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A novel m-conjugated molecule, EtH-T-DI-DTT is reported, which is fused, rigid, and planar, featuring the electron-rich

dithieno[3,2-b:2",3’-d]thiophene (DTT) unit in the core of the structure. Adjacent to the electron-donating DTT core, there are inde-

none units with electron-withdrawing keto groups. To enable solubility in common organic solvents, the fused system is flanked by

ethylhexylthiophene groups. The material is a dark, amorphous solid with an onset of absorption at 638 nm in CH,Cl, solution,

which corresponds to an optical gap of 1.94 eV. In films, the absorption onset wavelength is at 701 nm, which corresponds to

1.77 eV. An ionisation energy of 5.5 eV and an electron affinity of 3.3 eV were estimated by cyclic voltammetry measurements.

We have applied this new molecule in organic field effect transistors. The material exhibited a p-type mobility up to

1.33 x 1074 em? v1 s71,

Introduction

In recent years, organic molecules with several fused aromatic
rings have gained much attention. Fusing aromatic rings leads
to planar structures, which extends the degree of m-conjugation
[1]. In this way, the HOMO-LUMO gap can be narrowed [2].
Low HOMO-LUMO gaps are desirable for organic solar cells

as the maximum photoflux density of the sun is at ca. 700 nm,

corresponding to 1.77 eV [3]. However, fused systems have the
drawback of being prone to poor solubility as a consequence of
strong m—r interactions between the planar molecules [4]. Thus,
attaching solubilising alkyl chains is necessary [5]. A common
way to further decrease the HOMO-LUMO gap is attaching

electron-donating and electron-accepting groups. Electron-rich
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units raise the Egopmo of the molecule closer to vacuum level,
whilst electron-withdrawing units lower the Ey ypo away from
vacuum, leading to smaller HOMO-LUMO gaps [3].

A central aspect of the development of modern technology is
the improvement of semiconductors. Semiconductors are, for
example, applied in transistors (the basic unit of processors) [6],
solar cells, and LEDs [7]. Inorganic compounds, e.g. III-V type
inorganics are widely used, however, in recent years, organic
molecules with semiconducting and fluorescent properties have
emerged as an alternative with advantages such as solution pro-
cessing [8-10] and ease of tunability of properties [11]. Al-
though their thermal stability is lower than their inorganic coun-
terparts [12], their properties, e.g. the HOMO-LUMO gap, can
be tailored and fine-tuned by molecular design [3]. Depending
on their structure and/or functional groups, they can be de-
signed for a certain application, for example where charge
transport is more important than photoluminescence quantum
yield or vice versa. Introducing alkyl chains can provide solu-
bility, enabling facile solution processing, such as device
printing techniques [13]. Hence, there is an ongoing interest in
structure—property relationships. The basic structural reason for
semiconductivity in an organic molecule is usually an extended
conjugated m-electron system [14]. Depending on how extend-
ed the system is, the HOMO-LUMO gap can be small enough
for semiconductivity. However, conjugation can be interrupted
if moieties within a m-electron system are twisted with respect
to each other, preventing efficient overlap of p-orbitals of adja-
cent carbon atoms [15]. To prevent that, there is a large interest
in creating rigid, planar molecules with low or no rotational
degrees of freedom. This can be achieved by fusing m-conju-
gated ring structures [15]. In the solid state, fused systems are
prone to form highly ordered m—m-stacked structures [16],

leading to better bulk charge transport [17].

Another important aspect is solubility, which is generally poor
in larger conjugated molecules [3]. This is even aggravated for
fused molecules as increased rigidity leads to reduced solu-
bility [4]. This is not only a problem for both purification and
characterisation, but also for device fabrication since good solu-
bility enables facile, energy-efficient solution processing [18],
e.g. spin-coating. By introducing alkyl chains, solubility in
organic solvents can be achieved [5]. Bulky side chains are
more efficient in increasing solubility in comparison to linear
alkyl chains, however, bulky or branched side chains also
hinder the formation of m—m-stacks. Another problem about
alkyl chains is their insulating nature, having an adverse effect
on the charge mobilities [3].

Here, we report a novel conjugated molecule, EtH-T-DI-DTT

(1, Figure 1), which is fused, rigid, and planar, having an elec-
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tron-rich [19] dithieno[3,2-b:2’,3’-d]thiophene (DTT) motif and
electron-withdrawing [20] indenone moieties to reduce the
HOMO-LUMO gap due to the donor—acceptor interaction [21].

Figure 1: EtH-T-DI-DTT (1).

With this strategy, fusing those systems should lead to greater
m-delocalisation [15,22]. Moreover, the fused core system is
flanked by thiophene groups with ethylhexyl groups which
impart solubility [5] in common organic solvents such as tetra-

hydrofuran, chloroform or dichloromethane.

There are numerous examples of fused, conjugated materials
containing a thiophene motif. In a comprehensive and detailed
review, Ozturk et al. summarised the chemistry and properties
of fused thiophene systems [23], and pointed out their impor-
tance in the field of organic semiconductors. Earlier, we
published a series of ‘bent’ diindenodithienothiophene deriva-
tives (2—4, Figure 2) [16]. It was observed that oxidising the
central sulfur atom significantly increased the solution photolu-
minescence quantum yield (PLQY) from 0.004 (3) to 0.72 (4).

The diketo derivative 5 of compound 2 has been further func-
tionalised with (triisopropylsilyl)ethynyl [24] (6) or with 1,3-
dithiole units [25] (7) by other research groups. The (triiso-
propylsilyl)ethynyl (TIPSE) groups are introduced to improve
the solubility and solid-state order, fostering intermolecular
m-orbital interactions [26]. Moreover, compound 6 features a
quinoidal antiaromatic [10] structure. Antiaromaticity is re-
ported to further decrease the energy gap. The electron-rich
dithiole units provide an extended tetrathiafulvalene structure,
leading to compound 7 exhibiting two reversible one-electron
oxidations [25].

Fused thiophenes have been applied in various different mole-
cules, exhibiting outstanding performances in certain applica-
tions. The highest hole mobility for organic semiconductors was
achieved for thin, crystalline films of 2,7-dioctyl[1]benzoth-
ieno[3,2-b][1]-benzothiophene (8), shown in Figure 3,
achieving a maximum hole mobility of 43 cm2 V™! s7!, with an
average of 25 em? Vsl [27].
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Figure 3: With crystalline films of 2,7-dioctyl[1]benzothieno[3,2-b][1]-
benzothiophene (8), obtained by off-centre spin-coating, Bao et al.
could obtain remarkable OFET hole mobilities of up to 43 cm2 V-1 s-1
[27]. An asymmetric analogue, which is only alkylated on one side (9),
achieved OFET hole mobilities up to 17.22 cm2 V=1 =1 in polycrys-
talline films obtained by thermal evaporation [28]; both examples prove
the potential of thienoacenes in OFETSs.

