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Introduction

Conjugated polymers (CPs) are widely used in organic electronics and opto-electronics due to their advantages, such as tunable backbone, lightweight, flexibility, low cost, and solutionprocessable fabrication. 1 After tremendous efforts from researchers, impressive hole mobilities over 10 cm 2 V -1 s -1 and power conversion efficiencies (PCEs) over 20% have been achieved in organic field effect transistors (OFETs) and organic solar cells (OSCs), respectively. 2,3 Among the strategies that have been developed to improve the performance of the organic semiconductors, the donor-acceptor (D-A) alternation is the most successful and adopted chemical approach, in which the bandgap of the semiconductor can be tuned by suitable donor and acceptor units. 4 However, an alternative approach based on bond-length alternation (BLA) minimization by using quinoidal units (Q) has shown to be promising as well. 5,6 Indeed, the quinoidal strategy offers new opportunities to tune the frontier energy levels and provides access to a new class of polymers with specific optical, electronic, and magnetic properties. 7 Therefore, in recent years, due to their unique advantages of rigid and coplanar structures and the delocalization of π-electrons, quinoidal small molecules and polymers have received increased attention in OFET and organic thermoelectric devices. 8 But their applications in OSCs is limited. Usually, quinoidal polymers show low bandgap with low-lying lowest unoccupied molecular orbital (LUMO) and high highest occupied molecular orbital (HOMO) energy levels due to a reduced BLA. However, the design of such molecules and polymers is limited by the high reactivity of the quinoidal structures that exhibit a diradical character. 9 Till now, few quinoidal building blocks such as benzodipyrrolidone (BDP), 10 naphthodipyrrolidone (NDP), 11 dipyrrolo[2,3-b:2',3'-e]pyrazine-2,6(1H,5H)-dione (PzDP), 12 benzo[1,2-b:4,5-b']-dithiophene-2,6-dione (BDTD), 13 thieno[3,2-b]-thiophene-2,5dione (TTD), 13 2,2′-bithiophenylidene5,5-dione (BTD), 13 para-azaquinodimethane (p-AQM), 14 and isatin end-capped quinoid 8b have been used in OFETs. Among all the above building blocks, only the benzodipyrrolidone (BDP) and dipyrrolo[2,3-b:2',3'-e]pyrazine-2,6(1H,5H)-dione (PzDP), were used in solar cell applications. Wei Yue et al. reported a benzodipyrrolidone (BDP) and dithienopyrrole based D-A polymers with a PCE of 2.60% in solar cells. 15 Recently, Langheng Pan et al. reported a PzDP-based polymer as a acceptor in all-polymer solar cells, shown a PCE of 2.37%. 16 Among the above quinoidal units, para-azaquinodimethane (p-AQM) offers a unique opportunity to investigate properties of homogeneous full electron donor quinoidal-based conjugated polymers, as it is the only quinoidal building block that does not exhibit a strong electron acceptor character. p-AQM also presents advantages such as ease of synthesis, ease of backbone tuning, rigid and coplanar conformation that can be enhanced by noncovalent intramolecular S•••N interactions with neighbour thiophene units. 14,[17][18][19] Noticeably, an unconventional trend was observed in quinoidal-donor (Q-D) p-AQM copolymers, where the bandgap increases upon increasing the number of thiophenes from two to four in the main chain. 14 This effect was attributed to the dilution of the quinoidal character of the alternated Q-D copolymer with the extension of the aromatic comonomer, similar to what is observed in D-A alternating copolymers. 20 Moreover, increasing the number of thiophene units may lead to increased torsional disorder along the polymer backbone, which limits the conjugation length.

To further investigate this trend in the bandgap, we designed and synthesized a series of Q-D copolymers based on p-AQM as a quinoidal unit (Q) that incorporate different thiophene donor comonomers (Scheme 1). The impact of the different thiophene donor comonomers on optical and electrochemical properties are systematically studied by various techniques such as UV-visible absorption spectroscopy, cyclic voltammetry, photoelectron spectroscopy in the air (PESA), and density functional theory (DFT). All polymers exhibit low bandgap (1.47-1.52 eV) and p-type charge transport properties. Among all, p-AQM polymer containing thiophene vinylene thiophene (PAQM2T-TVT) exhibited planar structure and leads to a hole mobility of 3.8×10 -2 cm -2 V s -1 . Moreover, when combined with fullerene acceptor, p-AQM polymer containing thieno [3,2-b]thiophene (PAQM2T-TT) polymer exhibited a power conversion efficiency (PCE) of 2.32%.

