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Abstract:

 The solid-state organization of a benzothiadiazole-cyclopentadithiophene copolymer with long, branched decyl-tetradecyl side chains (CDT-BTZ-C14,10) is investigated. The C14,10 substituents are sterically demanding and increase the π-stacking distance to 0.40 nm from 0.37 nm for the same polymer with linear hexadecyls (C16). Despite the bulkiness, the C14,10 side chains tend to crystallize, leading to a small chain-to-chain distance between lamellae stacks and to a crystal-like microstructure in the thin film. Interestingly, field-effect transistors based on solution processed layers of CDT-BTZ-C14,10 show ambipolar behavior in contrast to CDT-BTZ-C16 with linear side chains, for which hole transport was previously observed. Due to the increased π-stacking distance, the mobilities are only 6 × 10−4 cm²/Vs for electrons and 6 × 10−5 cm²/Vs for holes, while CDT-BTZ-C16 leads to values up to 5.5 cm²/Vs. The ambipolarity is attributed to a lateral shift between stacked backbones provoked by the bulky C14,10 side chains. This reorganization is supposed to change the transfer integrals between the C16 and C14,10 substituted polymers. This work shows that the electronic behavior in devices of one single conjugated polymer (in this case CDT-BTZ) can be controlled by the right choice of the substituents to place the backbones in the desired packing.
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1. Introduction

Organic semiconductors are based on conjugated organic small molecules or polymers, which can be processed from solution into electronics devices, allowing a rapid inexpensive roll-to-roll fabrication [1]. Especially, polymers have shown great advantages, due to their good film forming properties and mechanical flexibility applicable to bendable electronics [2]. Recently, field-effect transistor (FET) devices based on high-performance polymers have achieved charge-carrier mobilities higher than 1 cm2/Vs, already surpassing the benchmark performance of amorphous silicon [3,4]. In most of the cases, these organic semiconductors lead to a unipolar transport of the hole or electron as charge carriers in the transistor. Recently, devices with a balanced migration of both types of carriers, so-called ambipolar FETs, have been reported. This kind of transistor behavior is especially required in complementary-like logic circuits [5,6].

Ambipolarity with balanced hole and electron mobilities in one single active layer is an intrinsic property of organic semiconductors and a matter of the adequate material design and transistor geometry. Various strategies exist to realize ambipolar devices. One is based on a heterojunction structure of a binary blend of two materials with corresponding unipolar electron- and hole-transporting behavior [7]. In another approach, an adaption of the work function of the electrodes or a functionalization of the dielectric/semiconductor interface decrease the charge trapping [8,9]. Interestingly, only a few reports have described the effect of the microstructure on the ambipolar device characteristics [10,11]. It was observed that certain morphologies seem to favor ambipolarity, and that the behavior from ambipolar to unipolar is switchable/controllable by changing the microstructure. A further aspect is the molecular energy levels of the organic semiconductor, which are optimized for ambipolar FETs by lowering the bandgap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). This property can be realized by low-bandgap donor-acceptor copolymers, being also highly attractive for solar cells, due to their broad light absorption profiles, and have revealed high ambipolar mobilities over 1 cm²/Vs for both charge-carrier species [12]. In this context, benzothiadiazole-cyclopentadithiophene (CDT-BTZ) copolymers are one promising type of polymer leading to ultrahigh hole mobilities up to 5.5 cm²/Vs (in single-fiber FETs) when substituted with linear alkyl side chains and possessing higher molecular weight fractions [13,14]. It has to be noted that despite the relatively low bandgap of these derivatives of around 1.8 eV, only a unipolar hole transport was observed in standard device architectures (Au electrodes and hexamethyldisilazane (HMDS)-treated SiO2 surface).

In this work, we have investigated the influence of branched, bulky side chains (C14,10) on the polymer packing of the CDT-BTZ polymer (Figure 1), thin film microstructure and charge carrier transport in a FET. As expected, pronounced differences in the packing and microstructure were found in comparison to the polymers with linear chains. Surprisingly, CDT-BTZ-C14,10 shows ambipolar device characteristics under the same transistor geometry, as previously reported, despite unchanged energy levels in comparison to polymers with hexadecyl (C16) and 3,7-dimethyloctyl (C8,2). In this work, it is shown for the first time that the ambipolarity is related to a lateral shift of the conjugated backbones towards each other induced by the steric demand of the C14,10 chains. These results indicate that the electronic properties of a conjugated polymer might be dependent on the relative arrangement of the backbones, which can be well-controlled by the steric influence of the substituents.

Figure 1. Structure of CDT-BTZ with branched side chains.
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2. Experimental

The cyclic voltammetry experiments were carried out with an EG&G Princeton Applied Research potentiostat, model 273. The working electrode consisted of glassy carbon electrode (GCE) (3.0 mm dia.). A platinum wire was used as the counter electrode, and an Ag wire was used as the reference electrode internally calibrated with ferrocene/ferrocenium (Fc/Fc+) in the measurement. The thin film was prepared on the surface of working electrode by drop-casting. After that, the CV measurements were executed in a solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6, 0.1 M) in acetonitrile with a scan rate of 100 mV·s−1 at room temperature under argon.