The films were processed by a technique called off-centre spin-
coating, in which the substrate is placed off the centre of the
spin-coater. This leads to roughly unidirectional centrifugal
forces in the substrate. The obtained crystallites had sizes of ca.
100 nm, while the crystallites in films obtained by on-centre
spin-coating had smaller sizes of ca. 20 nm. The same core
alkylated on only one side resulted in the asymmetric
2-tridecyl[1]benzothieno[3,2-b][1]-benzothiophene (9) [28]. In

ITIC (10)
CeH13

polycrystalline films obtained by thermal evaporation, average
mobilities of 14.20 + 2.55 cm? V™! 571, with a maximum value
of 17.2 cm? V™! 57! were achieved.

In recent years, fused thiophene molecules also achieved out-
standing performances in OPVs. This was especially driven by
recent developments in non-fullerene acceptors (NFA) [29].
One prominent example, ITIC (10), is shown in Figure 4. ITIC
[17], in combination with polymer 11, achieved a power
conversion efficiency (PCE) of 6.8%, which was the best value

for NFA organic solar cells at the time of publication.

Fluorination of ITIC, obtaining IT-4F (12), shown in Figure 5,
reduced E7 ymo- Combined with the donor polymer 13, PCEs
up to 17% were achieved [8].

More recently, another fused-thiophene containing NFA was
published, Y6 (14), shown in Figure 6 [30]. Y6 held the record
for the highest value of an OPV with PCEs up to 18% upon
blending with polymer 15 [31].

CoHs

CoHs
CaHo

Figure 4: ITIC, a system with fused thiophenes, in combination with donor polymer 11, also featuring a fused thiophene system, showed a remark-
able PCE of 6.80%, the then best value for non-fullerene acceptor organic solar cells [17].
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Figure 5: The fluorinated derivative of ITIC, IT-4F, achieved, with donor polymer 13, PCEs in OPVs up to 17% [8].

Figure 6: The non-fullerene acceptor Y6 (14) [30], in combination with donor polymer 15, both fused thiophene systems, achieved a PCE of 18%, as

published in 2019, the highest value up to then [31].

This has now been surpassed; in 2021, Hou et al. reported a
ternary OPV, using a mixture of the novel PBQx-TF (16) donor
polymer and the non-fullerene acceptor eC9-2Cl (17), shown in
Figure 7. In addition, a third material, F-BTA3 (18) was
blended in [32]; all three materials are fused thiophene systems.
The resulting OPV achieved a PCE of 19%.

Results and Discussion

Synthesis

The multi-step-synthesis of EtH-T-DI-DTT (1) begins from
commercially available thiophene, which is used to synthesise
2,6-dibromodithienothiophene (24), according to previously
published procedures [15,33], as shown in Scheme 1.

In a manner analogous to [34], dibromodithienothiophene 24 is
lithiated with n-butyllithium at =90 °C, and the resulting species
is reacted in situ with triisopropyl borate. After aqueous
workup, dithieno[3,2-b:2’,3’-d]thiophene-2,6-diylboronic acid

(25) is obtained, enabling subsequent Suzuki—Miyaura cross-
coupling [36]. This palladium-catalysed cross coupling is
preferred over a Stille cross-coupling due to the high toxicity of
organotin reagents [37]. Moreover, purification of compound 25
is facile since it can be used for further reactions after re-precip-
itation in petroleum ether. In a manner similar to [35], it is
possible to convert 25 into the corresponding pinacol ester, 2,6-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dithieno[3,2-
b:2’,3’-d]thiophene (26) by stirring 25 with pinacol in refluxing
toluene, but this has no beneficial impact on the subsequent
cross-coupling. Compound 26 has been published previously by
other groups [38,39], however, we here use a different protocol.

Intermediates 25 or 26 were reacted in Suzuki—-Miyaura
couplings [36] with commercially available methyl 5-bromo-2-
iodobenzoate [40], to obtain the key intermediate dimethyl 6,6’-
(dithieno[3,2-b:2’,3’-d]thiophene-2,6-diyl)bis(3-bromoben-
zoate) (27), which is a yellow solid (Scheme 2).
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eC9-2Cl
17

Figure 7: With a three component system of PBQx-TF, eC9-2Cl, and F-BTA3, a PCE of 19% was achieved [32].
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Scheme 1: Synthetic route from thiophene to 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dithieno[3,2-b:2’,3’-d]thiophene (26): a) Brp, CHCl3,
rt, overnight, reflux, 4 h, 94% [33]; b) n-BuLi, -78 °C, 30 min, 1-formylpiperidine, anhydrous THF, -78 °C, then rt, overnight [15], 88%; c) ethyl thiogly-
colate, anhydrous potassium carbonate, anhydrous N, N-dimethylformamide, rt, 3 d, 83% [15]; d) 1 M aqueous lithium hydroxide, THF, 4 h, 94% [15];

e) copper powder, quinoline, 230 °C, 1 h, 81% [15]; f) N-bromosuccinimide, CHCls/glacial acetic acid, 0 °C, 1 h, rt, 1.5 h, 94% [15] ; g) n-BulLi,
-90 °C, 20 min, triisopropyl borate, -80 °C, anhydrous THF, rt, overnight, 97% [34]; h) pinacol, toluene, 115 °C, 21.5 h, 79% [35].

This step was found to be problematic. Purification was diffi-
cult, moreover, the batch-to-batch yield strongly fluctuated and
was generally low. Intermediate 27 degraded during column
chromatography, but this could be prevented by adding a small
amount of triethylamine to the eluent [44]. Also, using a sol-
vent mixture with a low polarity, which is necessary to receive a

good separation from the side products, led to a precipitation of
the compound on the column, and many attempts were neces-
sary to find an ideal solvent mixture. Additionally, the reaction
was very sensitive to changes in concentration, equivalents,
amounts of reagents, and temperature. Running the reaction
under anhydrous conditions, either conventionally [45] or in the
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Scheme 2: Ring closure of key intermediate 27 to achieve 29: a) Methyl 5-bromo-2-iodobenzoate, Aliquat 336®, Pd(PPhgz)4, KoCO3z, THF/H20,
70 °C, 40 h, 28% [40,41]; b) polyphosphoric acid [16], 100 °C, 4.5 h, then 130 °C, overnight, 0%; c) sulfuric acid, 115 °C, 6 h, 0% [42]; d) LiOH,
THF, H20, 70 °C, 24 h, 97% [15]; e) oxalyl chloride, dimethylformamide (cat.), anhydrous dichloromethane, rt, 30 min, then 50 °C, 3 h, AlCl3, an-
hydrous dichloromethane, 0 °C, 15 min, rt, 15 min, 40 °C, 13 h, 71% [24,43].

microwave [46] did not improve the outcome. The optimised
reaction and purification parameters can be found in Support-
ing Information File 1. According to the literature [41], Aliquat
336® can be added to Suzuki-Miyaura reactions. Here, this did
not improve the yield, but decreased its fluctuation from batch
to batch.

