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Diacene-fused thienothiophenes (DACTTs) have provided an excellent n-framework for the development
of high mobility p-type molecular semiconductors in the past decade. However, n-type DACTTs are rare
and their electron transport characteristics remain largely unexplored. Herein, a series of functionalized
low LUMO (lowest unoccupied molecular orbital) [1]benzothieno[3,2-b][1]lbenzothiophene (BTBT)-based
small molecules, D(C,CO)-BTBT, C,CO-BTBT-CC(CN),C;, and D(C,CC(CN),)-BTBT, have been
developed. Detailed structural, physicochemical, optoelectronic, and single-crystal characterization were
performed. The new molecules exhibit large optical band gaps (~2.8-3.1 eV) and highly stabilized
(=AE umo = 1.2-14 eV)/n-delocalized LUMOs as compared to p-type DACTTs. Symmetric functionalization
is found to be important to enable strong intermolecular interactions in the solid-state. All molecules exhibit
alternately stacked layers of “F-BTBT-F" and “S" (F: functional group/S: substituent) with strong
herringbone-like interactions (2.8-3.6 A distances) between n-cores. While carbonyls, regardless of the
substituent, adopt nearly coplanar n-backbones with BTBT, dicyanovinylenes are found to be twisted (47.5°).
The conformational difference at the molecular level has unusual effects on the m-electron deficiencies,
frontier molecular orbital energetics, thermal/photophysical properties, and n-electronic structures. Dicyano-
vinylenes at the 2,7 positions, despite twisted conformations, are shown for the first time to yield good
electron transport in DACTTs. The D(C;CC(CN),)-BTBT thin film exhibits large 2D plate-like crystalline grains
(~1-2 um sizes) of terraced islands and becomes a rare example of an n-type DACTT in organic field-effect
transistors (OFETs). Although a stabilized/n-delocalized LUMO, largely governed by functional groups and
intramolecular twists, is essential for electron transport, our findings suggest that it should be combined with
proper substituents to yield a favorable three-dimensional BTBT/functional group m-electronic structure and
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DOI: 10.1039/d0tc02945a for the first time for low LUMO DAcTTs. The molecular engineering perspectives presented in this study

may give unique insights into the design of novel electron transporting thienoacenes for unconventional
rsc.li/materials-c optoelectronics.
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Introduction

Organic n-conjugated small molecules with fused rings offer
great promise as semiconductors in the fields of fundamental
charge transport studies and optoelectronic device applications." >
The earlier approaches to the development of molecular semi-
conductors have focused on oligomeric n-structures such as
oligo-thiophenes/phenylenes as a result of their structural
versatility, convenient synthesis, and appreaciable charge-
transport characteristics."*™*® However, the realization of fused
n-conjugated derivatives has greatly influenced molecular semi-
conductor developments as a result of their highly advantageous
optoelectronic/physicochemical characteristics and much higher
charge carrier mobilities compared to oligomers.>'**° The
attractive properties of fused m-systems include a coplanar
n-backbone with highly delocalized frontier molecular orbitals
enabling effective charge injection/extraction and delocalization,
low reorganization energies for charge hopping, and very effec-
tive intermolecular interactions (large transfer integrals) in the
solid-state.>">* While the majority of research efforts on fused
n-systems have focused on low band-gap acenes and polycyclic
aromatic compounds such as pentacene,” TIPS-pentacene,”®
and perylenediimide,”” diacene-fused thienothiophenes (DACTTS)
(e.g., [1]benzothieno[3,2-b][1]benzothiophene (BTBT)) have
emerged in the past decade as new generation hole transporting
(p-type) semiconductors with unprecedented charge carrier
mobilities.?**° In this type of thienoacenes, the presence of a
phene-like electronic structure with large sulfur atoms on the
central thieno[3,2-b]thiophene enables a unique semiconductor
n-structure with a large band gap, stabilized highest occupied
molecular orbital (HOMO) energy level, and impressive hole
transport ability.*? Particularly, their vapor-deposited and
solution-processed thin films favor two dimensional (2D)
in-plane herringbone packing motifs to yield very high hole
mobilities in organic field-effect transistors (OFETs).*>%
Despite these premises, to the best of our knowledge, DAcTTSs
had never been studied in the design of low (< —3 eV) LUMO
(lowest unoccupied molecular orbital) electron transporting
(n-type) semiconducting molecules prior to our very recent
report.>® This had raised two critical fundamental questions
as to whether functionalization with electron withdrawing
functional groups in DAcTTs, which are typically wide band-
gap m-cores, could ever enable efficient electron transport and
what structure-molecular properties-semiconductivity rela-
tionships would be effective. The first question is particularly
interesting because almost all p-type n-frameworks including
acenes® have been tailored to yield n-type semiconductors
via proper functionalization.>*® To realize efficient electron
transport from DACTT derivatives that is as high as their hole
mobilities would greatly contribute to the development of
complementary organic circuits and wide-ranging optoelectro-
nic applications wherever electron transport is desired.’* ™
It could also open up new opportunities in optoelectronics
when combined with DACTTs’ other interesting properties such
as relatively easy synthesis (multigram scale), wide optical
band gaps (optical transparency), and deep HOMO energies.”?
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Fig.1 The S-F-BTBT-F-S (F/S: functional group/substituent) design
architecture for functionalized low LUMO BTBT molecules indicating the
contributions of each substructure and the chemical structures of
D(C;CO)-BTBT, C;CO-BTBT-CC(CN),C;, and D(C;CC(CN),)-BTBT developed
in this study and D(PhgCO)-BTBT>* developed in our previous study.

To this end, we have recently demonstrated the first example of
an n-type DACTT semiconductor in the literature, D(PhgCO)-
BTBT** (Fig. 1), which showed a highly stabilized (ELymo =
—3.64 eV) LUMO as compared to p-type DAcTTs. The OFET
devices with highly crystalline D(PhgCO)-BTBT films demon-
strated high electron mobilities of ~0.6 cm> V™" 57" and Ion/Iog
ratios over 10’-10°. Prompted by these initial promising
results, we are now interested in engineering new functiona-
lized low LUMO BTBTs in an “S-F-BTBT-F-S (F/S: functional
group/substituent)”’ molecular architecture (Fig. 1) and creating
a molecular library to explore structure-molecular properties—
semiconductivity relationships in this new class of molecular
semiconductors. We are particularly keen to understand the
electronic/structural factors governing electron transport in
DAcTTs, and how these parameters could be tuned via func-
tional groups and substituents. In our present study, BTBT is
the preferred n-framework because it is the smallest member of
the DACTT family with good charge transport properties, and
functionalization on the BTBT mn-core is expected to have an
immediate effect on the electronic structure. Also, the BTBT
n-core is open to Friedel-Crafts acylations and further functio-
nalization with ease, and its m-structural dimension is very
likely to enable solubility via proper substitutions. To this
end, as shown in Fig. 1, BTBT is systematically functionalized
with electron withdrawing carbonyl and dicyanovinylene func-
tional groups (in blue) and substituted with heptyl chains
(-C;H;5) (in red). This design is envisioned to yield a combi-
nation of a low LUMO and good solubility for convenient
synthesis/purification, and systematic functionalization could
reveal the electronic effects of carbonyl vs. dicyanovinylene on
BTBT’s n-electronic structure and electron transport characteristics.
The quantum mechanical modeling (DFT, B3LYP/6-31G**) used
in the design of these molecules prior to the synthesis points out
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that for all compounds, among the four possible symmetric BTBT
functionalization positions (1,6/2,7/3,8/4,9), the 2,7-positions give
the lowest LUMO energies with the most delocalized wave func-
tions (Fig. S1 and S2, ESIt). The difference becomes especially
pronounced in the case of dicyanovinylene functionalization in
that all positions other than 2,7 tend to localize the LUMO wave
functions on the dicyanovinylene units.

