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Editorial on the Research Topic
 Design, Synthesis, and Application of Novel π-Conjugated Materials



In recent years, extensive research efforts have been dedicated to the development of novel π-conjugated materials, including small molecules, oligomers, and polymers. These materials have been adapted to various applications, such as in organic-field effect transistors (OFET), organic photovoltaic (OPV) sensors, and organic light emitting diodes (OLED), etc. Among these, π-Conjugated materials with various applications have been designed with specific molecular concepts in mind. This Research Topic includes 12 articles outlining original research and reviewing and describing a series of novel π-conjugated materials with various applications. The articles provide an overview of different types of π-conjugated materials and how they are designed and characterized, providing an overview of progress and development in this field.

Among the articles selected for this Research Topic, seven are original research articles. The development of high-sensitivity naked-eye detection sensors for fluoride anions is crucial and challenging because fluoride anions play a key role in human health and chemical engineering. Yuan et al. reported a new type of colorimetric chemosensor dye based on indaceno(1,2-b:5,6-b′)dithiophene]-2,7-diylbis(methanylylidene) bis(indolin-2-one) (IDTI). IDTI can interact with fluoride anions to exhibit color changes that are visible to the naked eye, with changes occurring from red to orange or yellow and from purple to green or blue under ambient light and 365-nm UV light, respectively. The spectroscopic studies indicated that IDTI could be used to quantitatively analyze the fluoride concentration with a detection limit as low as 1 ×10−7 M, which is one of the highest sensitivity fluoride sensors reported (Yuan et al.). Another research paper describes how Deng's group developed a simple compound based on aminobenzodifuranone (ABDF) to detect fluoride anions. ABDF responds to only the fluoride anion among various anions and exhibits a color change from dark blue to various colors (colorless, yellow, orange, and red) in different common organic solvents. This work provides new insights into the development of highly sensitive and selective fluoride chemosensors, and the functionality required to detect the polarity of the solvents (Deng et al.).

The structure-performance relationship of conjugated polymers has drawn significant attention. Frizon et al. prepared and characterized a series of novel π-conjugated fluorescent materials based on derivatives of 2,1,3-benzoxadiazole (BTD). The photophysical behavior of the compounds was investigated using spectroscopic techniques (Frizon et al.). In another study included in this Research Topic, Lin et al. synthesized six conjugated polymers using a similar polymer backbone with different numbers of thiophene units, using electrochemical polymerization, showing that increasing the π-conjugated length could significantly improve the electrochemical stability of polymers.

Thermally activated delayed fluorescent (TADF) materials have been considered as one of the most promising candidates in OLED because of their capability in harvesting all the triplet excitons. However, designing high performance TADF materials is challenging. Jin and Xin designed and investigated a series of π-conjugated materials with a donor-acceptor system. The authors discovered that efficient separation could be observed between donor and acceptor fragments: a rational design for efficient TADF materials and charge transport materials in OLED applications (Jin and Xin).

Synthesized polypeptide is a chemical component and secondary structure to a natural protein that plays a key role in bio-related fields. However, polypeptide exhibits no switching properties and shows no benefits as a potential control component. Hu's group synthesized and characterized light-responsive poly(γ-benzyl-L-glutamate)s using a simple one-step NCA method, which could facilitate the trans → cis transition and shorten the recovery time of the cis → trans process under different conditions (Chen et al.).

Tautomerism has been an active area of research over the past few decades. Upon investigation of a series of G·C nucleobase pairs for the first time, Brovarets's group established that the G·C base pair is incorporated into the DNA/RNA double helix with parallel strands in the form of the G*·C*O2[image: image](rWC), G·C*(rwWC), and G*·C(rwWC) tautomers, which are in rapid tautomeric equilibrium with each other (Brovarets' et al.).

This Research Topic also includes five review articles. Diketopyrrolopyrrole (DPP) and its derivatives as an electron-deficient unit have been developed in various applications and attracted significant attention in recent years due to its distinctive properties. The Research Topic also includes a study by Deng et al. on the use of DPP-based materials in OFETs, OPVs, sensors, two-photon absorption, and coatings, etc. In addition, a prospective study provides insights into ways of further functionalizing DPP and its derivatives, such as enlargement of π-conjugation, modification of alkyl chain, design of high-performance polymers for the promotion in π-conjugated materials applications (Bao et al.).

Supramolecular polymeric materials are widely used in many fields and have been rapidly progressing in the past decade. From the perspective of the terpyridine-based polymers, Liu et al.not only summarized the development of some novel molecules in the field of energy conversion but also highlighted the Zn(II)- and Ru(II)-containing supramolecular polymers in light-emitting materials and photovoltaic materials. This review also showed that terpyridine-based materials with easy modification, organic/inorganic hybrid, definite structure, etc., open a new pathway to construct novel structures with interesting properties in photoelectric materials (Liu et al.).

Ionochromism is realized through the coordination between metal and ligand, resulting in sensitivity to metal ions, which could be used as metal sensors. Liu et al. reviewed not only an overview of the developments of ionochromic effect according to the type of ligands, but also highlighted the mechanism of ionochromism, metal recognition sensitivity, and their application in sensors. Additionally, the authors pointed out that the preparation of chemical sensors with high sensitivity, long-term stability, and selectivity is still a critical challenge. This review provides a rational structure design and evaluation of chemosensors. Apart from that, π-conjugated materials with semiconductor behavior are regarded as promising spin-transport materials due to the weak spin-orbit coupling interaction and hence long spin relaxation time (Liu et al.). Zhang et al. reviewed organic semiconductors from the perspectives of spin transport, spin functional devices, all-organic spin devices, spin manipulation, and then summarized their challenges. Furthermore, the authors observe that various organic semiconductors need to be tested and that the strategic step design of semiconductors should be explored to overcome the present challenges (Zhang et al.).

OPV is one of the most promising energy generation technologies. To build high performance OPV, the crystalline control of the materials is crucial. However, this topic has yet to attract enough attention in the scientific and industrial community. In their contribution, Qiu et al. review the structure and crystallinity of the representative polymer donor materials and corresponding device properties. Several typical methods for controlling the crystallinity of materials were also addressed. The author claimed that only the effort of all the scientists in terms of materials design, theoretical research, device optimization, and OSCs could then be widely used in everyday life, with exceptional market prospects in the next few years (Qiu et al.).

The 12 research articles included here indicate that the optical and electrochemical properties, solubility, charge transferability, and other intrinsic physical and chemical properties of materials could be easily controlled by adjusting molecular structures. Thus, the molecular design concept plays a critical role in high performance π-conjugated materials and their potential applications.
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High selectivity and sensitivity detection of fluoride anions (F−) in an organic solution by the naked eye has always been a challenge. In this investigation, a simple compound based on aminobenzodifuranone (ABDF) was designed and synthesized. Deprotonation of the amino moiety caused by F− is responsible for a color change from dark blue to various colors (colorless, yellow, orange, and red) in different common organic solvents due to a blue shift over 200 nm in the UV/Vis spectrum. The color change is quite visible to the naked eye under ambient light. The detection limit for F− can reach a concentration of as low as 5.0 × 10−7 M with high selectivity, even in a solution containing multiple anions.

Keywords: sensors, dyes, aminobenzodifuranone, fluoride anion, hydrogen bonding, detection


HIGHLIGHTS

- A simple aminobenzodifuranone (ABDF) dye was synthesized and used as fluoride anion sensor.

- ABDF is highly selectivity and sensitivity for fluoride anion with detection limitation as low as 5 × 10−7 M.

- ABDF detect fluoride anion in different solvent in response varied colors which is sensitive for the naked eye detection.

- The deprotonation of amino moiety caused by F− is responsible for the color change which is sensitive for the naked eye.



INTRODUCTION

As one of the smallest anions and the most electronegative atom, fluoride with high charge density has special functions in chemical industry, organic synthesis, military fields, and medical and biological processes (Wade et al., 2010; Zhou et al., 2014). Environmental pollution by fluoride anions (F−) is one of the main problems to be addressed in the treatment of drinking water (Li et al., 2017). With the rapid development of the chemical industry, F− has come to exist not only in the aqueous environment but also in organic media such as fluoride anion-containing pesticides and waste organic liquor (Clark, 1980). Recognition and detection of fluoride in organic solvent with a simple sensor and minimal instrumental assistance are imperative for practical applications (Yang et al., 2013; Kaur and Choi, 2015; Curnow et al., 2018; Tang et al., 2018; Murfin et al., 2020). Among various F− sensors, fluorescence sensors have been widely investigated due to their multiple advantages (Li et al., 2017). However, those allowing naked-eye detection with high selectively and sensitively are more interesting, promising, and challenging due to offering simple and straightforward F− detection without using auxiliary equipment.

Fluoride anions exist in various organic solutions during chemical synthesis. Many studies have been reported on that focused on materials that detect F− in a single organic solution, such as tetrahydrofuran (Sun et al., 2017), acetonitrile (Han et al., 2007), or chloroform (Lee et al., 2001). To the best of our knowledge, F− sensors with naked-eye detection in different solutions, signaling via color changes, have not yet been developed. Such sensors might be possible in materials with solvatochromic behavior since they exhibit different colors in different solvents. Amino-substituted benzodifuranone (ABDF, Figure 1A) is a deep blue-colored dye that has attracted our attention due to its good photo-stability and interesting solvatochromic behavior (Zhang et al., 2014; Deng et al., 2018). The NH unit in the ABDF dye can undergo hydrogen bonding with the carbonyl group in the ABDF core (Deng et al., 2018). Zhang and others reported that the hydrogen bond formed could be associated with the molecular packing in the solid state (Yao et al., 2015; Oh et al., 2016). Further, Du and Hu's research group reported that thin film with good packing or crystallinity is beneficial for charge carrier mobility (Hu et al., 2000; Zhang et al., 2017, 2018; Du et al., 2018; Muhammad et al., 2020). Hence, the small ABDF molecule has been used in organic field-effect transistors with high performance, as reported by our group (Deng et al., 2018). Very recently, Zhang and co-authors also developed pigments with an amino unit in the color-changing coating and a UV-resistant coating (Zeng et al., 2018, 2019; Zhang et al., 2020). In this work, the amino units might be deprotonation in F− solution, leading to a color variance detectable by the naked eye. ABDF exhibits diverse colors in different solutions, which may cause this chromophore to exhibit varied colors in different solvents. In addition, ABDF is soluble in most common organic solutions, with a high extinction coefficient of up to 6.5 × 104 L mol−1 cm−1 (in dichloromethane, DCM) (Zhang et al., 2018). This could lead ABDF to be highly sensitive to F−. In this work, ABDF as a chemosensor for F− was firstly investigated.


[image: Figure 1]
FIGURE 1. (A) Chemical structure of ABDF. (B) UV/Vis absorption spectra of ABDF (1.0 × 10−5 M) in the presence of F− (0–4.5 eq.) in THF. The insets are the enlargement of UV/Vis spectra from 450 to 520 nm and color change of ABDF upon adding F−. (C) Ten times the absorption intensity ratio of ABDF (5 × 10−6 M after mixing with F− in THF) between 640 and 485 nm (A640/A485 nm) vs. fluoride anion concentration. The inset is the natural logarithm of 10 times the absorption intensity ratio A640/A485 nm vs. fluoride anion concentration.




RESULTS AND DISCUSSION

The synthesis of ABDF was described in our previous work with B. Tieke' groups (Zhang et al., 2018; Muhammad et al., 2020), and the details are described in the Supporting Information. The interaction between ABDF chromophore and F− was firstly investigated in THF solution through spectrophotometric titration experiments. A standard solution of tetrabutylammonium fluoride (TBAF, 1.0 × 10−3 M) was gradually added into a 1.0 × 10−5 M solution of ABDF in THF. As can be seen from Figure 1B, ABDF exhibits a high extinction coefficient of up to 3.7 × 104 L mol−1 cm−1. With progressive addition of fluoride anion, the absorption intensity of the spectral peak at 640 nm is gradually decreased and finally disappears, while a new absorption peak at 485 nm emerges and increases. In addition, the absorption intensity at a broad band between 398 and 445 nm exhibits a steady decrease; meanwhile, the absorption intensity band between 330 and 400 nm is increased. The inset of Figure 1B shows that the color of the ABDF solution is changed from dark blue to orange upon adding F−. Both colors can be sensed by the naked eye under ambient light. ABDF is thus a F− sensor allowing the naked-eye detection.

To examine the sensitivity of the sensors toward F− in THF solution, the ratiometric curve was investigated. Figure 1C shows the ratiometric curves of the absorption intensity ratio of ABDF in THF between 640 and 485 nm vs. F− concentration, which seems to be a quadratic function. The natural logarithm of Figure 1C results in the inset figure. As can be seen from the inset of Figure 1C, there are three slopes in the correlation, and the cross points of fitting lines are at 1.7 × 10−6 M and 1.1 × 10−5 M, respectively. The linear fit relationships between absorption intensity and F− concentration are: ln(A640/A485 nm) = −0.57 [F−] + 3.31 (5.0 × 10−7 M ≤ [F−] < 1.7 × 10−6 M), ln(A640/A485 nm) = −0.16 [F−] + 2.60 (1.7 × 10−6 M ≤ [F−] < 1.1 × 10−5 M), and ln(A640/A485 nm) = −0.16 [F−] + 2.60 (1.1 × 10−5 M ≤ [F−] ≤ 2.0 × 10−5 M). The signal output discrimination is still distinct at a F− concentration of 5.0 × 10−7 M, which indicates that the sensor is highly sensitive for F− concentration and can offer quantitative information.

For the purposes of examining the sensing selectivity of ABDF to F−, a THF solution containing other anions, namely Cl−, Br−, I−, [image: image], [image: image], SCN−, [image: image], ACO−, and H2[image: image] (as tetrabutylammonium salts), was used. Figure 2A shows that ABDF solution does not change color when any additional anions except for F− are added. Mixing the solution with multiple anions afforded no noticeable color change. Once F− is added into the mixture, the color changes immediately from blue to orange (Figure 2A). This indicates that ABDF is a highly selective sensor for F− and that the presence of other anions does not alter its effectiveness.


[image: Figure 2]
FIGURE 2. (A) Photographs of ABDF in THF solution before and after the addition of 4.5 eq. of different anions or together with F− (lower, right corner). (B) Photographs of ABDF in various solutions before and after the addition of 4.5 eq. of F−. (C) Normalized UV/Vis spectra of ABDF in various organic solutions before and after addition of 4.5 eq. of F−. (D) Proposed mechanism for single fluoride anion detection of ABDF, and the partial 1H NMR titration spectra of ABDF in CDCl3 in the presence of 5 eq. of TBAF.


Figures 2B,C show photographs and normalized UV/vis spectra of ABDF in various common organic solutions with different polarities. ABDF exhibits positive solvatochromic behavior and various colors in different solvents (Figure 2B). The UV/Vis spectra of ABDF exhibit a red-shift from non-polar solvent to polar solvent (Figure 2C), which could be ascribed to several specific and non-specific solute−solvent interactions. As can be seen from Figure S1, the proton signals of ABDF in DCM-d2 are shifted to the low field compared with in DMSO-d6. It should be noticed that the signals from amino (NH) units with a chemical shift of 4.34 ppm moved to 7.06 ppm. This could be ascribed to change in the chemical structure; a suggested mechanism is shown in Figure S2. Interestingly, the ABDF solution exhibited various colors (colorless, blue, orange, red) in different F− solvents (Figure 2B). This could provide ABDF with detection performance not only for F− but also for the polarity (polar or non-polar) of the solvent of F−. To the best of our knowledge, this is the first time that sensor detection of fluoride anions in different organic solvents, showing varied colors, has been reported.

In order to further investigate the detection performance of ABDF for F− in polar solvent, we measured and analyzed a series of UV/Vis spectra of ABDF with a concentration of 1.0 × 10−5 M in DMSO in the presence of F− from 0.0 to 4.5 eq. and the absorption intensity ratio of ABDF (5 × 10−6 M in DMSO) between 673 and 494 nm vs. F− concentration (Figures S3, S4). Similar to Figure 1, with progressive addition of fluoride anions, the absorption intensity of the spectral peak at 673 nm gradually decreases and finally disappears, while the absorption intensity at 494 nm steadily increases. The inset of Figure S3 shows that the color of the ABDF solution is changed from dark blue to red upon adding F−. The color change is significantly different to that of ABDF in THF solution with F−. We assumed that the different colors originated from different chemical structures (Figure S2). Figure S4 shows that the detection limit of ABDF for F− in DMSO (polar solvent) is as low as 1.0 × 10−6 M. ABDF is a sensitive fluoride anion sensor allowing naked-eye detection in various organic solvents. After F− sensing, the UV/Vis absorption spectra exhibited a blue-shift (Figure 2C). To the best of our knowledge, most F− sensors exhibit a red-shift with F− detection (Lee et al., 2001; Han et al., 2007; Yang et al., 2013; Sun et al., 2017). Figure 2C shows that the UV/Vis absorption of ABDF exhibits a blue-shift over 200 nm once it has interacted with F−. This could be ascribed to the donor ability of the amino units being weaker after sensing F−, which decreases the push−pull electron effect within the ABDF molecular structure.

The color change of ABDF in the presence of F− may be due to the deprotonation of the amino moiety (NH) by F− (inter-molecular proton transfer, IPT; Figure 2D, Figure S2). To confirm our assumption and further understand the interaction between F− and the donor, 1H NMR experiments were carried out in CDCl3. As shown in Figure 2D, the specific signal for amino protons at 7.06 ppm disappeared, and other proton signals from the core of ABDF shifted to lower ppm. This indicates the occurrence of an IPT event and the formation of hydrogen bonding between F− and the proton on the amino N-H. ABDF is electronically neutral in the absence of F−, while a negatively charged species with one negative charge is formed in the presence of F− (Figure 2D).



CONCLUSION

In this article, a new kind of colorimetric chemosensor based on aminobenzodifuranone that has high selectivity and sensitivity for F− was developed. ABDF responds to only F− among various anions and has a detection limit as low as 5.0 × 10−7 M. A large absorption blue-shift of 200 nm occurred upon adding F−, which is manifested as a color change from dark blue to various colors (colorless, yellow, orange, and red) in different common organic solvents. All the colors are detectable by the naked eye under ambient light, which means the ABDF is not only a highly sensitive and selective F− sensor allowing naked-eye detection, but it can also detect the polarity (polar or non-polar) of F− solvents. The analyses of 1H NMR titration spectra have confirmed that F− causes deprotonation of the amino moiety. ABDF is a promising colorimetric chemosensor for fluoride anion.
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Herein, we report the synthesis and characterization of fluorophores containing a 2,1,3-benzoxadiazole unit associated with a π-conjugated system (D-π-A-π-D). These new fluorophores in solution exhibited an absorption maximum at around ~419 nm (visible region), as expected for electronic transitions of the π-π* type (ε ~2.7 × 107 L mol−1 cm−1), and strong solvent-dependent fluorescence emission (ΦFL ~0.5) located in the bluish-green region. The Stokes' shift of these compounds is ca. 3,779 cm−1, which was attributed to an intramolecular charge transfer (ICT) state. In CHCl3 solution, the compounds exhibited longer and shorter lifetimes, which was attributed to the emission of monomeric and aggregated molecules, respectively. Density functional theory was used to model the electronic structure of the compounds 9a–d in their excited and ground electronic states. The simulated emission spectra are consistent with the experimental results, with different solvents leading to a shift in the emission peak and the attribution of a π-π* state with the characteristics of a charge transfer excitation. The thermal properties were analyzed by thermogravimetric analysis, and a high maximum degradation rate occurred at around 300°C. Electrochemical studies were also performed in order to determine the band gaps of the molecules. The electrochemical band gaps (2.48–2.70 eV) showed strong correlations with the optical band gaps (2.64–2.67 eV).

Keywords: 2, 1, 3-benzoxadiazole, heterocycles, luminescence, fluorophore, tetrazole


INTRODUCTION

Conjugated organic compounds, such as benzochalcogenodiazoles, have attracted attention because of their versatility and advantages, including low cost, improved electronic device performance, flexibility, and tuning through structural design (Liu et al., 2015). This class of compounds has been applied in field-effect transistors, sensors, memory devices, and solar cells (Regis et al., 2018). In general, the incorporation of heterocyclic units with electron-donating groups (donors) and electron-accepting groups (acceptors) in the molecular structure increases the conjugation and alters the performance of organic electronic devices (Niu et al., 2007; Fu et al., 2009; Liu et al., 2015).

The derivatives of the 2,1,3-benzothiadiazole (BTD) heterocycle have been extensively investigated due to their recognized photophysical properties, such as intense fluorescence, large Stokes shift, and high extinction coefficient (Gallardo et al., 2012; Wang et al., 2014; Fang et al., 2017; Aguiar et al., 2018). However, there is very limited literature available on the behavior of molecular materials obtained from the 2,1,3-benzoxadiazole (BOX) heterocycle (Pati, 2016). Interestingly, the 7-nitro-1,2,3-benzoxadiazole is generally used as a fluorophore in the design of many analyte-responsive fluorescent probes (Pati, 2016; Wu et al., 2017).

The BOX heterocycle, also known as benzofuran, has a flat molecular and bicyclic conjugated structure, and its derivative compounds with extended conjugates are extremely fluorescent. Because of the presence of an oxygen atom in the heterocycle, BOX is more electronegative when compared to BTD (Bouffard and Swager, 2008; Lin et al., 2011; Zeng et al., 2012; Göker et al., 2014; Regis et al., 2018), and due to this electronegativity, BOX forms coplanar and quinoid structures, giving better stability to the devices manufactured (Liu et al., 2015).

The main applications of BOX are to obtain fluorescent derivatization reagents and use in the detection of heavy metals (Toyo'oka, 2004; Song et al., 2011; Sumiya et al., 2011), in solar cells, and in liquid crystals (Liu et al., 2015; Regis et al., 2018).

As part of our continued involvement in the chemistry of N-heterocycles (Saba et al., 2015, 2016, 2017, 2018, 2020; Rafique et al., 2016, 2018a,b; Silva et al., 2017; Bettanin et al., 2018; Peterle et al., 2018; Rodigues et al., 2018; Tornquist et al., 2018; Meirinho et al., 2019; Neto et al., 2020; Scheide et al., 2020) and material sciences (Frizon et al., 2014, 2015, 2016, 2018; Bo et al., 2016, 2018; Westrup et al., 2016; Matzkeit et al., 2018; Regis et al., 2018), herein, we report the synthesis and characterization of BOX derivatives containing electron-donor groups (alkylated tetrazole rings) connected to the 2,1,3-BOX group as an electron-acceptor unit. In addition, thermal, electrochemical, and theoretical predictions were made and photophysical analysis was performed to study the stability, likely geometry, and luminescence properties of these compounds in their ground and excited electronic states.



MATERIALS AND METHODS


Materials and Methods

All reagents were used without further purification and were obtained from commercial sources. The solvents acquired were of commercial grade, with the exception of tetrahydrofuran (HPLC grade), and were purified by methods based on the literature (Armarego and Chai, 2003). The compounds were purified by column chromatography (silica gel) and crystallization from analytical-grade solvents. The reactions were monitored by TLC using Silica Gel 60 (Merck Kieselgel 60F254).

Infrared analysis was performed on an Agilent Cary 600 Series Fourier-transform infrared (FTIR) spectrometer in KBr discs or films. The 1H and 13C NMR spectra were recorded in chloroform-d at 400 and 100 MHz, respectively. The chemical shifts are reported in ppm relative to TMS (0.00 ppm), and the coupling constants are reported in Hz. The chromatograms and mass spectra were acquired on a Shimadzu GCMS-QP5050A spectrometer with a DB5-MS [(5%-phenyl)-dimethylpolysiloxane] capillary column (25 m × 250 μm × 0.25 μm) using an electron ionization voltage of 70 eV. The oven parameters used in the method were 80°C for 6 min, increasing at 15°C min−1 to 280°C and remaining at this temperature for 4 min, giving a run time of 23.33 min with an initial delay of 4 min. The gas flow was He at 0.6 mL min−1, with pressure S3 of 2.3301 psi. A Varian Cary 50 UV-Vis spectrophotometer was employed to record the absorption spectra. Fluorescence emission and excitation spectra were acquired on a Shimadzu RF5301pc spectrofluorophotometer. The quantum yield (fluorescent fragment length—FFL) was acquired using the dilute optical method. A solution of H2SO4 (0.5 mol L−1) and quinine sulfate (QS) (ΦFL = 0.55) was used as the ΦFL standard (Crosby and Demas, 1971). The uncertainties related to the quantum yield of fluorescence (ΔΦFL) measurements using QS are of the order of 6% (Würth et al., 2011, 2013).

A DropSens BiPotentiostat/Galvanostat (model Stat 400) was used for all electrochemical measurements. The cyclic voltammetry measurements of 9a–d were obtained in a standard electrochemical cell containing a system of three electrodes: a glassy carbon working electrode, a Pt wire counter electrode, and an Ag/Ag+ (AgNO3 0.01 mol L−1 in acetonitrile) reference electrode. All measurements were performed in an electrolyte solution [0.1 mol L−1 tetra-n-butyl ammonium hexafluorophosphate (TBAPF6) in CH2Cl2] purged with purified nitrogen gas. The ferrocene/ferricenium redox pair (Fc/Fc+) was used as an internal reference. The spectra for 9a–d used to estimate the optical band gaps were obtained on a Shimadzu UV-1800 spectrofluorophotometer. Thermogravimetric analysis (TGA) was carried out using a Shimadzu analyzer with the TGA-50 module. A PerkinElmer 2400 Series II Elemental Analyzer System was used to carry out the elemental analysis of the final compounds. The fluorescence decay was obtained through the time-correlated single-photon counting technique, using a @FluoTime200 (PicoQuant) spectrometer. The excitation was performed by a 401-nm pulsed diode laser, applying a repetition rate of 20 MHz. Fluorescence was collected perpendicular to excitation and passed through a polarizer set at the magic angle. The detection system consisted of a monochromator and a microchannel plate photomultiplier (Hamamatsu R3809U-50). Lifetimes were obtained by fitting the fluorescence decays to a convolution of the instrument response function and the sum of exponentials using FluoFit®software. The plots of weighted residuals and reduced chi-squared (χ2) were used to accurately determine the quality of the fittings during the analysis procedure. The geometry optimization of 9 was carried out in vacuo, using the Orca 4.1 (Neese, 2012) software package and density functional theory (DFT) with the PBE0 functional (Perdew et al., 1996, 1997) and the DEF2-TZVP(-F) basis set for all atoms (Schäfer et al., 1992, 1994; Weigend and Ahlrichs, 2005). Grimme D3 correction was used to include dispersion effects with Becke-Johnson (BJ) damping (Becke and Johnson, 2005; Johnson and Becke, 2005, 2006; Grimme et al., 2010, 2011). In order to accelerate the evaluation of the functionals, the RIJCOSX algorithm was employed, using the resolution of identity approximation for the Coulomb part (RIJ) and the chain of spheres approach for the Fock exchange (COSX) (Izsák and Neese, 2011; Izsák et al., 2013). The vibrational frequencies computed on the optimized geometry of 9 included no imaginary frequencies. In order to simulate the absorption spectra, time-dependent density functional theory (TD-DFT) with the Tamn-Dancoff approximation (TDA) (Petrenko et al., 2011) was employed to obtain the first 10 singlet excited states, using the same protocol. To simulate the emission spectra, the path integral approach implemented by our group in the ORCA_ESD module (Souza et al., 2018, 2019) was employed, using PBE0 to obtain the geometries and Hessians for both the ground and excited states. The line width was set to 450 or 500 cm−1, and the default Lorentzian line shape was used to obtain a better fit to the experimental data. The frequencies below 300 cm−1 were removed. For the other parameters, the default options were used. Solvent effects were included in the excited-state energies by using the linear response conductor-like polarizable continuum model (LR-CPCM), while the regular CPCM was employed for the ground state (Marenich et al., 2009). Images of the complex geometries were obtained using the Chemcraft program (Chemcraft, 2019).



Synthesis
 
2,1,3-Benzoxadiazole-1-oxide (6)

A 500-mL flask was used to obtain a mixture of 2-nitroaniline (9.0 g, 6.5 mmol), tetrabutylammonium bromide (0.3 g, 1.1 mmol), diethyl ether (60 mL), and KOH solution (7 mL, 50% wt). To this mixture, a sodium hypochlorite solution (130 mL, activated chlorine > 10%) was added dropwise. After stirring at room temperature for 7 h, the organic layer was separated, the aqueous layer was extracted with CH2Cl2 (3 × 1,000 mL), and the combined organic layers were evaporated under reduced pressure. The yellow solid was obtained without further purification. Yield: 89%. m.p. 68°C. IR (KBr) vmax/cm−1: 3,472, 3,100, 3,080, 2,962, 2,935, 2,875, 1,649, 1,614, 1,584, 1,536, 1,484, 1,440, 1,421, 1,382, 1,351, 1,282, 1,200, 1,145, 1,124, 1,012, 963, 928, 890, 833, 743, 734, 671, 633.



2,1,3-Benzoxadiazole (7)

Compound 6 (1.7 g, 13 mmol), triphenylphosphine (4.0 g, 15 mmol), and toluene (150 mL) were placed in a 250 mL flask. The mix was refluxed for 3 h then cooled and filtered. The solvents were evaporated to afford the crude product. The material was chromatographed on silica gel with CH2Cl2 to afford the 2,1,3-benzoxadiazole 7 as a yellow solid. Yield: 80%. m.p. 69°C. IR (KBr) vmax/cm−1: 3,100, 3,080, 3,010, 2,955, 2,924, 2,853, 2,360, 2,332, 1,969, 1,920, 1,721, 1,650, 1,614, 1,583, 1,535, 1,483, 1,440, 1,422, 1,351, 1,282, 1,263, 1,200, 1,146, 1,125, 1,046, 1,012, 973, 961, 891, 834, 742, 732, 671, 633, 617. 1H NMR (400 MHz, CDCl3) δ ppm: 7.85 (dd, 2H, J = 6.0, 4.0 Hz), 7.41 (dd, 2H, J = 6.0, 4.0 Hz). Anal. Calcd. For C6H4N2O [M]+ 120.0 found 120.0.



4,7-Dibromo-2,1,3-benzoxadiazole (8)

Compound 7 (1.23 g, 10 mmol) and Fe powder (0.12 g, 2.0 mmol) were placed in a round-bottom flask and heated to 100°C. Br2 (1.5 mL, 30 mmol) was added dropwise over 2 h, and then the reaction was refluxed for 3 h. After cooling, the resulting solution was dissolved in CH2Cl2 (40 mL) and washed with brine (40 mL). The organic fraction was washed with saturated sodium bicarbonate solution (4 × 30 mL), brine (4 × 30 mL), and water (4 × 30 mL). The organic layer was dried and concentrated under vacuum. The brown crude product was chromatographed on silica gel (hexane/ethyl acetate 98:2) to produce 8 as a cream powder. Yield: 40%. m.p. 98–100°C. IR (KBr) vmax/cm−1: 2,923, 2,852, 2,360, 2,342, 1,873, 1,717, 1,695, 1,606, 1,517, 1,493, 1,465, 1,426, 1,378, 1,377, 1,322, 1,300, 1,292, 1,261, 1,204, 1,150, 1,113, 1,085, 107, 1,028, 958, 907, 878, 867, 845, 745, 728, 638, 607. 1H NMR (400 MHz, CDCl3) δ ppm: 7.51 (s, 2H). GC-MS: RT: 13.92 min.; Calcd. For C6H2Br2N2O [M]+ 277.8 found 277.9.



5-(4-Bromophenyl)-2H-tetrazole (2)

First, 4-Bromobenzonitrile (1.0 g, 5.5 mmol), 20 mL of DMF, ammonium chloride (1.8 g, 33.9 mmol) and NaN3 (2.3 g, 35 mmol) were placed in a 100 mL round-bottom flask. The mixture was refluxed for 24 h. At room temperature, the mixture was poured onto ice-water to obtain a precipitate. Then, the mixture was acidified with HCl solution to pH 1. The yellow precipitate was filtered and recrystallized in water/ethanol (1:1). Yield: 90%. IR (KBr) vmax/cm−1: 3,448, 3,090, 3,058, 3,000, 1,905, 1,608. ESI: Anal. Calcd. for C7H5BrN4: m/z 226.9; found m/z 246.9 [M+Na]+.




General Procedure for the Synthesis of Compounds 3a–d

Tetrazole (2) (2 mmol), acetone (60 mL), K2CO3 (2.2 mmol), and 2.2 mmol of the respective alkyl bromide (2-ethylhexyl bromide, octyl bromide, or decyl bromide) were placed in a 250 mL two-neck round-bottom flask. After 45 h of refluxing, the mixture was filtered and concentrated under reduced pressure. The white solid was obtained by recrystallization from ethanol.


5-(4-Bromophenyl)-2-(2-ethylhexyl)-2H-tetrazole (3a)

Yield: 72%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04 (d, 2H, J = 8.8 Hz), 7.63 (d, 2H, J = 8.8 Hz), 4.57 (d, 2H, J = 6.5 Hz), 2.10 (m, 2H), 1.33 (m, 9H), 0.95 (t, 3H, J = 7.04 Hz), 0.89 (t, 3H, J = 7.04 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.1, 132.1, 128.3, 126.6, 124.5, 56.3, 39.8, 30.4, 28.4, 23.8, 22.8, 14.0, 10.5.



5-(4-Bromophenyl)-2-octyl-2H-tetrazole (3b)

Yield: 76%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04 (d, 2H, J = 8.31 Hz), 7.64 (t, 2H, J = 8.31 Hz), 4.64 (t, 2H, J = 7.34 Hz), 2.06 (m, 2H), 1.37-1.26 (m, 12H), 0.88 (t, 3H, J = 7.34 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.2, 132.1, 128.3, 126.5, 124.6, 53.3, 31.7, 29.4, 28.9, 28.8, 26.4, 22.6, 14.1.



5-(4-Bromophenyl)-2-decyl-2H-tetrazole (3c)

Yield: 88%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.03 (d, 2H, J = 8.80 Hz), 7.63 (d, 2H, J = 8.80 Hz), 4.64 (t, 2H, J = 7.34 Hz), 1.26 (m, 16H), 0.87 (t, 3H, J = 6.85 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 156.9, 124.8, 121.0, 119.2, 117.2, 46.0, 24.6, 22.3, 22.0, 21.6, 19.0, 15.4, 6.8.



5-(4-Bromophenyl)-2-dodecyl-2H-tetrazole (3d)

Yield: 79%. IR (KBr) vmax/cm−1: 2,956, 2,920, 2,849, 1,610. 1H NMR (400 MHz, CDCl3) δ ppm: 8.03 (d, 2H, J = 8.80 Hz), 7.63 (d, 2H, J = 8.31 Hz), 4.64 (t, 2H, J = 6.85 Hz), 2.06 (m, 2H), 1.37 (m, 2H), 1.26 (m, 16H), 0.89 (t, 3H, J = 6.85 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 156.8, 124.8, 121.0, 119.2, 117.2, 46.0, 24.6, 22.3, 22.0, 21.6, 19.0, 15.4, 6.8.




General Procedure for the Synthesis of Compounds 4a–d
 
4-(4-(2-(2-ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4a)

In a 125-mL two-neck round-bottom flask containing a desiccant tube of CaCl2, a solution was prepared of tetrazole (3a) (2.000 g, 5.95 mmol), 60 mL of dry Et3N/THF (1:1), bis(triphenylphosphine)palladium dichloride (0.183 g, 0.26 mmol), and triphenylphosphine (0.069 g, 0.26 mmol). After 48 h of reflux, the mixture was vacuum filtered and a white product was obtained by recrystallization from ethanol. Under argon, the mixture was heated to 55°C; then, copper iodide (0.025 g; 0.13 mmol) and 2-methyl-3-butyn-2-ol (0.851 g, 10.11 mmol) in 10 mL Et3N/THF (1:1) were added dropwise over 40 min. After 6 h under reflux, the mixture was filtered at room temperature through Celite® and concentrated under reduced pressure. The resulting product was chromatographed on silica gel. For the preparation of compounds 4b, 4c, and 4d, the same methodology was followed, using 5-(4-bromophenyl)-2-octanotetrazole, 5-(4-bromophenyl)−2-decanotetrazol, and 5-(4-bromophenyl)-2-dodecanotetrazol, respectively.



4-(4-(2-(2-Ethylhexyl)-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4a)

Yield: 71%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.1 (d, 2H, J = 8.31 Hz), 7.52 (t, 2H, J = 8.31 Hz), 4.64 (t, 2H, J = 6.85 Hz), 2.51 (s, 1H), 2.11 (m, 1H), 1.65 (s, 6H), 1.33 (m, 8H), 0.95 (t, 3H, J = 7.34 Hz), 0.90 (t, 3H, J = 6.85 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.2, 132.1, 128.3, 126.5, 124.6, 53.3, 31.7, 29.4, 28.9, 28.8, 26.4, 22.6, 14.1.



2-Methyl-4-(4-(2-octyl-2H-tetrazol-5-yl)phenyl)but-3-yn-2-ol (4b)

Yield: 77%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.1 (d, 2H, J = 8.80 Hz), 7.52 (t, 2H, J = 8.31 Hz), 4.64 (t, 2H, J = 7.34 Hz), 2.47 (s, 1H), 2.05 (m, 2H), 1.64 (s, 6H), 1.27 (m, 10H), 0.87 (t, 3H, J = 6.85 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.4, 132.1, 127.2, 126.6, 124.7, 95.6, 81.7, 65.6, 53.3, 31.7, 31.5, 29.0, 28.8, 26.4, 22.6, 15.1.



4-(4-(2-Decyl-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4c)

Yield: 88%. 1H NMR (400 MHz, CDCl3) δ ppm: 8.10 (d, 2H, J = 8.80 Hz), 7.53 (d, 2H, J = 8.80 Hz), 4.65 (t, 2H, J = 7.34 Hz), 2.28 (s, 1H), 2.03 (m, 2H), 1.64 (s, 6H), 1.25 (m, 16H), 0.89 (t, 3H, J = 6.36 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.5, 132.2, 127.2, 126.6, 124.7, 95.5, 81.7, 65.6, 53.3, 31.4, 31.5, 29.4, 28.9, 26.4, 22.7, 14.1.



4-(4-(2-Dodecyl-2H-tetrazol-5-yl)phenyl)-2-methylbut-3-yn-2-ol (4d)

Yield: 96%. m.p.: 65°C. FTIR (KBr) vmax/cm−1: 3,315, 3,051, 2,956, 2,918, 2,848. 1H NMR (400 MHz, CDCl3) δ ppm: 8.04 (d, 2H, J = 8.80 Hz), 7.64 (d, 2H, J = 8.31 Hz), 4.64 (t, 2H, J = 6.85 and 7.34 Hz), 2.06 (m, 2H), 1.26 (m, 16H), 0.89 (t, 3H, J = 6.85 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.2, 132.1, 130.2, 127.2, 126.5, 124.6, 53.3, 29.6, 29.4, 26.4, 22.7, 14.1.




General Procedure for the Synthesis of Compounds 5a–d

Compound (4a) (1.61 g, 4.73 mmol), 50 mL of toluene, and NaOH (0.246 g, 6.15 mmol) were combined in a 100 mL round-bottom flask. The solution was distilled while slowly heating, and a mixture of 8 mL toluene/acetone was also distilled. The reaction was monitored by TLC using hexane/ethyl ether (6:4) as eluent. At room temperature, the solution was filtered through Celite® and vacuum-concentrated. The crude solid was purified by column chromatography elution with a solution of hexane/ethyl acetate (95:5), resulting in the desired product at a yield of 90% [40].


