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Abstract

:

Solution-processable [1]benzothieno[3,2-b]benzothiophene (BTBT) derivatives with various end-capping groups, 2-(phenylethynyl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (Compound 1), 2-octyl-7-(5-(phenylethynyl)thiophen-2-yl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (Compound 2), and triisopropyl((5-(7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)thiophen-2-yl)ethynyl)silane (Compound 3), have been synthesized and characterized as active layers for organic field-effect transistors (OFETs). Thermal, optical, and electrochemical properties of the newly synthesized compounds were characterized using thermogravimetric analysis (TGA), a differential scanning calorimeter (DSC), UV–vis spectroscopy, and cyclic voltammetry (CV). Thin films of each compound were formed using the solution-shearing method and the thin film surface morphology and texture of the corresponding films were characterized using atomic force microscopy (AFM) and θ–2θ X-ray diffraction (XRD). All semiconductors exhibited p-channel characteristics in ambient and Compound 1 showed the highest electrical performance with a carrier mobility of ~0.03 cm2/Vs and current on/off ratio of ~106.
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1. Introduction


Recently, research on solution-processable organic semiconductors (OSCs) has featured due to their intrinsic characteristics such as large-area processability, flexibility, and low cost [1,2,3,4,5,6,7,8,9]. The OSCs have been applied in various devices such as organic light-emitting diodes (OLED), sensors, radio-frequency identification (RFID) tags, and organic field-effect transistors (OFETs) [4,10,11,12,13,14,15,16]. For this purpose, considerable efforts have been made to develop new OSCs with air stability and high electrical performance. In particular, many researchers have paid more attention to π-conjugated small molecules than to polymeric molecules, because small molecular semiconductors are relatively easier-to-modify functional groups, more adaptable to solution process, and of higher purity levels than their counterparts [17,18,19,20]. The objective of the research performed for the development of small molecular OSCs is mainly to improve the π-orbital coupling in molecular crystals, hence the electronic transport of the corresponding compounds.



Among various chemical moieties employed in small molecular OSCs, [1]benzothieno[3,2-b]benzothiophene—(BTBT) is a favorable core structure used in OFETs with high electrical performance [21,22,23,24,25,26,27,28]. The BTBT core consists of four succeeding aromatic rings in a fused manner. Their extensive conjugated system contributes to the sufficient structural distribution for the highest occupied molecular orbital (HOMO) for efficient π-orbital overlap. In addition, unlike conventional thienoacene-based materials, BTBT derivatives generally exhibit ambient stability due to large band gaps (>3 eV). For example, Yuan et al. reported overwhelming field-effect mobility as high as 43 cm2/Vs for 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) [29]. Moreover, 2-decyl-7-phenyl-[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT C10) reported by Lino et al. showed mobility as high as 22.4 cm2/Vs based on thin films formed via spin coating [30,31]. In addition, C13-BTBT reported by Amin et al. showed mobility up to 17.2 cm2/Vs [26] and C12-Ph-BTBT with highly ordered liquid crystalline phases which exhibited mobility up to 8.7 cm2/Vs [22].



In recent years, many studies have reported that attaching appropriate end-capping groups to small molecular OSCs could enhance electrical performance as well as the solution processability of the corresponding compounds [32,33,34,35]. Furthermore, in some cases, they could prevent side reactions such as oxidation and polymerization, while affording ambient stability and promoting dense molecular packing [35]. Several researchers have also demonstrated that attaching olefinic or acetylenic linkage between core and functional groups to the molecules is beneficial for the extension of π-conjugation length and the optimization of planar structures [36,37,38,39,40,41,42,43,44,45]. In particular, the introduction of acetylenic linkage showed multiple advantages such as higher oxidation potential and lower highest occupied molecular orbital (HOMO) from the weak electron withdrawing nature of the corresponding group [38,43,46]. Furthermore, its cylinder-like π-electron density is more flexible to conformational and steric constraints [47,48]. For instance, Silvestri et al. demonstrated that an anthracene-based compound linked by acetylene exhibited three times greater mobility than that linked by olefin [43].