The HOMO and LUMO levels were determined from the analysis of redox potential behavior observed in cyclic voltammogram curves in comparison with that of ferrocene, using the following expressions:
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Transmission: two-dimensional wide-angle X-ray scattering measurements were performed using copper anode X-ray tube, operated at 35 kV/30 mA, as the X-ray source, Osmic confocal Max-Flux optics and a two pin-hole collimation system. The patterns were recorded on a two-dimensional (2D) area detector (Bruker HI-STAR) for macroscopically oriented fibers [15] with a diameter of 0.7 mm, which were prepared by extrusion. The fiber samples were mounted vertically towards the 2D detector.

Field-effect transistors: All FETs were fabricated employing the bottom-gate, bottom-contact architecture. The 200 nm-thick SiO2 dielectric covering the highly doped Si acting as the gate electrode was functionalized with hexamethyldisilazane (HMDS) to minimize interfacial trapping sites. The channel lengths and widths are 20 and 1400 μm, respectively. All the electrical measurements (using Keithley 4200 SCS) are performed in a glove box under nitrogen atmosphere. The devices were fabricated by drop-casting the polymer from a 2 mg/mL solution with subsequent annealing at 200 °C for 30 minutes.

The morphology of the drop-cast films was examined using atomic force microscopy (AFM) (Veeco Digitals Instruments) in the tapping mode at room temperature.

Solid-State NMR: Solid-state magic-angle spinning (MAS) NMR experiments were carried out on a Bruker 850 Avance III spectrometer using a commercial 2.5 mm double resonance probe from Bruker. The 2D 1H–1H double quantum-single quantum (DQ-SQ) correlation spectrum was recorded at a MAS frequency of 20.0 kHz, employing the back-to-back (BaBa) sequence [16] with a 50.0 μs period to excite/reconvert the DQ signals with 16 accumulations for a total of 128 t1 increments. The 2D 13C{1H} frequency-switched Lee-Goldburg heteronuclear correlation (FSLG-HETCOR) experiment [17] used a MAS frequency of 15.0 kHz, a recycle delay of 2 s, a cross polarization (CP) contact time of 3.0 ms and 1,152 scans for a total of 36 t1 increments. Each t1 increment had a span of five basic FSLG [18] blocks (81.6 μs). High-power 1H SPINAL-64 decoupling was used during acquisition [19]. The CP transfer step utilized Lee-Goldburg CP (LG-CP) conditions [20,21] to suppress 1H spin diffusion during CP. The Hartmann-Hahn matching condition was pre-optimized on L-alanine. A scaling factor of 0.574 was determined for the 1H-1H FSLG homonuclear decoupling sequence by recording a 2D 13C{1H} FLSG-HETCOR spectrum for adamantane using identical experimental conditions and used to rescale the indirect 1H dimension for the investigated sample. All spectra are referenced with respect to tetramethyl silane (TMS) using solid adamantane (13C, 29.46 ppm; 1H, 1.85 ppm) as a secondary reference [22,23].

DFT and NICS Calculations: DFT calculations at the B97-D/6-311g(d,p) [24] level have been performed to model the molecular structure and geometry (bond lengths, angles and torsions), as well as to estimate the isotropic (liquid-state) 1H and 13C-NMR chemical shifts of the CDT-BTZ copolymer. The optimized structures were used to build the copolymer model stack for solid-state NMR calculations under PBC (periodic boundary conditions). For the analysis of NMR current screening effects, caused by the close proximity of the neighboring π-conjugated polymer chains, we have performed nucleus-independent chemical shift (NICS) calculations of stacked model structures. To understand the magnetic shielding effect dependence upon sliding along the backbone direction, we have composed six models based on a unit cell with parallel and anti-parallel acceptors (BTZs) arrangements. Furthermore, the model unit cells consisted of stacks of five polymer layers with slides along the backbone direction of 3.0 Å, 1.5 Å and 0.0 Å, respectively. These layers were isolated from their periodic replicas in order to purely quantify the magnetic shielding within the isolated stack. The model stacks were further simplified by truncating the alkyl-chains to methyl groups, since these do not affect the aromatic ring currents of the backbones and, thus, can be neglected for the sake of efficient use of computational resources. In every NICS calculation, performed under full PBC, we have removed the third layer to evaluate the NICS shifts at this specific position, i.e., we take into account the magnetic shielding effects from two layers above and two layers below. The resulting NICS maps represent the planes taken at the third layer position. All NICS map calculations were performed with the CPMD package [25] within the DFT framework using the gradient-corrected exchange and correlation functionals (BLYP) [26,27], Goedecker-Teter-Hutter pseudopotentials [24] together with a plane wave cutoff of 70 Ry.



