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Effect of thiophene/furan substitution on organic
field effect transistor properties of arylthiadiazole
based organic semiconductorsf
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Four donor—acceptor (D-A) type organic semiconductors, consisting of 5-hexylthiophene with thiophene/
furan flanked benzothiadiazole/naphthothiadiazole, were investigated for organic field effect transistor
(OFET) application. Despite being an analogue of thiophene, furan has received less attention in organic
electronics due to its dissimilar properties to thiophene and instability in photochemical oxidation.
Nevertheless, this study determines that furan could display comparable charge transport properties to its
analogue. The extension of the electron-accepting thiadiazole core with the benzo group and different
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heteroatom flanking groups were investigated to show that the performance of OFETs is dependent on the
molecular orbital, geometry, and packing. Bottom-gate bottom-contact device configuration was used to
study the OFET transport properties of all the molecules. We successfully proved that a furan unit is a
promising building block with a mobility (#mad of 0.0122 cm?® V=t s7 for devices employing furan-
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Introduction

Organic semiconductors have emerged as a promising alternative
to conventional inorganic semiconductors for their large area, low
cost, and low temperature manufacturing techniques.' For over
20 years, organic semiconductors have received a lot of attention
in the scientific community due to their potential applications
in optoelectronic devices such as organic photovoltaics (OPVs),
organic light emitting diodes (OLEDs), and organic field effect
transistors (OFETs).> Development of organic semiconducting
materials for field effect transistors (FETs) has been researched
intensively due to their great potential in the field of
“plastic electronics” in terms of possible low production cost,
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substituted benzothiadiazole as the channel layer.

light-weight/flexible substrates, and large area production.? Over
the past few years, research in OFETs has led to an understanding
of the fundamental physics of charge transport in organic
semiconductors where the field effect mobility has increased
from values less than 10~* cm® V' s to values exceeding
10 cm® V! s71.* Improvements in organic semiconductor per-
formances have promoted OFETs to be used in various applica-
tions such as flexible displays, e-paper, and radio frequency
identification tags (RFID).’

Organic semiconductors could be categorized into two main
classes: polymers and small molecules. With longer conjugation
lengths and excellent film forming capabilities, organic poly-
mers are remarkably compatible with large area applications.®
However, organic polymers suffer from the broad range distri-
butions of molecular weight, consequently leading to variations
in device performances. On the other hand, small organic
molecules retain their high degree of order, high functionalization,
and well-defined structures resulting in lower batch variations.”
Advancement of designs in organic semiconductor molecules with
high m-orbital planarity and excellent inter- and intramolecular
charge carrier transport could lead to the realization of high
performance OFETs as the molecular structure and packing have
a direct impact on the FET performances.® Donor-acceptor (D-A)
compositions have been commonly applied to design systems as it
is an applicable approach to take advantage of the intermolecular
D-A interaction favouring close co-facial D-A r-stacking.’
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D-A conjugation is also known to finely tune the frontier
molecular orbital energy levels, which allows better carrier
injection and band gap properties.'® Although a lot of studies
have investigated the effect of single heteroatom replacement
in OFETSs, the structure-property relationships are still not well
understood."! Many of the semiconductors utilized in reported
OFETs are based on thiophene donor units and their
derivatives."” In contrast, other five-membered aromatic rings
such as furan have been inadequately examined for this appli-
cation. Furan, discovered in 1870,"* has recently turned out to
be a promising building block for organic semiconductors with its
smaller size and high planarity, which may overcome its inferior
aromaticity and smaller polarizability against thiophene.* In
addition, unlike most other building blocks, furan can be acquired
from renewable resources, and various furan-based materials are
biodegradable.” In recent times, interest in utilizing furan based
organic semiconductors has been expanding for organic electronic
devices."® Various D-A polymers based on furan units have been
investigated for OFET applications.’” Nevertheless, only a few
small molecules based on furan units have been reported, which
signifies that the structure-property relationships of furan based
small molecules still need further study. As far as we know, the
reported furan based small molecules exhibit a mobility in the
range of 107°-107> ecm® V' s " In this study, we aim to
understand more furan based small molecules and comprehend
their structure-property relationships. Our intention is to investi-
gate small molecules with different flanking donor groups and
conjugated acceptor cores to understand their impact on OFET
performances, by modifying the small molecule reported by
P. Sonar,'® where all the target molecules are achieved via three-
step synthesis. Therefore, we have chosen thiophene (T) and
furan (F) for flanking groups along with naphthothiadiazole
(NT) and benzothiadiazole (BT) for the conjugated core, while
the flanking groups are end-capped with 5-hexylthiophene. The
molecules are named as T-NT-T, F-NT-F, T-BT-T, and F-BT-F as
shown in Fig. 1. In this paper, we have synthesized, character-
ized, and systematically investigated all the molecules for OFET
application. All the molecules showed similar electronic properties
upon substituting thiophene with a furan spacer unit, while the
geometrical structures were strongly influenced by the substitution.
In particular, the planarity of the molecules could be greatly
enhanced by the addition of furan units. Moreover, we have found
out that the furan units could lower the melting temperature of the

Fig. 1 Molecular structures of arylthiadiazole based organic semiconductors.
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compounds compared to the thiophene analogue. We have demon-
strated that a furan unit is a useful building block for organic
semiconductors where it can outperform its analogue when
incorporated with appropriate design.

