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Optimized charge transport in N-substituted
isatin-based acceptor—donor—acceptor small
molecules by regulating the side chain length for
solution-processable organic thin-film transistorst
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Wenyu Cai, ¢ Jiyun Lee,° Yao Zhao,? Boseok Kang () *° and Guobing Zhang
Side chains are necessary components of solution-processable semiconductors and exert a significant
influence on charge transport. In this work, a series of acceptor—donor—acceptor (A—D-A) small mole-
cules (C1-C10) based on indacenodithieno[3,2-b]thiophene (IDTT) as the donor and N-substituted isatin
with different side-chains (from methyl to n-decyl) as acceptors were designed and synthesized for
solution-processable organic thin-film transistors. The side chain length had an obvious influence on the
field-effect mobility with a nearly odd—even effect. The small molecule with the methyl side chain did
not exhibit any field-effect performance, while the other small molecules with longer alkyl chains
showed excellent device performance with field-effect mobilities of over 1 cm? V! s7%. In particular, the
small molecules with ethyl and hexyl side-chains exhibited the highest mobilities of ~6 cm? V=1 s71
These results indicate that the minor structural modification of the side chain in A—=D—A small molecules
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Introduction

Solution processable organic semiconductors have received
tremendous attention in organic thin-film transistors (OTFTs)
because of their high potential application in low-cost fabrica-
tion of organic electronics, such as flexible displays, chemical
sensors, and smart cards.'” In the past few years, significant
improvements in OTFTs have been made and the field-effect
performances of organic semiconductors, such as the field-
effect mobilities, are larger than that of amorphous silicon due
to the remarkable enhancements in molecular design and
device optimization.”® The molecular structures which gener-
ally contain conjugated backbones and flexible side chain
structures strongly affect the molecular packings, orientation,
morphology, and the corresponding charge carrier mobilities.®
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significantly affects the structural order and resulting device performance.

The backbone for high-performance semiconductors features a
highly planar and rigid conjugated structure which can weaken
the structural disorders and enhance ordered aggregation with close
molecular-packing.” For example, Michinobu et al. reported high-
performance benzothiadiazole-naphthalenediimide-based conju-
gated polymers which exhibited a unipolar electron mobility of up
to 7.16 cm®> V' ' s by optimizing the coplanar backbone of
conformation through the introduction of intramolecular interac-
tions (CH: - -0).*°

The side chains are necessary components of all the
solution-processable organic semiconductors and endow the
semiconductors with excellent solubility in organic solvents.
Recent research has indicated that subtle structure modifica-
tion on the side chains can exert a significant effect on the
structural order and charge transport properties.''™** For exam-
ple, siloxane-terminated side chains were designed and
introduced into the isoindigo-based donor-acceptor (D-A) con-
jugated polymers. And the n-n stacking distance (3.58 A) of the
spin-coated films was much closer compared to that of
the 2-octyldodecyl side chain-based conjugated polymer with
the same backbone (3.75 A) owing to moving the position of the
branching point away from the isoindigo backbone. Conse-
quently, the corresponding OTFT devices exhibited a field-
effect mobility as high as 2.48 em®> V™' s~ ".' side chain
optimization, such as via modifying the type, length, and
position of the branching point, is the most effective mole-
cular engineering strategy for constructing high-performance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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OTFTs.”">'° Therefore, side chains are as important as the
conjugated backbone when synthesizing organic semiconduc-
tors for high-performance organic electronic devices. Despite
the intensive research studies on side-chain engineering in D-A
conjugated polymers, very few reports have focused on the side
chain effects (such as the crystal structure, morphology, and
field-effect performances) for D-A small molecules. It should be
noted that the D-A small molecules have well defined struc-
tures with no batch variation and good solubility with excellent
film-forming properties,"”>° all of which make the D-A small
molecules a potential candidate for high-performance semi-
conductors in OTFTs. Therefore, it is of great significance to
investigate the effect of side chains on the molecular packing
and field-effect performances of D-A small molecules.

A high performance A-D-A small molecule based on
indacenodithieno|3,2-b]thiophene (IDTT) and N-substituted indole-
2,3-dione (IDD-N) with a hexyl side chain was reported in our
previous work.>"** The aza-substitution in its backbone endowed
the small molecule with excellent backbone planarity, ordered crystal
structures, and encouraging hole mobilities (>7 em* V" s7%). How
the side chain affect the properties of A-D-A small molecules, an
obvious next step, should be further investigated. Herein, a series of
A-D-A small molecules (IDTT-IDD-N-Cn, abbr: Cn) with different
side chains (from methyl to n-decyl) on IDD-N were synthesized and
characterized (Scheme 1). The variation of side chains exerted a
significant effect on the optical properties, microstructures, and
field-effect mobilities of OTFTs. The A-D-A small molecules
with even side chains (C2, C4, C6, C8, and C10) exhibited excellent
field-effect performances with the highest mobilities of over
6 cm® V! s, whereas the semiconductors with odd side chains
(€1, €3, C5, C7, and C9) showed relatively low field-effect mobilities,
especially for C1-based small molecules, which did not exhibit any
field-effect performance due to the inferior crystal structure and
morphology. These results indicated that minor structural modifica-
tion of the side chain exerted a significant influence on the structural
order and field-effect performances of A-D-A small molecules.

