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Abstract

Star-shaped nanographenes are large monodisperse polycyclic aromatic
hydrocarbons that extend in size beyond the nanometer and have shown a lot of
promise in a wide range of applications including electronics, energy conversion and
sensing. Herein we report a new family of giant star-shaped N-doped nanographenes
with diameters up to 6.5 nm. Furthermore, the high solubility of this SNG family in
neutral organic solvents at room temperature allowed a complete structural,
optoelectronic and electrochemical characterisation, which together with charge

transport studies illustrate their n-type semiconducting character.



Nanographenes (NGs) are large monodisperse polycyclic aromatic hydrocarbons
that extend in size beyond the nanometer and have shown a lot of promise in a wide
range of applications including electronics, photonics, and energy." Atomically-
precise control over the NG structure is crucial to fully exploit their potential. For
instance, by controlling the number of rings, their arrangement, heteroatom-doping
and substitution, it is possible to fine-tune their energy levels and therefore, modulate
electron affinities, ionization potentials, energy gaps, absorption and emission

properties, among others.

Among these, planar threefold symmetric star-shaped nanographenes (SNGs), such
as starphenes, cloverphenes and their extended derivatives (Figure 1), have shown
a prominent position as materials for charge transport, energy conversion and
storage, light-emitting and sensing applications.”! However, even if, there have been
very impressive advances in recent years and large SNGs diameters reaching 3.0
nm (55 condensed rings) have been reported by solution synthesis,?® ?* the largest
soluble SNG that has been fully characterised presents a diameter of 2.8 nm (16
condensed rings).”! This is because of the lack of solubility of planar T systems that
extend in two dimensions, which tend to aggregate strongly by Tr-stacking in solution
(Figure 1). In fact, the synthesis of extended SNGs is still a challenging task that
requires dealing with insoluble intermediates and products, which overall makes
synthesis, purification, characterisation and processing difficult, slowing down the
exploration of their fundamental properties and the development of potential

applications.



Mdillen, 2004, 55 rings, @ = 3.0 nm Bunz, 2014, 16 rings, @ = 2.8 nm
insoluble soluble
Pefia, 2011, 16 rings, @ = 2.2 nm Penfa, 2014, 22 rings, @ = 2.2 nm
soluble insoluble

SNG-G, SNG-G, SNG-G,
This work, 13 rings, @ = 1.7 nm This work, 34 rings, @ = 4.1 nm This work, 55 rings, @ = 6.5 nm
soluble soluble soluble

Figure 1. The SNG family (SNG-G, SNG-G, and SNG-G;) described in this work, in
comparison to representative SNGs synthesised by solution methods.



Herein we report a new family of giant SNGs that show diameters exceeding those of
the largest SNGs (3 nm) and that have been fully characterised thanks to their high
solubility (Figure 1). For instance, the first generation of this family (SNG-G,) shows a
diameter of 4.1 nm (34 condensed rings), and remarkably, the second generation
(SNG-G;) shows a diameter of 6.5 nm (55 condensed rings). As we show below, the
synthesis of this SNG family is not trivial and requires the careful design of a key Cs-
symmetrical precursor (SNG-Gy), from which the aromatic core can be then extended
radially. Furthermore, the high solubility of this SNG family in neutral organic solvents
at room temperature allowed a complete structural, optoelectronic and
electrochemical characterisation that together with charge transport studies illustrate

their n-type semiconducting character.

On a first approach, we aimed at synthesising SNGs by cyclocondensation of
precursor Al to the commercially available cyclohexane-1,2,3,4,5,6-hexaone (HKT)
(Scheme 1a), which has been broadly used for the synthesis of
hexaazatriphenylenes and hexaazatrinaphthylenes.® ° We selected precursor A,
which consists on a dibenzodiazatetracene core with terminal protected ketones in
the pyrene end and diamino groups at the quinoxaline end that enables an iterative
reaction scheme, as it can be assembled with itself by a set of
cyclocondensation/deprotection reactions. In addition, A possesses a combination of
tert-butyl and tri-iso-butylsilyl (TIBS) groups that have proven to render large NGs
soluble. However, when we carried out the cyclocondensation between building
block A and HKT in the solvent mixtures typically used for this type of
cyclocondensations, the reaction did not provide the expected cycloadduct B and
instead, yielded an inseparable mixture of compounds. We exposed this mixture of
compounds to Bunz oxidation conditions (MnO,), which have proven to be useful to
aromatise mildly incomplete dihydro intermediates of azaacenes and their

