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Block junction-functionalized all-conjugated donoracceptor block copolymers
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Junction-functionalized donor-acceptor (D-A) block copolymers (BCPs) enable spatial and electronic control over interfacial charge dynamics in excitonic devices such as solar cells. Here we present the design, synthesis, morphology and electronic characterization of block junctionfunctionalized, all-conjugated, all-crystalline D-A BCPs. Poly(3-hexylthiophene) (P3HT), a single thienylated diketopyrrolopyrrole (Th x DPPTh x , x=1 or 2) unit and poly{[N,N'-bis(2octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (PNDIT2) is used as donor, interfacial unit and acceptor, respectively. Almost all C-C coupling steps are accomplished by virtue of C-H activation. Synthesis of the macroreagent H-P3HT-Th x DPPTh x , with x determining its C-H reactivity, is key to the synthesis of various BCPs of type H-P3HT-Th x DPPTh x -block-PNDIT2. Remarkable morphological behavior is determined from a combination of calorimetry, transmission electron microscopy (TEM) and thin film scattering. Block copolymer crystallinity of P3HT and PNDIT2 is reduced indicating frustrated crystallization. A long period l p , is invisible from TEM, but shows up in resonant soft X-ray scattering experiments on a length scale of l p ~60 nm. Charge transfer photoluminescence of H-P3HT-Th x DPPTh x indicates efficient transfer of the excitation energy to the DPP chain end, but is quenched in BCP films. Transient absorption and pump-push-photocurrent spectroscopies reveal geminate recombination (GR) as the main loss channel in as-prepared BCP films independent of junction functionalization. Melt-annealing increases GR as a result of the low degree of crystallinity and poorly defined interfaces, and additionally changes backbone orientation of PNDIT2 from face-on to edge-on. These morphological effects dominate solar cell performance and cause an insensitivity to the presence of the block junction.

INTRODUCTION

The development of new polymeric materials has enabled ongoing progress in the field of organic photovoltaics (OPV). Aspects such as light absorption, energy levels and charge carrier mobilities, in combination with properties like mechanical stability and flexibility of devices, have been addressed and have led to high performance for non-fullerene-based devices. [START_REF] Holliday | Recent Advances in High Performance Donor-Acceptor Polymers for Organic Photovoltaics[END_REF] Beside these advantages, morphology control and reproducibility, as well as thermodynamic stability under operating temperatures remain major challenges for OPV devices made from binary blends of two semiconducting materials. In contrast to small molecules, polymers tend to phase separate because of their low contribution to the entropy of mixing. Manipulating morphology to achieve control over domain size in phase separated donor:acceptor (D:A) structures on the nm length scale is crucial for effective charge generation and transport. [START_REF] Lee | Correlation between Phase-Separated Domain Sizes of Active Layer and Photovoltaic Performances in All-Polymer Solar Cells[END_REF][START_REF] Mcneill | Influence of Nanoscale Phase Separation on the Charge Generation Dynamics and Photovoltaic Performance of Conjugated Polymer Blends: Balancing Charge Generation and Separation[END_REF][START_REF] Mcneill | Morphology of All-Polymer Solar Cells[END_REF] State-of-the-art methods for empirical morphology control rely on kinetic trapping of phase separation during solution processing, resulting in thermodynamically frozen structures out of equilibrium. [START_REF] Zhou | Morphology-Performance Relationships in High-Efficiency All-Polymer Solar Cells[END_REF][START_REF] Benten | Recent Research Progress of Polymer Donor/Polymer Acceptor Blend Solar Cells[END_REF] Another approach includes ternary mixtures with aligned energy levels to optimize charge separation by multi-step electron cascades to reduce geminate and bimolecular recombination. [START_REF] Lu | Status and Prospects for Ternary Organic Photovoltaics[END_REF][START_REF] Xing | Resonance Energy Transfer and Energy[END_REF] Suitable cascade systems destabilize charge-transfer (CT) states at the interface and therefore reduce recombination to enhance overall OPV performance. 9,10 However, incorporation of a third component into a binary system obviously increases morphological complexity, hence spatial control of individual components is challenging. In addition, mutual energetic interactions can result in mixed energy states at the interface, which is difficult to predict. 11 With these issues pertaining to blending three components, layered systems have been put forward. For an allpolymer, triple layer structured solar cell containing poly(3-hexylthiophene) (P3HT) as the donor, poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (PNDIT2) as the acceptor, and a thin interlayer of poly[N-9′′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), energy cascades have been reported leading to suppressed charge recombination and enhanced charge lifetimes. 12 Block copolymers (BCP) are able to form defined phase separated structures that are tunable by molecular weight, volume fraction and intermolecular interactions. 13,14 Such complex polymeric architectures are ideal for the precise positioning of functions at the BCP interface to modulate electronic processes. 15,16 Conjugated BCPs can somewhat differ in chemical structure and phase behavior due to the mostly rigid nature of the conjugated segments, but also due to challenges in chemical synthesis leading to partially ill-defined systems with broader dispersity. [17][START_REF] Sommer | Donor-acceptor Block Copolymers for Photovoltaic Applications[END_REF][START_REF] Segalman | Block Copolymers for Organic Optoelectronics[END_REF][START_REF] Lee | Challenges and Opportunities in the Development of Conjugated Block Copolymers for Photovoltaics[END_REF] Single reports have demonstrated that classical diblock copolymer morphologies can be achieved also with conjugated D-A BCPs, if the synthetic approach is highly optimized. [START_REF] Lohwasser | Phase Separation in the Melt and Confined Crystallization as the Key to Well-Ordered Microphase Separated Donor-Acceptor Block Copolymers[END_REF] Despite recent progress in this area, the synthesis of well-defined all-conjugated BCPs remains challenging. Only a few examples of all-conjugated, D-A BCPs made by chain growth polymerization have been disclosed. [START_REF] Tkachov | One-Pot Synthesis of All-Conjugated Block-Like Bisthiophene-Naphthalenediimide/Fluorene Copolymer[END_REF][START_REF] Bridges | Controlled Synthesis of Fully π-Conjugated Donor-Acceptor Block Copolymers Using a Ni(II) Diimine Catalyst[END_REF] The foremost alternative synthetic approach makes use of narrowly distributed poly(3-hexylthiophene) P3HT with well-defined and controllable end group chemistry as a macroreagent. [START_REF] Sommer | Purification, and Characterization of Well-Defined All-Conjugated Diblock Copolymers PF8TBT-b -P3HT[END_REF][START_REF] Lombeck | Enhancing Phase Separation and Photovoltaic Performance of All-Conjugated Donor-Acceptor Block Copolymers with Semifluorinated Alkyl Side Chains[END_REF][START_REF] Tu | Conjugated Triblock Copolymers Containing Both Electron-Donor and Electron-Acceptor Blocks[END_REF][START_REF] Verduzco | Polythiophene-Block -Polyfluorene and Polythiophene-Block -Poly(Fluorene-Co -Benzothiadiazole): Insights into the Self-Assembly of All-Conjugated Block Copolymers[END_REF][START_REF] Lee | Tuning the Synthesis of Fully Conjugated Block Copolymers to Minimize Architectural Heterogeneity[END_REF][START_REF] Ku | A Modular Strategy for Fully Conjugated Donor-Acceptor Block Copolymers[END_REF] To this end, the judicious choice of building blocks and synthetic chemistry can be used to generate different molecular connectivity at the block junction. [START_REF] Verduzco | Polythiophene-Block -Polyfluorene and Polythiophene-Block -Poly(Fluorene-Co -Benzothiadiazole): Insights into the Self-Assembly of All-Conjugated Block Copolymers[END_REF][START_REF] Mulherin | Ternary Photovoltaic Blends Incorporating an All-Conjugated Donor-Acceptor Diblock Copolymer[END_REF][START_REF] Johnson | Control of Intrachain Charge Transfer in Model Systems for Block Copolymer Photovoltaic Materials[END_REF][START_REF] Mok | Linking Group Influences Charge Separation and Recombination in All-Conjugated Block Copolymer Photovoltaics[END_REF] These molecular junctions are in conjugation with their adjacent donor and acceptor segments, and hence are electronically unique. From a design point of view regarding BCP junction, it is therefore difficult to predict the effect of molecular connectivity on interfacial charge dynamics, and accordingly, little is known about suitable functionalization strategies and combination of building blocks that result in electron cascade structures when put into conjugation with each other.

