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1. Introduction

The design, synthesis, and structural char-
acterization of new organic π-conjugated 
materials are important aspects in the 
scientific and technological develop-
ment of next-generation optoelectronic 
devices.[1] Due to their diverse applications 
as electro-active materials, organic semi-
conductors have gained attention for the 
development of low-cost, large-area print-
able, and flexible electronic devices such 
as organic field effect transistors (OFETs), 
organic light-emitting diodes (OLEDs), and 
organic photovoltaics (OPVs).[2–13] In con-
trast to the traditional inorganic materials, 
organic semiconductors are promising 
essential components for future optoelec-
tronic devices.[14–15] The well-known acene-
based organic semiconductors (OSCs),[16–18] 
such as pentacenes[19–20] have attracted 
much attention because of their excellent 

charge transport properties. However, the lower solubilities and 
chemical stabilities of acene-based OSCs critically limited their 
applications in optoelectronic devices.[21–22] The low stability of 
acene-based OSCs mainly suffers from oxidation in the pres-
ence of light and oxygen.[23] To overcome these disadvantages, 
fused thiophenes and their derivatives have been widely explored 
as alternative materials because of their efficient charge carrier 
transport rising from the planar backbone structure, extensive 
conjugation, strong π–π stacking/intermolecular interactions 
in the solid state, and excellent ambient stability.[22,24–32] It is 
anticipated that modification of fused thiophenes will play a vital 
role in the next-generation organic semiconductors for high-
performance and air-stable devices.[25,33–35]

As shown in Figures  1 and  2, most of the reported fused 
thiophene based small molecular organic semiconductors (A,[36] 
B,[37] D,[38] E,[31] F,[39] G,[40] and N–S[24–25,41–44]) have been fabri-
cated via vacuum deposition due to their low solubility. Strategies 
for the development of high-performance, solution-processable, 
environmentally stable organic semiconductors include care-
fully placing solubilizing substituents onto the core to enhance 
solubility without disrupting the backbone π-conjugation for 
close molecular arrangement.[45–49] To date, only a few solu-
tion-processable p-type small molecular fused thiophenes 
based organic semiconductors (C,[50] H,[21] I,[51] and J[52])  

Two solution-processable organic semiconductors, DFPT-DTTR (1) and 
DFPbT-DTTR (2), composed of pentafluorophenyl (FP) end-capped 3,5-dialkyl 
dithienothiophene (DTTR) core with thiophene (T) or bithiophene (bT) as 
π-bridged spacers are developed and investigated for their optical, electrochemical, 
microstructural, and electrical properties. With more conjugated bithiophene 
units, compound 2 exhibits a red-shifted UV–vis absorption band and upshifted 
HOMO/downshifted LUMO energy levels. According to the density functional 
theory, compound 2 features a more twisted molecular structure due to the 
intrinsic non-coplanar blocks in the π-backbones. Compound 1-based organic 
field effect transistors exhibit efficient hole transport with mobility up to 
0.48 cm2 V−1 s−1. This is one of the high mobility organic semiconductors 
exhibiting p-channel characteristics based on solution-processable small 
molecular FP end-capped fused/oligothiophenes. With large and interconnected 
crystalline morphologies, decreased π–π stacking distance, and less steric 
hindrance, compound 1 exhibits two orders of magnitude higher mobility than the 
more distorted 2, which exhibits lower hole mobility of 1.82 × 10−3 cm2 V−1 s−1.
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have been reported with decent transport performance. For 
example, β-alkylated tetrathienoacene (TTAR)-based solution-
processable small molecules DDPP-TTAR (C)[50] and DDTT-
TTAR (H)[21] exhibited hole mobilities of 0.1 and 0.81 cm2 V−1 s−1  
in OFETs, respectively. More recently, a new strategy for the 
development of highly planar π-conjugated semiconductors for 
OFETs was achieved. Noncovalent confirmational locks between 
the heteroatom on the β-position and heteroatom atom on the 
neighboring aromatic units offered high-performance organic 
semiconductors.[51–54] As shown in Figure  1, solution-process-
able 3,5-dithioalkyl dithienothiophene (DSDTT)-based small 
molecular semiconductors I and J achieved record high hole 
mobilities of 2.60 and 3.19 cm2 V−1 s−1, respectively.[51–52]

