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Diketopyrrolopyrrole (DPP) derivatives with thiophene capping rings are widely used as semiconductors in organic electronics. Their optoelectronic properties can be adjusted by adding different electroactive groups or by extending the conjugation of the central core, as well as by regulating their self-assembly through noncovalent interactions. One effective strategy demonstrated to improve the performance and morphology of organic solar cells is incorporating hydrogen-bonding units into DPPs. While the functionalization of the DPP lactams and the coupling of aromatic units to the thiophene rings are the most common procedures to tune the properties of such derivatives, modifying the thiophene capping units with hydrogen-bonding groups is a challenging synthetic task. Despite this difficulty, incorporating amide-containing substituents into the thiophene rings of single core thiophene-capped DPP derivatives could yield exciting results, as the advantages of having hydrogen-bonded -conjugated systems based on these modified DPPs have not been explored thoroughly. This paper reports on an efficient method for synthesizing such derivatives.

Introduction

Hydrogen-bonded organic semiconductors are a class of materials that incorporate hydrogen-bonding interactions into their structures to regulate their optoelectronic properties and guide the formation of hierarchical structures. These materials have gained attention since the ordered supramolecular structures can improve charge transport and reduce exciton recombination losses in organic electronic devices. [1] Hydrogen-bonded organic semiconductors can be synthesized by introducing functional groups that can participate in hydrogen bonding, such as amides and ureas, into the molecular structure of traditional organic semiconductors. [2,3] The ability to tune the properties of these materials through hydrogen-bonding has led to the development of optoelectronic devices. [4][5][6][7] Particularly, the use of amide bonds [START_REF]Hydrogen bonding ability of the amide group[END_REF] in the design of hydrogen-bonded organic materials has been demonstrated to be a great strategy towards increasing the efficiency and improving the morphology of organic electronic devices. [4,7,[START_REF] Ghosh | [END_REF] Despite the potential benefits of incorporating amide bonds into the chemical structure of organic semiconductors, this approach has not been thoroughly explored. This is partly due to the fact that optimizing experimental conditions for fabricating organic electronic devices with these materials can be a challenging and time-consuming process.

Thiophene-capped diketopyrrolopyrrole (DPP) derivatives are a common component of both πconjugated polymers and small molecules used in organic electronic devices. [10][11][12][13][14][15] These segments are typically used as starting materials for further reactions that provide extended conjugation and polymerization. Usually, the optoelectronic properties of DPP-containing systems are regulated by coupling them to different electroactive moieties following push-pull strategies, [16] as well as by controlling their self-assembly processes through the interplay of several noncovalent interactions, such as - stacking, van der Waals interactions and hydrogen-bonding. [6,[START_REF] Ghosh | [END_REF]11,[START_REF] Bura | Advanced Energy Materials[END_REF][START_REF] Salammal | [END_REF][19][20] In the latter, the extension of the conjugation is not necessary, being possible to have a single core thiophene-capped DPP derivative with tunable optoelectronic properties. [1,21,22] Still, examples of single core thiophene-capped DPPs with applications in organic electronics are very scarce or form part of high molecular weight polymers, [23,24] finding usually DPP systems comprising additional aromatic units coupled to the thiophenes, and having the hydrogen-bonding units directly attached to the electroactive segment. [4,[START_REF] Ghosh | [END_REF]19,20] We have recently reported thiophene-capped DPP derivatives containing amide functionalities pending from the lactam rings. [21,25] To synthesize them, we followed standard established protocols for the alkylation of DPP derivatives. [26] The DPP molecules reported in our previous work had amide groups with different topologies (C-or N-centered) separated by a six carbon alkyl linker, and presented long charge carrier lifetime thanks to the aggregates formed via hydrogenbonding. [1] This means that single core thiophene-capped DPPs are promising materials to be used in different types of organic electronic materials. Nevertheless, supramolecular chemistry has taught us that small changes in molecular design can result in dramatic differences in the final properties of a given material. In our group, we have found surprising changes in photoconductivity and charge carrier lifetime by making very simple chemical modifications in the DPP main core. [1,21] Considering these exciting results, it is crucial to expand the synthetic strategies towards the incorporation of hydrogenbonding groups in alternative positions of the DPP molecular structure to find the most optimal molecular design using very simple conjugated segments.

In this work, we show how to introduce amide-containing alkyl tails into the DPP thiophene-capping units to explore subsequently their impact on the optical energy bandgap and self-assembly properties.

