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Abstract:

 The morphological and structural features of the conjugated polymer films play an important role in the charge transport and the final performance of organic optoelectronics devices [such as organic thin-film transistor (OTFT) and organic photovoltaic cell (OPV), etc.] in terms of crystallinity, packing of polymer chains and connection between crystal domains. This review will discuss how the conjugated polymer solidify into, for instance, thin-film structures, and how to control the molecular arrangement of such functional polymer architectures by controlling the polymer chain rigidity, polymer solution aggregation, suitable processing procedures, etc. These basic elements in intrinsic properties and processing strategy described here would be helpful to understand the correlation between morphology and charge transport properties and guide the preparation of efficient functional conjugated polymer films correspondingly.
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1. Introduction

Recently, π-conjugated polymers have attracted great attention due to their extensive applications in electronic devices such as field-effect transistors (FETs), organic photovoltaic cells (OPVs), organic light-emitting diodes (OLEDs) and so on [1,2,3,4,5,6,7]. Compared with inorganic semiconductors and organic π-conjugated small molecules, the family of conjugated polymers has great advantages in its low weight, easy solution-processing and suitability to industrial manufacturing of large-area devices such as roll-to-roll routes [8,9,10]. Thus, many groups of conjugated polymers have been synthesized [3,11,12,13,14,15,16] and a extremely high carrier mobility of 12.04 cm2∙V−1∙s−1 in FETs without doping [17] and power conversion efficiency of 8.67% in single junction OPVs [18] have been realized among them, which shows a brilliant prospects of them as the next-generation electronic materials. Therefore, understanding the correlations between the intrinsic properties of conjugated polymers, the features of thin film and the performance of corresponding electronic devices become crucial to guide the synthesis of more excellent materials and achievement of better electronic properties.

It is well known that an important origin for electronic properties of conjugated polymers based devices is the delocalization of π-electrons in and between the backbones, which leads to the aggregation/crystallization of polymer chains and the formation of various morphology further. The gradual bottom-up construction of π-conjugation system provides the transport pathways of charges. However, clarifying the detailed, bottom-up relationship between materials and performance has been always challenging since the discovery of semi-conducting conjugated polymers. After the related research for several decades, a great progress has been made in this field [2,3,19,20,21,22,23,24,25,26,27,28,29], i.e., proposing more clear and efficient synthesis guidelines, concluding principles to improve morphological order and revealing the importance of morphological and structural features in films to the final performance. Now, synthesis of more efficient π-conjugated systems and improvement of order in films have become the essential problems for the development of opto-electronic functional conjugated polymers in terms of chemistry and physics, respectively.

In this review, we focus on the importance of controlling morphology and structure in films to the final performance of conjugated polymer films, which is the bridge between materials and properties Firstly, the basic morphological and structural features influencing the charge transport properties will be discussed. Secondly, the intrinsic conjugation properties as the crucial factors to determine the final film morphology and performance will be demonstrated. Thirdly, as solution-processable materials, the solution state of conjugated polymers will be discussed and the universal strategy to improve solution state will be proposed. This review is thought helpful to the design, processing and applications of semiconductor conjugated polymers.



2. The Morphological and Structural Features Influencing the Charge Transport in Films

As mentioned above, the origin of electronic properties of conjugated polymer functional films is the stepwise bottom-up construction from π-conjugated units at molecular scale to continuous pathways for charge transport at meso-, micro- and even macroscopic scale (Figure 1). Firstly, although the electronic conjugation arises from the π–π interaction between pendant conjugated side groups in some polymers with flexible main-chains such as poly(9-vinylcarbazole), the intra-chain conjugation and inter-chain interaction accounting for charge transport originate from the delocalization of π-electrons in backbones and their overlap between adjacent backbones for most conjugated polymers, respectively. In this work, the attention will be paid into the polymer family with conjugated backbones. Then, the two driving forces make conjugated polymer chains stack into ordered crystalline regions. In the process of crystallization, different molecular structures and processing procedures result in self-assembly of chains along different thermodynamic and/or kinetic pathways and formation of various crystalline morphologies. According to the bottom-up construction of charge transport pathways, (1) the internal molecular order in crystalline regions at molecular scale (1 Å–10 nm) (Figure 1a); (2) the connectivity between crystalline regions at meso- and microscopic scale (10 nm–1 μm) (Figure 1b,c); (3) the amount of crystallites and alignment of crystalline regions at microscopic and device size (100 nm–100 μm) (Figure 1c) are important primary morphological and structural features to influence the continuous and efficient charge transport between electrodes. They will be discussed in detail in following.

Figure 1. Scheme of the bottom-up construction of charge transport pathways with the morphological features influencing the final morphology and performances in conjugated polymer films: (a) the molecular stacking order; (b) the connectivity between adjacent crystalline regions and (c) the grain boundary angle and alignment of charge transport pathways.
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2.1. The Order of Crystalline Regions

A good internal order in crystallites of conjugated polymers could behave as extended intra-chain conjugation and ordered inter-chain stacking (Figure 1a), which could be reflected in photophysical features in UV-Vis absorption and photoluminescence spectra, i.e., H-aggregation and J-aggregation [30,31,32]. In terms of electronic, H-aggregation means that the sign of the resonant electronic coupling is positive, the main absorption peak shifts to higher energies and fluorescence is quenched, while J-aggregation means that the couplings are negative and a spectral red shift happens. Meanwhile, the ratio of A0–0/A0–1 in absorption spectra and/or 0–0 emission/0–1 emission in photoluminescence spectra (Figure 2) could reflect the order in molecular aggregations according to Equation (1) [30,32] as follows,

Figure 2. Calculated absorption (blue) and emission (red) spectra for linear H- and J-aggregates containing N = 20 molecules with nearest-neighbor-only coupling. In all calculations the value of ω0 = 0.17 eV (1400 cm−1) were taken. The exciton bandwidth, W = 4|J0|, increases from top to bottom [(a–e) for H-aggregate and (f–j) for J-aggregate]. Solid spectra are evaluated using one- and two-particle states, while dashed spectra use only one-particle states. Inset in panel (a) shows the isolated-molecule spectra. Gray absorption spectrum appearing in all panels pertains to the isolated molecule (W = 0). Insets in panels (d) and (e) are enlarged emission spectra. Inset in panel (j) shows unscaled emission spectrum for different values of N (Reprinted with permission from [32]. Copyright 2010 American Chemical Society).
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(1)






In Equation (1), J0 and ω0 are the nearest neighboring coupling and the frequency of nuclear potentials equivalent to shifted harmonic wells, respectively. The value of J0 is positive for H-aggregation (Rabs < 1) and negative for J-aggregation (Rabs > 1). The free exciton bandwidth W as an important parameter describing the conjugation length in chains is defined as W = 4|J0|. According to the results in Figure 2, it is found the J-aggregation has a better stability and shows a better structural order beneficial for charge transport in terms of electronic energy than H-aggregation with the same W. Meanwhile, with the decreasing W for H-aggregation and increasing W for J-aggregation, the order of aggregation is improved indicated by the red-shifted spectra and enhanced Rabs as mentioned above. Along with the electronic transitions, the interaction mode of rod-shaped molecules also has an impact on molecular aggregation type: a pair of rod-shaped molecules in a “side-by-side” orientation forms the so-called H-aggregates [33,34] and a pair in a “head-to-tail” orientations forms the so-called J-aggregates [35]. For conjugated polymers with planar backbones and rod-like conformations, it is hoped that the conjugation could be extended to the maximal extent along the backbone plane, which could lead to a more ordered J-aggregation beneficial for both its continuous transport of charge carriers and its better inter-chain stacking, or an improved inter-chain stacking in H-aggregation. All these improvements could be reflected by the red-shifted absorption spectra and/or the increased value of A0–0/A0–1. Fortunately, the J-aggregation has been found in poly(3-hexylthiophene) (P3HT) [36] and many donor-acceptor copolymers with extended intra-chain conjugation and a good planarity in their backbones [37,38,39]. By strategies such as choosing processing solvent with a high boiling point [31], dispersing the nanofibrils [40] and thermal annealing [38,39], etc., the more ordered aggregation in films is strengthened corresponding to the red-shifted absorption, enhanced A0–0/A0–1 value, more ordered fibrillar morphology and improved mobility. Thus, it is concluded that a improved crystalline order and/or aggregation order with good intra-chain conjugation and inter-chain stacking in crystallites is helpful to obtain more ordered morphology and higher electronic performances.



2.2. Connectivity between Crystalline Regions

Due to the polycrystalline nature of most conjugated polymer films, the connectivity between adjacent crystalline regions becomes a barrier for charge transport because the original pathways are interrupted (Figure 1b,c). Therefore, the grain boundary become the bottleneck for improving mobility in terms of (1) the density of grain boundary; (2) the barrier of grain boundary; and (3) the bending angle in grain boundary. Firstly, the stacking mode of adjacent crystalline regions along the apparent transport direction has an effect on the grain density and grain barrier [41,42]. Jimison et al. [41] and Lee et al. [42] prepared anisotropic films of P3HT and pBTTT by directional crystallization and zone-casting, respectively. For both polymers, the mobility along the backbone direction was much higher than that along π–π stacking direction. By morphological analysis and mobility-temperature measurement, it was found that the density of grain density and the barrier height for charge transport along backbone direction were both smaller that those along π–π stacking direction. Thus, intra-chain transport and connection between adjacent crystalline regions in an “end-to-end” mode are thought beneficial for efficient charge transport. In contrast, the connection of “face-to-face”, side-chains, different oriented crystalline regions and disordered regions are all larger barriers for hopping of carriers (Figure 3I). Secondly, the tie chains connecting adjacent crystalline regions (Figure 1b) play an important role in decrease the transport barrier of carriers at grain boundary [43,44,45]. As known, the disordered regions between adjacent ordered domains limit the efficient transport of carriers. Lan et al. reported that there were three modes for chains in disordered regions between adjacent crystalline regions: extending, looping, and bridging chains [43]. In the disordered domains, the charge transport can occur in the interchain pathway by hopping between close enough chain ends/loops or in the intrachain pathway along the bridging chains. The significant difference of the charge mobility through the end/loops and bridging chains, and the ratio of their amount is crucial to determine the average charge mobility in disordered regions. In fact, the experimentally measured charge mobility is limited to a maximum of 10−2 cm2∙V−1∙s−1 due to the presence of more end/loops instead of bridging chains in disordered regions. Kline et al. reported that for P3HT with a higher molecular weight the transport barrier was smaller (54 meV) than that of P3HT with lower molecular weight (>60 meV) [44]. They attributed it to that the long chains can interconnect ordered areas and prevent charge carriers from being trapped by the disordered boundary regions by creating a continuous pathway through the film. Accordingly, the films spin-coated from P3HT with a high molecular weight displayed better mobility than that of lower molecular weights. For P3HT films made of nanofibril webs, Bolsee et al. reported that the electrical resistance associated with the bridging of two or more individual nanofibrils did not reduce the charge transport inside the web of nanofibrils by observing the current maps in detail [45]. They found that the electrical resistance of a bridging point, Rbp, was far smaller than that of the whole nanofibrils, RNF, that is, Rbp < 0.1RNF. They also attributed it to the tie chains connecting the two crossing nanofibrils. Thirdly, the relative orientation between transport direction in adjacent crystalline regions has an effect on the effective transport of carriers [46,47,48,49]. Street et al. pointed out that in plane the nanocrystalline lamella had specific structural orientations defined by the stacking directions of their chains, and the electronic property of the boundary between two adjacent grains depended primarily on their relative orientations, in other words, the angle of grain boundary [46]. The grain boundaries are not isotropic, and there are favorable and unfavorable transport directions across the boundaries. Small angle grain boundaries for lamella are connected end-to-end with respect to the chain orientation, which will exhibit some interpenetration of the chains in the boundary. In spite of considerable disorder, side-to-side grains also have the possibility of a reasonably smooth connection at some locations, where the links between grains are bent chains of low bend angles. For high-angle grain boundaries, they are made of bent chains with a higher bend angle and therefore more disordered. The charge transport is dependent on the bent chains and the correlation between the localization energy and the bend angle. A percolation path along preferential directions with small-angle boundaries is beneficial for efficient charge transport, which has been proven in examples of pBTTT films [46,48,49]. Zhang et al. proved that in annealed pBTTT films the boundaries between adjacent liquid-crystal-like domains with different crystal orientations were small-angle ones utilizing dark-field transmission electron microscope (TEM) [48]. As high as 95% of neighboring regions for a domain with a minor orientation and 68% for that with a major orientation were made of domains with most similar orientations to it, which was thought to be a structural origin of the high carrier mobility of annealed pBTTT films (Figure 3II). Schuettfort et al. pointed out that the liquid crystalline declinations with high-angle grain boundaries were sites of low order in the pBTTT films with different morphologies employing scanning transmission X-ray microscopy (STXM) technology [49]. For example, in zone-casting pBTTT films reported by Lee et al. [42], the larger transport barrier of grain boundary perpendicular to backbone direction (Figure 3I) was attributed to the nearly 90° degrees declination between adjacent domains (Figure 3II) [49]. Thus, small-angle grain boundaries are wanted for a better charge transport along the percolation pathways despite the inevitability of grain boundaries. In summary, end-to-end connection of adjacent crystalline regions, a larger amount of tie chains in grain boundaries and small-angle grain boundaries along transport pathways are three important factors to improve the connectivity between adjacent crystalline domains.

