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Crystalline thin films of π-conjugated molecules are relevant as the active layers in organic electronic devices. Therefore, materials with enhanced control over the supramolecular arrangement, crystallinity, and thin film morphology are desirable. Here, we report that hydrogen-bonded substituents serve as additional structure-directing elements that positively affect crystallization, thin film morphology, and device performance of ptype organic semiconductors. We observed that a quaterthiophene diacetamide exhibited a denser packing than other quaterthiophenes in the single-crystal structure and, as a result, displayed enhanced intermolecular electronic interactions. This feature was preserved in crystalline thin films that exhibited a layer-by-layer morphology with large domain sizes and high internal order. As a result, organic fieldeffect transistors of these polycrystalline thin films showed mobilities in the range of the best mobilities values reported for singlecrystalline quaterthiophenes. The use of hydrogen-bonded groups may, thus, provide an avenue for organic semiconducting materials with improved morphology and performance.

Introduction

Crystalline thin films of π-conjugated molecules have emerged as efficient semiconductors in electronic devices such as organic field-effect transistors (OFETs), [1][2][3][4] photovoltaics, [5] light-emitting diodes, [6] chemical sensors, [7] and other electronic devices. [8,9] Both a large intermolecular π-overlap and macroscopically continuous charge percolation paths are required for good semiconducting properties. Therefore, materials with an enhanced control over the supramolecular arrangement of the π-conjugated segments within the crystal structure, the size of the crystalline domains, and the thin-film morphology are desirable. To this end, the modification of the π-conjugated cores themselves, variation of molecular architectures (for instance, linear, cyclic, or branched cores), decoration with nonfunctional solubilizing groups (mostly linear or branched alkyl substituents), or the application of different processing techniques (such as sublimation, spin-or dip-coating, or guided crystallization) have been explored. [2,3,10,11] It has recently been demonstrated that a high degree of short-range intermolecular order is an important performance parameter in the case of polymer semiconductors. [12] Hydrogen-bonded templates and substituents have proven to be useful structure-directing groups to establish strong and specific intermolecular interaction that guide crystallization or supramolecular self-organization. [13][14][15][16][17][18][19] Nevertheless, the effect of hydrogen-bonded functional groups on the structure and properties of organic semiconductors in the solid-state has not been extensively investigated until recently, supposedly because they were suspected to serve as trap states. [20] The effect of hydrogen-bonded groups on the chargecarrier mobility of certain sexithiophenes [21] and naphthaline diimides [22] in OFETs was investigated but no improvement of device performance as was observed. An α,ω-hydroxypropylsubstituted sexithiophene was found to exhibit enhanced layerby-layer thin film growth and was successfully used in thin-film devices. [23] Hydrogen bonding has been applied in the solutionphase self-assembly of oligothiophene derivatives into onedimensional aggregates; [24][25][26][27][28][29][30][31] but while field-effect devices have been used in some cases to determine the properties of the obtained aggregates, the specific role of hydrogen bonding for coworkers even found that the N-unsubstituted octachloroperylene bisimide was an efficient n-type organic semiconductor, as a consequence of the dense "brickwork" crystal structure induced by the hydrogen-bonded imides. [36] Similar beneficial effect of hydrogen bonding has also been observed for low band gap polymers with hydrogen-bonded side chains. [37] Notably, Głowacki et al. systematically studied hydrogen-bonded π-conjugated compounds has chargetransport materials in organic field-effect transistors. [38,39] For example, that OFETs printed from intermolecularly N-H ••• O=C hydrogen-bonded heteroacene pigments showed field-effect mobilities as high as 1.5 cm 2 V -1 s -1 and good device life times even under ambient conditions. [40,41] In all of these experimental examples, the hydrogen bonding sites were part of and in plane with the respective π-conjugated systems.

Here, we demonstrate that terminal hydrogen-bonded substituents are a way to guide and improve crystallization of calamitic π-conjugated molecules, affect thin film morphology, and improve the device performance of the resulting p-type organic semiconductors. We observed that the crystalline quaterthiophene diacetamide 1 (Figure 1a) exhibited a noticeably denser packing of the molecules in the unit cell and improved π-interactions as compared to other quaterthiophenes, [42][43][44] including the closely related quaterthiophene diacetate 2. We found this feature to be preserved in the structure of crystalline thin films of which the morphology and domain sizes can be tuned depending on the deposition conditions and dielectric surface pretreatment. As a result, field-effect transistors fabricated from these polycrystalline thin films revealed average mobilities of up to 0.18 cm 2 V -1 s -1 , which is almost two orders of magnitude higher than those of than the reference compound 2 and, notably, in the same range as the best mobilities reported for a singlecrystalline quaterthiophene specimens to date. [45][46][47] The use of hydrogen-bonded side groups as an additional structuredirecting element may, thus, provide a general pathway towards novel organic and polymer semiconducting materials with improved morphology and performance.