Nevertheless, introducing the amide branches in such positions of the DPP resulted very challenging.

Here we describe the efficient synthetic method we found out towards the thiophene functionalization with C-and N-centered amides, TDPPT-C and TDPPT-N (Figure 1). We also point out and highlight the synthetic limits and drawbacks of the standard DPP synthetic routes based on cyclization reactions.

The differences in the self-assembly behavior and morphology, despite the small changes in molecular design, are described as well. We expect to offer new synthetic handles to the supramolecular electronics community towards the control of hydrogen-bonded semiconductors and how to efficiently introduce them in the design of supramolecular electronic systems. 

Results and discussion

Initially, the method used for TDPPT-C and TDPPT-N involved the standard cyclization reaction [27] between diethylsuccinate and a 2-thiophenecarbonitrile derivative modified with the amide-containing respectively. The initial alkylation of the thiophene ring with 1,6-dibromohexane was successfully achieved by deprotonating the free -position of the thiophene ring with n-buthyl lithium at low temperature to yield compound 1 in 82% yield (Scheme 1). Regarding the synthesis of TDPPT-C, the bromine atom was substituted by a nitrile group (2-C, Scheme 1) in high yield, that could be hydrolyzed to the carboxylic acid (3-C, Scheme 1). We performed the hydrolysis in basic conditions using a mixture of ethylene glycol and water (Scheme 1) at 150 °C, in which the starting material was soluble in. The one pot synthesis of the amide-containing thiophene 4-C was achieved by making the corresponding acid chloride using thionyl chloride as coupling agent. The procedure followed by a coupling with hexylamine in the presence of triethylamine as base (4-C, Scheme 1). Product 4-C was obtained in 70% yield and subsequently brominated with NBS to get product 5-C (Scheme 1). The last step involved the substitution of the bromine by a nitrile group to obtain derivative 6-C (60% yield) needed for the final cyclization reaction.

On the other hand, the synthesis of TDPPT-N started from compound 1, with an azide group introduced to achieve 2-N. Subsequently, through a Staudinger reduction the azide group was treated with triphenylphosphine as reducing agent and water to yield the amine derivative 3-N. [28] Next, the amine was coupled with heptanoyl chloride to yield derivative 4-N. Similarly to TDPPT-C, the last reaction steps involved the bromination of 4-N towards 5-N, which was finally converted to the nitrile containing thiophene 6-N. The cyclization reactions [27] attempted with 6-C and 6-N involved t-amyl alcohol as the solvent and potassium t-butoxide as the base following the standard method of DPP synthesis under Claisen-like conditions. Furthermore, we tried some modifications such as the change in order of addition of the reagents, the change of base and the addition of larger amounts of base. Several side reactions and side-products were detected during the cyclization reactions, including a condensation reaction between the deprotonated nitrogen in the amide group of 6-N and one of the carbonyl groups of diethylsuccinate detected for the cyclization of 6-N. In this case, tertiary amides were detected by mass spectrometry (Figure S1). Nevertheless, product 7-C (Scheme S2) was obtained as a minority product, that was subsequently alkylated with hexyl bromide to achieve TDPPT-C in only 6% yield.

Even though this strategy finally led to the desired product and seems very versatile to incorporate multiple functional groups, it was evident that other strategies were needed to obtain the products in high yields.

Scheme 1. Synthetic route towards 6-C and 6-N, the main precursor for TDPPT-C and TDPPT-N

