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ABSTRACT: A new straightforward synthetic strategy has been elaborated to achieve star-
shaped triazatrinaphthylene and, for the first time, triazatrianthrylene derivatives. Their
solution- and solid- state properties were thoroughly characterized by cyclic
voltammetry, UV-vis absorption spectroscopy, X-ray diffraction, and density functional
theory calculations. Original hexagonal molecular arrangements were found in the
crystal phase, which opens a new pathway for designing materials with improved three-
dimensional charge-transport properties.

Over the past two decades, t-conjugated materials have undergone new developments
after the discovery of their conductive properties.” Most of these organic materials
display anisotropic charge transport in the crystal phase, an imbalance that can be
detrimental for specific applications such as solid- state dye sensitized solar cells (SD-
DSSCs), perovskite solar cells (PSCs), bulk heterojunction (BHJ), photovoltaic devices
(OPVs), and organic light-emitting diodes (OLEDs).>* Bulk materials exhibiting one-
dimensional (1D) charge transport are particularly sensitive to spatial defects, contrary
to materials with isotropic conductivity, owing to the availability for the latter of multiple
charge percolation pathways.

In this context, fullerene (C60 ) is considered to be the “perfect” material owing to its
spherical shape.>® For the last 20 years, the performance of C60 derivatives for electron
transport has been unrivaled in the field of BHJ solar cells,” in which 3D charge transport
is required. However, a new class of molecules, broadly referred to as nonfullerene
acceptors (NFAs), was recently reported to offer advantageous alternatives.®'> Most NFA
chemical structures are distorted or bear bulky groups, often restricting their propensity
to crystallize. Nonetheless, a crystal packing with efficient 1t- interactions is in general
required for achieving high mobility.'®'* Therefore, a compromise has to be made to
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preserve Ti-stacking while avoiding anisotropic charge trans- port. In this context, a three-
bladed rylene propeller-shaped material has shown both large 3D network
intermolecular - stacking in single crystals and high performances in OPV cells.' More
generally, the design of molecules leading to 3D charge transportin the crystalline phase is
a challenging and desired objective.'®

In this paper, the design strategy has been inspired by John Anthony’s research work on
pentacene derivatives, where bulky groups enforce translations in the aromatic plane
and a brick-wall arrangement, which improves the charge transport dimensionality into
two directions.’”"2° With the objective of designing new 3D charge transport materials, we
applied a similar design concept to star-shaped molecules with Cs, symmetry, as shown
in Figure 1. The designed molecules consist of a planar trigonal core of fused aromatic
cycles (referred to as “arms” in the following) and three bulky side groups located close
to the center (referred to as the “branches”). In such molecular structures, t-conjugated
arms are supposed to form efficient m-stacking with neighboring molecules while
different branches with large steric hindrance are introduced to increase the solubility of
the materials, to prevent 1D columnar packing, and to modulate 1t orbital overlaps.

On the basis of the designed molecular structure, two speculative supramolecular
arrangements are depicted in Figure 1. First, molecules can pack either through intermo-
lecular mt-stacking along the arms (arm packing) or on top of each other (intertwined
column packing) to form a first dimer. Then, replicating the dimers to construct larger
aggregates, two packing modes emerge, involving face-to-face m-stacking between the
original molecule and six neighbors in different directions to form hexagons.

In order to follow the laid down design rules, the star-shaped cores are made of
triazatrinaphthylenes (TAN) and triazatrianthrylenes (TAA), while the solubilizing
branches consist of phenyl derivatives or trialkylsilylacetylene groups (Scheme 1). In this
architecture, the smaller size of nitrogen compared to the C—-H of trianthrylene should
limit the steric hindrance between arms and branches, preventing any torsion of the
fused aromatic cores.?'

With regard to the chemical synthesis of these compounds, it is worth noting that large
TAAs have never been obtained, contrary to the acridine cores they contain. The latter are
frequently found in biological and medicinal areas®* as well as in building blocks for dyes,
pigments, ligands, fluorescent sensors, and OLED materials.?*? In order to keep all
intermediates soluble during the synthetic process, we focused on reaction pathways in
whichring closure arises as the last step. A synthetic route of acridine derivatives®®*' was
reported in two steps via Buchwald-Hartwig coupling,®? and recently, a one-pot strategy
was specifically used for yielding acridine derivatives substituted by methoxy groups in
positions 1 and 3.33

Consequently, the Buchwald—Hartwig coupling was first tested between the commercial
2-aminobenzophenone and 1,3,5-tribromobenzene (Scheme 1). Surprisingly, the final
compound (TAN-Ph) was obtained in one step, showing that amination and cyclization
occurred three times in one pot with a high yield, i.e., 66%. In order to understand the
reaction mechanism and its limitations, reactions of 2-aminobenzophe- none were
carried out with both bromobenzene and 1,4-dibromobenzene (Scheme S-A.3). In those
cases, the reactions stopped after the first aminations, proving that the aminations
occurred before the annulations (Scheme S-A.5). In conclusion, the three substitutions
on the 1,3,5 positions of a benzene by electron-releasing groups activate carbons to
induce both cyclization and aromatization.



