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For more than two decades, the silylethyne functionalization scheme has been used to induce strong n-stacking interactions

in linear acenes and heteroacenes. As part of our efforts to better understand the crystal engineering aspects of silylethyne

functionalization, along with an interest in studying the impact of ring topology on the elctronic and optical properties of

heteroacenes, we describe here the integration of thieno[3,2-b]thiophene (a non-linear isomer of the well-known

anthradithiophene) into our well established crystal engineering scheme. By utilizing the thienothiophene moiety coupled

with an asymmetric solubilizing group (isopropenyldiisopropylsilylethyne), we were able to achieve charge carrier mobilities

(1) upwards of 0.224 cm? V! s, Based on their increased stability and promising initial mobilites, the use of this

thienothiophene moiety offers a new approach to the formation of larger heteroacene analogues with more than 5 aromatic

rings.

Introduction

Since the development of TiPS pentacene,! silylethyne-
substituted acenes and heteroacenes have become a desirable
class of compounds for use in a variety of organic electronic
devices as organic semiconductors (OSCs) due to their m-
stacking interactions leading to strong electronic coupling, and
their improved solubility that allow them to be easily processed
into devices through cost effective, scalable methods.'=® The
most successful of these chromophores have primarily
consisted of linear, symmetric, aromatic cores such as acenes,
acenedithiophenes, and aza-acenes.’®1°© The crystal
engineering effects of silylethyne substitutions have been
shown to follow well defined trends correlating crystal packing
to the relative ratio between acene length and radius of the
trialkylsilyl group.»'! As we push to better understand the
crystal engineering effects of these substitutions, it is important
to explore the impact of asymmetry of the chromophore on
these well-established rules for tuning crystal packing.
Additionally, these asymmetric cores may lead to altered
photophysical properties and new and unique crystal packing
motifs, as well as overall improved stability of these materials.
To address this issue, we aimed to modify the highly successful
silylethyne-substituted anthradithiophene (ADT), first reported
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Structures for F-iPDiPS ATT, diF-TiPS ATT, TiPS ATT, and F-TiPS ATT are filed with the
CCDC under registry numbers 2181075-2181078

by Odom and co-workers (Fig 1, left), where thiophene rings are
fused to the central anthracene on both ends,? by preparing its
constitutional isomer anthrathienothiophene (ATT), (Fig 1,
right) where both thiophenes are fused in sequence to only one
side of the central anthracene, introducing asymmetry into the
core. We aim to determine the impact of heterocycle
asymmetry on our models for crystal packing as well as explore
the changes to photophysical and electrochemical properties
induced by the fused thienothiophene moiety.

6 H

7 6 5 4 3 7 5 4
s N o s

8 2
I I ) )
9 10 "2 1 10 1 12 52

1

Fig 1. Anthradithiophene (left) and anthrathienothiophene (right) aromatic cores with
positional numbers notated. Dashed bonds indicate trialkylsilylethynyl functionalization
positions.

Synthesis

The synthesis of the requisite anthrathienothiophene quinone
3 (Fig. 2) was adapted from work previously published by
Katagiri and coworkers!? with modifications to improve both
yield and scalability of the synthesis. Most significant of these
modifications were the elevation of temperature, and use of
Soxhlet column extraction of the quinone (3). The derivatization
with trialkylsilylethynyl groups at the 5,12-positions followed
our usual methodology.! Once rearomatized, 4 was subjected
to sequential fluorination to produce F-TiPS ATT (5), and DiF-
TiPS ATT (6). Fluorine substitution on aromatic cores is ideal for
crystal engineering due to the small atomic radius, stability, and
electrostatic properties of fluorine.13-18 |t is also helpful because
of the weak hydrogen bonding abilities of fluorine,>17:18 when
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compared with other hydrogen bond acceptors. Fluorine
deviates from other halogens as it prefers C-F---H-C interactions
over C-F---F-C interactions as the primary close contact, unlike
the other halogens.'31>1® Though the preference for C-F---F-C
has been shown to be dependent on the abundance of fluorine
within the structure, and the presence of fluorine across a
symmetry center,*® which should not be of concern with our
asymmetric chromophore.
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Fig. 2 Synthesis of trialkylsilylethynyl anthrathienothiophene and its fluorinated
derivatives.
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Fig 3 Crystal structures and packing for a) TiPS ATT (4a), b) F-TiPS ATT (5a), c) DiF-TiPS
ATT (6), and F-iPDiPS (5b). Hydrogens have been omitted for clarity.