Results and Discussion

Single-Crystal X-Ray Structure

In the quaterthiophene diacetamide 1, [48] the terminal acetamide functions offer the possibility of intermolecular N-HO=C hydrogen bonding. The solid-state infrared (IR) spectroscopy of 1 revealed strongly, resonance-enhanced amide hydrogen bonding at room temperature with characteristic amide A, I, and II absorption bands at 3280, 1636, and 1550 cm -1 , respectively, similar to the those observed in crystalline domains of polyamides (Supplementary Figure S1). [49] The amide groups are linked to the π-conjugated core via a short flexible spacer to decouple the respective packing requirements. Hydrogen bonding is indeed observed in the single-crystal structure of 1 and appears to induce an overall tighter packing of the quaterthiophene cores. This results in a noticeably smaller unit cell and increased π-interactions of neighboring molecules, as compared to the non-hydrogen-bonded quaterthiophene diacetate 2 and other quaterthiophene derivatives without hydrogen-bonded lateral substituents. 1 crystallized in flat needles or elongated platelets (Figure 1b) in the triclinic P (α-4T), [42] α,ω-dimethylquaterthiophene (DM4T), [43] or α,ω-dihexylquaterthiophene (DH4T). [44] Figure 1. a) Molecular structures of the quaterthiophene bisacetamide 1 and the corresponding diacetate 2. b) Polarized optical micrographs (under crossed polarizers) of single crystals of 1 c,d) ball-and-stick representations of the single-crystal X-ray structure of quaterthiophene diacetamide 1 (CCDC 976399) with a view along the crystallographic [110] axis, and an illustration of the CC, CS, and SS short contacts (in Ångstroms) between edge-to-face and parallel-displaced neighboring pairs of molecules (all hydrogen atoms except the amide hydrogens omitted for clarity).

Table 1. Comparison of the crystal structure of 1 (CCDC 976399) with the structures of the quaterthiophene diacetate 2 (CCDC 1043812), the low temperature polymorph of α-4T, [42] α,ω-dimethylquaterthiophene (DM4T), [43] and α,ω-dihexylquaterthiophene (DH4T).

[44] property [a] Angle between the mean planes of two edge-to-face interacting quaterthiophene cores; [b] angle of the quaterthiophene's long axis with respect to the layer normal; [c] area span between the a and b vectors of the unit cell divided by the number quaterthiophenes in this plane; [d] volume per quaterthiophene core calculated using the ab-area, tilt angle and distance between the quaterthiophene's αand ω-carbons.

The packing of 1 (Figure 1c), 2 (Supplementary Figure S2), and the other quaterthiophenes shared several common features (Table 1). In all cases, the quaterthiophene cores were placed into layers along the ab plane with their long axes oriented along the c axis, and they exhibited a herringbone arrangement with very similar herringbone and tilt angles. In the case of 1, however, the packing symmetry within the ab plane was broken because the molecules formed N-HO=C hydrogen-bonded chains along the crystallographic [110] direction. Each amide function thus participated in two slightly different hydrogenbonds (Supplementary Table S1). Most importantly, however, the volume per quaterthiophene unit in the quaterthiophene diacetamide was calculated to be 291 Å 3 and, hence, significantly smaller than for 2 (308 Å 3 ), as well as α-4T (307 Å 3 ) or DH4T (306 Å 3 ), that is, derivatives typically used in organic electronic devices (only DM4T with its entirely different intermolecular arrangement exhibited a comparable but still larger volume of 297 Å 3 per quaterthiophene). Considering how remarkably similar the volume per quaterthiophene is for 2, α-4T, and DH4T, despite the very different steric demand of their respective terminal substituents, it is tempting to assume that its value represents the "inherent" spatial demand of a π-π stacked quaterthiophene as a result of Van der Waals and quadrupolar interactions. From the direct comparison to the diacetate 2, the higher packing density in the case of 1 would hence appear to result from the additional hydrogen bonding interaction between the terminal acetamide substituents of 1. Consistent with this noticeably denser packing in the unit cell, the distances between both parallel-displaced π-π stacked neighbors and edge-to-face pairs were significantly reduced, as can be seen from the C•••C, C•••S and S•••S short contacts that were smaller than for other quaterthiophene derivatives with a layered herringbone packing, including reference compound 2 (Figure 1d).

