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Abstract

:

In recent years, donor-acceptor (D-A)-type conjugated polymers have been widely used in the field of organic solar cells (OSCs) and electrochromism (EC). Considering the poor solubility of D-A conjugated polymers, the solvents used in material processing and related device preparation are mostly toxic halogenated solvents, which have become the biggest obstacle to the future commercial process of the OSC and EC field. Herein, we designed and synthesized three novel D-A conjugated polymers, PBDT1-DTBF, PBDT2-DTBF, and PBDT3-DTBF, by introducing polar oligo (ethylene glycol) (OEG) side chains of different lengths in the donor unit benzodithiophene (BDT) as side chain modification. Studies on solubility, optics, electrochemical, photovoltaic and electrochromic properties are conducted, and the influence of the introduction of OEG side chains on its basic properties is also discussed. Studies on solubility and electrochromic properties show unusual trends that need further research. However, since PBDT-DTBF-class polymers and acceptor IT-4F failed to form proper morphology under the low-boiling point solvent THF solvent processing, the photovoltaic performance of prepared devices is not ideal. However, films with THF as processing solvent showed relatively desirable electrochromic properties and films cast from THF display higher CE than CB as the solvent. Therefore, this class of polymers has application feasibility for green solvent processing in the OSC and EC fields. The research provides an idea for the design of green solvent-processable polymer solar cell materials in the future and a meaningful exploration of the application of green solvents in the field of electrochromism.
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1. Introduction


Conjugated polymers have broad application prospects in optoelectronic devices, such as organic solar cells (OSCs) [1], organic field-effect transistors (OFETs) [2], organic electrochemical transistors (OECTs) [3], organic thermoelectrics (OTEs) [4,5], organic light-emitting diodes (OLEDs) [6,7], electrochromic devices (ECDs) [8], charge storage [9] and bioelectronics fields [10]. However, most processing of conjugated polymers can only use halogenated solvents, which greatly affects commercial application of conjugated polymers in various fields. Most rigid conjugated polymers are modified with alkyl side chains on the backbone to ensure solubility. To a step further, oligo (ethylene glycol) (OEG) side chain is gradually obtaining more concern with the polarity to utilize in green polar solvent processing [11]. In addition, OEG also features hydrophilicity, high flexibility and excellent ion conductivity [12], which makes the OEG side chain widely used in the modification of OFET [13] and OECT [14] materials. As for organic thermoelectrics [15], the introduction of ethylene glycol side chains under appropriate conditions is also beneficial. However, in other fields of optoelectronic materials, such as OSC and EC, modification research with OEG has just received attention in recent years.



Most highly efficient OSC systems, due to their good solubility in halogenated solvents, choose halogenated solvents (i.e., chloroform or chlorobenzene) for solution treatment to adequately dissolve polymer donors (PDs) and small molecular acceptors (SMAs). Apparently, these halogenated solvents are not sustainable or compatible with industrial production because they are harmful to humans and the environment [16]. To address this important issue, OSC polymers modified with OEG side chains have earned attention due to the above-mentioned merits to substitute the alkyl counterpart in processing of OSC from green solvent in our former work [17]. Furthermore, the flexibility of the OEG allows the side chains to curl for close π-π stacking of conjugated polymer. The augmentation of charge mobility of polymers may also benefit from the inclination to form π-stacked aggregates, which is reckoned to boost the performance of OSCs [18]. Chen [19] et al. report isoindigo-based polymer electron donor units modified with branched OEG side chains (P-OEG). In contrast with the matched control polymer modified with the counterpart alkyl side chains (P-Alkyl), P-OEG displays, as predicted, a smaller π-π stacking distance and bathochromic shift in absorption spectra. Cui [20] et al. introduced OEG side chains to the dicyanodistyrylbenzene-based non-fullerene acceptors (NIDCS) and enhanced dielectric constant ϵr to 5.4. Notably, the NIDCS acceptor modified with two triethylene glycol chains (NIDCS-EO3) shows high Voc (1.12 V) in OSC device with PTB7 as the polymer donor. Sun [21] et al. designed and synthesized a series of small molecular acceptors, BT2O, BTO and BT4O, with different lengths of OEG side chains in order to induce the self-assembly of Y6 in non-halogenated paraxylene (PX) solution. BTO with triethylene glycol chains doped with PM6:PM7:Y6 delivers the highest PCE of 17.78%. Therefore, the development of a wider variety of OSC materials based on OEG side chain engineering is particularly feasible for the development of the OSC field.



In the field of EC, the research of green solvent processing of materials is also crucial. On the other hand, side chain modification play an important role in the electrochromic properties of conjugated polymers [22], but the effect of OEG side chain is less reported and not sufficiently revealed. Chen [23] et al. designed and successfully synthesized an electrochromic thieno [3,2-b] thiophene-based polymer (PmOTTBTD) modified with OEG side chains taking advantage of high ionic conductivity. PmOTTBTD achieved nearly double contrast (42% vs. 24%), fast oxidation switching time and much higher coloration efficiencies than POTTBTD without OEG side chains modification, which demonstrates the overall elevation in electrochromic properties. Hu [24] et al. synthesized and compared a series of functionalized poly (3,4-ethylenedioxy bithiophene)s (PEDTs) with OEG or alkyl side chains to tune their electrochromic properties. The OEG-modified polymers exhibited predictable preferable electrochromic properties, including a lower average switching time and a higher coloration efficiency in contrast with alkyl-modified polymers. Reynolds [25] et al. designed and synthesized three OEG-incorporated propylenedioxythiophene (ProDOT) copolymer electrohromes with excellent electrochromic properties in aqueous electrolyte. However, currently, there are not many research studies that combine EC and OSC properties in one conjugated polymer, exclusively for OEG side chain functionalized polymers.



BDT units have certain electron-giving capability and are often used to construct D-A conjugated polymers in photoelectric fields [26,27,28,29,30,31]. Wei et al. [32] synthesized a series of BDTTBO polymers with different conjugated side chains for ternary blend solar cells with another conjugated polymer donor PTB7-TH and fullerene acceptor PC71BM. The power conversion efficiency (PCE) of the optimized ternary blend device of BDTTBO-BT: PTB7-TH: PC71BM was enhanced to 10.4%. Then, in 2020, they synthesized a conjugated polymer BDTTBO and then varied the side chain structure by insertion of sulfur atoms and substitution of chlorine atoms to probe the effect of interaction with IT-4F small molecule in their binary blends [33]. Side-chain engineering of modified polymers based on benzo[c] [1,2,5] thiadiazole (BT) unit has also shown recent advances in EC field. Lin [34] et al. designed and electrosynthesized three BT-based polymers with different alkyl side chain decoration, from which DT6FBT polymer with linear hexyl showing the best optical contrast. He [35] et al. synthesized a copolymer combining EDOT unit and BT unit by Stille coupling reaction, exhibiting high switching current ratio and low threshold voltage. Ming [36] et al. inserted 3,4-dihexoxythiophene as π-spacer between EDOT unit and BT unit and prepared the D-π-A-π-D type conjugated polymer poly (BT-Th-EDOT). The π-spacer modification improved electrochromic performance of polymer PBDT, such as optical contrast of 46% and short switching time as 0.4 s.



In this work, based on the efficient PBDT-DTBF polymer system in the OSC field, we changed the hydrophobic alkane side chain into polar oligo-glycol side chains. Different oligo-glycol (OEG) side chains were introduced in donor benzodithiophene (BDT) unit, and three new D-A conjugated polymers, PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF, were synthesized. All three polymers have excellent solubility in the conventional halogenated solvent chlorobenzene (CB), CHCl3. The donor unit in PBDT1-DTBF was not modified by OEG side chains, with relatively poor solubility. The solubility of PBDT2-DTBF was satisfying in polar solvent N-methylpyrrolidone (NMP), N-N-dimethylformamide (DMF), acetonitrile (MeCN), toluene (Tol) and polar green solvent tetrahydrofuran (THF), 2-Methyltetrahydrofuran (2-Me-THF). However, with the further elongation of the OEG side chain, solubility of PBDT3-DTBF has decreased. We speculate through computational simulations that the elongation of the OEG side chain affects the folding dihedral angle of the polymer backbone, and then adjusts polymer chain stacking, which diminishes the solubility of PBDT3-DTBF. Based on a solubility test, the halogen-free and benzene-free solvent tetrahydrofuran was selected as the processing solvent. Because PBDT-DTBF-class polymers and acceptor IT-4F failed to form a good phase morphology under the low-boiling point solvent THF solvent processing, photovoltaic performance of the prepared devices was not ideal. However, films with THF as processing solvent showed relatively desirable electrochromic properties. Therefore, a series of conjugated polymers processable from green solvent were successfully prepared and their possibility of application in organic solar cells and electrochromic applications was demonstrated. It provides insights into the effects of OEG side chains on conjugated polymers and also options for green solvent-processing conjugated polymer materials.




