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Introduction

Cross-conjugated isothianaphthene quinoids:
a versatile strategy for controlling electronic
structuresf

Keitaro Yamamoto,®® Sergio Moles Quintero,® Seihou Jinnai, {2 ° Eunjeong Jeong,®
Kyohei Matsuo, (229 Mitsuharu Suzuki,® Hiroko Yamada, (2 ¢ Juan Casado (2 *© and
Yutaka le @ *3f

The elucidation of new structure—property relationships in m-conjugated molecules bearing quinoidal
moieties is of relevance because of their use in organic electronics applications and their traditional
assimilation as models of doped conducting polymers. Quinoidal oligothiophenes are ground state
electronic hybrids between closed-shell Kekulé quinoidal and open-shell aromatic diradicaloid forms.
The prominent contribution of the diradical character in longer oligomers beyond thiophene 4-mers
results in a low stability, thereby limiting the ability to tune their properties. Thus, the control of these
quinoidal/aromatic contributions is an important prerequisite to develop long quinoidal oligothiophenes.
To address this problem, a series of quinoidal pentathiophenes with benzene-annelated isothiana-
phthene units were designed and successfully synthesized as stable structures. Combined molecular
spectroscopies and theoretical modelling indicated that cross-conjugation appears upon the intro-
duction of multiple benzene-annelated units, and that the number and position of the benzene-
annelated units have a significant influence on the quinoidal/aromatic/cross-conjugated electronic
structures. The newly developed quinoidal pentathiophenes functioned as organic semiconducting
materials in transistor and near infrared phototransistor devices. This study demonstrates that
modification of the cross-conjugated quinoidal structure is a promising strategy for fine-tuning
electronic structures in m-extended quinoidal systems, which could help us to understand unique
n-electronic features and to develop novel organic electronic materials.

to organic semiconducting materials in organic electronics
such as organic light-emitting diodes, organic field-effect

Considerable progress has been achieved in the development of ~ transistors (OFETs), and organic solar cells (OSCs).’ Recently,
n-conjugated oligomers and polymers for possible applications growing efforts have been devoted to the development of
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n-conjugated systems with extended m-conjugation to acquire
narrow energy gaps and red-shifted absorption, which has
enabled the application of such systems in new electronic
devices, such as near infrared (NIR)-type OSCs, photodetectors,

. . 4,5
b Tokyo Metropolitan Industrial Technology Research Institute, 2-4-10 Aomi and visible transparent electrodes.™ It has been documented
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that the carrier transport characteristics of such n-conjugated
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quinoidal structures.® In this context, structurally well-defined
quinoidal molecules represented by quinoidal oligothiophenes
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distinctive properties, but also to investigate their application
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t Electronic supplementary information (ESI) available: TGA, UV-Vis-NIR,

the electronic structures of quinoidal oligothiophenes includes
the description of their ground electronic state as a competition

Raman, NICS, XRD, AFM, CV, FET, OPT, PESA results, synthetic detail, NMR between two resonant forms: closed-shell Kekulé quinoidal and

charts, and calculated details. See DOI: 10.1039/d1tc05794d
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open-shell aromatic diradicaloid forms® (Scheme 1(a))."*™°
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(a) Closed-shell and open-shell diradical resonance in quinoidal pentathiophene with the balanced structure in the square highlighting the
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mixture of aromatic (A), quinoidal (Q), and intermediate (Q/A) characters from ref. 15. (b) n-Conjugation evolution as a function of the bond length
alternation (BLA) pattern among families of aromatic and quinoidal oligothiophenes and isothianaphthene aromatic oligothiophenes that highlights the
unexplored region of benzene-annelated quinoidal oligothiophenes. Benzene rings in blue color depict the different extent of benzene-annelation in

quinoidal pentathiophenes under study.

One co-author of the current article, Casado, revealed that short
quinoidal oligothiophenes such as 2TQ and 3TQ dominantly
contribute to the closed-shell quinoidal structure, while the
diradical character becomes prominent upon increasing the
number of thiophene rings for longer quinoidal oligothio-
phenes beyond thiophene 4-mer.">'® This increased diradical
character results in poorly stable quinoidal molecules. In fact,
the precedent of quinoidal thiophene 5-mer is still limited to
5TQ,"”” which hampers the fine-tuning of their molecular
propertties. Therefore, control of their quinoidal/aromatic electronic
structures is of particular interest for the development of long
quinoidal oligothiophenes with tuned electronic functions.