DFT Computations of Electron Overlap Effects

We regard the higher packing density of the π-conjugated cores and the smaller short contacts in 1 as an important feature resulting from the hydrogen-bonded substituents, which could potentially result in an improved π-overlap and, consequently, better transport properties. In order to quantify the effect of packing density on the electronic structure of the investigated crystals, we developed an electronic compactness index based on the density overlap regions indicator (DORI). [50] As DORI is a density-based scalar field revealing regions of high-density overlap between atoms and molecules, the number of electrons encapsulated within an intermolecular DORI domain can be used to compare electronic overlap effects between corresponding sites in crystal lattices (Supplementary Figure S3). This new method has recently shown good correlation to experimental results and has the advantage of being less sensitive to small changes in the molecular geometry (e.g. DFT optimization level vs. experimental X-Ray structures) than the computation of charge transfer integrals. The compactness index was computed for different pairs of neighboring quaterthiophene cores within the ab plane, using the atom positions as determined for the crystal structures of 1, 2, α-4T, DM4T and D4HT (Figure 2). The DORI values for 1 were the highest of all quaterthiophenes for all pairs of nearest neighbors, with maximum values between edge-to-face pairs being more than 18% higher than for any of the reference compounds.

In marked contrast, the values for the non-hydrogen-bonded quaterthiophene diacetate 2 were low by comparison, which confirms that the formation of hydrogen bonds and the resulting denser packing of the quaterthiophene cores plays a decisive role for electronic overlap. [42] α-4T, d) DM4T, [43] and e) DH4T [44] (all hydrogen atoms and side chains omitted for clarity). The numbers and line widths represent the computed density overlap regions indicator (DORI) values of quaterthiophene pairs.

Interestingly, the symmetry breaking of the two-dimensional herringbone packing within a quaterthiophene layer in 1, caused by the intermolecular N-HO=C hydrogen bonding, does not seem to be reflected in the compactness index, as the DORI values were identical for all edge-to-face dimers. Closer inspection revealed that this fact was a coincidence, as integration domains differed in volume for hydrogen-bonded (52.8 Å 3 ) and non-bonded (54.5 Å 3 ) dimers, resulting in the expected higher average electron density for the former one.

Overall, the DORI results confirmed that hydrogen bonding in 1 induced a denser packing with improved π-interactions, as required for charge transport.

