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ABSTRACT: Charge-carrier transport in thin-film organic semi-
conductors is strongly related to the molecular structure and the
solid-state packing, which in turn are dependent on materials
processing and device configurations. We report on the synthesis and
characterization of a series of (trialkylsilyl)ethynyl-substituted dinaph-
tho-fused s-indacenes that include three regioisomers: the linear, syn,
and anti isomers. Structure−property relationships are established for
these antiaromatic compounds by combining X-ray diffraction with
field-effect transistor measurements and density functional theory
(DFT) evaluations of the electronic band structures and intermolecular
electronic couplings. High-performance, solution-processed organic
thin-film transistors with charge-carrier mobilities over 7 cm2/(V s) are
demonstrated upon optimization of the thin-film morphology. The DFT-derived crystal band structures provide insight into the
varied performance metrics observed across the materials, though the fundamental limits of performance are not reached when
the film quality is poor. The totality of the results presents the antiaromatic dinaphtho-fused s-indacenes as intriguing building
blocks for molecular materials for semiconducting applications.

■ INTRODUCTION

Organic semiconductors have maintained broad academic and
industrial attention due to their distinctive optoelectronic
properties and the applications they can enable. Such devices
are obtained by unconventional manufacturing such as spray
coating,1 inkjet printing,2,3 or laser printing4 ̵ low-cost
processes occurring in mild conditions, which may enable
new device functionalities that are either impossible or not
cost-effective with current technologies (lightweight, mechan-
ical flexibility, conformability, and transparency, etc.). The
ability to control the properties through chemical design
provides a versatile tool for the development of materials with
specific function in mind, but unfortunately this task is
challenged by the intricate relationships among the molecular
structure, processing, film morphologies (molecular to
mesoscale), and ultimate materials performance in device
applications.

Molecular materials built from polycyclic aromatic hydro-
carbons, such as pentacene, tetracene, or rubrene, have served
as excellent model systems to explore structure−function
relationships of organic semiconductors, given their simple
structure.5−8 Functionalization of the backbone has allowed for
enhanced environmental stability and film deposition using
solution-based methods,9 which are key properties for their
incorporation in low-cost, large-area flexible electronic devices.
Nevertheless, these substituted oligoacenes still suffer from
stability issues in the case of longer backbones, where
dimerization and/or photooxidation frequently occur under
ambient conditions.10−12 The reduced aromaticity obtained by
replacing two six-membered rings with five-membered
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heterocyclic rings led to better stability and more efficient
charge transport in heteroacenes, such as dithiophenes and
dibenzothienothiophenes.13−15 Molecules containing indoli-
zine or diindolizine heterocyclic aromatic units were also
developed and tested in devices.16,17 Such structural
modifications have led to systems with charge-carrier
mobilities as high as 20 cm2/(V s) obtained in difluoro-
(triethylsilylethynyl)anthradithiophene18 and with 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)
exhibiting charge-carrier mobilities as high as 30 cm2/(V s).19

Antiaromatic molecules such as pentalene and indacene are
conjugated cyclic hydrocarbons containing destabilized 4n π-
electrons;20 for reference, aromatic compounds have (4n + 2)
π-electrons. An inherent destabilization due to the antiaromatic
character results in a small energy gap between the highest
occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO),21 low-lying HOMO
and LUMO energy levels, and pronounced bond length
alternation compared to aromatic compounds.22 Antiaromatic
compounds tend to be unstable, but including them within
larger conjugated systems (e.g., dibenzopentalenes and
indenofluorenes) can overcome this issue.22−27 Such com-
pounds have recently been considered for use in semi-
conducting materials, with studies reported for dibenzopenta-
lenes, dinaphthopentalene, and dianthracenopentalene deriva-
t ives , 27−29 as wel l as for indenofluorene30 and
indacenodibenzothiophene24 systems. Preliminary results
pointed to mobilities on the order of 0.01−0.1 cm2/(V s),
with mobilities as high as 0.44 cm2/(V s) for the
indacenodibenzothiophenes24 and as high as 0.52 cm2/(V s)
for benzodicyclobutadiene derivatives.31 Very recent studies
have shown it is possible for organic field-effect transistors