Here we report a design strategy for junction-functionalized, all-conjugated, double crystalline donor-acceptor BCPs. As the donor building block, we have selected P3HT due to the unique possibility for simple and quantitative end group functionalization, PNDIT2 as the acceptor block and a single dithienyl-diketopyrrolopyrrole (Th x DPPTh x ) unit covalently placed in between both blocks. The choice of these building blocks is based on their electronic complementary properties, leading to an ideal type-II heterojunction, [START_REF] Wang | Visible Light Driven Type II Heterostructures and Their Enhanced Photocatalysis Properties: A Review[END_REF] their synthetic compatibility [START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] and the fact that the single components have electronic highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels that form an electronic cascading structure. [START_REF] Chua | General Observation of N-Type Field-Effect Behaviour in Organic Semiconductors[END_REF][START_REF] Fabiano | Role of Photoactive Layer Morphology in High Fill Factor All-Polymer Bulk Heterojunction Solar Cells[END_REF][START_REF] Matsidik | Highly Planarized Naphthalene Diimide-Bifuran Copolymers with Unexpected Charge Transport Performance[END_REF][START_REF] Tamayo | Synthesis, and Self-Assembly of Oligothiophene Derivatives with a Diketopyrrolopyrrole Core[END_REF][START_REF] Bürckstümmer | Synthesis and Characterization of Optical and Redox Properties of Bithiophene-Functionalized Diketopyrrolopyrrole Chromophores[END_REF] The design of the synthetic sequence employed is based on the rigorous use of C-H activation chemistry. Thus, all C-C coupling steps except P3HT Sigma-Aldrich and used without further purification. Bithiophene was purchased from ABCR and eluated over SiO 2 with iso-hexanes. Freshly prepared Pd 2 dba 3 , [START_REF] Zalesskiy | Pd2(Dba)3 as a Precursor of Soluble Metal Complexes and Nanoparticles: Determination of Palladium Active Species for Catalysis and Synthesis[END_REF] ThDPPTh, [START_REF] Hendsbee | Electron Deficient Diketopyrrolopyrrole Dyes for Organic Electronics: Synthesis by Direct Arylation, Optoelectronic Characterization, and Charge Carrier Mobility[END_REF][START_REF] Sahu | Synthesis and Applications of Novel Low Bandgap Star-Burst Molecules Containing a Triphenylamine Core and Dialkylated Diketopyrrolopyrrole Arms for Organic Photovoltaics[END_REF][START_REF] Gao | High Performance Asymmetrical Push-pull Small Molecules End-Capped with Cyanophenyl for Solution-Processed Solar Cells[END_REF] Br-ThDPPTh-Br, [START_REF] Dou | Systematic Investigation of Benzodithiophene-and Diketopyrrolopyrrole-Based Low-Bandgap Polymers Designed for Single Junction and Tandem Polymer Solar Cells[END_REF] thiophene-2-boronic acid pinacol ester, [START_REF] Dienes | Selective Tuning of the Band Gap of π-Conjugated Dithieno[3,2-6: 2′,3′-d]Phospholes toward Different Emission Colors[END_REF] H-P3HT-Br [START_REF] Lohwasser | Toward Perfect Control of End Groups and Polydispersity in Poly(3-Hexylthiophene) via Catalyst Transfer Polymerization[END_REF] and NDIBr 2 [START_REF] Sasikumar | Dibromohydantoin: A Convenient Brominating Reagent for 1,4,5,8-Naphthalenetetracarboxylic Dianhydride[END_REF][START_REF] Kudla | Cyclopentadithiazole-Based Monomers and Alternating Copolymers[END_REF] were synthesized according to the relevant literature. Synthesis of all-conjugated P3HT-Th-block-PNDIT2 block copolymers was recently reported. [START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] 2,5- evaporated with vacuum and flushed with nitrogen three times in a row. Mesitylene (0.64 mL, 0.2 M), degassed with nitrogen, was added and the reaction mixture was heated up to 100 °C for 72 hours. After cooling to room temperature, the crude product was precipitated in excess methanol and extracted with methanol, acetone and iso-hexanes. The product was purified by dissolving in chloroform and filtering over SiO 2 . The solvent was evaporated by reduced pressure and the P3HT-ThDPPTh polymers were obtained as a thin film in quantitative yields.