In this study, we have synthesized three BTBT derivatives, 2-(phenylethynyl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (Compound 1), 2-octyl-7-(5-(phenylethynyl)thiophen-2-yl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (Compound 2), and Triisopropyl((5-(7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)thiophen-2-yl)ethynyl)silane (Compound 3) (Figure 1). Physicochemical properties of the three synthesized compounds were investigated using thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), UV–vis spectroscopy, and cyclic voltammetry (CV). Theoretical calculation was performed to determine HOMO/LUMO energy levels. Then, atomic force microscopy (AFM) and X-ray diffraction (XRD) were utilized for the investigation of surface morphology and the texture of the thin films. Finally, electrical performance of all compounds was investigated by fabricating and characterizing OFETs based on solution-sheared OSC films. Compound 1, with the BTBT core and phenyl group linked by the acetylenic bond, showed the highest hole mobility up to ~0.03 cm2/Vs and current on/off ratio of over 106 with decent long-term ambient stability.




2. Materials and Methods


2.1. Materials and Methods


All compounds came from commercial suppliers and were used without purification. Argon atmosphere, oven-dried glassware, and anhydrous solvents were used for air/moisture sensitive reactions. Unless otherwise noted, all compounds were purchased from commercial sources and used without further purification. 2-Iodobenzo[b]benzo[4,5]thieno[2,3-d]thiophene [49] and 2-(5-iodothiophen-2-yl)-7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophene [50] were prepared following synthetic procedures in the literature. Solvents were freshly distilled or dried by passing through an alumina column. The synthesized compounds were characterized according to general analytical methods, as described in previous work [51].




2.2. Synthesis


2.2.1. Synthesis of 2-(Phenylethynyl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (1)


2-Iodobenzo[b]benzo[4,5]thieno[2,3-d]thiophene (100 mg, 0.273 mmol), ethynylbenzene (69.7 mg, 0.683 mmol), copper(I) iodide (1 mg, 5.25  μ mol), and Pd(PPh3)4 (15.8 mg, 0.0137 mmol) were dissolved in triethylamine (TEA, 20 mL). The mixture was stirred at 50 °C for 24 h under nitrogen. The reaction was quenched by water and extracted with CH2Cl2. The organic layer was dried over anhydrous MgSO4 and removed under reduced pressure. The resulting crude product was purified via flash column chromatography on silica gel using hexanes as the eluent to afford Compound 1 as a white solid (24.4 mg, 26%). 1H NMR (400 MHz, CDCl3): δ 8.08 (s, 1H), 7.92–7.82 (m, 3H), 7.60–7.54 (m, 3H), 7.47–7.34 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 142.5, 142.3, 137.5, 134.8, 133.4, 133.0, 132.8, 131.7, 128.5, 128.4, 127.2, 125.4, 125.1, 124.2, 123.2, 121.8, 121.5, 120.0, 90.3, 89.5. HRMS-El(m/z): [M + H+] calcd. for C22H13S2, 341.0453; found, 341.0456.




2.2.2. Synthesis of 2-Octyl-7-(5-(phenylethynyl)thiophen-2-yl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (2)


2-(5-Iodothiophen-2-yl)-7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophene (150 mg, 0.268 mmol), ethynylbenzene (69.7 mg, 0.683 mmol), copper(I) iodide (3 mg, 0.0158 mmol), and Pd(PPh3)4 (15 mg, 0.0130 mmol) were dissolved in TEA (20 mL). The mixture was stirred at 50 °C for 24 h under nitrogen. After cooling, the mixture was extracted with CH2Cl2 and dried using anhydrous MgSO4. The solvent was removed in vacuo and the residue was purified using flash column chromatography on silica gel to afford Compound 2 (110 mg, 77%). 1H NMR (400 MHz, CDCl3): δ 8.09 (d, J = 1.4 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.70 (s, 1H), 7.66 (dd, J = 8.5, 1.6 Hz, 1H), 7.54–7.51 (m, 2H), 7.37–7.25 (m, 6H), 2.76 (t, J = 7.8 Hz 2H), 1.74–1.67 (m, 2H), 1.39–1.28 (m, 10H), 0.88 (t, J = 6.9 Hz 3H). 13C NMR (101 MHz, CDCl3) δ 145.6, 143.1, 142.9, 140.7, 137.4, 134.3, 133.4, 133.1, 133.0, 132.5, 131.5, 131.1, 130.7, 128.4, 126.1, 123.4, 123.3, 123.1, 123.0, 121.7, 121.3, 121.0, 94.2, 82.9, 36.2, 31.9, 31.6, 29.5, 29.3, 29.2, 22.6, 14.0. HRMS-El(m/z): [M + H+] calcd. for C34H31S3, 535.1582; found, 535.1586.




