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Abstract: The synthesis of an antiaromatic tetraoxa-
[8]circulene annulated with four perylene diimides
(PDI), giving a dynamic non-planar m-conjugated sys-
tem, is described. The molecule contains 32 aromatic
rings surrounding one formally antiaromatic planarized
cyclooctatetraene (COT). The intense absorption (e=
3.35x10°M'cm™ in CH,Cl,) and emission bands are
assigned to internal charge-transfer transitions in the
combined PDI-circulene n-system. The spectroscopic
data is supported by density functional theory calcula-
tions, and nuclear independent chemical shift calculation
indicate that the antiaromatic COT has increased
aromaticity in the reduced state. Electrochemical studies
show that the compound can reversibly reach the tetra-
and octa-anionic states by reduction of the four PDI
units, and the deca-anionic state by reduction of the
central COT ring. The material functions effectively in
bulk hetero junction solar cells as a non-fullerene
acceptor, reaching a power conversion efficiency of

6.4%.
/

Introduction

Exploration of the available chemical space for fully
conjugated nano-graphene structures beyond planar all-
carbon/all-hexagon structures is an attractive strategy to
access tailor made molecules with unique properties.’!
Geometric constraints of the internal conjugated rings and
of the overall n-conjugated system influence properties such
as chirality due to restricted rotation or embedded helicenes
and often lead to enhanced solubility and processability.”!
Examples encompass so-called warped nano-graphenes and

molecules with other types of curved conjugated surfaces,
including bowl-shaped molecules such as corannulene.”!

Aromatic molecules generally obey the Hiickel’s Rule of
4n+2 for cyclic conjugated n-electrons, while antiaromatic
molecules exist in the 4n n-electron regime.'*® Antiaromatic
molecules are often characterized by lower chemical stability
than aromatic molecules, and tend to alleviate the energeti-
cally disfavored antiaromatic nature by deviating from
planarity or by distorting bond lengths.”'” The introduction
of antiaromatic moieties in larger n-conjugated structures or
by coordination to transition metals are viable strategies to
stabilize the antiaromatic units and to tailor the properties
of the larger m-conjugated structure.! Antiaromatic mole-
cules often have low HOMO-LUMO gaps, making them
attractive in light emitting devices.'” Elegant examples of
stabilized antiaromatic units are n-extended indenofluorenes
and norcorroles.!'®!*%!

To fully harness the power of antiaromaticity in the
context of n-conjugated molecules, the development of new
synthetic methodologies is a key challenge. Recent years
have witnessed the description of a range of strategies to
prepare molecules of the heterocyclic [8]circulene type.['*!
A number of these structures are chemically stable, planar
and contain an antiaromatic cyclooctatetraene (COT)
unit.”® The all-carbon [8]circulene has also been prepared,
and this has a saddle shape geometry, thus highlighting the
importance of the heteroatoms in dictating the molecular
geometry.”?”!

The parent tetraoxa[8]circulene (3) is highly insoluble in
most solvents and is purified by sublimation, but its synthetic
availability in only two steps, makes it an attractive platform
for the exploration of this antiaromatic motif.® It is
especially worth mentioning that the formation of tetraoxa-
[8]circulenes from substituted 1,4-benzoquinones do not
tend to work using 1,4-benzoquinones bearing electron
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accepting properties, thus rendering electron deficient
tetraoxa[8]circulenes unexplored. The inherent electron
accepting properties and the high stability of PDIs have
made them interesting building blocks for a range of
compounds for organic photovoltaics (OPVs).?'1 Organic
scaffolds containing PDIs have found interest in recent years
as electron acceptors for non-fullerene organic solar cells.”
The strong absorption and emission of PDIs in the visible
range have made them viable candidates for optoelectronic
applications. Their electronic and optical properties can be
tuned by substitution on the periphery of PDI, and have the
possibility of production on a larger scale compared to
fullerenes, with the latter being a commonly employed
electron acceptor in OPVs.”! PDI-derivatives have shown
high electron mobility and efficient photo-induced charge
separation, which are important contributing properties for
bulk heterojunction (BHJ) organic solar cells.” When
employed in BHJ organic solar cells, PDI-derivatives have
shown a high degree of self-aggregation, leading to low
power conversion efficiencies (PCE). A way to overcome
the self-aggregation is to introduce a twisted non-planar
structure into the PDI-scaffold.*3

Herein we demonstrate for the first time how the
attractive properties of tetraoxa[8]circulene and PDIs can be
harnessed in a single system. By annulating four PDIs to a
single tetraoxa[8]circulene unit, a voluminous non-planar
conjugate, centered around a COT, with 32 annulated
aromatic rings is formed. The electron withdrawing nature
of the PDIs enable the electrochemical observation of the
reduction of the COT to the decaanionic species. The
compound is highly soluble due to the non-planar structure
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and the eight lateral alkyl-chains. As a non-fullerene accept-
or in BHIJ solar cells, this molecule performs with a power
conversion efficiency of 6.4 %.

