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The research project is the first systematic study of crystal engineering of thienoacenes by
alkylthionation to develop high performance organic semiconductors for OFETs, which opens a new door
to rationally design materials applied in organic electronics by control of intermolcular
interactions.

In this research project firstly efficient chemistry was established to
straightforwardly introduce alkylthio groups at the B -position of various thienoacenes, through
which the targeted thienoacene-based organic semiconductors were successfully developed. The packing

structures of the as-synthesized materials were studied by single-crystal XRD analysis. The study
revealed that by attaching certain alkylthio groups at the B -position of linear thienoacenes, the
corresponding crystal structures could be generally and selectively altered into the rubrene-like
packing structure, in which efficient frontier orbital overlap could be realized.
Single-crystal and thin-film OFETs were fabricated based on the as-developed materials, and some of
them showed excellent performance even rivaling rubrene. The study manifested that the packing
design through B -alkylthionation in thienoacenes could be a real rational material design strategy
to develop high performance organic semiconductors.
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The packing structures of organic semiconductors in the solid state play critical
roles in determining their semiconducting properties in organic field-effect transistors
(OFETs). The benchmark material in OFETs, rubrene, shows a so-called “pitched”
zw—stacking pattern, thanks to which the frontier orbital overlap between neighboring
molecules can be very efficient. As a result, rubrene exhibited highest mobilities in
single—crystal OFETs.! However, to selectively tune the packing of other organic
semiconductors into the “pitched” z-stacking is extremely challenging.

In the preliminary study, methylthionation at the different positions (a and
B) of benzoll,2-bh4,5-b" Jdithiophene (BDT) was conducted. Interestingly, the
B —methylthionated BDT showed rubrene-like “pitched”  z-stacking pattern with
efficient frontier orbital overlap. These results indicated that alkylthionation on
thienoacenes could be a promising strategy to develop high performance organic
semiconductors rivaling rubrene in OFETs
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Specific Aim (1): The research project firstly aimed to develop efficient
chemistry to straightforwardly introduce alkylthio groups at the S -position of
thienoacenes. The chemistry was proposed to be developed by utilizing novel halogenoid
electrophilic regents for the electrophilic cyclization in the synthesis of thienoacenes.

Specific Aim (2): Different alkylthio groups, i.e., alkylthio-rings were
proposed to be examined in BDT to explore the substituents variation of B -alkylthionation
in crystal engineering. The single crystal structures and semiconducting properties of
the as—synthesized materials should be illustrated and evaluated.

Specific Aim (3): Once the B -alkylthionation strategy was established in BDT,
it was proposed to be expanded to other thienoacenes with larger = —extension, such as
naphthodithiophenes (NDTs) and anthradithiophenes (ADTs). The universality of this
strategy in larger thienoacenes would be confirmed. Their crystal structures and
semiconducting properties should be studied accordingly.
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(1) To the Specific Aim (1), the electrophilic addition reaction between alkyne
and halogen substance has been well known, and recently this reaction has been optimized
to synthesize BDT derivatives with positively charged halogen substituents attached at
the B —position of thiophene units.? Thus, the key to develop the efficient chemistry
to introduce B -alkylthio groups on thienoacenes was to find novel halogenoid reagents
with positively charged S atoms.

(2) To the Specific Aim (2) and (3), the crystal structures of the as—synthesized
materials in the solid state could be analyzed by single—crystal X-ray diffraction (XRD).
The efficiency of the frontier orbital overlap of the materials in single crystals could
be extracted by theoretical calculations. The semiconducting properties of the materials
could be studied in single—crystal and thin—film OFETs, in which single—crystal OFETs
should be more promising techniques to reveal the intrinsic charge transporting
properties of the materials.
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negativity than chloride. The working mechanism of S;Cl, was proposed in Fig. 1. The
chemistry could be done with one—pot reactions, through which various alkylthio groups
could be introduced in moderate yield. Specifically, to introduce J-methylthio group,
SoCl; could be replaced by MeSCl. In this case the oligomer byproducts was effectively
avoided, thus the yield of reactions was improved.

