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Abstract
Solution-processable hexathiaheptacene dithienothieno[2,3-d;2',3'-d']benzo[1,2-b:4,5-

b']dithiophene (DTTBDT a-d) with various alkyl groups were synthesized by triflic
acid induced ring closure. UV/Vis absorption, photoluminescence spectroscopy and
cyclic voltammetry combined with density functional theory quantum-chemical
calculations were performed to determine the photophysical and the electrochemical
properties of DTTBDT a-d. In addition, the new hexathiaheptacenes show liquid
crystalline properties dependent on their alkyl chain length. As observed from
differential scanning calorimetry and polarized optical microscopy compared with
DTTBDT a and b, DTTBDT c and d exhibit thermotropic liquid crystalline textures
due to the rigid conjugated skeleton and the flexible long alkyl chains. For all four
derivatives, the structural analysis indicates the formation of lamellar structures in
which, surprisingly, the molecules are poorly packed. This molecular disorder is the

main reason for the low performance of the p-type field-effect transistors.

Keywords: Hexathiaheptacene; self-assembly, solution processability; liquid
crystallinity; field-effect transistors
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Introduction

In recent years organic semiconductors have gained much attention for applications in
electronics such as high-performance organic field-effect transistors (OFETs) and
organic photovoltaic cells (OPVs)!'!. The progress in the field of organic electronics is
to a large part governed by the development of new, high-performance organic
semiconductors. Generally, a high degree of intramolecular n-conjugation and close
intermolecular stacking of organic semiconductor molecules are considered to be
essential for their high-performance in field-effect transistors due to their high charge
charier mobility. Pentacene has already demonstrated a charge carrier mobility of 1 to
5 cm?/Vs in OFETs!?! (Scheme 1). However, pentacene suffers from poor stability
due to a gradual destruction in the presence of oxygen, water vapor, and ozone *). An
effective strategy to improve the stability of p-type organic semiconducting materials
is the incorporation of fused thiophene rings into the acene structure, which cannot
only stabilize the HOMO level, but also preserve the close packing arrangement
similar to that of pentacene, due to the strong intermolecular interactions between 7+
m and S-S, etc. ¥ Although the thiophenes are considered as electron rich, they
indeed stabilize the HOMO level below -5 eV making the compounds air stable, while
the corresponding heptaacenes with a higher HOMO tend to easy oxidation. Recently,
the synthesis fused linear acenes bearing heteroatoms in their aromatic core has been

described which showed improved stability toward photooxidation than their

[5-8 [7-1

corresponding acenes ] and high charge carrier mobilities % has reached up to
10.0 cm */Vs'®.

In our previous study, we have developed a series of five-ring-fused pentacene
analogues, with symmetrically fused thiophene-ring units (dithieno[2,3-d;2',3'-
d']benzo[1,2-b;4,5-b"[dithiophene, DTBDT, Scheme 1)[”]. Solution-processed
OFETs based on DTBDT with two linear hexyl chains revealed mobilities up to 1.7
cm?’/Vs. This compound can be also solution processed into single monolayers or
single-crystal microribbons that displayed values up to 3.2 cm*/Vs due to their high

[12,13]

order Furthermore, single-crystal microribbons of heteroheptacene with

extended planar framework, dithienothieno[2,3-d;2',3'-d'|benzo[1,2-b:4,5-
2
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b'|dithiophene displayed an OFET mobility up to 0.10 cm?/Vs, but the

heteroheptacene was insoluble in common organic solvents!'

. The promising
semiconducting properties of DTBDT inspired us to further explore the solution-
processable heteroheptacene with the extended planar framework. In this work, we
present a facile synthesis of a novel alkyl substituted dithienothieno[2,3-d;2',3'-
d'Ibenzo[1,2-b:4,5-b"|dithiophene (DTTBDT) (Scheme 1), with extended one-
dimentional m-conjugation with respect to DTBDT. The coplanarity should promote
the strong intermolecular interaction and enhance molecular packing in the solid
states, which would be favorable for charge transport. Linear alkyl chains were
attached on the two molecular long-axis directions of the heteroheptacene skeleton in
order to improve the solubility of the molecules for solution processability and to
induce a distinct molecular packing. Interestingly, DTTBDT with longer alkyl chains
form mesophases at elevated temperatures leading to liquid crystalline textures, while

all compounds organize in disordered lamellar structures. Due to this poor order, the

charge carrier mobilities are three orders of magnitude smaller than observed for

DTBDT.
S S :
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Scheme 1. Structures of pentacene, DTBDT and DTTBDT.
Experimental Section

Materials



Journal of Materials Chemistry C

Chemicals were obtained from Fluka, Aldrich, and Acros and used as received if not
specified otherwise. The detailed synthesis of the alkyl substituted DTTBDT is

presented in supporting information.

