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Featured Application


Copolymers with an absorption in the near infra-red have potential applications in organic photodetectors.




Abstract


A series of acceptor-acceptor (A-A’) alternated copolymers based on dithienodiketopyrrolo pyrrole were synthesized by copolymerizing it with itself and other different electron-poor monomers. The experimental and computed optoelectronic properties of four DPP-based copolymers, P(DPP-DPP) (with linear and branched chains), copolymer with diazapentalene P(DPP-DAP) and also with dioxothienopyrrolebenzodifurandione P(DPP-BTPBF), as well as thermal characterizations were described. UV-visible spectrophotometry and cyclic voltammetry were used to estimate the optical and electrochemical bandgaps, and were found as very small: 1.3, 1.0, and 0.9 eV for P(DPP-DPP), P(DPP-DAP), and P(DPP-BTPBF), respectively. The BTPBF unit allowed a strong reduction of the bandgap, leading to a broad absorption in the visible and near infra-red regions from 650 to 1450 nm. These results were compared to analogous donor-acceptor (D-A) copolymers previously reported, in which DPP is replaced by DTS, P(DTS-DPP), P(DTS-DAP), and P(DTS-BTPBF). The same trend was observed. By comparing A-A’ to D-A’ copolymers analogues, it was shown that the bandgap remained the same while both HOMO and LUMO levels were lowered by roughly 0.2 eV.
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1. Introduction


The vast majority of conjugated polymers dedicated to organic electronics are developed using the donor-acceptor (D-A) strategy, which consists of combining electron-rich (D) and electron-poor (A) units, and in varying their nature through chemical design in order to finely tune their bandgap [1]. Generally, D-A copolymers were mainly used as donor materials (p-type) combined with fullerene acceptors (n-type) for organic solar cells (OSCs). However, since fullerene derivatives suffer from limitations like weak absorption and low stability due to dimerization (burn-in) and unstable morphology [2,3,4], non fullerene acceptors (NFAs) were developed for organic electronic devices [5,6]. With the need of reducing more and more the bandgap, n-type polymers exhibiting a LUMO level at −4 eV have been tested for integration in organic field-effect transistors (OFETs) and OSCs [7,8,9,10]. In this context, a variety of D-A acceptor polymers based on benzothiadiazole (BT), dithienodiketopyrrolo pyrrole (DPP), thienopyrroledione (TPD), naphthalene diimide (NDI), and perylene diimide (PDI) have been developed [11,12,13,14,15,16]. Even if they did not provide the same level of performances in OSCs as fullerene-based devices, the use of n-type polymers is of great interest owing to the possibility of tuning their optoelectronic properties to optimize their light-harvesting capability and improve their stability [17]. Among n-type polymers, those based on naphthalene diimide (NDI) and perylene diimide (PDI) are an important series that show good performances in all-polymer solar cells [18,19,20,21,22]. Performances of OSCs combining PDI-based D-A acceptor polymers with adequate p-type polymers achieved power conversion efficiencies (PCE) up to 7% [23]. It has been demonstrated that D-A copolymers based on DPP combined with thiophene or selenophene could exhibit a high photoresponse with a tuneable absorption edge from 950 to 1200 nm, allowing PCE from 2.9% to 5.3% [24]. A recent review reported ultra-narrow-bandgap D-A copolymers for OSCs, mainly based on DPP and isoindigo units that can be used as donor materials [25]. Some D-A copolymers presenting an absorption in the NIR range based on thiadiazoloquinoxaline [26] or on diazapentalene (DAP) units [27] were efficiently used in organic PDs.



Besides D-A copolymers, systems combining two electron-accepting A-A’ units have also been reported. They can afford n-type materials more stable under air and with deeper HOMO levels, as reported by the combination of PDI with fluorenone [28]. Dual-acceptor copolymers based on 2-alkylbenzotriazole and 2,1,3-benzothiadiazole (BT) were reported for OFETs with an electron mobility of 0.01 cm2 V−1 s−1 [29], and all-polymer solar cells with a PCE of 0.31% [30]. Benzotriazole was also copolymerized with other electron poor units, such as quinoxaline and benzobisthiadiazole, and were used as n-type copolymers in OSCs showing a PCE of 0.40%. A-A’ copolymers based on isoindigo and BT were also used as acceptor materials in solar cells with a similar PCE (0.47%) [31]. A-A’ copolymers based on PDI and BT provided an efficiency of 0.31% [32]. All these copolymers have an optical absorption in the visible range, and showed low performances in solar cells compared with their D-A analogues. A recent strategy is now being developed to polymerize small molecular acceptors (initially used as NFAs), allowing the preparation of n-type polymers for all-polymer solar cells, with PCE up to 16% [33,34].