Thin-Film Growth, Morphology, and Structure

Crystalline thin-films of 1 suitable for the fabrication of organic field-effect transistors (OFETs) were prepared by physical vapor deposition at various substrate temperatures TS = 20-140°C onto three different types of substrates, that is, (i) bare p-doped silicon with a 200 nm thermal oxide layer (SiO2), (ii) the same substrate covered with a self-assembled monolayer of octadecyltrichlorosilane (OTS), as well as (iii) p-doped silicon covered with a 200 nm Si3N4 layer. Atomic force microscopy (AFM) imaging on thin-films deposited at TS = 24°C on SiO2 showed a high number of small, and supposedly amorphous grains with average diameters of 150 nm and heights of 1.5 nm covering the substrate (Supplementary Figure S4). By contrast, films obtained at higher substrate temperatures (TS = 60-140°C) followed Stranski-Krastanov growth mechanism (Supplementary Figures S5). The first layers showed two-dimensional growth into continuous layers up to a certain threshold thickness, followed by three-dimensional growth into needle-like features with an average height of 20 nm protruding from the SiO2 surface (Figure 3a, Supplementary Figure S6). The crystalline islands and terraces in thin-films of 1 exhibited a uniform height of 2.7 nm, matching the interplanar distance between the ab layers observed in the single-crystal structure of 1. Accordingly, these flat-on crystals appeared to comprise monolayers of 1 with the molecular long axis "standing up" on the substrate. Upon increasing the substrate temperature during evaporation to 120°C, the nucleation density estimated from the AFM images decreased by almost three orders of magnitude, while the grain size increased to several micrometers (Supplementary Figure S7). Moreover, the second and following layers appeared to form only once the surface coverage of the previous layer was almost complete, suggesting that the layer edges may be preferential sites for the adsorption of new molecules. Furthermore, layer-by-layer two-dimensional (Frankvan der Merwe type) versus needle-like growth was strongly favored on both OTS-treated SiO2 or Si3N4 substrates, as proven by AFM (Figure 3b-f) and bright-field transmission electron microscopy (BF-TEM) imaging (Figure 3g-i). In this way, micrometer-sized crystalline two-dimensional layers of 1 with a limited number of grain boundaries were obtained, originating either from a low nucleation density or a coalescence of adjacent domains with the same orientation on the substrate. Occasionally, large needles were observed that, unlike those on SiO2, extended parallel to the substrate and were composed of "edge-on" oriented lamellae according to high resolution TEM (HR-TEM) imaging (Figure 4a, Supplementary Figure S8). Notably, the thin-films of 1 hence differed in their morphology from those of α-4T or DH4T thin-films [51,52] by the remarkably straight grain/terrace boundaries of the micrometer-sized grains and the occurrence of needles. Previously, Campione et al. reported a similar coexistence of two-dimensional terraces and needles in certain α-4T thin-films grown on potassium monohydrogen phthalate single crystals using either hot-wall or molecular epitaxy. [53] In the present case, the pronounced morphological difference between films grown on bare SiO2 and those obtained on OTStreated surfaces (as well as Si3N4 substrates) indicates that a hydrophobic surface treatment is probably even because of the possible interaction of the hydrogen-bonded acetamide groups of 1 with hydrophilic surface functions. Selected-area electron and grazing incidence X-ray diffraction (SAED, GIXD) as well as X-ray reflectivity (XR) measurements confirmed that the dense packing observed in the single-crystal structure of 1 was preserved within the thin-films. SAED of films grown on OTS-treated SiO2 revealed mainly two patterns that, by comparison with calculated patterns from the single crystal structure, were attributed to a (001) contact plane within the 2D layers, and a (010) contact plane within the needles (Figure 4b, Supplementary Figure S9, Supplementary Table S2). This finding confirmed that the thin-films were indeed constituted from layers of 1 with the molecular long axis "standing up" relative to the substrate. Accordingly, XR scans revealed the typical series of 00L diffraction peaks of vertically ordered thin-films, exhibiting a period of Δqz = 0.243 Å -1 (Figure 5a), which corresponds to an interplanar distance d001 = 2π/Δqz ≈ 25.9 Å.

A typical GIXD pattern of films on OTS-treated substrates (Figure 5b, Supplementary Figure S10) showed peaks for a 2D powder with randomly oriented crystallites (as well as a peak corresponding to the long axis of 1, attributed to the needles with a molecular orientation parallel to the substrate, consistent with SAED and HR-TEM). A detailed analysis of the diffraction map allowed us to index the peaks, resulting in a triclinic unit cell with lattice parameters of a = 5.72 Å, b = 8.04 Å, c = 25.9 Å and α = 97.2°, β = 89.8°, and γ = 90.1°, in good agreement with the single crystal structure. S1), indicating the coexistence of a (001) and (00-1) contact plane.

In particular, the close match of the ab area values indicate that the dense packing observed in the single crystal structure of 1 (45.0 Å 2 ) was retained in the thin-films (46.0 Å 2 ). UV-vis absorption spectra of 1 deposited on fused silica (TS = 120°C) revealed absorption maxima at 342 and 365 nm, of which the latter had not been observed for either α-4T or DH4T thin-films, and they also exhibited a more pronounced fine-structure with shoulders at 401, 426, and 456 nm (Supplementary Figure S11). [52] Figure 5. a) Specular X-ray reflectivity (XR) measurements revealed a series of 00L reflection peaks with a period of 0.243 Å -1 , corresponding to an interplanar distance of 25.9 Å. b) Detailed view onto the 11L, 02L, 12L diffraction series in the grazing incidence X-ray diffraction (GIXD) pattern, with the expected reflections indicated.

Both observations qualitatively showed that the electronic interactions of the quaterthiophenes 1 resulting from its packing in the thin-films were indeed different from those of other quaterthiophenes.