After sufficient amounts of intermediate 27 were isolated,
attempts for ring-closure were made. Initial attempts using
polyphosphoric acid [16] and sulfuric acid failed [42], therefore
we tried Friedel-Crafts acylation. For that, 27 was hydrolysed
to the corresponding diacid 28 with lithium hydroxide [15]. In a
manner similar to [24], firstly, a ‘cold’ Friedel-Crafts acylation
in dichloromethane was attempted, in which oxalyl chloride
was added at room temperature, and then reacted with alumini-
um trichloride at O °C. The resulting material was not soluble in
cold dichloromethane/chloroform, but was found to be suffi-
ciently soluble in hot chlorinated solvents. NMR spectroscopy
in deuterated DMSO indicated that the ring closure proceeded
on one side of the molecule. It was assumed that this species
precipitated, preventing further reaction. We thus turned to a

‘hot’ Friedel-Crafts acylation, in which the reaction mixture

S a S b S
Q —Q —Q
Br 30R 31R

was refluxed after the addition of oxalyl chloride, followed by
removal of the volatiles under vacuum. Details of the synthesis
are described in Supporting Information File 1. After fresh, an-
hydrous dichloromethane was added, the mixture was cooled to
0 °C in a water—ice bath, and resublimed aluminium trichloride
was added. The mixture was allowed to warm to room tempera-
ture, and was then refluxed overnight [43]. The result was a
dark violet/black material, which was not soluble in common
organic solvents, thereby preventing NMR spectroscopy. Also,
sublimation failed. However, the mass could be measured with
MALDI mass spectrometry, and microanalysis results matched
the theoretical values.

Since the ring-closure with a ‘hot” Friedel-Crafts acylation [43]
led to an insoluble material, we wanted to synthesise a soluble
derivative by attaching 4-(2-ethylhexyl)-2-methylthiophene
groups. This was done by reacting intermediate 27 with com-
pound 32, which was prepared as shown in Scheme 3.

In a manner similar to [49,50], 4-(2-ethylhexyl)-2-methylthio-
phene (31), which had been synthesised according to the
published literature [47,48,51,52], was lithiated with n-butyl-

0
c S BI
> \Q/ "0 R = 2-ethylhexyl
32 R

Scheme 3: Synthesis of thiophene derivative 32: a) Magnesium, 2-ethylhexylbromide, spatula tip iodine, anhydrous diethyl ether, 45 °C, 2 h,
3-bromothiophene, [1,3-bis(diphenylphosphino)propane]dichloronickel(ll), 45 °C, 14.5 h, 40% [47]; b) n-butyllithium, 2,2,6,6-tetramethylpiperidine, an-
hydrous tetrahydrofuran, —-80 °C, iodomethane, then rt, overnight, 86% [48]; ¢c) n-butyllithium, anhydrous tetrahydrofuran, -5 °C, 1 h, then -78°C,

trimethyl borate, then rt, overnight, 25% [49,50].
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lithium, and reacted with trimethyl borate [49,50]. Although a
conversion could be detected with TLC, no boronic acid deriva-
tive of 31 could be isolated; it hydrolysed on the column back to
the starting material. Thus, after reacting 31 with n-butyl-
lithium and trimethyl borate, the obtained species was reacted in
situ with pinacol to generate the corresponding boronic ester 32,
which could be isolated by column chromatography, in a

manner similar to a reported procedure [49].

In a manner similar to [40], intermediate 27 was reacted with 32
within a Suzuki-Miyaura coupling to achieve 33 (Scheme 4).

Intermediate 33 was then hydrolysed to the diacid 34 with lithi-
um hydroxide [15]. Compound 34 was successfully reacted
within a Friedel-Crafts acylation ring-closure reaction [24,43],
in which the mixture was refluxed after oxalyl chloride addi-
tion, but cooled before the addition of AICl3; the mixture was
allowed to warm to room temperature and stirred overnight to
complete the reaction. The obtained target substance EtH-T-
DI-DTT (1) is readily soluble in a dichloromethane/petroleum
ether mixture to enable column chromatography. A similar
reaction sequence with an analogue of 33 without a-methyl
groups at the terminal positions of the molecules was attempted;
however, the corresponding ring closure failed. It is assumed
that the reactive 5-position of thiophene underwent further reac-
tions under the aggressive Friedel-Crafts acylation conditions
[53].

Physical properties
Absorption spectroscopy
The target material EtH-T-DI-DTT (1) is a dark solid and

forms dark violet solutions at low concentrations. Solution

R = 2-ethylhexyl

EtH-T-DI-DTT (1)

Beilstein J. Org. Chem. 2022, 18, 944-955.

spectra of EtH-T-DI-DTT were measured in dichloromethane
in 1075 mol L~! solutions. For solid-state measurements,
EtH-T-DI-DTT was spin-coated from a chloroform solution on
a quartz wafer. Both solution and solid-state spectra (Figure 8)
show a main band at ca. 350 nm, which is due to a localised
m—m* transition [54].
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— — Solid state
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Figure 8: Normalised UV-vis spectra of EtH-T-DI-DTT in 10-5 M
CH>Cl» solution and in the solid state.

Interestingly, while the solution spectrum shows a clear fine
structure, as expected for a rigid molecule [16], the solid-state
spectrum does not; this could be due to different clusters of
aggregates in the solid state. Also, both spectra show a broad
and featureless lower energy band, which is considered to be an
intramolecular charge transfer (ICT) transition [54]. Only the

Scheme 4: Synthesis of the soluble target structure EtH-T-DI-DTT (1): a) 32, Pd(PPhg)4, KoCO3, THF, H2O, 70 °C, 45 h, 76% [40]; b) LiOH, THF,
H20, 70 °C [15], 6 d, 91%; c) oxalyl chloride, anhydrous DMF (cat.), anhydrous CHCly, rt, 30 min, 40 °C, 4 h, AICl3, anhydrous CHxCl», 0 °C,

15 min, rt, overnight, 60% [24,43].
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latter band is, in the solid state, shifted to lower energies com-
pared to the one of the solution spectrum due to dipole—dipole
interactions in the condensed phase, as seen for example in DPP
derivatives [55], whose red-shifted ICT absorption band in the
solid state, compared to solution state can be explained by
quadrupole—quadrupole interactions.