We present herein the design, synthesis, and full charac-
terization of a series of functionalized low LUMO [1]benzo-
thieno[3,2-b][1]benzothiophene (BTBT)-based small molecules,
D(C,CO)-BTBT, C,CO-BTBT-CC(CN),C,, and D(C,CC(CN),)-BTBT
(Fig. 1). Detailed structural, physicochemical, and optoelectronic
characterization were performed; the single-crystal structures for
D(C,CO)-BTBT and D(C,CC(CN),)-BTBT were accessed. Note that
while C,CO-BTBT-CC(CN),C, and D(C,CC(CN),)-BTBT are novel
compounds, D(C,CO)-BTBT"® has previously been described as an
intermediate compound, yet with no OFET characteristics or
molecular/single-crystal properties, during the synthesis of
p-channel BTBTs. As a result of functionalization with electron
withdrawing carbonyl/dicyanovinylene units, the LUMOs are
remarkably stabilized (—AEyymo = 1.2-1.4 eV), while the optical
band gaps remain large (2.8-3.1 eV). Thermal and thin film
characterization reveal that symmetric functionalization is crucial
to enable strong intermolecular interactions in the solid-state. The
carbonyl functionalities, regardless of the substituents (i.e., heptyl
and pentafluorophenyl), adopt coplanar w-conformations
with BTBT. However, dicyanovinylenes are found to be twisted
(47.5°), which has unusual effects on the n-electron deficiencies,
thermal properties, frontier molecular orbital energetics, photo-
physical properties, and n-electronic structures. While functional
groups and intramolecular twists govern LUMO stabilization/
n-delocalization, substituents appear to be the key component
to form a favorable three-dimensional n-electronic structure and a
low intramolecular reorganization energy for electron transport.
In our study, despite their twisted conformations, 2,7-dicyano-
vinylenes are shown for the first time to yield good electron
transport in DACTTs. D(C,CC(CN),)-BTBT thin films exhibit large
2D plate-like crystalline grains (~1-2 um sizes) of terraced islands
and it becomes a rare example of an n-type DACTT with an
appreciable i, of 0.004 cm® V' s (Ion/loge = 10°-107) in OFETSs.
On the basis of these unique findings, structure-molecular
properties—semiconductivity relationships are established for the
first time in low LUMO DACTTs.

Experimental
Materials and methods

Conventional Schlenk techniques were used for the reactions
performed under an N, atmosphere. All of the chemicals were
purchased from commercial sources and used without further
purification unless otherwise noted. Column chromatography
was carried out using 230-400 mesh particle size (60 A pore
size) silica gel as the stationary phase. "H/*>*C NMR spectra were
recorded on a Bruker 400 spectrometer (‘H, 400 MHz; “C,
100 MHz). Elemental analyses were done on a LecoTruspec
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Micro model instrument. High-resolution mass spectra were
measured on a Bruker Microflex LT MALDI-TOF-MS instrument.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were performed on Mettler
Toledo-TGA/STDA 851 and Mettler Toledo-DSC 821 model
instruments, respectively, at a heating rate of 10 °C min~'
under a nitrogen atmosphere. UV-vis absorption spectra were
recorded via a Shimadzu UV-1800 spectrophotometer. Photo-
luminescence (PL) characterization was carried out with an
Agilent-Cary Eclipse fluorescence spectrophotometer. Time-
correlated single photon counting measurements were performed
using a Pico Quant FluoTime 200 equipped with a 375 nm pulsed
(200 ps pulse width) laser diode. The PL quantum yields in
solution were measured using the comparative method with a
standard fluorescent Coumarin 153 dye solution (@p, = 53% in
ethanol).*”**® Electrochemical characterization was carried out via
cyclic voltammetry measurements on a C3 Cell Stand electro-
chemical station equipped with BAS-Epsilon software (Bioanalytical
Systems, Inc. Lafayette, IN). The working and counter electrodes
were Pt, and the reference electrode was Ag/AgCl (3 M NaCl).
All the potentials were calibrated with respect to the standard
ferrocene/ferrocenium redox couple (F¢/Fc': Eyj, = +0.40 V measured
in the same electrochemical set-up). The optimization of the
molecular geometries and the analysis of the frontier molecular
orbitals were carried out in Gaussian 09 using density functional
theory (DFT) at the B3LYP/6-31G** level.*” The intramolecular
reorganization energies for hole (4;,) and electron (/) transfer for
D(PhzCO)-BTBT and D(C,CO)-BTBT were calculated in accordance
with a standard procedure reported in the literature.

Synthesis and structural characterization

The synthesis of [1]benzothieno[3,2-b][1]benzothiophene (BTBT)
was carried out in accordance with the reported procedure.*>>"
Synthesis of 1,1’-(benzo[b]benzo[4,5]thieno[2,3-d]thiophene-
2,7-diyl)bis(octan-1-one) (D(C,CO)-BTBT). AICl; (3.03 g, 22.76 mmol)
was added into a solution of [1]benzothieno[3,2-b][1]benzo-
thiophene (1.0 g, 4.16 mmol) in anhydrous dichloromethane
(100 mL) at —10 °C under nitrogen. The resulting solution was
stirred at —10 °C for 30 min. Then, the reaction mixture was
cooled down to —78 °C. Octanoyl chloride (3.38 g, 20.8 mmol)
was subsequently added dropwise, and the mixture was stirred
for 1 h at the same temperature. The reaction mixture was
allowed to warm to room temperature and stirred for 2 days.
After completing the reaction, the mixture was quenched with
water to give a white precipitate. The precipitate was collected
by filtration, and then washed with water and methanol,
respectively. The product was obtained as a pale yellow solid
(1.2 g, 58% yield). The compound was directly used in the
next step without any further purification. For OFET device
fabrication, 100 mg of this crude solid was purified via column
chromatography on silica gel using chloroform as a mobile
phase to afford the pure semiconductor solid (80 mg). Melting
point: 265-266 °C; 'H NMR (400 MHz, CDCL;), § (ppm): 8.59
(s, 2H), 8.09 (d, 2H, J = 8.0 Hz), 7.98 (d, 2H, J = 8.0 Hz), 3.08
(t, 4H, J = 12.0 Hz), 1.78-1.85 (m, 4H), 1.33-1.44 (m, 16H), 0.89-
0.93 (t, 6H, J = 16.0 Hz); **C NMR (100 MHz, CDCl;), & (ppm):
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199.5, 142.8, 136.2, 135.8, 134.3, 124.9, 124.6, 121.9, 38.9, 31.7,
29.4, 29.2, 24.5, 22.6, 14.1; MS (MALDI-TOF) m/z caled for
C30H360,S,: 492.22 [M']; found: 492.44 [M']; elemental analysis
caled (%) for C30H360,S,: C, 73.13; H, 7.36; found: C, 73.46;
H, 7.67.

Synthesis of 2-(1-(7-octanoylbenzo[b]benzo[4,5]thieno[2,3-d]-
thiophen-2-yl)octylidene) malononitrile (C,CO-BTBT-CC(CN),C;).
Piperidine (0.73 g, 8.51 mmol) was added into a solution of 1,1’
(benzo[b]benzo[4,5]thieno[2,3-d]thiophene-2,7-diyl)bis(octan-1-
one) (D(C,CO)-BTBT) (0.50 g, 1.01 mmol), and malononitrile
(0.97 g, 14.61 mmol) in 50 mL of anhydrous DMSO under
nitrogen. The resulting mixture was stirred at 110 °C for
2 hours. After completing the reaction, it was allowed to cool
down to room temperature. The reaction mixture was
quenched with water. After extraction with CHCl;, the organic
layer was dried with Na,SO,, filtered and concentrated to
obtain the crude product. The crude was then purified through
column chromatography on silica gel using chloroform as the
mobile phase to afford the final product as a yellow solid
(110 mg, 20% yield). Melting point: 102-103 °C; 'H NMR
(400 MHz, CDCly), 6 (ppm): 8.59 (s, 1H), 8.10-8.12 (d, 2H, J =
8.0 Hz), 8.05-8.07 (d, 1H, J = 8.0 Hz), 7.99-8.01 (d, 1H, J =
8.0 Hz), 7.59-7.62 (d, 1H, J = 12.0 Hz), 3.06-3.11 (m, 4H), 1.78-
1.85 (m, 2H), 1.24-1.49 (m, 18H), 0.84-0.92 (m, 6H); "*C NMR
(100 MHz, CDCly), é (ppm): 199.5, 179.5, 143.2, 142.9, 135.6,
135.3, 134.5, 131.9, 124.6, 123.5, 122.6, 121.9, 112.9, 112.6,
84.8, 38.9, 37.8, 31.7, 31.5, 29.4, 29.2, 22.6, 22.5, 14.1, 14.0; MS
(MALDI-TOF) m/z caled for C33H36N,08,: 540.23 [M']; found:
540.34 [M']; elemental analysis caled (%) for C;3H36N,0S,:
C, 73.29; H, 6.71; N, 5.18; found: C, 73.47; H, 6.88; N, 5.01.