Organic Field-Effect Transistors

Thin-films of 1 vapor-deposited at elevated substrate temperatures, in particular, on OTS-treated or Si3N4 substrates exhibited a highly promising morphology and internal crystal structure for two-dimensional charge transport. Therefore, we fabricated bottom-gate top-contact organic field-effect transistors (OFETs) with channel lengths from L = 5-200 µm from thin-films of 1 by thermal deposition of Au source and drain electrodes. The output curves as well as the transfer curves in the saturation regime (VD = -60 V) were measured independently in an inert atmosphere, in order to obtain the field-effect mobilities µ, current on-off ratios Ion/Ioff, and threshold voltages VT (Table 2). All devices showed typical OFET characteristics for organic ptype semiconducting materials (Figure 6, Supplementary Figures S12-S13). The devices prepared from thin-films on bare SiO2, with the exception of the sample obtained at a substrate temperature TS = 24°C, exhibited mobilities μ ≥ 10 -3 cm 2 V -1 s -1 and Ion/Ioff ratios of 10 3 -10 5 . The overall highest mobilities and on-off ratios were observed at substrate temperatures TS ≈ 120°C. Devices prepared on OTStreated substrates showed a significantly better performance by all measures than those on bare SiO2 substrates. Thin-films deposited at 120°C on OTS-treated substrates had average mobilities of up to 0.18 cm 2 V -1 s -1 , which in the same range as the highest mobilities previously reported for single-crystalline specimen. [45][46][47]54] Moreover, the devices exhibited good on-off ratios of Ion/Ioff = 10 5 as well as improved threshold voltages compared to devices on bare SiO2 substrates. The still large threshold voltages show that there is room for device optimization even in the case of the OTS-treated substrates. Nevertheless, it is important to note that only a small hysteresis behavior was observed when measuring the transfer characteristics in forward and reverse direction (Figure 6c, Supplementary Figure S13). This implies that the hydrogenbonded substituents in quaterthiophene 1 are not a major source of trap states.

When the optimal deposition conditions used for 1 (TS ≈ 120°C on OTS-treated substrates) were then employed for the reference compound quaterthiophene 2, the obtained thisn films were not continuous and exhibited islands, according to AFM imaging (Supplementary Figure S14). Consequently, transistors fabricated from these thin-films showed no detectable current. Given the obvious differences in thermal properties of 1 and 2 in thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), we found substrate temperatures as low as TS ≈ 40°C to result in an almost complete coverage of the substrate with a homogeneous film (Supplementary Figure S14). Transistors prepared from these thin-films resulted in average mobilities of up to 6.6 • 10 -3 cm 2 V -1 s -1 , which is almost two orders of magnitude lower than those observed for 1 (Table 2, Supplementary Figure S15).

Conclusions

In conclusion, we found that OFET devices fabricated from polycrystalline thin-films of the quaterthiophene acetamide 1 exhibited a performance on the level of devices from quaterthiophene single-crystals. We attribute this finding to the introduction of hydrogen-bonded terminal substituents as an additional structure-directing element. In order for this interaction to positively impact OFET performance, it should not disrupt but promote the formation of extended layered structures parallel to the plane of the substrate with the preferred herringbone arrangement of the calamitic π-conjugated cores, which is favorable for two-dimensional charge transport. A simple but crucial element in this regard is the short flexible spacer between the hydrogen-bonded substituents and the core, which decouples the conflicting geometric requirements of the herringbone arrangement and hydrogen bonding. In this way, the dispersive and quadrupolar contributions to the πinteractions can be optimized by way of the herringbone arrangement of the cores, while hydrogen bonding within the arrays of the amide groups along one lattice axis parallel to the substrate provides an additional incentive for fast in-plane crystal growth, similar to how the formation of well-defined nanowires comprising tightly π-π stacked chromophores is promoted by synergistic lateral hydrogen bonding. [29] This is possible because the ab lattice parameters in a typical herringbone arrangement (of about 10 Å) are similar to the intermolecular distance enforced by the N-HO=C hydrogen bonding (of typically 9.2-9.8 Å over two molecules). Since the latter is in fact smaller, the hydrogen-bonded side groups, moreover, induce a tighter packing of the molecules in the crystal structure. On an appropriate substrate surface, the overall result is the formation of two-dimensional layers with larger domain sizes, higher internal crystalline order, and a tighter packing of the calamitic π-conjugated pores in both dimensions, which results in a larger π-overlap, as compared to the reference compound 2. Consistent with these structural differences, we observed average field-effect mobilities that are almost two orders of magnitude higher than those observed for 2. Moreover, these mobilities were in the range of the best values previously reported for single-crystalline quaterthiophene specimens. [45][46][47] The still moderate absolute mobility values certainly reflect the fact that quaterthiophenes are comparably poor organic semiconductors, and other factors such as surface treatment and processing are very important for device performance, as well. [55] Nevertheless, our results demonstrate that hydrogen bonding is not only compatible with charge transport in p-type organic semiconductors but reinforces the structural elements required for good π-overlap. Hence, the use of hydrogen-bonded side groups will provide a general pathway for novel organic semiconductors such as semiconducting polyamides with improved morphology and device performance. [56] Table 2. Average mobilities µ (and maximum mobilities µmax in brackets), [a] on/off ratios Ion/Ioff, and threshold voltages VT of bottom-gate (Si + ) topcontact (Au) OFETs fabricated from 1 and 2; entries 1-7: variation of substrate temperature TS; entries 8-18: variation of channel length and active materials for devices on bare and OTS-treated SiO2 substrates; entries 17-18: devices on Si3N4. All devices were measured in an inert atmosphere. [a] The reported device characteristics were averaged out over three to five devices from two different batches.

