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In the broad family of heteropentalenes, the combination of two
five-membered heterocyclic rings fused in the [3,2-b] mode has attracted the most
significant attention. The relatively straightforward access to these structures, being
a consequence of the advances in the last two decades, combined with their
physicochemical properties which match the requirements associated with many
applications has led to an explosion of applied research. In this Perspective, we will
discuss the recent progress of heteropentalenes’ usefulness as an active element of
organic light-emitting diodes and organic field-effect transistors. Among the
myriad of possible combinations for the different heteroatoms, thieno[3,2-
b]thiophenes and 1,4-dihydropyrrolo[3,2-b]pyrroles are subject to the most
intense studies. Together they comprise a potent optoelectronics tool resulting
from the combination of appreciable photophysical properties, chemical reactivity,
and straightforward synthesis.

heteropentalenes, optoelectronics, semiconductors, organic photovoltaics, organic field-effect transistors,
pyrrolo[3,2-b]pyrroles

The Perspective will start with a short synthetic overview,
followed by a description of general physicochemical and
photophysical properties followed by a discussion of applied
research in the area. It will not follow any chronological order,
but it will be focused on the last 20 years. Although heteroatoms
such as P, B, and Si were occasionally incorporated into HPs,*

Heteropentalenes (HPs) are a family of aromatic heterocycles
composed of two fused five-membered rings." There are four
distinct modes of fusion (Figure 1) and herein wee will focus
only on the [3,2-b] pattern due to its importance reflected in its

prevalence in the literatlzlre. Other regioisomeric HPs, e.g,, [2,3- we will focus entirely on O, N, S, and Se since they give rise to
b],’u[z’s_{:]’ dand '[b3,3_}b1] ((lizlgure 1), al’;hoggh. very mterlestmg, materials with the most promising optoelectronic properties.
willnot be described here due to space 1m1ta.t10ns. Pyrrolo[3,2- Undoubtedly, derivatives of thieno[3,2-b]thiophene (TT) and
b]pyrrole (PP) strucFurally rel?ted to 1,4-dihydropyrrolo[3,2- DHPPs are by far the most explored HPs, both as parent
blpyrrole (DHPP) will not be .1ncluded as well. Although [3,2- heterocycles and in the fused pattern, and the narrative will drift
b']-ﬁ'lsed HPs 40 not exist in nature, t_hey h'fwe attracte.d toward and focus on these two HPs. Unfortunately, due to space
significant atte.:nt1on during the last decades in relation to or ganic limitations, some interesting results could not be included in this
optoelectronics. There are at least three factors which Perspective including heterotetracenes” and larger structures

distinguish [3,2-b]-heteropentalenes from both their structurally possessing more than two heteroatoms,’ for which we apologize
related regioisomers and indoles (or benzofurans): (1) Since to the respective authors.

they are typically built from electron-rich pyrrole, furan, and
thiophene, they maintain their electron-rich character. Indeed,
in the case of 1,4-dihydropyrrolo[3,2-b]pyrrole, the HOMO is
located at —4.88 eV which makes it more electron-rich than
pyrrole or indole.” (2) They possess high molecular symmetry.
This C,;, symmetry not only facilitates straightforward synthetic
access to m-expanded analogues and makes them appealing

The synthetic methods leading to heteropentalenes could be
divided in two major strategies depending on whether these
heterocycles are 7-expanded (Scheme 1A).” In the case of parent

building blocks in metal—organic framework construction, but March 4, 2022
also affects the molecular packing which in turn has a paramount April 21, 2022
importance in optoelectronic applications. (3) In general, their April 22, 2022

emission intensity is the strongest among regioisomeric HPs. May 10, 2022

The interest in [3,2-b]-HPs was enhanced with the advent of
synthetic methods during the last two decades.
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Figure 1. Structures of heteropentalenes.

systems, the most prevalent synthetic strategies rely on building
the second five-membered ring fused to the one already present
in the substrate’s structure. This is especially viable in the case of
closing the pyrrole ring and thiophene ring.

This approach can be exemplified by the synthesis of 1,4-
dihydropyrrolo[3,2-b]pyrroles (DHPPs) which was discovered
in 1972 by Hemetsberger and Knittel.” In general, this approach
assumes the synthesis of an azido ester (via a Knoevenagel
reaction of ethyl azidoacetate with the corresponding 1-formyl
pyrrole derivative), which upon thermolysis subsequently
cyclizes to provide the DHPP scaffold (Scheme 1A, path I).
Depending on the application, the ester group at the 2-position
can be later modified.” As reported by Driver and co-workers,'
the thermolysis of the azide and C—H amination can be
performed under milder conditions in the presence of rhodium
catalyst.

This is a general method, and it allows the construction of a
pyrrole ring from derivatives of thiophene, furan, or another five-
membered ring, leading, respectively, to thieno[3,2-b]pyrroles
(TPs) and furo[3,2-b]pyrroles (EPs).”

In an analogous manner, all other HPs can be prepared. For
example, thieno[3,2-b]pyrrole (TP), discovered in 1957 by
Snyder and Matteson, was synthesized from pyrrole by its
transformation to a 3-thiocyano derivative, followed by the
cyclization of the latter one and a subsequent reduction step by
using NaBH, (Scheme 1A, general path II)."" Another route to
the same fused bicyclic system is through, as already recalled,
Hemetsberger reaction of the corresponding thienyl azido
acrylate, prepared via a Knoevenagel condensation reaction
between thiophene-2-carboxaldehyde and azidoacetate. As
already disclosed, the ester group at the 2-position can be later
modified depending on the targeted application.”

Another common way to construct second heterocyclic ring
of HPs is acid-promoted, intramolecular Friedel—Crafts
acylation (Scheme 1A, path III)."?
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The above-mentioned methods are also suitable for the
preparation of the multifunctionalized thieno[3,2-b]thiophenes
(TTs)."” Another approach, particularly useful for the synthesis
of symmetrically substituted TTs and benzo-fused TTs, relies on
the simultaneous formation of both thienyl rings."” In the same
manner, the core of selenopheno[3,2-b]selenophene (SS) can
be constructed.