2. Results and Discussion


2.1. Design, Synthesis and Molecular Weight of PBDT Polymers


To better understand the effect of side chains on polymer solubility and electrochemical properties, we designed a series of polymers allowed to improve solubility while maintaining electrochemical properties in different solvents to explore more environmentally friendly processing conditions as much as possible. The PBDT polymers were selected as the backbone, under consideration that BDT-BT-based D-A polymers have been well-studied and OEG side chains were chosen to tune electronic structure and solubility. In our former work [17], Monomer 12 (Scheme 1): 4,7-bis(5-bromo-4-(2,5,8,11-tetraoxatridecan-13-yl) thiophen-2-yl)-5,6-difluorobenzo[c] [1,2,5] thiadiazole (DTBF) with two symmetric linear OEGs side chains was first designed and synthesized. Then Monomer 12 reacted with three BDT monomers bearing different lengths of OEG side chains by Stille coupling reactions to form PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF in high yields. In the backbone, 5,6-difluorobenzo[c] [1,2,5] thiadiazole (BF) unit operated as acceptor, and the BDT unit operated as donor parts. The synthesis routes are visualized in Scheme 1 and Scheme 2, and the synthetic details of new monomers, characterization data (1H NMR, FTIR and HRMS) are marshaled in the Supplementary Materials (Figure S1–S16).



The PBDT polymers are classical and well-studied donor-acceptor (D-A) type polymers: BDT unit with different OEG side chains as donor and BF unit as acceptor. The introduction of F atoms in BF unit lessens LUMO level, thus improving the stability of polymers in the atmosphere [37], and as the F atom is close to the S atom, weak noncovalent interactions are formed, which are known as noncovalent conformational locks (F···S), which also strengthen the planarity of the polymers’ configuration [38]. Moreover, the substitution of CH2 group with oxygen atoms gives the OEG side chain a high polarity so that the introduction of OEG side chain into the conjugated polymer will raise the resulting polymer polarity, thereby improving the permittivity and solubility in polar solvent. The OEG chain was employed as a side chain to functionalize conjugated polymers for efficient processing with polar nonhalogenated solvents by virtue of the polarity of OEG chain. Moreover, with just two lone electron pairs in the oxygen atom, the substitution of the oxygen atoms in alkyl chains avoid the two hydrogen atoms in CH2 unit as a steric hindrance, making the rotation of covalent bond in OEG chain more flexible [39]. The resultant polymers are expected to demonstrate good compatibility with the polar electrolyte [40].



In the field of organic photoelectric materials, the molecular weight of polymers plays an important role in fine-tuning the phase morphology and photovoltaic properties of OSC. Based on solubility of the polymer material and the refractive index of sample and eluate, DMF was selected as the liquid phase at 80 °C (polystyrenes were selected as the calibration standard). The number-average molecular weight (Mn), weight-average molecular weight (Mw) and the polymer dispersity (Ð) were determined by gel permeation chromatography (GPC). PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF possessed high Mn and reasonable Ð (Table 1). We speculate that the OEG side chain on BDT unit in PBDT3 can match the side chain on DTBF unit, and that the larger free volume can facilitate the metal transfer of the Stille reaction and the transition state will be more easily formed. Higher molecular weight usually indicates the electronic better-tuned, smooth morphology and desirable photovoltaic properties of OSCs [41,42,43].




2.2. Solubility and Thermal Stability


Solubility of polymer is an important performance index in device preparation and processing. The solubility of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF in conventional solvents (such as o-DCB, CHCl3, MeCN, Tol) and some non-halogenated green solvents (such as NMP, DMF, PC, THF, 2-Me-THF, CPME, D-limonene and ethanol) was determined. These solvents are commonly used as processing solvents in the OSC field. The tests were at concentration of 10 mg/mL, and results are shown in Table 2. All these three polymers showed favorable solubility in the halogen-containing solvents CB and CHCl3. PBDT1-DTBF is a typical D-A conjugated polymer without side-chain modification, with relatively poor solubility in other solvents except for THF. However, solubility of the polymers is greater than 3 mg/mL in DMF. Therefore, the molecular weight of PBDT1-DTBF can be measured by using DMF as an eluting agent. Due to the oligo ethylene glycol side chain (OEG = 2) introduced in PBDT2-DTBF, the solubility is obviously improved. At room temperature, thanks to the significant difference in electronegativity between oxygen atoms and carbon atoms in OEG side chains, PBDT2-DTBF can be dissolved in toluene at ambient temperature, in NMP, DMF, 2-Me-THF under heating, and without precipitation even after cooling. The dipole moment (μ) of C-C non-polar covalent bond is much lower than that of C-O covalent bond (0.74 Debye). It is the larger dipole moment of C-O covalent bond which provides the enhanced polarity of OEG chain. It is reported that the introduction of OEG side chains in conjugated polymer will significantly enhance the polarity of polymer and increase the dielectric constant, thus improving its solubility in the polar solvent [44]. However, with the increase of the OEG side chain length, the solubility of polymer PBDT3-DTBF not only did not further improve, but showed a descending trend. We speculate the reason is that PBDT3-DTBF has a much larger molecular weight as compared to PBDT1-DTBF and PBDT2-DTBF. Moreover, the theoretical calculations suggest that the packing between PBDT3-DTBF is much tighter than that in the other two polymers (Figure 1). Past work has shown that there is positive correlation between the ordered aggregation of conjugated polymers and the repeating units of OEG side chains [45]. The effect of different lengths of OEG side chains on the morphology of polymer devices is complicated and requires more in-depth analysis.



The thermal properties of polymers PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF were characterized by the heat-loss curves. As shown in Figure S18, all the polymers exhibited 5% weight loss temperature (Td5%) above 300 °C, indicating three polymers can fully maintain a stable performance under the temperature conditions for further processing and application.




2.3. Theoretical Analysis


To further understand the effect of lengths of OEG side chains on D-A conjugated polymers, density functional theory (DFT) of model compounds BDT1-DTBF, BDT2-DTBF and BDT3-DTBF at B3LYP/6-31 G (d,p) level was performed by Gaussian 16 [46]. As shown in Figure 1, dimer BDT1-DTBF, BDT2-DTBF and BDT3-DTBF were observed to exhibit similar conformations. When the OEG segment was short (n = 2), BDT2-DTBF was not significantly affected compared with PBDT1-DTBF, and the dihedral angle between BDT unit and adjacent thiophene units was close (20.5° and 20.4° for BDT1-DTBF and BDT2-DTBF respectively). When the OEG segment grows (n = 3), the dihedral angle between BDT unit and BT units decreases to 18.9°. The smaller dihedral angle indicates that the interchain stacking of PBDT3-DTBF is tighter than the other two polymers, performed as lower solubility, which is consistent with our measured results (the solubility changes in 2-Me-THF in Table 2). Furthermore, in the three polymers, the length change of OEG side chains did not have much effect on HOMO/LUMO energy levels. Since the OEG side chain does not have a strong electro-withdrawing effect, it cannot significantly change the HOMO and LUMO levels of polymer [5,47]. Although the HOMO and LUMO levels are quite different from experiment, their trend of data change is consistent, such that the HOMO and LUMO levels of the three polymers are similar. This bias is caused because the simulation objects are small molecule model compounds, while the actual test objects are polymer films.