Instruments

'H NMR and "*C NMR spectra were recorded in deuterated solvents such as CD,Cl,
THF on a Bruker DPX 250 spectrometer using the solvent proton or carbon signal as
an internal standard. Field desorption (FD) mass spectra were obtained from a VG
Instruments ZAB 2-SE-FPD. UV/Vis/NIR spectra were recorded at room temperature
on a Perkin-Elmer Lambda 9 spectrophotometer. Fluorescence spectra were recorded
on a SPEX-Fluorolog II (212) spectrometer. Cyclic voltammetric measurements were
carried out in a conventional three-electrode cell using gold working electrodes of 2
mm diameter, a platinum wire counter electrode, and a Ag/AgCl reference electrode
on a computer-controlled PGSTAT12 at room temperature. MO calculations were
carried out by density functional theory (DFT) method at the B3LYP/6-31G(d) level
using the Gaussian03 program package. XRD measurements were recorded using a
Siemens D-500 powder diffractometer (Cu-Ka: 0.1541nm) with scan rate of 0.1°/20
s. 2D-WAXS measurements were performed using a custom setup consisting of the
Siemens Kristalloflex X-ray source (copper anode X-ray tube, operated at 35 kV/20
mA), Osmic confocal MaxFlux optics, two collimating pinholes (1.0 and 0.5 mm —
Owis, Germany) and an antiscattering pinhole (0.7 mm — Owis, Germany). The
patterns were recorded on a MAR345 image plate detector (Marresearch, Germany).
DSC was measured by Mettler DSC 30 with a heating rate of 10 K/min from 20 °C to
300°C. The optical textures of the hexathiaheptacenes were investigated using a Zeiss
microscope with polarizing filters equipped with a Hitachi KP-D50 Colour digital
CCD camera. The samples were sandwiched between two glass slides and then
thermally treated on a Linkam hot stage regulated with a Linkam TMS 91 temperature

controller.

Results and Discussion

Page 4 of 15



Page 5 of 15

Journal of Materials Chemistry C

Synthesis of the alkyl substituted DTTBDT.
Scheme 2 illustrates the synthetic procedure towards DTTBDT a-d with different

linear alkyl chains and the synthetic details are provided in the Supporting
Information. We reasoned that superacid-induced intramolecular cyclization reaction
of aromatic methyl sulfoxides would be accessible to various fused thiophene
derivatives.

With that in mind we studied two different synthetic approaches, route 1 and route 2,
where the superacid-induced ring closure occurred from five-membered to five-
membered ring in 6, and from six-membered to five-membered ring in 10,
respectively. For route 1, DTTBDT was approached by intramolecular ring-closing
condensation of the methylsulfinyl alkylthiophene with the adjacent thiophene in 6
(Scheme 2). Compound 4 is reported for the first time and was successfully prepared
in four steps with good yields (Supporting Information). The Stille coupling of
compound 4 and 5 was carried out in the presence of [Pd(PPh;),] catalyst with DMF
as the solvent and afforded precursor 6 in a yield of 85%. Unfortunately, although the
ring closure of the dimethylsulfinyl benzene with the adjacent thiophene proceeded
well to prepare DTBDT induced by pure triflic acid, the similar approach to obtain
the DTTBDT by intramolecular ring closure between methylsulfinyl thiophene and
benzodithiophene unit of 6 failed, even if performed with an excess of different acids,
such as pure triflic acid and Eaton’s reagent (7.7 wt% phosphorus pentoxide solution
in methanesulfonic acid). The larger angle and stronger strain between the two
thiophenes in 6 in comparison to the strain between the benzene and thiophene rings

in 10 is probably responsible for this failure.
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Route 1 Route 2
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Scheme 2. Synthetic procedure for DTTBDT a-d.