The synthesis of n-expanded diacene-fused HPs, e.g,
benzo[4,5]thieno[3,2-b]indole and benzo[b]benzo[4,5]-
selenopheno[2,3-d]thiophene (Scheme 1C), more or less
follows the same strategies as stated before and relies on the
addition of another ring to the existing heterocyclic core
(Scheme 1C, paths I'* and I1'®). This includes, for example, the
synthesis of $,10-dihydroindolo[3,2-b]indoles via a double
Buchwald—Hartwig amination.'® The third method, dedicated
for the preparation of homoheteroatomic HPs (e.g., DHPP, TT,
or SS), involves simultaneous formation of [3,2-b]-fused
heterocyclic cores (Scheme 1C, path III) as in the case for the
synthesis of TTs.'” Various straightforward methodologies
leading to derivatives and s-expanded analogues of
benzothieno[3,2-b]benzothiophenes include the reaction of
(dichloromethyl)benzene with elemental sulfur, fusion of 2-
chlorobenzaldehyde with NaSH and oxidative fusion of stilbenes
possessing two MeS groups.lSC An analogous reactions with
KSeCN can give rise to benzo[b]benzo[4,5]selenopheno[2,3-
d]selenophenes. Finally, oxidation of benzothieno[3,2-b]-
benzothiophenes with m-CPBA or oxone leads to benzo[b]-
benzo[4,5]thieno[2,3-d]thiophene-5,5,10,10-tetraoxides.

In the field of the most electron-rich heteropentalenes, i.e.,
DHPPs, the real game-changer was the discovery of a
multicomponent reaction of primary aromatic amines, aromatic
aldehydes, and diacetyl that leads to tetraaryldihydropyrrolo-
[3,2-b]pyrroles (TAPPs).'” After a decade-long optimization,
iron(III) perchlorate was identified as the best catalyst in this
reaction (Scheme 1B).'® Under these conditions, a variety of
aromatic aldehydes including derivatives of pyridine, pyrrole,
thiophene, and furan, electron-rich and electron-deficient
benzaldehydes, as well as sterically hindered aldehydes can be
transformed into centrosymmetric TAPPs in yields reaching
77%. Over the past decade, more than 100 various TAPPs were
synthesized following this general strategy and we have also
proven that this reaction can be scaled up to 16 g."”

The potential of this method cannot be underestimated. Since
functional group compatibility is superb, the reaction gives rise
to DHPPs possessing synthetic handles ready for further
transformations. Importantly, all required substituents are
installed at once around the periphery. The combination of
this fact with the presence of highly reactive, electron-rich
positions 3 and 6 prone to electrophilic aromatic substitutions
opens a plethora of structural opportunities (9—17, Figure 2).20
In particular, this was exploited via various ring-closing
reactions. It even turned out to be possible to connect all six
substituents present at positions 1, 2, 3, 4, 5, and 6, creating an
oval-shaped 7-expanded DHPP 17 possessing a bowl shape.”!

As summarized in Scheme 1D, the reactivity of HPs is
analogous to that of the parent electron-rich heterocycles, i.e.,
pyrrole, furan, and thiophene. From a synthetic point of view,
the bromination reaction is particularly useful, and, depending
on the reaction conditions and applied reagents (Br, or NBS),
leads to either 2-bromo-, 2,5-dibromo-, or 2,3,4,5-tetrabromo-
derivatives. In a similar manner, Friedel-Craft alkylation/
acylation and Vilsmeier reactions can occur. The Friedel—Craft
alkylation is particularly useful in the case of expanding the 7-

https://doi.org/10.1021/jacsau.2c00147
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Scheme 1. Summary of Synthetic Strategies Leading to Heteropentalenes
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system via ladderization involving the HP backbone (vide
supra). As for monocyclic congeners, an aromatic electrophilic
substitution at positions 3 and 6 is less preferred; however,
temporal deactivation of positions 2 and 5, for instance, by
lithiation/silylation, allows for their functionalization as well.

Due to their stability, thieno[3,2-b]thiophene and its
derivatives (e.g., 2-carboxylic acid) are commercially available.
As a result, contrary to DHPPs, furo[3,2-b]pyrrole (FPs), or
thieno[3,2-b]pyrrole (TPs), the common approach to afford
multisubstituted TTs relies on simple functionalization of
commercially available precursors to provide suitable building
blocks for further transformations leading to complex 7-
extended molecular systems.

The deprotonation of HPs with organolithium reagents
followed by quenching with an electrophile, e.g., RO-Bpin,
TMSCI, and n-Bu;SnCl, is a common method for the
preparation of 2-substituted or 2,5-disubstituted derivatives.
The use of DMF or chloroformates, as electrophilic species,
leads to formylated or alkoxycarbonylated derivatives, which are
suitable precursors for copolimeric systems connected via a
double bond.

Mono-, di- or tetrabrominated HPs as well as zinc, tin, or
boron congeners are excellent substrates for Suzuki, Negishi,
Stille, and Sonogashira cross-coupling reactions, enabling easy
and rapid construction of structurally diversified #-extended
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G: TMS, COOR, SnR;

molecular systems bearing a HP core. Moreover, as disclosed in
Scheme 1E, depending on the location of the electrophilic
functionalities, either a 2,5- or 3,6-substitution pattern can be
achieved. Furthermore, the different reactivity of 2,5-dibromides
and 3,6-dibromides allows for the regioselective formation of
C—C bonds at C2 and CS§, first, and then introduction of other
functionalities at C3 and Cé6.