Figure 3. (I) Illustrations of possible grain boundaries in directionally crystallized thin films. The first panel depicts grain boundaries most relevant in parallel devices, showing chains that bridge between (a) two edge-on grains and (b) two face-on grains; The second panel consists of grain boundaries more relevant to the perpendicular devices, between (c) two edge-on grains; (d) two face-on grains; (e) one face on and one edge-on grain; and (f) two edge-on grains, with a disordered region between crystallites (gray area) in (A) (Reprinted with permission from [41]. Copyright 2009 Wiley-VCH Verlag); SEM image of ribbon-phase PBTTT film in (B); schematic diagram of charge transport in ribbon-phase PBTTT films with the red lines schematically indicating the individual polymer chains in (B’) and temperature dependence of the linear field-effect mobility of uniaxially aligned ribbon-phase PBTTT for transport parallel and perpendicular to the backbone direction in (B’’), (Adapted with permission from [42]. Copyright 2011 Wiley-VCH Verlag); (II) Orientation maps of annealed pBTTT spin-coating films in (A) and neighborhood analysis curves for minor (A’) and major (A’’) colored pixels (Adapted with permission from [48]. Copyright 2010 Wiley-VCH Verlag); and atomic force microscope image and orientation maps for terrace and aligned nanoribbon PBTTT films in (B) with two nearby pairs of half integer declinations circled in red and black in terrace films and the inset shows a magnified drawing of the orientation (black) and backbone directions (red) in ribbon films (Adapted with permission from [49]. Copyright 2012 American Chemical Society).
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2.3. Crystallinity and Crystallite Alignment

As an intrinsic property rather than doping, the amount of crystalline regions in films also plays an important role in the transport of charge carriers via determining the amount of transport pathways in the scale of devices for (semi-) crystalline conjugated polymers which contribute a large proportion in the catalogue of conjugated polymers, although several amorphous conjugated polymers such as dithieno[3,2-b:2′,3′-d]pyrrole(DTP)-co-thiophene(TH)s and poly[3-(5-((2,6-bis((4-hexylphenyl)et-hynyl)-10-(prop-1-yn-1-yl)anthracen-9-yl)ethynyl)thiophen-2-yl)-6-(5-methylthi-ophen-2-yl)-2,5-bis(2-octyldodecyl)py-rrolo[3,4-c] pyrrole-1,4(2H,5H)-dione] also have high carrier mobilities [50,51]. More crystallites in films means more efficient pathways for carriers, and fewer disordered regions and/or grain boundaries limiting mobility in films. Thus, a increase of crystallinity in films could enhance the carrier mobility in films [38,52,53,54]. The increase of crystallinity is often reflected in terms of (1) enhanced absorbance attributed to ordered aggregation of chains in UV-Vis spectra [53]; (2) the higher diffraction peaks in X-ray diffraction (XRD) profiles [38,52,54] and (3) more obvious and/or ordered crystalline morphology in films such as nanofibrils [52,53], etc. Aiyar et al. reported that ultrasonic vibration could increase the ordered aggregation in solution and the crystallinity in films [52]. With increasing vibration time, the 0–0 absorbance in solution and films and the (100) peak height increased until reaching a platform after vibrating for 5 min, accompanied by the development of fibrillar morphology of films. Correspondingly, the carrier mobility in films was enhanced with the increasing crystallinity and reached a maximum at last. For donor-acceptor copolymers, the increasing crystallinity reflected in enhanced (100) peak height in XRD profiles corresponds well to a better hole mobility with a higher annealing temperature [38,54]. The enhanced crystallinity is also helpful to improve the performance of polymer/fullerene solar cells [53]. When enhancing the sonication temperature of P3HT toluene solution, the 0–1 and 0–0 absorbance in solution gradually increased. As a retention of aggregation in solution, the amount and length of nanofibrils increased obviously reflecting improved crystallinity in films. More long nanofibrils tended to connect each other well and form homogeneous network, which provided good percolation pathways for holes not only in pure P3HT films but also in P3HT/[6,6]-phenyl-C61/71-butyric acid methyl ester (PCBM) blend films. As known, improved charge transport is an important factor to enhance the conversion efficiency of solar cells. Therefore, the devices made of nanofibrils with the larger amount and the biggest length (560 nm) showed the best performance (2.32%) than those of few and short nanofibrils (135 nm, 1.93%). Thus, increasing the crystallinity is an important strategy to improve the morphology and electronic properties of conjugated polymer films. For those amorphous conjugated polymers with high carrier mobilities, the origin was attributed to the presence of long arrange π-conjugated pathways in microscopic scale [50] or the low bandgap combined with highly connected and compact structures indicated by a low surface roughness [51], as mentioned in Section 2.2.

Another ideal structure in films is all the charge transport pathways are straight from source to drain and from cathode (anode) to anode (cathode) for FETs and OPVs, respectively (Figure 1c). For OPVs requiring the charge transport normal to substrates, the ideal alignment of crystallites equals to the realization of face-on [55,56] or flat-on orientation [57] of conjugated planes respect to substrates, in other words, to align the efficient intrachain pathways or interchain π–π pathways vertical to substrates. For conjugated polymers adopting preferential edge-on orientation in films, epitaxy crystallization assisted by 1,3,5-trichlorobenzene (TCB) [41,58], mechanic rubbing at a certain temperature [59] and adding additives such as diiodooctane (DIO) [55] are three effective methods to promote face-on orientation in films. Meanwhile, slow evaporation of solution in CS2 [60], CS2 vapor annealing [61], vapor-assisted imprinting [57] and thermal nano-imprinting [62] have been employed to acquire flat-on molecular orientations in P3AT films. For FETs, although some donor-acceptor copolymers such as poly(diketo pyrrolo-pyrrole-co-thiophene) (PDPP-T) and poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)} [P(NDI2OD-T2)] display high mobility in spite of a mainly face-on orientation [37,63], the edge-on molecular orientation of chains respect to substrates is favored for most conjugated polymers because of the in-plane π–π pathways wanted by device architecture. The devices with edge-on orientations have a better mobility than those with face-on orientations in examples like P3HT and pBTTT et al. [59,64,65]. For high-mobility face-on devices, the origin may be that carriers can successfully overcome barrier near dielectric interface by hopping to at least subsequent 2–3 layers coupled by out-of-plane π–π interaction to achieve a three-dimensional transport [63].

Another challenge for FETs lies in the in-plane alignment of transport pathways in FETs. The ideal situation in FETs is that all the efficient transport pathways are straight from source to drain with hardly directional deviation. Wang et al. prepared aligned structures in films by dip-coating and proved that films made of aligned nanofibrils connecting source and drain displayed outstanding good carrier mobility of FETs in the examples of pBTTT (Figure 4) and P(NDI2OD-T2) [66,67]. The fibrillar film with a long-range alignment had a much higher mobility [0.7 cm2∙V−1∙s−1 for pBTTT and 0.043 cm2∙V−1∙s−1 for P(NDI2OD-T2)] than that with random orientations [0.36 cm2∙V−1∙s−1 for pBTTT and 0.025 cm2∙V−1∙s−1 for P(NDI2OD-T2)]. Besides, the transport pathways aligned between source and drain should be efficient ones with fewer and softer grain boundaries. In aligned films free of nanofibrils such as P3HT and pBTTT, the efficient pathways were along backbones for their lower grain boundary density and smaller barrier [41,42]. Therefore, to align pathways preferred for efficient transport between source and drain is very crucial to improve the performance of FETs.

Figure 4. The pBTTT films with (a–c) random orientations and (d) a good alignment prepared via controlling dip-coating rates (Adapted with permission from [66]. Copyright 2012 American Chemical Society).
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To summarize this section, morphological and structural features such as (1) a good internal order of crystalline region; (2) a good connectivity between adjacent crystalline regions in end-to-end mode with small-angle grain boundaries and more tie chains and (3) a higher crystallinity and better alignment of preferred transport pathways between electrodes are the targets to obtain better device performances. These morphological and structural features are closely related with (1) intrinsic molecular structure of conjugated polymers and (2) the state of chains in solution and proper solution-processing strategies. Thus, the influences of them on morphology and structure of conjugated polymer films will be discussed in following.




3. The Effects of Conjugation Structures of Semiconducting Polymers on Their Electronic Properties, Structures and Morphology

There is no doubt that the conjugation in backbones is a determining factor for all optical and electronic properties of semiconductor conjugated polymers, for the delocalization of electrons, in other words, π-conjugation in and between backbone planes provides transport pathways of carriers. Meanwhile, the morphological and structural features also depend heavily on the intrinsic conjugation structure of molecule chains such as planarity and rigidity of backbones, chain shapes, molecular weight and side-chain distribution, etc., which influence the performances in turn. In following, the characteristic structural features of conjugated polymer compared with flexible chains will be discussed first. Then, the effect of molecular structural features on structure, morphology and charge transport will be discussed in detail.