Bis(2-ethylhexyl)-3,6-di([2,2'-bithiophene]-5-yl)-2,5-dihydro[3,4-c]pyrrol-1,4-dione
The same procedure has been followed by syntheses of H-P3HT-Th been evaporated on the active layer prior to the aluminum electrode (~ 100 nm). For TA measurements, devices have been encapsulated with glass using epoxy resin.

Device testing. JV characteristics were measured under AM 1.5 illumination (100 mW/cm 2 ) using an Abet Technology solar simulator. Currents were recorded using a Keithley 237 source meter. Spectral mismatches of the simulator were calibrated with a silicon reference cell.

Elemental analysis. EA measurements have been performed with a vario MICRO cube (Elementar Analysensysteme GmbH) for quantitative determination of C, H, N and S. Samples have been transported with He and O 2 gas for controlled decomposition at 1150 °C and resulting gases have been detected with a thermal conductivity detector.

Transient Absorption spectroscopy. For TAS, a 1 kHz Ti:sapphire regenerative amplifier (Spectra-Physics Solstice, Newport Corporation) provided seed pulses (800 nm, ~100 fs) for the pump and probe. The pump was generated by an optical parametric amplifier (TOPAS, Light Conversion) coupled to a frequency mixer (NIRUVis, Light Conversion), while the broadband NIR probe (~850-1350 nm) was generated in an yttrium aluminium garnet crystal inside the commercially available TAS setup (HELIOS, Ultrafast Systems). The pump and probe were focused onto a 0.5 mm 2 spot on the sample, which was placed in a N 2 -purged cuvette for measurements. The pump was modulated at 500 Hz, and the delay between the pump and probe was controlled with a mechanical stage in the probe beam path. All analyses were conducted in MATLAB and Origin.

Pump-push-photocurrent spectroscopy. Two optical parametric amplifiers (TOPAS-Prime, Coherent) were seeded with 800 nm, ~35 fs pulses from a 4 kHz Ti:sapphire regenerative amplifier (Astrella, Coherent). The 1400 nm signal output from one TOPAS was frequencydoubled in a β-barium borate crystal to generate the 700 nm pump. The 2000 nm idler output from the other TOPAS was used as the push, and modulated by an optical chopper at ~1.2 kHz.

The pump and push were directed onto a ~0.5 mm 2 spot on the devices. The push-and pumpinduced photocurrent (dJ and J, respectively) were measured at their respective modulation frequencies (1.2 kHz and 4 kHz) by a lock-in amplifier (SR830, Stanford Research Systems).

The delay between the pump and push pulses was controlled by delaying the pump with a mechanical delay stage.

High-resolution transmission electron microscopy. HR-TEM was performed in low dose mode on a FEI CM12 microscope equipped with a mega view III CCD camera (Soft Imaging System).

For sample preparation, the films were first coated with a thin film of amorphous carbon using an Auto 306 Edwards evaporator under high vacuum (10 -5 -10 -6 mbar). The films were removed from their Si(100) substrates using polyacrylic acid, floated on distilled water and recovered on TEM copper grids. Thermal treatments of the films on the TEM grids were performed in a linkam LTS420 hot stage (310°C for 10 min.) under nitrogen flow. Specific conditions for HR-TEM and low dose diffraction are given elsewhere. [START_REF] Brinkmann | Molecular Weight Dependence of Chain Packing and Semicrystalline Structure in Oriented Films of Regioregular Poly(3-Hexylthiophene) Revealed by High-Resolution Transmission Electron Microscopy[END_REF] Resonant Soft X-ray scattering. 12 mg/mL solutions were dissolved in 1-chlorobenzene overnight at 70 °C. For each sample, 35 μL of solution was deposited on a 50 nm Si 3 N 4 window with a 5mm x 5 mm silicon frame (Norcada) at 1000 rpm for 60 s then 4000 rpm for 10 s, resulting in polymer films with thickness ca. 60-70 nm. Samples were then annealed in the melt at 310 °C for 30 minutes in a N 2 glovebox and then cooled at 10 K/min. RSoXS experiments were carried out at beamline 11.0.1.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory in transmission geometry under vacuum at various X-ray energies around 284 eV with linear polarization. A sample to detector distance of 50 mm was used to cover a q range of 0.004 Å -1 to 0.06 Å -1 (q = 4π sin(θ/2)/λ, where λ is the X-ray wavelength and θ is the scattering angle). Data were radially integrated and presented as a function of q. RSoXS data were corrected for dark currents.