It is important to emphasize however that the strongly
electron-donating character of DHPP cores affects the reactivity
of the substituents either directly attached or linked through
biaryl linkages to this scaffold. It was found that the reactivity of
carbonyl groups and bromine atoms is greatly diminished so that
some transformations such as the reduction of carbonyls or the
Sonogashira reaction do not proceed at all.”*

The physicochemical properties of key heteropentalenes are
strongly affected by the nature of the heteroatom(s),””*" as
exemplified by the energies of FMO, and energy of HOMO—
LUMO gaps presented in Figure 32° In principle, their
absorption maxima are located around 250 nm whereas
emission was investigated only in several cases, e.g., Ao, (TT)
=291 nm and A, (PS) = 266 nm.”*"*’ The key criteria that
define efficient optoelectronic materlals involve s-electron

richness, aromaticity, electrical conductivity, dipole moments,

https://doi.org/10.1021/jacsau.2c00147
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Figure 2. Structures of key 7-expanded heteropentalenes, exemplary TAPPs, 7-expanded DHPPs, and TTs.

frontier energy levels, thermal stability, and chemical stability.”” distinguishing thieno[3,2-b]thiophene from regioisomeric TTs
Due to the planarity and large charge carrier mobility, TTs have

is the enhanced ity of formi inoidal structure.
been widely used as electron-donating building blocks for is the enhanced propensity of forming a quinoidal structure
organic photovoltaics (OPVs) (vide infra)."” The key factor This difference combined with z-conjugation is directly
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Figure 3. Calculated HOMO—LUMO energies of the various HP cores at the PBE0/6-31G(d) level (SDD was applied for Se and Te).2

responsible for the small optical gap, which translates to red-
shifted absorption.

FF and DHPP are isoelectronic with TT and are likewise
strong candidates for electronic materials. However, the systems
constructed from these two scaffolds have garnered less
attention even though these materials have demonstrated
promising electronic properties, for instance, in both organic
photovoltaics (OPVs) and organic field-effect transistors
(OFETs).”” Of the previously mentioned fused five-membered
aromatic rings, the electron richness decreases from pyrrole to
furan to thiophene while stability trends in the opposite
direction, as shown in Figure 3. The DFT calculations predict
a high-lying HOMO level for pyrrole compared to furan and
thiophene, indicating a relative instability toward atmospheric
oxygen. The same trend can be found in the case of fused bicyclic
congeners shown in Figure 32423

In general, the poor air stability of pyrroles is considered to be
a serious limitation when investigating and exploiting the
electronic properties of pyrrole-derived materials. Thus, among
the various heteropentalenes presented in Figure 1, DHPPs are
the least studied system due to the disclosed 7-electron excessive
nature that leads to an unstable material. To circumvent this
issue, electron-withdrawing groups can be placed adjacent to
pyrrolic units. Another option would be to install electron-
withdrawing units directly on the core while taking precautions
to not perturb coplanarity.

As mentioned above, nonexpanded HPs have both absorption
and emission located deep in the UV region. The ladder-type
character of m-expanded heteropentalenes determines their
photophysical properties to a large extent (Figure 2, Table 1).
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Table 1. Photophysical Properties of Exemplary 7-Expanded
Heteropentalenes

compd Aaps (nm) Aem (M) (o ref
1“ 360 400 nd® ref 32
2¢ 329 356 nd refs 25, 33
3 403 nd nd refs 15b, 34
4° 380 490 0.95 ref 30
5 344 nd nd refs 11, 22
6" 406 461 0.24 ref 17
7t 465 552 0.70 ref 35
8? 428 nd nd ref 35
9" 480 518 0.72 ref 36
10° 379 465 0.26 ref 37
114 429 486 0.13 ref 20a
12° 322 504 0.13 ref 20b
13° 387 417 0.70 ref 38
147 406 419 0.82 ref 39
15° 502 521 0.78 ref 20c
16° 439 513 0.49 ref 40
17¢ 530 615 0.016 ref 21
18 545 655 nd ref 41
19° 322 488 0.01 ref 42
20“ 548 nd nd ref 43
227 403, 425 444, 468 nd ref 44

“Absorption and fluorescence in CH,Cl,. bAbsorption and
fluorescence in toluene. “Absorption and fluorescence in THF.
dAbsorption and fluorescence in CHCl;. “nd: not determined.

Indolo[3,2-b]indole (1) and dibenzothieno[3,2-b]thiophene
(2) have an absorption still in the ultraviolet region of the
electromagnetic spectrum and a rather weak emission. The same
is true for benzo[b]benzo[4,5]selenopheno[2,3-d]selenophene

https://doi.org/10.1021/jacsau.2c00147
JACS Au 2022, 2, 1290—-1305
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(5). Interestingly, the oxidation of dye 2 to benzo[b]benzo-
[4,5]thieno[2,3-d]thiophene-5,5,10,10-tetraoxide (4) drasti-
cally changes the photophysical properties. Dye 4 becomes
strongly emissive with a large Stokes shift originating from
bathochromically shifted emission.””

One of the heavily studied phenomena of 1,4-dihydropyrrolo-
[3,2-b]pyrroles is the particularly strong electronic communi-
cation effect through positions 2 and 5. In the case of phenyl
substituents, the corresponding dihedral angles are ca. 35° in the
ground state and ~25° in the S, state.”'®*** The combination of
this fact and the strongly electron-rich character of pyrrolo[3,2-
b]pyrrole core leads to the following: if substituents at positions
2 and S are strongly electron-withdrawing, the centrosymmetric,
quadrupolar systems are created with markedly bathochromi-
cally shifted absorption and emission. Recent studies have
revealed that if particularly strong electron-withdrawing groups
are present, the emission maxima of TAPPs reaches 600 nm.”"

In the case of m-expanded DHPPs, the range of skeletons
studied during the past decade is overwhelming which reflects
the availability of the TAPPs possessing suitable synthetic
handles. The fusion of parent chromophores with additional
moieties such as indole (14), quinoline (12), and phosphoxole
(16) leads to skeletons possessing 8, 10, 12, or even 14
conjugated rings with planar or curved geometry. In most cases,
the A, is located at approximately 400—500 nm and emission is
moderately bathochromically shifted which leads to rather small
Stokes shifts (Table 1). Emission intensity depends on the
particular heteroatoms involved in N-doping. The general trend
is that with carbon-only analogues the @ is in the range of 0.1—
0.2 whereas it is considerably stronger when a B—N bond is
present as an isostere of C=C (dye 13) and even strong when N
— B dative bonds are present (structure 15).