From the onsets of the higher wavelength bands, the optical
energy gap can be calculated by Equation 1 [56,57]:

h-c
E ==

& )\‘on (l)
in which # is the Planck constant [58], ¢ the speed of light [59],
and A, the onset wavelength [60]. For the solution, Ay, was de-
termined to be 638 nm, resulting in an optical energy gap of
1.94 eV. For the solid state, Ay, is shifted to higher wave-
lengths (701 nm), resulting in a smaller energy gap of
Eg =1.77 eV. The red shift is due to intermolecular interactions,
which are known to lead to a narrowing of the energy gap
[3,61]. With a concentration series, an extinction coefficient of
€361 nm = 4.3 X 10* L mol™! em™! could be determined for the
band at 361 nm, whilst for the band at 540 nm, a coefficient of
€540 nm = 1.1 X 10* L mol™! em™! was determined [62].

Thermal properties

An uncorrected melting point of EtH-T-DI-DTT was measured
to be 230 °C. The DSC curve, shown in Figure S19 in Support-
ing Information File 1, shows a maximum at 214 °C, and apart
from that no other phase transitions, which means that the mate-
rial does not change its phase below its melting point. The
limits of thermal stability were recorded by a 5% mass loss at
elevated temperatures, as determined by thermal gravimetric
analysis (TGA), and found to be 406 °C, indicating a high ther-
mal stability (Figure S18 in Supporting Information File 1).

Electrochemistry

Cyclic voltammetry (CV) was used to estimate the ionisation
energy (IE) and the electron affinity (EA) of the title compound
(Figure 9) [63].

CV was measured in a 107 M CH,Cl, solution with 0.1 M
tetra-n-butylammonium hexafluorophosphate (TBAPFg) added
as electrolyte. A platinum disk electrode, a Pt wire, and an Ag
wire were used as the working, counter and quasi-reference
electrodes, respectively [64].

Regarding Koopman’s theorem, IE and EA correspond to the
negative Egomo and Ep ymo, respectively [63]. The frontier
orbital energies can be calculated with the empirical formulae
(Equation 2 and Equation 3) [65,66]:

Beilstein J. Org. Chem. 2022, 18, 944-955.
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Figure 9: Cyclic voltammogram for EtH-T-DI-DTT (1), at a scan rate of

0.1V s~! using a Pt disk as the working electrode, Pt wire as the

counter electrode, and Ag wire as the quasi-reference electrode in ca.

0.1 mM of the compound in CH2Cl» with TBAPFg (0.1 M) as the elec-
trolyte [64].

Eomo = —(EOX SE L+ 4.8)[eV] @)

ELomo = —(Ered —E ot 4.8)[ev] 3)

In which E is the half-wave potential of the first oxidation
signal, and E|.q is the half-wave potential of the first reduction
signal. Ferrocene was used as the internal standard and its
HOMO was taken to be —4.8 eV [67]. With these values, the
frontier orbital energy levels of EtH-T-DI-DTT could be esti-
mated to be Egopmo = —5.45 eV and Ep ypo = —3.29 eV, result-
ing in a single-particle gap [68] E of 2.2 eV. Compared to
compound 3 published by our group [16], (Egomo = —5.4 €V,
Erumo = —1.9 eV) the HOMO level of EtH-T-DI-DTT is simi-
lar, and the LUMO energy level is significantly more negative.
This can be attributed to the presence of the electron-with-

drawing keto groups [3,20].

In contrast to compounds 2—4, which showed poor reversibility
for oxidation and reduction, EtH-T-DI-DTT shows excellent
electrochemical stability. Two sequential reversible oxidations
can be seen in Figure 9, for the generation of a radical cation
and dication at half-wave potential values of +0.65 V (AE, =
0.05 V) and +0.87 V (AE,, = 0.06 V), respectively. Two reduc-
tion waves, corresponding to the radical anion and dianion, can
be seen at the half-wave potentials of —1.51 V (AE,, = 0.06 V)
and —1.64 V (AE}, = 0.06 V), respectively. UV-vis absorption
spectroelectrochemistry (see Figures S20 and S21 in Support-
ing Information File 1) shows the evolution of the dication and
dianion states with the longest wavelength absorption band
extending into the near-IR with broad features, characteristic of

highly delocalised bipolaron states [69].
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Computation of structure

Since all attempts to grow crystals of EtH-T-DI-DTT failed,
we predicted the structure with a density functional theory
(DFT) gas-phase optimisation using the B3LYP[70,71]/6-
311g(d,p) [72] level of theory, using both the Gaussian09 [73]
and Gaussview [74] programs. A frequency calculation showed
that all frequencies are positive indicating that a minimum was
found [75]. The calculations showed that the middle section
consisting of seven fused ring systems is nearly planar
(Figure 10).

The thiophene groups carrying the ethylhexyl chains are twisted
out of plane, with a dihedral angle of ca. 40°.

Based on the optimised structure shown in Figure 10a and 10b,
a subsequent cube calculation for the HOMO and LUMO was
performed (Figures 10c and 10d, respectively).

Whilst the HOMO is distributed strongly in all ring systems,
it spares all the sulfur atoms of the DTT core and the electron-
withdrawing [20] keto groups. The LUMO is presented strongly
in the seven fused rings, but is poorly represented in the
outer ethylhexylthiophenes, which are electron-rich and twisted
out of plane. The LUMO is strongly localised at the electron-
deficient keto groups. Interestingly, neither the HOMO, nor
the LUMO, is present at the central sulfur atom of the DTT
motif.

Beilstein J. Org. Chem. 2022, 18, 944-955.

Organic field-effect transistors

To estimate the charge carrier mobility from the saturation
regime of the current—voltage plot, bottom gate/bottom contact
(BG/BC) OFETs [76,77] were manufactured in a glovebox
under inert conditions, using commercial wafers [78]. More
details about device fabrication and applied wafers are de-
scribed in Supporting Information File 1.

The devices were optimised by varying annealing temperatures
[3,79,80], the concentration of the substrate, solvent choice
[81], and application of self-assembled monolayers (SAM).
SAMs are coated on the dielectric medium, improving surface
roughness [82] and reduce interfacial defects [83].

