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Aiming to obtain novel functional semiconducting materials for their use in organic electronics, the
combination of strong donor moieties with electron-withdrawing units is one of the most useful
strategies to obtain ambipolar semiconductors with tunable properties. Nowadays most of the efforts
headed to efficient materials are based on small changes in the alkyl pendant chains or by replacing
single atoms. However, a precise design of new functional materials is still challenging. For this reason,
in this work we present a new synthetic approach for achieving redox amphoteric organic semi-
conductors by tuning their opto-electrochemical properties via rational chemical modifications. All these
materials present low-lying LUMO levels, lower than —4.00 eV with broad absorption up to 800 nm in the
UV-Vis-NIR spectra. In addition, they have been characterized by DFT, absorption and Raman vibrational
spectroscopies, while their charge stabilization abilities are studied by means of spectroelectrochemical
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techniques. The results point out to a quite complex electronic scenario that goes beyond the expected
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1. Introduction

Organic semiconducting materials have demonstrated to be a
good alternative for metal-based semiconductors’ due to their
good performance, low-cost, good processability and their
tunable structure and properties in optoelectronic®® applica-
tions like organic light-emitting diodes (OLEDs),*> organic
solar cells (OSCs),*” organic photodetectors (OPD)® and organic
field-effect transistors (OFETs).” "> One of the key parameters
to check the suitability for the application of organic semi-
conductors in optoelectronic applications is the charge carrier
mobility, which is normally measured in an organic field-effect
transistor device."*'* This parameter is affected by different
factors such as molecular structure, orbital energy levels or
molecular packing.'”™"” However, following the advances in the
production of new organic m-conjugated hole-conducting
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cumulative effects of the independent molecular units constituting the final molecular assembly.

(p-type) materials, there is still a need to develop novel n-type
(electron-conducting) and ambipolar organic semiconductors.'®
For this reason, the design and development of ambient stable
and high-performance n-type organic semiconductor materials is
still challenging and desirable."

In order to obtain these organic electron transporters,
designing m-conjugated electron deficient systems with planar
backbones functionalized with solubilizing alkyl chains is one
of the best strategies nowadays.'®*°>* This strategy has been
used in the last years in order to obtain suitable acceptor-
donor-acceptor (A-D-A) fullerene-free architectures with
remarkable performances in OFETs**** and 0SCs.>**’ In this
regard, rylenimide derivatives have been described as one of
the best choices for efficient n-type organic materials in OFETs,
due to their good stability, easy functionalization and tunable
optoelectronic properties.*®*” Among them, naphthalimide-
based assemblies have been employed as electron acceptors
due to their electron-deficient backbone and optimal LUMO
levels, tunable absorption range, supramolecular organization
properties*®*® and remarkable good transport properties for
their single-crystal structures.*’

With the aim of obtaining n-type or ambipolar semiconduc-
tor materials, Segura and coworkers have developed different
series of donor-acceptor molecular assemblies based on oligo-
thiophene-naphthalimide moieties (Fig. 1a) connected through

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Oligothiophene-naphthalimide assemblies connected through different linkers. (b) Previous published end-capped thienopyrazine derivatives

with A2-D-A1-D-A2 architectures and (c) new end-capped oligothiophene-naphthalimide assemblies connected via imidazole linkers reported in

this work.

different planar and conjugated linkers.*" This strategy has
allowed a precise control over their frontier molecular orbital
levels, which was reflected in different optical, electrochemical
and also electrical behavior.®>>* In a recent contribution,
we have demonstrated that the introduction of different end-
capped moieties in pyrazine-based oligothiophene-naphthal-
imide architectures (Fig. 1b) provides an effectively method to
tune the frontier orbital levels and the optoelectronic properties
of these novel organic semiconductor materials without modi-
fying the central molecular skeleton.>®

Encouraged by these aforementioned results, we report
herein the synthesis of a new family of processable terthio-
phene-naphthalimide assemblies (Fig. 1c), in which the intro-
duction of an imidazole moiety with a carbonyl group in the
alpha position of the central nitrogen of the linker (also known
as amidine), makes them a stronger electron-acceptor linker
than the previous pyrazine connector (Fig. 1b), and three
different strong electron-withdrawing end-capped units yields
these novel organic semiconductors with tunable optoelectro-
chemical properties without modifying the location and topo-
logy of the frontier molecular orbitals. The comparison with
the previously reported end-capped thienopyrazine derivatives
(Fig. 1b) will allow the understanding of the effect of different
connector units between the naphthalimide cores and the
terthiophene units in the optical and electronic properties of
these materials.

