
such as pyrene, is an increasingly popular method used to
efficiently tune the electronic structure of GNRs. The properties
of pyrene-fused acenes are highly dependent on the orientation
of the central pyrene moiety."* The vast majority of previously
reported pyrene-fused acenes may be considered ‘vertical
pyrenes,” in which linear extension of the acene moieties
occurs from the k-region of the pyrene moiety (Fig. 1). While
numerous examples of vertical pyrenes have been reported,
including systems that extend up to macromolecular size,"*>™*
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Fig. 1 General structures of vertical and oblique pyrenes (left) and their
functionalized derivatives (right).
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in-depth studies have demonstrated that the interactions between
the acene moieties are disrupted by the vertical orientation of the
central pyrene.’®> While some pyrene-fused acene systems hold
unique photophysical properties,*® the disrupted conjugation may
limit their use in charge transport applications."*

In contrast to vertical pyrenes, “oblique” pyrenes maintain
full conjugation throughout the aromatic core, making them
ideal candidates for applications that require fully-conjugated
nanographenes.””"® A notable example is a functionalized
“bistetracene” originally reported by Briseno, which displayed
remarkable stability and hole mobilities on the order of
~4 cm?® V! 5712921 Ag with other 2-D fused-acenes, the
promising electronic performance of oblique pyrenes is aided
by their large, planar aromatic cores, which can provide greater
opportunity for significant orbital overlap in the solid-
state.”®?>?* The band structures of oblique pyrenes are pre-
dicted to evolve with increased length of the acene moieties,
meaning that high intrinsic charge mobilities are predicted for
larger derivatives.'* However, stable oblique pyrene derivatives
larger than 8 consecutively-fused rings have remained unexplored,
primarily due to a lack of synthetic accessibility.

As an alternative to conventional pyrene-fused acene sys-
tems, we present the synthesis and electronic properties of
extended oblique pyrene derivatives. The structures of our TAS-
substituted bispentacene (BP) and bishexacene (BH) derivatives
may be considered as a pyrene-fused anthracene and tetracene,
respectively, allowing for straightforward comparison to functio-
nalized vertical pyrenes such as a previously reported anthracene-
pyrene-anthracene (APA) molecule featuring triisopropylsilyl-
ethyne (TIPS) substituents (TIPS-APA, Fig. 1)."*> In contrast to
vertical pyrenes, we demonstrate that the oblique orientation of
the central pyrene provides for a fully conjugated ribbon. The
synthetic route employed allows for relatively straightforward
control over molecular length and functionalities. In contrast to
vertical pyrenes, properties such as optical gap and ionization
potential (IP) evolve with linear extension of the aromatic core in
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Scheme 1 Generalized synthetic route to NODIPS-BP and NODIPS-BH.
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a manner similar to that seen in the linear acene series, allowing
for excellent control over optical and electrochemical properties.
The frontier molecular orbitals (FMOs) and aromaticity of our
oblique pyrenes are investigated through DFT calculations, provid-
ing further insight into the role of ring annellation in larger
pyrene-acene systems. We also demonstrate that functionalized
oblique pyrenes as long as 12 consecutively fused rings exhibit
prolonged stability under light exposure, and we examine the
origins of such impressive photooxidative resistance through a
combination of experimental and computational approaches.

Results and discussion

We employed a classical and versatile synthetic route to our
oblique pyrenes (Scheme 1), utilizing a pyrene-dianhydride inter-
mediate 1 which was originally reported by Clar.>* This starting
material can be synthesized in large scale with inexpensive
starting materials, and the aryl substituent can easily be varied
to enable crystal packing tuning. The esterification of 1 provides
the more soluble intermediate 2, which was reduced with LiBH,
to provide high yields of 3 with simple work-up. Bromination of 3
(PBr3) gave Cava precursor 4, and reaction between 4 and 1,4-
naphthoquinone provided BP-Q, while a similar reaction with
1,4-anthraquinone gave BH-Q, showing the versatility of this
approach to give polyaromatic cores of varying length.>

