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ABSTRACT: A new class of nitrogen-containing arene organic semiconductors

incorporating fused indolizine units is described. This system, though having a o |

zigzag shape, mimics the electronic properties of its linear analogue pentacene as ) OO  4steps
a result of nitrogen lone pair incorporation into the s-electron system. CNH * /j/ -
Solubilizing trialkylsilylethynyl groups were employed to target crystal packing

motifs appropriate for field-effect transistor devices. The triethylsilylethynyl

derivative yielded hole mobilities of 0.1 cm? V™! s™" and on/off current ratios of

10°.
In the past few decades, organic molecules incorporatin Scheme 1. Synthesis of Benzodiindolizines 3a—g

nontraditional aromatic units, such as azulene," indolizine, 0 1. Methyl acrylate o
and other similar N—heteroarenes,3 have been investigated for O) DABCO, 16h  _~_~ O Et0, TMEDA ; N )
their optoelectronic properties. Recently, a number of organic LN ZW SN o- W [N 7,
chromophores for use in photophysical applications have been (46%) O (52%)
developed that incorporate the indolizine moiety," a naphthalene 1. iso-octane/THF
analogue with a bridgehead nitrogen. Most of these examples ~ N : 12_ z;:gt. H,0
focus primarily of the highly fluorescent nature of the materials 3a >—s|—< E;"i )38 (Teng/n) 3g s ™ I(DSI(E)PQZ?
and applications related to this property. However, Delcamp and ~ /\” ~
co-workers*® demonstrated the potential use of indolizine-based R= 3b \I/ ggo/) 3e ST EDS,)E;
molecules in dye-sensitized solar cells, demonstrating that charge N ’ -

. . . ~d 22 ADES

generation and transport are reasonably efficient with these 3¢ Si (TS)’\"";Q/'D) #7730
molecules. ™ ™

The substitution of one or more of the benzene rings in an
acene chromophore with another variety of aromatic group
greatly affects the optoelectronic properties of the chromo- in isooctane and tetrahydrofuran (THF) solution followed by
phore.” This route of functionalizing and tuning acenes opens aromatization with tin(II) chloride in THF to yield ethynyl-
interesting new avenues in combination with nontraditional substituted BDIs 3a—g.
aromatics such as indolizine. Here, we report a straightforward It was immediately apparent that the optoelectronic properties
route to synthesize N-heteroaromatic compounds that have the Of these molecules were signiﬁcantly different fI'OITl thOSE Of
indolizine moieties fused into a larger, solubilized chromophore, structurally analogous benzo[1,2-b:4,5-b"]bis[b]-
allowing us to investigate the electronic, optoelectronic, and benzothiophene.7 The solution color of the BDI molecules was
structural properties in detail. blue instead of the typical yellow color of anthracene analogues.

We incorporated the indolizine moieties into a dibenzoan- This result suggests an electronic energy gap similar to that of
thracene-like framework through a quinone intermediate, and pentacene, which is confirmed by comparison of the UV—vis
then ethynylation (see the Supporting Information (SI)) was spectra as shown in Figure 1. This result is a consequence of the
used to attach solubilizing groups that direct the chromophore’s placement of the nitrogen atoms in the aromatic framework of
solid-state packing (Scheme 1). The synthesis proceeds through BD], forcing the nitrogen lone pairs to fully participate in the ring

methyl 2-indolizinate (1), easily synthesized via the Baylis— current.

Hillman reaction between 2-formylpyridine and methyl acrylate, It was expected that the BDI chromophore would not be acid-
followed by an intramolecular annulation in acetic anhydride. sensitive because of the incorporation of the nitrogen lone pair
The subsequent benzo[2,3-b:5,6-b’]diindolizine (BDI) quinone
(2) was obtained via an intermolecular nucleophilic annulation Received: October 4, 2016
reaction. This quinone was then functionalized by ethynylation Published: November 15, 2016
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Figure 1. (a) Structures of alkylsilylethynyl derivatives of benzobis-
(benzothiophene) (TES-BBBT), benzodiindolizine (TIPS-BDI, 3a),
and pentacene (TIPS-Pn). (b) Comparison of the normalized UV—vis
spectra of TES-BBBT (red solid trace), TIPS-BDI (blue dot-dashed
trace), and TIPS-Pn (green dashed trace).

into the 7 electrons of the ring system (as in N1 in imidazoles).
Unexpectedly, the BDI molecules are quite sensitive to acidic
conditions, requiring acid-free reaction conditions and neutral-
ization of silica when conducting chromatography. Analytical
methods such as voltammetry and NMR characterization also
require the exclusion of all traces of acid.

