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ABSTRACT: Polycyclic aromatic hydrocarbons that extend over 2 nm in one
dimension are seen as monodisperse graphene nanoribbons, which have
attracted significant attention for a broad range of applications in organic
electronics and photonics. Herein we report the synthesis of a stable
bisthiadiazole-capped pyrene-containing nanoribbon with an overall number of
18 linearly-fused rings (NR-18-TD). Thanks to the presence of alternating tert-
butyl and tri-iso-butylsilyl groups, NR-18-TD is highly soluble in organic solvents
and therefore it could be unambiguously characterized, its fundamental
optoelectronic and redox properties could be established, and organic field-effect
transistors were easily fabricated by liquid deposition. The characterization
illustrates that NR-18-TD is a promising soluble NR-based n-type semiconductor
for applications in organic electronics.



Introduction

Polycyclic aromatic hydrocarbons (PAHs) that extend over 2 nm in one dimension
(1D) are seen as monodisperse graphene nanoribbons (NRs), which have
attracted significant attention for a broad range of applications in organic
electronics and photonics.” NRs combine the one-atom thickness of graphene
with a tunable band gap that can be modulated by controlling the structure of the
longitudinal edge, the length of the NR and heteroatom doping.

The synthesis of NRs with a precise edge and length is a challenging task
because of long synthetic routes, which are often beset by insoluble and unstable
compounds and intermediates. For example, acenes with 9 linearly-fused rings,?
which can be considered the narrowest NR as they are about 2 nm in length,
show a limited stability that do not allow device integration. Off-linear annulations
increase the number of aromatic sextets in the acene framework and therefore
provide longer and more stable monodisperse NRs, such as pyrene-'® 3 and
coronene-fused NRs,3¢ 3¢ 4 with a number of rings that oscillate between 9 and
30 linearly-fused rings. However, even if numerous potential applications have
been foreseen, examples of monodisperse NR implemented in devices are
Scarce_3b-d, 3h, 4b-d

The introduction of heteroatoms such as N, O, S, P and B in the aromatic
framework is also a promising approach to further fine-tune the electronic
structure of NRs." For example, it is possible to change energy levels and
supramolecular organization by varying the number and position of N atoms in
the aromatic framework.® In these terms, the incorporation of benzothiadiazole
rings in the structure of PAHs is a promising approach for developing electron-
deficient compounds for NIR absorbing and emitting applications, organic
photovoltaics and organic field-effect transistors (OFETs).®

Although some efforts have been dedicated to the synthesis and characterization
of pyrene-fused acenes incorporating thiadiazoles with promising results,3® 7
extended 1D structures thereof with >9 rings have not been synthesized and
remain unexplored to date. Herein, we report the synthesis of a stable
bisthiadiazole-capped pyrene-containing NR with an overall number of 18
linearly-fused rings (NR-18-TD) that shows alternating tri-iso-butylsilyl and tert-
butyl substituents. The high solubility of NR-18-TD allowed establishing
unambiguously its structure and properties by a combination of 'H-NMR, '3C-
NMR, high-resolution mass spectrometry, absorption and photoluminescence
spectroscopies and cyclic voltammetry. Furthermore, such enhanced solubility
also allowed the fabrication of OFETs by liquid deposition, which illustrate that
NR-18-TD is a promising soluble NR-based n-type semiconductor.



Results and discussion

Synthetic procedures. The synthesis of NR-18-TD was accomplished by a
double cyclocondensation reaction between NR-10-Q and
diaminobenzothiadiazole BTD-NH2 (Scheme 1). NR-10-Q was synthesized from
precursors A and B in 2 steps according to a reported procedure.? A and B were
synthesised in 12 and 2 steps, respectively, while BTD-NH2% was prepared in 5
steps. When, NR-10-Q and BTD-NH: were refluxed in a mixture of CHCI3 and
acetic acid under nitrogen, the reaction color changed gradually within five hours
from dark purple to bright emissive purple evidencing the progress of the reaction.
NR-18-TD could be easily isolated by column chromatography and was obtained
in a good yield (38-56%) as a purple solid that is readily soluble in low boiling
point organic solvents such as CH2Clz, CHCIs, toluene, and tetrahydrofuran. This
enhanced solubility is a consequence of the alternating tert-butyl and tri-iso-
butylsilyl groups, which have proven to be very efficient in the solubilisation of
longer NRs.®@ In addition, NR-18-TD showed a good stability under ambient
conditions and was stored as a solid at room temperature for months without
showing any evidence of decomposition.
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Scheme 1. Synthesis of NR-18-TD.