The formation of the fully aromatized oblique pyrenes was
accomplished with our well-established silylethynylation chemis-
try, by addition of a lithiated silylacetylene to the quinone,®
followed by reductive deoxygenation with stannous chloride. In
this case, we utilized the highly solubilizing n-octyldiisopropylsilyl
(NODIPS) acetylene to provide NODIPS-BP and NODIPS-BH
(Scheme 1). X-ray quality crystals of both NODIPS-BP and
NODIPS-BH were obtained from ethyl acetate/toluene mixtures.
The long octyl chains on the NODIPS groups provided ample
solubility of NODIPS-BP and NODIPS-BH in most common organic
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Fig. 2 Crystal structure (a) and packing (b) of NODIPS-BP, and crystal
structure (c) and packing (d) of NODIPS-BH.

solvents, allowing straightforward characterization. Surprisingly,
NODIPS-BH appeared just as stable under ambient conditions as
NODIP-BP despite its larger conjugated backbone. Thus, a similar
synthetic route may allow for the future synthesis of even larger
oblique pyrene derivatives. The structures of NODIPS-BP and
NODIPS-BH were confirmed by X-ray crystallography (Fig. 2). While
the long alkyl chains of the NODIPS substituents helped promote
tight m-stacking in the previously reported bistetracene through the
“zipper effect”,”® the crystal structures of both NODIPS-BP and
NODIPS-BH are dominated by edge-to-face interactions. In both
cases, the packing is driven primarily by C-H-n interactions
between the NODIPS groups and the phenyl moieties, which direct
the octyl chains parallel to the aromatic backbone. The crystal
packing of our oblique pyrenes may be altered by tuning such
intramolecular non-covalent interactions, with the goal of promot-
ing long-range n-stacking. In the case of NODIPS-BH, the growth of
X-ray quality crystals was also hindered by the incorporation of
solvent into the crystal structure. Functionalization of the pendant
phenyl groups may be a viable method to minimize solvent trapping
and further tune the solid-state ordering in these compounds.
The UV-Vis-NIR absorbance spectra can be seen in Fig. 3.
NODIPS-BP and NODIPS-BH feature onset absorbance peaks at
774 nm (1.60 eV) and 885 nm (1.40 eV), respectively. Both
compounds feature a vibronic progression characteristic of
acenes,””*® which stretches from 800-600 nm in NODIPS-BP
and from 900 nm to 700 nm in NODIPS-BH, indicating that
extended oblique pyrenes display acene-like evolution of optical
properties. The NIR absorbance profiles of both oblique-
pyrenes are in stark contrast to vertical-pyrene derivatives of
similar size. For example, TIPS-APA displays an onset absor-
bance peak at 505 nm, as the central pyrene disrupts electronic
communication between the two anthracene moieties, result-
ing in an absorption profile between that of anthracene and
tetracene.” Thin-films of NODIPS-BP and NODIPS-BH both
show absorption spectra similar to that observed in solution,
consistent with a lack of aggregation effects in the solid-state.
NODIPS-BP and NODIPS-BH display extremely weak emission
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Fig. 3 (a) UV-Vis-NIR absorbance spectrum of TIPS-APA, NODIPS-BP,
and NODIPS-BH in CHCls; (b) CV spectra of NODIPS-BP and NODIPS-BH
in DCM.

peaks corresponding to S; — S, transitions in their respective
photoluminescent spectra (Fig. S2, ESIt), with quantum yields
< 1% for both compounds.