Results
Synthesis

The synthesis route towards the four target molecules is depicted
in Scheme S1 (ESIt). Firstly, BT-di-Br and NT-di-Br cores and
2-furyl-boronic acid and/or 2-thiophene-boronic acid were coupled
together by the Suzuki-Miyaura cross-coupling reaction with
Pd(PPh;), as a catalyst and Na,CO; as a base to produce
compounds 1, 2, 3, and 4. The resulting compounds were then
brominated at the 2-thiophene or 2-furan position using
N-bromosuccinimide (NBS) as the bromine source to obtain
compounds 5, 6, 7, and 8, respectively. Lastly, the brominated
compounds were subjected to coupling with 5-hexylthiophene-
boronic acid to afford the target molecules in high yields. The
target molecules were purified by column chromatography and
were readily soluble in common organic solvents at room tem-
perature. Structure confirmation was done by nuclear magnetic
resonance (NMR), matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF), and Fourier transform infrared spectro-
scopy (FTIR) (Fig. S1-S6, ESIt).

Theoretical calculations

To gain insights into the electronic and geometrical structures
of the molecules, the optimized ground-state structures of the
compounds were calculated by density functional theory (DFT)
at the B3LYP/6-311G(d,p) level as shown in Fig. 2 and Table 1.

It can be observed that molecules having the BT core
provided a co-planar structure in F-BT-F and T-BT-T which
can enhance the co-facial n-stacking from the donor to acceptor
moiety. On the other hand, F-NT-F and T-NT-T having NT as the
core, with an extended benzo group, exhibited a more twisted
dihedral angle compared to those with the BT core due to steric
repulsion. It is notable that furan-containing molecules exhibit
smaller dihedral angles than their thiophene analogues. The
backbone twists are anticipated to inhibit strong n—r interactions
and compact and ordered packing that are generally correlated
with favourable charge transport properties.”’ This means that
furan may have better ability to form efficient intermolecular
interaction for electrical transport, if the stacking mode of these
molecules is the same.

From the distribution of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the investigated structures (Fig. 3), it was illustrated
that the electron density of the HOMOs is delocalized on the
donor, whilst that of the LUMOs is concentrated on the
acceptor of the molecules. This shows the ability of furan to
conjugate with both the donor and acceptor moieties in the
HOMO. It is notable that the LUMO+1 orbitals also show good
D-A conjugation. The calculated HOMO and LUMO energy
levels, along with the energy band gap (E;), are depicted in

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Optimized structures calculated using the B3LYP/6-311G(d,p) level
of theory.

Table 1 Dihedral angles of the optimized structures in dichloromethane
solution

Dihedral angles” (°) F-BT-F T-BT-T F-NT-F T-NT-T
C3-C4-C5-C6 (D-D) 2.67 17.81 1.55 22.13
C7-C8-C9-C10 (D-A) 12.50 8.33 28.07 49.82
C11-C12-C13-C14 (A-D) 0.71 9.62 44.53 50.3
C15-C16-C17-C18 (D-D) 0.41 17.84 2.77 20.46
¢ Calculated at B3LYP/6-311G(d,p) level of theory.
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Fig. 3 Distributions of the HOMO, LUMO, and LUMO+1 calculated at
B3LYP/6-311G(d,p) level of theory.

Fig. 4a. The HOMO levels of the furan-containing molecules are
always higher than those of the thiophene analogues, reflecting
higher furan HOMO levels than those of thiophene. The E,; of
T-BT-T is the largest (2.27 eV) followed by F-BT-F (2.25 eV),
T-NT-T (2.22 eV), and F-NT-F (1.95 eV) with the smallest E,
value. Compounds having the NT core exhibited a lower LUMO

This journal is © The Royal Society of Chemistry 2020
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level which could be attributed to the stronger electron accepting
properties that originate in the extended benzo group which
allows the electron to better delocalize along the backbone.
Furthermore, absorption spectra of all the molecules were
calculated by using TD-CAM-B3LYP/6-311G(d,p) level of theory
(Fig. 4b). The effects of solvation using dichloromethane were
observed using the C-PCM solvation model. Table 2 displays the
excitation energies, electronic transition, oscillator strengths
and absorption wavelengths for all the compounds. As seen
from the photophysical calculations, the absorption profiles
of the compounds exhibited two major regions at around
200-400 nm and 450-800 nm. The absorption in the range of
300-400 nm can be assigned to the n-n* transition, while the
range of 450-800 nm is associated with intramolecular charge
transfer (ICT) processes. By observing the absorption range,
compounds containing NT showed a bathochromic shift in the
absorption maxima compared to the BT core compounds.

