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Heterocyclic compounds being potent biochemical materials are ubiquitous molecules in our life.
Amongst, the five membered aromatic ring systems, thiophene has emerged as a remarkable entity in
organic electronics owing to its (i) high resonance energy, (i) more electrophilic reactivity than benzene,
(iii) high m-electron density, (iv) planar structure and, (v) presence of vacant d-orbital in addition to the
presence of loosely bind lone-pairs of electrons on sulfur atoms. In recent past, thiophene-fused
molecule namely, dithienothiophene (DTT) has attracted a tremendous attention of the researchers
worldwide due to their potential applicability in organic electronics such as in solar cells, electrochromic
devices (ECDs), organic field effect transistors (OFETs), organic limiting diodes (OLEDs), fluorescent
probes, redox switching and so forth because of their (i) higher charge mobility, (i) extended -
conjugation, and (iii) better tuning of band gaps, etc. In this particular review article, we envisioned to
report the recent advancements made on the DTT-based architectures not only because of the potential
applicability of this valuable scaffold in organic electronic but also to motivate the young researchers
worldwide to look for the challenging opportunities related to this privileged building block in both
material sciences and functional supramolecular chemistry.
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Fig. 1 The structures of 2,2’-bithiophene 1 and five constitutional isomers of DTT (2).

1. Introduction

In recent years, polyaromatic hydrocarbons (PAHs) in general
and m-conjugated heterocycles in particular have attracted
a great attention from researchers worldwide owing to their
exceptional applicability in various fields.* Generally, heterocy-
clic compounds are vital molecules as they play a significant
role in biochemical fields, pharmaceutical, organic electronics,
medicinal chemistry and also in the material sciences and
technology etc.>'® The five membered doubly unsaturated
cyclopentadiene system is a non-aromatic, whereas the five
membered heterocyclic systems viz. furan, pyrrole and thio-
phene having oxygen, nitrogen and sulfur, respectively are
aromatic in nature as the lone pair present on the heteroatom
(in unhybridized p-orbital) in these systems participate in
conjugation, thereby resulting in the Huckel's aromaticity
(cyclic, planar, conjugated, & (4n + 2)7 electrons). Interestingly,
among the thiophene, pyrrole and furan, thiophene has highest
resonance energy (29 kcal mol ™) in contrast to the resonance
energy of pyrrole (22 keal mol™") and furan (16 kcal mol™").
Notably, thiophene display less electrophilic reactivity in
comparison to pyrrole and furan but it is more reactive than
benzene. Therefore, due to unique characteristics of thiophene
in comparison with the other five membered heterocycles,
thiophene-based materials have engrossed a tremendous
interest of the scientific community around the globe, as they
play a critical role in organic electronic and also have
substituted the silicon based structures because of their better
current on/off ratio and charge transfer mobility."” Additionally,
the combination of low conductivity (off state), oxidation
stability, and the charge transferability (>1 x 10> em®> V™' s7%),
broaden their scope in organic semiconductors. More interest-
ingly, the extensive m-conjugation in the thiophene-based
architectures results in reducing the band gap, and hence
enhancing the charge carrier mobility which is noteworthy from
the semiconducting materials point of view and for photo-
switchable system as well. In recent years, fused thiophene
systems for instance thienothiophene (two annulated units of
thiohpene), DTT (three fused subunits of thiophene), and
thienoacenes (more than three annulated units of thiophene)
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are being found more compatible in tuning the band gap, and
display diverse potential applications ranging from the OLEDs,
OFETs, solar cells, organic dyes, fluorescent probes, to the
chalcogen bonded cascades etc.**®* Among the fused thiophene
systems, dithieno[3,2-b:2,3"-d]thiophene 2 and its congeners
have fully-fledged due to their inimitable architecture, which
can be treated as sulfur atom bridging 2,2-bithiophenes 1,
consisting one of the sulfur atom (central one) pointing in the
opposite direction to that of the other two peripheral ones
(Fig. 1). Interestingly, as can be inspected from the same Fig. 1,
five more constitutional isomers are possible by permutations
and combination of the three sulfur atoms, and a myriad of
other heteroatoms could be incorporated into its periphery
besides a variety of substituents could be installed in the core
structure of DTT. Fascinatingly, DTT (2) is an electron rich
system having a flat structure, therefore it can nicely intend
a number of possible designed materials having stimulating
intermolecular interactions (e.g., S-S & w-m-interactions etc.),
molecular rigidity, self-assemblies, in addition to easy tunable
physiochemical properties.>-*

In recent years supramolecular interactions also known as
non-covalent interactions for instance Lewis acid-base pairing,
coulombic attractions, halogen bonding, metal coordination,
dipole-anion, m-7-stacking, cation-, anion-m interactions and
other combinations thereof.*** Not surprisingly, the design and
synthesis of supramolecular architectures consisting of thiophene
subunit(s) - presenting such types of versatile non-covalent
interactions will open-up novel opportunities for the research
community globally. Keeping the importance of DTT building
block in mind, we envisioned to assemble the recent achieve-
ments made in this wonderful area of research. Hopefully, this
particular review article will encourage new adventures and will
surely make a new dimensions in the area of organic electronics
as well as in functional supramolecular chemistry.

2. DTT-based molecules and their
potential applications

Over the past few years, molecules consisting of the DTT-
framework has found a special interest because of their lower

© 2022 The Author(s). Published by the Royal Society of Chemistry
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band-gap, excellent electron transport properties in addition to
displaying vital supramolecular intermolecular interactions.¢*°
Due to the unique characteristics of the DTT-based molecules
viz. (i) planar (flat) in nature, (ii) structural rigidity, (iii) 7c-
extended conjugation (iv) easy functionalization, (v) high
thermal as well as photochemical stability and so on. Notice-
ably, various research groups worldwide like, P. Frere,® A. B.
Holmes,***® T. Ozturk,* M. Gritzel," etc., have contributed
significantly in highlighting the productivity of the thiophene
based systems, specially DTT in the field of electronics. They
have shown wide applicability in D-A, D-7t-A, D-7-D, (D-donor,
A-acceptor), and m-spacer systems for dye sensitized solar cells,
organic dyes, polymers and copolymer with acceptor entities,
anion transport, catalysis, fluorescent probes, photosystems
and anion binding etc.>#*~*¢ Remarkably, these derivatives on
replacing inorganic elements have also endorse environmen-
tally friendly procedures.*”**

2.1. DTT-based electrochromic copolymer

Conjugated polymers, being promising materials in the field of
organic electronics, have received a great attention in the
construction of organic electrochromic (EC) materials®®*>>°
solar cells,** OLEDs,** & OFETs,*® etc. The organic EC materials

View Article Online
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on oxidizing electrochemically display reversible color change,**
short switching timings, and are also highly economic for
supplementary production, viz. smart sunglasses,*® etc. In this
arena of research, pure donor polymers (3,4-dialkoxy
substituted thiophenes), conjugated D-A polymers, and non-
conjugated triphenylamine (TPA) based polymers have been
extensively studied.” Interestingly, the non-conjugated TPA and
conjugated diketopyrrolopyrrole (DPP) based polymers holds
excellent properties viz. high thermal as well as film-forming
stability, solubility in organic solvents, reversible redox cycles,
etc. These substances are also highly efficient in hole transport,
photoconductors, study of interface engineering, and so on.***
Moreover, the conjugated microporous polymers (CMPs) are
easy to functionalize and poses various applications like organic
electronics, photovoltaics, sensing and so forth, and it has been
noticed that through the incorporation of fused thiophenes into
the CMPs enhanced their performances.®** To this context, the
research groups of Ozturk & Thomas have constructed DTT-
CMPs by means of bulk and electrochemical oxidative poly-
merization reactions (Scheme 1).** During the doping and de-
doping process, rapid color change of monomers was
observed via naked eyes. It was revealed from the spec-
trochemical measurements that DTT-CMPs, (10 & 11), can be

DTT-CMP
(Bulk polymer powder)

DTT-CMPy,,
(Polymer film on ITO)

Scheme 1 Designed and construction of the DTT-based polymeric materials 10 and 11.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of DTT-CMP (14) by means of the Suzuki—Miyaura polycondensation.

reversibly oxidized and reduced, making the systems suitable
for electrochromic devices. From nitrogen gas sorption values
of the doped, de-doped, and neutral polymer networks, authors
analyzed the existence of iodine in the interior pores, and on
doping with iodine, the conductivity of the polymeric network
increases extensively. This versatile methodology represents the
importance of electron rich DTT-moiety in conjugated systems
and its applicability in redox switching making DTT-CMPs
remarkable materials for both organo-electronic as well as
opto-electronic devices in addition to the sensing of ammonia-
based explosives.