2-(2-Ethylhexyl)-5-(4-ethynylphenyl)-2H-tetrazole (5a)

Yield: 90%. m.p. 67°C. IR (KBr) vmax/cm−1: 3,291, 2,958, 2,920, 2,842. 1H NMR (CDCl3, 400 MHz) δ ppm: 8.10 (d, 2H, J = 8.31 Hz), 7.52 (d, 2H, J = 8.31Hz), 4.57 (d, 2H, J = 6.85 Hz), 2.10 (m, 1H), 1.39–1.26 (m, 8H), 0.94 (t, 3H, J = 7.34 Hz), 0.89 (t, 3H, J = 6.85 Hz). 13C NMR (CDCl3, 100 MHz) δ ppm: 164.3, 132.1, 127.1, 126.6, 124.6, 95.6, 81.7, 56.2, 39.8, 31.4, 30.3, 28.4, 23.8, 22.8, 13.9, 10.4.



5-(4-Ethynylphenyl)-2-octyl-2H-tetrazole (5b)

Yield: 88%. m.p. 65°C. IR (KBr) vmax/cm−1: 3286, 2954, 2916, 2846. 1H NMR (CDCl3, 400MHz) δ ppm: 8.02 (d, 2H, J = 8 Hz), 7.62 (d, 2H, J = 8 Hz), 4.64 (t, 2H, J = 8 Hz), 2.05 (q, 2H, J = 6.8 Hz), 1.41-1.32 (m, 2H), 1.32-1.17 (m, 8H), 0.86 (t, 3H, J = 6.46 Hz). 13C NMR (CDCl3, 100 MHz) δ ppm:164.0, 131.9, 128.1, 126.4, 124.4, 53.2, 31.5, 29.2, 28.7, 26.2, 22.5, 13.9.



2-Decyl-5-(4-ethynylphenyl)-2H-tetrazole (5c)

Yield: 87%. m.p. 60°C. IR (KBr) vmax/cm−1: 3,286, 2,954, 2,916, 2,846. 1H NMR (CDCl3, 400 MHz) δ ppm: 8.02 (d, 2H, J = 8 Hz), 7.62 (d, 2H, J = 8 Hz), 4.63 (t, 2H, J = 6 Hz), 2.05 (q, 2H, J = 8 Hz), 1.4-1.32 (m, 2H), 1.40-1.32 (m, 12H), 0.87 (t, 3H, J = 6 Hz). 13C NMR (CDCl3, 100 MHz) δ ppm: 164.1, 132.0, 128.2, 125.4, 124.5, 53.2, 31.8, 29.4, 29.2, 28.8, 26.3, 22.6, 14.0. Anal. Calcd. for C, 73,51%; H, 8.44%; N, 18.05% found C, 72.8%; H, 8.56%; N, 18.27%.



2-Dodecyl-5-(4-ethynylphenyl)-2H-tetrazole (5d)

Yield: 88%. m.p. 56°C. IR (KBr) vmax/cm−1: 3,290, 2,950, 2,920, 2,844. 1H NMR (400 MHz, CDCl3) δ ppm: 8.10 (d, 2H, J = 8.22 Hz), 7.53 (d, 2H, J = 8.22 Hz), 4.64 (t, 2H, J = 7.04 Hz), 2.52 (s, 1H), 2.04 (m, 2H), 1.65 (s, 6H), 1.26 (m, 16H), 0.88 (t, 3H, J = 6.46 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.4, 132.1, 126.6, 124.7, 95.6, 81.7, 65.6, 53.3, 31.9, 31.5, 29.6, 29.3, 29.5, 28.9, 26.3, 22.7, 14.1.




General Procedure for the Synthesis of Compounds 9a–d

In a 100 mL three-neck round-bottom flask, were mixed compound 8 (0.190 g, 0.68 mmol), 45 mL of dry Et3N, bis(triphenylphosphine)palladium (II) dichloride (0.022 g, 0.03 mmol), and triphenylphosphine (0.080 g, 0.30 mmol). After heating to 55°C, copper iodide (0.030 g, 16 mmol) was added. A 15-ml solution of respective aryl acetylene 5a (0.50 g, 1.47 mmol) in dry Et3N was then slowly added dropwise. The reaction remained under reflux for 2 h, being monitored by TLC using a mixture of hexane/ethyl ether (8:2) as the eluent. The mixture was filtered, and the retained solid was dissolved in chloroform and filtered. After concentrating the solvent, a yellow solid was obtained at 71% yield.


4,7-Bis((4-(2-(2-ethylhexyl)-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5] oxadiazole (9a)

Yield: 71 %. m.p. 175°C. IR (KBr) vmax/cm−1: 2,970, 2,951, 2,810, 2,211. 1HNMR (400 MHz, CDCl3) δ ppm: 8.20 (dd, 4H, J = 6.8 Hz, 2.0 Hz), 7.77 (dd, 4 H, J = 6.8 Hz, 1.6 Hz), 7.61 (s, 2 H), 4.66 (t, 4H, J = 7.2 Hz), 2.07 (q, 4H, J = 7.2 Hz), 1.42-1.23 (m, 20H), 0.88 (t, 6H, J = 6.8 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.3, 149.4, 134.4, 132.6, 128.4, 126.9, 123.7, 112.6, 98.8, 85.3, 53.4, 31.7, 29.4, 29.0, 28.9, 26.4, 22.6, 14.1. ESI HRMS: calcd for [C40H44N10O+H]+ 681.3772, found 681.3768.



4,7-Bis((4-(2-octyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9b)

Yield: 77 %. m.p. 206°C. IR (KBr) vmax/cm−1: 2955, 2914, 2842, 2207. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (dd, 4H, J = 6.8, 1.6 Hz), 7.77 (dd, 4H, J = 6.8 Hz, 1.6 Hz), 7.64 (s, 2 H), 4.67 (t, 4H, J = 7.2 Hz), 2.07 (q, 4H, J = 7.2 Hz), 1.40-1.19 (m, 28H), 0.88 (t, 6H, J = 6.8 Hz) ppm. 13C NMR (100 MHz, CDCl3) δ ppm: 164.3, 149.4, 134.4, 132.5, 128.4, 126.8, 123.7, 112.6, 98.7, 85.3, 53.4, 31.9, 29.44, 29.38, 29.34, 29.2, 28.9, 26.4, 22.7, 14.1. ESI HRMS: calcd for [C44H52N10O+H]+ 737.4398, found 737.4400.



4,7-Bis((4-(2-decyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9c)

Yield: 82 %. m.p. 202°C. IR (KBr) vmax/cm−1: 3,035, 2,968, 2,922, 2,850, 2,202. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (d, 4H, J = 8.4 Hz), 7.78 (d, 4H, J = 8.4 Hz), 7.28 (s, 2 H), 4.67 (t, 4H, J = 7.2 Hz), 2.08 (q, 4H, J = 7.2 Hz), 1.41-1.17 (m, 36 H), 0.88 (t, 6H, J = 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.3, 149.4, 134.4, 132.6, 128.4, 126.8, 123.7, 112.6, 98.7, 85.3, 53.4, 31.9, 29.6, 29.5, 29.4, 29.3, 28.9, 26.4, 22.7, 14.1. ESI HRMS: calcd for [C48H60N10O+H]+ 793.5024, found 793.5027.



4,7-Bis((4-(2-dodecyl-2H-tetrazol-5-yl)phenyl)ethynyl)benzo[c][1,2,5]oxadiazole (9d)

Yield: 79 %. m.p. 199°C. IR (KBr) vmax/cm−1: 3,031, 2,950, 2,918, 2,850, 2,209. 1HNMR (400 MHz, CDCl3) δ ppm: 8.21 (d, 4H, J = 8.4 Hz), 7.78 (d, 4H, J = 8.4 Hz), 7.64 (s, 2 H), 4.59 (d, 4H, J = 6.8 Hz), 2.13 (q, 2H, J = 6.4 Hz), 1.40-1.27 (m, 16H), 0.97 (t, 6H, J = 7.2 Hz), 0.90 (t, 6H, J = 6.8 Hz). 13C NMR (100 MHz, CDCl3) δ ppm: 164.3, 149.4, 134.4, 132.5, 128.4, 126.8, 123.7, 112.6, 98.7, 85.3, 53.4, 31.9, 29.44, 29.38, 29.34, 29.2, 28.9, 26.4, 22.7, 14.1. ESI HRMS: calcd for [C40H44N10O+H]+ 681.3772, found 681.3777.





RESULTS AND DISCUSSION


Synthesis and Spectroscopic Characterization

The synthetic route for the preparation of the final desired compounds, based on 1,2,5-benzoxadiazole 9a–d, is shown in Scheme 1. The synthesis procedure adopted has been described in a previous publication (Frizon et al., 2018). The synthesis starts from the cyclization of 2-nitroaniline with sodium hypochlorite with the catalyst TBAB (tetrabutylammonium bromide) in a basic medium to obtain the N-oxide 6. In sequence, the reduction of the N-oxide group using PPh3 in xylene gives the heterocycle 2,1,3-benzoxadiazole 7 at 75% yield. In the next stage, the selective bromination reaction of 2,1,3-benzoxadiazole 7 at positions 4 and 7 was performed to obtain the 4,7-dibromo-2,1,3-benzoxadiazole (8). The Sonogashira coupling reaction between the aryl dibromide 8 and two equivalents of terminal aryl acetylenes 5a–d, synthesized previously, allowed the desired compounds 9a–d to be obtained. After purification in a chromatographic column, the final desired compounds were obtained at good yields (71–82%). All of the final compounds 9a–d synthesized were characterized by proton and carbon-13 NMR, IR spectroscopy, and mass spectrometry.


[image: Scheme 1]
SCHEME 1. Synthetic route to afford compounds 9a–d, where (i) NaN3, NH4Cl, DMF; (ii) butanone, K2CO3, RBr (R = CnH2n); (iii) Et3N, CuI, PPh3, 2-methyl-3-butyne-2-ol, PdCl2(PPh3)2; (iv) KOH, K3PO4, toluene; (v) TBAB, NaOH, NaClO, diethyl ether; (vi) PPh3, toluene; (vii) Br2/HBr; (viii) PdCl2(PPh3)2, CuI, triphenylphosphine (C6H5)3P, Et3N/THF.




Photophysical Characterization
 
UV-Vis and Fluorescence

The photophysical properties of compounds 9a–d were determined in chloroform solution at room temperature and are presented in Table 1.


Table 1. Photophysical properties of 9a–d in CHCl3 solution.

[image: Table 1]

The absorption and emission spectra obtained for 9a–d in chloroform solution are shown in Figure 1. All compounds displayed similar absorption spectra with maxima at 419 nm, which are attributed to a π-π* transition and showed high molar absorption coefficients (~3.4 × 10−4 L mol−1 cm−1), which is characteristic of the benzoxadiazole heterocycle. Also, after excitation at the lower energy band, all compounds showed a strong bluish-green fluorescence emission in solution (λFL = 450–650 nm), with emission maxima ranging from 494 to 498 nm. The values for the Stokes shifts for compounds 9a–d are in the range of 3,738–3,786 cm−1, indicating a possible intramolecular charge transfer (ICT) in the excited state (Neto et al., 2007). The fluorescence quantum yields (ΦFL) of 9a–d were determined in chloroform using quinine sulfate as the standard (Φr = 0.55 in 0.5 mol L−1 H2SO4). The ΦFL values could be calculated using the equation (Fery-Forgues and Lavabre, 1999): ΦFL = Φr (Fs/Fr)(Ar/As)(ηs/ηr), where s and r denote the sample and reference, respectively, η is the solvent refractive index, F is the integrated fluorescence intensity, and A is the value of absorbance at the excitation wavelength used to record the fluorescence spectrum. The values obtained are summarized in Table 1, where it can be noted that all compounds presented quantum yields (ΦFL) of 0.51 to 0.54. The values obtained for compounds 9a–d are considerably higher than those reported in our previous articles for compounds containing the heterocycles 2,1,3-benzoselenadiazole (Regis et al., 2018) and 2,1,3-benzotiadiazole (Frizon et al., 2016).


[image: Figure 1]
FIGURE 1. Absorbance (left) and emission (right) spectra for compounds 9a–d in CHCl3 solution (10−5 mol L−1).


The singlet excited-state lifetimes of compounds 9a–d in CHCl3 solvent were investigated by time-resolved fluorescence spectroscopy, using a wavelength of 401 nm for the excitation. Compounds 9a–d were evaluated in chloroform solution because of the higher affinity of this solvent (due to the alkyl chains) with the aromatic center. The singlet excited-state average lifetimes for compounds 9a–d are shown in Table 1, and their values are similar. All fluorescence decays at emission maxima of compounds 9a–d (see Figure S1) were best fitted by a bi-exponential function. The excited-state lifetimes and their relative amplitudes for 9a–d in chloroform solution are shown in Table S1 (see ESI). The longer lifetimes (τ1) were attributed here to the emission of monomeric 9a–d, while the shorter lifetimes (τ2) were attributed to the emission of 9a–d aggregated in chloroform solution, even at 10−5 mol L−1, since the molecular aggregation could reduce the excited-state lifetimes due to the enhanced radiationless path of the excited-state deactivation. With the exception of 9a, the relative amplitudes of aggregate emissions (A2) were higher than 70% in dilute chloroform solution (see Figure S1). The relative amplitude A2 of 9a was close to 50%, showing the possible influence of the branched chain in forming fewer aggregates than the linear chain. A hypothesis of the aggregation of 9a–d in chloroform solution is proposed based on the fluorescence excitation measurements. The fluorescence excitation spectra for 9a–d in chloroform solution are shown in Figure S2 and compared with the absorption spectra. The excitation spectra for the compounds show a different vibrational progression and are red-shifted when compared to the absorption spectra, suggesting aggregation, since the excitation spectrum should be identical in shape to the absorption spectrum, provided that there is a single species in the ground state. In contrast, the excitation and absorption spectra are no longer superimposable when species exist in different forms, such as aggregates, in the ground state (Valeur, 2012). When compared with similar benzothiadiazole derivatives previously reported by our group (Westrup et al., 2016), the benzoxadiazole-based compounds 9a–d showed a greater tendency toward aggregate formation. This could be associated with the benzoxadiazole moiety and the higher dipole moment of this heterocycle (Tobiason et al., 1973).

It was observed that the size of the alkyl chain did not significantly influence the deactivation of the excited states, suggesting that only the conjugated aromatic part contributes to the frontier orbitals (HOMO and LUMO), which are responsible for the radiative processes.



Solvatochromism

A solvatochromic study of compounds 9a–d was performed to ascertain the role of solvent polarity in the absorption and fluorescence emission. The UV-vis absorption and fluorescence properties were measured in heptane (Hep), toluene (Tol), chloroform (CHCl3), tetrahydrofuran (THF), acetone (Acet), N, N-dimethylformamide (DMF), and acetonitrile (CH3CN) solutions. The UV-Vis absorption and emission spectra for 9a in various solvents are shown in Figure 2, and the specifics of the absorption and fluorescence emission of these compounds are listed in Table 2.


[image: Figure 2]
FIGURE 2. Absorbance (left) and emission (right) spectra for 9a in different solvents.



Table 2. The absorption and emission wavelengths, molar absorption coefficient, and Stokes shifts of compound 9a in various solvents.
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With increasing solvent polarity, the absorption bands of compound 9a showed a slight red-shift, indicating a small solvatochromic effect on the ground state. The fluorescence spectra showed a notable hypsochromic shift of the maximum emission in heptane, toluene, and THF (less polar solvents) and higher vibrational resolution when compared to CHCl3. The largest hypsochromic shifts were observed for THF and toluene (15 and 22 nm, respectively). This type of optical behavior in apolar organic solvents is similar to that exhibited by benzothiadiazole (Westrup et al., 2016). With the use of a more polar solvent like N,N-dimethylformamide or acetonitrile, a small hypsochromic shift in the emission maxima compared to CHCl3 was also registered. This solvatochromism behavior is observed in molecules exhibiting larger dipole moments and charge transfer characteristics in the excited state, that is, an ICT state (Liang et al., 2015).

The excited-state lifetimes and relative amplitudes of 9a at 10−5 mol L−1 in heptane, toluene, tetrahydrofuran, and acetone are shown in Table S2. In all solvents, 9a exhibited two excited-state lifetimes. Except in heptane, the longer excited-state lifetimes (τ1) were over 3 ns and the shorter lifetimes (τ2) ranged from 2.2 to 1.8 ns. In addition, the shortest lifetime dominates the fluorescence (A2) of compound 9a. The longer excited-state lifetimes (τ1) were attributed here to monomeric emission of 9a, while the shorter excited-state lifetimes (τ2) could be associated with the emission provided by aggregates of molecules 9a in toluene, tetrahydrofuran (THF), and acetone solutions. In heptane solution, the longest lifetime (τ1) of molecule 9a was found to be 2.1 ns and the shortest lifetime (τ2) around 1.4 ns, which could be related to the poor stabilization of the excited state by the non-polar solvent. In addition, the contributions of the longest lifetime (A1) and the shortest lifetime (A2) to the emission of 9a in heptane were similar, suggesting that the emission of 9a in heptane solution is provided equally by the monomer and the aggregate of 9a.

The quantum yields of 9a in different solvents are shown in Table S2. The quantum yields increase with increasing affinity of the solvent for compound 9a. The quantum yields for 9a were 0.27 in heptane solution and 0.71 in acetone solution. In toluene, THF, and acetone solutions, the emission lifetime results suggest that the aggregate dominates the emission of compound 9a; however, monomeric emission of 9a also contributes to the fluorescence, mainly in acetone solution. As the ICT state is known to be able to non-radiatively deactivate excited species, the quantum yield results are in agreement with the proposed molecular aggregation, which suppresses the ICT in the excited state of the monomer and increases the quantum yield in polar solvents (Liang et al., 2015).



Theoretical Modeling of the Electronic Structure and Fluorescence

To gain a better understanding of the absorption and luminescence properties of 9a–d, we carried out calculations using DFT for a representative molecule without the aliphatic carbon chains (9). The calculated frontier orbitals are shown in Figure 3. It can be observed that the HOMO has major contributions from the benzene ring of the benzoxadiazole moiety and from the triple bonds, whereas the LUMO is mostly a π* orbital delocalized over the benzoxadiazole. The HOMO (−2) and HOMO (−1) are more evenly spread through the molecule, while the LUMO (+1) is more centered in the benzoxadiazole ring and LUMO (+2) in the benzene rings close to the tetrazole.


[image: Figure 3]
FIGURE 3. Frontier molecular orbitals of 9 calculated using PBE0/def2-TZVP(-f).


TD-DFT calculations were performed to acquire information related to the excited states. The absorption spectra were calculated and convoluted with Gaussians, reproducing the experimental spectra, as shown for each molecule in Figure 4. Table 3 shows some of the first two calculated transitions, which were observed in the experimental spectra. To simulate the solvent dependence, the linear response CPCM was used to account for the effect of the solvent on the energy. The two transitions predicted for 9 correspond to those observed in the measured spectra, and, in all solvents, the lowest energy transition originates from a HOMO → LUMO (95) excitation. The calculated spectra showed the same solvent-dependence observed in the UV-Vis spectra. With increasing solvent polarity, the first excited state is predicted to be stabilized and the transition matrix element of the dipole moment operator decreases. These results, together with an analysis of the molecular orbitals involved in the first electronic transition, lead to the assignment of a π-π* transition with the characteristics of a charge transfer excitation, thus explaining the large transition dipole moment and Stokes shift observed.


[image: Figure 4]
FIGURE 4. Theoretical absorption spectra calculated in different solvents using PBE0/def2-TZVP(-f) and convoluted with Gaussians of 0.25 eV width.



Table 3. Data for the TD-DFT excitations using PBE0/def2-TZVP(-f).
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The fluorescence spectra were also calculated for 9 using the path integral approach developed by our group (Souza et al., 2018, 2019). The PBE0 functional was chosen to obtain the adiabatic electronic energy differences. The emission spectra, shown in Figure 5, are also consistent with the experimental results. The emission peak was shifted for the different solvents; for example, hexane and toluene showed emission at higher energy compared with the other solvents. The main vibrational progression observed in the experimental spectra of non-polar solvents is due to the C=C and C=N stretching modes, with the energy separation of these peaks beginning at around 0.15 eV (1,200 cm−1).


[image: Figure 5]
FIGURE 5. Predicted emission spectra calculated in different solvents using PBE0/def2-TZVP(-f).





Thermal Properties

The thermal properties of compounds 9a–d were obtained by thermogravimetric analysis (TGA) (Figure 6). The DTG curves for the final compounds were processed from the TGA curves. The complete degradation process indicates a mass loss of around 100%. Three thermal events were observed for these compounds, corresponding to a mass loss of almost 55% at an initial decomposition temperature of 220°C, with a maximum degradation rate observed at around 300°C. The second thermal event was detected at approximately 305°C, and this event is related to a loss of 51%. A small thermal event was detected at ~650°C, and this event is related to a loss of 4%.


[image: Figure 6]
FIGURE 6. Thermograms (TGA) and DTG curves of compounds 9a–d.




Electrochemical Characterization

Compounds 9a–d show very distinct reduction processes in the negative scan (Figure 7). The first may be associated with a quasi-reversible reduction of the benzoxadiazole, indicating that the benzochalcogen ring is reduced in preference to the triple bond. Benzochalcogen is a well-known heteroatomic compound with a high electron-accepting part, because it has two electron-withdrawing imine groups (C=N) (Omer et al., 2009).


[image: Figure 7]
FIGURE 7. Cyclic voltammogram of compounds 9a–d on a glassy carbon electrode in 0.1 TBAPF6/CH2Cl2 at 100 mV s−1.


Thus, in the case of 9a–d, this peak can be attributed to the benzoxadiazole group and the reduction peak can probably be assigned to the anion radical species. The second process that occurs at much more cathodic values may be associated with an irreversible electrochemical process with triple bond reduction (Neto et al., 2005, 2013). In the positive scan, various oxidation processes were observed, which probably include oxidation of the tetrazole portion of the molecule, and this process could involve the formation of an intermediate radical cation species.

The energies of HOMO and LUMO boundary orbitals of π-conjugated systems (D-π-A-π-D), such as benzochalcogenic derivatives, can be defined by the electron affinity (EA) and ionization potential (IP). These can be accessed by the evaluation of electron affinity (EA) and the ionization potential (IP), based on the values of reduction and oxidation potentials obtained by electrochemical assays (Neto et al., 2013; Frizon et al., 2014). The EA and IP were determined using the following empirical formula (Neto et al., 2005): EA = E[image: image] + 4.44 eV and IP = E[image: image] + 4.44 eV, where E[image: image] and E[image: image] are the onset potentials of reduction and oxidation, respectively. These onset potentials were corrected from Ag/Ag+ to NHE using the Fc/Fc+ pair. Analyses of the HOMO-LUMO energy level calculations of 9a–d were performed from benzoxadiazole potentials. The band gap values obtained by cyclic voltammetry and UV-vis spectroscopy showed good agreement between the results obtained with the two different techniques. The results of the electrochemical assays conducted with 9a–d showed that changes in the length of the alkyl group attached to the tetrazole ring did not significantly influence the redox potentials of the molecules. The [image: image] values obtained for molecules 9a-d were higher than those for benzoselenadiazole (Regis et al., 2018) and benzothiadiazole (Frizon et al., 2016). This change to more positive values, obtained due to the addition of a heavier chalcogen atom to the heterocycle, can be attributed to an increase in the electronegativity of the chalcogens and proved to be a relevant factor in determining the energies of HOMO and LUMO (Kawashima et al., 2015; Ghosh et al., 2018).

The electrochemical data and optical band gaps obtained for compounds 9a–d are summarized in Table 4.


Table 4. Optical and electrochemical properties of compounds 9a–d, where [image: image] is the onset potential of oxidation, [image: image] is the onset potential of reduction, Ip (HOMO) is the ionization potential, Ea (LUMO) is the electron affinity, Eg is the band gap, and λonset is the absorption onset wavelength.
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CONCLUSIONS

In this study, a new series of fluorophores, with D-π-A-π-D molecular architectures, based on 2,1,3-benzoxadiazole derivatives, was synthesized and characterized. The photophysical behavior of the compounds was evaluated by combining the following spectroscopic techniques: UV-vis absorption spectroscopy, stationary fluorescence spectroscopy, and time-resolved spectroscopy. The series of molecules in solution exhibited, in the visible region, a maximum absorption (~419 nm) that can be attributed to electronic transitions of the type π-π* (ε ~3.4 × 10−4 L mol−1cm−1). Compounds 9a–d exhibited intense fluorescence (ΦFL ~0.5) located in the bluish-green region (494–498 nm) with a solvent polarity dependence resulting in a large Stokes shift (ca. 3,779 cm−1), which was associated with an ICT in the excited state. The data obtained from DFT and TD-DFT indicate that the ground and first excited states are a π-type orbital. Therefore, a π-π* transition with the characteristics of a charge transfer excitation can be assumed, confirming the ICT state. Compounds 9a–d showed a strong tendency to form aggregates even in dilute solution, exhibiting in CHCl3 solution longer and shorter lifetimes, on the nanosecond timescale, which were here attributed to the emission of monomeric and aggregated molecules, respectively. The thermal characterization allowed the thermal stability of compounds 9a–d to be evaluated, and a high maximum degradation rate was observed at around 300°C. Small electrochemical band gap (2.48 to 2.70 eV) and optical band gap (2.64 to 2.67 eV) values were obtained for compounds 9a–d, these being in agreement with results for similar compounds previously reported in the literature. The redox potentials of 9a–d did not change significantly with variations in the length of the alkyl group attached to the tetrazole ring. The recognition of the structure–property relationship of benzoxadiazole could guide further studies in the search for luminescent materials with better performance than benzothiadiazole.
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Synthesized polypeptide is attracting an increased interests due to its excellent biological characteristic and adjustable chemical properties in bio-related fields. But polypeptide itself has no switching properties, which is harmful to the development of its application as a control component. Herein, light-responsive poly(γ-benzyl-L-glutamate)s (PBLGs) is synthesized by a one-step NCA method using p-aminoazobenzene (m-AZO) and p-diaminoazobenzene (m-DAZO) as initiators. PBLGs exhibit amorphous characteristics with obvious Tg transition, which are 14°C for PBLG1 and 21°C for PBLG2. In order to forecast the structure-property information of PBLGs, theoretical UV-vis spectra as well as the energy gap between HOMO and LUMO is calculated by DFT calculation. Experimental results of UV-vis spectra exhibit similar characteristics to those of theorical UV-vis spectra except for the 40–50 nm red-shifting of absorbance peak. Furthermore, the absorbance intensities of PBLGs have a good linear relationship with their concentration, but their linearity range depending on concentration is completely different. Then, trans–cis transition under a different excitation source and cis–trans recovery in a dark environment are tracked in real-time by UV-vis spectra to evaluate the light response performances. It is found that UV light is the only effective excitation source for PBLG1, and blue light is another effective excitation source for PBLG2 besides UV light. Furthermore, the addition of alcohol and water as cosolvents has little effect on trans→cis transition in UV-light-excited systems, but it shortens recovery time of the cis→trans process in a dark environment. By contrast, the detectable isomerization process becomes unclear with the addition of alcohol in blue-light-excited system. Furthermore, either alcohol or water in solvents accelerate both the trans→cis and cis→trans process in a blue-light-excited system.

Keywords: PBLG, NCA method, photo switch, light response, azobenzene


INTRODUCTION

Polypeptide has a similar chemical component and secondary structure to a natural protein, which plays an essential role in biological activities (Li et al., 2017; Skoulas et al., 2017; Zhou et al., 2017; Editors, 2019; Duan and Li, 2020; Duong et al., 2020). This characteristic endows polypeptide with properties of low toxicity, good biodegradability, and good biocompatibility (Li et al., 2017; Skoulas et al., 2017; Zhou et al., 2017; Editors, 2019; Duan and Li, 2020; Duong et al., 2020). On account of these advantages, this kind of material brings an increasing amount of attention to bio-related fields like drug delivery, biosensors, biological diagnosis, and tissue engineering. Among polypeptides, synthesized polypeptides are the main focus due to their flexible and controllable molecular structure and are usually realized by biological synthesis, solid phase peptide synthesis (SPPS), and ring-open polymerization (ROP) based on the α-amino acid N-carboxyanhydrides (NCA method) (Wibowo et al., 2014; Shen et al., 2015; Zhou and Li, 2018). From the aspect of commercial process, the NCA method is more suitable for polypeptide materials due to the raw materials available, low cost, high yields, and short production cycle. More recently, Zn(OAc)2-catalyzing ROP of NCA was used to obtain well-defined polypeptides with controlled molecular weight (Mw) and narrow molecular weight distribution (MWD) by Nie et al. (2018). Although the method has existed for more than 100 years, it is still a research hotspot for polypeptide synthesis (Wibowo et al., 2014).

Besides fundamental biological properties, synthesized polypeptide can be endowed with other properties like stimuli-responsive properties through post-synthesis functionalization in order to suit the needs of different applications (Dong and Chen, 2011; Shen et al., 2015; Qu et al., 2018; Xiao et al., 2019). Since efficiency and effectiveness were objects of chemical synthesis, tedious steps should be avoided for functional polypeptide preparation. Thus, a facile method to fabricate functional polypeptide with fewer steps is also needed to extend the application of polypeptides. With the development of the NCA method, the initiator of primary amine is considered to be a kind of idea initiator (Wibowo et al., 2014). Once an initiator is polymerized in the ROP process, it becomes a terminal group or medial unit of synthesized polypeptides depending on the number of the initiator's amino groups. Therefore, measures that combine functional groups with initiators are presumed to be a facile way to fabricate functional polypeptide based on the NCA method.

In recent decades, as a kind of stimuli-response material, photo switches have become new favorites in fields that require switching effects, including information science and chemical sensing due to structural changes in light. As a member of the photo switches, azobenzene (AZO) possesses two different reversible isomers (trans and cis) (Beharry and Woolley, 2011; Bian et al., 2016; Michael Kathan, 2017; Chen et al., 2018; Lerch et al., 2018; Pang et al., 2018, 2019). The reversible isomerization could be realized upon light excitation and thermal transition. But the thermal transition is influenced by either the external environment or internal structure of the AZO family, which bring problems of photobleaching, instability, and uncontrollability (Pang et al., 2018, 2019). In order to overcome problems, measures of substitute modifying, grafting, copolymerization, and immobilization have been used to improve the stability and controllability including our previous studies (Deka et al., 2015; Liu et al., 2015; Lin et al., 2016, 2017). Based on previous research, the long chains of polymers would help to increase the stability and controllability of thermal transition (Pang et al., 2018, 2019). Therefore, designing an AZO-functionalized polypeptide would provide a kind of practical photo switch for its application in bio-related fields.

In consideration of requests for an NCA synthesis method and photo switches, amino-substituted AZOs have been chosen as initiators for the ROP of NCA. Generally, γ-benzyl-L-glutamate (BLG) is a kind of readily available and low-cost amino acid with good performance (Cauchois et al., 2013; de Miguel et al., 2014; Sun et al., 2015). Also, it can be polymerized into poly(γ-benzyl-L-glutamate) (PBLG) by the NCA method through two steps, namely, synthesis of γ-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) and ROP of NCA. In view of these facts, BLG was used for the design and synthesis of polypeptide photo switches in this study. Simultaneously, considering the steric hindrance in polymerization, para amino substituted AZOs were used in the work. In order to evaluate the performance of synthesized PBLG as photo switches, properties of reversible light responses and thermal recovery were investigated and analyzed in the research.

Although azobenzene-based photo switches have been designed and confirmed, the research provides an efficient and effective approach with which to synthesize an adjustable polypeptide photo switch. Moreover, the research provides basic data for clarification of isomerization mechanism and amendment of theoretical model for AZO-based photo switches.



EXPERIMENT


Material

γ-benzyl-L-glutamate (BLG), triphosgene, p-aminoazobenzene (m-AZO), and p-diaminoazobenzene (m-DAZO) were purchased from Aladdin. Tetrahydrofuran (THF), n-hexane, diethyl ether, ethyl acetate (EA), dimethylformamide (DMF), dioxane, and alcohol were obtained from Sinopharm Chemical Reagent Co., Ltd, China. All other reagents and solvents were of analytical grade and used as received.



Synthesis and Characterization of BLG-NCA

γ-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) was synthesized by a reaction between BLG and triphosgene. Briefly, 14 g BLG was dissolved in 200 mL anhydrous THF in reaction vessel with condensing reflux unit at stirring state. Then the solution was heated to 50°C, and 20 g triphosgene was added. The reaction continued until the solution turned from cloudy to clear. The reaction was cooled to room temperature, and N2 was concurrently inlet into the reaction system until the liquid volume did not decrease any more. The solution was precipitated by n-hexane. After being purified by EA/n-hexane and dried in a vacuum oven, BLG-NCA was obtained and characterized by 1H nuclear magnetic resonance (1H NMR, Bruker, AV300) using CDCl3 as a solvent.



Synthesis and Characterization of PBLGs

PBLG was synthesized by ROP. Briefly, 1 g dried BLG-NCA was dissolved in 20 mL dioxane in an anaerobic environment, and 76 μmol initiator (m-AZO or m-DAZO) in DMF solution was added batches of eight by way of injection. After the reaction had lasted for 72 h, the reaction solution was precipitated by diethyl ether. After being purified by THF/diethyl ether and dried in a vacuum oven, PBLG was obtained. When the initiator was m-AZO, final PBLG was denoted as PBLG1. When the initiator was m-DAZO, final PBLG was denoted as PBLG2.

Synthesized PBLGs were characterized by 1H NMR (Bruker, AV300) using D6-DMSO as a solvent and differential scanning calorimetry detection (PerkinElmer, DSC 4000). Furthermore, the degree of polymerization (DP), namely the number of repeated units, was calculated according to relative normalized H content between structural unit and initiator residue, which was obtained from integration area of 1H NMR. Moreover, UV-vis spectra of PBLGs solution were tracked as a function of polymer concentration in order to characterize their characteristic peak and concentration dependence.



Investigation of Effective Excitation Sources for PBLGs

PBLG (PBLG1 or PBLG2) was dissolved in DMF to obtain dilute solution. Four different excitation sources, which were a UV lamp (240-365 nm, 3.6 W), blue light lamp (450-457 nm, 3.6 W), yellow light lamp (580–595 nm, 3.6 W), and a red light lamp (620–625 nm, 3.6 W), were used to excite isomerization for two polymers with a light density of 1000 Lux and at room temperature, respectively. After light irradiation, the recovery process was realized in a dark environment at room temperature. Real-time UV-vis spectra were recorded the during irradiation process and recovery process, respectively. In the next step, repeated irradiation and recovery methods were applied to demonstrate fatigue resistance of PBLGs.



DFT Calculations for Azobenzene-Based Molecules

The calculating model was constructed using an azobenzene-based structural unit (initiator unit) including nearby BLG for PBLG. All calculations were carried out with Gaussian 09 programs at a CAM-B3LYP/6-31G (d, p) level (Ransil, 1961; Boys and Bernardi, 1970; Frisch et al., 2009). The UV-vis spectra and the vertical excitation potential for the first singlet excited state (S1) were calculated by time-dependent DFT (TDDFT) calculations at the optimized S0 geometry at the same level. Solvent effects were taken into account within the polarizing continuum model (PCM) framework in all the geometry optimization and excited state calculations.



Response-Recovery Performance of PBLGs

Besides excitation sources, the effects of solvents on the response-recovery performance of synthesized PBLGs were investigated. Besides DMF, water and alcohol were used to adjust the property of solvents. Similarly, the real-time UV-vis spectrum in the irradiation process as well as that in recovery time under a dark environment was recorded. Light density was set at 1000 Lux, and temperature was set at room temperature.




RESULTS AND DISCUSSIONS


Synthesis of PBLGs

Before synthesis of PBLGs, a BLG monomer was synthesized by elimination reaction with participation of triphosgene. The 1H NMR spectrum of BLG is shown in Figure 1A, which was analyzed as follows: chemical shifts from 7.2 to 7.4 ppm were attributed to protons on benzene ring at positions 6–8 with an integration of 4.7; the chemical shift at 6.5 ppm was attributed to proton of secondary amine at position 1 with an integration of 1.0; the chemical shift at 5.2 ppm was attributed to protons of methylene at position 5 with an integration of 2.0; the chemical shift at 4.4 ppm was attributed to the proton of methyne at position 2 with an integration of 1.0; the chemical shift at 2.7 ppm was attributed to protons of methylene at position 4 with an integration of 2.0; the chemical shifts from 2.1 to 2.4 ppm were attributed to protons of methylene at position 3 with an integration of 2.0. Since areas of resonance peaks are proportional to the number of protons, the ratio of different peak area is equal to ratio of proton number at different positions. Therefore, both the existence of the -NH- group at position 1 and the H atom ratio of position 1 to other positions confirmed the successful synthesis of BLG-NCA. Furthermore, no other chemicals were found in the 1HNMR spectrum, which indicated high purity of synthesized BLG-NCA. Moreover, it was found from the experiment that the yield of this reaction for BLG-NCA was 70–75% w/w.


[image: Figure 1]
FIGURE 1. 1H NMR spectra of (A) BLG-NCA monomer; (B) PBLG1; (C) PBLG2.


PBLG was obtained by the ROP method. When the initiator was m-AZO, AZO existed as a terminal group of PBLG1 (Figure 1B). The 1HNMR spectrum of PBLG1 is also shown in Figure 1B, which was analyzed as follows: the chemical shifts from 7.9 to 8.6 ppm were attributed to protons at positions 7–9, chemical shifts from 7.0 to 7.8 ppm were attributed to protons at positions 1–3; and a chemical shift at 5.1 ppm was attributed to protons of methylene at position 4. These results not only confirmed the successful synthesis of PBLG1, but it also provided quantitative information of DP, which was calculated to be 14 according to the average normalized peak area (integration, Figure 1B) ratio of BLG units (positions 1–4) to AZO residue (positions 7–9). When the initiator was m-DAZO, AZO existed as a medium group of PBLG2 (Figure 1C). Chemical shifts of the 1HNMR spectrum for PBLG2 in Figure 1C were attributed as follows: chemical shifts from 8.1 to 8.7 ppm belonging to protons at positions 7–8; chemical shifts from 6.6 to 7.6 ppm belonging to protons at positions 1–3; chemical shift at 5.1 ppm belonging to protons at position four; and chemical shifts from 1.6 to 3.0 ppm belonging to protons at positions −6. Also, the integration of these peaks was listed in Figure 1C. Similarly, the DP of synthesis PBLG2 was calculated to be 22.



Characterization and Calculation of PBLGs

DSC curves of PBLGs were detected to clarify structural characteristic, which are shown in Figure 2. No obvious phase transformation was found in the DSC curves of either PBLG1 (Figure 2A) or PBLG2 (Figure 2B), which indicated that the two polymers were both amorphous polymers. For PBLG1, an obvious Tg transition was found at 14°C (Figure 2A). For PBLG2, a Tg transition was found at 21°C (Figure 2B). Using common sense, we can see that the Tg transition was directly dependent on the length, free volume, and polarity of the domain. On account of the structural similarity of the two polymers, their polarities were also similar. Therefore, higher Tg might be the result of one of two things. One was that the domain length for PBLG2 was greater than that for PBLG1 if the DP of the polymers was not greater than one domain. The other was that the free volume of PBLG2 was smaller than that of PBLG1 in the same environment, which meant PBLG2 possessed a more compacted structure than PBLG1 due to the position of the AZO unit.


[image: Figure 2]
FIGURE 2. DSC curve of (A) PBLG1; (B) PBLG2.