2.4. Fundamental Optical Properties


The ultraviolet-visible (UV-vis) absorption spectra of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF polymers in the chlorobenzene solution and thin-film states are depicted in Figure 2, respectively. The basic optical properties of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are summarized in Table 3. From Figure 2, there are no prominent shifts about the wavelength of the absorption spectra between the solution and solid states, and the corresponding maximum absorption peak appears slightly redshifted due to the π-π stacking effect between polymer chains. As shown in Figure 2b and Table 3, the absorption peaks at 393 nm (PBDT1-DTBF, film), 396 nm (PBDT2-DTBF, film) and 397 nm (PBDT3-DTBF, film) were distributed to the π-π* transitions along the conjugated backbone. The absorption peaks at 480 nm (PBDT1-DTBF, film), 469 nm (PBDT2-DTBF, film) and 479 nm (PBDT3-DTBF, film) were attributed to the molecular charge transfer (ICT) between the HOMO and LUMO levels [48]. Based on the absorption spectra, the optical band gap (  E g  o p t   ) of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF was calculated and listed in Table 3. The optical band gaps of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are successively 2.10, 2.12 and 2.10 eV, meaning they are broadband gap polymers. According to previous reports [18], although the OEG side chain is supposed to have a higher electron donor capacity according to the above analysis, the OEG group did not affect the band gap as significantly as predicted, which was also demonstrated in this study.




2.5. Electrochemical Properties


The electrochemical properties of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF were studied with ferrocene (Fc/Fc+) as the internal standard (Figure S19). The polymer solution at a concentration of 20 mg/mL was spin-cast onto the indium oxide (ITO) glass through a homogenizer at 1300 rpm. The polymer film was placed at 150 °C under vacuum condition for 8 h to remove the residual solvent. In the three-electrode system, the polymer film spin-cast applied as the working electrode, with 0.01 M Ag/AgNO3 non-hydro electrode as the reference electrode and platinum wires as counter electrodes. The electrolyte solution used in the test was 0.1 M tetrabutylammonium hexafluorphosphonate/propylene carbonate solution (TBAPF6/PC).



The cyclic voltammetry curves for PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are shown in Figure 3, and the corresponding results are enumerated in Table 4. Within the electrochemical window of 0–1.0 V, the three polymers display three oxidation peaks with no reduction peaks. This demonstrates that the process is an irreversible electrochemical doping process. This usually implies that the overdoping phenomenon and electrochemical side reactions already occur at high voltages during oxidation or reduction. Since OEG is a donor unit, the polymer presents a lower onset oxidation potential (Eonset) during forward scanning with the increase of OEG length. Therefore, the Eonset of PBDT1-DTBF, PBDT2 and PBDT3-DTBF are 0.34, 0.32 and 0.30 V, respectively, showing a decreasing trend. The matched highest-occupied molecular orbit (HOMO) of these polymers is calculated from the starting oxidation potential corrected of ferrocene, and the lowest unoccupied molecular orbital (LUMO) was derived by HOMO and optical band gap. According to equation EHOMO = −(4.80 + Eonset), the HOMO energy levels of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are −5.14, −5.12, and −5.10 eV, respectively. From the equation ELUMO = EHOMO +   E g  o p t   , the LUMO levels are −3.04, −3.00 and −3.00 eV for PBDT1-DTBF, PBDT2 and PBDT3-DTBF, respectively. Although the result is quite different from theoretical analysis, their trend of data change is consistent. This bias is caused because the simulation objects are small molecule model compounds, while the actual test objects are polymer films.



The flat-band potentials of samples were measured using the electrochemical method Mott–Schottky plots (Figure S20). All films showing the negative slopes of the linear plots indicate the typical p-type characteristic semiconductors. In general, the EVB of p-type semiconductors is very close to the flat band potential [49,50]. The EVB,PBDT1, EVB,PBDT2 and EVB,PBDT3 could be inferred as −0.12 V, −0.12 V and −0.04 V, respectively. Therefore, based on the formula ECB = EVB − Eg [51], the ECB of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are −2.22 V, −2.24 V and −2.14 V, respectively.




2.6. Photovoltaic Performance


In order to study the photovoltaic performance of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF, the conventional quintuple device structure was employed: ITO/PEDOT: PSS/active layer/PFN-Br/Al, as shown in Figure 4b. In the active layer, PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF were used as the donor material, while IT-4F was used as the acceptor material [52]. IT-4F has a strong absorption capacity and high electron mobility in thin films. Moreover, the frontier molecular orbital (FMO) energy levels of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF closely match the acceptor IT-4F, indicating that there are sufficient Δ HOMO and Δ LUMO to achieve effective exciton dissociation in charging process of the interface transfer, and the level matching diagram is shown in Figure 4a [53]. Where PFN-Br is used as the anode interlayer (AIL), and PEDOT: PSS also serves as the cathode interlayer (CIL). The PV parameters are enumerated in Table 5.



Figure S21 displays the Nyquist plots of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF films processed from THF. All three films show similar arc radius, indicating similar interfacial charge transfer, which is related to the uneven phase of films processed from THF. The Nyquist plots of PBDT3 sample consist of a semicircle and a capacitive tail at low frequency, showing a lower slope of the straight line in the low frequencies area. The longer OEG side chains in PBDT3 tend to form more ion-trapping cages while limiting ion transport and Faradaic impedance increased.



Through testing, it was found that the device performance of PBDT-DTBF and IT-4F was not ideal, because the PBDT-DTBF conjugated polymer and acceptor IT-4F failed to form smooth and even morphology under the low boiling point THF solvent processing, so they failed to form the appropriate phase region size, which adversely affected the exciton dissociation, charge generation and transmission. Considering the PBDT-DTBF class polymers are new functional materials that are different from the common polymers in the OPV community, the surface energy of polymers could be a factor to take into consideration when blending or screening ideal materials for OSC devices [33].




2.7. Spectroelectrochemistry Properties


The spectroelectrochemical properties of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF were studied with UV-vis-NIR to monitor the change in absorbance under different potential.



As chlorobenzene has the best solubility to polymer, the polymer is dissolved in chlorobenzene (20 mg/mL) and coated on ITO electrode to form a thin film. As shown in Figure 5a–c, absorption spectra of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF films are similar. As the potential gradually increases (0–1 V), PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF films become fully oxidized and the film color transitions accordingly from orange (neutral state) to dim yellow-green (oxidized state). According to previous research, the neutral color of most dioxythiophene-benzothiadiazole (BT-Th)-based polymers appears green [54]. However, the neutral color of PDTBF polymers appears orange [55], due to the modification of OEG side chains hindering the formation of conformational locks, resulting in the less coplanar configuration and absorption wave blueshifts of the polymers. As OEG chain does not directly connect to thiophene backbone, PBDT2-DTBF and PBDT3-DTBF exhibit very similar electrochemical and optical behaviors.



As the potential is increased to 0.4 V, a gradual impairment of the π-π* transitions occurs, and charge carrier bands at 644–672 nm in the near-IR can be observed to increase slightly. However, as the potential continues to increase to 1 V, the absorption peak in the visible light region shows a descending trend, which also corresponds with the process of over-oxidation of polymer film.



To further test whether these polymers can be processed with green solvents, the polymer is dissolved in THF solvent spin coating to prepare polymer films because the polymer is more soluble in THF solvent. All the PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF polymer film-coated ITO glass was heated at 100 °C under vacuum condition for 8 h to remove the residual solvent. As shown in Figure 5 and Figure S22, although the films are cast from different processing solvents, the spectroelectrochemical properties show little difference. Irresistibly, it is difficult for the naked eye to accurately distinguish the slight color changes between the oxidation state and the neutral state. Colorimetric analysis based on the “Commission Internationale de l’Eclairage” 1976 L*a*b* color standards was adopted to quantificationally describe PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF polymers and evaluate the effect of casting solvent on the perceived color of films. The a* and b* values range from 127 to −128, representing red to green and yellow to blue. L* depicts the lightness from 0 to 100 representing black to white. The detailed L*a*b* results are listed in Table S1 [56]. Results in this experiment show that the color change of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF films are similar [57]. Interestingly, the color change for the same polymer film processed from THF is slightly more detectable than chlorobenzene as the solvent (Table S1).