RESULTS AND DISCUSSION

The chemical design strategy towards P3HT-X-block-PNDIT2 started with appropriate monofunctionalization of P3HT by X, which can in principle be achieved using functional initiators, in-situ end capping or a combination of the two. Continuing previous work, [START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] we used H-P3HT-Br (1) made via KCTP, [START_REF] Lohwasser | Toward Perfect Control of End Groups and Polydispersity in Poly(3-Hexylthiophene) via Catalyst Transfer Polymerization[END_REF] A detailed BCP analysis by wavelength-dependent SEC enables characterization of individual blocks. Detection at 450 nm (red curve) is ascribed almost exclusively to P3HT alone (for UVvis in solution see also Figure 5a), whereas at 600 nm (green curve) any species carrying PNDIT2 segments can be observed. [START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] Signals detected at 254 nm consider both species. Thus, in general, the more congruent the three curves are, the more homogeneous the product, i.e. the less homopolymer impurities are contained. In Figure 1, the size exclusion chromatography (SEC) traces of the products recorded at different wavelengths show formation of block copolymers due to overlap of the 450 nm and 600 nm curves. Overlapping curve parts can be assigned to the P3HT and PNDIT2 homopolymers. The sharp signal at 37.5 mL (450 nm) stems from the P3HT homopolymer. Importantly, while this signal in Figure 1b is due to unreacted P3HT-ThDPPTh, the same signal of lower intensity in Figure 1c is from P3HT-H that results from dehalogenation during reaction with Th 2 DPPTh 2 , and hence is contained already in 3c. While it is clear that detection at 450 nm (red curve) overestimates the amount of residual P3HT, quantification from wavelength-dependent SEC is difficult due to different extinction coefficients of the individual components. A complete comparison of SEC elugrams of all BCP samples 4a and 4c summarized in Table 1 is available in the supporting information (Figure SI-10). For a quantitative analysis of 4b and 4c, [START_REF] Holliday | Recent Advances in High Performance Donor-Acceptor Polymers for Organic Photovoltaics[END_REF] H NMR spectroscopy was employed (Figures 2 and3). The thermal properties of the BCPs were investigated by differential scanning calorimetry (DSC) to gain information about thermal transitions and microphase separation behavior (Figure 4). All DSC traces of BCPs were investigated as a function of molecular weight, and compared with P3HT and PNDIT2 homopolymers of similar molecular weight and also a P3HT:PNDIT2 blend prepared in solution (Table 1 and2 c Relative degree of crystallization compared to homopolymers, d absolute degree of crystallization with 100% crystalline P3HT corresponding to ΔH c = 33 ± 3 J/g. [START_REF] Balko | Determination of the Crystallinity of Semicrystalline Poly(3-Hexylthiophene) by Means of Wide-Angle X-Ray Scattering[END_REF] Further detailed analysis of optical properties, OPV device performances and morphological behavior of block copolymers, with respect to the influence of the DPP junction functionalization, are performed exclusively with the two samples 4a-49K and 4c-42K, hence we abbreviate by omitting the molecular weight and just use 4a and 4c for more clarity, respectively.

Optical properties of the BCP solutions and thin films were investigated by steady state UVvis spectroscopy (Figure 5). accepting DPP group at the chain end forms a CT state to which the excitation is funneled, likely similar to benzothiadiazole-terminated P3HT. [START_REF] Johnson | Control of Intrachain Charge Transfer in Model Systems for Block Copolymer Photovoltaic Materials[END_REF] Emission of both BCPs 4a and 4c is yet stronger quenched compared to both P3HT (1) and P3HT-Th 2 DPPTh 2 (3c). Also, the CT emission band of 3c is no longer seen in 4c. This indicates an efficient electronic interaction between the block junction and the PNDIT2 block, caused by a covalent linkage with full retention of the conjugation. [START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] The residual BCP emission likely arises from the amorphous P3HT fraction that is not able to crystallize after melt-annealing. Considering the reduced melting and crystallization enthalpies of P3HT in all BCPs, the observation of amorphous P3HT emission must arise from regions which cannot transfer the excitation to either the interface or to crystalline P3HT, which has a smaller optical band gap. [START_REF] Clark | Role of Intermolecular Coupling in the Photophysics of Disordered Organic Semiconductors: Aggregate Emission in Regioregular Polythiophene[END_REF] OPV devices were manufactured from P3HT:PNDIT2 blend (40:60 wt %) and BCP samples 4a and 4c. From each sample, the temperature-dependent device performance was investigated (Figure 7). The corresponding values are listed in Table SI- shows a clear drop in performance. Further annealing to above T m of P3HT (250 °C) enhances J sc and V oc of the blend, but leads to a major drop in all parameters for both BCPs. Annealing at the highest temperature of 310 °C causes further decline of BCP device performance and also lowers performance of the blend. To gain further information about the morphological behavior of our BCP samples, we investigated thin films of 4c by high-resolution transmission electron microscopy (HR-TEM).

TEM bright field did not reveal a characteristic phase separated morphology arising from microphase separation in BCPs, but electron diffraction (ED) showed characteristic diffraction peaks of the P3HT blocks and the PNDIT2 block. The ED patterns of the as-spun films (Figure SI-17) show in general one single Scherrer ring at 24.8 Å that is indexed as (100) PNDIT2 , indicating very poor organization of the copolymers. It is necessary to anneal the samples at a temperature of 250 °C to see a substantial change in the diffraction pattern with the appearance of additional Scherrer rings, as depicted in Figure 8. As seen in Table 3, the reflections can be indexed based on the known structures of PNDIT2 (form II) and P3HT (form I). However, the (100) P3HT peak in the copolymer films is observed at a distance of 17.5 Å that is substantially larger than the expected value of the (100) P3HT in a corresponding homopolymer (15.6 Å). The thermal annealing also results in a slight expansion of the d(100) PNDIT2 from 24.8 Å in as-spun films to 25.9 Å after annealing at 250 °C. The co-existence of the (100) of P3HT and PNDIT2