3.1. Structural Differences between Conjugated Polymers and Flexible Polymers and the Corresponding Effects on Morphology

Compared with flexible linear polymers such as polystyrene (PS), the conjugation of π-electrons leads to much enhanced rigidity of chains. It is known that a polymer chain could be regarded as its equivalent Kuhn chains, in which the motion units are modeled as Kuhn segments made of several repeating units [68,69]. Due to the large bending barrier of stiff conjugated polymers, the Gaussian chain model fitting well with flexible chains [Equation (2)] is replaced by worm-like chain model [Equation (3)] to better depict the conformation of rigid conjugated polymers,
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where <Re2>, N, lK, ε and ξ are end-to-end distance, number of segments, length of Kuhn segment, energy cost associated with stiffness and persistence length, respectively. The extension of conjugation plane in backbones arising from huge π-systems makes the persistence length of chains elongated, leading to a much longer Kuhn segment length and extended conformation of chains than those of flexible polymers especially in solutions. The conformational change brought about by conjugation structure results in different structural and morphological features from flexible chains. Firstly, the elongated persistence length of chains of conjugated polymers makes their single chains display a more anisotropic and extended conformation with less bending like paperclips, compared to the isotropic and disordered coils of more flexible chains (Figure 5a) [69]. Zhao et al. proved that the persistence length of pBTTT (9.0 nm) was much larger than rr-P3HT (4.8 nm) due to the introduction of fused thieno[3,2-b]thiophene moiety into backbones to strengthen the conjugation, implying more rigid chains than flexible chains like PS (2.8 nm) [68]. These conjugated polymer chains display more rod-like conformations, which tend to crystallize driven by intense π–π interaction of conjugation planes different from flexible chains. Therefore, 1-D aggregates like nanofibrils with large aspect ratios are frequently formed in films for anisotropic conjugated polymers, unlike 2-D aggregates such as spherulites or lamella single crystals of polyethylene (PE). Secondly, the chain folding in conjugated polymers is also different from those in flexible polymers. In conjugated polymers, a more extended chain-folding exists, i.e., seven thiophene rings in the folding section in P3HT and nine for P3DDT (Figure 5b) [70]. Similar to flexible chains, the chain-folding could drive the crystallization of chains. The folded chain model and fringed micelle model proposed for crystalline or semi-crystalline flexible polymers have been also applied in the examples of conjugated polymer polycrystalline films to explain crystal formation, tie chains and amorphous regions. As to the lamellar structure [71], the bending of chains near the ends gave rise to disorder region in lamella. With the increasing molecular weight, the total lamellar thickness increased but the size of crystalline region was nearly unchanged. Fortunately, tie chains connecting adjacent lamella were observed in thickened disorder region by HR-TEM for high molecular weight P3HT (Figure 6I). As to crystal formation, the chain-folding is controlled by the planarity of conjugated polymers, which plays a crucial role in determining the size of crystalline structures. As to dispersed nanowires, the width was determined by the planarity and rigidity of chains as reported by Liu et al. [72]. They proposed that the change of nanowire width with increasing molecular weight depended on the inter-chain torsion barrier in chains (Figure 6II). The large barrier for torsion of C–C single bond in dithiophene, tail-to-tail linked dialkylthiophoene and alkylthiophene-thiazolo[5,4-d]thiazole moieties resulted in the non-folding nature of PQT and PTzQT chains. Thus, the contour length of PQT and PTzQT chains equaled to the width of nanowires. For P3HT and pBTTT, the barrier was small and the width of nanowire reached a maximum when molecular weight excessed a critical value. Besides, compared to the single crystals of flexible polymers like PE with chain-folding obtained from dilute solution relatively simply, those of conjugated polymers are made of extended chains without folding [73,74]. Due to the difficulty of unfolding chains to a totally extended conformation, there are few examples of preparing conjugated polymer single crystals under strict conditions like concise temperatures, extremely slow evaporation and/or specific substrates, etc. [73,74,75,76,77,78]. Thirdly, according to Einstein-Stokes Equation, D = KBT/6πηa, the diffusion coefficient (D) is inverse to the sizes of moving unit (a) in solutions. Thus, the motion of segments and the whole chains of conjugated polymers is more hindered due to bigger segments and more extended conformations, which affects the effective approaching and stacking of chains. It brings difficulty to the crystallization of chains during casting or post-annealing. Especially for conjugated polymers with larger conjugation lengths, Wang et al. reported that (1) the critical nucleation vapor pressure was higher due to the higher critical vapor pressure for rod-to-coil transition during solvation and (2) the fibril density was reduced partly due to the slower motion of units during aggregation, which were the results of the larger conjugation lengths and enhanced rigidity for polymers (Figure 7) [79]. Therefore, tuning the crystallization and morphology of conjugated polymers is challenging due to their conjugated molecular structures. In the following, the effects of structural factors on the structures, morphology and charge transport in films will be discussed.








Figure 5. (a) The conformations of regio-regular P3HT (rr-P3HT) and regio-random P3HT (rra-P3HT) shown omitting side-chains, (Adapted with permission from [69]. Copyright 2011 American Chemical Society) and (b) the STM images of P3HT and P3DDT chains on HOPG surface with the corresponding schematic illustration of chain packing and chain-folding, (Adapted with permission from [70]. Copyright 2000 Wiley-VCH Verlag).
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Figure 6. (I) Schematic representation of the microstructure size in semicrystalline Rr-P3HT of different molecular weights influenced by chain-bendings and the HR-TEM photos for bendings indicated by the arrow, (Adapted with permission from [71]. Copyright 2009 American Chemical Society); (II) Dependence of average nanowire width on average contour length of PQT-12, PBTTT-14, PTzQT-14, and rr-P3HT in (A) and simplified cartoons illustrating the difference between conjugated polymer nanowires with folding (bottom) and nonfolding (top) chains in (B) and TEM photos for nanowires of PQT12, pBTTT and pTzQT with similar high molecular weights in (C), (Adapted with permission from [72]. Copyright 2011 Elsevier).
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Figure 7. The TEM images of films annealed at PCS2 = 98.3% with a increasing conjugation length from left to right and scale bars of 500 nm in (a), the variation of free exciton bandwidth W with P indicating the conformation change in (b) and dynamic light scattering (DLS) results of polymers in solution in (c) (Adapted with permission from [79]. Copyright 2013 American Chemical Society).
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3.2. The Effect of Planarity and Rigidity on Structure, Morphology and Charge Transport

As the direct reflection of conjugation in backbones, the planarity is defined as the extent of conjugated moieties in backbones being in the same plane indicated by inter-ring torsion dihedral angle which plays an important role in the charge transport. In charge transport theories, the mobility is determined by two quantum mechanics parameters, transfer integral and reorganization energy. The transfer integral of holes (electrons) could be obtained from the difference between energy levels of HOMO and HOMO−1 (LUMO and LUMO+1) molecular orbitals [1,43]. A larger transfer integral leads to a better hole (electron) mobility. The mobility of carriers through two adjacent rings with a torsion of θ is proportional to cos2θ [80], which means that transfer integral and mobility are smaller for a larger inter-ring torsion angle (0–90 degrees) [43]. Due to the small barrier, a small torsion angle of 5–10 degrees could transform easily in the work environment of devices to 0 (180) degrees, that is, a perfect planar structure. Therefore, a small inter-ring torsion (better planarity) is beneficial for charge transport. Another parameter is reorganization energy defined as the energy loss when a charge carrier passes through a conjugated unit. The smaller the organization energy is, the larger mobility of carriers is. A more planar conjugation structure is helpful to extend the conjugation length, strengthen the conjugation intensity, decrease the reorganization energy and enhance carrier mobility and/or OPV efficiency, as proved both in theory and experiments [1,38,81].

Considering the importance of intrinsic conjugation structures on electronic properties and conformation mentioned above, it is necessary to understand it in terms of molecular design for rational synthesis and chose of materials in applications. Some conjugated polymers with out-standing carrier mobilities are listed in Table 1 to demonstrate the effects of molecular structures on their electronic properties. Firstly, extending the conjugation system and strengthening intra-chain and inter-chain interaction is a direct way to improve electronic properties. Based on the classic conjugated polymers such as P3ATs (P1), a straight strategy is inserting more conjugated moieties [3,82] such as carbon double bond (–HC=CH–, P2) [83,84,85], unsubstituted multiple or fused aromatic rings (i.e., thiophenes and thieno[3,2-b]thiophene, etc., P3–P7) [13,14,16,37,82,86,87,88,89,90,91], other heterocyclic rings containing nitrogen(and sulfur) (P8 and P9) or selenium atoms (P10) [13,15,81,92,93,94,95,96,97] and their combination (P11) [98]. Thus, the intra-chain conjugation is extended and strengthened by coupling with the more conjugated moieties, and the conjugation length is elongated due to the improved planarity. As a result, the inter-chain interaction of these extended conjugated chains becomes more intense to form more stable and ordered aggregates, resulting in the enhanced performance of devices [81]. Secondly, inserting acceptor moieties as n-type units [i.e., diketopyrrolopyrrole (DPP), naphthalene-bis(dicarboximide) (NDI), etc.] into p-type moieties has become a very efficient strategy to synthesize more conjugated polymers by employing the intense intra- and inter- chain donor-acceptor interactions recently [11,86,99,100,101,102,103]. Take DPP unit for an example, the combination of DPP and thiophene, that is, dithienyl-DPPs, show excellent planarity with a small torsion of only 12 degrees due to both the intense donor-acceptor interaction via electron transfer and the favorable intra-molecular S–O interaction [11]. Many high-mobility copolymers based on dithienyl-DPPs have been synthesized through coupling with intensely conjugated p-type moieties such as thieno[3,2-b]thiophene, unsubstituted dithiophene, diselenophene, benzothiadiazole, etc. (P12–P16) [11,37,104,105,106]. The conjugated polymer with extremely high carrier mobilities so far has been synthesized by combining dithienyl-DPP and (E)-2-(2-(thiophen-2-yl)vinyl)thiophene moieties (P15b) [106] and [1,2-bis(5-(thiophen-2-yl)selenophen-2-yl]ethene (P16) [17], which are intense conjugated n-type [11] and p-type moieties [83,94], respectively. A third strategy is to modify the original conjugation structure. Lei et al. modified PPV by coupling its repeating unit with amide and ester groups to form a larger conjugation system (P17), which was stabilized by multiple interaction such as with-drawing electron and hydrogen bonds [107]. Thus, inserting and/or copolymerization of intense conjugated units, and internal modifying of conjugation structure are thought to be promising strategies to develop materials with stronger conjugation and better electronic properties.

Table 1. Summary of conjugated polymers indicating the effect of structures on the carrier mobility in TFT devices (the mobility is that of holes except P14 and P17).


	Number
	Structures
	Mw/Mn (kDa/kDa)
	μmax (cm2∙V−1∙s−1)
	Ref.





