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Organic semiconducting polymers are widely employed in organic electronics such as organic 

photovoltaics (OPVs), organic field-effect transistors (OFETs) and organic light emitting 

diodes (OLEDs). Their remarkable mechanical and charge transport properties as well as 

solution processability allow low-cost fabrication of light-weight and flexible devices. Among 

them indacenodithiophene (IDT)-based materials are promising candidates for application in 

organic electronics. Due to their low energetic disorder, extended conjugation and high electron 

density IDT-based polymers show high field-effect mobilities and high absorption coefficients. 

However, their synthesis suffers from long reaction sequences and is often accomplished using 

toxic materials. Commercialization requires development of more efficient and sustainable 

reaction pathways to ease tailoring of structures and to limit molecular defects. 

Herein, the development of new synthetic pathways towards IDT-based polymers is presented 

in which all C-C coupling steps are achieved by C-H activation – an atom-economic alternative 

to conventional transition-metal catalyzed cross couplings. Two different strategies were 

established to synthesize a series of well-defined IDT-based homo- and copolymers with 

different side chain patterns and varied molecular weights. The first way starts by synthesis of 

a precursor polymer and subsequent cyclization affording IDT homopolymers. In the second 

approach, cyclized IDT monomers were prepared first and then polymerized using direct 

arylation polycondensation (DAP) yielding IDT homo- and copolymers. The synthetic 

pathways were optimized in terms of maximizing molecular weights and limiting defect 

structures. While the first pathway enables synthesis of well-defined homopolymers, the latter 

is the method of choice for preparation of IDT-based copolymers in high yields and adjustable 

molecular weights. The polymers were further characterized in detail by optical, thermal, 

electrical and morphological analyses. OFETs as well as all-polymer solar cells (all-PSCs) were 

fabricated to investigate the influence of structural modifications and molecular weight on their 

optoelectronic performance. Thus, this thesis provides a comprehensive study of the structure-

property correlations of IDT-based polymers and simplified synthetic protocols for the design 

and preparation of donor-acceptor copolymers in the future. 

Keywords: Indacenodithiophene (IDT), direct arylation polycondensation (DAP), 

homopolymers, donor-acceptor copolymers, structure-property correlations, solar cells, organic 

field-effect transistors (OFETs). 
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Abbreviations 

A acceptor 

ACN acetonitrile 

Al aluminium 

Ar aryl 

BDD Benzodithiophene-4,8-dione 

BHJ bulk heterojunction 

BT 2,1,3-Benzothiadiazole 

BTBr2 4,7-Dibromo-2,1,3-benzothiadiazole 

BTz 2,2’-Bithiazole 

Ca calcium 

CbzBr2 2,7-Dibromo-9-(1-octylnonyl)-9H-carbazole 

CDT cyclopentadithiophene 

CHCl3 chloroform 

CN 1-chloronaphthalene 

CT charge transfer 

CV cyclic voltammetry 

Ɖ dispersity 

D donor 

DA direct arylation 

D-A donor-acceptor 

DAP direct arylation polycondensation 

DCI 1,1-Dicyanomethylene-3-indanone 

DCNBT-IDT Poly(5,6-dicyano-2,1,3-benzothiadiazole-alt-indacenodithiophene) 

DFT density functional theory 

DIO 1,8-Diiodooctane 

DMAc N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

DMIDT 4,9-Bis(bis(4-hexylphenyl)methylene)-4,9-dihydro-s-indaceno 

[1,2-b:5,6-b′]dithiophene 

DPP diketopyrrolopyrrole 

DSC differential scanning calorimetry 



ABBREVIATIONS 

X 

EQE external quantum efficiency 

F4 1,2,4,5-Tetrafluorobenzene 

F4Br2 1,4-Dibromo-2,3,5,6-tetrafluorobenzene 

Fc ferrocene 

FF fill factor 

FSC flash scanning calorimetry 

GIWAXS grazing-incidence wide-angle X-ray scattering 

HOMO highest occupied molecular orbital 

IDT Indaceno[1,2-b:5,6-b′]dithiophene 

IDTT Indacenodithienothiophene 

IEIC 2,2′-((2Z,2′Z)-((5,5′-(4,4,9,9-Tetrakis(4-hexylphenyl)-4,9-dihydro-s-

indaceno[1,2-b:5,6-b′]dithiophene-2,7-diyl)bis(4-(2-ethylhexyl) 

thiophene-5,2-diyl))bis(methanylylidene))-bis(3-oxo-2,3-dihydro-1H 

-indene-2,1-diylidene))dimalononitrile 

INCN 2-(3-Oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile 

IR infrared  

IT-4F (3,9-Bis(1-oxo-2-methylene-3-(1,1-dicyanomethylene)-5,6-difluoro-

indanone)-5,5,11,11-tetrakis(4-n-hexylphenyl)-dithieno[2,3d:2′,3′d′]-

s-indaceno[1,2-b:5,6b′]dithiophene) 

ITIC 3,9-Bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno 

[1,2-b:5,6-b’]dithiophene) 

ITO indium tin oxide 

J51 Poly[(5,6-difluoro-2-octyl-2H-benzotriazole-4,7-diyl)-2,5-thio-

phenediyl[4,8-bis[5-(2-hexyldecyl)-2-thienyl]benzo[1,2-b:4,5-b′] 

dithiophene-2,6-diyl]-2,5-thiophenediyl] 

Jsc short-circuit current 

Li lithium 

LPPP ladder-type poly(p-phenylene) 

LUMO lowest unoccupied molecular orbital 

Me methyl 

Mes mesitylene 

Mn number average molecular weight 
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XI 

Mw weight average molecular weight 

MW molecular weight 

N2200 Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} 

n-Bu n-butyl 

NBu4PF6 tetrabutylammonium hexafluorophosphate 

NDI naphthalene diimide 

NFA non-fullerene acceptor 

NFSMA non-fullerene small molecule acceptor 

NIR near infrared 

NMR nuclear magnetic resonance 

o-DCB ortho-dichlorobenzene 

OFET organic field-effect transistor 

OPV organic photovoltaic 

OSC organic solar cell 

oxDAP oxidative direct arylation polycondensation 

P3AT Poly(3-alkyl)thiophene 

P3HT Poly(3-hexyl)thiophene 

PBDB-T Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-

b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl) 

benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] 

PBDB-T-SF Poly[(2,6-(4,8-bis(5-(2-ethylhexylthio)-4-fluorothiophen-2-yl)-

benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-

bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)] 

PBDTTT-C-T Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′] 

dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)thieno[3,4-b] 

thiophenediyl]] 

P-BNBP-fBT Poly[[μ-[3,3'-bis[(2-octyldodecyl)amino-κN][2,2'-bipyridine]-5,5'-

diyl-κN1:N1']](3,3'-difluoro[2,2'-bithiophene]-5,5'-diyl) 

bis(difluoroboron)complex] 

PC70BM [6,6]-Phenyl-C71-butyric acid methyl ester 

PCE power conversion efficiency 
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PCy3 Pd G2 Chloro[(tricyclohexylphosphine)(2′-aminobiphenyl-2-yl) 

palladium(II) 

Pd2dba3 Tris(dibenzylideneacetone)dipalladium(0) 