Synthesis of 2,2'-(benzo[b]benzo[4,5]thieno[2,3-d]thiophene-
2,7-diylbis(octan-1-yl-1-ylidene))dimalononitrile (D(C,CC(CN),)-
BTBT). A mixture of 1,1’-(benzo[b]benzo[4,5]thieno[2,3-d]thio-
phene-2,7-diyl)bis(octan-1-one) (D(C,CO)-BTBT) (0.25 g, 0.51 mmol)
and malononitrile (0.47 g, 7.14 mmol) was dissolved in anhydrous
chlorobenzene (50 mL) under nitrogen, and stirred at 35 °C for
15 min. Afterwards, pyridine (0.77 g, 9.69 mmol) and TiCl, (0.97 g,
5.1 mmol) were added to the reaction mixture. The resulting
mixture was heated and stirred at 110 °C for 90 min. After
completing the reaction, it was allowed to cool down to room
temperature. The reaction mixture was quenched with water.
After extraction with CHCl;, the organic layer was dried with
Na,SO0,, filtered and concentrated to obtain the crude product.
The crude was then purified through column chromatography
on silica gel using CH,Cl, as a mobile phase to afford the final
product as a pale yellow solid (138 mg, 46% yield). Melting
point: 211-212 °C; '"H NMR (400 MHz, CDCl;), & (ppm): 8.10
(s, 2H), 8.05-8.07 (d, 2H, J = 8.0 Hz), 7.60-7.62 (d, 2H,
J = 8.0 Hz), 3.06-3.10 (t, 4H, J = 16.0 Hz), 1.34-1.41 (m, 4H),
1.24-1.32 (m, 16H), 0.84-0.87 (t, 6H, J = 12.0 Hz); *C NMR
(100 MHz, CDCly), ¢ (ppm): 179.5, 143.3, 135.9, 135.1, 132.2,
124.4, 123.5, 122.6, 112.9, 112.5, 85.0, 37.9, 31.5, 29.1, 28.7,
28.6, 22.5, 14.0; MS (MALDI-TOF) m/z caled for C3sH3zeN,4S,:
588.24 [M']; found: 588.52 [M']; elemental analysis caled (%)
for C36H36N4S,: C, 73.43; H, 6.16; N, 9.51; found: C, 73.74;
H, 6.44; N, 9.42.
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Field-effect transistor fabrication and characterization

Heavily n-doped (100) silicon (n**-Si) with 200 nm thermally
grown SiO, was used as the gate/dielectric substrate for OFET
fabrication. The substrates were sonicated in acetone and
isopropyl alcohol for 10 min with subsequent drying under
an N, flow. Then, the substrates were treated with 100 W
oxygen plasma for 3 min (Cute, Femto Science, South Korea).
To form the hydrophobic interfacial layer, n'*-Si/SiO, (200 nm)
substrates were treated with hexamethyldisilazane (HMDS).
To deposit 30 nm thick organic semiconductor films, the
D(C,CO)-BTBT and D(C,CC(CN),)-BTBT solids were thermally
evaporated onto temperature-controlled (25 °C and 70 °C)
n*"-8i/Si0, (200 nm)/HMDS substrates under a high vacuum
(~107° Torr) using a growth rate of 0.1-0.2 A s™*. The surface
morphology and microstructure of the evaporated semiconductor
thin-films were characterized by atomic force microscopy (AFM,
NX10, Park Systems, South Korea) and grazing incidence X-ray
diffraction (GIXRD, X'pert Pro, Malvern Panalytical Ltd). The
source-drain electrodes (LiF (1 nm)/Au (50 nm) for n-channel
testing and Au (50 nm) for p-channel testing) were defined via
thermal evaporation through a shadow mask to yield semicon-
ducting channels of 1000 pm width and 50 pm length. The
semiconductor channels were electrically isolated from each other
using a mechanical scratch. The electrical characterization of the
OFETs was performed in a vacuum probe station (M5VC, MSTech,
South Korea) using a Keithley 4200-SCS semiconductor analyzer
system (Tektronix Inc, USA). The saturation charge carrier
mobility (usac) was estimated based on a conventional metal-
oxide-semiconductor field-effect transistor model using the
formula

tisat = (2IpsL)[WCi(V — Ven)*]

where Ipg is the source-drain current, L is the channel length,
W is the channel width, C; is the areal capacitance of the gate
dielectric, Vi is the gate voltage, and Vg, is the threshold
voltage.

Results and discussion
Synthesis, characterization, and thermal properties

The synthesis of the new molecules is shown in Scheme 1.
As the first step, D(C,CO)-BTBT was synthesized via double
Friedel-Crafts acylation with a yield of 58%. Note that this
reaction has previously been carried out as an intermediate
step in the synthesis of p-type BTBT compounds (e.g., Cs-BTBT),
and it selectively functionalizes the BTBT m-core at the 2,7-
positions.*®>! Then, Knoevenagel condensations were carried
out on D(C,CO)-BTBT to convert carbonyls to dicyanovinylene
groups. For single carbonyl conversion, malononitrile reacts
with D(C,CO)-BTBT in the presence of piperidine base to
yield C,CO-BTBT-CC(CN),C; in 20% yield. In the synthesis of
D(C,CC(CN),)-BTBT, TiCl, Lewis acid was needed along with
pyridine and malononitrile to achieve double carbonyl conver-
sion (46% yield). All small molecules exhibit good solubilities in
common organic solvents (e.g., >15-20 mg mL " in chloroform)

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of highly soluble functionalized low LUMO BTBT molecules D(C;,CO)-BTBT, C;CO-BTBT-CC(CN),C;, and D(C;CC(CN),)-BTBT.

allowing for convenient synthesis and chromatographic purification.
As compared with previously developed D(PhgCO)-BTBT, which had
very low solubility, such good solubilities of the current molecules
certainly reflect the solubilizing effect of the flexible alkyl (-C,;H;5)
substituents. Similar to p-channel BTBT derivatives, medium-sized
(<CyHaps1, 1 = 5-8) linear alkyl chains are sufficient to provide good
solubility in functionalized low LUMO BTBT derivatives. It is also
noticed that the dicyanovinylene functionalization of the carbonyl
unit improves the solubility, which could be ascribed to the
increased local dipoles and the twisted molecular conformation as
evidenced from the DFT calculations and the single-crystal structures
(vide infra).

The molecular structures and chemical purities were charac-
terized by using 'H and "*C NMR spectroscopies (Fig. S3, S4, S6,
S7, 89, and S10, ESIt), MALDI-TOF mass spectrometry (Fig. S5,
S8, and S11, ESIt), elemental analysis, attenuated total

reflection Fourier-transform IR (ATR-FTIR) (Fig. S12, ESIf),
and single-crystal X-ray analysis. The chemical shifts of non-
exchangeable aromatic protons on the outer phenyl rings
revealed remarkable structural/electronic features of the current
molecules. All aromatic proton chemical shifts for the new mole-
cules are found to be downfield (Adpy ~ 0.4-0.8 ppm) with
respect to those of the parent p-type Cg-BTBT. This is consistent
with our original design rationales indicating reduced electron
density (m-electron deficiency). However, the chemical shifts of
the aromatic protons in the dicarbonyl derivative D(C,CO)-BTBT
are observed surprisingly further downfield as compared to those
in the bis(dicyanovinylene) derivative D(C,CC(CN),)-BTBT (Jzr-51 =
7.6-8.1 ppm — 8.0-8.6 ppm) (Fig. 2). Since dicyanovinylene
is a much stronger electron withdrawing unit than carbonyl, one
would expect the opposite trend in chemical shifts as typically
observed with previously developed molecular semiconductors.>*>*