Figure 1. Chemical structures of the dinaphthoindacene isomers and substituent groups used in this study: (a) nODIPS linear DNI, (b) TIBS
linear DNI, (c) TIPS linear DNI, (d) 2θ XRD of a TIPS linear DNI film on SiO2, (e) TIPS anti DNI, (f) illustration of TIPS linear DNI packing,
with the substrate lying in the (001) plane, and (g) TIPS syn DNI.
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(OFETs) with antiaromatic molecules in the active layer to
surpass 1 cm2/(V s), with cyclobutadiene-containing systems
possessing values as high as 2.9 cm2/(V s).32

Developing stable organic semiconductors for high-perform-
ance, reliable, and robust devices is not a trivial task given the
different factors that should be considered and, that some-
times, are conflicting. To enable a rational design of new
molecular structures, it is imperative that we build a well-
informed picture of the relationship between the molecular
structure, solid-state packing, film morphology in relation with
processing, and, ultimately the electrical properties. In this
study, we synthesized a series of dinaphtho-fused s-
indacenes,25 systematically modified the chemical structure,
and evaluated their electronic and electrical properties using a
combined experimental and computational approach. Three
different substitutions of the linear-fused dinaphtho-s-indacene
(DNI) backbone were invest igated, namely, (n -
octyldiisopropylsilyl)ethynyl (nODIPS), (triisobutylsilyl)-
ethynyl (TIBS), and (triisopropylsilyl)ethynyl (TIPS), as
shown in Figure 1a−c. In addition to the linear-fused DNI,
TIPS substituted anti and syn (Figure 1e,g) regiosomers were
also studied. Film morphologies were altered by solvent vapor
annealing (SVA) and the electrical properties of the DNIs were
evaluated in OFETs. We found that the subtle variations in the
side-group chemistry and dinaphthoindacene framework led to
significant changes in molecular packing and therefore
electrical properties. The best performance was measured in
the TIPS anti-isomer, which exhibited charge-carrier mobilities
as high as 7.1 cm2/(V s), in agreement with characteristics
derived from periodic density functional theory (DFT)
evaluations of the electronic properties of the bulk crystal.

■ EXPERIMENTAL SECTION
Molecule Preparation. The three TIPS DNI regioisomers along

with the TIBS DNI were prepared as previously described.25,33 The
nODIPS DNI compound was synthesized in an analogous manner,
the details of which are in the Supporting Information and Figure S1.
Device Fabrication. Top-gate, bottom-contact OFETs were

fabricated on SiO2 substrates following procedures described
elsewhere.18 Different solvents were tested for film deposition and
postprocessing (acetone, hexane, toluene, chlorobenzene, and 1,2-
dichlorobenzene), and the results obtained on the best quality films
are included in this work. For TIPS linear DNI devices, a 1 wt %
solution in room-temperature chlorobenzene was spin coated onto
this substrate, with predefined source and drain electrodes (Ag and
Au were tested; Ag yielded the best results). The as-cast film was
subsequently solvent annealed in chlorobenzene vapor at 75 °C for
1 h in a Petri dish. For TIPS anti DNI devices, Au contacts were most
effective. Here, a 1 wt % solution in room-temperature 1,2-
dichlorobenzene was spin coated onto the substrate. For all devices,
undiluted Cytop fluoropolymer was used as a gate dielectric, which
was spin coated over the organic semiconductor. The dielectric
thickness was 1400 nm.34 The devices were subsequently annealed at
110 °C for 1 h in a vacuum oven to cross-link the dielectric layer and
left to cool overnight. A 60 nm Au gate electrode was patterned
through a shadow mask aligned over the conduction channel using
thermal evaporation. Details on other deposition methods for the
films, such as drop cast and solvent assisted crystallization (SAC), are
included in the Supporting Information (SI).35

Device Characterization. OFETs were measured immediately
after fabrication under ambient conditions using an Agilent 4156
semiconductor analyzer. The field-effect mobility (μ) was determined
from the saturation regime, using an applied drain-source voltage of
VDS = −60 V, by standard procedures.36 The average values are
obtained from at least 30 devices obtained from a minimum of five
different substrates.

X-ray Diffraction. Single-Crystal XRD. Single crystals of the
nODIPS DNI and TIBS DNI were grown via slow diffusion of
acetonitrile into deuterochloroform at −40 °C; see the SI for full
details. The crystal structures of the TIPS DNI isomers have been
disclosed previously.24

Thin-Film XRD. 2θ scans of TIPS linear DNI deposited onto SiO2
were obtained using an X-ray diffractometer (Bruker Desktop D2
Phaser). The step size for the 2θ scans was 0.02° in an interval of 7°−
20°.