One approach for the development of new organic semicon-
ductors with decent electron transport is to functionalize the con-
jugated central core with strong electron withdrawing substitu-
ents.[24,35,41,47–48,55] In particular, Marks and co-workers reported 
the first fluoroarene-modified oligothiophene semiconductors.[56] 
The perfluorophenyl (FP) end-capped oligothiophene based sem-
iconductors (compound K) was developed with electron mobility 
of 0.08 cm2 V−1 s−1. Later, as shown in Figure 2, electronegative 
perfluoroalkyl or FP end-capped fused/oligo-thiophenes were 
explored[57–58] and DFHCO-4T (L) based OFET device achieved 
the highest electron mobility up to 2.0 cm2 V−1 s−1.[59] In contrast, 
FP-capped organic semiconductors, DFCO-4T (M),[57] FBB-DTT 
(N),[41] D(PhFCO)-BTBT (O),[43] DFP-DTT (P),[42] DFP-TTA (Q),[24] 
and DFPT-TTA (R)[25] exhibited relatively lower electron mobili-
ties of 0.03–0.57 cm2 V−1 s−1. Interestingly, among these fused 
thiophenes based organic semiconductors, OFETs with longer 
conjugation on their fused central cores (e.g., from P to R) exhibit 
higher mobility. Nevertheless, very few FP end-capped organic 
semiconductors were reported with a hole or ambipolar char-
acteristics. For example, asymmetric fused thiophene molecule 

FPP-DTT (E) exclusively recorded p-channel mobilities of 0.74 
and 0.15 cm2 V−1 s−1 for single crystal and thin film based OFET 
devices, respectively,[31] whereas, FP-capped DFPADT (S)-based 
OFETs exhibited ambipolar transport with mobilities of 0.048 
and 6 × 10−4 cm2 V−1 s−1 for hole and electron, respectively.[44]

Herein, to further search for new solution-processable 
fused thiophenes with higher charge transport characteristics, 
β-alkylated dithienothiophene (3,5-dialkyldithieno[3,2-b:22′,3′-d]
thiophene; DTTR; R = C11H23) was explored as a central core, 
FP served as a capping end, and thiophene or bithiophene units 
were employed as π-spacers for conjugation extension. The regi-
ochemistry of FP electron-withdrawing moieties with respect to 
the π-backbone plays a fundamental role in establishing the active 
semiconducting channel.[56] Thus, FP-served as end-capping unit 
due to the following criteria: i) electron-withdrawing perfluoro-
phenyl substitution on electron-donating fused/oligo thiophene 
central core should lower LUMO energies for efficient charge 
transport,[60] and ii) combination of electron-rich and electron-
deficient π-rings should favor close cofacial π–π stacking,[28,56] iii) 
nonbonded interactions between hydrogen and fluorine (F⋅⋅⋅H) 
will increase the π–π stacking, leading to the closer molecular 
arrangement and thus will enhance the device performance.[41] 
Hence, we developed two new solution-processable organic semi-
conductors, DFPT-DTTR (1) and DFPbT-DTTR (2), (as shown in 
Scheme 1), which exhibited solo hole carrier mobilities (μh) of 0.48 
and 1.82 × 10−3 cm2 V−1 s−1, for 1 and 2, respectively. This is one of 
the high mobility OSCs exhibiting p-channel characteristics based 
on solution-processable small molecular FP end-capped fused/oli-
gothiophenes. The material properties of these newly synthesized 
FP end-capped DTTR-based analogs, such as physical properties, 
HOMO–LUMO energies, and film microstructure, are discussed 
and the film growth conditions were shown to strongly influence 
the thin film transistor device response.

Figure 1.  Examples of p-type fused thiophenes-based organic semiconductors and their OFET performances. The symbol (µh) denotes hole mobilitity, 
while (ν) and (s) denote semiconductor films obtained from the vacuum process and solution-shearing process respectively.
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2. Results and Discussion

The 3,5-dialkyldithieno[3,2-b:2′,3′-d]thiophene (DTTR; 3) central 
core was prepared according to the literature.[47] Dibromination 
of compound 3 with n-bromosuccinimide and Stille coupling 
with 2-tri-n-butylstannylthiophene yielded 2,6-di(thiophen-2-
yl)-3,5-dialkyldithieno[3,2-b:2′,3′-d]thiophene (DT-DTTR; 4). 
The pentafluorophenyl end-capped DTTR derivatives were 

synthesized via a Pd-catalyzed Stille cross-coupling reaction, 
as shown in Scheme  1. First, the fused thiophenes (3 and 4) 
were di-deprotonated with n-BuLi, followed by stannylation 
using tri-n-butyltin chloride to yield the corresponding fused 
thiophene stannylates in situ. Then, Stille couplings were per-
formed between the latter with 2-bromo-5-(perfluorophenyl)
thiophene (FPT-Br; 5) to give the corresponding final products, 
DFPT-DTTR (1) and DFPbT-DTTR (2), yielding ≈55% and ≈67%, 