Conversely, A-A’ copolymers with very low bandgap absorbing in the NIR range have been scarcely considered. Copolymers combining diketopyrrolopyrole (DPP) and benzo [1,2-c;3,4-c’] bis [1,2,5] thiadiazole (BBT) were obtained with a very low bandgap of 0.65 eV [35]. Used in transistors, they exhibited a clear ambipolar behavior with high n and p-type charge mobilities between 0.5 and 1 cm2 V−1 s−1. A-A’ copolymers based on thienoisoindigo (TII) and DPP have also been synthesized, presenting a wide absorption domain ranging between 350 and 2175 nm, and therefore a very low optical bandgap between 1.24 and 0.57 eV. An ambipolar behavior was found when integrated into transistor devices [36]. Another example described the synthesis of a NIR-absorbing A-A’ copolymers combining TII with DPP via direct arylation polymerization, which absorb in the 350–1500 nm range, with calculated optical gaps between 0.91 and 0.82 eV. These different copolymers have also been tested in transistor devices, showing lower charge mobilities for electrons and holes of the order of 10−5 cm2 V−1 s−1 [37]. Another combination from benzo [1,2-c;3,4-c’;], bis [1,2,5], thiadiazole (BBT), and benzo[c] [1,2,5] thiadiazole (BT), substituted with linear or branched chains, afforded copolymers with a very low bandgap energy (~1.0 eV). Different hole mobilities were obtained attributed to the impact of the side chains on the organization of the polymers in the solid state [38].



Herein, three DPP-based conjugated copolymers with backbones exclusively composed of electron poor units were reported, providing new A-A’ copolymers. The aim was to prepare copolymers with reduced band gaps and lowered HOMO and LUMO levels to acquire more stable polymers under air. DPP was chosen for its facile synthesis and its strong electron affinity, potentially affording polymers with good photovoltaic performance and high hole and electron mobilities [39,40,41,42]. The DPP core was polymerized with itself or combined with either DAP or a TII derivative, bis(5-oxothieno[3,2-b]pyrrole-6-ylidene)benzodifurandione (BTPBF). DAP and BTPBF were selected since they are strong accepting units and their syntheses are derived from DPP precursor [43] and TII, respectively [44,45,46]. The optical and electrochemical properties of the A-A’ copolymers were compared to that of analogous D-A copolymers with dithienosilole (DTS) as the electron-rich unit. More precisely, P(DPP-DPP) was compared to P(DTS-DPP), P(DPP-DAP) to P(DTS-DAP), and P(DPP-BTBPF) to P(DTS-BTPBF) (see Figure 1 for structures). The results showed that the comparable D-A’ and A-A’ copolymers (with the same A’) roughly presented the same energy of bandgap, ranging from 1.5 to 0.9 eV, while HOMO and LUMO levels were both slightly lowered. Computational chemistry provided a direct insight into the impact of chemical modifications in these structurally similar systems. DFT calculations have been also compared to previously reported theoretical results on D-A’ copolymers [47].




2. Materials and Methods


2.1. Materials


All reactions were performed under dried nitrogen, using flame-dried glassware and conventional Schlenk techniques. Syringes used to transfer reagents and solvents were purged with nitrogen prior to use. Chemicals and reagents were used as received from Aldrich (Saint-Quentin-Fallavier, France), ABCR (Karlsruhe, Germany), and TCI Europe (Zwijndrecht, Belgium) and stored in the glove box. Solvents (Baker, France) were used as received; tetrahydrofuran (THF) and toluene were obtained dried from a solvent dispenser.