*CDCl,
(7.27)

J

)

9.0 8.5

d
d
ki , L
M
b §c
1
8.0

7.5 7.0

8 (ppm)
Fig.2 The 1H NMR spectra of D(C;CC(CN),)-BTBT (top), C;CO-BTBT-CC(CN),C, (middle), and D(C;CO)-BTBT (bottom) in CDCls showing the

chemical shifts of non-exchangeable aromatic protons “a—f".
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The rationales behind this interesting electron-deficiency behavior
upon carbonyl — dicyanovinylene conversion are twofold. Firstly,
dicyanovinylene units adopt out-of-plane twisted conformations
with respect to the BTBT m-system as evidenced by the single-
crystal structure, DFT calculations, and photoluminescence studies,
whereas carbonyls lie within the plane of the BTBT core, providing
much stronger negative resonance (—R)/inductive (—I) effects.
Secondly, the cyano groups (-CN) in the twisted dicyanovinylene
unit exert shielding effects on nearby aromatic protons “d and f”.
A similar shielding effect was evident also on aliphatic B-protons -
but not on o-protons due to geometrical restraints - in
D(C,CC(CN),)-BTBT as compared to D(C;CO)-BTBT (Juiphatic g
~1.8 ppm — ~1.3 ppm). On the other hand, when D(C,CO)-BTBT
is compared with our previously developed D(PhzCO)-BTBT, mini-
mum differences are observed in the 'H NMR spectra, which
reveals that the electronic effects of -C;H,5 vs. —Phy substituents
- although they have completely different electron deficiencies and
n-densities — have a minimum impact on the BTBT r-system. This
is also supported by theoretically and experimentally determined
frontier molecular orbitals of these two molecules that showed very
similar energetics/wave functions (vide infra). The protons on each
outer phenyl ring in unsymmetrical C,CO-BTBT-CC(CN),C, are
independently found to follow the specific chemical shift patterns
of carbonyl and dicyanovinylene functionalized aromatic units
(middle "H NMR spectrum in Fig. 2). This reveals that there is
minimal rn-electronic interaction across the functionalized BTBT
n-system, avoiding the formation of a new set of chemical shifts.
This is most likely the direct result of the phene-like electronic
structure of the BTBT m-system and it is further evidenced by
electrochemical characterization (vide infra). To the best of our
knowledge, this is the first time that fully separated electronic
behaviors are observed for outer phenylenes in a diacene-fused
thienothiophene n-system.

Thermal characterization was carried out by thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) under a nitrogen atmosphere and the data are presented
in Table 1. As shown in Fig. 3A, the current compounds exhibit
high thermolysis onset temperatures (Topset, cOrresponding to
5% weight loss) of >300 °C, and dicyanovinylene functionalization
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was found to significantly increase the thermal stability (Tongset =
305 °C for D(C;CO)-BTBT vs. Typeee = 375 °C for D(C,CC(CN),)-
BTBT and C,CO-BTBT-CC(CN),C,). D(C,CO)-BTBT, C,CO-BTBT-
CC(CN),C5, and D(C,CC(CN),)-BTBT show major endothermic
thermal transitions at 266 °C (26.9 J g '), 103 °C (28.4 J g™,
and 212 °C (75.7 J g "), respectively, with the corresponding
exothermic peaks at 265 °C (25.7 J g 1), 61 °C (30.9 J g 1), and
108 °C (77.0J g 1), respectively. These transitions are attributed to
the melting (Trp: 265-266 °C, 102-103 °C, and 211-212 °C,
respectively) and crystallization processes as observed by conven-
tional melting point measurements. Interestingly, in contrast to
the increased melting point (ATy,, > 100 °C) upon dicyano-
vinylene functionalization on formerly reported carbonyl-
functionalized molecular semiconductors,> the melting point of
dicyanovinylene-functionalized D(C,CC(CN),)-BTBT is found to
be considerably lower (ATy,, = —54 °C) than that of carbonyl-
functionalized D(C,CO)-BTBT. Solid-state structural analysis (vide
infra) reveals that although the carbonyls in D(C,CO)-BTBT are
completely in the BTBT n-plane (Oyorsion = 4.17° for BTBT/C—O0)
leading to the formation of a “layer-by-layer” stacking motif with
herringbone-like packing between “CO-BTBT-CO” units, the
dicyanovinylenes in D(C,CC(CN),)-BTBT are significantly twisted
(Odinedra1 = 47.55° for BTBT/C—C(CN),) with respect to BTBT,
hampering n-coplanarity. On the other hand, the much lower
melting point (AT, = —109/—163 °C) observed for unsymmetri-
cally functionalized C,CO-BTBT-CC(CN),C,, which would be
expected to stay between those of symmetrically functionalized
derivatives, points to considerably weakened cohesive forces in
the solid state. This indicates that in the design of low LUMO
BTBT molecules symmetrical functionalization is key to realize
effective solid-state intermolecular interactions (i.e., cohesive
energetics) for both efficient charge transport and technologically
relevant thermal behavior (ie., Tynp > 150-200 °C for device
processing). Note that, for the same reason, single-crystal of solid
C,CO-BTBT-CC(CN),C, with sufficient diffraction quality could
not be obtained, while the other two molecules yield single-
crystals (vide infra). The melting temperatures of symmetrically
functionalized D(C,CO)-BTBT and D(C,CC(CN),)-BTBT are much
higher than that of Cg-BTBT (T},p, = 129-130 °C)*® having the same

Table 1 Summary of the thermal, optical absorption, electrochemical, and OFET semiconducting properties of compounds D(C;CO)-BTBT, C,CO-
BTBT-CC(CN),C;, and D(C;CC(CN),)-BTBT and the corresponding estimated frontier molecular orbital energies

Tmpa TDscb (OC) Mg Afga}\xd (nm) )vfml-};?(e (nm) Ered-uzf Eromo®  Enomo® .Uh (Cm2 v 571)
Compounds (°C) heating(cooling)  (°C) (B (eV) (B (eV)) (V) (eV) (eV) (Ven (V) Ton/Tog"
D(C,CO)}-BTBT  265-266  169/219/266 305 380 (3.10) 413 (2.81) —0.89 —3.51 —6.61  (p)0.03 (-10V)  10%-10°

(265/213/139)

C,CO-BTBT- 102-103 103 (61) 375 389 (2.90) 388 (2.82) —0.95 —3.45 —6.35 Not active Not
CC(CN),C, active
D(C,CC(CN),)-  211-212  169/212 (108) 375 400 (2.83) 421 (2.72) -1.10 —3.30 —6.13  (n)0.004 (+27V) 10°-107
BTBT

“ Measured by conventional melting point apparatus. ” From DSC scans under nitrogen at a scan rate of 10 °C min~". ¢ Onset decomposition
temperature measured by TGA under nitrogen. “ From optical absorption in dichloromethane; the optical band gap is estimated from the low
energy band edge of the solution-based UV-vis absorption spectrum. ¢ From optical absorption as a spin-coated film on glass; the optical band gap
is estimated from the low energy band edge of the film UV-vis absorption spectrum. / 0.1 M Bu,N'PF, " in dichloromethane (vs. Ag/AgCl) at a scan
rate of 50 mV s~ . ¢ Estimated from the equations Ejyyo = —4.40 €V — Ereq.1/2 and E¢ = Erumo ~ Enomo- h Majority charge carrier types, electron/
hole mobilities, threshold voltages, and current on/off ratios from top-contact/bottom-gate OFET devices of n''-Si/SiO, (200 nm)/HMDS/vapor-
deposited (at 70 °C) semiconductor (30 nm)/LiF (for n-type only)-Au (50 nm).
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Fig. 3 (A) Thermogravimetric analysis (TGA) and (B) differential scanning calorimetry (DSC) measurement curves of D(C;CO)-BTBT, C;CO-BTBT-
CC(CN),C5, and D(C;CC(CN),)-BTBT at a temperature ramp of 10 °C min~* under No.

alkyl chain length, which could be attributed to the presence of
polar functional groups and a slightly more extended n-framework,
leading to enhanced intermolecular cohesion. For D(C,CO)-BTBT
and D(C,CC(CN),)-BTBT), additional thermal peaks at 169
(16.2] g 1/219 °C (51.3 J ¢ ') and 169 °C (4.6 ] g "), respectively,
were observed prior to the highest temperature transition to the
isotropic liquid phase. These thermal transitions could be attri-
buted to the formation of liquid-crystal (LC) phase(s) as previously
observed for BTBT derivatives with similar alkyl chains,> and it
reflects the presence of flexible heptyl chains at the molecular ends.
Note that our previously developed n-channel BTBT semiconductor
D(PhgCO)-BTBT did not exhibit any thermal transition prior to
melting as a result of having rigid perfluorophenyl (-Phg) rings.