In order to lengthen the arms, this synthetic pathway was successfully extended to
triazatrianthrylene derivatives without encountering solubility issues, which are
frequently observed for large Tt-conjugated systems. Different phenyl substituents were
easily introduced as branches (TAA-Ph, TAN-MePh, TAA-tBuPh, TAA-OMePh, TAA-CF;Ph).
However, when phenyl branches were substituted twice in the ortho positions, the
cyclization steps did not occur (Scheme S-A.4). In addition, the versatility of this last one-
step reaction was demonstrated with triple-bond substitutions as branches (TAA-Tips).
Finally, seven new star-shaped molecules with different arm lengths and branch sizes
were efficiently synthesized with a tandem reaction reaching up to 87% yield. All
compounds were found to be thermally stable up to 400°C (Figure S-C.1), with the
exception of TAA-Tips (362.5°C), while their actual Cs;, symmetry in solution was
evidenced by the single set of resonance for both arms in NMR spectra (Figures S—F).
UV-vis spectra of the seven compounds were recorded in dichloromethane (Figure 2).
The spectra of TAN-Ph and TAN-MePh are very similar, with optical bandgaps estimated
from the thresholds of the absorption spectra around 3.10 and 3.05 eV, respectively.
These bandgaps are close to the values reported for 2,8,14-trimethyl-5,11,17-
triazatrinaphthylene (TrisK-H-Me) in which the central starphene is not substituted.®
These results indicate that electron conjugation does not extend over phenyl branches,
as also evidenced by the electron density distribution of the frontier MOs (Figures S-
E.1-7). This observation also holds true for the phenyl- substituted TAAs. As a
consequence of their larger conjugated core, the maximum absorption band of the four
TAA derivatives is red-shifted about 50 nm with respect to TAN derivatives, an effect
which is quantitatively reproduced by DFT calculations. Interestingly, the UV-vis
spectrum of TAA- Tips departs from the others, with a main absorption band red-shifted
by an extra 20 nm. DFT calculations indicate that this shift arises from the conjugation
between the triple bonds and the TAA core (Figure S-E.5). Finally, optical energy bandgaps
lie far in the visible part of spectrum (2.38 eV for TAA-Tips and around 2.55 eV for the
other).

To gain a deeper insight in the amplitude and dimensionality of charge transport within
the six crystal structures, the electronic parameters characterizing the migration of
charge carriers such as internal reorganization energies A, and transfer integrals J; in the
hopping regime were evaluated at the B3LYP/6-31G(d) level (see the Sl). For all
compounds, internal reorganization energies for electron transport are remarkably low
(below 0.1 eV), thus favoring the delocalization of the extra charge over multiple
molecules. As discussed above, the nature of peripheral substituents has a strong
impact on the molecular arrangement within the crystals, which translates into large
variations in hole and electron transfer integrals (Table S-E.2). For TAN derivatives, TAA-
tBuPh and TAA-TIPS, electronic couplings are negligible or display an alternation of
nonequivalent dimers along one direction associated with high and low J, values, which
is detrimental for electron mobility.

Reversely, the overlap between the arms observed in TAA- OMePh (Figure 3) is atthe origin
of a network of m-stacking interactions associated with rather large electron transfer
integrals and long distances and inscribed in a plane, clearly suggesting a 2D electron
transport in this material. Finally, in the intertwined column packing (TAA-Ph), the
maximum coupling is displayed for one dimer along the column direction (Figure 4).
Moreover, nine secondary coupling terms ranging between 6 and 12 meV are also present



for long-range hopping (>15 A), favoring intercolumnar charge transport pathways and
then should help 3D percolation of the charges.

In conclusion, we reported a straightforward synthesis of star-shaped TAN by a tandem
coupling-cyclization step. This synthetic strategy enabled reaching the extended TAA
skeleton for the first time and, thus, designing large and soluble molecules with Csp
symmetry. A thorough investigation of their molecular properties through a combination
of experimental and computational techniques demonstrated demonstrated that these
materials are stable at ambient temperature and in their reduced states. Furthermore,
single-crystal XRD analyses demonstrated that TAA-Ph and TAA-OMePh exhibit the
originally speculated “intertwined column packing” and half “arm packing”, both favorable for
multidimensional chargetransport. Electronic coupling terms calculated at the DFT level
further support that TAA-OMePh and TAA-Ph could respectively exhibit 2D and 3D charge
transport properties in the crystalline phase, a key feature for the realization of high-
performance OSCs.
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Figure 1. Representative views of possible molecular arrangements.
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Figure 3. Molecular packing and charge transport pathways (dotted line) for TAA-OMePh (a, view
normal to [100] plane; b, to [011]; ¢, to [010]; d, zoom of ¢ view). For the sake of clarity, hydrogen
atoms and lateral branches have been omitted. d is the distance between two neighboring
molecules (in A). Jis the calculated electronic coupling related to electron transport (in meV).
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Figure 4. Molecule packing and charge transport pathways (dotted line) for TAA-Ph (a, view normal to [001]
plane; b, t0[010], c, to [121_]; d, zoom of c view). For the sake of clarity, hydrogen atoms and lateral branches
have been omitted. d is the distance between two neighboring molecules (in A). J is the calculated
electronic coupling related to electron transport (in meV).