In order to forecast isomerization characteristics for PBLGs, DFT was used to calculate UV-vis spectra and the corresponding molecular orbital transitions from HOMO to LUMO using simplified molecular models constructed by a central AZO unit and one or two nearby structural unit(s) (Figure 3A). Calculated results are shown in Figure 3B. It was found that PBLG1 had a maximum absorbance peak at 327 nm in theoretical UV-vis spectra, and PBLG2 had a maximum absorbance peak at 343 nm red-shifting 16 nm away from that of PBLG1. Besides the different of wavelength between two PBLGs, the absorbance intensity of PBLG2 was higher than that of PBLG1 of the same status. Furthermore, the energy gap between HOMO and LUMO for PBLG2 was also lower than that for PBLG1 (Figure 3B). According to existing theories, the maximum peak belonged to π-π* transition for the trans-isomer of an AZO unit, and trans→cis transition included two process, from S0 up to S1 and from S1 down to S2 (base state for the cis isomer). Therefore, the excited energy of PBLG2 from S0 (base state for trans isomer) to S1 (excited state) was lower than that of PBLG1, which resulted in the absorbance peak red-shifting and absorbance intensity increasing since UV-vis absorbance is generally associated with electron transition. Simultaneously, the effective excitation wavelength for trans→cis transition was inferred to be related to maximum UV-vis absorbance wavelength.


[image: Figure 3]
FIGURE 3. (A) Calculated models for PBLG1 and PBLG2; (B) Calculated UV-vis spectra and the corresponding molecular orbital transitions from HOMO to LUMO of two different models. The energy gap is illustrated in the figure.


In an experimental system, UV spectra of PBLGs in DMF solution and their concentration dependence were characterized and shown in Figure 4. On the UV spectrum, PBLG1 exhibited a maximum absorbance peak at 390 nm, and the absorbance increased with PBLG1 concentration (Figure 4A). Similarly, the maximum absorbance peak for PBLG2 occurred at 400 nm and also increased with its concentration (Figure 4C). The experimental position of the maximum absorbance peak was 55–70 nm, red-shifted from a theoretical position, which was reasonable, as that theoretical calculation could not involve all effects of a practical experiment. But the tendency to red-shift would not change. Furthermore, the absorbance intensity exhibited a good linear relationship with the polymer concentration (Figures 4B,D). The absorbance intensity of PBLG2 was, however, several times that of PBLG1 in the same concentration. Additionally, the linearity would help to quantify the polymer in terms of its application as a standard method.


[image: Figure 4]
FIGURE 4. UV spectra of (A) PBLG1 and (B) PBLG2 with different polymer concentration; (C) absorbance of PBLG1 at 390 nm as a function of PBLG1 concentration; (D) absorbance of PBLG2 at 400 nm as a function of PBLG2 concentration.




Effective Excitation Sources for PBLGs

Since reversible response and recovery performance were indispensable properties for photo switches, they were investigated in detail. Four excitation sources were firstly used to excite isomerization transformation for PBLGs. UV light as a kind of excitation source could induce isomerization transformation of PBLG1, which is shown in Figure 5. Excited by UV light, absorbance intensity at 390 nm decreased rapidly along with irradiation time until the value stabilized at 61% of its original value with an equilibrium time of 15 s and a simultaneous red-shift of the absorbance peak to 400 nm (Figure 5A). The phenomenon indicated the successful trans-to-cis transformation of PBLG1 according to the above analysis and existing theory for an AZO structure. After irradiation, the decreased absorbances could gradually recover to their original value in the dark within 25 min, which was indicative of the cis-to-trans recovery process (Figure 5B). Moreover, maximum and minimum absorbance at 390/400 nm of PBLG1 solution as well as response time and recovery time were recorded to evaluate the fatigue by repeated on/off irradiation to the same PBLG1 solution. The maximum absorbance at 390 nm was stabilized around 1.7, and the minimum absorbance at 400 nm was stabilized around 1.7 regardless of cycle number (Figure 5C). Furthermore, the response time was stabilized at 15 s and the recovery time at 25 min regardless of cycle number (Figure 5D). These results confirmed not only good fatigue durability but also controllable stability for PBLG1 as a photo switch. Except for UV light, any other excitation source (blue, yellow, and red light) could not induce isomerization transformation. In conclusion, UV light was the only effective excitation source for PBLG1.


[image: Figure 5]
FIGURE 5. UV spectra of PBLG1 DMF solution as a function of irradiation time (A) and recovery time (B). (C) Absorbance at 390/400 nm of PBLG1 DMF solution as a function of cycle number. (D) Irradiation response time and recovery response time as a function of cycle number. Irradiation was performed under UV light, and the recovery process was performed under darkness and room temperature. Polymer concentration was 17 mg/mL.


Similarly, excited by UV light, the absorbance intensity at 400 nm of PBLG2 solution decreased rapidly from 1.5 to 0.8, about 53% of its original value within an equilibrium time of 15 s; simultaneously, the absorbance peak red-shifted to 410 nm (Figure 6A). After irradiation, the decreased absorbances could gradually recover to their original value in dark within 30 min (Figure 6B). Moreover, by repeated on/off irradiation, the maximum absorbance/the minimum absorbance at 400/410 nm was recorded to stabilize around 1.5/0.8 regardless of cycle number (Figure 6C), and the response time/the recovery time was stabilized at 15 s/30 min regardless of cycle number (Figure 6D). Besides the UV light, blue light could excite trans-to-cis transition for PBLG2, which is shown in Figure 7. Excited by blue light, absorbance intensity at 400 nm of PBLG2 solution decreased gradually from 1.5 to 0.9, about 60% of its original value, within an equilibrium time of 10 min (Figure 7A). After irradiation, the decreased absorbance could gradually recover to their original value in dark within 12 min (Figure 7B). Moreover, the maximum absorbance/ minimum absorbance at 400 nm was stabilized around 1.5/0.9 regardless and the response time/the recovery time was stabilized at 10/15 min regardless of the cycle number (Figures 7C,D). These results confirmed that reversible isomerization transformation for PBLG2 could be effectively excited by both UV and blue light with stable and controllable transition processes and good fatigue durability, which indicated that both UV and blue light were effective excitation sources for PBLG2. Except for UV and blue light, any other excitation source (yellow and red light) could not induce isomerization transformation.


[image: Figure 6]
FIGURE 6. UV spectra of PBLG2 DMF solution as a function of irradiation time (A) and recovery time (B). (C) Absorbance at 400/410 nm of PBLG2 DMF solution as a function of cycle number. (D) Irradiation response time and recovery response time as a function of cycle number. Irradiation was performed under UV light, and recovery process was performed under darkness and room temperature. Polymer concentration was 0.8 mg/mL.



[image: Figure 7]
FIGURE 7. UV spectra of PBLG2 DMF solution as a function of irradiation time (A) and recovery time (B). (C) Absorbance at 400 nm of PBLG2 DMF solution as a function of cycle number. (D) Irradiation response time and recovery response time as a function of cycle number. Irradiation was performed under blue light, and the recovery process was performed under darkness and room temperature. Polymer concentration was 0.8 mg/mL.


Generally, the effective excitation wavelength of a light source should surround the maximum absorbance wavelength of a UV-vis spectrum for an AZO structure since the UV-vis absorbance peak is directly related to electron transition from the base state to excited state. Simultaneously, combined with the results in the calculation part, PBLG2 exhibited lower excitation energy and higher maximum UV-vis absorbance wavelength. Therefore, PBLG2 could be excited by a light source of a higher wavelength (blue light). Since blue light was a low-energy light source belonging to visible light, PBLG2 exhibited some characteristics of a visible-light-driven photo switch. This characteristic would be beneficial to its potential biomedical application. Thus, PBLG2 as a better photo switch was researched, particularly as it related to considering the solvent and pH effects.



Solvent Effects on Isomerization for PBLG2

In view of different polarity, alcohol and water were introduced to the solvent system. Alcohol's effect on the trans→cis excitation process was investigated, as seen in Figures 8, 9. Excited by UV light, absorbance intensity decreased rapidly to a constant value (50–55% of the original value) in 15 s in terms of a used solvent containing alcohol, indicating an obvious trans→cis process (Figures 8A,C,E). Likewise, in the dark, decreased values could gradually recover to their original values within 10 min, indicating that there is a cis→trans process (Figures 8B,D,F). Alcohol seemed to have little effect on isomerization transformation initiated by UV light. But the situation was different when blue light was used as excitation source (Figure 9). Upon using blue light, the detectable isomerization process become unclear with the addition of alcohol (Figures 9A,C,E). In more detail, absorbance decreased to 62% of original value within 120 s for the solution with 20/80% alcohol/DMF (Figure 9A), 74% of original value within 120 s for the solution with 40/60% alcohol/DMF (Figure 9C), and 82% of original value within 90 s for the solution with 60/40% alcohol/DMF (Figure 9E). In the dark, the decreased value could gradually recover to its original value, but recovery time shortened with its minimum absorbance after irradiation (Figures 9B,D,F). In more detail, the recovery time was 10 min for the solution with 20/80% alcohol/DMF (Figure 9B), 10 min for the solution with 40/60% alcohol/DMF (Figure 9D), and 5 min for the solution with 60/40% alcohol/DMF (Figure 9E).


[image: Figure 8]
FIGURE 8. UV spectra of PBLG2 solution with 20% alcohol (A,B), 40% alcohol (C,D) and 60% alcohol (E,F) as a function of irradiation time (a, c) and recovery time (B,D). Irradiation was performed under UV light, and recovery process was performed under darkness and room temperature. Polymer concentration was 0.65 mg/mL for (A,B), 0.88 mg/mL for (C,D), 0.94 mg/mL for (E,F).
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FIGURE 9. UV spectra of PBLG2 solution with 20% alcohol (A,B), 40% alcohol (C,D), and 60% alcohol (E,F) as a function of irradiation time (A,C) and recovery time (B,D). Irradiation was performed under blue light, and recovery process was performed under darkness and room temperature. Polymer concentration was 0.65 mg/mL for (A,B), 0.91 mg/mL for (C,D), 0.96 mg/mL for (E,F).


Besides alcohol, the effect of water on the trans→cis excitation process had similar tendencies (Figures 10, 11). Water content was set to not be higher than 10% because PBLG2 will precipitate if water content is higher than 10%. Excited by UV light, absorbance intensity decreased rapidly to a constant value (50–55% of original value) in 15–18 s regardless of water content (Figures 10A,C). Likewise, in the dark, the decreased value could gradually recover to its original value within 10 min regardless of water content (Figures 10B, D). On account of this similarity, it was inferred that <10% water has little effect on isomerization transformation initiated by UV light. Upon use of blue light, the absorbance at 400 nm decreased to 64% of its original value with the addition of water making it <10% (Figures 11A,B). Also, the deceased absorbance could recover to its original value in the dark (Figures 11C,D). But both response and recovery time in water containing a solvent were shorter than in pure DMF (Figure 11).


[image: Figure 10]
FIGURE 10. UV spectra of PBLG2 solution with 5% water (A,B) and 10% water (C,D) as a function of irradiation time (A,C) and recovery time (B,D). Irradiation was performed under UV light, and recovery process was performed under darkness and room temperature. Polymer concentration was 0.87 mg/mL for (A,B), 0.83 mg/mL for (C,D).
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FIGURE 11. UV spectra of PBLG2 solution with 5% water (A,B) and 10% water (C,D) as a function of irradiation time (A,C) and recovery time (B,D). Irradiation was performed under blue light, and recovery process was performed under darkness and room temperature. Polymer concentration was 0.85 mg/mL.


In summary, the addition of alcohol and water as cosolvents had little effect on isomerization transformation initiated by UV light except for a shortened recovery time. Furthermore, either alcohol or water in a solvent would accelerate both the trans→cis and cis→trans processes in a blue-light-excited system.




CONCLUSION

BLG-NCA was successfully synthesized with a yield of 70–75%. PBLGs were successfully synthesized by use of the NCA method (using m-AZO and m-DAZO as initiators, respectively). DP was calculated to be 14 for PBLG1 initiated by m-AZO and 22 for PBLG2 initiated by m-DAZO. PBLGs exhibited amorphous characteristics with an obvious Tg transition, which were 14°C for PBLG1 and 21°C for PBLG2. In calculated UV-vis spectra, PBLG2 had a higher wavelength and larger intensity absorbance peak than PBLG1. Also, the energy gap between HOMO and LUMO for PBLG2 was lower than that for PBLG1, as calculated by DFT. In the experimental system, PBLG1 had a maximum absorbance peak at 390 nm, and PBLG2 had a maximum absorbance peak at 400 nm, red-shifting 40–50 nm from theoretical value. Furthermore, the absorbance intensity of PBLGs had a good linear relationship to their concentration, but the absorbance intensity of PBLG2 was several times that of PBLG1 in the same concentration. Trans→cis transition of PBLG1 could be excited rapidly by UV light. In a dark environment, the cis form could recover to its original trans isomer. Also, good fatigue durability for PBLG1 as a photo switch was confirmed by our results. Other light sources, except for UV light, could not induce detectable isomerization for PBLG1. Upon use of UV light, PBLG2 exhibited similar isomerization characteristic to PBLG1. Blue light, however, was also verified to be another effective excitation source for PBLG2. When it came to solvent effects, the addition of alcohol and water as cosolvents had little effect on the trans→cis transition in UV-light-excited systems, but it shortened the recovery time of cis→trans processes in dark environments. In contrast, the detectable isomerization process becomes unclear with the addition of alcohol in the blue-light-excited system. Furthermore, either alcohol or water in solvents would accelerate both the trans→cis and cis→trans processes in a blue-light-excited system.
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A total of six conjugated polymers, namely PDBT-Th, PDBT-Th:Th, PDBT-2Th, PDBT-Th:2Th, PDBT-2Th:Th, and PDBT-2Th:2Th, consisting of dibenzothiophene, thiophene, and bithiophene were electrochemically synthesized. Their electrochemical and electrochromic properties were investigated in relation to the conjugation chain lengths of the thiophene units in the conjugated backbones. Density functional theory (DFT) calculations showed that longer conjugation lengths resulted in decreased HOMO-LUMO gaps in the polymers. The optical band gaps (Eg,opt) and electrochemical band gaps (Eg,cv) were decreased from PDBT-Th to PDBT-Th:Th, however, PDBT-Th:2Th, PDBT-2Th, PDBT-2Th:Th and PDBT-2Th:2Th displayed the similar band gaps. The conjugation length increments significantly improved the electrochemical stability of the conjugated polymers and exhibited reversible color changes due to the formation of polarons and bipolarons. The results suggest that the conjugated polymers prepared herein are promising candidates for fabricating flexible organic electrochromic devices.

Keywords: dibenzothiophene, electrochemical synthesis, electrochromism, conjugation lengths, color changes, electrochemical stability


INTRODUCTION

It is indispensable for the preparation of high-performance conjugated polymers and development of state-of-the-art applications to explore the structure-performance relationship of conjugated polymers. Breakthroughs in organic optoelectronics, including organic solar cells, dye-sensitized solar cells, organic field effect transistors, and electrochromism (Zhang et al., 2013; Jin et al., 2014; Zhou et al., 2015; Li et al., 2019a), has been performed by altering the main conjugation length. Strategies for altering the main conjugation length of organic optoelectronic materials include chemical and electrochemical polymerization methods (Jin et al., 2014; Zhou et al., 2015).

Electrochemical polymerization is often used in organic optoelectronics and employs a working electrode on which the polymer films simultaneous polymerize and are deposited by an applied voltage (Li et al., 2009; Jiang et al., 2018). Electrochemical polymer preparation exhibits several advantages: (1) It is high-throughput for synthesizing polymer films, formed only on the electrodes without any observed in solution; (2) It is highly efficient for synthesizing polymer films, since the reaction can be conducted in several seconds or minutes, while conventional chemical synthesis of a similar polymer requires several hours or days; (3) The electropolymerization method uses cheap supporting electrolytes instead of specific catalysts and expensive complexants for solution-phase synthesis; (4) The reaction can be performed at room temperature, whereas conventional chemical synthesis usually requires harsh conditions with high temperatures under an inert atmosphere (Gu et al., 2015; Yuan and Lei, 2020). The extension of the main chain conjugation length via electrochemical polymerization is effectively concentrated in electrochromism (Ak et al., 2008; Camurlu et al., 2008; Kavak et al., 2015; Sheberla et al., 2015; Gu et al., 2018; Li et al., 2019b; Zhang et al., 2019; Lu et al., 2020). Electrochromism is often defined as the visible and reversible changes in the transmittance and color of a material caused by an applied voltage (Argun et al., 2004; Beaujuge and Reynolds, 2010; Lin et al., 2017). For example, Zhao et al., verified the stepwise enhancement of the electrochemical and electrochromic performances of polyselenophene via electropolymerization of mono-, bi-, and triselenophene. Polyselenophene that was electropolymerized from triselenophene exhibited the lowest optical band gap (1.72 eV), highest redox stability, as well as the best electrochromic nature of optical contrast up to 75%, coloration efficiency up to 450 cm2 C−1, and switching time (0.7 and 0.4 s for oxidation and reduction, respectively) compared to polyselenophene prepared from mono- and biselenophene (Lu et al., 2020). Zhang et al., prepared a cross-linked copolymer (pTPhSNS-EDOT) via electrochemical polymerization that exhibited a fast coloring time of 0.58 s and discoloring time of 0.38 s, high optical contrast of 40%, excellent color stability, and improved color memory behavior compared to the pTPhSNS homopolymer (Dai et al., 2017). Therefore, extension of the main chain conjugation length is beneficial for obtaining excellent electrochemical and electrochromic properties.

Herein, thiophene, and thiophene derivatives were used to construct electrochromic polymers with stepwise enhancement of the main chain conjugation lengths via electrochemical copolymerization. The relationship between the main chain conjugation length and electrochromic properties, as well as the electrochemical redox activity and stability of the conjugated polymer, were studied in detail. Significantly, this study provides theoretical guidance for the development of related fields.



RESULT AND DISCUSSION


Synthesis and Characterization

The synthetic routes for the monomers (DBT-Th and DBT-2Th) and electrochemical polymers (PDBT-Th, PDBT-2Th, PDBT-Th:Th, PDBT-Th:2Th, PDBT-2Th:Th, and PDBT-2Th:2Th) are illustrated in Scheme 1. Poly[2,8-bis-(thiophen-2-yl)-dibenzothiophene] (PDBT-Th) and poly[2,8-Bis-(bithiophen-2-yl)-dibenzothiophene] (PDBT-2Th) were prepared from the 2,8-bis-(thiophen-2-yl)-dibenzothiophene (DBT-Th) and 2,8-Bis-(bithiophen-2-yl)-dibenzothiophene (DBT-2Th) monomers (0.01 mol L−1) and Bu4NPF6 (0.1 mol L−1) in DCM via electrochemical polymerization. PDBT-Th:Th and PDBT-Th:2Th were electrochemical polymerized from 0.005 mol L−1 DBT-Th and 0.005 mol L−1 thiophene (Th)/bithiophene (2Th), respectively. PDBT-2Th:Th and PDBT-2Th:2Th were obtained from 0.005 mol L−1 DBT-2Th and 0.005 mol L−1 Th/2Th via electrochemical copolymerization. From the synthetic routes of DBT-Th and DBT-2Th, dibenzothiophene (DBT) was used to prepare the corresponding bromide (2,8-dibromodibenzothiophene) via bromination. The above dibromide was reacted with tributyltin substituted Th/2Th to afford the target products using a Pd(PPh3)4 catalyst. The 1H NMR and 13H NMR spectra of target monomers are presented in Figures S1–S4.
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SCHEME 1. Synthetic routes of monomers (DBT-Th and DBT-2Th) and electrochemical polymers (PDBT-Th, PDBT-2Th, PDBT-Th:Th, PDBT-Th:2Th, PDBT-2Th:Th, and PDBT-2Th:2Th). Reagents and conditions: (i) CHCl3, Br2 (2.2 eq.), N2 (ii) Pd(PPh3)4, chlorobenzene, 90°C, (iii) electrochemical polymerization, CH2Cl2-Bu4NPF6, (iv) electrochemical copolymerization, CH2Cl2-Bu4NPF6.




Electrochemical Polymerization of DBT-Th, DBT-2Th and Electrochemical Copolymerization of DBT-Th, DBT-2Th, Th, and 2Th

From their anodic oxidation curves (Figure S5), the onset oxidation potentials (Eonset) were initiated at 1.11, 1.30, 0.85, 1.27, 1.07, and 0.98 V for DBT-Th, DBT-Th:Th, DBT-2Th, DBT-Th:2Th, DBT-2Th:Th, and DBT-2Th:2Th, respectively. The polymers were prepared by the potentiostatic method (adding about 0.2 V of Eonset) along with similar charge of about 5 mC. In this electrochemical deposition condition, the thickness of polymer films were about 200 nm, which is in agreement with the reported research (Lin et al., 2020b).

Figure 1 shows the obtained cyclic voltammograms (CVs) corresponding to the potentiodynamic electropolymerization of the polymeric precursor monomers DBT-Th and DBT-2Th as well as the potentiodynamic electrochemical copolymerization of the polymeric precursor comonomers DBT-Th, DBT-2Th, Th, and 2Th. The current density increased gradually as a function of scanning cycles for all systems. Meanwhile, the corresponding conducting polymers on the working electrode grew prominently, indicating that the as-prepared conducting polymers exhibited good electrochemical redox activity. Meanwhile, all systems exhibited an increasingly obvious voltage drop (ΔV) from 0.6 to 1.0 V of the reduction peak with stepwise enhanced conjugation lengths, which were ascribed to the wide distribution of polymer chain lengths. Because of the additional potential required to balance the increased polymeric electrical resistance and slow mass transport, an obvious potential shift of the anodic and cathodic peaks was observed during polymer growth (Chen and Xue, 2005; Lin et al., 2020a; Lu et al., 2020).
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FIGURE 1. Cyclic voltammograms of DBT-Th (A), DBT-Th: Th (B), DBT-2Th (C), DBT-Th: 2Th (D), DBT-2Th: Th (E), and DBT-2Th: 2Th (F) in CH2Cl2-Bu4NPF6. Potential scan rate: 100 mV s−1.




Theoretical Calculations

The ground-state optimized molecular geometries and frontier molecular orbital distributions of DBT-Th, DBT-Th:Th, DBT-2Th, DBT-Th:2Th, DBT-2Th:Th, and DBT-2Th:2Th were determined using density functional theory (DFT) by Gaussian 09 at the B3LYP/6-31G(d,p) level (Figure 2). All optimized molecular geometries exhibited slightly twisted, n-shaped structures, with dihedral angles of <31° owing to the steric hindrance effect. The dihedral angles of DBT and adjacent thiophene decreased with enhanced conjugation lengths, which resulted in improved regularity. For all models, the electron density distribution of the lowest unoccupied molecular orbitals (LUMOs) and highest occupied molecular orbitals (HOMOs) were localized in the sectional conjugated skeleton. The longer the conjugation lengths resulted in lower energy LUMO and HOMO levels (Liu et al., 2017). The HOMO-LUMO gaps of all models gradually decreased from 4.34 to 2.94 eV with stepwise enhancement of the conjugation lengths.


[image: Figure 2]
FIGURE 2. Optimized molecular geometries and frontier molecular orbital distributions of DBT-Th, DBT-Th:Th, DBT-2Th, DBT-Th:2Th, DBT-2Th:Th, and DBT-2Th:2Th obtained from DFT by Gaussian 09 at the B3LYP/6-31G(d,p) level.




Electrochemistry of the Polymers

To obtain deeper insight of the electrochemical activity, the electrochemical behaviors of PDBT-Th, PDBT-Th:Th, PDBT-2Th, PDBT-Th:2Th, PDBT-2Th:Th, and PDBT-2Th:2Th were investigated via CVs in monomer-free CH2Cl2-Bu4NPF6 (0.1 mol L−1; Figure 3). All polymers were prepared using the potentiostatic method at a constant potential of 1.30 V for DBT-Th, 1.50 V for DBT-Th:Th, 1.05 V for DBT-2Th, 1.45 V for DBT-Th:2Th, 1.3 V for DBT-2Th:Th, and 1.2 V for DBT-2Th:2Th. All polymers showed obvious redox peaks with hysteresis (potential drift) between the anodic and cathodic peak potentials. The potential shifts of the redox peaks among the CVs were attributed to slow heterogeneous electron transfer, local rearrangement of the polymer chains, slow mutual transformation of various electronic species, and electronic charging of the interfacial exchange at the metal/polymer and polymer/solution interfaces (Inzelt et al., 2000).


[image: Figure 3]
FIGURE 3. Cyclic voltammograms of the electrochemical polymer PDBT-Th (A), PDBT-Th:Th (B), PDBT-2Th (C), PDBT-Th:2Th (D), PDBT-2Th:Th (E), and PDBT-2Th:2Th (F) modified Pt electrodes in monomer-free CH2Cl2-Bu4NPF6 (0.10 mol L−1) at potential scan rates of 300, 250, 200, 150, 100, and 50 mV s−1.


In addition, the cyclic voltammetry was employed to evaluate the experimental HOMO and LUMO energy levels of polymers through the empirical Equations (1) and (2) in the Supporting Information (Sun et al., 2011). Meanwhile, the theoretical calculated HOMO/LUMO energy levels of polymers (simplified by two repeating units) were illustrated comparatively. The values were presented in Table 1. The experimental and theoretical calculated HOMO both exhibited up lifted values when the conjugation length was increased. The HOMO-LUMO gaps by theoretical calculation decreased gradually. The optical band gaps (Eg,opt) and electrochemical band gaps (Eg,cv) were decreased from PDBT-Th to PDBT-Th:Th, however, PDBT-Th:2Th, PDBT-2Th, PDBT-2Th:Th and PDBT-2Th:2Th displayed the similar band gaps.


Table 1. Electrochemical, optical properties and theoretical calculation of polymers.
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The stabilities of all polymers were studied in a monomer-free CH2Cl2-Bu4NPF6 system. A total of 100 cycles were performed to study the doping and dedoping abilities of all polymers, as shown in Figure 4. The redox activity of PDBT-Th was maintained at 56% after scanning 100 cycles, exhibiting generally good redox stability. However, increasing conjugation length significantly improved electrochemical stability, achieving moderate stability at 62, 79, 76, 85, and 90% remaining activity for PDBT-Th:Th, PDBT-2Th, PDBT-Th:2Th, PDBT-2Th:Th, and PDBT-2Th:2Th, respectively, after scanning 100 cycles. The improved electrochemical stability could benefit from the more stable thiophene bridge.
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FIGURE 4. CVs of PDBT-Th (A), PDBT-Th:Th (B), PDBT-2Th (C), PDBT-Th:2Th (D), PDBT-2Th:Th (E), and PDBT-2Th:2Th (F) cycled 100 times at a potential scan rate of 200 mV s−1 in monomer-free CH2Cl2-Bu4NPF6 (0.10 mol L−1).




Electrochromic Properties

Spectroelectrochemical analyses were performed by recording the absorption changes of the polymers under different potentials (Figure 5). In the neutral state, all polymers showed the absorbance peaks centered at approximately 410 nm arising from the π-π* transition. DBT-2Th based polymers PDBT-2Th (c), PDBT-2Th:Th (e), and PDBT-2Th:2Th (f) clearly showed two absorbance peaks with red shift on the absorbance edges, which was ascribed to the enhanced conjugation lengths. The optical band gaps (Table 1, empirical Equation (3) in the Supporting Information) of the corresponding polymers were gradually reduced from 2.59 eV (PDBT-Th) to 2.53 eV (PDBT-Th:Th), 2.29 eV (PDBT-Th:2Th), 2.25 eV (PDBT-2Th), 2.24 eV (PDBT-2Th:Th), and 2.23 eV (PDBT-2Th:2Th). With increasing effective conjugated chain length of those polymers by introducing thiophene as bridge unit, the optical band gaps were gradually reduced, and tend to the same. Notably, with increasing voltage, new bands resulting from the polaron at approximately 600 nm and bipolaron at approximately 1,000 nm increased in intensity (Zhu et al., 2009; Lu et al., 2014; Yang et al., 2014; Lin et al., 2015; Ming et al., 2020). During this process, all polymers displayed a conspicuous color change under doped (oxidized) and dedoped (neutral) conditions (Table 2). To determine the color change, the CIE 1976 (L*, a*, b*) color space and photographs were determined, in which L* is the parameter of the lightness, a* is the red-green balance and b* is yellow-blue balance (–a* and +a* correspond to green and red and –b* and +b* correspond to blue and yellow, respectively) (Dyer et al., 2011). As presented in Table 2, PDBT-Th, PDBT-Th:Th, PDBT-2Th, and PDBT-Th:2Th showed –a* and +b* directions in the neutral state, therefore, the polymers exhibited yellow green color. PDBT-2Th:Th and PDBT-2Th:2Th exhibited noteworthy color of claybank (neutral state), which was attributed to the value of +a* and +b* directions. Isosbestic points at 450 nm of DBT-Th based polymers and 500 nm of DBT-2Th based polymers appeared in the spectra, indicating that these polymers were easily interconverted between neutral and oxidized states (Balan et al., 2011; Lin et al., 2020b).
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FIGURE 5. Spectroelectrochemical traces for PDBT-Th (A), PDBT-Th:Th (B), PDBT-2Th (C), PDBT-Th:2Th (D), PDBT-2Th:Th (E), and PDBT-2Th:2Th (F) on ITO coated glass in CH3CN-Bu4NPF6 (0.1 mol L−1).



Table 2. Colorimetric parameters for the prepared polymers.
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CONCLUSION

Thiophene was used as a fundamental unit to progressively construct conjugated polymers of various lengths by electrochemical polymerization from polymeric precursor monomers (DBT-Th and DBT-2Th) and comonomers (thiophene and bithiophene). Theoretical DFT calculations, electrochemical, and electrochromic properties were measured and compared. All polymeric precursor systems exhibited increasingly significant voltage drops (ΔV) of their reduction peaks with enhanced conjugation length. All conjugated polymers exhibited decreased HOMO-LUMO gaps, significantly improved electrochemical stability, and noteworthy color changes when transitioning from the oxidized to neutral state with increasing conjugation length.
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Diketopyrrolopyrrole (DPP) and its derivatives have been widely studied in the past few years due to its intrinsic physical and chemical properties, such as strong electron-withdrawing, deep color, high charge carrier mobility, strong aggregation, good thermal-/photo-stability. In the 1970s, DPP was developed and used only in inks, paints, and plastics. Later, DPP containing materials were found to have potential other applications, typically in electronic devices, which attracted the attention of scientists. In this feature article, the synthesis pathway of DPP-based materials and their applications in organic field-effect transistors, photovoltaic devices, sensors, two photo-absorption materials, and others are reviewed, and possible future applications are discussed. The review outlines a theoretical scaffold for the development of conjugated DPP-based materials, which have multiple potential applications.
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INTRODUCTION

In the past few years, extensive research has developed novel π-conjugated materials, examining different ways to use them in various applications, including organic field-effect transistors (OFET), solar cells, organic light emitting diodes (OLED), coatings, sensors, and so on (Eom et al., 2017; Huang and Li, 2018; Deng et al., 2019; Kwon et al., 2020). These materials offer many technological advantages compared to their inorganic counterparts, such as their low weight, low fabrication cost, foldability, and easy conformation onto non-flat surfaces. Recently, increasing numbers of chemists and physicists have expressed interest in diketopyrrolo-[3,4-c]pyrroloe (DPP) pigments, since DPP-based materials show excellent electronic properties with good thermal and photo-stability (Tieke et al., 2010; Kaur and Choi, 2015).

DPP pigments were commercialized in the 1980s when a crucial structural unit in an important class of red pigments with deep color was first made available. In the beginning, DPP were developed as dyes and pigments and used in inks, paints, and plastics (Iqbal et al., 1988). There were only a few articles on DPP pigments, and the first thiophene-flanked DPP-based polymer semiconductor for OFETs was reported in 2008, which showed hole mobility (μh) of 0.1 cm2 V−1 s−1 and electron mobility (μe) up to 0.09 cm2 V−1 s−1, respectively. Since then, DPP-based conjugated materials have received increasing attention from scientists (Bürgi et al., 2008).

DPP pigments were often constructed by a DPP core with two flanked aromatic groups (Figure 2). The core of DPP contains two amine units and carbonyl groups with bicyclic, which endow the DPP pigments with strong electron deficiency properties that can be used for the construction of donor-acceptor (D-A) conjugated materials. DPP-based materials have often exhibited extraordinarily strong π-π interaction and aggregation properties between the neighboring DPP moieties, resulting in the materials having beneficial properties for electronic devices (Qu and Tian, 2012). Till now, the DPP chromophore and its derivatives have played a key role in the molecular design and construction of high-performance materials in electronic devices, including sensors, and so on. Based on the DPP chromophores with numerous advantages, several articles have reviewed its applications in OFETs, sensors, and solar cells separately (Qu and Tian, 2012; Kaur and Choi, 2015; Zhao et al., 2019). However, a comprehensive review of the DPP chromophore and its derivative application has not yet been reported. This article discusses the synthesis pathways, before examining some applications of DPP-based materials, such as OFET, OPV, sensors, two photo absorption materials, coatings, hole transfer materials in perovskite solar cells, etc. (seen in Figure 1), and later, suggests future applications.


[image: Figure 1]
FIGURE 1. The application of DPP-based materials.




SYNTHESIS OF DPP-BASED MATERIALS

In 1974, Farnum and co-authors first designed and synthesized the DPP pigment flanked with two phenyl units in the low yield (Donald Parnum et al., 1974). The obtained 8-π electron fused ring hydrocarbon pentalene was highly insoluble in most common organic solvents and brilliant red color. Later, Iqbal et al. modified the synthesis pathway by a single reaction step between aromatic nitrile with dialkyl succinate (Figure 2) with a high yield (Iqbal et al., 1988). Subsequently, a large number of DPP derivatives have been designed and reported with the color from red to blue, for example, isomer-DPP, phenyl-/pyridyl-/thienyl-/furanyl-/seleneyl-/thienothiopheneyl- flanked DPP (Figure 2), DPP with distinct alky chain (branch or liner, various length, functionalization, etc.), and so on (Chen et al., 2012; Yiu et al., 2012; Zhang et al., 2013; Yi et al., 2015; Jiang X. et al., 2017; Jiang Z. et al., 2017). These flanked groups could affect the planarity of the DPP pigment, energy levels, and π-π stacking distance. DPP pigments contain two carbonyl and amine units in the core which could form strong hydrogen bonding (NH.OC) in the solid states, resulting in poor solubility in most common organic solvents (Zhang et al., 2017). However, the alkylation could break the hydrogen bonding association, acquiring a good solubility. The soluble DPP with two functional groups, such as bromine, could rend it suitable for polymerization (Tieke et al., 2010). Through the Stille coupling reaction, Yu et al. reported the first DPP-based polymers containing phenyl-flanked DPP and phenylene in the backbone in 1993 (Chan et al., 1993). Later, other approaches including the Suzuki coupling, electrochemical polymerization (Liu et al., 2017), and Buchwald coupling, were developed to synthesize DPP-based polymers (Tieke et al., 2010). Compared with the small molecules or oligomers, D-A typed DPP polymers are more popular in electronic devices. The desirable properties of DPP-based polymers originated from the strong electron deficiency and good planarity of the DPP unit, large π-conjugation system, and remarkable aggregation properties. Further modification of the DPP chromophore is crucial for the application of DPP-based materials.


[image: Figure 2]
FIGURE 2. Synthesis of DPP pigments.




APPLICATIONS


Organic Field-Effect Transistors (OFETs)

Since the first DPP polymer was reported with the μh of 0.1 cm2 V−1 s−1 and μe up to 0.09 cm2 V−1 s−1, the DPP chromophore and its derivatives have obtained a tremendous amount of attention as an electron acceptor in building D-A typed semiconductor materials (Bürgi et al., 2008). DPP-based materials in OFETs can be divided into polymers and small molecule OFETs. Polymers, due to the large π-conjugation system, often show high inter-molecular charge transport mobility. Kim's group have reported a series of DPP-based polymers by varying the ratio between poly [DPP-(E)-[2,2-bithiophen]-5-yl)-3-(thiophen-2-yl) acrylonitrile (CNTVT)] unit and DPP-selenophene-vinylene-selenophene (SVS) unit (Khim et al., 2016). In this work, the author found that the charge transport mobility could be effectively modulated from p-channel (μh = 6.63 cm2 V−1 s−1, μe = 0.08 cm2 V−1 s−1, CNTVT:SVS = 1:9) to n-channel (μe = 7.89 cm2 V−1 s−1, μh = 0.88 cm2 V−1 s−1, CNTVT:SVS = 9:1) dominated by modifying the CNTVT and SVS units. Later, Zhang's groups introduced hydrogen bonding through alkyl-chain engineering to build the OFETs with μh even up to 12 cm2 V−1 s−1 (Yao et al., 2016). Very soon, Zhang's group investigated thionation isoDPP to isoDTPP could not only improve charge mobility but also result in ambipolar transporting properties (Zhang et al., 2018b).

To the best of our knowledge, the highest charge transfer mobility based on DPP materials was reported by Luo et al. (2016). The author introduced tetramethylammonium iodide into the DPP polymer thin film, which showed the μh up to 26 cm2 V−1 s−1 and μe to 4.4 cm2 V−1 s−1. Such high charge carrier mobilities are ascribed to the more ordered lamellar packing of the alkyl side chains and inter-chain π-π interactions. For small molecular OFETs, since the molecular packing with more crystalline can be easily modified by the chemical structure, they often showed good intra-molecular charge transport ability. Recently, hydrogen bonding association in DPP-based materials enhanced the charge carrier mobility, as reported by Zhang and other groups (Oh et al., 2016; Zhang et al., 2017, 2020). Through hydrogen bonding association, the crystal-to-crystal transition was studied in crystal DPP-based semiconductors by Zhang et al. (2017). Even the hole mobility was only 0.26 cm2 V−1 s−1, this work provided a simple and useful approach to obtain high cystallinity OFET devices with insoluble pigment molecules through their soluble precursors.

Compared with other types of organic material semiconductors, more DPP-based materials were reported with high charge carrier mobility, typically over 1 cm2 V−1 s−1. DPP-based materials show high charge carrier mobilities. This is probably due to its strong electron-deficient ability, good planarity, and strong aggregation, which cause the materials to have good inter-/intra- charge transport ability within the semiconductor layer. Design of DPP chromophore, such as modification with the flanked aromatic groups, alkyl chain, and the core of the DPP, etc., is crucial for achieving good semiconductor materials.



Organic Photovoltaics (OPVs)

Among the various renewable energy sources, solar energy, renewable, and carbon-neutral energy sources are unarguably the most exploitable sources. More solar energy reaches our planet in 1 h that is consumed by mankind in an entire year (Hammarström and Hammes-Schiffer, 2009). Thus, photovoltaic cells, which directly convert solar energy to electrical energy, represent the most promising renewable energy device. Up to date, the organic solar cell (OSCs) has received a large amount of attention due to its promising performance, its simple solution-processable fabrication technique, low cost, and sustainability (Chen et al., 2020; He et al., 2020). Recently, more scientists have turned their attention to chemical structure modification, regarding organic materials. Among these, the DPP pigment has a high profile and often plays an important role in the molecular design concept for high-performance materials in OSCs.