This journal is © The Royal Society of Chemistry 2023

2. Results and discussion

The syntheses of D-A assemblies based on oligothiophenes have
been widely used for the development of ambipolar organic
semiconductors due to their tunable photophysical and electro-
chemical properties.>*®*” In this context, oligothiophene-
naphthalimide assemblies are particularly interesting due to
the good properties of naphthalimide systems as stable n-type
organic semiconductors.***°

In this work, we report the synthesis and characterization
of a novel family of organic semiconductors based on 1,8-
naphthalimide moieties connected to end-capped oligothio-
phene fragments through imidazole linkers, as it is depicted
in Scheme 1. These chemical modifications pave the way to
donor-acceptor materials in which their optical and electro-
chemical properties can be controlled by tuning the electronic
energy levels. These novel assemblies have an A2-D-A1-D-A2
architecture, due to the strong electron acceptor groups intro-
duced in the terminal position of the thienoimidazoline skele-
ton, being a strategy widely used nowadays to obtain novel
functional materials.**"*?

The synthetic route to obtain these end-capped derivatives
based on naphthalimide-terthiophene assemblies starts with
the condensation of the naphthalimide anhydride deriva-
tive NIA** and the [2,2/:5/,2"-terthiophene]-3',4’-diamine 1.*>
This condensation reaction allows the formation of the

J. Mater. Chem. C, 2023, 11,10852-10863 | 10853
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Scheme 1 (a) Synthetic route to obtain the novel asymmetric terthiophene—naphthalimide assemblies. (b) Different end-capped A2-D-Al1-D-A2

derivatives obtained in this work.

naphthalimide-terthiophene assembly NDI3T with an imida-
zole linker in its structure.’® The subsequent Vilsmeier-Haack
reaction carried out for NDI3T allowed the formylation of the
alpha positions of the terthiophene moieties, obtaining
NDI3T-CHO in high yields. This formylated derivative can be
further functionalized by a Knoevenagel-like reactions with
different electron acceptor units such as 3-ethyl-2-thioxo-
thiazolidin-4-one (RD), malononitrile (DCV) and 2-(3-ethyl-4-
oxothiazolidin-2-ylidene) malononitrile (RDDCV) to afford
the end-capped target molecules NDI3T-RD, NDI3T-DCV and
NDI3T-RDDCV.

Due to the relatively good solubility of these oligothiophene-
naphthalimide assemblies its structural characterization has
been accomplished by nuclear magnetic resonance experi-
ments, Fourier transform infrared spectroscopy analyses and
their molecular weights have been determined by matrix-
assisted laser desorption/ionization techniques (complete char-
acterization can be found in the ESI,} Fig. S1-S18). However,
due to limited solubility of dicyanovinylene-based semiconduc-
tors NDI3T-DCV and NDI3T-RDDCV '°*C-NMR spectra could not
be recorded. In addition to this, the thermal stability of these
novel assemblies has been analyzed by thermogravimetric
analyses, indicating that NDI3T, NDI3T-RD, NDI3T-DCV and
NDI3T-RDDCYV exhibit favorable thermal stabilities (Fig. S19,
ESIT) with decomposition temperatures, Ty (weight loss <10%),
higher that 300 °C.

Molecular properties

The optimization of the lowest energy molecular structures of
the studied semiconductors shows, in contrast to the previously
studied and basically planar NIP3T-X systems (Fig. 2 and
Fig. $20, ESI1),®> a not coplanar configuration presenting a

10854 | J Mater. Chem. C, 2023, 11,10852-10863

dihedral angle between two consecutive thiophene rings of
approximately 140°. This fact indicates that the election of
the central group (pyrazine versus imidazole, see Fig. 1b and c)
is crucial from a molecular point of view, in terms of molecular
structure. In addition, the modification of the connecting
group can actively influence on the tuning of the optoelectronic
properties of these organic semiconductors, as it will be
seen below.

