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ABSTRACT: The first example of an n-type [1]benzothieno-
[3,2-b][1]benzothiophene (BTBT)-based semiconductor, D-
(PhFCO)-BTBT, has been realized via a two-step transition-
metal-free process without using chromatographic purifica-
tion. Physicochemical and optoelectronic characterizations of
the new semiconductor were performed in detail, and the
crystal structure was accessed. The new molecule exhibits a
large optical band gap (∼2.9 eV) and highly stabilized
(ΔELUMO = 1.54 eV)/π-delocalized lowest unoccupied
molecular orbital (LUMO) mainly comprising the BTBT π-
core and in-plane carbonyl units. The effect of out-of-plane
twisted (64°) pentafluorophenyl groups on LUMO stabiliza-
tion is found to be minimal. Polycrystalline D(PhFCO)-
BTBT thin films prepared by physical vapor deposition exhibited large grains (∼2−5 μm sizes) and “layer-by-layer” stacked
edge-on oriented molecules with an in-plane herringbone packing (intermolecular distances ∼3.25−3.46 Å) to favor two-
dimensional (2D) source-to-drain (S → D) charge transport. The corresponding TC/BG-OFET devices demonstrated high
electron mobilities of up to ∼0.6 cm2/V·s and Ion/Ioff ratios over 10

7−108. These results demonstrate that the large band gap
BTBT π-core is a promising candidate for high-mobility n-type organic semiconductors and, combination of very large intrinsic
charge transport capabilities and optical transparency, may open a new perspective for next-generation unconventional
(opto)electronics.

■ INTRODUCTION

The development of π-conjugated small-molecule semi-
conducting materials is an emerging and continuously growing
research area in organic (opto)electronics.1−5 Semiconducting
small molecules are the key active layer component of high-
performance organic field-effect transistors (OFETs) used for
the next-generation (opto)electronic technologies such as logic
circuits on plastic substrates, flexible displays, and electronic
skins.6−10 The main motivations for continuously designing
and synthesizing new π-conjugated frameworks in the past few
decades do not only include improving charge transport

characteristics and realizing novel functions but also to better
understand and address fundamental structure-(opto)-
electronic property−electrical performance relationships.11−16

Since the initial report of small-molecule-based OFETs three
decades ago,17 the search for semiconducting small molecules
has primarily focused on fused (hetero)acene structures
including [1]benzothieno[3,2-b][1]benzothiophene (BTBT)
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derivatives.18−20 The synthesis of BTBT π-core was first
conveyed in 1950s,21 and the earlier derivatives were studied as
liquid crystals.22,23 The semiconducting properties of this
family were unexplored until the pioneering studies by
Takimiya et al., which demonstrated p-type charge transport
for vapor-deposited films of 2,7-diphenylbenzo[b]benzo[4,5]-
thieno[2,3-d]thiophene (DPh-BTBT) and spin-coated films of
2,7-dialkyl[1]benzothieno[3,2-b][1]benzothiophene (Cn-
BTBT, n = 5−14) (Figure 1A).24,25 Following these studies,
numerous functionalized BTBT derivatives (Figure S1) have
been developed for use in OFETs, including additional core
functionalization and core extension by benzofusion.24−33

Furthermore, the crystallinity/packing properties of the well-
known derivative C8-BTBT (n = 8) have been tuned via
unconventional solution-based film fabrication techniques (i.e.,
antisolvent-assisted inkjet printing and off-center spin-coating),
yielding impressive charge transport characteristics.34,35

There are several reasons for the incredibly rapid emergence
of BTBT-based semiconducting molecules in the past decade:
(i) facile π-core synthesis and functionalization allowing fine
tuning of solid-state packing, solubility, and frontier orbital
properties; (ii) the presence of a fused rigid π-system with
structural symmetry and high coplanarity, which facilitates
charge carrier delocalization and intermolecular interactions;
(iii) large frontier orbital coefficients on the sulfur atoms,
which is beneficial for effective intermolecular orbital overlap
and large transfer integrals;36 (iv) the presence of thieno[3,2-
b]thiophene unit in the center of a thienoacene π-framework
and phene-type π-electronic structure resulting in large optical
band gap (>3.0 eV) and stabilized highest occupied molecular
orbital (HOMO) energy level (<−5.5 eV).36−38 Despite these
very attractive structural/electronic properties and great
progresses shown until today, all reported BTBT derivatives
are hole-transporting (p-type) semiconductors. To the best of
our knowledge, an n-type (electron-transporting) BTBT
semiconductor is currently unknown in the literature and the
fundamentals remain to be established. This is most likely the
result of very high lowest unoccupied molecular orbital
(LUMO) energy level and large band gap of fused π-core in
BTBT (Eg(opt) = 3.65 eV, ELUMO = −2.10 eV in C8-BTBT)