Four dibrominated monomers have been used: diketopyrrolopyrrole DPP-eH (branched alkyl chain, ethyl hexyl), DPP-C12 (linear chain with 12 carbons), DAP (2,5-diazapentalene), and BTPBF. The syntheses of the DPP and DAP monomers were previously described by us [43] and the synthesis of the BTPBF monomer was adapted from Cho and co-workers [45]. For the di-stannyl co-monomer, the commercially available DPPeH-distannyl (branched alkyl chain, ethyl hexyl) was chosen. The alternating copolymers P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF) were synthesized using the Stille coupling.




2.2. Instruments


1H-NMR spectra were recorded on a Bruker (400 MHz) spectrometer; chemical shifts were recorded relative to tetramethylsilane (TMS) with deuterated chloroform (CDCl3) or tetrachloroethane (TCE). Spectra are provided in supplementary information.



UV-Vis-NIR absorption spectra were recorded with a double-beam Cary 5000 UV-Vis-NIR spectrophotometer in steps of 1 nm in the range 350–1800 nm using a 1 cm quartz optical pathlength cell (Hellma).



Cyclic Voltammetry (CV) experiments were performed by using a standard three-electrode electrochemical setup (AUTOLAB PGSTAT 101) consisting of a glassy carbon or a platinum disk as working electrode (2 mm diameter), a platinum foil as counter electrode, and a AgCl/Ag as reference electrode. At the end of each experiment performed in CH3CN/Bu4NPF6 (0.1 M), the standard potential of the ferrocenium/ferrocene couple, E(Fc+/Fc), was measured, and all potentials were referenced against SCE using a previous determination of E(Fc+/Fc) = 0.41 V versus SCE in CH3CN. The solutions were purged with N2 gas prior to use.



Thermogravimetric analyses (TGA) were performed with a TA-Q50. Aluminum pans were used. Unless specified otherwise, the typical sample weight was ≈3 mg and the typical procedure included a stabilization at 40 °C for 30 min and a heating ramp of 10 °C min−1 up to 600 °C.



Differential scanning calorimetry (DSC) measurements were performed with a TA-Q100 in a hermetic aluminum pan. Nitrogen flux was 50 mL s−1. Typical sample weight was ≈5 mg, unless otherwise specified. Typical procedure included a first heating/cooling cycle performed at 10 °C min−1 to erase the thermal history of the sample. Then, a ramp of 10 °C min−1 was used for heating and cooling cycles, in a temperature range from 0 to 300 °C.




2.3. Computational Methods


The electronic and optical properties of copolymers were computed by using the oligomer approach [43,47,48,49,50,51,52]. The molecular structures of finite-size (DA)n oligomers (n = 1–5) were optimized at the density functional theory (DFT) level in the gas phase using the M06-2X exchange-correlation functional [53] (XCF) and the 6-311G(d) basis set (see details in the supporting information). The M06-2X XCF was shown in previous work to reliably describe the structural features of extended π-conjugated systems [54,55].



The vertical excited state energies and oscillator strengths were determined using time-dependent DFT at the same level of approximation. To enable more accurate comparisons with experiments, calculations accounting for solvent effects (chlorobenzene) by means of the integral equation formalism of the polarizable continuum model (IEF-PCM) [56] were also carried out. The S0→S1 transition energies in the polymer limit were estimated by using the Kuhn’s model [57], which describes a polyene chain including  N -conjugated double bonds as a series of identical coupled oscillators. In this framework, Equation (1) is employed for fitting the transition energies of increasingly large oligomers:


  E =  E 0    1 +  D k  cos  (   π  N + 1    )       



(1)




where    E 0    and      D k      are adjustable parameters.    E 0  = h    k d  /  (  4  π 2   μ d   )        formally describes the vibration energy of a double bond (   k d      and    μ d    being the force constant and the reduced mass of the isolated oscillator, respectively), while      D k  =  k s  /  k  d       measures the coupling of double bonds through single bonds (with force constant    k s   ). For the (A-A’)n systems with A = DPP considered in this study, N = 12n for A’ = DPP or A’ = DAP, and N = 14n for A’ = BTPBF.