Results and Discussion

Iridium catalyzed borylation of the poorly soluble unsub-
stituted tetraoxa[8]circulene (3) yields a soluble tetra-
borylated tetraoxa[8]circulene (4), with one borylation per
benzene ring in a non-regiospecific manner. The propeller
(1, Scheme 1) was synthesized utilizing a Suzuki cross-
coupling between tetraoxa[8]circulene 4 and PDI 5a
precursors, followed by an oxidative photocyclization, yield-
ing compound 1 in 22 % yield over two steps. The central
core formally exhibits 8n antiaromaticity, and the four PDI-
units acts as “wings” of the propeller (see wings in red,
Scheme 1). By design the physical size of the PDI-units will
inevitably overlap, leading to a twisted structure which
hinders self-aggregation. The twisted structure could poten-
tially lead to a range of different stereoisomers due to the
presence of, in principle, four stereogenic axes and their
sterically restricted interconversion (Figure S9). Analysis of
the NMR spectra reveal only one highly symmetrical isomer.
Investigation of this material using HPLC on a chiral
stationary phase yielded two separated peaks (see Fig-
ure S10). Upon collection of these separated peaks, followed
by reinjection to the column lead to the reobservation of
two isomers, indicating a dynamic racemization process at
room temperature.*!! The highly symmetrical 'H NMR
spectrum (Figure S1) reveal that these two stereoisomers

Tetraoxa[8]circulene-PDI conjugate (1):
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Scheme 1. Synthesis of compound 1. a) BF;-Et,0, CH,Cl,, 50%. b) AlCl;, benzene, overnight, 99 %. c) [Ir(OMe)(1,5-cod)],, bis(pinacolato)diboron,
4,4'-di-tert-butyl-2,2"-bipyridine, cyclohexane, 80°C, 19 h, 95%. d) Br,, CH,Cl,, overnight, 30%. e) 1) Pd(dppf)Cl,-CH,Cl,, Cs,CO;, PhMe/H,0, 50°C,

16 h. 2). I,, hv, PhMe, 16 h. 22 % over two steps.
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have identical spectra. This agrees with the “propeller”-like,
all M or all P at the four axes of chirality, conformer of 1 of
D, symmetry, as illustrated in Scheme 1. Two other con-
formational isomers of compound 1 exists, of D,y and G,
symmetry (Figure S9). The presence of these can, however,
be excluded based on the simplicity of the 'H NMR
spectrum (C,) or from the chiral HPLC (D,q) due to the
achirality of the D,; conformer. Furthermore, the observa-
tion of them by NMR spectroscopy, or lack thereof, is
supported by the calculated energy difference relative to the
‘propeller’-like conformer of 2.9 and 6.6 kcalmol™ for the
C, and D,4 conformation isomers, respectively.

We then considered the racemization pathway of com-
pound 1 (conformer A) through the stepwise mechanism: A
—TS1-C—TS2-B (TS =transition state, Figure S11). The
key stage of racemization is a transformation between the
chiral conformer C and achiral conformer B. At this stage
the mirror inversion happens because of the structure of
transition state TS2 between C and B conformers allows the
equal probability to transit into the left and right-handed
enantiomers of conformer C and then of conformer A. Our
calculations predict the rate determining stage of racemiza-
tion at TS2 step and the barrier height (relative to the
ground state conformation A) is 19.9 and 24.5 kcalmol™" at
AM1 and B3LYP/6-31G(d) levels of theory, respectively
(Figure S11), indicating that racemization close to room
temperature is viable.

