FULL PAPER

'-) Check for updates

ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

Solution-Processable Multifused Thiophene Small
Molecules and Conjugated Polymer Semiconducting Blend
for Organic Field Effect Transistor Application

Shakil N. Afraj, Guan-Yu He, Chih-Yu Lin, Arulmozhi Velusamy, Chu-Yun Huang,
Po-Shen Lin, Sureshraju Vegiraju, Ping-Yu Huang, Jen-Shyang Ni, Shueh-Lin Yau,
Shih-Huang Tung, Takeo Minari, Cheng-Liang Liu,* and Ming-Chou Chen*

Three new solution-processable organic semiconductors (1-3) are syn-
thesized and characterized for p-type organic field effect transistors
(OFETs). The backbone of these small molecules is modified by expanding
the central core conjugation from thienothiophene (TT) to dithienothio-
phene (DTT) and tetrathienoacene (TTA), which are end-capped with
soluble B-substituted alkyl chains dithienothiophenes (DTTR) to generate
DTTR-TT (1), DTTR-DTT (2), and DTTR-TTA (3). The highest mobility of
0.016 cm? V' s71 is achieved using solution-sheared DTTR-TTA film due to

the extended conjugated TTA core, which enhances the intermolecular inter-

action and generates an efficient percolation for the OFET channel. Solu-
tion blending of crystalline DTTR-TT small molecules with oriented-packing
polymer dithienothiophene-thioalkylbithiophene (PDTT-SBT) polymer leads
to significantly enhanced mobilities from 0.0009 up to 0.22 cm? V' s7,
occurring at an optimized 30% DTTR-TT composition in the blend. Hole
mobility of 30% DTTR-TT blend is 0.22 cm? V' s~ which is higher than
pristine small molecule DTTR-TT (0.0009 cm? V-' s7') and polymer PDTT-
SBT (0.067 cm? V' s7), respectively. An efficient strategy to enhance the
mobility of small molecule DTTR-TT by blending with easily synthesizable
PDTT-SBT polymer is reported.

1. Introduction

Organic semiconductors are of potential
interest due to their high throughput,
inexpensive production, mechanical flex-
ibility, light weight, and efficient inte-
gration within the supply chain, as well
as great potential for new foundational
studies.'™3] Over the past 20 years, a
number of small molecules have been
successfully used in organic thin film
transistors (OFETs).118 Along with their
significant structural versatility, facile syn-
thesis, high purity, better reproducibility,
and reliability without batch-to-batch vari-
ations, small molecules possess control-
lable electronic and physical properties
as compared to polymers.'2% Therefore,
the development of novel small molecular
organic materials for OFETs has become
increasingly important. The design of
small molecular organic semiconductors
should include a highly planar conju-
gated core for efficient charge transport,
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favorable intermolecular m—7 stacking, and the presence of
alkyl chains, which increases solubility and enables solution
processability. Among the various conjugated building blocks
that have been developed, fused thiophenes, such as thienothio-
phene (TT), dithienothiophene (DTT), and tetrathienoacene
(TTA), have received extensive attention due to their structural
planarity and strong intermolecular S---S interactions, which
promote intramolecular and intermolecular 77 stacking, /228!
and thus superior carrier transfer efficiency.?3% Therefore,
utilization of these units in the design of new solution pro-
cessable organic semiconductors for OFET applications is
highly desirable. Several solution-processable fused thiophene-
based organic semiconductors have been developed.[*:2:31-33]
For example, difluorene-thienothiopehen (DDFTT)Y and
dithienothiophene- diketopyrrolopyrrole (DTT2DPP)3]
(Figure Sla, Supporting Information) exhibit mobilities
of 0.0225 and 0.017 cm? V! s7!, respectively. Furthermore,

more conjugated tetrathienocene-based small molecules
diketopyrrolopyrrole-tetrathienoacene  (DDPP-TTAR)?!  and
thiophenylvinylthiophene-tetrathienoacene ~ (DTVT-TTAR)3¢

(Figure Sla, Supporting Information) exhibit higher mobili-
ties of 0.1 and 0.18 cm? V™' 57, respectively. In addition, fused
thiophenes are excellent spacers for organic dyes. For example,
TTAR-based dyes exhibit power conversion efficiencies of up to
10.1% in dye-sensitized solar cells.l?>%]

Blending materials to combine the beneficial properties
of multiple compounds within a single phase is commonly
used in the field of organic electronics.*®*2 Small molecule
semiconductors are well-known to exhibit excellent electrical
properties as a result of high level of crystallinity and close
m-overlap between molecules. However, they are difficult to
process from the solution phase and tend to suffer from aggre-
gation, forming microscopic crystals without interfacing with
the metal contact.*! Conversely, semicrystalline conjugated
polymer-based assemblies have advantages with regard to solu-
tion-processing and morphology control, but relatively limited
electrical properties due to the disorder in the materials.>*40l
The combined features of each material type with regard to the
inherent superior crystallinity of small molecules and solution-
processing/film-formation qualities of polymer binder, produce
a prominent semiconducting blend system where the mole-
cular component is either p-type or n-type. When using these
blends for OFETs, the measured mobilities are expected to
exhibit improved charge transport characteristics through the
increased molecular organization if the connectivity solution-
processed film with a charge carrier percolation pathway is
predominantly generated.[’->3] More interestingly, the relation-
ship between the morphology and charge transport in the con-
jugated small molecule/polymer semiconducting blend system
can be established. Moreover, among the large number of new
material systems developed over the past decade, binary semi-
conducting blends, consisting of a small molecule and a conju-
gated polymer, have proven highly successful primarily due to
their good performance.l3%>%->4

