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ABSTRACT: Electron-deficient z-conjugated small molecules can function as electron-transporting semiconductors in various
optoelectronic applications. Despite their unique structural, optical, and electronic properties, the development of BODIPY-
based organic semiconductors has lagged behind that of other 7-deficient units. Here, we report the design and synthesis of two
novel solution-proccessable BODIPY-based small molecules (BDY-3T-BDY and BDY-4T-BDY) for organic thin-film transistors
(OTFTs). The new semiconductors were fully characterized by 'H/"*C NMR, mass spectrometry, cyclic voltammetry, UV—vis
spectroscopy, photoluminescence, differential scanning calorimetry, and thermogravimetric analysis. The single-crystal X-ray
diffraction (XRD) characterization of a key intermediate reveals crucial structural properties. Solution-sheared top-contact/
bottom-gate OTFTs exhibited electron mobilities up to 0.01 cm?/V-s and current on/off ratios of >10°. Film microstructural and
morphological characterizations indicate the formation of relatively long (~0.1 mm) and micrometer-sized (1—2 ym) crystalline
fibers for BDY-4T-BDY-based films along the shearing direction. Fiber-alignment-induced charge-transport anisotropy (u/u, ~
10) was observed, and higher mobilities were achieved when the microfibers were aligned along the conduction channel, which
allows for efficient long-range charge-transport between source and drain electrodes. These OTFT performances are the highest
reported to date for a BODIPY-based molecular semiconductor, and demonstrate that BODIPY is a promising building block for
enabling solution-processed, electron-transporting semiconductor films.

KEYWORDS: organic thin-film transistor, n-channel semiconductor, BODIPY, small molecule-based microfiber

1. INTRODUCTION ubility, intense absorption/emission profiles, high photo-

. . 056
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based 7- lummesceﬂce quantum yield, and sm:}all Sto}(es shifts. .
conjugated structures have been widely studied in the past few In addlltllon, the BODIP_Y sys.tem s optllcal anfl elelzctromc
decades for the realization of highly fluorescent functional characterlstlcs_ are tunable via fac11e7sgfnthet1c. modifications on
dyes.l Following the initial synthesis of the BODIPY core in the the boron-dipyrromethene core.” Despite all of these
late 1960s, numerous rationally designed BODIPY-based small advantages, to 'date very few BODIPY—basefi mf)leCUIar and
molecules and macromolecules have been developed, and they polymeric semiconductors have been studied in optoelec-

were investigated for a broad range of applications including

fluorescent switches, biochemical labeling, chemosensors, and Received: March S, 2016
electroluminescent devices.”™* Indeed, BODIPY-based dyes Accepted: May 16, 2016
exhibit excellent thermal/photochemical stability, good sol- Published: May 16, 2016
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Figure 1. Chemical structures of previously reported BODIPY-based semiconductors M1,"* M2, and P1,'° and BDY-3T-BDY and BDY-4T-BDY

developed in this study.

. 9-13 . . o .
tronics, and more specifically in organic thin-film transistors

(OTFTs), with the most promising ones (M1 and M2 in
Figure 1) exhibiting relatively low OTFT charge carrier
mobilities of ~107°—=107 cm?/V-s.!*'> To this end, we have
recently developed a series of BODIPY-thiophene copolymers,
in which the charge carrier mobility was enhanced to 4, = 0.17
cm?/V-s (>10 000x), remaining the highest mobility BODIPY-
based polymer semiconductor (P1 in Figure 1).'® Because such
high mobilities were accessible only for BODIPY-based 7-
conjugated polymeric backbones, the interesting question is
whether substantial mobilities are possible for BODIPY-based
molecular semiconductors. From a materials perspective, small
molecules are advantageous over polymers because of synthetic
reproducibility, structural versatility, ease of purification,
monodispersity, and high degree of crystallinity.'”~>* Thus,
the rational engineering of molecular architectures embedding
properly designed BODIPY units is very crucial to enhance
charge-transport as well as to better understand of the
properties of BODIPY-based systems. Realization of good
charge-transport with BODIPY-based molecular systems is
expected to greatly advance technologies where both charge-
transport and photophysical processes take place such as in
organic photovoltaics (OPVs), organic light-emitting diodes
(OLEDs), and organic light-emitting transistors (OLETs).”*~**

Here, we report the design and synthesis of two new
molecular semiconductors BDY-3T-BDY and BDY-4T-BDY
(Figure 1) based on an acceptor—donor—acceptor (A—D—A)
molecular architecture, in which BODIPY and terthiophene
(3T)/quaterthiophene (4T) units are used as acceptor and
donor units, respectively. BODIPYs are connected to the a,0-
oligothiophene cores through their meso-positions to achieve
linear and symmetrical molecular architectures featuring 7-
conjugation and optimized molecular energetics. It is note-
worthy that the approach of employing z-electron deficient

