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Abstract

:

Three new triphenylamine-based oligomeric Schiff bases (polySB1, polySB2 and polySB3) containing tetraphenylsilane core (TPS-core) in the main chain were obtained from TPS-core-based diamines and bis(4-formylphenyl)phenylamine by a high-temperature polycondensation reaction. These new oligomers were structurally characterized by FT-IR, NMR and elemental analysis. All polySBs were highly soluble in common organic solvents, such as chloroform, tetrahydrofuran and chlorobenzene. Samples showed moderate molecular average molecular weight (Mw) and a high thermal stability above 410 °C. Likewise, polySBs showed absorption near 400 nm in the UV-vis range and photoluminescence. The HOMO levels and band-gap values were found in the ranges of −6.06 to −6.18 eV and 2.65–2.72 eV, respectively. The lowest band-gap value was observed for polySB2, which could be attributed to a more effective π-conjugation across the main chain. The results suggest that silicon-containing polySBs are promising wide-band-gap semiconductors materials for optoelectronic applications.
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1. Introduction


In recent years, the design and synthesis of new conjugated polymers have attracted the attention of many research groups due to their excellent optoelectronic properties and due to being versatile semiconductor materials for polymer solar cells (PSCs), polymer light-emitting diodes (PLEDs) and organic field-effect transistors (OFETs) devices [1,2]. Additionally, these materials have been widely studied because they display interesting features such as flexibility, large and fast area processing, light-weight and low fabrication cost compared with traditional materials. The advantages of the conjugated polymers make them an alternative to conventional inorganic-based compounds [3].



Among conjugated polymers, polymeric Schiff bases (polySBs) containing imine bonds (C=N) have been investigated as optoelectronic and electrochemical materials, liquid crystals and metal-catalyst supports among others [4,5,6,7,8,9,10]. Conjugated polySBs are usually synthesized from aromatic diamines and dialdehyde compounds by polycondensation reactions for obtaining aromatic π-systems in the backbone. Furthermore, the sp2 hybridization of the nitrogen and carbon atoms of the imine group can extend the conjugation of the polymer chains and increase their hole-transporting ability [11]. Whole aromatic polySBs have interesting properties such as high thermal stability, mechanical strength and semiconducting properties [12,13]. These kinds of polymers are becoming excellent candidates as active materials for PSCs, PLEDs and organic light-emitting diodes (OLEDs), photovoltaic cells and pH sensors, due to their electrochromic properties, among other applications [6,12,14].



Small molecules and polymers bearing triphenylamine (TPA) moieties have been extensively investigated due to their strong electron-donating and hole transporting/injecting ferromagnetic properties [7,13]. TPA-based compounds are used as building blocks for constructing electrochromic materials such as PLEDs, PSCs and electrochromic (ECs) devices due to their absorption/emission, redox activity, charge transport and ferromagnetism properties [15,16,17]. Likewise, the trigonal geometry of the central nitrogen atom in TPA-containing compounds allows obtaining materials with good solubility [15]. In the last decades, research in optoelectronic devices has explored the use of polySBs-containing TPA as donor or acceptor materials in PSCs. Zhang et. al. reported for the first time a TPA-based n-type non-fullerene acceptor copolymers with PTB7-Th as a donor, achieving a power conversion efficiency of 2.2% in a photovoltaic device [18]. PLEDs based on TPA-polymers with carbazole-triphenylamines building-blocks and a cyanophenyl withdrawing group displayed a low turn-on voltage, high luminance and current efficiency, demonstrating that tuning the hole and electron transport properties through suitable donors units could be an effective way to achieve proper materials [19].



Recently, silicon-containing small molecules and polymers have been investigated as materials for optoelectronics applications, gas separation membranes and the synthesis of porous organic frameworks [20,21,22,23,24]. Silicon-containing polymers, particularly tetra-arylsilane (TPS) derivatives, have become attractive moieties for efficient blue OLEDs as a host material due to their high-energy gap and suitable triplet energy level along with their high quantum efficiency in host/blue-phosphorescent OLEDs [25]. Furthermore, polymers with TPS moieties have shown excellent properties for the preparation of materials with wide band-gaps due to the δ-Si structure, which can interrupt the extended π-conjugation achieving high triplet energy materials, high electrochemical, thermal and morphological stability and good film-forming ability [26,27,28]. Furthermore, the non-planar tetrahedral TPS geometry in silicon-containing polymers can effectively suppress the intermolecular interactions enhancing the processability by higher solubility for low-cost processing techniques, such as spin-coating and ink-jet printing desirable for large-area applications [22,27,29,30].