In particular, 5,5"-bis(4-n-hexylphenyl)-2,2"-bithiophene (dH-
PTTP),®! 2,8-difluoro-5,11-bis (triethylsilylethynyl) anthradith-
iophene (DiF-TESADT), and 2,7-dioctyl[1]benzothieno[3,2-b]
[1]benzothiophene (C8-BTBT)P® (the structures shown in
Figure 1) blended with conjugated polymers have been
widely investigated.*?l For instance, pure dH-PTTP exhibits

Adv. Mater. Technol. 2021, 6, 2001028

2001028 (2 of 11)

www.advmattechnol.de

a)
CeHis CH3(CH,)4CH;
I \__s
o B d g4l
CeHas s” In

dH-PTTP P3HT

dH-PTTP: s, = 0.002 cm?Vv-1s™
dH-PTTP:P3HT Blend: z,* = 0.1 cm?V-'s-
dH-PTTP:P3HT Blends: z,* = 0.01-0.1 cm?Vv-'s™

Si(CzHs)3
b) I

S
Il
Si(C2Hs)3

DiF-TESADT PTAA

DiF-TESADT: y, = 1.5 cm?V-s"
DiF-TESADT:PTAA Blend: z,* = 3.7 cm?V-1s™
DiF-TESADT:PTAA Blends: z,* = 1.8-3.7 cm?v-'s™

c) S,
S

C8-BTBT C.6IDT-BT
C8-BTBT: 4, = 1.8 cm?V-1s""
C8-BTBT:C,4IDT-BT Blend: z,* = 13 cm?Vv-'s™
C8-BTBT:C¢IDT-BT Blends: u,* =9.4-13 cm?v-1s!

SCq4H29
S

S S /1 \
\WAWASAY/
S” CqqH29S n

PDTT-SBT
DTTR-TT: z4, = 0.0009 cm?Vv-'s™!
DTTR-TT (1):PDTT-SBT Blend: y,* = 0.22 cm?V-'s™!
DTTR-TT (1):PDTT-SBT Blends: z,* = 0.026-0.22 cm?Vv-1s""

DTTR-TT (1)

Figure 1. Chemical structures of small molecules and conjugated poly-
mers: a) dH-PTTP and P3HT, b) DiF-TESADT and PTAA, c) C8-BTBT and
Cy6/DT-BT, and d) DTTR-TT (1) semiconductor and conjugated polymer
PDTT-SBT examined in this study. 4, denotes the hole mobility of the
pure semiconductor, 1, * denotes the highest mobility for the small mol-
ecule-conjugated polymer blend. 4, denotes the mobility in range for the
semiconductor-conjugated polymer blends.

a mobility of 0.002 cm? V! 57!, ] which could be enhanced
to 0.1 cm? V7' s7! by blending it with poly(3-hexylthiophene-
2,5-diyl) (P3HT) polymer (Figure 1la). Similarly, DiF-TESADT
and C8-BTBT small molecules when blended with conjugated
polymers such as poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine (PTAA) and indacenodithiophene-benzothiadiazole
(C,IDT-BT) their mobilities could be increased from 1.5(°)
and 1.8 cm? V! 57159 for the pure systems, respectively, to
3757 and 13 cm? V! 571,58 respectively (Figure 1b,c). Note,
different blend ratios can strongly affect OFET mobility which
can vary 0.01-0.1 cm? V! s for dH-PTTP-polymer blends,*!

© 2021 Wiley-VCH GmbH
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Figure 2. Chemical structures of the studied organic semiconductors 1-3.

1.8-3.7 cm? V' 57! for DiF-TESADT polymer blends,””5%% and
from 9.4 to 13 cm? V! s7! for the C8-BTBT-polymer blends."*->8!
Additionally, it has been shown that charge carrier mobilities
are strongly dependent upon the blend composition,*:57:38.61]
therefore it would be desirable to investigate blend OFETs by
using small molecule and conjugated polymer which could be
easily synthesized from readily available starting materials.

In this work, considering the importance of fused thiophenes
derivatives, we report three new small molecular organic semi-
conductors for p-type OFETs. TT, DTT, and TTA backbones
were used as the central cores, which were coupled with soluble
end-capped DTT with S-substituted alkyl side chains (DTTR) to
afford DTTR-TT (1), DTTR-DTT (2), and DTTR-TTA (3), respec-
tively (the structures shown in Figure 2). A comparative study
of these organic semiconductor films reveals how the chemical
structures, film crystallinity, and morphology affect the elec-
trical properties of OFETs. Note that the maximum mobilities
(Umay) of 0.016, 0.0023, and 0.0009 cm? V! s7! were achieved
from solution-sheared DTTR-TTA, DTTR-DTT, and DTTR-TT
films, respectively. To further improve overall mobility, the low
performed DTTR-TT molecule was incorporated with PDTT-
SBTI® polymer (structure shown in Figure 1d) upon modu-
lating the composition ratio of two compounds in the blend,
achieving the highest mobility of 0.22 cm? V! s7! measured
in 30%:70% DTTR-TT:PDTT-SBT in weight ratio. It should
be noted that the mobility value of DTTR-TT:PDTT-SBT
blend is 250 and 3 times higher than that of pristine DTTR-
TT (0.0009 cm? V! s71) and PDTT-SBT (0.067 cm? V7! s7}).
To the best of our knowledge, these are the highest mobility
values reported to date using the S-alkylated fused thiophenes
as the end-capping units for solution-processable OFETs and its
blends. DTTR-TT (1) and PDTT-SBT components used in the
blending strategy are easily synthesizable by using an inexpen-
sive starting material.[®?]