FT-Raman spectra were thus recorded to analyze the effect of
the lateral substituents on n-conjugation and molecular proper-
ties, and the data is shown in Fig. 3. For this end, we make use
of the ECC theory,"”*® which has been widely probed to
efficiently account for the degree of conjugation of molecular
materials in a qualitative way,” and has been previously
applied to naphthalene-modified oligothiophenes.>°

Considering the Raman spectra in Fig. 3b and the selected
eigenvectors in Fig. S30 (ESIt), we focus on the Raman vibration
modes of NDI3T-X systems which are ascribed to the collective
totally-symmetric (C—C) vibration mode of the oligothio-
phene fragment, whose position can account for the molecular
n-conjugation extent in that fragment. This Raman vibration
appears at 1488 cm™ ' in NDI3T and significantly downshifts
upon inclusion of electron-withdrawing groups, being recorded
at 1435 cm™' in NDI3T-DCV, 1428 ¢cm ' in NDI3T-RD and
1422 cm™' in NDI3T-RDDCV. This remarkable downshift, up
to 66 cm™ ' in NDI3T-RDDCYV, indicates an effective conjugation
extension by the insertion of electron-withdrawing groups.

In addition, the comparison with the previously published
NIP3T systems>* indicates a larger n-conjugation extent of the
oligothiophene fragment in the NIP derivatives, which is high-
lighted by the downshift of the aforementioned collective
totally-symmetric ©(C—C) vibration mode from 1488 in NDI3T

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 FT-Raman spectra (1 = 1064 nm) of the (a) NIP3T-X and (b) NDI3T-X systems as bulk materials.

to 1449 cm™ " in NIP3T. This extended n-conjugation of the NIP
derivative can be explained by the planarization of the thio-
phenic skeleton on the NIP system due to the absence of
repulsive S-O interactions (found in NDI systems), and the
appearance of attractive S-N interactions. However, the intro-
duction of the electron-withdrawing lateral substituents on the
NIP skeleton does not have such a pronounced effect as in
the case of NDI derivatives.>®> While a 33 cm™' downshift is
recorded on passing from NIP3T to NIP3T-RD, the same lateral
modification entails a 60 cm™' downshift of the collective
totally-symmetric {C—C) vibration mode for the NDI deriva-
tives. Therefore, the effect of the lateral substituents on
conjugational degree is found to be more pronounced for the
NDI-based systems, due to the terthiophene planarization, up
to 9°, upon substitution with DCV groups. In contrast, in NIP
derivatives the terthiophene fragment is totally planar in both,
unsubstituted and lateral-substituted derivatives.

This journal is © The Royal Society of Chemistry 2023

Optical and electrochemical properties

The solubility exhibited by the novel assemblies described in
this communication allows their proper optical and electro-
chemical characterization in solution by UV-Vis and cyclic
voltammetry techniques. The most relevant optical and electro-
chemical parameters of both NDI and NIP derivatives are
summarized in Tables 1 and 2.

Fig. 4a shows the absorption profiles of the previously
described NIP3T-X derivatives.*® Here, it is shown that the
end-capped functionalization with strong electron-acceptors
in the alpha position of the thiophene units have a strong
impact in their optical properties, extending their absorption
up to 800 nm in comparison with the non-functionalized
NIP3T. This is especially evident in the case of NIP3T-RD.
On the other hand, as depicted in Fig. 4b, in the case of the
NDI3T-X derivatives, the end-capped functionalization with
strong electron-acceptors leads to only a slight shift of the

J. Mater. Chem. C, 2023, 11,10852-10863 | 10855
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Table 1 Optical properties for NDI and NIP based semiconductors
UV-vis®

[C] (uM) Jma (nm) s;mxc M 'em™) Jacr® (nm) o M tem ™) Jonset (M) Egpt'e (eV)
NDI3T 0.275 305 24473 599 8000 745 1.66
NDI3T-RD 0.275 516 44 364 647 16364 758 1.64
NDI3T-DCV 0.275 505 40 364 615 14909 681 1.82
NDI3T-RDDCV 0.275 529 54545 652 23273 737 1.68
NIP3T 0.275 348 68000 574 14910 698 1.77
NIP3T-RD 0.275 353 38180 641 17 820 774 1.60
NIP3T-DCV 0.275 609 40360 603 11640 720 1.72