(2) Continued with the s
preliminary results, BDT was chosen (/SjCE/)
as a model system, and methylthio BDT MeS
group was attached at the «— and y s /) S
B —positions, respectively. Mesmsm s %
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More interestingly, their molecular
orientation on the substrate was
also selectively tuned in
“end-on” (a-MT-BDT) or “edge-on
(B -MT-BDT). This structural
alteration gave significant effect
on the transport property evaluated
by the single-crystal OFETs. The Fig. 2 Molecular and packing structures of the MT-BDTs.
B -MT-BDT-based devices showed
higher charge carrier mobility than that of o -MT-BDT-based one by one order of magnitude,
which was consistent with the results on the orbital overlap and molecular orientation.
In this model study methylthionation showed possibilities as a simple and powerful
strategy to tune packing and semiconducting properties of materials.
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Fig. 3 Molecular and packing structures of the thiacycles modified BDTs.



(3) Next, a systematic study in the functionalization of BDT with
fused-thiacycles to selectively tune the packing, molecular orientation and
semiconducting properties was conducted. Six— or five-membered thiacycles were utilized
to modify BDT, in such a manner that the S atoms in the thiacycles were placed at the
oa—, B- or both a— and B-positions of thiophene moieties in BDT. In case of the
six—membered thiacycle-modified BDT derivatives, the position of S atoms turned out to
be crucial to define the packing as well as molecular orientation; the derivatives with
the B-S atom showed rubrene-like “pitched” m-stacking and edge-on molecular
orientation on the substrate, whereas the derivative with S atoms only at the a-position
adopted herringbone stacking and end-on orientation. As a result, the thin—film OFETs
based on the former gave higher mobilities than the latter. On the other hand, the
five-membered thiacycle-modified BDT with the smaller ring size generated totally
different packing from the “pitched” m-stacking and end-on orientation, leading to low
mobility in thin film OFETs.

These results clearly correlated the molecular packing, orientation and
semiconducting properties with the position of the S atoms and the size of thiacycles.
Our research indicated the generality of S-containing groups as a key initiator of
selective tuning of the packing and molecular orientation of thienoacenes; especially
S-functionalization at the B-position could achieve the rubrene-like “pitched”
n —stacking, edge—onmolecular orientation, and thus higher mobility in OFETs. This study
not only proposed novel molecular modification strategies for thienoacenes to develop
high performance semiconducting materials, but also provided a deeper understanding of
how to selectively control the solid-state structures of thienoacene-based organic
semiconductors.

(4) Inspired by the model study of alkylthionation on BDT in the packing control,
we proposed continued study about the [ -methylthionation of a series of
acenedithiophenes with various m—extension for crystal engineering. The single—crystal
structures of the B -MT-acenedithiophenes all showed rubrene—like pitched = —stacking.
The effect of the 8 -methylthionation on the packing structure was analyzed by Hirshfeld
surface analysis together with theoretical calculations based on the symmetry-adapted
perturbation theory (SAPT), and the results clearly demonstrated that the
B —methylthionation of acenedithiophenes can generally alter the intermolecular
interactions through a “disrupt and induce” manner, universally realize the
rubrene—like pitched w-stacking in the B -methylthionated acenedithiophenes. Although
the intermolecular electronic coupling between the HOMOs of the B -MT—acenedithiophenes
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Fig. 4 Molecular and packing structures of the B-MT-thienoacenes.



in the solid state could not be straightforwardly increased by extending the molecular
7t —backbone, B -MT-ADT with a significantly large = —backbone realized large electronic
couplings with small anisotropic electronic nature, which yield high mobility comparable
to that of rubrene, up to 4.1 cm® V! s, in SC-OFETs. From the analyses of this series
of materials, we suggested a rational design strategy to realize rubrene-like
high-performance organic semiconductors, which could open the door to the creation of
promising materials by controlling the solid-state packing of organic semiconductors.
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