Figure 2.  Examples of perfluoroalkyl or pentafluorophenyl end-capped fused/oligo thiophenes-based organic semiconductors and their OFET perfor-
mances. The symbols (µe) and (µh) denotes electron and hole mobilitity, respectively, while (ν) and (s) denote semiconductor films obtained from the 
vacuum process and solution-shearing process respectively.

Scheme 1.  Synthetic route to DTTR-based compounds (1 and 2).
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respectively. The obtained newly synthesized compounds 1 and 
2 were then purified by recrystallization and both exhibited ade-
quate solubility in common organic solvents due to their long 
alkyl side chain substituents on the central core, which is the 
primary requirement for solution-processable OFET devices. 
These new DTTR derivatives were fully characterized by 1H, 
13C and 19F NMR and mass spectrometry. The synthetic pro-
cedure details and characterization data are provided (Scheme 
S1 and Figures S1–S5, Supporting Information). Thermal anal-
yses of the new alkylated DTTR-based organic semiconductors 
were performed using differential scanning calorimetry (DSC; 
Figure S6, Supporting Information) and thermogravimetric 
analysis (TGA; Figure S7, Supporting Information), and the 
corresponding thermal data are summarized in Table  1. DSC 
scans revealed major endotherms at 169 and 165  °C for com-
pounds 1 and 2, respectively, while the exothermic peak due 
to the crystallization was also found around 121 and 147  °C. 
TGA scans demonstrated high thermal stability with ≈5% 
weight loss temperature around 384 and 358 °C for compounds  
1 and 2, respectively, indicating that the new FP end-capped 
DTTRs possess high thermal stability. The high thermal stable 
behavior of these two compounds with the presence of crys-
talline structures is beneficial for efficient charge transfer in 
OFETs application.

The optical absorption properties of two compounds were 
analyzed in solution (dichlorobenzene) and thin film. Figure 3 
shows the UV–vis absorption spectra, and the peak maximum 
(λmax) and bandgap (Eg) extracted from the absorption onset 
are summarized in Table 1. In solution, both compounds 1 and 

2  show similar spectral shapes with two absorption bands at 
λmax of 411/440 and 342/337  nm, corresponding to 0–0 and 
0–1 vibrational peaks, respectively. A clear red-shift from the 
solution to thin film state (J-aggregation like)[25] was observed 
because of the stronger intermolecular interactions between the 
molecules. The thin film of compound 2 exhibits several λmax 
assigned to the typical vibronic progression of a π-conjugated 
fused heteroacene, with substantially red-shifted λmax and onset 
values compared to compound 1, attributed to the presence of 
an additional electron-donating thiophene linker on each side of 
the DTTR core. As expected, the optical bandgap of compound 
2 was estimated as 2.11 eV, which is considerably smaller than 
that of compound 1 (2.33  eV). Differential pulse voltammetry 
(DPV) was performed to characterize the energy level of the 
compounds using 0.1 m solution of tetrabutylammonium hex-
afluorophosphate (TBAPF6) in a dry o-dichlorobenzene solvent 
with the addition of ferrocene (Fc/Fc+) as internal standard. As 
shown in Figure 4a, the oxidation peaks (Eox) of DTTRs 1 and 2 
occur at 1.16 and 1.03 V, respectively, which evidences that the 
effect of more electron-donating bithiophene linkers makes the 
compound 2 more easily oxidized.