3. Results and Discussion

The CDT-BTZ polymer with branched, sterically demanding 2-decyltetradecyl (C14,10) substituents was synthesized accordingly to the previously described route (Figure 1) [13]. A molecular weight of Mn = 13,000 (using polystyrene/trichlorobenzene gel permeation chromatography standard) and a polydispersity of a polydispersity index (PDI) = 1.29 are determined. The levels for the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) versus vacuum were determined from the value of onset oxidation potential and onset reduction potential during cyclic voltammetry (CV) scans on thin films showing reversibility in both reduction and oxidation behavior. For comparison to CDT-BTZ-C14,10, the HOMO and LUMO levels of the recently reported CDT-BTZs with linear hexadecyl (C16) and 3,7-dimethyloctyl (C8,2) side chains were investigated. The electrochemical energy levels and energy gaps are summarized in Table 1. All polymers reveal identical electrochemical energy gaps in the range between 1.88 eV and 1.91 eV, being in the same range (taking into account the experimental error), as previously reported [28]. The HOMO and LUMO are also located in similar levels with −4.91 eV for the lowest HOMO for CDT-BTZ-C8,2 and the highest LUMO of −3.27 eV for CDT-BTZ-C14,10. Additionally, the optical band gap was derived from optical absorption data acquired for thin films (Figure 2). While no large differences are obvious for the solid-state absorption maximum peak of around 785 nm (±3 nm), CDT-BTZ-C14,10 (at 727 nm) and CDT-BTZ-C16 (at 861 nm) reveal small shoulders. The optical band gap of 1.94 eV for CDT-BTZ-C14,10 is identical to the value determined by CV; however, the values for the other two polymers are significantly smaller with 1.3 eV for CDT-BTZ-C16 and 1.32 eV for CDT-BTZ-C8,2 (Table 1). It has to be emphasized that the strong tailing in the solid-state absorption of the latter polymers makes the determination of the onset difficult. The difference between optical and electrochemical band gap is in agreement with other reports [28].

Figure 2. UV-Vis absorption spectra for thin films of CDT-BTZ polymers with different side chains.
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Table 1. Electrochemical derived highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels and energy gaps of CDT–BTZ polymers with different side chains.


	Polymer
	HOMOCV eV
	LUMOCV eV
	 [image: Polymers 05 00833 i003] eV
	 [image: Polymers 05 00833 i004] eV





	CDT-BTZ-C14,10
	−5.15
	−3.27
	1.88
	1.94



	CDT-BTZ-C8,2
	−4.91
	−3.02
	1.89
	1.32



	CDT-BTZ-C16
	−5.06
	−3.15
	1.91
	1.30










The bulk organization of CDT-BTZ-C14,10 was determined by two-dimensional wide-angle X-ray scattering (2DWAXS) on mechanically extruded samples with the polymers macroscopically oriented. The 2DWAXS data for CDT-BTZ-C16 and CDT-BTZ-C8,2 have been previously published [13]. Briefly, the polymers are arranged in lamellar structures and possess a π-stacking distance of around 0.37 nm. In contrast to this, the intermolecular distance of 0.40 nm for CDT-BTZ-C14,10 is significantly increased, as derived from the characteristic wide-angle reflections located in the equatorial plane of the corresponding s at the proximity of the conjugated backbone, which reduce the non-covalent interactions between backbones. Interestingly, these scattering intensities are much sharper (smaller full width at half maximum and, thus, longer coherence length along the stacking direction) for CDT-BTZ-C14,10, although the alkyl substituents are considerably extended in comparison to CDT-BTZ-C16 and CDT-BTZ-C8,2. The relative isotropic reflection corresponding to a spacing of 0.49 nm is related to the alkyl side chains. Typically, the alkyl chains are disordered in the periphery of the lamellas and contribute only to an amorphous halo in the 2D pattern. In the case of CDT-BTZ-C14,10, the distinct reflection indicates a higher order of crystallized substituents, despite their bulkiness. As expected, the chain-to-chain distance between lamellae depends on the length of the side chains and is derived from the equatorial small-angle reflections to be only 1.60 nm for CDT-BTZ-C14,10 in comparison to 2.70 nm for CDT-BTZ-C16. Additional 2DSAXS measurements for CDT-BTZ-C14,10 did not expose further reflections related to larger d-spacings. The dramatically reduced chain-to-chain distance for this polymer can only be attributed to the crystallized, tightly packed side chains in the backbone periphery.



The influence of the side chain crystallization on the microstructure of solution processed thin layers was studied by atomic force microscopy (AFM). The images display significant differences between CDT-BTZ-C14,10 and CDT-BTZ-C8,2 or CDT-BTZ-C16, the two latter polymers assembling into randomly oriented nanofibers (Figure 3d) [13]. This stands in contrast to CDT-BTZ-C14,10 being organized in larger, more distinct domains with higher crystallinity (Figure 3c). The surface roughness is higher in comparison to the polymer with linear side chains. The increased crystallinity of the thin film is in agreement with the bulk organization.