The incorporation of the benzo[c]thiophene (isothianaphthene)
unit into the polythiophene framework is a pioneering approach
for increasing the quinoidal character and n-electron delocalization
that exploits strengthening of the C-C single bond at the  position
of the thiophene ring upon benzene-annelation.'® In Scheme 1(b),
we summarize the scale of the n-conjugation degrees achieved in
thiophene-based aromatic and quinoidal systems on which we
place the isothianaphthene-based molecules between these two
because of the mentioned quinoidization effect upon benzene-
annelation of aromatic cores. The lacking family in this scheme
is that of benzene-annelated quinoidal oligomers. A scientific
interest in these compounds is the potential modulation of the
diradical character in long quinoidal oligothiophenes caused by
the inclusion of isothianaphthene unit. We have achieved some

5TQ-B5(Ph)
5TQ-B5(EH)

5TQ-B3(Ph)
5TQ-B3(EH)

Ph = 3,5-(CgH43),Ph
EH = 2-ethylhexyl

progress in this direction;'®*° we recently developed a quinoidal

thiophene 3-mer bearing fully benzene-annelation; however, the
effect of benzene-annelation on the electronic properties was found
to be modest, since benzene-annelation accentuated the pre-
existing quinoidal electronic structure.”® This result indicates that
the scenario in longer quinoidal oligothiophenes upon benzene-
annelation is completely different and challenging because pristine
quinoidal molecules have mixed quinoidal/aromatic electronic
structures attributed to the prominent contribution of the diradical
character. For example, 5TQ has a central ring with an aromatic
structure, while the two terminal rings are quinoidal with aromatic-
quinoidal transition for the two in between (Scheme 1(a)).*>'® This
phenomenon inspired us to consider that the partial benzene-
annelation of the rings and positional isomerization in addition to
full benzene-annelation are attractive in the context of molecular
design for precisely controlling quinoidal/aromatic electronic
structures.

In this study, we designed and conducted a full structural
and electronic characterization of new bis(dicyanomethylene)-
substituted quinoidal pentathiophenes with partial, positional
isomerism and total benzene-annelation of their thiophene
rings. These are 5TQ-B5 with full thiophene annelation and
two different isomers (5TQ-B3 and 5TQ-BBB) with partial and
positional isomerization three-fold annelation and a symmetric
mono-annelated pentamer 5TQ-B (Fig. 1). A close comparison
was performed with non-annelated quinoidal and aromatic

R R

5TQ-BBB(Ph)
5TQ-BBB(EH)

5TQ-B(Ph)
5TQ-B(EH)

Fig. 1 Chemical structures of the benzene-annelated quinoidal pentathiophenes studied in this work.
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oligothiophene derivatives; a selection of these were implemented
as semiconducting materials in OFETs, and in the case of 5TQ-
B5(EH), as NIR photosensitizers in organic phototransistors (OPTs).

Results and discussion
Synthesis

Synthetic details to prepare target compounds are summarized in
Scheme 2. Based on the contribution of the ortho-quinoid electronic
structure, benzo[c|thiophene is known as an unstable scaffold.
Except for electrochemical polymerization,'®**¢ the n-extension
of the isothianaphthene-repeated oligomer is limited up to
thiophene 3-mer; these molecules possess end-capping
with electron-withdrawing substituents to ensure chemical
stability.>® Hence, we plan to synthesize 4,7-dihydro-4,7-
ethanobenzo|[c]thiophene-based oligomers and utilize a thermal
retro Diels-Alder reaction in the final step of the synthetic route
to prevent the transformation of benzo[c]thiophene-based thio-
phene 5-mers.*! Diiodo compound 1a was prepared according to
our previous report.”® The Suzuki-coupling reaction of 1a and
the boronic ester 2 afforded the m-conjugated framework of
thiophene 5-mer; this reacted with N-iodosuccinimide (NIS) to
provide compound 3a. The cross-coupling reaction of 3a with
sodium dicyanomethanide, followed by oxidation using 2,3-
dichloro-5,6-dicyano-p-benzoquinone  (DDQ), afforded the
quinoidal pentathiophene 5TQ-B(Ph) in 44% yield. The same syn-
thetic protocol was adopted for the synthesis of 5TQ-B(EH), 6a, 6b,
9a, and 9b. Note that all the synthesized quinoidal molecules have
enough ambient stability due to the fine-tuned diradical character.

Thermogravimetric analysis (TGA) was conducted to investigate
if thermal retro Diels-Alder reactions can be applied to the
precursor molecules (5TQ-B(EH), 6b, and 9b). As indicated in
Fig. 2, these molecules presented the first weight loss of ca.

1a (R=3,5-(CgH,3),Ph)
1b (R=2-ethylhexyl)

3a (50%, 2 steps)

5a (55%, 2 steps)

5b (50%, 2 steps)

7a (R=3,5-(CgH13),Ph)
7b (R=2-ethylhexyl)

8a (41%, 2 steps)
8b (44%, 2 steps)

3b (31%, 2 steps)
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Fig. 2 TGA curves for 5TQ-B(EH) (green), 6b (blue), and 9b (yellow) with a
heating rate of 10 °C min~*in an N, atmosphere.