The extensive photophysical studies on TAPPs led to two
important discoveries. TAPP 7, possessing two 4-nitrophenyl
substituents at positions 2 and S, has almost quantitative
fluorescence quantum yield in cyclohexane.” This observation
initiated extensive studies which revealed the crucial importance
of the molecular geometry of the nitroaromatics for making
them fluoresce. The planarity of the structures (TAPP 9)
ensures a spatial overlap between the orbitals carrying the
positive charge of the oxidized donor (pyrrolopyrrolo core) and
the negative charge of the reduced acceptor (nitrophenyl
substituent) even for polarized CT states. Such orbital overlap,
indeed, translates to large radiative decay rates and strong
fluorescence, while the CT character of the excited states
reduces the propensity for intersystem crossing (ISC) leading to
triplet formation. Torsional degrees of freedom allow con-
formations with orthogonality between the rings of the donor
and the acceptor breaking the delocalization of the frontier
orbitals and diminishing orbital overlap. Therefore, such twisted
intramolecular charge-transfer (TICT) excited states are dark.
Furthermore, the orthogonal geometry of the TICT states
enhances ISC. Solvent polarity stabilizes such TICT states with
relatively well separated charges localized on the donor and the
acceptor. The steric hindrance between the NO, groups and the
pyrrolopyrrole maintains orthogonality in the 2-nitrophenyl
TAPP 8, which is consistent with the lack of detectable
fluorescence and the sub-picosecond excited-state lifetimes.*
These paradigms bring us closer to electron-deficient nitro-
aromatics that, in addition to their characteristics as n-type
conjugates, also have attractive optical properties.*®

The second disclosure originated from the extensive study of
excited-state symmetry-breaking (ES-SB) by Vauthey and co-
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workers, focused predominantly on TAPP 6.*” Detailed
understanding of this photophysical phenomenon requires the
ability to monitor it in real time. The monitoring of the CN
stretching modes on the acceptor units using ultrafast time-
resolved infrared spectroscopy enables ES-SB to be visualized.
The presence of two CN bands in polar solvents points to ES-SB
occurring within ca. 100 fs. On the contrary, in apolar solvents,
the S, state remains symmetric and quadrupolar as shown by the
presence of one band. In protic solvents, H-bonding interactions
significantly amplify ES-SB. These studies led Ivanov to propose
the new model for ES-SB.*

Interestingly, some TAPPs possessing electron-withdrawing
groups attached to positions 1 and 4 display aggregation-
induced emission (AIE).*”** The authors claim that the
restricted intramolecular rotation (RIR) is the key mechanism
responsible for the AIE character displayed by TAPP 19. It was
also found that the temperature and solvent polarity modulate
both RIR and TICT processes in 19. The strong polarization of
A-D-A type TAPDPs is reflected also in their relatively large two-
photon absorption cross-section (c,). Given that TAPP 6
contains multiple biaryl linkages, 6, = 600 GM represents one
the highest values in this type of dyes."

A vast number of HP derivatives, particularly TPs, FPs, as well as
TTs, have found application as medicines or pesticides.’’
However, their key applications are in the electronic domain of
conducting polymers, liquid and clathrate crystals, organic
conductors or superconductors, photosensitive receptors,
materials for optoelectronics (nonlinear optical chromophores),
and dyes.”"

The backbone conformation of the conjugated polymer
backbones directly influences the electronic coupling which
determines the optoelectronic properties.

The charge transfer is mainly composed of an intrachain and
an interchain charge transport. The first mode is directly
determined by the z-orbital overlap along the condensed ring
backbone.””>® The rigid coplanar conformation of the
conjugated molecular system backbone could promote, which
are advantageous to.

There are two key factors making a rigid coplanar backbone to
be crucial to the efficient charge transfer of m-expanded
molecular systems. Predominantly the intrachain charge transfer
is accelerated as a result of the z-orbital coupling, leading to long
carrier delocalization length and low band gap. This is reinforced
by facilitated interchain charge transport™* resulting from strong
7—r interactions between polymers chains which also originates
from the extended z-plane.

To improve the rigidity and coplanarity of s-expanded
molecular systems, considerable strategies have been developed
based on molecular design. According to the linking type
between the building blocks, these rigid coplanar molecular
systems can be divided into three categories: (1) noncovalent
interactions locked materials, (2) double-bond linked materials
via quinonoid form, instead of the free-rotational single-bonds
linked building blocks, and (3) fully conjugated ladder-type
molecular systems.

The coplanar conformation can be enforced by introducing
noncovalent interactions into the semiconducting molecular
system.” Noncovalent interactions (Figure 4A), including
hydrogen bonds, coordinative interactions, and “sulfur bonds,”
refer to the interactions between two functional groups bound
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solely by electronic multipole—electric multipole attraction and
repulsion.

These approaches to provide planarity along molecular
systems has been also applied for the 7-expanded HP backbones.
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For example, electrochemical and optical investigations of TT-
based conjusgated molecules 23 and 24 reported by Skabara and
co-workers,”® provided the repeating band gaps as 2.21 and 3.01
eV for 24 and 2.45 and 3.14 eV for 24. As indicated, the reason
was the twisted conformation observed for the 34-ethyl-
enedithiothiophene in molecule 23, while in the case of 24
noncovalent S---O interactions resulted in a planar conformation
and hence a high degree of conjugation length (Figure 4A).
Thus, the hole mobilities for 24 and 23 differed (4.0 and 1.5 X
107> cm?/(V s), respectively). A similar phenomenon was
observed by Frére et al,”” who investigated the properties of
molecule 25. Here, also the S---O intramolecular interactions
along with a rigid TT unit led to a planar conformation.
Moreover, Skabara et al.>® and others®* unveiled that also the
S--N intramolecular interactions can provide the molecule with
a more rigid structure.

Semiconducting and optoelectronic materials bearing HP-
based quinoidal building blocks provide rigidity and coplanarity
to the molecular scaffold and are an emerging class of materials
(Figure 4B).59 In contrast to their aromatic counterparts,
quinoids show significant bond length alternations that break
aromaticity and therefore reduce the HOMO—LUMO gap that
potentially enables the injection of both electrons and holes. The
different chemical reactivities and low-energy and low-symmetry
spectroscopic features guarantee new functionalities. For small-
molecule semiconductors, this structure enjoys widespread use
in n-type materials because of the ease of electron injection
leveraging the combined contribution of small energy gap and
low-lying LUMO energy levels.