units at the molecular termini of a s-donor has been
successfully utilized to enable numerous n-channel semi-
conductors.””*® Therefore, in the semiconductor design, we
envision that BODIPY may be an ideal acceptor end unit
because it has strong electron-withdrawing characteristics, and
it may provide negative inductive (—I) and mesomeric (—M)
effects. This approach should facilitate the delocalization and
stabilization of charge carriers (ie., electrons). The new
semiconductors are designed without any lipophilic substitution
on the 3,4'-thiophene and 1,7-BODIPY positions to minimize
intramolecular torsions and maximize intermolecular inter-
actions. Furthermore, the BODIPY unit exhibits strong dipoles
(u = 3.38 D) oriented toward the 4,4'-fluorine substituents,
which could facilitate dipolar intermolecular interactions and
result in ordered thin-film phases. This dipole is also expected
to enhance the solubility of the current semiconductors via
dipolar interactions with the solvent molecules. In addition, the
presence of fluorine atoms may induce nonbonding inter-
molecular interactions (e.g,, —F---S— and —F--N—) to enhance
thin-film ordering. The new semiconductors were characterized
by '"H/'*C NMR, mass spectrometry, cyclic voltammetry, UV—
vis spectroscopy, differential scanning calorimetry, and
thermogravimetric analysis. The single-crystal X-ray diffraction
(XRD) characterization of a key intermediate reveals crucial
structural properties. Top-contact/bottom-gate OTFT devices
were fabricated by physical vapor deposition or solution
shearing the semiconductors, and the resulting devices
exhibited n-channel charge-transport with electron mobilities
of up to 0.01 cm?/V-s and current on/off ratio of >108, which is
currently the highest reported to date for BODIPY-based
molecular semiconductors. Although these performances are
lower than those of the state-of-the-art solution-processed
OTEFT devices, it is regarded as an important step toward the
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realization of high performance BODIPY-based semiconductor
films.

2. EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
commercial sources and used without further purification unless
otherwise noted. Conventional Schlenk techniques were used, and
reactions were carried out under N, unless otherwise noted. NMR
spectra were recorded on a Bruker 400 spectrometer ('H, 400 MHz;
13C, 100 MHz). Elemental analyses were performed on a LecoTruspec
Micro model instrument. MALDI-TOF was performed on a Bruker
Microflex LT MALDI-TOF-MS instrument. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) measure-
ments were performed on PerkinElmer Diamond model instruments
under nitrogen at a heating rate of 10 °C/min. UV—vis absorption
measurements were performed on a Shimadzu, UV-1800 UV—vis
spectrophotometer. Fluorescence emission spectra were recorded on a
Varian Eclipse spectrofluorometer using 1 cm path length cuvettes at
room temperature. The fluorescence quantum yield values were
determined in toluene or THF by comparing with the fluorescence of
Rhodamine 6G as the standard (@ = 0.76 in water). Electrochemistry
was performed on a C3 Cell Stand electrochemical station equipped
with BAS Epsilon software (Bioanalytical Systems, Inc., Lafayette, IN).
Prior to the synthesis, the optimization of the molecular geometries
and total energy calculations were carried out using density functional
theory (DFT) at the B3LYP/6-31G** level with Gaussian 09.>'

Crystal Structure Determination. The intensity data for BDY-1
were collected on a Bruker APEX II QUAZAR three-circle
diffractometer using monochromatized Mo K, X-radiation (4 =
0.71073 A). Indexing was performed using APEX2.>> Data integration
and reduction were carried out with SAINT.>® Absorption correction
was performed by multiscan method implemented in SADABS.** The
structure was solved and refined using the Bruker SHELXTL Software
Package.>> All non-hydrogen atoms were refined anisotropically using
all reflections with I > 26(I). The C-bound H atoms were positioned
geometrically and refined using a riding mode. Crystallographic data
and refinement details of the data collection for BDY-1 are
summarized in Table S1. CCDC 1435038 (for BDY-1) contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. The final geo-
metrical calculations and the molecular drawings for BDY-1 were
carried out with Platon (version 1.17)*¢ and Mercury CSD (version
3.5.1)% programs.

Synthesis of 5-Bromo-2-thiophenecarbaldehyde (1). N-Bromo-
succinimide (8.7 g, 49.04 mmol) was slowly added to a solution of 2-
thiophenecarboxaldehyde (5.0 g, 44.6 mol) in anhydrous CHCl; (100
mL). The reaction mixture was stirred for 14 h at room temperature.
The mixture then was extracted with CHCl;, and the organic phase
was washed with deionized water, dried over Na,SO,, filtered, and
evaporated to dryness to give the crude product. Purification by
column chromatography on silica gel using CHCI; as the eluent
affords the pure product as a colorless oil (8.3 g, 97.5%). '"H NMR
(400 MHz, CDCL,): 6 7.20 (d, H, J = 4.0 Hz), 7.53 (d, H, ] = 8.0 Hz),
9.79 (s, H).