Details about device fabrication are described in Supporting
Information File 1. Device optimisation was necessary since
only a weak field effect could be measured if no SAMs were
used and no annealing was applied, with mobilities in the range
1077-1072 cm? V™! 57!, The best annealing temperature was
150 °C; mobilities deteriorated if higher or lower annealing
temperatures were applied. The best hole mobility of a single
device was measured upon annealing for 30 minutes at 150 °C
with 1.33 x 107 cm? V~! 571, using a solution of 10 mg mL™!
in CHClj and octadecyltrichlorosilane (OTS) as the SAM [82].
Averaged over seven devices on that wafer, an average hole
mobility of 4.69 x 107 cm? V™! 57! was measured. However,

two devices were measured with mobilities in the

Figure 10: The structure of EtH-T-DI-DTT optimised on the B3LYP/6-311g(d,p) level of theory, viewed from the (a) top and (b) side-on, c) distribution

of the HOMO in EtH-T-DI-DTT, d) distribution of the LUMO in EtH-T-DI-DTT.
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1076 cm? V! 57! region on the wafer. The threshold voltage
was determined to be —14.5 V £ 4.7 V, and an on/off ratio [76]
of 102-10*. The Ipg—Vpg and Ipg—Vgs plots of this device are
shown in Figure S22 of Supporting Information File 1. No elec-
tron mobility was detectable.

In a similar study with chlorobenzene instead of chloroform,
significantly worse mobilities were measured. Also, further in-
creasing the concentration to 20 mg mL~' CHCI; led to lower

mobilities.

Conclusion

In summary, we have synthesised and characterised a novel
diindenone-DTT compound, EtH-T-DI-DTT, consisting of
seven, fused ring systems, with an electron-rich central DTT
core, flanked by electron-withdrawing keto groups. Absorption
studies in solution and in the solid state show strong aggrega-
tion of the molecules in films. EtH-T-DI-DTT shows excellent
redox stability with two sequential reversible oxidations and
two sequential reversible reduction waves. UV—vis spectroelec-
trochemistry reveals the absorption profiles of the dications and
dianions as highly delocalised intermediate charged states. EtH-
T-DI-DTT is readily soluble in organic solvents due to the
ethylhexyl thiophene groups and has been applied in solution
processed OFETs. A maximum hole mobility of
1.33 x 1074 em? V™! 57! was measured for a single device. The
isolation of the dibromide compound 29 provides the basis for
the inclusion of this interesting molecule in larger conjugated
structures or copolymers.

Supporting Information

Supporting Information File 1

Synthetic details, and a detailed description of the
analytical methods and device fabrication.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-94-S1.pdf]

Funding

We thank the University of Glasgow for funding studentships
for VHKF and EJH, and EPSRC for funding JC (EP/P02744X/
2) and ALK (EP/R03480X/1).

ORCID® iDs

Valentin H. K. Fell - https://orcid.org/0000-0002-5140-9784
Joseph Cameron - https://orcid.org/0000-0001-8622-8353
Alexander L. Kanibolotsky - https://orcid.org/0000-0001-6118-1405
Eman J. Hussien - https://orcid.org/0000-0002-8130-2777

Peter J. Skabara - https://orcid.org/0000-0001-7319-0464

Beilstein J. Org. Chem. 2022, 18, 944-955.

References

1. Sevinis, E. B.; Sahin, C.; Cinar, M. E.; Eroglu, M. S.; Ozturk, T.
Polym. Eng. Sci. 2016, 56, 1390—1398. doi:10.1002/pen.24374

2. Roncali, J. Macromol. Rapid Commun. 2007, 28, 1761-1775.
doi:10.1002/marc.200700345

3. Cheng, Y.-J.; Yang, S.-H.; Hsu, C.-S. Chem. Rev. 2009, 109,
5868-5923. doi:10.1021/cr900182s

4. Patil, A. V.; Lee, W.-H.; Kim, K_; Park, H.; Kang, I. N.; Lee, S.-H.
Polym. Chem. 2011, 2, 2907—2916. doi:10.1039/c1py00274k

5. Kini, G. P.; Lee, S. K; Shin, W. S.; Moon, S.-J.; Song, C. E.; Lee, J.-C.
J. Mater. Chem. A 2016, 4, 18585—18597. doi:10.1039/c6ta08356k

6. Riedlinger, R.; Arnold, R.; Biro, L.; Bowhill, B.; Crop, J.; Duda, K.;
Fetzer, E. S.; Franza, O.; Grutkowski, T.; Little, C.; Morganti, C.;
Moyer, G.; Munch, A.; Nagarajan, M.; Parks, C.; Poirier, C.;
Repasky, B.; Roytman, E.; Singh, T.; Stefaniw, M. W.
IEEE J. Solid-State Circuits 2012, 47, 177-193.
doi:10.1109/jssc.2011.2167809

7. Vézquez, M.; Algora, C.; Rey-Stolle, |.; Gonzélez, J. R.
Prog. Photovoltaics 2007, 15, 477—491. doi:10.1002/pip.753

8. Lin, Y.; Adilbekova, B.; Firdaus, Y.; Yengel, E.; Faber, H.; Sajjad, M.;
Zheng, X.; Yarali, E.; Seitkhan, A.; Bakr, O. M.; El-Labban, A;
Schwingenschlégl, U.; Tung, V.; McCulloch, I.; Laquai, F.;
Anthopoulos, T. D. Adv. Mater. (Weinheim, Ger.) 2019, 31, 1902965.
doi:10.1002/adma.201902965

9. Ho, D.; Jeon, M.; Kim, H.; Gidron, O.; Kim, C.; Seo, S. Org. Electron.
2018, 52, 356—363. doi:10.1016/j.0orgel.2017.11.023

10.Sun, Y.; Guo, Y.; Liu, Y. Mater. Sci. Eng., R 2019, 136, 13-26.
doi:10.1016/j.mser.2018.10.003

11. Catellani, M.; Boselli, B.; Luzzati, S.; Tripodi, C. Thin Solid Films 2002,
403-404, 66—70. doi:10.1016/s0040-6090(01)01575-9

12.Pu, H,; Liu, L.; Chang, Z.; Yuan, J. Electrochim. Acta 2009, 54,
7536-7541. doi:10.1016/j.electacta.2009.08.011

13. Higashino, T.; Inoue, S.; Sadamitsu, Y.; Arai, S.; Horiuchi, S.;
Hasegawa, T. Chem. Lett. 2019, 48, 453—-456. doi:10.1246/cl.181038

14.Baneriji, A.; Tausch, M. W.; Scherf, U. Educ. Quim. 2013, 24, 17-22.
doi:10.1016/s0187-893x(13)73190-2

15.Neo, W. T.; Cho, C. M.; Song, J.; Chin, J. M.; Wang, X.; He, C;
Chan, H. S. O.; Xu, J. Eur. Polym. J. 2013, 49, 2446-2456.
doi:10.1016/j.eurpolym;.2013.02.026

16. Afonina, |.; Skabara, P. J.; Vilela, F.; Kanibolotsky, A. L.; Forgie, J. C.;
Bansal, A. K.; Turnbull, G. A.; Samuel, I. D. W.; Labram, J. G.;
Anthopoulos, T. D.; Coles, S. J.; Hursthouse, M. B. J. Mater. Chem.
2010, 20, 1112—1116. doi:10.1039/b919574b

