Regulation of microstructure and charge transport properties of cyclopentadiene-based conjugated polymers via side-chain engineering
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ABSTRACT
Conjugated polymers containing non-aromatic cyclopentadiene (Cp) units have shown great application potential in high performance organic field effect transistors (OFETs). However, the relationship between the structure and properties of Cp-based polymers is underexplored, limiting further improvement of the OFET characteristics of these materials. Herein, we synthesized three copolymers of Cp and diketopyrrolopyrrole (DPP) units with side chains of different branching position and lengths PDPPCp-C4-OD, PDPPCp-C7-OD, and PDPPCp-C7-HO. It is found that the alkyl side chain structure has little effect on the thermal, optical, and electronic properties of the resulting polymers, but significantly influences the thin film microstructure. Among them, PDPPCp-C7-HO with a longer linear alkyl spacer as well as shorter branches adopted the most compact and ordered film microstructure, exhibiting the shortest π-π stacking distance, the largest lamellar coherence length and the highest degree of edge-on orientation in thin film after annealing at 200 °C. As a result, PDPPCp-C7-HO exhibited the highest hole mobility of 2.1 cm2 V-1 s-1 in OFET devices. 

INTRODUCTION
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Conjugated polymers (CPs), which have the advantage of adjustable structure, low cost, solution processability and flexibility, are widely used in various organic optoelectronic devices as active layer materials.1–10 The skeleton structures of CPs with high carrier mobility in organic field-effect transistors (OFET) reported in the literature are generally composed of derivatized aromatic units featuring structural diversity, good chemical stability, and so on.2,11–24 Despite these advantages, their inherent aromatic resonance energy can confine π-electrons to individual aromatic rings to a certain extent, and hence potentially suppress carrier transport through the whole conjugated backbone.25
[bookmark: _Hlk157532966]In recent years some studies have demonstrated that the introduction of polyene characteristics into the backbone of conjugated systems can help destabilize their electronic ground states and favour quinoidal character, thereby potentially facilitating charge carrier transport.25,26 Cyclopentadiene is one such non-aromatic polyene unit which has received growing attention for the construction of high performance organic semiconductors.27–30 For example the introduction of 5,5-dimethylcyclopentadiene in π-conjugated systems by Stille31 or Suzuki-Miyaura32 reaction has been reported, with single-crystal analysis demonstrating that it does not disrupt the planar topology of the system. The direct replacement of thiophene with the isostructural 5,5-dimethylcyclopentadiene in a series of thiophene and fluorene copolymers was found to result in a reduction in optical band gap and application in organic light-emitting diode devices.33 We previously reported the copolymer (PDPPCp) of cyclopentadiene with diketopyrrolopyrrole (DPP) by room temperature Suzuki polymerization and applied the resulting polymers in OFET devices.34 The study demonstrated that the mobility of the copolymer based on cyclopentadiene unit was higher than that of copolymers based on its analogues containing thiophene or selenophene, demonstrating the great application potential of cyclopentadiene based conjugated polymers in high-performance OFET devices. In addition, unlike many DPP co-polymers which are polymerized by Stille polymerization using toxic organotin reagents, the use of a Cp monomer allowed polymerization by non-toxic Suzuki routes.
In addition to the modification of the conjugated backbone structure, flexible side chain engineering is another strategy to regulate the charge transport behaviour of CPs.35–42 The side chains can not only increase the solubility of CPs, but also regulate the self-assembly behaviour of the polymers, thus affecting their film microstructures and charge transport performance.19,43–45 For aromatic CPs, efforts have been made to improve the mobility of polymers by tailoring the type, branching point and size of the side chains. For example, Chung et al. shifted the branching point of the alkyl chain on the DPP unit outward from the backbone to shorten the π-π stacking distance and improve the crystallinity of the film, resulting in a significant increase in mobility.46 Cho et al. compared CPs with different branched alkyl chains and found longer branched alkyl chains favored improved device performance at higher thermal annealing temperature.47 Bao et al. further investigated the effect of the length of the alkyl branches beyond the branching point on the carrier mobility of polymers. They demonstrated that side chains can significantly affect the arrangement of polymer chains, and that polymers with mixed face-on and edge-on orientations were more likely to achieve excellent device performance.48 However, compared with conjugated polymers based on fully aromatic backbones, the study on the properties of conjugated polymers containing non-aromatic cyclopentadiene units with different flexible side chains has not been investigated to the best of our knowledge, despite the opportunity to further enhance OFET performance. 
[bookmark: _Hlk139052974][bookmark: OLE_LINK17]In this work, three copolymers of cyclopentadiene and DPP units with different alkyl side chains, PDPPCp-C4-OD, PDPPCp-C7-OD, and PDPPCp-C7-HO (Scheme 1), were designed and synthesized. We systematically investigated the influence of linear spacer length and branch size of side chains on the thermal, photophysical and charge transport properties of these polymers. Among them, the polymer PDPPCp-C7-HO with a longer linear alkyl spacer as well as shorter branches had the shortest π-π stacking distance, the largest lamellar coherence length and the most significant edge-on orientation in thin film after thermal annealing at 200 °C, resulting in the highest hole mobility of 2.1 cm2 V-1 s-1 in OFETs. This work addresses the underexplored area of side chain engineering with non-aromatic co-monomers, as well as further broadening the scope of polymer structure-property relationships for the design of new high-performance OFET materials. 