One year later to the above discussed report, these authors
have also revealed a different electron-rich DTT-CMP 14 by
treating the DTT derivative 12 with benzenediboronate ester 13

in a Suzuki-Miyaura polycondensation reaction (Scheme 2).%
They executed the chemical oxidation through iodine exposure
which was found to be completely reversible with the treatment
of NH;, monitored by UV-vis and IR spectroscopic technique
during the redox process. Interestingly, the property of imme-
diate change in color of the synthesized polymer with the
electron acceptors and the polymer oxidized form against the
electron donor vapors expands their utility as a sensor to detect
ammonia based explosives. Moreover, these types of practices
could also be employed to create bulk heterojunctions in porous
polymeric materials.

In 2015, Wang et al. synthesized the regio-random homo-
polymers 22a-b of 3-alkyldithieno[3,2-b:2’,3"-d]thiophene start-
ing from the 3,4-dibromothiophene 15 as detailed in the

223, R= }’I—C13H27
22b, R= I’Z-C15H31

Br. Br  palmitoyl chloride or Br Br Br S._COLEt
/ \\ _tetradecanoyl chloride M\(R K,CO;, ethyl mercaptoacetate, m
S AICl5, CH,Cl,, 0 °C s DMF, 60 °C s R
15 16 17
i) LiOH, HZO-THF-MeOH, Br S ] Br s
reflux, acidified m LDA, THF,0 C, 1 m
ii) Cu, quinoline, 220-230 °C S R -formylpiperidine OHC s R
18 19
i) LiOH, H,O-THF-MeOH,
Et0,C._-S S a dified S R
K,COs5, ethyl mercaptoacetate, \ 7\ rerlux, acidilie I\ Y
DMF, 60 °C s r i) Cu, quinoline, 220-230 ‘C s S
20 213, R= n-C13H27
Zlb, R= n—C15H31
FeCl3 R
0,, PhCl, S
60°C,24h, > [/ VW
81-83% yield S s” I;

Scheme 3 Design and synthesis of the regio-random homopolymers 22a-b.
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Scheme 4 Construction of the copolymers containing DTT & DTT-S,5-O; units.

Scheme 3.°° Remarkably, for OFET devices, they showed better
self-assembly, oxidative stability, charge mobility (0.048 cm®
v~ s7"), thermal stability of 0.13 ecm® V™' s™" at 200 °C, and
a current on/off ratio of more than 10°. Such results promote the
scope of utility of DTT in OFET devices.

On the other hand, as can be seen from an inspection of the
Scheme 4, DTT-based copolymers possessing mesitylboron
moiety in their structures, have been revealed by the group of
Ozturk for optoelectronic applications.®” These authors studied
the electrochemical and optical properties of thus formed
copolymers, and observed that the polymers with DTT frame-
work display greater band-gap (2.46-3.21 eV) than the polymers
synthesized from DTT-S,5-O, (2.18-2.88 eV). Among the all
synthesized polymers, 25 exhibits the lowest reduction potential
(—1.471 V) and the highest oxidation potential (1.413 V). Addi-
tionally, they revealed from the DFT calculations, an intra-
molecular charge transfer from the donor (DTT) towards the
acceptor (boron). From the TD-DFT calculations, they noticed
the vertical excitations (HOMO to LUMO) and emissions (LUMO
to HUMO).

Moreover, in continuation of the development of DTT-based
polymers,® the same group has also synthesized bithiazole and
DTT-based polymers 39, 40, and 41 - exhibiting excellent optical
and electronic properties (Scheme 5).* In this particular study,
the they first synthesized a donor 35 (3,5-dinonyl-2,6-
dithiophenyl-DTT), and an acceptor 38 (nonylbithiazole), as
shown in Scheme 5. Later on, self electropolymerization of 40
and 43 by virtue of the cyclic voltammetry afforded the polymers
39 and 40 (Scheme 5). Whereas electropolymerization of the
monomers 35 and 38 in a ratio of 1 : 1, provided successfully the
mixed polymer 41 (Scheme 5). All the synthesized polymers were

© 2022 The Author(s). Published by the Royal Society of Chemistry

then characterized by means of the cyclic voltammetry (CV), CV-
UV, and UV-vis spectroscopic techniques. Among the synthe-
sized polymers, they observed lowest band-gap for the poly-
meric material 41 (1.95 eV) in comparison with the 39 (2.17 eV)
and 40 (2.53 eV). Next, using spectroelectrochemistry (SEC), the
electrochromic properties of thus formed polymer films were
inspected. They noticed from these studies, a yellow-orange
color for the polymer 39 in its neutral state which turned into
the blue-grey with increasing the oxidation level while as 41 in
its neutral state exhibited red color which become brown at the
intermediate oxidized state and grey at the final oxidized state,
displaying that these versatile polymers have multi-colored
characteristics. Finally, the electrochemical impedance spec-
troscopy was employed for the synthesized polymeric films to
measure the charge transfer resistances and it was revealed that
41 exhibited the highest current density and lowest resistance
in comparison to the other polymer films. To their expectation,
the conjugated polymer 41 could found applications as
a capacitor besides optoelectronics.

Prompted by a wide applicability of the DTT as well as DPP,
Choi and teammates have designed and constructed a series of
alternating copolymers possessing these two vital moieties in
their structures.” The authors prepared the three conjugated
polymers 45a-c¢, and also investigated the effects of the alkyl
side-chains installed in the DTT-core on the device performance
(Scheme 6). They noticed that in comparison to the polymers
45a & 45b, 45¢ showed better results for example high solubility,
and mobility in thin film transistor (TFT) (6.88 x 10 >cm >V ™"
s~?), in addition to the excellent power conversion efficiency
(PCE). Moreover, the system 45c¢ with long branched alkyl

RSC Adv, 2022, 12, 36073-36102 | 36077
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Scheme 5 Electropolymerization of 35, 38, and (35 + 38) to generate the polymers 39, 40 and 41.

chains exhibited great charge transport properties due to strong

intermolecular interaction.

In a separate report, Yang et al. has revealed the synthesis of
a series of conjugated polymers (50-52) consisting of DTT as
well as DPP subunits in their structures - applicable for the high
performance OFETs (Scheme 7).”* As depicted in the Scheme 7,
these systems were assembled by means of the stille polymeri-
zation involving the Pd,(dba);/PPh; in toluene/DMF (10:1).
Notably, methylated DPP polymers displayed excellent crystal-
line properties with “face-on” orientation and high mobility for
OFETs (5.32 cm® V' s7%) in comparison to the non-methylated
polymers (5.32 cm® V™' s71). These results open-up the oppor-
tunities for the installation of other alkyl groups instead of

methyl for future OFETs.