25 as
compared with those of similar sized nonfused π-systems such
as quaterthiophene (Eg = 2.89 eV, ELUMO = −2.90 eV)39,40 and
hexyl-substituted bis(phenyl)-bithiophene (Eg = 2.97 eV).41

The only known example of the electron-transporting BTBT-
based material involves a single-crystalline donor−acceptor
mixture of the p-type Cn-BTBT donor with an n-type
tetracyanoquinodimethane acceptor.42 This arises an impor-

tant question whether BTBT, as a wide band gap π-core, would
ever allow energetically stabilized (<−3.0 eV) LUMO and
good electron-injection/transport characteristics. Toward this
end, we focus on symmetric functionalization of the BTBT π-
core in the molecular long-axis direction with pentafluor-
ophenylcarbonyl (PhFCO) groups. The strong electron-
withdrawing characteristics of the combined pentafluorophenyl
(PhF) and carbonyl (CO) units are envisioned to lower
frontier orbital energies, extend π-conjugation, and facilitate
electron injection/delocalization on the molecular π-back-
bone.43,44 In addition, as a result of the presence of these
groups along long axis at the molecular termini, lateral
noncovalent interactions between the BTBT π-cores should
still be effective for efficient charge transport.
We present herein the design, synthesis, and full character-

ization of a new BTBT-based semiconducting small molecule,
D(PhFCO)-BTBT, which was developed via a two-step
transition-metal-free process without using chromatographic
purification. Physicochemical and optoelectronic character-
izations of the new semiconductor were performed in detail,
and the crystal structure was accessed. The new molecule
exhibits a large optical band gap (∼2.9 eV) and highly
stabilized (−3.64 eV)/π-delocalized LUMO mainly comprising
the BTBT π-core and in-plane carbonyl units. The effect of
out-of-plane twisted (64°) pentafluorophenyl groups on
LUMO stabilization is found to be minimal. Polycrystalline
D(PhFCO)-BTBT thin films prepared by physical vapor
deposition (PVD) exhibit large grains (∼2−5 μm sizes) and
“layer-by-layer” stacked edge-on oriented molecules with an in-
plane herringbone packing (intermolecular distances ≈ 3.25−
3.46 Å). The new molecule exhibits an n-type semiconductor
behavior in OFETs with a high electron mobility (μe) of 0.57
cm2/V·s and current modulation (Ion/Ioff) over 107 to 108.
D(PhFCO)-BTBT is demonstrated to be the first n-type
BTBT semiconductor, which could open new possibilities for
future complementary optical and circuitry applications.

■ EXPERIMENTAL SECTION
Materials and Methods. Unless otherwise noted, all reagents

were purchased from commercial sources and used without further
purification. All nonaqueous reactions were carried out in a dried
glassware under an inert atmosphere of N2.

1H NMR spectroscopy
characterizations were performed by using a Bruker 400 spectrometer
(1H at 400 MHz). Elemental analyses were recorded on a
LecoTruspec Micro model instrument. The intensity data for
D(PhFCO)-BTBT single crystal were collected on a Bruker APEX
II QUAZAR three-circle diffractometer using monochromatized Mo

Figure 1. (A) Chemical structures of BTBT-based p-type molecular semiconductors DPh-BTBT, Cn-BTBT, and DPV-BTBT reported in the
literature.24−26 (B) Synthesis of the current n-type semiconductor D(PhFCO)-BTBT.
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Kα X-radiation (λ = 0.71073 Å). Single-crystal structure refinement
was performed as explained in the Supporting Information. Thermal
characterizations of thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) were performed under nitrogen at
a heating rate of 10 °C/min using PerkinElmer Diamond model
instruments. Cyclic voltammetry measurements were carried out
using a BASi-Epsilon potentiostat/galvanostat from Bioanalytical
Systems Inc. (Lafayette, IN) equipped with a C3-cell stand
electrochemical station. Working and counter electrodes were Pt,
and the reference electrode was Ag/AgCl (3 M NaCl). All potentials
were calibrated with a standard ferrocene/ferrocenium redox couple
(Fc/Fc+: E1/2 = +0.40 V measured in the current electrochemical
setup). High-resolution mass spectra were measured on a Bruker
Microflex LT MALDI-TOF-MS. UV−vis absorption spectra were
recorded by using a Shimadzu UV-1800 spectrophotometer. The
optimization of the molecular geometries and analysis of frontier
molecular orbitals were carried out with Gaussian 09 by using DFT at
B3LYP/6-31G** level.45