Synthesis of 8-(2-Bromothien-5-yl)-3,5-dimethyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BDY-1). To a solution of 5-bromo-2-
thiophenecarbaldehyde (1) (0.70 g, 3.66 mmol) and 2-methylpyrrole
(2) (0.67 g, 8.28 mmol) in degassed CH,Cl, (220 mL) was added
trifluoroacetic acid (TFA) (2 drops) under nitrogen, and the mixture
was stirred at ambient temperature overnight. Next, 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) (0.83 g, 3.66 mmol) was added,
and the reaction mixture was stirred for additional 2.5 h. Finally, N,N-
diisopropylethylamine (i-Pr),EtN (2.60 g, 20.05 mmol) and boron
trifluoride diethyl etherate (BF;Et,0) (1.81 g, 12.7 mmol) were
added, and the reaction mixture was stirred for 2 h. The reaction
mixture was poured into water and extracted with CH,Cl,. The
organic phase was dried over Na,SO,, filtered, and evaporated to
dryness to give a crude product, which was purified by column

chromatography on silica gel using CH,Cl,:hexanes (2:1) as the
eluent. The pure product was obtained as a crystalline red solid (0.57
g, 41% yield). mp 132—133 °C. 'H NMR (400 MHz, CDCl,): § 2.68
(s, 6H), 6.32 (d, 2H, J = 4.0 Hz), 7.05 (d, 2H, J = 4.0 Hz), 7.19 (m,
2H). 3C NMR (100 MHz, CDCl,): 15.0, 116.9, 119.7, 130.1, 130.6,
131.7, 133.2, 133.9, 136.1, 158.2.

Synthesis of 5,5"-Bis(3,5-dimethylBODIPY-8-yl)-2,2':5’',2"-terthio-
phene (BDY-3T-BDY). The reagents BDY-1 (0.48 g, 1.2S mmol), 2,5-
bis(trimethylstannyl)thiophene (3) (0.24 g, 0.60 mmol), and Pd-
(PPh,),Cl, (0.013 g, 17.8 umol) in anhydrous toluene (30 mL) were
heated at 110 °C under nitrogen for 48 h. The reaction mixture then
was cooled to room temperature and evaporated to dryness. The crude
product was filtered by using methanol, and then washed with
methanol to give a dark crude solid, which was purified by column
chromatography on silica gel with CHCly:hexanes (1:1) as the eluent
to give the final product as a dark red solid (0.20 g, 49% yield).
T gecomosiion > 250 °C. "H NMR (400 MHz, CDCL,): & 2.68 (s, 6H),
6.35 (m, 2H), 7.15 (m, 2H), 7.22—7.42 (m, 3H). 3C NMR (100
MHz, CDCly): 15.0, 119.5, 119.7, 1244, 124.5, 125.0, 125.2, 125.7,
130.1, 132.6, 132.8, 133.8, 134.7, 1404, 157.6, 157.7, 158.1.
MS(MALDI-TOF) m/z (M*): caled for CyH,B,F,N,S;, 684.14;
found, 684.96 [M + H]", 664.88 [M — FJ*, 602.78 [M — 4xCH, —
F]*, 583.70 [M — 4XCH; — 2XF]*. Anal. Calcd for C3,H,B,F,N,S;:
C, 59.67; H, 3.83; N, 8.19. Found: C, 59.83; H, 4.07; N, 7.89.

Synthesis of 5,5"-Bis(3,5-dimethylBODIPY-8-yl)-2,2':5',2":5",2" -
quaterthiophene (BDY-4T-BDY). The reagents BDY-1 (0.40 g, 1.05
mmol), $,5'-bis(trimethylstannyl)-2—2'-thiophene (4) (0.24 g, 0.50
mmol), and Pd(PPh;),Cl, (0.022 g, 0.03 mmol) in anhydrous toluene
(30 mL) were heated at 110 °C under nitrogen for 48 h. The reaction
mixture then was cooled to room temperature and evaporated to
dryness. The crude product was filtered by using methanol, and then
washed with methanol to give a dark crude solid. The crude product
was purified by column chromatography on silica gel with
CH,Cl,:hexanes (1:1) as the eluent to give final product as a dark
red solid (0.17 g, 44% yield). Tyecomposition > 250 °C. 'H NMR (400
MHz, CDCLy): 6 2.67 (s, 6H), 6.35 (m, 2H), 7.15—-7.42 (m, 6H). 1*C
NMR (100 MHz, CDCL,): 15.0, 119.6, 119.7, 124.4, 125.0, 125.2,
125.8, 130.1, 132.7, 132.8, 133.6, 133.8, 133.9, 134.7, 135.4, 137.0,
140.4, 141.5, 157.7, 158.0. MS(MALDI-TOF) m/z (M"): calcd for
CisH,eB,F,N,S,, 766.13; found, 767.12 [M + HJ*, 748.03 [M — F]".
Anal. Calcd for C3gH,B,F,N,S,: C, 59.54; H, 3.68, N, 7.31. Found: C,
59.05; H, 3.84, N, 7.60.