6.7% and 9.9% in the temperature range of 190-220 °C because
of eliminating ethylene molecules. These results suggest that
5TQ-B(EH), 6b, and 9b were thermally converted to 5TQ-
B5(EH), 5TQ-B3(EH), and 5TQ-BBB(EH). The TGA curves of
the second weight loss correspond to the decomposition of
5TQ-B5(EH), 5TQ-B3(EH), and 5TQ-BBB(EH). The decomposition
temperature was increased in the order of 5TQ-BBB(EH) (318 °C),
5TQ-B3(EH) (335 °C), and 5TQ-B5(EH) (353 °C). The TGA
measurements of 5TQ-B(Ph), 6a, and 9a demonstrated similar
behaviors (Fig. S1 in the ESIT), which indicates that the replace-
ment of 2-ethylhexyl groups with 3,5-dihexylbenzene groups
had little influence on the thermal properties of the molecules.
These results suggest that the thermal conversion reactions of
the synthesized precursors were performed at 260 °C under
vacuum conditions to yield targets 5TQ-B5(EH), 5TQ-B3(EH),
5TQ-BBB(EH), 5TQ-B5(Ph), 5TQ-B3(Ph), and 5TQ-BBB(Ph). The
detailed synthetic methods and characterization data are sum-
marized in the ESL.¥ 5TQ-B5(EH), 5TQ-B3(EH), and 5TQ-BBB(EH)

showed very poor solubilityy, and moderate improvement
CN
i 5TQ-B5(Ph)
oN 260°C (quant.)
invacuo  §TQ-BS(EH)
(quant.)
5TQ-B(Ph) (44%)
5TQ-B(EH) (69%)
800 5TQ-B3(Ph)
— ~ . (quant.)
invacuo  §TQ-B3(EH)
(quant.)
6a (49%)
6b (64%)
260°C 5TQ-BBB(Ph)
. (quant.)
invacuo  5TQ-BBB(EH)
(quant.)
9a (58%)
9b (58%)

Scheme 2 Synthesis of quinoidal pentathiophenes. Reaction conditions: (i) Pdx(dba)s-CHCls, SPhos, KsPO4, THF/H,O, 65 °C; (i) NIS, DMF/CHCls, 0 °C to
room temperature; (i) NaH, malononitrile, Pd(PPhs)4, dppf, THF, 75 °C; DDQ, HCI/CHCls, 0 °C; (iv) LDA, THF, —78 °C to room temperature; I,, —78 °C.
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Fig. 3 (a) UV-Vis-NIR absorption spectra of 5TQ-B5(Ph) (green), 5TQ-
B3(Ph) (blue), 5TQ-BBB(Ph) (yellow), and 5TQ-B(Ph) (red) in TCE. Gray line
indicates the Amax of 5TQ. (b) Representation of the evolution of the energy
peak maxima of the lowest energy band of absorption spectra of nTQ'° and
nTA?? compounds from the monomer to the hexamer as representative
cases both of linear conjugations. In the vertical axis is shown the evolution
of the energy maxima of the absorption bands in the series of benzene-
annelated quinoidal pentamers which on increasing the number of
benzene-annelating units cross-conjugation increases starting in 5TQ-
B(Ph) (red bar), 5TQ-B3(Ph) (blue bar), 5TQ-BBB(Ph) (yellow bar), and
5TQ-B5(Ph) (green bar). Cross-conjugation evolution in the vertical axis is
thus out of the plane of linear aromatic and quinoidal conjugations.

(<1 mg mL~" at 25 °C) in 5TQ-B5(Ph), 5TQ-B3(Ph), and 5TQ-
BBB(Ph) in organic solvents such as chloroform and 1,1,2,2-
tetrachloroethane (TCE), which allows physical measurements
in the solution.

UV-Vis-NIR electronic absorption spectra

The UV-Vis-NIR absorption spectra of 5TQ-B5(Ph), 5TQ-B3(Ph),
5TQ-BBB(Ph), and 5TQ-B(Ph) in TCE solutions are presented
in Fig. 3(a), and the photophysical data are summarized
in Table 1. The absorption maximum (4.x) of 5TQ-B(Ph) is

Table 1 Photophysical and electrochemical properties of molecules
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observed in the near-infrared region at Ay, = 1021 nm, red-
shifted with Ay.c = 913 nm in 5TQ. Compared to 5TQ-B(Ph),
5TQ-B5(Ph) showed a remarkable blue-shift absorption with
Amax at 757 nm. In addition, the A, values for 5TQ-B3(Ph) and
5TQ-BBB(Ph) were located close to 830 nm between those of
5TQ-B5(Ph) and 5TQ-B(Ph). Fig. 3(b) compares the chain length
dependence of the energies of the band maxima of the present
compounds compared to those of the non-annelated quinoidal
thiophene analogues (nTQ),'® and of the most representative
aromatic oligothiophene analogues (#TA).>* In the nTQ series
from the monomer to the trimer, the quinoidal contribution is
100%, based on which the extrapolation of this behavior
(see dotted lines in Fig. 3(b)) for longer compounds discloses
their expected band energy maxima (i.e., it would be entirely
quinoidal). The same is shown for the aromatic oligothiophene
nTA behavior in Fig. 3(b). Between these two extreme quinoidal/
aromatic behaviors (highlighted as black solid lines), oligothio-
phenes with mixed quinoidal/aromatic electronic composition
are recognized in the graph as transiting from one regime to
another; this occurs incipiently for 4TQ and 5TQ and 6TQ
because of the progressive aromatization of the quinoidal core
attributed to the stabilization of the open-shell diradical aro-
matic structure.'® In this quinoidal-aromatic map/plane in
Fig. 3(b), 5TQ-B(Ph) is placed closer to the quinoidal line than
5TQ, which reveals a greater quinoidal character in the latter.
According to the progression on 5TQ — 5TQ-B(Ph) upon
benzene-annelation, 5TQ-B3(Ph) with three benzene-annelated
thiophenes are expected to gain more quinoidal character;
however, the energy peak maxima, which is unlike 5TQ —
5TQ-B(Ph), separate from the quinoidal area; this behavior is
more marked in 5TQ-B5(Ph). This evolution on 5TQ-B(Ph) —
5TQ-B3(Ph) — 5TQ-B5(Ph) is not observed as a progressive gain
of aromatic character (such as on 4TQ — 5TQ — 6TQ); instead,
it emerges from the effect of cross-conjugation.”® Cross-
conjugated m-electronic paths produce blue shifts of the absorp-
tion peak maxima (opening the optical energy gap) compared to
homologues with linear m-conjugation. Hence, the studied
benzene-annelated compounds cannot be represented by a
simple quinoidal-aromatic competition, but a third cross-
conjugation factor by benzene-annelation enters into play. This
cross-conjugation might impart electron wavefunction draining
from the linear-conjugated path, and it has a significant impact
on the electronic, optical, and molecular properties.