In this paper, we choose DTTR-TT as dopant with the matrix
of PDTT-SBT because we synthesize DTTR-TT from TT as cen-
tral core, and TT unit is easy to synthesize from readily available
starting material in good yield,®*% and further DTTR-TT (1) can
be synthesized in more amount for device purposes. Herein, we
find that the utilization of DTTR-TT small molecule in blending
strategy is cost effective. Whereas DTT and TTA cores are hard
to make and yields are low,13%% therefore getting more materials
of DTTR-DTT and DTTR-TTA for larger scale device production
is considerably very difficult. Moreover, DTTR-TT has a huge
difference in mobility value as compared with pristine PDTT-
SBT polymer, the improved performance is quite significant and
we believe that the blend concept would be a general case and
extended to the other two small molecules. Conceptually, for
the small molecule to have a good backbone stacking with the
polymer backbone, the alkyl chains on the S-position of fused
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thiophene (#DTTR-TT) should be better. As exhibited in Figure
S1b (Supporting Information), during the stacking of #DTTR-TT
with polymer, the long alkyl chains at the B-position of end-
capped unit will be more beneficial because of its efficient hole
transfer property and good solubility. In detail, alkyl chains at the
[-position of the DTTR unit enhance hole transfer efficiency via
small molecule backbone to the polymer backbone. Moreover,
BDTTR-TT with four alkyl chains on one backbone unit greatly
enhances the solubility of the compound and provides solution-
processable OFET. Due to these significance advantages, in this
paper we have designed f-alkylated DTTR end-capped unit based
organic semiconductor and blends of small molecule and conju-
gated polymer have been explained.

2. Experimental Section

2.1. Materials

All chemicals and solvents were of reagent or anhydrous
grade and were obtained from Aldrich, Alfa, and TCI Chem-
ical Co. Solvents for reactions (toluene and tetrahydrofuran)
were distilled under nitrogen from sodium/benzophenone
ketyl, and halogenated solvents were distilled from CaH,.
Dialkyldithienothiophene ~ (5),  monobromodialkyldithien-
othiophene (6) 2,5-bis(tributylstannyl)thieno|[3,2-b]thiophene,
2,6-bis(tributylstannyl)dithieno[3,2-b:2",3’-d] ~ thiophene, and
2,6-bis(tributylstannyl)thieno[2",3":4,5]thieno[3,2-b] thieno[2,3-d]
thiophene were prepared according to the procedures described
in the literature.’>%] PDTT-SBT (4) polymer was also synthe-
sized according to a procedure described in the literature.l%

2.2. General Synthetic Procedures for the Target Compounds (1-3)

Under anhydrous condition, Pd(PPhj;), (0.05 equiv) was added to
a solution of monobromodialkyldithienothiophene (6, 2.1 equiv.)
and distannylated compound (1 equiv.) in dry toluene. The
resulting mixture was refluxed for 48 h under nitrogen. After the
reaction solvent was evaporated, the desired product was purified
by column chromatography using ethyl acetate and hexanes. It
was further purified by being recrystallized from toluene.

2.2.1. DTTR-TT (1)

Compound 1 was obtained as an orange solid (yield = 68%). Mp:
121 °C. 'H NMR (300 MHz, CDCly) & 729 (s, 2 H), 6.98 (s, 2 H),
2.95 (t, ] = 75Hz, 4H), 2.74 (t, ] = 75 Hz, 4H), 1.79 (m, 8H), 1.35
(br, 64H), 0.88 (m, 12H); BC NMR (75 MHz, CDCly) & 143.06,
141.36, 139.44, 138.14, 136.19, 133.30, 130.82, 130.50, 129.12, 120.80,
11792, 32.00, 29.75, 29.45, 29.26, 28.96, 28.74, 22.78, 14.20; HRMS
(m/z, FAB+) caled for CyqHggSg, 1144.5278; found: 1144.5272.

2.2.2. DTTR-DTT (2)
Compound 2 was obtained as an orange crystalline solid
(vield = 6196). Mp: 116 °C. 'H NMR (300 MHz, CDCl3) & 731 (s,
2H), 6.98 (s, 2 H), 2.95 (t, ] = 75 Hz, 4H), 2.74 (t, ] = 75 Hz,

© 2021 Wiley-VCH GmbH
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Scheme 1. Synthetic route to organic semiconductors 1-3.

4 H), 179 (m, 8 H), 135 (br, 64 H), 0.88 (m, 12H).3C NMR
(75 MHz, CDCly) & 143.07, 141.39, 141.30, 13721, 136.17, 133.24,
130.65, 130.46, 129.04, 120.78, 119.03, 32.00, 29.74, 29.49, 29.44,
29.21, 28.96, 28.73, 22.77, 14.20; HRMS (m/z, FAB+) calcd for
CosHoeSo, 1200.4998; found: 1200.4983.