The electrochemical properties of both compounds were
investigated using cyclic voltammetry (Fig. 3a). The onset
oxidation/reduction potentials vs. Fc/Fc¢" were 0.14/—1.44 eV for
NODIPS-BP, and 0.037/—1.29 eV for NODIPS-BH. Linear fusion of
additional benzene rings results in destabilization of the HOMO
and stabilization of the LUMO, following the trend seen in the linear
acene series. While NODIPS-BP displays two reversible oxidation
and reduction peaks, extending the molecular length results in
three reversible oxidation and reduction peaks for NODIPS-BH,
consistent with greater delocalization of the HOMO and LUMO.
The larger degree of separation between the first two oxidation
peaks compared to the respective reduction peaks suggest that the
radical anion is more localized than the radical cation, resulting in
decreased charge repulsions in the dianion compared to the
dication.”® The larger oxidation/reduction potentials observed for
TIPS-APA (Fig. S1, ESI{) can be attributed to the localization of the
cation/anion on the acene groups, with little-to-no interaction
between the HOMOs and LUMOs of the anthracene moieties."

To gain further insight into the electronic structure of our
oblique pyrenes, density functional theory (DFT) calculations
were carried out to examine the FMOs for TAS-substituted BP
and BH (Fig. 4a). The HOMO and LUMO appear to fully
delocalize across the aromatic core, which is consistent with
the absorption and electrochemical properties observed in
NODIPS-BP and NODIPS-BH. The HOMO—-1 and LUMO+1
orbitals are localized primarily on the acene moieties (Fig. 4a
and Fig. S7, ESIT), which offers a rationale for the acene-like
absorption properties and rapid evolution of electronic char-
acter achieved through linear extension of the aromatic core.
The FMOs of BP and BH consist of combinations of the FMOs
of the equivalent acenes. The HOMO of BP can be considered as

This journal is © The Royal Society of Chemistry 2024
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the bonding interaction between two pentacene HOMOs, while
the HOMO—1 bears resemblance to two anthracene HOMOs,
with conjugation across the pyrene unit disrupted by the
mismatch in phase of the MO lobes. In analogy to bonding/
antibonding interactions, relatively large electronic couplings
between the HOMO and HOMO-1 for BP (0.64 eV) and BH
(0.51 eV) results in a ground state electronic structure consis-
tent with fully delocalized FMOs. While the HOMO and LUMO
of APA (Fig. S8, ESIt) appear to fully delocalize across the
pyrene moiety, in-depth computational studies have shown
that a small energy splitting between the HOMO and the
acene-like HOMO—1 result in limited electronic communica-
tion between the acene and pyrene segments."®

The impact of pyrene-fusion on the aromaticity of oblique
pyrene systems was investigated using nucleus-independent
chemical shifts (NICS) calculations (Fig. 4b). For the oblique
pyrenes, the ring directly adjacent to the acene segment (ring 2)
sees only a modest reduction in aromatic character relative to
those on the acene. Similarly, experimental bond lengths (Fig.
S6, ESIf) obtained from XRD show decreased bond-length
alternation along the zig-zag edges of rings 2-5 relative to ring
1, indicative of enhanced aromaticity on the acene segments.
NICS scans of the analogous vertical pyrene (Fig. 4b) show
diminished chemical shift in the ring adjacent to the acene
segment, which results in limited electronic interactions
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(@) HOMO and HOMO-1 of TAS-substituted BP and BH, and (b) NICS-xy scans of vertical and oblique pyrenes.

between the acene and pyrene. The ACID plot (Fig. S9, ESIT)
of BP shows a diatropic ring current largely delocalized onto the
pyrene, while the analogous vertical pyrene maintains ring
currents localized on the acene segments as well as the top
and bottom rings on the pyrene moiety.

The biradical character (y,) was calculated for BP and BH at
the UHF/6-31G level of theory.>**' While BP displays a y, of 0.42
and is predicted to maintain a closed-shell ground state, the
large y, of BH (0.69) predicts an open-shell ground state, which
is supported by significant peak broadening observed in the
'H NMR spectrum of NODIPS-BH (Fig. S5, ESI{). The aromatic
peaks gradually sharpen upon cooling from 30 °C to —15 °C,
suggesting that NODIPS-BH has a triplet diradical form that is
thermally populated near room temperature.*** The presence
of a weak ESR signal at g = 2.0048 at room temperature (Fig. S3,
ESIT) further supports diradical contribution to the ground
state of NODIPS-BH. The BH aromatic core thus adds to the
considerable and growing list of environmentally stable open-
shell materials.>**>3¢

Much like previously reported fused-acene derivatives,
NODIPS-BP and NODIPS-BH display enhanced stability in
solution relative to TIPS-Pentacene, even upon prolonged expo-
sure to an intense light source (Fig. 5a). Decomposition occurs
much more slowly in toluene compared to CHCI; (Fig. S4, ESIT),
consistent with previous stability studies from the literature.”

