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Abstract: A synthetic strategy that allows the induction of
twist angles of different sizes in 5,6,11,12,17,18-hexaazatri-
naphthylene (HATNA) chromophores is reported. The dif-
ferent twist angles are accompanied by measurable
changes in the emission and electrochemical characteris-
tics of HATNA.

Polycyclic aromatic hydrocarbons (PAHs) have received a great
deal of attention because they are being developed into in-
creasingly better performing semiconductors."’ Both carbona-
ceous and nitrogenated PAHs with a C; symmetry, such as star-
phenes®? and cloverphenes,” are particularly interesting be-
cause they have shown high stabilities, even for derivatives
with a high degree of conjugation. Among these PAHs,
5,6,11,12,17,18-hexaazatrinaphthylene ~ (HATNA)  derivatives
have arisen as promising n-type semiconductors with charge
mobilities as high as 0.9 cm?V s~ 204

In some cases, Cs-symmetrical PAHs can adopt twisted con-
formations as the result of the steric strain induced by over-
crowding or congestion of the aromatic core by substitu-
ents.2<32-4%d] Gignificant effort has been dedicated to the syn-
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thesis and study of twisted PAHs,” because these compounds
have enhanced stabilities and unique electronic and chiroptical
properties, deriving from their distorted molecular structure
and packing properties. Some of the effects of linear twists on
the optoelectronic properties of PAHs have been suggested by
Wudl et al.*? and confirmed theoretically by Houk et al.”) How-
ever, to the best of our knowledge, no experimental correla-
tion between twist size and optoelectronic properties has
been reported. This is because the strategies used to longitudi-
nally twist the aromatic core utilise substituents that have
a direct electronic influence on the PAH core that makes the
assignment of any effects derived from the twists difficult.**"

We describe herein a synthetic strategy that allows the in-
duction of twist angles of different size in HATNA chromo-
phores. Our twisting approach is based on the introduction of
rigid acetylenes with large silyl substituents in positions that
force the aromatic core to deviate from planarity, leading to
twisted-HATNA 1 (Scheme 1). Increasing the size and rigidity of
the terminal silyl groups (triethylsilyl < triisobutylsilyl < triiso-
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Scheme 1. Synthesis of twisted-HATNA 1a-c.

propylsilyl) results in a substantial increase in the size of the
twist angle of the HATNA core. Most importantly, the influence
of these substituents on the optoelectronic properties is
almost negligible because of their aliphatic nature and their
distance to the aromatic core, as illustrated by parallel studies
carried out on reference compounds. Therefore, any change
observed on the properties is undoubtedly owed to the size of
the twist angle and not related to the substituents. The differ-
ent twist angles are accompanied by measurable changes in
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the emission and electrochemical characteristics of twisted-
HATNA, confirming that longitudinal twists provide an addi-
tional dimension to modulate the properties of organic semi-
conductors.

The synthesis of twisted-HATNA 1a-c was carried out follow-
ing the route depicted in Scheme 1. Diamines 2a and 2c were
prepared following a route developed by Bunz and co-work-
ers® whereas 2b was synthesised by a modification of this
procedure. Commercially available 3 is functionalised by Sono-
gashira coupling with (triethylsilyl)acetylene, (triisobutylsilyl)-
acetylene!” or (triisopropylsilyl)acetylene to obtain 4a-c, which
after reduction with LiAlH, yield 2a-c. Remarkably, the tricyclo-
condensation of diamines 2a-c, independently, with the com-
mercially available hexaketocyclohexane in acetic acid heated
to reflux, proceeded smoothly; the size of the substituents had
no apparent influence on the reaction, which yielded 1a-
c with moderate yields (25-36 %).

The DFT-calculated structure of 1a® reveals that the triethyl-
silyl substituents force the HATNA core to deviate substantially
from planarity, to adopt an asymmetrical propeller-like struc-
ture (Figure 1). An average twist angle of 51° between blades
(48, 49 and 55° for each blade) and an average end-to-end
twist angle of 15° (12, 16 and 17° for each blade) are ob-

Figure 1. Top and side views of the DFT-optimised structure of compound
1a and of the X-ray structures of compounds 1b and 1c (ellipsoids are
shown at a 50% probability level, hydrogen atoms are omitted for clarity).
Twist angles between blades are given.

served.” This model is built using the same level of calcula-
tions (LDA 6-31g*) that reproduce the X-ray crystallographic
structures of 1b and 1c given below, which confirms its suit-
ability to estimate the structural distortions of 1a.

Single crystals of 1b were obtained by slow evaporation
from CHCl;/MeOH solutions. The crystal structure for 1b"% re-
veals a complex structure, in which two unsymmetrical and
enantiomeric propeller-shaped structures are observed in the
unit cell with an average twist angle of 55° between blades
and an average end-to-end twist angle of 16°. One of the
structures of 1b is less distorted and shows 48, 52 and 57° tor-
sion angles between blades and 9, 13 and 24° end-to-end
twist angles for each blade. On the other hand, the second
structure is more distorted, displaying 54, 57 and 62° torsion
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angles between blades and 16, 17 and 18° end-to-end twist
angles for each blade (Figure 1). The DFT-calculated structure
of 1b predicts an average twist angle of 54°, which is in agree-
ment with the X-ray diffraction data.