Nowadays, despite the significant importance of solution-processing TPS-containing polymers for advanced applications, there are few reports in the literature [22,25,30]. To the best of our knowledge, there are only two previous reports from silicon-containing polySBs, and both were developed by our research group [29,31]. In this context, the present research was focused on the synthesis, photo–physical and structural characterization of three new conjugated triphenylamine-based polySBs containing TPS moieties in their backbone. The donor effect of TPA-core in the polySBs was studied alternating different tetraphenylsilane moieties (p-TPS/p-phenyl-TPS/m-phenyl-TPS). Thus, this work is the third report of aromatic silicon-containing polySBs and the first report on triphenylamine-based polySBs incorporating silicon atoms by TPS-cores.




2. Materials and Methods


2.1. Materials


1,4-Dibromobenzene, 4-bromo-N,N-bis(trimethylsilyl)aniline, p-toluenesulfonic acid monohydrate (PTSA), n-butyllithium, anhydrous N,N-dimethylacetamide (DMAc), anhydrous calcium sulfate were purchased from Sigma-Aldrich (Milwaukee, WI, USA). 3-Nitrophenylboronic acid, 4-aminophenylboronic acid pinacol ester, bis(4-formylphenyl)phenylamine (TPA) and tetrabutylammonium hexafluorophosphate (TBAHFP) were obtained from AK Scientific, Inc. (San Francisco, USA). Potassium carbonate, chloroform, n-hexane, toluene, 1,4-dioxane, dichloromethane and tetrahydrofuran were purchased from Merck (Darmstadt, Germany). Except for THF, which was dried over sodium using benzophenone as indicator under nitrogen atmosphere and distilled immediately before its use, all reagents and solvents were used as received without further purification.



2.1.1. Synthesis and Spectroscopic Characterization of Silylated Precursors and Monomers


Silylated precursors and monomers were obtained by following previous reports. Thus, bis(4-bromophenyl)diphenylsilane (P1) and bis(4-aminophenyl)diphenylsilane (A1) were prepared by a bromo-lithium exchange reaction of the respective bromine compound and then treated with dichlorodiphenylsilane [22,29,31,32]. On the other hand, bis(3’-nitro-[1,1’-biphenyl]-4-yl)diphenylsilane (P2) and bis(4’-amino-[1,1’-biphenyl]-4-yl)diphenylsilane (A2) were synthesized by Suzuki-Miyaura cross-coupling reactions from P1, the respective boronic acid or boronate ester derivative and palladium catalyst [31,33,34]. A3 monomer (bis(3’-amino-[1,1’-biphenyl]-4-yl)diphenylsilane) was obtained from reduction of P2 using hydrazine/Pd-carbon system.



Bis(4-bromophenyl)diphenylsilane (P1)



Yield: 59%. M.P. (°C): 165–166. 1H NMR (CDCl3, 400 MHz) δ ppm: 7.51 (m, 8H), 7.42 (m, 2H), 7.38 (m, 8H). 13C NMR (101 MHz, CDCl3) δ ppm: 137.85, 136.23, 133.01, 132.64, 131.22, 130.04, 128.14, 125.00. 29Si NMR (79 MHz, CDCl3) δ ppm: −14.08. FT-IR (KBr pellets) cm−1: 3065 ν(H–C, arom.), 1566–1472 ν(C=C, arom.), 1526, 1107 ν(Si–C arom.), 1064 ν(C–Br), 810 γ(p-di-subst.), 726 γ(mono-subst.).



Bis(3’-nitro-[1,1’-biphenyl]-4-yl)diphenylsilane (P2)



Yield: 75%. M.P. (°C): 177–179. 1H NMR (400 MHz, CDCl3) δ ppm: 8.50 (s, 2H), 8.23 (d, J = 8.1 Hz, 2H), 7.95 (d, J = 7.7 Hz, 2H), 7.75 (d, J = 7.7 Hz, 4H), 7.65 (dd, J = 18.4 Hz; 10.7 Hz, 10H), 7.46 (dt, J = 14.1 Hz; 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ ppm: 148.94, 142.70, 140.00, 137.32, 136.50, 134.71, 133.58, 133.17, 130.12, 129.95, 128.26, 126.81, 122.46, 122.18. 29Si NMR (79 MHz, CDCl3) δ ppm: −14.35. FT-IR (KBr pellets) cm−1: 3065, 3016 ν(H–C, arom.), 1529, 1340 ν(N–O), 1420 ν(C=C arom.), 1530, 1126 ν(Si–C arom.), 827 γ(p-di-subst.), 803 γ(m-di-subst.), 702 γ(mono-subst.).