  [image: ]
Scheme 1. The synthetic route to monomers and polymers.

RESULTS AND DISCUSSION
Synthesis and Characterization of Monomers and Polymers. 
The synthetic route to the monomers and polymers is shown in Scheme 1. The branched alkyl halides with different branching points were synthesized in three steps with moderate to high overall yields as follows: first, the reaction of allylmagnesium chloride with branched alkyl iodides to afford corresponding alkenes (2, 5 and 9); second, hydroboration-oxidation reaction of the alkenes to afford the alcohols (3, 8 and 10); third, the alkyl alcohols were converted to alkyl iodides (4, 7 and 11) by electrophilic iodination reactions with N-iodosuccinimide (NIS) and triphenylphosphine. Such an approach allows an iterative expansion of the chain by three carbon units per sequence. Alkylation of diketopyrrolopyrrole (DPP, 12) with different alkyl iodides gave 13, 14 and 15 in yields of 58-63%. Deprotonation of 13-15 by lithium diisopropylamide and quenching with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane in situ afforded final monomers 16, 17 and 18 in yields of 58-81%. 
Initially the attempts of Suzuki cross-coupling of 16-18 with organotriflate 19 were performed at room temperature, under the same conditions as we previously reported for the preparation of PDPPCp.34 However, gelation of the reaction mixture occurred rapidly within 30 min, which we ascribe to the stronger interaction of the polymer backbones due to the different alkyl side chains, preventing successful polymerization. Hence, additional toluene and elevated temperature were adopted to solve this problem. The resulting crude polymers were purified by precipitation and Soxhlet extraction to remove the low-weight oligomers and catalyst residues. PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO were obtained as dark green solids in yields of 60-71%. All polymers could be readily dissolved in common solvents such as chloroform and chlorobenzene. The number average molecular weights (Mn) were measured by gel permeation chromatography (GPC) in hot (80 °C) chlorobenzene against polystyrene standards. PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO had Mn of 108, 103 and 106 KDa, and polydispersity (Ð) of 2.3, 1.8 and 1.9, respectively. The molecular weights of these polymers are similar, enabling fair comparison of their properties. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The thermal properties of these polymers were evaluated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). All polymers showed good thermal stabilities, with decomposition temperatures (Td) at a 5% loss at 379，393 and 395 °C for PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO, respectively (Figure S1). Interestingly, moving the branch point further away from the conjugated backbone led to an elevated decomposition temperature of polymer, in contrast with the phenomena reported in previous literature49. This may be related to the different structures of the flexible side chains of the polymers. In DSC traces (Figure S2), none of the polymers exhibited any obvious thermal transitions between -25 to 300 °C. 

Optical and Electronic Properties.
[bookmark: _Hlk139103182]The UV-Vis-NIR absorption spectra of PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO in chlorobenzene solution and thin film are shown in Figure 1, and the relevant data are summarized in Table 1. The polymers exhibited two distinct optical absorptions bands both in solution and film. The absorption spectra of these polymers are similar to our previously reported PDPPCp with 2-octyldodecyl side chains.34 The relatively weak high-energy absorption band originates from a π-π* transition, with the more intense absorption bands at lower energies attributed to a charge redistribution involving the DPP unit (see Figure S3).50 All the polymers exhibited similar absorption spectra and maximum absorption peaks, which indicates the side chains have less impact on the optical properties of the PDPPCp polymer series in solution. Upon film formation, the maximum absorption was only slightly red-shifted from solution to film for all polymers, which may be ascribed to the aggregation behavior of the polymers in solution.51,52 To investigate this possibility, temperature-dependent UV-Vis-NIR spectra of polymer solutions were measured as shown in Figure S4. We find that with increasing solution temperature, the absorption peaks of all polymers blue-shifted and the intensity ratios of the 0-0/0-1 peaks decreased (Table S1), which confirms the pre-aggregation of the polymers in solution. 
The UV-Vis-NIR spectra of the chlorobenzene solution of the polymers before and after exposure to ambient air and light for 48 hours was identical (Figure S5), indicating all the polymers had excellent solution-phase stability. The ionization potential (IP) of PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO were measured by photo-electron spectroscopy in air (PESA) (Figure S6) and were all identical within the error of the technique (± 0.05 eV), with values of 5.00 eV, 5.04 eV, and 5.02 eV, respectively. The IP values of these polymers were also identical to that of PDPPCp.34 There is also no obvious difference in the optical band gaps (Eg, opt) of all polymers, which are all around 1.30 eV.