To examine intramolecular charge separation, the charge
transfer parameter was analysed. Charge transfer (CT) is very
important for analysis of the mechanism of optical/dielectric
properties. The charge density difference is a method used to
analyse the transition corresponding to the CT excited state. We
calculated the charge density differences (Ag) between the ground
and excited states. Upon analysis of the amount of transferred
charge, T-NT-T showed the largest amount of electron transfer
between the ground and first excited states (Table 2). It is evident
that significant charge density differences are observed between
the acceptor and donor groups. As shown in Fig. 4c, the blue
region represents the negative charge density (electron gain), while
the red region represents the positive charge density (electron
loss), indicating the movement of electron density inside the
molecule upon excitation. The charge transfer distances (d°")
of the compounds were calculated where F-BT-F shows the
largest value followed by T-BT-T, T-NT-T, and F-NT-F (Table 2).
No significant difference was observed between furan and
thiophene.

Ionization potential (IP) and electron affinity (EA) were
investigated to understand the carrier injection abilities of the
compounds. EA and IP would lead to electron and hole transport,
respectively. For both p-type and n-type OFETS, the electrode
materials should have work functions suitable for injection of
holes/electrons into the HOMO/LUMO of the semiconductor
materials. Previous calculations by Y. Zhang and co-workers
showed that molecular compounds with large vertical electron
affinity (VEA) will show advantage as n-type organic semi-
conductors in terms of charge injection, while those with small
vertical ionization potential (VIP) are favorable as p-type semi-
conductors.?! Thus, the VEA and VIP values of the compounds
were calculated at the B3LYP/6-311G(d,p) level (Table 2). For the
Au electrode, the key to the efficient injection of charge carrier
is that the VIP values should be close to the Au work function
(5.1 eV). The VEA values suitable for electron transport materials
need to be at least 3.0 eV but should not be greater than 5.0 eV.
From the calculation, it can be observed that the VIP values of
all the molecules are close to the Au work function. On changing
the BT core to the NT core, the VEA values of the compounds

J. Mater. Chem. C
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Fig. 4 (a) Calculated energy gap (Eg) between the HOMO and LUMO of arylthiadiazole based organic semiconductors. (b) Calculated UV-vis absorption
spectra in CH,Cl, solution at the TD-CAM-B3LYP/6-311G(d,p) level. (c) Computed charge density difference (Ag) between the ground state to the S;
excited states with an isosurface value of 0.0005 a.u. Blue: Ag < 0 (electron increase); red: Ag > O (electron decrease).

Table 2 Theoretical calculation data of arylthiadiazole based organic
semiconductors

;Labs
(nm) in A¢° dde
Compound CH,CL* Transition® (le ) &)

F-BT-F 338 1.0480 HOMO — LUMO+1 0.635 1.37 2.86 5.07
533 1.1345 HOMO — LUMO

T-BT-T 337 0.9238 HOMO — LUMO+1 0.615 1.29 2.96 5.20
518 1.3134 HOMO — LUMO

F-NT-F 338 0.9090 HOMO — LUMO+1 0.600 0.90 3.14 5.05
622 0.7135 HOMO — LUMO

T-NT-T 330 0.9702 HOMO — LUMO+1 0.669 0.93 3.12 5.32
540 0.6623 HOMO — LUMO

VEA® VIP*

@ Obtained using TD-CAM-B3LYP/6-311G(d,p). * Oscillator strength.
° Charge density differences. ¢ Charge-transfer distance. ° Calculated
at B3LYP/6-311G(d,p) level of theory.

have increased, and thus the possibility of electron injection
from the gold electrode into the semiconductor increases.