Field-Effect Transistor Fabrication and Characterization. A
heavily n-doped (100) silicon substrate (gate) with 200 nm thermally
grown SiO2 (gate dielectric) was used as the semiconductor thin-film
platform. The substrates were sonicated in isopropyl alcohol for 10
min with subsequent drying under N2 flow, which was followed by
100 W oxygen plasma treatment for 3 min (Cute, Femto Science,
South Korea). The hydrophobic surface was obtained with
hexamethyldisilazane (HMDS) vapor treatment on 200 nm SiO2/
n++Si. The 30 nm D(PhFCO)-BTBT thin films were grown via
thermal evaporation on O2 plasma-treated n++-Si/SiO2(200 nm) and
n++-Si/SiO2(200 nm)/HMDS substrates under high vacuum (∼10−6
Torr) at various substrate temperatures (25, 70, 100, and 120 °C)
using a growth rate of 0.1−0.2 Å/s. To complete the field-effect
transistor device architecture, LiF (1 nm)/Au (50 nm) or Au (50 nm)
source−drain electrodes were thermally evaporated through a shadow
mask to define 50 μm semiconductor channel length and 1000 μm
semiconductor channel width. The surface morphology and micro-
structure of the semiconductor thin films were characterized by
atomic force microscopy (AFM, NX10, Park systems) and grazing
incidence X-ray diffraction (GIXD, PLS-II 9A U-SAXS beamline of
Pohang Accelerator Laboratory in Korea) techniques, respectively.
The electrical characteristics of the D(PhFCO)-BTBT-based field-
effect transistor devices in top-contract/bottom-gate geometries were
analyzed by using a vacuum probe station (M5VC, MSTech, South
Korea) and Keithley 4200-SCS semiconductor analyzer system
(Tektronix Inc, USA). The saturation charge carrier mobility (μsat)
for each device fabrication condition was calculated as the average
value of at least 10 OFET devices using the formula

μ = [ − ]I L WC V V(2 )/ ( )isat DS G th
2

where IDS is the source−drain current, L is the channel length, W is
the channel width, Ci is the areal capacitance of the gate dielectric, VG
is the gate voltage, and Vth is the threshold voltage. The voltage ranges
used in charge carrier mobility calculations are between 50 and 80 V.
Synthesis and Characterization. BTBT and the reference

compounds D(C7CO)-BTBT and C8-BTBT were prepared in
accordance with the reported procedure.23,25

Caution: 2,3,4,5,6-Pentafluorobenzoyl chloride and aluminum
chloride (AlCl3) react violently with water and should be handled
with great care.
Synthesis of benzo[b]benzo[4,5]thieno[2,3-d]thiophene-2,7-diylbis-

((perf luorophenyl) methanone) (D(PhFCO)-BTBT): aluminum chlor-
ide (AlCl3) (3.05 g, 22.88 mmol) was added into a solution of BTBT
(1.0 g, 4.16 mmol) in dichloromethane (100 mL) at −10 °C under
nitrogen. The resulting reaction mixture was stirred at −10 °C for 30
min. Then, 2,3,4,5,6-pentafluorobenzoyl chloride (3.7 mL, 25.8
mmol) was 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. The reaction mixture was
quenched with water to give a pale yellow precipitate. The precipitate
was collected by filtration, and washed with water and methanol in

sequence. Because of its limited solubility in common organic
solvents, the crude was purified by thermal gradient sublimation
under high vacuum (P ≈ 1 × 10−5 Torr). The product was obtained
as a light yellow solid (0.54 g, 21% yield). Melting point: 336−337
°C; 1H NMR (400 Mhz, CDCl3): δ (ppm) 8.46 (s, 2H), 8.07 (d, J =
8.0 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H); MS (MALDI-TOF) m/z [M+]:
calcd for C28H6F10O2S2, 627.96; found, 627.90. Elemental analysis
(%) calcd for C28H6F10O2S2: C, 53.51; H, 0.96; found: C, 53.36; H,
0.99.

Theoretical Methodology. The intramolecular reorganization
energies associated with hole (λh) and electron transfer (λe) were
calculated for C8-BTBT and D(PhFCO)-BTBT, respectively, using a
standard procedure reported in the literature.46 The transfer integrals
for electrons (te) in D(PhFCO)-BTBT dimers within the
herringbone-layered structure were calculated by using the approach
described by Valeev et al.47 with the corresponding matrix elements
evaluated with Gaussian 09.45 For comparison purposes, the transfer
integrals for holes (th) in C8-BTBT dimers within the herringbone-
layered structure were also calculated. The B3LYP48,49 and
PW91PW9150,51 functionals are considered together with the 6-
31G** basis set.52,53 Note that the electronic coupling value is
dependent on the functional employed in the calculation, and it
generally increases with the percentage of Hartree−Fock exchange.54

The transfer integrals calculated with the B3LYP exchange−
correlation functional give very trends similar to those obtained
using PW91PW91 (Tables S3 and S4).