The derived energies of the highest occupied molecular 
orbital (EHOMO) of 1 and 2 are located around −5.36 and 
−5.23  eV, respectively, according to the equation: EHOMO  = 
−(4.2 + Eox); assuming an internal standard Fc/Fc+ oxidation at 
−4.8 eV.[48] The EHOMO of compound 2 is higher than that deter-
mined for compound 1, which is consistent with the values 
obtained from the DFT theoretic calculation (vide infra). The 
energies of the lowest unoccupied molecular orbital (ELUMO) 
are indirectly estimated by adding the previously measured 
optical bandgap to the EHOMO. The EHOMO and ELUMO values 
for these two compounds are reported in Table 1 and Figure 4b 
provides a graphical comparison. The up-shifted HOMO and 
downshifted LUMO level of compound 2 compared to com-
pound 1 originates from the additional electron-donating thio-
phene.[61] The lower electrochemically derived EHOMO of these 
two new DTTRs, 1 (−5.36  eV) and 2 (−5.23  eV), compared to 
pentacene (−5.02  eV)[62] suggest that these newly developed 
fused thiophenes are environmentally stable. In addition, the 
energy gaps of 1 (2.33 eV) and 2 (2.11 eV) are larger than that 
of pentacene (2.09  eV).[62] The larger optical bandgaps imply 
that these compounds are not easily oxidized and have better 
stability in air. The photooxidative stability of DTTR derivatives 
was investigated by monitoring the maximum absorption (λmax) 
values of 411 and 440 nm (for compound 1 and 2, respectively) 
in aerated o-dichlorobenzene solutions while exposing to white 
light (fluorescent lamp) at room temperature. This experiment 
was carried out over 10 days and the maximum absorption 
values are almost identical and a linear graph was obtained for 

Table 1.  Thermal, optical, and electrochemical properties of DTTRs 1 and 2.

Compound Td [°C]a) Tm[ C]b) λmax (soln) [nm]c) λmax (film) [nm]d) Eg [eV]e) Eox [V]f) EHOMO [eV]f) ELUMO [eV]g)

DFPT-DTTR (1) 384 169 411 510 2.33 1.16 −5.36 −3.03

DFPbT-DTTR (2) 358 165 440 540 2.11 1.03 −5.23 −3.12

a)Decomposition temperatures were determined from TGA; b)Melting temperatures were determined from DSC; c)In o-C6H4Cl2; d)From solution-sheared films; e)Calculated 
by using the optical absorption onset, 1240/λonset; f)By DPV in o-C6H4Cl2 at 25 °C. All potentials are reported with reference to an Fc/Fc+ internal standard (at +0.6 V). 
EHOMO = −(4.2 + Eox); g)ELUMO = EHOMO + ΔEg.

Figure 3.  UV–vis absorption spectra of compound 1 and 2 in chloroben-
zene solutions and as thin films.

Adv. Electron. Mater. 2022, 8, 2100648
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absorbance versus time (Figure S8, Supporting Information). 
Under ambient conditions (O2 and H2O present), no decompo-
sition was observed for these FP end-capped DTTR-based com-
pounds, demonstrating their good environmental stability for 
organic semiconductors.[23]

The FP end-capped DTTRs were also studied via DFT com-
putations at the B3LYP/6-31G(d) level of theory to investigate 
the frontier molecular orbitals (FMOs) and energy minimized 
molecular geometries prior to further device characterization. 
The DFT-optimized lowest energy conformer of these two com-
pounds and HOMO/LUMO contours are depicted in Figure S9 
in the Supporting Information. Both molecules proved similar 
wave function delocalization over the whole conjugated back-
bone in their FMOs. FP terminal units do not significantly 
alter the density distribution of FMOs due to the large torsion 
(12.4–14.6o) angles between the capping moiety and π-spacers 
(T and bT). Compared to compound 1, compound 2 with a 
longer conjugated bridge (bithiophene) exhibits a significantly 
reduced HOMO–LUMO gap (3.08  vs 2.83  eV) with energeti-
cally destabilized HOMO and stabilized LUMO, consistent 
with the DPV results. The DFT calculation also shows that the 
center DTTR core and adjacent thiophene unit adopt the tor-
sional angle of ≈40° for both compounds. However, the calcu-
lated geometries of compound 2 demonstrate the insertion of 
bithiophene units, enabling the whole molecule more twisted 
geometries and large steric hindrance for intrachain π-orbital 
delocalization, which is known to reduce the efficient charge 
transport.[61,63]