2.2.3. Synthesis of Triisopropyl((5-(7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)thiophen-2-yl)ethynyl)silane (3)


2-(5-Iodothiophen-2-yl)-7-octylbenzo[b]benzo[4,5]thieno[2,3-d]thiophene (100 mg, 0.178 mmol), triisopropylsilylacetylene (0.1 mL, 0.445 mmol), copper(I) iodide (4 mg, 0.0178 mmol), and Pd(PPh3)4 (10.3 mg, 8.9  μ mol) were dissolved in TEA (15 mL). The mixture was stirred at 50 °C for 20 h under N2 atmosphere. The reaction was quenched by water and extracted with CH2Cl2. The organic layer was dried over anhydrous MgSO4 and removed under reduced pressure. The resulting crude product was purified via flash column chromatography on silica gel using hexanes to afford Compound 3 as a pale-yellow solid (90 mg, 82%). 1H NMR (400 MHz, CDCl3): δ 8.05 (d, J = 0.9 Hz, 1H), 7.80–7.78 (m, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.68 (d, J = 3.2 Hz, 1H), 7.61 (dd, J = 8.2, 1.4 Hz, 1H), 7.26 (dd, J = 8.2, 1.4 Hz, 1H), 7.21 (dd, J = 5.5, 4.1 Hz, 2H), 2.74 (t, J = 7.5 Hz, 2H), 1.71–1.64 (m, 2H), 1.43–1.26 (m, 10H), 1.14–1.13 (m, 21H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 145.3, 143.0, 142.8, 140.7, 134.2, 133.7, 132.8, 132.5, 131.0, 130.5, 126.1, 123.4, 123.1, 123.0, 123.0, 121.7, 121.4, 120.9, 99.6, 96.8, 36.2, 32.0, 31.8, 29.6, 29.5, 29.4, 22.8, 19.0, 18.8, 14.2, 11.4. HRMS-El(m/z): [M + H+] calcd. for C37H47S3Si, 615.2604; found, 615.2601.





2.3. Theoretical Calculation


Density functional theory (DFT) calculations for BTBT derivatives were performed to estimate optimized molecular structure and HOMO/LUMO energy of the corresponding compounds using the B3LYP method (Becke’s 3 parameters, the Lee–Yang–Parr) with 6–31G(d) basis sets as implemented in the Gaussian 09W program.




2.4. Device Fabrication


The OFETs were fabricated with a top-contact/bottom-gate (TC/BG) architecture. Highly n-doped silicon wafers with a 300-nm-thick thermally grown SiO2 gate dielectric layer (capacitance per unit area Ci = 11.4 nF/cm2) were used as substrates. The substrates were cleaned via sonication in acetone and isopropyl alcohol for 15 min each, followed by O2 plasma for 10 min (Harrick Plasma, 18 W). For the treatment of PS (polystyrene) brush, hydroxy-functionalized PS (Mw = 32 kg/mol) was used to form a hydrophobic surface of the substrates for the following film-forming process of the organic semiconductors. Then, the BTBT-based semiconductor films were formed via the solution-shearing (SS) method on the substrates with varying processing conditions (concentration of semiconductor solutions, solvents, substrate temperature, and shearing speed). After the optimized solution-shearing process, the substrates were annealed in a vacuum oven at 90 °C for 2 h to remove the residual solvent. The thickness of the semiconductor films (100–150 nm) was measured using atomic force microscopy (AFM). Finally, source and drain electrodes (gold; 30 nm) were evaporated through a shadow mask with a channel length/width of 100 μm/500 μm.




2.5. Device and Film Characterization


The device performance of OFETs was characterized using Keithley 4200 SCS equipped with a probe station. All electrical characterizations were performed in ambient environment. Charge carrier mobilities (μ) were calculated in the saturation regime by the following formula: µsat = (2IDSL)/[WCi(VG − Vth)2], where IDS is the current of source drain, and L and W stand for the channel length and width, respectively. Ci is the areal capacitance, VG is the gate voltage, and Vth is the threshold voltage. The device performance parameters were obtained from the average value of twelve devices [52,53]. The surface morphology and microstructure of semiconductor thin films were characterized using an atomic force microscope (AFM, Park System, XE 7, non-contact mode, Santa Clara, CA, USA) and X-ray diffractometer (XRD, Bruker, D8 Advance, Billerica, MA, USA), respectively.