In 2008, Janssen's group reported a polymer containing thiophene-flanked DPP and bithiophene and used it to construct bulk-heterojunction (BHJ) solar cells with C60 and PC70BM, which showed a power conversion efficiency (PCE) up to 4.0% with open-circuit voltage (Voc) of 0.61 V (Wienk et al., 2008). In this OSC, the DPP-based polymer operated as a donor and fullerene worked as an electron acceptor. Later, the same group modified the alkyl chain and donor unit (phenyl instead of bithiophene) for polymerization. The obtained polymer exhibited slightly higher PCE ( 5.5%) and higher Voc ( 0.8 V) (Bijleveld et al., 2010). The higher Voc could be ascribed to: (i) in most cases, the Voc in BHJ solar cells are related to the energy difference between the lowest unoccupied molecular orbital (LUMO) levels of the acceptor and the highest occupied molecular orbital (HOMO) levels of the donor (conjugated materials); (ii) the donor units in the materials mainly contribute to the HOMO levels; (iii) phenyl showed weak donor ability compared to thiophene. This also has been studied in the DPP-based oligomers (Qu et al., 2012).

Compared with the fullerence OSCs, the non-fullerence (NF) OSCs are more popular due to various advantages such as tunable absorption, structure versatility, energy levels, and crystalline (Qu and Tian, 2012; Gao et al., 2019; Zhao et al., 2019). DPP-based materials in OSCs belong to state-of-the-art materials in NFOSCs, due to its strong electron-withdrawing ability and broad optical absorption even into the near-infrared (NIR) region. Li's group reported DPP-based polymers containing Th-DPP and oligothiophene segments (Jiang X. et al., 2017). These polymers showed strong absorption between 500 and 1,000 nm, which match well with the solar spectrum. Using these polymers as electron donor and 3,9-bis(2-methylene-(3-(1,1- dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-b']dithiophene (ITIC) as electron acceptor to build NFOSCs resulted in the PCE of 1.9–4.1%. These studies indicated that it is crucial to tune the miscibility between donor and acceptor for improving the performance of NFOSCs. Compared to polymers, small molecules and oligomers are purified and modify the chemical structure more easily. In 2019, Gao et al. reported two NIR absorbing DPP-based oligomers and used them as acceptors combined with 6TIC as a donor to construct NFSOCs (Gao et al., 2019). To the best of our knowledge, these NFSOCs showed the best performance among the DPP-based solar cells with the PCE up to 12.08%. The high device performance could be ascribed not only to the chemical and physical properties of the oligomer structure, but also the good film morphology. DPP-based conjugated materials, typically the thiophene-flanked DPP, often showed broad absorption spectra with NIR tail, high charge carrier mobility, and crystallinity, thus it is widely used in OSCs. Further functionalization of DPP materials, such as furanone-/seleneyl-flanked DPP or isoDPP, combined with optimizing device fabrication, might be critical in realizing high performance OSCs.



Sensors

A chromophore bonded with a specific analyte can cause either an increase or decrease in the emission/absorption intensity, accompanied by the phenomenon of a red or blue shift of the emission band or absorption band. These kinds of chromophores were widely used as sensors (Kaur and Choi, 2015). Recently, DPP molecules have been popular in ions sensors because of functional units such as carbonyl and amine groups. In 2018, Zhang et al. reported that a DPP-based polymer film contains lactam amide units. This work firstly indicates that the DPP-based polymer film can be used not only as a renewable fluoride anion chemosensor with detection limits as low as 10−6–10−8 M, but also a promising fluoride anion extractor (Zhang et al., 2018a). Jang's group reported the DPP small molecule for detection cyanide anion due to the functional carbonyl units of the DPP core (Jeong et al., 2012). The original DPP small molecule in the solution shows green color with strong emission. However, once the cyanide anion was added, the solution color changed into red with quenching fluorescence.

Through molecular design, DPP-based materials with NIR absorption and emission are popular in cell sensors. This could be attributed to the fact that the low energy from the NIR light can minimize photo-damage to biological cells and deeply penetrate tissue for cell recognition (Kaur and Choi, 2015). Wiktorowski et al. reported water-soluble DPP derivatives with NIR fluorescence and internalized it into live-cell images of CHO cells using a confocal fluorescence microscope (Wiktorowski et al., 2014). The result showed that the intra-cellular fluorescence quantum yield (ϕf) of the DPP derivative was 34%. Compared with the most used indocyanine green, DPP derivatives showed not only high intra-cellular ϕf but also improved intra-cellular photostability. Further modification DPP derivatives, typically focusing on good photostability, high ϕf, water solubility, along with two-photo absorption and emission, is crucial for the development cell or DNA sensors.



Two-Photon Absorption (TPA)

Conjugated molecules exhibiting large TPA cross sections (δ) can be applied in the photo-sciences, for example in two-photon fluorescence imaging, optical power limiting, two-photon up conversion lasing, three-dimensional optical data storage and so on (Xu et al., 2020). Although there are numerous conjugated materials with TPA properties, few among them exhibit large δ. In 2008, Yang's group reported that the phenyl amine-DPPs small molecule showed large δ up to 1,200 GM (Guo et al., 2009). Later, this group studied the DPP-based polymer, which also displayed high δ (859 GM) (Zhang et al., 2011). Since then, the DPP chromophore was widely studied and used in the design of TPA materials. Ftouni et al. reported a series of DPP-based small molecules with δ being 750 GM, and successfully coupled these molecules to a synthetic Tat-derived peptide as a two-photon fluorescent tag for living cell microscopy with low power excitation (Ftouni et al., 2013). Later, Hua's group reported DPP oligomer with not only large δ (1,140 GM) and high fluorescence brightness after aggregation (39.02%), but also strong aggregation-induced emission properties (Jiang et al., 2016). These kinds of materials are promising in terms of bio-application, except for bio-imaging, and DPP materials with TPA properties used in heavy metal sensors, such as Hg+, as reported by Nie and co-authors (Nie et al., 2018). Till now, the DPP-based TPA materials have a large space and research has explored multi-photon absorption, but examinations of three-photo absorption are quite rare. In 2017, Ye et al. firstly reported a series of DPP oligomers with three-photon absorption through computation (Ye et al., 2017). Unfortunately, these materials have not been synthesized, but through the development of molecular design concepts, multi-photon absorption materials based on DPP derivatives are on the way.



Other Applications

With the exception of the application described above, the intrinsic physical and chemical properties of DPP-based materials mean they are were widely used in other applications. Reversible electrochromism properties regarding DPP-based polymers were reported by Tieke's group (Zhang et al., 2013). These studies reveal that DPP-based materials had potential in color-change windows. In the beginning, DPP pigment was developed as a dye in inks and paints due to its weather resistance and deep color. Based on these properties, Zhang and Zhou et al. introduced DPP into the one-coat epoxy coating, which showed improvement in UV-stability compared to the pure epoxy coating, due to the DPP pigment creating strong UV-light absorption (Zeng et al., 2018). DPP chromophore, typically the thiophene-flanked DPP with high hole transfer mobility, were used in dopant-free hole transfer materials (HTM) in perovskite solar cells, which not only improved the device stability but also reduced the cost of HTMs compared to the state-of-art HTMs (spiro-OMeTAD) (Li et al., 2019; Zhang et al., 2019; Chang and Wang, 2020). Data's group reported phenyl-, furanyl- and thienyl-flanked DPP as emitters in OLED devices, which showed the EQE up to 12.1% (Data et al., 2016).




CONCLUSION AND OUTLOOK

In summary, we have provided an overview of the synthesis and applications of DPP-based π-conjugated materials. Various aromatic-flanked DPP derivatives were described. DPPs are insoluble pigment due to the strong hydrogen bonding, which through alkylation of the amide units and bromination of the aromatic units could be converted into soluble monomers for polymerization. DPP chromophore exhibits strong electron-deficient properties, good planarity backbone, and strong aggregation in the solid-state. It has been widely used in the construction of D-A typed high performance semiconductor materials. Due to its broad optical absorption combined with high charge transfer mobility and good photo-/thermal-stability, DPP-based materials were widely used in solar cells, typically non-fullerence solar cells. The carbonyl and amine groups in the DPP core lead to DPP derivatives suitable for many ion sensors and cell sensors, particularly in the NIR region sensor and TPA biological sensor. Moreover, the application of DPP in other fields, such as coating, chemical color change window, photo-detector, OLED, etc., would also benefit from exploration in the future.

Compared with the phenyl- and thienyl-flanked DPP, the seleneyl- and pyridyl-flanked DPP are less studied. The pyrridyl-flanked DPP might display low LUMO levels with good electron transfer mobility. The seleneyl-flanked DPP might show improved planarity and good aggregation, thus high charge transfer mobility is expected. It would be worthwhile to further functionalize for DPP and its derivatives, such as enlargement of π-conjugation, modification of alkyl chain, design of high-performance polymers for the promotion in π-conjugated materials applications. DPP-based conjugated materials might play a key role in realizing high performance electronics as well as other applications, thus further design of DPP-based materials and development of its applications are required.
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A series of donor–acceptor (D–A) tricoordinated organoboron derivatives (1–10) have been systematically investigated for thermally activated delayed fluorescent (TADF)-based organic light-emitting diode (OLED) materials. The calculated results show that the designed molecules exhibit small singlet-triplet energy gap (ΔEST) values. Density functional theory (DFT) analysis indicated that the designed molecules display an efficient separation between donor and acceptor fragments because of a small overlap between donor and acceptor fragments on HOMOs and LUMOs. Furthermore, the delayed fluorescence emission color can be tuned effectively by introduction of different polycyclic aromatic fragments in parent molecule 1. The calculated results show that molecules 2, 3, and 4 possess more significant Stokes shifts and red emission with small ΔEST values. Nevertheless, other molecules exhibit green (1, 7, and 8), light green (6 and 10), and blue (5 and 9) emissions. Meanwhile, they are potential ambipolar charge transport materials except that 4 and 10 can serve as electron and hole transport materials only, respectively. Therefore, we proposed a rational way for the design of efficient TADF materials as well as charge transport materials for OLEDs simultaneously.

Keywords: tricoordinated organoboron derivatives, thermally activated delayed fluorescent (TADF), photophysical properties, reorganization energy, organic light-emitting diodes (OLEDs)


INTRODUCTION

Organic light-emitting diodes (OLEDs) have drawn considerable attention for applications in displaying and lighting fields owing to their outstanding advantages nowadays (Choy et al., 2014; Zhang et al., 2015; Im et al., 2017a; Liu et al., 2017b, 2018; Pal et al., 2018; Zhu et al., 2018). Unfortunately, their commercialization applications are still limited by the low device performance at high luminance and low external quantum efficiency (EQE) of the emitters. It is noteworthy that charge recombination results in 25% singlet and 75% triplet excitons in the traditional fluorescence process (Tang and Vanslyke, 1987; Burroughes et al., 1990). The triplet excitons cannot be directly utilized by emitters because they are spin forbidden and decay is non-emissive in producing undesired heat. As a consequence, the internal quantum efficiency (IQE) of OLEDs does not exceed 25% using singlet excitons for traditional fluorescent materials. Remarkably, it is challenging to develop highly efficient emitters utilizing triplet excitons. The phosphorescent emitters incorporating heavy metals can reach an IQE of nearly 100% by enhancing electron spin–orbit coupling (Baldo et al., 1998; Adachi et al., 2001; Xia et al., 2014). However, the applications of phosphorescent materials containing heavy metals are limited owing to their high cost and environmental contamination (Li et al., 2013; Liu et al., 2017a; Wang et al., 2018). Accordingly, it is critically important to develop novel metal-free materials, which can be functionalized as efficient emitters and exhibit environment friendliness. To address this issue, thermally activated delayed fluorescence (TADF) materials have been considered recently as promising candidates because of their potential in achieving 100% IQEs by harvesting all the triplet excitons (Uoyama et al., 2012; Wu et al., 2017; Yang et al., 2017; Chatterjee and Wong, 2019; Wang et al., 2019). As for TADF materials, a small energy gap (ΔEST) between the lowest singlet (S1) and triplet (T1) states promotes efficient spin conversion from the triplet to singlet manifold by thermal activation through reverse intersystem crossing (RISC), subsequently resulting in fluorescence from the converted S1 to the ground (S0) states (Evans et al., 2018; Li et al., 2018b; Zhu et al., 2019). It is noteworthy that a small ΔEST is favorable for the RISC process and may obtain TADF. Furthermore, it is noticeable that the interplay between theory and experiment is capable of providing a deeper insight into the understanding of the optical and electronic properties of molecules in ground as well as excited states. Many theoretical research efforts have been made in this regard. It is critically important to get the relationship between topologic structure and optical as well as electronic properties for designing novel materials with improved properties. Density functional theory (DFT) and time-dependent DFT (TD-DFT) approaches have been remarkably successful in accurately evaluating a variety of ground and excited-state properties, in particular for TADF materials (Lu et al., 2015a,b; Wang et al., 2017; Hussain et al., 2019). In this regard, the rational design of a twisted donor–acceptor (D–A)-type structure can endow the molecules with TADF characteristics. These systems can efficiently reduce ΔEST in virtue of their separating the highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) (Geng et al., 2017; Li et al., 2018a). Additionally, D–A architectures are beneficial for the intramolecular charge transfer (ICT) in the excited states (Santos et al., 2016; Deng et al., 2019; Zhang et al., 2020). In addition, TADF materials with different donor moieties such as 9,9-dimethyl-9,10-dihydroacridine, 10H-phenoxazine, 5,10-dihydrophenazine, 10H-phenothiazine, 9H-carbazole, 3,6-di-tert-butyl-9H-carbazole, 9,9-diphenyl-9,10-dihydroacridine 9H-spiro[4,5]fluorene-9,10-dihydroacridine, 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole, and diphenylamine possess excellent electroluminescence performance (Bezvikonnyi et al., 2019; Hosokai et al., 2019; Jin et al., 2019; Joo et al., 2019; Kim et al., 2019; Sharma et al., 2019; Zhong et al., 2019). Meanwhile, there are many TADF materials with different acceptor moieties such as benzonitrile, triazines, sulfones, benzophenone, quinoxaline, and naphthalimide reported in literature (Li et al., 2016; Nobuyasu et al., 2016; Tsujimoto et al., 2017; Sommer et al., 2018; Wu et al., 2018; Yu et al., 2018). The HOMO/LUMO distribution and energy levels of the typical donor and acceptor moieties have been found in the relevant literature (Im et al., 2017b). Among the numerous reported TADF materials, organoboron compounds have drawn significant interest recently owing to their appealing optical properties in OLEDs. Because of the lack of electrons in the Pz orbital, the central boron atoms in the organoboron compounds exhibit strong electron-accepting ability through p–π conjugations, which is favorable for the ICT (Ji et al., 2017; Giustra and Liu, 2018; Liang et al., 2018; Meng et al., 2019).

Considering the merits and characteristics mentioned above, in this work, we design a series of novel D–A tricoordinated organoboron compounds with 5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene (DOBA) as electron acceptors and different polycyclic aromatic fragments as electron donors for TADF molecules (Scheme 1). Applying DFT and TD-DFT approaches, optoelectronic properties including frontier molecular orbital (FMO) energies (EHOMO and ELUMO), HOMO–LUMO gaps (Eg), adiabatic ionization potentials (AIP), adiabatic electron affinities (AEA), reorganization energy (λ), and ΔEST were systematically investigated. The absorption, fluorescence, and phosphorescence spectra of the designed molecules were predicted using the TD-DFT method. This provides a useful insight for designing novel TADF materials as well as charge transport materials for OLEDs.
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SCHEME 1. Molecule models of 1–10 investigated in this work.




COMPUTATIONAL DETAILS

Geometry optimizations for all the designed molecules in the S0 states were accomplished using the DFT method in the Gaussian 09 package (Frisch et al., 2009). The corresponding frequency calculations were carried out at the same level to prove the nature of each stationary point. Using the TD-DFT approach, the structures in S1 and T1 states were optimized. Under the optimized structures in S0, S1, and T1 states, their absorption, fluorescence, and phosphorescence spectra were predicted by using the TD-DFT method. Meanwhile, the ΔEST values were evaluated by adiabatic excitation energy. The 6-31G (d,p) basis set was selected for all the calculations in this work. With the aim to select reasonable exchange correlation functionals, six functionals including B3LYP (Becke, 1993), PBE0 (Adamo and Barone, 1999), ωB97XD (Chai and Head-Gordon, 2008), M062X (Zhao and Truhlar, 2008), and CAM-B3LYP (Yanai et al., 2004) were employed to optimize the geometries of molecule 1 in S0, S1, and T1 states. On the basis of the optimized geometries in S0 and S1 states, the absorption and fluorescence spectra were predicted using the corresponding TD-DFT method. The ΔEST values were also calculated using the different methods. The corresponding results as well as the experimental data are shown in Figure 1 and Supplementary Table 1. As visualized in Figure 1, obviously, the fluorescence emission wavelength (λfl) obtained using the B3LYP functional (567 nm) is quite close to the experimental value (557 nm) (Meng et al., 2019), with the deviation of 10 nm. Furthermore, both the ΔEST values of molecule 1 obtained using B3LYP and PBE0 functionals (0.0068 and 0.0107 eV) are close to the experimental value (0.0091 eV). Additionally, comparing the optimized geometries of 1 (for the atom numbering, see Supplementary Figure 1) in S0 states with its crystal structure data [CCDC 1887610], one can find that the main geometrical parameters obtained using the B3LYP/6-31G(d,p) method are in better agreement with crystal structure data than those obtained with other methods (Supplementary Table 2). Therefore, geometry optimizations in S0, S1, and T1 states, band gaps Eg, ΔEST, absorption, fluorescence, and phosphorescence spectra of molecules under investigation were performed by the B3LYP/6-31G(d,p) and TD-B3LYP/6-31G(d,p) methods.


[image: Figure 1]
FIGURE 1. Calculated fluorescence wavelengths (λfl) of 1 using various functionals, along with available experimental data.


The reorganization energy λ is composed of external and internal reorganization energies (λext and λint). We focus only on the λint because λext is quite complicated to predict at this stage. λint can be expressed as (Köse et al., 2007; Sancho-García, 2007):
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Here, E± and E stand for the energies of the charged and neutral states in the ground states, respectively; [image: image] corresponds to the energy of the charged state with the optimized neutral molecule structure. E* represents the energy of neutral molecule with the optimized charged geometry. Furthermore, AIP and AEA were calculated by the adiabatic potential-energy surfaces of neutral/charged species. AIP can be obtained with the energy difference between cation and neutral specie. AEA was determined by the energy difference between neutral and anion specie. The AIP, AEA, and λ for the electron (λe) and hole (λh) of the designed molecules were predicted at the B3LYP/6-31G(d,p) level.



RESULTS AND DISCUSSION


Molecular Geometries in the Ground and Excited States

The main geometrical parameters of the designed molecules in S0, S1, and T1 states are given in Supplementary Table 3. The results displayed in Supplementary Table 3 reveal that there are no significant changes in the bond lengths of acceptor DOBA fragments for the designed molecules in S0 states. Compared with the parent molecule 1, the bond length change mainly appears on the bonds which connect the DOBA acceptor and different donor fragments. Obviously, the lengths of C5-N22 bonds for molecules 2, 3, 5–8, and 10 have been decreased by 0.005, 0.003, 0.02, 0.022, 0.001, and 0.024 Å, while the corresponding values of C5-N22 for 4 and C5-C22 for 9 have lengthened by 0.002 and 0.05 Å with respect to that of molecules 1, respectively. Similar phenomena are found for C18-N24 bonds for 2–8 and 10 and C18-C24 bond for 9. Furthermore, the designed molecules display a large twist angle (β) between their acceptor and donor fragments in the S0 states owing to their large steric hindrance. The β values of 1–4, 7, and 8 are about 81–100°, while the corresponding values of 5, 6, 9, and 10 are about 34–51°, respectively. The large β values facilitate for disrupting the electronic communication between D and A fragments. Comparing the geometrical parameters of the designed molecules in S1 states with those in the S0 states, the bond lengths of B1−C2, C4−C5, C6−C7, C9−C10, C13−C14, B1−C15, C17−C18, and C19−C20 (0.002–0.025 Å) are shortened, while other bond lengths are enlarged (0.001–0.025 Å), respectively. The more obvious bond length variations are found for the connecting bonds between acceptor and donor fragments for the designed molecules. The C5−N12 and C18−N24 bonds for 1–8 and 10 are stretched (0.005–0.038 Å and 0.005–0.038 Å) in the S1 states as compared to those in the S0 states, respectively. However, compared with the C5−C12 and C18−C24 bonds for 9 in the S0 state, obviously, they are shortened by 0.036 and 0.003 Å in the S1 state, respectively. Additionally, it can be seen that the twist angle β is closer to 90° in the S1 state as compared to those in the S0 states for the designed molecules except for 9, whose two β values in the S1 state are smaller than those in S0 states, respectively. Apparently, inspection of Supplementary Table 3 reveals that the geometrical parameters in T1 states are similar to those in S1 states for 1–4, 7, and 8. On the contrary, the molecular geometries in T1 states for 5, 6, 9, and 10 are closer to those in S0 states, respectively.



Frontier Molecular Orbitals

It is worth noting that the FMO energies (EHOMO and ELUMO) and Eg play dominant roles for the optical and electronic properties. The molecular geometry is affected by electron density redistribution that is caused by an electronic excitation (Forés et al., 1999; Helal et al., 2011). The distributions of HOMO and LUMO in S0 states for the designed molecules are plotted in Supplementary Figure 2. Additionally, we investigated the contributions of A and D fragments to the FMOs and the overlap value (ρ) between D and A fragments on HOMOs and LUMOs, as displayed in Supplementary Table 4. An inspection in Supplementary Figure 2 reveals clearly that the HOMOs of 1–10 are mainly localized on the D fragments, whereas the corresponding LUMOs predominantly reside at the A fragments. The contributions of D fragments for HOMOs in 1–4 and 7–9 are 93.1, 94.4, 95.6, 95.4, 93.1, 92.8, and 99.4%, while the corresponding contributions for 5, 6, and 10 are 83.1, 85.8, and 66.5%, respectively. For the LUMOs, the contributions of A fragments in 1–8 are larger than 90%, while the corresponding contributions for 9 and 10 are 75.9 and 84.5%, respectively. Apparently, the HOMO to LUMO transitions lead the electronic density to flow from D to A fragments. The percentages of charge transfer are in the order of 4 (89.3%) > 3 (88.9%) > 2 (87.5%) > 7 (86.4%) > 8 (85.9%) > 1 (85.7%) > 6 (76.9%)> 9 (75.3%)> 5 (74.8%) > 10 (51%). Moreover, the overlap (ρ) between D and A fragments on HOMOs is in the range of 0.001–0.040, while the corresponding ρ values for LUMOs are 0.013–0.026, for the designed molecules except for 10, whose ρ values on its HOMO and LUMO are 0.082 and 0.037, respectively. It indicates that the HOMO to LUMO transitions exhibit a strong charge transfer nature and slight electron exchange energy, resulting in small ΔEST values.

The qualitative HOMOs and LUMOs in S1 states for 1–10 are shown in Figure 2. The calculated EHOMO, ELUMO, and Eg, the overlap (ρ) between D and A fragments, and the contributions of A and D fragments (in %) to the FMOs of 1–10 are summarized in Table 1. Comparing the HOMOs and LUMOs in S1 states with those in S0 states, we find that the electron density plots of both HOMOs and LUMOs in S1 states are similar to those in S0 states for all the investigated molecules, respectively. The HOMOs are mainly centralized on the D fragments, whereas the corresponding LUMOs predominantly distributed on the A fragments. The contributions of D fragments for HOMOs are about 91.2–99.9%. The contributions of A fragments for the LUMOs are about 90.5–93.8% except that the contribution of A fragment for 9 is 68.7%. The percentages of charge transfer from D to A fragments are in the order of 3 (89.5%) > 4 (89.1%) > 2 (88.6%) > 6 (88.1%) > 5 (87.8%) > 7 (87.3%) > 8 (86.6%)> 1 (86.3%)> 10 (81.7%) > 9 (68.6%). Clearly, the charge transfer character in S1 states is more significant than that in S0 states. Furthermore, the ρ values for HOMOs are in the range of 0.001–0.019, while the corresponding ρ values for LUMOs are about 0.014–0.037. It suggests that the HOMOs and LUMOs are also separated efficiently in the S1 state. This implies the efficient separation between D and A fragments, which display the potential TADF features. The sequence of EHOMO and ELUMO is 3 > 4 > 2 > 1> 8 > 10 > 7 > 6 > 5 > 9 and 10 > 3 > 6 > 1> 7 > 8 > 5 > 2 > 4 > 9, respectively. Thus, the Eg values are in the order of 5 > 10 > 9 > 6> 7 > 8 > 1 > 2 > 4 > 3. It suggests that the Eg values of 2–4 decrease, while the corresponding value of 5–10 increases compared with that of 1. Therefore, one can conclude that 2–4 may possess a red shift, whereas 5–10 could exhibit a blue shift in their emission spectra in comparison with the parent molecule 1. It implies that the introduction of different aromatic heterocyclic donors can tune effectively the EHOMO, ELUMO, and Eg values for the designed molecules. Furthermore, we investigated the qualitative HOMO and LUMO plots in T1 states for 1–10 (Supplementary Figure 3). One can find that the qualitative HOMOs and LUMOs in T1 states are similar to those in S1 states for all the investigated molecules. It is also favorable for the RISC process from T1 to S1 states.
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FIGURE 2. The distributions of HOMOs and LUMOs in S1 states for the designed molecules.



Table 1. The FMO energies EHOMO and ELUMO, HOMO–LUMO gaps Eg (all in eV), HOMO and LUMO contributions (%), and the overlap between D and A fragments on HOMOs and LUMOs (ρ) of 1–10 in S1 states.
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Singlet-Triplet Energy Gap

Table 2 collected the vertical excitation energy (ES1 and ET1) in S1 and T1 states and ΔEST of 1–10 at the TD-B3LYP/6-31G (d,p) level. It is noticeable that the lower the ΔEST values, the easier the RISC process from the T1 to S1 states. The ES1 and ET1 values are in the orders 5 > 9 > 10 > 6 > 7 > 8 > 1 > 2 > 4 > 3 and 5 > 9 > 6 > 10 > 7 > 8 > 1 > 2 > 4 > 3, respectively. As expected, the order of ES1 values is similar to those Eg values except that a sequential interchange is found between 9 and 10. Moreover, the sequence of ET1 values is similar to ES1 values except that a sequential interchange is found between 6 and 10. One can find that all the designed molecules possess small ΔEST values. The prediction of ΔEST values is in the sequence 10 (0.2659) > 9 (0.2600) > 5 (0.1257) > 6 (0.0618) > 7 (0.0078) > 8 (0.0069) > 1 (0.0068) > 2 (0.0065) > 4 (0.0062) > 3 (0.0057). The results displayed in Table 2 reveal that the ΔEST values of 2–4, 7, and 8 (0.0057–0.0078 eV) are similar to that for the parent molecule 1 (0.0068 eV). On the contrary, molecules 5, 6, 9, and 10 have larger ΔEST values than the parent molecule 1, especially for molecules 9 and 10, whose ΔEST values are 0.2600 and 0.2659 eV, respectively. The reason might be that 2–4, 7, and 8 own the more effective separation between their donor/acceptor compositions (%) of the FMOs in the S1 state than those larger than 90% (Table 1 and Figure 2). Additionally, β is closer to 90° in the S1 state as compared to those of 5, 6, 9, and 10. For molecules 5 and 6, among their two β, β values are both close to 90°, while another β values are −60.6 and 59.1°, respectively. However, molecule 6 has two electron donor tert-butyl groups in donor fragments, which is more favorable for charge transfer and in turn decreases the ΔEST value. As a consequence, the ΔEST value of 6 is smaller than that of 5. For molecules 9 and 10, their smaller two β values may decrease the effective separation between their donor and acceptor fragments. Two β values are −12.7 and 32.4° for 9 and −51.7 and 77.2° for 10 in S1 states. It indicates that the introduction of 10H-phenoxazine (2) 5,10-dihydrophenazine (3), 10H-phenothiazine (4), 9,9-diphenyl-9,10-dihydroacridine (7), and 9H-spiro[4,5]fluorene-9,10-dihydroacridine (8) donor fragments does not significantly affect the ΔEST values compared with the parent molecule with 9,9-dimethyl-9,10-dihydroacridine donor fragments (1). On the contrary, the introduction of 9H-carbazole (5), 3,6-di-tert-butyl-9H-carbazole (6), 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole (9), diphenylamine (10), and donor fragments increase the ΔEST values compared with parent molecule 1. As a consequence, the RISC rate constant (kRISC) of 1–4, 7, and 8 should be higher than those of molecules 5, 6, 9, and 10 because a small ΔEST value is beneficial for the high kRISC value.


Table 2. The vertical excitation energy (ES1 and ET1) and singlet triplet energy gap (ΔEST) of 1–10 at the TD-B3LYP/6-31G(d,p) level (in eV).
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Photophysical Properties

The calculated wavelength of delayed fluorescence emission (λTADF), phosphorescence emission (λph), absorption (λabs), and Stokes shift of 1–10 are listed in Table 3. As visualized in Figure 2 and Supplementary Figures 2, 3, the FMO distributions in S0, S1, and T1 states possess π characteristics. The results presented in Table 3 show that the λabs values of 2–10 have slight bathochromic shifts compared with that of the parent compound 1, respectively. The λTADF values of 1–10 follow the tendency 3 > 4 > 2 > 1 > 8 > 7 > 6 > 10 > 9 > 5, which is similar to the reverse order of Eg values. By comparing with parent molecule 1, the λTADF values of 2–4 exhibit bathochromic shifts, 132.2, 159.5, and 136.9 nm, respectively, due to the increased electron-donating ability of the donor fragments. Conversely, it can be noted that the λTADF values of 5–10 have hypsochromic shifts, 97.9, 67.2, 25.7, 9.1, 82, and 73.1 nm compared with that of 1, respectively. Obviously, 2–4 possess more significant Stokes shifts (326.6, 320.0, and 330.5 nm) and red emission with small ΔEST values (0.0065, 0.0057, and 0.0062 eV). Nevertheless, 1, 7, and 8 exhibit green emissions with Stokes shifts, 196.7, 169.8, and 183.1 nm, respectively. In addition, 6 and 10 show light green emissions, while 5 and 9 display blue emissions with small Stokes shifts. The Stokes shifts of 5, 6, 9, and 10 are 60.0, 75.0, 68.1, and 92.2 nm, respectively. Accordingly, the delayed fluorescence emission color can be tuned effectively by introduction of different polycyclic aromatic fragments as electron donors in the parent molecule. This implies that the designed molecules are expected to be the promising candidates for TADF materials, particularly for 2–4, 7, and 8. Furthermore, the λph values are similar to the λTADF values. The small difference between the λTADF and λph values should facilitate for achieving the TADF phenomenon.


Table 3. The delayed fluorescence emission wavelength (λTADF) and phosphorescence emission wavelength (λph), corresponding to the absorption wavelength (λabs), and Stokes shift of 1–10 at the TD-B3LYP/6-31G (d,p) level.
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Charge Transport Properties

It is quite clear that the charge injection and charge transfer play dominant roles in the device performance of OLEDs. λ can be used to estimate the charge transfer rate. The AIP and AEA are used to evaluate the energy barrier for the injection of holes and electrons. Generally, the low λ value corresponds to the big charge transfer rate (Marcus, 1964, 1993). The smaller the AIP value and the larger the AEA value, the easier the injection of holes and electrons, respectively. The calculated λe, λh, AIP, and AEA of 1–10 are listed in Table 4. As presented in Table 4, we find that 3 and 5 have the smallest and largest AIP values (5.151 and 6.387 eV), respectively. The AIP values of 1–10 are observed in the following: 5 > 9 > 6 > 7 > 10 > 8 > 1 > 4 > 2 > 3, suggesting that the hole injection and transportations of 2–4 are expected to be easier than the others with respect to parent molecule 1. On the other hand, the AEA values of 3, 5, 6, and 10 are lower, while the corresponding values of 2, 4, and 7–9 are higher than that of 1 (0.878 eV). The order of the AEA of 1–10 is as follows: 9 > 4 > 2 > 8 > 7 > 1 > 5 > 3 > 6 > 10; this implies that the abilities to accept electrons in 2, 4, and 7–9 are improved with respect to parent molecule 1. So, we can deduce that the introduction of 10H-phenoxazine (2) and 10H-phenothiazine (4) donor fragments will enhance both the hole and electron injection abilities, whereas the introduction of 9,9-diphenyl-9,10-dihydroacridine (7), 9H-spiro[4,5]fluorene-9,10-dihydroacridine (8), and 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole (9) donor fragments can improve the electron injection ability only compared with that of parent molecule 1.


Table 4. Calculated molecular λe, λh, AIP, and AEA (all in eV) of 1–10 at the B3LYP/6-31G(d,p) level.
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For charge transport materials in OLEDs, generally, TPD (λh = 0.290 eV) and Alq3 (λe = 0.276 eV) are used as typical hole and electron transport materials, respectively (Gruhn et al., 2002; Lin et al., 2005). According to Table 4, the calculated λh values of 1–3 and 5–10 are smaller than those of TPD. It suggests that the hole transfer rates of the designed molecules except for 4 may be higher than that of TPD. The λh values are in the order 4 > 3 > 1 > 2 > 7 > 10 > 8 > 6 > 5 > 9. On the other hand, the λe values of 1–9 are smaller than that of Alq3. It implies that the electron transfer rates of 1–9 may be higher than that of Alq3, suggesting that their electron transfer rates might be lower than that of Alq3. The order of the predicted λe is as follows: 10 > 9 > 6 > 5 > 7 > 2 > 3 > 6 > 1 > 8. Remarkably, the difference between λh and λe for 1–3, 5–9 (0.029–0.216 eV) is small enough, suggesting that they are potential ambipolar charge transport materials. Nevertheless, 4 and 10 can serve as electron and hole transport materials only, respectively.




CONCLUSION

In summary, a series of novel D–A tricoordinated organoboron derivatives have been systematically investigated for TADF-based OLED materials. The calculated results show that the designed molecules exhibit small ΔEST values, suggesting that they can be used as excellent TADF candidates. DFT analysis indicated that the designed molecules display efficient separation between donor and acceptor fragments because of the small overlap between donor and acceptor fragments (ρ) on HOMOs and LUMOs. Furthermore, the delayed fluorescence emission color can be tuned effectively by introduction of different polycyclic aromatic fragments in the parent molecule. Molecules 2, 3, and 4 possess more significant Stokes shifts (326.6, 320.0, and 330.5 nm) and red emission with small ΔEST values (0.0065, 0.0057, and 0.0062 eV). Nevertheless, other molecules exhibit green (1, 7, and 8), light green (6 and 10), and blue (5 and 9) emissions. Meanwhile, they are potential good ambipolar charge transport materials except that 4 and 10 can serve as electron and hole transport materials only, respectively. Therefore, we proposed a rational way for the design of efficient TADF materials as well as charge transport materials for OLEDs simultaneously.
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Recent studies indicated that the toxicity of heavy metal ions caused a series of environmental, food, and human health problems. Chemical ionochromic sensors are crucial for detecting these toxicity ions. Incorporating organic ligands into π-conjugated polymers made them receptors for metal ions, resulting in an ionochromism phenomenon, which is promising to develop chemosensors for metal ions. This review highlights the recent advances in π-conjugated polymers with ionochromism to metal ions, which may guide rational structural design and evaluation of chemosensors.
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INTRODUCTION

π-Conjugated polymers refer to polymers in which double bonds (or triple bonds) and single bonds are alternately arranged, including π-π conjugated system, p-π conjugated system, and σ-π-conjugated system (Moon et al., 2007; Tan et al., 2009). It is a research hotspot in the multidisciplinary research field (Bhupathiraju et al., 2018; Biswas et al., 2020; Lee et al., 2020; Zhao et al., 2020) since Shirakawa and coworkers discovered that polyacetylene (PA) doped with I2 or AsF5 exhibited high conductivity more than 103 S/cm in 1997 (Chiang et al., 1977; Shirakawa et al., 1977). Some parent structures of π-conjugated polymers in the backbone are presented in Figure 1A (Hoeben et al., 2005). By far π-conjugated polymers are the most promising functional polymers in the field of cheap and portable electronic devices such as photovoltaic cells (Brabec et al., 2003; Chen et al., 2019), light-emitting diodes (Tang et al., 2013; Saito et al., 2018), prototype field-effect transistors (Dimitrakopoulos and Malenfant, 2002; Melkonyan et al., 2016; Zhang et al., 2017, 2018; Zhang H. et al., 2020) and coatings (Zeng et al., 2019; Zhang H. C. et al., 2020).


[image: Figure 1]
FIGURE 1. (A) Chemical structures of π-conjugated polymers, (B) Illustration of energy-transfer quenching through a conjugated polymer. *Excited state.


In recent years, researches on the π-conjugated system are booming in the fields of organic optoelectronics and sensors based on chromogenic effect. Chromogenic systems are required to be responsive to external inputs, such as metal ions (ionochromism), (Cheng and Tieke, 2014) electrons (electrochromism), (Thakur et al., 2012), or light (photochromism) (Bisoyi and Li, 2016) that could be used for image production. Among these chromogenic systems, ionochromism is realized through the coordination between metal and ligand, resulting in sensitivity to metal ions, which could be used as metal sensors. Trace metal detection plays a vital role in the environment, the human body, and equipment safety. According to the Environmental Protection Agency (EPA), thirteen heavy metal ions are listed as “priority pollutants” because the toxicity of heavy metal ions caused a series of environmental problems. It is of significance to detect the content of alkali metals ions for human condition monitoring.

This review aims to bring together the areas of metal-ligand coordination and π-conjugated systems. Materials based on metal-ligand coordination that show a polymerlike structure in solid-state refers to “metal-organic frameworks” (MOFs) (Kaneti et al., 2017; Ding et al., 2019), and in solution refers to “metallo-supramolecular polymers” (Winter and Schubert, 2016). MOFs and metallo-supramolecular polymers will not be considered in this review because they have been reviewed a lot in recent years. Therefore, this review focuses on the ionochromic properties of π-conjugated polymers with organic ligand as receptors for metal ions.



IONOCHROMISM

Ionochromic effect based on π-conjugated polymers generates from induced conductivity fluctuations either by destroying the conjugation of polymers (conformational effect) or by lowering charge carrier mobility (electrostatic effect). The conductivity of π-conjugated polymers is highly sensitive to the nature and regiospecificity of the side chains, resulting in sensory signal amplification through energy-transfer along polymer chains. Figure 1B illustrated the energy-transfer process, in which upon the excitations, the energy may migrate along the polymer backbone due to the conjugation. As a result, the π-conjugated polymers act as a molecular wire, and the conjugated system generates a response more significant than that afforded by a small interaction in an analogous small mono-receptor system (Zhou and Swager, 1995).

Organic ligand containing conjugated polymers are receptors for metal ions. The coordinating interaction between metal ions and ligand causes electrostatic or conformational changes, resulting in an ionochromic effect. Ionochromic performance in π-conjugated systems is expected to find use in portable optical devices for the detection of metal ions and some organic cations. The electron effect and steric hindrance effect of the ligand are selective for the type of metal. The ionochromic phenomenon in the π-conjugated polymer will be introduced according to the type of ligands.


Crown Ether

Crown ethers were discovered by the Nobel Prize winner Charles Pedersen (Pedersen, 1967) more than 50 years ago. Recent progress in the design and applications of chemosensors based on crown ethers for small molecules has been reviewed (Li et al., 2017). In contrast to small molecules, π-conjugated polymers have enormous advantages for sensing applications in terms of energy migration and facile exciton transport, which improve the electronic communication between receptors. Additionally, polymers could be processed into films exhibiting semi-permeability to ions. Herein, we focus attention on the design of crown ethers containing π-conjugated polymers and their applications in chemosensors.