Spectroscopic/thermal/structural data

The optical, electrochemical, thermal, and structural properties
of the target molecules were investigated by UV-visible spectro-
scopy, cyclic voltammetry (CV), differential scanning calorimetry
(DSC)/thermogravimetric analysis (TGA), and X-ray diffraction
(XRD), respectively (Fig. 5). T-NT-T, F-NT-F, T-BT-T, and F-BT-F
showed a n-r* transition absorption maxima at 348 nm, 372 nm,
364 nm, and 352 nm and an ICT band at 547 nm, 615 nm,
516 nm, and 529 nm, respectively (Fig. 5a). The resulting experi-
mental data were in the same trend of the calculated absorption
as shown in Fig. 4b. This means no serious aggregation is formed
in dichloromethane solution. CV was performed to calculate the
HOMO and LUMO energy levels (Fig. 5b). The onset potentials of
T-NT-T, F-NT-F, T-BT-T, and F-BT-F were observed and used to
calculate the energies of the HOMO and LUMO levels of all the
compounds reported in Table 3. This trend is also consistent with
the calculated values, where NT has a lower LUMO level and
furan/thiophene substitution does not change the HOMO level
very much. Moreover, the HOMO energy levels calculated from
CV are confirmed by photoelectron yield spectroscopy (AC-2)
measurements.

The thermal properties of all small molecules were investi-
gated by DSC and TGA under a nitrogen flow with a heating rate
of 10 °C min~*. The TGA thermogram (Fig. 5c) illustrates that
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Fig. 5 (a) UV-vis absorption spectra in CH,Cl,. (b) CV voltammogram
measured in CH,Cl, containing n-BusNPFg as the supporting electrolyte at
a scan rate of 50 mV st under an Ar atmosphere. (c) TGA thermograms
recorded at a heating rate of 10 °C min~* under a N, flow. (d) XRD patterns
of the thin films on the SiO, substrate.

all small molecules exhibit good thermal stability and will not
degrade during the device fabrication process. The thermal
decomposition temperatures (Ty) were estimated to be 342,
359, 375, and 382 °C for F-NT-F, T-NT-T, F-BT-F, and T-BT-T,
respectively. It is notable that the thermal stability of the furan
substituted molecules is comparable to that of the thiophene
analogues in TGA measurements. The DSC thermograms
shown in Fig. 6 revealed that T-BT-T has several mesophases
before reaching a melting temperature (Ty,) of 225 °C, while
F-BT-F and T-NT-T have only one peak at 112 and 149 °C,
respectively. From DSC traces, it could be predicted that the
T-BT-T compound might exhibit better FET properties owing to
its several mesophases. Furan containing molecules possessed
a lower T, compared to their thiophene analogues due to the
smaller molecular weight of oxygen and weaker heteroatom-
heteroatom intermolecular interactions. In addition, the XRD
patterns of the thermally evaporated thin films on the SiO,
substrate were collected (Fig. 5d) with the primary diffraction
peak at 20 = 5.09, 3.06, 3.28, and 3.79° for T-NT-T, F-NT-F,

This journal is © The Royal Society of Chemistry 2020
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Table 3 Key physical data of arylthiadiazole based organic semiconductors

Compounds Jabs” (nm) Tw/Td (°C) EgP'¢ (eV) HOMO/LUMO? (eV) HOMO/LUMO® (eV) 2 theta’ (%) d-Spacing®
F-BT-F 352, 529 112/375 2.04 —5.13/—3.40 —5.11/-3.07 3.79 23.3
T-BT-T 364, 516 225/382 2.07 —5.13/—3.38 —5.20/—3.13 3.28 26.9
F-NT-F 372, 615 60/342 1.68 —5.06/—3.65 —4.79/-3.11 3.06 28.8
T-NT-T 348, 547 149/359 1.90 —5.18/-3.61 —5.33/—3.43 5.09 17.3

@ Measured in CH,Cl,. ? T,: melting temperature; Tq: decomposition temperature; measured by DSC and TGA under a N, flow at a heating rate of
10 °C min . ¢ Estimated from the absorption onset: Egpt =1240/ o pser. ¢ HOMO estimated from CV: HOMO = —(4.44 + Egyger) and LUMO = —(4.44 +
Ef;dset). ¢ HOMO measured by AC-2 of the neat film and the LUMO = HOMO + Eg.f Measured from evaporated thin films on the SiO, substrate.

¢ Calculated from Bragg’s law.
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Fig. 6 DSC thermograms recorded at a heating rate of 10 °C min~* under
a N flow of (a) F-BT-F, (b) T-BT-T, (c) F-NT-F, and (d) T-NT-T.

T-BT-T, and F-BT-F, respectively, and the corresponding d-spacing
is reported in Table 3.