Scheme 1: Synthesis of dibromo p-AQM monomer and polymers

Results and discussion

To investigate this bandgap trend, we choose the previously reported polymers PAQM3T and PAQM4T as reference polymers (Scheme 1). They consist of an alternating p-AQM unit with a donor segment of three and four thiophenes long, respectively. First, we kept approximately the same thiophene segment length and altered the centered two thiophenes by either the introduction of a fused thieno [3,2-b]thiophene (PAQM2T-TT), or by insertion of a vinylene linker in the middle of the four thiophenes (PAQM2T-TVT). The two new resulting polymers were designed to reduce the conformational disorder and improve the polymer backbone's coplanarity. The improved coplanarity may result in enhanced electron delocalization along the backbone as well as in increased π-π intrachain and interchain interactions in the solidstate. [21][22][23][24] Long and branched dodecyl hexadecyl side chains were used on the periphery of p-AQM to improve the solubility of the resulting polymers. Given the reported odd-even effect on interchain interactions, the branching point was placed at the second carbon. 17

Polymer synthesis

The synthetic strategies towards dibromo p-AQM monomer (2) and polymers are shown in scheme 1. The detailed synthetic procedures and characterizations are described in supporting information. The synthetic strategies of (E)-1,2-bis(5-bromothiophen-2-yl)ethene and stannyl monomers are shown in supporting information (Scheme S1). The dibromo p-AQM monomer (2) has been synthesized by following a reported procedure. 14 and corresponding stannyl monomer units. The molecular weights of the Q-D polymers were evaluated using high temperature size exclusion chromatography (SEC) working at 150 ℃ (Figure S1) he number-average molecular weight (M n) of PAQM3T, PAQM4T, PAQM2T-TT, and PAQM2T-TVT, were measured to be 10.5, 10, 14, and 18.9 kg mol-1 with a dispersity (Ð) of 2.4, 2.5, 1.9, and 2.3, respectively (Table 1). Due to the to the shorter thiophene segment, PAQM3T is soluble at room temperature in common organic solvents like chloroform and chlorobenzene, while all other polymers are soluble in hot chlorobenzene (CB), and hot o-dichlorobenzene (o-DCB).

Optical and electrochemical properties

The UV-visible spectra of the p-AQM polymers were recorded in solution (o-DCB) as well as in thin films. All the results are depicted in figure 1, and the numerical data are summarized in table 1. In solution state, due to its higher solubility, PAQM3T exhibited a single-band absorption. All remaining polymers exhibited dual band absorption corresponding to 0-1 and 0-0 transitions, indicating pre-aggregated state of polymers in solution. 17 This relative intensity of the 0-0 and 0-1 features has been shown to be related to the strength of the intermolecular coupling 25 and in some cases, to the type of polymer stack i.e., segregated (0-0 band) vs mixed (0-1 band). 26 Obviously the alkyl chain length does not impact the optical properties of PAQM4T, which is good agreement with previous literature. 17 In thin-film, all polymers exhibited dual band absorption. In the case of PAQM3T, the absorption spectra were broadened and a new shoulder peak was raised at 758 nm, which suggests a better solid-state order of polymer backbone in solid-state. Compared with PAQM3T, PAQM4T polymer absorption was blue-shifted, which is in agreement with previous literature. 14 Indeed, while increasing the number of aryl/thiophene units, the absorption spectrum was blue-shifted due to the BLA increase. 14 In thin film-state, a red shift absorption was observed for PAM2T-TT, and it exhibits the maximum absorption in solution as well as in solid-state compared to the other polymers. This shift is probably due to the higher rigidity of the TT unit, which is conducive to π-stacking self-assembly. Analysis of PAQM2T-TVT absorption spectra confirms that the dilution of the quinoid character and the twisting of the polymer chain are two equally important effects. Indeed, this PAQM2T-TVT polymer, which has the most extended electron-donor segment, nevertheless exhibits a systematic red-shift of its absorption range compared to PAQM4T. This effect is clearly explained by density functional theory (DFT) calculations.