Crystal Engineering

Molecules of unfluorinated ATT adopt a 1-D slipped-stack
arrangement (Fig 3a) wherein the silyl group blocks the m-
surface of adjacent aromatic cores (Fig 3a, middle), preventing
any potential 2-D packing. Fluorine substitution on aromatic
cores has been shown to convert 1-D packing to 2-D brickwork
packing motifs in previously reported anthradithiophene
systems through C-F---H-C and C-F---F-C interactions. Because of
these patterns observed in symmetrical ADT systems, we
wanted to explore the effect fluorination would have on this
new asymmetric ATT core. Similar to ADT, mono- (2-) and di
(2,3-) fluorination allows the ATT chromophore to adopt a
crystal packing motif much closer to the traditional 2-D
brickwork common in high performance transistor materials
(Fig 3b, 3c). The resulting C-F---H-C interactions help align the
cores, enhancing mi-stacking interactions and segregation of the
chromophores from the solubilizing groups (Fig. 4).

Both mono-(2-) and di-(2-,3-)fluorinated derivatives of TiPS ATT
adopt a “dimerized” brickwork packing motif, forming a bilayer
of aromatic cores, wherein two layers adopt well organized 2-
dimensional packing, but are then offset along the short axis
from the adjacent bilayer. We aimed to make a minute change
to trialkylsilyl group in an effort to nudge the packing towards a
more regular 2-D brickwork packing. To satisfy this condition,
we utilized isopropenyldiisopropylsilylethynyl solubilizing group
(iPDiPS). Use of this iPDiPS group allowed us to make the
smallest possible change to the solubilizing group, a total
difference of four hydrogens between TiPS and iPDiPS. The loss
of these hydrogens resulted in an increase of 0.83 A3 to the
calculated volume (Table 1) of the solubilizing group, enough to
allow F-iPDiPS ATT (5b) to adopt a more traditional 2-D
brickwork packing motif (Fig. 3d).

2| J. Name., 2012, 00, 1-3

Table 1 Calculated volume and surface area for trialkylsilyl solubilizing groups

Volume (A3) Surface Area (A?)
TiPS (a) 199.54 216.77
iPDIPS (b) 200.37 218.53

a) F-TiPS ATT (5a)
541 A

b) DiF-TiPS ATT (6)

2 4601«

-i'\l.
“25914

Fig 4 Close contacts present between chromophores for a) F-TiPS ATT (5a) and b) DiF-
TiPS ATT (6). Trialkylsilyl groups omitted for clarity.

Unlike other dithiophene systems such as ADT, and other
asymmetric systems like thienotetracene (TT)?, ATT exhibits a
lower degree of thiophene disorder within the crystal (Figure 5).
ADT is routinely synthesized as an inseparable mixture of syn-
and anti-isomers 21920 which causes a substantial degree of
disorder in the lattice. The combination of isomerism and long
and short axis ring flips causes the sulfur atoms to be distributed
across four corners of the aromatic backbone in a 1:1:1:1 ratio.
Thienotetracene also experiences a similar distribution of the
sulfur atom resulting from ring flips across the long and short
axes with the sulfur also presenting in the four corners of the
backbone in a 1:1:1:1 ratio. Conversely, our ATT compounds
showed no observable long axis ring flip, and exhibit a very small
amount of short axis ring flip, with observed ring flip ratios of