■ RESULTS AND DISCUSSION

Theoretical Calculations, Synthesis, and Character-
ization. Prior to the synthesis of the new small molecule,
electronic/structural effects of pentafluorophenylcarbonyl
functionalization on the wide band gap BTBT core were
studied via DFT (B3LYP/6-31G**) computations. Among the
four possible positions on the outer benzene rings of BTBT,
functionalization at 2,7-positions is found to provide the lowest
LUMO energy level with the greatest wave function
delocalization (Figure S2). DFT calculations also show that
the “CO−BTBT−CO” π-segment adopts a good coplanarity
with small torsional angles (θCC−CO < 5°) between the
carbonyl and the BTBT units (Figure S3). On the other hand,
the pentaflurophenyl groups, as expected based on the crystal
structures of previously developed PhFCO-functionalized
arenes,44,55,56 adopt highly twisted conformations with respect
to this coplanar π-segment with a dihedral angle of 64.1°.
These structural features at the molecular level lead to a unique
electronic structure in D(PhFCO)-BTBT showing energeti-
cally stabilized frontier orbitals (ΔEHOMO = −0.88 eV and
ΔELUMO = −1.70) and significantly reduced HOMO−LUMO
gap (ΔE = −0.82 eV) compared to the parent p-type
semiconductor C8-BTBT (Figure S3). The LUMO shows a
significant contribution from carbonyl groups, whereas the
HOMO remains mostly localized on the central BTBT π-unit,
which explains the much higher energetic stabilization of the
LUMO versus the HOMO. Interestingly, the pentafluor-
ophenyl terminal units do not participate in both frontier
orbitals as a result of the large torsion; therefore, they are
involved in the electronic stabilization of the molecular orbitals
solely via a negative inductive (−I) effect on the π-system. On
the other hand, the highly coplanar carbonyl units exhibit
considerable negative resonance (−R) effect on the π-electron
system. This result is consistent with the fact that they
constitute a crucial part of the LUMO topology. The single-
crystal structure and experimental frontier orbital energies are
found to closely match the theoretical structural and electronic
findings (vide infra).
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D(PhFCO)-BTBT was synthesized in 45% yield via double
Friedel−Crafts acylation at the 2,7-positions of the BTBT
(Figure 1B) and purified by thermal gradient sublimation
under high vacuum (1 × 10−5 Torr). The chemical structure
and purity of D(PhFCO)-BTBT were characterized and
established by nuclear magnetic resonance (NMR) spectros-
copy (Figure S4), elemental analysis, mass spectrometry
(Figure S5), and single-crystal X-ray diffraction. From a
materials production standpoint, it is quite promising that the
new semiconductor could be synthesized in a two-step
transition-metal-free process without using chromatographic
purification. Although D(PhFCO)-BTBT solubility in com-
mon organic solvents at room temperature is quite low, the 1H
NMR spectrum recorded at an elevated temperature in CDCl3
revealed that the chemical shifts of the aromatic protons in
D(PhFCO)-BTBT moved downfield (Δδ ≈ 0.7−0.8 ppm)
with respect to those in C8-BTBT (δAr‑H = 7.2−7.8 ppm →
8.0−8.5 ppm). This indicates substantially reduced electron
density (deshielding effect) on the BTBT π-system because of
the presence of strongly electron-withdrawing pentafluorophe-
nylcarbonyl (PhFCO) end-units. TGA at reduced pressure
(∼0.1 Torr) shows very clean, quantitative sublimation with
good thermal robustness for the new D(PhFCO)-BTBT π-
framework (Figure S6A). This is undoubtedly the result of
arene-fluorination at the molecular termini that provides
excellent volatility for the reliable and quantitative film
fabrication via PVD. The DSC measurement shows endother-
mic (+146.7 J/g) and exothermic (−103.47 J/g) thermal
transitions at 338 and 301 °C, respectively (Figure S6B).
Conventional melting point measurement shows that these
transitions correspond to melting (mp 336−337 °C) and
crystallization processes, respectively. No evidence of meso-
phase formation was observed before melting, which is
consistent with the previously reported pentafluorophenyl-
substituted molecular semiconductors.44,57

Single-Crystal Structure Analysis. Light yellow crystals
of D(PhFCO)-BTBT suitable for X-ray diffraction (Figure 2)
were grown by thermal gradient sublimation. This molecule
crystallizes in the monoclinic space group C2/c showing a
“layer-by-layer” packing motif along the crystallographic a-axis
consisting of alternately stacked “CO−BTBT−CO” and