indicates face-on orientation of both P3HT and PNDIT2 blocks. Both as-spun and 250 °Cannealed films show also the 7.1 Å reflection corresponding to the (002) PNDIT2 that is dominant in form II with mixed stacks of NDI and T2. [START_REF] Brinkmann | Segregated versus Mixed Interchain Stacking in Highly Oriented Films of Naphthalene Diimide Bithiophene Copolymers[END_REF] A Scherrer ring at the π-stacking distance of 3.8 Å could also be observed indicating that some edge-on oriented P3HT is possibly present in the films annealed at 250 °C. Upon thermal annealing at 310 °C, the diffraction pattern changes substantially. It shows a very weak (002) PNDIT2 and a large and dominant π-stacking reflection around 3.8 Å. Therefore, upon annealing to 310 °C, melt-recrystallization suppresses the initial dominant face-on orientation of the PNDIT2 block and causes a total reorientation of the crystals to edge-on for both P3HT and PNDIT2 blocks. This change in backbone orientation with increasing temperature explains the drop in device performance for an increasing thermal annealing temperature. Thus, thermal annealing is usually necessary to induce segmental mobility and promote microphase separation in double crystalline BCPs and simultaneously leads to backbone reorientation, here for both blocks P3HT and PNDIT2. It is interesting to note that not all BCPs behave in this way. For example, P3HT-block-PCDTBT with the PCDTBT carrying semifluorinated side chains retains a face-on orientation also after melt-annealing. [START_REF] Lombeck | Enhancing Phase Separation and Photovoltaic Performance of All-Conjugated Donor-Acceptor Block Copolymers with Semifluorinated Alkyl Side Chains[END_REF] However, the overall intensities of the reflections in copolymer films are weak and suggest a constrained crystallization of both blocks in the copolymer as compared to the blend of the two corresponding homopolymers. Obviously the diverse reorganization processes in all-conjugated, all-crystalline BCPs are mutually dependent and probably require highly sophisticated processing techniques and even more careful choice of building blocks. 3). Further information about microphase separation was sought by employing resonant soft X-ray scattering (RSoXS). By utilizing X-ray energies that match the core electron transitions of constituent atoms that occur in one block exclusively, RSoXS is able to provide elemental selectivity and chemical sensitivity to exploit differences in absorption between different phases, thus providing scattering signals with enhanced contrast. [START_REF] Wang | Defining the Nanostructured Morphology of Triblock Copolymers Using Resonant Soft X-Ray Scattering[END_REF] Here, we report the application of RSoXS to characterize annealed thin films of 4a and 4c, processed under the same conditions used for OPV devices and TEM (310 °C).

Figure 9 presents the RSoXS data plotted as I(q)q 2 for 284 eV (near the carbon absorption edge, where scattering contrast is enhanced). 4c shows a slightly stronger peak compared to that of 4a, suggesting that DPP junction functionalization results in a more defined structure at this molecular weight. Nevertheless, the peak location for both 4c and 4a appear at around q = 0.10 nm -1 , corresponding to a 60 nm domain spacing, or about 30 nm domain size if equal thicknesses of P3HT and PNDIT2 domains are assumed. RSoXS data for all BCP samples with different molecular weights are summarized in Figure SI-18.
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Figure 9. I(q)q 2 vs q RSoXS curves for 4a and 4c.

For DPP junction functionalized BCP series 4c, domain spacing increases from 42 to 70 nm with molar mass while for 4a the three molar masses exhibit values between 57-60 nm. The origin of this weak dependence of domain spacing on molar mass of series 4a is currently unclear. The broad and relatively weak scattering signal is an indication for either weak microphase separation, kinetically trapped disorder, or disruption of mesoscale order due to crystallization of both blocks. An estimation of the contour length of P3HT gives 28 nm for the chain length used here. [START_REF] Brinkmann | Structure and Morphology Control in Thin Films of Regioregular Poly(3-Hexylthiophene)[END_REF] The addition of a PNDIT2 segment with DP~ 10 would result in an overall contour length of 28 + 14 nm = 42 nm. Assuming chain extended crystals and considering the increase of molar mass within series 4c, the experimental domain spacings between 47-70 nm agree reasonably well with the size of BCP chains. Thus, RSoXS data provides a signal at the 60 nm scale not visible from TEM, which we interpret as microphase From the presented GA results (Figure 10 a-c), it is evident that the decay of the intermediate CTS does not correlate with the rise of the subsequent FCs, particularly in the copolymer systems. This indicates the interplay of an additional, detrimental pathway influencing the branching between CTS and FC, namely, the GR of bound CTSs. Figure 10 d-e) shows pumppush-photocurrent (PPPC) transients for the block copolymer-based devices. The dynamics are identical to the CTS dynamics extracted from GA. Furthermore, the magnitude of the transients (dJ/J) is very high (on the order of 10 -3 ), illustrating the drastic enhancement of charge separation by the imposed dissociation of bound CTSs. Both these observations are hallmarks of pronounced GR in the studied devices. [START_REF] Zhang | Control of Geminate Recombination by the Material Composition and Processing Conditions in Novel Polymer: Nonfullerene Acceptor Photovoltaic Devices[END_REF] Since GR is the dominant loss pathway, it is worth remarking on the GR lifetimes (τ GR ) in each of the samples. For the blend, τ GR is ~30 ps, and for both copolymers regardless of the DPP junction, τ GR is ~15 ps. Differences in GR rates usually invoke the effects of morphology 60 or electron-hole coupling. [START_REF] Onsager | Initial Recombination of Ions[END_REF] Enhanced phase segregation in the block copolymer materials (Figure 8) ought to extend the CT lifetime, which would undermine the former explanation. To this end, the weakly phase separated morphology and also the reduced degree of crystallinity present for P3HT and PNDIT2 segments in both 4a and 4c may be at the origin of this finding. On the other hand, the covalent linkage of donor and acceptor blocks has been demonstrated to enhance charge recombination rates in organic materials. [START_REF] Ramos | Photoinduced Multistep Energy and Electron Transfer in a Oligoaniline -Oligo (p-Phenylenevinylene) -Fullerene Triad[END_REF] We therefore speculate that the electronic coupling is chiefly responsible. The invisible effect of the DPP junction tells us that the factor limiting lifetime and causing GR is another, likely morphological one. In any case, the promotion of GR in the block copolymer-based devices can explain the overall decrease in J sc and FF without a similar compromise to the V oc 63 (Figure 7).