The F-NT-F and T-NT-T single crystals were grown by solvent
diffusion crystallization using dichloromethane and methanol
to obtain needle like crystals. The crystal data, data collection,
and structure refinement are reported in Table S1 (ESIT).
F-NT-F and T-NT-T crystallize in the monoclinic P2,/n and
triclinic P1 space groups, respectively. The asymmetric units
of the F-NT-F and T-NT-T single crystal data are shown in
Fig. S7 and S8 (ESIt), respectively. From observing the single
crystal structure, the thiophene unit in T-NT-T exhibited a
higher twist in the torsional angle with the NT acceptor core
compared to the furan unit in F-NT-F (Fig. 7a). The F-NT-F
backbone structure can impose strong ‘‘conformational locks”
which causes the planarity and rigidity of the side groups which
is in accordance with the calculation of many reports on
benzothiadiazole-cored oligomers with aryl flanking units.”* The
furan ring adjacent to the NT core has two O-H (2.11-2.19 A) and
N-H (2.34-2.47 A) bonds, while the thiophene ring did not exhibit
any intramolecular interaction with the NT core but only short
contacts with the adjacent thiophene rings (2.90-3.01 A). This is in
agreement with the calculation and the furan units may be
beneficial in solid-state packing compared to the thiophene units.
As mentioned previously, the high twist along the backbone of the

This journal is © The Royal Society of Chemistry 2020

molecules, especially for T-NT-T, could restrict strong n—r interac-
tions. The molecular dipole moments of the molecules in the
crystal structures were calculated as shown in Fig. 7b. The dipole
moment of both F-NT-F and T-NT-T is directed away from the
electron deficient thiadiazole ring with an absolute dipole moment
of 1.407 and 2.294 debye, respectively. Alignment of the dipole
moment of the crystal structure showed that both F-NT-F and
T-NT-T exhibited antiparallel packing (Fig. 7c), which is expected
for organic small molecules. The stronger dipole-dipole interaction
in T-NT-T could lead to higher thermal stability. To investigate the
dimer interaction further, quantum resonance calculation was
performed on the dimer of both F-NT-F and T-NT-T as shown in
Fig. 7d. For F-NT-T, the AE between the HOMO—1 (bonding) and
HOMO (anti-bonding) was 0.03 eV, indicating that there is some
intermolecular interaction between the molecule and the next
molecule via the thiophene to furan ring, respectively. On the other
hand, AE between the HOMO—1 and HOMO of T-NT-T was found
to be 0.00 eV which might indicate that there is no charge transfer
between the dimer due to the non-planarity of the molecule.

OFET performances

Bottom-gate bottom-contact (BGBC) thin film transistors were
fabricated to investigate the charge transport properties of the
synthesized compounds. When using the bottom contact configu-
ration, it is essential to consider the alignment of organic semi-
conductors on the electrodes. Small organic semiconductor
molecules tend to align themselves by placing their electron
clouds in the highest polarizable region.”® Thus, when organic
semiconductors are deposited on noble metals, like gold, which
is inert and has no oxide on the surface, the molecules will tend
to lay themselves in a different configuration compared to those
on the dielectric layer. To reduce the carrier injection barrier
and to improve the wettability, a self-assembled monolayer
(SAM) was used to treat the electrode surface before depositing
the small molecules.** 4-(Dimethylamino)benzenethiol (DABT)
was used to create a covalent bond with the gold electrode prior
to the organic semiconductor deposition. The dipole moment of
this molecule will also modify the vacuum levels for the semi-
conductor. The small molecules were deposited by thermal
evaporation with a thickness of 30 nm under a pressure of
~107° Pa. The transfer curve and output characteristics are
shown in Fig. 8 and the key parameters are reported in Table 4.
The T-BT-T based device I (Fig. 8a and d) showed a maximum
hole mobility (imay) of 1.37 x 107" ecm® V' s7%, an on-off
current ratio (I,n/Ios) of 8 x 10°, and a threshold voltage (Viry) of
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Fig. 7 (a) Crystal structure of F-NT-F and T-NT-T. (b) Calculated dipole moment of the crystal structures. (c) Alignment of the dipole moment of F-NT-F
and T-NT-T in the n-stacking direction. (d) Calculation of HOMO—-1 and HOMO of the dimer.

—10.9 V, whereas the F-BT-F based device II (Fig. 8b and e) and
the F-NT-F based device III (Fig. 8c and f) showed an . of
1.22 x 10 % and 5.84 x 10 > em? V"' 571, a Vqy of —19.5 and
—12.6, and an I, /I of 5 x 10° and 1 x 10°, respectively.
Surprisingly, device IV, using T-NT-T as the channel layer,
resulted in an inactive OFET performance. The devices of all
the compounds were further investigated to study the effect of
annealing with respect to the performance of the devices. The
fabricated device was annealed at 100 °C for 1 hour in a vacuum
oven prior to performance measurements. The transfer curve
and mobility of the annealed devices are shown in Fig. S9 (ESIT).
Annealing of the devices did not enhance the mobility as the
performance of the devices was somewhat lower after annealing
and the T-NT-T based device remained inactive. The reasons
why the T-NT-T based device did not exhibit OFET properties
could be attributed to the following explanations: (1) the low
degree of backbone coplanarity of T-NT-T that was indicated by
both quantum chemical calculations (Table 1) and the crystal
structure (Fig. 7a) could constrain strong n—m interactions and (2)
the small d-spacing (17.3 A) of the T-NT-T molecule could be