Device Fabrication and Characterization. For the fabrication of
top-contact/bottom-gate organic thin-film transistors (OTFTs), highly
n-doped (100) silicon wafers (resistivity <0.005 Q cm) with a 300 nm
thermally grown oxide gate dielectric film were used as device
substrates. The Si/SiO, substrates were washed via sonication in
acetone for 10 min, followed by oxygen plasma for S min (18 W). The
general recipes were employed for the treatment of gate dielectric
layers including three self-assembled monolayers (octadecyltrimethox-
ysilane, OTMS; hexamethyldisilane, HMDS; phenyltrichlorosilane,
PTS) and PS-brush.'® Semiconducting layers (BDY-3T-BDY and
BDY-4T-BDY) were formed via vacuum deposition or solution-
shearing (SS). For vacuum deposition, OTMS, HMDS, and PTS
substrates were used. Semiconducting layer was deposited under high
vacuum (~2 X 1075 Torr) at various substrate temperatures (Tp’s) of
25, 50, and 80 °C. For solution-shearing process, PS-brush-treated
substrates were employed. The solution-shearing process was
performed in accordance with the reported procedure.”* During the
solution-shearing process, a few drops of semiconductor solution (~1
mg/mL) were cast onto a heated substrate (1 cm X 2 cm), and the
substrate was covered with a dewetting OTS-modified top substrate.
The top substrate was fixed with bar to the syringe pump and tilted at
small angle (<10°). The dewetting top substrate was then translated by
an electrically controlled syringe pump at a constant velocity relative to
the bottom substrate, gradually uncovering the sandwiched solution,
which quickly evaporated and left behind a polycrystalline thin-film
seeding from the shearing substrate frontier. Solvent evaporation was
controlled by different solution-shearing conditions such as deposition
temperature (50—80% of the solvent boiling point) and different
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Figure 2. Optimized molecular geometries of BDY-3T-BDY (A) and BDY-4T-BDY (B) showing inter-ring torsional angles (#), computed HOMO
and LUMO energy levels, and molecular orbital topographical representations (DFT, B3LYP/6-31G**). (C) ORTEP drawings of the crystal
structure of BDY-1 (20% probability level), and the perspective view of inter-ring dihedral angle between boron-dipyrromethene and meso-thiophene
planes, and 7—7 stacking interactions between pyrrole units. (The gray, brown, blue, pink, yellow, and white colored atoms represent C, Br, N, B, F,

and H, respectively.)

solution shearing speed (0.1—4 mm/min). The solution-sheared
substrates were placed in a vacuum oven at 90 °C overnight to remove
the residual solvent. The solution-shearing process was optimized with
regards to solvent type, substrate temperature, and shearing speed.
Film thicknesses were characterized by profilometer (DEKTAK-XT,
Bruker) as 40—60 nm (vacuum deposited films) and 300—650 nm
(solution-sheared films), respectively. Au layers (40 nm) were
thermally evaporated through a shadow mask to define source and
drain contacts with various channel lengths (L; 100 and S0 gm) and
widths (W; 1000 and 500 yum).

The electronic characteristics of OTFTs were measured using a
Keithley 4200-SCS in a vacuum probe station (P < 10~° Torr). Carrier
mobilities (i), threshold voltages (Vy), and I, /I ratios were
calculated in the saturation regime by the formula:

Hae = (2IsL)/[WC(Vg — VT)Z]

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 (C; =
114 nF cm™), Vg is the gate voltage, and V7 is the threshold voltage.
The reported values are the average of 10 different devices with the
standard deviations of less than 5%. The microstructure and surface
morphology of thin-films were analyzed by optical microscopy (HDC-
SD044S, HDView), atomic force microscope (AFM, NXI10, Park
systems), X-ray diffraction (XRD, Smartlab, Rigaku), and scanning
electron microscope (SEM, JSM-6010LA, JEOL).

3. RESULTS AND DISCUSSION

Computational Modeling, Synthesis, and Character-
ization. Prior to the synthesis, DFT calculations were
performed at the B3LYP/6-31G** level of theory to evaluate
molecular geometries and frontier molecular orbital energetics.
As shown in Figure 2A and B, DFT calculations indicate that
the oligothiophene cores of both BDY-3T-BDY (terthiophene)
and BDY-4T-BDY (quaterthiophene) molecules are highly
planar, featuring maximum inter-ring torsional angles of <10°.
This result ensures an efficient 7-orbital delocalization along the

14080

donor part. On the other hand, large inter-ring torsional angles
(~46—49°) were calculated between the boron-dipyrrome-
thene and the meso-thiophene units in both the intermediate
compound BDY-1 (Figure S2) and the final compounds BDY-
3T-BDY and BDY-4T-BDY (Figure 2A and B). These
relatively large torsions are confirmed by the single-crystal
structure analysis of the subunit BDY-1 (Figure 2C). Red
crystals of BDY-1 suitable for single-crystal analysis were
obtained in suitable sizes by diffusion of methanol into a
chloroform solution at room temperature. BDY-1 crystallizes in
the monoclinic space group P2,/c, and the boron-dipyrrome-
thene core (CoBN,) adopting a highly planar geometry with a
maximum deviation from the least-squares plane of only
0.070(3) A. The inter-ring torsional angle between the meso-
thiophene group and the boron-dipyrromethene plane is
48.80°, which matches well with the computationally optimized
geometries. This angle is small as compared to those of
previously reported meso-aromatic substituted BODIPY small
molecules (Figure S1, @ = 56—90°), which is probably due to
the lack of -pyrrole substituents and sterically less-encumbered
nature of the five-membered thiophene ring.38 Thus, our
structural approach should offer a significant advantage to
enhance charge-transport in the solid state when compared to
the previously reported BODIPY-based semiconductors.”
Comparable donor—acceptor dihedral angles were reported
between thiophene and naphthalenediimide (NDI)/perylene-
diimide (PDI) units in several high-performance n-channel
semiconductors.””~** The boron-dipyrromethene core in BDY-
1 exhibits slipped cofacial m-stacked packing motif with a
favorable interplanar 7—z stacking distance of 3.79—3.97 A
through pyrrole rings (Figure 2C), again possibly favoring
charge carrying properties in the solid state.