UV/Vis absorption spectra of compounds 1, 2 and Sa
along with the emission spectrum of 1 in toluene are shown
in Figure 1. Compound 1 showed a strong absorption band
at 441 nm, with a very high molar extinction coefficient of
2.90x10° M 'cm™ in toluene. It is clear from Figure 1 that
the optical spectrum of 1 is very different from those of the
circulene (2) and PDI (5a) precursors. DFT calculations
explain the intense absorption at 441 nm by two sets of
degenerate intramolecular charge-transfer transitions. The
first set (HOMO—LUMO +4 and HOMO-1—LUMO +4)
is a charge-transfer transition from the degenerate HOMO
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Figure 1. UV/Vis absorption spectra of compounds 1, 2 and 5a, and

emission spectrum of 1. Spectra were recorded in toluene at room
temperature (absorption) or 20°C (emission).
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orbitals mostly located on the PDI units (see Figure 2) with
some circulene character to the LUMO+4 orbital exclu-
sively located on circulene (Figure S14). Conversely, the
second set (HOMO-5—LUMO and HOMO-6—LUMO) is
a charge-transfer transition from mostly circulene with some
PDI character to the LUMO with exclusive PDI character
(see detailed analysis in the Supporting Information (S24
and Figure S14)). These highly altered optical properties led
us to perform a more detailed photophysical character-
ization of 1, of which the properties are summarized in
Table 1. Invariant excitation spectra across multiple emis-
sion wavelengths (Figure S24) match the absorption spec-
trum (Figure S22), proving that the emission spectrum
(Figure S22, S23) originates from only one emitter, that is
also responsible for the full absorption spectrum. No signs
of any significant impurities or sample/conformational
inhomogeneity is observed.

HCMO

Figure 2. Frontier molecular orbitals of compound 1. HOMO, HOMO-1
and LUMO, LUMO + 1 wavefunctions are pairwise degenerated within
D, symmetry point group. Alkyl chains have been replaced with
hydrogens.

Table 1: Photophysical parameters.F!

Solvent  ®P 1. ke k. E438nm

%] [ns]  [x107s7 [x107sT¥ [x10°M'em™]
CHCl, 16 847 19 9.9 335
Toluene 29 723 41 9.8 290

[a] Determined at 20°C, using coumarin 153 as a reference in absolute
ethanol (®;=0.53+0.04). [b] Fluorescence quantum yield. [c] Rate of
fluorescence. [d] Rate of non-radiative decay.
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The emission spectrum of 1 in toluene is remarkably
similar to that of simple PDI (5a), showing the same
vibrational fine-structure, just red shifted around 440 cm™
(Figures S26, S27). However, the fluorescence lifetime of 1
(7.23ns)* is almost twice that of PDI (5a) (4.03ns)
(Figures S44, S45) indicating a much lower rate of
fluorescence, k;. This was confirmed by determining the
fluorescence quantum yield of PDI (5a) and 1 (Table S2).
The quantum yield of PDI (5a) in CH,Cl, is 81 % while the
quantum yield of 1 in toluene is only 29 %. This is also
reflected in the k; and oscillator strengths (Table S2) where
1 is a factor of 5 lower than that of PDI (5a). From this we
can conclude that while the emission of 1 in toluene looks
like that of PDI (5a) it most certainly is not originating from
a simple local transition on a PDI unit. Instead, this all
points to— a very weak transition between ground and first
excited state. This is also indicated in the non-Gaussian red-
edge of the absorption spectrum that differs from the simple
PDI (Figure S25).

DFT Calculations show that first excited state (S,) for
compound 1 (within D, symmetry point group) is doubly
degenerated and is a charge transfer (CT) transition from
the circulene to the PDI moieties. Degeneration of S1
(HOMO-LUMO configuration) and S, (HOMO-1-LUMO
configuration) states (both of E symmetry) occurs due to the
degeneracy of the HOMO and HOMO-1 orbitals (Figure 2).
Both HOMO and HOMO-1 wavefunctions are localized
mainly on the inner tetraoxa[8]circulene core with consid-
erable contributions of PDI fragments, while LUMO is
equally distributed over the four PDI branches without any
amplitude on central circulene core (Figure 2).

