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We report a facile synthesis of novel angularly fused bistetracene
derivatives where two tetracene skeletons are cata-annulated at
three benzene rings. Compared with previously described examples,
our bistetracenes exhibit a narrower HOMO-LUMO gap but still exhibit
high stability. Attempted synthesis of di-substituted bistetracene
(BT-2TIPS) also led to unexpected triple (BT-3TIPS) and four-fold
(BT-4TIPS) alkylsilylethynyl substitution. The photophysical, electro-
chemical and optical properties as well as the solid-state structure of
these three bistetracene analogues are investigated. A charge carrier
mobility up to 0.42 cm? V! s~! was determined based on field effect
transistors.

Polycyclic aromatic hydrocarbons (PAHs) consisting of multiply
fused benzene rings are among the most investigated organic
semiconductors." It is well accepted that the electronic properties
and stability of large PAHs strongly depend on the mode of ring
annulation (e.g. linear or angular fusion).? For instance, the stability
of polyacenes can be greatly improved by changing their linear
annulation mode to an angular one, such as in V-shaped,**
Z-shaped,®” and triangular analogues (Chart 1a).>? Recently, a
concept toward two-dimensional (2D) angular PAHs was proposed
by the Watkins*® and Briseno groups,”” and several newly synthe-
sized 2D-PAHs like bisanthracene (Chart 1b) and bistetracene
(Chart 1c) were used as semiconductors in FETs> and solar cells.®
Compared to their “linear” polyacene counterparts with the same
number of fused benzene rings, these new 2D-angular acenes
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Chart 1 (a) Typical annulation modes of large PAHSs; (b) typical examples
of 2D-acenes composed of anthracenes; and (c) structural evolution of
four bistetracenes (BTs) with different aspect ratios.

(i.e. acenes annulated at more than two rows, Chart 1b and c) exhibit
much higher stability and maintain excellent performance like
high charge carrier mobilities.’® Among these reported 2D-
acenes, the cata-condensed analogues (e.g. bisanthracene)®®?
showed higher stabilities than their peri-condensed counterparts
(ie. bisanthene).** However, due to the inherent synthetic chal-
lenges, the number of reported 2D-angular acenes is still limited.*
We are particularly interested in 2D-angular acenes with zig-zag
edges. For instance, the bistetracene (BT) should have four analo-
gues with eight fused benzene rings which annulate at one (BT-I),
two (BT-II), three (BT-III) or four (BT-IV) benzene rings (Chart 1c).
These four analogues are supposed to possess different electronic
structures and modes of solid-state packing due to their different
aspect ratios and geometries.” However, only the synthesis of BT-II
has recently been reported.>® To better understand the structure-
property relationships for 2D-acenes,® we herein report a new
bistetracene model compound (BT-III, Chart 1c), ie. tetraceno-
[2,1,12,11-0pgraltetracene, which have the same aromatic skeleton
with that of Tykwinski’s recent work."'

Compared to the known case of tetraceno[z,1,12—qra]tetracene,5“
in which two tetracene skeletons are annulated via two neighboring
benzene rings and thus create a 2D-acene analogue (Chart 1, BT-II),
our new bistetracene derivatives have more annulated rings
and a smaller aspect ratio, since the two tetracene skeletons are

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of soluble bistetracenes: BT-2TIPS, BT-3TIPS, and
BT-4TIPS.