Bis(4-aminophenyl)diphenylsilane (A1)



Yield: 40%. M.P. (°C): 205-207. 1H NMR (400 MHz, CDCl3) δ ppm: 7.58 (d, J = 6.9 Hz, 4H), 7.38 (m, 10H), 6.69 (d, J = 8.1 Hz, 4H), 3.75 (s, 4H). 13C NMR (101 MHz, CDCl3) δ ppm: 147.71, 137.85, 136.46, 135.89, 129.28, 127.79, 122.63, 114.69. 29Si NMR (79 MHz, CDCl3) δ ppm: −14.90. FT-IR (KBr pellets) cm−1: 3455, 3361 ν(N–H), 3017 ν(C–H, arom.), 1619, 1596, 1504 ν(C=C, arom.), 1525, 1113 ν(Si–C), 820 γ(p-di-subst.), 704 γ(mono-subst.).



Bis(4’-amino-[1,1’-biphenyl]-4-yl)diphenylsilane (A2)



Yield: 73%. M.P. (°C): 106–107. 1H NMR (400 MHz, CDCl3) δ ppm: 7.66 (d, J = 3.2 Hz, 8H), 7.59 (d, J = 7.6 Hz, 4H), 7.44 (dt, J = 13.7 Hz; 7.2 Hz, 10H), 6.76 (d, J = 8.0 Hz, 4H), 3.72 (s, 4H). 13C NMR (101 MHz, CDCl3) δ ppm: 146.22, 142.24, 136.97, 136.56, 134.69, 131.79, 131.21, 129.67, 128.14, 128.00, 125.86, 115.51. 29Si NMR (79 MHz, CDCl3) δ ppm: −14.51. FT-IR (KBr pellets) cm−1: 3448, 3378 ν(N–H), 3016 ν(H–C, arom.), 1618, 1494, 1425 ν(C=C, arom.), 1524, 1186 ν(Si–C arom.), 813 γ(p-di-subst.), 738 γ(mono-subst.).



Bis(3’-amino-[1,1’-biphenyl]-4-yl)diphenylsilane (A3)



Yield: 91%. M.P. (°C): 98-99. 1H NMR (400 MHz, CDCl3) δ ppm: 7.49 (t, J = 6.2 Hz, 8H), 7.42 (d, J = 7.5 Hz, 4H), 7.25 (dt, J = 13.7 Hz; 6.7 Hz, 6H), 7.04 (t, J = 7.7 Hz, 2H), 6.85 (d, J = 7.6 Hz, 2H), 6.75 (s, 2H), 6.48 (d, J = 7.8 Hz, 2H), 3.47 (s, 4H). 13C NMR (101 MHz, CDCl3) δ ppm: 146.79, 142.54, 142.17, 136.88, 136.53, 134.37, 132.99, 129.83, 129.76, 128.04, 126.66, 117.78, 114.49, 113.97. 29Si NMR (79 MHz, CDCl3) δ ppm: −14.40. FT-IR (KBr pellets) cm−1: 3443, 3373 ν(N–H), 3020 ν(H–C, arom.), 1593, 1480, 1425 ν(C=C, arom.), 1490, 1111 ν(Si–C arom.), 825 γ(m-di-subst.), 738 γ(mono-subst.).




2.1.2. Synthesis and Structural Characterization of PolySBs


All oligomer synthesis was carried out during 24 hours under a nitrogen atmosphere and at high temperature using PTSA as catalyst and anh. calcium sulfate as a water trap. Briefly, in a three-necked round-bottom flask with nitrogen gas inlet, TPA (0.301 g, 1 mmol), PTSA (60 mg, 0.32 mmol) and anh. calcium sulfate (80 mg, 0.59 mmol) were dissolved in anh. DMAc (5 mL) and warm following by slowly adding the aromatic silylated-diamine solution A1, A2 or A3 (1 mmol in 5 mL of anh. DMAc). The reaction mixture was heated at 60 °C for 1.5 h, and then raised at 120 °C for 20 hours. The oligomer solution was then cooled down to room temperature and poured into a methanol-water mixture (1:1 v/v, 100 mL). The mixture was stirred for 2 hours and the precipitate was collected by filtration and washed with water. The resulting solid was washed thoroughly with hot methanol in a Soxhlet apparatus for 48 hours and were then dried under vacuum at 70 °C for 24 hours.