Similarly, slow evaporation of CHCl;/MeOH solutions of 1c
yielded single crystals suitable for X-ray diffraction. The crystal
structure of 1c™ shows a much more significant distortion of
the HATNA core, consistent with the higher rigidity of triiso-
propyl substituents. For 1c a 67° torsion angle between blades
and a 20° end-to-end twist angle for each blade was observed.
The DFT model is consistent with the crystallographic structure
and a twist angle of 63° between blades was predicted. The
underestimation of the twist angle is reasonable, because the
simulations are carried out in vacuo.

The absorption features of 1a-c are similar to those ob-
served for HATNA derivatives, but appear bathochromically
shifted (ca. 45 nm) because of extended conjugation with six
acetylenes. When comparing the absorption spectra of 1a-c,
almost invariable absorption features were observed. Increas-
ing bathochromic shifts, of approximately 1 nm, with increas-
ing twist angles were discernible in the transitions between
300 and 500 nm (Figure 2 and Table 1). However, the same var-
iations were observed in the absorption spectra of acenothia-
diazoles 4a-c (Table 1 and Figure S7 in the Supporting Infor-
mation), which were used as a reference, illustrating that the
twist angles have no effect on the absorption properties.

On the contrary, the different twist angles do have an influ-
ence on the emission characteristics of twisted-HATNA. On

Normalised Absorption
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Figure 2. Normalised absorption spectra of 1a-c in CHC,.

Table 1. Selected photophysical and electrochemical data for 1a-c and
4a-c.

1a 1b 1c 4a 4b 4c
A 350 351 352 387 388 388
Dem® 523 514 504 458 458 457
E,™ -0.84 —0.95 -0.93 -1.20 -1.22 —1.21
E,"™ -1.12 -1.19 -1.15 - - -

[a] CHCl; [nm]. [b] E versus SCE [V] using ferrocene (Fc) as internal refer-

ence (E,, 5P = +0.48 V).
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Figure 3. Normalised emission spectra (1.,=350 nm) of 1a-c in CHCl,.

comparison of the emission spectra of 1a-c (Figure 3 and
Table 1), increasing hypsochromic shifts, as large as 19 nm, are
clearly observed as the twist angles increase. In principle, it
could be argued that such differences are an effect of the dif-
ferent substituents and not of the twist angles. However, paral-
lel emission studies carried out on 4a-c show an almost negli-
gible effect of the substituents on the emission spectra
(Table 1 and Figure S7 in the Supporting Information). There-
fore, the changes observed in the emission properties of 1a-
c are undoubtedly due to the size of the twist angle and are
not related to the substituents.

Similarly, the size of the twist angle also has an influence on
the redox chemistry of the HATNA core. Cyclic voltammetry re-
veals a set of two reversible reductions for 1a-c (Figure 4 and
Table 1). Half-wave potential shifts (AE:,) to more negative po-
tentials are observed on comparison of the first reduction po-
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Figure 4. Cyclic voltammograms of 1a-c at 100 mVs™" in 0.1 m nBu,NPF; in
CH,Cl, at room temperature. Dots and vertical lines indicate half-wave po-
tentials. SCE =saturated calomel electrode.
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tentials of 1b (AE,=—110mV) and 1c¢ (AE, =-90 mV) with
the less twisted 1a. The same trend is observed in the second
reduction wave on the comparison of 1b and 1c with the less
twisted 1a (AE,=—90 and —50 mV, respectively). The oppo-
site trend is observed on the comparison of the E;, value of
the two reduction processes of 1b with those of 1c¢, which are
more cathodic. Again, studies carried out on compounds 4a-
¢ (Table 1 and Figure S7 in the Supporting Information), as ref-
erence compounds, show an almost negligible effect of the
substituents on the reduction potentials, corroborating that
the changes observed in the reduction potentials of 1a-c are
indeed an effect of the size of the twist angle.

In conclusion, we have reported a synthetic strategy that
provides access to a new family of HATNA derivatives with dif-
ferent twist angles by introducing silyl groups with different
size and rigidity. This has been evidenced by a combination of
theoretical calculations and X-ray crystallography. In addition,
this work provides direct experimental correlation between
twist size and properties, since the influence of the carefully
selected substituents with the electronic properties of the aro-
matic core is almost negligible. Therefore, the changes ob-
served on the properties of twisted-HATNA are a direct effect
of the size of the different twist angles and not of the substitu-
ents that can be considered electronically equivalent. In partic-
ular, increasing the size of the twist angles results in increasing
hypsochromic shifts, in the emission characteristics of twisted-
HATNA. Also, angle-dependent changes on the redox poten-
tials of twisted-HATNA have been observed with AE, as large
as —110 mV. Further studies that combine synthesis and calcu-
lations will attempt to correlate solid-state and solution molec-
ular conformations. These will provide a more detailed picture
of the influence of the twist angles on the properties, in which
symmetry might play a crucial role, and will allow the exploita-
tion of the effects of non-planarity in the design of new organ-
ic semiconductors for specific applications.
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