The intensity of both S-S, and S-S, electronic tran-
sitions is very small (f=3x10"*), which, when accounting for
explicit solvent effects, intermolecular interactions and
symmetry breaking could be one-two orders of magnitude
higher. One should note, that population of such centrosym-
metric CT states does not lead to the change of molecular
permanent dipole moment. This predicts insensitivity of
their energy to solvent polarity, in agreement with exper-
imental spectra (Figure S29). It seems that this is a general
property of symmetrical compounds sustaining centrosym-
metric CT states. Similar solvent-independent behavior of
absorption spectra was also observed for symmetrical
hexaphenoxy-, hexakis(phenylthio)-, and
hexakis(phenylselanyl)benzenes.*”! We find good agreement
between calculated transitions and the experimental spectra
(Figure S30), all pointing to photophysical properties domi-
nated by the weakly allowed, yet surprisingly emissive, CT
transitions involving the entire n-system.

Going from toluene to CH,Cl, the vibrational fine-
structure of the emission spectra is completely lost (Fig-
ure S29). Arguably, this could simply be due to aggregation.
However, time-resolved anisotropy (Figures S48-S50, sum-
marized in Table S4) show rotational correlation times of
compound 1 of 1.029 ns and 0.734 ns in toluene and CH,Cl,
respectively. This is compared to a rotational correlation
time of 0.27 ns of PDI (5a). Using the Perrin equation, we
correlate the rotational correlation times to molecular
volumes. The molecular volume of 1 is comparable in
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toluene and CH,Cl, at 67-75 nm’, and approximately 4 times
bigger than that of PDI (5a) (19-20 nm?®). This confirms the
significant size of the 1 molecule and show that the loss of
fine structure is not due to aggregation.

Similar observations of solvent-dependent vibronic pro-
gression were described for dianthracenylazatrioxa-
[8]circulene compound which demonstrates well resolved
fine structure in fluorescence spectrum measured in toluene
with longer emission lifetime, and no resolved fine structure
in CH,Cl, with shorter emission lifetime.* Based on
quantum-chemical calculations it was assumed that solvent
dependence of vibronic fluorescence originates from polar-
ity-dependent derivatives of the transition dipole moment
between the initial and final states due to the asymmetrical
displacement vectors of corresponding vibrational modes
active in Herzberg-Teller progression.

Surprisingly, the absorption and fluorescence of solid-
state samples, as thin film and powder, are quite similar to
that of the CH,Cl, solution (Figure S51, S52 and Table S3).
The small red-shift observed going from CH,Cl, to thin film
and powder is assigned to effects of the dielectric environ-
ment and self-absorption.”! This indicates that no strong
electronic coupling occurs despite the close packing of
chromophores, as is otherwise most often the case for PDI’s
in the solid state. This is likely due to the contorted structure
and branched side chains of compound 1, which prohibits
such interactions.“!

It is well known that PDI-units can accept two electrons
in stepwise reductions, thus we wanted to investigate the
electrochemical properties of compound 1.3l Further-
more, the formation of a Hiickel 10n aromatic central core
have previously been suggested by reduction of tetraoxa-
[8]circulene. Cyclic and differential pulse voltammograms of
1 are shown in Figure 3. For other systems containing
multiple PDI-fragments simultaneous reductions are ob-
served for equivalent PDIs, leading to multiple electron

40 .
Compound 1
0 L
— -40}
=
<
£
S 20}
h 150V[| 121V
00 247v
0 i i
2.5 2.0 1.5 -1.0 0.5

E (Vvs Fc/Fc+)

Figure 3. Top: Cyclic voltammograms of compound 1. All potentials are
depicted against the Fc/Fc* redox couple. Orange: Scanned from
—0.35 to —1.40 V. Yellow: Scanned from —0.35 to —1.70 V, Green:
Scanned from —0.35 to —2.65 V. Bottom: Differential pulse voltammo-
gram. Voltammograms were recorded in CH,Cl, at 0.5 mM; supporting
electrolyte: 0.1 M Bu,NPF, scan rates: 0.1 Vs~ for CVs, 0.004 Vs~ for
the DPV.
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reductions at given potentials.” The electrochemistry of 1
revealed two reversible four-electron reductions leading to
the formations of the tetra- and octaanion at —1.21 and
—1.50 V vs Fc/Fc*, respectively. This suggest that the four
equivalent PDIs are reduced together in a stepwise manner
independently of each other in reversible processes to form
the tetra- and octaanions. An irreversible two-electron
reduction was observed at —2.47V vs Fc/Fc' which we
assign to the reduction of the central tetraoxa[8]circulene
core, in good correlation to the reduction potential of
tetraoxa[8]circulene 2 at —2.36 V vs Fc/Fc* (Figure S55).