PolySB1



Yield: 40%, yellow powder. 1H NMR (400 MHz, CDCl3) δ ppm: 9.86 (CHO terminal), 8.42 (CH=N), 7.89-6.57 (C–H, arom.), 5.54 (N–H terminal). 13C NMR (101 MHz, CDCl3) δ ppm: 191 (CHO terminal), 159 (C=N), 154 (C–N=C), 141 (C–N, TPA moiety), 135–114 (C, arom.). 29Si NMR (79 MHz, CDCl3) δ ppm: −14.46. FT-IR (KBr on ATR) cm-1: 3026 ν(H–C, arom.), 2881, 2836 ν(=C–H, terminal) 1690 ν(C=O, terminal), 1585 ν(C=N), 1500, 1427 ν(C=C, arom.), 1318 ν(C–N), 1528, 1163 ν(Si–C arom.), 827 γ(p-di-subst.), 699 γ(mono-subst.). Elem. Anal. Calcd. for (C44H33N3Si)n (631.56)n: C, 83.67%, H, 5.23%, N, 6.65%. Found: C, 78.60 %, H, 5.90%, N, 7.60%.



PolySB2



Yield: 92%, yellow powder. 1H NMR (400 MHz, CDCl3) δ ppm: 9.87 (CHO terminal), 8.42 (CH=N), 7.95–6.57 (H arom.). 13C NMR (101 MHz, CDCl3) δ ppm: 191 (CHO terminal), 159 (C=N), 153 (C–N=C), 141 (C–N, TPA moiety), 138–113 (C, arom.). 29Si NMR (79 MHz, CDCl3) δ ppm: −14.46. FT-IR (KBr in ATR) cm−1: 3030 ν(H–C, arom.), 2982, 2946 ν(=C–H, terminal.) 1690 ν(C=O, terminal), 1587 ν(C=N), 1504 ν(C=C, arom.), 1318 v(C–N), 1526, 1111 ν(Si–C arom.), 814 γ(p-di-subst.), 700 γ(mono-subst.). Elem. Anal. Calcd. for (C56H41N3Si)n (783.68)n: 85.82%, H, 5.23%, N, 5.36%. Found: C, 83.10%, H, 6.30%, N, 5.50%.



PolySB3



Yield: 83%, yellow powder. 1H NMR (400 MHz, CDCl3) δ ppm: 9.87 (CHO terminal), 8.47 (CH=N), 7.93-6.63 (H, arom.). 13C NMR (101 MHz, CDCl3) δ ppm: 191 (CHO terminal), 159 (C=N), 153 (C–N=C), 141 (C–N, TPA moiety), 137–113 (C, arom.). 29Si NMR (79 MHz, CDCl3) δ ppm: −14.45. FT-IR (KBr on ATR) cm−1: 3060 ν(H–C, arom.), 1690 ν(C=O, terminal), 1588 ν(C=N), 1523, 1425 ν(C=C, arom.), 1313 ν(C–N), 1523, 1107 ν(Si–C arom.), 827 γ(p-di-subst.), 704 γ(mono-subst.). Elem. Anal. Calcd. for (C56H41N3Si)n (783.68)n: 85.79%, H, 5.27%, N, 5.36%. Found: C, 82.80%, H, 6.41%, N, 5.74%.



Measurements



1H, 13C and 29Si NMR spectra were recorded on a Bruker Advance III-400 MHz spectrometer (Bruker Corporation, Karlsruhe, Germany) in CDCl3. Infrared spectra (FT-IR) were measured on a JASCO FT-IR 4200 spectrometer (Jasco, Easton, MD, USA) using KBr pellets or an ATR Jasco ATR PRO 450-S device (Jasco, Easton, MD, USA). Elemental analyses were acquired on a Thermo Finnigan Flash EA 1112 equipment (Jung Instrument Gmbh, Viersen, Germany). UV-Vis spectra were acquired on a PerkinElmer Lambda 35UV/VIS spectrometer (PerkinElmer, Waltham, MA, USA) and photoluminescent spectra were recorded on a Jasco FP-6200 Spectrofluorometer (Jasco, Easton, MD, USA) using a solution of oligomers in CHCl3 (25 mg L−1). Thermal analyses were conducted on a Mettler Toledo TGA/SDTA 851 apparatus at a heating rate of 10 °C min−1 in nitrogen atmosphere. Differential scanning calorimetry (DSC) were carried out in a Mettler Toledo DSC821 (Mettler Toledo, Greifensee, Switzerland) at heating and cooling rates of 10 °C min−1 and 30 °C min−1, respectively. Gel permeation chromatography (GPC) experiments were performed on a Wyatt Technology Dawn EOS HPLC (Wyatt Technology, Santa Barbara, CA, USA) with an Optilab DSP differential refractometer index detector, using THF as eluent at flow rate of 1.0 mL min−1 at 25 °C and calibrated with a series of monodisperse polystyrene standards. Samples contained 2.5 mg L−1 in THF and were filtered through a 0.45 µm nylon filter. Cyclic voltammetry (CV) was carried out on CH Instrument 760E electrochemical analyzer using a three-electrode cell (platinum disc was used as a working electrode, Ag/Ag+ as a reference electrode and a platinum wire as counter electrode) and calibrated against the ferrocene/ferrocenium (Fc/Fc+) redox couple. All measurements were performed in 0.1 M solution of tetrabutylammonium-hexafluorophosphate (Bu4N+PF6−) in dichloromethane as a supporting electrolyte with a scan rate of 100 mV s−1 (Further information can be found in the Supplementary Materials).