The DFT calculations are performed by Gaussian 9 at the B3LYP functionals and 6-311g (d, p) basis set [START_REF] Frisch | Gaussian[END_REF] . To simplify the calculations, two repeating units were considered for the polymer backbone, and long dodecyl hexadecyl side chains were replaced with methyl groups (Figure 2). As expected, the insertion of vinylene linkage in-between two thiophene units leads to increased coplanarity. Thus, the dimer of the PAQM2T-TVT repeat unit adopts a highly planar conformation, as compared to the PAQM4T. PAQM2T-TT also adopts a highly planar configuration. Moreover, the insertion of vinylene linkage not only increases To investigate the energy levels of p-AQM polymers, we performed cyclic voltammetry (CV) measurements. The cyclic voltammograms of all polymers are shown in figure 4, and all the data are summarized in table 2. The HOMO energy levels of all polymers are estimated to be -5.46, -5.48, -5.46, and -5.48 eV for PAQM3T, PAQM4T, PAQM2T-TT, and PAQM2T-TVT, respectively. The LUMO energy levels are calculated by adding the optical bandgap energies to the HOMO energy levels measured by CV. [START_REF] Berton | [END_REF] The LUMO levels have been calculated of -3.98, -3.96, -4.00, and -3.99 eV, for PAQM3T, PAQM4T, PAQM2T-TT, and PAQM2T-TVT, respectively. In a complementary way, photoelectron spectroscopy in the air (PESA) was also performed to estimate the HOMO energy levels. All the PESA spectra are depicted in supporting information (Figure S2), and data are summarized in table 2. The ionization energies are 5.60, 5.61, 5.58, and 5.61, eV for PAQM3T, PAQM4T, PAQM2T-TT, and PAQM2T-TVT, respectively. Which is in good agreement with the trends given by CV and confirms that the impact of different thiophene comonomers on the polymer HOMO energy levels is negligible. DFT calculations has been also used to probe the electron distribution in each frontier molecular orbital (Figure 5). Thus, the HOMO electron distribution is evenly spread over the entire polymer backbone, the LUMO delocalization is more reduced upon increasing the donor length. Indeed, the LUMO electron distribution is more evenly distributed over the entire backbone in PAQM3T than the other polymers, for which the LUMO is more localized on the p-AQM moiety and less distributed on donor moiety. 

Thermal properties

Thermal properties of p-AQM series polymers were determined by thermo-gravimetric analysis (TGA) measurements and differential scanning calorimetry (DSC). All polymers are stable over 300 ℃, indicating a good thermal stability. The TGA and DSC plots are depicted in figure S3, and the corresponding data were summarized in Table 2. Thermal decomposition temperatures (T d ) corresponding to 5% weight loss are 328 ℃, 340 ℃, 367 ℃, and 372 ℃ for PAQM3T, PAQM4T, PAQM2T-TT, and PAQM2T-TVT, respectively. DSC curves show that PAQM3T and PAQM4T polymers exhibit an exothermic phase transition at 43 ℃, 45 ℃, respectively which can be ascribed to the melting of the alkyl side-chains. 29,30 PAQM3T also exhibited thermal transitions at 172 ℃ and 155 ℃ in heating and cooling cycles, indicating a semi-crystalline structure of the polymer. PAQM4T, PAQM2T-TT and PAQM2T-TVT do not exhibit any backbone-related thermal transition, which may indicate that the backbone is more rigid than that of PAQM3T. Moreover, good thermal stability of p-AQM polymers indicate that they can encapsulate without any structural change.