On the other hand, the teams of Tajima and Zhou has re-
ported naphthalene diimide (NDI) based n-type photovoltaic
copolymers 58a-c connected to thiophene (T), thienothiophene
(TT) and DTT via a w-bridge thiophene useful in the fabrication
of all-polymer solar cells (Scheme 8).”> These groups noticed

36078 | RSC Adv, 2022, 12, 36073-36102

that as copolymerized heteroaromatic rings in the polymers
increases, the PCEs of the resulting all-polymer solar cells
decreases. Furthermore, they observed distinct molecular
orientations for the compound 58a face-on orientation while as
edge-on orientation was found for the polymers 58b and 58c.

Tanaka et al. has reported a DTT-based conjugated polymer
59 with the incorporation of a furan-flanked DPP which exhibits
the high charge transport properties inside the crystalline
domains, and the thin film was found to have a low activation
energy (<8 meV).” The extraordinary transport performance was
due to planarity of the backbone of the system 59, studied by the
density functional theory (DFT) calculations. The authors
implemented the FI-ESR method for analyzing the intrinsic
transport properties of this particular molecule. Moreover, the
authors have also explained the interrelation among the charge
transport performance and molecular structure.

In a separate event, Lanchao Ma et al. devised a novel
strategy to construct a conjugated copolymeric nanotube 60
consisting of DTT and perylene diimide (PDI) subunits in its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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I\ s s 7\ BuLi, Me3§nCl T\ s s I\
s\ / \ / S THF, 0°C MesSn™ “s” \ / S~ “SnMe;
S S
42 43
R
Br
Br NS0 43, Pdy(dba)s, P(o-tolyl)
ll? toulene, 110 °C
32-80% yield
44a: R = 2-ethylhexyl
44b: R = 2-butyloctyl 45a: R = 2-ethylhexyl
44c: R = 2-decyltetradecyl 45b: R = 2-butyloctyl
45¢: R = 2-decyltetradecyl

Scheme 6 Synthesis of the DTT-DPP containing conducting polymers.

sz(dba)3/PPh3,
toluene/DMF (10:1),
115 °C
93-95% yield

51 X:Y = CHj3:H or H:CH;

Scheme 7 Construction of the DTT-DPP based polymers 50-52 for field-effect transistors.
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e - C1oH21 58 \\ﬂ
5

Scheme 8 Synthesis of the copolymers 58a—c consisting of the bridge thiophene systems.

structure, confirmed through the scanning electron microscopy
(SEM) as shown in the Fig. 2.7 Interestingly, the polymer 60 can
be easily synthesized in bulk with regular shape via concerned
solution and engaging the anodic aluminum oxide template in
the solvent medium. Under the ambient condition, in FET, the
nanotube exhibited the electron mobility 0.02 cm* V™' s
Furthermore, the nanostructures were fruitfully fabricated by
combining the tetraphenylethylene 61 into the polymeric

nanotube, forming the light-emitting nano-structures. In
a word, the nanotubes 61 have uses for future organic elec-
tronics, thanks to the hollow structure & electron transport
property.

Polymeric hole-transport layer (HTL) components are vastly
employed in the construction of printing technology in perov-
skite solar cells (PSCs) because of their high solution process-

ability. These materials successfully maintain the mechanical

C12Hos

Fig. 2 Chemical structures of the polymeric materials (59 & 60) and tetraphenylethylene 61.
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63 CqgHs7

Fig. 3 Chemical structure of the polymeric materials employed for
PSCs.

flexibility meant for printing technology. However, these
materials have limited carrier mobility, which makes them
inadequate for transfer of the charge carriers. Such inadequacy
can be eliminated by the incorporation of doping process. On
the basis of previous research executed in regard to get
a dopant-free HTL substances,” recently Jang's research group
explored the thiophene unit as an appropriate building block to
design a doping-free HTL 63 (Fig. 3).”° The thiophene unit in the
conjugated polymer acting as Lewis base, and can easily coor-
dinate with the Pb®". In comparison to the reference source of
HTL, 62, which has PCE of 13.9%, the PSCs made-up of 63
exhibited higher PCE of 14.8%. It also showcased a decent
performance with 60% under 200 hours having 70-80% of

View Article Online
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humidity, and advanced hole mobility of 8.03 x 10 * cm? V"
s~'. These results indicate the efficiency of thiophene-based
conjugated polymers as a resourceful dopant-free HTL
substances.

In another event, Ozturk's research team has designed and
constructed the CMP (66) consisting of the DTT and triphenyl-
amine via Suzuki coupling reaction (Scheme 9).”” The structural
variations of 66 was observed at oxidized and neutral states
through FTIR and UV-vis spectroscopy. On applying voltage, the
66 changes its color from orange to blue color. The maximum
value of specific capacity and energy density obtained by poly-
mer are, 54 mA h ¢ ' and 43 W h kg™, respectively at current
density of 10 A g '. Further, the proposed mechanism for
polymerization occurs through computational chemistry at two
oxidation potentials i.e., 1.2 & 1.5 V, as shown in Fig. 4. Owing to
the properties for instance, 60% of optical contrast of CMP,
excellent energy storage capacity and easy synthesis makes this
polymeric system as a highly potential contender for the elec-
tronic applications.

2.2. DTT in sensors

To further extend the earlier work done based on the system 66,
the same group has also synthesized boron substituted
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Scheme 9 Designed synthesis of the compound 66 from functionalized DTT and TPA.
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Fig. 4 Electrochemical plausible mechanism of 66 under different voltages (1.2 V & 1.5 V).
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Scheme 10 Construction of the boron-based compound 73 and 74.

derivatives of 66, i.e., the compounds 73 & 74, as shown in the
Scheme 10.”® The solvatochromic investigations of these
systems were fruitfully performed, and it was observed that the
compound 73 having single boron unit showed more bath-
ochromic shift, moving from the non-polar solvents to the polar
solvents. According to the results of fluoride sensing,
compound 74 detected more fluoride ions than compound 73
because of the presence of additional boron atom in 74. Inter-
estingly, the emission sensing limits 23 nM & 25 nM of the
compounds 73 and 74, respectively, and were found the excel-
lent limits reported till date. Additionally, the computational
analysis was performed to monitor the flow of electrons from
donor to the acceptor (Fig. 5). The importance of thus prepared
compounds can be inspected form their incorporation into
systems as fluorescent and colorimetric chemosensors.

2.3. DTT in organic solar cells

Organic solar cells (OSCs)"””® have productively replaced the
utility of inorganic®® as well as polymeric solar cells, as they are
being lightweight, tunable, cost-effective, and reproducible.
However, some of the OSCs show limitations because of the low
charge transport mobility (LCTM) in addition to the film
arrangement. To overcome these limitations researchers glob-
ally have synthesized small donor materials with better
absorption bands, high charge transport mobility, and good
solubility. In this line, quite recently, the group of Iqbal revealed
the optoelectronic properties by means of DFT-calculations of
three acceptor-donor-acceptor (A-D-A) type molecules (79-81)
having the DTT-bridge as donor moiety and 2-(3-methyl-4-
oxothiazolidin-2-ylidine)malononitrile as an acceptor part

36082 | RSC Adv, 2022, 12, 36073-36102

(Fig. 6).*>*® The optoelectronic properties of these novel archi-
tectures were compared with the reference molecule 78, where
dithieno(2,3-5:3,2-d)thiophenes and 2-(3-methyl-5-methylene-4-
oxothiazolidin-2-ylidene)malononitrile acting as the donor &
acceptor, respectively. From their studies, the authors have
noticed the good charge mobility by means of reorganization
energies of these versatile molecules. Moreover, the higher
value of electron mobility (A.) in comparison to the hole
mobility (1), showed that thus prepared molecules are best for
“hole mobility”. From the frontier molecular orbital (FMO), they
observed the charge transfer phenomena during the excitation
and the molecules indicated relatively low HOMO values along
with absorption bands in the range of 459-500 nm, recorded in
chloroform solvent. From the electron-hole binding energy
studies, they noticed that the molecule 80 possesses the highest
number of charges, which may further lead to easy ‘dissociation
into the separated charges’. Thus, in contrast to 79 and 81,
molecule 80 holds better charge dissociation energy, whereby
the highest open circuit voltage (V,.) was found for 81. Finally,
they concluded that the donor molecules (79-81), especially 80,
hold auspicious optoelectronic properties - and are useful
donor functional materials for the usage in OSCs.