PDINO 2,9-Bis[3-(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10- 

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetrone 

Pd(OAc)2 Palladium(II) acetate 

PDS photothermal deflection spectroscopy 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PffT2-FTAZ-2DT Poly[(5,6-difluoro-2-propyl-2H-benzotriazole-4,7-diyl)[3,3'''-bis(2-

decyltetradecyl)-3'',4'-difluoro[2,2':5',2'':5'',2'''-quaterthiophene]-

5,5'''-diyl]] 

PhanQ phenanthrenequinoxaline 

PIDTBT Poly(indacenodithiophene-alt-benzothiadiazole) 

PIDTF4 Poly(indacenodithiophene-co-tetrafluorobenzene) 

PL photoluminescence 

PM6 Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-

bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] 

PNDIBTz Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiazole)} 

P(NDI-IDT) Poly(naphthalene diimide-alt-indacenodithiophene) 

PNDIT2 Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} 

PPV Poly(p-phenylene vinylene) 

PSC polymer solar cell 

PSS Poly(styrenesulfonate) 

PTB7-Th Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dihiophene] 

{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b] thiophenediyl}) 

PTzBI Poly(1,3-bis(thiophene-2-yl)-benzo[1,2-c:4,5-c′]dithiophene-4,8-

dione,4,8-di(thien-2-yl)-6-octyl-2-octyl-5H-pyrrolo[3,4-f] benzo-

triazole-5,7(6H)-dione) 

r.t. room temperature 

SEC size exclusion chromatography 



ABBREVIATIONS 

XIII 

T2 2,2’-Bithiophene 

TBT 4,7-Bis(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole 

TGA thermogravimetric analysis 

THF tetrahydrofurane 

Tol toluene 

TPD Alkyl[3,4‐c]thienopyrrole‐4,6‐dione 

TT Thieno[3,2-b]thiophene 

UV-vis ultraviolet-visible 

Voc open-circuit voltage 

Y6 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-

dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno [2',3':4,5] 

pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis 

(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-

2,1-diylidene))dimalononitrile 
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Preamble 

The dissertation is structured in six chapters. The first chapter serves as an introduction to 

constitute the state of knowledge and to give a short overview of the following chapters. The 

scientific results were obtained in collaboration with others and are presented in chapters II-V. 

Chapter II and III are already published in international journals and chapter IV has been 

submitted for publication. Chapter V shows unpublished results in which the synthesized 

materials are applied in organic photovoltaics. The last chapter summarizes all results and gives 

a short outlook. 

The contributions of all coauthors to each chapter are listed below. 

Chapter II: “Indacenodithiophene homopolymers via direct arylation: direct 

polycondensation versus polymer analogous reaction pathways” 

D. Adamczak, H. Komber, A. Illy, A. Scaccabarozzi, M. Caironi, M. Sommer, 

Macromolecules, 2019, 52 (19), 7251-7259. 

I synthesized all monomers, homopolymers as well as model compounds and characterized 

them by 1H NMR, SEC, IR spectroscopy, UV-vis and PL spectroscopy, TGA as well as DSC 

analyses. Further, I wrote the first draft of the publication. The NMR analyses of the polymers 

were performed by Hartmut Komber (Leibniz-Institut für Polymerforschung Dresden e.V.) 

Anna Illy aided monomer synthesis under my supervision. Alberto Scaccabarozzi and Mario 

Caironi (Istituto Italiano di Tecnologia, Center for Nano Science and Technology @PoliMi) 

carried out mobility measurements. Michael Sommer designed and supervised the work. All 

authors were involved in revising the manuscript. 

Chapter III: “Influence of synthetic pathway, molecular weight and side chains on 

properties of indacenodithiophene-benzothiadiazole copolymers made by direct arylation 

polycondensation” 

D. Adamczak, A. Perinot, H. Komber, A. Illy, S. Hultmark, B. Passarella, W. L. Tan, S. Hutsch, 

D. Becker-Koch, C. Rapley, A. D. Scaccabarozzi, M. Heeney, Y. Vaynzof, F. Ortmann, C. R. 

McNeill, C. Müller, M. Caironi, M. Sommer, J Mater C, 2021, 9 (13), 4597-4606. 

I synthesized all monomers, polymers as well as model compounds and characterized them 

by 1H NMR, SEC, IR spectroscopy, UV-vis and PL spectroscopy, cyclic voltammetry, TGA as 

well as DSC analyses. Further, I wrote the first draft of the publication. Andrea Perinot, Bianca 
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Passarella, Alberto Scaccabarozzi and Mario Caironi (Istituto Italiano di Tecnologia, Center for 

Nano Science and Technology @PoliMi) executed the mobility measurements. Hartmut 

Komber (Leibniz-Institut für Polymerforschung Dresden e.V.) performed NMR spectroscopy 

of the polymers. Anna Illy aided initial polymer syntheses via route A under my supervision. 

Sandra Hultmark and Christian Müller (Chalmers University of Technology, Department of 

Chemistry and Chemical Engineering) carried out the FSC experiments. Wen Liang Tan and 

Christopher R. McNeill (Monash University, Department of Materials Science and 

Engineering) characterized the polymers by GIWAXS analysis. Sebastian Hutsch and Frank 

Ortmann (Technische Universität München, Department of Chemistry) executed the DFT 

calculations. David Becker-Koch and Yana Vaynzof (Technische Universität Dresden, 

Integrated Centre for Applied Physics and Photonic Materials and Centre for Advancing 

Electronics Dresden (cfaed)) performed PDS measurements. Charlotte Rapley and Martin 

Heeeney (Imperial College London, Department of Chemistry and Centre for Processable 

Electronics) provided the C12-IDT monomer. Michael Sommer designed and supervised the 

work. All authors were involved in revising the manuscript. 

Chapter IV: Temperature-dependent morphology-electron mobility correlations of 

naphthalene diimide-indacenodithiophene copolymers prepared via direct arylation 

polymerization 

D. Adamczak, B. Passarella, H. Komber, D. Becker-Koch, O. Dolynchuk, S. B. Schmidt, Y. 

Vaynzof, M. Caironi and M. Sommer, submitted. 

I synthesized the polymers and characterized them by SEC, UV-vis and PL spectroscopy, 

cyclic voltammetry, TGA as well as DSC analyses. Further, I wrote the first draft of the 

manuscript. Simon Schmidt provided PNDIT2 as reference material. Bianca Passarella and 

Mario Caironi (Istituto Italiano di Tecnologia, Center for Nano Science and Technology 

@PoliMi) characterized the polymers in organic field-effect transistors. Hartmut Komber 

(Leibniz-Institut für Polymerforschung Dresden e.V.) analysed the polymers by high-

temperature NMR spectroscopy. David Becker-Koch and Yana Vaynzof (Technische 

Universität Dresden, Integrated Centre for Applied Physics and Photonic Materials and Centre 

for Advancing Electronics Dresden (cfaed)) performed PDS experiments. Oleksandr 

Dolynchuk (Martin Luther University Halle-Wittenberg, Experimental Polymer Physics) 

carried out the GIWAXS measurements. Michael Sommer designed and supervised the work. 