Ionochromism was initially reported in the 1990s. Upon coordination with alkali-metal ions (K+, Na+, and Li+), polythiophenes with crown ether side chains (1, Figure 2) (Bäuerle and Scheib, 1993; Marsella and Swager, 1993) underwent interesting sensory effect because of dramatic conformational changes of polymer chains. Casanovas et al. (Casanovas et al., 2009) studied the affinity of crown ether functionalized polythiophenes for Na+, K+, and Li+ by quantum mechanical calculations. The results showed that although the association of Li+ to the polythiophenes derivatives is entropically unfavored, the binding energies increased in the order of K+ < Na+ < Li+. The authors explain that the alkali ions with small dimensions underwent large fluctuations when the dimensions of the cavities changed, leading to an increase in thermal energy.


[image: Figure 2]
FIGURE 2. Chemical structures of π-conjugated polymers with ligands.


In addition to polythiophene, chemosensors based on other conjugated systems containing benzocrown or azacrown ethers were also developed. A multiple signal responsive chemosensor was realized by a poly(phenylene-ethynylene) polymer with pendent dibenzocrown groups (2), which was responsive to multi-excitation (K+, Cl−, pH, or temperature change) (Ji et al., 2013). Additionally, exposure of a 2-based film to ammonia increased fluorescence, making it a good candidate for gas sensing. Morgado et al. studied the ionochromic properties of poly(p-phenylenevinylene) (PPV) with benzocrown ether (Morgado et al., 2000). Single-layer devices with Al cathodes showed higher electroluminescence efficiencies than those with Ca cathodes due to the existence of aggregates, induced by the crown ether side groups.

Due to the easy chemical access to modification, the functionalization of polypyrrole is widely studied by incorporating various active groups on the nitrogen atom. However, the modification of polypyrrole generated a loss of conjugation, resulting in extremely low conductivity for poly(N-substituted pyrroles), of the order of 10−4 S/cm or less (Eaves et al., 1985; Bettelheim et al., 1987). Youssoufi et al. found that the equivalent 3-substituted pyrroles (3) gave rise to highly conducting polymer films, and they developed azacrown ether substituted polypyrroles with selective cation binding on voltammetric cycling in organic media (Youssoufi et al., 1993). In contrast to benzocrown ethers, a drawback of the azacrown ethers is that it exhibits low thermodynamic stability upon alkali and alkaline-earth metal ions (Ushakov et al., 2008). The main reason is that the planar structure of the junction section of the azacrown ether and benzene moieties. The increasing electron-withdrawing ability of the moiety conjugated to the crown ether is helpful for improving the thermodynamic stability. However, this method does not always lead to the expected enhancement of optical signal induced by metal ions but may conversely attenuate the signal (Izatt et al., 1996; Ushakov et al., 1997). Gromov et al. (Gromov et al., 2013) synthesized 4-pyridine-, 2-benzothiazole-, and 2-, and 4-quinoline-based styryl dyes with an n-methylbenzoazacrown ether as a ligand. Electron spectroscopy studies showed that these compounds had a high sensibility for alkali metal and alkaline earth metal cations. In terms of electrochromism and cation binding capacity, they proved to be far superior to those based on phenylazacrown ether. After complexing with Ba2+, the fluorescence enhancement factor reached 61. The discovery of high levels of macrocyclic pre-organization is one of the factors that determine the high cation binding capacity of sensor molecules based on N-methylbenzoaza-crown ether.

Alkali-metal ions, especially K+ and Na+, are the messengers of living cells, controlling a series of physiological processes through the action of ion channels. Crown ether containing π-conjugated polymers are highly sensitive to alkali-metal ions and could be designed to medical detectors. Nevertheless, most researches focused on the ionochromism of sensors operating in organic solvents rather than in aqueous solutions (Xiang et al., 2014), which is impractical for applications. Additionally, most reported ion-selective films require long incubation times to generate a detectable response, precluding their practical use (Giovannitti et al., 2016). Single-component π-conjugated polymers (4 and 5) were synthesized that respond selectively and rapidly to varying concentrations of Na+ and K+ in aqueous media, respectively (Wustoni et al., 2019). Using a miniaturized organic electrochemical transistor chip, variations in the concentration of these two metal ions in a blood serum sample could be measured in real-time. The devices based on these crown ether containing polymers are valuable for analyzing cellular machinery and detecting human body conditions that result in electrolyte imbalance.



Pyridine

The studies on crown ether substituted π-conjugated polymers have clearly demonstrated the ionochromism in alkali chemosensors. It is well-known that oligopyridine, such as bipyridine (bpy), terpyridine (tpy), and its derivatives exhibit super abilities to coordinate a large number of metal ions. If selecting oligopyridine as ligands for π-conjugated polymers, the range of metal ion sensors could be extended from alkali metal ion selective systems to transition metal ion selective systems. Additionally, pyridine and its derivatives not only have the electron-accepting ability to coordinate with metal ions, but also are reactive for metal complex-forming reactions, such as N-oxidation, N-protonation, and quaternization with RX, which can adjust their optical and electrical properties (Yamamoto et al., 1994).

In 1997, Wang et al. reported a transition metal-induced ionochromic polymer with bpy in the backbone (6) (Wang and Wasielewski, 1997). According to theoretical calculations, there is a 20° dihedral angle between two adjacent pyridyl rings in bpy when it is in its transoid-like conformation (Cumper et al., 1962). As a result, bpy-based polymers are pseudoconjugated. With the addition of metal ions, the chelating effect of bpy ligand with the metal ions forces the pseudoconjugated conformation into a planar one, and thus makes the polymers fully conjugated, leading to the redshift in absorption spectra. Besides, incorporating bpy as a ligand directly into the backbone results in a more sensitive response with the addition of metal ions. Different linkers between bipyridine and conjugated polymer in the backbones cause differences in flexibility and rigidity of the resulting polymers. Bin Liu et al. studied the effect of linkages, including C-C single, vinylene, and ethynylene bonds, on the electronic properties and response sensitivities to metal ions (Liu et al., 2001). During the chelation with metal ions, the C-C single bond linkage provided better flexibility to the coplanarity of the pyridine unit. Therefore, C-C single bond possessed the highest sensitivity, and it was followed by vinylene bond, while ethynylene bond exhibited the lowest sensitivity. A conjugated polymer containing 2,6-substituted pyridine derivative (7) was synthesized for Pb2+ sensing (Liu et al., 2011). With the addition of Pb2+, the color changed from yellow-green to brown, and this can be easily observed by the naked eye. The detection limit of the polymer is less than 1 ppm, while the threshold of Pb2+ in drugs is 5–10 ppm. Therefore, 7 could be adopted to design an excellent sensor for Pb2+ detection.

Increasing the association constant of a molecular recognition event could improve the sensitivity of a sensor. Terpyridine (tpy) ligand possesses an excellent ability to coordinate various of metal ions with higher sensitivity than bipyridine. Zhang et al. prepared poly[p-(phenyleneethynylene)-alt-(thienyleneethynylene)] (PPETE) with bpy (8) and tpy (9) as receptors, respectively (Zhang et al., 2002). With the addition of Ni2+, 9 was quenched to 10.9% of its original emission intensity, while 8 was only quenched to 38.2%, illustrating that tpy was more sensitive to Ni2+ ion. Rabindranath et al. reported tpy substituted polyiminofluorenes (10) (Rabindranath et al., 2009). Fe2+, Co2+, Ni2+, Cu2+, Pd2+, Fe3+, Gd3+, and Zr4+ led to complete quenching of the green emission for 10, while Zn2+, Cd2+, and Eu3+ caused a weak red emission, which was redshifted by 10-30 nm compared with pure 10. Additionally, a biscomplex formed upon the addition of Zn2+, leading to red luminescent precipitation. This effect can be used for the detection of Zn2+.

Although tpy exhibits high coordinating ability with a large number of metal ions, the preparation of tpy ligands is expensive and very time-consuming. In contrast to bpy, 2,6-bis(10-methylbenzimidazolyl)pyridine (bip) ligands can be more easily synthesized on a large scale (Beck et al., 2005). Kalie Cheng et al. reported a polyimide fluorene (11) with bip ligand (Cheng and Tieke, 2014) and studied the optical properties with Zn2+ and Cu2+. Due to charge transfer from ion-specific metal to ligand, the 11/Zn2+ film is orange, while the 11/Cu2+ film is purple. Due to the oxidation of the polymer backbone, the 11/Zn2+ and 11/Cu2+ films will turn blue if anodically oxidized to 750 mV vs. FOC., and the color change is reversible. The conjugated polymer with bip ligand exhibited high contrast and short switching times in color change upon 12 dipping cycles. However, the long-term stability of bip with metal ions is lower than that of tpy based systems.

Some biomacromolecules such as DNA, RNA, and proteins are easy to be inhibited by Pd2+ in vivo and in vitro (Kielhorn et al., 2002). Additionally, Pd2+ is able to elicit a series of cytotoxic effects, resulting in severe primary skin and eye irritations. It is essential to investigate a sensor for highly selective and sensitive detection of Pd2+. Xiang et al. reported three conjugated polymers (12–14) via Sonogashira reaction (Xiang et al., 2014). The conjugated backbones of 13 and 14 are twisted, which were proved to be selective for Ni+. In contrast to 13 and 14, 12 exhibited high selectivity for Ag+ because of its linear conjugated backbone. Theoretically, the same functional group should have the same metal ion recognition capability. According to the ionochromic effect of 12–14, changes of linkage site for recognition groups resulted in different metal ion selectivity. Cyclic voltammetry measurement for 12–14 was carried out to analyze the cation selectivity by LUMO and HOMO energy levels. The LUMO levels of 12 are slightly lower than that of 13 and 14, indicating that their electron affinity is in the order of 12 > 14 ≈ 13. Additionally, the HOMO levels of 13 and 14 are slightly raised relative to 12, illustrating that the energy barrier of hole injection from the anode is in the order of 13 = 14<12. As a result, both electron and hole affinities of 12 are improved, resulting in enhanced carrier injection and transport. Moreover, smaller coordination cavity in 13 and 14 fits well with the size of Ni+ because of their twisted conjugated backbones and smaller radius of Ni+. This work provided guidelines to tune the structure of conjugated polymers for the design and preparation of the selective metal ion sensors.

Despite the successful development of chemosensors in conjugated polymers, most of the examples are in the solution state, and seldom chemosensors in neat π-conjugated polymer films have been reported. This is because of strong interpolymer π-π interactions resulting in the self-quenching of luminescence in such a condensed solid-state phase (Sahoo et al., 2014). It is a non-negligible challenge to control such random and strong interactions in the solid-state. Hosomi et al. reported π-conjugated polymer with bipyridine moieties as ligand and permethylated α-cyclodextrin (PM α-CD) as the main chain (15). The PM α-CD suppresses the interactions between π-conjugated and enabled the polymers to show efficient emission even in the solid-state (Hosomi et al., 2016). Additionally, the metal-ion recognition ability of 15 is maintained in the solid-state, leading to reversible changes in the luminescent color in response to cations. The prepared π-polymer is expected to be applicable for recyclable luminescent sensors to detect different metal ions.



1,10-Phenanthroline

1,10-Phenanthroline (phen) is an electron-poor, rigid planar, hydrophobic, and heteroaromatic ligand that has played an important role in the development of coordination chemistry (Cockrell et al., 2008; Bencini and Lippolis, 2010; Iqbal et al., 2016). Phen is a bidentate ligand for transition metal ions whose nitrogen atoms are beautifully placed to act cooperatively in cation binding. In contrast to the parent bpy and tpy systems, phen is characterized by two inwardly pointing nitrogen donor atoms, which is held juxtaposed. As a result, phen is pre-organized for strong and entropically favored metal binding. A luminescent phen-containing π-conjugated copolymer (16) responsive with Zn2+, Ir3+, and Eu3+ was reported (Yasuda et al., 2003). The λmax of 16 is shifted from 385 to 404 nm on the addition of NiCl2. Photoluminescence intensity of 1 steeply decreases in the presence of Ni2+ because of the chelating effect of the phen unit to Ni2+. Other metal ions also caused similar shifts of λmax. Mainly, Li+, Mg2+, Al3+, Zn2+, Ag+, and La3+ caused a redshift of λmax to a smaller degree of about 10 ± 35 nm; Fe3+, Co2+, Ni2+, Cu2+, and Pd2+ gave rise to a larger redshift by about 20 ± 50 nm and complete quenching of photoluminescence. This quenching phenomenon is related to an energy transfer from the π-conjugated polymer to the metal complexes. Yasuda group further synthesized a copolymer composed of alternating phen/9,9-dioctylfluorene (17) (Yasuda and Yamamoto, 2003). The color of emitted light from the polymer complex could be tuned from blue to red by transition metal ions (Co2+, Ni2+, Cu2+, and Pd2+) upon absorption spectra. Additionally, Satapathy et al. reported conjugated polymers containing phenanthroline that show remarkable sensing capabilities toward Fe2+ (Satapathy et al., 2012).



Calixarene

Calixarenes have unique hole structures, which can be functionalized to recognize metal ions. Moreover, the hydrophobic cavity of the calixarene scaffold can accommodate various gases and organic molecules (Rudkevich, 2007). With the addition of metal ions or small molecules, calixarenes undergo dramatic geometric changes, including phenol ring flips between cone, partial cone, and 1,3-alternate conformational isomers (Gutsche, 1998). The small molecular of calixarene-based sensors for recognition of transition metal cations have been recently reviewed (Kumar et al., 2019), and here only list some calixarene-based conjugated polymer sensors. Calixarene-functionalized polymers (18 and 19) were first reported in the 1990s (Marsella et al., 1995). Binding constant measurements of the calixarene-bithiophene generated a Ka (7.6 × 107) for Na+, which is approximately100 times stronger than K+ and 40 times stronger than Li+. A stronger binding constant means higher sensitivity. Ion recognition behavior of 18 and 19 toward Li+, Na+, and K+ was analyzed by UV-vis absorption and fluorescence emission spectroscopy. The resulting polymers exhibit good selectivity toward Na+, with a 24 nm blue shift for 66 and 32 nm red shift for 67.

Other calixarene-based receptors in π-conjugated polymers were reported (Wosnick and Swager, 2004; Costa et al., 2008), in which the calixarene groups were mainly as pendant groups. The direct attachment of the calixarene unit (at the upper rim) to a conjugated polymer (20) has also been reported (Yu et al., 2003). The conical configuration of calixarene makes the polymer chain segment a zigzag orientation. The segmental structure in 20 imposes great localization of the carriers, and the rapid self-exchange between discrete units causes the conductivity of such a segmented system. Protonation promoted the electron exchange resulted in high conductivity for 20. Hence, electroactive calixarene polymer that requires protonation to be highly conductive was prepared, which is useful for the design of actuating materials. A fluorescent polymer (21) in which calixarene scaffolds are the part of uninterrupted linear polymeric backbone was first reported (Molad et al., 2012). Short conjugated fragments combined with the nonlinear geometry gave rise to rather moderate sensitivity with selected stimuli. The coordination of the calixarenes in the π-conjugated polymers allows for the recognition of small molecules, such as NO.



Imidazole

Imidazole-based ligands are widely used due to their reversible fluorescence. This reversibility is realized by protonation/deprotonation upon an acid/base or metallation/demetallation with metal ions/suitable counter ligands (Jiang et al., 2010). As an important functional conjugated polymer material, polydiacetylene (PDA) has received more and more attention since the first report in 1969 (Wegner, 1969). PDA has significant color conversion and fluorescence enhancement under various environmental stimuli, including heat (Takeuchi et al., 2017), organic solvent (Yoon et al., 2007), bioanalyte (Zhou et al., 2013), ion (Wang et al., 2016), and so on. In response to different stimuli, PDA can be changed to different colors, such as purple, yellow, orange, or red, of which the transition from blue to red is the most common type. Due to their spontaneous color change and fluorescence emission development under stimulation, many PDA liposomes with specific receptor groups have been designed and widely used to detect metal ions such as Hg2+ and Cu2+ (Lee et al., 2009; Xu et al., 2011).

An imidazole-functionalized disubstituted polyacetylene (22) was prepared (Zeng et al., 2008). 22 was not sensitive to alkali and alkaline earth metal ions, and transition metals Cd2+, Mn2+, Ag+, and Zn2+, because of the poor coordination ability of the imidazole receptor with these ions. Nevertheless, Pb2+, Al3+, and Cr3+ could quench the fluorescence of 22 not completely, while Cu2+, Co2+, Fe2+, Fe3+, and Ni2+ could quench its fluorescence more efficiently. Particularly, Cu2+ quenched the fluorescence entirely at a very low concentration (1.48 ppm). Satapathy et al. reported imidazole-based polymers (23-25) that present significant ion recognition ability toward Fe2+ in semi-aqueous solutions (Satapathy et al., 2012). The fluorescence lifetime of polymer 25 (11.4-fold) decreased larger than that of 23 (4.6-fold) and 24 (6.2-fold) further, illustrating that 25 showed superior sensing capability by virtue of its stronger molecular wire effect. The fluorescence of these three polymers recovered by adding phenanthroline or Na2-EDTA. Additionally, the selectivity of 23-25 for Fe2+ interaction was not interfered by other competing metal ions.




CONCLUSIONS AND OUTLOOK

π-Conjugated polymers represent useful chemical platforms for the design of chemosensors for metal ions. In this review, we have summarized the types and characteristics of functional groups that chelating with different metal ions as well as the ionochromic effect of the π-conjugated polymers based on these functional groups. In the past few decades, significant progress has been made in the development of novel chemosensors in environmental protection, food and drug testing, and human health monitoring. Although there has been a lot of research on these materials, preparing chemical sensors with high sensitivity, long-term stability, and selectivity is still a critical challenge. The chemical and physical relationship between ligand and metal coordination also needs to be further studied to improve the theoretical guidance for the preparation of metal sensors.
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2,2′:6′,2″-Terpyridine (tpy) is a versatile moiety used in the construction of small novel molecules or polymers. Extending or coupling tpy with π-conjugation structures can result in interesting optoelectronic properties. This mini-review summarizes the significant progress made over the past decades in the study of tpy-containing π-conjugated polymers and their application in light-emitting and photovoltaic materials. When coordinated with metal ions, tpy exhibits immense potential for the synthesis of metallo-supramolecular or metallo-polymer materials. Therefore, tpy-based metallo-polymers are the primary focus of this study. Selected examples will be reviewed with a special emphasis on the properties of these functional systems, which can consequently help further their application in light-to-electricity or electricity-to-light conversion fields.
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INTRODUCTION

2,2′:6′,2″-Terpyridine (tpy) ligands are effective coordinating agents and key building blocks in supramolecular chemistry and materials because the 4′-position of the central pyridine ring can be easily substituted. Since tpy can yield stable complexes with d-block metal ions, it is widely used in linear polynuclear metal complexes, grids, and metallomacrocycles, as well as metal coordination polymers (Hofmeier and Schubert, 2004; Puntoriero et al., 2008; Wild et al., 2011; Schultz et al., 2012; Chakraborty and Newkome, 2018; Schmolke et al., 2019; Qian et al., 2020). Nowadays, energy conversion materials play a vital role in modern life and industry. Among these, photoelectric materials, which include both electricity-to-light and light-to-electricity conversion materials, are especially important (Deng et al., 2018, 2019; Zhang et al., 2019, 2020). The advantages of tpy-based metallo-polymers, increased coordination with transition metal ions, easily modifiable molecular structure, performance, excellent electrochemical properties, and good thermal stability, render them appropriate candidates for application in photoelectric materials and devices. Here, we review the most important results that deal with the synthesis of π-conjugated polymers containing tpy moieties, with an emphasis on metallo-polymers, and their application in light-emitting and photovoltaic materials and devices.



LIGHT-EMITTING MATERIALS


Terpyridine in the Side Chain

As a tridentate ligand, tpy can form stable complexes with many metal ions, including transition metal ions and rare earth ions, and is therefore used in light-emitting materials. Several organic light-emitting diodes (OLEDs) based on tpy complexes were fabricated and evaluated, and the tpy units introduced into the side chain of the functional polymers were usually coordinated with metals. In 2011, Dumur et al. (2011) published a study about the synthesis of two random copolymers bearing pendant mixed-ligand orthometallated tpy-based cationic Ir(III) complexes and their application emitters in light-emitting electrochemical cells (LECs) or as dopants in OLEDs. The polymers were obtained from the copolymerization of tpy-containing monomers and styrene through nitroxide-mediated polymerization. The resulting polymers possessed good film-forming properties, which were attributed to the polystyrene structures in the main chain. However, the absence of charge carriers and phase segregation made it difficult to inject holes, leading to the development of pool emission properties, such as brightness (70 cd·m−2) and efficiency (5 cd·m−2). Furthermore, the results showed that in cationic metallo-polymers, a minimum iridium concentration of 5% is necessary for light emission.

Lanthanides, or rare earths, compose the 5d block of the periodic table. Most Ln(III) ions are luminescent and play a vital role in lighting and light conversion (Ozawa and Itoh, 2003; Kotova et al., 2018), and tpy and tpy-like ligands showed several interesting luminescent properties when combined with lanthanide ions (Beck and Rowan, 2003). Ghosh et al. (2015) reported the multicolor luminescent properties of elastin-like polymers (ELPs) with tpy derivatives incorporated into their side chains. The tpy ligand was conjugated with an ELP through the amidation reaction between 4-amino-functionalized-tpyanda carboxyl group in the ELP. The tpy moieties acted not only as ligands for complexation with lanthanide ions [including Eu(III), Tb(III), Dy(III), Er(III), and Nd(III)] but also as an antenna. Consequently, they showed strong light absorption and then transferred the energy to the emitting metal ions, which resulted in high emission efficiency and sharp emission peaks. The photoluminescence (PL) spectra ranged from the visible to the near-infrared (NIR) regions (1,450–1,600 nm), and the direct excitation wavelength (λexc) of the ligands was 395 nm. Since the lanthanide ions have no absorption at 395 nm, the NIR luminescence was associated with the intramolecular energy transfer from the photosensitizing organic ligands. Ru et al. (2014) also reported a similar energy transfer from polymer ligands to the emitting level of the rare earth ions in luminescent materials of Eu(III) coordinated by a tpy-functionalized poly(ionic liquid). The emission spectrum excited at 340 nm showed the characteristics of Eu3+ emissions in the 570–725-nm range without any broad emission band from the polymers. Yang et al. (2013) reported three nearly monochromatic red electroluminescent (EL) chelating polymers containing carbazole segments and tpy moieties, which serve as neutral ligands to coordinate with the Eu(2-thenoyltrifluoroacetonate)3 complex. Electroluminescence studies demonstrated that the EL devices of Eu-polymers based on tpy as a neutral ligand exhibited red bright emissions. Moreover, a maximum luminance of 68.2 cd·m−2 was recorded for the double-layer devices.

In addition to their advantageous coordination with metal ions, π-conjugated tpy units in the side chains can also bring about various interesting structures and their corresponding properties. In 2017, Wang et al. (2017) reported about the preparation of a novel white-light-emitting fluorescent polymeric material via aggregation of a single fluorescent chromophore through intermolecular quadruple hydrogen bonding. The material was later used as a gel to fabricate a protected quick response code. Interestingly, the pyridinium salt monomer, which was a donor–acceptor structure and attached to the tpy unit, emitted blue light, whereas the supramolecular polymer gel created by radical polymerization showed strong white fluorescence under UV light. Two fluorescence emission peaks were observed at ~474 and 571 nm, which was the result of the aggregation of the chromophore and the formation of a charge transfer complex based on the tpy moieties in the polymers' side chain.



Terpyridine as Part of the Main Chain

The linear polymers containing tpy units are discussed in this section. The metallo-polymers produced by the introduction of metal ions into the π-conjugated main chains could possess interesting optical properties. Zinc ions are the most common metal ions used for light-emitting materials because complexation with zinc ions will not cause fluorescence quenching and may even enhance fluorescence. Figure 1 lists the selected zinc–tpy-based polymers that are employed in light-emitting materials.


[image: Figure 1]
FIGURE 1. The selected bis(terpyridines) with different spacers as the building blocks in linear Zn(II) polymers.


Emission properties such as wavelength and/or efficiency can be regulated by modifying the conjugated spaces connected with bis(tpys). In 2003, Yu et al. (2003) reported the synthesis of a family of self-assembled zinc–tpy-based polymers, which emit violet to yellow light, via self-assembly reactions. The spaces between the bispyridines were involved in flexible and rigid structures. Most of the resulting metallo-polymers exhibited higher PL quantum yields compared with that of monomers, and the emission was attributed to intra-ligand 1(*π-π) fluorescence. Among these polymers, polymers P1 and P2 were fabricated into an EL device with a single layer configuration. Blue (CIE: x = 0.15, y = 0.21) and yellow (CIE: x = 0.46, y = 0.50) emissions with a maximum luminance of 1,700 and 2,380 cd·m−2 were obtained, respectively. The results indicated that these Zn(II)-containing metallo-polymers are promising light-emitting materials for polymer light-emitting devices (PLEDs). Chen and Lin (2007) reported similar metallo-polymers P3–P6, in which central π-aromatic 9,9-dipropylfluorenes were linked to tpy units through phenylene/ethynylene fragments. Overall, the different substituents on the metallo-polymers caused adjustable photophysical and thermal properties. The decomposition temperatures (Td) of the monomers under a nitrogen atmosphere ranged from 297 to 351°C, while those of the corresponding polymers ranged from 325 to 410°C. The EL emission colors of polymers P4, P5, and P6 were yellow to orange (at a bias voltage of ~10 V), and the turn-on voltages of all devices were 6 V. The polymer P5 showed the best power efficiency, external quantum yield, and brightness, which were 0.33 cd·A−1 (at 14 V), 1.02%, and 931 cd·m−2 (at 14 V), respectively. In another study, a series of main-chain metallo-polymers, e.g., P7, was prepared through the self-assembly of rigid-linear π-conjugated bis(tpy) monomers with Zn(II) ions (Winter et al., 2009). Solution-processing methods such as spin coating and inkjet printing were applied to prepare thin homogeneous films for photophysical studies; the metallo-polymer P7 exhibited intense yellow PL emission [PL quantum yield of 0.82 in CHCl3/(CH3)2NC(O)H]. Compared with the corresponding PL spectra of P7 in the solid state, a red shift was observed at the emission maximum (~30 nm). Furthermore, the EL performances displayed the potential of these polymers as light-emitting materials for PLEDs.

Li et al. (2016) synthesized three new building blocks containing the tpy electron-acceptor motif and the electron-donor fused-ring carbazole, dithienosilole, and dithienopyrrole motifs. The introduction of Zn(II) initiated the self-assembly polymerization that led to the formation of their corresponding metallo-polymers. The PL maxima of polymers P8, P9, and P10 in the film were 443, 553, and 586 nm, respectively. Compared with the monomeric building blocks, the sharp red shifts in the polymers' PL arose from the incorporation of the transition metal ion into the backbones of the polymers, which also enhances the electron-deficient ability of the tpy moieties. Consistent with their photophysical properties, the modification by spacers with strong electron-donating ability increased the highest occupied molecular orbital (HOMO) level, whereas coordination with Zn(II) led to lower unoccupied molecular orbital (LUMO), which resulted in light-emitting materials with narrow band gaps (i.e., 2.07, 1.97, and 1.56 eV for P8, P9, and P10, respectively).

There have also been studies about introducing certain dye segments into the main chains of tpy-based metallo-polymers. Wild et al. (2013) described a variety of Zn(II) bis(tpy) metallo-polymers with a spacer dye moiety surrounded by thiophene donors. The tuning of the photophysical properties of these polymers can be obtained by systematically modifying the dye and the conjugation length. Owing to the dynamic nature of the Zn(II) complex, a great number of emission colors can be obtained depending on the energy transfer processes used and by carefully regulating the mixing ratio of blue P11 (λPL = 443 nm), green P12 (λPL = 503 nm), and red P13 (λPL = 606 nm) light-emitting metallo-homopolymers. Moreover, in order to screen the thin-film photophysical properties in a reproducible and material-saving manner, the inkjet printing technique was employed to separately print every single color and subsequently print one solvent layer to assemble statistical copolymers.

Contrarily, Vitvarová et al. (2017) synthesized a novel building block that comprised a substituted phosphole ring surrounded by two thiophene rings with tpy fragments as end-groups. It was then coordinated with metal ions such as Co2+, Cu2+, Fe2+, Ni2+, and Zn2+ to produce metallo-supramolecular polymers (MSPs). The MSP with Fe2+ ion couplers showed very slow constitutional dynamics and a strong band of metal-to-ligand charge transfer (MLCT) transitions, whereas the MSPs with Co2+, Cu2+, and Ni2+ ion couplers exhibited variable dynamics and no MLCT bands. All of these MSPs showed luminescence quenching. However, the zinc-containing polymer P14, which exhibited very fast constitutional dynamics, showed the highest luminescence intensity at ~641 nm of PL maximum (luminescence quantum efficiency Φ = 0.5) without any MLCT transitions. Evidently, luminescence or quench is not related to MLCT transitions.

Other metals such as cadmium (Chen et al., 2007) and rare earth metals (Sato and Higuchi, 2012) can also be employed in the construction of tpy-based luminescent MSPs. Furthermore, several novel structures such as copolymers containing electron-withdrawing and electron-donating building blocks (Schlütter et al., 2010) and 2D (Fermi et al., 2014; Yin et al., 2018) polymers have been reported in the past decade.




PHOTOVOLTAIC MATERIALS

Owing to their flexibility, low cost, and ease of fabrication and manipulation, organic photovoltaic cells (OPVs) have garnered much attention in recent years (Hains et al., 2010). Studies on OPVs aim to improve the range of absorption, efficiency, charge transport, and stability of organic materials and cell devices. One of the key ways to achieve this is by improving the spectral match between solar light and organic sensitizing materials. Since ruthenium complexes exhibit reversible Ru(II)/Ru(III) redox processes and MLCT transitions in the range 500–600 nm, organic materials based on ruthenium polypyridine complexes are widely used in OPVs (Zakeeruddin et al., 2002; Numata et al., 2013). Cheng et al. (2008) firstly reported synthesis and photovoltaic performances of the metallo-polymers based on tpy units. Here, selected polymers containing Ru(II)-tpy chromophores, which are well-known photoactive moieties, will be discussed. In these metallo-polymers, the occurrence of tpys in side chains is rare, so most of them have Ru(II)-tpy as a part of their main chains (Figure 2).


[image: Figure 2]
FIGURE 2. The selected ruthenium-supramolecular polymers containing conjugated bridges or donor–acceptor structures and terpyridines that are used in photovoltaic cells.


Vellis et al. (2008) reported a new series of conjugated building blocks that bear terminal tpy moieties, which were connected to the central cores that were substituted with fluorine or phenylene segments through a vinylene bond. Coordinated with Ru(II), the metallo-polymers P15, P16, and P17 can be obtained without any catalyst. In addition, a star-shaped metallo-polymer based on triphenylamine was also synthesized. The absorption range of the Ru(II)-tpy-based metallo-polymers was 300–550 nm, which was a result of the ligand-centered (LC) transitions at shorter wavelengths and MLCT transitions at longer wavelengths. In order to evaluate the photovoltaic properties of these metallo-polymers, bulk heterojunction devices with the structure ITO/PEDOT/Ru(II)-polymers/P3HT:PCBM (1:1 w/w)/Ca/Al were also fabricated. Among these polymers, polymer P15 exhibited the highest power conversion efficiency (PCE) value (0.71%). The short-circuit current (Jsc), open-circuit voltage (Voc), and fill factor (FF) values were 4.2 mA·cm−2, 0.48 V, and 35%, respectively. It needs to be noted that the preliminary results were obtained without optimization of device fabrication conditions.

Introducing electron-donor and electron-acceptor structures can decrease the HOMO level and increase the absorption range and thereby increase the photovoltaic cell performance. Padhy et al. (2011) reported about Ru(II)-supramolecular polymers P18, P19, and P20. The ideal HOMO/LUMO levels, reduced energy gaps, and broad absorption range (300–750 nm) were obtained by introducing donor–acceptor structures, such as electron-acceptor benzothiadiazole, benzoselenodiazole, and benzoxadiazole units and electron-donor thiophene units, into the main chains of the metallo-polymers. The optimal photovoltaic cell device, based on the blended polymer P18:PCBM = 1:1 (w/w), had PCE = 0.45%, Voc = 0.61 V, Jsc = 2.18 mA·cm−2, and FF = 34.1%. Feng et al. (2013) synthesized bis(tpy) ligands with cyclopentadithiophene-benzothiazole conjugated bridges, and supramolecular polymers (P21 and P22) containing Ru(II) were obtained via a supramolecular self-assembly process. In the main chains of these polymers, the cyclopentadithiophene and thiophene units were used as electron donors (D), and benzothiazole and fluorinated benzodiazole units were used as electron acceptors (A). The low-lying HOMO levels for P21 and P22 were −5.22 and −5.27 eV, respectively, and their electrochemical band gaps were 1.60 and 1.58 eV, respectively. Owing to the stronger π-π stacking, a result of the F-H, F-S, and/or F-F interactions, polymer P22 exhibited a mobility one order of magnitude higher than that of polymer P21. The hole mobilities of P21 and P22 were 7.5 × 10−6 cm2·V−1s−1 and 2.8 × 10−5 cm2·V−1s−1, respectively. The photovoltaic device fabricated with polymer P22 and with ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al structure exhibited the highest PCE (2.66%) with a Voc = 0.73 V, Jsc = 7.12 mA·cm−2, and FF = 0.51. The improved performance was a result of the introduction of the fluorine atom that then caused the low-lying HOMO level, narrow band gap, high hole mobility, and fine phase separation. Thus, the results of photovoltaic devices based on metallo-polymers are definitely inspiring.

Furthermore, a number of metallo-copolymers, block copolymers, and random copolymers have been reported in a few studies (Duprez et al., 2005; Padhy et al., 2012). Although their photovoltaic performances are not excellent, the incorporated π-conjugated units have several interesting properties. In fact, metal ions were not necessary to construct novel conjugated main chains. A recent study described the synthesis of various conjugated polymers containing only tpy segments, in which tpy-substituted carbazole (TPCz) was used as the electron donor, followed by the fabrication and evaluation of photovoltaic cells (Wang et al., 2020).



PERSPECTIVE

The introduction of metal ions to the main chains or side chains of polymers imparts them with a variety of properties. In light-emitting devices, different combinations of metals and ligands emit different colors, and they have high EL efficiency and brightness. Conversely, compared with the traditional polymers, in which the structures are connected by covalent bonds, the preparation of metallo-polymers has mild reaction conditions and does not require any catalyst, and the polymer structures are definite and easy to modify. Consequently, the HOMO/LUMO levels, energy gaps, spectral match with solar light, morphologies of polymer films, and photovoltaic device performances can be improved by carefully designing bridges connected to bis(tpy). Therefore, it is possible to predict that an increasing number of tpy-containing complexes or polymers can be synthesized in the future, that the unknown and puzzling problems involved in supramolecular chemistry of tpy and metal ions can be elucidated, and that better performances for light-to-electricity or electricity-to-light conversion materials and devices can be achieved.
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π-Conjugated semiconductors, primarily composed of elements with low atomic number, are regarded as promising spin-transport materials due to the weak spin–orbit coupling interaction and hence long spin relaxation time. Moreover, a large number of additional functions of organic semiconductors (OSCs), such as the abundant photo-electric properties, flexibility, and tailorability, endow the organic spintronic devices more unique properties and functionalities. Particularly, the integration of the photo-electric functionality and excellent spin transport property of OSCs in a single spintronic device has even shown great potential for the realization of spin manipulation in OSCs. In this review, the application of OSCs in spintronic study will be succinctly discussed. As the most important and extensive application, the long-distance spin transport property of OSCs will be discussed first. Subsequently, several multifunctional spintronic devices based on OSCs will be summarized. After that, the organic-based magnets used for the electrodes of spintronic devices will be introduced. Finally, according to the latest progress, spin manipulation in OSCs via novel spintronic devices together with other prospects and challenges will be outlined.

Keywords: organic spintronics, π-conjugated semiconductor, spin transport, multifunctional spintronic device, spin manipulation, spin valve


INTRODUCTION

A huge revolution has been made in the field of information storage since the discovery of the giant magnetoresistance effect and the development of spintronics in the past of 30 years (Baibich et al., 1988; Wolf et al., 2001). Organic semiconductors (OSCs) composed of light elements have weak spin–orbit coupling (SOC) interaction and thus long spin relaxation time with second level (Boehme and Lupton, 2013). According to the present researches, it has been shown that there is a great potential of excellent spin transport characteristic of OSCs at room temperature (Sun et al., 2013; Zhang et al., 2013; Guo et al., 2019b). In addition, the abundant functionalities of OSCs and interfacial properties between ferromagnetic electrodes and OSCs have further increased the application modes of OSCs in spintronics, which have attracted wide attention in the areas of chemistry, materials, and physics (Guo et al., 2019a).

In this review, the application strategies of OSCs in spintronic study will be summarized succinctly. First, spin transport as the most important application of OSCs in spintronics will be introduced. Second, combined with the unique properties of OSCs, several functional spintronic devices will be introduced, including spin memory devices, spin photoresponse devices, spin photovoltaic devices, spin organic light-emitting diodes (spin-OLED), and flexible spin devices. Third, organic-based magnets which can be used as magnetic electrodes will be introduced. Finally, the prospects and challenges for realizing spin manipulation in OSCs will be discussed.



APPLICATION OF OSCS IN SPIN TRANSPORT

The long spin relaxation time of OSCs gives a great advantage in spin transport, and such advantage also constitutes the basis of functional spintronic devices. Spin valve is one of the most typical devices for spin transport study, which is composed of a spin-transport layer sandwiched between two ferromagnetic electrodes (Figure 1A) (Dediu et al., 2009; Sun et al., 2014a). The spin-polarized electrons are injected from one of the electrodes and transport in OSC thin film; finally, they are detected from another electrode (Jang and Richter, 2017). With sweeping the external magnetic field to configure the magnetization direction of the two electrodes as parallel (P) or antiparallel (AP), the device resistance can be tuned as low- (RP) or high-resistance states (RAP), respectively, which is the so-called spin valve effect and expressed by magnetoresistance [MR = (RAP – RP)/RAP]. Such spin valve effect is the important evidence for demonstrating that the spin-polarized electrons have been successfully transported in OSC thin film, and the thickness of OSC can be considered as the spin transport length of OSCs (Sun et al., 2013; Zhang et al., 2013). It is worth noting that the aforementioned conclusion must be based on reliable spin valve preparation, that is, the soft OSC thin films should be ensured without the penetration resulting from the metal atoms during the device fabrication.


[image: Figure 1]
FIGURE 1. (A) Structure of a spin valve (Li et al., 2015). (B) Four conjugated polymers (Li et al., 2019). (C) C70 and C60 with different curvatures (Liang et al., 2016). (D) AFM images of 90-nm-thick F16CuPc films deposited under room temperature and low-temperature conditions (Sun et al., 2016b).