The MO computed HOMO/LUMO energies were found to
be —5.62/-2.96 eV for BDY-3T-BDY and —5.58/—3.17 €V for
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Scheme 1. Synthesis of BDY-3T-BDY and BDY-4T-BDY

(H3C)3Sn\®,8n(CH3)3
3

BDY-3T-BDY
H Pd(PPh;),Cl,, Toluene
N
W
o [y M _ o [N 2
s r
Js CHCI, ii) DCM, TFA, DDQ B (HsC)ssn s’ (S, -Sn(CHs);
iii) (i-Pr); EtN, BF3»OEt, FF 4
1 BDY-1 BDY-4T-BDY
Pd(PPh;),Cl,, Toluene
05 i
A. ] 555nm __THF Solution s650m _THF solution] B, [Bpy-aT-BDY
526 n —Thin-Film 0.3 1 i 0.86V
0.44 __BDY-1(Sol.) 076V
R 35
s 0.34 S.0.2 -
p | ° 3 081V
e 0.2 2 s 0.2V
g 7 8 g 075V g87v
S 5 0.1 2 :
8 2 S
< 0.14 < (&} 082V
) 0.70V
0 0 - 010 -1
: 388nm 525nm BDY-3T-BDY| 388nm 525nm BDY-4T-BDY] BDY-4T-BDY
04 06 -08 1.0 -1.2

———T—T 7
300 400 500 600 700 800 900
Wavelength (nm)

LA B s s s e o
400 500 600 700 800 900

Voltage (V) (vs Ag/AgCl)

Wavelength (nm)

Figure 3. (A) Optical absorption spectra of BDY-3T-BDY and BDY-4T-BDY in THF solution and as thin-films. (B) Cyclic voltammograms of
BDY-3T-BDY and BDY-4T-BDY in THF (0.1 M Bu,N*PF,", scan rate = 50 mV s™).

BDY-4T-BDY, and molecular topology supports highly
extended z-orbital delocalizations despite the severe torsions.
Because the HOMO is more localized on the oligothiophene 7-
donor and the LUMO has larger electron density on the
terminal BODIPY m-acceptor, HOMO — LUMO optical
transitions may be dominated by partial charge transfers (vide
infra). As compared to s-electron-rich terthiophene and
quaterthiophene oligomers (Figure S2), MO computations
demonstrate that the molecular energy levels of the new A—D—
A molecules are found to be highly stabilized (AE;yyo =
—(1.2—1.3) eV and AEyopo = —(0.5-0.6) V) as a result of
the electron-deficiency of the BODIPY end units. The relatively
large LUMO orbital stabilization, and its 7-extended delocaliza-
tion along the molecular backbone with significant spatial
orbital distribution on the BODIPYs, are expected to facilitate
n-channel transport in the current semiconductors. The LUMO
energy levels are in the range of those calculated for previously
reported n-channel semiconductors (—2.5 to —4.3 eV),
indicating that the new molecules are most likely to exhibit
electron-transporting characteristics.”

The synthetic routes to the new semiconductors are shown
in Scheme 1. Because of the instability of unsubstituted
dipyrromethene, BODIPY end-unit was synthesized with two
methyl groups in the a-positions. The common intermediates
2, 3, and 4 were prepared according to literature procedures
(Scheme S1). The boron-dipyrromethene intermediate BDY-1
was prepared by first reacting S-bromo-2-thiophenecarboxalde-
hyde (1) with 2-methyl pyrrole (2) in the presence of a
catalytic amount of trifluoroacetic acid (TFA), which was
subsequently oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) and coordinated with trifluoroborane
dietherate (BF;-OEt,) in the presence of (i-Pr),EtN (61%

14081

yield). The Stille cross-coupling of BDY-1 with the
corresponding bisstannylthiophene reagents, 2,5- bis-
(trimethylstannyl)thiophene (3) and 5,5'-bis-
(trimethylstannyl)-2-2'-thiophene (4), in toluene using Pd-
(PPh;),Cl, as the catalyst yielded semiconductors BDY-3T-
BDY and BDY-4T-BDY, respectively, in 45—50% yields. The
new compounds are found to be chemically stable over one
year in the solid state, when stored under ambient conditions
without excluding light. In addition, they exhibit good solubility
(up to 100 mg/mL) in common organic solvents (dichloro-
methane, chloroform, toluene, and tetrahydrofuran), which
enables convenient purification via column chromatography
and device fabrication via solution processing. Attempts to
purify BDY-3T-BDY and BDY-4T-BDY via gradient sub-
limation under high vacuum (2 X 107° Torr) failed, resulting in
complete decomposition. These data indicate that the new
compounds may not be used to fabricate thin films via physical
vapor deposition method, which is in line with the poor charge
carrier mobilities obtained for the vapor-deposited OTFTs
(vide infra). The unusual good solubilities of BDY-3T-BDY
and BDY-4T-BDY despite the absence of long lipophilic alkyl
substituents (C,H,,,;, n > 4) may be attributed to inter-ring
torsions in solution (vide infra) and large dipole moments of
BODIPY moieties, which both facilitate interactions with the
solvent molecules. This is in sharp contrast to the design
principles of the majority of the n-type semiconductors
reported to date, which have employed linear/branched
lipophilic alkyl substituents to ensure good solubility of strong
donor—acceptor 7-backbones. Thus, these data demonstrate a
unique feature of BODIPY building block in the design of
solution-processable molecular semiconductors for facile syn-
thesis/purification.** In addition, because alkyl substituents are
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not needed, the density of insulating o-electrons can be
significantly lowered in BODIPY-based semiconductor solid
state.