Computational Methods. For all systems with periodic
boundary conditions, DFT calculations were carried out with the
Vienna ab initio simulation package (VASP),37,38 making use of the
Perdew, Burke, and Ernzerhof (PBE)39 exchange−correlation func-
tional based on experimentally solved crystal structures. Electron−ion
interactions were described with the projector augment wave (PAW)
method,39,40 with the kinetic energy cutoff for the plane-wave basis set
defined as 520 eV and a Gaussian smearing with a width of 0.05 eV
employed. The convergence criterion of the total energy was set to
10−5 eV in the self-consistent loop. The Brillouin zone was sampled
with a 4 × 4 × 4 Γ-centered grid. High-symmetry points in the first
Brillouin zone used for the band structure calculations were
determined with the AFLOW software,41 which follows the scheme
proposed by Setyawan and Curtarolo.42 Carrier effective masses were
calculated by performing a parabolic fitting at the region of interest in
the Brillouin zone. For relatively flat bands the parabolic assumption
is not valid and the finite difference result has a significant
dependence on the step size used; thus, a range instead of a value
is given for such flat band situations.

For systems with open boundary conditions, the geometric and
electronic structures were optimized via DFT at the ωB97XD/
Def2SVP level of theory43,44 using the Gaussian 16 software suite
(Revision A.03).45 Electronic couplings for dimer models were
calculated following both the energy-splitting approach and the
fragment orbital approach developed by Valeev and co-workers using
the code from Ryno.46,47

■ RESULTS AND DISCUSSION

In this section, we begin with a description of the dinaphtho-
fused s-indacene-based organic semiconductors in OFETs,
where widely varied OFET performance is observed as a
function of the molecular chemistry and processing proce-
dures. To develop more insight into the intrinsic performance
differences, we then explore the molecular packing in bulk
crystal structures and examine the electronic properties of the
DNI-based materials through DFT calculations.
We begin by evaluating the electrical properties of the DNIs

by incorporating them in OFETs. Since processing parameters
influence film formation and film microstructure, several
deposition methods and postdeposition treatments were tested
for each compound to optimize the thin-film quality.48,49 As-
cast films had poor electrical performance stemming from the
poor degree of order (see SI Figures S2 and S3). Exposure of
an organic thin film to solvent vapors has been shown to
increase film crystallinity and consequently device perform-
ance.50 Hence, to improve the thin-film crystallinity, the as-cast
films were then subjected to solvent vapor annealing. We made
use of five solvents, ranging from low to high vapor pressures,
with and without adding heat (75 °C). XRD spectra and
images of the films pre- and postprocessing are provided in the
SI; the best devices from each material are reported in the
main text. These spectra also confirm that the polymorphs
obtained in the crystalline thin film coincide with those in the
single crystals, validating our comparison between the
calculations, which are based on the single-crystal structures
and the experimental results obtained in thin films.
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We begin our discussion by comparing the linear DNI
regioisomers, which vary chemically in the alkyl chains
implemented in the trialkylsilyl groups. While nODIPS spin
coated films did not respond to SVA and TIBS films exhibited
minor morphological changes, SVA had a notable effect on the
TIPS substituted molecules. SVA-treated films of the TIPS
linear DNI were highly crystalline (see Figures S2 and S3),
with a preferential (001) out-of-plane orientation as verified by
XRD; results obtained upon SVA in chlorobenzene are shown
in Figure 1d,f. Notably, the diffraction pattern is consistent
with that measured for bulk single crystals (see below),
confirming that the crystal symmetry in the thin film is
consistent with that obtained for the bulk crystal.
OFETs were fabricated in top-gate, bottom-contact

configurations, using either Au or Ag source and drain
contacts and a Cytop gate dielectric, as shown in Figure
2a.36 The electrodes were fabricated following our recently
developed procedure to achieve a low contact resistance.18

Cytop provides a low trap density at the interface with
semiconductors34 and has a thermal expansion coefficient
similar to those of most organic semiconductors, which will
prevent the formation of microstrain-induced electronic
traps.51 In spite of our attempts to improve film quality and
device architecture, the nODIPS (Figure 1a) and TIBS (Figure
1b) films did not yield working transistors. This could result
from the fact that the film morphologies were not ideal or
might be related to the intrinsic material properties, as we will
discuss later. On the other hand, devices fabricated from TIPS
linear DNI (Figure 1c) SVA films exhibit hole mobilities of
1.04 ± 0.68 cm2/(V s), with a maximum of 2.25 cm2/(V s)
(see SI Figure S4). The mobilities were evaluated in the
saturation regime.36