Based on the reliable spin valves, a series of studies on the molecular structure, composition, and aggregation structure of OSCs can be carried out, which have critical influence on the spin-transport performance. For instance, Li et al. have designed four conjugated polymers with analogous structures based on isoindigo (IID) units and researched the relation between molecular structure and spin transport property by measuring the spin valve effect (Figure 1B). They found that the introduction of pyridinic nitrogen can improve the MR value; however, the extent of alkyl chain branching points gets the opposite result (Li et al., 2019). Moreover, the effect of molecular curvature degree on spin relaxation time and spin transport length has been discussed. Liang et al. have observed that the spin transport length in the C70 thin film is apparently longer than that in C60 thin film at all temperatures through fabricating reliable carbon-based organic spin valves (Figure 1C) (Liang et al., 2016). The aforementioned researches provide guidance for how to avoid the negative effects on spin transport originated from molecular structure. As for element composition, Nguyen et al. have studied and compared the spin responses in different devices based on π-conjugated polymers made of protonated, H-, and deuterated, D-hydrogen. Because of D-hydrogen having a weaker hyperfine interaction, the results show that the device based on D-hydrogen obtained a longer spin diffusion length and a larger MR (Nguyen et al., 2010). Furthermore, the effect of the aggregation structures of OSCs on spin transport property has been researched. By controlling the substrate temperature when thermally evaporating the molecular layer, Sun et al. have fabricated two types of spin valves based on polycrystalline and amorphous fluorinated copper phthalocyanine (F16CuPc) thin film, respectively (Figure 1D) (Sun et al., 2016b). By comparing the magnetoresistance results of the two types of devices, distinctly, the spin valve with amorphous thin film of F16CuPc possesses larger MR and longer spin transport length due to the lower spin scattering from the grain boundary and greater resistance to the top electrode penetration.

In addition to spin valve, pure spin current device is another type of device to study spin transport, which has the trilayer structure of ferromagnet/OSC/nonmagnetic (Ando et al., 2013; Jiang et al., 2015; Sun et al., 2016a). A pure spin current is a flow of electron spin angular momentum carried by electrons; however, there is no net charge current that can be detected in the external circuit because the flow direction of electrons with opposite spin orientation are opposite according to spin pumping principle. The pure spin current is injected by spin pumping through a ferromagnetic resonance in the magnetic insulator (Ando et al., 2013; Watanabe et al., 2014). Different from the hopping spin transport mechanism in spin valves, the spin transport in the pure spin current device is due to an exchange interaction between polarons at the interface, which is much faster than the carrier mobility (Jiang et al., 2015). Based on pure spin current device, Watanabe et al. have demonstrated the ability of polarons to carry pure spin currents over hundreds of nanometers with millisecond spin relaxation time (Watanabe et al., 2014). Thus, keeping the study of pure spin current is meaningful, which plays a crucial role in transmitting, processing, and storing information (Watanabe et al., 2014).

In fact, although the application of OSCs in spin transport study has been developed for more than 10 years, there are still some challenges that need to be conquered. First, the effective and universal preparation method of reliable spin valve is still lacking, which has seriously limited the progress of room-temperature operable spin valve, functional spintronic devices, and the repeatability of devices. So far, several methods directed at top electrode preparation with low damage on organic materials have been proposed, such as depositing top electrodes at cryogenic temperature (Sun et al., 2016b) and top electrode transfer method (Ding et al., 2018). Second, systematical studies on the relationship between the spin transport characteristic and material composition and structure are still few. Thus, more researches are required for enriching the theoretical and experimental foundation of organic spintronics. Third, a mass of novel materials with high mobility or unique properties, such as soluble semiconductors, organic single crystal, and co-crystal materials, are urgently needed to be applied in spin transport study (Wang et al., 2016; Tsurumi et al., 2017). However, relative technical matters should be solved before this, such as the problem of spin-scattering increasement caused by solvent residue, the vacancy formed by solvent evaporation, and the demand for novel preparation method of spintronic device based on crystal materials. Therefore, novel device fabrication techniques are urgently explored in the following research, especially the construction of reliable lateral spintronic devices; however, the progress is still slow.



APPLICATION OF OSCS IN FUNCTIONAL SPIN DEVICES

Aside from the excellent spin transport property, some of the OSCs also possess distinct electro-optical characteristics or flexibility, which make the OSCs applicable to the construction of multifunctional spin devices.


Spin Memory Devices

Because of the non-linear electrical property of OSC-based spin valve, the electrical memory effect can be combined with the spin-valve effect and even for achieving the electrically controllable MR. The mechanism of the electrical memory in spin valves is the formation and break of conductive filaments, which is controlled by the external voltage and the design of interface (Wang et al., 2015). The interface is required to be a critical state, so that the filaments can easily form and break by changing the external voltage. Therefore, it is easy to realize different non-volatile resistive states, which is the typical performance of spin memory devices.

Based on the commonly used π-conjugated OSC of tris(8-hydroxyquinolinato)aluminum (Alq3) and the wide voltage irreversible area of device, Hueso et al. have reported the first hybrid spin valve with electrically non-volatile memory functionalities simultaneously (Hueso et al., 2007). Inspired by this work, a full electrical controllable magnetoresistance with multiple tunable non-volatile states (Prezioso et al., 2011) and its capability of information processing (Prezioso et al., 2013) have been further investigated in a similar spin valve based on the same OSC. The excellent memory ability of 32 states or 5-bit storage in this Alq3-based spin valve lays the foundation of multi-state storage devices.

In fact, although the existing researches amply indicate the feasibility of spin-valve effect plus electrical memory, how to accurately control the critical interface for realizing both the spin injection or detection and electrical memory is still a tough work in this direction. Several factors have influence on such critical interfacial state of the filament formation and break, such as the device preparation method, the surface roughness, and morphology of the OSC. The mixture of multiple factors makes it difficult to summarize a universal rule for reaching this critical state; therefore, a large number of experiments and more efforts are needed. In addition, only a few OSCs have been applied in spin memory devices; other diverse OSCs are eagerly expected to be used to broaden and deepen the research of this device (Yuan et al., 2019; Liu et al., 2020). Furthermore, such type of spin memory device still has a big gap for future practical application; the working stability even at room temperature will be a long-term objective.



Spin Photoresponse Devices

In addition to the semiconductor characteristic, most of the OSCs also have abundant optical properties and thus can be used for sensors. Photoresponse effect is one of the common optical properties where the photogenerated carriers will influence the device resistance during the external light irradiation. On the basis of this point, F16CuPc, possessing photoresponse and air stability, served as the spacer of spin valve, and four resistance states can be output in a spin photoresponse device as shown in Figure 2A (Sun et al., 2016b). In this device, the photogenerated carriers are non-spin-polarized, so that the photogenerated carriers can only influence the output current but for the absolute spin-polarized current. To release the photoresponse characteristic of OSCs, several important techniques play a key role, including the application of liquid nitrogen during the fabrication of organic layer and top electrode, and the interface layer of leaky-AlOX, which facilitates the real spin transport occurring in F16CuPc and thus the photoresponse effect. Meanwhile, a large MR of about 4% and a long spin transport distance of 180 nm at room temperature have been detected, which prove the excellent properties of this device again. For the future development, more π-conjugated materials with excellent spin transport and photosensitive abilities are required to be applied in spin photoresponse devices, and novel functions may be explored concomitantly.
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FIGURE 2. (A) Realization of four different resistance states through controllable switching of the magnetic field and light exposure in the same device in air (Sun et al., 2016b). (B) Manipulation of I–B curves under different applied biases and constant light irradiation (Sun et al., 2017). (C) Schematic structure of spin-OLED device (Prieto-Ruiz et al., 2019). (D) Photographs of the flexible semi-transparent BCP-based spin valve, the bending-tolerance test, and the curved supports employed in this work (Sun et al., 2014b).




Spin Photovoltaic Devices

Recently, the photovoltaic character of OSCs has also been successfully used in spintronic study. By combining the spin valve effect and photovoltaic effect together, spin photovoltaic device, one of the important multifunctional spintronic devices, has been realized. On the basis of the reliable fabrication of spintronic device and high-efficiency spin injection, the spin transport through the OSC layer should be ensured, otherwise, the spin photovoltaic effect should not be implemented.

Based on C60, which possesses both high electron mobility and photovoltaic property, Sun et al. have fabricated the first organic spin photovoltaic device (Sun et al., 2017). As an independent spin valve, a large MR of 6.5% has been measured at room temperature, which shows the excellent spin transport property of C60 and the great quality of device. In such device, the photogenerated current originated from the photovoltaic effect of C60 plays an important role as a modulator of output current, where the non-spin-polarized part of injected spin-polarized electrons by bias can be controllably recombined with the photogenerated holes, thus the amplitude of final output current and the MR value can be modulated (Figure 2B). The variation of the range of output current can even reach from positive to negative, and undoubtedly, the photovoltaic character of OSCs implies significant function in this device. In view of the great potential of photovoltaic property for developing spin photovoltaic device, H2Pc, hole-transport small molecular semiconductor, has been used as the spacer for further investigating the spin photovoltaic property (Bairagi et al., 2020). Benefiting from the stability in ambient conditions of H2Pc, a large MR of 7% and prominent spin photovoltaic characteristic at room temperature have been measured.

Although an increasing number of works have been reported toward spin photovoltaic device, the current situation still remains at the proof of principle and the photovoltaic effect of the used materials is too weak. At present, a number of excellent photovoltaic materials have been synthesized in the organic photovoltaic field (Yuan et al., 2019; Liu et al., 2020). However, many challenges remain in the application of these materials in spin photovoltaic device; for instance, most of these materials can only be formed as membrane via solution processing, which may easily lead to residual solvent and thus the spin scattering. Therefore, novel techniques and OSCs are still needed for improving both the photovoltaic effect and the spin transport ability in spin photovoltaic devices.



Spin-OLED

The electroluminescent (EL) property of OSCs, which has already been applied in organic light-emitting diodes (OLED), can also be used for building multifunctional spintronic devices. With the bipolar spin injection, the electroluminescence efficiency can be modulated by the relative direction of the two ferromagnetic electrodes according to the quantum efficiency mechanism. Based on Alq3, a frequently used OSC with light emitting property, Nguyen et al. have proposed and investigated the first spin-OLED (Nguyen et al., 2012). According to the quantum mechanism, the singlet probability can reach 1/2 modulated by external magnetic field, which is larger than the normal OLED with non-magnetic electrodes (Bergenti et al., 2004), so that the luminous efficiency can be enhanced by spin injection. The device shows the magneto-electroluminescence (MEL) of 1% at bias voltage of 3.5 V and 10 K, with the coercive fields of electrodes adjusted by the emission intensity. The key of the achievement is that they choose a deuterated organic polymer interlayer of poly(phenylene-vinylene) (H-DOO-PPV), which has a weak hyperfine interaction and hence excellent spin transport property (Nguyen et al., 2010). The spin diffusion length of deuterated poly(dioctyloxy)phenyl vinylene (D-DOO-PPV) is about 45 nm, which is about three times more than that of H-DOO-PPV polymer (Nguyen et al., 2012). Also, they inserted a thin buffer layer of LiF to improve the efficiency of injection (Schulz et al., 2011). Afterwards, for enhancing the MEL, Prieto-Ruiz et al. selected the light-emitting conjugated polymer poly(9,9-dioctylfluorene-co-benzothidiazole) (F8BT) as the spacer because of its high green EL intensity and bipolar character (Figure 2C) (Prieto-Ruiz et al., 2019). The device realizes spin valve effect in spin-OLED at high bias voltage of 14 V through a careful engineering of the organic/inorganic interfaces, so that the MEL is enhanced on the order of 2.4% at 9 V and 20 K, based on the antiparallel configuration of the ferromagnetic electrodes.

These works offer more possibilities of multifunctional spintronic devices. However, as a spin-OLED, higher MEL are required to break through by optimizing the interface and enhancing the efficiency of spin injection. Moreover, operation at room temperature is still a goal in this area.



Flexible Spin Devices

OSCs with mechanical flexibility are widely used in preparing flexible organic electronic devices. However, there are a few studies on flexible spintronic devices. The first flexible spin valve was fabricated based on bathocuproine (BCP), and a large MR of 3.5% is observed at room temperature (Sun et al., 2014b). More importantly, the spin valve has shown excellent stability after the endurance measurements of the bending radius and the bending time (Figure 2D). Both the I–V and the MR characteristics are almost unchanged, even up to a bending radius of 5 mm or after bending for 50 times.

The aforementioned work has shown a beginning toward application; however, the thermal-evaporated OSCs apparently limit the actual use, while solution-processed OSCs are the mainstream in the flexible application. Moreover, the requirement of room-temperature stable operation has also posed a challenge in this type of spintronic device.




ORGANIC-BASED MAGNETS AS THE MAGNETIC ELECTRODES

The conductivity mismatch between ferromagnetic electrodes and OSC thin films is a main factor for limiting the spin injection efficiency (Schmidt et al., 2000). Utilizing organic-based magnets to replace ferromagnetic electrode, which has lower energy level, is an efficient method to avoid this problem (Yoo et al., 2010).

V[TCNE]x (x ≈ 2, TCNE: tetracyanoethylene), which possesses the merits of high magnetic ordering temperature, fully spin-polarized semiconducting electronic structure, chemical tunability, and low-temperature processing, was first applied as one of the electrodes to fabricate spin valves (Manriquez et al., 1991; Yoo et al., 2010). Based on the MR measurements of temperature dependence and bias dependence, the results suggest that the organic-based magnets can be used as a spin injector or detector. After this, an all-organic-based spin valve has been fabricated based on the same organic magnet. The device structure is shown in Figure 3A, with two V[TCNE]x layers as the injector and detector, respectively (Li et al., 2011). A new model of spin-dependent tunneling between highly spin-polarized band can successfully demonstrate the process of spin injection and detection in the all-organic spin valves. Recently, an all-organic dual spin valve with three organic spin-selective layers has been reported, which introduced single molecular magnets of manganese and cobalt phthalocyanines (MnPc and CoPc) as the injector and detector (Banerjee and Pal, 2018). There are four configurations with two spin-flip interfaces at most. When the injector and detector have asymmetric thickness and different single molecular magnets, it can achieve four separate resistive states as 2-bit logic.
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FIGURE 3. (A) Device structure of Al/V[TCNE]x/rubrene/V[TCNE]x/Al (Li et al., 2011). (B) Electro-optical modulation, varying both the applied voltage bias and the light irradiation (Sun et al., 2017). (C) The energy diagram and structure of a C60-based hot-electron spin transistor (Gobbi et al., 2014).


Although the previously mentioned applied organic-based magnets have shown promising application in spintronic study, more novel organic-based magnets are still needed to be developed and used in this direction. Moreover, organic-based magnets also have a potential in the application of flexible devices, and the endurance measurement and bending strength measurement are required to be filled up in the future study.



SPIN MANIPULATION IN OSCS

It is of great significance to achieve spin manipulation in OSCs, and strong SOC and Hanle effect are the basis of spin manipulation in a traditional way. The weak SOC interaction of OSCs, on the one hand, contributes to the long-distance spin transport, but on the other hand, it makes spin manipulation particularly difficult. So far, the output spin signal can be preliminarily controlled based on spin photovoltaic device reported by Sun et al. (2017) (Figure 3B), which indicates that the multifunctional spintronic device depending on the photoelectric properties of OSCs has presented a possibility of spin manipulation. However, it is just a simple and primary idea, which still needs further detailed research.

In addition, starting from the device structure design, the hot-electron spin transistor with three-terminal structure has also shown a promising application in spin manipulation (Figure 3C) (Appelbaum et al., 2007; Huang et al., 2007; Appelbaum, 2011; Gobbi et al., 2014). Through two spin injection ways with opposite direction, hot-electron spin injection and electric spin injection, a controllable spin-polarized current may be finally output. However, for ensuring both efficient spin injection in two ways, the preparation level of such device needs to be improved greatly.



CONCLUSION

In conclusion, the application of OSCs in the aspects of spin transport, spin functional devices, all-organic spin devices, and spin manipulation has been introduced in this review (Table 1). Also, the advanced achievements and obstacles for further development are discussed. For the future, according to the other achievements in organic electronic fields and spintronics, more types of OSCs are required to be applied, such as the interfacial materials, high-mobility materials, organic single crystals, supramolecules, and thermoelectric materials. Furthermore, taking advantage of the OSCs, novel multifunctional spintronic devices need to be urgently explored, for instance, the combination of organic spin valve and field effect transistor, which are always pursued in organic spintronics. With the development of organic spintronics, more strategies of OSC application will be explored to overcome the present challenges and keep this field attractive and active.


Table 1. A summarized table of organic semiconductor applications in spintronics with the corresponding references.

[image: Table 1]



AUTHOR CONTRIBUTIONS

YZ wrote the paper. LG and XZ completed the spelling and grammar check and copyright section. LG and XS supervised this review and completed all the submissions. All authors joined the discussion and revision of this paper.



FUNDING

This work was supported financially by the Ministry of Science and Technology of the People's Republic of China (Grant Nos. 2016YFA0200700, 2017YFA0206600), the National Natural Science Foundation of China (Grant Nos. 51803040, 51822301, 21673059, and 91963126), the CAS Instrument Development Project (Grant No. YJKYYQ20170037), the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDB36020000), Beijing National Laboratory for Molecular Sciences (Grant No. BNLMS201907), and the CAS Pioneer Hundred Talents Program.



REFERENCES

 Ando, K., Watanabe, S., Mooser, S., Saitoh, E., and Sirringhaus, H. (2013). Solution-processed organic spin-charge converter. Nat. Mater. 12, 622–627. doi: 10.1038/nmat3634

 Appelbaum, I. (2011). Introduction to spin-polarized ballistic hot electron injection and detection in silicon. Philos. Trans. R. Soc. A 369, 3554–3574. doi: 10.1098/rsta.2011.0137

 Appelbaum, I., Huang, B., and Monsma, D. J. (2007). Electronic measurement and control of spin transport in silicon. Nature 447, 295–298. doi: 10.1038/nature05803

 Baibich, M. N., Broto, J. M., Fert, A., Nguyen Van Dau, F., Petroff, F., Etienne, P., et al. (1988). Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices. Phys. Rev. Lett. 61, 2472–2475. doi: 10.1103/PhysRevLett.61.2472

 Bairagi, K., Romero, D. G., Calavalle, F., Catalano, S., Zuccatti, E., Llopis, R., et al. (2020). Room-temperature operation of a p-type molecular spin photovoltaic device on a transparent substrate. Adv. Mater. 32:e1906908. doi: 10.1002/adma.201906908

 Banerjee, A., and Pal, A. J. (2018). All-organic dual spin valves with well-resolved four resistive-states. Small 14:e1801510. doi: 10.1002/smll.201801510

 Bergenti, I., Dediu, V., Arisi, E., Mertelj, T., Murgia, M., Riminucci, A., et al. (2004). Spin polarised electrodes for organic light emitting diodes. Org. Electron. 5, 309–314. doi: 10.1016/j.orgel.2004.10.004

 Boehme, C., and Lupton, J. M. (2013). Challenges for organic spintronics. Nat. Nanotechnol. 8, 612–615. doi: 10.1038/nnano.2013.177

 Dediu, V. A., Hueso, L. E., Bergenti, I., and Taliani, C. (2009). Spin routes in organic semiconductors. Nat. Mater. 8, 707–716. doi: 10.1038/nmat2510

 Ding, S., Tian, Y., Wang, H., Zhou, Z., Mi, W., Ni, Z., et al. (2018). Reliable spin valves of conjugated polymer based on mechanically transferrable top electrodes. ACS Nano 12, 12657–12664. doi: 10.1021/acsnano.8b07468

 Gobbi, M., Pietrobon, L., Atxabal, A., Bedoya-Pinto, A., Sun, X., Golmar, F., et al. (2014). Determination of energy level alignment at metal/molecule interfaces by in-device electrical spectroscopy. Nat. Commun. 5:4161. doi: 10.1038/ncomms5161

 Guo, L., Gu, X., Zhu, X., and Sun, X. (2019a). Recent advances in molecular spintronics: multifunctional spintronic devices. Adv. Mater. 31:e1805355. doi: 10.1002/adma.201805355

 Guo, L., Qin, Y., Gu, X., Zhu, X., Zhou, Q., and Sun, X. (2019b). Spin transport in organic molecules. Front. Chem. 7:428. doi: 10.3389/fchem.2019.00428

 Huang, B., Monsma, D. J., and Appelbaum, I. (2007). Coherent spin transport through a 350 micron thick silicon wafer. Phys. Rev. Lett. 99:177209. doi: 10.1103/PhysRevLett.99.177209

 Hueso, L. E., Bergenti, I., Riminucci, A., Zhan, Y. Q., and Dediu, V. (2007). Multipurpose magnetic organic hybrid devices. Adv. Mater. 19, 2639–2642. doi: 10.1002/adma.200602748

 Jang, H. J., and Richter, C. A. (2017). Organic spin-valves and beyond: spin injection and transport in organic semiconductors and the effect of interfacial engineering. Adv. Mater. 29, 1602739. doi: 10.1002/adma.201602739

 Jiang, S. W., Liu, S., Wang, P., Luan, Z. Z., Tao, X. D., Ding, H. F., et al. (2015). Exchange-dominated pure spin current transport inAlq3Molecules. Phys. Rev. Lett. 115:086601. doi: 10.1103/PhysRevLett.115.086601

 Li, B., Kao, C. Y., Yoo, J. W., Prigodin, V. N., and Epstein, A. J. (2011). Magnetoresistance in an all-organic-based spin valve. Adv. Mater. 23, 3382–3386. doi: 10.1002/adma.201100903

 Li, D., Wang, X., Lin, Z., Zheng, Y., Jiang, Q., Zheng, N., et al. (2019). Tuning charge carrier and spin transport properties via structural modification of polymer semiconductors. ACS Appl. Mater. Inter. 11, 30089–30097. doi: 10.1021/acsami.9b07863

 Li, F., Li, T., Chen, F., and Zhang, F. (2015). Excellent spin transport in spin valves based on the conjugated polymer with high carrier mobility. Sci. Rep. 5:9355. doi: 10.1038/srep09355

 Liang, S., Geng, R., Yang, B., Zhao, W., Chandra Subedi, R., Li, X., et al. (2016). Curvature-enhanced spin-orbit coupling and spinterface effect in fullerene-based spin valves. Sci. Rep. 6:19461. doi: 10.1038/srep19461

 Liu, Q., Jiang, Y., Jin, K., Qin, J., Xu, J., Li, W., et al. (2020). 18% Efficiency organic solar cells. Sci. Bull. 65, 272–275. doi: 10.1016/j.scib.2020.01.001

 Manriquez, J. M., Yee, G. T., McLean, R. S., Epstein, A. J., and Miller, J. S. (1991). A room-temperature molecular/organic-based magnet. Science 252, 1415–1417. doi: 10.1126/science.252.5011.1415

 Nguyen, T. D., Ehrenfreund, E., and Vardeny, Z. V. (2012). Spin-polarized light-emitting diode based on an organic bipolar spin valve. Science 337, 204–209. doi: 10.1126/science.1223444

 Nguyen, T. D., Hukic-Markosian, G., Wang, F., Wojcik, L., Li, X. G., Ehrenfreund, E., et al. (2010). Isotope effect in spin response of pi-conjugated polymer films and devices. Nat. Mater. 9, 345–352. doi: 10.1038/nmat2633

 Prezioso, M., Riminucci, A., Bergenti, I., Graziosi, P., Brunel, D., and Dediu, V. A. (2011). Electrically programmable magnetoresistance in multifunctional organic-based spin valve devices. Adv. Mater. 23, 1371–1375. doi: 10.1002/adma.201003974

 Prezioso, M., Riminucci, A., Graziosi, P., Bergenti, I., Rakshit, R., Cecchini, R., et al. (2013). A single-device universal logic gate based on a magnetically enhanced memristor. Adv. Mater. 25, 534–538. doi: 10.1002/adma.201202031

 Prieto-Ruiz, J. P., Miralles, S. G., Prima-García, H., López-Muñoz, A., Riminucci, A., Graziosi, P., et al. (2019). Enhancing light emission in interface engineered spin-OLEDs through spin-polarized injection at high voltages. Adv. Mater. 31:1806817. doi: 10.1002/adma.201806817

 Schmidt, G., Ferrand, D., and Molenkamp, L. W. (2000). Fundamental obstacle for electrical spin injection from a ferromagnetic metal into a diffusive semiconductor. Phys. Rev. B 62, 4790–4793. doi: 10.1103/PhysRevB.62.R4790

 Schulz, L., Nuccio, L., Willis, M., Desai, P., Shakya, P., Kreouzis, T., et al. (2011). Engineering spin propagation across a hybrid organic/inorganic interface using a polar layer. Nat. Mater. 10, 39–44. doi: 10.1038/nmat2912

 Sun, D., Ehrenfreund, E., and Vardeny, Z. V. (2014a). The first decade of organic spintronics research. Chem. Commun. 50, 1781–1793. doi: 10.1039/C3CC47126H

 Sun, D., van Schooten, K. J., Kavand, M., Malissa, H., Zhang, C., Groesbeck, M., et al. (2016a). Inverse spin hall effect from pulsed spin current in organic semiconductors with tunable spin-orbit coupling. Nat. Mater. 15, 863–869. doi: 10.1038/nmat4618

 Sun, X., Bedoya-Pinto, A., Llopis, R., Casanova, F., and Hueso, L. E. (2014b). Flexible semi-transparent organic spin valve based on bathocuproine. Appl. Phys. Lett. 105:083302. doi: 10.1063/1.4894114

 Sun, X., Bedoya-Pinto, A., Mao, Z., Gobbi, M., Yan, W., Guo, Y., et al. (2016b). Active morphology control for concomitant long distance spin transport and photoresponse in a single organic device. Adv. Mater. 28, 2609–2615. doi: 10.1002/adma.201503831

 Sun, X., Gobbi, M., Bedoya-Pinto, A., Txoperena, O., Golmar, F., Llopis, R., et al. (2013). Room-temperature air-stable spin transport in bathocuproine-based spin valves. Nat. Commun. 4:2794. doi: 10.1038/ncomms3794

 Sun, X., Velez, S., Atxabal, A., Bedoya-Pinto, A., Parui, S., Zhu, X., et al. (2017). A molecular spin-photovoltaic device. Science 357, 677–680. doi: 10.1126/science.aan5348

 Tsurumi, J., Matsui, H., Kubo, T., Häusermann, R., Mitsui, C., Okamoto, T., et al. (2017). Coexistence of ultra-long spin relaxation time and coherent charge transport in organic single-crystal semiconductors. Nat. Phys. 13, 994–998. doi: 10.1038/nphys4217

 Wang, L., Yang, C., Wen, J., Gai, S., and Peng, Y. (2015). Overview of emerging memristor families from resistive memristor to spintronic memristor. J. Mater. Sci. Mater. Electron. 26, 4618–4628. doi: 10.1007/s10854-015-2848-z

 Wang, Y., Zhu, W., Dong, H., Zhang, X., Li, R., and Hu, W. (2016). Organic cocrystals: new strategy for molecular collaborative innovation. Top Curr. Chem. 374:83. doi: 10.1007/s41061-016-0081-8

 Watanabe, S., Ando, K., Kang, K., Mooser, S., Vaynzof, Y., Kurebayashi, H., et al. (2014). Polaron spin current transport in organic semiconductors. Nat. Phys. 10, 308–313. doi: 10.1038/nphys2901

 Wolf, S. A., Awschalom, D. D., Buhrman, R. A., Daughton, J. M., von Molnar, S., Roukes, M. L., et al. (2001). Spintronics: a spin-based electronics vision for the future. Science 294, 1488–1495. doi: 10.1126/science.1065389

 Yoo, J. W., Chen, C. Y., Jang, H. W., Bark, C. W., Prigodin, V. N., Eom, C. B., et al. (2010). Spin injection/detection using an organic-based magnetic semiconductor. Nat. Mater. 9, 638–642. doi: 10.1038/nmat2797

 Yuan, J., Zhang, Y., Zhou, L., Zhang, G., Yip, H.-L., Lau, T.-K., et al. (2019). Single-junction organic solar cell with over 15% efficiency using fused-ring acceptor with electron-deficient core. Joule 3, 1140–1151. doi: 10.1016/j.joule.2019.01.004

 Zhang, X., Mizukami, S., Kubota, T., Ma, Q., Oogane, M., Naganuma, H., et al. (2013). Observation of a large spin-dependent transport length in organic spin valves at room temperature. Nat. Commun. 4:1392. doi: 10.1038/ncomms2423

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhang, Guo, Zhu and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	PERSPECTIVE
published: 23 October 2020
doi: 10.3389/fchem.2020.591860






[image: image2]

IDTI Dyes for Fluoride Anion Chemosensors

Xinqiang Yuan1†, Xin Shi1†, Cheng Wang2, Yuqian Du2, Peng Jiang1, Xizhou Jiang3, Yongqiang Sui3, Xiaoli Hao1* and Lin Li2,3*


1National and Local Joint Engineering Laboratory for Slag Comprehensive Utilization and Environmental Technology, School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong, China

2Key Laboratory of Rubber-Plastics of Ministry of Education/Shandong Province, School of Polymer Science & Engineering, Qingdao University of Science & Technology, Qingdao, China

3Prinx Chengshan (Shan Dong) Tire Co., Ltd., Rongcheng, China

Edited by:
Qixin Zhou, University of Akron, United States

Reviewed by:
Jun-Jun Zhang, Xi'an Technological University, China
 Jinfang Zhang, North University of China, China

*Correspondence: Xiaoli Hao, haoxiaoli111@163.com
 Lin Li, qustlilin@hotmail.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Organic Chemistry, a section of the journal Frontiers in Chemistry

Received: 05 August 2020
 Accepted: 18 September 2020
 Published: 23 October 2020

Citation: Yuan X, Shi X, Wang C, Du Y, Jiang P, Jiang X, Sui Y, Hao X and Li L (2020) IDTI Dyes for Fluoride Anion Chemosensors. Front. Chem. 8:591860. doi: 10.3389/fchem.2020.591860



Fluoride anions play a key role in human health and chemical engineering, such as in organic synthesis and biological processes. The development of high-sensitivity naked-eye detection sensors for fluoride anions in organic solutions is crucial and challenging. In this study, (3Z,3′Z)-3,3′-[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno(1,2-b:5,6-b′)dithiophene]-2,7-diylbis(methan-1-yl-1-ylidene) bis(6-bromo-indolin-2-one) (IDTI) was designed and used as a fluoride chemosensor for the first time. IDTI is a highly sensitive fluoride sensor with a detection limit of as low as 1 × 10−7 M. In addition, upon the reaction of IDTI with fluoride anions in a tetrahydrofuran (THF) solution, color changes from red to yellow under ambient light and from purple to green under UV light were detectable by the naked eye. These studies indicate that IDTI is a promising fluoride chemosensor.
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GRAPHICAL ABSTRACT. The new dye, IDTI, firslty used as a fluoride anion chemosensor, has a high sensitivity with the fluoride anion detection limit of as low as 1 × 10−7 M. And the IDTI solutions have the interesting color changing properties, once meet the fluoride anion, from red to yellow under ambient light and from purple to green under UV light were detectable by the naked eye. The IDTI is a promising fluoride chemosensor.


INTRODUCTION

The development of high-efficiency and sensitive fluoride anion (F−) sensors is crucial, since F− plays a key role in chemical military fields, industry, organic synthesis, biological and medical processes, and even human health (Wade et al., 2011; Li et al., 2012; Yang et al., 2012, 2013; Sun et al., 2017). With the rapid development of the chemical industry, F− exists not only in aqueous environments but also in organic media, such as waste organic liquor. As such, several different optical chemosensors for fluoride anions in organic solutions have been developed (Zhang et al., 2018). However, the most reported fluoride anion sensors can only detect F− at concentrations in the 10−5 M level.

Fluoride anions, which are among the smallest anions, exhibit strong electronegative properties. Such properties enable F− to form strong hydrogen bonds with –NH groups or easily deprotonate the –NH protons of the designed receptor, resulting in an evident optical spectrum change either in the absorption or emission spectrum (Kaur and Choi, 2015; Feng et al., 2018). Some sensors can even change their color under ambient light or UV light, with the change detectable by the naked eye (Wang et al., 2018; Antonio et al., 2020). Recently, Zhang et al. (2018) reported polymers containing 1,4-diketo-pyrrolo[3,4-c]pyrrole (DPP)-substituted t-butoxy carbonyl (t-Boc) units with good solubility. After thermal annealing processing, the t-Boc units could be removed, and lactam hydrogen appeared. They reported that the resulting polymer cannot only be used for the detection of F− but also the extraction of F− from the organic solution. Later, Wu et al. (2019) designed a dye containing hydroxyl to detect F− in dimethyl sulfoxide (DMSO); this approach exhibited a detection limit of as low as 1.79 μM. Deng et al. (2020) reported aminobenzodifuranone dyes for F− chemosensors, which could not only detect F− but also distinguish solvents containing F−. Hitherto, large optical spectrum shifts, obvious color changes that can be detected by the naked eye, and sensitive fluoride chemosensors are still rare and quite important. In this work, a new π-conjugated dye, (3Z,3′Z)-3,3′-[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno(1,2-b:5,6-b′)dithiophene]-2,7-diylbis(methan-1-yl-1-ylidene)bis(6-bromo-indolin-2-one) (IDTI), was designed and used as a fluoride anion sensor for the first time. This dye exhibited promising sensitivity toward F− in organic solvents.



MATERIALS AND METHODS

The procedure for the synthesis of IDTI is as follows. In a 50-ml round-bottomed flask, 6-bromooxindole (0.63 g, 3.0 mmol) and 2,7-dicarbaldehyde-4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno(1,2-b:5,6-b′)dithiophene 1 (1.074 g, 1.0 mmol) were suspended in absolute dry alcohol (15 ml). Subsequently, piperidine (0.25 ml) was added using a syringe needle. The reaction mixture was then stirred and refluxed for 18 h. After cooling to room temperature, the mixture was filtered, washed with ethanol, and dried under vacuum to yield a brown powder product (1.23 g, 84.2%). Microanalysis found C, 70.47%; H, 5.68%; N, 1.96%; S, 8.80% (C, 70.57%; H, 5.65%; N, 1.91%; S, 8.76%).



RESULTS AND DISCUSSION

The produced IDTI exhibited low solubility in most common organic solvents; however, such solubility was sufficient for studying the behavior of the fluoride anion chemosensor. The interaction between the IDTI chromophore and F− was first investigated through color changes that were detectable by the naked eye. Tetrabutylammonium fluoride (TBAF, 5.0 × 10−4 M) was gradually added to a 1.0 × 10−5 M solution of IDTI in tetrahydrofuran (THF). As shown in Figure 1A, the pure IDTI in THF exhibited a rose color under ambient light and a purple color under UV light (365 nm). However, once F− was added, color changes were observed under both light sources. With the addition of 1, 2, and 4 eq. of F−, the color of the IDTI solution under irradiation of ambient light changed from rose to red, orange, and yellow, respectively. Likewise, the emission color gradually changed from purple to blue, cyan, and green with the corresponding amounts of F−. This result indicates that IDTI could be used to detect F− through color changes that can be observed with the naked eye. Such color changes could be due to the deprotonation of the lactam NH moiety of the IDTI core by F− [intermolecular proton transfer (IPT), Scheme 1] (Chen et al., 2012, 2017). IDTI exhibited electronically neutral properties in the absence of F−. However, once F− was added, F− could react with the NH units of the IDTI core to form IDTI-F−; the IPT process resulted in a color change of the dye. Furthermore, with higher concentrations of F− in the solvent, further IPT could proceed between F− and NH to produce IDTI-2F− (Sun et al., 2017).


[image: Figure 1]
FIGURE 1. (A) Photograph of the IDTI solution with or without additional different eq. fluoride anion under ambient light or 365 nm UV light. (B,D) UV/Vis absorption (B) and PL fluorescence spectra (D) of IDTI (5.0 × 10−7 M) in the presence of F− (0–4.0 eq.) in tetrahydrofuran (THF). (C,E) Ten times the absorption intensity ratio of IDTI (5 × 10−6 M after mixing with F− in THF) between 552 and 487 nm (A552/A487 nm) vs. fluoride anion concentration (C) and the PL fluorescence intensity ratio of IDTI (5 × 10−6 M after mixing with F− in THF) between 594 and 405 nm (PL594/PL405 nm) (E) vs. fluoride anion concentration. The inset is the natural logarithm of 10 times the absorption intensity ratio A552/A487 nm and PL594 /PL405 nm vs. fluoride anion concentration, respectively. (F) Molecular orbital surfaces of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of IDTI and IDTI-2F− obtained at the B3LYP/6-31G* level.
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SCHEME 1. Synthetic route for IDTI and the intermolecular proton transfer between –NH units from IDTI and F−.


The above color changes were further characterized by spectroscopy. Instead of an IDTI concentration of 1.0 × 10−5 M, 5.0 × 10−7 M IDTI in THF was investigated. As shown in Figure 1B, the spectrum for pure IDTI in the THF solution exhibited a maximum absorption at 552 nm and a shoulder peak at 515 nm. With the gradual addition of F−, the two peaks located at 552 and 515 nm successively decreased and became blue shifted, which finally disappeared. Moreover, a new peak at 487 appeared at 1.4 eq. of ammonium fluoride and became progressively higher with increasing F− concentration. These absorption spectra showed a clear isosbestic point at 495 nm. To examine the sensitivity of IDTI toward F−, we investigated the radiometric curves. Figure 1C shows the graph of 10 times the absorption intensity ratio of IDTI between 552 and 487 nm vs. the F− concentration, which appears to be a quadratic function; the inset shows the graph of the natural logarithm of these data. The inset of Figure 1C shows one slope in the correlation, and the linear relationship between the absorption intensity and F− concentration can be described by the equation: ln(A552/A487 nm) = −0.50 [F−] + 2.76 ([F−] <1.0 × 10−6 M). Figure 1D shows the fluorescence spectra of IDTI (5.0 × 10−7 M) in the presence of F− (0–4.0 eq.) in THF. The fluorescence spectra exhibited the same trend as the absorption spectra for IDTI; in particular, a blue shift of the spectra was observed upon the addition of F− to the THF solvent. Pure IDTI in the THF solution exhibited maximum emission at 594 nm. With the addition of F−, this peak successively decreased, while the peak at 405 nm progressively increased. Figure 1E shows the graph of 10 times the fluorescence intensity ratio of IDTI between 594 and 405 nm vs. the F− concentration, while the inset shows the graph of the natural logarithm of these data. The inset of Figure 1E shows the presence of two slopes in the correlation, and the linear relationship between the absorption intensity and F− concentration at low concentrations can be described by the following equation: ln (A594/A405 nm) = −0.71 [F−] + 4.3 ([F−] <8 × 10−7 M). As shown in Figures 1C,E, both the absorption spectra and PL fluorescence spectra showed a clear distinction between the solution with an F− concentration of 1.0 × 10−7 M and the pure IDTI solution, which indicates that IDTI is a sensitive fluoride chemosensor. The linear relationship between the absorption/PL fluorescence intensity and F− concentration indicates that IDTI could be used to quantitatively analyze the fluoride concentration.

To understand the electron distributions before and after F− binding, the frontier molecular orbital (FMO) feature was calculated at the B3LYP/6-31 (d, p) level using simplified IDTI, in which the long hexyl chain was replaced with a methyl group. As shown in Figure 1F, the distributions of the HOMO and LUMO orbitals of IDTI were similar, as FMO were mainly localized around the IDTI back bone. After the binding of F−, the HOMO and LUMO orbital distributions were quite different. Most of the electron wavefunctions became delocalized along the conjugation backbone for the LUMO, which is similar to electron distribution of IDTI. However, the electron distribution of the HOMO of IDTI-2F− was mainly located at both ends of IDTI, particularly the indole units. This result indicates that after the fluoride bonding, upon the excitation of IDTI-2F−, an electron transfer from the end indole groups to the conjugated backbone proceeded. The fluoride-bonded indole units seem to exhibit stronger electron-withdrawing properties than indole, which results in a strong push–pull system (core of IDTI-fluoride-bonded indole). Normally, a strong push–pull system could result in a bathochromic shift; however, in this work, a blue shift occurred (Trilling et al., 2019; Zhang et al., 2020).