Solid-state Raman spectra

The 1064 nm FT-Raman spectra in the solid state of 5TQ-B(Ph)
compared with that of 5TQ are shown in Fig. 4(a). The Raman

Compounds Jmax /MM AEP eV EPy Erdbry Enomo’/eV Eromo’/eV AEZ™ ¢leV
5TQ-B5(Ph) 757 1.48 0.30 ~1.06 ~5.10 —3.74 1.36
5TQ-BS(P1’1] 829 1.34 0.35 —0.76 —5.15 —4.04 1.11
5TQ-BBB(Ph) 830 1.34 0.21 —0.81 —5.01 —-3.99 1.02
5TQ-B(Ph) 1021 0.95 n.d. n.d. n.d. n.d. n.d.

“In TCE. ” In TCE containing 0.1 M TBAPF,.V vs. Fc/Fc'. © Enomo - —E™ — 4.8. ¢ Evumo - —E™ — 4.8. * AE,"™ _ Erumo — Enowmo-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) FT-Raman spectra recorded with the 1064 nm excitation in solid state at room temperature of 5TQ-B(Ph) and 5TQ. (b) Vibrational dynamics of

the main Raman bands associated with the CC stretching modes of the quinoidal (red) and aromatic aromatic (blue) rings. (c) Structural evolution of the

quinoidal rings upon benzene-annelation.

spectrum of 5TQ displays two main bands of similar intensity
at 1462 and 1386 cm ™!, which are associated with the CC bond
stretching modes placed at rather different places of the
conjugated skeleton; that at 1462 cm™ ' is attributed to the
CC inter-ring bond stretching modes [i.e., 1(CC)iner in Fig. 4(b)]
with the main contribution from the CC bond connecting to the
dicyano groups; that at 1386 cm ™" belongs to the CC stretching
modes of the two intra-ring a-B CC bonds of the thiophene
[i.e., {CCintra in Fig. 4(b)]. The 1386 cm™ ' wavenumber of the
/CC)inera Raman band in 5TQ is associated with the aromatization
of the central three rings (more marked in the central ring)
because of the formation of a diradical structure in 5TQ, as
depicted in Scheme 1(a) and Fig. 4(c). This description of 5TQ
with a central aromatic part and the outermost thiophenes with
more quinoidal character is pivotal for understanding the role
of benzene annelation. The Raman spectrum of 5TQ-B(Ph) is
similar to that of 5TQ but with wavenumber downshifts of the
two CC stretching bands, in particular the 1386 — 1335 cm ™"
for the 1(CC)inera band. This indicates a weakening of the a—f
bonds consistent with a decrease in the overall aromatic
character of the thienyl rings, or conversely, a gain of quinoidal
character (see Fig. 4(c)), as also revealed in the UV-Vis-NIR
discussion.

The FT-Raman spectra of the benzene-annelated quinoidal
pentathiophenes are shown in Fig. 5(a). From 5TQ-B(Ph)
to 5TQ-B5(Ph), the two discussed Raman band patterns

disappear, and one main Raman band emerges at 1468 cm ™"