2.2.3. DTTR-TTA (3)

Compound 3 was obtained as a red solid (yield = 80%). Mp:
217 °C. 'H NMR (300 MHz, CDCl;) & 738 (s, 2H), 6.99
(s, 2H), 2.98 (t, ] = 76 Hz, 4H), 2.74 (t, ] = 75 Hz, 4 H),
1.79 (m, 8H), 1.27 (br, 64 H), 0.88 (m, 12H). This material
was insufficiently soluble to obtain a *C NMR spectrum.
HRMS (m/z, FAB+) calcd for CyoHgsSq0, 1256.4719; found:
1256.4724.

Device Fabrication and Characterization: The pristine com-
pounds 1-3 and DTTR-TT:PDTT-SBT blend films were solu-
tion-sheared from 2 mg mL™ chlorobenzene solution onto
Si/SiO, substrates modified with octadecyltrichlorosilane
(ODTS). The details of the solution-shearing apparatus were
summarized in a previous report.[® Source and drain elec-
trodes with a channel width/length (W/L) of 1500 and 25 pm
were thermally evaporated through the metal mask. All the
OFETs devices were measured in a N,-filled atmosphere and
recorded with a Keithley 4200-SCS semiconductor parameters
analyzer and probe station at room temperature. The mobili-
ties (1) and threshold voltage (Vy,) are obtained from the slope
and intercept of a plot of I; against the Vj, using the following
equation

WuC
Iy = %(vg ~Van)’ M

where I; is the drain current, V, is the gate voltage, and C is
capacitance per unit area of the gate dielectric layer.

www.advmattechnol.de

3. Results and Discussion

The synthetic approach to DTTR compounds, DTTR-TT (1),
DTTR-DTT (2), and DTTR-TTA (3), is presented in Scheme 1.
Target compounds are synthesized by Stille coupling reaction
between monobromodialkyldithienothiophene (6) and distan-
nylated units such as thienothiophene, dithienothiophene,
and tetrathienoacene, respectively. Dialkyldithienothiophene
(5), monobromodialkyldithieno-thiophene (6), and distan-
nylated compounds were prepared according to procedures
in the literature.>%] The new molecules were purified by
recrystallization from toluene. The chemical structures of the
final compounds were characterized by NMR, high-resolution
mass spectroscopy, and elementary analysis. These newly
synthesized compounds possess adequate solubility in the
organic solvents. The thermal behaviors of these three sam-
ples were investigated by differential scanning calorimetry
(DSC, Figure S2, Supporting Information) and thermogravi-
metric analysis (TGA, Figure S3, Supporting Information)
under nitrogen atmosphere and the results summarized in
Table 1.

The new fused thiophene-based compounds have good
thermal stability and the TGA plots indicate that weight loss
(=5%) only occurs with heating above 375 °C. The DSC data
reveal major endothermic melting peaks at 124, 121, and 220 °C
for compounds 1-3, respectively. For the pure DTTR-TT solid,
two main peaks at 74 and 124 °C were observed for crystal-liquid
crystal phase transition and isotropization, respectively. The
other two compounds do not appear to show the liquid crystal
transition due to the stronger main chain interaction from the
rigid backbone based on more extended m-conjugated fused
thiophene ring in the central core. The absorption spectra in
solution and thin films are depicted in Figure 3 and the results
are listed in Table 1. All three DTTR compounds in diluted
o-dichlorobenzene solution exhibited strong absorption in the
range of 350-500 nm, with maximum peaks located at 398, 411,
and 423 nm for DTTR-TT, DTTR-DTT, and DTTR-TTA, respec-
tively. It is clear that the increase in the fused thiophene units
for the central core leads to the absorption being redshifted,
which is likely attributed to the extended s-conjugation.[®®!
From solution to solid state, the absorption maximum of
DTTR-TT, DITTR-DTT, and DTTR-TTA is bathochromically
shifted. The strong shoulder peaks, especially for DTTR-TTA
sample, as well as relatively large redshift suggest the aggrega-
tion tendency originated from intense interchain interaction
between these 7-conjugated molecules. Based on the onset thin

Table 1. Thermal, optical and electrochemical properties of three compounds.

Compounds T2 [°C) T2 [°C] A [nM] E9 [eV] Eo® [V] HOMO [eV] LUMO [eV]

DTTR-TT (1) 385 124 398 2.28 0.96 -5.16" -5.058) —2.88" -1.708)
DTTR-DTT (2) 382 121 41 2.22 0.93 -5.130 -5.028) -2.91" -1.808)
DTTR-TTA (3) 384 220 423 217 0.85 -5.05" —4.998) -2.88" -1.879)

Obtained from. #TGA; Y DSC; where T, = decomposition temperature and T,,, = melting temperature; in 0-CgH,Cl,; Yoptical energy gap was calculated using 1240/ A, (onset)’
by DPV in 0-CgH,Cl, at 25 °C, E,, = oxidative potential. All potentials reported are reference to an Fc/Fc* internal standard (at —4.8 V); lusing HOMO = —(4.2+E,,); &by
DFT calculation; Mestimated from LUMO = HOMO+E,.
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Figure 3. UV-vis absorption spectra of DTTR-TT (1), DTTR-DTT (2), and
DTTR-TTA (3) in diluted solution (dotted line) and solution-sheared films
(solid line).