In stark contrast, to improve the performance of PSCs, Liu &
Zhang have revealed the hole transporting materials (HTMs) on
the modulation of electron deficient m-bridge moieties in the
triphenylamine derivatives.®* They reported a class of donor-m—
donor (D-m-D) types of materials (82a-d) consisting of 4-
methoxy-N-(4-methoxyphenyl)-N-phenylbenzenamine (MeTPA)
as electron rich arms and employed different electron deficient
moieties as the bridge (Fig. 7). The authors confirmed the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic representation of electron transfer flow from D—A in the compound 73 & 74.

superiority of the DTT as a valuable building block through the
investigation of fused thiophenes in the application of HTMs
and PSCs. Based on the performance of thus designed mole-
cules, various properties viz. reorganization energies, geometric
structures, hole mobility, electron coupling, stability, solubility,
optical absorption as well as the emission were nicely investi-
gated via DFT and Marcus theory. Noticeably, among the
designed molecules, highest mobility was exhibited by the
system 82¢ (2.70 x 10~ " em® V™' s7"), consisting of a DTT as
a bridge.

In recent years, as the field of OSCs/organic photovoltaics
(OPVs) has gained much interest because of their feasible,
economical and adjustable electrical and/or optical features.****
To this context, the effect of m-linkers on OPV molecules was
revealed by the Hong and Jang's research groups by synthe-
sizing two push-pull D-t-A molecules (83 & 84) having almost

© 2022 The Author(s). Published by the Royal Society of Chemistry

similar HOMO-LUMO energy levels & band-gaps, for the
solution-processed bulk heterojunction OPV devices (Fig. 8).**
From their studies, they found that the w-linkers in 83 & 84, play
a crucial role in thermal, electrochemical, and thin film
morphology. They have incorporated the m-linkers viz. triphe-
nylamine and dicyanomethylene-appended indanone as
a donor and an acceptor, respectively. From the photovoltaic
studies it was observed that the minor variation in the acceptor/
donor ratio alters the V. values of 83. They further investigated
by keeping in mind the active layer thickness, where they noted
PCE, V,, and Jg, values gets decreased on the reduction of the
active layer thickness. Thus, in order to have a optimized OPV
system, morphology and active layer thickness both should be
taken into the account. To get insight of effect of the w-linker on
morphology, thermal annealing experiment was carried out,
which demonstrated that the roughness of the thin film of 83

RSC Adv, 2022, 12, 36073-36102 | 36083
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Fig. 6 Structures of the designed (A—D-A) molecules 79-81 along with reference compound 78.
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Fig. 7 Chemical structures of the HTMs exposed by the Liu and Zhang.

reduces to 0.235 nm from 0.448 nm. Also, the PCE increased to
2.38% from 1.81%, whereas PCE value decreased in case of 84.
Next, they also found that DTT-based system 83 displayed the
high thermal stability in the solid state with well-organized
nano-structure morphology, while as 84 showed the excellent
electrochemical stability with the faster electrode reaction rate.
Finally, they concluded that the decorative design of the -
linkers may be measured for the enlargement of high perfor-
mance push-pull structure based OPV devices.

36084 | RSC Adv, 2022, 12, 36073-36102

On the other hand, in another event, the same group has also
fruitfully reported three organic photodetectors (OPDs) 85-87,
having excellent broad band, external quantum efficiency (EQE)
(64%, at 530 nm), low dark current density (Jq) (1.8 x 10~%), and
good photocurrent density (Jpn) (9.6 x 10> A em™? at —3 V
bias).?* The idea was to discover a strategy to accomplish the
lower value of J4 and higher value of the EQE in organic
photovoltaics with the aid of m-linked structure of D-7t-A push-
pull type materials (Fig. 8). From their extensive studies, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Chemical structures of the push—pull D——A molecules for the OPVs and OPDs.

authors noted down that the stronger intermolecular interac-
tions was found in donor molecule 86, and forming a poly-
crystalline structure, hence generating the sub-gap states & trap
sites at the interface. And increased the J4 value of OPDs due to
facilitated electron injection from indium tin oxide (ITO) elec-
trode to the donor molecule at the reverse bias & decreased the
Jpn value. In stark contrast, the donor compound 87 having
a small w-linker exhibited amorphous morphology in thin films
due to weaker intermolecular interactions - lowering the J4
value in both planar heterojunction OPDs & bulk hetero-
junction OPDs. Remarkably, the developed strategy might open-
up new possibilities for designing of novel donor molecules
applicable to the valued high performance OPD devices.

2.4. DTT-based cyclic tetramer of selenide

Owing to the fundamental scientific interest, cyclic oligothio-
phenes has extensively been studied in recent past. However,
not considerable work had been reported on the 3-D oligo-
thiophene based architectures.*® To exploit the work on thia-
calix[n]dithienothiophene (90),*” Hasegawa and teammates
have reported the synthesis of selenacalix[4]dithienothiophene
(selenacalix[4]DTT) (89b).*® Keeping in mind the drawbacks of
the previously reported methods,* these authors have carried
out the synthetic strategy via one-pot Pd-catalyzed coupling
reaction containing silicon atoms, linking the cyclic tetramer of
DTT, as shown in Scheme 11. The Se atom posing large van der
Waals radius easily forms a 3-D well-arranged network and

R
ES S
S \\ \ / \
e (Bussn)Se R \\ sg S
™S S Pd(PPhs), s S \\
I\ o\ E RUAAS
Br s S gr toluene, 120 ° C, S S \
88 29% yield \ /T PeLs
R S
R

89a: (E=S, R=TMS),
89b: (E=Se, R=TMS)

Scheme 11 Synthesis of cyclic DTT system 89 & structure of thiacalix[n]dithienothiophene (90).

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 36073-36102 | 36085


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05768a

Open Access Article. Published on 22 1444. Downloaded on 23/12/47 06:11:21 .

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

92a:R = @
Ly

92b: R =

\

o Pd(PPhs),, Na,CO, \
S dry THF, reflux 24 h S
27-74%
91 22

92¢: R = ’QNPhZ

92d: R =

Scheme 12 Designed synthesis of D—t—D monomers via Suzuki coupling reaction.
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Scheme 13 Schematic representation for the preparation of the DTT-based mesogens.

conducts (i) electron/hole transporting material, (ii) vast host
cavity, (iii) increases electron donating ability of DTT, and (iv)
setup the molecular assembled porous materials. From the X-
ray diffraction studies, it was uncovered that due to Se:--w
interactions, the supramolecular structure turns into the non-
planar quadrilateral shape having S,-symmetry in addition to
the cavity along the X-axis posing channel like columnar
assembly. Moreover, they investigated that the tetrameric
system forms a 1: 2 complex with Cg, in the solid state, thereby
generating the symmetrical 3-D arrangement of Cgo.