This journal is © The Royal Society of Chemistry 20xx
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95.2:4.8,97.4:2.6,and 94.5 : 5.5 for TiPS (4a), F-TiPS (5a), and
DiF-TiPS (6) respectively (Figure 5).
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F-TiPS ATT (5a)
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Fig 5 Crystal structures, including disorder, for a) F-TES ADT, b) TiPS TT,® c) TiPS ATT (4a),
d) F-TiPS ATT (5a), and e) DiF-TiPS ATT (6). Solubilizing groups and hydrogens have been
removed for clarity.
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followed by spinning at 1000 rpm for 30 s. The thin-films were
then annealed at 100 °C for 5 min. Pristine CYTOP CTL-809M
dielectric was also deposited via two-step spin coating; 500 rpm
for 10 s followed by 2000 rpm for 30 s. The Cytop film thickness
was measured using a Dektak profilometer yielding a film
thickness of 1326.8 nm with a capacitance of 1.4x10° F cm?2.
Devices were then annealed at 50 °C for 60 min (none of these
molecules showed any phase transitions below 190 °C), before
deposition of a 100 nm thick aluminium gate. Device outputs
are shown in Figure 7.

Transfer integrals were calculated for the fluorinated
derivatives of TiPS and iPDiPS ATT, utilizing tuned ®B97XD/6-
31G* with chloroform PCM. For F-TiPS ATT, which adopts a
“dimerized” brickwork packing motif, we observe fairly
homogenous intradimer couplings as well as strong interdimer
couplings (Figure 6a) which implies that the slip that occurs
between the brickwork bilayers does not break the 2-D nature
of brickwork packing. Crystal packing with the iPDiPS
solubilizing group eliminated the bilayer slip, and we observe
smaller but more symmetrical couplings in the calculated
transfer integrals (Figure 6b).
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Fig 6 Calculated transfer integrals describing HOMO-HOMO (HH), HOMO-LUMO (HL),
LUMO-HOMO (LH) and LUMO-LUMO (LL) interactions for a) F-TiPS ATT (5a), and b) F-
iPDiPS ATT (5b) calculated using tuned ®wB97XD/6-31G* with chloroform PCM,
corresponding dimers are notated on the right.
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Fig 7 Transistor data for best performing devices for a) F-TiPS ATT (5a) b) DiF-TiPS ATT (6)
and c) F-iPDiPS ATT (5b) showing transfer characteristics (left) and output characteristics
(right). Representative devices have a channel length and width of 100 um and 1000 pm,
respectively.

Device Studies

Organic thin-film transistor (OTFT) devices were fabricated in a
top-gate, bottom-contact geometry on Borofloat glass
substrates. 40 nm gold electrodes were deposited via vacuum
deposition, through a shadow mask, to pattern source/drain
electrodes with channel lengths varying from 30-100 pum, and
then treated with pentafluoro benzenethiol. Materials were
deposited through two-step spin coating at a concentration of
10 mg mL in chlorobenzene, spinning first at 500 rpm for 10 s

This journal is © The Royal Society of Chemistry 20xx

Table 2 Device characteristics for devices made from fluorinated ATT derivatives that
exhibited 2-D crystal packing geometries.

Mmax (cmz V-l 5-1) uavg (cmZ V-l S-l) Ion/off

F-TiPS ATT (5a) 0.224 0.139 10°
DIF-TiPS ATT (6) 0.011 0.007 102
F-iPDiPS ATT (5b) 0.178 0.134 10°

Out of the three materials, we find F-TiPS ATT exhibits the
highest maximum hole mobility, at 0.224 cm?/Vs. This is
significantly greater than previously reported for
ethynylated ATTs, where mobilities are on the order of 1072, in

non-
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devices processed in the same way (spin-coated).’?
Additionally, the average values shown in Table 2 are taken
from 5 devices across a broad range of channel lengths (30 to
100 um — device statistics and mobility spread are presented in
Figure S3). We observed improved performance and higher
mobilities with the longest channel length devices for all three
material systems. Along with the linearity of Vi, with respect to
gate voltage, this suggests the devices likely suffer from a
contact resistance that can result in an underestimated
measured mobility. The average values reported here are
therefore a conservative estimate and, along with the fact the
mobilities are significantly greater than previously reported
non-ethynylated ATTs, indicate excellent potential for future
optimization, from both crystal packing and device optimization
standpoints.