J. Mater. Chem. C

correlated with the unit length in the b-axis (17.9 A) of the crystal
structure. The predicted alignment of the molecules is illustrated
in Fig. 9a with the b-axis aligned along the d-spacing direction. In
an ideal molecular alignment in OFETs, the n-r stacked building
blocks should be aligned in the direction parallel to the current
flow in the channel.>® From observing the source to drain contact,
it is seen that the direction of n-n interactions (red arrow) may
constrict electron hopping from source to drain contact; (3) the VIP
values of T-NT-T are not so close to the Au work function which
could lead to difficult hole injection. The atomic force microscopy
(AFM) images of the channel region (Fig. 9) showed that the
substrates were completely covered with the semiconductor layer.
T-BT-T and F-BT-T exhibited a well-organized morphology with
crystalline nanograins, while F-NT-F had a larger granular texture
which could be the consequence of recrystallization on the sub-
strate due to the lower T, of the molecule. The T-NT-T channel
exhibited a fibrous grain although it did not exhibit OFET proper-
ties. In the case of T-NT-T, the molecular packing was not
appropriate for electrical conduction, although the morphology
of the channel layer was similar to that of the other compounds.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Transfer curves at Vp = 50 V of devices (a) |, (b) Il, and (c) lll. Output characteristics of devices (d) I, (e) Il, and (f) Ill. Device dimension: channel

length (L) = 100 um; channel width (W) = 100 um.

Table 4 Summary of the OFET performance of arylthiadiazole derivatives

Device® Channel fmax (em® V' 871 ftaye (em? V' 571 Vg (V) Ton/lose

I T-BT-T 1.37 x 10" 1.29 x 107" —10.9 8 x 10°
I F-BT-F 1.22 x 10?2 9.87 x 103 -19.5 5 x 10°
111 FNT-F 5.84 x 10 5.78 x 107° -12.6 1 x 10°
v T-NT-T N.A. N.A. N.A.  NA.

4 Si/SiO,/Ti-Au/arylthiadiazole derivatives (30 nm).

Discussion

We performed synthesis, calculation, characterization, and
OFET measurements of four different D-A type small mole-
cules. By comparing the calculation and spectroscopic data, we

a)

17.3A
(d-spacing)

Substrate

confirmed that the frontier energy levels were consistent with
the calculated results and proved that furan does not change
the electronics properties very much when thiophene is
replaced with it. Despite the above comparable electronic states
between furan and thiophene, the preferred molecular orientation,
which is correlated to the charge carrier properties, of the small
molecules could be dissimilar. In the case of furan-containing
molecules, the flatness of n conjugation becomes better than the
thiophene analogue probably because the furan part is less bulky.
According to the investigated calculation and single-crystal data, it
could be predicted that the T-NT-T alignment in the thin films may
obstruct the electrical current flow from the source to drain
electrodes due to the high backbone twist, which agrees with
the inactive OFET performance when employing T-NT-T as the

Device | (RMS : 2.00 nm)
b 33.0nm
30.0

Device Il (RMS : 1.76 nm)

00

Device IV (RMS : 1.54 nm)

21.2nm

Device lll (RMS : 7.00 nm)

529 nm

Fig. 9 (a) Proposed molecular alignment of T-NT-T. (b) AFM images of the channel layer in devices I-IV.
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channel. On the other hand, F-NT-F showed smaller twist angles
in the intramolecular dihedral angles and thus was able to form
an aligned molecular packing that is suitable for the OFET
channel. This conformational lock and compactness effect seem
to be one of the benefits of the furan subunit as a semiconductor
material. The best OFET performance was achieved by T-BT-T
whose DSC data showed several mesophases in the heating
process. The F-BT-F based device performance followed through
although it did not show liquid crystalline nature, for which the
reason is still unclear in our study and is left for future study.
Significantly lower melting temperatures of the furan-based
molecules may reflect weaker intermolecular interaction and
lower dipole-dipole interactions which could benefit in low-
temperature processing. Upon increasing the benzo group to
the NT core, the furan containing compound (F-NT-F) is found to
be superior to the thiophene containing compound (T-NT-T)
thanks to the furan unit in enhancing the ordered molecular
packing of the molecules. In summary, the incorporation of furan
demonstrated comparable electronic levels and OFET performance
to its analogue. More importantly, the molecular alignment of the
molecules could have a direct impact on the OFET performance
regardless of their similar energy levels.