Structural Charaterisation. Thanks to the excellent solubility in organic
solvents, NR-18-TD was unambiguously characterized by 'H-NMR, *C-NMR,
high-resolution matrix-assisted laser desorption/ionisation time of flight mass
spectroscopy (MALDI-TOF HRMS), and UV-vis-NIR absorption and
photoluminescence. 'H-NMR and '3C-NMR spectra showed sharp and well-
resolved peaks in CDCIs at room temperature that are consistent with the
structure (Figure S1 and Figure S2). HRMS show the expected molecular ion
peak (M+Ag)* and isotopic distributions for NR-18-TD (Figure S3). Although NR-
18-TD tend to form small crystals, we were unable to obtain crystals suitable for
X-ray diffraction and calculated the structure with computer modelling (B3LYP-6-
31g(d,p)) in order to get an insight on the geometry and the dimensions (Figure
1). From the calculations, we can conclude that although some localized twists
are possible, the geometry of NR-18-TD is only slightly deviated from planarity,
given the large flexibility of the substituents. NR-18-TD is approximately 4.3 nm
long.

Figure 1. Three perspectives of the calculated structure of NR-18-TD at the
B3LYP-6-31g(d,p) level.

Optoelectronic Characterisation. The optical properties of NR-18-TD were
investigated by UV-vis-NIR absorption and photoluminescence spectroscopies in
solution (Figure 2). The absorption spectrum of NR-18-TD in CH2Cl2 shows well-
resolved bands with vibronic features in some cases. In particular, intense
absorption bands with maxima at 264 (log € = 5.24), 368 (log € = 5.18), 538 (log
€ = 5.27) and 601 nm (log € = 4.39), which were assigned to the B’, B8, p and a
bands, respectively, in agreement with previous reports.®® 8 The p band of NR-
18-TD (538 nm) appears red-shifted in comparison to a bisthiadiazole analogue
with 8 linearly-fused rings (528 nm)® and blue-shifted in comparison to a longer
pyrene-containing NR with 20 linearly-fused rings (544 nm).3@ This is consistent
with the direct relationship between the p band and the linear conjugation. While
the of a band remains invariable at 604 independently of the length in agreement
with previous work on this family of pyrene-containing NR.32. 60
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Figure 2. UV-visible absorption (purple) and emission (black) spectra of NR-18-
TD in CH2Cl>,

To understand the nature of the electronic transitions, the absorption spectra of
NR-18-TD was computed with TD-DFT with the 6-31g(d,p) basis set with the
B3LYP Hamiltonian. Two peaks were obtained in the simulation, a weaker peak
(a) and an intense peak (p). The a peak appears in the range 640-680 nm and
arises from electronic transitions between the four quasi-degenerate HOMOs and
the four quasi-degenerate LUMOs (Tables S1 and S2). The intense p peak is due
to a very intense transition at ~ 550 nm, from the excitation of, mostly, electrons
from the HOMO-4 level, which is the first non-degenerated level (Table S1).
These two peaks have maxima at 646 and 550 nm, which compare well with the
experimental values of 604 and 544 nm.

The photoluminescence was also investigated in CH2Cl. (Figure 2).
Independently of the excitation wavelength, NR-18-TD showed a broad emission
band from 600 nm to the near infrared, ca 775 nm, with a maximum at 623 nm
and a shoulder at 672 nm, which is again comparable to a bisthiadiazole
analogue with 8 linearly-fused rings (528 nm)® and with longer pyrene-containing
NR with 20 linearly-fused rings (544 nm)3 as the emission evolved from the a
band.

Electrochemistry. The redox properties of NR-18-TD were studied by cyclic
voltammetry in CH2Cl2 using tetrabutylammonium hexafluorophosphate
(nBusNPFg) (0.1 M) as the supporting electrolyte (Figure 3). All the potential
values were referenced. Upon reduction, NR-18-TD showed three reversible
peaks at Ei2' = -0.96, Ei2"' = -1.09 and EiQ" = -1.56 V versus the
ferrocenium/ferrocene couple. On the oxidative scan, no redox processes were
observed within the solvent-supported electrolyte window. The Ej12' for NR-18-TD
is low in comparison with the longest pyrene-containing NR with 30 linearly-fused
rings (E12' = —1.18 V), which confirms that the incorporation of two thiadiazoles



on the aromatic backbone of the NRs is a promising approach for developing
electron-deficient compounds.
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Figure 3. Cyclic voltammogram of NR-18-TD in a 0.1 M solution of nBusNPFs in
CH2Cla.