cata-condensed at three neighboring benzene rings. We used
a modified procedure to synthesize the bistetracene quinone 4
as the key intermediate (Scheme 1). Suzuki coupling of
1,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (1) with
commercially available methyl 2-iodobenzoate produced 2, which
was subsequently hydrolyzed under basic conditions to afford
the corresponding dicarboxylic acid 3 after acidification in
high yield (86%). It is noteworthy that Suzuki coupling between
1,6-dibromopyrene and methyl 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzoate also affords the dimethyl 2,2'{pyrene-
1,6-diyl)dibenzoate 2 but in a much lower yield. The tetraceno-
[2,1,12,11-0pgra]tetracene-8,16-dione (4) was obtained by
intramolecular Friedel-Crafts acylation of 3 under heating with
polyphosphoric acid (PPA)° in 95% yield. We also screened
other conditions like SOCI,/AICI; or Eaton’s reagent;'® however,
the yield was much lower with incomplete acylation intermediates
and polar byproducts.'® The subsequent reaction of 4 with lithium
triisopropylsilyl acetylide followed by treatment with SnCl, afforded
the target BT-2TIPS. To our surprise, MALDI-TOF MS monitoring of
the reaction mixture indicated the formation of unexpected
triply and fourfold triisopropylsilylethnyl substituted BTs
(named BT-3TIPS and BT-4TIPS respectively). The three fractions
were separated by silica gel chromatography and gel permeation
chromatography (GPC). The ratio of BT-2TIPS, BT-3TIPS, and
BT-4TIPs was around 13:6:1, independent of the amount of
lithium triisopropylsilyl acetylide (Li-CC-TIPS). The yields of
BT-2TIPS, BT-3TIPS and BT-4TIPS were 26%, 12% and 2%,
respectively, probably due to the large steric hindrance between
the neighboring TIPS groups. Using a large excess of Li-CC-TIPS
did not improve the yield of BT-3TIPS or BT-4TIPS, which is
consistent with a recent report by Tykwinski and coworkers."'*
The plausible mechanism of two-, three-, and four-fold TIPS
substitution to the bistetracene dione 4 could be ascribed to
both the 1,2- and 1,4-Michael addition of the o,B-unsaturated
ketone moieties (highlighted in dashed ovals, Scheme 1) in 4,
which was also evidenced by previous work by Wu''?? and
Tykwinski.'

The optical properties of BT-2TIPS, BT-3TIPS, and BT-4TIPS
were investigated using UV/Vis and fluorescence spectra (Fig. 1).
For example, at short wavelengths, BT-2TIPS, BT-3TIPS and
BT-4TIPS exhibit intense absorption bands at 354, 361 and
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Fig. 1 (a) Normalized UV/Vis absorption spectra of BT-2TIPS, BT-3TIPS,
and BT-4TIPS in THF (inset images show the photographs of their solutions
under ambient light). (b) Normalized fluorescence spectra of BT-2TIPS,
BT-3TIPS, and BT-4TIPS (inset images show the photographs of their
solutions under 365 nm UV light irradiation).
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366 nm, respectively, while in the low-energy absorption region,
they all show vibrational fine absorption peaks. As obvious from
Fig. 1a, BT-2TIPS display a blue color in dichloromethane (DCM)
solution with an absorption peak of Ay« = 648 nm, while
BT-3TIPS and BT-4TIPS exhibit a green color in DCM solution
with 2. = 693 and 728 nm, respectively. The absorption onset
for BT-2TIPS, BT-3TIPS and BT-4TIPS was determined to be 663,
742 and 754 nm (Fig. S1 and Table S1, ESIt), corresponding to an
optical HOMO-LUMO energy gap of 1.87, 1.67 and 1.64 eV,
respectively. The addition of the third TIPS-alkynyl group to
BT-2TIPS results in a substantial redshift (45 nm) of the absorp-
tion and significant lowering of the HOMO-LUMO gap (0.21 eV).
In contrast, both the red shift (35 nm) in absorption and the
band gap decrease (0.03 eV) are much smaller upon attachment
of the fourth TIPS-alkyne unit to BT-3TIPS. This could be
attributed to the bending of the TIPS-alkyne branch from the
mean plane of the core as evidenced by the single crystal
structure discussed below. When irradiated under UV light,
BT-2TIPS gave a red visible photoluminescence with a maximum
at 656 nm and a quantum yield (QY) of 71% (Fig. 1b inset). In
sharp contrast, BT-3TIPS and BT-4TIPS are hardly emissive in
the visible region but exhibit distinct near infrared emission at
732 and 748 nm, respectively (Fig. 1b). BT-3TIPS displays a
bathochromic shift of 76 nm in the fluorescence spectra compared
to BT-2TIPS, while BT-4TIPS shows a much smaller emission
redshift of 16 nm compared to BT-3TIPS with additional TIPS-
alkynyl substitution (Fig. S2, ESIT). We tested the photostability of
BT-2TIPS, BT-3TIPS, and BT-4TIPS by monitoring their UV/Vis
absorption over time in toluene solutions (1.0 x 10~ M) under
ambient light and air. In general, BT-2TIPS, BT-3TIPS, and
BT-4TIPS are stable toward air and water (Fig. S3, ESIf). In
contrast, BT-2TIPS gradually degraded with a half-life time of
ca. 4.5 days. However, BT-3TIPS and BT-4TIPS exhibited exception-
ally high photostability, having a halflife time of 7.5 days and
54.9 days, respectively (Fig. S4, ESIT). The latter is thus much more
stable than the TIPS-pentacenes under similar conditions."