It is interesting to note that the acid/base chemistry of BDI is
reversible. Protonation of the chromophore appears to occur at
the enamine moiety in the five-membered ring (as shown below),
and treatment with mild base leads to complete recovery of the
BDI chromophore (Figure 2). The site of protonation was
identified via "H NMR comparison of TIPS-BDI (3a) in carbon
disulfide and deuterated chloroform, which is known to contain
residual acid.

In these benzodiindolizine molecules, red fluorescence is
readily apparent. Fluorescence quantum yields were measured
according to literature methods” to determine relative values
compared to rubrene (see the SI). From this relative measure-
ment, a fluorescence quantum yield of 32% was measured for
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Figure 2. (a) UV—vis absorption spectra of a TMS-BDI (3c¢) solution in
toluene (blue solid trace), with trifluoroacetic acid (red dot-dashed
trace), and then with triethylamine (green dashed trace). (b) Structure
of 3¢ with basic carbons indicated with red asterisks.

TIPS-BDI using two separate wavelengths (509 and 545 nm).
This is substantially higher than those of 6,13-bis-
(trialélg(}grlsilylethynyl)pentacene derivatives, which are less than
10%.™

Because of the nontraditional aromatic periphery, we were
interested to determine the modes of decomposition for these
compounds, specifically their reactivity toward dienophiles. The
rapid Diels—Alder reaction between pentacenes and fullerenes,
for example, has hampered their incorporation into modern
organic bulk-heterojunction photovoltaics."” The stability of
TIPS-BDI (3a) toward light and fullerenes was measured and
monitored by UV—vis spectroscopy (see the SI). To measure the
light stability, a dilute solution in oxygen-free toluene was
irradiated with a 150 W white light source at 50% power. The
half-life of the BDI chromophore was on the order of S min under
these conditions. The reactivity toward fullerenes was also
measured in toluene at UV—vis concentrations of a mixture of 3a
and PC,BM. Unlike the reactivity of pentacenes with full-
erenes,'’ which occurs essentially instantly, no Diels—Alder
reaction between TIPS-BDI and PC4,BM was observed after 3
days in solution.

CV analysis suggested that the oxidation of these BDIs is
irreversible, although differential pulse voltammetry (DPV)
analysis showed the oxidation to be quasi-reversible (Figure 3).

8

Current (pA)
o

1 0.6 0.2 -0.2 -0.6 -1 -1.4 -1.8
Potential (V) ---CV —DPV
Figure 3. Cyclic voltammogram (red trace) and differential pulse

voltammogram (blue trace) of TIPS-BDI (3a) with 0.1 M Bu,NPF in
THEF.

The discrepancy between these measurements with respect to
reversibility stems from differences between the methods, as CV
is a continuous-sweep method while DPV is a stepwise (pulsed)
measurement, which is less sensitive to sluggish charge transfer
kinetics. The first oxidation potential of TIPS-BDI overlaps with
the ferrocene/ferrocenium (Fc/Fc*) redox pair, placing the BDI
highest occupied molecular orbital (HOMO) at approximately
—4.83 eV." In contrast to oxidation, the reduction of BDI is
reversible.'” The reduction pair from DPV was used to calculate
the approximate lowest unoccupied molecular orbital (LUMO)
energy of —2.63 eV. The electrochemically measured frontier
molecular orbital (FMO) energy gap is 2.20 eV, which compares
well to the optical gap of ~2 eV.

As we have demonstrated with various pentacene derivatives,"®
the solid-state ordering of these BDIs can be influenced by tuning
the size and volume of the trialkylsilyl groups employed for
solubility. We targeted a 2D “brickwork” arrangement in relation
to the central BDI chromophore because of the demonstrated
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suitability for field-effect transistors (FETs) when trialkylsilyle-
thynyl-substituted chromophores are used.'* The trialkylsilyl
groups tend to interact with the substrate of the device, and the
2D 7 stacking is directed along the gap between the source and
drain electrodes.'” We first prepared the triisopropylsilyl (TIPS)
derivative to target the 2D “brickwork” motif for the BDI
framework. Because of the slightly shorter chromophore, the
TIPS-BDI derivative packs in a 1D slip-stack motif (Figure 4a)

source and drain electrodes that had been treated with
pentafluorobenzenethiol (PFBT) to improve the film quality.*”