2.8. Electrochromic Properties


Polymer films spin-cast by means of before-mentioned fabrication on the ITO glass were applied to study the electrochromic properties. The chronoamperometric and absorbance measurements were carried out on all the films of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF prepared by halogenated solvent CB and polar green solvent THF with an active area of 2.4 cm2. Square-wave potential with 0–0.4 V (Ag/AgNO3 in 0.1 M TBAPF6/PC) was applied to the polymer film to obtain the function of transmittance (ΔT) at λmax about time and switching time (response time corresponds to 90% of the complete color switching) was calculated.



As shown in Figure 6, the optical contrast of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF dropped rapidly within 300 s, and the apparent trend of ΔT of PBDT3 being dropped was even more pronounced. However, PBDT3-DTBF film exhibits the fastest coloring time (  T c  0.9    = 3.02 s) processed from chlorobenzene and switching time (  T c  0.9    = 4.61 s,   T b  0.9    = 2.85 s) processed from THF (Table 6). By comparing PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF films cast from CB, it was noted that after the introduction of shorter OEG side chains (n = 2) onto BDT donor, the optical modulation and coloration efficiency (CE) of PBDT2-DTBF film expressed a large drop in contrast with PBDT1-DTBF, while the transmittance change and coloration efficiency were slightly improved when the length of OEG side chain was prolonged (n = 3). We infer that the introduction of a short OEG side chain (n = 2) affects the interchain stacking resulting in the decrease of conductivity. When OEG chain increases (n = 3), the flexibility of side chain becomes expressed. Consistent with Figure 1, the interchain stacking of PBDT3-DTBF is more compact than the other two polymers, which is conducive to the electron conductivity between the chains. Moreover, previous studies have found that triethylene glycol as side chain modification is of appropriate length of side chains to balance the electrochemical and mechanical properties [58]. Overall, the intermolecular interactions of alkoxy-chain-rich materials are usually stronger than alkyl-chain-rich polymers. Intermolecular interaction between polymers with different alkoxy-chain-rich side chain like OEG requires further research [59,60].



Films processed from THF have better color modulation compared with chlorobenzene, which is mentioned above in the colorimetric analysis, but the cyclical stability of films processed from THF is unsatisfactory (Figure S23). In addition, coloration efficiency of the films cast from CB and THF are calculated and compared. It is obvious that films cast from THF display higher CE than CB as the solvent. Compared with the results of films from chlorobenzene, although the whole performances of THF-cast films slightly decreased, the results are sufficiently promising to suggest the feasibility of using non-halogenated green solvents to substitute toxic halogenated solvents.





3. Materials and Methods


3.1. Materials


The 4-methylbenzenesulfonyl chloride (99%), 1-ethoxy-2-methoxyethane (98%), 1-ethoxy-2-(2-methoxyethoxy) ethane (98%), benzo [1,2-b:4,5-b′] dithiophene-4,8-dione (98%), Trimethyltin chloride (98%), Tributyltin chloride (98%), 2-(thiophen-3-yl) ethan-1-ol (98%), n-Butyllithium (2.5 M), Potassium tert-butoxide (98%), Tris(o-tolyl) phosphine(P(o-tol)3) (98%) and Tris(dibenzylideneacetone) dipalladium-chloroform adduct (Pb2 (dba)3·CHCl3) (98%) were obtained from Energy Chemistry. All the anhydrous solvents using in the synthetic reactions and device processing, such as chlorobenzene (CB), toluene (Tol), tetrahydrofuran (THF), 2-Methyltetrahydrofuran (2-Me-THF), ethyl acetate (EA), ethanol, N-methylpyrrolidone (NMP), N,N-dimethylformamide (DMF), isopropanol (IPA), methanol, propylene carbonate (PC), acetonitrile (MeCN) and so forth are merchandised by Aldrich Chemical and Energy Chemistry.




3.2. Synthesis of Polymers


Synthesis of PBDT1-DTBF: The synthesis routes are visualized in Scheme 2, Monomer 6 (115.19 mg, 0.20 mmol), monomer 11 (174.93 mg, 0.20 mmol), catalyst Pb2 (dba)3·CHCl3 (6.21 mg, 6.00 mmol), ligand P (o-tol)3 (14.61 mg, 0.048 mmol) were added to the reaction bottle under the protection of argon and 3 mL anhydrous toluene into the reaction system. The temperature was increased to 110 °C and reacted for 48 h. After the reaction, the polymer was then successively extracted in petroleum ether, methanol, ethanol, ethyl acetate, and trichloromethane with Soxhlet extractor, then finally 67 mg of reddish-brown polymer with metallic luster was obtained. 1H NMR is shown in Figure S13.



Synthesis of PBD2-DTBF: The monomer 7 (150.43 mg, 0.20 mmol), monomer 11 (174.93 mg, 0.20 mmol), catalyst Pb2 (dba)3·CHCl3 (6.21 mg, 6.00 mmol) and ligand P (o-tol)3 (14.61 mg, 0.05 mmol) were added to the reaction vial under the protection of argon, then 3 mL of anhydrous toluene was injected into the reaction system. The temperature was increased to 110 °C and reacted for 48 h. After the reaction, the polymer was then successively extracted in petroleum ether, methanol, ethanol, ethyl acetate and trichloromethane with Soxhlet extractor, and finally 54 mg of the reddish-brown polymer with metallic luster was obtained. 1H NMR is shown in Figure S14.



Synthesis of PBD3-DTBF: The monomer 8 (168.05 mg, 0.20 mmol), monomer11 (0.20 mmol, 174.93 mg), catalyst Pb2 (dba)3·CHCl3 (6.21 mg, 6.00 mmol) and ligand P (o-tol)3 (14.61 mg, 0.05 mmol) were added to the reaction vial under the protection of argon, and then 3 mL of anhydrous toluene were injected into the reaction system. The temperature was increased to 110 °C and reacted for 48 h. After the reaction, the polymer was then successively extracted in petroleum ether, methanol, ethanol, ethyl acetate and trichloromethane with Soxhlet extractor, and finally 60 mg of the reddish-brown polymer with metallic luster was obtained. 1H NMR is shown in Figure S15.




3.3. Preparation of Electrochromic Film


PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF were dissolved in solvent (20 mg/mL) and stirred to ensure the uniformity of the solution. Indium tin oxide (ITO) glass was cleaned successively with deionized water, toluene, acetone and isopropyl alcohol by ultrasound. Then the polymer solution was spin-cast onto the ITO glass with spin speed at nearly 1300 rpm to form films with 100–130 nm thickness. Subsequently, the electrochromic films are heated at 150 °C under vacuum atmosphere for 8 h to remove the residual solvent.




3.4. Fabrication and Characterization of the Organic Solar Cells


To assess the photovoltaic performance of OEG side chain modified PBDT polymers, a series of polymer solar cells were fabricated in an inverted quintuple device arrangement of ITO/PEDOT: PSS/active layer/PFN-Br/Al. The patterned ITO glass was sonicated in acetone and isopropanol and washed for 30 min under a UV ozone cleaning system to eliminate the surface tension of the ITO so that the binding force of the polymer and the substrate can get improved. PEDOT: PSS was applied with a thin layer of at 3000 rpm spin-cast and then dry in air for 15 min at 150 °C. The device was then placed into a glove box. The solvent used to dissolve the active material was THF, with the solvent additive of 1,8-diiodooctane (DIO) (0.5%, v/v). At a donor concentration of 10 mg/mL and acceptor IT-4F, the PBDT-DTBF-containing polymer and IT-4F mixture (1:1, w/w) were spin-cast on the PEDOT: PSS layer. Then the 0.5 mg/mL PFN-Br methanol solution was cast on the top of the active layer at 3000 rpm for 30 s, forming films about 10 nm thickness. Finally, Al was deposited on the PFN-Br layer under vacuum condition at 80 nm. The effective device area is 0.037 mm2. The prepared device was placed in such conditions (AM 1.5 G, 100 mW/cm2 simulated sunlight) for current density-voltage (J-V) curve testing and recorded with Keithley 2601 digital table. Extra quantum efficiency (EQE) measurements of polymer solar cells were measured by Crowntech QTest station 1000AD. All device preparation and characterizations were performed in the glove box.