Field effect transistors

Charge transport properties are measured by bottom contact and bottom gate organic fieldeffect transistors (OFETs) measurements (see supporting information for details). All polymers exhibited p-type charge transport characteristics. Although the architectures of OFETs are not the most advanced ones, all polymers exhibited pretty high hole mobilities, which highlights the potential of polymers based on quinoid units for charge transport applications, as reported in the literature. 14,17 The figures of the output and transfer characteristics of all polymers are outlined in figure 6. Among all the polymers, PAQM2T-TVT showed a hole mobility of 3.85×10 -2 cm -2 V s -1 . Which is 10 times higher mobility than the previously reported vinylene linked polymer (PA2TV-BC2-C10C12). 17 The high mobility of PAQM2T-TVT is attribute to the coplanar backbone resulting from inserting vinylene double bond into the bithiophene, which leads to an increase in the intra and inter-chain charge transfers in thin films. 22,23 PAQM2T-TT and PAQM4T showed almost similar hole mobilities of 1.74×10 -2 and 1.98×10 -2 cm -2 V s -1 , respectively and PAQM3T showed hole mobility of 5.21×10 -3 cm -2 V s -1 . The lower mobility of PAQM3T is not easy to explain.

However, given the inversion of the relative intensities of the 0-0 and 0-1 bands for this specific polymer, compared to the others, with a possible maximum of mixed stacking, it can be assumed that the way in which the stacked backbones overlap is not favourable to an efficient charge transport. 

OPV characterizations

The photovoltaic properties of these new p-AQM-based polymers, as electron donor materials, have been investigated in inverted device configuration: ITO/ZnO/Active layer/MoO 3 /Ag (details can be found in supplementary information). The PC 71 BM fullerene derivative has been selected to act as an electron acceptor material. After careful optimization, we found the best D:A ratio to be 1:1.5 for all polymers (Figure 7). A first optimization has been done in simple process conditions, using chlorobenzene as a solvent and warm solutions (around 80-90°C) during the spin-coating.

A first trend is clearly emerging, with the PAQM3T showing the lowest PCE, around 0.4%.

In contrast, PAQM2T-TT has a higher PCE of almost 2.1%. PAQM2T-TVT and PAQM4T exhibit very close PCEs of 1.6 and 1.9 %, respectively. The trend observed previously in OFET is consistent with the measured OPV performances. The poor performance of PAQM3T devices may be due to a lower charge extraction ability, while the other three polymers finally show similar hole mobilities and performances. In order to give a chance to increase the performance, we tried to optimize the PAQM2T-TT -based active layer by playing with the additives. Finally, with 3%vol of diphenyl ether (DPE) as an additive, we slightly increased both the short-circuit current density and fillfactor, leading ultimately to a PCE slightly above 2.3% (Figure 7). To the best of our knowledge, this provides the first report on the photovoltaic behavior of p-AQM-based polymers.Although moderate, such a PCE is ultimately in the same order of magnitude as those reported in the literature for other quinoid polymersa. 15,16 Transport characteristics are measured for all polymers, and all exhibited p-type behaviour with a maximum hole mobility of 3.8×10 -2 cm -2 V s -1 . The photovoltaic properties of p-AQM-based polymers was reported for the first time. The solar cells were constructed in inverted device configuration; among all polymers, PAQM2T-TT polymer exhibited the highest PCE of 2.32%.

Conclusion

  Intermediate 1 was obtained by Knoevenagel condensation between 1,4-Diacetyl-2,5-piperazinedione and 5-Bromo-2-thiophenecarboxaldehyde. Alkylation was performed to 1 under mild basic conditions, gives dibromo p-AQM monomer (2) with good yield. All Q-D polymers were synthesized through Pd-catalyzed Stille cross-couplings of dibromo p-AQM monomer (2)

  In solution state, significant bathochromic shift was observed for PAQM2T-TT and PAQM2T-V , compared to PAQM3 , and PAQM4 , due to πextended fused thieno[3,2-b]thiophene in PAQM2T-TT and the longer conjugation length resulting from the vinylene group in PAQM2T-TVT. The absorption maxima of PAQM2T-TT and PAQM2T-TVT polymers are 765, and 747 nm, whereas the absorption maxima of PAQM3T, and PAQM4T, polymers are 682, 729 nm, respectively. The optical band gap of all polymers was calculated from onset absorption in solution state and all polymers exhibited moderate bandgap energy. In solution state the optical bandgaps of all polymers followed the trend PAQM3T (1.55 eV) > PAQM4T (1.53 eV) > PAQM2T-TVT (1.52 eV) > PAQM2T-TT (1.50 eV).