Single-crystal structure and intermolecular interactions

Single-crystals of D(C,CO)-BTBT and D(C,CC(CN),)-BTBT were
grown as clear yellow needles by slow diffusion of methanol
into chloroform solution and as red plates by slow evaporation
of chloroform solution, respectively. The crystal structures
determined by single-crystal X-ray diffraction are shown in
Fig. 4, and the crystallographic data are provided in Table S1
(ESIT). The crystal structures and packing properties of the
current compounds are discussed in comparison to our recently
developed high mobility n-type semiconductor D(PhgCO)-BTBT**
in order to gain complete insight into this new class of functio-
nalized low LUMO BTBTs. Although the conjugated backbone of
the BTBT unit in D(C,CO)-BTBT and D(C,CC(CN),)-BTBT is highly
coplanar with no ring-to-ring twist angles (05;_ar ~ 0°; Ar is phenyl
or thienyl) as in D(PhgCO)-BTBT and other (un)substituted BTBT
molecular n-skeletons,**®® the three-dimensional configura-
tions of the functional groups and the substituents are found
to be quite different. While a small torsion angle of 4.17° is
measured between the carbonyls and the BTBT r-unit (C6-
C1(phenylene)-C—0) in D(C,CO)-BTBT leading to a substantially
coplanar molecular backbone with extended m-conjugation, the
dicyanovinylenes in D(C,CC(CN),)-BTBT are found to be twisted
(Bcorsion = 44.92° for C6~C1(phenylene)-C11-C10(dicyanovinylene)
and Ogihedaras = 47.55° for BTBT/C—C(CN),) out of the BTBT
n-plane. These twist angles for the dicyanovinylene units are
slightly higher than the ~40° maximum value beyond which
electronic communication weakens to support intramolecular

This journal is © The Royal Society of Chemistry 2020

n-conjugation.’**”

consistent with the DFT-calculated molecular structures, which
exhibit ~0°/~44° torsion/dihedral angles between BTBT and
carbonyl/dicyanovinylene functionalities (Fig. S13, ESIt). The
solid-state molecular conformation of D(C,CO)-BTBT matches
well with that of our recently reported dicarbonyl BTBT molecule
D(PhgCO)-BTBT (Oiorsion = 1.87° for C8-C7(phenylene)-C=0),>*
suggesting that 2,7-carbonyls, regardless of the substituents
(heptyl vs. pentafluorophenyl), tend to stay within the BTBT
n-plane, yielding m-extended electron-deficient BTBTs. Although
alkyl substitution, and thus the presence of a-methylene, appears
not to be detrimental to functional group coplanarity when used
with carbonyl, it is found to cause twists with dicyanovinylene
functionalities. The intramolecular twists in D(C,CC(CN),)-BTBT
most likely originate from an interplay of C6-H6(phenylene)/
C8=N1(dicyanovinylene) and C2-H2(phenylene)/C12-H12A-B-
(o-methylene) steric interactions. Theoretical modelling on a
hypothetical unsubstituted dicyanovinylene-functionalized BTBT
molecule D(HCC(CN),)-BTBT (Fig. S14, ESIT), although it would
be a relatively difficult synthetic target with low solubility, reveals
that dicyanovinylene groups could be effectively within the BTBT
n-plane upon removal of the alkyl substituents. This provides
valuable insight into future design of m-extended low LUMO
DACTTs.

D(C,CO)-BTBT crystallizes in the monoclinic space group
C2/c showing alternating layers of conductive n-segments
(CO-BTBT-CO) and insulating alkyl substituents (-C;Hjs)
along the crystallographic g-axis (Fig. 4A). The heptyl chains
at the molecular termini display a fully extended all-trans
conformation, and they are perfectly aligned along the mole-
cular long-axis allowing for the formation of pure hydrocarbon
layers along the g-axis. D(C,CO)-BTBT molecules display a
slipped stacked packing arrangement along the c-axis using
short intermolecular S- - -S contacts (a = 3.43 A < roaw (S) + rvaw
(S) = 3.60 A).*® Along the b, c-axes, herringbone-like molecular
packing was identified with major intermolecular interactions
of C-H(phenyl)---n(phenyl) (b, ¢, e = 3.57, 2.78, 3.27 A),
S- - -n(thienyl) (d = 3.22 A), and C=0(5")---C(6"=0 (f = 3.52 A).
When the crystal properties for D(C,CO)-BTBT and D(PhgCO)-
BTBT** (Fig. 4C) are compared, although the packing motifs
and intermolecular interactions are found to be very similar,

Both of these solid-state conformations are
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Fig. 4 Ball and stick drawings of the molecular structures showing the corresponding torsion/dihedral angles (between the BTBT n-core and functional
groups) and nt-backbone coplanarity, perspective views of the molecular arrangements and packings along the crystallographic a, c-axes and b, c-axes
showing the alternately stacked layers and the herringbone motifs/packing, and the intermolecular interactions for D(C;CO)-BTBT. (A) (@ = S--S; b, ¢,
e = C-H(phenyl)---n(phenyl); d = S..-m(thienyl); f = C=O(5")---C(6*)=0), D(C,CC(CN),)-BTBT. (B) (@ = N=C---nlphenyl); b, ¢ =
C—C(dicyanovinylene)- - -n(thienyl); d, e = C—H(phenyl)- - -n(thienyl/phenyl)), and our previously reported n-type semiconductor D(PhzCO)-BTBT.>*
(C) (@ = S---S; b, e = C—H(phenyl)---n(phenyl); ¢ = S---x(thienyl); d = C—H(phenyl)- - -r(thienyl); f = C=0O---r(phenyl); g = C=0(5")---C(6")=0;
h = F- - -n(pentafluorophenyl). Heptyl chains are omitted for clarity in the herringbone motif/packing in panel B.

the specific herringbone-like arrangements are found to show a
clear distinction with regard to the molecular offsets along the
long-axis directions. While D(PhzCO)-BTBT shows a molecular
offset of half an aromatic unit resulting in strong three dimen-
sional BTBT- - -carbonyl intermolecular interactions, D(C,CO)-
BTBT molecules are found to adopt perfectly matched (i.e., no
molecular offset) herringbone packing without BTBT---carbonyl

15260 | J Mater. Chem. C, 2020, 8, 15253-15267

interactions. D(C,CC(CN),)-BTBT crystallizes in the monoclinic
space group P2,/c. Although the heptyl chains at the molecular
termini are not in their fully extended all-trans conformation,
and they are found to align towards the top and bottom of the
BTBT n-system, D(C;CC(CN),)-BTBT crystals show alternating
layers of conductive m-segments ((CN),C—C-BTBT-C—C(CN),) and
insulating alkyl substituents (-C,H;;) along the crystallographic

This journal is © The Royal Society of Chemistry 2020
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a-axis (Fig. 4B). However, the herringbone packing along the b,
c-axes becomes more complicated due to its twisted molecular
structure. Each D(C,CC(CN),)-BTBT molecule is found to interact
with four other molecules in three dimensions (only two are shown
in Fig. 4B to avoid visual crowding) to form intermolecular
N=C- - -n(phenyl) (a = 3.55 A), C=C(dicyanovinylene). - -(thienyl)
(b, ¢ = 3.67, 3.89 A), and C-H(phenyl). - -n(thienyl/phenyl) (d, e =
3.27, 3.22 A) contacts. Different from the carbonyl-functionalized
BTBT derivatives, D(C,CC(CN),)-BTBT molecules did not
exhibit any S---S contacts; instead short intermolecular N---H
contacts (2.52 A < ryqw (N) + rvaw (H) = 2.75 A) are identified.*®
Similar to our previously reported n-type D(PhgCO)-BTBT,
strong BTBT: - -dicyanovinylene intermolecular interactions
are identified in solid-state D(C,CC(CN),)-BTBT. The electron
withdrawing carbonyl and dicyanovinylene functionalities in
D(PhgCO)-BTBT and D(C,CC(CN),)-BTBT electronically interact
with the BTBT n-system, contributing to the formation of three
dimensional electron transporting m-electronic structures,
which enables efficient n-channel transport in the solid-state
(vide infra). In contrast, the carbonyls in D(C,CO)-BTBT do not
show the same type of m-interaction, and the BTBT units
interact only with themselves as typically seen in previously
reported p-type DACTTs,**° resulting in hole transport (vide infia)
despite its low LUMO. For both molecules, the observed
herringbone-like packing and short intermolecular interactions

View Article Online

Paper

involving m-conjugated units are expected to enable two-dimensional
charge transport when crystalline domains are properly oriented
in the corresponding semiconductor thin films.