20,22,23
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(a) Stability experiments in CHClz, where onset absorbance normalized at t = 0 is monitored over time under exposure to 150-watt white light

source. Absorbance spectra of (b) NODIPS-BP and (c) NODIPS-BH under ambient light exposure.
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Surprisingly, NODIPS-BH appears significantly more stable
than NODIPS-BP in both solvents tested. This trend runs
counter that seen in linear acenes, where extension of the
aromatic core typically results in decreased stability.

Samples of NODIPS-BP and NODIPS-BH in CHCI; were left
under constant exposure to ambient laboratory light over the
course of 1 month, and the decomposition of the samples was
monitored by UV-Vis-NIR (Fig. 5b and c). While both com-
pounds displayed half-lives between 1-2 weeks under such
conditions, the manner in which they decomposed differed
significantly. NODIPS-BP shows little apparent decay after two
weeks, followed by rapid decay after 3 weeks and complete
decay after 4 weeks. In contrast to the exponential rate of decay
observed for NODIPS-BP, the decomposition of NODIPS-BH
proceeds linearly with a half-life of approximately 14 days.
Notably, the decay of the onset absorbance at 885 nm is
accompanied by the steady rise of a feature at 710 nm, which
can be attributed to the photodecomposition product gener-
ated upon continuous light exposure (vide infra).

Photooxidation of functionalized acenes commonly occurs
due to reaction with singlet oxygen ('0,), which may be
generated upon photoexcitation of the acene, provided that
its T, is larger than the singlet-triplet gap (Asr) of O,.” To better
understand the stability of these compounds, DFT (M06-2X/cc-
PVTZ, see ESIt for details) was employed to study the energetics
of reactions of oblique pyrenes with 'O,. Fig. 6 (top) shows the
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Fig. 6 (top) Activation energies and (bottom) reaction energies of bisa-
cenes with singlet oxygen at different ring positions. Open circles are
without the silylethyne groups, and filled circles are with these groups
included. All energies computed with M06-2X/cc-pVTZ.
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Table1 DFT computed excitation energies for NODIPS-BP, NODIPS-BH,

and their endoperoxide decomposition products (IP-tuned ©®B97XD/
6-31G* in CHCl3 polarizable continuum)

Compound So=S1 (eV) So=S1 (nm) So-T, (eV)
TIPS-Pen 1.88 658 0.89
BP 1.64 755 0.84
BH 1.34 927 0.57
BP-EPO 2.08 597 1.20
BH-EPO 1.71 724 0.85

activation energies for each ring of pentacene (PN), BP, and BH in
the reaction with 'O, relative to each ring. The most reactive ring
in BP has a slightly higher activation energy than PN, while the
activation energies for rings 3 and 4 in BH are significantly lower
(4.6 and 7.1 k] mol " versus 16.0 kJ mol " for TIPS-PN). The
reaction energies shown in Fig. 6 (bottom) underscore the
importance of silylethyne substitution on stability: endoperoxide
formation on ring 4, the ring featuring the silylethyne substitu-
ents (Fig. 6, filled circles), is thermodynamically less favorable
compared to the same ring on the unsubstituted oblique pyrenes
(Fig. 6, open circles). This effect has been well-documented in
TIPS-pentacene,” and is reflected in the reaction energies in Fig. 6
with a consistent stabilization of 55 k] mol™* for BP and BH.