film absorption, the optical bandgap (E,) is determined to be
2.28, 2.22, and 2.14 eV for DTTR-TT, DTTR-DTT, and DTTR-
TTA, respectively, and the trend is in good agreement with the
increased electron-donating ability from the extended fused
thiophene core. In addition, the electrochemical properties of
these three DTTR-based compounds were examined by solu-
tion differential pulse voltammetry (DPV) with a three-electrode
configuration. All potentials reported are referenced to a Fc/Fc*
internal standard (calibrated at 0.6 V). The oxidation potentials
(Eox) of DTTR-TT, DTTR-DTT, and DTTR-TTA are recorded
at 0.96, 0.93, and 0.85 V (Figure 4a), respectively. The derived
highest occupied molecular orbitals (HOMOs) of DTTR-TT,
DTTR-DTT, and DTTR-TTA are thus estimated around -5.16,
—5.13, and —5.05 eV, respectively, using the equation: Eyopo = —
(420 + E,) eV, assuming Fc/Fc" oxidation at —4.8 eV. The
upshifted HOMO level is mainly contributed by the extended
fused thiophene rings, which may facilitate the hole injection
and stabilize the generated organic cations. The lowest unoc-
cupied molecular orbital (LUMO) energy level is calculated
from the HOMO energy level and optical bandgap, using the
equation: E;ymo = Epomo + Eg and summarized in Table 1 and
Figure 4b. Electronic structure calculations were performed
at the B3LYP/6-31G* level of density functional theory (DFT).
The alkyl chains on DTTR moieties were omitted as the ethyl
groups for computational simplicity. The electronic profiles of
the calculated frontier molecular orbitals, DFT-derived HOMO

a) Oxidation Potential (V)
02 04 06 08 1 12 14
.0'4 1 1 1 1 1
&
g -0.8 -
= 1.2 -
8 Fc]IFc*
5 .1.6 {—DTTR-TT (1)
o —DTTR-DTT (2)
o I=DTTRTTAG)
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and LUMO values, and optimized molecular structures, as well
as intramolecular dihedral angles, are shown in Figure S4 (Sup-
porting Information) and summarized in Table 1. It was found
that all three DTTR-based compounds have similar electron
density distributions on HOMO and LUMO, and the electron
densities are delocalized on the whole conjugated framework.
The extension of conjugation on the end-capped fused thio-
phene ring system appears to lead to a further slight increase
in the HOMO level and decrease in the LUMO level; there-
fore, DTTR-TTA exhibited the smallest energy gap among the
studied series. In addition, the molecular calculations show
there are noticeable differences in molecular planarity for the
DTTR derivatives. As shown in Figure S4b (Supporting Infor-
mation), the dihedral angles are less deviated in DTTR-TTA
(46.4°) versus those in DTTR-DTT (48.2°) and DTTR-TT (49.3°),
indicating better molecular conjugation and smaller energy
gaps in DTTR-TTA, which is in good agreement with the elec-
trochemically and optically derived data.

OFETs with bottom-gate top-contact (BGTC) device con-
figuration (doped Si/SiO,/self-assembly monolayer (SAM)/
organic semiconductors (1-3)/Au) were fabricated to investigate
the charge transport characteristics. ODTS was used as SAM.
The 1-3 semiconducting layer was solution-sheared from chlo-
robenzene (2 mg mL™) onto the heated substrates (60-70 °C).
The sequential annealing was performed at 50 °C for 3 h under
vacuum. A gold electrode was deposited as the patterned source
and drain contacts. OFETS fabrication and measurement details
are included in the Experimental Section. Solution-shearing
is a useful one-step solution processing technique which can
fabricate crystalline film through the meniscus effect. Typical
transfer and output curves of 1-3 OFETs devices are shown in
Figure 5 and Figure S5 (Supporting Information), and all three
small molecule semiconductors exhibited p-type transfer char-
acteristics in the negative gate voltage (V) region when meas-
ured in air. The assessed OFETs device performances, such as
field effect mobility (), threshold voltage (Vy,), and ON/OFF
current ratio (Ion/Iopr), are shown in Table 2. It is noted that
the mobility and threshold voltage were extracted from the slope
and intercept of the square root of drain current (Iy) versus gate
voltage (V,) plot in the saturation region. Moderate hole mobili-
ties in the range of 10*-1072 cm? V! s7! were observed for
these three devices. The maximum mobilities (t,,,,) are 0.0009,
0.0023, and 0.016 cm? V' s7! for DTTR-TT, DTTR-DTT, and
DTTR-TTA, respectively. Subsequent extraction of hole mobili-
ties of DTTR-TT OFETs results in an average mobility (i)

b) 2.0
-2.5 1

DTTR-TT (1) DTTR-TTA(3)

-2.88

-3.0 -
-3.5
4.0
4.5 -

Energy Level (eV)

5.0 1

-5.5 -

Figure 4. a) DPV curves of 1-3 in o-dichlorobenzene. b) Experimental HOMO and LUMO energy level.
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Figure 5. a) Representative transfer characteristics of solution-sheared
OFETs based on all three compouds thin films. b) Output characteristics
of solution-sheared OFETs based on DTTR-TTA film.

of (0.0003 + 0.0002) cm? V! s7! across 15 devices, compared
to (0.0018 + 0.0005) and (0.013 + 0.002) cm? V! s™! for DTTR-
DTT and DTTR-TTA, with the errors ascribed to these mean
values being the estimated standard deviation of the distribu-
tion. Overall, DTTR-TTA OFETs present the highest Ioy/Iogg of
10*-10° and enhanced mobilities of =10- and 100-fold in com-
parison to DTTR-TT and DTTR-DTT, respectively. The observed
higher hole mobilities in DTTR-TTA are mainly due to more
mextended conjugation and stronger intermolecular interac-
tion. Besides the frontier molecular orbitals, the thin film mor-
phologies and microstructural data were strongly influenced
by the size of the #-conjugated fused thiophene core with both
ends capped by the DTT group, which also plays an important
role in dictating the charge transport properties. The surface
morphologies of the compound 1-3 film were investigated

Table 2. Summary of OFET parameters of small molecules 1-3.