The chemical structures and purity of the new compounds
were accessed by 'H NMR, ¥C NMR, MALDI-TOF mass
spectrometry (MS), and elemental analysis. It is noteworthy
that the MALDI-TOF MS analyses of BDY-3T-BDY and BDY-
4T-BDY exhibited up to four different peak groups
corresponding to the protonated molecular ions ([M + H]*)
and ions formed by rupture of fluorine atom(s) and/or methyl
groups ([M — F]*, [M — 4xXCH, — F]*, [M — 4xCH; — 2F]")
(Figures S3 and $4)." On the basis of conventional melting
temperature measurements and differential scanning calorim-
etry (DSC) analysis, no thermal transitions were observed until
decomposition. However, thermogravimetric (TGA) analysis
indicates reasonable thermal stability of the new molecules with
decomposition thresholds located at ~325 °C (Figure SS).

Optoelectronic Characterizations. The optical and
electrochemical characteristics of the new compounds were
studied by optical absorption and fluorescence spectroscopies
as well as cyclic voltammetry. The corresponding spectra and
voltammograms are shown in Figures 3 and S6, and the data
are summarized in Table 1. Both compounds exhibit two
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Figure 4. Representative OTFT transfer (A) and output (B) plots for devices fabricated with solution-sheared BDY-4T-BDY thin films.

Table 2. Organic Thin-Film Transistor Characteristics Based on Thin Films of BDY-3T-BDY and BDY-4T-BDY*?

compound method u (em?/(V s))

BDY-3T-BDY vacuum deposition 1.7 x 107

solution shear 2.7 x 107*

BDY-4T-BDY vacuum deposition 53x 107
solution shear 0.011

Vi (V) I,/Lg SS (V/dec) Ny (em™)
37 9.0 X 107 322 1.2 x 10"
43 9.6 X 10° 17.9 2.1 X 10%2
75 3.5 x 10° 184 1.7 x 10"
19 1.5 x 10° 9.35 7.4 x 10"

“The OTFT electrical characteristics were measured in a vacuum probe station (P < 107> Torr). “The mobility values, threshold voltages, and I,,,/I ¢
ratios given are the average values for 10 devices with the standard deviations of less than 5%.

BDY). The observed broad emission peaks, large Stokes shifts,
and relatively low quantum yields are in contrast to typical
BODIPY emission characteristics, and they are indicative of the
presence of intramolecular energy-/charge-transfer based
nonradiative pathways in the excited state.”* Although the
absorption spectra of the current compounds are nearly
invariant across several solvents, their corresponding fluo-
rescence spectra exhibit positive solvachromatisms (1., = 630
nm — 652—678 nm; Py = 0.043—0.055 — 0.037—-0.053 for
toluene (¢ = 2.3) — THF (& = 7.6)) with increasing solvent
polarity, associated with concomitant peak broadening and a
decreased quantum yield. These observations further support
that the final relaxed excited states may have larger dipole
moments as a result of charge transfer (CT) between
subchromophoric units (Figure S7). Similar charge-transfer
behaviors were observed in the emissive characteristics of
previously reported BODIPY dyads.*®

UV—vis absorption spectra of the corresponding thin films
do not show the obvious BODIPY profiles and exhibit broad
and red-shifted maxima at 555 and 565 nm for BDY-3T-BDY
and BDY-4T-BDY, respectively. In the solid state, the low-
energy absorption edges exhibit significant bathochromic shifts
(A4 = 75—-80 nm) with onsets located at 635—640 nm
indicating reduced solid-state optical band gaps (~1.94 eV)
versus those measured in solution. This result points to
enhanced 7-core planarization and intermolecular interactions,
and some degree of electronic coupling between donor and
acceptor subunits in the solid state. The red-shift in BDY-4T-
BDY (A4 = 39 nm) is more pronounced than that in BDY-3T-
BDY (AZ = 29 nm), probably reflecting the difference in solid-
state ordering levels between these semiconductors and
enhanced donor strength of quaterthiophene versus terthio-
phene.

On the basis of the cyclic voltammetry (CV) measurements
in THF solution, both molecules undergo two reversible
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reductions with the first and second half-wave potentials
(E,eq"?) located at —0.74/—0.84 V (vs Ag/AgCl) for BDY-3T-
BDY and —0.73/—0.85 V (vs Ag/AgCl) for BDY-4T-BDY
(Figure 3B). The reversibility of the two reduction processes
indicates the good redox stability of the new BODIPY-based
molecules. From the CV data, the HOMO/LUMO energy
levels are estimated as —3.66/—5.89 eV and —3.67/—5.86 eV
for BDY-3T-BDY and BDY-4T-BDY, respectively. The
experimental LUMO energies are in the range of those
observed for previously reported n-channel semiconductors
(—2.9 eV to —4.3 eV), which is in line with the theoretical
results. Considering the observed stable n-doping/undoping
profiles and LUMO energetics, the new molecules are potential
n-channel semiconductors.