4. Conclusions


In this study, a side chain engineering study of the oligo (ethylene glycol) (OEG) of the classical benzodithiophene-benzothiadiazole (BDT-BT)-based conjugated polymer is carried out, and three novel polymers, PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF, are designed and prepared by introducing different lengths of OEG side chains into the donor BDT unit to study the effect on solubility, basic optical properties, photovoltaic properties and electrochemical properties of polymers. Due to the introduction of OEG, the polymer showed good solubility in the green polar non-halogenated solvent THF. PBDT2-DTBF shows good solubility even in 2-Me-THF. As for photovoltaic test, however, the photovoltaic performance of polymer solar cell devices is not ideal, because the PBDT-DTBF conjugated polymer and the receptor IT-4F fail to form good phase morphology under the low boiling point THF solvent processing, and fail to form the appropriate phase region size, which adversely affects the exciton dissociation and charge generation and transmission. As for electrochromic properties, choosing THF as the processing solvent, all three polymers showed relatively desirable results. Therefore, this class of polymers has certain application potential for green solvent processing in the OSC and EC fields. Above all, it is necessary to further probe the influence of OEG side chains on conjugated polymers, regulate the solubility of materials and select the appropriate processing solvent to improve the electrochemical properties of materials.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28052056/s1, Synthesis of compounds; Figures S1–S15: 1H NMR spectra of monomers and PBDT-DTBF polymers; Figure S16: Mass spectrum of monomer; Figure S17: FTIR spectra of PBDT-DTBF polymers; Figure S18: TGA curves of PBDT-DTBF polymers; Figure S19: Cyclic voltammogram reference; Figure S20: The Mott-Schottky plots; Figure S21: The Nyquist plots; Figure S22: Spectroelectrochemical tests; Figure S23: Cyclical stability and switching time of PBDT-DTBF films; Table S1: Colorimetric analysis of the polymer films. References [61,62,63,64,65,66,67] are referenced in the Supplementary Materials.





Author Contributions


Methodology and software, S.Q.; validation and formal analysis, S.J.; investigation, S.Q. and S.J.; data curation, S.Q.; writing—original draft preparation, S.J.; writing—review and editing, S.J., Z.X., S.L., Q.W. and Z.C.; funding acquisition, Z.C. All authors have read and agreed to the published version of the manuscript.




Funding


This study is financially supported by the Jilin Province Science and Technology Department Science Fund grant number 20200404177YY and Cross Discipline Training Program for young teachers and students at Jilin University, grant number 415010300062.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The authors will make the raw data supporting the conclusions of this manuscript available to any qualified researcher.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the polymers PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF are available from the authors.




References


	



Wang, D.; Liu, H.R.; Li, Y.H.; Zhou, G.Q.; Zhan, L.L.; Zhu, H.M.; Lu, X.H.; Chen, H.Z.; Li, C.Z. High-performance and eco-friendly semitransparent organic solar cells for greenhouse applications. Joule 2021, 5, 945–957. [Google Scholar] [CrossRef]

	



Hsu, L.C.; Isono, T.; Lin, Y.C.; Kobayashi, S.; Chiang, Y.C.; Jiang, D.H.; Hung, C.C.; Ercan, E.; Yang, W.C.; Hsieh, H.C.; et al. Stretchable OFET Memories: Tuning the Morphology and the Charge-Trapping Ability of Conjugated Block Copolymers through Soft Segment Branching. ACS Appl. Mater. Inter. 2021, 13, 2932–2943. [Google Scholar] [CrossRef] [PubMed]

	



Luo, X.Y.; Shen, H.G.; Perera, K.; Tran, D.T.; Boudouris, B.W.; Mei, J.G. Designing Donor-Acceptor Copolymers for Stable and High-Performance Organic Electrochemical Transistors. ACS Macro Lett. 2021, 10, 1061–1067. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, G.Z.; Abdalla, H.; Kemerink, M. Conjugated Polymer Blends for Organic Thermoelectrics. Adv. Electron. Mater. 2019, 5, 1800821. [Google Scholar] [CrossRef][Green Version]

	



Liu, J.; Ye, G.; Potgieser, H.G.O.; Koopmans, M.; Sami, S.; Nugraha, M.I.; Villalva, D.R.; Sun, H.; Dong, J.; Yang, X.; et al. Amphipathic Side Chain of a Conjugated Polymer Optimizes Dopant Location toward Efficient N-Type Organic Thermoelectrics. Adv. Mater. 2021, 33, e2006694. [Google Scholar] [CrossRef] [PubMed]

	



Sirringhaus, H. 25th Anniversary Article: Organic Field-Effect Transistors: The Path Beyond Amorphous Silicon. Adv. Mater. 2014, 26, 1319–1335. [Google Scholar] [CrossRef][Green Version]

	



Lee, S.; Kim, H.; Kim, Y. Hole Injection Role of p-Type Conjugated Polymer Nanolayers in Phosphorescent Organic Light-Emitting Devices. Electronics 2021, 10, 2283. [Google Scholar] [CrossRef]

	



Osterholm, A.M.; Ponder, J.F.; De Keersmaecker, M.; Shen, D.E.; Reynolds, J.R. Disentangling Redox Properties and Capacitance in Solution Processed Conjugated Polymers. Chem. Mater. 2019, 31, 2971–2982. [Google Scholar] [CrossRef]

	



Ponder, J.F.; Osterholm, A.M.; Reynolds, J.R. Conjugated Polyelectrolytes as Water Processable Precursors to Aqueous Compatible Redox Active Polymers for Diverse Applications: Electrochromism, Charge Storage, and Biocompatible Organic Electronics. Chem. Mater. 2017, 29, 4385–4392. [Google Scholar] [CrossRef]

	



Yeung, S.Y.; Veronica, A.; Li, Y.; Hsing, I.M. High-Performance Internal Ion-Gated Organic Electrochemical Transistors for High-Frequency Bioimpedance Analysis. Adv. Mater. Technol. 2022, 8, 2201116. [Google Scholar] [CrossRef]

	



Li, W.-S.; Yamamoto, Y.; Fukushima, T.; Saeki, A.; Seki, S.; Tagawa, S.; Masunaga, H.; Sasaki, S.; Takata, M.; Aida, T. Amphiphilic Molecular Design as a Rational Strategy for Tailoring Bicontinuous Electron Donor and Acceptor Arrays: Photoconductive Liquid Crystalline Oligothiophene−C60 Dyads. J. Am. Chem. Soc. 2008, 130, 8886–8887. [Google Scholar] [CrossRef] [PubMed]

	



Meng, B.; Liu, J.; Wang, L.X. Oligo(ethylene glycol) as side chains of conjugated polymers for optoelectronic applications. Polym. Chem. 2020, 11, 1261–1270. [Google Scholar] [CrossRef]

	



Shao, M.; He, Y.J.; Hong, K.L.; Rouleau, C.M.; Geohegan, D.B.; Xiao, K. A water-soluble polythiophene for organic field-effect transistors. Polym. Chem. 2013, 4, 5270–5274. [Google Scholar] [CrossRef]

	



Tan, E.L.; Kim, J.; Stewart, K.; Pitsalidis, C.; Kwon, S.; Siemons, N.; Kim, J.; Jiang, Y.F.; Frost, J.M.; Pearce, D.; et al. The Role of Long-Alkyl-Group Spacers in Glycolated Copolymers for High-Performance Organic Electrochemical Transistors. Adv. Mater. 2022, 34, e2202574. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Li, J.; Sun, H.; Li, Y.; Wang, Y.; Wu, Z.; Jeong, S.Y.; Woo, H.Y.; Fabiano, S.; Guo, X. Thiazole Imide-Based All-Acceptor Homopolymer with Branched Ethylene Glycol Side Chains for Organic Thermoelectrics. Angew. Chem. Int. Ed. 2022, 61, e202214192. [Google Scholar] [CrossRef]

	



Xu, X.; Yu, L.; Meng, H.; Dai, L.; Yan, H.; Li, R.; Peng, Q. Polymer Solar Cells with 18.74% Efficiency: From Bulk Heterojunction to Interdigitated Bulk Heterojunction. Adv. Funct. Mater. 2022, 32, 2108797. [Google Scholar] [CrossRef]