3. Results


3.1. Thermal, Optical, and Electrochemical Properties


Thermal properties of BTBT-based compounds were characterized using thermogravimetric analysis (TGA) (Figure S1) and differential scanning calorimetry (DSC) (Figure S2). Compounds 1, 2, and 3 exhibited decomposition temperatures (5% weight loss) of 257, 369, and 336 °C, respectively (Table 1). Due to their extended organic molecular structures, all compounds showed high thermal stability. However, Compound 1 showed a slightly lower decomposition temperature than those of Compounds 2 and 3 due to the absence of the octyl side chain and thiophene ring that the others had [35,54]. In the DSC measurements, the BTBT derivatives showed sharp endotherms above 212, 214, and 158 °C, respectively (Table 1). Compound 3 exhibited relatively lower melting temperatures than Compounds 1 and 2, which could be ascribed to bulky functional groups attached to the BTBT core.



The optical properties of the developed compounds in diluted chloroform solution were measured using UV–Vis spectroscopy (Figure 2). The maximum absorption wavelengths for each compound were observed at 335, 375, and 368 nm, respectively. As shown in Figure 2, Compounds 2 and 3 exhibited red-shifted maximum absorption peaks compared to Compound 1, owing to the extended conjugation length attributed to the presence of thiophene rings (vide infra). Compound 2 particularly showed a slightly red-shifted maximum absorption peak compared to Compound 3 due to the existence of the phenyl group. Furthermore, the band gap energy (Egap) estimated from the onset wavelengths of each compound were 3.34, 2.96, and 3.06 eV, respectively (Table 1).



As shown in Figure S3, the oxidation peaks for three compounds were 1.36, 0.82, and 1.14 V, respectively. Using the ferrocene/ferrocenium internal standard, experimental values of the highest occupied molecular orbital (HOMO) levels (EHOMO) could be obtained by using the ferrocene/ferrocenium internal standard with the regular formula:


EHOMO (eV) = −e(Eoxonset − EFc/Fc+onset) − 4.80 eV











In the formula, Eoxonset is the onset potential of the oxidation process. Experimental values of HOMO levels were estimated as −5.70, −5.16, and −5.48 eV for Compounds 1–3, respectively. Compounds 2 and 3 showed higher HOMO energy levels than Compound 1 because the added thiophene rings of Compounds 2 and 3 could act as electron donors [55,56]. The lowest unoccupied molecular orbital (LUMO) levels could be determined from HOMO levels and the band gap energy of each compound as −2.36, −2.20, and −2.42 eV for Compounds 1–3, respectively.




3.2. Theoretical Calculation


To characterize HOMO/LUMO energy distribution and the molecular structure of BTBT-based derivatives, a density functional theory (DFT, B3LYP) calculation was performed. As shown in Figure S4, HOMO and LUMO orbitals of Compounds 2 and 3 are dispersed on the main BTBT core and thiophene rings and barely distributed on the octyl side chain, indicating that the alkyl side chains of each compound had little influence on energy distribution [57,58]. The theoretically estimated HOMO/LUMO energy of Compounds 1–3 were −5.41/−1.71 eV for Compound 1, −5.18/−1.83 eV for Compound 2, and −5.30/−1.77 eV for Compound 3, respectively. The calculated band gap energies were 3.70, 3.35, and 3.53 eV for Compounds 1, 2, and 3, respectively. Although theoretically determined values, including HOMO and LUMO energy levels and the energy band gap, afforded a slight difference from experimental values, a similar trend was observed (vide supra).




3.3. Thin Film Microstructure and Morphology


Wide-angle X-ray diffraction (XRD) and atomic force microscopy (AFM) were utilized to determine film texture and surface morphology of semiconductor films. As shown in Figure 3a, an XRD diffraction pattern of the thin films of Compound 1 exhibited several diffraction peaks with relatively high peak intensities, indicating that the thin films of Compound 1 have a relatively highly ordered microstructure. In contrast, the thin films of Compounds 2 and 3 showed weak (001) reflection without any other reflections, showing relatively poor film texture (Figure S5). The primary diffraction peaks (001) of Compounds 1–3 were observed at 2θ = 4.99° (d-spacing = 17.7 Å) for Compound 1, 2θ = 3.15° (d-spacing = 28.0 Å) for Compound 2, and 2θ = 3.49° (d-spacing = 25.0 Å) for Compound 3, respectively. The theoretically calculated molecular lengths obtained via DFT calculation were 18.0 Å for Compound 1, 31.5 Å for Compound 2, and 31.3 Å for Compound 3, respectively. The fact that the d-spacing value of Compound 1 is almost the same as for the molecular length of the corresponding compound indicates that molecules are almost vertically aligned on the surface along the substrate normal, affording enhanced molecular orbital overlap. On the contrary, d-spacing values of Compounds 2 and 3 were smaller than the calculated molecular lengths, showing an arrangement of corresponding molecules in the thin film with a tilted angle along the substrate normal.