Figure 1 :

 1 Figure 1: (a) Absorption spectra of all polymers in solution (o-DCB) (b) Absorption spectra of all polymers in thin film state

  the coplanarity, but also altered the C=C, and C-C bond length on adjacent thiophenes, as indicated by bond length calculations. The C-C and C=C bond lengths of monomer segments of all polymers were calculated and were shown in figure 3. Noticeably, in agreement with previous reports PAQM4T exhibits longer C-C and shorter C=C bond lengths than PAQM3T on the central thiophene units, indicating a weaker quinoidal character. The C-C bond length at bond numbers 7 (1.405 Å ) and 13 (1.406 Å ) in PAQM2T-TVT were smaller compared to the C-C bond lengths at bond numbers 7 and 11 (1.410 Å ) in PAQM4T. On the other hand, the C=C bond lengths at bond numbers 6 (1.385 Å ) and 8 (1.384 Å ) in PAQM2T-TVT were longer than the bond lengths at 6 (1.380 Å ) and 8 (1.379 Å ) in PAQM4T. Interestingly, the C-C bonds linking the p-AQM adjacent thiophene and vinylene adjacent thiophene (1.436 Å , bond numbers 5 and 15) were also slightly shorter in PAQM2T-TVT than the C-C bonds linking the p-AQM adjacent thiophene and bithiophene (1.439 Å , bond numbers 5 and 13) in PAQM4T. It clearly indicates that the introduction of vinylene linkage leads to an increase in planarity, and decreases the BLA on adjacent thiophenes, hence improves the effective quinoidal conjugation in PAQM2T-TVT. In PAQM2T-TT, the central thieno[3,2b]thiophene unit also contributes to the minimization of bond length alternation (BLA). The observed bathochromic shift in absorption can be ascribed to the BLA minimization resulting from the increased quinoidal character of PAQM2T-TVT and PAQM2T-TT.

Figure 2 :

 2 Figure 2: Optimized geometries of the dimeric segments of p-AQM polymers, in which alkyl chains are substituted with methyl groups to simplify the calculation (top view and side view)

Figure 3 :

 3 Figure 3: Plots of carbon-carbon bond length for each respective bond number in the oligothiophene units in PAQM3T, PAQM4T, PAQM2T-TT and PAQM2T-TVT.

Figure 4 :

 4 Figure 4: (a) cyclic voltamogramms of p-AQM series polymers where E ox onset oxidation potential relative to the Fc/Fc + redox couple (b) Energy levels of the donors and acceptor.

Figure 5 :

 5 Figure 5: Calculated molecular orbital distribution and energy levels of the dimeric segments of p-AQM polymers

Figure 6 :

 6 Figure 6: a/ Output and b/ transfer characteristics of p-AQM polymer (a) PAQM3T (2) PAQM4T (c) PAQM2T-TT and (d) PAQM2T-TVT

Figure 7 :

 7 Figure 7: (a) Current densityvoltage characteristics of p-AQM/PC 71 BM (1/1.5) devices in inverted configuration (b) data of the devices with and w/o DPE as an additive

  Here we reported two new polymers named PAQM2T-TT and PAQM2T. It is demonstrated that the quinoidal character of Q-D p-AQM-based copolymers can be enhanced via increased backbone planarity, thus paving the way toward low band gap quinoidal polymers with extended conjugation length. The newly synthesized polymers PAQM2T-TT and PAQM2T-TVT showed redshift absorption and slightly reduced optical bandgaps compared with PAQM3T and PAQM4T polymers respectively. Cyclic voltammetry, photoelectron spectroscopy in the air (PESA), and density functional theory (DFT) techniques confirmed that the impact of different thiophene donors on p-AQM polymer HOMO energy level is minimal. Both polymers exhibited rigid backbone and exhibited moderate hole mobilities.