All authors were involved in revising the manuscript. 
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Chapter V: Indacenodithiophene-based copolymers for application in all-polymer solar 

cells 

I synthesized the donor materials and characterized all materials by SEC, UV-vis and NMR 

spectroscopy as well as cyclic voltammetry. Further, I fabricated as well as characterized the 

solar cell devices and summarized the results in this chapter. The acceptor materials were 

provided by Younghun Shin, Rukiya Matsidik and Simon Schmidt. Hartmut Komber (Leibniz-

Institut für Polymerforschung Dresden e.V.) recorded NMR spectra of PIDTF4. Solar cell 

preparation and characterization was performed in the laboratories of Prof. Dr. Carsten Deibel 

(TUC, Physics Department). 
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I. Introduction 

1. Conjugated materials for organic electronics 

Organic electronics such as displays for high-end smartphones, lighting panels, curved 

television screens as well as portable solar cells are already an essential part of our daily life. 

The demand of high performance, printable, flexible and sustainable technology has drawn the 

attention towards so-called π-conjugated materials.1–4 In contrast to inorganic materials they 

possess several advantages such as easy solution processability, light-weight and the ability to 

precisely tailor the properties by structural modification.3,5 Their semiconducting behavior 

arises from an alternating single and double bond structure. The sp2pz configuration with a 

maximal p-orbital overlap lead to an optimal delocalization of the π-electrons.6–8 However, their 

charge carrier mobility and conductivity lag behind inorganic materials. Since the discovery of 

electric conductive polyacetylene in 19779 and the pioneer work of MacDiarmid, Heeger and 

Shirakawa,10–12 researchers all over the world developed new design structures of π-conjugated 

materials to improve their optoelectronic properties and increase device performances.3,5,13,14 In 

initial stages, the most prominent materials were based on polyphenylene vinylene (PPV)15,16 

and poly(3-alkylthiophene) (P3AT).17,18 Nowadays, the state-of-the-art materials are based on 

small molecules and polymers with a donor (D)-acceptor (A) structure.19,20 Such materials 

possess small and largely tunable energy band gaps resulting from an alternating arrangement 

of electron-rich and electron-deficient moieties. Thus, the mixing of the molecular orbitals leads 

to a higher lying HOMO and lower lying LUMO energy level (Figure I-1a). While the HOMO 

is determined by the donor, the LUMO is mainly dictated by the acceptor unit. Tuning of the 

band gap by adjusting the electron pushing and pulling strength of the corresponding units is 

an important feature to design appropriate materials for various applications.21,22 For instance, 

materials with a deep LUMO are favored for the use in thermoelectrics23,24 while a higher lying 

LUMO level and hence, smaller band gap is required for application in organic photovoltaics 

(OPVs).25,26 Depending on the nature of the D and A units, the conjugated polymers show either 

hole, electron or ambipolar transport characteristics exceeding mobility values of 10 cm2 V-1 s-

1.27–29 In combination with their broad absorption range those materials are excellent candidates 

not only for application in organic field-effect transistors (OFETs)30,31 but also in OPVs.32–34 

Examples of common D-A copolymers are shown in Figure I-1b. 
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1.1. Organic field-effect transistors 

Besides their application in sensors, flexible displays and electronic papers, organic field-

effect transistors (OFETs) are an important instrument to characterize the charge transport 

properties of π-conjugated materials. A significant parameter is the field-effect mobility µ 

which describes the carrier transfer rate under an external field. An OFET device consists of an 

organic semiconductor as active layer, a dielectric layer as well as the source and the drain 

electrodes. According to the arrangement of the layers there are four different device 

architectures (Figure I-2, a-d). While bottom-gate configurations are primary used for 

fundamental studies, top-gate type devices are chosen in practical applications.30,31,35 Free 

charges can be induced at the interface between the semiconductor and the dielectric layers by 

applying a voltage at the gate electrode. At the same time a current IDS between the drain and 

source electrode is generated which can be controlled by the gate voltage VG. 

Figure I-1. a) Molecular orbital diagram of D-A unit and b) chemical structures of common D-A 

conjugated polymers. 

Figure I-2. OFET configurations: a) bottom-gate bottom-contact, b) bottom-gate top-contact, c) top-

gate bottom-contact, d) top-gate top-contact; e) typical output curve and f) transfer curve of a p-type 

material. Adapted from Ref.35 
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Depending on the nature of the charge carriers the transistors are categorized as p-channel 

(holes) and n-channel (electrons), respectively.31,36,37 The characteristic relationship between 

current and voltage of an OFET is represented in so-called output (constant VG/sweeping IDS) 

and transfer curves (constant IDS/sweeping VG) (Figure I-2, e-f).36,37 The most important 

parameter that can be obtained from the transfer measurements is the field-effect mobility µ. 

The mobility describes the drift velocity of the charge carrier per unit applied electric field. It 

is used to probe the performance of OFET devices and to define electrical properties of a 

material.31,35 In the last decades a lot of effort was made to improve the device performances of 

OFETs. In addition to appropriate fabrication techniques such as interface engineering, device 

geometry and processing techniques,31,38,39 high charge mobility as well as electronic stability 

in air of the semiconducting active layer plays a crucial role for high-performance OFETs. In 

particular n-channel OFETs often suffer from poor stability in air. When operating under 

ambient conditions, the formed anions of organic semiconductors can undergo common redox 

reactions with water and oxygen that have diffused into the film.40–42 One prominent class of 

materials for application in OFETs are π-conjugated polymers due to their intrinsic flexibility 

and solution-processability. Common materials are based on diketopyrrolopyrrole (DPP)43,44, 

indacenodithiophene (IDT)45,46, naphthalene diimide (NDI)47,48 and cyclopentadithiophene 

(CDT)49,50 with mobilities µ between 1-20 cm2 V-1 s-1.35,51,52 The charge carrier transport can 

occur through π-orbitals in two directions along the backbone (intrachain) and in π-π stacking 

direction of the polymer chains (interchain); the first one is faster and dominant whereas the 

latter occurs only via hopping.53 Hence, key factors for high mobilities are solid-state 

aggregation, appropriate polymer chain length and alignment as well as crystallinity of the 

polymer films. To enhance the charge transport a number of design strategies for D-A polymers 

were developed.30,35 One approach is to lower the energetic disorder54,55 by increasing planarity 

and rigidity of the conjugated backbone. Such structural resilience can be achieved by 

incorporating fused aromatic building blocks with extended π-conjugation into the system.56,46 

Further methods involve side chain engineering to improve intermolecular packing57 and 

increasing molecular weights (MW).58 

1.2. Organic solar cells 

The continuously increasing demand for clean and renewable energy resulted in a rapid 

growth of solar energy technologies. Since the development of the first bilayer organic solar 

cell (OSC) by Tang in the 1980s59 organic photovoltaics (OPVs) have attracted a tremendous 
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interest in the field of research.34,60,61 The photoactive layer of a bulk heterojunction (BHJ) 

organic solar cell consists of a continuous blend film of electron donor and electron acceptor 

inserted between a PEDOT/PSS-modified ITO anode and a low work function metal cathode 