2.5. D-m-D monomers consisting of DTT-scaffold

To explore the potential applications of DTT-based systems in
organic light-emitting diodes,**®> Matsumoto's research group

36086 | RSC Adv, 2022, 12, 36073-36102

has synthesized four highly fluorescent blue light emitting D-
7D monomers 92a-c by virtue of Suzuki-Miyaura cross-
coupling reaction as a key step. The authors have studied
these versatile chromophores both in solid as well as solution
state through UV-vis absorption and fluorescence spectroscopic
means (Scheme 12).* Fascinatingly, they noticed that incorpo-
ration of the aryl groups extends the conjugation and reduce the
HOMO-LUMO gap of the thiophene chromophore, thereby red-
shift in the wavelength of both absorption as well as emission.
The remarkable optical signatures of their solid state powders
also unveiled a discrete red-shift than the emissions of their
dilute solutions. Notably, close face-to-face m-stacking interac-
tions amongst the DTT molecules was also found to be inhibi-
ted, hence improves the fluorescence quantum yields,
solubility, and thermal stability of the molecules. The optical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 Design and construction of DTT-derived liquid crystalline dithienothiophenes.

properties of the molecules are primarily affected by the intra-
molecular charge transfer (ICT) of the D-m-D structures.
Among the four synthesized monomers, the increased order of

bathochromic shift was observed in the order of 92a < 92b < 92¢
< 92d. The energy band-gaps of D-m-D monomers has been
calculated by DFT calculations at the B3LYP/6-31G* to prove the
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Scheme 15 Synthetic route to afford solution-processable compounds 103 & 105.
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m-extended conjugation of the DTT after the installation of
various donor moieties. Finally, they also commented that this
tactic could be used to produce diversified highly promising
candidates in the fabrication of organic electroluminescence
devices.

2.6. DTT-based mesogens

Interestingly, over the last decade, DTT-based mesogen mole-
cules have displayed exceptional charge mobility, hence they
have been exploited on a large scale in organic electronics.® In
this context, Donnio, Monobe & Zhao's groups have designed
and constructed the DTT-based sanidic (board-like) liquid-
crystalline semiconductors (96a-c¢) in a two-steps tactic
involving the Suzuki-Miyaura coupling reaction followed by
FeCl;-mediated oxidative coupling as the crucial steps (Scheme
13).”* The authors have studied their optical, thermal, semi-
conducting, and self-assembly features. These monomeric
molecules displayed the following properties: (i) forms blue-
light emitting gels, whose reminiscent of the columnar struc-
ture, fibrillary-like morphology, & stabilized through the inter-
molecular interactions, was confirmed by means of scanning
electron microscope (ii) mesomorphic properties, (iii) gets self-
assembled into the columnar hexagonal mesophases as estab-
lished by the differential scanning calorimetry (DSC), polarized
optical microscopy, and small angle X-ray scattering analysis,
(iv) showed long-lasting blue photoluminescence with quantum
yield (33%), and (v) excellent hole transportability with charge
carrier mobility in 10™° cm® V™' s (measured using time-of-
flight transient photocurrent technique). Such compounds
endorse a good scope for the future DTT-based mesogens.

2.7. Liquid crystallinity in DTT-based molecules

Vollbrecht et al. has successfully synthesized two substituted
DTT-based semiconductors 95 via carbon-sulfur cross coupling
reaction and 5-endo-dig-cyclization (Scheme 14).°¢ At high
temperatures, thus made molecules displayed the nematic
liquid crystalline behavior. The spectroscopic studies revealed
that the HOMO-LUMO energy gap of the these versatile
compounds 100 are analogous to the energies of the hole
transporter like N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzi-
dine (TPD). Moreover, these molecules, in thin-film transistors,
exhibited the charge carrier mobilities at 0.03 cm”> V™' s~ " and
0.13 cm® V' 57, Finally, the inverter circuits in single-type
thin-film transistors technology were also implemented by
these authors.

2.8. Utility of DTT-based systems in thin film transistors

In recent years, solution-processable organic semiconductors
has engrossed a tremendous attention of the scientific
community worldwide for the next generation bendable elec-
tronic devices in particular OTFTs & OPVs because of their
unique assets for instance low cost, solution-processability,
light weight, easy fabrication, and compatibility with a large-
scale flexible substrates. In this context, innumerable hetero(-
aromatic) based entities (e.g. thiophene, benzene, & fluorine,
etc.) with proper substitution have successfully been used to

36088 | RSC Adv, 2022, 12, 36073-36102
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nicely design the novel organic semiconductors with high
solution processability and optimal charge transport charac-
teristics. Particularly, solution-processed m-conjugated systems
have surfaced for its handy molecular structure, easy synthesis,
simple purification, decent yields, & minimal batch-to-batch
discrepancy, in comparison to the polymeric counterparts.
Amongst the various versatile moieties for the organic semi-
conductors, DTT is one of the greatly awaited smart materials to
be explored for the OTFTs applications. Bearing the importance
of DTT-based architectures in mind, in 2018, the research group
of Seo constructed and fully characterized the DTT-based
solution-processable OTFTs viz. 103 (2,6-bis(phenylethynyl)
dithieno[3,2-b:2',3"-d]thiophene), 105 (2,6-bis(thiophen-2-yle-
thynyl)dithieno[3,2-b:2’,3"-d]thiophene) besides the investiga-
tion of their optical, thermal & electrochemical properties
(Scheme 15).*” The solution-sheared thin films of these material
demonstrated the p-channel properties as an active layer in
OTFTs and also exhibited the micrometer-sized crystalline fiber
structures. Among the constructed molecules, 103 showed high
hole mobility (0.32 em”> V™' s7"). Complementary-like inverters
were made-up based on the two duplicate ambipolar transistors
- resulting in the moderate voltage gains (up to 16).

Encouraged by the usefulness of the asymmetrically
substituted DTT-based systems,”®*® Seo's research group has
also successfully reported the solution-processable asymmetri-
cally substituted DTT derivatives 109 as depicted in the Scheme
16.'° Diverse physiochemical properties like, decomposition
temperature, maximum absorption wavelength, HOMO/LUMO,
band gap and melting temperature were examined for the
operation as organic semiconductors for thin-film transistors.
In their studies, all the functionalized DTT-based materials
demonstrated the p-channel activity, and the compound 109 (R
= octyl) displayed best performance having the hole mobility of
0.07 cm? V™' 57!, & at ambient conditions, the ratio of current
on/off was greater than 10°. Furthermore, morphology & the
film microstructure displayed the correlation with the corre-
sponding  electrical performance, where terrace-like
morphology & the high film texture provided the high device
performance. On the other hand, in a separate report, the same
group has also revealed the synthesis of symmetrically
substituted DTT-based organic semiconductors 110 & 113 for
thin-film transistors (Scheme 17)."°* It was observed by the
authors that all the molecules displayed good thermal stability
over 290 °C, different side chains of DTT-based systems
provided the different melting temperatures. The energy levels
of the molecular orbitals were not only investigated by means of
theoretical studies but also experimentally as well, and they
found almost same trend. The developed systems were engaged
as active layers for top-contact/bottom-gate OFETs with average
charge carrier mobility 0.10 cm® V™' s™" and the current on/off
ratio greater than 107 at the ambient atmosphere. Importantly
from their studies, the authors observed that DTT derivative
having octyl chain in its structure exhibited the best device
performance and the high device performance may be ascribed
to the large grains & continuous surface coverages besides the
high film texture of the analogous semiconductor films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Synthetic route for the preparation of asymmetric alkyl substituted DTT.
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Scheme 17 Schematic generation of the symmetrically alkyl substituted DTT-based systems.