3. Results and Discussion


3.1. Synthesis of the A-A’ Copolymers


All syntheses of A-A’ copolymers were based on the Stille copolymerization of distannylated DPP monomer combined with a dibrominated comonomer, either DPP, DAP, or BTPBF (see Scheme 1 for the copolymerization scheme). For DPP as A’, two monomers were used, one with an ethyl hexyl chain (eH) and the other with a linear chain (C12) to discuss the effect of lateral chain on optoelectronic properties. The comonomers were carefully introduced in a stoechiometric ratio to ensure a high conversion, with the catalytic system of tris(dibenzyldeneacetone) dipalladium(0) (Pd2dba3) and tri(o-tolyl)phosphine (o-tol)3P ligand, in anhydrous chlorobenzene. The copolymerizations were first realized as usual at 130 °C under nitrogen, but a precipitation was quickly observed compared with that occurring in D-A systems. Hence, the temperature was lowered to 100 °C and dry toluene was used instead of chlorobenzene to decrease the speed of polymerization, reduce the molar masses of the chains, and ensure the solubility of the final material. After pouring the reaction medium in methanol, the materials were thoroughly purified and fractionated by Soxhlet. Only the chloroform fraction was kept for all the characterizations. The chemical structures of the products, monomers, and polymers were confirmed by 1H NMR (see the Supplementary Materials, Figures S1−S5).




3.2. Computational Results


The energies of the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO), as well as the HOMO-LUMO gaps of monomers and A-A’ dimeric units are collected in Table S2. Figure 2 illustrates the energy levels and shapes of the frontier MOs of the DPP-DPP, DPP-DAP, and DPP-BTPBF units issued from the coupling of their constitutive monomers. In the case of the symmetrical DPP-DPP structure, the HOMO and LUMO were spread out evenly throughout each monomer. For A-A’ systems with A = DPP and A’ = DAP or A’ = BTPBF, the HOMOs were primarily localized on the DPP unit, while the LUMOs were mainly spread on the A’ moieties. DPP-DPP had the largest electronic gap of 3.72 eV. When DPP was linked to DAP, the gap reduced to 3.36 eV as a result of the large stabilization of the LUMO. The electronic gap of DPP-BTPBF was close to that of DPP-DAP (3.34 eV) due to the symmetrical downshift (by ~0.1 eV) of the HOMO and LUMO energies with respect to that of DPP-DAP.



The energies (∆E) and oscillator strengths associated with the S0→ S1 electronic transition, as well as the quantities characterizing the spatial extent of the photo-induced charge transfer [58,59] (namely, the amount of charge transferred   Δ q  , the charge transfer distance   Δ r  , and the dipole moment variation   Δ μ  ) are gathered in Table 1. Consistently with the values of HOMO-LUMO gaps, the transition energies of the A-A’ systems evolve in the order: DPP-DPP > DPP-DAP > DPP-BTBPF. As indicated by its largest oscillator strength, DPP-BTBPF also exhibited the highest light-harvesting efficiency, owing to the larger spatial extent of the photo-excitation compared with the two other systems. While the dipole moment variation was equal to zero in DPP-DPP owing to its symmetrical structure, DPP-DAP and DPP-BTPBF exhibited large   Δ μ   values, which indicate a significant charge transfer from the DPP to the A’ moiety in these two systems.



The HOMO and LUMO energies, as well as the electronic gaps calculated for increasingly large (A-A’)n oligomers are summarized in Table S3, while the optical properties are gathered in Tables S4 and S5. To no surprise, as the conjugated oligomers increased in size, the electronic gap lowered as a result of the continuous destabilization of the HOMO and stabilization of the LUMO. Consistently, the optical gap decreased when increasing the conjugated chain length, while the oscillator strength increased. The evolution of the transition energies ∆E as a function of 1/N (with N the number of double bonds along the conjugated path) is shown in Figure 3. The transition energies extrapolated using Equation (1) are 1.82 eV for A’ = DPP, and 1.62 eV for DAP and BTPBF.