Conclusions

In summary, we investigated four small molecules based on
D-A conjugation for OFET application with regard to the
incorporation of furan building blocks compared to its thiophene
analogue. Through the D-A system approach, furan was proved to
be an alternative backbone group to thiophene, although the
thermodynamic properties such as melting point and liquid
crystalline nature were different. The lowering of melting point
by furan substitution seems to be effective when a given molecule
exhibits too strong intermolecular interaction for low-temperature
processing, for example. Based on the OFET performances, we
have shown that furan units, with their availability in natural
resources, can be used as potential building blocks for organic
semiconductors. In addition, with the smaller atomic size of
oxygen and higher planarity, utilizing furan units along with other
appropriate building blocks could further tune the electronic/
geometrical structures along with the physical properties and
benefit the electric conduction in the solid state, thus improving
the performances in organic electronic applications.

Experimental
Materials and methods

All reagents were purchased from Aldrich, Acros, or Tokyo Chemical
Industry and used as received. NMR spectra were recorded on a
Bruker Avance III HD 600 MHz spectrometer. UV-vis spectra were
recorded as a dilute solution in a spectroscopic grade dichloro-
methane on a PerkinElmer Lambda 1050 spectrometer. CV
measurements were carried out under an inert argon atmo-
sphere with an Autolab potentiostat PGSTAT 101 device using a
platinum counter electrode, a glassy carbon working electrode,
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and an Ag/AgCl reference electrode in distilled CH,Cl, with
tetra-n-butylammonium hexafluorophosphate (n-Bu,NPF¢) as
the supporting electrolyte at a scan rate of 50 mV s~ . Photo-
electron spectroscopy (AC-2) was performed using a Riken-Keiki
ultraviolet photoelectron spectrometer AC-2 in air. Morphologies
of the channel layer were investigated using a Park Systems NX-10
AFM microscope using true non-contact mode and an NCHR
cantilever. A Bruker microflex MALDI-TOF spectrometer was used
to record high resolution mass spectra. DSC was operated
using the Mettler Toledo model DSC823e at a heating rate of
10 °C min~" under a nitrogen flow. TGA was performed using a
Rigaku model Thermoplus TG8120 analyzer at a heating rate of
10 °C min~ " under a nitrogen flow. XRD thin films were measured
using a Bruker D8 Advance diffractometer. FTIR was performed
using a PerkinElmer Frontier FT-IR spectrometer. Single crystal-
XRD crystallographic data was recorded using a Bruker D8 Venture
diffractometer. APEX 3 software was used for collecting frames of
data. OLEX 2 software was used for refinement, space group
determination and solving the crystal structure. The intermolecular
forces were analysed using the Platon program and the graphics of
the crystal structures were produced using Mercury 4.2.%° Structure
CCDC deposition number of F-NT-F: 1972793 and T-NT-T:
1971452.1 All quantum calculations were performed using the
Gaussian 09 program by density functional theory.”” The HOMO
and LUMO distributions of the compounds were calculated at
B3LYP/6-311G(d,p) level of theory. The UV-vis absorption spectra
were calculated at TD-CAM-B3LYP/6-311G(d,p) level of theory.

Device fabrication and performance measurements

The device was fabricated using bottom-gate bottom-contact
configuration with silicon, SiO, (350 nm), and Ti (2 nm)-Au
(20 nm) as the gate, dielectric layer, and electrode, respectively.
The electrode deposition was patterned by mask-less photo-
lithography followed by metal sputtering with gaps of 5 um,
10 pm, 30 pm, 50 pm, 100 pm, 150 pm, and 200 pm. The pre-
patterned substrates were rinsed twice using acetone and once
using isopropanol, and then subsequently dried with argon gas.
They were then treated with UV-ozone plasma for 5 minutes
prior to immersing in DABT solution for 2 h. Then the treated
substrate was transferred into a thermal evaporator where the
organic small molecule semiconductor was evaporated under
high vacuum (~10"° Pa) onto the substrate to achieve 30 nm
thickness monitored using quartz. The fabricated OFET was
then transferred into a vacuum chamber (~10> Pa) and the
device performance was measured using a Keithley 4200A-SCS
parameter analyser. The mobility (1) in the linear regime was
calculated from the drain current and the gate voltage fitted
into the equation:

_d L db
u_SOSr w dVG

where d is the thickness of SiO, (350 nm), ¢, is the vacuum
permittivity of electric constant (8.854 x 10> F m™ "), ¢, is the
relative permittivity of silicon dioxide (3.9), L is the gap elec-
trode length, and W is the width of the electrode.
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Synthesis of T-NT-T, F-NT-F, T-BT-T and F-BT-F

Compounds 5-8 (130 mg, 0.30 mmol), 5-hexyl-2-thiophene
boronic acid pinacol ester (225 mg, 0.76 mmol), Pd(PPh;),
(20 mg, 0.02 mmol), and 2 M Na,CO; (5.4 mL) were added into
a 100 mL round-bottom flask. THF (15 mL) was added as a
solvent and then the mixture was stirred and degassed with N,
for 5 min. The mixture was stirred at reflux under N, for 24 h.
After cooling, the mixture was extracted with dichloromethane
(70 mL x 2). The combined organic phase was washed with
water (70 mL) and brine solution (70 mL), dried over anhydrous
Na,S0,, filtered and evaporated to dryness. To obtain a product
of higher purity, the residue was further purified by silica
column chromatography eluting with the mixture of dichloro-
methane and hexane (1:3) followed by recrystallisation from
the mixed solvent of dichloromethane and methanol.