The FET device architecture consisted of the BDI molecule
film on top of bottom-contact PFBT-treated gold electrodes with
Cytop dielectric as the top-gate electrode, following the
procedure described elsewhere.”> These devices showed a
maximum hole mobility (4;,) of 0.1 cm* V™' s™! with on/off
current ratios of 10° for TES-BDI (Figure 5). Devices fabricated
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Figure 4. Crystal packing diagrams of (a) the TIPS-BDI (3a) 1D
slipped-stack motif, (b) the TES-BDI (3d) 2D “brickwork” packing

motif, and (c) the DEMS-BDI (3g) 1D “herringbone” packing motif.
Alkylsilyl groups have been omitted for clarity.
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rather than the target 2D stacking motif. The crystal packing of
BDIs functionalized with two smaller solubilizing groups,
trimethylsilyl and tert-butyl, also yielded 1D slip-stack arrange-
ments similar to that of TIPS-BDI with an added 90° rotation of
the central chromophore with respect to adjacent 1D # stacks.

The intended 2D “brickwork” motif was finally realized with
triethylsilyl substituents (Figure 4b). Crystals of this material
appeared markedly different from other derivatives, growing as
plates rather than needles. To gauge the suitability of the BDI
derivatives for use in FET devices, we calculated charge transfer
integrals (B3LYP/6-31G(d)) based on the crystal structures with
Gaussian 09'® using the method employed by Valeev.'” The
transfer integrals calculated via DFT for HOMO coupling
between the two nearest 7-stacking neighbors (19 and 31 meV)
were comparable to values found for TIPS-pentacene.'® The
transfer integrals for the LUMO coupling of TES-BDI were
significantly higher (34 and 49 meV) for these azaacene-like
systems,'”'” but the poor LUMO level alignment for electron
injection with the contacts employed in our transistor studies”’
did not allow us to observe n-type behavior.

Subtle changes to the size of the alkylsilyl group reduced the
transfer integrals compared with the TES-BDI values. Slightly
increasing the size of the substituent proved ineffective: both
allyldiethylsilyl (ADES) and n-propyldiethylsilyl (PDES) groups
yielded similar 2D packing but produced an increase in long-axis
slip, reducing the HOMO couplings to 13 and 20 meV for ADES
and 4 and 16 meV for PDES. Reducing the size of the alkylsilyl
groups proved more interesting: switching from TES to
diethylmethylsilyl (DEMS) groups disrupted the 2D z-stacked
arrangement and led to a more rubrene-like packing motif
(Figure 4c). This change in solid-state packing was accompanied
by a change in crystal geometry, yielding crystals of DEMS-BDI
as 3D blocks. The calculated transfer integrals for this derivative
were 45 meV within the 1D stack and 3 meV for the edge-to-face
interaction.

To assess the charge transport in these new chromophores,
films of TES-BDI (3d) were deposited by spin-coating from a
dilute solution in chlorobenzene/tetralin onto prepatterned
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Figure 5. Device characteristics of (top) TES-BDI (3d) spin-cast from
10:1 chlorobenzene/tetralin, (middle) PDES-BDI (3e) spin-cast from
8:1 chlorobenzene/tetralin, and (bottom) DEMS-BDI (3g) spin-cast
from 1:1 methylene chloride/chlorobenzene. At the left are device film
optical images. The middle traces are drain current vs gate voltage
characteristics. At the right are output characteristics at various gate
voltages.

from PDES-BDI solutions exhibited hole mobilities reaching
0.08 cm? V7! 571 also with on/off current ratios of 10°. We
measured over 30 devices from each material and obtained
average mobility values of 0.075 + 0.023 cm® V™' s~ for the TES-
BDI derivative and 0.063 + 0.015 cm® V™' s7! for PDES-
BDIL.The device performance for these materials is limited
because of their poor film-forming properties, likely stemming
their relatively low solubility. Small grains with high boundary
area reduce the charge transport efficiency between the source
and drain electrodes by increasing the resistance to current
flow.” This film-forming issue is exacerbated for devices
fabricated using DEMS-BDI as the active material because it
tends to form films with highly segregated domains, leading to
incomplete bridging of the gap between the source and drain
electrodes.

The solubility limitations have proved difficult to address for
this class of molecules. All of the high-boiling solvents we
investigated demonstrated similarly poor solubility and thus
would lead to similar film properties. Increasing the size of
solubilizing groups in order to alleviate the issue was ineffective,
as this resulted in loss the necessary 2D 7 stacking in the solid
state. We can, however, use the structure—electronic properties
relationship of BDI as a guide in the design of new organic
chromophores that are less hindered by solubility and
subsequent film deposition limitations. We are also exploring
the use of additional substituents on the core chromophore to
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enhance the transport and impressive fluorescence properties of
these compounds as potential light-emitting transistor materi-
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