¢ UV-Vis absorption in CHCI; solution. ® Absorption maxima in solution. ¢ Molar extinction coefficient to the referred wavelength. 4 Onset
wavelength for the most redshifted absorption band. ¢ Energy band gap derived from the low-energy absorption edge using the equation Eg* =

1240/ opset-

Table 2 Electrochemical characterization for NDI and NIP based
semiconductors

Cyclic voltammetry”

Eégzle v) Erléﬁ (V) EHOMOb (eV) ELumo’ (eV) E;;e; 4 (eV)

NDI3T 0.59 —1.09 —5.69 —4.00 1.69
NDI3T-RD 0.92 —0.98 —6.02 —4.12 1.90
NDI3T-DCV 0.94 —1.04 —6.04 —4.06 1.92
NDI3T-RDDCV 0.87 —0.98 —-5.97 —4.12 1.85
NIP3T 0.50/ —1.30 —5.60 —3.80 1.80
NIP3T-RD 0.57 —1.22 —5.67 —3.88 1.79
NIP3T-DCV 0.93" —1.03 —6.03 —4.07 1.96

¢ Cyclic voltammetry recorded in DCM/TBAPF6 (0.1 M) at a scan rate of

0.15 Vs~ " using Pt as working and the counter electrode, and Fc/Fc* as
reference. ” Estimated from Eyypo = —5.1 eV — EX2 . © Estimated from

Enomo = —5.1 eV — Eg2 1. ¢ Estimated from Egss = Enomo — Evumo-
¢ Half wave potential of the reversible wave./ Anodic peak potential of
the irreversible wave.

absorption tail depending on the electron-acceptor unit intro-
duced. In addition, while the NDI3T-RD and NDI3T-RDDCV
systems present a slightly red-shifted absorption tail, the
NDI3T-DCV system show a blue-shifted absorption tail com-
pared to that of NDI3T. Note however, that the maximum of the
lowest energy absorption bands is consistently blue-shifted for
all the NDI3T-X derivatives. This can be explained considering
the appearance of two different and competing ICT channels
within NDI3T-X molecules (i.e. from the terthiophene to the

a) ,,| —— NIP3T
—— NIP3T-RD
i —— NIP3T-DCV

» 0.8 1
o
< 46
£
.
O 0.4
Z

0.2

0.0 T T T T v

300 400 500 600 700 800 900
A (nm)

NDI unit and from the terthiophene to the lateral substituents).
These two different ICT pathways were confirmed by TD-DFT
calculations, and are related to a one-electron transfer between
the HOMO — LUMO (absorption band around 650 nm) and
HOMO — LUMO+1 (absorption bands around 516 nm)
(Fig. S24-S26, ESIt), phenomena already described for small
molecules like o/p-nitrophenols.”’** Regarding these two dif-
ferent ICT pathways, it is interesting to notice that the more
conjugated is the chemical structure, the more red-shifted are
both, the HOMO — LUMO transition and the maximum
absorption band. For that, NDI3T-DCV shows the most blue-
shifted ICT band and absorption maxima, while the NDI3T-
RDDCYV possesses the most extended and redshifted absorption
profile. Note however that, in the case of NDI3T-DCV, the
discrete m-conjugation extension imparted by the lateral electron-
deficient groups is not sufficient to compensate for the effect
of the two competing ICT channels, and thus the blueshifted
absorption edge.

Now, by comparing the pyrazine-based semiconductor NIP3T**
with the imidazole-based NDI3T semiconductor (Fig. 4 and
Fig. S40, ESIY), it is observed that the absorption spectrum
is blue-shifted in the former, phenomena related with the
n-conjugation between the naphthalimide and the oligothio-
phene units as well as the structural differences between the
assemblies. In both cases, the broad absorption bands centered
at around 570 nm (NIP3T) and 600 nm (NDI3T) are assigned to

b) 10 —— NDI3T

: —— NDI3T-RD
) —— NDI3T-DCV
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< 0.6
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Fig. 4 Normalized UV-Vis absorption spectra for (a) NIP3T (black), NIP3T-RD (red) and NIP3T-DCV (blue) and (b) NDI3T (black), NDI3T-RD (red), NDI3T-DCV

(blue) and NDI3T-RDDCYV (violet) in CHCls solutions.