Figure 3. (a) Two-dimensional wide-angle X-ray scattering (2DWAXS) pattern (dashed line indicates the equatorial integration; reflections attributed to polymer stacking are marked by dashed circles) of CDT-BTZ-C14,10; (b) equatorial integration with characteristic d-spacings; (c) tapping mode AFM height image of thin film; (d) tapping mode AFM height image of CDT-BTZ-C16.
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To probe the charge-carrier transport of CDT-BTZ-C14,10, thin film field-effect transistors were investigated. Bottom-gate, bottom-contact HMDS-treated devices were fabricated by drop-casting the polymer from a 2 mg/mL solution with subsequent annealing at 200 °C for 30 minutes. In stark contrast to the CDT-BTZ polymers with linear side chains, the mobility of CDT-BTZ-C14,10 decreases drastically with several orders of magnitude. This drop in device performance is directly related to the increase in π-stacking distance observed by 2DWAXS. Surprisingly, the CDT-BTZ polymer changes its operation behavior from unipolar (only holes) for the C16 and C8,2 substituted ones to ambipolar (electron and holes) for the derivative with C14,10 chains. Such a side chain-dependent switch in field-effect response for the same conjugated backbone has not been reported, so far. From the transfer curves of both p-type and for n-type operation modes for the positive and negative gate voltages mobilities of μe = 6 × 10−4 cm²/Vs and μh = 6 × 10−5 cm²/Vs are determined for CDT-BTZ-C14,10 (Figure 4). The symmetric transfer characteristics in the saturation regime confirm a quite balanced transport of hole and electron carriers. The crossover point from electron- to hole-dominated current is approximately VGS = −20 V at VDS = −60 V. Below this gate voltage, the transistor shows a typical p-type behavior in the accumulation mode. On the other hand, at VDS = 60 V, an electron domination and n-type properties of the device are apparent from Vg > 30 V.

Figure 4. Transfer field-effect transistor (FET) curves for CDT-BTZ-C14,10.
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Since the electrochemical energy levels do not differ between the three polymers and the devices were prepared under the same conditions, other reasons for the ambipolar transport for CDT-BTZ-C14,10 must be taken into account. For instance, changes in the microstructure can lead from ambipolar to unipolar (or vice versa) device operation without the modification of the energy levels [10]. In the case of CDT-BTZ, the polymer with long and branched side chains (C14,10) possesses a significantly larger π-stacking distance, influencing the electron migration through the active layer. It has also to be noted that the substituents might induce a lateral shift of the backbones with respect to each other, leading to a variation in the π-orbital overlap between the donor and acceptor units. In this case, X-ray scattering does not provide detailed information about the donor-acceptor arrangement, because of insufficient polymer ordering.

To characterize the local molecular arrangements of donor (CDT) and acceptor (BTZ) groups in CDT-BTZ-C14,10, solid-state NMR experiments in combination with DFT and nucleus-independent chemical shift (NICS) calculations have been performed. Solid-state NMR is a unique method that offers access to molecular packing details for polymers and other organic-based materials [29,30,31,32,33] and to details about the donor-acceptor packing in CDT-BTZ polymers [34,35]. For CDT-BTZ-C16, we were able to show from a combination of X-ray diffraction and solid-state NMR that the CDT-BTZ polymer chains self-assemble into π-stacks, where the single polymer chain includes alternating CDT units, pointing in opposite directions (packing in a staggered fashion) and BTZ moieties stacked in an antiparallel configuration along the π-stacking direction [13]. Thus, where X-ray diffraction techniques only provide information about the long-range ordering of semi-crystalline polymers, solid-state NMR gives access to complementary information on the molecular scale [36]. In π-conjugated polymers, the sensitivity of solid-state NMR towards molecular properties relies strongly on the chemical environments, where, specifically, the influence of aromatic and anti-aromatic ring currents of neighboring π-conjugated polymer chains lead to significant high-field and low-field shifts of δiso for 1H, respectively [37]. To quantify the impact of such ring currents on the 1H chemical shift caused by π-stacking of CDT-BTZ polymer chains, we have used NICS calculations [38,39].

Figure 5a,b,c show the resulting 2D 13C{1H} FSLG-HETCOR and 2D 1H–1H DQ-SQ correlation spectra recorded for CDT-BTZ-C14,10. As illustrated in Figure 5d, the CDT-BTZ-C14,10 polymer can include both cis and trans conformations of CDT and BTZ groups within a single polymer chain. These conformations can be distinguished via the 1H–13C correlation signals in Figure 5b. All four 1H resonances associated with the CDT and BTZ groups fall within the range from 6.4 to 8.0 ppm, resulting in the narrow 1H–1H correlation range centered at the diagonal in Figure 5c. The 1H resonances in liquid-state NMR are in the range 8.0–8.2 ppm. Nevertheless, the 1H spectral features in Figure 5c for CDT-BTZ-C14,10 show similarities to our recent results reported for CDT-BTZ-C16, where the 1H signals from the 1H–1H BTZ and CDT correlations centered at the diagonal are more elongated and go down to 5.5 ppm [13,34,35]. For CDT-BTZ-C14,10, the 1H–1H correlations at the diagonal only goes to 6.4 ppm. Thus, the main difference between the two CDT-BTZ-C14,10 and CDT-BTZ-C16 polymers is the reduced high-field shift for the polymer backbone protons of CDT-BTZ-C14. As revealed from the 2DWAXS experiments above, the π-stacking distance of CDT-BTZ-C14,10 is 0.3 Å larger than for CDT-BTZ-C16. This implies that the BTZ and CDT protons in CDT-BTZ-C14,10 will experience less magnetic shielding from the stacked BTZ-CDT main chains as compared to CDT-BTZ-C16.