Encouraged by the performance of the TIPS linear DNI
molecule, we analyzed the syn and anti regioisomers with the
TIPS substituents (Figure 1e,g), using similar deposition
methods to fabricate thin films with these isomers.
Unfortunately, OFETs with a conducting channel made from
TIPS syn DNI did not yield working devices (neither p- nor n-
type channels). On the other hand, OFETs fabricated from
TIPS anti DNI exhibit hole mobilities of 4.72 ± 1.97 cm2/(V
s), with a maximum of 7.1 cm2/(V s). Importantly, these
mobilities represent a considerable advance in the performance
of organic semiconductors derived from antiaromatic building
blocks. Panels b and c of Figure 2 present example current−
voltage characteristics, with the transfer curve (the dependence
of the drain current (ID) on the gate-source voltage (VGS))
being shown in Figure 2b and the output curve (the
dependence of ID on the source-drain voltage (VDS)) in Figure
2c. High threshold voltages (Vth) were quite common in the
OFETs fabricated from this material, which indicates high trap
density at the semiconductor/dielectric interface, in spite of
the fact that we used a polymer dielectric that tends to afford
low trap densities at the interface of the semiconductor.34,52,53

Other device parameters include the on/off ratio, which
exceeded 104 in all our devices and reached values as high as
108. Subthreshold swings fluctuated from 1.5 to 2.5 V/decade.
We further noticed that the TIPS anti DNI films exhibited
ambipolar behavior at high positive voltages, but unfortunately
we were not able to evaluate the electron mobility because a
pure n-type channel was not observed (see Figure S5).
Single-crystal X-ray diffraction measurements were per-

formed on crystals of each of the five compounds to determine
the impact of the chemical structure modifications on the

crystal packing. The solid-state packing in nODIPS (Figure
3a), TIBS linear (Figure 3b), and TIPS syn (Figure 3e,f) DNIs
consist of π-stacking motifs that predominantly showcase one-
dimensional (1D) stacking interactions among the π-
conjugated backbones. While large intermolecular electronic
couplings can be a characteristic in these systems, efficient
charge-carrier transport is often not expected in (crystalline)
thin films derived from such packing motifs.54 In sharp
contrast, TIPS linear DNI (Figure 3c) and TIPS anti DNI
(Figure 3d) both crystallize in a two-dimensional (2D) π-
stacked motif, namely, a 2D brickwork pattern, which is known
to lead to superior electrical properties in thin-film
transistors.14,18,53,55 The TIBS linear, TIPS syn, and TIPS
anti derivatives follow the empirical rule established by
Anthony and collaborators, which states that when the
diameter of the solubilizing substituent is less than half the
length of the backbone, a 1-D slipped stack packing

Figure 2. Device structure and electrical characteristics for TIPS anti
DNI. (a) Top-gate, bottom-contact field-effect transistors, (b) drain
current vs gate-source voltage (ID−VGS) in the saturation regime VDS
= −60 V, and (c) drain current vs drain-source voltage (ID−VDS) for
an OFET made with TIPS anti DNI isomer. Each curve corresponds
to a constant VGS, from 0 to −60 V in −10 V steps.
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arrangement is obtained and for larger diameters, a 2D
structure is more stable.56 nODIPS and TIPS linear, however,
deviate from this rule, emphasizing, again how challenging it is
to predict crystalline packing from molecular structures.
In organic semiconductors, the spatial overlap of the π-

conjugated backbones governs in part the wave function
overlap, a characteristic of importance to describe the
propensity for charge-carrier transport.54,57 To evaluate the
electronic characteristics of each DNI derivative, we made use
of a combination of periodic band structure calculations and
the direct determination of the electronic couplings from
dimer models, both in the DFT framework. A summary of the
periodic DFT results is provided in Table 1, along with the
experimental values obtained for the OFET-extracted hole
mobilities, and select electronic band structures are shown in
Figure 4; note that the periodic DFT calculations provide a