	



Qi, S.; Wang, C.; Liu, Z.; Han, Y.; Bai, F.; Chen, Z. Electrochromic and photovoltaic properties of benzothiadiazole-based donor-acceptor conjugated polymers with oligo(ethylene glycol) side chains. Dye. Pigment. 2022, 204, 110432. [Google Scholar] [CrossRef]

	



Meng, B.; Song, H.Y.; Chen, X.X.; Xie, Z.Y.; Liu, J.; Wang, L.X. Replacing Alkyl with Oligo(ethylene glycol) as Side Chains of Conjugated Polymers for Close pi-pi Stacking. Macromolecules 2015, 48, 4357–4363. [Google Scholar] [CrossRef]

	



Chen, X.X.; Zhang, Z.J.; Liu, J.; Wang, L.X. A polymer electron donor based on isoindigo units bearing branched oligo(ethylene glycol) side chains for polymer solar cells. Polym. Chem. 2017, 8, 5496–5503. [Google Scholar] [CrossRef]

	



Cui, J.J.; Park, J.H.; Kim, D.W.; Choi, M.W.; Chung, H.Y.; Kwon, O.K.; Kwon, J.E.; Park, S.Y. Designing Nonfullerene Acceptors with Oligo(Ethylene Glycol) Side Chains: Unraveling the Origin of Increased Open-Circuit Voltage and Balanced Charge Carrier Mobilities. Chem. Asian J. 2021, 16, 2481–2488. [Google Scholar] [CrossRef]

	



Sun, W.W.; Chen, H.Y.; Zhang, B.; Cheng, Q.R.; Yang, H.Y.; Chen, Z.Y.; Zeng, G.; Ding, J.Y.; Chen, W.J.; Li, Y.W. Host-Guest Active Layer Enabling Annealing-Free, Nonhalogenated Green Solvent Processing for High-Performance Organic Solar Cells(dagger). Chin. J. Chem. 2022, 40, 2963–2972. [Google Scholar] [CrossRef]

	



Mei, J.G.; Bao, Z.N. Side Chain Engineering in Solution-Processable Conjugated Polymers. Chem. Mater. 2014, 26, 604–615. [Google Scholar] [CrossRef]

	



Chen, Y.; Yin, Y.; Xing, X.; Fang, D.; Zhao, Y.; Zhu, Y.; Ali, M.U.; Shi, Y.; Bai, J.; Wu, P.; et al. The Effect of Oligo(Ethylene Oxide) Side Chains: A Strategy to Improve Contrast and Switching Speed in Electrochromic Polymers. Chemphyschem 2020, 21, 321–327. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Liu, X.; Jiang, F.; Zhou, W.; Liu, C.; Duan, X.; Xu, J. Functionalized Poly(3,4-ethylenedioxy bithiophene) Films for Tuning Electrochromic and Thermoelectric Properties. J. Phys. Chem. B 2017, 121, 9281–9290. [Google Scholar] [CrossRef]

	



Advincula, A.A.; Jones, A.L.; Thorley, K.J.; Österholm, A.M.; Ponder, J.F.; Reynolds, J.R. Probing Comonomer Selection Effects on Dioxythiophene-Based Aqueous-Compatible Polymers for Redox Applications. Chem. Mater. 2022, 34, 4633–4645. [Google Scholar] [CrossRef]

	



Yao, W.; Wang, J.; Lou, Y.; Wu, H.; Qi, X.; Yang, J.; Zhong, A. Chemoselective hydroborative reduction of nitro motifs using a transition-metal-free catalyst. Org. Chem. Front. 2021, 8, 4554–4559. [Google Scholar] [CrossRef]

	



Wang, Y.F.; Wang, C.J.; Feng, Q.Z.; Zhai, J.J.; Qi, S.S.; Zhong, A.G.; Chu, M.M.; Xu, D.Q. Copper-catalyzed asymmetric 1,6-conjugate addition of in situ generated para-quinone methides with beta-ketoesters. Chem. Commun. 2022, 58, 6653–6656. [Google Scholar] [CrossRef]

	



Yang, Q.; Wen, Y.; Zhong, A.; Xu, J.; Shao, S. An HBT-based fluorescent probe for nitroreductase determination and its application in Escherichia coli cell imaging. New J. Chem. 2020, 44, 16265–16268. [Google Scholar] [CrossRef]

	



Wang, L.-H.; Chen, X.-J.; Ye, D.-N.; Liu, H.; Chen, Y.; Zhong, A.-G.; Li, C.-Z.; Liu, S.-Y. Pot- and atom-economic synthesis of oligomeric non-fullerene acceptors via C–H direct arylation. Polym. Chem. 2022, 13, 2351–2361. [Google Scholar] [CrossRef]

	



Yao, W.; He, L.; Han, D.; Zhong, A. Sodium Triethylborohydride-Catalyzed Controlled Reduction of Unactivated Amides to Secondary or Tertiary Amines. J. Org. Chem. 2019, 84, 14627–14635. [Google Scholar] [CrossRef]

	



Yao, W.; Wang, J.; Zhong, A.; Wang, S.; Shao, Y. Transition-metal-free catalytic hydroboration reduction of amides to amines. Org. Chem. Front. 2020, 7, 3515–3520. [Google Scholar] [CrossRef]

	



Chen, C.-H.; Lu, Y.-J.; Su, Y.-W.; Lin, Y.-C.; Lin, H.-K.; Chen, H.-C.; Wang, H.-C.; Li, J.-X.; Wu, K.-H.; Wei, K.-H. Enhancing performance of ternary blend photovoltaics by tuning the side chains of two-dimensional conjugated polymer. Org. Electron. 2019, 71, 185–193. [Google Scholar] [CrossRef]

	



Lin, Y.-C.; Chen, C.-H.; Li, R.-H.; Tsao, C.-S.; Saeki, A.; Wang, H.-C.; Chang, B.; Huang, L.-Y.; Yang, Y.; Wei, K.-H. Atom-Varied Side Chains in Conjugated Polymers Affect Efficiencies of Photovoltaic Devices Incorporating Small Molecules. ACS App. Polym. Mater. 2019, 2, 636–646. [Google Scholar] [CrossRef]

	



Lin, K.; Wu, C.; Zhang, G.; Wu, Z.; Tang, S.; Lin, Y.; Li, X.; Jiang, Y.; Lin, H.; Wang, Y.; et al. Toward High-Performance Electrochromic Conjugated Polymers: Influence of Local Chemical Environment and Side-Chain Engineering. Molecules 2022, 27, 8424. [Google Scholar] [CrossRef]

	



He, Z.; Xu, H.; Zhang, Y.; Hou, Y.; Niu, H. Conjugated Polymers Containing EDOT Units as Novel Materials for Electrochromic and Resistance Memory Devices. Polymers 2022, 14, 4965. [Google Scholar] [CrossRef]

	



Ming, S.; Li, Z.; Zhen, S.; Liu, P.; Jiang, F.; Nie, G.; Xu, J. High-performance D-A-D type electrochromic polymer with π spacer applied in supercapacitor. Chem. Eng. J. 2020, 390, 124572. [Google Scholar] [CrossRef]

	



Neo, W.T.; Ong, K.H.; Lin, T.T.; Chua, S.J.; Xu, J.W. Effects of fluorination on the electrochromic performance of benzothiadiazole-based donor-acceptor copolymers. J. Mater. Chem. C 2015, 3, 5589–5597. [Google Scholar] [CrossRef]

	



Huang, H.; Yang, L.; Facchetti, A.; Marks, T.J. Organic and Polymeric Semiconductors Enhanced by Noncovalent Conformational Locks. Chem. Rev. 2017, 117, 10291–10318. [Google Scholar] [CrossRef]

	



Torabi, S.; Jahani, F.; Van Severen, I.; Kanimozhi, C.; Patil, S.; Havenith, R.W.A.; Chiechi, R.C.; Lutsen, L.; Vanderzande, D.J.M.; Cleij, T.J.; et al. Strategy for Enhancing the Dielectric Constant of Organic Semiconductors Without Sacrificing Charge Carrier Mobility and Solubility. Adv. Funct. Mater. 2015, 25, 150–157. [Google Scholar] [CrossRef][Green Version]