3.3. Opto-Electronic Properties of A-A’ Copolymers in Solution and in the Solid State


The optical properties of the different A-A’ copolymers P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF) were studied by UV-vis-NIR absorption spectrophotometry in solution and in thin films (Table 2). As shown in Figure 4, all the copolymers display two characteristic bands. A first weakly absorbing band is located in the short-wavelength region, around 400 nm for P(DPP-DPPeH) and P(DPP-DPPC12) and 470 nm for P(DPP-DAP) and P(DPP-BTPBF). The second band is broad and covers different wavelength ranges depending on the comonomer. Both copolymers exclusively based on DPP, P(DPP-DPPeH), and P(DPP-DPPC12) absorbed in solution in the same range (500–900 nm) with a maximum absorption at 700 nm. However, a shoulder could be observed at 875 nm for the copolymer with the C12 linear chain, which can be related to the presence of aggregates in solution. As predicted by DFT calculations, copolymers based on DAP and BTPBF presented a large absorption shifted towards the infrared. P(DPP-DAP) exhibited an absorption from 530 nm up to around 1200 nm while P(DPP-BTPBF) absorbed from 650 to 1400 nm. These results suggest that the electron accepting strength of monomers evolves in the order DPP < DAP < BTPBF. From DPP to DAP, the gain towards the infrared was 140 nm for the maximum of absorption, and 295 nm for the band edge. When comparing DAP and BTPBF, the shift in maximum absorption was 209 nm and 225 nm for the band edge. This confirms that the BTPBF building block is a strong electron acceptor unit, allowing an absorption range between 700 and 1400 nm, with a maximum absorption at 1050 nm. When combined with DTS instead of DPP, the absorption was even more shifted in the NIR by 50 nm.



The absorption spectra obtained with copolymers deposited as thin films slightly differ from those measured in solution. For copolymers only based on DPP, a redshift due to π-stacking was only observed with P(DPP-DPPC12), with a bathochromic effect of 47 nm for the maximum absorption and 60 nm for the band edge. It is also worth noting that the charge transfer band became broader with a strong increase of the shoulder at 875 nm, probably coming from the formation of aggregates or a more crystalline material. The change between solution and film was different in the case of P(DPP-DPPeH) that bears an ethyl hexyl chain on every unit. Indeed, the maximum wavelength was blue shifted, probably due to the branched chains that hinder the molecular packing, while an enlargement of the main absorption band was observed with a shoulder at 850 nm. The charge transfer band was enlarged from solution to solid state, but the maximum absorption was blue shifted of 74 nm, whilst the band edge showed a redshift of 100 nm.



For P(DPP-DAP) and P(DPP-BTPBF), the maximum of absorption was not really shifted between solution and solid state; only a redshift of the band edge of around 50 nm was observed, indicating that aggregates can be already formed in solution.



All these spectra allowed the calculation of optical bandgaps of 1.3, 1.2, 1.0, and 0.9 eV for P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF), respectively. These band gaps are very small and quite similar to that of the corresponding D-A copolymers reported in our previous publication with DTS as donor unit (reported in Table 2 for comparison) [47]. In order to investigate further the effects of alternating two acceptor monomers on the electronic levels, HOMO and LUMO levels were determined by cyclic voltammetry.



A direct comparison of A-A’ copolymers to D-A, with the evolution of band gaps, HOMO and LUMO levels are presented as a summary in the SI, Table S6.



Polymers have been drop-casted onto a platinum electrode from chlorobenzene solutions (10 mg mL−1), and submitted to cyclic voltammetry in dry acetonitrile with Bu4NPF6 as the supporting electrolyte (see voltammograms in SI, Figures S8–S11). The HOMO and LUMO levels (in eV, ref vacuum) of copolymers were deduced from the oxidation and reduction potentials (see Table 2). For comparison, the DPP, DAP, and BTPBF monomers were also analyzed by cyclic voltammetry in the same conditions. Results previously obtained with analogous D-A’ copolymers are also reported in Table 2.



The HOMO-LUMO band gap determined with monomers showed a strong decrease in the order DPP, DAP, and BTBPF (2.2, 1.8, and 1.3 eV, respectively). Both HOMO and LUMO levels were affected by changing the structure. All these energy levels are reported in Figure 5, and presented with poly(3-hexylthiophene) (P3HT) and PCBM, for comparison. When comparing the A-A’ copolymers, the main observation is that LUMO levels were deepened in correlation with the electron affinity of the comonomer combined with DPP, as it was already observed when copolymerized with DTS. HOMO levels were only slightly modified and were about −5.0 eV on average. When comparing the series of P(DTS-A) copolymers to P(DPP-A) copolymers with the same A, replacing DTS by DPP provoked the lowering of both LUMO and HOMO levels in the same manner, leading to unmodified bandgaps, as already observed with optical gaps. In the case of P(DTS-BTPBF) and P(DPP-BTPBF) also, the change of DTS by DPP strongly affected both HOMO and LUMO levels by roughly 0.25 eV, leading to deeper levels without perturbating the bandgaps. Thus, the P(DPP-BTPBF) copolymer exhibited very deep HOMO and LUMO levels at −5.5 and −4.4 eV, respectively.