Compounds Uy [cm? V'] g [em? VST lon/loke (5) Vin V]

DTTR-TT (1) 0.0009 0.0003 £ 0.0002 10%-10% -8.4+1.0
DTTR-DTT (2) 0.0023 0.0018 = 0.0005 102-10% 27.2£13.7
DTTR-TTA (3) 0.016 0.013 0.002 1010° 10143
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¢ 9 nm

EE——
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Figure 6. a) POM and b) AFM images of solution-sheared DTTR-TT,
DTTR-DTT, and DTTR-TTA thin films.

by POM (Figure 6a) and atomic force microscopy (AFM)
(Figure 6b), where the solution-sheared condition and substrate
modification used for imaging are the same as those for the
fabricated active layer in the OFETs device. POM images reveal
nonoriented distinctive fibrillar-like grains with some voids for
DTTR-TT and DTTR-DTT films, whereas the DTTR-TTA film
exhibits larger and more compact aggregated domains. Further-
more, the surface morphologies of solution-sheared film are
investigated by tapping mode AFM. The extended 7-conjugated
central core in DTTR-TTA also causes the formation of the
large crystal domains. These observed morphologies in POM
and AFM indicate that DTTR-TTA possesses strong intermo-
lecular interaction upon thin film processing. Besides, the
resulting height images reveal that the DTTR-TTA thin film has
flat morphologies with a smaller root-mean-square roughness
(Rims), meaning the relatively reduced grain boundaries formed
with effective molecular assemblies.

We then probed the microstructural formation using 2D
grazing incidence X-ray diffraction (GIXRD; Figure S6, Sup-
porting Information). All three films with lamellar scattering in
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the out-of-plane (g,) direction indicate an edge-on dominating
orientation. The solution-sheared DTTR-TTA thin film displays
a higher degree of diffraction spots (up to four orders) in a g,
orientation, suggesting the formation of more highly ordered
lamellar packing. An approximately isotropic alignment was
observed, as evidenced by the dot-like (00]) peaks in the pattern.
These characteristics can explain the highest mobilities in the
DTTR-TTA thin film. Although our newly synthesized small
molecule semiconductors tend to aggregate at microscopic
levels due to the strong molecular interaction, the discontin-
uous crystal with voids and grain boundaries negatively affects
the charge carrier transport within the film. Mixtures of small
molecules with conjugated polymers which function as a matrix
or binder allow greater control over film formation and micro-
structural engineering, which is probably beneficial for efficient
charge transport as compared with the single components.
Therefore, we evaluate the structural changes in the lowest
mobility of DTTR-TT films to improve the charge transport
properties by blending with PDTT-SBT polymers. It is noted
here that X% blend comprises a weight ratio of X% DTTR-TT
small molecules in the blend films. The DSC experiments were
performed to primarily analyze the phase transitions of pure
DTTR-TT and its blend upon heating (Figure S7, Supporting
Information). These two thermal transition temperatures fall
to 71 and 105 °C for the DTTR-TT:PDTT-SBT blend (50%) as
compared with the pure DTTR-TT. The decrease in transition
temperatures according to the colligative property reflects the
intermingling of these two compounds while retaining good
crystallinity. The molecular interactions in the DTTR-TT:PDTT-
SBT blend film were also spectroscopy reflected by their absorp-
tion behavior (Figure S8, Supporting Information). The blend
films display a similar absorption position with a dual band
in the range of 350-500 and 500-700 nm, originated from the
absorption features of DTTR-TT and PDTT-SBT, respectively.
Absorption in a higher wavelength region increases upon the
addition of PDTT-SBT, accompanied by a decrease in lower
wavelength absorption. No additional change of absorption
band was detected within 350-700 nm. Therefore, these absorp-
tion bands are probably contributed by the formation of PDTT-
SBT agglomerates in the presence of DTTR-TT crystals.

To further assess the impact of the composition of blend film
on the charge transfer properties, DTTR-TT:PDTT-SBT blends
were further investigated by their implementation as semicon-
ducting channels in OFETs. Therefore, 15 OFETs for each blend
were measured to give a broader statistical image of the effects
of blend composition on performance. Figures S9-S18 (Sup-
porting Information) illustrate a set of representative transfer
characteristics recorded at saturation (V3 = —100 V) and the
output characteristic of the blend channel with various DTTR-
TT ratios from 0% to 100%, whereas numerical information on
the device results can be found in Table 3 and graphically in
Figure 7 to give a clear idea of the parameters’ spread and how
the trends of each parameter develop with blend composition.
All the blend OFETs clearly show unipolar and hysteresis-less
p-type charge transport characteristics which are strongly deter-
mined by the composition of the semiconducting blend film.
The hole mobility of the 100% blend (pristine DTTR-TT) was
found to be modest (107103 cm? V™' s7) with a lower Vy, of
—8.4+ 1.0 V, whereas the 0% blend (pristine PDTT-SBT) devices

Adv. Mater. Technol. 2021, 6, 2001028

2001028 (7 of 11)

www.advmattechnol.de

Table 3. Summary of OFET parameters based on DTTR-TT:PDTT-SBT
blend thin films.