In the case of NODIPS-BP, the calculated energies in Fig. 6
are in good agreement with the experimentally observed stabi-
lity in relation to TIPS-Pen. NODIPS-BH, however, displays even
greater resistance to photooxidation compared to NODIPS-BP
despite its substantially lower activation energy with '0,. This
can be rationalized by the low T; of NODIPS-BH (Table 1),
which is significantly lower than the Agr of O, (0.98 eV) and is
sufficiently small to inhibit the generation of reactive 'O,
species, offering a likely explanation for improved photostabil-
ity. The accelerating decomposition rate of NODIPS-BP over
time suggests a different photooxidation mechanism may be in
action. S; and T; were also calculated for decomposition
products BP-EPO and BH-EPO, which feature endoperoxide
formation on the most reactive ring (3) of BP and BH, respec-
tively. The unique decomposition pattern seen in NODIPS-BP
may be attributed to the initially slow formation of BP-EPO,
which can more efficiently generate 'O, due to its larger
calculated T; energy (1.20 eV) and thus accelerate the rate of
decomposition of BP via an energy-transfer mechanism. Nota-
bly, no absorbance feature near 597 nm corresponding to BP-
EPO is observed following the decay of NODIPS-BP, suggesting
that BP-EPO may promptly decompose to a second photooxida-
tion product BP-EPO2 (Fig. S9, ESIT).

The reaction energy for the formation of BP-EPO2 (—230 k]
mol ') is similar to that found for the formation of BP-EPO
(—249 kJ mol "), suggesting that the former process is slightly
less thermodynamically favourable. Thus, the increased gen-
eration of reactive 'O, by BP-EPO would be a plausible explana-
tion for its prompt decomposition. Notably, an emission peak
at 630 nm is observed in the photoluminescence spectrum of
NODIPS-BP (Fig. S2, ESIt), potentially due to trace amounts of
BP-EPO generated upon excitation. The absorbance feature
near 710 nm observed upon decomposition of NODIPS-BH

This journal is © The Royal Society of Chemistry 2024
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corresponds to the calculated absorbance of BH-EPO. The
calculated T; energy for BH-EPO (0.85 eV) is larger than that
of NODIPS-BH but is still too small to efficiently generate *0O,,
and thus should not play a significant role in the photooxida-
tion of the starting material. The emission spectrum of
NODIPS-BH features a prominent peak at 715 nm that intensi-
fies upon further photobleaching (Fig. S2, ESIT), demonstrating
that the decomposition products of both acenoacenes are
highly emissive. These results highlight the importance of
considering the properties of decomposition products when
attempting to develop nanographenes with enhanced stability.

Conclusions

A series of oblique pyrenes/acene hybrids were prepared utiliz-
ing a synthetic route that allows for exquisite control over
molecular length and functionalities. NODIPS-BP and
NODIPS-BH display onset absorbance energies stretching into
the near-IR, as well as decreased electrochemical gaps with
increased molecular length, suggesting that linear extension of
oblique pyrenes tunes their electronic structure in a manner
similar to their linear acene counterparts. In contrast to the
much more commonly reported vertical pyrenes, where the
acene units on either side of the pyrene core are electronically
isolated, the oblique pyrenes display experimental and compu-
tational properties consistent with fully conjugated aromatic
ribbons. While acenes generally become less stable upon linear
ring extension, BH appears more resistant to photodecomposi-
tion than BP, even upon prolonged light exposure. This coun-
terintuitive trend is attributed to a low T; level in BH that
inhibits the generation of 'O, via an energy transfer mecha-
nism, and thus substantially slows the rate of photodecomposi-
tion. The decomposition products play a significant role in the
stability of BP and BH, as the endoperoxide formed upon
photooxidation of NODIPS-BP appears to catalyse its further
decay. Along with highlighting the critical importance of mole-
cular orientation to the electronic properties of aromatic rib-
bons, this work demonstrates that oblique pyrene/acene
hybrids with as many as 12-consecutively fused rings are
remarkably resilient to photooxidation under ambient condi-
tions, and opens the path to both larger oblique pyrene
derivatives and potential graphitic ribbon polymers.
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