Results and discussion
Synthesis and characterization

The synthetic routes of IDD-N units with different side chains
and small molecules are shown in Scheme 1. Ten A-D-A small
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Scheme 1 Synthetic routes for monomers and small molecules.
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molecules with the same backbone were synthesized via the
Stille coupling reaction. IDD-N units with different side chains
(from methyl to n-decyl) were added during the Stille reaction to
produce the corresponding A-D-A small molecules, which were
named according to the side chain length (abbr: C1, C2, C3, C4,
etc.), respectively. The detailed synthesis is provided in the
Experimental section (ESI). The structures of all the A-D-A
small molecules were confirmed by nuclear magnetic reso-
nance (NMR) spectroscopy ("H NMR and *C NMR) and ele-
mental analysis (EA). Thermogravimetric analysis (TGA) was
performed to investigate the thermal stability (Fig. S1, ESIT)
and the corresponding results indicated excellent thermal
stabilities for all the A-D-A small molecules with decomposi-
tion temperatures (5 wt% loss temperature) of over 400 °C.
Differential scanning calorimetry (DSC) results indicated that
small molecules with short side chains (C1-C3) did not exhibit
transition in the range of our study. Exothermic transitions
were observed for other small molecules with longer side
chains (C4-C10). Moreover, the transition temperatures
decreased with increasing side chain length (Fig. S1, ESIT).

Optical properties and energy levels

The normalized absorption spectra of all the A-D-A small
molecules in dilute chloroform solution and solid thin films
are shown in Fig. 1. The corresponding data, such as absorp-
tion maximum and optical band gap, are also summarized in
Table 1. First, all the small molecules in chloroform solution
exhibited two same absorption bands with the maximal absorp-
tion peak of about 588-591 nm (Fig. 1a). Second, compared to
the absorption in solutions, absorptions in all the films except
that of C1 showed redshifts of about 8-11 nm (Fig. 1b). For
example, C2 exhibited the maximal absorption of about 590 nm
in solution, which was redshifted to 598 nm in the solid film
(Table 1). These results indicated that the structural order may
be improved in the solid films for C2-C10 due to the enhanced
intermolecular interactions. Moreover, the weak shoulder
peaks located at about 560 nm can be also observed for the
films of C2-C10, indicating the improvement of interchain
aggregation. It should be noted that the absorption peaks of
C1 films both with and without annealing did not show any
redshift compared to that of the solution, indicating that the
methyl side chain in the IDD-N unit might be a drag on the

R: ™ 32N N NN A

NN

Abbr: Cn, n=1,2,3... CgHq3
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Fig. 1
voltammograms of small molecules.
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(a)—(c) Normalized UV-vis spectra in chloroform solution, spin-coated thin-films from chloroform solution, and annealed films. (d) Cyclic

Table 1 The thermal properties, optical properties, and energy levels of small molecules

;Lmax [nm]
Molecule Tq“ [°C] Solution Film Annealed film EPP [ev) Exomo® [eV] Erumo© [eV] Eg [eV]
C1 446 591 589 587 1.81 —5.40 —3.64 1.76
C2 448 590 598 607 1.82 —5.39 —3.65 1.74
C3 435 590 598 607 1.83 —5.39 —3.66 1.73
C4 455 590 598 605 1.82 —5.42 —3.65 1.77
C5 448 590 598 607 1.82 —5.42 —3.64 1.78
C6 432 590 598 608 1.81 —5.43 —3.68 1.75
Cc7 442 589 599 609 1.82 —5.40 —3.65 1.75
C8 456 588 597 607 1.82 —5.42 —3.64 1.78
C9 427 589 599 612 1.82 —5.40 —3.63 1.77
C10 415 590 601 610 1.82 —5.43 —3.64 1.79

red

% The 5 wt% loss temperature. ” EgP' = 1240/ onser. ¢ HOMO = —(4.75 + Egnger) and LUMO = —(4.75 + Egpge). The redox Fe/Fe' was located at 0.05 V

related Ag/Ag".

intermolecular aggregation. Finally, the annealing strategy
further led to the larger redshift (7-13 nm) of maximal absorp-
tion and much stronger shoulder peaks for C2-C10 (Fig. 1c).
The results showed the further enhanced aggregation for the
annealed films, which was beneficial to obtain higher perfor-
mance OTFTs when the annealed films were used as the
semiconductor layers. The optical band gaps were almost same
for all the A-D-A small molecules with the values of about
1.81-1.83 eV (Table 1), which are calculated from absorption
onset of non-annealed films.