Thin-Film Transistor Characterization. The semiconduc-
tor characteristics of BDY-3T-BDY and BDY-4T-BDY were
measured in a top-contact/bottom-gate (TC-BG) organic thin-
film transistor (OTFT) device architecture. The semiconductor
thin-films (40—60 nm for vapor deposited film, 300—600 nm
for solution processed film) were deposited via physical vapor
deposition and solution-shearing methods on pretreated n*>-Si/
SiO, (300 nm) gate-dielectric substrates. The dielectric surface
was functionalized either with a self-assembled monolayer
(SAM) for vapor-deposition or with polymer brushes for
solution-shearing to achieve a favorable semiconductor—
dielectric interface.”” > Typical transfer and output plots are
shown in Figures 4 and S8-S10, and the OTFT device
characteristics are summarized in Tables 2 and S2.

As a first approach, BDY-3T-BDY and BDY-4T-BDY
semiconductor films were grown by physical vapor deposition
under high vacuum (~2 X 107 Torr) at different substrate
temperatures (Tp) of 25, SO, and 80 °C. Although vapor-
deposited thin-films of both semiconductors fabricated on n**-
Si/SiO, substrates that maintained a temperature, T, of 80 °C
were inactive, the devices fabricated at room temperature (T}, =
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Figure 5. (A) 6—26 X-ray diffraction (XRD) scans of solution-sheared BDY-4T-BDY films. (B) Top-view SEM (left) and AFM topographic images
(right) of solution-sheared BDY-4T-BDY films indicating the solution-shearing and major fiber alignment directions.

25 °C) showed a weak n-channel behavior with electron
mobilities of 2 X 107 to § X 107 cm?/V-s (Figures S8 and S9,
and Table S2), irrespective of surface treatment for the gate
dielectric. Next, solution processing of the semiconductor was
employed to fabricate the OTFT devices, and among various
approaches, solution-shearing was preferred to achieve
unidirectional crystalline semiconductor microstructure with
favorable carrier transport characteristics.”® The solution-
shearing process was optimized with regards to the solvent
type, substrate temperature, and shearing speed to fine-tune the
rate of semiconductor crystallization in thin-film phase.”® The
optimal conditions were identified as using chlorobenzene
solutions (1 mg/mL) at a substrate temperature of S0—60 °C
and shearing speed of 0.3—1 mm/min for both semiconductors.
Solution-sheared films of both compounds exhibited typical n-
channel transport characteristics with those of BDY-3T-BDY
displaying an electron mobility of 2.7 X 10™* cm*/(V s), which
is similar to those obtained for vapor-deposited films (Figure
S10). However, BDY-4T-BDY-based solution-sheared thin-
films, which include a relatively longer quaterthiophene 7-
donor part, exhibited higher device performance than those of
BDY-3T-BDY with shorter sn-donor of terthiophene. The
OTFTs fabricated with BDY-4T-BDY showed electron
mobility as high as 0.011 cm?/V's with an impressive current
on/off ratio of >10°® (Figure 4). Note that this electron mobility
is obtained for devices having the source-drain electrodes
deposited perpendicular to the major fiber alignment direction
(vide infra). To the best of our knowledge, this is the highest
OTFT device performance reported to date for a BODIPY-
based small molecule.”® The extremely low off current (~107"3
A) and the high I, ratio (>10%) point to the favorable
current modulation characteristics of BDY-4T-BDY thin-films.
The higher electron mobility of solution-sheared BDY-4T-BDY
thin-films correlates well with its relatively lower charge-carrier
trap density (Ny = 7.4 X 10" cm™) among the current
BODIPY-based OTFT devices, which leads to more favorable
charge-transport (Tables 2 and $2).”"~

Thin-Film Microstructure and Morphology. The micro-
structure and morphology of the present semiconductor thin-
films were studied by 6—260 X-ray diffraction (XRD), atomic
force microscopy (AFM), and scanning electron microscopy
(SEM) to rationalize the observed device performances. The
corresponding XRD profiles and AFM/SEM images are shown
in Figures S and S11-S16. XRD scans reveal that vapor-
deposited thin-films of both semiconductors and solution-

sheared thin-films of BDY-3T-BDY are essentially amorphous
(Figures S11—S13), and that only the solution-sheared thin-
flm of BDY-4T-BDY is highly textured (Figure S). For
solution-sheared thin-films of BDY-4T-BDY, no first-order
reflection was observed at low-angles (20 < 10°), which
indicates the absence of typical edge-on molecular long-axis
orientation on the substrate. On the basis of the computed
molecular lengths (~2.4 nm), one would expect to see the first-
order diffraction peak at 20 &~ 4—5° if the molecules are
oriented with their long axis along the substrate normal.
However, a major reflection is observed at 26 = 13.1° along
with the second-order peak at 20 = 26.4°, which shows that
BDY-4T-BDY thin-films include a major crystalline phase with
an interlayer d-spacing of 6.8 A along the substrate normal.
This is much smaller than the computed long-axis molecular
lengths (~2.4 nm), and consistent with the computed length of
BDY-4T-BDY along the short molecular axis (~7 A).
Therefore, it is very likely that BODIPY-based molecules
adopt an unusual molecular packing in the thin-film phase,
either featuring a highly tilted molecular orientation on the
substrate (@ > 70°) or, more likely, aligning with their short axis
along the substrate normal. Note that self-assembly of BDY-
4T-BDY semiconductor molecules into well-defined micro-
fibers (vide infra) in thin-film phase is more consistent with the
short-axis molecular orientation, which enables strong 7—7
interactions along the fiber Iong—axis.60 A secondary crystalline
phase (20 = 13.6°) with a lower intensity and additional higher
angle diffraction peaks at 26 = 18.1° and 19.8° were also
evident from the XRD spectra. Although end-functionalized
oligothiophenes such a,w-dihexyl-terthiophene and a,w-
dihexyl-quaterthiophene typically show long-axis molecular
edge-on orientations on various dielectrics including polymeric
surfaces,”*” the current rather unusual thin-film microstructure
is probably due to the chemical nature of BODIPY end-units
and the absence of long lipophilic alkyl substituents, which both
influence the current semiconductor physisorption character-
istics on the polymeric dielectric surface.