Thin films of compounds 1 and 2 were deposited by solution-
shearing following the previously reported methodology.[51,64–65] 
The cover blade was held in place with the top vacuum stage 
and the (2-phenylethyl)trichlorosilane (PETS)-treated SiO2/Si 
substrates were fixed to the bottom stage. The substrate stage 
was heated to the desired temperature. The compound 1 and 2 
chlorobenzene solutions were confined to the meniscus-shaped 
gap formed by these two plates and the organic semiconductor 
crystalline films were fabricated onto the substrates as the cover 
blade moved along the substrate at a fixed speed. Thin film 

morphologies were characterized by polarized optical micro-
scope (POM) and atomic force microscope (AFM). As seen 
in POM (Figure  5a), solution-sheared compound 1 film con-
sists of aligned ribbon-like crystals, whereas compound 2 film 
exhibits discrete and small-sized crystals in fibers. Also, com-
pound 1 crystals are of consistent color, potentially indicating 
the organized molecular packing inside the crystals. AFM 
images were captured using the taping mode with a scanning 
area of 20 × 20  μm (Figure  5b), featuring the same crystallite 
shapes obtained by POM. The long ribbon-like morphologies 
of compound 1 become distinctly oriented along the shearing 
direction, separated by pronounced boundaries. However, com-
pound 2 films form discrete irregular domains that are ran-
domly distributed, which displays the less crystalline features 
with much smaller aggregated domains from the morphology 
analysis. It was thus evident that to obtain the aligned ribbon-
like domain, the π-spacer linkage is critical in the studied 
DTTR-based organic semiconductors system.

Figure 4.  a) Oxidation potential curves (in o-dichlorobenzene). b) Energy level schematic diagram of DFPT-DTTR (1) and DFPbT-DTTR (2). All poten-
tials reported are referenced to an Fc/Fc+ internal standard (set at + 0.6 V).

Figure 5.  a) POM and b) AFM height images of solution-sheared com-
pound 1 and 2 films.

Adv. Electron. Mater. 2022, 8, 2100648
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The sheared organic semiconductor films were also used to 
fabricate the top-gate bottom-contact (TGBC) OFET devices to 
examine the charge transport properties. Figure 6a illustrates the 
transfer curves of both OFET devices based on solution-sheared 
film, measuring at a drain voltage (Vg) of −100 V and sweeping 
gate voltage range of 0 to −100  V. It should be noted that the 
channel direction of all tested OFETs is parallel to shearing direc-
tion. Representative semilogarithmic and square root plot of 
drain current (Id) versus Vg are provided. A negative Vg modu-
lates the charge carrier transfer demonstrating the prominent 
p-type behavior; hole transport metrics extracted from electrical 
characteristics are collected in Table 2. The output characteristics 
(Id vs Vd at different negative Vg values; Figure  6b,c) indicated 
that all OFETs operated in the typical p-channel enhancement 
mode and exhibited the pinch-off with good current saturation. 
The slope and intercept of linear fits to the Id

1/2−Vg data provide 
the fitting for field effect mobility and threshold voltage (Vth) 
when evaluated in the saturation region of OFET model. Com-
pound 1 had better hole mobility with a maximum (μmax) and 
average (μavg) at 0.48 and 0.23 ± 0.09  cm2 V−1 s−1, respectively, 
Vth of −25.8 ± 14.2  V  with a good Id modulation of 104−106. In 
contrast, compound 2 OFET exhibited μmax/μavg of 1.82 × 10−3/
(8.40 ± 6.95) × 10−4 cm2 V−1 s−1, threshold voltage (Vth) of −5.2 ±  
8.2 V and ON/OFF current ratio (ION/IOFF) of 102−104. The field 
effect mobility of compound 1 was around 300 times higher 
than that of compound 2 under dark conditions. Therefore, tai-
loring the π-conjugated moieties in linkage arms can modify 
the degree of steric hindrance and charge transport mobilities. 
We hypothesize that the poor electrical performance of com-
pound 2 is related to the bithiophene spacer which disturbs 
the π–π stacking in the more twisted compound 2. In addition, 
a certain degree of non-linearity in the transfer characteristics 
(Id

1/2−Vg curve) can be observed, and the channel mobility cal-
culated shows that it increases slowly but up to a constant value 
when measured as function of Vg, as shown in Figure S10 in 
the Supporting Information. Therefore, the calculated measure-
ment reliability factor (r) as well as effective mobility (μeff) are 

listed in Table  2 to prevent the mobility overestimation during 
the mobility extraction in our OFETs.[66–67] Although those re-
estimated μeff values are slightly lower than μmax, both trends in 
mobilities are consistent with compound 1 much higher than 
compound 2. Besides, both storage stability in ambient (relative 
humidity: 40–50%; room temperature) and operational stability 
under continuous electrical bias are provided in Figure  7. The 
extracted relative changes in mobility of both compound 1 and 
2 over time (measured for 15 days, Figure 7a) exhibit the stable 
electrical properties of the unencapsulated device during storage 
in ambient. The measured transfer curves and the threshold 
voltage shift (ΔVth) over stress time are given in Figure S11 in 
the Supporting Information and Figure 7b, respectively. Remark-
ably, compound 1 OFET undergoes a much lower ΔVth than that 
observed for compound 2, which saturates at ΔVth of ≈−10 V.