derivatives,™ and the mixture evolved to a major compound. Structural



characterisation of such compound confirmed the formation of linear C, ribbon-like
condensation adduct C with 13 fused aromatic rings (Scheme 1a). Therefore, we can
safely attribute the formation of C to the early formation of a mixture of dihydro
species of the dicondensation product that was fully aromatised afterwards by MnO,,
in line with several cases that have been noted in recent literature.”’ The formation of
the C, instead of the C; condensation was surprising since some of us reported the
synthesis of the structurally equivalent hexa(TIBS)acetylene-substituted
hexaazatrinaphthylene! and the reaction proceeded without problems to the desired
product. Nevertheless, the formation of the C, condensation product can be
rationalised in terms of both nucleophilicity and steric hinderance because of the
lower nucleophilicity of the diamines on the quinoxaline residue of A in comparison to
phenylenediamine derivatives, which are unable to overcome the steric hinderance

of the C; condensation product.
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Scheme 1. a) Attempted synthesis of precursor B, leading to compound C instead.
b) Synthesis of SNG-Gy, SNG-G, and SNG-G;,



At this stage, we changed strategy (Scheme 1b) and designed a new C; symmetrical
precursor in which the three sets of diones are far apart from each other and at the
same time are close to fert-butyl solubilizing groups that should not interfere sterically
with the TIBS groups present at A during the triple cyclocondensation step. We
therefore condensed pyrene diketone D™ that can be obtained in 4 steps from
pyrene and 1,2,3,4,5,6-hexaaminobenzene (HAB)® that can be obtained in 3 steps
from 1,3,5-trichlorobenzene. The cyclocondensation proceeded without problems
and yielded the hexaone-protected precursor SNG-G, in a good yield (45%). The
deprotection of the terminal o-diones in the presence of TFA and water yielded the
hexaone-terminated precursor SNG-G,-Q (70%). The cyclocondensation reaction
between A and SNG-Gy-Q proceeded without any problems and yielded SNG-G;
after chromatographic purification (32%). The deprotection of the terminal diones in

water/TFA, followed by cyclocondensation with A yielded the desired SNG-G; (38%).

The whole SNG series were remarkably soluble in toluene, and chlorinated solvents
at room temperature and we were able to establish unambiguously their structure by
'H-NMR and "C-NMR spectroscopy and matrix-assisted laser desorption/ionization
time of flight high-resolution mass spectrometry (MALDI-TOF HRMS). The 'H-NMR
and "*C-NMR spectra showed remarkably sharp signals that allowed confirming the
structure in all the SNGs, illustrating the high solubility of the whole series. For
instance, the integration of 'H-NMR signals are in agreement with the structures of
the SNGs (Figure 2a), integrating 6 protons for the aromatic signals a and b in SNG-
Gy, SNG-G, and SNG-G,, 6 protons for the aromatic signals e and f in the case of
SNG-G4 and SNG-G;, 12 protons for the aromatic signal j in the case of SNG-G; (the
assignments correspond to the lettering in Figure 1). While in SNG-G,, SNG-G, and
SNG-G,, 12 protons for the terminal diketal signals ¢ were observed in all cases,
which is also consistent with the structure.'” Further evidence of the successful

preparation of the SNGs came from MALDI-TOF HRMS that show ion peak masses



(M+Ag)" of 1553.5692, 4211.1790, and 6868.7884 Da, respectively for SNG-Gy
SNG-G; and SNG-G,, that matched with the expected mass. The isotopic
distributions could be only recorded for SNG-G, and SNG-G4 due to the high
molecular weight of SNG-G,, which is at the detection limit of the technique that
illustrates the extremely high molecular weight of these monodisperse systems.
Since we were not able to obtain single crystals suitable for X-ray diffraction,
semiempirical quantum mechanics were used to investigate the structure of SNGs
with the GFN-xTB method (Geometry, Frequency, Non-covalent, eXtended Tight-
Binding) that allows computing efficiently high molecular weight systems with
thousands of atoms.™ "' The simulations show that the SNG series can adopt a
plethora of slightly twisted conformations as the result of the bulkiness and the TIBS
groups (Figure S1), but that given the inherent flexibility of the iso-propyl
substitutents the energies for interconversion between conformations is very small,
which gives rise to nearly planar structures on average. The simulations show that
the SNGs possess stable disk structures with diameters of 1.7, 4.1 and 6.5 nm