In our quest to successfully complete the cyclization reaction, we encountered challenges with the reactivity of the amide group of 6-C and 6-N due to its acidic (NH and CH) and electrophilic (carbonyl group) properties besides its tendency to aggregate through hydrogen-bonding. We tried several strategies to overcome these obstacles. Our first attempt involved protecting the amide groups of 6-C and 6-N with t-butylcarbonyl (Boc) as protecting group (Scheme S3). However, the products were deprotected at the temperature needed for the cyclization reaction. We then turned to a different approach, one that involved reacting 3-C with ethanol to form an ester (9-C, Scheme S4) that could be converted into an amide after bromination (10-C, Scheme S4) and substitution by a cyano group (11-C, Scheme S4). Unfortunately, this approach also failed to yield the desired product, finding only starting material. We then attempted cyclization reactions starting from thiophene carbonitriles without carbonyl centers finding mixed results. A cyclization reaction with the brominated aldehyde 2 (Scheme S5), synthesized from derivative 1 (Scheme 1) was performed. Then, aldehyde 2 (Scheme S5) was converted into a nitrile (3-Br, Scheme S5) to pursue the cyclization leading to product 7-Br, containing bromine moieties that could be transformed in the next steps into TDPPT-C and TDPPT-N. Still, product 7-Br could hardly be identified by 1 H-NMR due to its low solubility in several organic deuterated solvents, which is a common observation for non-alkylated DPPs, that strongly aggregate through π-π stacking and H bonding. Therefore, it was not possible to calculate the final yield of this reaction. A similar result was obtained when running a parallel cyclization reaction starting from the azide containing thiophene carbonitrile 3-N3 (Scheme S6), that could subsequently react to yield TDPPT-N. Nevertheless, the cyclization reactions did not work. However, we were able to identify a promising candidate for further study: compound 7-N3. We successfully substituted the halogen groups of derivative 7-Br by azide groups to convert them into amines. Although this compound was still very insoluble, we were able to monitor the reaction progress using infrared spectroscopy (azide band at 2218 cm -1 ) until we observed no further evolution of the crude (40 hours, Figure S2). While we were unable to identify the product by NMR due to its low solubility, we did obtain a mass corresponding to the theoretical mass of the product plus water and potassium (Figure S3). After the incorporation of the azide groups, an alkylation reaction was performed with hexyl bromide to provide solubility. This reaction did not yield the expected alkylated product 8 (Scheme S7), instead a reddish solid insoluble in common organic solvents was obtained. Therefore, product 8 (Scheme S7) could not be identified.

In parallel, we performed a reduction of product 7-N3 with triphenylphosphine to obtain product 9 (Scheme S7) having free amines, which in turn could be coupled to form an amide functional group.

However, product 9 was not obtained, recovering the starting material. Since the synthetic strategies involving cyclization reactions with functionalized thiophene carbonitriles resulted unsuccessful, we pursued an alternative synthetic approach (Scheme 2a and Scheme 2b). In this case, we synthesized the amide-containing alkyne 10-C from commercially available products and coupled it to dibrominated DPP (11, Scheme 2), synthesized according to literature reported procedures, [29] via Sonogashira coupling. Finally, TDPPT-C was obtained after a hydrogenation step at 60 °C in a mixture of toluene and ethanol as solvents (Scheme 2a). Similarly, TDPPT-N was obtained following the strategy illustrated in Scheme 2b. In this case, the amide branch 10-N (Scheme 2b) was synthesized via a Mitsunobu reaction between 4-pentynol and phthalimide to yield derivative 13 (Scheme 2b) in high yield. [30] Subsequently, product 13 was reduced with hydrazine and then, the amide branch 10-N (Scheme 2b) was obtained by coupling to heptanoyl chloride. Product 10-N (Scheme 2b) already contains the triple bond functionality needed to perform the Sonogashira coupling in a next step with dibrominated product 11 (Scheme 2b). After a last hydrogenation step, TDPPT-N was obtained in 70% yield (Scheme 2b). This synthetic strategy resulted to be an efficient and straightforward way to incorporate acidic and electrophilic substituents that cannot be obtained following the standard cyclization of DPP. Furthermore, this approach allows to increase the chemical structural diversity of thiophene-modified DPPs with multiple types of functional groups. Finally, the detailed description of the synthetic procedures and full characterization of the intermediates and the target compounds is reported in the supporting information. The self-assembly properties in supramolecular systems containing different topology amides have been shown previously by other groups [31][32][33][34] and more particularly, in DPP derivatives by us when the amides were pending from the lactam rings. [1] The different behavior in self-assembly of those systems having minimum changes in molecular design led us to explore what could happen after a change in position of the amide units. Therefore, in this work we also compare the influence of the amide position change from the lactams to the thiophenes using UV-Vis spectroscopy. We started the spectroscopic studies using a good solvent, chloroform in this case, where TDPPT-C and TDPPT-N solutions at room temperature show broad absorption bands ranging from 450 to 650 nm with absorption maxima at  = 521 nm and  = 560 nm (Figure S4a) for both derivatives. While TDPPT-C shows the typical spectra of molecularly dissolved DPPs, not displaying any aggregation bands at several concentrations and temperatures (Figure S4b and S4c), the absorption spectrum of TDPPT-N broadens up towards longer wavelengths as a sign of aggregation (Figure S4a). This subtle difference already indicates the distinct self-assembly behavior of the two derivatives. Similar spectra are found for TDPPT-N at different temperatures and concentrations (Figure S4d andS4e). Still, the absorption spectra in chloroform at 0.6 mg/ml are almost identical to previously reported H-bonded DPPs in good solvents, independently from the position of the amide units in the molecular structure and the type of H-bonding functionality. [1,21,22] Furthermore, the spectra are similar to that of the control molecule without H-bonds previously reported. [1] When measuring in self-assembling promoting solvents that are mostly used for device fabrication, such as toluene and chlorobenzene at the same concentration, additional bands were observed at lower energy with max at 622 nm and 621 in toluene and chlorobenzene for TDPPT-C, and max at 628 nm and 626 nm in toluene and chlorobenzene for TDPPT-N (Figure 2a and2b). This new band has been previously assigned to the formation of J-type aggregates via hydrogen-bonding, demonstrated by infrared spectroscopy and by the disappearance of such band when hydrogen-bonding disrupting solvents are added to the solution. [1,21] Interestingly, even though the J-aggregate bands are present for TDPPT-C and TDPPT-N in toluene and chlorobenzene, the extinction coefficient is very different. While the J-band is the predominant band for TDPPT-N in chlorobenzene (black trace, figure 2a), the predominant bands for TDPPT-C are the ones for the monomeric species, appearing the J-band as a shoulder (red trace, figure 2a). When changing to toluene, a similar result was found, indicating TDPPT-N aggregates more strongly than TDPPT-C also in this solvent (Figure 2b).