Typical examples are semiconducting polymers based on
oxindole-capped quinoids. Reichmanis and co-workers®’
prepared the quinoidal TT-based building block (IN-qTT)
through a two-step sequence involving organolithium-mediated
addition and SnCl,-mediated reduction. In contrast to
thiophene and bithiophene counterparts, a quinoidal-TT spacer
leverages its innate symmetric molecular geometry and reduced
configurational disorder to build a polymer backbone. The
centrosymmetric geometry of IN-qTT was confirmed by
NOESY experiments. This compound was copolymerized with
the TT monomer to introduce both quinoidal and aromatic
substructures. Bond length alternation in the quinoidal structure
is a typical feature proven by theoretical modeling. This
alternation motif resulted in a lowered HOMO—-LUMO gap
and a different frontier orbital distribution in comparison with
that of the isoindigo-based polymers. The thin film transistor
based on the IN-qTT-TT copolymer showed a hole mobility of
0.13 cm?/(V s), which was slightly lower than that of the
isoindigo-TT counterpart. This result implies a gap-narrowing
strategy by the insertion of qTTs and expands the chemical
space of thienoquinoid-embedded materials for organic
electronics.

An extension of the quinoid form enhances rigidity and
planarity of semiconductors and optoelectronics and is of use in
heteroquinoids, such as pyrrolo[3,2-b]pyrrole-2,5-dione and
thieno[3,2-b]thiophene-2,5-dione. The introduction of heter-
oatoms to quinoid frameworks polarizes the bonds for enhanced
electronic effects and chromophoric matters. The unpaired
electrons from nitrogen or sulfur atoms directly conjugate into
the z-system to afford an isoelectronic structure similar to an
aromatic sextet. These molecules can be substituted at the 3- and
6-positions to build a backbone, in which the conjugation
pathway resembles a butadiene in a fused mode. The carbonyl
groups offer moderate-to-high electron-accepting capacities,
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together with a polarized structure, to fine-tune the frontier
orbital energies. In this context, these moieties are promising
candgi;iates for electron-acceptors in polymeric semiconduc-
tors.”

The third approach to provide rigidity and coplanarity of
heteropentalenes is conjugated ladderization (Figure 4C),>*"
the z-system is expanded via cyclization of the backbone to
enhance s-orbital overlap along the entire molecule. The
methods of cyclization can be divided into three groups: (1)
double-functional-group cyclization, efficient cyclization be-
tween two preinstalled functional groups on neighboring
aromatic rings (e.g., via olefin metathesis®’ or Schiff base
condensation;*>*% (2) single-functional-group cyclization,
mainly via electrophilic aromatic substitution with a preinstalled
functional grouép to the neighboring aromatic ring, like Friedel—
Crafts reaction®”** or acid-mediated alkyne cyclization;***” (3)
zero-functional-group cyclization, i.e., oxidative coupling
between two neighboring aromatic rings via Scholl reaction.*®

Due to their properties, multisubstituted TTs as well as their
condensed analogues are key structural elements of dyes for
optoelectronic purposes. An another way to reduce HOMO—
LUMO gaps in heteropentalenes is to expand the 7-system by
adjusting additional aromatic rings to provide diacene-fused
HPs. For example, Takimiya and co-workers reported the
synthesis and evaluation of electronic properties of diacene-
fussed TT, i.e., benzothieno[3,2-b]benzothiophene (BTBT,
3),% dinaphto[2,3-b:2",3'-f ]thieno[3,2-b]thiophene (DNTT,
4),"5%% and dianthra[2,3-b:2,3'-f] thieno[3,2-b]thiophene
(DATT) "% (Figure 5). These m-extended molecular frame-
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Figure S. Calculated FMO energies of 2 (BTBT), 3 (DNTT), and
DATT at the DFT B3LYP/6-31g(d) level of theory. Reproduced from
ref 15e. Copyright 2011 American Chemical Society.

works are quite useful for the development of high-performance
OFETs and their integrated devices and circuits.”” As shown in
Figure S, an expansion of the 7-system results in a decrease of the
HOMO-LUMO gap. It also changes the absorption properties:
BTBT is a white solid, whereas DNTT and DATT are yellow
and red, respectively. As a result, the parent DNTT- and DATT-
based OFETSs show mobilities as high as 3.1 cm?/(V s) for thin
film transistors'>“**® and 8.3 cm?/(V s) on single crystals.””
Furthermore, alkylated DNTT derivatives show much enhanced
mobilities in vapor-deposited thin film transistors (up to 7.9
em?/(V s))”" and solution-processed single-crystalline film
transistors (up to 12 cm?/(V s)).”' Notably, although the
DNTT and DATT core has a highly 7-extended acene structure
consisting of six and eight fused aromatic rings, these molecules
are very stable due to the TT moiety embedded in the middle of
two naphthalenes or anthracenes.”’ Geerts and co-workers’>
found out that the molecular packing strongly influences two
factors governing the charge transport, ie, the ionization
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potential and transfer integrals. The highest interfacial mobility
of 1.7 X 10* cm?/(V s) was measured for 2,7-didodecyl-
benzothieno[3,2-b]benzothiophene. Indeed, the molecular
arrangement in a crystal lattice and the crystallinity are
considered to be two key factors deciding the carrier mobility.
Using a novel off-center spin-coating method, Bao and co-
workers’” were able to form the highly aligned films from 2,7-
dioctylbenzothieno[3,2-b]benzothiophene and polystyrene.
This resulted in one of the highest thin film transistor hole
mobilities for all organic molecules with 25 cm?®/(V s).