“pentafluorophenyl” layers (Figure 2B). These layers are
extended into the b- and c-axes to form a typical
herringbone-like molecular packing, which could facilitate
two-dimensional (2D) charge transport. The major intermo-
lecular interactions governing the herringbone motif are
identified as CH···π (benzene/thiophene) (a = 3.45 Å; a′ =
3.25 Å/c = 3.46 Å), S···π (thiophene) (b = 3.38 Å), F···π
(pentafluorobenzene) (d = 3.30 Å/d′ = 3.16 Å), and O···π
(benzene) (d = 3.52 Å) contacts (Figure 2B). In addition,
short S···S (3.38 Å < rvdw(S) + rvdw(S) = 3.60 Å) contacts also
exist between the thiophene rings along the c-axis. As shown in
Figure 2A, the “CO−BTBT−CO” π-segment exhibits a
substantially coplanar backbone with the carbonyl units lying
perfectly in the plane; the torsion angle for C8−C7−CO is
only −1.9(4)°. The dihedral angle between pentafluorophenyl
ring and the BTBT core is measured to be ∼64.12°. The
observed solid-state conformation is consistent with the DFT-
calculated molecular structure (vide supra), and it yields
extended π-conjugation along the molecular backbone
including the BTBT and the carbonyl units.

Optical and Electrochemical Properties. The UV−vis
absorption spectrum and cyclic voltammogram of D(PhFCO)-
BTBT, along with the reference molecule C8-BTBT, were
recorded in a dichloromethane solution to assess the effects of
carbonyl and pentafluorophenyl substitutions on BTBT core
optical absorption and the frontier orbital energies. As shown
in Figure 3A, D(PhFCO)-BTBT exhibits typical vibronic
features of a fused heteroacene π-system with substantially red-
shifted (Δλ ≈ 90−100 nm) low-energy absorption maximum
(λmax = 406 nm) and onset (λonset = 435 nm) values as
compared with C8-BTBT. The optical band gap for
D(PhFCO)-BTBT is estimated as 2.85 eV, which is
considerably smaller (ΔEg(opt) = −0.80 eV) than that of C8-
BTBT (Eg(opt) = 3.65 eV). When going from solution to a
vapor-deposited thin film, D(PhFCO)-BTBT exhibits a new
low-energy absorption maximum at 429 nm with an onset at
453 nm (Eg(opt‑film) = 2.75 eV), indicating intermolecular
interactions in the solid state (Figure S7). When compared
with typical n-type semiconductors reported in the literature
(Eg(opt) = 1.3−2.5 eV),58 the relatively large solid-state optical
band gap of D(PhFCO)-BTBT, resulting in excellent trans-

Figure 2. (A) Capped-stick drawings of the crystal structure of D(PhFCO)-BTBT showing the corresponding dihedral and torsion angles and π-
backbone coplanarity. (B) Perspective views of the molecular arrangements along the a,c-axes and b,c-axes showing the alternately stacked layers
and the 2D herringbone-like packing, respectively. The inset shows the pairs of D(PhFCO)-BTBT molecules in the herringbone motif with CH···π
(benzene/thiophene) (a = 3.45 Å; a′ = 3.25 Å/c = 3.46 Å), S···π (thiophene) (b = 3.38 Å), F···π (pentafluorobenzene) (d = 3.30 Å; d′ = 3.16 Å),
and O···π (benzene) (d = 3.52 Å) contacts.
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parency in the visible region (Figure S8), could be advanta-
geous for carbon-based transparent electronics and multilayer
green/blue-emitting transistors (OLETs).59,60 In contrast to
the electrochemical behavior of p-type C8-BTBT that only
shows an oxidation peak at +0.89 V (vs Fc/Fc+),25

D(PhFCO)-BTBT exhibits a quasi-reversible reduction peak
with the half-wave reduction potential at −0.76 V (vs Ag/
AgCl). The LUMO and HOMO energies of the new molecule
are estimated as −3.64 and −6.49 eV (Figure 3B), respectively,
which are far lower than those of C8-BTBT (ELUMO = −2.10
eV and EHOMO = −5.75 eV) measured in the same
electrochemical setup (Figure S9). Going from C8-BTBT to
D(PhFCO)-BTBT, the occurrence of an electrochemical
reduction process, ELUMO/EHOMO stabilizations (noting with
a much larger degree for the former orbital), and the reduction
in the optical band gap are all in good agreement with the DFT
calculations. This clearly points to the efficient electron-
withdrawing capacities of the combined carbonyl and
pentafluorophenyl units, which could induce electron transport
in semiconductor devices. Note that the LUMO energy level
for D(C7CO)-BTBT, which is a BTBT derivative with the
combined electron-donating heptyl (−C7H15) and the
electron-withdrawing carbonyl units, is already at −3.54 eV
(Figure S10). Thus, it is clear that major LUMO stabilization
for D(PhFCO)-BTBT (∼1.44 eV) originates from the
presence of the in-plane oriented carbonyl functionalities
[negative resonance (−R) effect], whereas the out-of-plane
twisted pentafluorophenyl units provide minimal stabilization
(∼0.1 eV) via a negative inductive (−I) effect. Similar LUMO
stabilization trends were previously observed in pentafluor-
ophenyl- versus phenyl-substituted dicarbonyl oligothio-
phenes.44 It is also noteworthy that (partial) fluorination of
semiconducting cores can favorably affect electron transport by
acting as a kinetic barrier to adsorption of components (i.e.,
H2O/O2) acting as charge traps.43,61,62