F-BT-F. Dark pink solids (87%). "H NMR (600 MHz, CDCl;)
d ppm: 8.07 (s, 2H), 7.72 (s, 2H), 7.21 (s, 2H), 6.76 (d, J = 3.36,
2H), 6.64 (d, ] = 2.46 Hz, 2H), 2.84 (s, 4H), 1.72 (m, 4H), 1.41 (m,
4H), 1.33 (m, 8H), 0.90 (t, J = 6.72, 6H); °C NMR (151 MHz,
CDCl;) 6 151.41, 150.03, 148.99, 146.11, 130.92, 124.94, 123.07,
121.09, 114.62, 107.45, 31.62, 31.67, 30.25, 28.84, 22.65, 14.15;
HRMS MALDI-TOF m/z [M]+: caled for C34H;6N,0,S; 600.1939;
found 600.4812.

T-BT-T. Dark red solids (84%). 'H NMR (600 MHz, CDCls)
0 ppm: 8.03 (d,J = 3.78 Hz, 2H), 7.80 (s, 2H), 7.18 (d, J = 3.84 Hz,
2H), 7.10 (d, J = 3.42 Hz, 2H), 6.72 (d, J = 3.48 Hz, 2H), 2.81
(t,J = 7.56 Hz, 4H), 1.70 (m, 4H), 1.40 (m, 4H), 1.33 (m, 8H), 0.90
(t,J = 6.90 Hz, 6H); **C NMR (151 MHz, CDCl;) § 152.53, 146.07,
139.41, 137.46, 134.65, 128.27, 125.53, 125.10, 124.97, 123.83,
123.79, 31.58, 30.25, 28.78, 22.58, 14.06; HRMS MALDI-TOF m/z
[M]+: caled for C3,H36N,S5 632.1482; found 632.4111.

F-NT-F. Dark blue solids (65%). 'H NMR (600 MHz,
CD;COCD3) 6 ppm: 8.90 (dd, J = 7.02 Hz, 3.12 Hz, 2H), 7.65
(d, J = 3.36, 2H), 7.60 (dd, J = 7.14 Hz, 3.06 Hz, 2H), 7.34
(d,J = 3.42 Hz, 2H), 6.96 (d, ] = 3.36 Hz, 2H), 6.89 (d, ] = 3.18 Hz,
2H), 2.88 (t, J = 7.44 Hz, 4H), 1.73 (m, 4H), 1.44 (s, 4H), 1.34
(t,J = 3.36 Hz, 8H), 0.89 (t, ] = 6.66 Hz, 6H); °C NMR (151 MHz,
CD;COCD3) d 150.71, 150.25, 149.01, 146.08, 130.86, 130.65,
127.40, 127.19, 125.42, 124.96, 123.45, 122.62, 118.37, 106.98,
31.52, 31.46, 31.36, 22.32, 13.39; HRMS MALDI-TOF m/z [M]+:
caled for C33H;3N,0,S; 650.2095; found 650.5062.

T-NT-T. Purple solids (66%). '"H NMR (600 MHz, CDCl;)
0 ppm: 8.44 (dd, J = 6.72 Hz, 2.88 Hz, 2H), 7.45 (dd, J = 6.90 Hz,
2.82 Hz, 2H), 7.39 (d, J = 2.40 Hz, 2H), 7.31 (d, J = 3.36 Hz, 2H),
7.11 (d, J = 2.46 Hz, 2H), 6.73 (d, J = 2.46 Hz, 2H), 2.83 (t, J =
7.32 Hz, 4H), 1.71 (m, 4H), 1.41 (s, 4H), 1.33 (t, J = 3.42, 8H),
0.90 (t, J = 6.30 Hz, 6H); >*C NMR (151 MHz, CDCl;) § 151.50,
146.03, 140.81, 134.64, 134.39, 132.84, 131.37, 127.09, 127.03,
124.91, 123.88, 123.19, 123.14, 31.58, 31.56, 30.25, 28.76, 22.58,
14.08; HRMS MALDI-TOF m/z [M]+: caled for CsgH3zgN,Ss
682.1639; found 682.4468.
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