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ABSTRACT: Pentacene’s extraordinary photophysical and
electronic properties are highly dependent on intermolecu-
lar, through-space interactions. Macrocyclic arrangements
of chromophores have been shown to provide a high level
of control over these interactions, but few examples exist
for pentacene due to inherent synthetic challenges. In this
work, zirconocene-mediated alkyne coupling was used as a
dynamic covalent C-C bond forming reaction to synthesize
two geometrically distinct, pentacene-containing macrocy-
cles on a gram scale and in four or fewer steps. Both macro-
cycles undergo singlet fission in solution, with rates that
differ by an order of magnitude while the rate of triplet re-
combination is approximately the same. This independent
modulation of singlet and triplet decay rates is highly desir-
able for the design of efficient singlet fission materials. The
dimeric macrocycle adopts a columnar packing motif in the
solid state, with large void spaces between pentacene units
of the crystal lattice.

Pentacene is one of the most studied polycyclic aromatic
hydrocarbons (PAHs), largely because of its high charge
mobility and reputation as a prototypical organic p-type
semiconductor."”” However, more recently it has attracted
interest for its ability to perform efficient, exothermic sin-
glet fission (SF).>* This process, whereby one photon gen-
erates two triplet excitons, has garnered significant interest
as a strategy to increase the efficiency of traditional inor-
ganic solar cells, theoretically enabling them to break the
Shockley-Quiesser limit of 29% for an ideal silicon cell.>¢

Due to the mechanistic complexity of this process, signif-
icant effort has gone into understanding the fundamental
relationships between electronic coupling of chromo-
phores and the resulting SF dynamics through the use of
covalently linked synthetic model systems.”?* These stud-

ies have revealed considerable mechanistic detail and sev-
eral reliable design rules for controlling the rate of singlet
fission and the lifetime of the resulting triplets; however,
these parameters are usually inversely related, and it is of
ongoing interest to develop new strategies for their inde-
pendent modulation, which has only recently been achieved
via the energy cleft design reported by Pun et al.

While the study of molecular model systems in solution
is invaluable for developing fundamental understanding,
technological applications demand efficient SF in the solid
on significantly longer length scales. To this end, several
elegant strategies have been developed, including crystal

225 formation of liquid crystalline phases,%*’
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engineering,
and aggregation of chromophores on surfaces.

Recently, shape persistent macrocycles have emerged as
scaffolds capable of arranging chromophores across multi-
ple length scales, making them interesting targets both as
molecular model systems and for performance in the solid-
state.’*33 The rigid, cyclic scaffold facilitates the intramo-
lecular, through-space electronic coupling of chromo-
phores while also inducing supramolecular assembly, gen-
erating aggregates in solution and crystalline materials with
enhanced photophysical properties.’*** For example,
Nuckolls has shown that in certain cases, macrocyclic
frameworks promote superior device performance as com-
pared to acyclic counterparts.’® This diverse behavior for
macrocycles, in conjunction with a strong fundamental
understanding of singlet fission, should enable the design
of pentacene-containing macrocycles with rich photophys-
ical and supramolecular behavior.

To date there are only two reports of pentacene-
containing macrocycles, and a single macrocycle consisting
of a fully conjugated backbone (Figure 1a).*”3® The results
of Yoshizawa are of particular interest, as they illustrate the
potential for macrocyclic frameworks to enforce interesting



multi-chromophore interactions in a rigid trimeric scaffold
that facilitates communication between three adjacent pen-
tacene units, enabling efficient singlet fission in solution;
however, these results relied on traditional macrocycliza-
tion methods which are associated with limited synthetic
yields and scalability.
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Figure 1. Depictions of a) previously synthesized pentacene-

containing macrocycles, b) the zirconocene mediated macro-
cyclization strategy, and c) macrocycles synthesized in this
work.

The Tilley laboratory introduced the use of zirconocene-
mediated alkyne coupling in dynamic covalent chemistry
(DCC) involving C-C bonds, for the synthesis of rigid
macrocycles (Figure 1b).* Although this method has been
underutilized relative to alkyne and alkene metathesis,**
it is notable for its uniformly high yields, scalability, and the
ability to rationally control macrocyclic structure. Thus, it
seemed well suited for the scalable synthesis of pentacene-
containing macrocycles to study the effect of geometry on
singlet fission dynamics and solid-state packing. As de-
scribed below, this has been accomplished with selective
syntheses of dimeric and trimeric pentacene macrocycles,
using rational linker design, from commercially available
materials in four or fewer steps (Figure 1c). Both macrocy-
cles undergo singlet fission, with the rate of singlet fission
modulated by the geometric constraints of the scaffold
while triplet lifetime is significantly less perturbed. The
dimeric macrocycle also displays unusual solid-state pack-
ing characterized by periodic void space between penta-
cene units.