The physicochemical and optoelectronic properties of HPs
and their derivatives are also influenced by the type of
heteroatoms present in the [3,2-b]-fused core. For example,
Hong and co-workers'** synthesized two green TADF emitters,
26 and 27, bearing benzofuro[3,2-b]indole and benzo[4,5]-
thieno[3,2-b]indole, respectively, as donors and an aryltriazine
acceptor and studied the effect of the heteroatom in the donor
scaffold on the photophysical and electroluminescence proper-
ties (Figure 6). Due to the different electronegativity values, the

— donor — — donor —
) ()
w - Ph Ph
- N N:<N \N N:<N
\ \
N4 N4
NC Ph NC Ph

EQE = 6.4%
(26)

— acceptor — — acceptor —

EQE = 15.2%
(27)

Figure 6. Effect of heteroatom (O or S) replacement in the donor
scaffold on the physicochemical and electroluminescence properties of
TDAF emitters.'*

replacement of O by S, caused the change of donor properties,
which resulted in the modulation of a singlet—triplet energy
splitting (AEgr) value and, as a consequence, thermally
activated delayed fluorescence (TADF) mechanism of the
compounds. The thiophene-based donor was advantageous in
obtaining small AEg; and high reverse intersystem crossing
constant values (Kgsc), a strong delayed fluorescence
component, and superior upconversion efficiency when
compared with its furan congener. Notably, small AEg; values
and efficient RISC are key parameters in the design of efficient
TADF emitters. Therefore, the device containing 27 exhibited
superior performance with an external quantum efliciency value
of 15.2% that was more than 2 times higher than that for 26.

Stefan and co-workers’* prepared D-A-D type organic
semiconducting small molecules 28 and evaluated their activity
in the organic field-effect transistor (OFET) performances
(Figure 7). The FP containing molecule 28b showed an
enhanced absorption toward NIR I and NIR II regions. Both
molecules had similar HOMO levels, but compound 28b
possessed a low lying LUMO level to realize a low band gap
semiconductor. Molecule 28a, containing TP units, exhibited
moderate hole mobilities (107> cm?/(V s)) irrespective of the
annealing temperature. In contrast, its congener 28b bearing FP
was completely inactive in field-effect transistors.

The intermolecular Se—Se interactions are stronger than S—S
ones, which is a key factor behind improving distinct solid-state
organization and, therefore, charge carrier mobilities.”> There
are two pivotal reasons for that. Firstly, since the lone pairs on
selenium atoms do not contribute to the aromaticity of the 7-

https://doi.org/10.1021/jacsau.2c00147
JACS Au 2022, 2, 1290—-1305


https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00147?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

28a0S AE(HOMO-LUMO) =242eV (EHOMO =-4.98 ev) OFET active
28bO O AEomo-Lumo) = 1.96 eV (Erowo = -4.93 V) OFET inactive

Figure 7. Effect of heteroatom (O or S) replacement in the donor
scaffold on the OFET properties of D-A-D type semiconductors.”*

conjugated system as much as the sulfur does, their interaction is
stronger. Additionally, the aromaticity of selenophene is reduced
which in turn narrows its band gap. This is related to its higher
quinoid resonance character in the ground state which is a direct
consequence of the looser electron cloud delocalization around
the more polarizable selenium atom.”>’® Earlier, Liao and co-
workers®””” reported that the introduction of selenium into the
molecular framework of nonfullerene acceptors (NFA) gave
PCEs of >8%. The best performance to date for binary organic
solar cells based on selenophene-incorporated NFAs was
revealed by Hou et al. Incorporation of a selenopheno[3,2-
b]thiophene unit into A-D-A type NFA resulted in PCE =
13.3%.”° Recently, Jen and co-workers’® showed that the
specific location of Se atoms in NFA not only affects the optical
and electrochemical properties but also changes the morphology
of thin films. An explanation of this feature is the presence of an
extra Se—O interaction that further stabilizes the system (Figure

8).

X: Se, Y: 8, PCE 13.05%

F JSCT XS, Y: Se. PCE 12.33%

Figure 8. Influence of the location of the Se atom on PCE.””

Recently, Wang and co-workers®’ reported the synthesis and
physicochemical studies of symmetric or dissymmetric A-DA’D-
A type nonfullerene small molecular acceptors bearing different
numbers of selenophene units (Figure 9). The authors proposed
anew strategy to improve J,. and fill factor without sacrificing V.
via the combination of a dissymmetric core and precise
replacement of the selenophene on the central core. This
approach led to a spectacular result, namely, a A-WSSe-Cl-based
device with a PCE of 17.5%, which is the highest value for
selenophene-based NF-SMAs in binary polymer solar cells. Of
note, within the family of dyes, an increase in electron mobility
and crystallinity in neat thin films was observed while moving
from S-YSS-Cl to A-WSSe-Cl and to SWSeSe-Cl. Authors
attributed the best performance of A-WSSe-Cl and S-WSeSe-Cl
(compared to the thiophene-based S-YSS-Cl) to stronger and
tighter intermolecular 7—7 stacking interactions as well as to an
extra S---N noncovalent intermolecular interactions from the
central benzothiadiazole. Another key factor which was
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identified is better ordered 3D interpenetrating charge-transfer
networks.

In recent years, the promising class of glycolated semi-
conducting materials, including copolymers of TT, has
dominated the field of or§anic electrochemical transistor
(OECT) channel materials.”’ Such glycol chain decorated
semiconducting polymers mirror previous conjugated polyelec-
trolyte materials in that the electronic charge transport occurs
along the z-conjugated backbone while ion transport is
facilitated by the hydrophilic glycol side chains.** Use of the
thieno[3,2-b]thiophene unit as one of the monomers, instead of
the commonly used bithiophene, leads to negligible changes in
the optoelectronic properties of the resulting copolymers which
however possess improved hole mobility due to the ri%idity of
the TT moiety causing shorter 7—7 stacking distances.”*

Dye-sensitized solar cells (DSSCs)”' have attracted much
attention in the past couple of decades due to their ability to
efficiently convert solar energy to electricity at a low cost being a
promising solution for the energy crisis. Most of the metal-free
organic sensitizers employed in DSSCs consist of an electron
donor and an acceptor connected by a z-conjugated linker, thus
presenting wide possibilities for structural modification.” In
such dye systems, triarylamine and cyanoacrylic acid, or another
electron-withdrawing moiety, are widely employed as donor and
acceptor units, respectively, and various z-conjugated linkers are
used to bridge the donor and acceptor units to create a diverse
range of D—z—A dyes for DSSCs.*’ The z-spacer plays an
important role in tuning the molecular band gap, while
electronic and steric factors also have strong impacts on device
performance. Due to their properties, multisubstituted hetero-
pentalenes, as well as their condensed analogues are key
structural elements of dyes for optoelectronic purposes.