As consequence, an alternative synthetic route for the intramolecular ring closure of
dimethylsulfinyl benzene with the adjacent alkylthieno[3,2-b]thiophene was designed
(Scheme 2). The 2-alkylthieno[3,2-b]thiophenes (8a-d) were synthesized starting
from thieno[3,2-b]thiophene and 1-bromoalkane with n-butyllithium[ls]. The lithiated
2-alkylthieno[3,2-b]thiophenes were reacted with Me;SnCl to afford stannylated 8a-d
with high yield (>95%), which can be directly used in the next step without further
purification. Compound 9 was easily obtained by following the procedure described
in literature!"'). Precursor 10 was made by Stille coupling of compound 8 and 9 with
good yields (>80%). Subsequent ring closure of precursor 10 went successfully in the
dark for 3 days with an excess of triflic acid yielding DTTBDT a-d with four
different linear alkyl chains -C4Hy, -C¢H;3, -CgH;7, C12Hjs, respectively. The green-
blue solution was then poured into water to give a yellow green powder as precipitate,
followed by filtering, drying, and reflux in pyridine for demethylation. The products
were purified by chromatography on silica, followed by two recrystallizations in
hexane/THF. These heteroheptacenes can be dissolved in common organic solvent,
such as chloroform, THF. The compound with octyl (DTTBDT c¢) and dodecyl
(DTTBDT d) show higher solubility than those with shorter substituent, like butyl
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(DTTBDT a) and hexyl (DTTBDT b) groups. The structures of DTTBDT have been

well confirmed from various methods (Supporting Information).

Optical properties
Figure 1 shows the UV/Vis absorption spectra of DTTBDT a-d measured in dilute

THF solution. All the samples exhibit identical absorption profiles in solution, where
two absorption peaks at about 365 and 395 nm are ascribed to the m-n* transitions.
Compared with the spectra recorded in solution, the absorption bands of their
corresponding films are shifted about 15 nm to the longer region (Figure S1). The red
shift absorption band is a typical signal of sulfur-rich linear thienoacene!'” and might
imply a stronger intermolecular aggregation in the solid state compared with the
solution what is desired for OFET applications. The optical energy gaps are about
3.06 eV for DTTBDT a-d determined by extrapolating the long-wavelength

absorption edge in solution.

——DTTBDT a
—— DTTBDT b
——DTTBDT ¢
— DTTBDTd

elcm™™”

300 400 500 600
Wavelength(nm)

Figure 1. UV/Vis absorption spectra of DTTBDT a-d measured in THF solution (1x
10°M).

Upon photoexcitation at 380 nm, all heteroheptacenes exhibit blue fluorescence in
THF solution, as shown in Figure 2. With respect to the DTTBDT a-c with relatively
short alkyl chains, DTTBDT d with dodecyl substituents exhibits a red shifted
emission maximum at ~ 450 nm, indicating an alkyl chain dependence emission of
these compounds. In general, the film absorption spectra exhibit characteristic

transitions that are bathochromically shifted relative to their solution values, which
7
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are indicative of the presence of m—m stacking in the solid state. For all solid state
samples a broad and bathochromic-shifted emission well extending to 700 nm is
observed, and the long alkyl chains favour a more distinct red-shift emission in

DTTBDT. The alkyl chain dominates the optical properties in both solution and solid

state.
10 —— DTTBDT a solution
.0 \~\ — = DTTBDT b solution
| . = = - DTTBDT c solution
\ ¥ —--DTTBDT d solution
0.8 \ \ ——DTTBDT a film
_ | \ «— — DTTBDT b film
S £\ \: - - DTTBDT c film
3 0.64 ‘- -=DTTBDT d film
= | 3
2 0.4-
9
£ |
0.2
0.0
T T T T T ) ' )
400 500 600 700 800
Wavelength(nm)

Figure 2. Normalized photoluminescence (PL) spectra of DTTBDT a-d measured in
THF solution and in films excited by irradiation of UV light of 380 nm.