Photophysical and electrochemical properties

In order to reveal the effects of carbonyl vs. dicyanovinylene
functionalization and alkyl vs. pentafluorophenyl substitutions
on the optoelectronic characteristics of the BTBT n-system, the
current molecules are studied by UV-vis absorption and photo-
luminescence spectroscopies, and cyclic voltammetry in
dichloromethane solutions (1.0 x 10~° M) and as thin-films.
The photophysical and electrochemical data are presented in
Table 1. As shown in Fig. 5A, typical vibronic features (~ 1400-
1600/3000-3100 cm " for aromatic C—C/C-H bond stretches)
of a fused heteroacene n-system are observed for all compounds
with bathochromically shifted low-energy absorption maxima
(Amax = 380 nm for D(C,CO)-BTBT, A,.x = 389 nm for C,CO-
BTBT-C(CCN,)C;, and Amayx = 400 nm for D(C,CC(CN),)-BTBT)
and onsets (Aonset = 400 nm for D(C;CO)-BTBT, Aopser = 427 NM
for C,CO-BTBT-CC(CN),C;, and Agnser = 438 nm for
D(C,CC(CN),)-BTBT) with respect to the non-functionalized
alkyl-substituted derivative Cg-BTBT (Amax = 330 nm/Aonsec =
340 nm, Fig. S15, ESIt). The optical band gaps are estimated
to be 3.10 eV for D(C,CO)-BTBT, 2.90 eV for C,CO-BTBT-
CC(CN),C5, and 2.83 eV for D(C,CC(CN),)-BTBT, which are
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Fig. 5 (A) Optical absorption spectra (in dichloromethane and as spin-coated thin films), (B) cyclic voltammograms vs. Ag/AgCl (3.0 M NaCl) (in 0.1 M
BusN*PFs~ dichloromethane, scan rate = 50 mV s, and (C) experimentally determined frontier molecular orbital energies along with topographical
orbital representations (DFT/B3LYP/6-31G**) for D(C;CO)-BTBT, C;CO-BTBT-CC(CN),C;, and D(C;CC(CN),)-BTBT.
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significantly smaller than that of Cg-BTBT (Eg™ = 3.65 eV),
reflecting the electronic (negative resonance (—R)/inductive
(—=1) and n-extension effects of carbonyl/dicyanovinylene func-
tionalities. The conversion of the carbonyl functionality into
dicyanovinylene gradually decreases the optical band gap of the
BTBT m-system (Aonsee = 400 nm — 427 nm — 438 nm).
As shown in Fig. S16 (ESIf), upon changing the solvent media
from low to medium polarity (hexane (f(e,n) = 0.001) —
dichloromethane (f(e,n) = 0.217), the low-energy absorption
maxima and onsets for all three molecules show bathochromic
shifts, suggesting that the Franck-Condon excited state
(S1Fc)n-x) has a higher dipole than the ground state (So). This
could be attributed to the presence of electron withdrawing end
functionalities adjacent to a relatively m-electron rich BTBT.
Note that the most notable red-shift (~30 nm) was observed
with D(C,CC(CN),)-BTBT having two strongly electron with-
drawing dicyanovinylene end units. Surprisingly, when the
solvent polarity is further increased (N,N’-dimethylformamide
(DMF) (f(e,n) = 0.276) and dimethyl sulfoxide (DMSO) (f(e,n) =
0.263)), the molecules having dicyanovinylene unit(s) (ie.,
C,CO-BTBT-CC(CN),C, and D(C,CC(CN),)-BTBT) show completely
opposite spectral shifts to smaller wavelengths (Adyax ~ —20 to
60 nm). The absorption maximum for D(C,CC(CN),)-BTBT in
DMSO is very similar to those of non-functionalized BTBT
compounds.**® This unexpected hypsochromic shift in highly
polar medium seems to originate from reduced n-delocalization
on the molecular backbone, most likely through intramolecular
BTBT-dicyanovinylene rotations. In contrast, coplanar dicarbonyl
compound D(C,CO)-BTBT did not exhibit any spectral shift upon
going to highly polar medium; instead, an n-m* transition
becomes apparent at ~424 nm. A similar n-n* transition was
also observed for C,CO-BTBT-CC(CN),C; in DMF at ~460 nm.
When going from solution to the solid-state, although unsym-
metrical C,CO-BTBT-CC(CN),C; shows a slightly broadened
spectrum with a small bathochromic shift (Alopger ~ 10 nm),
D(C,CO)}-BTBT and D(C,CC(CN),)-BTBT exhibit obvious
J-aggregate like spectral changes with large bathochromic shifts
(Admax ~ 60-70 nM/Alopser ~20-45 nm). This indicates signifi-
cantly enhanced intermolecular interactions (cohesive energetics)
in the solid-state of these two molecules as compared to C,CO-
BTBT-CC(CN),C,, which is consistent with the measured melting
temperatures (vide supra).