	P1
	 [image: Polymers 05 01272 i005]

a R = C6H13; b R = C12H25
	a 48/40

b 26.4/22
	a 0.13

b 0.097
	[108]



	P2
	 [image: Polymers 05 01272 i006]

a R1 = C6H13, R2 = C12H25; b R1 = R2 = C12H25
	a 25/14.7

b 53.3/24.9
	a 0.47

b 1.05
	[83]



	P3
	 [image: Polymers 05 01272 i007]
	22.9/17.3
	0.2
	[87]



	P4
	 [image: Polymers 05 01272 i008]

a R = C12H25; b R = C14H29
	a 54/29.4

b 59.6/33
	a 0.3

b 0.72
	[88]



	P5
	 [image: Polymers 05 01272 i009]
	62.1/16.3
	0.25
	[89]



	P6
	 [image: Polymers 05 01272 i010]
	10.3/7.9
	0.3
	[90]



	P7
	 [image: Polymers 05 01272 i011]
	45.8/28.9
	0.54
	[91]



	P8
	 [image: Polymers 05 01272 i012]
	15.8/8.7
	0.3
	[92]



	P9
	 [image: Polymers 05 01272 i013]
	300.3/33
	0.42
	[96]



	P10
	 [image: Polymers 05 01272 i014]
	37.8/17.2
	0.3
	[97]



	P11
	 [image: Polymers 05 01272 i015]
	108/38
	1.0
	[98]



	P12
	 [image: Polymers 05 01272 i016]
	310/104
	0.60
	[[37]



	P13
	 [image: Polymers 05 01272 i017]
	197/59
	1.04
	[104]



	P14
	 [image: Polymers 05 01272 i018]
	194/50
	1.36 for holes

1.56 for electrons
	[105]



	P15
	 [image: Polymers 05 01272 i019]

a R1 = C8H17, R2 = C10H21; b R1 = C10H21, R2 = C12H25
	a 180/70

b 183/74
	a 4.7

b 8.2
	[106]



	P16
	 [image: Polymers 05 01272 i020]
	58.0/35.8
	12.04
	[17]



	P17
	 [image: Polymers 05 01272 i021]
	89/38
	1.1 for electrons
	[107]










Besides the electronic effects, the different conjugated structures of backbones could lead to big changes of rigidity among the family of conjugated polymers, which influence the structures and morphology in turn. The rigidity of chains could be increased by a more intense conjugation [68,79,109]. Zhao et al. reported that the persistence length of pBTTT (P4) (9.0 nm) was much larger than rr-P3HT (4.8 nm) due to the introduction of fused thieno[3,2-b]thiophene moiety into backbones to strengthen the conjugation, implying a more rigid chains [68]. More rigid chains tend to adopt extended rod-like conformation, which is prone to aggregate orderly and form the precursor for domains with a large size and good performance in pBTTT films. Utilizing single molecule spectroscopy (SMS), Hu et al. also reported that with the gradually more intense conjugation in chains brought by a better planarity (for PQT12, P3), highly delocalized thienothiophene fused aromatic rings (for pBTTT) and a much higher planarity due to intra-chain donor-acceptor charge transfer (for pTzQT, P8) compared than P3HT, the content of single chains with an extended conformation in solutions increased, which suggested a more ordered and aligned rod-like film morphology arising from these rod-like single chains [109]. Thus, it is proven that the conformations of conjugated polymers display more anisotropic and extended characteristics as a result of planarity and rigidity [68,69,109], which have an important effect on the self-assembly and film morphology in terms of the stacking order.

As mentioned in Section 2.1, an H-aggregation with enhanced order or an appearance of J-aggregation could be indicated by a red-shifted max absorption and/or an enhanced ratio of A0–0/A0–1 (this ratio <1 for H-aggregation and >1 for J-aggregation) in UV-Vis absorption spectra, which is stable in electronic energy and favored for charge transport. The conjugated polymer chains coupling with more intense conjugated units [79,99,110] or electron-rich units [99] display a longer conjugation length and more extended conformation which could be reflected by the red-shift max absorption in solutions [68,109]. These cause a regular stacking of planar chains to form ordered crystallites as efficient charge transport pathways, indicated in red-shifted absorption spectra and arc-like patterns in 2D-WAXS of films [99,110,111,112]. Here, it is noted that the inter-chain interaction between donor units and acceptor units could lead to two stacking modes for donor-acceptor copolymers such as P(NDI2OD-T2) [113] and F8BT [114], that is, alternating column-like stacking of donors and acceptors respectively (Form I) and mixed stacking between donor and acceptor (Form II) (Figure 8). By thermal annealing, the Form I structure could transform into Form II, implying that Form II is the thermodynamic stable stacking mode. It might be attributed to the extensive intra-chain and inter-chain donor-acceptor interactions to lower the energy of the conjugation system and the minimized steric repulsion of side-chains in the Form II structure [113]. However, the kinetic stable Form I stacking was favored for its straight inter-chain hopping pathways provided by column-like stacking donors(acceptors) like the example of F8BT [114], which could be reflected also by its higher absorption at 810 nm indicating a more ordered and enhanced aggregation in the example of P(NDI2OD-T2) [113].

Figure 8. The HR-TEM photos and corresponding fast Fourier transforms of Form I and Form II stacking structures in (a); the schematic illustration of Form I and Form II in (a’) and the polarized UV-Vis spectra of Form I (upper) and Form II (down) in (a’’) for P(NDI2OD-2T) (Adapted with permission from [113]. Copyright 2012 American Chemical Society); The variation of Raman intensity ratio representing inter-chain torsion with molecular weight (larger ratio for larger torsion) in (b); the schematic illustration of conformational change due to different inter-ring torsion in (b’) and the UV-Vis spectra in (b’’) for F8BT, (Adapted with permission from [114]. Copyright 2005 American Chemical Society).
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Besides stacking order of chains, intrinsic conjugation structure and morphological features could be also dominated by molecular structures in terms of textures in films, size of crystallites or crystalline domains, and anisotropy. Firstly, the textures of dispersed nanowires and parallel aligned nanofibrils are frequently observed in films. Because more planar and intensely conjugated chains tend to stack more orderly and achieve a higher crystallinity, more fibrillar morphology beneficial for charge transport arising from uniaxial π–π stacking of extended chains will be formed accordingly compared with the featureless films of polymers with larger torsions [115], less intense conjugation [37,116] and/or conformation not favored [86] (Figure 9). Secondly, the bigger size of crystallites or crystalline domains could be acquired by increasing the conjugation degree of backbones. As to the domain size in liquid-crystal-like films, DPPT-TT (P14) with the stronger conjugation of backbone had a size of about 1.2 μm, larger than DPPT-2T (P13) with weaker conjugation and a size of about 500 nm as reported by Zhang et al. (Figure 10) [37]. The larger domain size is thought to originate from the fibrillar structure of a larger size as a result of more conjugated backbones. Thirdly, the anisotropy of films crucial for device performances could be controlled by the molecular structures of chains [117,118,119]. A larger dichroic ratio of optical absorption or emission could reflect the anisotropy of charge transport in films, which could be used to guide the design and choose proper electronic materials. The larger anisotropy reflected by a bigger dichroic ratio (4–5) in films with a thermodynamic more stable stacking structures than that (2–2.5) with a kinetically trapped stacking structure for P(NDI2OD-2T) was reported by Brinkmann et al. (Figure 8a–a’’) [113]. However, the examples of comparison of anisotropy in films between polymers with different backbone structures are few. Higashi et al. prepared aligned films of pBTTT and pBTCT using capillary action and post-annealing (Figure 11). The optical dichroic ration of pBTTT and pBTCT aligned films were 1.18 and 1.13 before annealing, and 1.56 and 1.17 after annealing, respectively [120]. The higher anisotropy in pBTTT aligned film may be due to its better stacking of chains arising from the more straight shape, extended conjugation of backbones and ordered stacking of side-chains like the examples by Lei et al. [86] and He et al. [121]. Therefore, the effect of backbone structure on anisotropy still needs to be understood better for applications in the future.

Figure 9. (I) Atomic force microscopy height images for (a) as-spun films of PDTST; (b) as-spun films of PDTQT; (c) films of PDTST annealed at 100 °C; and (d) films of PDTQT annealed at 100 °C (Reprinted with permission from [115]. Copyright 2010 American Chemical Society); (II) AFM topography images (2.0 μm × 2.0 μm) of spin-cast and 200 °C annealed films of (a) BTT-T and (b) BTT-TT and polarized optical microscopy (POM) images (50× magnification, reflection mode) for (c) BTT-T and (d) BTT-TT (Reprinted with permission from [116]. Copyright 2011 American Chemical Society); (III) AFM height images of DPPT polymer films. (a) DPPT-TT, as-cast; (b) DPPT-2T, as-cast; (c) DPPT-TT, annealed; (d) DPPT-2T, annealed; All scale bars denote 200 nm (Adapted with permission from [37]. Copyright 2011 American Chemical Society); and (IV) AFM height images of (a) IIDDT, (b) IID-BDT, (c) IIDT, and (d) IID-TTT films spin-casted from TCE solution (4 mg/mL) on OTS-treated SiO2/Si substrate and annealed at 150 °C for 30 min (Reprinted with permission from [86]. Copyright 2012 American Chemical Society).
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Figure 10. Orientation maps of (a) DPPT-TT and (b) DPPT-2T obtained according to dark-field TEM images, which indicate the domain size with scale bars representing 2 μm, (Adapted with permission from [37]. Copyright 2011 American Chemical Society).
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Figure 11. Schematic diagram of polymer film fabrication using capillary action in (a) and micrographs of the pBTTT (upper) and PBTCT films in cross-polarized light with their molecular structure, the arrows denoting the solution flow direction in (b) (Adapted with permission from [120], Copyright Applied Physics Express 2011 The Japan Society of Applied Physics).
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3.3. Backbone Shape

As a result of combination of backbones and side-chains, the shape of chains also affects the conformation a lot mainly in terms of curvature of backbones (Figure 12) [86,111,112,122]. Many groups of conjugated polymers based on moieties such as isomers of benzodithiophene, naphthodithiophene and dithienocarbazole, etc., have been synthesized to tune the backbone curvature. Rieger et al. simulated the conformation of backbones inserted by different isomers of benzodithiophene and found that the monomer angle, amplitude and wavelength of the wave-like conformation could be controlled by the configuration of benzodithiophene rings (Figure 12a) [122]. Although an increased degree of curvature improved the solubility, it decreased the conjugation order in the film. An intermediate degree of curvature yielded the most intense conjugation of chains. Osaka et al. obtained different conformation of backbones by inserting different isomers of naphthodithiophene rings, such as zigzag shape, square wave, pseudo straight and sine wave (Figure 12b) [112]. They found that the HOMO delocalization in pseudo straight and sine wave shape conformation was better than that in zigzag and square wave shape with sharp bending of rings. The pseudo straight conformation of chains was promising for the extension of intra-chain conjugation and better overlaps of inter-chain HOMO orbitals. Deng et al. provided a clearer image for the conformation of donor-acceptor copolymers based on dithienocarbazole [111]. With sulfur atoms in the same side in the dithienocarbazole moiety, the curvature of backbones was huge compared to the wave-like conformation of copolymer with sulfur atoms in the different sides (Figure 12c). Lei et al. proposed a general guideline for optimizing the conformation of chains as inserting centrosymmetric donor moieties into the backbones (Figure 12d) [86]. By this method, the backbone displayed a straight planar conformation instead of the wave-like conformation for backbones containing axial symmetric moieties. Similar to the best conjugation of chains and electronic properties of pseudo-straight shape chains reported by Osaka et al. [112], the straight planar conformation led to a better carrier mobility than wave-like ones in donor-acceptor copolymers. Thus, a straight or moderate wave-like backbone shape is thought to lead to a conformational mode beneficial for an enhanced conjugation of chains.