10856 | J. Mater. Chem. C, 2023, 11, 10852-10863

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc02099a

Open Access Article. Published on 21 July 2023. Downloaded on 8/2/2025 5:40:23 AM.

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

(cc)

Paper

NIP3T-DCV

NIP3T-RD

HOMO

b) NDI3T

View Article Online

Journal of Materials Chemistry C

NDI3T-DCV NDI3T-RD NDI3T-RDDCV
% % . %
, kA
e o)
W ot

AL rhe A TINRL N T

dgy PR R

Fig. 5 DFT/B3LYP/6-31G** molecular orbital topologies of (a) NIP3T-X and (b) NDI3T-X systems.

intramolecular charge-transfer (ICT) excitations. This is theore-
tically confirmed by TD-DFT calculations (Fig. S23, S27 and
Table S1, ESIT) and can be described as a one-electron HOMO-
LUMO excitation consisting of the displacement of the electron
density from the HOMO, mainly localized on the oligothio-
phene fragment, to the LUMO, localized on the naphthalimide
unit, in both cases (Fig. 5).>*3*

In order to further analyze the nature of the lowest-energy
absorption band for NIP3T-X and NDI3T-X systems, solvato-
chromic measurements were carried out by varying solvent
polarity (Fig. S41, ESIt). NDI3T systems shows a clear solvato-
chromic behavior, where the redshift of the ICT absorption
band in more polar solvents, implies a positive solvatochro-
mism, which indicates a larger dipole moment on the excited
state than on the ground electronic state, being that predicted
theoretically (Fig. S22, ESIt). A similar scenario was observed
for the NIP3T system, however, for the NIP3T-X end-capped
derivatives, no shift of the absorption band was observed when
varying the solvent polarity, confirming the absence of any ICT
absorption band, as clearly shown by the molecular orbital
topologies (Fig. 5 and Fig. S41, ESIt). Note that the HOMO and
LUMO orbitals of NIP3T-X are both located on the oligothio-
phene molecular fragment. On the contrary, the NDI3T-X end-
capped derivatives show a modest solvatochromic behavior.
For NDI3T-RD and NDI3T-DCV derivatives the maxima absorp-
tion bands at around 515 nm experiment a redshift in more
polar solvents, namely a positive solvatochromism, which
based on TD-DFT calculations, present some extent of intra-
molecular charge transfer character (Fig. S41, S24 and S25,
ESIt). The positive solvatochromism indicates larger dipole
moment on the excited state than on the ground electronic
state, which was theoretically confirmed (Fig. S22, ESIT). On the
other hand, the NDI3T-RDDCV derivative shows a negative
solvatochromic behavior, indicating a lower dipole moment
on the excited state than on the ground electronic state, which
was also theoretically described (Fig. S41 and S22, ESIT). There-
fore, in the NDI3T-X end-capped derivatives, it can be demon-
strated the ICT nature, albeit modest, of the lowest energy
absorption band, as shown in the HOMO and LUMO topologies
depicted in Fig. 5. We can assume that the competition
between the two different ICT channels due to the presence
of different acceptor units within the molecular structure

This journal is © The Royal Society of Chemistry 2023

(see above) is behind the modest solvatochromic behavior of
the NDI3T-X systems compared to NDI3T.