Scheme 1. Synthetic Route for Non-selective Synthesis
of Dimeric and Trimeric Macrocycles
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Reagents and conditions: (i) nBuLi, THF, -78 "C to 23 °C,
55%; (ii) Nal, NaH,PO,, AcOH, 120 °C, 97%; (iii) a) Rosen-
thal’s Complex , Toluene, 60 °C; b) HCl, THF, 23 °C, 71%.

Initial attempts to synthesize pentacene macrocycles fo-
cused on monomer § containing a simple, easily accessible
biphenyl linker. In addition to its simplicity, the biphenyl
linker was chosen based on this group’s prior report syn-
thesizing an anthracene macrocycle with phenylene link-
ers,* and the previously unpublished synthesis of an an-
thracene dimer bearing linker 3 (Scheme S1). Monomer §
was accessed via a two-fold nucleophilic addition of lithiat-
ed 4-bromo-4’-butyldimethylsilylethynyl-biphenyl across
6,13-pentacenequinone in 55% yield, followed by reductive
aromatization of the resulting pentacene diol 4 in 97% yield
(Scheme 1).

Monomer $§ was then subjected to zirconocene coupling
conditions with Rosenthal’s complex (7),** and demeta-
lation with hydrochloric acid in situ furnished macrocyclic
products as a mixture of the expected dimer 1a and trimeric
macrocycle 2a in a 47:53 ratio. This ratio could be modu-
lated to some extent by varying concentration (Table S1),
but selective synthesis was not achievable. Furthermore,
these products were exceptionally difficult to separate by
preparatory TLC (see SI), and amenable to isolation on
only a very small scale. Thus, this route did not provide a
scalable macrocyclization method, and a new synthetic
strategy was adopted.

Given that zirconocene macrocyclizations of this type are
reversible, the above ratio of products indicates that there is
little thermodynamic preference for 1a vs. 2a under the
reaction conditions. This implies that the biphenyl linker is
fairly adaptable, in that it is flexible enough to form the
predicted dimeric macrocycle but bending is apparently
disfavored enough to make trimerization almost as favora-
ble. It therefore seemed that a bent linker might strongly
favor dimerization, while rigidification of the linear bi-
phenyl unit should favor trimerization.



Scheme 2. Selective Syntheses of Dimeric and Trimeric
Macrocycles
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To test these conjectures, the protected cis-pentacene
diol monomer 6 was targeted (Scheme 2a). Macrocycliza-
tion and demetallation of 6, under conditions similar to
those described above, afforded dimeric macrocycle 8 as
the sole well-defined product in 67% isolated yield. Im-
portantly, this macrocyclization was performed on a 2.5
gram, facilitating large scale production of the final prod-
uct. Macrocycle 8 was then subjected to reductive aroma-
tization conditions as above to furnish the desired dimeric
macrocycle 1b in 60% yield. The identity of this macrocy-
cle was confirmed by '"H NMR spectroscopy, MALD], and
X-ray crystallography, all of which indicate that the silyl
groups on the exocyclic dienes are cleaved under the reduc-
tive aromatization conditions.

To access the trimeric macrocycle, an analog of parent
monomer § was synthesized bearing phenanthrene-based
linkers, designed as "rigidified biphenyls” to act as braces
that hinder bending. This monomer (9) was synthesized in
three steps from pentacenequinone in a manner analogous
to the synthesis of monomer § (Scheme $2). Macrocycle
2b was then produced as the sole well-defined product in
54% yield under analogous macrocyclization and demetal-
lation conditions on gram scale (Scheme 2b). The macro-
cycle’s identity was confirmed by '"H NMR spectroscopy
and MALDI.

The crystal structure of dimer 1b displays several unex-
pected features. There is an unusually wide spacing of 7.6
A between the two pentacene units within the macrocycle,
with two chloroform molecules (not pictured) as guests
within the cavity (Figure 2a). This large inter-pentacene
spacing is believed to be driven by packing forces in the
solid state, suggested by comparison with the gas-phase
optimized structure which shows a significantly reduced
spacing of 5.2 A (Figure 2b). This expansion of the macro-
cyclic backbone facilitates a unique columnar stacking mo-
tif along the a crystallographic axis, driven by intermolecu-
lar 7-7 stacking (3.5 A) of pentacenes on adjacent macro-
cycles (Figure 2c). This introduction of periodic void space
into the crystal lattice is unprecedented in pentacenes, the

vast majority of which pack either as isolated dimers or in a
25,47

continuous slip-stacked or herringbone fashion.
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Figure 2. X-ray crystallographic structure of 1b and optimized
(B3LYP/6-31G(d)) structures of 1b and 2b with hydrogen
atoms and solvent omitted for clarity: a) front view of 1b; b)
comparison of optimized (yellow) and crystallographic (blue)

structure of 1b; c) side view of crystal packing of 1b; d) opti-
mized structure of 2b with all sidechains omitted for clarity.