representation of the idealized case of charge-carrier transport
through the bulk of a crystal. For both the TIBS and nODIPS
linear DNI, the valence and conduction bands are relatively
flat, which result in charge carriers with large effective masses.
These results correlate with the small spatial overlap of the π-
conjugated backbones found in the experimental crystal
structures and are consistent with the limited OFET
performance.
The periodic DFT calculations for the TIPS-substituted

regioisomers suggest that both the syn and anti isomers should
have superior electronic characteristics when compared to the
linear isomer (Figure 4, Table 1), as a larger hole effective mass
and less dispersive valence and conduction bands are obtained
for the latter. This finding is satisfied when one compares the
OFET performance of the anti and linear isomers. The syn
isomer, however, has a 1D slipped-stack packing structure, and
hence it is not unusual that the material performance was poor
in the OFET testing.58

Interestingly, for TIPS linear DNI, the periodic DFT
calculations indicate the existence of fairly heavy holes, on
the order of those determined for the nODIPS linear DNI,
which would suggest limited charge transport characteristics.
Nevertheless, OFETs consistently yield mobilities on the order
of 1 cm2/(V s). Though the backbone overlap of the TIPS
linear DNI is relatively large, the HOMO−HOMO coupling
∼ 7 meV for a dimer model extracted from the bulk crystal is
quite small. We recall here that it is the wave function overlap,
and not necessarily the spatial overlap of the π-conjugated
backbones, that is a critical metric for evaluating the potential
for a material to perform well in OFET applications. Given the
discrepancy between reasonable OFET performance and small
intermolecular electronic coupling/large hole effective mass for

Figure 3. Solid-state packing for each DNI isomer: (a) nODIPS linear DNI, (b) TIBS linear DNI, (c) TIPS linear DNI, (d) TIPS anti DNI, (e)
TIPS syn DNI along the a direction, and (f) TIPS syn DNI viewed down the long axis of the backbone. Note that TIPS linear DNI and TIPS anti
DNI are the only two bulk crystals to exhibit a 2D brickwork packing pattern. For these molecules, the backbone was highlighted with a blue
rectangle, which is a guide to the eye to allow for better illustration of the brickwork pattern.

Table 1. DFT-Derived Electron Effective Mass (me), Hole
Effective Mass (mh), and Experimentally Measured Hole
Mobilites (μh)

crystal μh (cm
2/(V s)) me (m0) mh (m0)

nODIPS linear DNI 3.53−4.97a 3.42−3.94a

TIBS linear DNI 2.19 5.21−6.36a

TIPS linear DNI 1.04 ± 0.68 1.78 3.57
TIPS syn DNI 1.63 0.85
TIPS anti DNI 4.72 ± 1.97 0.39 0.52

aThe effective mass calculation assumes that the dispersion relation is
parabolic at the zone edge. If this relation deviates severely from that
of a parabola (e.g., the band is flat), the numerical fitting will give a
range rather than a point.
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TIPS linear DNI, we suspect that the static picture, which sets
the framework for this evaluation and includes neither
molecular nor lattice dynamics, may not be sufficient to
describe the behavior of TIPS linear DNI; i.e., it is well-
established that electron−phonon couplings can play indis-
pensable roles in the charge-carrier transport characteristics of
organic semiconductors.54,59−61 As a first-order approximation
to such effects in TIPS linear DNI, we inspected the HOMO−
HOMO electronic couplings as a function of in-plane
intermolecular translations within a dimer model (Figure 5):
The interbackbone distance is fixed at 3.45 Å, as extracted from
the crystal structure, with the monomer geometry being that

optimized at the ωB97XD/Def2SVP level of theory.
Effectively, translation among points on the map of
intermolecular coupling as a function of backbone displace-
ment can be used as an estimate to expected effects related to
intermolecular phonon modes. We note that the intermolec-
ular displacements in organic semiconductors can be relatively
large, of the order of 0.5 Å in the related TIPS-pentacene
molecular material, which are a function of the relatively weak,
noncovalent interactions among the molecules in the solid
state.62−64 Specifically for TIPS linear DNI, sub-angstrom
translations can lead to significant increases in the electronic
couplings, and hence it would not be surprising that select
lattice phonons could lead to enhanced electronic couplings
that would improve the charge-carrier transport behavior when
compared to the description derived from a static representa-
tion. Further, we note that at identical intermolecular
positions, the electronic coupling for a dimer built from
DFT-optimized monomer geometries (∼35 meV) is larger
than the counterpart dimer with the geometries extracted
directly from the crystal structure (∼7 meV). This result
suggests that modest intramolecular geometry changes can also
lead to notable changes in the intermolecular electronic
couplings. The combination of the large changes in the
intermolecular electronic couplings as a function of molecular
displacement and changes in molecular geometry suggest that
the static DFT picture may be inadequate to appropriately
describe the transport characteristics of TIPS linear DNI;
future work on these materials will include direct evaluations of
the electron−phonon couplings to confirm this hypothesis.
Finally, we note that we were not able to measure electron