Figure 12. (a) Geometry of the polymers: the monomer angle refers to the angle which is introduced by the corresponding benzodithiophene into a linear polymer chain (Reprinted with permission from [122]. Copyright 2010 American Chemical Society); (b) Optimized backbone structures of the polymers based on isomers of naphthodithiophene (Reprinted with permission from [112]. Copyright 2011 American Chemical Society); (c) Optimized backbone conformation of the polymers base on isomers of dithienocarbazole (Reprinted with permission from [111]. Copyright 2012 American Chemical Society); and (d) The cartoon representation of copolymers with different symmetries and their film packing (Adapted with permission from [86]. Copyright 2012 American Chemical Society).
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3.4. Side-Chains

Apart from the influence of backbones, distribution of side-chains can not be ignored. The density, length, volume and branching of side-chains play important roles in the planarity and conjugation intensity of chains. Firstly, the side-chain motions occur before backbone motions and they could drive the conformational change of backbones [123]. The longer and/or branched alkyl side-chains and larger alkyl side-chain density could cause an increase of the inter-ring torsion and lead to a relatively more coil-like and flexible conformation, which could tune aggregation and transport properties in turn (Figure 13a). Firstly, Oosterbaan et al proposed that the morphology at FET active interface could be tuned by side-chain length for P3ATs [124]. The solubility of P3AT with a shorter side-chain was larger and it started to aggregate at early stage during casting, resulting in a longer time for crystallites growth. As a result, the roughness of films for P3AT with shorter side-chains and more intense conjugation was larger indicating a larger crystallinity, which was the origin of the highest mobility in its film. Besides, a larger dichroic ratio of optical absorption or emission indicating the higher anisotropy of carrier transport could be tuned by the length of side-chains [117,119]. Ren et al. reported that with shorter side-chains, the dichroic ratio of films prepared by mechanically shearing turned larger [117]. They attributed it to the higher Tg of PPV with shorter side-chains to obtain orientation due to less relaxing of chains. In fact, the stronger conjugation in backbone plane determines a larger anisotropy of itself, which leads to larger anisotropy in films. Bologenesi et al concluded the structural features to obtain larger anisotropy for polythiophenes as (1) high regio-regularity; (2) more substituted thiophene rings in the main chain; and (3) the higher the ratio of molecular weight/length of alkyl side-chain. In application of commercial P3ATs, chains with shorter chains and larger molecular weight may have a larger anisotropic in films. Secondly, the volume of side-chains, i.e., alkyl side-chains or conjugated side-chains could increase the inter-ring torsion and decrease the degree of intra- and inter-chain conjugation (Figure 13b) [86,115]. A excess torsion could lead to a less ordered morphology and hamper the efficient transport of carriers, as reported by Park et al for a polythiophene with a larger density of thiophene side-chain and a lower mobility of 5.1 × 10−2 cm2∙V−1∙s−1 than that with a lower density and 3.0 × 10−3 cm2∙V−1∙s−1 (Figure 9I) [115]. Besides, the steric effect arising from the head-head linkage of alkyl thiophenes in backbones results in a huge torsion (Figure 13c), which destroys the planarity and conjugation of chains and leads to a bad carrier mobility [50]. Therefore, a high regio-regularity (fewer head-head linkages) is wanted for polythiophenes and their derivatives.

Figure 13. (a–c) Schematic illustration of side-chains on the inter-ring torsion in backbones; (d) the calculated side-chain packing density with varying tilting angle and the optimal stacking mode for P3HT, PQT and pBTTT, (Adapted with permission from [129]. Copyright 2007 American Chemical Society) and (e) the illustration for effect of side chain substitution position on the lamellar stacking mode, (Adapted with permission from [121]. Copyright 2009 American Chemical Society).
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Secondly, the looser distribution of side-chains could relieve the impact of increasing torsion and/or steric effect of side-chains and improve the planarity and conjugation in chains, promoting more ordered self-assembly [86,115]. Meanwhile, the ordered stacking of side-chains could induce and improve the crystallization of backbones in turn. For P3ATs, it is found that along with increasing the solubility of polymers the longer side-chains could pack orderly with the conformations close to all-trans like in crystalline lipids. This crystallization-like packing of side-chains is thought to induce the ordered packing of backbones to form more ordered crystallites [125,126]. Meanwhile, the ordered tilted-interdigitation stacking of long alkyl side-chains could also promote the better stacking of backbones in turn and improve the device performance [54,127,128]. Sauve et al. also reported that for thermal annealed P3DDT films, the out-of-plane XRD profile of it showed higher peaks of (400) and (500) diffractions than pristine films [108]. The more ordered crystalline structure arising from more regular side-chain stacking led to the largely enhanced mobility for annealed films (0.097 cm2∙V−1∙s−1) than pristine films (0.004 cm2∙V−1∙s−1). Alternatively, the strategy of decreasing the side-chain density is preferred to promote the ordered packing of side-chains via tilting and interdigitation to reach the packing density in crystalline PE, which is beneficial to improve the crystalline order and charge transport in the examples of PQT and pBTTT (Figure 13d) [82,129,130,131]. Wang et al. reported that the higher carrier mobility of pBTTT films (0.34 cm2 V−1 s−1) than P3HT (0.10 cm2 V−1 s−1) originated from its higher intrinsic carrier mobility of crystallites (20 cm2 V−1 s−1 for pBTTT and 0.83–1.57 cm2 V−1 s−1 for P3HT), considering their similar crystalline size of about 10 nm [130]. They attributed it to the 3-D ordered crystallization of pBTTT due to its strong backbone rigidity and interdigitation of side-chains. Instead, a less ordered stacking of side-chains arising from zigzag backbones (Figure 9IV) [86] or substitution of side-chains on the same side of fused aromatic rings [121] (Figure 13d) increased the lamellar period and destroyed the ordered stacking of lamella. Recently, introducing longer side-chains with branching point further from backbones has been found to promote a stronger interchain π–π stacking indicated by the decreased dπ–π, for the steric effect of bulky branching side-chains on the aggregation of adjacent backbones has been relieved [17,132]. Accordingly, the carrier mobility has been largely enhanced due to the smaller dπ–π [17,132], like P-29-DPPDTSE (P16, dπ–π = 3.58 Å, μmax = 12.04 cm2∙V−1∙s−1) and P-24-DPPDTSE (dπ–π > 3.7 Å, μmax = 4.4 cm2∙V−1∙s−1) [17]. Especially for some existing groups of high-mobility conjugated polymers, this strategy about side-chains is very promising to reach an extremely high device mobility.







3.5. Molecular Weight

As mentioned above, the molecular weight could control the size of crystals depending on the inter-ring torsion barrier of backbones (Figure 6II, A). Besides, molecular weight exerts effects on the crystallization morphology of conjugated polymers by controlling the connectivity between crystalline regions. As to the lamellar structure [71], the total lamellar thickness increased with the size of crystalline region nearly unchanged with the increasing molecular weight. The bending of chains near the ends gave rise to disorder region in lamella and tie chains connecting adjacent lamella were observed in thickened disorder region by HR-TEM for high molecular weight P3HT (Figure 6I). Kline et al. reported that for P3HT with a higher molecular weight the transport barrier was smaller (54 meV) than that of P3HT with lower molecular weight (>60 meV) [44]. They attributed it to that the long chains could interconnect ordered areas and prevent charge carriers from being trapped by the disordered boundary regions. Accordingly, the spin-coated films of P3HT with a high molecular weight displayed better mobility than that of lower molecular weights. For many conjugated polymers, the chains with lower MWs could form regular crystals with large sizes but lack sufficient connections with each other. For chains with larger MWs, though granular morphology is often formed with much smaller-sized crystalline regions, the connections between adjacent crystallites are improved (Figure 14) [44,133]. Besides, the π–π interactions between conjugated units is enhanced due to more segments, leading to stronger intra-chain and inter-chain conjugation indicated by red-shifted spectra and increased 0–0 absorptions in films. The trade-off between the size of crystalline regions with high carrier mobilities and their connections by tie-chains dominates the optimal MW for the highest carrier mobility [96,133]. Besides electronic properties, the chains with larger MWs have problems like larger units hard to diffuse, lower solubility and severe entanglements, which limit the ordered aggregation of them and need solutions being discussed in Section 4.

Figure 14. Model for transport in (a) low-MW and (b) high-MW films. Charge carriers are trapped on nanorods (highlighted in yellow) in the low MW case. Long chains in high-MW films bridge the ordered regions and soften the boundaries (marked with arrow) (Adapted with the permission from [44]. Copyright 2005 American Chemical Society).
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In this section, we discuss the influences of intrinsic molecular structures on the structures, morphology and charge transport of conjugated polymers. It is proposed that intrinsic molecular structural features such as (1) extension of conjugation system and strengthening intra-chain and inter-chain interaction; (2) shapes of backbones; (3) distribution of side-chains; and (4) molecular weight are crucial factors to tailor the conjugated pathways for charge transport and control the conformation for ordered aggregation (Figure 15). Although the design of molecular structures is crucial for development of next generation high-performance materials, the art in preparation of devices from solution is also important to realize the potential of these solution-processable polymer materials fully for industry applications. Therefore, the behavior of conjugated polymers in solution and the processing strategies for films from solution will be discussed in following.

Figure 15. Schematic illustration of the structural factors influencing the aggregation of charge transport property of conjugated polymers.
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4. The Optimization of Solution State of Conjugated Polymers to Promote Order in Films

One of the out-standing advantages of conjugated polymers in (opto-)electronic applications is solution-processing, which is cheaper and more simple than chemical vapor deposition (CVD) of conjugated small molecules and adapts well with industry manufacturing, i.e., roll-to-roll printing. However, the intrinsic intra-chain conjugation and inter-chain interactions of conjugated chains different from flexible chains give rise to diverse aggregation characteristics and self-assembly behavior. Besides, the dissolution and aggregation of chains depend also on the parameters of solutions, i.e., temperature, concentration, solubility parameters, polarity, specific interaction between solvent and solute, etc. All these factors increase the complexity of controlling solution state of chains for the final film morphology and performances. Therefore, the features of solution state for conjugated polymers, their influences on the film morphology and performances, and the methods of optimizing solution state to prepare better functional films will be discussed in following.