(Figure I-3a).62,63 The conversion process of solar energy into electricity can be divided into 

four steps (Figure I-3b and c): (1) absorption of photons by donor and acceptor materials in the 

active layer followed by generation of so-called excitons (electron-hole pairs), (2) diffusion of 

the excitons to D/A interfaces, (3) dissociation of excitons into free charges and (4) transport 

of the free charges to anode and cathode through the donor and acceptor domains. Subsequently, 

the free charge carriers are collected at the electrodes and a photocurrent is generated in the 

external circuit. Recording of current density-voltage (J-V) correlations allow the extraction of 

the OSC characteristics (Figure I-3d).64–66 Here, the maximum current passing through the 

device is ascribed to the short-circuit current (Jsc) and the maximum voltage which occurs at 

zero current is defined as open-circuit voltage (Voc). The solar cell performance is determined 

by the light-to-charge power conversion efficiency (PCE) which is proportional to Voc, Jsc and 

the fill factor (FF) (Figure I-3d).64,66 The device parameters are strongly dependent on the 

optoelectronic and morphological characteristics of the blend film. Thus, molecular design of 

suitable D-type and A-type materials for the photoactive layer is essential to enhance the 

PCE.62,67 A critical requirement is the appropriate alignment of HOMO and LUMO energy 

levels of donor and acceptor materials. Jsc is influenced by the light harvesting ability, 

dissociation efficiency and charge carrier transport properties of the active layer. Enhancement 

Figure I-3. a) Device architecture of a bulk heterojunction OSC. b) Operation principles and c) energy 

diagram of OSCs. d) Figures of merit including short-circuit current density (Jsc), open-circuit voltage 

(Voc), fill factor (FF) and power conversion efficiency (PCE). Adapted from Refs.64,65 
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of Jsc can be achieved by reducing the band gap to enable a broad absorption of light. At the 

same time the offset energies of donor and acceptor (∆LUMO and ∆HOMO) ideally exceed the 

exciton binding energy, which is in the range of 0.1–0.3 eV64,68 to afford efficient charge 

separation. On the other hand, Voc arises from the splitting of hole and electron quasi-Fermi 

levels and hence, increases with increasing band gap Eg. Therefore, it is key to balance Jsc and 

Voc by energy level tuning and molecular design.62,64,66,69 Furthermore, an optimal morphology 

of the blend film including small domain sizes, domain purity as well as domain connectivity 

is necessary to ensure efficient charge separation and transport.62,70  

 

Figure I-4. Chemical structures of common A-type and D-type conjugated semiconducting materials 

for OSCs. 
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The establishment of fullerene derivatives such as phenyl-C71-butyric acid methyl ester 

(PC71BM) (Figure I-4) as acceptor materials blended with p-type polymers and small 

molecules, respectively, as donors pushed PCEs of OSCs up to 12%.64,71,72 Despite their high 

electron affinity, high charge mobility, isotropic charge transport and favorable blend 

morphology with donor materials fullerene acceptors possess several disadvantages. High 

synthetic costs, insufficient absorption in the visible and near infrared spectral ranges, poor 

morphological stability as well as challenging chemical and energetic modification limit the 

enhancement of high-performing OSCs.33,68,73 Alternatively, several polymers33,34,66 as well as 

small molecules60,63,68 were developed (Figure I-4). Such materials are meanwhile termed non-

fullerene acceptors (NFAs) and non-fullerene small molecule acceptors (NFSMAs), 

respectively. NFAs benefit from strong absorption with high molar extinction coefficients, high 

morphological stability as well as easy structural modification allowing tunable optical and 

electronic properties.68 High-performing NFSMA materials are based on perylene diimide 

(PDI), NDI, DPP and IDT building blocks usually blended with donor polymers with 

complementary absorption spectra. Molecular optimization of NFSMAs could achieve devices 

with PCEs exceeding 16%.60,74–77 Compared with small molecules, polymers possess improved 

morphological stability and superior mechanical flexibility that are important characteristics for 

application in wearable electronics.78,79 A widely used polymer acceptor is poly{[N,N′-bis 2-

octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} 

(PNDIT2) known as N2200 owing to its easy synthetic accessibility and good electron mobility. 

In combination with a siloxane-functionalized poly(N-alkyl-5,5′-bithiazole-4,4′-

dicarboximide) PTzBI as donor polymer a single-junction all-polymer solar cell (all-PSC) with 

a record PCE of 11.76% could be fabricated.33,64,80–82 Nevertheless, a major challenge is related 

to the morphological characteristic of the BHJ blend film such as control over phase separation, 

molecular packing and interfacial orientation of donor and acceptor polymers. The reduced 

entropic contribution of the polymer chains promotes large-scale phase separation leading to 

recombination processes due to a limited diffusion length of excitons (~ 10 nm).33,34,70,73 

Control over domain size and the degree of phase separation can be achieved by the adjustment 

of Mn of the donor as well as acceptor polymer.83–86 For instance, studies on N2200 based all-

PSCs have shown that intermediate Mn values for both polymers result in blend films with a 

high degree of miscibility and intermixed features affording both, well balanced charge carrier 

generation and transport ability. Cells with higher Mn polymers can further reduce domain sizes 

and enhance miscibility leading to higher Jsc but, at the same time also promote charge carrier 
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recombination.83 The crystalline properties are also influenced by side chains, torsion and 

structure of the π-conjugated polymers.34,73,87 Thus, side chain engineering88,89 and backbone 

modification90,91 can improve inter- and intrachain interactions and hence, enhance the device 

performance. In addition to the material design, the processing conditions can also have a great 

impact on the performance of the solar cells.73,92,93 For instance, the morphology of the active 

layer can be influenced by the nature of the processing solvent,82,94,95 solvent additives96 as well 

as solvent and thermal annealing.70 Further studies regarding device stability as well as 

efficiency concern device engineering such as conventional or inverted architecture,33,97 the 

choice of electrode and interlayer materials.98,99 Another tool to boost the PCE values is the 

construction of advanced device structures. So-called tandem solar cells consisting of two 

subcells with complementary absorption and incorporation of ternary blends based on two 

compatible acceptors and one donor into the active layer surpassing PCEs of 13%.33,100,101 

1.3. Indacenodithiophene – a building block for organic photovoltaic 

materials 

Since its first introduction102 indacenodithiophene (IDT) is widely used as electron-rich 

chromophore in small molecules as well as D-A polymers. The fused aromatic ring system has 

several desirable features such as a preserved coplanarity, maximized π-orbital overlap as well 

as reduced conformational energetic disorder, an extended conjugation and a high electronic 

density. Moreover, the broad range of strategies to modify the IDT core gives access to broadly 

tunable materials.103–105 The different possibilities to functionalize the IDT molecule are shown 

in Figure I-5. Side chain engineering is a common tool to modify chemical structures. It affects 

not only solubility but also morphology and molecular packing. IDT can be classified into (i) 

aliphatic-substituted and (ii) aromatic-substituted materials. The first class gives rise to 

materials with excellent charge transport properties which, however, are strongly dependent on 

the side chain length. The second class leads to materials with high absorption coefficients and 

Side chain engineering 
R = alkyl, aryl, alkoxy 

Bridging atom 
X = C, Si, N, Ge 

Backbone extension 

Figure I-5. Modification of the indacenodithiophene unit. Adapted from Ref.46 
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easy processability but induce steric hindrance, thus, corrupting molecular packing.104,105 

Additionally, the choice of bridging atom is critical to the morphological properties. 