3. Results and Discussion


3.1. Synthesis and Characterization of Diamines


Scheme 1 shows the synthetic routes for the diamine monomers A1-3. A1 was prepared by a lithium-bromine exchange reaction using 4-bromo-N,N-bis(trimethylsilyl)aniline and diphenyldichlorosilane modifying a previously reported methodology [29,33,34]. This last reagent was also used to prepare P1 by a lithium–bromine exchange reaction with 1,4-dibromobenzene. On the other hand, the diamine A2 and the precursor P2 were synthetized by a Suzuki–Miyaura cross-coupling reaction using P1 and 4-aminophenylboronic acid pinacol ester or 3-nitrophenylboronic acid as starting materials, respectively, according to previous reports [29,31,35,36]. Finally, the reduction of P2 using N2H4 as a reducing agent and Pd/C as a catalyst allows obtaining the diamine A3.



Diamine monomers showed common bands in the FT-IR spectra (Figures S2 and S3); N–H stretching bands at 3450 and 3370 cm−1 and also sharp bands at 1490–1530 and 1110–1130 cm−1, which were attributed to the stretching and scissoring Si–C arom. vibrations; respectively [37]. The NMR spectra carried out from CDCl3 solutions (Figure 1, Figures S1 and S4) showed all expected 1H, 13C, and 29Si signals. For example, the A2 1H NMR spectra (Figure 1) showed a signal centered among 3.5–3.7 ppm for the amino hydrogens, while in the 13C NMR analysis, the signal at the lowest magnetic field was assigned to the carbons bearing the amine groups (C8 in A1, C12 in A2 and C13 in A3). The presence of the silicon atom bonded to four phenyl rings was confirmed by a signal at around −14 ppm in the 29Si NMR spectra [38].




3.2. Synthesis and Structural Characterization of Oligomers


PolySBs were prepared from a commercial aromatic dialdehyde (bis(4-formylphenyl)phenylamine) and three silylated diamines containing TPS-cores (A1-A3). All samples were obtained by a high-temperature polycondensation reaction using p-toluenesulfonic acid (PTSA) as a catalyst in anhydrous DMAc (Scheme 2). The polymerizations were carried out under N2 atmospheric conditions [29,39].



The proposed structure for the polySBs were confirmed by FT-IR, NMR spectroscopy and elemental analysis. The FT-IR spectra (Figure 2) exhibited an absorption band at about 1590 cm−1, corresponding to the imine group. Bands associated with N–H stretching vibrations of diamines were not observed, which means that the polymerization reactions were complete. Absorption bands at about 3040 and 1500 cm−1 were attributed to H–C arom. and C=C stretching vibrations of aromatic rings, respectively, while the signals at 1490–1520 cm−1 and 1160 cm−1 were assigned to Si–C arom. stretching and scissoring vibrations, respectively. Also, a low-intensity absorption band was observed at around 1690 cm−1, probably due to the carbonyl (C=O) stretching vibrations of end aldehyde groups of the oligomeric chains [29].



NMR spectra of polySBs also confirmed the proposed structure for the repeat units. In the 1H NMR spectra (Figure 3), the imine hydrogen of the monomer linker moieties appears at about 8.5 ppm. The aromatic hydrogens were observed like complex signals in the range of 7.95–6.57 ppm. In accordance with FT-IR observations, all spectra show a signal around 9.9 ppm which is attributable to the terminal aldehyde units.