4.1. The Influences of Solution State on the Morphology and Performance of Conjugated Polymer Films


4.1.1. Equilibrium between Coil Unimers and Disordered Aggregates

In a good solution of polymers, the chains are divided by a large amount of solvent molecules and therefore most chains are far away from each other. In other words, they are free chains. Meanwhile, the conformation of them is coil-like. However, due to the elongated persistence length of chains arising from conjugation plane in backbones, the single chains of conjugated polymers display a more anisotropic extended conformation with less bending like paperclips, compared to the isotropic and disordered coils of more flexible chains (Figure 5a) [69]. Besides, the chain-folding in backbones for conjugated polymers is a more extended one than flexible chains, i.e., seven thiophene rings in the folding section in P3HT and nine for P3DDT (Figure 5b) [70]. The rigid folding results in a severe entanglement of conjugated polymer chains according to the theory reported by Wu et al. [134]. They modeled the entanglement of polymer chains as a binary hooking contact of Kuhn nodes between two chains, and the number of real or virtual skeletal bonds in an entanglement strand was equal to 3(C∞)α, where C∞ and α were the characteristic ratio of chains and the number of hooks involved at an entanglement junction, respectively (Figure 16a). As known, the characteristic ratio of polymer chains increases with their increased rigidity. Therefore, for conjugated polymers with a stronger planarity and rigidity, the rigid nature of folding and more bonds in the entanglement strand lead to more severe and firm entanglements of chains arising from more extended conformations prevailing [109] indicated by a bigger C∞. As proven by Wen et al. [135] and Huang et al. [136,137], there were disordered spherical aggregate clusters made of chains entangled according to the results of dynamic light scattering (DLS) and static light scattering (SLS) even in a good solution, i.e., poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) solutions in chloroform. The larger the size of aggregates is, the more chains are entangled within them. Meanwhile, the interior dynamics of the aggregate clusters revealed that segmental motions within are generally more suppressed than for non-aggregated polymer chains in solutions. Due to the disordered entanglements of chains, they are prevented from reorganization into ordered aggregates. Fortunately, Huang et al. [136,137] revealed that equilibrium between single coil chains and disordered spherical aggregates existed in solution. According to results of DLS, the single chains had a hydrodynamic radius around 4 nm and the spherical aggregates around 90 nm. By decreasing the temperature of casting solution, the content of aggregates in solution decreased and that of single coil chains increased, leading to more fibrils appearing in the corresponding film. According to this result, it was thought that the single coil chains in solution is the origin of ordered aggregates such as nanofibrils in films (Figure 16b) [136]. Therefore, it is important to disentangle the single chains in disordered aggregates and increase the content of single coil chains in solution for their reorganization into ordered aggregates in a more stable way in energy. The methods for disentanglement of chains will be discussed later.

Figure 16. (a) The entanglement model reported by Wu: top are the schematic illustration of a real chain and its equivalent Kuhn chain and down are the types of inter-chain contacts associated with entanglement, (Adapted with permission from [134]. Copyright 1989 Wiley-VCH Verlag); and (b) The schematic illustration of equilibrium between unimer coils and associates in solution on the final film morphology and the corresponding TEM image of films. (Adapted with permission from [136]. Copyright 2010 American Chemical Society).
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4.1.2. The Conformation Transition and Ordered Aggregation in Solution

Apart from the coil conformation more extended than flexible chains, the rod-like conformation is also crucial for the self-assembly of chains. Ruphooputh et al. reported the coexistence of coil-like and rod-like conformations in P3HT solutions and the coil-to-rod conformational transition via cooling the solution as early as in 1987, which was reflected by red-shift of max absorption indicating the electronic π–π* transition of chains. This red-shift of spectra implied the elongated conjugation length in chains. Besides, the coil-to-rod (or rod-to-coil) transition of chains conformed to an intra-chain mechanism because of the independence of this red-shift on concentration of solution [138]. Compared with “expanded” coil-like conformations, the anisotropy of chains in “collapsed” rod-like conformations is enhanced [29,139] due to the further elongated conjugation length and segment size driven by the intrinsic tendency for minimizing energy (Figure 17). Then, the enhanced intra-chain conjugation length strengthens the interchain π–π stacking interactions of chains, which conforms to an inter-chain mechanism. During the aggregation of chains, the inter-chain stacking must happen after the intra-chain conformational transition due to the independence of chromism features on concentrations [138]. In other words, the coil-to-rod conformational transition play a decisive role in the ordered aggregation of chains, for the rod-like chains are the building blocks for ordered aggregates as transport pathways [68,140,141]. Meanwhile, the inter-chain stacking is closely related to the growth of ordered aggregates and cannot be ignored, especially for some donor-acceptor copolymers with a more-rod like conformation spontaneously in solution which need deeper research [128].

Figure 17. The schematic illustrations of equilibrium between coil-like and rod-like conformations in a (partly) dissolution state and the rod-like conformations in drying films after the coil-to-rod transition. The experimental histograms of modulation depth, M (larger M larger anisotropy), from single poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) molecules embedded in a PMMA matrix with different preparation methods: Spin-coated from (a) toluene and (b) chloroform solution with a considerable retention of coil-like conformations in solution; (c,d) The film samples were additionally solvent vapor annealed for 60 min with toluene-saturated atmosphere with rod-like conformations prevailing. (Adapted with permission from [139]. Copyright 2011 Wiley-VCH Verlag).
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4.2. The Strategy to Optimize the Solution State of Conjugated Polymers

According to the discussions above, the optimization of solution state of chains should experience two stages sequentially as (1) disentanglement and (2) promotion of conformational transition towards rod-like and the rod-rod stacking followed. Firstly, disentanglement of single chains from disordered aggregates increase the content of free single chains for a further conformational transition into rod-like. Secondly, both the coil-to-rod transition and the following rod-rod stacking need a driven force to overcome kinetic barriers [142]. In following, the methods to solve the two problems above will be listed.


4.2.1. Disentanglement

The disentanglement of single chains from disordered aggregates means a relative motion of segments at the entanglement knot until both ends of one chain move out of this knot. During this process, the more bonds entangled, the large segment size and molecular weight, the interfering of side-chains and local π–π interactions for conjugated polymers are adverse to the effective motion of segments out of knots. In terms of thermodynamic, one strategy is providing external energy to the system to overcome the disfavored decrease of entropy arising from entanglements. Huang et al. [137] and Xu et al. [143] reported that enhancing the temperature of solutions could increase the content of free single coil chains, which led to a more fibrillar morphology in the corresponding films. Thus, the importance of heating solutions before the next processing step [68,144,145] for the promotion of single coil chains is proved. Apart from thermal energy, ultrasonic vibration is also a effective method for disentanglement as reported by Zhao et al. (Figure 18I) [146,147]. They reported that the P3HT chains with a larger molecular weight had a more severe entanglement due to the binary-hooking contact prevailing arising from the folding and distortion of conformation of high-MW polymer. For high-MW P3HT, the size of aggregates decreased and the amount of single chains increased after sonication, corresponding to the visually faster diffusion of solutes. The 0–0 and 0–1 absorbance in solution increased with the longer sonication time and reached a maximum for 6 min, also reflecting an assisted ordered π–π stacking of single chains due to disentanglements. Accordingly, the amount of fibrils and roughness in films increased after sonication compared with the film cast from solution without sonication. Accompanied by the tendency of absorbance, crystallinity and anisotropy of films turning larger and saturated with longer sonication time, the carrier mobility also gradually increased and saturated for a time longer than 4 min.

Figure 18. (I) The ultrasonic control of solution state and morphology for P3HT: (A) the DLS results of P3HT (87 k) solution in p-xylene without and after treatment, (Reprinted with permission from [146]. Copyright 2010 American Chemical Society); (A’) the visible diffusion of solute diffusion into solvent for P3HT (low-MW, 35 k) without and after treatment; (B) the aggregation order of P3HT (68 k for high-Mw and 35 k for low-Mw) solution with different treatment time; (C) the AFM images for high-Mw P3HT films cast from solution without and after treatment; (D) the device performance variation with the treatment time (Adapted with permission from [147]. Copyright 2013 Wiley-VCH Verlag); (II) The schematic illustration of the role of nonane played in the conformations and aggregation of MEH-PPV chains in DCB solution in (A) and the viscosity variation with adding content of nonane, (Reprinted with permission from [148]. Copyright 2008 American Chemical Society); and (III) The DLS results of PQT12 solutions in different solvents and the TEM images of corresponding films (20 °C, 0.1 mg/mL). (Adapted with permission from [143]. Copyright 2013 The Royal Society of Chemistry).
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In terms of entropy, adding additives is another effective method for disentanglements. Wang et al. proposed the conformational shrinkage of originally extended and entangled MEH-PPV single chains after adding a small content (<30%) of non-solvent nonane into the solution, which was reflected by the remarkably decreased solution viscosity (Figure 18II) [148], which led to a increase of entropy favored for the minimizing free energy of the system accompanied by the disentanglement of chains. Liu et al. also reported that the addition of n-dodecylthiol (12-thiol) into the solution of P3HT could remarkably decrease the size of aggregates and enhance the amount of single chains [149]. The more single chains led to more fibrillar morphology in P3HT/PCBM blend films beneficial for both optimizing phase separation and charge transport. It is found that the addition of 2.5 vol % 12-thiol could obtain the best power conversion efficiency (PCE) of 2.61% among the devices prepared from solutions with different contents of 12-thiol. Wang et al. reported that the effects of additive properties on the disentanglement of chains and the corresponding film morphology [150]. After adding a series of additives such as alkane, alkylthiols and alkyldithiols into pBTTT solutions in o-dichlorobenzene respectively, the original borderline solvent turned into a slightly bad solvent for chains, which led to a shrinkage of chain conformation both in aggregates and single chains reflected by DLS results. Accordingly, the segment motion driven by this shrinkage in the slightly bad solvent led to disentanglement, reflected by decreased aggregate size and increased single chain content. In this work, the correlation between additives properties, solution state and final film morphology was established. A moderate solubility parameter difference between additives and polymer (4.02 J1/2∙cm−3/2) and a higher boiling point of additives (266–283 °C) led to the maximum content of single chains (99.3%) and a moderate size of single chains (about 6.0 nm). This optimal solution state resulted in the formation of nanofibrils in the spin-coating films from pBTTT solution in oDCB/12-thiol. Apart from the content of single chains, the size of single chains too large or too small was adverse to the formation of fibrils, for the tendency to entangle again due to extended conformation [148] or too shrinking chains inducing excessive aggregation [151], respectively. Therefore, the proper chose of additive is crucial to maximize the content of single chains and control a appropriate size of single chains. In general, the method of adding additives is simple and promising to optimizing the solution state of chains.

A good solvent such as chloroform or chlorobenzene also helped the elevation of single chain content in solution compared with marginal solvent such as tetrahydrofuran (THF) and toluene for PQT12 (Figure 18III) [143], which led to parallel aligned nanofibrils rather than fused bundle-like aggregates disordered in films. Besides, filtration of casting solution through a filter with pore size of several hundreds nanometers could decrease the content of entangled aggregates in solution to promote the fibrillar morphology in films [143], which explained the reason of filtering solution before casting in many works. In summary, providing external energy, entropy control by additives, a rational chose of solvent and removing aggregates by size exclusion are effective methods for disentangment of chains for a further ordered reorganization of chains.





4.2.2. Promotion of Coil-to-Rod Transition and Ordered Rod-Rod Stacking

After fulfilling the premise of sufficient content of single chains, the crucial factor is promoting the thermodynamically favored [68] coil-to-rod transition and the following rod-rod stacking. According to the definition of free energy change, ΔG = ΔH − TΔS, there are two pathways to increase the thermodynamic driven force favored by a lower free energy (ΔG < 0) for the coil-to-rod transition with the entropy-declining nature (ΔS < 0): (1) ΔH nearly unchanged but decreasing T and (2) constant T but increasing |ΔH| with ΔH < 0. Reflected by the red-shift and enhanced absorbance at bigger wavelengths in spectra, in situation (1), the straight method is lowering the temperature of the solution to initiate the coil-to-rod transition [68,138,141,144,152], and in situation (2), the transition is induced by adding non-solvent or bad solvent into the solution in a good solvent because of both the minus ΔH arising from the unexposure of conjugated planes with high surface energy towards solvents to lower the total energy and the increased |ΔH| arising from the larger difference of solubility parameters between solvents and polymers according to |ΔH| ∞ (Δδ)2 [140,153,154,155]. With the further decrease of temperature or addition of bad or non-solvent, the tendency of coil-to-rod transition is more obvious and the rod-like conformation is more prevailing. Due to the enhanced ordered aggregation initiated by coil-to-rod transition, more charge transport pathways are provided for the improved carrier mobility or PCE of devices.