CONCLUSION

We have presented the design, synthesis and detailed characterization of junctionfunctionalized all-conjugated, double crystalline donor-acceptor block copolymers (BCPs). BCPs. This finding is fully confirmed by calorimetry and advanced scattering experiments (HR-TEM, RSoXS) that consistently showed a lower degree of crystallinity of P3HT and PNDIT2 in the BCPs compared to homopolymers, and a weak microphase separation at the length scale of 60 nm. Crystallinity and microphase separation was not influenced by the presence of the block junction. Thermal annealing promoted crystallinity but simultaneously changed backbone orientation in both BCPs from face-on in as-spun films to edge-on in melt-annealed films.

The unfavorable BCP backbone reorientation from face-on to edge-on is also the reason why OPV device performance decreases with increasing annealing temperature. It may well be the case that the unfavorable morphology and backbone orientation makes any electronic effect of DPP block junction functionalization invisible. From time-resolved spectroscopy, fast charge separation and fast recombination was determined for both BCPs, independent of the block junction. As a higher degree of crystallinity and the presence of bicontinuous percolation pathways are known as key factors for preventing recombination, the presence of reduced crystalline and less ordered P3HT and PNDIT2 domains may override beneficial effect of the block junction regarding the suppression of charge recombination.

A general strategy to improve such materials is therefore to control microphase separation, the degree of crystallinity as well as block junction chemistry. At the same time, a face-on backbone orientation is required. Equally important is the design of systems that do not change backbone orientation during melt-annealing. Control over these two factors is necessary to investigate electronic effects by time-resolved spectroscopy at well-defined BCP junctions of whichever chemical nature. To this end, elucidating the effect of conjugation between the three components on energy levels and electronic properties will reveal the presence and nature of a possible cascading landscape at the donor-acceptor interface. 

Th 2

 2 DPPTh 2 (2c):2,5-Bis(2-ethylhexyl)-3,6-di(bromothiophene-2-yl)-2,5-dihydropyrrolo[3,4- c]pyrrol-1,4-dione (Br-ThDPPTh-Br) (A) (1.0 g, 1.5 mmol), thiophene-2-boronic acid pinacol ester (1.5 g, 7.4 mmol, 4.9 eq) and Pd(PPh 3 ) 4 (211.6 mg, 0.2 mmol, 10.0 mol %) were balanced under nitrogen in a reaction flask and tightly closed. The mixture was dissolved in toluene (10.0 mL, 0.15 M) containing Aliquat ® 336 and K 2 CO 3 solution (aq., 2.0 M, 5.0 mL) and heated to 90 °C for 72 hours. After cooling to room temperature H 2 O (15.0 mL) was added and the mixture was extracted with CHCl 3 (3 x 25 mL). The combined organic phases have been dried over MgSO 4 , filtered and CHCl 3 was removed at reduced pressure. The product (949.0 mg, 1.4 mmol, 94%) was obtained as dark blue solid.

Figure 1 .

 1 Figure 1. Wavelength-dependent SEC spectra of block copolymers a) H-P3HT-Th-block-

Figure 2

 2 comprises the chemical structures (a) together with 1 H NMR spectra of 4b (b) and 3b (c) with assigned protons. Formation of PNDIT2 copolymer in 4b is obvious from the new backbone signals at 7.45 ppm (T2 unit) and at 9.3 ppm (NDI unit). Characteristic T2 end groups are indicated by purple color. 50 Due to the reaction of the DPPTh-H end groups (light green) with NDI-Br leading to the block junction -DPPTh-NDI-, new signals appear (blue) and prove BCP formation. A detailed assignment of these signals based on 1 H-1 H COSY is given in Figure SI-11.

Figure 2 .

 2 Figure 2. a) Chemical structures and 1 H NMR spectra (aromatic region) of b) -ThDPPTh-block

Figure

  Figure 3. a) Chemical structures and 1 H NMR spectra (aromatic region) of b) -Th 2 DPPTh 2 -

3 .

 3 Figure 3. a) Chemical structures and 1 H NMR spectra (aromatic region) of b) -Th 2 DPPTh 2 -

Figure 4 .

 4 Figure 4. DSC curves of homopolymers P3HT and PNDIT2, blend P3HT:PNDIT2

Figure 5 .

 5 Figure 5. Normalized UV-vis spectra of a) P3HT-Th (3a), PNDIT2, H-P3HT-Th 2 DPPTh 2 (3c)

Figure 6 .

 6 Figure 6. Thin film (annealed at 310 °C) PL spectra of P3HT-Th (3a), P3HT-Th 2 DPPTh 2 (3c)

  2-5, current-density voltage (JV) curves are shown in Figure SI-16. In as-spun conditions, BCP 4c shows the best power conversion efficiency (PCE) of all three samples. Upon heating to 200 °C, all three samples behave differently. While the performance of the blend increases with increasing temperature up to T m of P3HT, concomitant with PCE, the performance of 4c remains almost constant and 4a

Figure 7 .

 7 Figure 7. Temperature dependent OPV device performance of a) P3HT:PNDIT2 blend

Figure 8 :

 8 Figure 8: Temperature dependent angularly-averaged section profiles of sample 4c from

  Figure 10 as follows; (i) photogeneration of an initial short-lived exciton, (ii) charge transfer at

Figure 10 .