2.9. Applications of DTT-based expanded porphyrin
architectures

In past few decades, designed and construction of the expanded
porphyrins with large m-conjugation has gained a significant
importance due to their diverse potential applications such as
sensors, sensitizers for PDT, optoelectronic devices, NLO
materials, models for the Hiickel Mobius & Baird aromaticity
etc. And fusion of one or more pyrroles in the extended
porphyrins lead to the macrocyclic systems with rehabilitated
electronic structures. Prompted from the immense potential of
the core-modified expanded porphyrins,'**'** Chandrashekar's
research group has reported the fused porphyrins with DTT as
a bridge (Scheme 18)."* They reported 307 electrons hepta-
phyrin (116) and 347 electrons octaphyrin (119) via a feasible
and effective synthetic strategy.’” Both the systems were
confirmed by means of spectroscopic as well as single crystal X-
ray analysis, and showed the aromatic characteristics in

© 2022 The Author(s). Published by the Royal Society of Chemistry

protonated & free-base forms. Remarkably, on the first time
protonation, in 347 doubly fused octaphyrins, one of the DTT
ring experiences the ring flipping, however flipping of such
large ring was not stated before in literature. Also, two types of
hydrogen bonds were observed in 347 doubly fused octaphyrins
viz. ---H-C (mesityl) and 7t---H-C (thiophene) which gives rise
to self-assembled dimers. With this effective methodology, large
expanded porphyrins can be easily accessed with the suitable
precursors.

In a separate report, the same group has also reported
a novel core reformed nonaphyrins 121 by the means of an
operationally simple yet powerful methodology, displayed in
the Scheme 19.'° Interestingly, the X-ray and spectroscopic
studies displayed a twisted Fig. 8 conformation in its nonaro-
matic as well as free-base arrangements. The protonation of
pyrrole nitrogen provided a structural modification in which the
Fig. 8 conformation changed into an open conformation having

RSC Adv, 2022, 12, 36073-36102 | 36089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05768a

Open Access Article. Published on 22 1444. Downloaded on 23/12/47 06:11:21 .

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

CH,Cl,, TFA, DDQ
Tol—OH ’ HO__Tol 28, 30%
//S Se S\\
L Mes = -~ TOI:'"@
115

\.

CH,Cl,, TFA, DDQ
2h, 3-7%
R F
- F R R
F F

Scheme 18 Design and synthesis of heptaphyrin 116 & octaphyrin 119.

inversion of pyrrole rings (Scheme 19). Notably, dications
(121-2H") displayed 4nm Hiickel antiaromatic character, re-
flected from spectral as well as theoretical studies. This versatile
methodology gives great scope for the study of photophysical
properties and coordination chemistry of non-fused and fused
core modified nonaphyrins.

In the same context, Cha et al. has reported two virtuously
organic non-planar DTT-bridged [34]octaphyrins 122 & 123,
accessing to two altered aromatic formulae as a function of the
oxidation state having competing 267 & 34m-electronic circuits
in their neutral forms (Scheme 19).'” With two-electron oxida-
tion, electronically mixed [4n + 1]/[4n + 1] triplet biradical
entities in the ground state were observed - displaying global
aromaticity according to the Baird's rule. The excellency of this
methodology can be displayed from the fact that it accessed two
distinct dual aromatic molecules via a similar synthetic system

36090 | RSC Adv, 2022, 12, 36073-36102

and directs us to suggest that the conjugated bicyclic species
play a significant role in widening the frontiers of aromaticity
apart from the conceptual limits related to the Mo6bius and
planar Hiickel formulations. The authors have followed the
same synthetic protocol as that of compound 124 and also
compared the studies with the same system 124. On the other
hand, the research groups of Park & Kim has also studied the
alterations in the macrocyclic aromaticity of the expanded
porphyrin 122 by means of 1: 1 Cg, complex formation through
-7 interactions in toluene.'®® From the nucleus independent
chemical shift (NICS) calculations, absorption, emission & NMR
spectroscopy means, the change in macrocyclic aromaticity was
confirmed. Moreover, they exposed that the formation of the
photoinduced charge-separated state & the triplet excited-state
populations of the system can be controlled through a simple
complexation with fullerene (Cgp).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthetic scheme for 407 conjugated core-modified nonaphyrins 121 and chemical structures of 3-D systems 122 & 123 along with

reference compound 124.

2.10. DTT-based mechanochemical chalcogen bonded
cascaded switches

Recently, chalcogen-bonding cascade switching was presented
to yield the vital chemistry tools desirable to image physical
attractions in biological systems. Interestingly, fluorescence
imaging of physical forces is one of the existing contests in
biology which cannot go without any input from chemistry,
thereby planarizable push-pull chromophores were led as
a mechanosensitive fluorescent membrane probe.***** To
advance the flipper probes, Matile's research revealed opera-
tionally simple but cost effective DTT-based fluorescent mech-
anochemical chalcogen bonded cascade switches 125 & 126, as
shown in the Fig. 9.""' In the classic flipper probe, a methyl
group seemed to probably hinder the designed cascade switch.
To avoid such inventions, elimination of the methyl group
required the production of DTTs with distinct substitutions on
the accessible carbons. Importantly, mechanosensitivity of the
designed flipper probe was approximately similar to the original
one. Hence, it can be stated that in flipper probes, the methyl

© 2022 The Author(s). Published by the Royal Society of Chemistry

groups in the switching section are insignificant to function,
though they play a significant role in the twisting section. This
delightful study endorses the concept of chalcogen bonded
cascade switch and eradicates the synthetic technical hitches of
single methyl elimination for future flipper probes
broadenings.

In another report, the same group has effectively revealed the
sulfoximines in the construction of fluorescent probes instead
of sulfides, sulfones or sulfoxides (Fig. 10).*> These vital flippers
127, works as the mechanosensitive probe to image the tension
as well as the order of the membrane. These authors trialed with
the extra substitution of nitrogen atom, creating the differences
in control and performances of the probes. In comparison to
the traditional sulfone substituted flippers, the sulfoximine
flippers absorption spectra were found to be red-shifted,
besides the more intense emission maxima and extended
fluorescence lifetime.

On the other hand, very recently, Afraj et al., has demon-
strated the heteroalkyl substitution effect on the 3,3
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126-Planar

Fig. 9

Mechanochemical chalcogen-bonding cascade switches containing DTT.

127-Planar

\.

R =0, NAc, N-Hexanoyl,
N-P(O)Me,, N-TFA, NMe

Fig. 10 Chemical structures of the twisted and planar forms of the sulfoximine flippers.

diheteroalkyl-2,2"-bithiophene based semiconductors.'** They
have successfully investigated the effects of the chalcogen series
(O/S/Se), and also compared the characteristics of the chalcogen
substituted compounds (128-132) (Fig. 11). Among the
designed compounds, the highest carrier mobility was pre-
sented by the compound 128 (4.01 cm® V' s7'), the maximum
value reported till date for hole transporting materials in the
case of fused thiophene based semiconductors. This incredible
work done exhibited an extended viewpoint on the incorpora-
tion of chalcogen atom(s) in the m-conjugated core structures,
and also showcased the relationship of the structure and
properties for valuable organic semiconductors.