Concentration and temperature variable absorption spectra of TDDPT-N and TDPPT-C in chlorobenzene (Figure S7) were measured to assess the degree of aggregation as well as the aggregate's stability. In chlorobenzene, TDDPT-N exhibits a notorious J-aggregate band around 625 nm in concentrations as low as 0.07 mg/mL and this band is persistent up to 60 °C (Figure S7a andS7b). On the contrary, TDPPT-C presents a smaller aggregation band at 622 nm which disappears at concentrations lower than 0.25 mg/mL and temperatures higher than 40 °C (Figure S7e and S7f e, f), highlighting the difference in aggregation behavior between the two derivatives. A similar trend is observed in toluene finding aggregates at lower concentrations and lower temperature for TDPPT-N than for TDPPT-C (Figures S7c, S7d, S7g and S7h).

When comparing to the analogue DPP molecules having the same types of amide branches pending from the amides (HDPPBA-C and HDPPBA-N, Figure S5) more striking differences were found. [1] In this case, the C-centered derivative HDPPBA-C showed much stronger aggregation than the Ncentered, HDPPBA-N (Figure S6) in several solvents, including chlorobenzene and toluene, showing the opposite behavior than for TDPPT-C and TDPPT-N. These results clearly show how small differences in molecular design impact drastically the self-assembly behavior, influencing the optical energy band gap as well. When comparing both C-centered amides, TDPPT-C (Figure 1) and HTDPPBA-C (Figure S5), [1] the J-aggregate band was predominant for HTDPPBA-C (Figure S6), [1] while it appears as a shoulder for TDPPT-C (Figure 2a and2b). On the other hand, the opposite behavior was found for the N-centered derivatives. In this case, the J-aggregate band was predominant for TDPPT-N (Figure 2), while it appears as a shoulder for HTDPPBA-N (Figure S6). These differences in aggregation are very relevant since the optoelectronic properties will differ accordingly. The emission properties of TDPPT-N and TDPPT-C (Figure S9) were studied in chlorobenzene (aggregation promoting solvent) and chloroform (good solvent). TDPPT-N in chlorobenzene (Figure S9a) presents an emission profile with an intense band centered at 622 nm, that resembles the absorption band of the aggregate at 620 nm and displays a small Stokes shift (2 nm). [35] These findings are typical of J aggregates. Upon addition of methanol, a hydrogen-bonding competing solvent, both the absorption and the emission spectra undergo a noticeable change, resulting in the reduction of the intensity of the aggregation band. Thus, evidencing the participation of H bonds in the formation of the self-assembled structures. On the other hand, TDPPT-C presents mirror image absorption and fluorescence spectra accompanied by an intermediate Stokes shift (22 nm) and retention of the vibrionic structure in both chlorobenzene and chloroform. Besides, upon addition of methanol, no noticeable changes were observed, thus pointing to much weaker aggregation in chlorobenzene compared to TDPPT-N.