Concentration-dependent experiments (Fig. S32, S34, S36
and S38, ESIT) do not show the formation of supramolecular
aggregates for any of these naphthalimide-based semiconduc-
tors NDI3T-X. This contrasts with the previously reported
NIP3T-DCV assembly, which allows the formation of aggregates
in solution, and it is presumably due to the terthiophene
torsion which avoids an optimal n-n interaction.>”

UV-vis absorption measurements for this family of oligo-
thiophene-naphthalimide derivatives have been also carried
out in thin films (Fig. S39, ESIt). The absorption onsets in thin
films are redshifted ca. 100 nm in comparison with that
observed in solution, absorbing photons up to 850 nm, thus
suggesting stronger -7 interactions in the solid state.>**

Cyclic voltammetry experiments were carried out under
argon atmosphere in an electrochemical set-up at a scan rate
of 100 mV s~ at 20 °C using tetrabutylammonium hexafluoro-
phosphate (TBAPF6, 0.1 mol L™ ") as supporting electrolyte in
dichloromethane. All relevant data are compiled in Table 2 for
both NDI and NIP based organic semiconductors.

In Fig. 6 and Table 2 we observe that, on the one hand, for
the unsubstituted systems, when a pyrazine connector is sub-
stituted by an imidazole linker the reduction potential ascribed
to the naphthalimide units shifts around 0.2 V to higher values,
due to the stronger electron ability of NDI3T in comparison
with the NIP3T analogue. This phenomenon is also observed
for the oxidation processes, in this case ascribed to the lack of
effective conjugation of the oligothiophene fragment, being
less electron-donating unit due to the S---O steric interaction.
This chemical modification stabilizes both HOMO and LUMO
energy values in the NDI3T molecular assembly in comparison
with the NIP3T analogue. On the other hand, when we intro-
duce different electron acceptor units in the alpha position of
the terthiophene moiety it is observed an impact in the electron
acceptor ability of these new materials. Thus, the electro-
chemical behaviour observed in the NDI3T-X series (Fig. 6b)
follows the same trend previously described for the NIP3T-X
derivatives, as it is depicted in Fig. 6a where both, NDI3T-RD
and NIP3T-RD show an improvement in the electron-accepting
ability in comparison with the unsubstituted assemblies NDI3T
and NIP3T. Therefore, electrochemical data suggests that those

J. Mater. Chem. C, 2023, 11,10852-10863 | 10857


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc02099a

Open Access Article. Published on 21 July 2023. Downloaded on 8/2/2025 5:40:23 AM.

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

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

a) ° b) 1]
0]
01 4]

- —_ 2]

< 7 <

=1 3 3]

N N

= 104 = 4] —— NDI3T red

—— NDI3T-Rd red
——NIP3T 5] ——NDI3T-DCV red
154 ——NIP3T-Rd ——NDI3T-RDDCV red
—— NIP3T-DCV 6.
-20 ’ . . . y - . r . ’ ’
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -0.5 0.0
Evs EV2pg/rct (v) Evs EV2Egipc (v)

c) -3.00 B3LYP BILYP
-3,04 o * Experimental -3,0 3.34 Experimental
asl® -3.58 5519 “T=
1= 380 B 3512 372 180
45 . 338 -4.00 0] 400 H — -4.02

s 217 m s . -— pry = -_—

L2 . 1.80 s i 5 1.69 -4.12 s -4.12
4,5+ 1.79 .45 -

5 1.90 169 B 199 1.90 - 1.98
G 504 v 200 | & .50 ¢ 1.85 : 2.07
e 0o 517 4 e 50 o -530 1.93

w = -5.48 b w — o

= = 5.56
5,54 g ’_5~6° o -5.69 5540 .569 v
5.67 v ale k. 382 5.97
6,0 . 503 -6,0- 02 i =
-6.04 -6.09
NIP3T NIP3T-RD NIP3T-DCV NDI3T  NDI3T-RD NDI3T-RDDCV NDI3T-DCV

Fig. 6 Cyclic voltammetry comparison between (a) NIP3T, NIP3T-RD and NIP3T-DCV (b) NDI3T, NDI3T-RD, NDI3T-DCV and NDI3T-RDDCYV reduction
processes in dichloromethane solutions and (c) the corresponding energy levels diagram estimated from the experimental electrochemical values for

both, NDI and NIP based semiconductors.

new systems are improved electron-acceptor materials than
both the NDI3T skeleton and all the pyrazine-based materials
NIP3T-X. On the other hand, the incorporation of these end-
capped units has also an impact in the oxidation potential,
showing a shift to higher oxidation values when the electron
acceptor units are covalently linked to the terthiophene unit
(Fig. S42-S45, ESIt), phenomena also observed for the pyrazine-
based analogues (Table 2).