Figure 5. (a) Chemical structure and assignment scheme used for CDT-BTZ-C14,10; (b) 2D 13C{1H} frequency-switched Lee-Goldburg heteronuclear correlation (FSLG-HETCOR) obtained using a cross polarization (CP) contact time of 3.0 ms; (c) 2D 1H-1H DQ-SQ correlation spectrum recorded using the BaBa pulse sequence with one rotor period of dipolar recoupling (50.0 μs) [16]; (d) nucleus-independent chemical shift (NICS) maps calculated for co-facial stacking of parallel and anti-parallel BTZ acceptors in combination with shift/translation of every polymer chain (as given) in CDT-BTZ-C14,10 at a π-stacking distance of 4.0 Å. The NICS color bar quantifies the effect of chain packing on the NMR chemical shift induced by the aromatic ring currents of neighboring polymer chains. The trans (a–c) and cis (a′–c′) conformations are illustrated in (d) for the co-facial, parallel acceptors. The amorphous fraction is denoted with an A in (b). All solid-state NMR spectra were recorded at 20.0 T.
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To relate the high-field shift of the 1H resonances to the local polymer chain packing in CDT-BTZ-C14,10, we have performed NICS map calculations for a number of model systems with a π-stacking distance of 4.0 Å, as shown in Figure 5d. These models include co-facial stacking of parallel and anti-parallel BTZ acceptors in addition to a translation (or shift) of every CDT-BTZ-C14,10 polymer chain by 1.5 Å and 3.0 Å. The NICS maps shown in Figure 5d, in general, confirm that the main origin of the lower high-field shift for CDT-BTZ-C14,10 is a result of an increase in π-stacking distance. All three packing models with parallel-stacked BTZ acceptors (Figure 5d, upper row) show that the cis and trans conformations of BTZ and CDT groups only result in a narrow range of high-field shifts of 1.0–2.0 ppm. For the anti-parallel stacking of BTZ acceptors (Figure 5d, lower row), the spread is larger, giving high-field shifts in the range 1.0–4.0 ppm. These differences in high-field shifts between parallel and antiparallel stacking of BTZ acceptors show that the main polymer chain packing of CDT-BTZ-C14,10 includes anti-parallel BTZ acceptor groups as also determined for CDT-BTZ-C16 [13]. In the co-facial scenario with anti-parallel stacked BTZ acceptors in Figure 5d, the 1H chemical shifts of the acceptor group are shifted to high-field by 3–4 ppm. This shift is too large, since the experimental high-field shift for CDT-BTZ-C14,10 is only 0.2–1.8 ppm. For the translational models in Figure 5d, the high-field shift is lower and of similar magnitude as the experimental 1H high-field shifts, illustrating that the packing of CDT-BTZ-C14,10 polymer chains includes a translational shift in the range between 1.0 and 3.0 Å.

To correlate the translational shift between π-stacked CDT-BTZ-C14,10 polymer chains to the charge-carrier transport properties, we compare the current results of the calculated electronic coupling in terms of the charge-transfer integral between stacked polymer chains in CDT-BTZ-C16 [35]. To recall, these calculations showed a cosine-like behavior of the HOMO-HOMO (hole-) and LUMO-LUMO (electron-) transfer integrals as a function of the translational shift between CDT-BTZ polymer chains with local minima at −1.0 and −1.8 Å, respectively. Both transfer integrals have a local maximum at 0.0 Å, corresponding to co-facially stacked acceptors, in addition to a local maximum at −2.0 Å for the HOMO-HOMO overlap (see Ref. 35 Figure 7). Further, the amplitude and period of the HOMO-HOMO charge-transfer integral is larger and shorter, respectively, compared to the LUMO-LUMO charge-transfer integral. The different shapes of the HOMOs and LUMOs and their corresponding wave-function overlap can explain these differences in amplitude and period: the HOMOs are strongly localized on the BTZ acceptor groups, whereas the LUMOs are spread along the polymer backbone [35]. Although the charge-transfer integral calculations were performed at a shorter π-stacking distance of 3.6 Å for CDT-BTZ-C16 [35], we expect the trends to be comparable for CDT-BTZ-C14,10 at a stacking distance of 4.0 Å, however, with a reduced charge-transfer integral. Thus, the origin of the ambipolarity for CDT-BTZ-C14,10 is a result of increased donor-acceptor interactions caused by sliding of the CDT-BTZ polymer chains away from co-facially stacked BTZ acceptors. This leads to a significantly reduced hole mobility as compared to CDT-BTZ-C16, but with an increased electron mobility.