Incorporation of various heteroatoms like carbon, silicon, germanium and nitrogen can 

influence the planarity of the attached side chains, solubility and optoelectronic properties of 

the materials.103,106 A further strategy to tune the planarity, intermolecular interactions and 

electronic properties is the extension of the conjugated unit by replacing the thiophene moieties 

with two thieno[3,2-b]thiophene (TT) units.103–105 Even though IDT-based compounds suffer 

from tedious synthetic pathways,56,107 the appealing and tunable properties led to the 

development of a wide variety of promising semiconducting materials for application in OPVs 

(based on IDT). 

1.3.1. Indacenodithiophene-based small molecules as non-fullerene 

acceptors  

The typical design strategy of NFAs is built on an A-D-A structure. A major breakthrough of 

the development of novel NFA materials was the incorporation of IDT derivatives as donor 

unit. In contrast to fullerene-based acceptors, IDT-based NFAs benefit from their excellent 

electron transport properties, easy purification and strong absorption in visible-NIR region. The 

easy functionalization of the IDT core allows adjustment of the optoelectronic properties to 

adapt their use in combination with donor polymers. Recently, such NFSMA solar cells exhibit 

PCEs over 13% surpassing fullerene-based devices.60,74,75,108  

One of the first A-D-A-type small molecules based on IDT contained 1,1-dicyanomethylene-

3-indanone (DCI) as acceptor moieties and thiophene as π–bridges. Incorporation of π–bridges 

is used as extension of the backbone conjugation and at the same time to enhance the planarity. 

As result, a red-shift of the absorption spectrum and a narrowing of the bandgap Eg is observed. 

Blended with PBDTTT-C-T as donor polymer BHJ PSC devices yielded PCEs of 3.93%.75,109 

The development of IEIC, in which the thiophene spacer is modified with 2-ethylhexyl side 

chains, and usage of the low bandgap donor polymer PTB7-Th boosted the device efficiency to 

6.31%. The good performance of this novel NFA is attributed to its strong absorption in visible 

region with high absorption coefficients, high electron mobilities and deep LUMO levels 

similar to those of fullerene derivatives. The choice of the medium bandgap polymer PffT2-

FTAZ-2DT with a complementary absorption spectrum, more suitable energy levels and a 

favorable blend morphology with IEIC led to an enhanced solar cell performance.75,110,111 

Further improvements were obtained by attaching alkoxy instead of alkyl side chains on the π–
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bridges. The noncovalent S∙∙∙O interactions and stronger electron-donating character of the 

alkoxy side chains led to an up-shifted HOMO level with a narrowed bandgap Eg. Thus, a 

broader absorption and improved morphology were attained resulting in PCEs over 8%.75,112 

At present, state-of-the-art NFAs are based on ITIC derivatives (Figure I-4) containing 

indacenodithieno[3,2-b]thiophene (IDTT) as donor and 2-(3-oxo-2,3-dihydroinden-1-

ylidene)malononitrile (INCN) as acceptor unit. Owing to the extended backbone with 

additional thiophene rings ITIC possesses strong absorption, low LUMO and HOMO energy 

levels, high charge mobility as well as good miscibility with various donor polymers.74,108,113,114 

One efficient method to modify the core structure and, hence, to tune the physicochemical 

properties is altering of the side chains. The alkylphenyl side chains ensure solubility and 

processability but at the same time reduce the intermolecular interactions. Isomerization of the 

side chains resulted in meta-alkylphenyl substituted ITIC with improved electron mobility due 

to an increased face-on crystalline orientation and higher absorptivity.115 In addition, 

employment of novel side chain patterns such as alkyl, thienyl and asymmetric substitution 

could also reduce steric hindrance. The higher crystallinity promotes an efficient and balanced 

charge transport.116–118 Such PSC devices showed broad absorption and a good tolerance to film 

thickness leading to high fill factors and enhanced PCEs up to 11.9%.75,108,115–118 A further 

common strategy to improve photovoltaic performance is the fluorination of acceptor as well 

as donor material. The small electronegative fluorine lowers the energy levels and improves 

crystallinity due to noncovalent F∙∙∙H/S∙∙∙F interactions. Fluorination of the electron-

withdrawing end groups of ITIC and inclusion of fluorine atoms in the corresponding donor 

polymer established a new system, known as IT-4F:PBDB-T-SF. The BHJ blend layer 

displayed a broad absorption range and increased absorption coefficients leading to remarkable 

OPV device performance with a PCE over 12% even at higher film thickness.74,75,108 

1.3.2. Design and synthesis of indacenodithiophene-based conjugated 

polymers 

IDT-based copolymers are counted among the most promising p-type materials for 

photovoltaic applications owing to their excellent optoelectronic properties. A huge effort was 

made to tune energy levels, charge transport properties and optical band gaps. 

Copolymerization with different electron deficient acceptors (Figure I-6) and modification of 

the backbone such as side chain engineering, backbone extension and incorporation of electron-
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withdrawing groups gave access to a wide variety of IDT-based semiconducting materials.103–

105 To this date, OPVs comprising IDT copolymers blended with fullerene as acceptor yielded 

efficiencies over 8% for single-junction and over 11% for tandem devices, respectively.119,120 

Many state-of-the-art IDT copolymers contain a benzothiadiazole (BT) derivative as acceptor 

unit. Due to its high electron affinity, stability and optoelectronic properties, the corresponding 

copolymers exhibit long wavelength absorption with low band gaps. At the same time the quasi-

quinoidal BT structure promotes intermolecular interactions and preserves a planar 

conformation of the polymer backbone.104,105 As result, PIDTBT exhibits excellent charge 

transport properties. Alkyl-substituted PIDTBT copolymers achieved field-effect mobilities up 

to 10 cm2 V-1 s-1 despite their lack of long-range order.28,45,56 The largely torsion-free backbone 

with a low degree of energetic disorder enables close contact interchain interactions allowing 

additional interchain transport.45,54 Yet, charge transport properties are strongly dependent on 

the nature of the side chain. While aliphatic side chains benefit from formation of short contact 

distances, alkylphenyl side chains induce steric hindrance resulting in reduced hole 

mobilities.46,121 The advantage of aryl-substituted PIDTBT polymers are their easier synthesis, 

higher solution-processability, high absorption coefficients and higher Vocs compared to their 

alkyl analogues.105  

Due to their interesting properties aryl-substituted PIDTBTs are promising candidates for 

applications in PSCs. Several attempts to optimize the morphology such as backbone extension 

of the IDT unit122, replacement of sulfur by selenium123 as well as incorporation of π-bridges119 

could enhance the planarity of the polymer backbone and hence, the charge mobility. 