	



Das, P.; Elizalde-Segovia, R.; Zayat, B.; Salamat, C.Z.; Pace, G.; Zhai, K.; Vincent, R.C.; Dunn, B.S.; Segalman, R.A.; Tolbert, S.H.; et al. Enhancing the Ionic Conductivity of Poly(3,4-propylenedioxythiophenes) with Oligoether Side Chains for Use as Conductive Cathode Binders in Lithium-Ion Batteries. Chem. Mater. 2022, 34, 2672–2686. [Google Scholar] [CrossRef]

	



Zhou, N.J.; Dudnik, A.S.; Li, T.I.N.G.; Manley, E.F.; Aldrich, T.J.; Guo, P.J.; Liao, H.C.; Chen, Z.H.; Chen, L.X.; Chang, R.P.H.; et al. All-Polymer Solar Cell Performance Optimized via Systematic Molecular Weight Tuning of Both Donor and Acceptor Polymers. J. Am. Chem. Soc. 2016, 138, 1240–1251. [Google Scholar] [CrossRef] [PubMed]

	



Deshmukh, K.D.; Matsidik, R.; Prasad, S.K.K.; Connal, L.A.; Liu, A.C.Y.; Gann, E.; Thomsen, L.; Hodgkiss, J.M.; Sommer, M.; McNeill, C.R. Tuning the Molecular Weight of the Electron Accepting Polymer in All-Polymer Solar Cells: Impact on Morphology and Charge Generation. Adv. Funct. Mater. 2018, 28, 1707185. [Google Scholar] [CrossRef]

	



Kang, H.; Uddin, M.A.; Lee, C.; Kim, K.H.; Nguyen, T.L.; Lee, W.; Li, Y.; Wang, C.; Woo, H.Y.; Kim, B.J. Determining the Role of Polymer Molecular Weight for High-Performance All-Polymer Solar Cells: Its Effect on Polymer Aggregation and Phase Separation. J. Am. Chem. Soc. 2015, 137, 2359–2365. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.Q.; Ye, L.; Zhang, H.; Hou, J.H. Green-solvent-processable organic solar cells. Mater. Today 2016, 19, 533–543. [Google Scholar] [CrossRef]

	



Chang, W.H.; Gao, J.; Dou, L.T.; Chen, C.C.; Liu, Y.S.; Yang, Y. Side-Chain Tunability via Triple Component Random Copolymerization for Better Photovoltaic Polymers. Adv. Energy Mater. 2014, 4, 1300864. [Google Scholar] [CrossRef]

	



Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623–11627. [Google Scholar] [CrossRef]

	



Wang, X.Y.; Liu, Y.; Wang, Z.Y.; Lu, Y.; Yao, Z.F.; Ding, Y.F.; Yu, Z.D.; Wang, J.Y.; Pei, J. Revealing the effect of oligo(ethylene glycol) side chains on n-doping process in FBDPPV-based polymers. J. Polym. Sci. 2022, 60, 538–547. [Google Scholar] [CrossRef]

	



Beaujuge, P.M.; Amb, C.M.; Reynolds, J.R. Spectral Engineering in π-Conjugated Polymers with Intramolecular Donor-Acceptor Interactions. Acc Chem. Res. 2010, 43, 1396–1407. [Google Scholar] [CrossRef]

	



Joshi, U.A.; Maggard, P.A. CuNb3O8: A p-Type Semiconducting Metal Oxide Photoelectrode. J. Phys. Chem. Let. 2012, 3, 1577–1581. [Google Scholar] [CrossRef]

	



Chen, H.; Leng, W.; Xu, Y. Enhanced Visible-Light Photoactivity of CuWO4 through a Surface-Deposited CuO. J. Phys. Chem. C 2014, 118, 9982–9989. [Google Scholar] [CrossRef]

	



Wen, X.-J.; Zhang, C.; Niu, C.-G.; Zhang, L.; Zeng, G.-M.; Zhang, X.-G. Highly enhanced visible light photocatalytic activity of CeO2 through fabricating a novel p–n junction BiOBr/CeO2. Cat. Commun. 2017, 90, 51–55. [Google Scholar] [CrossRef]

	



Zhao, W.; Li, S.; Yao, H.; Zhang, S.; Zhang, Y.; Yang, B.; Hou, J. Molecular Optimization Enables over 13% Efficiency in Organic Solar Cells. J. Am. Chem. Soc. 2017, 139, 7148–7151. [Google Scholar] [CrossRef]

	



Sun, C.K.; Qin, S.C.; Wang, R.; Chen, S.S.; Pan, F.; Qiu, B.B.; Shang, Z.Y.; Meng, L.; Zhang, C.F.; Xiao, M.; et al. High Efficiency Polymer Solar Cells with Efficient Hole Transfer at Zero Highest Occupied Molecular Orbital Offset between Methylated Polymer Donor and Brominated Acceptor. J. Am. Chem. Soc. 2020, 142, 1465–1474. [Google Scholar] [CrossRef] [PubMed]

	



Beaujuge, P.M.; Vasilyeva, S.V.; Liu, D.Y.; Ellinger, S.; McCarley, T.D.; Reynolds, J.R. Structure-Performance Correlations in Spray-Processable Green Dioxythiophene-Benzothiadiazole Donor-Acceptor Polymer Electrochromes. Chem. Mater. 2012, 24, 255–268. [Google Scholar] [CrossRef]

	



Furukawa, Y. Electronic Absorption and Vibrational Spectroscopies of Conjugated Conducting Polymers. J. Phys. Chem. 1996, 100, 15644–15653. [Google Scholar] [CrossRef]

	



Lo, C.K.; Shen, D.E.; Reynolds, J.R. Fine-Tuning the Color Hue of pi-Conjugated Black-to-Clear Electrochromic Random Copolymers. Macromolecules 2019, 52, 6773–6779. [Google Scholar] [CrossRef]

	



Moser, M.; Hidalgo, T.C.; Surgailis, J.; Gladisch, J.; Ghosh, S.; Sheelamanthula, R.; Thiburce, Q.; Giovannitti, A.; Salleo, A.; Gasparini, N.; et al. Side Chain Redistribution as a Strategy to Boost Organic Electrochemical Transistor Performance and Stability. Adv. Mater. 2020, 32, 2002748. [Google Scholar] [CrossRef]

	



Moser, M.; Savagian, L.R.; Savva, A.; Matta, M.; Ponder, J.F.; Hidalgo, T.C.; Ohayon, D.; Hallani, R.; Reisjalali, M.; Troisi, A.; et al. Ethylene Glycol-Based Side Chain Length Engineering in Polythiophenes and its Impact on Organic Electrochemical Transistor Performance. Chem. Mater. 2020, 32, 6618–6628. [Google Scholar] [CrossRef]

	



Chen, Y.; Liu, T.; Ma, L.-K.; Xue, W.; Ma, R.; Zhang, J.; Ma, C.; Kim, H.K.; Yu, H.; Bai, F.; et al. Alkoxy substitution on IDT-Series and Y-Series non-fullerene acceptors yielding highly efficient organic solar cells. J. Phys. Chem. A 2021, 9, 7481–7490. [Google Scholar] [CrossRef]

	



Liang, J.; Pan, M.; Wang, Z.; Zhang, J.; Bai, F.; Ma, R.; Ding, L.; Chen, Y.; Li, X.; Ade, H.; et al. Branched Alkoxy Side Chain Enables High-Performance Non-Fullerene Acceptors with High Open-Circuit Voltage and Highly Ordered Molecular Packing. Chem. Mater. 2022, 34, 2059–2068. [Google Scholar] [CrossRef]

	



Harjani, J.R.; Liang, C.; Jessop, P.G. A synthesis of acetamidines. J. Org. Chem. 2011, 76, 1683–1691. [Google Scholar] [CrossRef] [PubMed]

	



Vallee, M.R.J.; Majkut, P.; Wilkening, I.; Weise, C.; Muller, G.; Hackenberger, C.P.R. Staudinger-Phosphonite reactions for the chemoselective transformation of azido-containing peptides and proteins. Org. Lett. 2011, 13, 5440–5443. [Google Scholar] [CrossRef]