transport, despite the small effective mass calculated for
electrons, in any of these systems. These results are, perhaps,
due in part to inadequate choice of electrode materials, and/or
trapping at the interface with the dielectric, which is more
prevalent for the electrons than for holes.36,65 Note that here
we limited our analysis to the evaluation of the impact of
substitution on the packing motif and electronic couplings,
while ignoring the shifts introduced in the molecule’s
ionization potential and electron affinity. Such shifts can be
substantial and can lead to inefficient charge injection in the
case of large injection barriers between the semiconductor and
the device electrode.

■ CONCLUSION
In summary, we synthesized a series of dinaphtho-fused s-
indacenes where we varied both the chemistry of
the (trialkylsilyl)ethynyl-substituents and the backbone geo-
metries and characterized the charge-carrier transport proper-
ties. We found that the TIBS and nODIPS substituents on the

Figure 4. Electronic band structures for (from top to bottom) TIPS
anti DNI, TIPS syn DNI, and TIPS linear DNI, where the energies are
shifted such that the Fermi level is at 0.00 eV.

Figure 5. Electronic couplings as a function of intermolecular slip in a
dimer model. X and Y indicate long and short axis slips, respectively.
The black star indicates the slips calculated from crystal structure in
TIPS linear DNI.
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linear DNI framework promote a predominantly 1D-packing
motif, which results in films with poor electrical performance,
in agreement with the outcome from the periodic DFT band
structure calculations. The TIPS functional group, on the other
hand, yielded a 2D bricklayer packing and hole mobilities of
1.04 ± 0.68 cm2/(V s) in the linear DNI. Hole mobilities
exceeding 7 cm2/(V s) and a weak signature of ambipolar
transport were found in TIPS anti DNI. Conversely, we were
unable to achieve working devices from the TIPS syn DNI
isomer, despite low effective masses predicted for both
electrons and holes calculated for this compound, a typical
result encountered for materials that take on a 1D slipped-stack
packing configuration. Our results demonstrate that reducing
molecule aromaticity while preserving the conjugation length
represents an efficient tool for achieving favorable charge
transport, but fine-tuning the chemistry is critical. Manipulat-
ing the molecular structure to generate predictable changes to
the crystalline packing remains a challenge in crystal
engineering given the weak nature of the intermolecular
interactions characteristic to organic solids.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.9b01436.

Preparation details and NMR spectra of nODIPS linear
DNI, X-ray diffraction of nODIPS, TIBS, and TIPS
linear DNI, optical micrographs illustrating the effect of
solvent annealing on nODIPS, TIBS, and TIPS linear
DNI, electrical characteristics of TIPS linear DNI field-
effect transistors, and electrical measurements exhibiting
ambipolar signature in TIPS anti DNI (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: jurchescu@wfu.edu.

ORCID
Conerd K. Frederickson: 0000-0002-1194-7908
Chad Risko: 0000-0001-9838-5233
Michael M. Haley: 0000-0002-7027-4141
Oana D. Jurchescu: 0000-0003-2204-2909
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The device and the theory work were supported by the
National Science Foundation Designing Materials to Revolu-
tionize and Engineer our Future (NSF DMREF) program
under Awards DMR-1627925 and DMR-1627428, respec-
tively. The synthetic work was supported by the NSF (Grant
CHE-1565780). Supercomputing resources on the Lipscomb
High Performance Computing Cluster were provided by the
University of Kentucky Information Technology Department
and Center for Computational Sciences (CCS). Mass
spectrometry capabilities in the CAMCOR facility at Oregon
are supported by NSF Grant CHE-1625529. XRD measure-
ments of thin films were performed at Wake Forest University
with assistance from Dr. Cynthia Day.