Fabrication of PSCs containing PIDTBT:PC71BM blends as active layer achieved efficiencies 

up to 8.15%.104,105,119,122,123 

 

Figure I-6. Chemical structures of common acceptor units in IDT-based copolymers. 
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Another widely used electron deficient comonomer is the quinoxaline unit which is known 

for its easy synthesis and modification. Copolymerization of a fused quinoxaline moiety 

(PhanQ; Figure I-6) and IDT yielded materials with good intermolecular packing and charge 

transport properties. Blends with PC71BM showed good performances in BHJ solar cells 

without post-treatments.104,105,124,125 Even higher PCEs over 7% could be achieved using a 

thiophene-quinoxaline-thiophene building block.104,105,126,127 

The development of a novel two-dimensional (2D) conjugated polymer comprising a 

methylene-modified IDT (DMIDT) donor unit and thieno[3,4-c]pyrrole-4,6-dione (TPD; 

Figure I-6) as acceptor established a new class of IDT-based p-type polymers. The introduction 

of sp2-hybridized carbon atoms flanked with four phenyl rings in the IDT core improves 

interchain π-π overlapping as well as charge mobility and broadens the absorption spectrum. In 

addition, steric hindrance of the phenyl side chains can be reduced and the more planar 

backbone can be locked due to S∙∙∙O interactions with TPD. A PCE of 8.26% for a fullerene-

based device and a PCE of 6.88% for a non-fullerene PSC could be obtained.120  

Further acceptors such as NDI128,129, DPP130 and BDD131 could be polymerized with IDT 

allowing a wide variety of semiconducting materials with fine-tuned properties. Besides the 

application in PSCs and OFETs, IDT-based polymers are also implemented as n-type acceptors 

in all-polymer solar cells128,129, as hole-transporting material in Perovskite solar cells131, in 

organic photodetectors132 as well as in stretchable electronics133. 

Despite their promising features and variable field of applications, IDT-based polymers suffer 

from tedious reaction pathways. IDT monomer synthesis involves multiple reaction and 

purification steps reducing the overall yield and economic efficiency which leads to an 

increased production cost. State-of-the-art synthesis of IDT monomers and polymers is 

presented in Scheme I-1. Depending on the nature of the side chain on the IDT unit, two 

different synthetic procedures are employed. Both pathways start with cross coupling of 2,5-

dibromo-terephthalic acid diethyl ester and thiophene using Stille or Negishi reactions. Preparation 

of aryl-substituted IDT is done according to Route A in four reaction steps, while alkyl-substituted 

IDT is prepared in six reaction steps via Route B. The final polymerization is usually carried out 

using Stille or Suzuki polycondensation.56,103,104,107,124 To date, few protocols have been reported 

that utilize atom-economic direct arylation polycondensation (DAP) to synthesize IDT-based 

(co)polymers.107,133,134  
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Inspired by the preparation of soluble ladder-type poly(p-phenylene)s (LPPPs)135 Scherf et 

al. reported the synthesis of IDT-based polymers via a polymer analogous reaction pathway 

(Scheme I-2.).136,137 Here, polymerization between a ketone-functionalized phenylene K and 

thiophene derivatives using Stille polycondensation yield single-stranded polyketones PKs in 

the first step. Then, transformation into the final IDT-based polymer is accomplished by two 

polymer analogous cyclization steps. Firstly, polymer analogous reductions of the keto groups 

with methyl lithium and secondly, polymer analogous ring closure by intramolecular Friedel-

Crafts alkylation.136 Major challenges of this post-polymerization sequence concern high 

solubility of the polymeric intermediates (to ensure further transformation), quantitative 

conversion of the functional groups and suppressing of side reactions resulting in crosslinking 

and/or structural defects. Yet, multiple conjugated ladder-type polymers could be successfully 

Scheme I-1. Synthetic routes towards IDT-based (co)polymers with aromatic side chains (Route A) 

and aliphatic side chains (Route B), respectively. 
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prepared by choosing appropriate reaction conditions.138–141 In terms of IDT-based materials, 

this method is quite interesting since the complex monomer synthesis could be avoided. At the 

same time, IDT-based materials with an asymmetric substitution pattern at the IDT unit could 

be prepared which may allow fine-tuning of thermal, morphological and optoelectronic 

properties.  

1.4. Direct arylation polycondensation – synthesis of π-conjugated polymers 

Efficient syntheses of π-conjugated systems often rely on transition-metal catalyzed cross 

couplings such as Migita-Stille142,143, Suzuki-Miyaura144,145, Negishi146,147 and Kumada-

Tamao148,149. Yet, the couplings of heteroaryl-halides with organometallic-heteroarenes are 

accompanied by additional preparation steps which render synthesis pathways lengthy and 

costly. A further disadvantage is the stoichiometric formation of by-products like the highly 

toxic tin compounds formed in Stille reactions.150–152 An attractive and more sustainable 

alternative to these conventional synthetic methods is the so-called direct arylation (DA). Here, 

the metal-catalyzed formation of the C-C-bond is the result of the condensation between an 

activated C-H bond of (hetero)aryl derivatives and an arylhalide. So-called oxidative direct 

arylation even enables coupling of two C-H type substrates. By eliminating the need for 

organometallic reagents direct arylation benefits from fewer synthetic steps, simpler 

purification of reactants, more benign by-products and potentially broader substrate scope 

Scheme I-2. Synthetic route towards IDT-based polymers by Scherf et al.  
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(Figure I-7).153–157 While C-H activation methods are known for several years158–160 adaption to 

conjugated polymer synthesis was done decades later. In 1999, Lemaire et al.161,162 reported the 

first polymer synthesis via direct arylation polycondensation (DAP). P3AT was polymerized 

directly from 2-iodo-3-alkylthiophenes using palladium(II) acetate (Pd(OAc2)) as catalyst, 

potassium carbonate (K2CO3) as base, stoichiometric amount of tetrabutylammonium bromide 

(Bu4NBr) as phase transfer agent and N,N-dimethylformamide (DMF) as solvent. These 

reaction conditions known as Jeffrey’s condition were chosen under the assumption that DA 

reactions follow a Heck-like mechanism. Though, only oligomeric materials with a 

regioregularity of 90% were obtained.161,163,164 The first successful synthesis of highly 

regioregular P3HT using DAP was provided by Ozawa et al. in 2010 and awakened interest of 

the research community. The Ozawa conditions comprise a Hermann-Beller catalyst in 

combination with tris(o-anisyl)phosphine as ligand, caesium carbonate as base and THF as 

solvent.165,166 The addition of pivalic acid (PivOH) can lower the energy of C-H bond cleavage 

and act as proton shuttle between the carbonate base and the catalytic species. This effect was 

first investigated by Fagnou et al. developing benzene arylation. The chosen catalytic system 

consisted of Pd(OAc2), a bulky phosphine ligand, K2CO3 and PivOH in DMF as strong 

coordinating solvent.164,167,168 The first syntheses of D-A polymers via DAP were performed by 

Kanbara et al.169 and Leclerc et al.170 based on the pioneer work of Ozawa and Fagnou. Further 

modifications and optimizations of the DAP parameters, for example, catalytic systems165, 

solvent effects171 and influence of additives172 were intensively investigated. To date, many 

successful protocols are established for the syntheses of small molecules and polymers by direct 

arylation.152,153,155,164 

Figure I-7. Comparison of polymerization of P3HT by traditional cross coupling reactions with direct 

arylation. Adapted from Ref.156 
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The mechanism of direct arylation depends on the nature of the substrates, the catalytic 

system and additives.153 Figure I-8 illustrates the proposed catalytic cycle with a carboxylate 

additive. Like conventional cross coupling reactions, the process starts with oxidative addition 

of an arylhalide (Ar-X) to the catalyst complex (Pd0Ln). Instead of the usually followed 

transmetallation, most (hetero)arenes seem to undergo a concerted metalation-deprotonation 