As shown in Fig. 5B, the electrochemical characterization of
the current BTBT molecules shows clear (quasi)reversible first
reduction peaks (vs. Ag/AgCl) at —0.89 V for D(C,CO)-BTBT,
—0.95V for C;CO-BTBT-CC(CN),C, and —1.10 V for D(C,CC(CN),)-
BTBT. Considering that alkyl substituted non-functionalized
Cg-BTBT shows only an oxidation peak at 1.35 V (vs. Ag/AgCl)
(Fig. S15 - inset, ESIT), the electron withdrawing carbonyl and
dicyanovinylene functionalization at BTBT’s 2,7-positions clearly
increase the n-electron deficiency and enable the reduction process.
The unsymmetrically functionalized C,CO-BTBT-CC(CN),C; shows
two consecutive reductions at —0.95 V/—1.12 V, and each reduction
alone follows the electrochemical behavior of carbonyl- and
dicyanovinylene-functionalized BTBT r-units. The LUMO energy
levels of the current molecules are estimated to be —3.51 eV,
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—3.45 eV, and —3.30 eV, respectively, which are in the range of
those (—2.9 eV to —4.3 eV) previously reported for n-channel
organic semiconductors.**?” These LUMOs are greatly stabilized
(AEpumo = —1.2-1.4 eV) with respect to that of CgBTBT (E ymo =
—2.10 eV), pointing out strong negative resonance (—R)/inductive
(=) effects of the carbonyl/dicyanovinylene units at the
2,7-positions. Also, highly delocalized LUMOs calculated over
the entire molecular n-backbones could be advantageous for
electron transport. As compared with our recently developed
D(PhzCO)-BTBT having pentafluorophenyl units, the slightly
higher (~0.13 eV) LUMO estimated for D(C,CO)-BTBT is
ascribed to the electron-donating ability of the heptyl chains.
Interestingly, the LUMO level was found to increase upon
carbonyl-to-dicyanovinylene conversions in the order of D(C,CO)-
BTBT — C,CO-BTBT-CC(CN),C, — D(C,CC(CN),)}-BTBT. Consid-
ering that dicyanovinylene has a much stronger -electron
withdrawing ability typically leading to a LUMO stabilization of
~0.5-1.0 eV with respect to its carbonyl-functionalized
counterpart,®***° this rather surprising frontier molecular orbital
energy trend implies deteriorated m-conjugation between dicyano-
vinylene and BTBT units in solution. The solid-state molecular
structure of D(C;CC(CN),)-BTBT confirms the formation of large
intramolecular twists upon dicyanovinylene functionalization
(Odinedras = 47.55° for BTBT/C—C(CN),), which is very likely to
increase in solution going beyond the limiting dihedral angle
(>>40°) to support efficient intramolecular m-overlap.””*® The the-
oretical calculations on D(C,CC(CN),)-BITBT conformations with
varied dihedral angles (Fig. S17, ESIt) indeed show that the degree
of LUMO destabilization becomes much faster at higher dihedral
angles of >45° (AEypmo ~ 0.85 eV for Ogipedral = 45° — 90° vs.
AEyumo ~ 0.3 €V for Ogihedral = 0° — 45°), and the corresponding
wave functions eventually get localized on the dicyanovinylenes.
The steady-state fluorescence and time-resolved photo-
luminescence decays (dexe = 375 nm and 200 ps pulse width)
of D(C,CO)-BTBT and D(C,CC(CN),)-BTBT were studied in
order to better understand the optoelectronic effects of
in-plane carbonyls vs. twisted dicyanovinylenes. As shown in
Fig. 6A, for the same concentrations (1.0 x 10~ M) in dichloro-
methane, D(C,CC(CN),)-BTBT showed a much weaker fluores-
cence peak with decreased (10x) quantum yield (@p;, = 0.1 —
0.01) and increased Stokes shift (Alstoresshitt ~ 60 nm) in
comparison to D(C,CO)-BTBT. Similarly, time-resolved photo-
luminescence decay measurements indicated a faster decay
profile for D(C,CC(CN),)-BTBT with a lifetime of 0.19 ns (t; =
0.40 ns for D(C,CO)-BTBT). Therefore, it is apparent that highly
twisted dicyanovinylene units adjacent to the BTBT m-system
induce significant non-radiative relaxation of the excited state
(fluorescence quenching) in solution as compared to in-plane
carbonyls. To better understand the origin of the non-radiative
decay, PL properties for D(C,CC(CN),)-BTBT were measured in
a solvent system with similar polarities but different viscosities
(i.e., methanol (0.54 cP) and ethylene glycol (16.1 cP)).*!
As shown in Fig. 6B, the photoluminescence intensity was
found to be enhanced (~4x) and the corresponding PL decay
profile became slower (z; = 0.17 ns — 0.39 ns) in the higher
viscosity medium, which implies that BTBT/dicyanovinylene

This journal is © The Royal Society of Chemistry 2020
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(A) Photoluminescence spectra of D(C;CO)-BTBT (/.exc = 385 nm) and D(C;CC(CN),)-BTBT (Jeye = 405 nm) in dichloromethane (1.0 x 107> M).

The inset shows the transient photoluminescence decay profiles (Jexc = 375 nm and 200 ps pulse width) measured at 410 nm and 483 nm for D(C,CO)-

BTBT and D(C,CC(CN),)-BTBT, respectively, in dichloromethane (107> M)

under a nitrogen atmosphere. (B) The transient photoluminescence decay

profiles measured at 483 nm for D(C;CC(CN),)-BTBT (4exc = 375 nm and 200 ps pulse width) in methanol (solid) and ethylene glycol (dashed) solutions

(107> M) under a nitrogen atmosphere. The inset shows the solvent
photoluminescence spectra for D(C;CC(CN),)-BTBT.

rotations are more constrained in the higher viscosity medium
to partially deactivate non-radiative decay.®” Similarly, going
into the solid-state, the PL quantum yield of D(C,CC(CN),)-
BTBT was found to dramatically increase (®p;, = 0.01 — 0.11).
Based on these results and considering that solvent polarity-
dependent PL (Fig. S18, ESIT) does not reveal charge-transfer
excited state formation, it is clear that the highly twisted
dicyanovinylenes in D(C,CC(CN),)-BTBT activate non-radiative
decay channels in solution through intramolecular rotations
(free-rotor effect). Similar free-rotor effects have been observed
in previously reported aryl-dicyanovinylene molecules.®***
BTBT-dicyanovinylene compounds, especially when combined
with their optoelectronic and semiconducting properties, could
constitute a novel rotor family for various molecular sensing
applications. Here, it’s noteworthy that high frequency vibrations
(loose-bolt effect) could also be somewhat contributing to the
observed non-radiative decay in the dicyanovinylene units.®®

Thin-film microstructure/morphology and field-effect
transistor characterization

The charge transport characteristics of D(C,CO)-BTBT and
D(C,CC(CN),)-BTBT were studied in top-contact/bottom-gate
(TC/BG) OFETs by thermally evaporating semiconductor thin
films (30 nm) onto temperature controlled (25 and 70 °C) n**-Si/
SiO, (200 nm)/HMDS substrates. Source and drain electrodes
(Au (50 nm) for p-channel and LiF (1 nm)/Au (50 nm) for
n-channel) were defined via thermal evaporation. Prior to the
charge-transport measurements, the morphology and micro-
structure of the BTBT thin films were studied by atomic force
microscopy (AFM) and grazing-incidence X-ray diffraction (GIXD).
As shown in Fig. 7A and B, the thin film surface morphologies of
both molecules show well-interconnected crystalline domains,

This journal is © The Royal Society of Chemistry 2020

viscosity-dependent (methanol (0.54 cP) and ethylene glycol (16.1 cP))

and clear transitions from relatively small (~150-200 nm)
granular shaped grains to micron-sized (~0.6-2.0 um) 2D
plate-like grains of terraced islands along the substrate plane
were observed upon increasing the deposition temperature.
The out-of-plane 0-20 GIXD analysis shows major diffraction
peaks at 26 = 5.80°/8.68° for D(C,CO)-BTBT and at 26 = 5.21° for
D(C,CC(CN),)-BTBT (Fig. 7C), which correlates perfectly
with the single-crystal lattice planes of (400)/(600) and (100),
respectively, based on the corresponding powder pattern simu-
lations (Fig. S19, ESIt). Using the single crystal structural data,
the Bravais-Friedel-Donnay-Harker (BFDH) theoretical crystal
morphologies were predicted for both semiconductors, which
confirm the growth of 2D plate-like crystalline domains on the
substrate plane and along the (400)/(600) (for D(C,CO)-BTBT)
and (100) (for D(C,CC(CN),)-BTBT) lattice planes (Fig. 7D). This
indicates great agreement between the single-crystal structures
and thin film microstructures/morphologies, and it suggests
that the in-plane packing motifs of the observed 2D plate-like
crystalline grains in the thin film phase have herringbone-like
intermolecular interactions similar to the corresponding
single-crystal structures. Interestingly, the D(C,CO)-BTBT thin
film deposited at room temperature shows a clear high-angle
diffraction peak at 20 = 23.09° that corresponds to (020) lattice
planes formed with entirely face-on oriented molecules
(Fig. S20, ESIt). This facile control between face-on and edge-on
orientations with deposition temperature is a unique feature to
study charge transport in various optoelectronic devices. The face-
on molecular arrangement could be quite useful for the fabrication
of functional semiconductor layers in which vertical charge trans-
port is required along with a low LUMO and wide optical band gap
(e.g., passivation layer on metal oxide thin-film electronics, photo-
diodes, and organic photovoltaics).*® >
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Fig. 7 Tapping mode atomic force microscopy (AFM) topographic images and grazing incidence X-ray diffraction (GIXRD) scans for D(C;,CO)-BTBT
(A and C - left) and D(C;CC(CN),)-BTBT (B and C - right) thin films deposited on n**-Si/SiO, (200 nm)/HMDS at 25 °C and 70 °C, and the molecular
arrangements in the out-of-plane directions. The scale bar denotes 1 pm. (D) The Bravais—Friedel-Donnay—Harker (BFDH) theoretical crystal
morphologies, the views of the packing arrangements in the 2D plate-like crystalline grains, and the corresponding lattice planes. (E) Transfer (Vsp =
—100 V for D(C;C0O)-BTBT and Vsp = 100 V for D(C;CC(CN),)-BTBT) characteristics for the n**-Si/SiO, (200 nm)/HMDS/D(C;CO)-BTBT (30 nm)/Au
(50 nm) (top) and n**-Si/SiO, (200 nm)/HMDS/D(C;CC(CN),)-BTBT (30 nm)/LiF (1 nm)/Au (50 nm) (bottom) OFET devices fabricated at a substrate

temperature of 70 °C.