entry material gate dielectric TS film thickness L W μ (μmax) Ion / Ioff VT (°C) (Å) (μm) (μm) (cm 2 V -1 s -1 ) (V)
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Experimental Section Materials and Methods

Materials. The synthetic precursors 2-(5-bromo-2-thienyl)ethyl acetate and 5,5'-bis(tributylstannyl)-2,2'-bithiophene, were prepared as reported in the literature. [48,57] Heavily boron-doped silicon wafers (Si + ) with a thermal oxide layer of 200 nm, 525 µm thick and with a capacitance cox of 19.5 nF/cm 2 were purchased from the Center of Micronanotechnology at EPFL. These wafers were used without further treatment as substrates for the fabrication of thin films of 1 and 2. Treatment of the SiO2 substrates with octadecyltrichlorosilane (OTS) was performed in a glovebox by immersing the silicon wafers into a solution of 15 mg OTS in 5 mL of toluene at 65-70 °C for 10 min followed by rinsing with isopropanol. Contact angles of approximately 110° were obtained after the treatment. Heavily boron-doped silicon wafers (Si + ) with a Si3N4 layer of 200 nm were purchased from the Center of Micronanotechnology at EPFL.

Synthesis, Purification and Single Crystal Growth of 1.

The quaterthiophene bisacetamide 1 was synthesized as described previously. [48] Single crystals of 1 suitable for X-ray crystal structure analysis were obtained by high vacuum sublimation at 10 -7 mbar at temperatures of 240-260°C over 3-4 weeks. This material was then also used for the fabrication of thin films of 1.

Synthesis, Purification and Single Crystal Growth of 2. 2-(5-bromo-2-thienyl)ethyl acetate (3.43 g, 13.77 mmol) and 5,5'-bis(tributylstannyl)-2,2'-bithiophene (5.00 g, 6.72 mmol) were dissolved in 50 mL DMF in an inert atmosphere in a well-dried 100 mL Schlenk flask. Tetrakis(triphenylphosphine)palladium (35 mg, 0.03 mmol) was added, and the reaction mixture was stirred overnight at 80 °C. After allowing the mixture to cool to room temperature, an orange precipitate formed that was filtered off and washed with diisopropylether (150 mL) as well as diethylether (50 mL). The residue was dried in vacuum and purified by column chromatography (silica gel, DCM/heptane 4:1). The product was isolated as a yellow powder in 55% yield (1.87 g). Single crystals of 2 suitable for X-ray crystal structure analysis were grown from a toluene solution by slow evaporation at room temperature over 3-4 weeks. 1 H NMR (400.13 MHz, CD2Cl2): δ = 2.06 (s, 6H, 2 CH3), 3.13 (t, J = 6.6 Hz, 4H, 2 CH2), 4.28 (t, J = 6.6 Hz, 4H, 2 CH2), 6.80 (d, J = 3.8 Hz, 2H, Ar-H), 7.02-7.06 (m, 4H, Ar-H), 7.08 (d, J = 3.8 Hz, 2H, Ar-H); 13 C NMR (100.62 MHz, CD2Cl2): δ = 20.63, 29.43, 64.16, 123.47, 123.88, 124.14, 126.40, 135.39, 135.41, 136.31, 139.99, 170.55; HRMS (APCI): calcd C24H22O4S4 ([M] + ) 503.0479; found 503.0477; Rf (DCM/heptane 4:1): 0.25.

Thermal Characterization. Thermogravimetric analysis (TGA) scans were recorded using a Perkin Elmer TGA 4000. The specimens (5-10 mg) were dried in high vacuum at 80 °C for 24 h and then heated from 30 °C to 950 °C at a scanning rate of 10 °C/min in a flow of nitrogen (20 mL/min). Differential scanning calorimetry (DSC) was carried out with a TA Instruments Q100 calorimeter at a scanning rate of 10°C/min under nitrogen flow (50 mL/min). Specimens of about 3-5 mg were first heated to a temperature 20 °C above their melting point and then cooled to 0 °C at a cooling rate of -10 °C/min in order to erase the effects of their thermal history. The data given for the thermal transitions were obtained from the second heating and first cooling scans.