Electrochemical properties

Cyclic voltammograms (CV) measurements were performed on a computer-controlled
PGSTATI12 with a three-electrode cell in a solution of 0.1 M tetrabutylammonium
hexafluorophosphate (Bu4NPF6) dissolved in THF at a scan rate of 50 mV/s. A Pt
wire was used as the counter electrode and an Ag/AgCl electrode was used as the
reference electrode. The voltammograms of DTTBDT a-d (Figure S2) exhibit
similar and reversible oxidation waves, whereas within the accessible scanning range
no reduction waves could be detected, implying a p-type semiconductor. The HOMO
levels of -5.21 eV for DTTBDT a-d was estimated by the empirical equation Egomo
= -( Eox + 4.4) eV and are obviously lower than that of pentacene (-5.14 eV)!'". The
low-lying HOMO energy levels and relatively large energy gaps of 3.06 eV obtained
from UV spectra promise an enhanced stability against oxygen under ambient

conditions. However, the HOMO energy is about 0.35 eV higher and the HOMO-
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LUMO gap is about 0.30 eV lower than those for DTBDT "'l due to the extended
thiophene conjugated system. By taking into account their optical band gaps, which
were derived from the absorption onset in the UV/Vis spectrum, the LUMO values
are calculated to be ~2.15 eV.

To gain deeper insight into the electronic structures of the new heteroheptacenes,
molecular-orbital (MO) calculations of the HOMO levels, LUMO levels, and band
gaps were performed by using DFT methods (B3LYP, 6-31G*), which have been
routinely used in organic molecular calculation widely. For more convenient
simulation, the alkyl group is replaced by methyl group, where the electronic
properties and equilibrium geometries will not be influenced significantly. It appears
that the electron delocalized practically along the entire m-conjugated backbones well
both on the HOMO and LUMO (Figure 3). The HOMO of DTTBDT have
antibonding character (or intra-ring bonding) between the adjacent hetero rings and is
delocalized over the molecular backbone, whereas the LUMO represents inter-ring
bonding interactions, thus exhibiting significant quinoid character. DFT-calculated

HOMOs and LUMOs are qualitatively consistent with the results obtained from CV.

9
| ) ‘JJ D, /N J /J J’Q
¥ e 5, 20

¢

¢

. 0° 3»04’9‘;‘0;.‘)04

o Q%> 7 "
JQ.‘ “ "
LUMO =-1.50 eV LUMO =-1.63 eV
77 /SR Y\ (Y UE
HOMO =-5.42 eV HOMO =-5.29 eV

Figure 3. DFT-calculated LUMOs and HOMOs of DTBDT (Left) and DTTBDT
(Right).
Thermotropic Properties
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The thermal properties of the synthesized molecules were evaluated by means of
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) in a
nitrogen atmosphere. TGA (Figure S3) reveals a 5% weight loss for all
heterohaptacenes up to 360 °C suggesting the high thermal stability. From the DSC
analysis two phase transition peaks were found during the heating and cooling process
for DTTBDT c¢ with octyl and DTTBDT d with dodecyl side chains indicating that
the rigid conjugated skeleton and the flexible long alkyl chains induce a mesophase
(Figure 4a). DTTBDT c¢ and d enter their mesostates during cooling from the
isotropic melts at 240.9 °C (10.13 J/g) and 216.2 °C (5.03 J/g), respectively. This
mesophase is stable in a temperature range over 65 °C for DTTBDT c¢ and 93 °C for
DTTBDT d before the compounds reach the low temperature state at 176.1°C (2.92
J/g) and 123.8 °C (1.37 J/g). The small phase transition enthalpies suggest an identical
nature of the low temperature state and mesophase. The results are confirmed
polarized optical microscopy (POM). After cooling DTTBDT ¢ and d exhibit obvious
optical anisotropy with birefringent textures suggesting thermotropic liquid
crystallinity for both phases (Figure 4c,d). Since DTTBDT a and b do not form a
high temperature mesophase, these compound do not show also such birefringent
textures owing to their short alkyl chain. In general, the pronounced fluidity of liquid
crystalline phases is promising for monodomain formation and self-healing of
structural defects of organic semiconductors to improve the charge carrier transport

. . . 18
over macroscopic dlmenswns[ ]

. However, an unhindered charge migration in
mesophases also requires a tight packing of the building blocks. For this reason, in the

next step the organization of the DTTBDT molecules was investigated.