respectively for SNG-Gy SNG-G4 and SNG-G,.
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Figure 2. a) 'H-NMR spectra in CDCl;. The assignments correspond to the lettering
in Figure 1. The stars indicate residual solvent peaks. b) UV-vis electronic absorption
and c) photoluminescence spectra in CHCI;. d) Cyclic voltammograms in an Ar-
saturated 0.1 M solution of nBus;NPFs in CH,Cl,. Potentials versus Fc/Fc*. d) TRMC
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Thanks to the enhanced solubility, we could easily investigate the optoelectronic
properties in solution. The absorption spectra of the SNGs were recorded in CHCI3
and showed sets of absorption bands also consistent with their structure (Figure 2b).
The electronic absorption spectrum of SNG-G, is dominated by 3 bands at 357, 402
and 428 nm, with a molar attenuation coefficient of (68,429 Lmol'cm™) for the
longest wavelength transition (Figure 2b). The absorption bands of SNG-G; (354,
525 and 604 nm) and SNG-G;, (373, 541 and 605 nm) appear bathochromically
shifted in comparison with those of SNG-G, as consequence of the extension in the
effective conjugation, which allows identifying three main absorption bands with their
corresponding vibronic features. These were assigned as the a, p and 3 bands from
longer to shorter wavelengths (Figure 2b), in agreement with previous assignments
on pyrene-fused systems.” " '? The spectra showed that while the a band remains
at almost invariable energies, the  and the p bands are increasingly shifted towards
lower energies as a result of the radial extension of the 1-system. Remarkably, also
the molar absorptivity (¢) increases together with the diameter of the SNG, as
exemplified by comparing the p bands of SNG-G; (448,985 Lmol'cm™) and SNG-G;
(629,021 Lmol'cm™). The experimental electronic absorption spectra are in
agreement with the calculated ones, which do not only corroborate the electronic
structure but also shine light on the nature of the electronic transitions (Figure S2 and
Table S1). In fact, time-dependent density functional theory (TD-DFT) and frontier
orbital energies were computed with the 6-31g(d) basis set with the B3LYP
Hamiltonian for SNG-Go-H, SNG-G4-H, and SNG-G.-H, in which the TIBS groups on
the on the acetylenes have been replaced by H atoms in order to reduce the
calculation time due to the large size of the SNGs. A comparison of key electronic
properties for both, GFN-xTB and B3LYP, Hamiltonians show that the differences
due to this approximation are small and mostly negligible (Tables S2 and S3). The

calculations show absorption spectra with the same trends as the experimental ones
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in terms of energies and intensities, in which the spectrum of SNG-G,-H also differs
from the spectra of SNG-G4-H and SNG-G,-H (Figure S2). The first lower energy
band in SNG-G4-H and SNG-G,-H — consistent with the experimental a band —
originates from transitions between the degenerate HOMOs and LUMOs (Figure S4).
The second band — consistent with the experimental p band — originates from the
transitions between a set of lower energy non-frontier degenerate HOMO orbitals
(HOMO-3 and HOMO—-4 for SNG-G4-H and HOMO-6 and HOMO-7 for SNG-G,-H)

to the degenerate LUMOs (Figure S5).

Remarkably, all three SNGs are emissive regardless of their size and their
photoluminescence spectra are also consistent with their electronic structure. The
emission spectrum of SNG-G, in CHCI3 (Aex = 340 nm) exhibited a band at 443 nm
(quantum yield (@) = 0.26!"*)). Meanwhile, the photoluminescence spectra of SNG-G;
and SNG-G; (Aex = 524 and 540 nm, respectively) in CHCI; show an isoenergetic
emission band at 623 nm (® = 0.27 and 0.15,"" respectively), since the emission
originates in both cases from the a absorption band that is diameter independent.
However, the emission of SNG-G; and SNG-G, is bathochromically shifted in

comparison to SNG-G,, as the result of the extended conjugation of the 1-system.