X-ray Crystallography. The data collection for compound 1 (CCDC 976399) and compound 2 was performed at low temperatures [140(2) K, and 100(2) K] using Cu and Mo Kα radiation on an Agilent Technologies SuperNova dual system in combination with an Atlas CCD detector, respectively (Supplementary Table S3-S6). The data reduction was carried out by Crysalis PRO. [58] The solution and refinement were performed by SHELX. [START_REF] Sheldrick | SHELXS/L-97, Program for the Solution/Refinement of Crystal Structures[END_REF] The crystal structure was refined using fullmatrix least-squares based on F 2 with all non-hydrogen atoms anisotropically refined. Hydrogen atoms were placed in calculated positions by means of the "riding" model. In the final stages of refinement, the crystal structure showed clear signs of disorder that was treated by means of the split model and by applying some restraints to some atomic displacement parameters (SIMU card) and to some bond distances (SADI card) in order to obtain reasonable values.

Computational Details. Pairs of molecules were extracted from the five crystal structures of 1, 2, α-4T, DM4T, and DH4T. The lateral chains were removed, and hydrogen atoms positions were optimized at the B3LYP/6-31G(d) level in Gaussian 09. [START_REF] Frisch | [END_REF] The electron density was calculated at B3LYP/TZP level in ADF2013. [61][62][63] The DORI-based electronic compactness index was computed in locally modified version of DGrid. [64] The compactness index was computed as integral of the electron density over the intermolecular regions as reported previously. [50] Thin Film Deposition. The SiO2, SiO2/OTS, or Si3N4 substrates were heated to the desired substrate temperatures TS = 24-140°C in high vacuum (10 -7 mbar) overnight prior to quaterthiophene deposition. Deposition of compounds 1 and 2 was monitored using a quartz crystal microbalance, and the deposition rate was maintained constant at around 3 Å/min. The distance between the alumina crucible charged with 1 and the sample holder was around 40 cm. Atomic Force Microscopy. AFM images were obtained in tapping mode using a Nanoscope IIIa (Veeco Instruments Inc., Santa Barbara, USA) instrument or a NT-MDT Solver Pro with a SMENA scanner at room temperature in air. Cantilevers with an average resonance frequency of f0 = 75 or 150 kHz and k = 3.5 or 5 Nm -1 were used, respectively. Scan rates of 0.1-2.0 Hz were applied, and the image resolution was 512 × 512 pixels. The images were processed using the Gwyddion software package.

Transmission Electron Microscopy and Electron Diffraction. Films of 1 were coated with a thin amorphous carbon film, and the carboncoated film was removed from the SiO2 substrate by using poly(acrylic acid) (25% aqueous solution, Aldrich). Subsequently the thin films were recovered onto TEM copper grids by floating them on water. TEM was performed in bright field, high resolution, dark field and diffraction modes using a CM12 Philips microscope (120 kV) equipped with a MVIII (Soft Imaging System) charge coupled device camera. The high-resolution TEM images were acquired in a modified low-dose mode and afterwards treated as described in the literature. [65] The calculation of the electron diffraction patterns for 1 was realized using the diffraction module of the Cerius 2 software (Accelrys).

Grazing Incidence X-Ray Diffraction.