The theoretical Raman spectrum of 5TQ-B5(H) is calculated
and shown in Fig. 5(b), which reveals a good resemblance with
the experimental spectrum with a very strong theoretical
Raman band at 1457 cm™ ", this correlates with the experimental
results at 1468 cm '. According to a theoretical vibrational
eigenvector, this 1457 cm™" band can be described as the
/(CC)inter mentioned above; It indicates that the full benzene
annelation of the quinoidal pentathiophene core changes the
vibrational dynamics of the n-conjugated system, and it results
in the disappearance of the 1(CC)ina- Raman band of 5TQ and
5TQ-B(Ph). This can be understood by considering that benzene-
annelation/cross-conjugation breaks the n-electron delocalization
and transmission through the intra-ring CC bonds, which results
in less efficient linear m-conjugation that weakens the 1{CC)intra
Raman intensity to the point of clearance (Fig. 5(c)). In 5TQ-
B3(Ph), the 1(CC)ineer Raman band is located at 1442 cm™ ', which
agrees with an intermediate scenario between 5TQ-B(Ph) and
5TQ-B5(Ph). In 5TQ-BBB(Ph), the main band at 1404 cm *
between the wavenumbers of 5TQ-B(Ph) at 1335 cm ™" and 5TQ-
B3(Ph) at 1442 cm ™" was measured, as accompanied by another
medium-large intensity Raman band at 1420 cm™" that comprises
the two-band pattern featured by 5TQ-B(Ph) and 5TQ; it indicates
that the alternant mode of non-annelated and annelated thio-
phenes produces a smaller interference in the linear conjugation
path by cross-conjugation than that in the isomeric 5TQ-B3(Ph).

(@) ) 1468 (b) 2
S =
© ©
; ©
= w
= S
g 1442 >
S 1404 i 1468
5 §
4

1456 1335 §

(c) v(CC)

inter

1500 1475 1450 1425 1400 1375 1350 1325 1300 1700 1600 1500

Wavenumber / cm~!
Fig. 5

Wavenumber / cm=!

1400 1300 1200

Vibrational eigenvector

(a) 1064 nm FT-Raman spectra of benzene-annelated quinoidal pentathiophenes in the solid state at room temperature from the bottom:

5TQ-B(Ph), 5TQ-BBB(Ph), 5TQ-B3(Ph), and 5TQ-B5(Ph). (b) Comparison of B3LYP/6-31G(d,p) theoretical Raman spectrum of a model compound of
5TQ-B5(H) (top) compared with the experimental Raman spectrum of 5TQ-B5(Ph) (bottom). (c) B3LYP/6-31G(d,p) vibrational eigenvector of the
1457 cm™ Raman band of the theoretical spectrum of 5TQ-B5(H). The inset is the comparison with the previously described ACC)inter-
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The multiple connectivity bonding pattern on the p carbons of
thiophenes in the presence of benzenes originates from the
emergence of cross-conjugation. However, we wonder why single
benzene-annelation 5TQ-B(Ph) strengthens quinoidization but
not cross-conjugation, which is operative in compounds with
multiple benzene annelations. Benzene annelation in the central
ring of 5TQ-B(Ph) acts on an aromatic ring (see 5TQ in
Scheme 1(a) and Fig. 4(c)), whereas in the case of multiannelation,
benzenes are fused with thiophenes that are mostly quinoidal
(Scheme 1(a) and Fig. 4(c) for the distribution of aromatic and
quinoidal rings in 5TQ) in 5TQ-BBB(Ph) in 5TQ-B3(Ph) and fully
quinoidal in 5TQ-B5(Ph). Thus, the spectroscopic behavior in
5TQ-B(Ph) reveals that the effect of the electronic structure of
the mono-benzene-annelation of 5TQ is identical to that of the
benzene-annelation of aromatic oligothiophenes (i.e., in the case
of isothianaphthene aromatic oligomers) in which benzene-
annelation produces the quinoidization of aromatic thiophenes.
Conversely, multiple benzene-annelation units of quinoidal rings
of 5TQ in 5TQ-B3(Ph), 5TQ-BBB(Ph), and 5TQ-B5(Ph) produces
cross-conjugation.

Quantum chemical calculations

Density functional theory (DFT) calculations were performed at
the UB3LYP/6-31G(d,p) level (Fig. 6(a) and Fig. S2, ESIt) to gain
insights into the effects of benzene-annelation on the electronic
structures and frontier orbital energies. All solubilizing groups
were replaced with hydrogen atoms to reduce the computational
work. The number of benzene-annelation affects the lowest
unoccupied molecular orbital (LUMO) energy level (Fig. 7 where
the impact of the confluence of ortho-conjugation, benzo-aromatic,
and para-quinoid structures arise on benzene-annelation is in the
LUMO orbital) by which decreasing the number of benzene
annelation leads to a decrease in the highest occupied molecular
orbital (HOMO)}-LUMO energy gap in line with the experimental
optical gap (AEg™) reduction from the onset and peak maxima of
the optical absorption spectra as 1.48 eV in 5TQ-B5(Ph), 1.34 eV in
5TQ-B3(Ph) and 5TQ-BBB(Ph), and 0.95 eV in 5TQ-B(Ph).
Quinoidal systems with narrow HOMO-LUMO energy gaps
and aromaticity recovery induce diradical contribution in the
ground state.”® The diradical character (y,) defined in terms of
the occupation number of the lowest unoccupied natural
orbital for optimized model structures is calculated by the