3.4. Thermal Properties of A-A’ Copolymers


The thermal stability of polymers is an important parameter when applied to electronic devices. It was studied for all the A-A’ copolymers by thermogravimetric analysis, under nitrogen between 0 °C and 600 °C, with a heating rate of 10 °C min−1 (Figure 6).



All copolymers were stable up to at least 350 °C, except P(DPP-DAP), which exhibited two steps of degradation starting at 250 °C. For the latter, the first step of degradation occurred from 250 °C to 400 °C with a weight loss of around 20%. The second weight loss of an additional 30% finished at 500 °C. This early degradation was also observed with P(DTS-DAP) (see SI, Figure S12) and can be related to a weaker stability of the ethylhexyl chains when connected to the sulfur atom as in the DAP unit. The weight loss of around 20% is in agreement with the theoretical weight percentage of 21% expected for both ethylhexyl chains in the repeating unit constituted of DPP and DAP. For the copolymers P(DPP-DPPeH), P(DPP-DPPC12), and P(DPP-BTPBF), the thermograms showed one step of degradation, with a weight loss of 60%, 70%, and 59%, respectively. These variations can be roughly related to the molar mass of the alkyl chains present on the DPPeH, DPPC12, and BTPBF units.



For comparison, the corresponding D-A’ copolymers exhibited a similar degradation temperature around 400 °C, except for P(DTS-DAP) that also presented a lower degradation temperature of 200 °C, with an observed weight loss of around 20%, in agreement with an expected one of 23% in the repeating unit DTS-DAP (see SI, Figures S12 and S13). The thermal properties of P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF) copolymers were also examined by differential scanning calorimetry (DSC). The DSC thermograms for copolymers are shown in the SI, Figures S14–S17 for P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF), respectively. For all copolymers, DSC thermograms did not show any clear thermal transition up to 300 °C, even if a slight difference was observed between the first and second cycle. The absence of a melting point suggests that these polymers either tend to form an amorphous phase or that the melting temperature is above 300 °C. The size of the crystal domains may also be too small to be detected.