Thin-Film Microstructure/Morphology and Field-
Effect Transistor Characterization. Charge transport
characteristics of the new semiconductor were investigated in
top-contact bottom-gate (TC/BG) OFETs, which were
fabricated by vapor deposition of D(PhFCO)-BTBT thin
films (∼30 nm) onto temperature-controlled n++-Si/SiO2(200
nm) and n++-Si/SiO2(200 nm)/HMDS substrates under high

vacuum (∼10−6 Torr), followed by Au (50 nm), LiF/Au (1
nm/50 nm), Ag (50 nm), or Al (50 nm) thermal evaporation
to define source-drain electrodes and the semiconductor
channel [1000 μm (W) × 50 μm (L)]. During the
semiconductor film deposition, the substrate temperature was
maintained at 25, 70, 100, and 120 °C. Before charge transport
measurements, the morphology and microstructure of all of the
D(PhFCO)-BTBT films were explored by 2D-GIXD and
AFM, which clearly reveals that D(PhFCO)-BTBT adopts an
edge-on molecular orientation on the substrate surface forming
2D plate-like grains of terraced islands along the substrate
plane (Figures 4C, and S11−S14). The strong diffractions
observed by 2D-GIXD analysis correlate perfectly with the
single-crystal phases; although (200), (400), and (600) planes
are identified in the out-of-plane direction, (020), (111), and
(002) planes are identified as the major diffractions in the in-
plane direction. This result indicates the formation of edge-on
molecular packing motif in the crystalline domains, in which
the “CO−BTBT−CO” π-frameworks are tilted at ∼35° from
the substrate normal forming a herringbone packing with
favorable intermolecular distances (3.25−3.46 Å) along the
charge-transport direction (Figure 4D). The BFDH (Bravais−
Friedel−Donnay−Harker) theoretical crystal morphology
further confirms the formation of plate-like grains on the
substrate surface, which extends its 2D crystal plane along the

Figure 3. (A) Optical absorption spectra of D(PhFCO)-BTBT and
the reference molecule C8-BTBT in dichloromethane solutions, and
cyclic voltammogram (inset) for D(PhFCO)-BTBT in dichloro-
methane (0.1 M Bu4N

+PF6
−, scan rate = 50 mV s−1). (B)

Experimental HOMO/LUMO energy levels for D(PhFCO)-BTBT
and C8-BTBT and topographical orbital representations (DFT/
B3LYP/6-31G**) for D(PhFCO)-BTBT.

Figure 4. (A) Transfer (VSD = 100 V) and (B) output characteristics
for the n++-Si/SiO2(200 nm)/HMDS/D(PhFCO)-BTBT(30 nm)/
LiF (1 nm)-Au (50 nm) OFET device. (C) Tapping mode AFM
topographic image and 2D-GIXD patterns for D(PhFCO)-BTBT thin
films (30 nm) vapor-deposited at 100 °C on n++-Si/SiO2(200 nm)/
HMDS. The scale bar denotes 2 μm. (D) Views of the packing
arrangement in the D(PhFCO)-BTBT semiconductor layer showing
the edge-on molecular orientation (out-of-plane) and the herringbone
packing motif (in-plane). The inset shows the BFDH (Bravais,
Friedel, Donnay and Harker) theoretical crystal morphology and the
corresponding crystallographic directions.
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(200) plane via herringbone packing (Figure 4D-inset). The
step heights (∼2.4−2.6 nm, Figure S14) along terraced islands
match well with this model corresponding to the half of the
unit cell parameter along the a-axis and the D(PhFCO)-
BTBT’s molecular size (∼2.2 nm). Note, D(PhFCO)-BTBT
films grown on HMDS-treated Si/SiO2 substrates exhibit,
compared with those deposited on the bare SiO2 surface, larger
crystallites (Figure S11) as a result of low surface energy better
matching with the hydrophobic nature of the fluorinated
semiconductor.63,64 The 2D-GIXD measurements also reveal
the effect of surface hydrophobicity on D(PhFCO)-BTBT
thin-film growth. As shown in Figure S13, although the room-
temperature deposited semiconductor film on the bare SiO2
surface shows ring patterns, indicating misaligned crystalline
domains, the room-temperature deposited films on the
HMDS-treated surface show phase-pure crystalline domains.
Additionally, the semiconductor grain size is found to
continuously increase with increasing the substrate temper-
ature (25 °C → 100 °C) from 100−200 nm to ∼0.5−1.0 μm
on the base SiO2 surfaces and from 300−500 nm to ∼2−5 μm
on the HMDS-treated substrates (Figure S11).
The electrical characteristics of the D(PhFCO)-BTBT-based