The imine linkages were also observed in the 13C NMR spectra (Figure S5) at about 160 ppm and 140 ppm. Intricate pattern of signals among 139–110 ppm was assigned to the carbon atoms of the C=C bonds of the multiple aromatic systems present in the chains, while the terminal aldehyde moieties were evidenced at 191 ppm. On the other hand, 29Si NMR spectra of all polySBs show a distinct peak at around −14.5 ppm, which is due to the silicon atom of the TPS-core moiety [29,31,40]. Finally, the elemental analysis of the oligomers showed results that are in agreement with the structure of the proposed repeat units.




3.3. Solubility


The incorporation of both TPS-core and propeller-like structure of TPA units favored polySBs solubility in common organic solvents. The results of the solubility test are summarized in Table S1. As is known, the incorporation of TPA moieties in small molecules or polymers can improve their solubility [7,41,42]. Moreover, the natural twisted tetrahedron geometry of the TPS-core could effectively prevent the intermolecular interactions between the polymeric chains, increasing their solubility [41,42]. Thus, the polySBs were also soluble in low-boiling-point solvents, such as chloroform and THF, making them suitable solution-processable materials which is highly desirable for optoelectronic applications.




3.4. Thermal Properties and Molecular Weight


The thermal properties of oligomers were investigated through thermal and differential scanning calorimetry (DSC) analyses (Figure 4, Figure S6 and Table 1). Figure 4 shows the analysis curve of polySBs performed at a heating rate of 10 °C min−1 in a nitrogen atmosphere. All samples showed thermal stability with T10% values over 400 °C and their DTGA results indicated complex processes of decomposition with two marked steps (Figure S6a). The first decomposition temperature could be related to the TPA portion degradation (C–N bonds) and the second one would correspond to the total decomposition of the aromatic rings. It is clear that the incorporation of imine and TPS as a rigid and bulky unit enhanced the thermal stability without losing solubility of the new materials.



The thermal properties of polySBs strongly depend on their chemical structure particularly on the high aromatic rings content in the backbone. All polySBs showed an initial decomposition at 5% weight loss between 340–480 °C. The temperature at 10% weight loss considered for the assumption of thermal stability was observed within the range of 410–500 °C (Table 1). PolySB2 and polySB3, derived from the isomeric biphenylic silylated-diamines A2 and A3; respectively, showed higher T10% values regarding polySB1, based on the phenylic silylated-diamine A1. On the other hand, polySB2 evidenced a T10% 27 °C higher than polySB3, probably due to the m-di-substituted structure of A3 which affected the packing of oligomer chains. The char yield values were similar among the samples, and they are in accordance with results already obtained for the analysis of silylated-poly(azomethine)s developed under a nitrogen atmosphere [29,31].



As seen in Table 1 and Figure S6b, the Tg values were also dependent on the aromatic content on the chains and the effect of the di-substitution on the phenyl rings. Thus, the highest Tg value of the series corresponds to polySB2 that contains biphenilic moieties and p-substitutions in their diamine-monomer. The higher internal rigidity of the polySB2 than polySB1 and polySB3, and their high packing forces explains these results [29].



The molecular weight of the polySBs were measured through gel permeation chromatography analysis (GPC), with mono-disperse polystyrene samples as standard and THF as eluent (Table S2). The weight-average molecular weight (Mw) were 3.9 × 103, 4.5 × 103 and 1.4 × 104 g moL−1 for polySB1, polySB2 and polySB3; respectively, while the (Mn) values allowed us to establish the polymerization degree for the samples: dimer for polySB1 and trimer for polySB2 and polySB3. We have obtained similar results in previous work by preparing several silylated-poly(azomethine)s [29,31]. On the other hand, the polydispersity index (PDI) was in the range of 2.17–5.57, with a clear trend to increase with the increment of the molecular weight values. The higher molecular weight of polySB3 would be related to the incorporation of m-phenyl di-substituted units which would increase the flexibility of the small-chain and, therefore, their mobility in solution during the polycondensation reaction which would favors the incorporation of the new repeat units and as result an increase in the molecular weight can be achieved [43].