5TQ-B5(H) 5TQ-B3(H) 5TQ-BBB(H) 5TQ-B(H) 5TQ(H)
¥o=0.00 ¥o = 0.00 ¥o=0.44 ¥o=0.54 ¥0=0.73
Lumo ——=45_ -3.75 -3.73
Y -4.11
185 T A%
1.69 1.54 o o
HoMo—t=5:30 -5.44 -5.27 542 -5.35
leV
Fig. 6

and 5TQ(H).
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Fig. 7 HOMO and LUMO orbitals of 5TQ-B(H) (top) and of 5TQ(H)
(bottom) together with the inter-atomic interactions (arrows) among
vicinal atoms in these two orbitals that reveal the presence of wavefunction
bifurcation atoms in the benzene-annelated ring of 5TQ-B(H) compared to
5TQ(H). Valence bond structures equivalent to ortho-conjugation, benzo-
and thio-aromatic, and para-quinoid are shown for clarity.

spin-unrestricted Hartree-Fock method at the 6-31G(d) level
for the studied compounds.?® The y, value becomes zero when
the n-system is dominated by a closed-shell quinoid structure,
whereas it approaches 1 when increasing the contribution of
the open-shell diradical structure. For quinoidal oligothio-
phenes, y, increases with increasing molecular length because
of the increasing number of quinoidal rings, which increases
the aromatic stabilization of the diradical form. For instance,
5TQ(H) discloses y, = 0.73, and its ground electronic state is
featured by a central part (i.e., spreading approximately three
central rings, see Scheme 1(a) and Fig. 4(c)) with aromatic-like
character flanked by the two radical centers. For 5TQ-B(H), this
amounts to y, = 0.54, which is smaller than that of 5TQ(H). This
behavior is in good agreement with the removal of the aromatic
character in 5TQ(H) upon benzene-annelation on the central
thiophene. The extension of benzene-annelation of quinoidal
oligothiophenes to 5TQ-B3(H) and 5TQ-B5(H) provokes the
complete closure of the electronic shell with y, = 0.00, which

5TQ-B5(H) 5TQ-B3(H) 5TQ-BBB(H) 5TQ-B(H) 5TQ(H)
Ty p—
21.9 keal/mol Ty %
17.1 kcal/mol
11.3 kcal/mol
5 o . o 4.8 kcal/mol T, :2 —kealimol

(a) Calculated energy levels and yo values and (b) the energy differences between Sq and T; of 5TQ-B5(H), 5TQ-B3(H), 5TQ-BBB(H), 5TQ-B(H),
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agrees with the complete removal of aromatic character upon
full thiophene benzene-annelation. On the other hand, 5TQ-
BBB(H), which is a positional isomer of 5TQ-B3(H), showed
moderate diradical character of y, = 0.44. This result indicates
that the alternant mode of non-annelated and annelated
thiophenes leads to increasing the radical character. This trend
is in good agreement with the discussions based on 5TQ-BBB(Ph)
and 5TQ-B3(Ph) in the Raman spectroscopy measurements.
Finally, the energy differences between S, and T; of 5TQ-B5(H),
5TQ-B3(H), 5TQ-BBB(H), 5TQ-B(H), and 5TQ(H) were calculated
to be 21.9, 17.1, 11.3, 4.8, and 2.7 kcal mol ™", respectively, in line
with the previous discussion of y, (Fig. 6(b)).

NICS(1.7),, values are obtained for the benzene and thiophene
rings of the studied compounds and are summarized in Table S1
(ESIY). For the central benzene rings, the NICS values are more
negative for 5TQ-B(H) — 5TQ-BBB(H) — 5TQ-B3(H) — 5TQ-
B5(H), which is consistent with the gain of aromatic character
with increasing cross-conjugation. This produces electronic
isolation between the benzene and the linear-conjugated path.
This is accompanied by a decrease in the aromatic character of
the fused thiophene, and it is similar to that of benzene in 5TQ-
B(H) and it progressively diminishes its aromatic character,
eventually becoming nonaromatic in 5TQ-B5(H).

As shown in Fig. S3 (ESIf), the "H NMR spectra of 5TQ-B5(Ph)
and 5TQ-B3(Ph) in a solution of 1,1,2,2-tetrachloroethane-d,
exhibited sharp peaks in the aromatic region even at 130 °C,
which indicated their closed-shell electronic structure. In con-
trast, the "H NMR spectrum of 5TQ-BBB(Ph) showed broadened
signals for the protons of the thiophene rings, which is explained
by the thermal population of the excited triplet species. In the
case of 5TQ-B(Ph), the '"H NMR spectrum in the solution
exhibited broadened signals, besides those for phenyl substituents,
even at 25 °C, which indicates the triplet state is dominant for

5TQ-B(Ph).
Electrochemical measurements

The influence of the position and number of benzene-
annelations on redox behavior is determined via differential
pulse voltammetry (DPV) in 5TQ-B5(Ph), 5TQ-B3(Ph), and
5TQ-BBB(Ph) in TCE containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) as a supporting electrolyte.
Fig. 8(a) shows that these compounds exhibit oxidation (E*¥)
and reduction processes (E™%) that exchange the same number
of electrons, which indicates that they are one electron or single-
electron processes in contrast with nTQ quinoidal oligothio-
phenes, which display two-electron reductions. Further, the
distinctive behavior of annelated compounds is revealed in the
electrochemical potential E°* and £ values (Table 1), which are
negatively displaced relative to 5TQ at —0.16 V.'® In addition,
those of 5TQ-B5(Ph) is negatively shifted in comparison with
those of 5TQ-B3(Ph), in agreement with the larger deviation of
the quinoidal linear n-conjugation behavior in the cases
with more benzenes. Compared to 5TQ-B3(Ph), the alternating
introduction of benzene-annelation for 5TQ-BBB(Ph) resulted
in slight changes in the reduction potentials. The disrup-
tion of the electronic communication in the thienyl chain by