4. Conclusions

The substitution of the CDT-BTZ backbone by long, branched decyl-tetradecyl (C14,10) side chains leads to ambipolar transistor behavior, but with low mobilities. In comparison to the previously reported CDT-BTZ polymers with linear alkyl substituents, the poor device performance is related to increased π-stacking distance, while the ambipolarity is attributed to a lateral shift of the backbones towards each other (possible change of transfer integrals). So far, the control of the electronic behavior of conjugated polymers by backbone shifting using the right substituents has not received much attention in the literature. These results indicate that simple substituents have much higher importance than assumed before and can be applied not only for controlling the solubility and stacking distance, but also for fine engineering of the electronic device properties of organic semiconductors. Similarities can be drawn to discotic columnar polycyclic aromatic hydrocarbons for which the relative positional arrangement of stacked molecules is tuned by the nature and geometry of the peripheral units, leading to different transfer integrals [40,41].

In the next steps, it is necessary to design substituents, e.g., functional groups capable of additional non-covalent interactions, to force the backbones into the desired arrangement without changing the π-stacking distance. In the future, it must be also clarified how far conjugated polymers can be displaced along the backbone towards each other. Answering this question will allow for the development of new organic semiconductors for customized device applications.






Acknowledgments

S.R.P. acknowledges the ERC Advanced Grant NANOGRAPH (AdG-2010-267160).



Confilict of Interests

The authors declare no conflict of interest.



References


	1. 
Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Scherf, U. Organic semiconductors for solution-processable field-effect transistors (OFETs). Angew. Chem. Int. Ed. 2008, 47, 4070–4098. [Google Scholar]

	2. 
Sekitani, T.; Zschieschang, U.; Klauk, H.; Someya, T. Flexible organic transistors and circuits with extreme bending stability. Nat. Mater. 2010, 9, 1015–1022. [Google Scholar] [CrossRef]

	3. 
Chen, H.; Guo, Y.; Yu, G.; Zhao, Y.; Zhang, J.; Gao, D.; Liu, H.; Liu, Y. Highly π-extended copolymers with diketopyrrolopyrrole moieties for high-performance field-effect transistors. Adv. Mater. 2012, 24, 4618–4622. [Google Scholar] [CrossRef]

	4. 
Lei, T.; Dou, J.-H.; Pei, J. Influence of alkyl chain branching positions on the hole mobilities of polymer thin-film transistors. Adv. Mater. 2012, 24, 6457–6461. [Google Scholar] [CrossRef]

	5. 
Chen, Z.; Lee, M.J.; Ashraf, R.S.; Gu, Y.; Albert-Seifried, S.; Nielsen, M.M.; Schroeder, B.; Anthopoulos, T.D.; Heeney, M.; McCulloch, I.; et al. High-performance ambipolar diketopyrrolopyrrole-thieno[3,2-b]thiophene copolymer field-effect transistors with balanced hole and electron mobilities. Adv. Mater. 2012, 24, 647–652. [Google Scholar] [CrossRef]

	6. 
Fan, J.; Yuen, J.D.; Wang, M.; Seifter, J.; Seo, J.-H.; Mohebbi, A.R.; Zakhidov, D.; Heeger, A.; Wudl, F. High-performance ambipolar transistors and inverters from an ultralow bandgap polymer. Adv. Mater. 2012, 24, 2186–2190. [Google Scholar] [CrossRef]

	7. 
Puniredd, S.R.; Kiersnowski, A.; Battagliarin, G.; Zajączkowski, W.; Wong, W.W.H.; Kirby, N.; Müllen, K.; Pisula, W. Polythiophene—Perylene diimide heterojunction field-effect transistors. J. Mater. Chem. C 2013, 1, 2433–2440. [Google Scholar] [CrossRef]

	8. 
Chua, L.-L.; Zaumseil, J.; Chang, J.-F.; Ou, E.C.W.; Ho, P.K.H.; Sirringhaus, H.; Friend, R.H. General observation of n-type field-effect behaviour in organic semiconductors. Nature 2005, 434, 194–199. [Google Scholar] [CrossRef]

	9. 
Meijer, E.J.; de Leeuw, D.M.; Setayesh, S.; van Veenendaal, E.; Huisman, B.-H.; Blom, P.W.M.; Hummelen, J.C.; Scherf, U.; Klapwijk, T.M. Solution-processed ambipolar organic field-effect transistors and inverters. Nat. Mater. 2003, 2, 678–682. [Google Scholar] [CrossRef]

	10. 
Tsao, H.N.; Pisula, W.; Liu, Z.; Osikowicz, W.; Salaneck, W.R.; Müllen, K. Unipolar behavior in discotic dye field-effect transistors. Adv. Mater. 2008, 20, 2715–2719. [Google Scholar]