Grazing Incidence X-ray Diffraction (GIXD) experiments were performed at beamline ID10 at the European Synchrotron Radiation Facility in Grenoble using 22 keV Xrays. The grazing angle α was set to 0.080°, i.e., just below the critical angle of silicon, αc = 0.082, which corresponds to qc = 0.032 Å -1 . Hence, the incident wave experiences total external reflection, and only the evanescent wave probes the sample. In this configuration, the scattered intensity by the surface is maximized, whereas the bulk scattering is reduced. [66,67] The data was collected with a Pilatus 300K area detector with an illumination time of 1 s. In this geometry, the momentum transfer vector has a vertical and horizontal component, qz = 2π/λ • (sin α + sin β) and qr = 4π/λ • (sin 2θ/2), respectively, with the outgoing angle β and the horizontal scattering angle 2θ. Note that the present thin films consist of crystallites randomly oriented in the plane, so that any Bragg peak can be merely found by mapping the (2θ, β)-space. [68] X-Ray Reflectivity. Specular X-ray reflectivity (XR) measurements were performed at beamline ID10 at the European Synchrotron Radiation Facility in Grenoble using 22 keV X-rays. XR was measured with the detector placed in the reflection plane and outgoing angle β equal to incoming angle α with a scintillation detector and counting times of 1 s per point. In this geometry, the momentum transfer vector is normal to the surface, qz = 4π/λ • sin α. The reflected intensity was measured as a function of qz, and was normalized to the incident intensity. The resulting reflectivity curves R(qz) are sensitive to the surface normal electron density profile and, hence, allow for a determination of the periodicity of layered systems perpendicular to substrates surface. [69,70] OFET Device Fabrication. Bottom-gate top-contact transistors were fabricated from thin films of 1 and 2 via thermal deposition of Au source and drain electrodes (80 nm) in high vacuum (10 -6 mbar) and at a substrate temperature of -185°C through different shadow masks. Long channel transistors with channel lengths L = 100, 200 and a channel width W of 6 mm were patterned using a steel shadow mask. Short channel transistors with channel lengths L = 5, 10, or 20 µm and an aspect ratio W/L = 10 were patterned by stencil masks made of lowstress Si3N4 membranes supported by bulk Si. These stencils were fabricated in the Microsystems Laboratory 1 of Prof. J. Brugger at EPFL. [71,72] OFET Characterization. The transfer characteristics of all transistor devices were recorded directly by measuring the channel current IDS in dependence of the gate voltage VG in the saturation regime of the transistor (VD = -60 V or VD =-40 V) in an inert atmosphere (N2 or Ar) and at ambient temperature using a Keithley 4200 semiconductor characterization system or a Keithley 2612a dual-channel source measure unit. All measurements were performed at scan rates of 0.25-0.5 V/s. The field effect mobility µ in the saturation regime was extracted from the slope and the threshold voltage VT from the VG-axis interception of a linear fit of the square root of the absolute saturation drain current IDS as a function of the gate voltage VG, according to IDS = (W/2L) Ci μ (VG -VT) 2 . 
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  5.89 Å, b = 7.65 Å, c = 25.78 Å, α = 97.4°, β = 93.8°, and γ = 91.1°), while monoclinic or orthorhombic unit cells were typically observed for other representative examples of quaterthiophenes such as the quaterthiophene diacetate 2, the low-temperature polymorph of α-quaterthiophene

Figure 2 .

 2 Figure 2. Top views onto the herringbone packing of the quaterthiophene cores in a) 1, in comparison to b) 2, c) LT,[42] α-4T, d) DM4T,[43] and e)

Figure 3 .

 3 Figure 3. Atomic force microscopy (AFM) height images of films of 1 vapor-deposited onto a) Si + /SiO2 or b) OTS-treated Si + /SiO2 substrates, as well as c) a height profile obtained from the latter AFM image. d-f) Comparison of AFM images as well as g-i) bright-field transmission electron microscopy (BF-TEM) images of films of 1 vapor-deposited onto Si + /SiO2, OTS-treated Si + /SiO2 substrates, and Si3N4 substrates.

Figure 4 .

 4 Figure 4. a) High-resolution transmission electron microscopy (HR-TEM) images of films of 1 deposited onto SiO2/OTS at TS = 120°; the inset shows the fast Fourier transformation (FFT) from the HR-TEM images, revealing a periodicity of approximately 26 Å for the needle-like domains. b,c) Representative selected-area electron diffraction (SAED) map of the films of 1 showing good agreement with the calculated diffraction map from the single crystal of 1 (see Supplementary Figure S9, Supplementary TableS1), indicating the coexistence of a (001) and (00-1) contact plane.

Figure 6 .

 6 Figure 6. Representative examples of a) a directly measured transfer curve and b) output curves for the bottom-gate top-contact transistors fabricated from films of 1 on a bare or OTS-treated SiO2 substrates. c) Transfer curves of devices fabricated from films of 1 on OTS-treated SiO2 substrates, measured in forward and reverse direction exhibited a small hysteresis. See Supplementary Figures S12-S13 for details.

  Hydrogen-bonded substituents serve as an additional structure-directing element that helps to control the packing of the quaterthiophene with larger π-overlap, improves crystalline order, and results in larger domain sizes compared to related molecules without hydrogen-bonded substituents. These factors in turn reflected as an improved performance of the thin films in organic field effect transistors that is on par with that of single crystals of related quaterthiophene derivatives.
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