The AFM and top-view SEM images were recorded to
characterize the film surface morphology.”* As shown in Figure
5B, the surface topology of solution-sheared BDY-4T-BDY thin
film shows anisotropic micrometer-sized crystalline fiber
structures that grow along the shearing direction. The widths
of the microfibers were as large as 1—2 um, and their lengths
can reach to ~0.1 mm. As seen from the optical microscopy
images (Figure S14), these microfibers exhibit a directional and
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Figure 6. Top-view SEM images of OTFT devices fabricated via solution shearing of BDY-4T-BDY with source-drain electrodes deposited

perpendicular (A) and parallel (B) to the major fiber alignment direction.

highly homogeneous distribution in an area of 1 mm X 1 mm,
and they are aligned mainly along the shearing direction. Close
inspection of these fibers via AFM indicates the presence of
grain bundles with much smaller dimensions (~100—200 nm),
giving information about the mechanism of how these fibers
form. Because uniaxially aligned fiber-based semiconductor
morphologies were obtained with BDY-4T-BDY-based films,
charge carrier mobilities were measured in two different source-
drain electrode configurations with electrodes being deposited
perpendicular or parallel to the major fiber alignment direction.
As shown in Figure 6B, electron mobilities of 0.001 cm*/V-s
(Figure S15) were measured for the OTFTs with the charge-
transport direction perpendicular to the major fiber alignment
direction. This mobility value is 1 order of magnitude lower
than the electron mobilities measured in OTFT's having charge-
transport along the major fiber alignment direction (Figure
6A), indicating the presence of fiber-alignment-induced charge-
transport anisotropy (u;/p; ~ 10). Similar anisotropic charge-
transport properties were observed with highly oriented
semiconducting polymers;***® thus the alignment of semi-
conducting fibers along the conduction channel is very crucial
to enhance macroscopic charge-transport. o

The solution-processed thin-films of BDY-3T-BDY showed
fiber-like, randomly aligned anisotropic features with much
smaller widths and lengths as compared to those of BDY-4T-
BDY (Figure S16). The interconnectivity between these
features was found to be poor as compared to that of BDY-
4T-BDY. On the other hand, vacuum-deposited thin-films of
BDY-3T-BDY and BDY-4T-BDY showed completely different
morphologies with relatively smooth (RMS surface roughness
<9.1 nm for 5.0 pgm X 5.0 um scan area) and isotropic
spherulites of ~100 nm in diameter (Figures S17 and S18).
Therefore, on the contrary of BDY-4T-BDY solution-sheared
films, the absence of thin-film texturing and poor film
morphology are consistent with the poor electron mobility of
these semiconductor films.

4. CONCLUSION

We have demonstrated the design, synthesis, and character-
ization of a new class of BODIPY-based semiconductors (BDY-
3T-BDY and BDY-4T-BDY) with an acceptor—donor—accept-
or (A—D—A) molecular architecture. The structural, optoelec-
tronic, and physicochemical properties of the new semi-
conductors were investigated in details. Single-crystal XRD
characterization of the key intermediate, BDY-1, reveals crucial
structural properties. Top-contact/bottom-gate OTFTs were
fabricated with these semiconductors, and relatively high

electron mobilities of 0.01 cm?/V-s and excellent current on/
off ratios of >10° have been obtained for solution-processed
semiconductor films. To the best of our knowledge, these
values are the highest reported to date for a BODIPY-based
small molecular OTFT semiconductor. The microstructural
and morphological characterizations of the new semiconductor
thin-films explain the observed relatively high charge carrier
mobilities. Specifically, for BDY-4T-BDY-based thin-films,
highly crystalline, relatively long (~0.1 mm), and micro-
meter-sized (1—2 pm) fibers were obtained along the shearing
direction from source to drain, which allows for efficient long-
range S — D charge-transport. This result is consistent with its
relatively high electron mobility among the present semi-
conductor films. In addition, fiber-alignment-induced charge-
transport anisotropy (;4" /py ~ 10) was observed resulting in 1
order of magnitude difference in electron mobilities of solution-
sheared semiconductor films. Undoubtedly, our results provide
important guidelines for designing BODIPY-based molecular
semiconductors, indicating that through rational design and
synthesis, BODIPY can be a highly favorable building block for
efficient electron charge-transport in solution-processed opto-
electronics.
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