OFET devices were measured under positive and negative gate
biases to explore the majority charge carrier type and evaluate
the semiconductor performance. Considering that the LUMO
level (−3.64 eV) for the new semiconductor is higher than
those of typical air-stable n-type semiconductors (<∼−4
eV),2,19 our OFETs were tested under an inert (vacuum)
atmosphere. Representative transfer/output plots are shown in
Figures 4A,B, S15, and S16, whereas the OFET data are
summarized in Table S2. All devices, regardless of the SiO2
functionalization and substrate temperatures (TD), exhibit n-
channel behaviors with excellent current modulation character-
istics. To the best of our knowledge, D(PhFCO)-BTBT is the
first example of a BTBT-based electron-transporting organic
semiconductor.
The room-temperature deposited OFET devices with Au (ϕ

= 5.1 eV) S−D electrodes on bare and HMDS-treated SiO2
exhibit μe’s of 0.18 cm2/V·s (Vth = +40.9 V) and 0.14 cm2/V·s
(Vth = +39.0 V), respectively, with Ion/Ioff’s of 107−108. In

order to improve electron injection into the D(PhFCO)-BTBT
semiconductor channel, lower work function metals [i.e., Ag
(ϕ = 4.6 eV) or Al (ϕ = 4.1 eV)] and modified gold [i.e., LiF/
Au (ϕ = 3.6 eV)] source-drain electrodes were used as they
better match with the LUMO level (−3.64 eV) of the new
semiconductor.65,66 Although OFETs with Ag showed a
reduced Vth of +29.0 V, the use of both Ag and Al electrodes
deteriorated device performances (Table S2 and Figure S17)
probably because of unfavorable metal/semiconductor con-
tacts resulting in poor electron injection.67 On the other hand,
the devices with LiF/Au electrodes, which has the closest
electrode/semiconductor-LUMO energy match, exhibited the
best performance (μe of 0.12 cm2/V·s and Ion/Ioff = 2 × 106)
with a reduced Vth of +31.6 V.68 For OFETs with LiF/Au
electrodes, further improvement in the semiconducting
characteristics was achieved by increasing TD to 70 and 100
°C, which results in μe’s of 0.45 cm2/V·s (Vth = +37.5 V) and
0.57 cm2/V·s (Vth = +41.8 V), respectively (Ion/Ioff’s ≈ 107 to
108). The enhanced device characteristics measured at higher
deposition temperatures are consistent with the improved
morphological/microstructural features (larger crystalline
grains and improved edge-on orientation) observed at these
deposition temperatures (vide supra). However, further
increase of TD to 120 °C degrades electron transport [μe =
0.08 cm2/V·s, Vth = +47.4 V, Ion/Ioff ≈ 106]. The deteriorated
performance is attributed to partial re-evaporation of D-
(PhFCO)-BTBT molecules at higher temperatures, resulting in
poor intergrain connectivity (Figure S12). As expected,
semiconductor depositions at higher substrate temperatures
(TD > 130 °C) did not yield any semiconductor film formation
on the substrate. Although D(PhFCO)-BTBT demonstrates
the first n-type BTBT-based semiconductor with a high
electron mobility, one should note that the LUMO level is well
above the ambient stability threshold (∼−4 eV) and the work
functions of typical stable electrodes (∼5 eV). This not only
precludes thermodynamic ambient stability during transistor
operation but also introduces injection barriers at the metal/
D(PhFCO)-BTBT contacts. Although LiF/Au seemed to
address the latter issue partially, we note that further
enhancement of electron injection into the D(PhFCO)-

Figure 5. Crystal structures of C8-BTBT (A) and D(PhFCO)-BTBT (B) along the a,b-axes and b,c-axes, respectively, underscoring the formation
of 2D in-plane herringbone-like packing. Alkyl chains of C8-BTBT are omitted for clarity. DFT estimates of the effective transfer integrals (in meV)
for holes (th) and electrons (te) for the selected dimer pairs in face-to-edge (black dotted lines) and edge-to-edge manners (red dotted lines) are
also shown.
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BTBT thin film by using different electrodes/interlayers could
lead to additional improvements in the corresponding n-
channel OFET performance.67 For ambient-stable electron
transport, we note that chemical functionalizations on the
dicarbonyl BTBT π-system with much stronger electron-
withdrawing substituents (e.g., −CN, CC(CN)2, and CS)
would be necessary to further lower the frontier orbital
energetics.69 However, D(PhFCO)-BTBT-based OFETs could
operate with proper encapsulations, which is no matter needed
when these TFTs drive, for instance, an OLED device.70,71 In
addition, thanks to D(PhFCO)-BTBT’s high electron mobility,
HOMO/LUMO energy levels, wide optical band gap, and
smooth 2D film-forming ability via vapor deposition, it could
find applications as an electron-transporting/hole-blocking
interlayer in (encapsulated) multilayer (opto)electronic
devices such as OLETs.60,72