The redox properties of TDPPT-N and TDPPT-C were evaluated by cyclic voltammetry experiments (Figure S10) to assess their donor-acceptor capability and to determine their suitability for applications in organic electronic devices. The HOMO and LUMO energy levels were calculated to be -5.06 and -3.16 eV respectively for TDPPT-N (See SI for calculation). Similarly, TDPPT-C exhibited HOMO and LUMO levels at -5.13 and -3.40 eV. There is a band gap difference of 0.17 eV between TDPPT-N

(1.90 eV) and TDPPT-C (1.74 eV) under these conditions. The measured values of frontier orbitals are in good agreement with structurally similar functionalized DPP previously reported by us and other research groups and within the theoretical values for efficient solar cells. [22,[36][37][38] The molecular design difference between TDPPT-C and TDPPT-N resulted in a distinct morphology for each derivative, as illustrated by the transmission electron microscopy (TEM) images presented in Figure 3. The images depict the structures of both derivatives in chlorobenzene and toluene at the same concentration. TDPPT-N exhibited well-defined, high aspect-ratio, and crystalline structures in both solvents. On the other hand, TDPPT-C showed a combination of high aspect-ratio structures and disassembled material, which is consistent with its lower aggregation observed in UV-Vis spectroscopy.

Notably, TDPPT-C also formed wider platelet structures in toluene, which differed from the structures observed for TDPPT-N. These results also differ from the structures formed by the derivatives having the amide branches on the lactams, HDPPBA-C and HDPPBA-N. [1] In that case, the C-centered derivative formed fibers of different width and length in different solvents, while the N-centered derivative formed similar structures in all the solvents tested. These findings demonstrate that minor variations in molecular design can result in significantly different aggregation behavior. thiophene-capped DPP containing amide-functionalized substituents pending from the thiophene rings, which represents a noteworthy advancement in this field. Our findings have demonstrated that subtle molecular design changes can significantly impact the optical properties of supramolecular hydrogenbonded systems. Instead of solely increasing the conjugation of the main aromatic segment, we have shown that controlling the aggregation of basic conjugated segments can also lead to varying the optical properties. Therefore, it is crucial to conduct systematic and comparative design and characterization of basic conjugated segments. Moving forward, we will continue to investigate the charge transport properties considering the different aggregation behaviors of these systems, with the goal of further advancing the exciting field of research of organic electronics.
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 1 Figure 1. Molecular structure of TDPPT-C and TDPPT-N compared to the molecular structures ofDPPs modified on the lactam rings found in our previous work.[1] 

  branch. The retrosynthetic analyses for TDPPT-C and TDPPT-N are shown in Scheme S1a and S1b, respectively, which include the steps required to obtain the thiophene-carbonitrile precursors 6-C and 6-N for the cyclization reaction. The synthesis of TDPPT-C and TDPPT-N began with 2-(5bromopentyl)thiophene (1, Scheme 1) that could be transformed into 5-(thiophene-2-yl)pentanitrile (2-C, Scheme 1) or 2-(5-azidopentyl)thiophene (2-N, Scheme 1) to produce TDPPT-C and TDPPT-N,
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 2 Scheme 2. a) Synthetic route towards TDPPT-C, b) Synthetic route towards TDPPT-N.
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 2 Figure 2. Absorption spectra of TDPPT-C and TDPPT-N in a) chlorobenzene and b) toluene. Both
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 3 Figure 3. TEM images of TDPPT-N in a) chlorobenzene and b) toluene, and of TDPPT-C in c)

Acknowledgment

The authors acknowledge the characterization facility for UV/ Vis measurements. A.R.C. and N.R.A.R. thank the Foundation for Frontier Research in Chemistry (FRC) LabEx Emerging Investigators Grant 2018 (CSC-ARC-18). A.R.C. and G.M. thank the Graduate School of Complex Systems Chemistry of Strasbourg for his doctoral fellowship funded by the French National Research Agency (CSC-IGS ANR-17-EURE-0016). The authors thank the Agence Nationale de la Recherche (ANR JCJC TOTALBOND 2020) and the International Emerging Actions CNRS 2020 (SUPRAWAVE).

Author Contributions

The manuscript was written through contributions of all authors. / All authors have given approval to the final version of the manuscript. / ‡These authors contributed equally.