3.5. Optical and Electrochemical Properties


The optical properties of polySBs were studied through UV-vis absorption and photoluminescence measurements using diluted polymer solutions. As shown in Figure 5a, all polySBs exhibited two well-defined UV-vis absorption bands at around 270 and 400 nm corresponding to π–π* and n–π* transitions of the conjugated system and both TPA and imine moieties, respectively [7,44,45]. PolySB2 exhibited the highest maxima absorption at 473 nm (λ onset, Table 2). The results suggest that the absorption of the polySBs are closely related to the content of aromatic rings and the substitution pattern (polySB1 < polySB3 < polySB2). Thus, polySB2, with a p-substitution in their biphenyl moiety, shows a red-shifted maximum absorption band (403 nm) which would be attributed to the difference of dihedral angle between the phenyl and biphenyl moieties. Furthermore, a higher degree of effective conjugation lengths can enhance the degree the π-electronic delocalization in the biphenyl-imine-triphenylamine segments [7,44,46].



According to the values summarized in Table 2, the absorption values of the polySBs are closely related to the structure of the monomers (polySB1 < polySB3 < polySB2). PolySB2, with a p-substitution in its biphenyl moiety, exhibited the most red-shifted absorption band (at 403 nm). On the other hand, polySB3 presented slightly similar absorption maximum to polySB1, which could be attributed to the decrease of the π-orbitals overlapping between the polySB3 chains, due to the less linear structure of the main chain regarding polySB2 together with the difference of dihedral angle between the phenyl and biphenylic moieties of polySB3 in comparison with polySB1. This decrease of the orbital overlapping could also explain the lower intensity of the band at about 400 nm in comparison with the aromatic band at about 270 nm of polySB3. Therefore, a greater degree of effective conjugation lengths enhanced the degree the π-electronic delocalization in the biphenyl-imine-triphenylamine segments [7,44,46]. Table 2 also shows the calculated molar absorption coefficient (ε) for the samples, by indicating the ability of each polySB to capture light at the wavelength of analysis.



The optical band-gaps were estimated from de absorption spectra edges according to Kaya et al. [47] and the values were in the range of 2.62–2.75 eV (Table 2). As expected, polySB2 showed the lower band-gap (2.62 eV) and polySB3 showed a slightly lower band-gap than polySB1 (~0.04 eV).



The lower band-gap of polySB2 is related to the increase of aromatic content in the diamine units regarding to polySB1, owing to phenyl ring with p-di-substitution pattern bond to TPS-core (2.75 to 2.62 eV). Likewise, the incorporation of m-di-substitution design of monomer in polySB3 induced a lower band-gap value as well as polySB2 (2.75 to 2.71 eV). On the other hand, polySB1 shows the higher band-gap, which would be associated to the lower conjugation lengths in the main chain mainly due to TPS-core linked to TPA unit through imine group [44,48].



The photoluminescence spectra of the polySBs were recorded at room temperature from diluted solutions using dichloromethane as a solvent (Figure 5b) and we have used the UV-vis absorption maximum as exciting-light wavelength. As seen in Figure 5b, all samples showed a broad PL peaks in the range of 410–650 nm, by following the same shift absorption behavior. When the absorption and emission spectra of the samples are compared, the more rigid backbone of polySB2 promotes the smallest Stokes shift [49]. According to PL maximum values (Table 2), the polySBs emit cyan light and, therefore, could be explored as OLEDs active materials in future researches.



The electrochemical properties of polySBs were investigated by cyclic voltammetry (CV). All measurements were performed on a polycrystalline platinum disk as a working electrode in dichloromethane polymer solutions. The voltammograms of the polySBs (Figure 6a and Figure S7) showed oxidative and reductive peaks. For PolySB1 and polySB3, single anodic peaks were observed at 1.32 V and 1.16 V; respectively. Distinctively, polySB2 shows two well-defined oxidative peaks (1.41 V and 1.15 V). The oxidative peaks are attributed to the redox process of the nitrogen atom from TPA-cores, which could generate a radical cation that is stabilized by resonance (Figure S8). The second oxidative peak observed for polySB2 would be the result of a structural arrangement from the radical recombination [7,50,51].



The single anodic peak for polySB1 and polySB3 would indicates that charge carriers formation was hampered because their less-conjugated and less-linear structures, respectively, which is consistent with the high potential required to achieve the doping process or the radical cation formation [52]. All polySBs showed an increase of current and slightly cathodic shifted of the oxidation-peaks when more cycles were applied (Figure S7), proving semiconductor properties of the oligomers [53]. On the other hand, the reductive peaks at 1.18, 1.26, and 1.06 for polySB1, polySB2, and polySB3, respectively, would reflect the de-doping or radical recombination process.