To elucidate the influence of the annulation topology of the
n-conjugated system and peripheral silylethnyl substitution on
the molecular energy levels of these new bistetracenes, the
electrochemical properties of BTs were investigated by cyclic
voltammetry (CV) and differential pulse voltammetry (Fig. S5,
ESIT). The onset potentials, together with the calculated values
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for the HOMO-LUMO energy levels of BT-2TIPS, BT-3TIPS, and
BT-4TIPS, are summarized in Table S1 (ESIf). For example,
BT-2TIPS showed two irreversible oxidation waves and two
reversible reduction waves, with the onset potential of the first
oxidation at 0.25 eV (vs. Fc'/Fc, 4.80 eV),"? indicating a HOMO
energy of —5.05 eV. The LUMO energy was determined to be
—3.18 eV according to the optical band gap (1.87 eV) for BT-2TIPS.
As seen from Fig. S6 (ESIt), DFT calculations performed at the
B3LYP/6-31G(d,p) level reveal that the LUMO energies of BT-2TIPS,
BT-3TIPS, and BT-4TIPS decrease when the number of TIPS
substituents increases, while their HOMO energies almost
remain unchanged, which results in the narrowing of their
optical band gaps. These results are in good agreement with the
experimental data (Table S1, ESIt).

Single crystals were grown from chloroform solution by slow
vapor diffusion of methanol. Notably, the number of substituents
is critical for the packing mode in the crystalline state, although
they have the same rigid skeleton fused by eight benzene rings with
the same aspect ratio. The single crystal structures of BT-3TIPS and
BT-4TIPS clearly confirmed three TIPS substituents at the 1, 6 and 7
positions and four TIPS substituents at the 1, 6, 7, and 12 positions
(Fig. 2a) of the 2D BT-II skeleton, respectively. The molecular
structures of BT-3TIPS and BT-4TIPS (Fig. S7, ESIf) are both
strongly distorted from planarity (Fig. S8, ESIT) due to the steric
hindrance of adjacent TIPS-acetylene groups. In the case of
BT-3TIPS, the molecules form stacked dimers via n-n stacking
with a distance of 3.38 A (Fig. S7c and d, ESI¥), in which the
n-overlap™ between face-to-face molecules amounts to more
than five full benzene rings (ca. 26.2 A%), about three times
more than that of 6,13-bis(TIPS-acetylene)pentacene (7.7 A%
(Fig. S9, ESIY). The dimers further pack along the a axis in a
herringbone mode (Fig. 2¢). In comparison to BT-3TIPS, the
molecules of BT-4TIPS stack into a slipped one-dimensional
n-stacking column with the same n-n interaction distance
(3.38 A) along the b axis in the solid state (Fig. 2d), similar to
previously reported BT-II* and some pentacene derivatives.'”
Unfortunately, we failed to obtain sufficiently large crystals of
BT-2TIPS suitable for X-ray crystallographic analysis.

Fig. 2 Crystal structure and molecular packing of BT-3TIPS and BT-4TIPS: top
and side views of (a) BT-3TIPS, and (b) BT-4TIPS (shown as ORTEP drawings;
H atoms have been omitted for clarity). Crystal packing of (c) BT-3TIPS and
(d) BT-4TIPS (triisopropylsilyl groups have been omitted for clarity).
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With these solid-state structures in mind, we further evaluated
their charge transport properties based on single crystal field-effect
transistors with a top-contact bottom-gate configuration (for
details, see the ESIt). All the ribbons were formed in situ by drop
casting the solution on octadecyltrichlorosilane (OTS) modified
SiO,/Si substrates upon slow solvent evaporation. Gold source
and drain electrodes were fabricated either by thermal vacuum
deposition of gold with an organic ribbon as the shadow mask*®
(for BT-2TIPS and BT-3TIPS) or by the gold layer glue technique'®
(for BT-4TIPS). The OFET devices were studied under ambient
conditions using a standard probe station.