	11. 
Ribierre, J.-C.; Watanabe, S.; Matsumoto, M.; Muto, T.; Nakao, A.; Aoyama, T. Reversible conversion of the majority carrier type in solution-processed ambipolar quinoidal oligothiophene thin films. Adv. Mater. 2010, 22, 4044–4048. [Google Scholar] [CrossRef]

	12. 
Ha, J.S.; Kim, K.H.; Choi, D.H. 2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione-based donor-acceptor alternating copolymer bearing 5,5′-di(thiophen-2-yl)-2,2′-biselenophene exhibiting 1.5 cm2/Vs hole mobility in thin-film transistors. J. Am. Chem. Soc. 2011, 133, 10364–10367. [Google Scholar]

	13. 
Tsao, H.N.; Cho, D.M.; Park, I.; Hansen, M.R.; Mavrinskiy, A.; Yoon, D.Y.; Graf, R.; Pisula, W.; Spiess, H.W.; Müllen, K. Ultrahigh mobility in polymer field-effect transistors by design. J. Am. Chem. Soc. 2011, 133, 2605–2612. [Google Scholar] [CrossRef]

	14. 
Wang, S.; Kappl, M.; Liebewirth, I.; Müller, M.; Kirchhoff, K.; Pisula, W.; Müllen, K. Organic field-effect transistors based on highly ordered single polymer fibers. Adv. Mater. 2012, 24, 417–420. [Google Scholar]

	15. 
Pisula, W.; Tomovic, Ž.; Simpson, C.; Kastler, M.; Pakula, T.; Müllen, K. Relationship between core size, side chain length, and the supramolecular organization of polycyclic aromatic hydrocarbons. Chem. Mater. 2005, 17, 4296–4303. [Google Scholar]

	16. 
Feike, M.; Demco, D.E.; Graf, R.; Gottwald, J.; Hafner, S.; Spiess, H.W. Broadband multiple-quantum NMR spectroscopy. J. Magn. Resonance Ser. A 1996, 122, 214–221. [Google Scholar] [CrossRef]

	17. 
Van Rossum, B.J.; Forster, H.; de Groot, H.J.M. High-field and high-speed CP-MAS C-13 NMR heteronuclear dipolar-correlation spectroscopy of solids with frequency-switched Lee-Goldburg homonuclear decoupling. J. Magn. Reson. 1997, 124, 516–519. [Google Scholar] [CrossRef]

	18. 
Bielecki, A.; Kolbert, A.C.; Levitt, M.H. Frequency-switched pulse sequences: Homonuclear decoupling and dilute spin NMR in solids. Chem. Phys. Lett. 1989, 155, 341–346. [Google Scholar] [CrossRef]

	19. 
Fung, B.; Khitrin, A.; Ermolaev, K. An improved broadband decoupling sequence for liquid crystals and solids. J. Magn. Reson. 2000, 142, 97–101. [Google Scholar]

	20. 
Lee, M.; Goldburg, W.I. Nuclear-magnetic-resonance line narrowing by a rotating rf field. Phys. Rev. 1965, 140, 1261–1271. [Google Scholar] [CrossRef]

	21. 
Ladizhansky, V.; Vega, S. Polarization transfer dynamics in Lee-Goldburg cross polarization nuclear magnetic resonance experiments on rotating solids. J. Chem. Phys. 2000, 112, 7158–7168. [Google Scholar] [CrossRef]

	22. 
Morcombe, C.R.; Zilm, K.W. Chemical shift referencing in MAS solid state NMR. J. Magn. Reson. 2003, 162, 479–486. [Google Scholar] [CrossRef]

	23. 
Hayashi, S.; Hayamizu, K. Chemical-shift standards in high-resolution solid-state NMR. 1. Carbon-13, silicon-29 and proton nuclei. Bull. Chem. Soc. Jpn. 1991, 64, 685–687. [Google Scholar]

	24. 
Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132. [Google Scholar] [CrossRef]

	25. 
Hutter, J.; Parrinello, M.; Marx, D.; Focher, P.; Tuckerman, M.; Andreoni, W.; Curioni, A.; Fois, E.; Roetlisberger, U.; Giannozzi, P.; et al. Computer code CPMD; version 3.9; Copyright IBM Corp.: Armonk, NY, USA; MPI-FKF Stuttgart ed.: Stuttgart, Germary, 2012. [Google Scholar]

	26. 
Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic-behaviour. Phys. Rev. A 1988, 38, 3098–3100. [Google Scholar] [CrossRef]

	27. 
Lee, C.T.; Yang, W.T.; Parr, R.G. Development of the colle-salvetti correlation-energy formula into a functional of the electron-density. Phys. Rev. B 1988, 37, 785–789. [Google Scholar] [CrossRef]

	28. 
Mühlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.; Gaudiana, R.; Brabec, C. High photovoltaic performance of a low-bandgap polymer. Adv. Mater. 2006, 18, 2884–2889. [Google Scholar] [CrossRef]