For 2b, although crystals of a suitable size for X-ray crys-
tallography were grown under various conditions, all were
highly disordered and a reasonable structural model could
not be obtained. In lieu of a crystallographic analysis, the
structure of 2b was optimized by DFT at the B3LYP/6-
31G(d) level of theory.
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Figure 3. Transient absorption spectroscopy of 1b and 2b. a and ¢: normalized 2D maps of transient absorption data for 1b and 2b
respectively. Deconvoluted spectra of singlet (blue) and triplet (gold) species solved by principle component analysis; b and d: nor-
malized kinetic traces of singlet and triplet populations on the picosecond timescale, and a triplet decay trace on the nanosecond scale.

Due to their distinct geometries, macrocycles 1b and 2b
facilitate markedly different through-space interactions
between their constituent pentacene units. Macrocycle 1b
displays a pseudo slip-stacked arrangement, where there is
a high degree of alignment between the acenes but a large
inter-pentacene spacing that lowers effective m-overlap.
Macrocycle 2b displays only weak edge-to-face interac-
tions, but significantly closer inter-pentacene distances of
3.6-3.7A.

Next, it was of interest to determine how these distinct
geometries influenced photophysical and electronic prop-
erties. The relative orientation of the pentacene units was
shown to have little effect on both steady state UV-Vis and
fluorescence spectra (Table 1), with macrocycles 1b and
2b exhibiting almost identical behavior to each other and
their respective monomers (5 and 8). Notably however,
the photoluminescence quantum yields (PLQY) of the
macrocycles were several times lower than those of their
respective monomers. While low PLQY can potentially be
attributed to the emergence of several non-radiative relaxa-
tion pathways, in pentacene systems this is often indicative
of singlet fission.*’

Table 1. Summary of photophysical properties of key macro-
cycles and their monomers.

Compound }\qbs }Lem PLQY TiSE Trec
(nm) (nm) (%) (ps) (ns)
S 608 621 18 - -
1b 608 625 3 13.8 79.6
8 604 631 23 - -
2b 605 625 2 135 100

To determine if this was the operative fluorescence
quenching process in these systems, transient absorption
spectroscopy was utilized. Ultrafast transient absorption
spectroscopy indicates that for both 1b and 2b, an initial
absorption feature reminiscent of the steady-state absorp-
tion spectrum appeared instantaneously upon excitation of
the macrocycles by a pump laser light (A = 560 nm), which
can be assigned to photoexcitation to the S, state (Figure
3a,b). The decay of this signal is concomitant with the rise
of a new feature, assigned to the triplet state based on com-
parison to the spectral features of intersystem crossing ob-
served in monomer § (Figure $25). The generation of this
triplet excited state confirms the ability of both macrocy-
cles to undergo intramolecular singlet fission. The time



constant for singlet fission, Tisr, varies by over an order of
magnitude between 1b (13.8 ps) and 2b (135.4 ps), imply-
ing that the larger degree of m-overlap between pentacene
units in 1b enables faster, more efficient singlet fission
(Figure 3b,d).

To determine whether this trend is mirrored in triplet life-
time (T.c), nanosecond transient absorption spectroscopy
was utilized. Both macrocycles display biexponential decay,
with the first component corresponding to the recombina-
tion of the correlated triplet pair (T.), and the second to
free triplet decay. Surprisingly, Tr.. does not change signifi-
cantly between macrocycles within error (estimated to be
5-10%) at 79.6 ns for 1b and 100 ns for 2b. This runs coun-
ter to the commonly observed inverse relationship between
Tise and Trec, Where faster singlet fission is usually accompa-
nied by shorter triplet lifetimes. This uncommon behavior
is facilitated by the ability to access distinctly different
through-space coupling motifs using these macrocyclic
scaffolds, and suggests that they may be more broadly ap-
plicable for the independent modulation of these rates.

In conclusion, robust synthetic strategies for the synthe-
sis of two unique pentacene-containing macrocycles on
gram scale are demonstrated. These facile syntheses of a
traditionally challenging class of compounds highlight the
utility of zirconocene coupling in dynamic C-C bond form-
ing routes to chromophore-containing macrocycles. Fur-
thermore, the resulting macrocycles both undergo singlet
fission in solution, displaying a desirable decoupling of SF
rate and triplet lifetime. In the solid state, dimeric macrocy-
cle 1b packs into columnar stacks that expand the macro-
cyclic cavity, introducing regular void space into the crystal
lattice. This combination of unusual photophysical and
supramolecular behavior provides strong preliminary evi-
dence that shape-persistent macrocycles are desirable scaf-
folds for designing new classes of singlet fission materials.
Current efforts involve co-crystallization of aromatic guests
with dimeric macrocycle 1b to modulate its singlet fission
dynamics in the solid state.
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