DTTR-TT Hpnax Havg lon/lorr (-) Vin V]
composition [em2 V57 [em? Vs

in blend [%]

0 0.067 0.039£0.019 4.7 x10* -351+53
10 0.049 0.022 £0.012 9.3 x 10* —324+22
20 0.086 0.069 + 0.011 1.8x10° -263+46
30 0.22 0.11+£0.04 2.0x10° -21.5+t49
40 0.077 0.043 £ 0.016 3.6 x 10* -20.6+29
50 0.087 0.052 £0.021 1.8 x10° -17.8+4.2
60 0.088 0.049 + 0.024 3.3x10* -131+2.1
70 0.039 0.026 +£0.012 1.6 x 10* -12.1+3.8
80 0.026 0.019 £ 0.006 1.1x10* -39+52
90 0.070 0.041+£0.026 1.6 x 10* -1.7+45
100 0.0009 0.0003 £ 0.0002 1.1x10? -8.4%1.0

yield the fiy,,y and i, of 0.067 and 0.039 + 0.019 cm? V' 57!
with a larger Vi, of —35.1 £ 5.3 V, as expected from the litera-
ture.l®2 Under the same fabrication conditions, the DTTR-
TT:PDTT-SBT blends yield fiay (£ayg) between 0.0009 (0.0003 +
0.0002) and 0.22 (0.11 + 0.04) cm? V! 571, There is a clear rising
trend occurring in the mobilities upon addition of the PDTT-
SBT polymer. Upon addition of a small quantity of PDTT-
SBT polymer (10%), the hole mobility in these blend devices
increases sharply, with the change from pristine DTTR-TT
(100% blend) to 90% blend causing two orders of magnitude
improvement in saturation mobilities. Blend OFETs com-
prising 30% DTTR-TT in the active layer exhibit the most pro-
nounced improvement in the mobility, with the order up to
107! cm? V-1 571, which is almost three times higher than pris-
tine PDTT-SBT. Additionally, the Vj, of blend films increases
from —-1.7 £ 4.5V (90% blend) to —35.1+ 5.3 V (0% blend) as the
DTTR-TT loading decreases, shifting far away from 0 V.

The surface morphologies of DTTR-TT:PDTT-SBT blend
films were characterized by POM and AFM, where the

_10° -50
‘I_tl)
- {-40
> o =
10"} ? =
o S~ ~ 3
£ §><! \ /ﬁ—f 4-30 g
= N + \f\ v 3
2 2 T \}\% E o
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] ~ =
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Figure 7. Average mobilities and threshold voltage of blend OFETs as a
function of X% DTTR-TT in blend films.
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Figure 8. a—f) POM images of solution-sheared 0%, 10%, 30%, 50%,
70%, and 90% blend thin film, respectively.

processing parameters are the same as those for active layer
film in OFETs. Figure 8a—f shows the POM images of DTTR-
TT:PDTT-SBT blend at 0%, 10%, 30%, 50%, 70%, and 90%,
respectively, and those for other blend compositions are shown
in Figure S19 (Supporting Information). The pristine PDTT-
SBT (0% blend) film does not exhibit any obvious crystals
along the shearing direction (Figure 8a). However, the line-
shaped domain perpendicular to the shearing direction is the
thicker part in the film, which may be caused by the slow sol-
vent evaporation during the shearing process. Starting from
the 30% blend, a high density of small crystalline agglomerates
were distributed within all the blend films and more obvious
agglomerates can be observed with a higher DTTR-TT loading
concentration. In the 100% blend film (pristine DTTR-TT;
Figure 6a), separated fibrillar-like grains are found. In addition,
from the tapping mode AFM image in Figure S20 (Supporting
Information), poor grain connectivity can be found in the pris-
tine DTTR-TT (100% blend) film (Figure 6b) even though the
morphologies of the grain changes dramatically with the ran-
domly grown large ribbon-shaped structure. The sharp grain
boundaries may limit the charge transport within the DTTR-TT
film. It is also clear from the AFM image (Figure S20a, Sup-
porting Information) that a nontextured and featureless sur-
face in pristine PDTT-SBT (0% blend) film is formed on the
substrate. By blending of these two materials, fibrillar-like fea-
tures start to appear and progressively increase in size as the
DTTR-TT weight ratio increases. The images suggest that the

Adv. Mater. Technol. 2021, 6, 2001028

2001028 (8 of 11)