The crystallographic information from 2D grazing-incidence 
X-ray diffraction (GIXRD) was used to clarify the charge trans-
port properties of the organic semiconductor films, as shown in 
Figure  8. These two compounds generate several distinct high 
order spots in the direction of qz (out-of-plane), implying a highly 
crystalline structure. Note that the second- and fourth-order peaks 
of compound 1 are barely visible, possibly ascribed to the equal 
thickness of the two alternating layers of the lamellar packing 
that greatly reduces the scattering intensities of the even-order 
peaks.[68] The short diffraction arcs, especially for compound 1, 
observed throughout the pattern indicate a high degree of prefer-
ential orientation.[69] Both compound 1 and 2 diffraction patterns 
exhibit out-of-plane lamellar packing reflections identified starting 
at around 0.25 to 0.27 Å−1 and in-plane π–π reflection around 1.83 
to 1.74 Å−1, which corresponds to the lamellar stacking spacings 
of 25.1 and 23.4 Å, and π–π stacking distances of 3.4 and 3.6 Å, 
respectively. These results indicate that both compounds adopt 
an edge-on molecular packing in the crystal domains, with the 
linear alkyl side chains almost orthogonal to the substrate sur-
face. Both the lamellar distances were longer than the theoretical 
length of the fully extended undecyl side chains (15.0 Å), implying 
these side chains arrange in an interdigitated manner. Despite an 

Figure 6.  a) Transfer characteristics for compound 1 and 2 OFETs. Output characteristics for b) compound 1 and c) 2 OFETs.

Table 2.  Summary of OFET devices characteristics based on solution-sheared compound 1 and 2 films.

Compound μmax [cm2 V−1 s−1] μavg [cm2 V−1 s−1] r [%] μeff [cm2 V−1 s−1] ION/IOFF [–] Vth [V]

DFPT-DTTR (1) 0.48 0.23 ± 0.09 27 0.13 104–106 −25.8 ± 14.2

DFPbT-DTTR (2) 1.82 × 10−3 (8.40 ± 6.95) × 10−4 29 5.28 × 10−4 102–104 −5.2 ± 8.2

Adv. Electron. Mater. 2022, 8, 2100648
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analogous packing mode between these two compounds, the con-
trasting large compound 1 crystalline domains have shorter π–π 
distances as well as greater torsional rigidity. These may drive the 
macroscale aligned and connected compound 1 crystals in macro-
scale through the stronger π-stacking interaction even though the 
lower crystallinity of compound 1 (from the out-of-plane line cut 
profile of GIXRD; Figure S12, Supporting Information), resulting 
in the higher charge transport mobility.

3. Conclusion

In summary, two new alkylated DTTR-based small molecule 
analogs end-capped with FP units and bridged with thiophene 
and bithiophene rings were developed for solution-processed 
OFETs application. Variation of π-conjugated spacers is an effec-
tive structural modification strategy to manipulate the charge 
transport ability, demonstrated by compound 1 with a thio-
phene spacer having much higher mobility of 0.48 cm2 V−1 s−1  
with a high ON/OFF ratio of 104−106 compared to compound 
2 with a bithiophene spacer (1.82 × 10−3 cm2 V−1 s−1). The 
improved charge transport of compound 1 may be attrib-
uted to the less twisted molecular backbone, larger crystalline 
domains with better interconnected morphologies, and closer 
π–π stacking. Our studies reveal that the fused-ring connected 
alkylated DTTR central core with FP end-capping groups are 
important building blocks for solution-processed organic semi-
conductors and offer a better understanding of the effect of 
π-conjugated bridges on charge transport properties.