CONCLUSION

In this study, a new type of colorimetric chemosensor dye based on IDTI with high sensitivity toward fluoride anions was designed and investigated. IDTI can interact with fluoride anions to exhibit color changes that are visible to the naked eye; such color changes were from red to orange or yellow under ambient light and from purple to green or blue under 365-nm UV light. The color change could be ascribed to the intermolecular proton transfer between IDTI and F−. The spectroscopy studies indicate that IDTI could be used to quantitatively analyze the fluoride concentration with a detection limit of as low as 1 × 10−7 M. This work has also demonstrated that IDTI is a promising dye for fluoride chemosensors with the advantages of high sensitivity and naked-eye detection.
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Bulk heterojunction (BHJ) organic solar cells (OSCs) can be regarded as one of the most promising energy generation technologies for large-scale applications. Despite their several well-known drawbacks, the devices where polymers are employed as the donor are still leading the OSC universe in terms of performance. Such performance generally depends upon various critical factors such as the crystallinity of the material, the crystallization process during the film formation, and also the final film morphology. Despite a few reviews on the structure of the polymer donor materials and device performance, not enough attention has been paid toward the crystallinity problem. Herein, the structure and crystallinity of the representative polymer donor materials and the corresponding device properties have been briefly reviewed. Furthermore, several typical methods for controlling the crystallinity of materials have been summarized and illustrated as well. Moreover, the obstacles lying in the way of successful commercialization of such polymer solar cells have been systematically discussed. The in-depth interpretation of the crystallinity of the polymer donors in this article may stimulate novel ideas in material design and device fabrication.

Keywords: polymer solar cell, crystallinity, donor, aggregation, bulk hetereojunction


INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSCs) have recently achieved extremely high power conversion efficiencies (PCEs) exceeding 18% owing to their interesting trademark properties (Liu et al., 2020). Over the past several decades, the researchers have put in tremendous efforts in the development and improvement of the corresponding materials (Li et al., 2005; Liao et al., 2013; Zhang et al., 2015), exploring alternate and better preparation methodologies (Gurney et al., 2019; Hu et al., 2020; Wang et al., 2020), presenting elaborate and accurate mechanisms for proving their findings, and so on (Ji et al., 2020; Meng et al., 2020). Hence, the parameters defining the OCS performance; the open circuit voltage (VOC), short circuit current (JSC), and the fill factor (FF), have been on a continual rise, which is a welcoming characteristic to meet the requirements of industrial applications (Cui et al., 2019; Liu et al., 2020).

The widely accepted working mechanism of the BHJ OSCs is illustrated in Figure 1. First, the donor and acceptor materials absorb the incident photons to generate excitons, which are basically electron and hole pairs. Next, these excitons diffuse toward the donor–acceptor interface, where after overcoming the Coulomb interaction force between them, the exciton gets separated into independent electrons and hole moieties. Finally, these independent electrons and holes transport toward the cathode and anode, respectively, and are collected by the corresponding electrodes.


[image: Figure 1]
FIGURE 1. The operating mechanism of OPVs: (1) absorption of photons and creation of excitons; (2) diffusion of excitons to D/A interfaces; (3) dissociation of excitons to free charge carriers (holes and electrons) at D/A interfaces; (4) transportation of the charge carriers to electrodes; (5) extraction of the charge carriers at the electrodes. Copyright 2018, Macmillan Publishers Limited, part of Springer Nature.


It is generally believed that the selection of the appropriate active layer materials is one of the most important factors that affect the device performance. During the past few decades, such materials can be said to have undergone three stages of evolution. The first-generation materials were basically a combination of the famous poly(3-hexylthiophene) (P3HT) donor with a fullerene acceptor, where the resulting devices were capable of achieving PCEs of about 5% (Li et al., 2005). Later on, after the development of D-A copolymer systems and forming corresponding blends with fullerene derivatives, a massive improvement in the performance was observed as PCEs of over 11% were obtained (Zhao J. et al., 2016). Finally, the emergence of non-fullerene acceptors (NFAs) enabled the researchers to effectively control the OSC parameters, and ultimately, blending them with the matched high-bandgap polymer donors pushed the PCE values beyond a remarkable 17% (Xue et al., 2017; Cui et al., 2019). It is quite an extraordinary observation that despite their numerous drawbacks, currently, almost all the BHJ OSCs devices that exhibit excellent performance include polymers as their donor component.

In preparation of the OSCs, the crystallinity-related aspects are of major concern. A better way of understanding this important issue is to divide it into two parts, i.e., the crystallinity of the involved conjugated molecules, and the relationship between the crystallinity and the film morphology on device performance.


The Crystallinity of Conjugated Molecules

Crystallinity, as the name suggests, describes the proportion of the ordered (crystalline) regions due to conjugation within a certain polymer and is a very important physical quantity in polymer science. Its value varies from polymer to polymer and hence there exists a wide range. Even for the same polymer, a slight variation in the processing conditions can lead to different crystallinity values. In BHJ OSCs, both polymer and small molecules possess large conjugated regions and therefore induce crystallinity in the system (Jiang et al., 2020). The source of crystallinity usually determines its influencing factors upon a certain system. Molecules with large conjugated regions demonstrate an extraordinary self-stability due to their large π-electron delocalization. Hence, through the overlapping of intermolecular π-electron clouds, these molecules can further achieve lower energies and therefore improved overall stability. As a result, the molecules with large conjugated planes have a certain tendency to self-aggregate, which is the source of their crystallinity (Manzhos, 2020). Therefore, the larger the molecular conjugated plane, the stronger will be the flatness of the stable conformation, which will lead to a stronger aggregation effect, and ultimately, stronger crystallinity will be attained. Also, factors such as the aggregation of alkyl chains and the non-covalent interaction between molecules have a certain impact on the molecular crystallinity.



The Relationship Between Crystallinity and Film Morphology on Device Performance

The most widely utilized solution-based spin coating method to prepare thin OSCs active layers is essentially a crystallization process of multiple molecules. In this process, the phase separation occurs and largely determines whether or not the resulting film will form a nanoscale interpenetrating network structure, which in turn affects the performance of the final device (Bin et al., 2020). The crystallinity of the donor and acceptor molecules can be regarded as an important driving force for obtaining suitable phase separation for both polymers and small molecules and therefore determines the film's morphology and affects the final device performance (Heeger, 2014). Neither too strong nor too weak crystallinity is generally conducive to the formation of preferred morphology. Attaining the contrary to what has been said usually leads to poor device configurations.

The desired molecular crystallinity, as well as the crystallization process for an ideal OSC, has been demonstrated in Figures 2A,D. Under the circumstance, the domain size of the active layer film should be equivalent to the exciton diffusion length of the involved materials while maintaining beneficial contact with the adjacent layers. Such a morphology, coupled with good phase purity, would enable the process of photoexcitation, exciton diffusion, charge separation, and charge transport in the device to be highly efficient, ultimately resulting in excellent device photoelectric performances (Bin et al., 2020). Therefore, attaining precise control of the crystallinity of materials and the crystallization process during device fabrication is important for obtaining high-performance devices.


[image: Figure 2]
FIGURE 2. Schematic diagram of molecular stacking (A–C), charge transfer and separation in the film (D–F) with suitable (A,D), too strong (B,E), and too weak (C,F) crystallinity. The green circle represents the range of electron-hole pairs transporting in organic semiconductor materials.


Domains with excessive (too strong) crystallinity are illustrated in Figures 2B,E. As mentioned earlier, for a single molecule, the stronger its crystallinity, the greater will be its self-aggregation tendency, and the larger will be the domain size within the thin films, which will eventually lead to very high charge mobility (Guo et al., 2012). In blend films, however, the large domain size leads to modest phase separation and poor film morphology (Ge et al., 2020). Considering the short exciton lifetimes and about 10-nm diffusion length in organic semiconductor materials, the photogenerated excitons yielded in the active layer film with large domain size would not be able to reach the donor–acceptor interface to achieve proper charge separation, but will recombine and ultimately result in terrible devices performance (Heeger, 2014). In addition, the excessively large domain sizes are usually accompanied by relatively large film roughness and further lead to intimate contact with the hole and electron transport layers, resulting in heat generation and current loss from the corresponding cells (Williams et al., 2012).

Likewise, extremely poor molecular crystallinity is also undesirable in pursuit of fabricating high-performing devices (Figures 2C,F) as it usually leads to poor film formation, as well as weak aggregation in the system, and thus, obtaining films with good morphology and high phase purity becomes difficult. Hence, when materials with low crystallinity are employed, amorphous regions are often observed in the corresponding active layers thin films, which ultimately hinder the charge transport and sacrifice the photovoltaic performances of the device (Li et al., 2016a).

Herein, we review the molecular structure, crystallinity, and crystallization behavior of typical polymer donor materials in the blend films, along with the methods to control them. We will first classify the existing polymer donor materials into five categories according to their structure. Then, a variety of reported crystallinity modification methods would be analyzed, which are mainly divided into molecular structure and post-processing conditions. Finally, we will put forward a few key challenges and efforts to overcome those challenges for the polymer donor materials for OSCs. We hope and believe that this article's overall introduction to the crystallinity problem in polymer donor materials may provide some valuable inspiration for the further development of this field.




POLYMER DONORS FOR EFFICIENT OSCs


Polythiophene Derivatives

During the early progression stages of the BHJ OSCs, polythiophene derivatives (PTs) used to be the most widely studied polymer donor materials as they were initially found to possess good photovoltaic characteristics. With the long polythiophene skeleton and alkyl side chains for solubilization, PTs hold both high crystallinity and good solution processability. P3HT (Figure 3) has been the most representative polythiophene-based polymer donor material in the field of OSCs. In one such example, Li et al. blended P3HT with [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) and achieved a PCE of 4.37% (Li et al., 2005). They suggested that the slower film formation rate brought higher molecular packing order in the blend, which can be indirectly proven by the increased film roughness, enhanced interband photon absorption, and improved mobility, and eventually led to an excellent photovoltaic performance. Later on, the crystallinity and morphology of the well-known P3HT:PCBM blends have been extensively studied. Comparing the absorption spectra of the pure P3HT and PCBM with their corresponding blend under various annealing times (Figures 4A,B) conclusively proves the crystallization of P3HT in the blend films (Chirvase et al., 2004). Similarly, the blend film exhibits a gradually increasing absorption peak at about 600 nm (Figure 4C) at increased annealing temperature, as well as a sharp signal peak (Figure 4E) in the GIWAXS spectrum, both of which reflect the strong crystallinity of the P3HT polymer (Savenije et al., 2006; Qin et al., 2016). The morphology of the PCBM:P3HT blend film has also been illustrated in Figure 4D, which exhibits a preferred nanoscale interpenetrating network structure. However, relatively lower VOC, JSC, and FF values have been attained as a consequence of utilizing a fullerene acceptor and an unoptimized film morphology.


[image: Figure 3]
FIGURE 3. Molecular structures of the representative polythiophene derivatives and mentioned acceptors.
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FIGURE 4. (A) Absorption spectra of pure PCBM (top) and P3HT (bottom) films as cast (solid curves), annealed at TA = 130°C for t = 20 s (dashed curves), and annealed for 1 h, TA = 130°C (dotted curves). Copyright 2004, IOP Publishing Ltd. (B) Absorption spectra of a P3HT:PCBM composite film as cast (solid curve) and after four successive thermal annealing steps, as indicated in the legend. The PCBM concentration is 67%. Copyright 2004, IOP Publishing Ltd. (C) OD spectra of PCBM:P3HT blend films directly after spin-coating and at 40, 50, 55, 60, 70, 80, 90, 100°C for 5 min. Arrow indicates rising temperatures. Copyright 2006, Elsevier B.V. (D) BF-TEM images of a 1:1 PCBM:P3HT pristine composite film (top) and after thermal annealing (bottom). The inserts are the corresponding selected area electron diffraction (SAED) patterns. Copyright 2006, Elsevier B.V. (E) 2D GIWAX images of the neat polymer and ITIC films. (Bef stands for before thermal annealing; Af stands for after thermal annealing.) Copyright 2016, Wiley-VCH. (F) Tapping mode AFM topography, phase, and TEM images of as-casted blend films based on the PDCBT:ITIC (top) and P3HT:ITIC (bottom). The sizes of the AFM images are 2 × 2 μm. The scale bars in the TEM images are 0.2 μm. Copyright 2016, Wiley-VCH.


Recently, the application of the NFAs has significantly improved the performance of the P3HT-based devices. In one such example, the indacenodithiophene (IDT) core–based NFAs, IDTBR, and EH-IDTBR, demonstrating highly planar molecular configuration, not only showed very good crystallinity, but also led to a highly complementary absorption spectrum with P3HT and hence produced an elevated PCE of 6.3 and 6%, respectively (Holliday et al., 2016). Interestingly, these two NFAs lost their face-on orientation after forming blends with the P3HT polymer, which might have reduced the devices' performance to a certain extent. Similarly, the performance of the P3HT based device was further improved by inserting a second NFA (IDFBR) into the P3HT:IDTBR blend film, forming a ternary system, which led to the added component induced optimization of phase morphology (Baran et al., 2017). On the contrary, introducing a spirobifluorene (SF) core–based NFA, SF(DPPB)4, with a cross-shaped molecular geometry, into the active layer with P3HT led to the generation of a remarkable VOC of 1.41 V due to the energy level alignment. The corresponding devices ultimately produced a PCE of 5.16% (Li S. et al., 2016). From the results, it is evident that the face-on molecular orientation in the blend films has been achieved as the molecular geometry of SF(DPPB)4 prevented the strong aggregation of P3HT and strengthened the phase separation after thermal annealing.

It is widely accepted that the relatively large bandgap and high ionization potential of P3HT would cause weak light absorption and relatively low VOC values that eventually undermine the device's performance. Therefore, great efforts have been inducted to ameliorate P3HT and develop new polythiophene donor materials. PDCBT, one of such outstanding polymer molecules (Figure 3), thus obtaining PCEs of 7.0% and 10.16% with PC71BM and ITIC as acceptors, respectively (Qin et al., 2016). The GIWAXS spectrum revealed that the alkoxycarbonyl-substituted PT showed enhanced crystallinity and preferred face-on molecular orientation (Figure 4E), which may be due to the dipole–dipole interactions between C=O (carbonyl)…S(thienyl) groups in PDCBT, and polar alkoxycarbonyl substituents and dicyanomethyleneindanone moieties in ITIC. As a result, a preferred film morphology and appropriate phase separation (Figure 4F) have been obtained and therefore led to improved device performance.

Despite the relatively inferior photovoltaic performances of PT-based devices, the advantages of low consumption and easy synthesis still make them one of the most promising donor materials for industrial applications. However, to do so, it is an urgent requirement to adjust the energy levels and absorption spectra of PT materials through simple side-chain engineering, halogenation strategies, or other easy methods.



D-A Copolymer

With an alternating electron-rich unit (D) and an electron-deficient unit (A), the D-A copolymers are generally distinguished by their low bandgap, wide light absorption wavelength range, and adjustable characteristics of energy level and photon absorption. Because of the intramolecular push–pull electronic effects, simple side-chain engineering, fluorination strategies, etc., can affect the energy levels of the entire molecule and therefore change the optimal molecular configuration to modify the molecular stacking performance and crystallinity. Generally, the electron-deficient unit of the D-A copolymers is an ester substituted thieno[3,4-b]thiophene (TT), whereas the substituted benzo[1,2-b:4,5-b′]dithiophene (BDT) and 4,8-di(thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene (BDT-T) are utilized as the electron-rich units.


D-A Copolymer Based on BDT Units

In 2008, Liang et al. synthesized a polymer donor based on alternating TT and BDT units, called PTB1 (Figure 5), which achieved a PCE of 5.6% after being blended with PC71BM. They later extended the PBT series to PBT7 through side-chain and halogenation modification (Liang et al., 2009). Compared with P3HT, PTB1 displayed better molecular planarity and improved crystallinity, which upon blending with PC71BM brought a uniformly distributed nano-interpenetrating network structure [nanofibers structure of about ~5-nm width (Figure 6A)]. With attributes such as a narrow bandgap (1.6 eV) and high hole mobility (4.5 × 10−4 cm2/V · s), OSCs based on PTB1:PC71BM resulted in better device performance than the P3HT:PCBM system. After replacing the alkyl chain with 2-ethylhexyl and fluorinating the TT unit, PTB7 (Figure 5) was synthesized, and the PCE of the devices with the same acceptor material reached 7.4% (Liang et al., 2010). Elevated VOC, derived from fluorination, and 1,8-diiodooctane (DIO) doping–induced uniform phase separation (Figure 6B) favoring charge separation and transfer can be credited as the main reasons for the excellent performance of the PTB series donor–based devices.


[image: Figure 5]
FIGURE 5. Molecular structures of representative D-A copolymers and mentioned acceptors.
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FIGURE 6. (A) AFM topography image (top) and TEM image (bottom) of PTB1/PC61BM blend films. Copyright 2009, American Chemical Society. (B) TEM images of PTB7/PC71BM blend film prepared from CB without (top) and with (bottom) DIO (the scale bar is 200 nm). Copyright 2010, Wiley-VCH. (C) Out-of-plane line cut of GIWAXS with PTB7:PC71BM and PTB7-Th:PC71BM (1:1.5 wt/wt, 100 nm). Copyright 2013, Wiley-VCH. (D) TEM image of PTB7-TH:ITIC (1:1.3, wt/wt) blended film. Copyright 2015, Wiley-VCH. (E) 2D GIWAXS patterns (left) of PTB7-Th:IHIC with and without 1-chloronaphthalene (CN) and the corresponding GIWAXS profiles (right) along the out-of-plane and in-plane directions. Copyright 2017, Wiley-VCH. (F) AFM (top) and TEM images (bottom) of TPB/PTB7-Th films (left) without additive and (right) 8% diphenyl ether (DPE) as additive. Copyright 2016, American Chemical Society. (G) In-plane and out-of-plane line cuts of GIWAXS patterns of PTB7-Th:PNDI-Tx and PTB7-Th:N2200 blend films. Copyright 2016, American Chemical Society. (H) AFM height image, 2D height image, phase image, and TEM images (from left to right) of optimal PBFTT:IT-4Cl blend films. Copyright 2019, Reproduced with permission.




D-A Copolymer Based on BDT-T Units

Later on, one of the most investigated polymer molecules, PTB7-Th, rose to the scene (Figure 5), which was designed and proposed by Liao et al. through the incorporation of 2-ethylhexyl-thienyl group into the BDT unit (BDT-T) in PTB7 (Liao et al., 2013). This inclusion led to an improved co-planarity of the molecular backbone that not only resulted in a 25-nm red shift in the absorption edge but also induced a better π-π stacking and preferred face-on molecular orientation (shorter π-π stacking distances of 3.22 Å; Figure 6C). As a result, the PTB7-Th: PC71BM-based device gave a high PCE of 7.64%. Such excellent device performance gained researchers' attention and hence NFAs started to be employed with PTB7-Th. Lin et al. designed and synthesized one of the most representative NFA, ITIC and upon blending it with PTB7-Th, yielded a PCE of 6.80% due to the broad absorption, balanced charge transport, good donor/acceptor miscibility and proper phase-separation (Figure 6D) (Lin et al., 2015). The same group later synthesized an improved NFA, IHIC, which exhibited strong NIR absorption but weak visible absorption, and prepared an efficient semitransparent—ST-OSC with a PCE of 9.77% (Wang et al., 2017). The GIWAXS characterization (Figure 6E) illustrates that the PTB7-Th:IHIC blend film demonstrated relatively stronger crystallinity and preferential face-on oriented domains, leading to high and balanced charge mobility and good donor–acceptor compatibility. Similarly, The α-substituted PDI derivatives, TPB with twisted 3D structure, has also been employed as acceptors with PTB7-Th and gave a high PCE of 8.47%, which was attributed to the extraordinarily high JSC values (>18 mA · cm−2). This high current value has been attained as a consequence of the increased contact area between the active layer and interfacial electrode, due to the smooth film morphology brought about by the DPE doping (Figure 6F) (Wu et al., 2016). Furthermore, PTB7-Th has also been blended with a naphthodithiophene (NDI)–based polymer NFA, PNDI-T10, which led to a PCE of 7.6% (Li et al., 2016b). A preferred domain size of 10–20 nm, as proved by the resonant soft X-ray scattering characterization, predominant face-on orientation (Figure 6G), and a balanced μh/μe ratio of 2, contributing to efficient charge separation and transfer, has been attributed to this performance. In general, PTB7-Th can be termed as one of the most promising polymer donor materials, because of its narrow bandgap, strong absorption, suitable crystallinity, and good compatibility with most acceptors.

Side-chain engineering and halogenation strategies have also been conducted for PTB7-Th and produced several excellent OSCs. Huo et al. replaced the alkyl side chain on the thiophene of the BDT-T unit with alkoxycarbonyl and alkylcarbonyl and synthesized PBDTTT-E-T and PBDTTT-C-T (Figure 5) (Huo et al., 2011). Comparing with the corresponding alkyl-substituted analogs, PBDTTT-E-T and PBDTTT-C-T exhibited better thermal stabilities, red-shifted absorption spectra, lower HOMO and LUMO energy levels, and significantly higher hole mobility and hence led to greatly improved photovoltaic properties. Moreover, Su et al. fluorinated both BDT-F and the TT units and synthesized PBFTT polymer (Figure 5), which after being blended with IT-4Cl obtained a PCE of 11.1% for ST-OSC (Su et al., 2019). The fluorination not only led to a higher extinction coefficient and stronger crystallinity in the system but also endowed the blend films with small RMS roughness, smooth surface morphology, and uniform bulk morphology (Figure 6H), which fit perfectly with the thin electrodes required for ST-OSCs.




D–π-A Copolymer With Thiophene π-Bridge

In recent years, the donor–π-acceptor (D–π-A) principle has widely been applied in the polymer donor material design, where an electron-rich unit (D), a π-bridge (π, usually thiophene), and an electron-deficient unit (A) alternately constitute the backbone structure of the polymer. Comparing with the earlier mentioned D-A copolymer donors, these possess larger conjugated planes, stronger absorption, and hence better device performance. Among the rich variety of D–π-A copolymers, the BDT-T is the most commonly used D unit, whereas benzo[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD) and 2H-benzo[d][1,2,3]triazole (BTz) are usually employed as the A units.


BDT-T and BDD Unit–Based D–π-A Copolymer With Thiophene as the π-Bridge

The PBDB-T polymer can be considered as the first widely studied polymer donor material based on the BDT-T and BDD units (Figure 7), which revealed a strong aggregation effect in the solution state (Figure 8A) and, when blended with the PC61BM as acceptor, exhibited a PCE of 6.67% (Qian et al., 2012). Likewise, upon utilizing the representative NFA, ITIC, with PBDB-T, the corresponding JSC almost doubled and reached 16.81 mA · cm−2, ultimately producing an excellent PCE of 11.21%. Such a high performance was attributed to preferred film morphology and phase separation by the authors (Figure 8B) (Zhao W. et al., 2016). Furthermore, a fused-ring acceptor with asymmetric side chains, IDT-OB, has also been combined with PBDB-T, where the resultant devices were able to produce a PCE of 10.12%, as a consequence of suitable nanoscale phase separation (Figure 8C) and dominant face-on stacking orientation in a wide range of thickness (Figure 8D) (Feng et al., 2017). Moreover, constituting an all-polymer system, PZ1, a polymer NFA led to a relatively high PCE of 9.19% when blended with the PBDB-T donor (Zhang Z. G. et al., 2017).
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FIGURE 7. Molecular structures of representative D–π-A copolymers with T π-bridge and mentioned acceptors.
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FIGURE 8. (A) Temperature-dependent absorption spectra of the polymer PBDB-T in chlorobenzene solution. Copyright 2016, Wiley-VCH. (B) AFM phase images (left) and AFM height images (right) of PBDB-T:ITIC film. Copyright 2016, Wiley-VCH. (C) AFM (top) and TEM (bottom) images of PBDB-T:IDT-OB film. Copyright 2017, Wiley-VCH. (D) 2D GIWAXS scattering patterns PBDB-T:IDT-OB blend films with different thickness of active layers. Copyright 2017, Wiley-VCH. (E) GIXD profiles for the pure film of PM6 and blend films of PM6:PC71BM (1:1.2, wt/wt) with different amounts of DIO. Copyright 2015, Wiley-VCH. (F) AFM height (top), phase (middle) and TEM (bottom) images of as-cast SeTIC4Cl/PM6 blend films (left) and DIO-treated SeTIC4Cl/PM6 blend films (right). Copyright 2018, American Chemical Society. (G) GIXD patterns of as-cast SeTIC4Cl/PM6 blend films and DIO-treated SeTIC4Cl/PM6 blend films. Copyright 2018, American Chemical Society. (H) Morphology images of the blend films: AFM height (left), phase (middle) images, and TEM image (right) of PBDB-T-SF:IT-4F blend film. Copyright 2017, American Chemical Society. (I) TD-Abs spectra of the solutions of PBDB-T-2Cl in CB as the temperature decreased from 120 to 0 °C. Copyright 2018, Wiley-VCH.


Zhang et al. later on designed and synthesized PM6 (showed in Figure 7), another well-known copolymer of BDT-T and BDD units (Zhang et al., 2015). The PM6:PC71BM-based device showed a high PCE of 9.2% with a VOC of 0.98 V, which is one of the highest fullerene acceptor–based device performances at that time. However, although the neat film of PM6 exhibited strong crystallinity and a dominant face-on packing with respect to the electrodes, the π-π stacking of the polymer in the blend films was completely disrupted after blending with PC71BM (Figure 8E), which is obviously unfavorable for charge transfer. The introduction of the NFAs solved this problem and greatly improved the photovoltaic performance of PM6-based devices. Later, the same group synthesized an NFA based on selenopheno[3,2-b]thiophene fused electron-rich central building block and end-capped electron-withdrawing group, named SeTIC4Cl (Wang et al., 2018), and ultimately, the corresponding PM6:SeTIC4Cl devices demonstrated a very high PCE of 13.32%. The AFM, TEM, and GIWAXS characterization revealed that the PM6 and SeTIC4Cl in the blend films can be crystallized independently, and the best face-on crystalline orientation and molecular packing can be obtained after DIO treatment (Figures 8F,G). Likewise, one of the most outstanding NFAs, BTP-4F, or more commonly known as the Y6 molecule, and its chlorinated homolog, Y6-Cl (BTP-4Cl), have been employed to constitute OSCs with PM6 as the donor and achieved record PCEs of 15.6 and 16.5%, respectively (Cui et al., 2019). Considering its popularity, Karki et al. examined the PM6:Y6 blend films to investigate the source of its excellent performance (Karki et al., 2019). They stated that the PM6:Y6 blend system exhibited a low energetic offset, a low energetic disorder, and beneficial morphology, which aids in reducing the voltage losses and retaining high FF and JSC values simultaneously.

Hence, owing to the excellent photovoltaic performance of polymers based on BDT-T and BDD units, a lot of research has been conducted for their modification. In one such example, PFBDB-T (Figure 7) has been synthesized after fluorination on the π-bridge of PBDB-T. The corresponding PFBDB-T:C8-ITIC devices thus led to a high PCE of 13.2%, as a consequence of fluorination-dependent reduced energy losses within the blend (Fei et al., 2018). Similarly, Zhao et al. replaced the 2-ethylhexyl on the BDT-T unit of PM6 with a thioether group and obtained PBDB-T-SF polymer as shown in Figure 7. After blending it with IT-4F, the devices yielded a remarkable PCE of 13% (Zhao et al., 2017). Moreover, the PBDB-T-SF:IT-4F blend morphological properties were observed to be very similar to that of PBDB-T:ITIC blend films in terms of nanoscale phase separation and appropriate domain sizes (Figure 8H). In another example, PBDB-T-2Cl (Figure 7) has been successfully synthesized by substituting the fluorine atom on the BDT-T unit of the PM6 polymer with a chlorine atom, which displayed a temperature-dependent absorption spectrum in solution (Figure 8I). The PBDB-T-2Cl:IT-4F–based devices ultimately displayed a PCE of >14% with good stability (Zhang et al., 2018).



BDT-T and BTz Unit–Based D–π-A Copolymer With Thiophene π-Bridge

The BTz units generally have a hydrogen atom attached to the nitrogen atom in the system, which indicates the possibility of an additional alkyl chain attachment with the backbone that can enhance the solubilization. The J series polymer molecules have been the most reported polymers based on the BDT-T and BTz units. One of such polymers, J50 (Figure 7), has been synthesized via alternately connected alkyl-substituted BDT-T, thiophene π-bridge, and alkyl-substituted BTz units. Likewise, further modification of the acceptor unit utilizing the bifluorination strategy led to the synthesis of another impressive polymer, J51 (Figure 7) (Gao et al., 2016a). All polymer solar cells (PSCs) based on J51:N2200 demonstrated a high PCE of 8.27%, as a consequence of predominant face-on orientation (Figure 9A) and semicrystalline structure. Similarly, blending the J51 polymer with the ITIC acceptor led to a better complementary absorption spectrum and therefore further improved the efficiency to 9.26% (Gao et al., 2016b). Likewise, the J52 polymer has been synthesized by replacing the substituents on the donor and acceptor units with the most commonly used 2-ethylhexyl alkyl chain (Figure 7), and blending it with an ultranarrow bandgap NFA, IEICO-4F, led to a PCE of 9.3% with an excellent JSC of 21.9 mA · cm−2 (Yao et al., 2017). The favorable nanoscale phase separation (Figure 9B), minor bimolecular recombination, and efficient overall charge collection processes have been attributed for such a performance from the corresponding combination. Later, further side-chain engineering, aimed at the BDT-T unit, has been carried out by substituting the alkyl chains by a thioether group, which resulted in the formation of J61 polymer. The corresponding device with m-ITIC acceptor resulted in a PCE of 11.77%, thanks to the better matched and fine-tuned donor–acceptor energy levels (Yang et al., 2016). Trialkylsilyl has also been employed as a substituent on the BDT-T unit to obtain a low HOMO copolymer J71 (Figure 7), whereby blending it with ITIC acceptor displayed a PCE of 11.41% (Bin et al., 2016). To take advantage of the fluorination effect, the same group difluorinated the BDT-T unit of J51 and obtained the J91 polymer (Figure 7). An impressive PCE of 11.63% was achieved after blending it with m-ITIC as a consequence of more intense absorption, low-lying HOMO energy level, and higher charge carrier mobility (Xue et al., 2017).
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FIGURE 9. (A) Line cuts of GIWAXS images in in-plane (top) and out-of-plane (bottom) direction for the polymers J50, J51, N2200, and the polymer blends of J51:N2200 (2:1, wt/wt) and J50:N2200 (2:1, wt/wt) films. Copyright 2015, Wiley-VCH. (B) AFM height image (top) and TEM pattern (bottom) of the binary films at a donor ratio of 0.3:0.7. Copyright 2017, Wiley-VCH. (C) AFM height images (5 × 5 μm, top) and TEM images (bottom) for PTzBI:ITIC, PTzBI:ITIC processed with 0.5% dibenzyl ether (DBE), PTzBI-DT:ITIC and PTzBI-DT:ITIC processed with DBE/DIO (from left to right). Copyright 2017, Wiley-VCH. (D) The 2D GIWAXS patterns for FTAZ:IDIC and FTAZ:PCBM blended films with 0.25% DIO on flat ZnO substrates. Copyright 2018, Wiley-VCH. (E) AFM phase images for D18:Y6 blend films without (top) and with (bottom) SVA. Copyright 2020, Science China Press. (F) 2D GIWAXS patterns of (top) neat PDBT-T1 film and (bottom) optimal PDBT-T1:SdiPBI-Se blend film (0.25% DIO). Copyright 2015, American Chemical Society. (G) Tapping mode AFM topography (top) and 2D GIWAXS image (bottom) of PzNDT-T-BDD/IDIC blend film. The size of the AFM image is 2.5 × 2.5 μm. Copyright 2018, Wiley-VCH.


In addition to side-chain engineering and halogenation strategies, the BTz unit has also been modified by diimide functionalization, leading to the formation of novel acceptor materials, PTzBI and PTzBI−2-decyltetradecyl (DT) (Figure 7), which possessed improved crystallinity and preferred molecular packing orientation (Figure 9C), which endowed the corresponding devices with ITIC as acceptor with PCEs of 10.24 and 9.43%, respectively (Fan et al., 2017b).



Other D–π-A Copolymer With Thiophene π-Bridge

Similar to previous examples, the BDT unit has also been utilized to polymerize with the thiophene and BTz units, which led to the formation of another group of FTAZ (Figure 7) type of polymers. However, forming FTAZ: PC61BM blend films led to a system where both donor and acceptor exhibited weak scattering peaks, which indicated a weak molecular packing, and thus, the relevant OSCs showed a moderate PCE of 5.99% (Lin et al., 2018). Involving an NFA, IDIC, however, yielded an enhanced PCE of 12.14% as the corresponding devices benefited from improved crystallinity and dominant face-on orientation relative to the electrodes (Figure 9D). Another important D–π-A polymer that must be mentioned is D18 (Figure 7), which when blended with Y6 acceptor produced an outstanding efficiency of 18.22% (Liu et al., 2020). Such a remarkable performance has been attributed to the large molecular conjugate plane of BDT-T and DTBT units that promoted the polymer stacking and enhanced the μh value, as well as the evenly distributed nanofiber structure about 20 nm (Figure 9E). Likewise, combining another two thiophene rings on the base of BDT-T to extend the conjugated area, the DTBDT-T unit has also been introduced to the D–π-A polymer system, which led to the successful synthesis of several donor materials such as PDBT-T1 (Figure 7). Several perylene bisimide (PBI)–based small molecule acceptors with a twisted conformation have been blended with PDBT-T1, and hence, the OSC devices based on PDBT-T1:SdiPBI-S, PDBT-T1:SdiPBI-Se, PDBT-T1:TPH, and PDBT-T1:TPH-Se delivered PCEs of 7.16, 8.4, 8.28, and 9.28%, respectively (Sun et al., 2015; Meng et al., 2016a,b). These kinds of acceptors with strong aggregation effect showed good compatibility and preferred face-on orientation with PDBT-T1 in the blend films (Figure 9F). Thienyl side-chains functionalized ITIC-Th has also been mixed with PDBT-T1, and the corresponding device showed a PCE of 9.6%, which has been attributed to balanced charge transport and predominant intermolecular π-π interactions vertical to the substrates in the blend films (Lin et al., 2016).

Replacing the benzene of the BDT unit with naphthalene is also a common strategy to extend the conjugated area, where the obtained NDI is employed as an electron-rich unit in the D–π-A polymers. It is practically evident that the “zigzag” NDT (zNDT)–based D–A polymers often possess unique and excellent optoelectronic properties when combined with a suitable acceptor. Shi et al. combined NDI, benzo[c][1,2,5]thiadiazole (BT) unit, and thiophene π-bridge alternately and synthesized a polymer donor, named PzNDTDTBT (Figure 7) (Shi et al., 2013). Forming the corresponding blends with PC71BM showed a moderate PCE of 5.07% due to poor compatibility and large domain size. Later, copolymer PzNDT-T-BDD (Figure 7) consisting of zNDI and BDD units has been synthesized, and the resulting devices with IDIC as the acceptor showed an improved PCE of 9.72% (Jiang et al., 2018). Facile π-π stacking, appropriate absorption complementation, and active layer morphology have been credited for this performance enhancement (Figure 9G).

In general, the D–π-A copolymers are the most researched donor materials as they exhibit the best performances in the BHJ OSCs. Broad and strong absorption, strong crystallinity, good compatibility with NFAs, simple property controllability, and preferred face-on orientation in blend films grant them huge potentials for better device performance and even for commercial applications.




Copolymers of Electron-Deficient Units and Bithiophene

This system involves a relatively simple and operation-friendly methodology to take advantage of the modest synthesis techniques of the PTs, as well as the excellent performance of D-A copolymers simultaneously. The most common electron-deficient units used are BT and BTz. Besides, thieno[3,4-c]pyrrole-4,6-dione (TPD) and 2,2′-bithiophene-3,3′-dicarboximide (BTI) have also been reported. In this regard, the ffBT-based donor polymer, PffBT4T-2DT (Figure 10), has been synthesized by combining the BT and the tetrathiophene alternatively. Upon mixing it with an NFA with high-lying LUMO, SF-PDI2 led to a PCE of 6.3%, largely due to appropriate energy level matching and favorable BHJ morphology (Figure 11A) (Zhao et al., 2015). An unbalanced hole and electron mobility, however, resulted in unsatisfactory performance. Later, another NFA, IDTBR, has been employed with the same donor, and the corresponding devices displayed an improved PCE of 10%. This enhancement has been attributed to the low voltage losses and good luminescence yields in the blend films (Baran et al., 2016). Similarly, utilizing the side-chain engineering to replace the DT on the thiophene unit of PffBT4T-2DT with a 2-octyldodecyl, PffBT4T-2OT (Figure 10) has been synthesized. Hence, the OSCs based on PffBT4T-2OT:PC71BM achieved a PCE of 9.2%, thanks to an increase in both the domain size and exciton diffusion length during thermal annealing (Zhang et al., 2019). Furthermore, PFBT4T-C5Si-50% and PFBT4T-C5Si-25% have been synthesized by partly replacing the DT side chain using a siloxane-terminated side group (Figure 10), which demonstrated strong crystallinity and temperature-dependent solution absorption spectrum (Figure 11B) (Liu et al., 2017). Using PC71BM as an acceptor, the corresponding blend films exhibited preferred morphology and face-on stacking orientation even at film thicknesses up to 600 nm (Figure 11C). Similarly, P3TEA (Figure 10), another well-researched polymer whose structure comprises alternately connected BT unit and ester-substituted trithiophene, when blended with SF-PDI2, showed a PCE of 9.5% due to the efficient charge generation and separation, despite having a negligible driving force (Liu J. et al., 2016). Likewise, replacing the acceptor with a PDI-tetramer NFA, FTTB-PDI4, led to an improved PCE of 10.58% as a consequence of stronger π-π stacking and higher domain purity in the blend films (Figure 11D) (Zhang J. et al., 2017).
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FIGURE 10. Molecular structures of representative copolymers of the electron-deficient unit and bithiophene and mentioned acceptors.
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FIGURE 11. (A) AFM images (1 × 1 mm) of PffBT4T-2DT:SF-PDI2 blends. Copyright 2015, The Royal Society of Chemistry. (B) The evolutions of UV-vis absorption spectra of PFBT4T-C5Si-50% (top) and PFBT4TC5Si-25% (bottom) in chlorobenzene (1 × 10−5 M) during the heating process from 25 to 95°C. Copyright 2017, The Royal Society of Chemistry. (C) Grazing incidence X-ray diffraction (GIXD) 2D scattering images of thick BHJ films of PFBT4T-C5Si-50% and PFBT4T-C5Si-25%. Copyright 2017, The Royal Society of Chemistry. (D) RSoXS profiles (top) of P3TEA:TTB-PDI4 and P3TEA:FTTBPDI4 and 2D GIWAXS pattern (bottom) of P3TEA:TTB-PDI4. Copyright 2017, American Chemical Society. (E) Two-dimensional GIWAXS pattern of PTFB-O:ITIC blend film. Copyright 2016, Reproduced with permission. (F) 2D GIWAXS patterns for PvBDTTAZ:IDTBR films. Copyright 2017, American Chemical Society. (G) AFM and TEM images of PBTZ-C4T:ITIC-Th1 blend film. Copyright 2019, American Chemical Society. (H) AFM topography images (left) and phase-contrast images (right) of PBDTT–DTTBT/PC70BM (1:1.5) films. Copyright 2012, The Royal Society of Chemistry. (I) Zero-loss high-resolution phase-contrast TEM images (left) of PBDTT–ttTPD:PC71BM blends (1:1 wt/wt) cast from chloroform with 3 vol% DIO and nitrogen mapping ESI images (right) of PBDTT–ttTPD:PC71BM blends (1:1 wt/wt) cast from chloroform with 3 vol% DIO by a three-window method (N atom, 403.5 eV). Copyright 2014, The Royal Society of Chemistry. (J) The 2D GIWAXS patterns of the PE2:Y6 blend films. Copyright 2019, The Royal Society of Chemistry. (K) Two-dimensional GIWAXS (2D-GIWAXS) patterns of the PE4:Y6 blended films. Copyright 2019, American Chemical Society.


