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A pyrene-fused phenazinothiadiazole that shows electron mobilities
(ne = 0.016 cm? V™! s7%) two orders of magnitude higher than those
reported for pyrene-fused pyrazaacenes is described.

Advances in organic electronics are expected to arise by gaining
control over the electronic properties of molecular materials
and their organisation in thin films." For instance, charge
transport on molecular materials depends both on the molecular
structure that provides distinct electronic properties, and also on
the nature of the interactions between adjacent molecules that
give rise to different structures and morphologies at the nano-
scale. In these terms, pyrene-fused pyrazaacenes” (PPAs) have
recently re-emerged as a platform for developing novel organic
semiconductors because of their tunable electronic structure,’
enhanced stability,’ and ability to self-organise into discotic
phases’ and complex nanostructures.® Furthermore, PPAs
combines p-type pyrene and n-type azaacene residues in their
structure, and therefore they can transport holes or electrons
depending on their electronic structure. While hole mobilities”
up to 107> ecm® V' s have been reported for PPA, the
conduction of electrons still remains a significant challenge. In
fact, mobilities in the range of 10~ * cm® V' s~ " have been reported
for electrons.®

In this work, we describe the synthesis and characterisation
of pyrene-fused phenazinothiadiazole 1 (Scheme 1) that shows
electron mobilities (g = 0.016 cm®> V' s7') two orders of
magnitude higher than those reported for PPA. Such enhanced
electron mobilities are consistent with an optimal LUMO level
alignment, a favourable molecular packing and the large aspect
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ratio of the self-assembled nanostructures obtained upon
deposition.

Pyrene-fused phenazinothiadiazole 1 was prepared following
the synthetic route set out on Scheme 1. Compound 2° was
synthesised in three steps from o-phenylenediamine and then
transformed into 4 by Stille coupling using acetylene 3 that gave
almost identical results compared to a similar procedure'® with
trimetyltin acetylene. Compound 3 was prepared by lithiation of
the commercially available (triisopropylsilyl)acetylene followed
by nucleophilic substitution with tributyltin chloride."" Diamine
5 was obtained upon the reduction of the nitro groups of 4 with
Fe in acetic acid. Pyrene-fused phenazinothiadiazole 1 was
obtained by cyclocondensation of 5 with pyrene diketone 6
in acetic acid at 80 °C. Compound 1 is a purple solid that is
readily soluble in a wide variety of organic solvents including
CH,Cl,, CHCl;, THF and o-dichlorobenzene (ODCB).

Single crystals of pyrene-fused phenazinothiadiazole 1 were
grown to investigate the underlying molecular structure and
solid-state packing. Crystals suitable for X-ray diffraction were
obtained by slow evaporation from CH,Cl, solutions. The
crystal structure of 1 (Fig. 1) confirms the molecular structure
and provides an additional insight into the electronic structure.
The aromatic framework of 1 is essentially flat while the
ethylene substituents are slightly out of plane. The bond
lengths are consistent with the presence of Clar sextets on
rings A and B (~ 140 pm), and a localised double bond on ring C
(135 pm). The bonds connecting the phenanthrene residue
with the diazonaphthothiadiazole residue are longer than a
standard aromatic bond (147 pm), which is consistent with a
smaller electron density on D and thus with Clar rules. The
diazonaphthothiadiazole residue presents approximately the
expected bond lengths for pyrazine (ring E), benzene (ring F)
and thiadiazol (ring G). Pyrene-fused phenazinothiadiazole
1 molecules pile-up with their aromatic moieties in an anti-
parallel fashion so that the aromatic rings sit snugly between
the bulky TIPS groups of their two neighbours at virtually
the interlayer graphite distance. There are two distances at
3.35 A and another at 3.40 A. The existing face-to-face packing

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of pyrene-fused phenazinothiadiazole 1.

Fig. 1 X-ray structure (ellipsoids at a 50% probability level) of pyrene-fused
phenazinothiadiazole 1. C: grey, N: blue, S: orange, Si: yellow.
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Fig. 2 Absorption (white) and photoluminescence (grey, Aexc = 590 nm)
spectra of pyrene-fused phenazinothiadiazole 1.

provides a pathway for charge transport and suggests that 1 can
in principle function as a semiconductor.

The absorption spectrum of 1 (Fig. 2) in ODCB displays a
broad absorption band in the visible region centred at 557 nm
(log ¢ = 4.66) with resolved features with maxima at 525 (log ¢ =
4.66) and 599 (log ¢ = 451) nm. Also, a well-resolved absorption
band is discernible in the UV region between 300 and 375 nm.
The HOMO-LUMO gap was estimated from the absorption
onset and corresponds to 1.96 eV (Table 1). The photolumines-
cence spectrum of 1 in ODCB obtained by excitation at 590 nm

This journal is © The Royal Society of Chemistry 2015
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Table 1 Selected optical and electrochemical parameters of 1

a 7 a I b Il b c d e e
)vmax Zem E1/2 El/Z Egap Erumo Egap Erumo

557 626 —0.57 —-1.07 1.96 —3.83 2.2 —-3.78

“ Measured in ODCB (nm). ” Measured in 0.1 M nBu,PF,/ODCB (V), Ag
wire pseudoreference electrode referenced vs. SCE using ferrocene (Fc)
as the internal standard (ELsSCP) = +0.48 V). © Estimated from the
absorption onset (eV). ¢ Estlmated from CV Eonser (€V) according to
Erumo = —4.8 —e(Eonser — Eij») where Eij, was measured in situ.
¢ Calculated B3LYP-ODBC-6311g+(d2,p)/B3LYP-ODBC-631(d,p).

reveals a featureless band centred at 626 nm with a shoulder at
665 nm.