The electrical characteristics of the OFETs fabricated at a
substrate temperature of 70 °C were measured under both
positive and negative gate biases to reveal the majority charge
carriers and semiconducting performances. Here, we note that
we were not able to measure the charge transport charac-
teristics of these molecules from their spin-coated/drop-cast
thin films due to undesirable film formation. As shown in
Fig. 7E, D(C,CO)-BTBT and D(C,CC(CN),)-BIBT exhibit p-type
and n-type semiconducting behaviors with appreciable hole
and electron mobilities of 0.03 em® V™' s (Ion/Iog = 10*-10°
and Vi, = —10 V) and 0.004 cm® V' 87" (Ion/Ioge = 10°-107 and
Vin = +27 V), respectively. Following our initial report on high
electron mobility D(PhzCO)-BTBT, D(C,CC(CN),)-BTBT now
becomes a novel and rare n-type DACTT semiconductor, which
contributes to the development of an electron transporting
DACTT library by not only adding new functionalities (i.e.,
introducing solubility and using new m-extended functional
groups) but also elucidating “structure-molecular properties—
semiconductivity” relationships. In this new family of functio-
nalized low LUMO BTBTS, from a molecular design perspective,
the observed trends in the majority charge carriers (p-type for
D(C,CO)-BTBT vs. n-type for D(C,CC(CN),)-BTBT/D(PhzCO)-
BTBT) could not be explained simply by the frontier molecular
orbital energies/topographies as is the typical approach in the
field of organic optoelectronics.””*’* The anomalies are: (i) for
the carbonyl-functionalized BTBTs, although they share the
common coplanar “CO-BTBT-CO” n-backbone leading to simi-
lar LUMO energies (~—3.5 eV)/topographies (delocalized on
the CO-BTBT-CO n-system), D(C,CO)-BTBT behaves as p-type

15264 | J. Mater. Chem. C, 2020, 8,15253-15267

while D(PhgCO)-BTBT is an n-type semiconductor, (ii) for
the alkyl substituted BTBTs, despite its lower LUMO energy
(ELumo = —3.51 €V), D(C,CO)-BTBT behaves as p-type while
D(C,CC(CN),)-BTBT is an n-type semiconductor, and (iii) con-
sidering that the substituents are not part of the LUMOs in
functionalized low-LUMO BTBTs, how do they contribute to the
observed majority charge carrier inversion? These findings
strongly suggest that the low LUMO energies and m-delocalized
LUMO topographies should be evaluated in combination
with additional structural/optoelectronic parameters. Our detailed
analysis has indeed revealed that the observed semiconducting
behaviors reflect an interplay of two additional factors: (i) func-
tional group contribution in the m-electronic structure along the
charge transport direction and (ii) relative intramolecular reorga-
nization energies for hole- vs. electron transport. Firstly, although
all three BTBT semiconductors exhibit herringbone-like packing
along the charge transport direction, a subtle packing difference,
which is not obvious at first glance, is identified in the formation
of m-electronic structures between n- and p-type semiconductors.
In the herringbone motifs of n-type D(C,CC(CN),)-BTBT and
D(PheCO)-BTBT, electron deficient carbonyl/dicyanovinylene
functional groups continuously interact with the BTBT n-sytem
(BTBT: - -carbonyl ~ 3.5 A/BTBT---dicyanovinylene ~ 3.5-3.8 A)
in a three dimensional alternating fashion to form a m-electronic
structure that is favorable for electron transport (Fig. 7D -
bottom). However, in p-type D(C,CO)-BTBT, a similar type of
BTBT- - -carbonyl interactions was not present, and the BTBT
n-units are found to interact only with themselves (Fig. 7D -
top), as in non-functionalized p-type thienoacenes, which enables

This journal is © The Royal Society of Chemistry 2020
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a hole transporting m-electronic structure. Secondly, the relative
intramolecular reorganization energies for hole vs. electron trans-
port are found to be greatly affected by the substituents. As a key
charge transport parameter, A defines the intramolecular struc-
tural reorganization needed to accommodate a certain charge
carrier type, and a smaller /. is typically desired for efficient
electron transport.”” Herein, we compare p-type D(C,CO)-BTBT
with n-type D(PhgCO)-BTBT because these molecules have
the common charge transporting CO-BTBT-CO n-segment with
similar m-electron deficiency, and any difference in the is should
be the direct result of substituent modification (alkyl vs. penta-
fluorophenyl). While the reorganization energy associated with
the electron transfer in n-type D(PhgCO)-BTBT is smaller than that
with the hole transfer (1. = 317 meV < 4, = 360 meV), /. is
calculated to be much larger than 2, (355 meV > 252 meV) in
p-type D(C,CO)-BTBT. These results are in great agreement with
the observed majority charge carrier types. The effect of substi-
tuents on the /s has been demonstrated for different n-systems in
former theoretical and experimental studies.”*”® On the other
hand, the larger A. calculated for the new n-type D(C,CC(CN),)-
BTBT as compared to D(PhgCO)-BTBT (. = 509 meV > 317 meV)
might reflect the enhanced dihedral angle of the dicyanovinylenes
to partly explain the observed lower electron mobility.”” In our
OFET studies, semiconductor thin films with proper surface
coverage could not be achieved with unsymmetrical C;CO-BTBT-
CC(CN),C5, which is probably due to unfavorably weak cohesive
forces present in the solid-state of this molecule as discussed
earlier.

Conclusions

In summary, a series of systematically functionalized [1]benzo-
thieno[3,2-b][1]benzothiophene (BTBT)-based small molecules,
D(C,CO)-BTBT, C,CO-BTBT-CC(CN),C,, and D(C,CC(CN),)-BTBT,
has been developed, which, when combined with our previously
reported first n-type BTBT semiconductor D(PhgCO)-BTBT, gives
the first molecular library of low LUMO DACTTs. The new
molecules exhibit large optical band gaps (2.8-3.1 eV) and highly
stabilized (—AEpymo = 1.2-1.4 eV)/n-delocalized lowest unoccu-
pied molecular orbitals (LUMOs) as compared to p-type DAcTTSs.
Symmetric functionalization was found to be important to enable
strong intermolecular interactions in the solid-state. Single-crystal
structural/packing analysis have revealed that all symmetrically
functionalized low LUMO BTBT molecules show alternately
stacked layers of “F-BTBT-F” and ‘“S” with strong herringbone-
like interactions (2.8-3.6 A distances) between n-cores. The carbo-
nyl functional groups adopt coplanar conformations with the
BTBT m-backbone; however, the dicyanovinylenes are found to
be twisted (47.5°). This conformational change at the molecular
level is found to have unusual effects on the n-electron deficien-
cies (high-field "H NMR peaks and shielding effects, —Adx.yy =
0.4-0.5 ppm), thermal properties (lowered melting point, —AT,,
=55 °C), frontier molecular orbital energetics (increased LUMOs,
AEiymo = 0.2 eV), photophysical properties (PL quenching
and free-rotor effect), and m-electronic structures (3D electron
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transporting BTBT: - -dicyanovinylene network and increased ).
Herein, dicyanovinylenes are demonstrated for the first time to
yield electron transport in DACTTs despite their twisted conforma-
tions. D(C,CC(CN),)-BTBT becomes a rare example of an n-type
DACTT with an appreciable y. of 0.004 cm® V'' s7' (Ion/log =
10°-107). Although a low energy delocalized LUMO, mainly
governed by functional groups, is clearly required for electron
transport, our results suggest that substituents are the key sub-
structures to control intermolecular interactions in the charge
transport direction and the relative electron vs. hole intra-
molecular reorganization energies. With the findings presented
herein, we take the first step of establishing important and unique
relationships between structure, various molecular properties,
and semiconductivity in this new class of functionalized low
LUMO BTBTSs, and hope to stimulate further research on n-type
DACTTs in wide-ranging aspects of organic optoelectronics.
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