The electrochemical properties of the SNGs were investigated by cyclic voltammetry
in CH,Cl, using nBus;NPF¢ (0.1 M) as electrolyte and ferrocene/ferrocenium (Fc/Fc")
as internal standard (Figure 2d). The cyclic voltammograms show several reduction
processes, while no oxidation processes were observed within the solvent-electrolyte
window. From the cyclic voltammograms of SNG-G, four reduction waves could be
identified at potentials more negative than —1.5 V, while only three reduction waves
at more positive potentials (between —0.5 and —2.0 V) were identified for SNG-G4 and

SNG-G,, in agreement with the extended conjugation. The three reduction waves are
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broader and more anodically shifted in the case of SNG-G,, which is consistent with
both the extended conjugation and multiple degenerate LUMO orbitals (Figures S3-

S5).

The energy levels were estimated from the electronic spectra and the cyclic
voltammograms. We estimated the energy gaps (Egsp) from the absorption onset of
the longest absorption wavelength with values of 2.78, 1.98 and 1.97 eV for SNG-Gy,
SNG-G4 and SNG-G,, respectively. These Eg,, values follow the same trends as the
theoretical values (B3LYP-6-311+g(2d,g)/B3LYP-6-31g(d)) of SNG-G,-H, SNG-G,-H
and SNG-G,-H (Tables S2 and S3). The LUMO levels (ELumo) Were estimated from
the onset of the first reduction potential (E umo = —4.8—e(Eonsem—E12 ©)). The Eiumo of
SNG-G,, SNG-G1 and SNG-G; were —3.24, —3.98 and —4.00 eV, respectively, which
match reasonably well in absolute terms and very well in relative terms with the
theoretical values (B3LYP-6-311+g(2d,g)/B3LYP-6-31g(d)) of SNG-G,-H, SNG-G,-H
and SNG-G,-H (Tables S2 and S3). The HOMO levels (Enomo) have been calculated
from the difference between E, ymo and Eg and were the following: —6.02, —-5.96 and —
5.97 eV for SNG-Gy, SNG; and SNG-G,, respectively.

To assess the charge transporting properties of SNGs, we performed time-resolved
microwave conductivity measurements (TRMC)"! directly on the solids powders
(Figure 2e and Table S4). TRMC allows calculating the pseudo-photoconductivity
values (QZumax), Which can be considered the intrinsic or minimum charge carrier
mobility of the material, without the need of contacts. For instance the @Zum.x values
correspond to the sum of the hole and electron mobilities (2u) times the quantum
yield (@). We obtained nearly invariable @, values in the order of 10* cm? V™' s
with average @Zimax values of 1.05 x 107, 0.98 x 10* and 1.11 x 10 cm? V™' s for
SNG-Gy, SNG-G, and SNG-G,, respectively, which are similar to those obtained for
ribbon-like NGs,™ m-gels"® and conjugated polymers.l"! Similarly, nearly invariable

half lifetimes (142) of 0.45, 0.65 and 0.50 ps for SNG-G,, SNG-G1 and SNG-G_,
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respectively, were measured. The nearly invariable %y and 14,2 values observed are

consistent with observed localized states.

In this work, we have reported the synthesis of highly soluble SNGs with diameters
up to 6.5 nm (55 condensed rings), which doubles those of the largest SNGs. Their
synthesis has been achieved by a careful design and synthesis of a Cs-symmetrical
precursor from which the SNG core is then extended radially. Most importantly, this
approach provides highly soluble SNGs, which has allowed their synthesis and
purification by solution methods and also a full characterisation ("H and *C NMR,
HRMS, UV-vis, photoluminescence, cyclic voltammetry and TRMC) that show how
the radial extension of the m-system results in changes in their electronic absorption,
molar absorptivity, photoluminescence and electrochemistry, while other properties
remain almost invariable, such as the photoluminescence of the higher SNGs and
the charge transport properties. The high molar absorptivity, low LUMO energies and
@Zu values illustrate the n-type semiconducting character and their potential in

charge transport and energy conversion applications.
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