www.advmattechnol.de

DTTR-TT:PDTT-SBT blend films are composed of DTTR-TT
agglomerates distributed in the PDTT-SBT matrix*¥! or verti-
cally separated by the bottom PDTT-SBT layer.*”! The blend
film with 10% DTTR-TT loading shows fragmented fibril bun-
dles, whereas the microstructural organization of the DTTR-TT
small molecules percolate uniformly in the 30% blend film with
a dense network of a fibrillar crystals. Increasing the DTTR-
TT further to 50% (Figure S20d, Supporting Information) and
70% (Figure S20e, Supporting Information) blends, the strong
7m—m interaction between the small molecules contributes to
the aggregation into larger fibrillar crystals, which are more
clearly visible with separated grains. It is worth noting that
the intertwined and long-range fibrillar structures in the 30%
(Figure S20c, Supporting Information) DTTR-TT:PDTT-SBT
blend provide good semiconducting percolation between the
crystals (mainly from the DTTR-TT domain) in the intercon-
nected network (from the long PDTT-SBT chain, which may
be very useful for improving charge transport properties). The
crystalline nature and molecular packing of solution-sheared
blend film containing DTTR-TT at 0%, 30%, 50, 70%, and 100%
were investigated by 2D GIXRD to correlate with the OFET
performance, with the results shown in Figure 9. The pristine
PDTT-SBT (0% blend) film exhibits a (100) lamellar stacking
diffraction peak (arrow in blue; Figure 9a) in the g, direction
with a d-spacing of 21.2 A. It is clear that the pristine PDTT-SBT
film has relatively low crystallinity, which is evidenced by the
absence of a higher lamellar peak and low intensity obtained
from the 1D scattering profile. On the other hand, the pristine
DTTR-TT (100% blend) exhibits the corresponding arc-shaped
lamellar diffraction patterns (arrows in red; Figure 9e), which
suggests the DTTR-TT with has a large orientation and weak
alignment with respect to the substrate. In the case of blend
films, all the blend compositions investigated (30%, 50%, and
70%) exhibit GIXRD diffraction (Figure 9b—d) corresponding
to the sums of patterns from PDTT-SBT (arrows in blue) and
DTTR-TT (arrows in red) pure components. The value for out-
of-plane scattering peaks and their corresponding d-spacing
for any of blend films are similar to those observed for neat
samples. These suggest that blending PDTT-SBT polymer with
DTTR-TT does not alter the packing of these blend molecules
in their crystalline phase. Besides, the addition of DTTR-TT in
the blend films leads to an increase in the sharp the (001) peak
intensity (Figure S21, Supporting Information), assigned from
the DTTR-TT crystalline fraction. The azimuthal scattering
profiles as a function of blend composition at various ranges
of azimuthal angles were also taken from the (001) diffractions
in the 2D GIXRD pattern of the DTTR-TT:PDTT-SBT blend
films (Figure S22, Supporting Information). The narrowest
peak full width at half maximum (FWHM) at around the 30%
DTTR-TT composition in blend shows a larger fraction of the
aligned crystalline domains, and the data suggest that nono-
riented crystal growth increases as the amount of DTTR-TT
rises, due to the increased peak FWHM in Figure S22 (Sup-
porting Information) and more arc-like diffraction pattern in
Figure 9e. From the discussion above, a synergistic balance
between the degree of crystallinity and molecular ordering can
help the 30% blend films obtain improved macroscopic charge
transport properties. The observation of the GIXRD diffraction
as a function of blend composition shows that the mixing of
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Figure 9. a—e) 2D GIXRD patterns of solution-sheared 0%, 30%, 50%, 70%, and 100% blend thin films, respectively.

PDTT-SBT polymer influences both the blend film crystallinity
and microstructure.

It can be concluded here that the positive effects of PDTT-
SBT on the crystallization of DTTR-TT can be attributed to
two factors. First, PDTT-SBT serves as a nucleating agent that
provides the heterogeneous nucleation sites to accelerate the
crystallization of DTTR-TT in the blend during the shearing
process. This can be verified by the DSC profiles in Figure S7
(Supporting Information) where the 50% blend shows a higher
crystallinity of DTTR-TT than that of pure DTTR-TT. Second,
the long polymer chains of PDTT-SBT tend to be extended and
oriented under shearing, which in turn causes an alignment of
the DTTR-TT crystallites nucleated on the PDTT-SBT chains.
Among the blends, the composition of the 30% one happens
to be optimal for the formation of continuous and oriented
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DTTR-TT crystal domains, as confirmed by the AFM image
(Figure S20, Supporting Information) and GIXRD pattern
(Figure 9). This explains why the 30% blend shows the highest
hole mobility.

4, Conclusion

In conclusion, three conjugated multifused thiophene small
molecular semiconductors with modification of central core
(DTTR-TT, DTTR-DTT, and DTTR-TTA) were synthesized, and
their suitability with regard to p-type OFETs was studied. The
selection of different central fused thiophene core groups can
significantly alter the backbone conformation of the resulting
small molecules, which further impacts the frontier molecular
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orbitals and assembly properties, eventually influencing their
morphologies/microstructures and electrical semiconducting
characteristics. Among all the materials studied, DTTR-TTA
contains the most expanded 7-conjugated central core, four fused
thiophene (TTA), exhibited the best OFETs performance with
hole mobilities of ca. 0.016 cm? V! s™\. Meanwhile, a substantial
change in electrical properties from a mixture of DTTR-TT with
PDTT-SBT polymer was also examined as a function of blend
composition. The optimized features from crystalline DTTR-TT
and ordered PDTT-SBT were organized into the morphologies
with DTTR-TT crystal embedded at interconnected PDTT-SBT
domain, occurring at 30% DTTR-TT in blend. The 30% blend
OFETs exhibited the highest mobility of 0.22 cm? V71 s7,
which is 250 and 3 times higher than that of pristine DTTR-TT
(0.0009 cm? V! 57! and PDTT-SBT (0.067 cm? V! s7), respec-
tively. We reported an efficient strategy to improve the mobility
of small molecule DTTR-TT from 0.0009 to 0.22 cm? V! 57!
by blending with easily synthesizable PDTT-SBT polymer. Our
findings help to establish the structure—property relationships in
solution-processed multifused thiophene-based small molecule
semiconductors with a polymer blend and can help in exploring
tunable molecular interaction.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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