4430 | J Mater. Chem. C, 2022,10, 4424-4433

View Article Online

Paper
a b
( ) ~1.06 0.30 ( ) 5TQ-B5(Ph)
618 767 957
5TQ-B5(Ph) N

2 = |
5 © :
© .
% -0.76 035( @|STABIPH) . goc oo
c k= &
5 5TQ-B3(Ph) 5]
© 2

-0.81 0.21 <
T T T T T T T T
-12 -08 -04 -00 04 450 600 750 900 1050

Potential / V vs. Fc/Fc*
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containing 0.1 M TBAPF. (b) Spectroelectrochemical UV-Vis-NIR spectra
of the reduced (broken lines, yellow shaded) and oxidized (dotted lines,
grey shaded) species obtained in the same electrochemical conditions
than those use in DPV together with the spectra of the neutrals (solid lines).
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cross-conjugation alters the role of the external electron-withdrawing
cyano groups, which further affects the oxidation potentials
(Table 1). The HOMO and LUMO energy levels of these com-
pounds were estimated from the equations Eyomo = —E™ — 4.8
and Eyymo = —E™% — 4.8 presented in Table 1, which follow the
same trend as the optical gaps from the absorption spectra.

The UV-Vis-NIR absorption spectra of redox species found in
the electrochemical oxidation and reduction processes are
obtained by UV-Vis-NIR spectroelectrochemistry; the spectra
are shown in Fig. 8(b) (Step-by-step UV-Vis-NIR followed redox
processes are shown in Fig. S4, ESIt). The spectra of the
reduced species of the three compounds are always blue-
shifted compared with the absorption bands of the neutral
compounds. In contrast, for the oxidized species, the relevant
absorption bands are red-shifted with respect to the neutrals.
Interestingly, 5TQ-B3(Ph) and 5TQ-BBB(Ph) display smaller
differences between the wavelength maxima of the reduced
and oxidized species, which indicates that these two redox
species of different charge signs are stabilized in similar ways
with moderate or smaller structural changes from one to the
other. This is important because 5TQ-B3(Ph) and 5TQ-BBB(Ph)
show ambipolar semiconducting behavior, whereas 5TQ-B5(Ph)
with larger differences in the optical spectra between the
reduced and oxidized species reveals a preferential stabilization
of one of the two, which indicates unipolar semiconducting
behavior.

Device applications

We fabricated thin films of 5TQ-B5(EH), 5TQ-B3(EH), and 5TQ-
BBB(EH) using the drop-cast method from a hot TCE solution.
The X-ray diffraction (XRD) profiles of the drop-cast films of all
molecules showed first-order diffraction peaks with 20 = 4.8-
6.1°, which correspond to the d-spacing of 18.4-14.5 A (Fig. S5,
ESIt). This length is approximately close to the calculated
molecular lengths of quinoidal thiophene 5-mer in the long
axis direction (ca. 20 A), and it implies that these molecules are
arranged in an edge-on orientation against the SiO, substrates.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Field-effect transistor characteristics

Compounds Carrier type plem®> vtsTt Vin/V Ion/Ios
5TQ-B5(EH) p 6.8 x 107° -9 10°
5TQ-B3(EH) p 1.8 x 1073 —27 10

n 1.7 x 1073 19 10"
5TQ-BBB(EH) p 2.0 x 107* -31 10°

n 43 x107* 13 10?

Atomic force microscopy (AFM) images showed distinct crystal-
shaped microstructures (Fig. S6, ESIT). We investigated the
charge carrier characteristics using bottom-gate bottom-
contact OFET devices. The transfer and output characteristics
of these devices are shown in Fig. S7 and S8 (ESIt); key device
parameters such as mobility (u), threshold voltage (Vi1), and
current on/off ratio (I,,/Io¢) are extracted and summarized in
Table 2. 5TQ-B5(EH) demonstrated typical hole-transporting
characteristics with a mobility of 10> orders. In contrast, 5TQ-
B3(EH) and 5TQ-BBB(EH) exhibited ambipolar characteristics
with well-balanced mobilities of 10> and 10™* orders; these
values indicate that these compounds possess the appropriate
HOMO and LUMO energy levels for hole and electron injection
and structural stability of the redox species, as mentioned
above. The ambipolar characteristics of 5TQ-B3(EH) and 5TQ-
BBB(EH) resulted in low I,,,/I¢ ratios due to the accumulation
of opposite carriers. To examine the stability of these molecules
under the biased conditions, the OFETs were repeatedly biased
by sweeping the gate voltage. As shown in Fig. S9 (ESIT), all the
devices showed small hysteresis even after 100 cycles. These
results indicate that these quinoidal molecules showed enough
stability for OFET materials.