(CMD) step. Thereby, the reaction proceeds over a six-membered transition state in which a 

carboxylate anion coordinates with the aryl complex. At this state the Ar’-H substrate is 

deprotonated while simultaneously forming an Ar’-Pd bond. Finally, the Ar-Ar’ coupling 

product is formed via reductive elimination.153,155,165 A major problem of DA reactions is the 

occurrence of side reactions such as homocouplings, β-couplings between unselective C-H and 

C-Br functionalities and chain termination reactions (Figure I-9). Especially in terms of 

polymerization, undesired side reactions are often troublesome resulting in low MWs and defect 

structures. Unlike small molecules, defect structures in polymers are embedded within the 

polymer chain and cannot be eliminated by purification processes. Structural defects have a 

strong influence on the optoelectronic as well as mechanical properties of the materials and as 

a consequence on the device performances. Therefore, it is crucial to optimize the reaction 

conditions in regard to suppressing unwanted side reactions.153,154 In the last years, a 

tremendous effort was made to investigate the effect of solvent, temperature, catalyst as well as 

ligand system, additives and substrate modification such as protection of the β-position on the 

final structure of the polymer backbone.153,155,173 

Figure I-8. Catalytic cycle of direct arylation with a carboxylate additive. 
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For instance, studies of Thompson et al. showed that the use of bulky α-tertiary acidic 

additives such as neodecanoic acid (NDA) could limit unfavourable β-branching reactions 

yielding high molecular weight P3HT with high regioregularity.172–174 Not only the nature of 

the additives but also the choice of the ligand influences the selectivity of the catalytic centre 

and can improve the resulting polymer quality.173,175 Sommer et al. reported direct arylation 

polycondensation of 4,7-bis(4-hexyl-2-thienyl)-2,1,3-benzo-thiadiazole (TBT) and 2,7-

dibromo-9-(1-octylnonyl)-9H-carbazole (CbzBr2). Thereby, occurring homocoupling defects 

could be suppressed in the presence of a bulky phosphine ligand and at a decreased reaction 

temperature.176 Furthermore, the same group investigated the effect of monomer concentration 

as well as aromatic solvents on DAP of an alternating naphthalene diimide bithiophene 

copolymer (PNDIT2) and were able to synthesize defect-free PNDIT2 with high and 

controllable molecular weight.171,177 They reported an increase in molecular weight with 

increasing monomer concentration up to 0.5 M. This effect could be explained by in situ chain 

termination with the aromatic solvents used in polymerization via C-H activation. Highly 

substituted solvents such as mesitylene exhibit a lower C-H reactivity than less substituted 

solvents like toluene.171,177 Besides careful optimization of reaction conditions, the selection of 

the monomer structures is of high importance for a successful coupling by DAP. For example, 

the efficiency of the synthesis of an alternating copolymer containing 

dithienyldiketopyrrolopyrrole (DPPTh2) and tetrafluorobenzene (F4) units depends on the 

monomer containing the halide function. While copolymerization of DPPTh2 with 

Figure I-9. Exemplary scheme of possible side reactions synthesizing small molecules by direct 

arylation (a) and the arising defect structures adopting direct arylation to polymer syntheses (b). 

Adapted from Ref.155 
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dibromotetrafluorobenzene yielded a well-defined material, coupling of a dibromo-DPPTh2 

with tetrafluorobenzene resulted in a copolymer with obvious structural defects.155,178,179 By 

now, the continuous fine-tuning of reaction conditions as well as substrates offered access to a 

great number of conjugated polymers via DAP with similar properties compared to their 

analogues made by conventional cross coupling methods.152,155,180,181 

Even though direct arylation is deemed to be an atom-economic alternative to traditional cross 

coupling reactions there is still a need for improvements in terms of more sustainable solvents 

and catalysts. Almost all solvents used in C-H activation reactions are hazardous and their 

production is highly energy intensive. The selection of appropriate green solvents for DAP is 

challenging. Solubility, stability of catalyst and base as well as propensity for side-reactions 

need to be considered and, to this date, only a few examples of conjugated polymers were 

prepared in sustainable solvents such as anisole, cyclopentyl methyl ether and 2-MeTHF.156,182 

Further approaches to more sustainability are the replacement of palladium. A cost-efficient 

alternative is copper. Cu-catalyzed direct arylation requires high temperatures, amine ligands 

and needs to be carried out in the absence of carboxylic acid additives (due to disproportionation 

of CuI). One of the main drawbacks of Cu-DAP is the low solubility of the copper(I) salts in 

organic solvents as well as the limited stability of copper(I) at high temperatures. Thorough 

optimizations of polymerization conditions are necessary to extend the scope of Cu-DAP.156,183  

A highly atom-economical route towards conjugated polymers would constitute an oxidative 

C-H/C-H cross coupling reaction.184 By eliminating the need for halogenated substrates the 

reaction pathway would be shortened and the overall sustainability enhanced. While this 

methodology is successfully established in case of small molecules185–187 the application to 

conjugated polymers is limited. The reaction is typically carried out in oxygen atmosphere and 

by the use of Pd(OAc)2 as catalyst, Ag2CO3 as oxidant as well as acetic acid as an additive. The 

major problem evolves from asymmetric monomers of multiple C-H bonds with similar 

reactivity which is displayed in a first attempt to polymerize 3-hexylthiophene via oxidative 

DAP188 resulting in P3HT with low regioselectivity and low yield. Successful examples were 

demonstrated by polymerization of TPD and benzodiimidazole derivatives. The continuous 

development and manifold advances in the field of C-H activated reactions show the potential 

of DAP as a replacement technique for established methodologies and in future large scale 

production.154–156  
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2. Overview of thesis 

The objective of this thesis is two-fold: 1) to develop new efficient preparation pathways for 

IDT-based materials and 2) to investigate the influence of IDT side chain pattern and reaction 

pathway on the properties of the synthesized polymers. Finally, their use in OFETs and OPVs 

were explored. Shorter monomer and polymer synthesis was accomplished using direct 

arylation which will be presented in chapter II. Here, a ketone serves as starting compound 

offering the possibility of two different reaction pathways (Scheme I-3). Pathway A starts with 

the preparation of a polyketone using DAP. The isostructural element of ketone K and NDIBr2 

provides the opportunity to transfer the optimized DAP conditions of the PNDIT2 synthesis to 

the polymerization of K and 2,2’-bithiophene. Due to a lower reactivity of K compared to 

NDIBr2 further optimization of the reaction conditions was needed to get polyketones in high 

yield and with sufficient molecular weights over 20 kg mol-1. Cyclization to the final PIDT 

homopolymers occurred polymer analogously via a polyalcohol intermediate. Depending on 

the choice of the lithium compound PIDTs with a Me/alkylphenyl, n-Bu/alkylphenyl and 

alkylphenyl/alkylphenyl side chain pattern can be obtained. The progress of the polymer 

analogous reaction sequence was monitored by IR and UV-vis spectroscopy.  