As to the growth of ordered aggregates by inter-chain π–π stacking following conformational transition, it leads to a further declining free energy [156] due to the less exposure of high-energy π-planes to solvents by their face-to-face contact [28]. Meanwhile, the π–π stacking into ordered aggregates such as nanofibrils is also an entropy-declining process [156]. Therefore, the decreasing of solution temperature and adding bad or non-solvent mentioned above also promote the the π–π stacking, reflected not only in the enhanced absorbance of lower energy electronic transition in spectra but also by the increased precursor size in solution, fibril length and development of clearer fibrillar morphology in films [152,154]. Besides the driven force, there are two important factors affecting the inter-chain aggregation and final morphology: growth kinetics and the nucleation-growth scheme in solution. Firstly, because of the energy barrier from rod-like single chains to aggregates like nanofibrils [142], the growth of ordered aggregates is a kinetic process. Therefore, aging is an effective way for a fully growth of crystallites in solution, i.e., the increasing amount and length of nanofibrils with longer aging time (Figure 19) and the enhanced 0–0 and 0–1 absorbance of solution [145,153,156,157]. He et al. reported that even the aligned microwires with the height of 0.8–1.4 μm, width of 2–4 μm and length of 50–1000 μm in films were prepared by a rapid solvent evaporation of P3HT solution in anisole aging for 2 months under vacuum (<133 Pa) for 2 h, and the microwires have a nature of single crystals [158]. Secondly, the growth of crystallites via inter-chain stacking undergoes a nucleation-growth mechanism. The nucleation stage plays a determining role in the final morphology according to the order, shape and density of nucleates [77,152,155,159]. An effective strategy to promote the fully crystallization of conjugated polymer chains based on nucleation is self-seeding [53,75,77,152,159]. Self-seeding means the homogeneous formation of nucleates in the supersaturated solution at a relatively higher temperature (Tss) preventing excessive aggregation followed by a further ordered growth of nucleates into crystals with a larger size at a constant lower temperature (Tc). The chose and stability of solution temperature (Tss and Tc) is crucial for the success of crystal preparation. Rahimi et al. reported the preparation of P3HT single crystals with a high density via self-seeding processing of P3HT solutions in 3-hexylthiophene with a very concise of temperature (±0.1 °C) [77]. The higher the seeding temperature (Tss) was, the lower nucleation density and the larger size of needle-like crystals in the final films were (Figure 20a). However, the tiny variation of Tss led to a remarkably change of nucleation density. Oh et al. [152] reported a self-seeding method with a reversed sequence, that is, cooling at −20 °C to form longer nanofibrils and then heating to 25 °C to form homogeneous crystal seeds with smaller sizes (Figure 20b). They also considered the influence of solubility parameter difference between solvents and polymer (Δδ) in this self-seeding processing. With the larger Δδ, the nucleation temperature turned higher, which meaned a larger supercooling when self-seeding (25 °C) and led to a higher crystallinity in solution and more and longer nanofibrils as charge transport pathways in corresponding films (Figure 20b’). When Δδ larger than 0.7, the relative crystallinity in dilute solution was maximal (0.56). Similar to the spin-coating process, with the increasing concentration, the relative crystallinity in solution with Δδ larger than 0.7 reached nearly 1.0, which resulted in the improvement of the charge transport (−9.80 mA/cm2) in corresponding films and PCE (3.525%) of solar cells. Yu et al. combined the effect of both temperature controlled nucleation and sonication to enhance content of free single chains [53]. By elevating the solution temperature, the content of nucleates decreased due to dissolution and the content of free single chains increased due to heating and sonication, leading to the growth of a considerable number of longer nanofibrils (from 135 to 559 nm) in final films to improve the charge transport and PCE of solar cells (Figure 20c). Apart from self-seeding, a second nucleation-growth scheme is subsequent different nucleation. Yan et al. reported the formation of branched and hyperbranched P3HT nanostructures from P3HT solutions in oDCB/trimechanolamine (TEA) [155]. The additive, TEA, was a bad solvent for P3HT with a very high boiling point. At the early stage of solvent evaporation, the role of oDCB as a good solvent was prevailing and homogeneous nucleation happened for P3HT to form long nanowires slowly. At the late stage of evaporation, the role of TEA was prevailing and promoted the aggregation of chains. The trunk-like nanowires played a role as sites for heterogeneous nucleation. As a result, the branched and hyperbranched nanostructures were tuned by the ratio of oDCB and TEA (Figure 21). A third nucleation-growth scheme is dispersed nucleation and assisted growth in phase separation room [160,161,162,163,164]. Through mixing the conjugated polymers with insulting flexible polymers with a small content of conjugated polymers, i.e., polystyrene, the nucleates are dispersed in the matrix of flexible polymers due to phase separation and grow further to form percolation pathways for charge transport at a low percolation threshold (1.7 vol % [162]). Broadly, the matrix of insulting polymers could be regarded as solid “solvent” for aggregates of conjugated polymers. Lu et al. reported the effects of the crystalline properties of flexible polymers on aggregation of conjugated polymers in blend films [160]. For amorphous flexible polymers, the nanofibrils formed were homogeneously dispersed by the vetrificated matrix, leading to a maximized semiconductor /insulator interface. On the contrary, the (semi-)crystalline flexible polymers formed domains with a large size and excluded the originally dispersed nanofibrils out of crystalline regions to form bundle-like submicro-wires, resulting in the reduced interface. A larger semiconductor/insulator interface accounted for the better charge transport in blends with a amorphous insulting polymer such as PS (Figure 22I). Kim et al. discussed the influence of content of P3BT on the morphology and carrier mobility in blend films with PS [162]. Although the effective carrier mobilities for films with different blend ratios did not differ a lot, the mobility in nanowires increased with reducing content of P3BT and coverage of nanowires on the surface. When more P3BT was added in blend, the density of nanowires and the inter-hopping frequency were higher and the effective transport length in nanowires was reduced. It led to the inefficient inter-nanowire transport prevailing. On the contrary, a low content of P3BT led to the prevailing of intra-nanowire transport as high as 0.12 cm2∙V−1∙s−1 in the films due to fewer inter-nanowire contacts, which was promising for applications in devices. Recently, Benetti et al. have developed the assisted aggregation of P3HT in the cages of flexible polymer gels without any solvent during cooling (PMMA) [161]. The template effect of cages with a proper size in the gel with a low cross-linking degree (2%) led to the formation of dispersed nanocrystals in gel films with a free exciton of 31 meV much smaller than those prepared from solution in anisole (108 meV), reflecting the much longer conjugation in crystals and a better order (Figure 22II). A high cross-linking degree prolonged and hampered the ordered aggregation of P3HT due to the too small cages in gels. Thus, the methods of blending with insulating flexible polymers are proven promising in future device processing due to both the enhanced order and performances of films and the saving of conjugated polymers.

Figure 19. TEM images showing growth process of P3DDT nanowhiskers drop-cast from P3DDT/CB-anisole (1:4, 0.1 mg/mL) solution aged for different times, (Adapted with permission from [156]. Copyright 2011 American Chemical Society).
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Figure 20. (a) The influence of Tss on the crystallization morphology (optical microscopy images with a range of 100 × 100 μm2), seed density, crystal length and crystal density (Adapted with permission from [77]. Copyright 2012 Wiley-VCH Verlag); The influence of solution temperatures on the solution state and film morphology during self-seeding in (b) and the influence of solubility parameter difference between P3HT and solvent on the morphology of films cast from solutions according to the same self-seeding procedures in (b’), (Adapted with permission from [152]. Copyright 2012 American Chemical Society); and (c) The influence of temperatures of solution during sonication on aggregation in solution and fibril length and the TEM images of films cast from solution undergoing sonication at different temperatures (scale bar: 500 nm) (Adapted with permission from [53]. Copyright 2012 American Chemical Society).
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Figure 21. (a) The UV-Vis absorption spectra of P3HT solution in dichlorobenzene (DCB)/trimechanolamine (TEA) mixture with different TEA/DCB volume ratio and (b) the time-dependent evolution morphology of adding a 30 μL TEA solution and the growth mechanism of P3HT branched nanostructures, (Adapted with permission from [155]. Copyright 2011 American Chemical Society).



[image: Polymers 05 01272 g021 1024]





Figure 22. (I) Schematic illustration of the morphology evolution of P3BT/insulating polymer composites prepared from solution, employing amorphous and crystalline matrix polymers, respectively and the dependence of electrical conductivity σ of P3BT composites on P3BT content at room temperature, (Adapted with permission from [160]. Copyright 2010 Wiley-VCH Verlag); (II) The schematic illustrations of preparation of P3HT nanocrystals in a PMMA gel in (A); UV-Vis absorption spectra of P3HT nanocrystals in anisole solution (solid line) and in PMMA gels at different crosslinker content with the inset showing the calculated exciton bandwidth (W) in (B); and the tapping-mode AFM phase micrographs showing P3HT aggregates formed in PMMA2 or in anisole solution in (C), (Adapted with permission from [161]. Copyright 2012 Wiley-VCH Verlag).
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Besides thermodynamic factors, the fully growth of ordered aggregates, i.e., crystals, depends closely on the assembly time for chains for the barrier to a more stable equilibrium state. Besides aging as an efficient way to promote ordered aggregation of chains in solution before casting, it is hoped that the ordered aggregation could be maximized straightly during casting as a simple processing free of aging. Thus, the essential factor in the kinetic control over morphological features is tuning self-assembly time via controlling evaporation rate of solvent. In general, a slow evaporation rate is favored for the formation and growth of crystals in films. Kim et al. reported that the gradual growth of aggregates of P3HT from few nucleates to a large amount of long nanowires during spin-coating via reducing evaporation rate of chloroform tuned by a larger vapor pressure of chloroform in atmosphere (Figure 23a) [165]. Chang et al. realized the formation of P3HT nano-ribbon with a diameter of 30–50 nm in film by using a good solvent with a extremely high boiling point (219 °C), 1,2,4-trichlorobenzene, to largely reduce the evaporation rate of solvent (Figure 23b) [166]. The carrier mobility of film spin-coated from solution in TCB was 0.12 cm2∙V−1∙s−1, which was much higher than that from solution in chloroform. Wang et al. reported the formation of longer nanofibrils of pBTTT in films simply by reducing the spin-coating rate to increase self-assembly time [150]. Meanwhile, the reduced entanglement of nanofibrils indicating a more ordered morphology was obtained using a slower spin-coating rate, which was attributed to the equilibrium favored by more single chains for nanofibril formation and less disordered aggregates as entanglement points due to delayed crystallization of chains. However, a too slow evaporation of solvent by drop-casting resulted in the fusing of fibrils again, indicating the nature of a favored kinetic equilibrium state for dispersed long fibrils (Figure 23c). Compared with the nanofibril morphology in nanoscale obtained by “slow” spin-coating, a much slower evaporation rate of solvent in a sealed room helps the formation of crystals with larger sizes in micro scale [73,74,78,167,168,169,170]. Apart from extremely slow evaporation, factors such as the properties of substrate [167], temperature [73,167], solution concentration (<1.0 mg/mL) and solvent composition [74] are related to the formation of micro-sized crystals in films. Thus, the conditions for preparing micro-sized crystals are strict and need concise control, for the formation of them could be easily disturbed by other less stable states with a smaller barrier. These micro-sized crystals display diffraction dots in selected area electron diffraction (SAED) patterns, indicating the single crystal nature of them as the most thermodynamic stable state of chains proven also by the unchanged crystalline structures and morphology for crystals after thermal annealing [76]. With the perfect order in crystals and proper orientation of chains, the carrier mobilities in these crystals were very high [73,78,167,170] and a max value reached 6.0–7.0 cm2∙V−1∙s−1 in poly(dithieno[3,2-b:2′,3′-d]thiophene-alt-diketopyrrole[3,4-c]pyrrole) (PDTTDPP) copolymer single fibers [78]. Thus, preparation of micro-sized crystal by concisely tuning evaporation rate and other factors is promising for higher transistor performances and a better understanding of crystallization behavior of conjugated polymer chains.