 10 Figure 10. Transient absorption kinetics of exciton, charge transfer state (CTS) and free carriers

  

  Th 2 DPPTh 2 as a macroreagent, which exhibits significantly larger C-H reactivity compared to P3HT-ThDPPTh. A series of materials of different molecular weight P3HT-Xblock-PNDIT2, with X being thiophene, ThDPPTh or Th 2 DPPTh 2 , is synthesized and Pd 2 dba 3 , Na 2 CO 3 , Cs 2 CO 3 , K 2 CO 3 ,

	characterized with respect to molecular, thermal, structural and electronic properties. Thermal
	and structural analyses evidence a weak tendency for microphase separation, eventually caused
	by the markedly different crystalline lattice parameters of P3HT and PNDIT2. Transient
	absorption experiments further reveal geminate recombination (GR) in the BCPs a stronger
	deactivation pathway compared to the blend, with no measurable effect of the DPP block
	junction on charge dynamics.
	EXPERIMENTAL SECTION
	Materials and Syntheses

synthesis were accomplished using C-H activation. Key to successful BCP formation is usage of P3HTt Bu 2 PMe * HBF 4 , P(Me 2 -p-anisyl) 3 , P(cy) 3 , DMPP, P(oanisyl) 3 , mesitylene, NBS, Aliquat® 336, Pd(PPh 3 ) 4 and pivalic acid were purchased from

  Overall, the highest yield (95%) was obtained with fresh prepared Pd 2 dba 3 catalyst, with tris(omethoxyphenyl)phosphine (P(o-anisyl) 3 ) as ligand, at 100 °C with 20 equivalents of 2b. Excess of 2b can be recycled completely during Soxhlet workup without further purification. This protocol was transferred to the reaction with Th 2 DPPTh 2 .(2c), giving acceptable 93% end group functionalization of 3c. Complete analyses of 3b and 3c by 1 H NMR spectroscopy, MALDI-ToF MS and SEC are detailed in the supporting information in FigureSI-2-9. Reason for the T2 linker between P3HT and the DPP core in 3c is therefore of synthetic nature and simply guarantees complete end group functionalization. Different molecular weights M n,SEC between 19 and 57 kg/mol were obtained using previously established protocols.[START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] By applying the same stoichiometric ratio for all BCP syntheses, samples with compositions between 33 and 43 wt % P3HT were obtained, whereby a larger molecular weight is correlated with slightly larger P3HT fractions (Table1

	Scheme 1. End group functionalization of H-P3HT-Br (1) with BPin-Th (2a) to H-P3HT-Th (3a)
	by Suzuki coupling, ThDPPTh (2b) to H-P3HT-ThDPPTh (3b) and Th 2 DPPTh 2 (2c) to H-P3HT-
	Th 2 DPPTh 2 (3c) under direct C-H arylation and further use as macroreagent in direct C-H
	polycondensation of NDIBr 2 and T2 for syntheses of block copolymers H-P3HT-Th-block-Thus, we are able to synthesize a set of BCPs with different end group functionalized H-P3HT-X
	PNDIT2 (4a), H-P3HT-ThDPPTh-block-PNDIT2 (4b) and H-P3HT-Th 2 DPPTh 2 -block-PNDIT2 macroreagents to obtain fully conjugated BCPs with (4c) and without (4a) DPP junction
	(4c). a functionalization.
	Successful synthesis of H-P3HT-ThDPPTh and H-P3HT-Th 2 DPPTh 2 allowed for BCP
	Significant reaction parameter screening was necessary to get 3b with almost quantitative end
	group conversion. Screening of reaction parameters included variations of palladium catalyst
	precursor, phosphine ligands, excess of 2b and reaction temperature, enabling complete significantly different reactivity. While usage of P3HT-Th-H (3a) enabled complete
	conversion and end group functionalization as depicted in Scheme 1. Description of reaction incorporation of P3HT into BCP 4a, the significantly lower C-H reactivity of P3HT-ThDPPTh-H
	condition optimizations towards H-P3HT-ThDPPTh (3b) are summarized in the supporting (3b) resulted in a mixture of unreacted 3b and BCP 4b. In contrast, the C-H bond of the DPP-
	information (Table SI-1). bithiophene end group of P3HT-Th 2 DPPTh 2 -H (3c) showed increased reactivity, resulting in

followed by end group functionalization with ThDPPTh (2b) under direct arylation conditions (Scheme 1). Afterwards, optimized reaction conditions have been successfully transferred towards Th 2 DPPTh 2 (2c). The two-step synthesis of 2c and the analysis by

[START_REF] Holliday | Recent Advances in High Performance Donor-Acceptor Polymers for Organic Photovoltaics[END_REF] 

H NMR spectroscopy are shown in detail in the supporting information (Scheme SI-1 and Figure

SI-1

). In all cases, P3HT 1 had a M n,NMR of ~ 7.0 kg/mol (DP n,NMR ~42) and a M n,SEC of around 11 kg/mol with dispersities <1.10. While the synthesis of 3a via Suzuki coupling has been described elsewhere,

[START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF] 

optimization of end group functionalization of 1 with 2b has been done by direct C-H arylation.

a Reaction conditions: i) Pd(PPh 3 ) 4 (5 mol %), Cs 2 CO 3 (3 equiv.), solvent THF, 80 °C, 72 h. ii) Pd 2 dba 3 (4 mol %), P(o-anisyl) 3 (16 mol %), Cs 2 CO 3 (3 equiv.), PivOH (1 equiv.), solvent mesitylene (0.1 M), 100 °C, 72 h. iii) Pd 2 dba 3 (1 mol %), PivOH (1 equiv.), Na 2 CO 3 (3 equiv.), solvent mesitylene (0.1 M).

synthesis with 3b and 3c as macroreagent in copolymerization of NDIBr 2 and T2 under direct arylation conditions.