To shed light on the nature of the electronic transitions in the
electronic spectrum of 1, the lower energy singlet excited states
were calculated using the program Gaussian 09'* and using time-
dependent density functional theory (TD-DFT B3LYP-ODBC-
6311g+(d2,p)/B3LYP-ODBC-631(d,p)). The TD-DFT model (Table S4
and Fig. S11, ESIT) computes the experimental band centred at
557 nm as the sum of two electronic transitions: a HOMO—1 —
LUMO transition at 613 nm and a weaker HOMO — LUMO
transition at 683 nm with oscillator strengths of 0.30 and 0.23
respectively. In addition, the HOMO—2 — LUMO transition at
493 nm is allowed yet does not contribute notably for the simulated
spectrum as it possesses a low oscillator strength: 0.02.

Cyclic voltammograms of 1 (0.1 M nBu,PFs in ODCB) exhibit
two fully-reversible reduction waves at E;, = —0.57 and —1.07 V
(Fig. 3), which were assigned to the radical-anion and the
dianion in analogy to phenazine derivatives."* On the oxidative
scan, no redox processes were observed within the solvent-
supported electrolyte window. The electrochemical LUMO
(or electron affinity) of 1 (—3.83 eV) was estimated from the
potential onsets of the first reduction waves (Table 1).

The theoretical estimation (B3LYP-ODBC-6311g+(d2,p)/
B3LYP-ODBC-631(d,p)) of the HOMO-LUMO gap (2.2 eV) and
the LUMO (—3.78 eV) in vacuum is in good agreement with the
HOMO-LUMO gap and the LUMO estimated from absorption
spectroscopy and cyclic voltammetry, respectively (Table 1).
Both HOMO and LUMO are delocalised along the diazo-
naphthothiadiazole residue, while the HOMO—1 is mostly
located over the pyrene residue, which is consistent with recent
reports’” (Fig. 4).
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Fig. 3 Cyclic voltammograms of pyrene-fused phenazinothiadiazole 1.

Fig. 4 HOMO-1 (left)) HOMO (center) and LUMO (right) orbitals of
phenazinothiadiazole 1. C: grey, Si: cyan, H: white, N: blue, S: yellow.

Thermogravimetric analysis evidences the high thermal
stability of 1. No signs of decomposition were observed until
340 °C under nitrogen (Fig. S7, ESIT). In addition differential
scanning calorimetry under nitrogen of 1 shows a phase transi-
tion at 121 °C that is reversible upon cooling at 117 °C (Fig. S8, ESI).

The semiconducting properties of 1 were investigated on
thin films. Bottom-contact bottom-gate transistors were fabri-
cated on Si/SiO, substrates on top of which gold source and
drain electrodes were evaporated. Then, the SiO, surface was
treated with a layer of octadecyltrichlorosilane (OTS). Finally, 1
was vacuum-deposited at different substrate temperatures
(25 °C, 80 °C and 120 °C). All the devices were characterised
under vacuum after 1 h annealing at 120 °C (Table S2, ESIf).
The films of 1 show a typical behaviour for n-type semiconduc-
tors (representative transfer and output curves are given in
Fig. 5 and Fig. S10, ESI} respectively) with electron mobilities
up to e = 0.016 cm> V" s~ for the best performing transistor.
Increasing average electron mobilities were obtained with

increasing substrate temperatures during deposition (u2° © =
5.84 x 102 < u8°°=09.34 x 1072 < pf**°=1.06 x 1073).

The different electron mobilities can be justified in terms of
the thin film morphologies obtained upon vacuum-deposition
at different substrate temperatures (Fig. 6). Pyrene-fused phen-
azinothiadiazole 1 spontaneously forms highly homogeneous
rod-like nanostructures with aspect ratios that increase in
terms of length (L**'© = ~400 nm, L** © = ~860 nm and
L*°°¢ = ~1720 nm) and diameter (F**° = ~110 nm,
FC = ~110 nm, F'°° = ~290 nm) with increasing
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Fig. 5 (a) Transfer curves and (b) square root of the absolute values of

current as a function of gate potential for pyrene-fused phenazinothia-
diazole 1 thin films deposited at different substrate temperatures.
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Fig. 6 Representative thin film morphologies (5 um x 5 pm) of phenazino-
thiadiazole 1 thin films deposited at 25 °C (left), 80 °C (centre) and 120 °C
(right) before (top) and after (bottom) annealing.

substrate temperatures. After annealing at 120 °C, flake-like
objects that maintain approximately the lengths of the preceding
rod-like nanostructures were observed. Therefore, the larger the
electron mobilities the larger is the aspect ratio of the flake-like
nanostructures.

We have described the synthesis of pyrene-fused phenazino-
thiadiazole 1 that exhibits a low LUMO level (—3.83 eV) and packs
in slipped face-to-face 1D stacks. Thin films of 1 grown by vacuum
deposition show electron mobilities (u. = 0.016 cm®> V' s7)
remarkably higher than those previously reported for PPA.
Increasing electron mobilities were obtained with increasing
substrate temperatures during deposition, which can be rationa-
lised in terms of the larger aspect ratio of the self-assembled
nanostructures obtained at higher temperatures. Overall this
work demonstrates the potential of PPA to develop electron
deficient materials for field-effect transistors that allow control
of their properties not only at the molecular level but also at the
supramolecular level.
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