a b
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Fig. 9 (a) Chemical structures of 2CFsBP-pre and 2CFsBP and OPT

device architecture. (b) Transfer characteristics and (b) time-dependent

switching response profile of the 5TQ-B5(EH)/2CF3sBP-based NIR OPTs in

the dark and under NIR light illumination. (d) Energy diagram of 2CFsBP

and 5TQ-B5(EH).
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The UV-Vis-NIR absorption spectrum of the 5TQ-B5(EH) film
showed an absorption band in the NIR region with an absorption
maximum at 806 nm (Fig. S10, ESIt). Thus, we investigated the
photoresponses of 5TQ-B5(EH) in the architecture of the OPTs
(Fig. 9(a)). We adopted binary systems based on organic semi-
conductor and NIR sensitizer to construct the active layers of NIR
photodetectors.”® The HOMO energy level of 5TQ-B5(EH) in thin
film was determined to be —5.5 eV from the photoelectron
spectroscopy measurements (Fig. S11, ESIf). We chose a
porphyrin derivative 2CF;BP as the counterpart of an organic
semiconductor to reveal the OPT characteristics of 5TQ-B5(EH) as
the NIR sensitizer in the binary system because 2CF;BP fulfills
good energy matching of the HOMO level (—5.5 eV) and weak
absorbance at a wavelength of 810 nm.>” The bulk heterojunction
configuration of the 5TQ-B5(EH)/2CF;BP films were prepared by
thermal conversion at 200 °C for 20 min in N, atmosphere from
the 5TQ-B(EH)/2CF;BP-pre (0.05/0.25 wt%) solutions to ascertain
the area of semiconductor/NIR sensitizer interfaces. The OPT
characteristics were measured in the dark and under NIR
light illumination of 810 nm at an intensity of 143 mW cm >
using light-emitting diodes. Fig. 9(b) shows that the transfer
characteristics of the 5TQ-B5(EH)/2CF;BP-based OPTs under the
bias voltage of the hole-transporting mode exhibits an apparent
increase in the drain current (Isp) when the active layer of the
OPTs is exposed to NIR light. Photosensitivity (P), as estimated
from the equation P = (Light — Jqark)/ldark, is calculated to be P =
10°. The specific detectivity (D*) of this device is calculated to be
3.8 x 10® Jones according to the equation D* = R-S"%/(2qlgan)",
where R is the photoresponsivity, S is the channel area, and g is
the electron charge. Fig. 9(c) shows that the time-dependent
photoresponses were measured under NIR light on/off switching
at 5 s intervals. The gate and drain voltages were set to —5 and
—50 V, respectively. This device showed stable photoswitching
behavior under repeated light on/off switching conditions.
We considered that the hole generated by NIR light absorption
of 5TQ-B5(EH) efficiently passes across the interface of 5TQ-
B5(EH)/2CF;BP and is collected at the drain electrode, which
leads to the appearance of photosensitivity (Fig. 9(d)).”® These
results indicate that n-extended quinoidal oligothiophenes with
tuned closed-shell structures have the potential for use as an
organic NIR-sensitive semiconducting material.

Conclusions

To control the quinoidal/aromatic contributions of long quinoidal
oligothiophenes, a series of quinoidal pentathiophenes end-
capped with dicyanomethylene units and bearing isothia-
naphthene units was designed. These molecules were success-
fully synthesized as stable structures by a thermal retro
Diels-Alder reaction in the final step of the synthetic route.
Theoretical calculations together with UV-Vis-NIR electro-
nic absorption and vibrational FT-Raman spectroscopies
showed that cross-conjugation between the annelating benzene
moieties and the thiophene oligomer chain emerges
upon increasing the number of benzene units. Concurrently,
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cross-conjugation imparts an increasing degree of the closed-
shell Kekulé form, resulting in a new mode of tuning this
conjugation in long quinoidal oligomers. More specifically,
5TQ-B(Ph) increased/decreased the contribution of quinoidal/
aromatic conjugation compared to 5TQ, whereas 5TQ-B5(Ph),
which comprised fully of isothianaphthene units, exhibited
significant cross-conjugation to further suppress the diradical
character. Our elucidation of the competition between quinoid/
aromatic/cross-conjugation points to new structure-property rela-
tionships, which inspired us to fabricate OFETs based on the
newly synthesized quinoidal pentathiophenes. These OFETSs
exhibited unipolar and ambipolar electrical semiconducting beha-
viors, which were further ascribed to the preferential stabilization
of the reduced and/or oxidized species. Furthermore, 5TQ-B5(EH)
exhibited NIR OPT characteristics that benefited from the
relatively high current on/off ratio and NIR absorption behavior.
Our results demonstrated that the combination of an extended
quinoidal structure (providing NIR absorption) with isothia-
naphthene units (providing energy gap modulation and stability
by cross-conjugation) is a promising design strategy for fine-
tuning electronic structures in m-extended quinoidal oligothio-
phenes. Since we are able to further extend the molecular lengths
of quinoidal oligothiophenes based on the results presented
herein, the emergence of such strategies will help in the design
of improved organic semiconductor materials that may pioneer
novel electronic applications.
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