Optical and Electronic Studies

TiPS ATT
Amax = 493 nm

TES ADT
Amax = 554 nm

—— TiPS Pentacene
Amax = 643 nm

0.8

0.61

0.4

0.24

Normalized Absorbance (A.U.)

0.0
350 400 450 500 550 600 650 700

Wavelength (nm)

Fig 8 Observed blue-shifted absorbance of anthrathienothiphenes compared to
analogous 5-ring aromatic and heteroaromatic systems. Spectra were taken in toluene
at a concentration of 50 uM. We saw no evidence of aggregation-induced peak
broadening even at higher concentrations.

Table 3 Measured optical and electrochemical values for various ATT derivatives
compared to F-TES ADT.

TiPS ATT F-TiPS ATT DiF-TiPS F-TES ADT
(4a) (5a) ATT (6a)
Amax (NM) 493 493 491 525
Eopt (€V) 2.49 2.49 2.49 231
Eox(mMeV) 624 638 718 564

CV were run in 0.1 M BugNH,4PFg in DCM with glassy carbon working, Ag counter,
and Ag/AgCl in 3 M NaCl reference electrodes and Eo, is referenced to Fc/Fc* for
each compound. Absorbance and emission spectra were run in toluene at a
concentration of 50 UM, and E is estimated from the intersection point of the
absorbance and emission traces.

While these novel anthrathienothiophenes are constitutional
isomers of anthradithiophenes they exhibit considerably
different optical, photostability, and electronic properties
(Figure 8 and Table 3). Fluorination of the 2- and 3-positions
does not induce the characteristic absorption blue-shift
in other fluorinated acenes and heteroacenes,
implying the additional annulated thiophene behaves more like

observed

4| J. Name., 2012, 00, 1-3

an isolated double bond rather than an additional aromatic ring,
buffering the aromatic core from the impact of substitution at
the 2-, and 3- positions. This property allowed us to modify the
periphery in order to drive crystal packing while not
fundamentally altering the electronic environment of the
aromatic core.
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Fig 9 Comparative stability study of ATTs vs. ADTs under constant 350 nm irradiation over
2 hours. Solutions were prepared in toluene at an approximate concentration of 50 uM
for each compound.

By moving the alkyne substitution position closer to the
heterocycle, we observed a considerable increase in
photostability for unfluorinated ATT compared to other
unfluorinated 5-ring heteroacenes (Figure 9). This enhanced
stability is likely due to there being no additional Clar sextets
formed through the primary acene decomposition route with
singlet oxygen. Since the outer thiophene appears to buffer the
core from the 2-, and 3- positions, we observed a nominal
increase in photostability induced by fluorinating the core.
While the optical properties of the ATTs reported herein remain
consistent, the electronic properties better show the effects of
successive fluorination at the 2- and 3-positions through
induction.

Conclusions

The use of the thienothiophene moiety has offered a new route
for the development of heteroacene analogues to the extended
acenes. The ability to fine tune the solid-state properties of
these compounds through strategic derivatization of a common
aromatic core, while not drastically changing the optical and
electronic characteristics, has allowed us to systematically alter
the crystal packing and control the m-surface overlap leading to
competitive charge carrier mobilities for F-TiPS ATT and F-
iPDiPS ATT. However, fluorination at the 3-position induced a
larger change in the HOMO of the core leading to poor charge
injection and reduced mobility. While the mobilities reported
herein leave room for growth, they do represent improvement
over previously reported mobilities for comparable non-
ethynylated ATTs, and with further material and device
optimization, we expect to see further improvements in charge
carrier mobility.

This journal is © The Royal Society of Chemistry 20xx
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