In order to investigate the change in aromaticity of
compound 1 and to probe the formally antiaromatic core
when it undergoes reductions, we performed nuclear
independence chemical shift (NICS) and anisotropy of
induced current density (ACID) calculations of the neutral,
cationic (+2) and anionic (-2, —4, —6, —8, —10) species,
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along with the neutral, cationic (+2) and anionic (—2)
species of compound 3 and neutral and anions (—, —2) of
PDI (see Figure 4 and Figure S19-S21). A switching from
antiaromatic to aromatic character of the central core of
tetraoxa[8]circulene 3 is observed in the dianionic state
(Figures S17). We expected that a significant amount of the
negative charge for the tetra- and octaanions would be
situated on the highly electron accepting PDI-moieties, and
indeed no change in the aromaticity of the central core was
observed for these species as follows from both NICS and
ACID calculations. The decaanion of 1 showed a change in
the aromaticity of central core which becomes aromatic, as
follows from ACID plot (Figure 4 and Figure S21), though
one could imagine the two electrons could be situated
around the central core, mimicking the aromaticity of
dianionic tetraoxa[8]circulene 3*~ (Figure 4). This correlates
well with the observed irreversible reduction to the deca-

Figure 4. Calculated ACID plots for neutral and anionic (—4, —8, —10) species of compound 1, dianonic tetraoxa[8|circulene 3 as well as mono-
and dianonic species of simple PDI. Calculated NICS(1) values for all compounds are shown in the figure in bold, as the value in the center of the
ring. NICS(1) values for rings related by symmetry are not shown. NICS(0) values, as well as NICS(1) values for other neutral and ionic species can
be found in the Supporting Information (Figure S17). ACID plots for neutral (PDI and 3) and other ionic species (1: (—2, —6), 3: (+2)) can be

found in the Supporting Information (Figure S19-S21).
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anion at the significantly lower potential (—2.47 V vs Fc/
Fc*).

The high chemical stability of 1, combined with the
attractive optical properties encouraged us to investigate
this as a non-fullerene acceptor in organic photovoltaics
OPV. PTB7-Th¥*! was chosen as the corresponding
electron donor to form the active layer with 1, due to its
high performance in both fullerene- and nonfullerene-based
solar cells. We fabricated bulk heterojunction (BHJ) solar
cell devices in an inverted configuration®™ of ITO/ZnO
(20 nm)/PTB7-Th:1/MoOj; (7 nm)/Ag (90 nm). The optimi-
zation of the solar cells (such as varying the ratio of donor
and acceptor, the additives, and thermal annealing) are
detailed in the Supporting Information, Table S5. Figure 5
shows the EQE spectrum and current density J-V curve of
the highest performance cell. The photovoltaic parameters
are summarized in Table 2. Remarkably the cell exbibits a
PCE of 6.4 % with a photocurrent density of 14.2 mA cm™?
and a photovoltage of 0.87 V. This performance of the cells
fabricated from compound 1 is among the top rank of PDI-
based materials.”"!

Conclusion

To summarize, we have successfully synthesized and charac-
terized a “propeller”-like molecule consisting of a tetraoxa-
[8]circulene core with four annulated PDI-units. The com-
pound shows very strong absorption bands in the visible
spectrum with a molar extinction coefficient of 290 x
10° M~'cm™" at 441 nm in toluene. A symmetric circulene to
PDI charge transfer transition results in fluorescence at
552 nm with a quantum yield of 29 % and a fluorescence
lifetime of 4.03 ns in toluene. Tetra- and octaanions of 1
were reversibly reached through electrochemical reductions,
suggesting two stepwise four-electron reduction indicating
that all four PDIs acts independently of each other. The
functionalization of the tetraoxa[8]circulene core with the
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Figure 5. Left: Current density curve. Right: EQE spectrum.

Table 2: Photovoltaic parameters.

Joe [MACcm Y] Ve [V] FF PCE [%] Jsc [MAcm ™2

14.2 0.87 0.52 6.4 14.2
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four electron withdrawing PDI units further allowed the first
experimental observation of the 10r-aromatic COT. Finally,
the molecular architecture incorporating an antiaromatic
ring in a non-fullerene acceptor for BHJ solar cells high-
lights a bright future for combined aromatic/antiaromatic
molecules.
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