10
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Figure 4. a) DSC thermogram of DTTBDT ¢ and d recorded during cooling at a rate
of 10 K/min and POM images of b) DTTBDT c¢ and c) DTTBDT d displaying the
birefringent textures after cooling at 1 K/min.

The organization of DTTBDT a-d in thin films was studied using X-ray diffraction
(Figure 5). The films were prepared by drop-casting a 2mg/ mL chloroform solution.
The thin films show only one Bragg peak of poor intensity corresponding to a d-
spacing of 2.00 nm for DTTBDT a, 2.17 nm for DTTBDT b, 2.44 nm for DTTBDT
¢ and 2.46 nm for DTTBDT d (Figure 5a). This spacing is in agreement with the
length of the long molecular axis with the corresponding alkyl substituents and is
related to a lamellar organization of the rod-like molecules. The lack of higher order
peaks and the appearance of a pronounced amorphous halo are typical features for a
short-range liquid crystalline ordering, while the absence of any scattering intensity in
the wide-angle region suggests a disordered arrangement of the molecules within the
lamellas. The poor order and the formation of a thermotropic LC phase even at
ambient temperatures of 30 °C are quite surprising for a symmetric heteroacene of
this large size carrying only linear alkyl side chains'""'?. Typically, such kind of
systems is highly crystalline leading to the formation of large crystals when deposited
from solution'""'?. Since the 1D XRD measurements provide information only about
the out-of-plane organization in the film, a two-dimensional wide-angle X-ray
scattering (2DWAXS) experiment for a powder sample of DTTBDT ¢ was

11
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performed. The pattern in Figure 5b exhibits just one small-angle isotropic reflection
as already observed for the film without additional reflections in the wide-angle
regions which could be indicative for molecular packing. It can be assumed that the
self-assembly of DTTBDT derivatives into the lamellar structure is mainly driven by
a local phase separation between the rigid aromatic core and the flexible chains as the

intermolecular n-stacking interactions seems to be weak.

Intensily / a.u.

2theta / ©

Figure 5. a) XRD of drop-cast films of DTTBDT a-d and b) 2DWAXS of DTTBDT
¢ powder.

OFET devices

To investigate the influence of the film ordering on the device performance, OFETs
based on DTTBDT were prepared by drop casting a 2mg/mL chloroform solution on
silicon dioxide wafers. All FETs were fabricated employing the bottom-gate, bottom-
contact architecture. Figure 6 illustrates the transfer characteristics of DTTBDT e,
and the performance of DTTBDT a and d is shown in Figure S4. All devices exhibit
typical p-type transistor behaviour, while DTTBDT c¢ reveals the highest hole
mobility among the four oligomers of 2.6x10*cm?/Vs with on/off ratio of 10°.
Additionally, the poor performance of these compounds might be attributed to a
discontinuous morphology consisting of a globular structure possibly hindering the
charge transport by numerous grain boundaries, as evidenced by atomic force
microscopy observation (Figure 7). Again, this morphology significantly differs from
the crystalline one observed for other heteroacenes and confirms the poor interaction

between molecules.
12
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Figure 6. FET transfer characteristic of DTTBDT c at gate voltage of -80V.
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Figure 7. Atomic force microscopy (AFM) phase (left) and height (right) images
(Bumx3um) of DTTBDT c film

In conclusion, we developed a successful strategy of synthesizing soluble
hexathiaheptacenes with extended conjugation as p-type organic semiconductors. The
rigid conjugated skeleton and the flexible alkyl chain induced with a thermotropic
behaviour for the DTTBDT oligomers. Surprisingly and atypically for heteroacenes,
these compounds show low order and no packing leading to a poor OFET
performance. The exact reason for this behaviour is not fully understood since a
pronounced m-stacking interaction between the hexathiaheptacenes was expected.
Apparently, the extension of the aromatic part does not lead to a tighter packing of the
molecules. Based on these results, new design concepts towards high performance,

small molecular organic semiconductors need to be developed.
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