4. Conclusions


In this article, we paid particular attention to a limited reported strategy in the literature to synthesize A-A’ low bandgap copolymers, combining DPP with itself or with the two highly electro-deficient monomer units DAP and BTPBF. Stille coupling copolymerization was applied to the synthesis of the alternating copolymers P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(CPDT-BTPBF). The synthesis of these copolymers required optimizations in terms of reaction conditions such as temperature, time, and reaction solvent in order to acquire soluble materials. Subsequently, the resulting copolymers were analyzed by UV-VIS-NIR spectrophotometry in solution and in solid state. When DPP was replaced by its derivative DAP or by BTPBF, which are much more electro-deficient monomers, a strong redshift of the global absorption was observed, thus accompanied by a decrease of the optical bandgap of 0.2 and 0.5 eV, respectively. These optical properties were in agreement with computational results which showed that transition energies of the A-A’ copolymers evolve in the order: DPP-DPP > DPP-DAP > DPP-BTBPF. Moreover, electrochemical measurements provided insights on how HOMO and LUMOs levels are impacted by the nature of the A’ unit, and more generally on the interest of designing A-A’ copolymers in comparison with D-A’ ones. Indeed, despite D-A’ and A-A’ copolymers displaying similar optical bandgaps, HOMO and LUMO levels were deepened for the latter by an average absolute value of 0.25 eV. The most significant changes were obtained with the BTPBF unit, leading to a P(DPP-BTPBF) with very low electronic levels at −5.5 and −4.4 eV for HOMO and LUMO, respectively. Finally, the thermal properties of the four copolymers are suitable for optoelectronic applications since their degradation onset temperatures were above 250 °C.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/app12094494/s1, Figure S1: 1H NMR spectrum of di-bromoBTPBF (400 MHz, CDCl3); Figure S2: 1H NMR spectra of P(DPP-DPPeH) (400 MHz, TCE, 125 °C); Figure S3: 1H NMR spectra of P(DPP-DPPC12) (400 MHz, TCE, 125 °C); Figure S4: 1H NMR spectrum of P(DPP-DAP) (400 MHz, TCE, 125 °C); Figure S5: 1H NMR spectrum of P(DPP-BTPBF) (400 MHz, TCE, 125 °C); Figure S6: Optimized geometries of DPP (top) and DAP (middle) with the lateral tetrahydrothiophene groups in anti (a,c) and syn (b,d) positions, and optimized structure of BTPBF (e); Figure S7: Optimized geometries of (DPP-DPP)2 (a,d), (DPP-DAP)2 (b,e), and (DPP-BTPBF)2 (c,f) in their anti (top) and syn (bottom) configurations; Figure S8: Cyclic voltammograms of P(DPP-DPPeH) in 0.1 M Bu4NPF6/CH3CN using a sweep rate of 0.1 V s−1; Figure S9: Cyclic voltammograms of P(DPP-DPPC12) in 0.1 M Bu4NPF6/CH3CN using a sweep rate of 0.1 V s−1; Figure S10: Cyclic voltammograms: reduction (left) and oxidation (right) of P(DPP-DAP) in 0.1 M Bu4NPF6/CH3CN using a sweep rate of 0.1 V s−1; Figure S11: Cyclic voltammograms: reduction (left) and oxidation (right) of P(DPP-BTPBF) in 0.1 M Bu4NPF6/CH3CN using a sweep rate of 0.1 V s−1; Figure S12: Thermograms of P(DTS-DPP) and P(DTS-DAP) with a heating rate of 10 °C min−1 under nitrogen; Figure S13: Thermogram of P(DTS-BTPBF) with a heating rate of 10 °C min−1 under nitrogen; Figure S14: DSC thermogram of P(DPP-DPPeH) with a heating ramp of 10 °C min−1; Figure S15: DSC thermogram of P(DPP-DPPC12) with a heating ramp of 10 °C min−1. Figure S16: DSC thermogram of P(DPP-DAP) with a heating ramp of 10 °C min−1; Figure S17: DSC thermogram of P(DPP-BTPBF) with a heating ramp of 10 °C min−1; Table S1: Relative Gibbs free energy between syn and anti configurations calculated for (A-A’)2 dimers at the M06-2X/6-311G(d) level in the gas phase; Table S2: HOMO and LUMO energies and gaps〖∆E〗g = E_LUMO-E_HOMO (all values in eV) calculated for monomers and A-A’ units at the M06-2X/6-311G(d) level; Table S3: HOMO and LUMO energies and gaps〖∆E〗g = E_LUMO-E_HOMO (all values in eV) calculated for increasingly large oligomers at the M06-2X/6-311G(d) level; Table S4: Characterization of the S0→S1 electron transition in increasingly large D-A oligomers, as calculated at the M06-2X/6-311G(d) level in the gas phase. Transition energies (eV), wavelengths (nm), oscillator strengths (dimensionless), amount of charge transferred (|e|), charge transfer distances (Å), and change in dipole moments (D); Table S5: Characterization of the S0→S1 electron transition in increasingly large D-A oligomers, as calculated at the IEFPCM:M06-2X/6-311G(d) level in chlorobenzene. Transition energies (eV), wavelengths (nm), oscillator strengths (dimensionless), amount of charge transferred (|e|), charge transfer distances (Å), and change in dipole moments (D); Table S6: Comparison of optoelectronic properties of A-A’ copolymers (bold) to D-A analogous copolymer; λmax, λedge and Egopt were obtained from UV-Visible-NIR absorption spectra; Egcv, HOMO and LUMO levels were estimated from cyclovoltammetry measurements.
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Figure 1. Chemical structures of the A-A’ and D-A’ copolymers considered in this work. 
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Scheme 1. Stille copolymerization scheme of A-A’ copolymers using Pd2(dba)3/P(o-tol)3 in toluene at 100 °C. 
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Figure 2. Energy levels (with values in eV) and shapes of frontier MOs of A-A’ dimers with A = DPP and A’ = DPP, DAP and BTPBF. 