36092 | RSC Adv, 2022, 12, 36073-36102

2.11. DTT as a versatile framework for dye sensitized solar
cells (DSSCs)

Because of the renewable energy harvesting, numerous chief
developments in the design of donor-m-acceptor (D-7-A) dyes
have led to the eye-catching energy conversion efficiencies —
novel materials are making it conceivable to generate the high
power conversion and to produce an alternate power source for
H, from H,O under the sunlight. Remarkably, planning visible
light active photocatalysts for solar energy conversion is being
found to be one of the finest method to report the global energy
glitches. In stark contrast, the DSSCs in the past couple of
decades, have riveted the curiosity of the researchers globally

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1282, R = C14H29
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128c, R= C6H13
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130

Fig. 11 The molecular structures of w-conjugated chalcogen-based semiconductors.
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Fig. 12 Chemical structures of the porphyrin-based DSSC sensitizers 133a—c.

because of their easy device construction, extraordinary PCE,
and low cost etc. Particularly, the porphyrin based versatile
sensitizers are highly efficient in the photocatalytic hydrogen
production and DSSCs. In this regard, Gangadhar et al. revealed
a photocatalytic hydrogen fabrication performance in the
gradual order of 2691, 6641 & 7396 umol g~ h™' by changing
the thiophene (133a) to thienothiophene (133b) to DTT (133c¢)
auxiliaries (Fig. 12)."** Interestingly, by substituting the thio-
phene subunit in 133 with the thienothiophene & DTT,
accomplished the remarkable PCE, 7.05% (133b) & 8.25% (133c)
in DSSCs applications, and their high onset of Q-band absorp-
tion (720-750 nm), resulting in efficient harvesting of the
sunlight. From the DFT calculations, they observed that the
photoexcited intramolecular electron transfer (ET), from
phenothiazine (donor) to cyanoacrylic (acceptor) took place
through the porphyrin macrocyclic system. Finally, they
concluded that this wonderful tactic of molecular engineering
at the D & A fragments led to the competitive outcomes than to
several literature reported sensitizers for both photocatalytic
hydrogen generation as well as DSSC applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry

2.12. Applicability of DTT in aggregation-induced emission
(AIE) active optical materials

Remarkably, geometrical organization of the organic functional
materials in solid state, has an imperative control on their
fluorescence as well as electroluminescence signatures. This
crucial arrangement in the solid state, is dubbed as the
aggregation-induced emission (AIE) which was established by
the Tang et al, and has attracted a great attention of the
researchers worldwide in the several past years. In this line,
tetraphenylethylene (TPE) - possessing excellent AIE property,
is known as a non-emissive chromophore in solution & highly
emissive in solid state because of its twisted structure. On the
other front, thieno[3,2-b]thiophenes (TT), is a rigid electron-rich
framework with an extended m-conjugation, making them
appropriate for fine-tuning the band-gap (low) of organic
functional materials and increasing the intermolecular inter-
actions in the solid state to produce the conjugated low band-
gap organic semiconductors. Importantly, fusing another thio-
phene moiety to TT, deliver the DTT, which is widely used to
form gifted organic materials due to their electron richness,
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136

Fig. 13 The structures of TPE substituted TT & DTT derivatives (134-136) for OLEDs.

rigid, & flat delocalized systems. As organic materials made of
TTs & DTTs demonstrate interesting features in conducting as
well as semiconducting devices, for instance OLEDs, OSCs and
OFETs. Therefore, a handful of such materials have been re-
ported in the literature for diverse applications."® In this
context, the research team of Ozturk revealed the peripherals
TPE substituted TT & DTT derivatives (134-136) for AIE appli-
cations at OLEDs, as shown in the Fig. 13."*¢ The properties of
these handy systems were probed by means of computational &
experimental studies besides the X-ray diffraction & DFT-
optimization. Different substitution positions of the TPE on
substrates, generated the dramatic result on AIE as well as
optical properties. The TT-based systems produced an
outstanding device performance — maximum luminance = 11
620 cd m %, maximum external quantum efficiency = 2.43%,
and a maximum current efficiency = 6.17 cd A~'. The synthe-
sized architectures showed temperature tolerance up to 500 °C,
and this thermal stability is vastly suitable for the fabrication of
OLED devices, and this work may provide an excellent strategy
to further develop the DTT-based electroluminescence
resources in the later generations.

2.13. DTT-based thienoacenes

Vegiraju et al. has demonstrated a simpler yet efficient synthetic
protocol to construct the solution processable small molecular
semiconductors (143) possessing thiophene, TT & DTT in its

36094 | RSC Adv, 2022, 12, 36073-36102

core structure, prepared via a one-pot [1 + 1 + 1] strategy, for
OFETs applications (Scheme 20).""” These authors investigated
the computed electronic framework, electrochemical and
optical properties of thus prepared molecules, and also con-
trasted with the non-thiolated 3,5-dialkyl dithienothiophene
based systems. Notably, the single crystal analysis endorsed the
idea of S---S intramolecular lock structure (S---S) through one
sulfur atom of the alkyl group and another sulfur of thiophene
with a short distance of 3.17 A. This framework not just only
exhibited the structure equivalent to n-thienoacenes but also
supports planarity and extensive m-conjugation. The signifi-
cance of this tactic can be inspected from the high value of
OFET hole mobility (2.6 cm® V™' s7') in comparison to other
reported n-thienoacenes. Moreover, in a separate work, the
same research group has also reported p-type organic semi-
conductors for OFETs applications, based on the core alkyl
substituted tetrathienoacene (TTAR) 144-146 consisting of T,
TT & DTT as the end capped moieties (Fig. 14).'®* Among the
synthesized organic semiconductors 144-146 from the building
block 147, the one end capped with the DTT (146), presented the
best results for OFETs - resulting high hole mobility (0.81 cm?
v~' s7") as well as the molecular interactions in film form.
These workers also commented that it was the highest mobility
found at that time for a solution-processable p-type TTAR-based
molecular semiconductors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Construction of TTAR based semiconductors having T, TT & DTT end groups.

On the other hand, for the application of OFETs, the DTT-
based small molecular semiconductor 153 and 1-insulating
polymer blends 154 were described by Lin et al. (Scheme 21).**°
Electrochemical, thermal, and optical features of these systems
were extensively examined, and compared with the other
similar type architectures. From the single crystal analysis of
155, they observed intramolecular lock between S(thiophene)---
S(alkyl), at a distance of 3.10 A with a planar core structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Remarkably, the system 153 in an OFET device, showed the hole
mobility of 3.19 em®> V' s7' in environmentally friendlier
solvent, namely anisole by means of solution-shearing deposi-
tion technique - the highest reported value for an all-thiophene
based small molecular semiconductor at that time. The reason
for this high value were attributed because of coplanarity of the
core structure, co-facial -7 stacking and extended w-conju-
gation. Moreover, insulating polymer 154 devices and blend

RSC Adv, 2022, 12, 36073-36102 | 36095
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Scheme 21 Synthesis of 153 and the chemical structures of 1-insulating polymer blend 154.

films were also inspected. The morphological analysis divulges
a nanoscopic vertical phase separation with the 154 layer pref-
erentially communicating the dielectric & 153 positioned on top
of stack and the manifestation of greatly textured and con-
nected semiconductor phases for as little as 10% of the semi-
conductor content. The OFET based on the blend containing
50% weight of 153 showed a hole mobility of 2.44 cm*V ' s &
a smaller threshold voltage shift under the gate bias stress. In
comparison to devices with pristine semiconductor film, these
devices displayed greater bias stress stability and storage
capacity. This advanced approach contributes to the solution
processed molecule-insulating polymer blends under eco-
friendly solvent, and also established the correlation between
the electronic response of the stratified corresponding OFETs
and crystalline structure.