The HOMO levels of polySBs were calculated using the following equation: HOMO (eV) = −[Eox – E1/2 (ferrocene) + 4.8], where Eox is the onset oxidation potential of the polymers, and E1/2(ferrocene) is the onset oxidation potential of ferrocene vs Ag/Ag+ as a reference electrode [53]. Thus, the HOMO energy values found for the tested samples were between −6.06 and 6.18 eV (Table 2, Figure 6b) which were lower than HOMO levels of others silicon-containing polymers or those triphenylamine based-polymers [18,19,28,54]. These low-lying HOMO levels could be related to the presence of the TPS-cores in the main chain which displays no significant difference concerning the moiety’s structure (p-TPS/p-phenyl-TPS/m-phenyl-TPS) bonding to TPA-cores by imine linkage. Besides, these low-lying HOMO energy levels give them a series of interesting properties such as high photodegradation stability, large hole mobility and potentially high open circuit voltages to the devices based on them [55]. The lowest HOMO level was observed for polySB3, while polySB1 and polySB2 show a slight difference (0.02 eV). It is clear that the incorporation of δ-Si atoms plays a key role to achieve wide band-gap materials through interruption of π-conjugation along the polymer chains, while the effect of different groups attached directly to the TPS-cores can be an effective way of tuning the HOMO and LUMO energy levels. Furthermore, the attracting electron behavior of the imine linkage and the TPS-core moieties could increase the oxidation potential of the polySBs in a similar way to those observed for small TPA-compounds and other polymeric systems [50,54].



The LUMO levels were calculated from the difference between the HOMO energy levels and the corresponding band-gaps and were estimated in the range of −3.31 to −3.46 eV. These results suggest that the new materials could be used together with proper acceptor materials, like fullerene or non-fullerene polymers, as an active layer for PSCs device. Thus, these LUMO energies could provide a suitable LUMO levels offset between polySBs and PCBMs (−4.0 eV) for an effective exciton dissociation at the interface between donor and acceptor materials [52,56].





4. Conclusions


Three new conjugated silicon-containing polySBs bearing triphenylamine moieties were synthesized from different silylated aromatic diamines and bis(4-formylphenyl)phenylamine by high-temperature polycondensation reactions. All polySBs showed solubility in common organic solvents, even in chloroform and THF, and high thermal resistance with T10% values above 410 °C and Tg values ranging from 250 °C to 270 °C. The photophysical measurements of polySBs showed absorption near 400 nm and emission behavior with similar band-gaps in the range of 2.62–2.75 eV. All polySBs showed HOMO energy levels at about −6.1 eV, which result in low values in relation to other reported triphenylamine-based polymers. In this sense, polySB3, containing biphenyl moieties and m-di-substitutions, displayed the lowest HOMO level at −6.18 eV. Therefore, the results obtained for these new silicon-containing polySBs with TPA units in the backbone provide a starting point to develop a new class of materials that could be potentially used in optoelectronic applications, and motivates future researches regarding the modification of the chemical structures.
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Scheme 1. Synthetic route of precursors and monomers; i: 1) n-BuLi, anh. THF, 2) HCl (g), 3) NaOH aq. ii: n-BuLi, anh. Et2O. iii: Pd(PPh3)4, K2CO3, toluene/EtOH/H2O. iv: PdCl2(PPh3)2, K2CO3, 1,4-dioxane/H2O v: Pd/C, N2H4. 
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Figure 1. NMR spectra (CDCl3) of diamine A2. (a) 1H NMR, (b) 13C NMR. 
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Scheme 2. Synthetic routes of oligomeric Schiff bases; i: anh. DMAc, PTSA, 24 h, 120 °C. 
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Figure 2. ATR/FT-IR spectra of polySBs. 
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Figure 3. Aromatic region of the 1H NMR spectra (CDCl3, 400 MHz) of polySBs. 
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Figure 4. Thermal curves of polySBs with a heating rate of 10 °C min−1 in a nitrogen atmosphere. 
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Figure 5. (a) Absorption (UV-vis) and (b) photoluminescence (PL) spectrum of polySBs in CH2Cl2. 
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Figure 6. Cyclic voltammograms of polySBs in 0.1 M Bu4NPF6 in dichloromethane, at a scan rate of 100 mV s−1 (a) and energy levels (b). 
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Table 1. Thermal analysis of polySBs.
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	Polymer
	T5% [°C] a
	T10% [°C] a
	Char Yield [%] b
	Tg [°C] c





	polySB1
	341
	411
	50
	266



	polySB2
	478
	502
	64
	334



	polySB3
	442
	475
	52
	257







aT5% and T10%: temperature at 5% and 10% weight loss, respectively. b Residual weight at 900 °C in nitrogen atmosphere. cTg: Glass transition temperature.
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