In order to elucidate the observed high electron mobility of
D(PhFCO)-BTBT in comparison to the benchmark p-type
analogue C8-BTBT, two important molecular charge transport
parameters were studied via DFT calculations: (i) intra-
molecular reorganization energy (λ) and (ii) effective transfer
integral (t). Although the intramolecular reorganization energy
(λh/e) characterizes the structural reorganization needed to
accommodate a hole/electron, respectively, the effective
transfer integral (th/e) reflects the degree of intermolecular
electronic interactions for hole/electron transfer between
nearest-neighbor molecular pairs. From a molecular level
charge transport perspective, a smaller λh/e and larger th/e
values typically lead to high mobility for the corresponding
charge carrier type. The reorganization energy associated with
the electron transfer (λe) for D(PhFCO)-BTBT is calculated
to be 315 meV, which is slightly larger than that associated
with the hole transfer (λh) of the reference molecule C8-BTBT
(243 meV). However, the calculated λe value for D(PhFCO)-
BTBT is in the same range of those calculated for benchmark
molecular n-type semiconductors such as perylene tetracarbox-
ylic diimides (250−322 meV).73 As shown in Figure 5, the
transfer integrals for electron (te) and hole (th) transports in
D(PhFCO)-BTBT and C8-BTBT herringbone packings,
respectively, are compared along various crystal directions.
The corresponding data are collected in Tables S3 and S4. In
agreement with the reported values,74 the largest transfer
integrals for C8-BTBT are obtained between π-stacked
molecules along the crystallographic a-axis (39 meV), whereas
smaller values (7 meV) are found between face-to-edge dimers.
On the other hand, larger transfer integral values are calculated
for D(PhFCO)-BTBT along both the π-stacking (47 meV)
and face-to-edge (17 meV) directions. Despite the less
pronounced sulfur contributions in D(PhFCO)-BTBT’s
LUMO as compared to C8-BTBT’s HOMO (Figure S3),
LUMO wave function extension through in-plane carbonyl
groups appears to play a key role facilitating intermolecular
wave function overlaps in the new molecule. Because
moderately larger reorganization energy is compensated by
larger transfer integrals in the electronic structure of the new
molecule, we note that similar charge transport properties
could be rationally expected for D(PhFCO)-BTBT and C8-
BTBT. Furthermore, because a more pronounced 2D charge
transport character is expected in D(PhFCO)-BTBT, thermal
fluctuations and crystal orientations in the semiconducting
channel would have a more limited impact when compared
with the reference system of C8-BTBT.

■ CONCLUSIONS
In summary, the first example of a BTBT-based n-type
molecular semiconductor, D(PhFCO)-BTBT, has been
designed, synthesized, and characterized. The new semi-
conductor was synthesized in a two-step transition-metal-free
process without using chromatographic purification. The
significant lowering of the LUMO level for D(PhFCO)-
BTBT, versus other BTBTs, is attributed to extended π-
conjugation along the molecular backbone including the BTBT
and in-plane carbonyl units, and, to a less extent, the inductive
effect of the out-of-plane pentafluorophenyl groups. Poly-
crystalline D(PhFCO)-BTBT thin films exhibit large grains
(∼2−5 μm sizes) with “layer-by-layer” packing motifs on the
substrate surface forming an in-plane herringbone packing with
short intermolecular distances (3.25−3.46 Å), which doubtless
favors the 2D source-to-drain (S → D) charge transport. TC/
BG-OFET devices comprising a thermally evaporated D-
(PhFCO)-BTBT film on the hydrophobic HMDS-treated SiO2
substrate and LiF/Au contacts exhibit high electron mobilities
of ∼0.6 cm2/V s and Ion/Ioff’s over 107. The observed high
electron mobility for D(PhFCO)-BTBT undoubtedly reflects a
combination of a highly π-delocalized/energetically stabilized
LUMO, large film grain sizes with high crystallinity, and
excellent texture with preferential edge-on molecular orienta-
tion and in-plane herringbone packing facilitating strong
intermolecular π-orbital overlaps, as supported by DFT
computations. Our results demonstrate that n-type semi-
conductors based on BTBT cores are possible which, based on
the very large intrinsic charge transport capabilities of BTBT
(>10 cm2/V·s) and its good optical transparency, may open
new pathways to realize unconventional devices for next-
generation high-performance organic (opto)electronics.
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