	



Wang, Y.F.; Parkin, S.R.; Watson, M.D. Benzodichalcogenophenes with perfluoroarene termini. Org. Lett. 2008, 10, 4421–4424. [Google Scholar] [CrossRef] [PubMed]

	



Giovannitti, A.; Nielsen, C.B.; Rivnay, J.; Kirkus, M.; Harkin, D.J.; White, A.J.P.; Sirringhaus, H.; Malliaras, G.G.; McCulloch, I. Sodium and potassium ion selective conjugated polymers for optical ion detection in solution and solid state. Adv. Funct. Mater. 2016, 26, 514–523. [Google Scholar] [CrossRef][Green Version]

	



Kolanji, K.; Postulka, L.; Wolf, B.; Lang, M.; Schollmeyer, D.; Baumgarten, M. Planar Benzo [1,2-b:4,5-b’]dithiophene derivatives decorated with nitronyl and imino nitroxides. J. Org. Chem. 2019, 84, 140–149. [Google Scholar] [CrossRef]

	



Wang, N.; Chen, Z.; Wei, W.; Jiang, Z.H. Fluorinated Benzothiadiazole-Based Conjugated Polymers for high-performance polymer solar cells without any processing additives or post-treatments. J. Am. Chem. Soc. 2013, 135, 17060–17068. [Google Scholar] [CrossRef]

	



Wang, C.; Li, C.; Wen, S.P.; Ma, P.F.; Wang, G.; Wang, C.H.; Li, H.Y.; Shen, L.; Guo, W.B.; Ruan, S.P. Enhanced photovoltaic performance of tetrazine-based small molecules with conjugated side chains. ACS Sustain. Chem. Eng. 2017, 5, 8684–8692. [Google Scholar] [CrossRef]








[image: Molecules 28 02056 sch001 550] 





Scheme 1. The route of the monomer synthesis. 
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Scheme 2. Synthetic route of the polymer PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF. 






Scheme 2. Synthetic route of the polymer PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.



[image: Molecules 28 02056 sch002]







[image: Molecules 28 02056 g001 550] 





Figure 1. Simulation compounds, HOMO level and LUMO level of BDT1-DTBF, BDT2-DTBF and BDT3-DTBF. 
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Figure 2. UV-visible absorption spectra of the polymers PBDT1-DTBF-DTBF, PBDT2-DTBF and PBDT3-DTBF (a) in the solution and (b) thin-film states. 
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Figure 3. Cyclic voltammetric curve of the polymer PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF, with a scan rate: 50 mV/s. 
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Figure 4. (a) Energy level matching diagram of polymer PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF and acceptor IT-4F; (b) device structure. 
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Figure 5. Spectroelectrochemical tests of (a) PBDT1-DTBF, (b) PBDT2-DTBF and (c) PBDT3-DTBF film processing from chlorobenzene. 
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Figure 6. Cyclical stability and switching time of (a,b) PBDT1-DTBF and (c,d) PBDT2-DTBF and (e), and (f) PBDT3-DTBF processing from chlorobenzene. 
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Table 1. Molecular weight and thermal stability of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.
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Polymer

	
GPC (kDa)

	
Thermal Stability (°C)




	
Mn [a]

	
Mw [b]

	
Ð

	
Td5% [c]






	
PBDT1-DTBF

	
60.4

	
73.7

	
1.22

	
343




	
PBDT2-DTBF

	
88.8

	
42.5

	
1.29

	
327




	
PBDT3-DTBF

	
161.3

	
199.5

	
1.24

	
323








[a] Mn: the number-average molecular weight. [b] Mw: the weight-average molecular weight. [c] Decomposition temperature were determined by TGA under N2 based on 5% weight loss.
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Table 2. Solubility of polymer PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.
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	Solvent
	PBDT1-DTBF
	PBDT2-DTBF
	PBDT3-DTBF





	o-DCB
	++
	++
	++



	CHCl3
	++
	++
	++



	Tol
	-
	++
	+



	NMP
	-
	+
	-



	DMF
	-
	+
	+



	PC
	-
	-
	-



	MeCN
	-
	+
	+



	THF
	+
	+
	+



	2-Me-THF
	-
	+
	-



	CPME
	-
	-
	-



	Ethanol
	-
	-
	-



	d-limonene
	-
	-
	-







[++]: Soluble ambient temperature; [+]: soluble on heating; [-]: Insoluble on heating. Qualitative solubility was determined with concentration of 10 mg/mL.
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Table 3. Basic optical properties of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.
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	Polymer
	   λ  m a x   s o l     (nm)
	   λ  m a x   f i l m     (nm)
	λonset (nm) [a]
	   E g  o p t     (eV) [b]





	PBDT1-DTBF
	385, 469
	393, 480
	591
	2.10



	PBDT2-DTBF
	388, 477
	396, 469
	586
	2.12



	PBDT3-DTBF
	388, 472
	397, 479
	591
	2.10







[a] Calculated from the absorption edge. [b]   E g  o p t    = 1240/λonset, film.
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Table 4. Energy levels of polymers for the PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.
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Polymer

	
Oxidation

(V)

	
Energy Level

(eV)

	
Energy Level (eV) [d]




	
Eonset [a]

	
Eox,1

	
Eox,2

	
HOMO [b]

	
LUMO [c]

	
HOMO

	
LUMO






	
PBDT1-DTBF

	
0.34

	
0.72

	
0.94

	
−5.14

	
−3.04

	
−4.88

	
−2.84




	
PBDT2-DTBF

	
0.32

	
0.70

	
0.91

	
−5.12

	
−3.00

	
−4.89

	
−2.84




	
PBDT3-DTBF

	
0.30

	
0.70

	
0.91

	
−5.10

	
−3.00

	
−4.89

	
−2.85








[a]: From CV vs. Ag/AgNO3. [b]: Calculated from cyclic voltammetry and referenced to ferrocene (4.8 eV; onset: 0 V). [c]: ELUMO = EHOMO +   E g  o p t   . [d] Calculated via DFT, B3LYP/6-31 G (d,p).
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Table 5. OSC photovoltaic properties of PBDT-DTBF class polymers based on THF.
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	Active Layer [a]
	Solvent
	Weight Ratio [b]
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)





	PBDT1-DTBF:IT-4F
	THF
	1:1
	0.74
	0.12
	30.38
	0.03



	PBDT2-DTBF:IT-4F
	THF
	1:1
	0.67
	0.28
	28.32
	0.05



	PBDT3-DTBF:IT-4F
	THF
	1:1
	0.72
	0.16
	28.69
	0.03







[a] Thicknesses of these films were 100–110 nm, and annealing temperature was 100 °C. [b] With 0.5% DIO.
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Table 6. Electrochromic properties of PBDT1-DTBF, PBDT2-DTBF and PBDT3-DTBF.
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	Polymer
	Solvent
	λmax [a]

(nm)
	ΔT [b]

(%)
	   T  c o l o r   0.9     

(s)
	   T  b l e a c h   0.9     

(s)
	ΔOD [c]
	Q [d]

(mC cm−2)
	CE [e]

(cm2 C−1)





	PBDT1
	CB
	667
	10
	3.23
	1.09
	0.17
	1.62
	104.6



	PBDT2
	CB
	663
	4
	6.87
	4.18
	0.02
	0.57
	81.2



	PBDT3
	CB
	656
	5
	3.02
	1.74
	0.10
	1.19
	83.7



	PBDT1
	THF
	662
	69
	4.78
	7.21
	0.81
	2.52
	322.0



	PBDT2
	THF
	668
	21
	4.61
	3.31
	0.11
	0.98
	112.6



	PBDT3
	THF
	663
	23
	4.61
	2.85
	0.12
	1.02
	118.1







[a] The wavelength of maximum absorption. [b] The change in transmittance between fully oxidized and fully neutral states. [c] Optical density (ΔOD) = log [Tbleach/Tcolor], where Tbleach and Tcolor are the maximum transmittances at the corresponding wavelength in the neutral and oxidized states, respectively. [d] Q was the ejected charge, determined by chronoamperometry. [e] CE = ΔOD/Q.
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