4. Experimental Section

General Procedures for Final Target Compounds (1–2): Details for 
the preparation of intermediates are provided in the Supporting 
Information. Under anhydrous and oxygen-free operating conditions, 
2.5 m n-BuLi (0.84  mL in hexanes, 2.10  mmol) at −78  °C was slowly 
added to the intermediate 8 or 10 (0.92  mmol)/30  mL THF, then after 
reacting for 1 h, tri-n-butylstannyl chloride (2.10  mmol) was added 
dropwise at −78  °C, returned to room temperature and reacted for 
12 h. Without purification, the THF was directly drained, and tetrakis-
(triphenylphosphine)palladium (0.037  mmol)/20  mL toluene and 
2-bromo-5-pentafluorophenylthiophene (2.1  mmol)/30  mL toluene 
were added to the reaction flask and reflux for two days. The reaction 
was terminated with the addition of water and the solid was filtered, 
rinsed with hexanes, and recrystallized from toluene to yield the final 
compound.

Synthesis of DFPT-DTTR (1): The title compound was obtained as an 
orange solid (yield = 55%). Mp: 169 °C. 1H NMR (500 MHz, CDCl3): δ 
7.54 (d, J = 3.9 Hz, 2 H), 7.24 (d, J = 3.9 Hz, 2 H), 2.96 (t, J = 7.9 Hz, 4 H),  
1.83–1.77 (m, 4 H), 1.37–1.25 (m, 32 H), 0.87 (t, J  = 6.9  Hz, 6 H).  
13C NMR (125  MHz, CDCl3): δ 145.17–145.02, 143.31, 143.21–143.00, 
141.15–141.00, 139.46–139.40, 139.27–138.90, 137.37–137.11, 133.96,  
130.71–130.62, 130.48, 129.09, 126.23, 109.99–109.71, 31.93, 29.67–29.01,  
22.67, 14.01. 19F NMR (282  MHz, CDCl3): δ-139, –155, –161. MS 
(HR-MALDI, m/z) calcd. for C50H50F10S5: 1000.2356. Found: 1000.2351.

Synthesis of DFPbT-DTTR (2): The title compound was obtained as a 
red solid (yield = 67%). Mp: 165 °C. 1H NMR (500 MHz, CDCl3): δ 7.47 
(d, J = 3.7 Hz, 2 H), 7.21 (d, J = 3.8 Hz, 2 H), 7.19 (d, J = 3.8 Hz, 2 H), 
7.07 (d, J = 3.6 Hz, 2 H), 2.92 (t, J = 7.9 Hz, 4 H), 1.82-1.76 (m, 4 H),  
1.37–1.26 (m, 32 H), 0.87 (t, J  = 6.9  Hz, 6 H). 13C NMR (125  MHz, 
CDCl3): Insufficiently soluble to obtain a spectrum even at 55  °C. 19F 
NMR (282 MHz, CDCl3): δ-139, -155, -161. MS (HR-MALDI, m/z) calcd. 
for C58H54F10S7: 1164.2111. Found: 1164.2105.

Figure 7.  a) Relative mobility value of the OFETs after different storage times. b) The threshold voltage shift of the OFETs as a function of bias stress 
time.

Figure 8.  2D scattering patterns for solution-sheared a) compound 1 and b) 2 films determined by GIXRD.
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OFET Devices Fabrication and Characterization: The fabrication of OFETs 
was according to previous procedures,[51,64–65] using solution-shearing 
from 3  mg mL−1 1 or 2 solutions dissolved in chlorobenzene at room 
temperature onto PETS-treated 300  nm SiO2/Si substrates. A droplet 
(15  μL) of the solutions was injected into the gap between the upper 
coating blade and substrate at a deposition temperature of 60−90 °C on 
the heated stage where the pulling speed was maintained at 10–60 μm s−1. 
The fabricated organic semiconductor films were then annealed at 80 °C 
overnight under vacuum and a top-contact 50 nm thick Au electrode was 
deposited through a shadow mask at a deposition rate of ≈1 Å s−1 and 
chamber pressure of 1 × 10−6 torr. The channel length (L) and width (W) 
were 25 and 1500  μm, respectively. The electrical characterization was 
measured at room temperature using a Keithley 4200-SCS semiconductor 
parameter analyzer inside the inert atmosphere of a nitrogen glove box. 
The measured transfer curves were analyzed to determine the OFET 
parameters, including filed effect mobility (µ), Vth, and current ON/OFF 
ratio (ION/IOFF), using the general metal-oxide-semiconductor (MOS) 
transistor formula for a saturation region. The average parameters were 
calculated from more than ten independent device cells.

Supporting Information
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