[image: ]

Figure 1 Normalized UV−vis−NIR absorption spectra of the polymers in (a) chlorobenzene solution and (b) film.


Table 1. Physical Properties of PDPPCp-C7-HO, PDPPCp-C4-OD, and PDPPCp-C7-OD.
[image: ] 
acalculated using onset of the thin-film absorption spectra, Eg, opt = 1240/λonset; bHOMO was calculated by PESA; cLUMO = HOMO + Eg, opt

Thin-film Transistor Properties
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]The charge transport properties of the polymers were assessed in bottom contact/top gate (BC/TG) field-effect transistors. A thin layer of solution processed CuSCN was spin coated onto the pre-patterned substrates to facilitate hole injection and improve the device performance, as we previously reported.53 Polymers were spin coated onto the CuSCN surface, followed by annealing at 120 or 200 °C. The transfer and output characteristics of the polymers are shown in Figure 2 and S7, and the data are summarized in Table 2 and S2. All polymers displayed p-type behaviour, with negligible hysteresis between the forward and reverse bias scan in the transfer characteristics. PDPPCp-C4-OD exhibited an average linear and saturation mobility value of 0.64 and 0.70 cm2 V-1 s-1 after annealing at 120 °C, which are both lower than those of PDPPCp under the same conditions. After moving the branching point position of side chains further from the backbone, PDPPCp-C7-OD and PDPPCp-C7HO both exhibited slightly higher average saturation mobility values of 0.93 and 0.85 cm2 V-1 s-1 after annealing at 120 °C, respectively. Upon increasing the annealing temperature to 200 °C, all polymers exhibited improved average and maximum mobilities. PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO exhibited improved average saturation mobility values of 1.1, 0.94 and 1.9 cm2 V-1 s-1 and maximum saturation mobility of 1.3, 1.1 and 2.1cm2 V-1 s-1 with on/off ratio around 103 to 105.  Among these three polymers, PDPPCp-C7-OD has the smallest increase in mobility, while PDPPCp-C7-HO has the greatest increase in mobility after increasing the thermal annealing temperature. The different charge transport performance between polymers might be relative to their different microstructures in thin film. 
[image: ]
Figure 2. Typical transfer and output characteristics of PDPPCp-C4-OD (a, d), PDPPCp-C7-OD (b, e) and PDPPCp-C7-HO (c, f) based BG/TC configuration OFETs devices at annealing temperature of 200 °C. 