3346 | Mater. Adv, 2023, 4, 3344-3350

The lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) energy levels
were investigated by cyclic voltammetry (CV) characterization
(Fig. 1d). The corresponding LUMO/HOMO energy levels calcu-
lated from CVs are summarized in Table 1. All the A-D-A small
molecules exhibited similar LUMO (from —3.64 to —3.68 eV)
and HOMO (from —5.39 to —5.43 eV) energy levels. This
indicated that the different side chains in acceptors did not
significantly affect the energy structure probably because of the
same backbones for all the A-D-A small molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The optimized performances of small molecules based OTFT devices
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Molecule Annealing temperature (°C) thmax (cm® V7 s7h) Unavg (cm®> V1™ Vin (V) Ion/Tog
Cc1° — — — — —

Cc2 210 5.93 4.13 —28.0 2.14 x 10°
C3 210 3.33 3.18 —18.1 3.54 x 10°
C4 240 3.51 3.27 —22.2 4.46 x 10°
c5 260 1.52 1.32 —17.4 2.65 x 10°
C6 210 6.29 4.69 —28.3 3.80 x 10°
C7 210 1.04 0.91 —8.24 5.15 x 10°
C8 210 3.25 2.61 —23.6 4.02 x 10°
C9 210 1.09 0.83 —10.5 1.43 x 10°
C10 210 1.69 1.28 —8.6 2.71 x 10°

“ C1 did not exhibit any field-effect performance.

The field-effect performance of solution-processed OTFTs

To investigate the field-effect performances of the A-D-A small
molecules with different side chain lengths, the OTFT devices
were fabricated with the bottom-gate/top-contact (BG/TC) con-
figurations. All the OTFT devices were characterized under
ambient conditions directly. All the non-annealed (N/A) devices
did not exhibit any field-effect performances. This should be
ascribed to the inferior morphology which was confirmed by
atomic force microscopy (AFM) characterization (Fig. S5-S12,
ESIt). Similar results were also reported for other A-D-A small
molecules.”** It should be noted that no field-effect perfor-
mances were obtained for all the C1-based devices even though
the films were annealed at different temperatures. The results
indicated that the methyl side chain in the small molecule
backbone resulted in detrimental effects on the crystal struc-
ture, morphology, and charge transport. In comparison, the
annealed devices based on C2-C10 exhibited typical hole
transport characteristics and the optimized device data are
listed in Table 2. The field-effect mobilities fluctuated with

() 21591
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varying the annealing temperature. The optimized tempera-
tures were 210 °C for C2, C3, and C6-C10, 240 °C for C4, and
260 °C for C5, respectively. As shown in Fig. 2, the field-effect
mobilities of all small molecules did not change linearly with
extending side chain length (C2-C10). However, the fluctuation
of mobility exhibited a nearly odd-even effect within the whole
small molecules. The representative transfer, output curves,
and fluctuation trend with side chain length are shown in Fig. 2
and Fig. S2, S3 (ESIf). C1, C3, C5, C7, and C9 with odd-
numbered side-chains exhibited the optimized hole mobilities
of 0, 3.33, 1.52, 1.04, and 1.09 cm® V! s~ respectively. By
contrast, C2, C4, C6, C8 and C10 with even-numbered side
chains showed obviously higher hole mobilities of 5.93, 3.51,
6.29, 3.25 and 1.69 cm® V™' s, respectively. These results
implied that a minor structural modification of the side chains
in A-D-A small molecules led to a significant influence on the
field-effect performances. For example, no field-effect perfor-
mance was observed for the methyl side chain-based small
molecules, while the excellent device performances with the
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Fig. 2 Typical transfer curves of small molecules and the effect of side chain length on the field-effect mobility.
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(a) 2D-GIXD patterns of C1-C8 thin films. (b) Out-of-plane and (c) in-plane X-ray intensity profiles of C1—C8 thin films. (d) d-spacing lengths

along the (001) crystalline direction as a function of alkyl chain length. The values are evaluated from 2D-GIXD patterns. (e) DFT-calculated lengths of C6
along the long-molecular axis direction and the alkyl chain direction, where the hexyl groups attached at benzene rings are extended for simplicity of

calculations.

highest mobility of ~ 6 cm®> V™' s™! were obtained for ethyl
side chain-based small molecules. The distinct difference
resulting from the side chain should be related to the mole-
cular packing and structural order.