[START_REF] Nübling | All-Conjugated, All-Crystalline Donor-Acceptor Block Copolymers P3HT-b -PNDIT2 via Direct Arylation Polycondensation[END_REF][START_REF] Matsidik | Defect-Free Naphthalene Diimide Bithiophene Copolymers with Controlled Molar Mass and High Performance via Direct Arylation Polycondensation[END_REF] 

In Scheme 1, BCP synthesis with thiophene (Th) and diketopyrrolopyrrole (Th x DPPTh x , x=1, 2) functionalized P3HTs are depicted together. Despite the structurally similar end groups of P3HT-Th-H, P3HT-ThDPPTh-H and P3HT-Th 2 DPPTh 2 -H, BCP synthesis as shown in Scheme 1 resulted in products of different composition and BCP architecture. For all three macroreagent, the reactivity of the proton next to the hexyl side chain is sufficiently low, resulting in a minor incorporation of P3HT with the non-functionalized side of the polymer chain. If so, the resulting BCP architectures will contain a minor fraction of triblock-type PNDIT2-block-P3HT-X-block-PNDIT2. For simplicity, however, Scheme 1 shows here diblock copolymer structures only. Regarding C-H reactivity at the other side of the functionalized P3HT endcapper, i.e. X, the three different compounds 3a-c exhibited complete end group conversion similar to 4a. The lower C-H reactivity of 3b compared to 3c likely stems from the electron-deficient DPP core that renders the thiophene end group in 3b less electron-rich compared to T2 in 3c.

Table 1 .

 1 ). Molecular properties of BCP samples P3HT-X-block-PNDIT2, X = Th (4a), ThDPPTh (4b) and Th 2 DPPTh 2 (4c). From SEC in CHCl 3 after Soxhlet extraction with methanol, acetone, ethyl acetate, iso-hexane and dichloromethane. c From 1 H NMR integrals of the methylene group at 4.19 ppm (NCH 2 of NDI) and 2.86 ppm (α-CH 2 of P3HT). d From 1 H NMR integrals of the linkage signal at 7.18 ppm and the P3HT-H end group signal at 6.94 ppm. Conversion of P3HT-X from comparison with the signal integrals of pristine H-P3HT-X. Estimated error: ±5 %.

	sample	junction X=	M n,SEC BCP/ kg/mol a	ᴆ a	M n,SEC P3HT/	P3HT/ wt % c	P3HT/ mol % c	conversion end groups H-P3HT / P3HT-X/
					kg/mol b			% d
	4a-23K	Th	23 a	1.8	11.6	37	78	16/100
	4a-49K	Th	49 b	1.9	11.6	43	82	22/100
	4a-57K	Th	57 b	2.0	11.6	42	81	24/100
	4b-34K	ThDPPTh	34 b	1.9	10.8	38	78	28/75
	4c-19K 4c-42K 4c-57K	Th 2 DPPTh 2 Th 2 DPPTh 2 Th 2 DPPTh 2	19 a 42 b 57 b	1.8 2.0 2.3	12.3 12.3 13.1	33 42 38	75 81 79	17/100 19/100 37/100

a From SEC in CHCl 3 after Soxhlet extraction with methanol, acetone, ethyl acetate and iso-hexane. b

Table 2 .

 2 Melting and crystallization enthalpies of P3HT, PNDIT2, blend P3HT:PNDIT2 (40:60 wt %) and BCP samples 4a and 4c. Heating and cooling rates are 10 K/min for all listed samples. M n,SEC = 11 kg/mol, Đ=1.1, 40 wt %) and PNDIT2 (same as used homopolymer, M n,SEC = 28 kg/mol, Đ=2.8, 60 wt %). b Enthalpies normalized by weight fractions.

					P3HT					PNDIT2	
	Entry	T m / °C	ΔH m / J/g b	T c / °C	ΔH c / J/g b	Φ c,rel / % c	Φ c,abs / % d	T m / °C	ΔH m / J/g b	T c / °C	ΔH c / J/g b	Φ c,rel / % c
	3a	227 21.6 197 21.6	100	65	--	--	--	--	--
	PNDIT2	--	--	--	--	--	--	308	8.7	289 9.3	100
	blend a	228 24.4 185 23.0	106	70	298	7.4	281 7.8	84
	4a-23K	224	9.1	162 8.2	38	25	297	3.4	268 3.4	37
	4a-49K	222 10.0 166 8.4	39	25	289	3.7	262 4.5	48
	4a-57K	229	9.6	164 7.9	37	24	292	5.9	264 7.2	77
	4c-19K	212 16.7 160 10.9	50	33	284	2.7	265 3.1	33
	4c-42K	222 13.2 169 11.2	52	34	288	4.7	259 6.7	72
	4c-57K	204	5.7	155 5.1	24	15	281	3.8	232 7.2	77

a Preparation from P3HT (comparable to 3a,

Table 3 .

 3 TEM reflections of both polymer blocks in 4c in dependence of temperature treatment.

	Condition	(100) PNDIT2 /	(100) P3HT /	(200) PNDIT2 /	(002) PNDIT2 /	(020) PNDIT2 /	(020) P3HT /
		Å	Å	Å	Å	Å	Å
	as-spun	24.8	--	--	7.1	--	3.8
	250 °C	25.9	17.5	13.1	7.1	--	3,8/3.5
	310 °C	--	--	--	7.1	--	3.8/3.5

  P3HT, Th 2 DPPTh 2 and PNDIT2 were selected as the donor, junction and acceptor, respectively to yield an energy cascading structure. Regarding synthesis, all C-C coupling steps except P3HT synthesis were successfully accomplished through C-H activation. Complete end group functionalization of H-P3HT-Br was achieved with thienylated Th x DPPTh x (x=1, 2). Sufficient high C-H end group reactivity using P3HT-Th 2 DPPTh 2 -H and thus efficient junction incorporation into BCPs of type P3HT-Th 2 DPPTh 2 -block-PNDIT2 was achieved. Steady state absorption of H-P3HT-Th 2 DPPTh 2 thin film revealed an additional bathochromically shifted charge transfer (CT) band due to the electron-deficient DPP unit at the chain end. Emission occurs almost entirely from this CT state, with P3HT emission being largely quenched. Further quenching of the emission including this CT state, occurs in the BCPs, and the residual emission is ascribed to amorphous P3HT, pointing to reduced P3HT crystallinity in the
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