17.Lin, Y.; Wang, J.; Zhang, Z.-G.; Bai, H.; Li, Y.; Zhu, D.; Zhan, X.
Adv. Mater. (Weinheim, Ger.) 2015,27, 1170-1174.
doi:10.1002/adma.201404317

18.Coakley, K. M.; McGehee, M. D. Chem. Mater. 2004, 16, 4533—-4542.
doi:10.1021/cm049654n

19. Osken, |.; Bildirir, H.; Ozturk, T. Thin Solid Films 2011, 519,
7707-7711. doi:10.1016/j.tsf.2011.05.058

20. Creary, X.; Geiger, C. C. J. Am. Chem. Soc. 1982, 104, 4151-4162.
doi:10.1021/ja00379a018

21.Yao, H.; Ye, L.; Zhang, H.; Li, S.; Zhang, S.; Hou, J. Chem. Rev. 2016,
116, 7397-7457. doi:10.1021/acs.chemrev.6b00176

22.Lu, K; Di, C.-a.; Xi, H.; Liu, Y.; Yu, G.; Qiu, W.; Zhang, H.; Gao, X;
Liu, Y.; Qi, T.; Du, C.; Zhu, D. J. Mater. Chem. 2008, 18, 3426—3432.
doi:10.1039/b801603h

23.Cinar, M. E.; Ozturk, T. Chem. Rev. 2015, 115, 3036—3140.
doi:10.1021/cr500271a

953


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-94-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-94-S1.pdf
https://orcid.org/0000-0002-5140-9784
https://orcid.org/0000-0001-8622-8353
https://orcid.org/0000-0001-6118-1405
https://orcid.org/0000-0002-8130-2777
https://orcid.org/0000-0001-7319-0464
https://doi.org/10.1002%2Fpen.24374
https://doi.org/10.1002%2Fmarc.200700345
https://doi.org/10.1021%2Fcr900182s
https://doi.org/10.1039%2Fc1py00274k
https://doi.org/10.1039%2Fc6ta08356k
https://doi.org/10.1109%2Fjssc.2011.2167809
https://doi.org/10.1002%2Fpip.753
https://doi.org/10.1002%2Fadma.201902965
https://doi.org/10.1016%2Fj.orgel.2017.11.023
https://doi.org/10.1016%2Fj.mser.2018.10.003
https://doi.org/10.1016%2Fs0040-6090%2801%2901575-9
https://doi.org/10.1016%2Fj.electacta.2009.08.011
https://doi.org/10.1246%2Fcl.181038
https://doi.org/10.1016%2Fs0187-893x%2813%2973190-2
https://doi.org/10.1016%2Fj.eurpolymj.2013.02.026
https://doi.org/10.1039%2Fb919574b
https://doi.org/10.1002%2Fadma.201404317
https://doi.org/10.1021%2Fcm049654n
https://doi.org/10.1016%2Fj.tsf.2011.05.058
https://doi.org/10.1021%2Fja00379a018
https://doi.org/10.1021%2Facs.chemrev.6b00176
https://doi.org/10.1039%2Fb801603h
https://doi.org/10.1021%2Fcr500271a

24.Rudebusch, G. E.; Fix, A. G.; Henthorn, H. A.; Vonnegut, C. L.;
Zakharov, L. N.; Haley, M. M. Chem. Sci. 2014, 5, 3627-3633.
doi:10.1039/c4sc01432d

25. Lindholm Andersen, C.; Zalibera, M.; Lu$pai, K.; Christensen, M. A_;
Darvasiova, D.; Luke$, V.; Rapta, P.; Haley, M. M.; Hammerich, O.;
Braondsted Nielsen, M. ChemPlusChem 2019, 84, 1279—-1287.
doi:10.1002/cplu.201800626

26.Tong, J.; An, L; Lv, J.; Guo, P.; Wang, X.; Yang, C.; Xia, Y.
Polymers (Basel, Switz.) 2018, 11, 12. doi:10.3390/polym11010012

27.Yuan, Y.; Giri, G.; Ayzner, A. L.; Zoombelt, A. P.; Mannsfeld, S. C. B.;

Chen, J.; Nordlund, D.; Toney, M. F.; Huang, J.; Bao, Z. Nat. Commun.

2014, 5, 3005. doi:10.1038/ncomms4005

28.Amin, A. Y.; Khassanov, A.; Reuter, K.; Meyer-Friedrichsen, T.;
Halik, M. J. Am. Chem. Soc. 2012, 134, 16548-16550.
doi:10.1021/ja307802q

29.Firdaus, Y.; Le Corre, V. M.; Khan, J. |.; Kan, Z.; Laquai, F.;
Beaujuge, P. M.; Anthopoulos, T. D. Adv. Sci. 2019, 6, 1802028.
doi:10.1002/advs.201802028

30.Yuan, J.; Zhang, Y.; Zhou, L.; Zhang, G.; Yip, H.-L.; Lau, T.-K,; Lu, X;
Zhu, C.; Peng, H.; Johnson, P. A; Leclerc, M.; Cao, Y.; Ulanski, J.;
Li, Y.; Zou, Y. Joule 2019, 3, 1140-1151.
doi:10.1016/j.joule.2019.01.004

31.Liu, Q.; Jiang, Y.; Jin, K.; Qin, J.; Xu, J.; Li, W.; Xiong, J.; Liu, J.;
Xiao, Z.; Sun, K.; Yang, S.; Zhang, X.; Ding, L. Sci. Bull. 2020, 65,
272-275. doi:10.1016/j.scib.2020.01.001

32.Cui, Y.; Xu, Y.; Yao, H.; Bi, P.; Hong, L.; Zhang, J.; Zu, Y.; Zhang, T.;
Qin, J.; Ren, J.; Chen, Z.; He, C.; Hao, X.; Wei, Z.; Hou, J.
Adv. Mater. (Weinheim, Ger.) 2021, 33, 2102420.
doi:10.1002/adma.202102420

33. Araki, K.; Endo, H.; Masuda, G.; Ogawa, T. Chem. — Eur. J. 2004, 10,
3331-3340. doi:10.1002/chem.200400063

34.Yusuf, M.; Liu, K.; Guo, F.; Lalancette, R. A.; Jakle, F. Dalton Trans.
2016, 45, 4580—4587. doi:10.1039/c5dt05077d

35. Matteson, D. S.; Majumdar, D. Organometallics 1983, 2, 230-236.
doi:10.1021/om00074a005

36. Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.
doi:10.1021/cr00039a007