Figure 2. Energy levels (with values in eV) and shapes of frontier MOs of A-A’ dimers with A = DPP and A’ = DPP, DAP and BTPBF.



[image: Applsci 12 04494 g002]







[image: Applsci 12 04494 g003] 





Figure 3. Evolution with chain length of the vertical transition energies of the (A-A’)n oligomers, as calculated at the IEFPCM:M06-2X/6-311G(d) level in chlorobenzene. Lines are fits calculated according to equation 1. Optimized values of the Kuhn fit parameters    E 0    and    D k    are 6.63 eV and −0.92 for A’ = DPP, 6.10 eV and −0.93 for A’ = DAP, and 6.39 eV and −0.94 for A’ = BTPBF. 
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Figure 4. Normalized absorption spectra of A-A’ copolymers P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF); (a) in chlorobenzene solutions; (b) in thin films (spin coated from chlorobenzene solutions). 
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Figure 5. HOMO-LUMO energy levels of the copolymers (A-A’) based on DPP and (D-A) based on DTS determined by cyclic voltammetry. 
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Figure 6. TGA of copolymers P(DPP-DPPeH), P(DPP-DPPC12), P(DPP-DAP), and P(DPP-BTPBF) with a heating ramp of 10 °C min−1 up to 600 °C under N2 flux. 
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Table 1. Characterization of the S0→S1 electron transition in DPP, DAP, and BTPBF monomers, as well as in DPP-DPP, DPP-DAP, and DPP-BTPBF A-A’ units: transition energies (∆E, eV), wavelengths (λ, nm), oscillator strengths ( f , dimensionless), amount of charge transferred (|e|), charge transfer distances (Å), and change in dipole moments (D).
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	System
	ΔE
	λ
	  f  
	Δq
	Δr
	   Δ μ   





	DPP
	2.69
	461
	0.532
	0.310
	0.001
	0.002



	DAP
	2.41
	516
	0.506
	0.736
	0.003
	0.006



	BTPBF
	2.37
	524
	0.856
	0.436
	0.003
	0.006



	DPP-DPP
	2.28
	544
	1.817
	0.358
	0.007
	0.012



	DPP-DAP
	2.12
	589
	1.677
	0.410
	2.844
	5.604



	DPP-BTPBF
	2.03
	610
	1.860
	0.481
	3.320
	7.673










 





Table 2. Optoelectronic characteristics for monomers and copolymers.
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	a λ max (nm) Solution
	a λ max (nm) Solid State
	a λ edge (nm) Solid State
	a Egopt

(eV)
	b HOMO

(eV)
	b LUMO

(eV)
	b Egcv

(eV)





	Monomers
	
	
	
	
	
	
	



	DPP
	545
	-
	570 (solution)
	2.13 c
	−5.7
	−3.5
	2.2



	DAP
	565
	-
	640 (solution)
	1.94 c
	−5.4
	−3.6
	1.7



	BTPBF
	695
	-
	775 (solution)
	1.60 c
	−5.3
	−4.0
	1.3



	Copolymers
	
	
	
	
	
	
	



	P(DPP-DPPeH)
	706
	632
	980
	1.35
	−5.4
	−4.0
	1.4



	P(DPP-DPPC12)
	701
	748
	1030
	1.3
	−5.5
	−4.1
	1.3



	P(DPP-DAP)
	842
	839
	1230
	1.1
	−5.4
	−4.2
	1.2



	P(DPP-BTPBF)
	1051
	1047
	1450
	0.9
	−5.5
	−4.4
	0.9



	P(DTS-DPPeH)
	795
	800
	1000
	1.3
	−5.4
	−3.9
	1.5



	P(DTS-DAP)
	837
	867
	1180
	1.1
	−5.4
	−4.1
	1.3



	P(DTS-BTPBF)
	1100
	1081
	1440
	0.9
	−5.2
	−4.2
	1.0







a: spectrophotometry; b: cyclovoltammetry; c measured by spectrophotometry in chloroform. Egopt is estimated from the edge of absorption bands in solid state. EHOMO (eV) = −Eonset (ox) − 4.70 (eV); ELUMO (eV) = −Eonset(red) − 4.70 (eV).
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