The transfer and output characteristics are shown in Fig. 3.
Fig. 3a-e presents the typical current-voltage characteristics for
BT-2TIPS, BT-3TIPS, and BT-4TIPS, respectively. On the left
axis, in black, we plot the drain current (Ip) as a function of
the applied gate-to-source voltage (V) for a constant source-
drain voltage (V, = —60 V for BT-2TIPS and BT-3TIPS or —100 V
for BT-4TIPS). On the right axis, in blue, the square-root value
of the Ip, and the slope of this curve were used for the
determination of the field-effect mobility in the saturation
regime. The highest mobilities of BT-2TIPS, BT-3TIPS, and
BT-4TIPS are 0.42, 0.25 and 0.19 cm? V! s!, with current
on/off ratios of 9.4 x 10°, 1.4 x 10" and 1.0 x 10>, respectively.
It is noteworthy that notable hysteresis was found for all the I-V
curves of the three materials, which was tentatively ascribed to
the trapping of water and/or oxygen during the measurements
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Fig. 3 Typical transfer and output characteristics of BT-TIPS based
single-crystal transistors fabricated on OTS-treated Si/SiO, substrates:
(a) and (b) BT-2TIPS; (c) and (d) BT-3TIPS; (e) and (f) BT-4TIPS (insets
show the microscopy images of the single crystal based devices with a
scale bar of 10 um, for clear images see also Fig. S10a—c, ESI¥).
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in the air (see Fig. S10f, ESIf for a typical hysteresis curve).>
BT-3TIPS and BT-4TIPS exhibit similar charge carrier mobilities,
which are about one half of that of the BT-2TIPS. The relatively low
on/off ratio might be due to the relatively large contact resistance,
and is comparable to the reported 6,12-bis(trisisopropylsilylethynyl)-
dibenzo[def,mno]chrysene (TIPS-DBC: 2.7 x 10 > em® V' s,
on/off ratio of 10%),°” but with much higher mobilities. To
understand the intrinsic charge carrier transport of BT-nTIPS
(n = 3, 4), we investigated their electronic couplings (transfer
integrals) by DFT calculations at the B3LYP/6-31G** level of
theory. The determination of transfer integrals was based on
the experimental crystal geometries (Fig. S10 and Table S2,
ESIt). The transfer integrals for both holes and electrons of
BT-4TIPS were found along the stacking directions (a axis) and
estimated as 44 and 63 meV, respectively, while in the case of
BT-3TIPS, the transfer integrals are restrained only within the
n-n stacked dimers with 54 meV for holes and 41 meV for
electrons. These results indicate that the charges are easier to
transport in BT-4TIPS along the 1D-stacked columns, while
BT-3TIPS hold greater potential for charge hopping within the
dimer stacks due to its larger transfer integrals for holes. We
also investigated the local hole-vibration and electron-vibration
couplings in BT-nTIPS (n = 2, 3, 4). The strength of these
couplings is related to the reorganization energy (1), where 1
is defined as the sum of intramolecular geometry relaxation
energies upon changing from the neutral to the charged-state
(cation/anion) geometry and vice versa. The reorganization
energies were calculated from the relevant points on the
potential energy surface and the results are shown in
Table S3 (ESIT). For all three molecules, 4 is lower for holes than
for electrons. The lowest value of the reorganization energies is
found in BT-2TIPS for both holes and electrons. This might
account for the largest mobility of BT-2TIPS among the three
molecules. For the BT-3TIPS and BT-4TIPS crystals, the theore-
tical hole/electron mobilities are estimated to be 0.0019/0.0311
and 0.462/0.573 cm® V' 57! (Fig. S12, ESI%), respectively. Com-
pared with the experimental values, the hole mobility for BT-3TIPS
is substantially underestimated, which is probably due to ignoring
the contribution from the variance of the transfer integral induced
by thermal fluctuation. As seen in Fig. S13 (ESI}), the variance of
the transfer integral can be very important with respect to the value
of the transfer integral at the equilibrium geometry.

In summary, we have synthesized a series of novel angularly
shaped 2D-bistetracene analogues based on TIPS functionalized
PAH molecules. These bistetracene derivatives exhibit high air
stability and photostability, and show distinct NIR emission and
high charge carrier mobilities. Moreover, due to the large steric
hindrance of TIPS groups, both the molecular planarity and packing
mode of these rigid 2D molecular skeletons exhibit significant
differences with additional TIPS attachments. Compared to the
reported 2D-bistetracene, our title compounds indicate that simply
“migrating” the aromatic sextet of cata-condensed PAH with the
same number of fused benzene rings substantially affects the
reactivity,”* stability and electronic properties. Further extension of
the cata-condensation strategy for constructing new 2D-heteroacenes
is currently underway in our laboratory.

This journal is © The Royal Society of Chemistry 2017
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