■ REFERENCES
(1) Abdellah, A.; Fabel, B.; Lugli, P.; Scarpa, G. Spray Deposition of
Organic Semiconducting Thin-Films: Towards the Fabrication of
Arbitrary Shaped Organic Electronic Devices. Org. Electron. 2010, 11
(6), 1031−1038.
(2) Sirringhaus, H.; Kawase, T.; Friend, R. H.; Shimoda, T.;
Inbasekaran, M.; Wu, W.; Woo, E. P. High-Resolution Inkjet Printing
of All-Polymer Transistor Circuits. Science 2000, 290 (5499), 2123−
2126.
(3) Sekitani, T.; Noguchi, Y.; Zschieschang, U.; Klauk, H.; Someya,
T. Organic Transistors Manufactured Using Inkjet Technology with
Subfemtoliter Accuracy. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (13),
4976−4980.
(4) Diemer, P. J.; Harper, A. F.; Niazi, M. R.; Petty, A. J.; Anthony, J.
E.; Amassian, A.; Jurchescu, O. D. Laser-Printed Organic Thin-Film
Transistors. Adv. Mater. Technol. 2017, 2 (11), 1700167.
(5) Lin, Y.-Y.; Gundlach, D. I.; Nelson, S. F.; Jackson, T. N.
Pentacene-Based Organic Thin-Film Transistors. IEEE Trans. Electron
Devices 1997, 44 (8), 1325−1331.
(6) Jurchescu, O. D.; Popinciuc, M.; van Wees, B. J.; Palstra, T. T.
M. Interface-Controlled, High-Mobility Organic Transistors. Adv.
Mater. 2007, 19 (5), 688−692.
(7) de Boer, R. W. I.; Klapwijk, T. M.; Morpurgo, A. F. Field-Effect
Transistors on Tetracene Single Crystals. Appl. Phys. Lett. 2003, 83
(21), 4345−4347.
(8) Podzorov, V.; Sysoev, S. E.; Loginova, E.; Pudalov, V. M.;
Gershenson, M. E. Single-Crystal Organic Field Effect Transistors
with the Hole Mobility ∼8 cm2/V s. Appl. Phys. Lett. 2003, 83 (17),
3504−3506.
(9) Anthony, J. E. Functionalized Acenes and Heteroacenes for
Organic Electronics. Chem. Rev. 2006, 106 (12), 5028−5048.
(10) Fudickar, W.; Linker, T. Why Triple Bonds Protect Acenes
from Oxidation and Decomposition. J. Am. Chem. Soc. 2012, 134
(36), 15071−15082.
(11) Zade, S. S.; Zamoshchik, N.; Reddy, A. R.; Fridman-Marueli,
G.; Sheberla, D.; Bendikov, M. Products and Mechanism of Acene
Dimerization. A Computational Study. J. Am. Chem. Soc. 2011, 133
(28), 10803−10816.
(12) Schleyer, P. v. R.; Manoharan, M.; Jiao, H.; Stahl, F. The
Acenes: Is There a Relationship between Aromatic Stabilization and
Reactivity? Org. Lett. 2001, 3 (23), 3643−3646.
(13) Goetz, K. P.; Li, Z.; Ward, J. W.; Bougher, C.; Rivnay, J.; Smith,
J.; Conrad, B. R.; Parkin, S. R.; Anthopoulos, T. D.; Salleo, A.;
Anthony, J. E.; Jurchescu, O. D. Effect of Acene Length on Electronic
Properties in 5-, 6-, and 7-Ringed Heteroacenes. Adv. Mater. 2011, 23
(32), 3698−3703.
(14) Subramanian, S.; Park, S. K.; Parkin, S. R.; Podzorov, V.;
Jackson, T. N.; Anthony, J. E. Chromophore Fluorination Enhances
Crystallization and Stability of Soluble Anthradithiophene Semi-
conductors. J. Am. Chem. Soc. 2008, 130 (9), 2706−2707.
(15) Niimi, K.; Kang, M. J.; Miyazaki, E.; Osaka, I.; Takimiya, K.
General Synthesis of Dinaphtho[2,3- b:2′,3′- f ]Thieno[3,2- b
]Thiophene (DNTT) Derivatives. Org. Lett. 2011, 13 (13), 3430−
3433.
(16) Huckaba, A. J.; Giordano, F.; McNamara, L. E.; Dreux, K. M.;
Hammer, N. I.; Tschumper, G. S.; Zakeeruddin, S. M.; Graẗzel, M.;
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