The highest occupied molecular orbital (HOMO) levels and
the lowest unoccupied orbital (LUMO) levels of these new
donor-acceptor materials can be estimated from the first
oxidation/reduction potentials obtained by cyclic voltammetry
experiments (Fig. 6a, b and Fig. S42-545, ESIf) in dry dichlor-
omethane (Table 2). As it is depicted in Fig. 6¢, the introduction
of electron acceptor units at the alpha position of the terminal
thiophenes unit allows a precise control over the energy levels
of their frontier molecular orbital. These precise modifications
in the HOMO/LUMO energy levels present some differences in
comparison with the observed values for the NIP3T-X materials,
which is related to the different location of the topology of the
frontier molecular orbitals in both skeletons, as it is depicted in
Fig. 5 and Fig. S21 (ESIt). This effect produces a reduction
in the bandgap in the new derivatives and a stabilization of
both, HOMO and LUMO in NDI3T-RD, NDI3T-RDDCV and

10858 | J Mater. Chem. C, 2023, 11,10852-10863

NDI3T-DCV assemblies in comparison with the unfunctiona-
lized NDI3T.

Charged species study by spectroelectrochemistry

In this section, we aim to analyse the structure and stability of
the charge carriers present in the electron transport process.
As shown in Fig. 7 and 8, both spectroelectrochemical reduc-
tion and oxidation processes were recorded for the NDI3T-X
systems, as expected considering their amphoteric redox beha-
viour demonstrated in the CV spectra (Fig. 6a). The evolution of
the UV-Vis-NIR spectra of the studied semiconductors were
obtained by progressive spectroelectrochemical reduction
(Fig. 7) and oxidation (Fig. 8) of low concentration solutions
in presence of high excess of Buy,NPFs supporting electrolyte.
The results are supported by TD-DFT theoretical calculations at
B3LYP/6-31G** level (Fig. $46-S49, ESIY).

The UV-Vis-NIR absorption spectra of the NDI3T (Fig. 7a) as
neutral species (black curve) progressively evolve to new absorp-
tion bands recorded at 565 and 715 nm (blue curve), which
are ascribed to the formation of radical anion species (see
comparison with theoretical results in Fig. S46, ESIt). Further
electrochemical reduction provokes the vanishing of this spectral
profile and the appearance of two new absorption peaks, one
centred at ca. 440 and a redshifted band at 748 nm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 UV-Vis-NIR absorption spectra recorded by electrochemical reduction of (a) NDI3T, (b) NDI3T-RDDCV, (c) NDI3T-RD and (d) NDI3T-DCV in
dichloromethane in presence of BuyNBF,4 as supporting electrolyte within an OTTLE cell.

On the other hand, the UV-Vis-NIR absorption spectra of
NDI3T-DCV, NDI3T-RD and NDI3T-RDDCV (Fig. 7b-d), where
the terthiophene subunit is laterally substituted with electron-
deficient groups, show a similar absorption pattern, where two
bands appear at around 500 and 750 nm upon one electron
reduction. Further increase of the applied potential is trans-
lated in a decrease of these bands while increasing a new
absorption band at higher energies, that can be ascribed to
the dianion species.

The progressive electrochemical oxidation of NDI3T (Fig. 8a)
depresses the absorption of the neutral species while leads to
the formation of a red-shifted broad absorption band (blue
curve). According to the electrochemical results and TD-DFT
calculations, this new absorption can be ascribed to the for-
mation of the radical cation species. Further electrochemical
oxidation leads to the appearance of new broad absorption
band (red curve), which present two contributions, one centred
at ca. 412 and a redshifted band at 1038 nm.

In contrast, the progressive electrochemical oxidation of
NDI3T-DCV, NDI3T-RD and NDI3T-RDDCV, leads to only one
species (blue curve) which shows similar absorption pattern,
with the main absorption band appears at around 400 nm.

This journal is © The Royal Society of Chemistry 2023

Further increase of the applied potential does not lead to new
species in the compounds with electron-deficient groups at the
thiophene subunits.