37.Handy, S. T.; Zhang, X. Org. Lett. 2001, 3, 233-236.
doi:10.1021/010068849

38.Shoyama, K.; Mahl, M.; Niyas, M. A.; Ebert, M.; Kachler, V.; Keck, C.;
Warthner, F. J. Org. Chem. 2020, 85, 142—149.
doi:10.1021/acs.joc.9b02372

39.Maegawa, Y.; Inagaki, S. Dalton Trans. 2015, 44, 13007-13016.
doi:10.1039/c5dt00239g

40.Gong, M.-S; Lee, H.-S.; Jeon, Y.-M. J. Mater. Chem. 2010, 20,
10735-10746. doi:10.1039/c0jm00593b

41.Gevaerts, V. S.; Herzig, E. M.; Kirkus, M.; Hendriks, K. H.;
Wienk, M. M.; Perlich, J.; Miller-Buschbaum, P.; Janssen, R. A. J.
Chem. Mater. 2014, 26, 916-926. doi:10.1021/cm4034484

42.Sosorev, A. Y.; Parashchuk, O. D.; Zapunidi, S. A.; Kashtanov, G. S;
Golovnin, 1. V.; Kommanaboyina, S.; Perepichka, I. F.;
Paraschuk, D. Y. Phys. Chem. Chem. Phys. 2016, 18, 4684—4696.
doi:10.1039/c5cp05266a

43.Li, C.; Mao, Z.; Chen, H.; Zheng, L.; Huang, J.; Zhao, B.; Tan, S.;
Yu, G. Macromolecules 2015, 48, 2444—-2453.
doi:10.1021/acs.macromol.5b00067

44.Titova, T. |.; Kosheleva, L. S. Colloids Surf. 1992, 63, 97—101.
doi:10.1016/0166-6622(92)80075-d

45.Marin, L.; Lutsen, L.; Vanderzande, D.; Maes, W. Org. Biomol. Chem.
2013, 71, 5866-5876. doi:10.1039/c30b41059¢

Beilstein J. Org. Chem. 2022, 18, 944-955.

46.Larhed, M.; Hallberg, A. J. Org. Chem. 1996, 61, 9582—-9584.
doi:10.1021/j09612990

47.Grand, C.; Zajaczkowski, W.; Deb, N.; Lo, C. K.; Hernandez, J. L.;
Bucknall, D. G.; Millen, K.; Pisula, W.; Reynolds, J. R.
ACS Appl. Mater. Interfaces 2017, 9, 13357—13368.
doi:10.1021/acsami.6b16502

48. Krishnan Jagadamma, L.; Taylor, R. G. D.; Kanibolotsky, A. L.;
Sajjad, M. T.; Wright, I. A.; Horton, P. N.; Coles, S. J.; Samuel, I. D. W.;
Skabara, P. J. Sustainable Energy Fuels 2019, 3, 2087—2099.
doi:10.1039/c9se00343f

49. Cremer, J.; Mena-Osteritz, E.; Pschierer, N. G.; Mullen, K.; Bauerle, P.
Org. Biomol. Chem. 2005, 3, 985-995. doi:10.1039/b414817¢g

50.Bochkov, A. Y.; Krayushkin, M. M.; Yarovenko, V. N.;
Barachevsky, V. A.; Beletskaya, I. P.; Traven, V. F.
J. Heterocycl. Chem. 2013, 50, 891-898. doi:10.1002/jhet.931

51.Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94,
4374-4376. doi:10.1021/ja00767a075

52. Busch-Petersen, J.; Corey, E. J. Tetrahedron Lett. 2000, 41,
2515-2518. doi:10.1016/s0040-4039(00)00240-9

53. Kovacic, P.; McFarland, K. N. J. Polym. Sci., Polym. Chem. Ed. 1979,
17, 1963—1976. doi:10.1002/pol.1979.170170707

54.Zhang, Y.; Zhou, P.; Wang, J.; Zhan, X.; Chen, X. Dyes Pigm. 2020,
174, 108022. doi:10.1016/j.dyepig.2019.108022

55. Kanibolotsky, A. L.; Vilela, F.; Forgie, J. C.; EImasly, S. E. T.;
Skabara, P. J.; Zhang, K.; Tieke, B.; McGurk, J.; Belton, C. R.;
Stavrinou, P. N.; Bradley, D. D. C. Adv. Mater. (Weinheim, Ger.) 2011,
23, 2093-2097. doi:10.1002/adma.201100308

56.Kumar, R.; Ali, S. A.; Mahur, A. K.; Virk, H. S.; Singh, F.; Khan, S. A;
Avasthi, D. K.; Prasad, R. Nucl. Instrum. Methods Phys. Res., Sect. B
2008, 266, 1788—1792. doi:10.1016/j.nimb.2008.01.010

57.Perzon, E.; Wang, X.; Admassie, S.; Inganés, O.; Andersson, M. R.
Polymer 2006, 47, 4261—-4268. doi:10.1016/j.polymer.2006.03.110

58.Brédas, J. L.; Calbert, J. P.; da Silva Filho, D. A.; Cornil, J.
Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 5804-5809.
doi:10.1073/pnas.092143399

59. Estrada, R.; Djohan, N.; Pasole, D.; Dahrul, M.; Kurniawan, A.;
Iskandar, J.; Hardhienata, H.; Irzaman.
IOP Conf. Ser.: Earth Environ. Sci. 2017, 54, 012092.
doi:10.1088/1755-1315/54/1/012092

60.Costa, J. C. S.; Taveira, R. J. S.; Lima, C. F. R. A. C.; Mendes, A.;
Santos, L. M. N. B. F. Opt. Mater. (Amsterdam, Neth.) 2016, 58,
51-60. doi:10.1016/j.optmat.2016.03.041

61.Lim, H. C.; Kim, J.-J.; Jang, J.; Hong, J.-I. New J. Chem. 2018, 42,
11458-11464. doi:10.1039/c8nj00915e

62. Mantele, W.; Deniz, E. Spectrochim. Acta, Part A 2017, 173, 965-968.
doi:10.1016/j.saa.2016.09.037

63.Bredas, J.-L. Mater. Horiz. 2014, 1, 17—19. doi:10.1039/c3mh00098b

64.Findlay, N. J.; Breig, B.; Forbes, C.; Inigo, A. R.; Kanibolotsky, A. L.;
Skabara, P. J. J. Mater. Chem. C 2016, 4, 3774-3780.
doi:10.1039/c5tc03579a

65. Shafiee, A.; Mat Salleh, M.; Yahaya, M. Sains Malays. 2011, 40,
173-176.

66.Huang, J.; Wu, Y.; Wang, D.; Ma, Y.; Yue, Z.; Lu, Y.; Zhang, M,;
Zhang, Z.; Yang, P. ACS Appl. Mater. Interfaces 2015, 7, 3732-3741.
doi:10.1021/am508476d