One of the perspective devices toward near-zero energy
consumption buildings are luminescent solar concentrators
(LSCs). Beverina and co-workers® proposed the utilization of
m-expanded SOSO derivatives in this regard. Optical power
efficiency as high as 3% was obtained with dye 4, which
corresponds to an optical quantum efficiency of 54%. The
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marked advantages of benzo[b]benzo[4,5]thieno[2,3-d]-
thiophene-5,5,10,10-tetraoxide 4 are its high thermal, chemical,
and photochemical stability and a green synthetic method. This
strategy follows an approach originally proposed by Barbarella et
al. who demonstrated that oxidation of sulfur atoms in
oligothiophenes turns them from a p-type semiconductor into
an n-type semiconductor.”*

TAPPs were also investigated as donors in bulk hetero-
junction solar cells. Strongly polarized dye 18 was measured in a
blend with C70. The performance however was rather poor
mostly due to the overall low charge mobility measured for holes
(107 cm?/(V's)).*' Subsequently, the more complex TAPP 20
(Figure 2) was investigated as a photosensitizer in DSSCs.*’ The
quadrupolar TAPP 21 was prepared as a nonfullerene acceptor
in bulk heterojunction organic solar cells. It was revealed that
dye 21 has a high stability, adequate energy level, high carrier
mobility, good solubility and film formation, which makes it a
potential acceptor material in organic solar cell devices.”” In
2016, TAPPs were successfully investigated as a light-emitting
layer in OLEDs.*

A new type of heteropentalenes’-based functional dyes
bearing T'T core have been reported by Wong and co-workers.*”
D—n—A—type molecules DTCPTT, DTCPTT-2CN,
DTDCPTT, and DTDCPTT-2CN exhibit strong ICT
absorption in the visible light region (Figure 10). The combined
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Figure 10. Moderation of an electron-withdrawing nature of acceptor
unit in D-7—A compounds reported by Wang and co-workers.®”

effect of increasing the electron-withdrawing ability of the
central (TT to TT-2CN) and terminal end group (CN to DCV)
led to bathochromic shift in ICT absorption maxima and
significantly lowered LUMO energy levels. Due to their
preferred characteristics, namely, high decomposition temper-
atures together with the appropriate energy level alignment with
C,0 DTDCPTT and DTDCPTT-2CN were chosen as electron
donors for vacuum-deposited OPVs. The study has revealed that
DTDCPTT- and DTDCPTT-2CN-based devices exhibit
excellent indoor photovoltaic (IPV) characteristics. Under 500
Ix of TLD-840 fluorescent lamp illumination, the DTDCPTT-
based device exhibits the highest PCE, up to 16.9%. Of note, the
DTDCPTT-based device is particularly photostable, retaining
about 90% of the initial PCE after 465 h, indicating prospects for
both efficient and stable IPVs.

Recently, joint groups of Wang and Gritzel*® reported a stable
blue polyaromatic hydrocarbon dye R6 involving TT-based core
(Figure 11). This dye displayed a brilliant sapphire color in a
sensitized TiO, mesoporous film with Co™™!/tris(bipyridyl)-
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Figure 11. Color palette of photosensitizers achieved by molecular
tailoring. (a) Chemical structures of R4 and R6. (b) Spectra of dye
molecules in THF (10 u#M). (c) Images of dye-sensitized TiO, films
(size: 8.5 cm X 1.3 cm). (d) Image of a DSC based on the Ré6-sensitized
nanocrystalline TiO, film with a Co(II/III) tris(bipyridyl)-based
electrolyte. Reproduced from ref 88. Copyright 2018 American
Chemical Society.

based redox electrolyte. As authors disclosed, the R6-based dye-
sensitized solar cell (DSC) showed an extraordinary power
conversion efficiency (PCE) of 12.6% under full sunlight, which
is so far the best performance for all blue DCS dyes. Since the
R6-based cell displayed high photostability, this material can be
regarded as a promising dye in the DCS color palette with potent
application in sunroofs and BIPV windows. Notably, the close
analogue of R6, based on the bithiophene core (R4), has a
purple color and displays a PCE of 11.1%.

The chemical structure is a key factor that determines the
optoelectronic properties of organic electronic materials
including heteropentalene-based ones. There is however
another important factor which has to be considered, the crystal
packing.” In contrast to a solution, where molecules of organic
electronics are surrounded by solvent molecules, in the solid
state the molecules are close to each other, resulting in a direct
overlap of the molecular orbitals of neighboring molecules via
moderately weak noncovalent interactions such as hydrogen
bonds, 7—7 stacking, and van der Waals forces, among others.”®
The formation of different aggregates and arrangements is
strongly dependent on the individual molecular structures.”” In
general, coplanar conjugated molecular structures with
effectively extended 7-conjugation are favorable for condensed
molecular packing which translates to strong intermolecular
electronic couplings and large transfer integrals. Not surpris-
ingly, not only an efficient carrier mobility but also a very weak
emission efficiency are observed for such dyes. An opposite
strategy is beneficial for strong fluorescence. Indeed, in the case
of non-coplanar conjugated molecules with bulky substituents
and rotating ability, the intermolecular distances become large,
resulting in weak intermolecular interactions. Unfortunately,
this scenario is unfavorable for efficient charge transport in the
solid state, thus giving a rather low carrier mobility.