	29. 
Brown, S.P. Applications of high-resolution 1H solid-state NMR. Solid State Nucl. Magn. Reson. 2012, 41, 1–27. [Google Scholar] [CrossRef]

	30. 
Bohle, A.; Brunklaus, G.; Hansen, M.R.; Schleuss, T.W.; Kilbinger, A.F.M.; Seltmann, J.; Spiess, H.W. Hydrogen-bonded aggregates of oligoaramide-poly(ethylene glycol) block copolymers. Macromolecules 2010, 43, 4978–4985. [Google Scholar] [CrossRef]

	31. 
Tasios, N.; Grigoriadis, C.; Hansen, M.R.; Wonneberger, H.; Li, C.; Spiess, H.W.; Müllen, K.; Floudas, G. Self-assembly, dynamics, and phase transformation kinetics of donor-acceptor substituted perylene derivatives. J. Am. Chem. Soc. 2010, 132, 7478–7487. [Google Scholar] [CrossRef]

	32. 
Brown, S.P. Recent advances in solid-state MAS NMR methodology for probing structure and dynamics in polymeric and supramolecular systems. Macromol. Rapid Commun. 2009, 30, 688–716. [Google Scholar] [CrossRef]

	33. 
Mafra, L.; Santos, S.M.; Siegel, R.; Alves, I.; Almeida Paz, F.A.; Dudenko, D.; Spiess, H.W. Packing interactions in hydrated and anhydrous forms of the antibiotic ciprofloxacin: A solid-state NMR, X-ray diffraction, and computer simulation study. J. Am. Chem. Soc. 2012, 134, 71–74. [Google Scholar]

	34. 
Beaujuge, P.M.; Tsao, H.N.; Hansen, M.R.; Amb, C.M.; Risko, C.; Subbiah, J.; Choudhury, K.R.; Mavrinskiy, A.; Pisula, W.; Bredas, J.-L.; et al. Synthetic principles directing charge transport in low-band-gap dithienosilole-benzothiadiazole copolymers. J. Am. Chem. Soc. 2012, 134, 8944–8957. [Google Scholar] [CrossRef]

	35. 
Niedzialek, D.; Lemaur, V.; Dudenko, D.; Shu, J.; Hansen, M.R.; Andreasen, J.W.; Pisula, W.; Müllen, K.; Cornil, J.; Beljonne, D. Probing the relation between charge transport and supramolecular organization down to ångström resolution in a benzothiadiazole-cyclopentadithiophene copolymer. Adv. Mater. 2013, 25, 1939–1947. [Google Scholar] [CrossRef]

	36. 
Dudenko, D.; Kiersnowski, A.; Shu, J.; Pisula, W.; Sebastiani, D.; Spiess, H.W.; Hansen, M.R. A strategy for revealing the packing in semicrystalline π-conjugated polymers: Crystal structure of bulk poly-3-hexyl-thiophene (P3HT). Angew. Chem. Int. Ed. 2012, 51, 11068–11072. [Google Scholar] [CrossRef]

	37. 
Sebastiani, D. Current densities and nucleus-independent chemical shift maps from reciprocal-space density functional perturbation theory calculations. ChemPhysChem 2006, 7, 164–175. [Google Scholar] [CrossRef]

	38. 
Schleyer, P.V.R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. Nucleus-independent chemical shifts: A simple and efficient aromaticity probe. J. Am. Chem. Soc. 1996, 118, 6317–6318. [Google Scholar]

	39. 
Sebastiani, D.; Kudin, K.N. Electronic response properties of carbon nanotubes in magnetic fields. ACS Nano 2008, 2, 661–668. [Google Scholar] [CrossRef]

	40. 
Feng, X.; Marcon, V.; Pisula, W.; Hansen, M.R.; Kirkpatrick, J.; Grozema, F.; Andrienko, D.; Kremer, K.; Müllen, K. Towards high charge-carrier mobilities by rational design of the shape and periphery of discotics. Nat. Mater. 2009, 8, 421–426. [Google Scholar] [CrossRef]

	41. 
Feng, X.; Pisula, W.; Müllen, K. From helical to staggered stacking of zigzag nanographenes. J. Am. Chem. Soc. 2007, 129, 14116–14117. [Google Scholar] [CrossRef]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
E‘Y





nav.xhtml


  polymers-05-00833


  
    		
      polymers-05-00833
    


  




  





media/file1.png





media/file2.png





media/file7.png
\\\\\\\\\
1






media/file9.png
Parallel

Anti-parallel

@«

3

. "HChemical Shift

a

T T =
160 ,, 140 120 PPM 8 6 4 2 0 PpmM
'C Chemical Shift 'H Single Quantum





media/file5.png





media/file3.png





media/file0.png
CDT-BTZ-C14,10






media/file8.png
VDS:-GOV

VDS=60V

30

45

v/Aas, -

60

-60 -45 -30 -15

0 15
Vgs/V





media/file6.png
Normalized Absorption

i T ¥ T ¥ T
600 800 1000 1200
Wavelength / nm