67.Pommerehne, J.; Vestweber, H.; Guss, W.; Mahrt, R. F.; Béssler, H.;
Porsch, M.; Daub, J. Adv. Mater. (Weinheim, Ger.) 1995, 7, 551-554.
doi:10.1002/adma.19950070608

68.Kahn, A. Mater. Horiz. 2016, 3, 7-10. doi:10.1039/c5mh00160a

954


https://doi.org/10.1039%2Fc4sc01432d
https://doi.org/10.1002%2Fcplu.201800626
https://doi.org/10.3390%2Fpolym11010012
https://doi.org/10.1038%2Fncomms4005
https://doi.org/10.1021%2Fja307802q
https://doi.org/10.1002%2Fadvs.201802028
https://doi.org/10.1016%2Fj.joule.2019.01.004
https://doi.org/10.1016%2Fj.scib.2020.01.001
https://doi.org/10.1002%2Fadma.202102420
https://doi.org/10.1002%2Fchem.200400063
https://doi.org/10.1039%2Fc5dt05077d
https://doi.org/10.1021%2Fom00074a005
https://doi.org/10.1021%2Fcr00039a007
https://doi.org/10.1021%2Fol0068849
https://doi.org/10.1021%2Facs.joc.9b02372
https://doi.org/10.1039%2Fc5dt00239g
https://doi.org/10.1039%2Fc0jm00593b
https://doi.org/10.1021%2Fcm4034484
https://doi.org/10.1039%2Fc5cp05266a
https://doi.org/10.1021%2Facs.macromol.5b00067
https://doi.org/10.1016%2F0166-6622%2892%2980075-d
https://doi.org/10.1039%2Fc3ob41059e
https://doi.org/10.1021%2Fjo9612990
https://doi.org/10.1021%2Facsami.6b16502
https://doi.org/10.1039%2Fc9se00343f
https://doi.org/10.1039%2Fb414817g
https://doi.org/10.1002%2Fjhet.931
https://doi.org/10.1021%2Fja00767a075
https://doi.org/10.1016%2Fs0040-4039%2800%2900240-9
https://doi.org/10.1002%2Fpol.1979.170170707
https://doi.org/10.1016%2Fj.dyepig.2019.108022
https://doi.org/10.1002%2Fadma.201100308
https://doi.org/10.1016%2Fj.nimb.2008.01.010
https://doi.org/10.1016%2Fj.polymer.2006.03.110
https://doi.org/10.1073%2Fpnas.092143399
https://doi.org/10.1088%2F1755-1315%2F54%2F1%2F012092
https://doi.org/10.1016%2Fj.optmat.2016.03.041
https://doi.org/10.1039%2Fc8nj00915e
https://doi.org/10.1016%2Fj.saa.2016.09.037
https://doi.org/10.1039%2Fc3mh00098b
https://doi.org/10.1039%2Fc5tc03579a
https://doi.org/10.1021%2Fam508476d
https://doi.org/10.1002%2Fadma.19950070608
https://doi.org/10.1039%2Fc5mh00160a

69. Rybakiewicz, R.; Skorka, L.; Louarn, G.; Ganczarczyk, R.;
Zagorska, M.; Pron, A. Electrochim. Acta 2019, 295, 472—-483.
doi:10.1016/j.electacta.2018.10.123

70.Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
doi:10.1063/1.464913

71.Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
doi:10.1103/physrevb.37.785

72.Jensen, F. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2013, 3,
273-295. doi:10.1002/wcms.1123

73.Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, 2013.

74.GaussView, Version 5.0.9; Gaussian, Inc.: Wallingford, CT, 2008.

75.Platts, J. A.; Grant Hill, J. Mol. Phys. 2010, 108, 1497—1504.
doi:10.1080/00268971003757977

76.Torsi, L.; Magliulo, M.; Manoli, K.; Palazzo, G. Chem. Soc. Rev. 2013,
42, 8612-8628. doi:10.1039/c3cs60127¢g

77.Kimpel, J.; Michinobu, T. Polym. Int. 2021, 70, 367-373.
doi:10.1002/pi.6020

78.Kevin, P.; Malik, M. A.; O'Brien, P.; Cameron, J.; Taylor, R. G. D.;
Findlay, N. J.; Inigo, A. R.; Skabara, P. J. J. Mater. Chem. C 20186, 4,
5109-5115. doi:10.1039/c6tc01650b

79.Zhang, G.; Chen, R.; Sun, Y.; Kang, B.; Sun, M.; Lu, H.; Qiu, L.;
Cho, K.; Ding, Y. J. Mater. Chem. C 2020, 8, 1398—-1404.
doi:10.1039/c9tc05374c

80.Li, J.; Qin, F.; Li, C. M.; Bao, Q.; Chan-Park, M. B.; Zhang, W.; Qin, J.;
Ong, B. S. Chem. Mater. 2008, 20, 2057—-2059.
doi:10.1021/cm703567g

81.Kucinska, M.; Frac, I.; Ulanski, J.; Makowski, T.; Nosal, A.;
Gazicki-Lipman, M. Synth. Met. 2019, 250, 12—19.
doi:10.1016/j.synthmet.2019.02.008

82.Wang, Y.; Hasegawa, T.; Matsumoto, H.; Mori, T.; Michinobu, T.
Adv. Mater. (Weinheim, Ger.) 2018, 30, 1707164.
doi:10.1002/adma.201707164

83.Zhou, S.; Tong, Y.; Li, H.; Zhao, X.; Tang, Q.; Liu, Y.

IEEE Electron Device Lett. 2020, 41, 757—760.
doi:10.1109/led.2020.2983056

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.18.94

Beilstein J. Org. Chem. 2022, 18, 944-955.

955


https://doi.org/10.1016%2Fj.electacta.2018.10.123
https://doi.org/10.1063%2F1.464913
https://doi.org/10.1103%2Fphysrevb.37.785
https://doi.org/10.1002%2Fwcms.1123
https://doi.org/10.1080%2F00268971003757977
https://doi.org/10.1039%2Fc3cs60127g
https://doi.org/10.1002%2Fpi.6020
https://doi.org/10.1039%2Fc6tc01650b
https://doi.org/10.1039%2Fc9tc05374c
https://doi.org/10.1021%2Fcm703567g
https://doi.org/10.1016%2Fj.synthmet.2019.02.008
https://doi.org/10.1002%2Fadma.201707164
https://doi.org/10.1109%2Fled.2020.2983056
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.18.94

	Abstract
	Introduction
	Results and Discussion
	Synthesis
	Physical properties
	Absorption spectroscopy
	Thermal properties
	Electrochemistry
	Computation of structure
	Organic field-effect transistors


	Conclusion
	Supporting Information
	Funding
	ORCID iDs
	References