The microstructural characterization

In order to understand the changes of carrier mobilities of
A-D-A small molecules with different alkyl chain lengths, the
microstructures and thin film morphologies were investigated
by X-ray diffraction (XRD), two-dimensional grazing incidence
X-ray diffraction (2D-GIXD), and atomic force microscopy
(AFM). The samples were prepared under the same conditions
as the OTFT devices. The XRD patterns of films with and
without annealing are shown in Fig. S4 (ESIf). The non-
annealed films of all small molecules exhibited amorphous
structures. In comparison, the annealed films showed obvious
diffraction peaks, which were consistent with the out-of-plane
GIXD. Fig. 3a shows the representative 2D-GIXD patterns of the
spin-coated thin films. Except for C1, other small molecules
showed well-ordered lamellar crystalline structures along the
out-of-plane direction and several intense Bragg rods, indicat-
ing the molecules are ordered well along both vertical and
horizontal directions in the film. C1 exhibited ring patterns

3348 | Mater. Adv., 2023, 4, 3344-3350

without a preferred molecular orientation with respect to the
substrate. The disorder in the crystalline structure was well
matched with the poor charge transporting properties of C1. By
contrast, the other molecules showed a mainly standing-up
configuration, where the alkyl chains are perpendicular to the
substrates.

By using the 1D X-ray intensity profiles of the 2D-GIXD
patterns (Fig. 3b and c), we assigned the index of each peak
and estimated the d-spacings. The positions of Bragg rods were
similar for the Cns (n = 2—8), indicating that a- and b-axis
d-spacings (i.e., 15.10 A and 7.89 A) were nearly identical
regardless of the alkyl chain lengths at the IDDN group; the
estimated n-n stacking distances are half of the b-axis distance,
approximately 3.9 A. Noticeably, the (001) peaks are gradually
shifted toward smaller g values as the alkyl chains are length-
ened, corresponding to increased c-axis d-spacings (from 12.2 A
to 17.6 A; Fig. 3d). A weak even—odd effect was observed in the
c-axis d-spacings for some Cns (n = 5—8), indicating that the
number of carbons in the alkyl chain considerably affects the
molecular assembly and the crystalline structure. Given the fact
that the Cn molecule has lengths of approximately 22.8 A and
20.8 A along the molecular long axis and the alkyl chain
direction (verified from the DFT simulated structure, Fig. 3e),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The AFM height images (5 x 5 um) of small molecules annealed at optimized temperature.

there should be interdigitation of the alkyl chains along the
lamellar packing direction and a slight overlap along the
molecular long axis as well, and the change of alkyl chain
lengths at IDD-N group seems to modulate those overlap
distances slightly. We propose the solid-state structure of Cn
based on 2D-GIXD and DFT calculation (Fig. 3e). Additionally,
the peak at ¢ = 0.29 A~ in the 2D-GIXD pattern of C1
corresponds to the d-spacing of 21.7 A, which is similar to
the molecular long axis distance. This result again explains the
poor electrical properties of C1. However, to understand the
significant difference in the properties of small molecules with
methyl and other side chains, the single crystals may be the
ideal way for providing a direct insight into the molecular
arrangement. We tried our best and were also seeking help
from professional organizations. Unfortunately, the single crys-
tal was not successfully obtained probably due to the bulky
aromatic side chains.

Fig. 4 shows the height AFM images of the thin films annealed
at the optimized temperature, and the other AFM images annealed
at different temperatures are also found in the ESIT (Fig. S5-512).
All the films without annealing exhibited very smooth surface with
an amorphous nature, which can well explain the poor field-effect
performances for the N/A devices. Interestingly, after annealing at
different temperatures, the morphology of C1 did not exhibit an
obvious improvement, and the film still showed the smooth surface
with no aggregation (Fig. S5, ESIT). The results indicated that the
annealing strategy was unfavorable for the structural order of the
C1 film, which was consistent with the UV-vis results mentioned
above and also well explained why the Cl-annealing devices still
showed poor OTFT performances. In comparison, the morpholo-
gies were significantly improved for the other small molecules (C2-
C8) when the films were annealed at above 150 °C (Fig. S6-512,
ESIT). The obviously aggregated domains were formed in the whole
area (Fig. 4), which should be responsible for the enhanced field-
effect performances of the annealed devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

Ten A-D-A small molecules based on fused-rings as the donor
and N-substituted isatin with different side chains as acceptors
were successfully synthesized for solution-processable OTFT
applications. Because of the variation in the side chain, small
molecules exhibited different optical characteristics, crystal
structures, morphologies, and device performances. No field-
effect performance was observed for C1 with the methyl side
chain, while the other small molecules exhibited excellent
device performances. The fluctuation of the field-effect mobi-
lities showed a nearly odd-even effect with varying the side
chain length and the optimized mobilities of ~ 6 cm®> V™' s7*
were obtained for ethyl and hexyl-based small molecules.
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