In another example, by inserting one BTz unit between every five thiophenes and performing ortho or para bifluorination on those thiophenes, Li et al. synthesized two polymer donors, PTFB-O and PTFB-P, as shown in Figure 10 (Li et al., 2016a). The corresponding devices based on PTFB-O:ITIC, due to suitable crystallinity (Figure 11E) and good donor and acceptor compatibility, showed a modest PCE of 9.9%. Chen et al. similarly added a BDT unit into the copolymer of BTz unit and bithiophene, which led to the synthesis of PvBDTTAZ (Figure 10). Mixing it with NFA IDTBR thus led to an impressive PCE of 11.6%, which was attributed to high crystallinity and small domains for both donor and acceptor within the blend films (Figure 11F) (Chen et al., 2017). Interestingly, ester substitution and fluorination have been applied to form a unique polymer donor, PBTZ-C4T (Figure 10), maintaining an A1-π-A2 architecture. Blending it with ITIC-Th led to a PCE of 9.34%, owing to a better planar geometry, improved light absorption, and high crystallinity (Figure 11G) (Guo et al., 2019).

Apart from the molecules mentioned above, TBD and BTI units have also been often employed to construct copolymer donor materials with bithiophene. Through copolymerization of TPD and BTI as the electron acceptor unit and terthiophene (3T) as the electron donor unit, Guo et al. synthesized PTPD3T and PBTI3T (Figure 10) and upon their incorporation with PC71BM acceptor, extremely high FFs of 76% to 80% with PCEs of about 8.7% have been achieved (Guo et al., 2013). The distinguished FF values have been attributed to close π-π interplanar spacings, face-on molecular oriented microstructures, ordered BHJ bicontinuous networks, and vertical phase gradation. Later, Sun et al. fused two fluorinated BTI units and combined it with a simple thiophene, obtaining a novel BTI-based polymer, f-FBTI2-T (Figure 10) (Sun et al., 2019). Because of the extended π-conjugation, reduced bandgap, and lower-lying LUMO energy level, the all-PSCs based on PTB7-Th:f-FBTI2-T exhibited an extraordinary PCE of 8.1%.



D–π-A Copolymer With TT π-Bridge

TT units possess a rigid and coplanar fused ring, which ensures a highly delocalized π-electron system and strong intermolecular π-π stacking, and thus has attracted much interest for the construction of high performance polymer materials for applications in optoelectronic devices. Utilizing the TT as the π-bridge in D–π-A copolymer is a commonly used strategy to extend the conjugated plane and improve the crystallinity of materials.

By applying T and TT as the π-bridges, Guo et al. polymerized BDT-T and BT units and acquired two polymer donors, PBDTT–DTTBT and PBDTT–DTBT (Figure 12) (Guo et al., 2012). PCEs of 6.03 and 2.34%, respectively, have been attained for the corresponding blends with PC71BM, as the PBDTT–DTTBT–based system has been able to produce two orders of magnitude higher hole mobility of 1.97 × 10−3 cm2/V · s (Figure 11H), as compared to PBDTT–DTBT (1.58 × 10−5 cm2/V · s), as a consequence of good crystallinity in the former. This huge difference in mobility and device performance has been attributed to the unequal conjugated areas of the TT and T π-bridges. Likewise, the polymer based on BDT and diketopyrrolopyrrole (DPP) units have also been modified by the application of TT π-bridge, whereby forming blends with PC71BM as acceptor revealed a similar pattern as mentioned previously (Li et al., 2013). Moreover, an alkyl substituted TT π-bridge, 6-alkylthieno[3,2-b]thiophene has also been researched, where a PCE of 6.81% has been achieved for a PBDTT–ttTPD:PC71BM–based system (Figure 11I) (Kim et al., 2014).
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FIGURE 12. Molecular structures of representative D–π-A copolymers with TT π-bridge and mentioned acceptors.


NFAs have also been involved in the investigation of D–π-A copolymer with TT π-bridges. Chen et al. replaced the T π-bridge of J52-SF with alkyl-substituted TT π-bridge and synthesized PE2 (Figure 12). This ultimately led to down-shifted HOMO energy levels, higher crystallinity, and stronger π-π stacking in the polymer (Figure 11J), and blending it with Y6 acceptor resulted in an impressive PCE of 13.50% (Chen et al., 2019). Later, a chlorinated homolog of PE2, PE4, has been reported by the same group (Figure 12), which displayed an excellent PCE of 14% when blended with a Y6 acceptor (Figure 11K) (Tang et al., 2019).

In fact, the latter three parts can be regarded as D–π-A copolymers containing thiophene, bithiophene, and thienothiophene units. In these materials, thiophene, bithiophene, and thienothiophene units can provide a larger range for π-electron delocalization and promote molecular packing. However, there are three main differences between them. First, from the perspective of synthesis, the synthesis steps and costs of thienothiophene units are higher than the thiophene and bithiophene units. Second, from the perspective of molecular packing, the thienothiophene can provide a larger molecular conjugate plane as compared to the other two units and thereby promotes the molecular packing to the greatest extent. Finally, from the perspective of device performance, although the final film orientation and molecular packing get affected by all three units differently, and as an excellent device performance requires a proper rather than very strong crystallinity, there is no specific rule that can determine the impact of the three units on device performance, without further analyzing the specific donor and acceptor materials relationship.

The BHJ OSC devices' performance of the presented materials is summarized in Table 1.


Table 1. The BHJ OSCs devices performance of the presented materials.
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METHODS OF CONTROLLING THE CRYSTALLINITY OF BLEND FILMS BASED ON POLYMER DONORS

Crystallization can be considered as a process of molecular aggregation changes under the influence of postprocessing conditions. Therefore, the nature of a certain molecule and postprocessing conditions have a decisive effect on the crystallization process and the final film morphology. The modification of the crystallinity and crystallization process has also been summarized according to this idea.


Polymer Molecular Structure

The driving force for the crystallization process is essentially the overlapping of π electron orbitals between the involved molecules and the increase of the delocalization range of π electrons. At the same time, the molecular structure determines the distribution of π electrons in the molecule. Therefore, controlling the molecular structure of the polymer can be regarded as the fundamental methodology to adjust the crystallinity and the crystallization process in the blend film. Generally, an increase in the size of the conjugated plane, side-chain engineering, and halogenation (mainly fluorination and chlorination) are the most commonly used methods for adjusting the molecular structure of polymers.


Increasing the Conjugated Plane

Having an enlarged conjugated plane generally means more π electrons, as well as wider delocalized π orbitals in the system, which ultimately leads to enhanced interaction between the involved crystalline organic semiconductor molecules. Therefore, a larger conjugated plane with high flatness usually is an indicator of strong crystallinity. The most representative instances in this regard are the polymers with a TT π-bridge, as mentioned previously (Guo et al., 2012; Li et al., 2013; Kim et al., 2014; Chen et al., 2019; Tang et al., 2019). Similarly, polymers based on BDT-T or DTBDT units usually exhibit improved crystallinity than the BDT series. As illustrated in Figure 6C, the BDT-T–based D-A copolymer, PTB7-Th, showed an enhanced signal peak in the GIWAXS spectrogram as compared to its corresponding BDT-based homolog, PTB7, indicating that increased conjugation plane can indeed enhance the intermolecular aggregation effect.



Side-Chain Engineering

Side chains in organic semiconductor materials are generally introduced for solubilization, but they also affect the interaction between the molecules as well. Alkoxycarbonyl, alkyl, alkoxy, thioether groups, and silyl groups have often been reported as the most used side chains (Fan et al., 2017a, 2018; Liu et al., 2018). The interaction between the side chains and the resulting changes in the molecular configuration generally affects the molecules' self-aggregation effect and thus affects the crystallinity. Unfortunately, there is no obvious rule to indicate which side chains can increase or decrease the molecular crystallinity. On the other hand, the structure of the side chains itself, as well as the connecting positions, also influences the crystallinity of molecules. Shi et al. synthesized a series of PffBZ copolymers with different side chains and revealed that the performance of the polymers with branching on the second position of the alkyl chain and the third position of the alkoxy chain delivered the best film morphology and molecular packing characteristics (Shi et al., 2020). Furthermore, adjusting the crystallinity through the molecular structure will also affect the energy levels, absorption, and other properties of the material. The systematic study of different side chains in different systems is an important research direction.



Halogenation Strategy

The halogenation strategy has been proven to be one of the simplest and most effective methods to improve the performance of both polymer donor– and NFA-based systems. Extensive research on fluorination methods has shown that the introduction of the fluorine atoms, having the largest electronegativity and small atomic radius, into organic semiconductor materials can significantly decrease the energy levels and improve molecular aggregation (Zhang et al., 2016; Xue et al., 2017). In this regard, by fluorinating the BT unit of PBnDT-DTBT, a D–π-A polymer, the researchers obtained PBnDT-DTffBT polymer that displayed increased aggregation as its thin films revealed an additional absorption shoulder peak in the spectra (Zhou et al., 2011). Similarly, a BDD-bithiophene–based polymer, PBDD4T-2F, with two fluorine atoms connected to two adjacent thiophenes showed stronger crystallinity than its non-fluorinated homologs, which led to relatively more complex absorption curves, as well as stronger peaks in the GIWAXS spectra (Zhang et al., 2016). Likewise, compared with the fluorine atoms, the chlorine atoms not only have a larger radius but are also capable to lower the corresponding energy levels even further, as their 3d orbitals can accept electrons from the conjugated skeleton. Furthermore, the chlorinated polymers are relatively easier to synthesize than the fluorinated polymers. Mo et al., in this regard synthesized PBDTHD-ClBTDD, a D–π-A copolymer based on BDT-T and BT units with a chlorine atom attached to the BT unit, whose absorption spectra revealed a stronger vibrionic shoulder, suggesting stronger π-π stacking in the system (Mo et al., 2017).




Post-processing Conditions

Solution processing is one of the major advantages that organic semiconductors have over their inorganic counterparts. During the spin coating process, the active layer solvent gradually volatilizes, and as a result, the solute molecules approach each other, and eventually, a film is formed. Because the fast cooling process is involved here, the post–film formation processes have a strong influence on the crystallization process and film morphology of the corresponding films. The utilization of solvent additives and thermal annealing can be regarded as two important external parameters that can significantly impact the final film characteristics.


Solvent Additives

Trichloromethane or chloroform (CF) is the most frequently used solvent for film preparation because of its excellent dissolution ability and low boiling point. However, the latter also results in the rapid drying of the films, leading to poor and unstable film morphologies (Li et al., 2013). To overcome this, a high boiling point additive has been introduced in the system that can lower the drying process and hence allow sufficient time to the corresponding active layer components for proper self-organization. As a result, an enhanced film morphology and ultimately device performance will be achieved. In this regard, DIO can be termed as the most commonly used additive to improve the performance of devices based on polymer materials such as PM6, PTB7-Th, PBDB-T, etc. (Zhang et al., 2015; Liu F. et al., 2016; Zhao W. et al., 2016).



Thermal Annealing

Thermal annealing can be regarded as a simple, widely used, and cost-efficient strategy that can effectively modify the crystallinity of the blend films in a controllable fashion. At high temperatures, the molecules in the films can self-assemble to repair the defects induced by the spin-coating crystallization process and ultimately improve the morphology of the films. Researches have shown that thermal annealing is effective for improving the exciton diffusion for some organic donor materials (Long et al., 2017). For PffBT4T-2OD polymer, composed of BTz and bithiophene units, Zhang et al. investigated the influence of thermal annealing on crystallite size, exciton diffusion, and charge harvesting in films and stated that thermal annealing increases domain size and exciton diffusion length simultaneously in the corresponding system (Zhang et al., 2019).

In contrast to the methods for regulating the molecular structure, the external parameters of film preparation enable better control of the molecular crystallization process and the film morphology with almost no other influence. Coupled with the simple operation, this methodology is more suitable for the improvement of film morphology and photovoltaic performance. Precise and utmost control, however, remains a complicated and difficult task.




Compatibility Between Donor and Acceptor

Even though there are at least two substances in the blend films forming the BHJ, the adjustment methods mentioned previously are largely aimed at a single substance, either donor or acceptor. Hence, things get quite complex when we talk about controlling the BHJ parameters. Compared with a neat film of a certain substance, compatibility between donor and acceptor can be regarded as the most essential concept in OSC active layer. Compatibility generally refers to the ability of two molecules to mix; however, the extent of it should neither be too excessive nor inadequate, just like crystallinity, as extensive compatibility will result in poor phase separation, small domain size, and low phase purity, whereas weak compatibility will result in excessively large grains. Furthermore, the compatibility between the two molecules is closely related to their respective structures and their interactions. It has been reported that many factors such as similar chemical structure, surface energy, molecular orientation, and crystallite and domain size will definitely affect the compatibility (Mai et al., 2016). For instance, Li et al. synthesized two difluorinated copolymers based on BTz and bithiophene units, PTFB-O and PTFB-P (Li et al., 2016a). The only difference between them is the position where the two fluorine atoms are substituted. Thus, this small detail led to different stable molecular configurations, different crystallinity, and different compatibility with the PC71BM and ITIC acceptors. As a result, while the PTFB-O yielded >10% and 6.5% PCE for NFA and fullerene-based cells, respectively, the PTFB-P was found to be a much better match for the fullerene acceptor.

Compatibility is a relatively vague concept as it is almost impossible to predict whether the compatibility between two molecules is appropriate and can only be inferred from the results of relevant film characterization. Hence, the adjustment of the compatibility between two molecules remains a research gap in the BHJ OSC field.




SUMMARY AND OUTLOOKS

In the past few decades, the performance of BHJ OSCs has experienced rapid progression, largely due to the continuous optimization and development of polymer donor and NFA materials. In this short review, structures, crystallization, and packing characteristics of representative polymer donors with various acceptors have been summarized, followed by methods for controlling the crystallinity and crystallization process of the relevant moieties. Thanks to the continuous efforts by outstanding scholars for the BHJ OSCs, this field is now seen as having great potential for industrial applications. However, numerous issues still need to be solved, which prevents further breakthroughs in the device performance, especially PCE.

In the past few years, most of the molecular design and development have been based on a trial model, without a great deal of theoretical guidance, as the theoretical research in the BHJ OSC field is not yet mature enough. For example, although it is a generally accepted consensus that uniform nanoscale interpenetrating network morphology and face-on–oriented molecular orientation are crucial to favorable FF, how to accurately control the material properties and device preparation conditions to obtain satisfactory FF remains an urgent problem. The development of theories that can directly correlate the concepts of polymer molecular structure, crystallinity, morphology of films, and FF of OSCs may provide new ideas for molecular design.

Second, compared with laboratory research, large-area devices are one of the most significant requirements for industrial applications. The preparation process of large-area OSCs often means a thicker and uneven active layer, which further poses more difficult challenges for the OSC materials. Compared with the small molecules, the highly crystalline polymer donors enable the corresponding films to show acceptable morphology, and thus, the resulting OSC devices can maintain a certain excellent performance, which still, however, is not up to the laboratory-scale standards. Hence, by taking advantage of the strong crystallinity of certain polymer donors, optimal self-assembly in the thick film preparation can be realized, and ultimately, thick film system OSCs with as little efficiency loss as possible can be obtained, thus solving the current issue in hand.

Finally, the environmental pollution during the preparation of OSCs, and the polymer donor structure-dependent instability of OSCs are also important problems that need to be resolved. The large conjugated planes of the polymer donor materials, even though enduing them with a strong self-aggregation effect and crystallinity, also make them less soluble. As a result, almost all OSCs based on polymer donor materials are processed using toxic CF or chlorobenzene solvents, and common environmentally friendly solvents such as water and alcohol are rendered completely unusable. Furthermore, the polymer donors generally contain abundant π electrons and hence are prone to redox reactions when exposed to air and light, which brings severe device stability problems. How to increase the solubility and stability of the common polymer donor materials while maintaining strong crystallinity requires some more thinking to do.

In short, great progress has been made in the research of OSCs based on polymer donor materials, which makes the use of solar energy more convenient and a big step forward in bringing new vitality to the photovoltaic field. If the current progress can go further in terms of energy conversion efficiency and stability, this technology will be widely used in daily life, with exceptional market prospects. We believe that having some outstanding scientific researchers in the field who are tirelessly working on material design and synthesis, theoretical research and development, and device preparation and optimization, the BHJ OSCs will gradually mature in the next few years and become an indispensable part of the entire social energy structure.
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For the first time, at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory, a comprehensive quantum-mechanical investigation of the physico-chemical mechanism of the tautomeric wobblization of the four biologically-important G·C nucleobase pairs by the participation of the monomers in rare, in particular mutagenic, tautomeric forms (marked with an asterisk) was provided. These novel tautomeric transformations (wobblization or shifting of the bases within the pair) are intrinsically inherent properties of the G·C nucleobase pairs. In this study, we have obtained intriguing results, lying far beyond the existing representations. Thus, it was shown that Löwdin's G*·C*(WC) base pair does not tautomerize according to the wobblization mechanism. Tautomeric wobblization of the G*·C*(rWC) (relative Gibbs free energy ΔG = 0.00/relative electronic energy ΔE = 0.00 kcal·mol−1) (“r”—means the configuration of the base pair in reverse position; “WC”—the classic Watson-Crick configuration) and G*t·C*(H) (ΔG = −0.19/ΔE = 0.29 kcal·mol−1) (“H”—Hoogsteen configuration;”t” denotes the O6H hydroxyl group in the trans position) base pairs are preceded by the stages of the base pairs tautomerization by the single proton transfer (SPT). It was established that the G*t·C*(rH) (ΔG = 2.21/ΔE = 2.81 kcal·mol−1) base pair can be wobbled through two different pathways via the traditional one-stage mechanism through the TSs, which are tight G+·C− ion pairs, stabilized by the participation of only two intermolecular H-bonds. It was found out that the G·C base pair is most likely incorporated into the DNA/RNA double helix with parallel strands in the G*·C*(rWC), G·C*(rwwc), and G*·C(rwwc) (“w”—wobble configuration of the pair) tautomeric forms, which are in rapid tautomeric equilibrium with each other. It was proven that the G*·C*(rWC) nucleobase pair is also in rapid tautomeric equilibrium with the eight tautomeric forms of the so-called Levitt base pair. It was revealed that a few cases of tautomerization via the DPT of the nucleobase pairs by the participation of the C8H group of the guanine had occurred. The biological role of the obtained results was also made apparent.

Keywords: DNA, RNA, G•C base pair, tautomerization mechanism, wobblization, wobble base pair, Levitt base pair, Löwdin's base pair


INTRODUCTION

Shortly after the establishment of the spatial organization of the DNA molecule by James Watson and Francis Crick (Watson and Crick, 1953a,b), the tautomeric hypothesis was formulated (Watson and Crick, 1953b; Crick and Watson, 1954), which considers the transformation or transition of the nucleotide bases from the main (canonical) into the rare (mutagenic) tautomeric form as the main source of the origin of spontaneous point mutations. Since that time, the topic of tautomerism has remained active over the decades to the present day (Löwdin, 1963, 1966; Topal and Fresco, 1976; Florian et al., 1994; Gorb et al., 2004; Brovarets' et al., 2014; Godbeer et al., 2015; Turaeva and Brown-Kennerly, 2015).

However, up until recently it was considered that only a few unusual tautomers existed for the G·C Watson-Crick nucleobase pair (Pous et al., 2008; Alvey et al., 2014; Brovarets' and Hovorun, 2014a; Nikolova et al., 2014; Poltev et al., 2016; Szabat and Kierzek, 2017; Brovarets' et al., 2019a,b; Srivastava, 2019). In particular, tautomerization via the double proton transfer (DPT) has been carefully investigated in the reverse Löwdin G*·C*(rWC), Hoogsteen (H) G*′·C*(H), and reverse Hoogsteen G*′·C*(rH) base pairs (Brovarets' et al., 2019b), leading to the novel structures: G·[image: image](rWC), [image: image]C(rWC), G*′N2·C(rWC), [image: image]C(H), and G*′N7·C(rH).

Eventually a great contribution into the further development of the tautomeric hypothesis was made by Per-Orlov Löwdin (Löwdin, 1963, 1966) and Topal and Fresco (Topal and Fresco, 1976; Brovarets' et al., 2014). Thus, Per-Orlov Löwdin expressed the revolutionary, non-trivial opinion that the ability of the nucleotide bases to transform into the rare tautomeric form is provided by the electronic structure of the canonical DNA base pairs and qualitatively substantiated this assumption from the position of quantum mechanics. Subsequently, Topal and Fresco elaborated this approach in more detail, by using simple and visual models, and extended it for the explanation of the limited accuracy of codon-anticodon recognition (Topal and Fresco, 1976; Brovarets' et al., 2014).

In recent years, an alternative view in this area of the research was suggested, which could be characterized as the “Renaissance” of the tautomeric hypothesis [see Chapter Brovarets' and Hovorun (2018) and bibliography provided there]. According to this investigation the new, unusual pathways of the tautomeric interconversions between wobble (w) and Watson-Crick (WC) base pairs have been provided (Brovarets' and Hovorun, 2009, 2015a,b,c,d,e,f):

- for usual A·T and G·C DNA base pairs: A·T(WC)↔A*·T(w)/A[image: image](w)/A·T*(w) and G·C(WC)↔G·[image: image](w)/G*·C↓(w)/G·[image: image](w)/G*·C↑(w) (Brovarets' and Hovorun, 2015a);

- for unusual purine-pyrimidine wobble A·C and G·T DNA base pairs: A·C(w)↔A·C*(WC) and G·T(w)↔G*·T(WC) (Brovarets' and Hovorun, 2009, 2015b,c);

- for incorrect purine-purine A·A, G·G, and A·G DNA base pairs: A·A(w)↔A*·A(WC), G·G(w)↔G*·G(WC), A·G(WC)↔A·[image: image](w), A·G(WC)↔A*·G↑(w) (Brovarets' and Hovorun, 2015d,e);

- for pyrimidine-pyrimidine base pairs: C·T(WC)↔C*·T↑(w), C·T(WC)↔C·[image: image](w), T·T(w)↔T·T*(WC), C·C(w)↔C·C*(WC) (Brovarets' and Hovorun, 2015f).

Thus, by utilizing modern quantum-mechanical (QM) methods, the mechanisms of the mutagenic tautomerization of the pairs of nucleotide bases were investigated in detail, which were revealed to be active players in the field of spontaneous point mutagenesis (Brovarets' and Hovorun, 2018). It was established, in which cases Löwdin's approach was adequate and in which cases another approach should be reconsidered and supplemented.

Thus, it was suggested that the mechanism of the mutagenic tautomerization of the DNA base pairs, in particular classic Watson-Crick pairs, are accompanied by the mutual shifting (wobblization) of the bases one relative to the other into the minor or major DNA grooves at the intrapair sequential proton transfer (Brovarets' and Hovorun, 2015a; Brovarets' et al., 2019a). This valuable finding enables researchers to figure out, how the incorrect DNA base pairs, which architecture is different from the Watson-Crick configuration, can acquire the enzymatically-competent conformation, that guarantees their successful chemical incorporation into the composition of the main carrier of the genetic information—DNA—by the high-fidelity DNA-polymerase. Notably, even though these theoretical approaches have been realized in quite basic model objects, they correctly reflect the real state-of-affairs at the macromolecular level, since they have been experimentally confirmed for macromolecular objects.

In this research, the objects of the investigation have been extended—except the Watson-Crick (WC) nucleobase pair, to the other biologically-important G·C nucleobase pairs—reverse Watson-Crick G·C(rWC), Hoogsteen G·C(H), and reverse Hoogsteen G·C(rH). Also, it was exactly established why the classic A·T(WC) DNA base pair was selected for the construction of the genetic material (Brovarets' and Hovorun, 2009, 2015a,b,c,d,e,f; Brovarets' et al., 2018a). The novel mechanism of the mutagenic tautomerization of the biologically-important A·T DNA base pairs through the quasi-orthogonal transition state and also through the protonated amino-group (Brovarets' et al., 2018b,c,d,e,f) was revealed for the first time. Based on these data an assumption was expressed about their possible biological role.

At the same time, investigations into the mechanisms of the mutagenic tautomerization of the pairs of nucleotide bases seemed to be quite a complicated issue, which may not be evident at a first glance. Thus, recent investigations into the tautomerization mechanisms of the biologically-important G·C nucleobase pairs, in which monomers are in the rare, in particular mutagenic, tautomeric form, continue to challenge researchers by its mystery (Brovarets' et al., 2019a,b).

It is still not possible to formulate simple physico-chemical rules, that would predict the course of these biologically important processes. Obviously, this is due to the fact that despite the enormous theoretical and experimental efforts of researchers, the present material remains insufficient for its final generalization.

This work aims to deepen the existing ideas about the microstructural mechanisms of the tautomerization of the biologically important pairs of nucleobases using the example of the G·C base pair (Brovarets' and Hovorun, 2014a), for which both monomers are in the rare tautomeric form.

Such a task is completely substantiated—we have investigated a few surprising tautomerizations, which significantly expand the existing ideas on tautomerization mechanisms and their biological applications. They will be outlined and discussed in more detail below.



COMPUTATIONAL METHODS


Density Functional Theory Calculations of the Geometry and Vibrational Frequencies

Equilibrium geometries of the investigated nucleobase pairs and the transition states (TSs) of their mutual tautomeric transformations, as well as their harmonic vibrational frequencies have been calculated at the B3LYP/6-311++G(d,p) level of QM theory (Hariharan and Pople, 1973; Krishnan et al., 1980; Lee et al., 1988; Parr and Yang, 1989; Tirado-Rives and Jorgensen, 2008), using the Gaussian'09 program package (Frisch et al., 2010). An applied level of theory has proved itself to be successful for the calculations of similar systems (Brovarets' and Hovorun, 2010a,b, 2015g; Matta, 2010; Brovarets' et al., 2015). A scaling factor that is equal to 0.9668 has been applied in the present work for the correction of the harmonic frequencies of all complexes and TSs of their tautomeric transitions (Palafox, 2014; Brovarets' and Hovorun, 2015g; Brovarets' et al., 2015; El-Sayed et al., 2015). We have confirmed the local minima and TSs, localized by a synchronous transit-guided quasi-Newton method (Peng et al., 1996), on the potential energy landscape by the absence or presence, respectively, of the imaginary frequency in the vibrational spectra of the complexes. We applied standard TS theory for the estimation of the activation barriers of the tautomerization reaction (Atkins, 1998).

All calculations have been carried in the continuum with ε = 1, that adequately reflects the processes occurring in real biological systems without deprivation of the structurally functional properties of the bases in the composition of DNA/RNA and satisfactorily models the substantially hydrophobic recognition pocket of the DNA-polymerase machinery as a part of the replisome (Bayley, 1951; Dewar and Storch, 1985; Petrushka et al., 1986; García-Moreno et al., 1997; Mertz and Krishtalik, 2000; Brovarets' and Hovorun, 2014a,b).



Single Point Energy Calculations

We continued geometry optimizations with electronic energy calculations as single point calculations at the MP2/6-311++G(2df,pd) level of theory (Frisch et al., 1990; Kendall et al., 1992).

The Gibbs free energy G for all structures was obtained in the following way:

[image: image]

where Eel–electronic energy, while Ecorr–thermal correction.



Evaluation of the Interaction Energies

Electronic interaction energies ΔEint have been calculated at the MP2/6-311++G(2df,pd) level of theory as the difference between the total energy of the base pair and energies of the monomers, which have been corrected for the basis set superposition error (BSSE) (Boys and Bernardi, 1970; Gutowski et al., 1986) through the counterpoise procedure (Sordo et al., 1988; Sordo, 2001).



QTAIM Analysis

Bader's quantum theory of atoms in molecules (QTAIM) (Bader, 1990; Matta and Hernández-Trujillo, 2003; Matta et al., 2006; Cukrowski and Matta, 2010; Keith, 2010; Matta, 2014; Lecomte et al., 2015), using the program package AIMAll (Keith, 2010), was applied to analyze the electron density distribution. The presence of the bond critical point (BCP), namely the so-called (3,-1) BCP, and a bond path between the hydrogen donor and acceptor, as well as the positive value of the Laplacian at this BCP (Δρ > 0), were considered as criteria for the H-bond formation (Bader, 1990; Matta and Hernández-Trujillo, 2003; Matta et al., 2006; Cukrowski and Matta, 2010; Matta, 2014; Lecomte et al., 2015). Wave functions were obtained at the level of QM theory used for geometry optimization.

The atomic numbering scheme used for the nucleobases is conventional (Saenger, 1984). In this study mutagenic or rare tautomeric forms of the bases (Brovarets' and Hovorun, 2009, 2014a, 2015a,b,c,d,e,f; Brovarets' and Hovorun, 2018; Brovarets' et al., 2018a,b,c,d,e,f; Brovarets' et al., 2019a,b) are denoted by the asterisk.




OBTAINED RESULTS AND THEIR DISCUSSION

So, based on the obtained data, let us firstly formulate the basic results, which have been obtained for the first time and which have the closest connection to the structural biology and molecular biophysics (Figures 1, 2, Table 1).


[image: Figure 1]
FIGURE 1. Investigated pathways of the tautomeric wobblization of the biologically-important G·C nucleobase pairs – G*·C*(rWC), G*·C*(H) and G*·C*(rH) pairs obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory. ΔG-relative Gibbs free energy and ΔE-electronic energy (in kcal·mol−1; MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory); ΔEint-electronic and ΔGint-Gibbs free energies of the interaction (MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory, in kcal·mol−1). νi–imaginary frequency. Intermolecular AH…B H-bonds are designated by dotted lines, their lengths H…B are presented in angstroms.



[image: Figure 2]
FIGURE 2. Total geometries of the investigated G·C nucleobase pairs, corresponding to the local minima, presented altogether with their relative Gibbs free energies ΔG and electronic energies (ΔE in kcal·mol−1 under normal conditions) obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory.



Table 1. Energetic characteristics of the tautomers of the G·C nucleobase pairs obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory in vacuum (ε = 1) (see Figure 2).

[image: Table 1]

Before providing the discussion of the investigated material, let us firstly give attention to the novel mechanisms of the G*·C*(rWC) tautomerization, which complement the results of the previous work (Brovarets' et al., 2019a).

1. So, in the G*·C*(rWC) base pair, the non-usual DPT-tautomerization was fixed by the participation of the protons at the N3(C) and N2(G) atoms (Figure 1, part I): G*·C*(rWC)↔[image: image]C(rWC). This process is unusual, since the transfer of the proton from the C* to the G* base along the intermolecular (C)N3H.N1(G) H-bond provokes the rotation of the amino group of the G base into the trans-position relative to the C2=N3 double bond. As a result, a significantly non-planar [image: image] of the tautomerization reaction is formed, which proceeds through the asynchronous mechanism and the significantly non-planar product of the tautomerization—the [image: image]C(rWC) base pair, which is stabilized by the three intermolecular H-bonds (G)O6H…O2(C), (G)N1H…N3(C), and (C)N4H…N2(G). Its characteristic structural specificity has significant non-planarity and out-of-plane deformation of the purine ring of the O6H, N1H, and N2H atomic groups with trans-orientation relatively to the neighboring C2N3 bond.

2. Further, it was found out that Löwdin's G*·C*(WC) DNA base pair, which is formed from the classic G·C(WC) DNA base pair through the DPT and is stabilized by the participation of the three intermolecular (G)O6H…N4(C), (C)N3H…N1(G), and (G)N2H…O2(C) H-bonds (Brovarets' and Hovorun, 2014a), does not tautomerize in the wobble manner.

In this case all localized transition states of tautomerization in this manner and its pathways are the same as in the case of the wobble mutagenic tautomerization of the G·C(WC) DNA base pair, which has been investigated and described earlier (Brovarets' and Hovorun, 2015a). In other words, in order to tautomerize in the wobble-manner, the Löwdin's G*·C*(WC) DNA base pair should revert back to the classic G·C(WC) configuration (form) (Brovarets' and Hovorun, 2015a, 2018).

This bright fact allows us to claim that the functional role of the tautomeric G·C(WC) → G*·C*(WC) transition consists in the removal of the steric obstacles for the conformational G·C(WC) → G*·C*(rWC) transition (Brovarets' et al., 2019a) and is not directly related to the origin of the spontaneous point mutations—transitions and transversions, as it was suggested earlier (please, refer to work (Brovarets' and Hovorun, 2014a) and references provided therein for more details).

This aforementioned conformational transition, in its turn, guarantees the integration of the G·C(WC) nucleobase pair into the DNA/RNA with parallel strands.

3. Opposite to the previously considered methods both the so-called correct and incorrect DNA base pairs (Brovarets' and Hovorun, 2009, 2015a,b,c,d,e,f; Brovarets' and Hovorun, 2018), the process of the tautomeric wobblization in the investigated G*·C*(rWC) (Figure 1, parts II and III), and G*t·C*(H) (Figure 1, part X) base pairs is preceded by the process of the tautomerization via the single proton transfer (SPT). At this point, both processes of the wobblization of the G*·C*(rWC) base pair occur through the joint intermediate—tight G+·C− ion pair, which is stabilized by the participation of the three (G)O6+H…O2−(C), (G)N1+H…N3−(C), and (G)N2+H…N4−H(C) H-bonds (Brovarets' and Hovorun, 2014a). This dynamically non-stable intermediate is associated with the local minimum on potential (electronic) energy surface (PES). This situation is observed for the first time. Up until now the commonly accepted idea, that mutagenic tautomerization of the classic DNA base pairs is assisted by the intermediate corresponding to the local minimum on the PES, has not been confirmed.

The first process of the tautomeric wobblization of the G*·C*(rWC) base pair (Figure 1, part II)—G*·C*(rWC)↔G·[image: image](rWC)↔G·[image: image]C(rwWC)—is most likely tightly connected with the incorporation of the G·C(WC) base pair into the DNA/RNA with parallel strands (Watson and Crick, 1953b).

Another tautomerization process (Figure 1, part III)—G*·C*(rWC)↔[image: image][image: image], which proceeds through the unique [image: image] path with the (G)N1-H-O2(C) covalent bridge, is most probably concerned with the mechanisms of maintaining the RNA spatial architecture due to the incorporation of the non-stable (in the main tautomeric state) Levitt base pair (Crick and Watson, 1954; Levitt, 1969). This suggestion is based on the established structural mechanism of the tautomeric interconversion of the G*·C*(rWC) pair into the eight stable planar tautomeric forms of the Levitt base pair (Watson and Crick, 1953a) (Figure 1, parts IV-VI)—[image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] (Figure 2, Table 1)—and in principle, allows us to understand the dynamic of the formation of the Levitt base pair, which has not been considered before in the literature. It would be interesting to investigate how the tautomers of the Levitt base pair is stabilized in RNA by the H-bonds and surrounding environment further in the future (Oliva et al., 2007).

4. A quite interesting situation is observed for the tautomeric wobblization of the G*t·C*(H) base pair (Figure 1, part VII): G*t·C*(H)↔[image: image]C(C)↔G*t·[image: image](wH)↔[image: image]C*(wH).

The transition of the [image: image] tautomer of the cytosine (C) within the [image: image](wH) base pairs with cis-orientation of the N4H C-imino group into the trans-orientation through its inversion leads to the decreasing of the energy in the tautomerization (Figure 1, part VIII): G*t· [image: image](wH)↔G*t·[image: image][image: image][image: image][image: image][image: image]. This decreasing of energy occurs when the affinity of the [image: image] tautomer according to the “complementary” G*t tautomer is higher than the [image: image] tautomer. This decreasing of the energy with excess overrides the increasing of the internal energy of the [image: image] tautomer at its tautomerization [image: image][image: image].

In the another pathway of the tautomeric wobblization of the G*t·C*(H) base pair (Figure 1, part VII, VIII) the decreasing of energy in the course of the process is achieved by the conformational transition of the G*t tautomer within the [image: image] complex into the low-energy mutagenic tautomeric form [image: image], which is zwitterion.

5. At this, the G*t·C(wH)↔[image: image]C*(wH) DPT tautomerization process does not really occur, since its barrier is negative under normal conditions (Figure 1, part IX): G*t·C(wH)↔G*·C(wH)↔[image: image]C*(wH)↔[image: image]C*(wH). The same situation is also observed for the G*t·C*(H)↔[image: image]C(H)↔G*t·C(wH)↔[image: image]C*(wH) DPT tautomerization (Figure 1, part X).

6. Tautomeric wobblization of the G*t·C*(rH) base pair (Figure 1, part XI) occurs through the two traditional pathways without any preparatory SPT stages through the TSs, which represent themselves as the covalently bonded tight G+·C− ion pairs in reverse Hoogsteen conformation, which are only supported by two H-bonds: G*t·C*(rH)↔G*t·[image: image](rwH)↔[image: image]C*(rwH) and G*t·C*(rH)↔G*t·C*(rwH)↔[image: image]C*(rwH). The transition of the G*t tautomer within the G*t·[image: image](rwH) complex into the G* mutagenic tautomer through the orthogonal TS decreases the energy of the further process of tautomerization.

7. Also, in addition to the previously revealed processes, DPT tautomerization was also fixed by the participation of the proton at the C8 carbon atom of G, which lead to the dynamically-stable, but short-lived, complexes by the participation of the yilidic forms of the G base (Figure 1, parts IX-XI).

8. Finally, there are three more fixed mysteries, which deserve more attention. Several G·C base pairs, in which both bases were in the rare tautomeric form and their energy of stabilization significantly exceeded the analogical values for the classic G·C(WC) DNA base pair were fixed.

Despite the structural softness of the heterocycles of the G and C bases for the out-of-plane deformational bending (Hovorun et al., 1999), it was not revealed that there was any deviation from the plane in the investigated processes of the tautomerization of the base pairs.

Obtained data convincingly show that among all possible tautomeric wobblizations of the G*·C*(rWC), G*t·C*(H), and G*t·C*(rH) DNA base pairs, which possess Watson-Crick, Hoogsteen, and reverse Hoogsteen configurations and both monomers of which are in the rare tautomeric form, at least one non-dissociative transition was absent, which would recover the tautomeric status of both the G*/G*t and C* bases to the canonical G and C bases, correspondingly. This fact altogether with the results, obtained in our previous work (Brovarets' et al., 2019a), soundly exhibits why the Watson-Crick DNA base pairs were chosen for the building of genetic material (Brovarets' et al., 2018a).



CONCLUSION

Concluding the obtained results, we arrived to a summation after providing an investigation of the tautomeric wobblization of the biologically-important G·C(WC), G*·C*(WC), G*·C*(rWC), G*t·C*(H), and G*t·C*(rH) nucleobase pairs and extended the existing thoughts about the microstructural mechanisms of these processes, as well as about their functional roles. Thus, it was established that the G·C base pair is the most likely to be incorporated into the DNA/RNA double helix with parallel strands in the form of the G*·[image: image](rWC), G·C*(rwWC), and G*·C(rwWC) tautomers, which are in rapid tautomeric equilibrium with each other.

For the first time we have formulated rules, defining these biologically-important processes.
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