Matzger and co-workers’" investigated these phenomena in
detail by an inspection of X-ray diffraction of TT-based
oligomers 29—33 (Figure 12) along with TDDFT calculations
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Figure 12. (A—C) Herringbone packed dimer (1) and packing motif
(2) of compounds 29—31. (D) Herringbone packed dimer (1), slipped
n-stacked dimer (2), and packing motif (3) of compound 32. (E) 7-
Stacked dimer and packing motif (2) of compound 33. Reproduced
from ref 91. Copyright 2006 American Chemical Society.

probing the electronic transitions of isolated and closely
interacting molecules. It was found that the herringbone packing
of 29—31 causes the formation of H-aggregates and leads to a
corresponding blue-shift in the solid-state absorption spectra
(Figure 12A—C). The same aggregation type can be also found
for other benzo-fused TTs, such as BTBT, DNTT, and DATT
(see Figures 3 and 5).""** For oligomer 32, the solid-state
spectrum is broadened and contains red-shifted features because
the interacting molecules form both H- and J-aggregates in the
solid state caused by herringbone and slipped 7— interactions,
respectively (Figure 12D). The fully fused oligomer 33 displays
a relatively small blue-shift in its solid-state spectrum and adopts
a 7-stacked packing motif (Figure 12E). The ability to form the
different H-, J- and X-aggregate arrangements results in
displaying various electrical and optical properties depending
on the exciton and splitting energy of such materials.”” The
hypsochromic shift of absorbance in the solid state along with a
low radiative constant (k,) (with the respect to solution) is
typical for H-aggregates. On the other hand, J-aggregate
absorbance exhibits a red-shift (bathochromic) and a high k..
As a result, the formation of H-aggregates often causes
quenching in the solid state due to the strong z-overlap,
whereas for J-aggregate or herringbone packing the m-overlap
decreases and thus @ increases.”*”° A valuable strategy to
achieve good mobility and strong emission in crystalline state is
either to combine these two modes of assembly (i.e., J-aggregate
and a herringbone packing) or to use the X-aggregates which
reduces the 7-overlap but maintains the planarity.'>”°

The intense emission of TAPPs suggests another space for
their exploration in fluorescence imaging. The quaternization of
DHPPs possessing pyridyl substituents at positions 2 and $§
afforded the double quaternary salts, possessing reasonable
water solubility and moderately intense green fluorescence in
polar solvents and PBS buffer. These dyes penetrate the
membrane of HeLa cells and localize inside in a nonspecific
manner. Further experiments have proven that bright
fluorescent images can also be obtained under two-photon
excitation at 760 nm.”
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In conclusion, the rise of optoelectronics has turned scientists’
attention toward heteropentalenes. The combination of superb
physicochemical features and straightforward synthesis has
contributed to the increase in their popularity in various research
applications, as it makes them an ideal platform for many
photonics-oriented challenges of modern technology-driven
society. The generality of synthetic approaches combined with
stability and/or electron-richness has made thieno[3,2-b]-
thiophenes and 1,4-dihydropyrrolo[3,2-b]pyrroles the work-
horses of this area.

From a preparative point of view, the following strategies
prevail: (a) Simultaneous formation of [3,2-b]-fused hetero-
cyclic core in 7-expanded architectures; (b) Hemetsberger—
Kanittel reaction; (c) multicomponent condensation leading to
tetraaryl-1,4-dihydropyrrolo[3,2-b]pyrroles. Future break-
throughs in this aspect are expected to simplify the synthetic
access to larger, fused heteropentalenes.

Although the progress in molecular design, engineering, and
processing of heteropentalene-based small molecule organic
semiconductors (OSCs) has been tremendous, only a selected
few have reached field-effect mobilities higher than 10 cm?/ (v
s), typically with single-crystal devices. The research focusing on
benzothieno[3,2-b]benzothiophenes has demonstrated that
they have appropriate HOMO spatial distributions for effective
intramolecular overlap and hence lead to OFETs with high
mobilities. As far as OFET materials are concerned, in
comparison with derivatives of pentacene or rubrene (which
holds the record of the highest carrier mobility 20—40 cm?/(V
s)), m-expanded thieno[3,2-b]thiophenes are slightly less
effective. The pivotal factor however is that, in contrast to
acenes, the chemical stability of HPs is excellent. Their carrier
mobility is comparable with that of polycrystalline tetrathia-
fulvalene, larger than that of semiconducting polymers,”* and
much larger than that of regioisomeric thieno[3,4-b]-
thiophenes.” They also favorably compare with competing
materials as far as the ON/OFF voltage is concerned.

We envision that the next stage of heteropentalene develop-
ment will be focused mostly on organic field-effect transistors
and organic light-emitting diodes. Indeed, applications such as
flat-panel display back panels and sensor arrays provide ample
motivation to focus on organic semiconductors with higher
carrier mobility and better transparency. However, a lot of
research is still required to reach this goal. As far as OFETs are
concerned, the research will focus on achieving breakthroughs in
the enhancement of mobility and improving the environmental
robustness. The exploration of HPs possessing two SO, units, as
well as based on selenophenes, point toward a new direction in
the area, especially benzo[b]benzo[4,5]thieno[2,3-d]-
thiophene-§,5,10,10-tetraoxides, which combine stability, large
fluorescence quantum yields, and large Stokes shifts. Another
important direction is in-depth analysis of factors such as the
exciton binding energies, defect states, charge carrier mobilities,
and excited state properties, which are pivotal for the device
functions. In spite of the fact that many D—A combinations have
been reported in recent years for various OPV-related
applications, the potential of the DHPP as the most electron-
rich small aromatic heterocycle has not been yet fully realized.
This will be, in our opinion, one of the most promising
directions of future research. Although thus far the exploration
of m-expanded heteropentalenes was almost exclusively driven
by synthetic accessibility, this picture will be plausibly very
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different in the near future. The combined effects of reaching
synthetic maturity, advances in computational methods, and
strong driving force behind organic optoelectronics will favor
the theory-driven research activities.

The extensive exploration of [3,2-b]-type heteropentalenes
has made a broad impact surpassing the applied research related
to optoelectronics. They have also contributed, for example, to
the understanding of ES-SB and the rise in popularity of
fluorescence of nitro-aromatics as a research topic. In the near
future, both structures and applications of heteropentalenes will
be limited only by our imagination.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00147.
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