Energy levels. The HOMO-LUMO gap (Eg = 1.97 eV) was calculated from the
onset of the longest wavelength absorption (a) band. This value is the same as
the HOMO-LUMO gap of a bisthiadiazole analogue with 8 linearly-fused rings (Eq
=1.97 eV)® or the longest pyrene-containing NR with 30 linearly-fused rings (Eq
=—1.97 eV),% since the a band remains at the same energy independently of the
length, at least for NR with <30 rings.*® The electrochemical LUMO level or
electron affinity (ELumo) was estimated from the onset of the first reduction
process (ELumo = —3.91 eV) and was found to be lower than that of longest
pyrene-containing NR with 30 linearly-fused rings (ELumo = —3.69 eV)3 even if
NR-18-TD is shorter. This is the result of the incorporation of the thiadiazole rings.
The HOMO level (EHomo = —5.89 eV) was estimated from the electrochemical
LUMO level and the HOMO-LUMO gap. These values are in accordance with
calculated energy levels (ELumo = —3.41 eV; Exomo = —5.50 eV) at the B3LYP-6-
31g(d,p) level. A comparison of the calculated energy levels for the frontier
orbitals between NR-18-TD and the flat NR-18-TD-H (a NR-18-TD virtual
derivative in which the TIBS groups have been substituted by H) reveal that the
planarity deformations have little effect on the energy levels with differences of
0.23-0.25 eV for the HOMOs and 0.1-0.12 eV for the LUMOs (Figures S4-S6 and
Table S2).

Electrical Characterisation. The charge transport properties of NR-18-TD were
evaluated in OFETs. Again, the excellent solubility of NR-18-TD in organic
solvents allowed it to be easily deposited by liquid methods in a bottom-gate
bottom-contact architecture (with pre-patterned Au contacts) on a SiO2 substrate



(230 nm thick thermally oxidized SiO2 on Si), which had been previously
passivated by introducing a monolayer of octadecyltrichlorosilane (OTS) through
a wet process. NR-18-TD was deposited on top by either spin coating or
dropcasting using CHCI3 and toluene (Table S3) inside a glovebox. Finally, the
samples were annealed (80°C and 160°C) under inert atmosphere. Electrical
characterization of the devices showed a typical behavior for n-type
semiconductors (Figure 4 and Table S3). As expected, NR-18-TD did not show
hole transport. The average electron mobilities () obtained for spin-coated thin
films using CHCIls and annealing at 80 °C were e =5.5x10% cm?V-'s~! with a
maximum electron mobility (1™#) of 9.4x106cm?V-'s™! The w1 and @™ values
increased about an order of magnitude after annealing at 160 °C (e =3.9x107°
cm?V-1s7!; 1M =6.6%1075 cm?V-'s™"). Higher 1 and 1™ values were observed
for NR-18-TD thin films deposited by spin coating toluene solutions upon
annealing at 80 °C (1 = 1.8x107° cm?V~'s™"; 1™ = 4.4x10~° cm?V-'s™") in
comparison to CHCI3 under the same conditions. The e and ©™® values were
also improved upon annealing at 160 °C (e =5.2x10°cm?V-1s™"; 1™ =1.0x10"
4 cm?V-1s71). OFETs fabricated from dropcasted thin films from toluene showed
similar e =4.5x10"% cm?V-'s~'and the highest 1™ = 1.4x10~* cm?V~'s~" upon
annealing at 160 °C without any device optimization.
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Figure 4. Representative a) transfer and b) output curve characteristics for NR-
18-TD in a bottom-contact bottom gate configuration measured under inert
atmosphere (W=10000 um, L=2.5 um).



Conclusions

To conclude, we have reported the synthesis and characterisation of a pyrene-
containing NR end-capped with two thiadiazole rings (NR-18-TD). Thanks to the
presence of alternating tert-butyl and TIBS groups, NR-18-TD is highly soluble in
organic solvents and therefore it could be unambiguously characterized, its
fundamental optoelectronic and redox properties could be established, and
OFETs were easily fabricated by liquid deposition methods. The optoelectronic
and electrochemical characterization shows that the incorporation of thiadiazole
rings in both ends lowers the LUMO level of NR-18-TD (-3.91 eV) to values
beyond those of longest pyrene-containing NR with 30 linearly-fused rings.32
Electrical characterization of thin films of NR-18-TD deposited from solution show
a n-type behavior and a maximum electron mobility of 1™ = 1.4x10~*cm?V-"s~
" without any device optimization. Our results show that the incorporation of two
thiadiazoles at the both ends of the aromatic backbone of pyrene-containing NRs
with alternating solubilizing groups is a promising approach for developing
soluble NR-based n-type semiconductors for applications in organic electronics.
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