In recent years, heteroacenes containing fused five
membered aromatic ring moieties like thienoacenes and S,N-
heteroacenes has drawn a sizeable attention of the scientific
community, as they were found the key building blocks for the
generation of high-performance organic electronic smart
materials and devices. Amongst, a variety of heteroatoms

selenium (Se) has only scarcely been employed into the
aromatic rings, may be due expensiveness of selenophene itself,
and also because of an inadequate number of commercial
availability of its derivatives, hence its chemistry is less explored
and needed to be exploited to the advanced level. To this
context, selenophene-containing heterotriacenes through the
C-Se coupling and/or copper-catalyzed cyclization as key steps
in multistep synthetic approach has fruitfully been reported by
the Schwartz et al. (Scheme 22)"*° In this paper, the authors have
not only prepared the DTT system 2 by an alternative route but
also assembled its Se-substituted tricyclic congeners 155-157.
The single X-ray crystal structure and XRD powder analysis were
employed for their chemical structures determination &
packing motifs establishment. Furthermore, the quantum
chemical calculations provided the deeper knowledge of the
electronic & geometric structures of these systems. These het-
erotriacenes were found to be very stable and nicely soluble in
the organic solvents, thereby their electrochemical, optical, and
thermal properties were determined with ease. From the
comparison of optoelectronic studies, structure-property rela-
tionships (SARs) provided the valuable understandings of the

S Se
/ S\ /Z \ S\ /Z \
) S S S
2 155

X X X
Z/S\/Z\BM‘»Z/S\/Z+-§—’ 7\
X X X X X X

158 159 160 n

X =8, Se

S Se
/ S\ /Z Vo S\ /Z \
Se Se Se Se
156 157

Scheme 22 Structures of S/Se-substituted heterocycles & oxidative polymerization of them.
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Fig. 15 Structures of heptathienoacenes and (un)symmetrical heptathienoacenes.
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Scheme 23 Construction of chelated Fischer carbene complexes.
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role of heteroatoms in thus synthesized heterotriacenes. Lastly,
the electrooxidative polymerization of the triacenes 2 & 155-157
afforded the corresponding polymeric materials 160 (Scheme
22). These conducting polymers were characterized through
spectrochemically as well as electrochemically, and their prop-
erties were also compared to that of non-bridged counterparts.

Basically, balancing as well as controlling the isomeric
position of sulfur atoms in the thienoacenes is crucial tactic to
tune the signatures of the intermolecular interactions and
intramolecular m-conjugation. In this regard, Wang's research
group has reported three unsymmetrical (161-163) and one
symmetrical (164) bull's horn-shaped heptathienoacenes whose
chemical structures are depicted in the Fig. 15.** Synthesis of
these versatile systems were accomplished by means of the
Suzuki-Miyaura cross-coupling reaction and intramolecular
cyclization as key steps. Owing to the presence of intermolec-
ular interactions and/or molecular m-electronic conjugations,
both in solution and crystalline forms, the studies of crystal
analysis, UV-vis absorption spectroscopy, electrostatic potential
measurement, CV and fluorimetry displayed the notable SARs.
The suitable location of sulfur atoms in thienoacenes encour-
ages a new methodology for the construction of high-level
thienoacenes through mutable molecular frameworks created
by the Pd-catalyzed cross-coupling of the distinct low-level
thienoacene moieties (DTT). With the development of novel
molecular networks, thienoacenes will showcase vital applica-
tions in organic photovoltaics, & OFET, etc.
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2.14. Role of DTT-skeleton in chelated carbene complexes

The oligothiophene and its congeners are tempting units which
acts as the spacer-ligand(s) between metal fragments for
impending long distance metal-metal communication. On the
other front, electron rich thiophene donors and strong electron-
poor ‘Fischer carbene’ carbon acceptors showcased in a ‘push-
pull’ manner through a conjugated path is conducive to elec-
tron transfer and polarization practices with a variety of elec-
tronic applications. Bearing the these points in mind,
Lamprecht et al. produced semi-circular and linear chelated
mononuclear bis-carbene as well as binuclear tetracarbenes
having trans-DTT/TT, and cis-DTT/TT insertions (Schemes 23 &
24)."> The synthesized molecules displayed an overall linear
molecular geometry on engaging trans-DTT or TT insertions e.g.
168, 173, 176 & 182, and also the semicircular/bent molecular
geometry were observed with the complexes with cis-DTT
insertions. By means of DFT calculations, and the redox events,
electronic delocalization and the possibility of intramolecular
metal-metal communication were examined. Moreover, the
electronic properties of these systems were also investigated by
CV experimentations and were contrasted with non-chelated
Fischer-type monocarbene compounds. The experimentation
specified that the reduction of chelated carbene compounds
resulted in delocalization of negative charge all over the carbene
carbon atoms. However, the reduction of chelated carbene
compounds is more effortless in comparison to monodentate
carbene compounds. Further, the dissimilarities of electronic
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Scheme 24 Designed synthesis of the chelated carbene complexes.
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Fig. 16 Chemical structures of organic radical semiconductors 183 & 184.

properties of these conjugated chelated compounds were
compared with the chelated carbene compounds without taking
into account the linear conjugated pathway. In the event of
chelated carbene compounds, with linear conjugated inser-
tions, the delocalization of negative charge is all across the
thienylene carbons and adjacent sulfur atoms. Such delocal-
ization of sulfur electrons imparts in the LUMO of the
compounds and results in reduction at the lesser negative site
in comparison to bent non-conjugated with cis-DTT insertions,
where the contribution from sulfur atoms are absent and
generate the radical anions and do not approve a planar
arrangement by a co-planar carbene carbon.

2.15. Applications of DTT-based systems in radical
semiconductors

The organic electronics is recognized as the next generation of
electronics, proposing benefits like solution processability,
flexibility, and low costs etc. And the organic semiconductors
are vital constituents of the organic electronic which are fairly
different from their inorganic counterparts due to their struc-
tural diversities — and allowing to adjust the material properties
by virtue of molecular engineering. On the other hand, organic
radicals are comprehensively explored in the field of magnetic
materials and OFETs, but the devices with organic radical
semiconductors are uncommon because of the instability of
these types of molecules.””"** To produce an efficient strategy
for the stable radical(s) with excellent magnetic as well as
electrical properties, Zhang et al. reported two almost similar
molecular structure based organic radical semiconductors 183
and 184 (Fig. 16).”*® It has been noticed by the authors that 183
behaves in the manner of standard p-type organic semi-
conductor, whereas 184 demonstrates great conductivity, as
a result of an enormous upsurge in the hole density because of
the generation of radicals. Furthermore, they observed that 184
is more stable and the charge density can be reversibly moni-
tored by means of thermal de-doping. These outcomes exhibit
electrical behaviors of the systems, which can be adjusted easily
through the charge transfer complex radicals, and can open-up
new ideas for the construction of emerging devices promoted by
stimulating mediators.

3. Summary and outlook

Owing to the remarkable properties of the conjugated hetero-
cyclic materials, they have become appealing players in various
fields, and growing day-by-day. Among them thiophene-based

© 2022 The Author(s). Published by the Royal Society of Chemistry

architectures in general and DTT-based systems in particular
have revolutionized the area of organic electronics. Herewith,
synthetic strategies, properties, and the interesting applications
of the DTT-based systems in the formation of electronic devices
has been revealed in detailed. In this particular review article,
we have exposed diverse uses of DTT-based molecules viz.
organic photodetectors, dye sensitized solar cells, AIE active
optic materials, planarizable push-pull probes, etc. A wide
range of DTT-based moieties with different substitutions, like,
alkyl chains, aromatic rings, electron-withdrawing groups,
halogens and their contribution in diverse applications have
been discussed. This article highlights the importance of -
conjugated system in the performance of electronic devices,
particularly DTT, who's excellent m-conjugation, reduced band
gap, high charge carrier mobility, etc. makes it an electron rich
vital building block. In the present review article, we have tried
to highlight the versatility, applicability, and the advancements
made in the DTT-based arena from 2015 to till date. Hopefully,
this updated write-up on the DTT scaffold will be very useful to
the readers, and will provide ideas for future work.
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