Figure 23. (a) Tapping mode scanning force microscope (TM-SFM) images (2 × 2 mm2) of P3HT molecular nanowires deposited on a substrate (SiOx) at different vapor pressures (Adapted with permission from [165]. Copyright 2005 Wiley-VCH Verlag); (b) Tapping-mode AFM images of P3HT film made from solutions in chloroform and TCB in a range of 1 × 1 μm2 (Adapted with permission from [166]. Copyright 2004 American Chemical Society); and (c) The TEM images of films coated from PBTTT-12 solutions in ODCB/5% 12-thiol mixture at different rates (scale bar: 5 μm) (Adapted with permission from [150]. Copyright 2013 Elsevier).
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According to the discussions above, a scheme for optimizing the solution state is proposed as subsequent disentanglement, promotion of both coil-to-rod transition and rod-to-rod stacking following, and tuning the nucleation-growth process. Combining all these strategy into a systematic program for tuning ordered aggregation of conjugated polymers for charge transport in solution will be helpful for the straight processing of solution to prepare efficient film devices. The strategy of solvent vapor annealing is mild [171] and flexible due to the treatment at room temperature and various solvent vapor atmospheres. As a method involving (partly) dissolution of chains, SVA is also a potential tool simulating solution processing to better understand the self-assembly of conjugated polymers during film formation. Basically, there are two stages during the solvent vapor annealing of films, solvation regime and aggregation regime [172]. According to the Ostwald ripening equation, the critical size at which stable aggregates can form, RC, is defined as follows,
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(4)




In Equation (4), σ is the interphase surface tension between solute and solvent, v is the atomic or molecular volume of solute, CCP is the solute concentration gradually changing during annealing, k is Boltzmann constant, T are absolute temperature and C∞ is an intrinsic property of one polymer as the saturation limit of the solute concentration at which chain entanglement and hence gelation occurs. When C∞ > CCP at the early stage of annealing, solvation prevails and when C∞ < CCP at the late stage of annealing, aggregation prevails.

In the solvation regime, the intrachain interchromophoric interactions are dominating and the original rod-like folding chains are unfolded (more coil-like) and more free to move reflected by the increased diffusion velocity and fluorescence intensity of chains in single-molecule fluorescence excitation polarization spectroscopy, which is thought important for the formation of ordered aggregates (Figure 24I) [136,137]. Thus, a smaller solubility parameter difference between solvent and solute determining a good solubility is important to satisfy the premise of ordered aggregation and enhance performances. Liu et al. and Wang et al. reported that with closer solubility parameters of solvent to polymer, the crystallinity and/or fibrillar morphology in films became improved [79,173]. Meanwhile, with the similar solubility parameters, a larger polarity of solvent led to a drop of carrier mobility. Besides, the larger vapor pressure could result in a better solvation of chains and formation of ordered aggregates such as nonofibrils [79]. In the following aggregation regime, the inter-chain interactions are dominating and the chains reorganize via folding and aggregation again in another way. Many morphological and structural features, i.e., crystal morphology, size and density of crystalline regions, and crystalline structure and order etc. are fixed in this regime influenced by factors such as solvent quality, vapor pressure and treatment time, etc. Firstly, the quality of solvent or vapor atmosphere is important due to its determining on C∞ and nucleation [79,159,172]. For a bad solubility of solute arising from larger conjugation lengths, bad solvent or smaller vapor pressure, the value of C∞ is small leading to a small size and larger density of crystallites or even no nucleates. However, for a too high solubility in some good solvent, C∞ is too high to form nucleates for their infinitely large size. Therefore, to obtain ordered crystalline aggregates or domains with a larger size and fewer grain boundaries, a properly good solvent (Figure 24II) and high vapor pressure (Figure 24III) is needed to form large-sized nuclei. Especially for conjugated polymers with larger conjugation lengths, Wang et al. reported that (1) the critical nucleation vapor pressure was higher due to the higher critical vapor pressure for rod-to-coil transition during solvation and (2) the fibril density was reduced due to the earlier coil-to-rod transition and saturation for growth and slower motion of units during aggregation, which were the results of the enhanced rigidity and smaller room for conformational change arising from larger conjugation lengths for polymers (Figure 7) [79]. Thus, a good solubility during solvation and a later coil-to-rod transition during solidification is found universally important for the preparation of ordered aggregates such as nano-fibrils for conjugated polymers with long conjugated lengths by the tool of solvent vapor annealing. Secondly, the crystallization kinetics for growth after nucleation could also influence the crystalline region size. Crossland et al. reported that a higher crystallization vapor pressure was helpful for the increase of crystalline region size and alignment order of nanofibrils due to the smaller supercooling and slow crystallization kinetics [159]. Xiao et al. observed the gradually increasing length of P3HT needle-like crystals with longer treatment time in THF atmosphere [73]. Liu et al. did a systematic research into the influence of treatment time on the morphology and crystallinity [173]. An optimal treatment of 24 h was fixed due to the best connectivity between fibrillar domains and the highest crystallinity. A too long treatment (>48 h) led to excess disordered aggregation and worse connectivity in morphology and a drop in crystallinity. In summary, by optimizing important parameters such as the solvent quality, vapor pressure and treatment time according to the intrinsic molecular structure, one can obtain excellent morphology and performances by solvent vapor annealing. Considering the significant improvement of morphological order by solvent annealing in pure polymer film, a mixed vapor atmosphere made of solvent interacting well with polymer and fullerene respectively has been employed to tune both the good phase separation and continuous pathways of polymer fibrillar structures and improve the power conversion efficiency (from 4.54% to 6.60%) in poly[[9-(1-alkyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiop-hene-diyl] (PCDTBT)/[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) solar cells [174]. Therefore, the strategy of solvent vapor annealing is very promising in the processing of devices due to its flexibility and versatility.

Figure 24. (I) Fluorescence intensity transient of a single MEH-PPV chain within a PMMA matrix without and during SVA: (a) wide-field fluorescence images corresponding to the fluorescence transient in (b) at the times indicated and (b) the complete fluorescence transient and the velocity; (c) scheme of the relation between the conjugated polymer morphology, brightness, and solvent vapor annealing; (II) The schematic illustrations of solvent quality on the aggregation size in (A) and the corresponding morphological and spectroscopic evidences in (B), (Adapted with permission from [172]. Copyright 2012 American Chemical Society); (III) The control by vapor pressure over the crystalline region or crystal sizes for P3HT spherulites (A) (Adapted with permission from [159]. Copyright 2010 Wiley-VCH Verlag) or PQT12 (15.5 k) nanofibrils (B, scale bar: 500 nm), (Adapted with permission from [79]. Copyright 2013 American Chemical Society).
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At last, it is noted that the control over the development of thermodynamic state of the system is crucial to the formation of optimal morphology. “Insufficient” and “excess” are two problems existing in the control over structures and morphology in films. Literally, “insufficient” means that there is room to reach the optimal state and “excess” means that the optimal state is climbed over followed by a state no better. When tuning the structures and morphology in films, the insufficient driving force such as a fast coating rate [64], a low annealing temperature [38,39], a low annealing solvent vapor pressure [79,159] or a short treatment time [173] could result in the morphology not developing fully reflected by less fibrillar features or more fused shorter nanofibrils, etc. However, a excess treatment such as too slow drying rate [150], too long treatment time [156,173] or too high annealing temperature [38,39] lead to the destruction of the original optimal state reflected by reduced crystallinity, less ordered fibrillar features and fusing of nanofibrils again, etc. Therefore, achieving the state of system with an optimal morphology suitable for devices is factually the target in practical processing and post-treatments, regardless of the kinetic or thermodynamic equilibrium nature of this optimal state.



In summary, in this section a scheme for optimizing the solution state is proposed as subsequent disentanglement, promotion of both coil-to-rod transition and rod-to-rod stacking following, and tuning the nucleation-growth process. Combining all these strategy into a systematic program for tuning ordered aggregation of conjugated polymers for charge transport in solution will be helpful for the straight processing of solution to prepare efficient film devices (Figure 25).

Figure 25. Schematic illustration of the control over solution state and casting films to obtain ordered morphology: procedures, strategies and parameters.
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5. Concluding Remarks and Outlook

In this review, the crucial morphological and structural features dominating the charge transport in film as the most essential origin for a better device performance of semiconductor conjugated polymer are summarized and demonstrated in terms of both theory and applications, that is, intra- and inter-grain order, crystallinity and alignment. By summarizing the recent research into polymer-based organic electronics especially in the last five years, the ways to tune and obtain a better morphology and electronic property of functional films are listed in terms of material chose and design, solution state optimization and processing strategies for solution and films, which are the three important facets for the development of this field in both lab and industrial applications. Firstly, by analyzing the effect of intrinsic molecular structure on the bottom-up physical features, it is no doubt that the development of new-generation materials with more extended conjugation structures, more proper chains shapes and more ordered self-assembly is the origin of enhanced property. Secondly, optimizing the solution state of polymers from single chains to maximal formation of ordered aggregates is the efforts needing to be made for the preparation of efficient films direct from solution because of the out-standing solution-processable advantage. Thirdly, the utilization of conventional solution processing or post-treatment strategy to prepare more ordered crystalline structures like aligned nanofibrils or single-crystals and the integration of them into industrial process like roll-to-roll are an important strategy to realize the applications of the excellent electronic properties. When tuning morphology and structure, many parameters associated with solution state, thermodynamic driving forces, kinetics, the preferred devices architectures and even the molecular structural factors of materials, and the trade-off between these parameters need to be considered and tested, which are always challenging but crucial as listed in this review. At last, it is hoped that this review is helpful to guide the material design and morphological, structural control of semiconductor conjugated polymers with a brilliant prospect in science and applications.
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