Table 2. OFET devices performance of PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO in bottom gate, top contact configuration at annealing temperature of 200 °C. 
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Thin Film Morphology and Microstructure
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: _GoBack]To further investigate the effect of the polymer microstructure on device performance, two-dimensional grazing-incidence wide-angle X-ray scattering (2D-GIWAXS) was used to probe the molecular order of thin films annealed at 120 and 200 °C, as shown in Figure 3 and S8. The relevant 1D plots in the out-of-plane (OOP) and in-plane (IP) direction are displayed in Figure 3 and S9, and the crystallographic parameters are summarized in Table S3-S6. Generally, all polymers exhibited mixed face-on and edge-on orientation, as indicated by OOP (010) π-π stacking peaks and OOP (h00) lamellar stacking peaks. All the polymer films exhibit alkyl stacking (100) at a value of q ≈ 2.65, 2.52 and 2.61 nm−1 in the OOP direction, corresponding to an interlayer alkyl stacking d-spacing of 23.70, 24.92 and 24.06 Å for PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO with annealing temperature of 120 °C, respectively. As the alkyl chain length increased, the 100 lamellar stacking distance increased, similar to the general trend observed for conjugated polymers.54,55 These d-spacing of lamellar stacking are shorter than the fully extended polymer and sidechain widths (Figure S10), suggesting that side chains may adopt an interdigitated arrangement for all polymers.54  Meanwhile, the polymer films exhibited OOP π-π stacking (010) peaks at values of q ≈ 1.53, 1.53 and 1.54 Å−1, corresponding to d-spacing of 4.11, 4.10 and 4.09 Å for PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO, respectively. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Upon annealing to 200 °C, PDPPCp-C4-OD exhibited a higher degree of alignment order and crystallinity, as evidenced by the appearance of lamellar stacking peaks of higher order up to 300 in OOP direction and higher intensities of the diffraction peaks. At the same time, the OOP lamellar coherence length was also increased from 141.6 Å to 281.4 Å (Table S5). The enhancement of molecular packing order facilitates the charge transport performance of the materials, in agreement with the mobility increase from 0.72 cm2 V-1 s-1 to 1.3 cm2 V-1 s-1. PDPPCp-C7-OD, with a longer linear spacer length, exhibited a smaller improvement with respect to the intensities of diffraction peaks and lamellar and π-π stacking coherence lengths in both OOP and IP directions after increasing the annealing temperature from 120 °C to 200 °C. This indicated that the annealing temperature has little effect on its crystallinity, in agreement with the absence of any improvement in the OFET devices. 
Compared to PDPPCp-C7-OD, PDPPCp-C7-HO containing side chains with shorter branches exhibited a significant increase of crystallinity after increased annealing temperature, which is evident by the appearance of lamellar diffraction peaks of higher order and the increase of diffraction peak intensity. After annealing at 200 °C, PDPPCp-C7-HO showed the smallest π-π stacking distance of 4.05 Å and the longest lamellar coherence length of 331.2 Å in the OOP direction, which is beneficial for further enhanced charge transport properties. Furthermore, an IP (010) diffraction peak associated with π-π stacking (4.03 Å) appeared in the PDPPCp-C7-HO film annealed at 200 °C, which was not clearly observed in other polymer films. This obvious π-π stacking peak in the IP direction indicates that the polymer backbones adopt a larger population of edge-on packing orientation in the PDPPCp-C7-HO film annealed at 200 °C, which is conducive to the lateral charge transport in an OFET device. Overall, the increased edge-on packing orientation, the shortest π-π packing distance and the longest lamellar coherence length of 200 °C annealed PDPPCp-C7-HO resulted in its highest hole mobility of 2.1 cm2 V-1 s-1 among the polymers. 
   The morphology of the spin-coated polymer films annealed at 200 °C was also characterized by atomic force microscopy (AFM). As shown in the topography and phase images (Figure 4), the polymers formed interconnected fibrillar structures, as commonly observed in DPP polymers.56 PDPPCp-C7-HO formed slightly smoother films than PDPPCp-C7-OD and PDPPCp-C7-HD, implying less coarse grain boundaries for reduced traps and more effective hole transport. 
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Figure 3. Two-dimensional GIWAXS images of PDPPCp-C4-OD (a), PDPPCp-C7-OD (b) and PDPPCp-C7-HO (c) films annealed at 200 °C; 1D plots in the out-of-plane (d) and in-plane (e) direction of PDPPCp-C4-OD, PDPPCp-C7-OD and PDPPCp-C7-HO after annealing at 200 °C.
[image: ]
Figure 4. AFM topography (a-c) and phase (d-f) images of PDPPCp-C4-OD (a, d), PDPPCp-C7-OD (b, e), and PDPPCp-C7-HO (c, f) on glass surface and annealed at 200 °C. Scan size: 1 × 1 μm2.

Conclusion
In this work, we designed and synthesized a series of copolymers, PDPPCp-C4-OD, PDPPCp-C7-OD, and PDPPCp-C7-HO, with cyclopentadiene and DPP unit containing different alkyl side chains. All polymers have high and similar molecular weights, and excellent thermal stability. DSC and PESA measurements demonstrated that the alkyl side chains had little effect on thermal behavior and energy levels of the polymers. The polymers also showed similar absorption spectra and excellent photostability. Temperature-dependent UV-Vis-NIR spectra revealed that all the polymers tend to aggregate in solution state at room temperature. GIWAXS analysis revealed that among these three polymers, the microstructure of PDPPCp-C7-HO containing side chains with a longer linear spacer and shorter branches is more susceptible to the thermal annealing temperature. The OFET devices based on these polymers exhibited p-type charge transport behavior. Amongst the three polymers, the PDPPCp-C7-HO film annealed at 200 °C exhibited the highest mobility of 2.1 cm2 V-1 s-1, which was attributed to its tightest π-π stacking, the largest lamellar coherence length and the most significant edge-on orientation in thin film. Our findings provide insights into side-chain engineering for high-performance organic semiconductor materials.
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