Therefore, as we can see from Fig. 7 and 8, the NDI3T-X
systems present both oxidation and reduction processes, as
also found in previously published NIP3T-X systems (Fig. S50
and S51, ESIt). However, the potentials at which both reduction
and oxidation take place in NDI3T-X systems are substantially
lower than those for NIP3T-X molecules. Note that, in the latter,
both HOMO and LUMO are located on the oligothiophene
fragment (Fig. 5) and thus the effect of the lateral substituents
on the electron-donating properties of the thiophenic chain
is much more accentuated, indicating a reduced electron-
donating nature of that molecular fragment. Therefore, the
ability to stabilize positive charges is diminished in NIP3T-X.
Furthermore, the injection of negative charges, which also goes
directly to the oligothiophene fragment (in contrast with the
injection on the arylene unit in NDI3T-X), is also hindered and
thus appears at much higher voltages.

On the contrary, on NDI3T-X systems, similarly to that
observed in other naphthalene diimide derivatives, the negative
injected charge is mainly stabilized over the naphthalimide

J. Mater. Chem. C, 2023, 11,10852-10863 | 10859
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fragment, as expected considering the LUMO topologies in
Fig. 5. DFT calculations of NDI3T-X charged species indicate
that the 70% of the injected charge is stabilized by the NDI
units in the NDI3T anion species. This decreases when the
terthiophene subunit is laterally substituted with electron-
withdrawing groups (Fig. S52-S54, ESIt), which support 20%
of the injected charge, indicating the role of the lateral sub-
stituents in promoting the stabilization of the negative charged
species. In fact, for NDI3T-X systems up to dianion species are
recorded at potentials lower than —700 mV, while for NIP3T-X
potentials of around —1500 mV are required.

3. Conclusions

We present here a new synthetic approach for achieving redox
amphoteric organic semiconductors via rational chemical
modifications. For this end, the combination of processable
terthiophene-naphthalimide assemblies, having an imidazole
connecting group, with three different strong electron-with-
drawing end-capped units has been used to design a series of
novel organic semiconductors with tunable optoelectrochemical

10860 | J Mater. Chem. C, 2023, 11,10852-10863

properties. These materials have been compared with previously
published terthiophene-naphthalimide semiconductors, having
a weaker electron-acceptor pyrazine linker and comparable
lateral electron-withdrawing groups. All these materials present
low-lying LUMO energy levels and broad absorptions up to
800 nm, being these characteristics ideal for organic electronics.

The results indicate a quite complex electronic scenario that
goes beyond the expected cumulative effects of the independent
molecular units constituting the final molecular assembly.
Thus, the modification of the connecting group in unsubsti-
tuted derivatives, namely NIP3T and NDI3T, has some impact
on the optoelectronic properties but does not modulate
the molecular orbital topologies, having the lowest energy
absorption band an ICT character. However, when electron-
withdrawing lateral substituents are inserted on those molecu-
lar platforms, different effects are found on both the energies
and, especially, on the topologies of the frontier molecular
orbitals. It has been demonstrated here that such effects have
profound implications on the electronic properties of the
materials, both in the optical absorption properties (energies
and nature of the electronic transitions) and on the stabili-
zation of charged species. Thus, when electron-withdrawing

This journal is © The Royal Society of Chemistry 2023
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groups are inserted on the NIP3T platform (NIP3T-X), the
lowest energy absorption band becomes of n-n* character.
As a result, the charge distribution on the LUMO becomes
localized over the oligothiophene fragment instead on being
located on the naphthalimide units, which modulates the
electron-donating nature of the oligothiophene chain. None-
theless, still both positive and negative charges are stabilized,
but at high potentials.

On the contrary, the introduction of the electroactive groups
on the NDI3T platform (NDI3T-X) provokes the appearance of
two different and competing ICT channels within the molecule,
which has interesting effects on the electronic absorption
spectra. However, the electronic densities on the HOMO and
LUMO energies are comparable to those of the unsubstituted
systems, and thus both positive and negative charged can be
stabilized for the NDI3T-X semiconductors, at much more
accessible potentials than in NIP3T-X molecules.
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