In the case of film surface analysis, non-contact mode AFM was performed to characterize the morphologies of the solution-sheared thin films for Compounds 1–3. As shown in Figure 3b, the thin film of Compound 1 exhibited a terrace-like morphology and larger grain size. On the other hand, the thin films of Compounds 2 and 3 showed relatively poor surface morphologies with large voids (Figure S5). Based on film microstructure and morphology analyses, thin films of Compound 1 with high film texture and large grains would perform better in OFETs compared to Compound 2 and 3 [59,60].




3.4. Thin Film Transistor Characterization


To estimate the charge carrier properties of the BTBT derivatives, top-contact/bottom-gate OFETs with BTBT derivatives were fabricated via the solution-shearing method on PS-brush-treated Si/SiO2 substrates. All the fabricated devices exhibited p-channel characteristics (Table 2). Among the three compounds, Compound 1 exhibited the highest electrical performance of ~0.03 cm2/Vs (Figure 4). Although Compounds 2 and 3 have more extended conjugation lengths than Compound 1, they exhibited lower electrical performance (0.006–0.007 cm2/Vs) than Compound 1 (Figure S6). Their lower electrical performance can be attributed to the poor film microstructure and morphology via reduced molecular packing and the intermolecular π-π interaction from steric hindrance around the thiophene rings and end-capping groups of Compounds 2 and 3. Finally, the fabricated device based on Compound 1 showed negligible degradability after storage for 30 days, demonstrating the long-term air stability of the corresponding compound (Figure S7).





4. Conclusions


To sum up, we have developed and characterized three new [1]benzothieno[3,2-b]benzothiophene (BTBT)-based small molecular p-type organic semiconductors with various functional groups. All synthesized compounds exhibited decent solution processability, ambient stability, and transistor performance. In addition, XRD and AFM data for Compound 1 showed well-ordered microstructure and terrace-like thin film morphology with good inter-grain connectivity. OFET devices were fabricated using the solution-shearing method. Compound 1 in particular exhibited the highest electrical performance up to ~0.030 cm2/Vs and a current on/off ratio > 106 in an ambient condition. Hence, our study suggests that the BTBT core with proper end-capped groups could be a promising moiety for the further development of solution-processed OSCs.
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Figure 1. Chemical structures of BTBT derivatives synthesized in this study. 
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Figure 2. Optical absorption spectra of Compounds 1–3. 
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Figure 3. (a) XRD graph and (b) AFM topographic image of solution-sheared film of Compound 1. 
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Figure 4. (a) Transfer and (b) output characteristics of the OFETs based on Compound 1. 
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Table 1. Thermal, optical, and electrochemical properties of BTBT derivatives.
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	DSC

Tm (°C) a
	TGA

Td (°C) b
	UV–Vis

λmax (nm) c
	Egap

(eV) d
	Eoxonset

(eV) e
	HOMO

(eV) e
	LUMO

(eV) f





	1
	212
	257
	335
	3.34
	1.36
	−5.70
	−2.36



	2
	214
	369
	375
	2.96
	0.82
	−5.16
	−2.20



	3
	158
	336
	368
	3.06
	1.14
	−5.48
	−2.42







a Melting temperature, b decomposition temperature (5%), c measured in chloroform solution, d band gap was estimated using the tangent line at the onset of UV–Vis spectra, e measured via cyclic voltammetry in CH2Cl2 at room temperature (using ferrocene/ferrocenium as internal standard), f ELUMO = EHOMO + Egap.
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Table 2. OFET device performance based on the thin films of BTBT derivatives.
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	Compound
	µmax (cm2/Vs)

(µavg (cm2/Vs))
	Ion/Ioff
	Vth (V)





	1
	0.024 ± 0.006

(0.030)
	(6.6 ± 2.0) × 106
	−18 ± 4.0



	2
	0.0062 ± 0.0002

(0.0064)
	(5.0 ± 0.8) × 106
	−23 ± 4.0



	3
	0.0067 ± 0.0003

(0.0070)
	(3.5 ± 1.3) × 103
	−29 ± 5.0







µ: hole mobility, Ion/Ioff: current on/off ratio, Vth: threshold voltage. The average values were obtained from 12 devices.
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