Table 1 :

 1 Solution and thin film UV-vis absorption data of p-AQM series polymers

	Polymer	(kg
		mol

-1 ) (kg mol -1 ) Đ λ max (nm) a λ onset (nm) b (eV) c λ max (nm) d λ onset (nm) e (eV) f

  

	PAQM2T-TT	14.0	26.9	1.9	690, 765	826	1.50	690, 771	848	1.46
	PAQM2T-TVT	18.9	43.1	2.3	675, 747	814	1.52	671, 745	830	1.49
	PAQM3T	10.5	25.9	2.4	686	800	1.55	685, 758	835	1.48
	PAQM4T	10.0	24.9	2.5	660, 729	807	1.53	655, 725	812	1.52

a,b,c Measured in solution (o-DCB), d,e,f In thin film state

Table 2 :

 2 

electrochemical data of p-AQM series

polymers Polymer E HOMO (eV) a E HOMO (eV) b E LUMO (eV) c E HOMO (eV) d E LUMO (eV) d T d ( o C) e

  

	PAQM3T	-5.60	-5.46	-3.98	-4.66	-2.74	327
	PAQM4T	-5.61	-5.48	-3.96	-4.68	-2.76	340
	PAQM2T-TT	-5.58	-5.46	-4.00	-4.68	-2.78	367
	PAQM2T-TVT	-5.61	-5.48	-3.99	-4.60	-2.81	372
	a HOMO energy levels from PESA, b HOMO energy levels calculated from cyclic voltammetry using equation of -(5.1 + Eox), c LUMO
	energy levels calculated from EHOMO and λonset film, d Energy levels calculated from DFT. e Thermal decomposition temperature (Td)
	corresponding to 5% weight loss.						

Table 3 :

 3 OFET characteristics of p-AQM series polymers

	Polymer	film deposition	μ h	avg,a

(cm 2 V -1 s -1 )

  

	P-AQM3T	as cast	5.21×10 -3
	P-AQM4T	as cast	1.98×10 -2
	P-AQM2T-TT	as cast	1.74×10 -2
	P-AQM2T-TVT	as cast	3.85×10 -2
		a average mobility	

Table 4 :

 4 OPV characteristics of p-AQM series polymers

	Polymer	D-A Ratio & solvent	V oc	J sc	FF	PCE
	P-AQM3T	1/1.5, CB	0.563 ± 0.05	1.1 ± 0.2	62.8 ± 2.6 0.39 ± 0.05
	P-AQM4T	1/1.5, CB	0.474 ± 0.005 5.38 ± 0.2 63.9 ± 0.8 1.63 ± 0.05
	P-AQM2T-TT	1/1.5, CB	0.527 ± 0.1	5.96 ± 0.4 65.5 ± 3.2	2.06 ± 0.2
	P-AQM2T-TVT	1/1.5, CB	0.569 ± 0.003 5.08 ± 0.2 67.2 ± 0.6	1.95 ± 0.1

Table 5 :

 5 PAQM2T-TT and PAQM3T based devices with DPE (3% v/v) as an additive CB, DPE 0.517 ± 0.003 6.67 ± 0.2 67.4 ± 0.7 2.32 ± 0.08

	Polymer	D-A Ratio & solvent		V oc		J sc	FF	PCE
	P-AQM3T	1/1.5, CB	0.563 ± 0.05	1.1 ± 0.2	62.8 ± 2.6 0.39 ± 0.05
	P-AQM4T	1/1.5, CB	0.569 ± 0.003 5.08 ± 0.2 67.2 ± 0.6	1.95 ± 0.1
	P-AQM2T-TT	1/1.5, CB		0.527 ± 0.1	5.96 ± 0.4 65.5 ± 3.2	2.06 ± 0.2
	P-AQM2T-TVT	1/1.5, CB	0.474 ± 0.005 5.38 ± 0.2 63.9 ± 0.8 1.63 ± 0.05
	Polymer donor/Acceptor	D-A Ratio, additive solvent &		V oc		J sc	FF	PCE
	P-AQM3T/C70	1/1.5, CB, DPE	0.56 ± 0.005	1.38 ± 0.1 54.2 ± 1.2 0.42 ± 0.08
	P-AQM2T-TT /C70	1/1.5,				
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