Scheme I-3. Reaction pathways towards IDT homopolymers. Pathway A illustrates the polymerization 

of the polyketone followed by polymer analogous cyclization and pathway B shows synthesis of the IDT 

monomer followed by oxidative direct arylation yielding PIDT. 
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Preparation of Me/alkylphenyl-PIDT and alkylphenyl/alkylphenyl-PIDT afforded well-defined 

homopolymers, while usage of n-butyl lithium caused side reactions resulting in structurally ill-

defined homopolymers. In general, determination and identification of defect structures by 

spectroscopic analyses is quite challenging for IDT-based (co)polymers. For instance, 

broadening and overlapping of NMR signals impede detection of defect structures (even with 

the use of model compounds). In pathway B, synthesis of alkylphenyl/alkylphenyl-PIDT is 

achieved by oxidative direct arylation polycondensation (oxDAP) of the IDT monomer. Ketone 

K as starting material enables the use of DA in the first reaction step. Shorter alkyl side chains 

lead to a solid product facilitating purification by recrystallization. The polymerization can be 

carried out under ambient conditions since oxygen from air serves as co-oxidant. Due to the 

predominant H end groups of the homopolymers it is possible to repeat polymerization of 

oligomer fractions or polymer chains to get higher molecular weights. PIDTs via oxDAP 

possess similar spectroscopic properties but reduced yield and two orders of magnitude lower 

hole mobilities than the analogue prepared by pathway A. 

In chapter III the optimized conditions of pathway A are transferred to the synthesis of 

poly(indacenoditihiophene-alt-benzothiadiazole) (PIDTBT) – a well-known p-type copolymer 

for application in OFETs and OPVs. The reaction is limited by the polymerization of the ketone 

with 4,7-di(thiophene-2-yl)-2,1,3-benzothiadiazole due to the low solubility of the 

corresponding polyketone. Only moderate Mns of 11 kg mol-1 can be obtained. The following 

post-polymerization sequence led to polymers with broad and bimodal molecular weight 

distributions pointing to structural defects which could not be eliminated by further 

optimization of the reactions. In contrast, PIDTBT prepared by DAP (Scheme I-4) of IDT and 

4,7-dibromo-2,1,3-benzothiadiazole (BTBr2) afforded structurally well-defined polymers in 

high yields and with adjustable Mns up to 38 kg mol-1. PIDTBT bearing alkylphenyl side chains 

on the IDT unit are amorphous with glass transition temperatures around 90 °C and field-effect 

Scheme I-4. Synthesis of IDT-based copolymers by direct arylation polycondensation. 
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hole mobilities around 10-2 cm2 V-1 s-1. While the absorption coefficients of these copolymers 

are increasing with higher molar masses, thermal and electrical properties are molecular weight 

independent. In comparison, PIDTBT with linear alkyl side chains possess a redshifted 

absorption, a weak melting endotherm and an increased order in thin films as well as lower 

energetic disorder leading to an order of magnitude higher hole mobilities. 

In the next step, DAP was used to synthesize a n-type copolymer comprised of IDT and 

naphthalene diimide (NDI) which is addressed in chapter IV (Scheme I-4). The polymerization 

is straightforward yielding P(NDI-IDT) polymers in high yields as well as high Mns up to 

113 kg mol-1, despite rapid gelation of the reaction mixtures. A series of materials with different 

molecular weights were investigated in detail by optoelectronic, thermal, morphological and 

electrical characterizations and compared to the benchmark n-type polymer P(NDIT2). The 

polymers have a low bandgap of 1.5 eV and a broad absorption into the near-infrared region. 

In contrast to P(NDIT2), the optical properties of P(NDI-IDT) are almost independent of 

solvent, temperature as well as end groups and show a weak aggregation in solution. Due to the 

stronger donor strength of IDT compared to bithiophene, the absorption maxima show a 

bathochromic shift of 35 nm and a LUMO energy level around -3.71 eV which is slightly higher 

compared to P(NDIT2). In DSC, P(NDI-IDT)s show two weak endotherms which can be 

assigned to side chain and main chain melting. While thin film morphologies are weakly 

crystalline for annealing temperatures below main chain melting, thermal annealing above the 

main chain melting temperature is deleterious for optical, morphological and charge transfer 

properties. While P(NDI-IDT) polymers seem to have a low energetic disorder with one of the 

lowest reported Urbach energies of (28.2±1.0) meV, mobilities remain in the order of 10-

3 cm2 V-1 s-1 and are chain length independent in as spun and moderately annealed films. This 

is probably attributed to a lack of intermolecular contacts due to the bulky hexylphenyl side 

chains and hence insufficient intermolecular charge transport.  

In chapter V, the IDT-based polymers were finally employed in all-polymer solar cells. As 

acceptor materials PNDIT2 and PNDIBTz were chosen. The materials show appropriately 

aligned energy levels as well as complementary absorption with PIDTBT and PIDTF4 

(Figure I-10). The three possible blend systems PIDTBT:PNDIT2, PIDTBT:PNDIBTz and 

PIDTF4:PNDIT2 were incorporated into solar cells with conventional architecture (indium tin 

oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/active 
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layer (D:A, 1:1)/Ca/Al). The first results suggest that the cell with the PIDTBT:PNDIT2 blend 

as active material has the greatest potential and thus, further optimization processes were 

focused on this system. Systematical variations of D:A ratio, processing solvent, blend 

concentration and molecular weight were carried out. The best performance was obtained with 

an 1.4:1 D:A weight ratio and a chloroform/1-chloronaphthalene mixture as processing solvent. 

Increasing of the blend concentration up to 12 mg mL-1 had a positive influence on the cell 

performance suggesting that even thicker films would be beneficial. In general, high Voc up to 

0.81 V, but low Jsc smaller than 1 mA cm-2 were achieved. Further analyses revealed a 

maximum EQE of 17% and decent PL quenching efficiencies below 70%. Overall, despite the 

complementary absorption and appropriate energy levels of donor and acceptor materials 

devices with power conversion efficiencies of maximum 0.2% could be obtained. All results 

point to a poor blend film morphology that could not be significantly improved by the attempted 

optimization processes. Particular, the low Jsc values indicate large domain sizes originating 

from strong demixing of the donor and acceptor polymer and result in inefficient charge 

generation and transport. 
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Figure I-10. Schematic energy levels (a) and absorption spectra in chloroform solution at room 

temperature (b) of the active materials. Chemical structures of the acceptor (PNDIT2, PNDIBTz) and 

donor (PIDTBT, PIDTF4) materials (c). 
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ABSTRACT. Indacenodithiophene (IDT)-based materials are emerging high performance 

conjugated polymers for use in efficient organic photovoltaics and transistors. However, their 

preparation generally suffers from long reaction sequences and is often accomplished using 

disadvantageous Stille couplings. Herein, we present detailed synthesis pathways to IDT 

homopolymers using C-H activation for all C-C coupling steps. Polyketones are first prepared 

by direct arylation polycondensation (DAP) in quantitative yield and further cyclized polymer 

analogously. This protocol is suitable for obtaining structurally well-defined IDT 

homopolymers, provided that the conditions for cyclization are chosen appropriately and that 

side reactions are suppressed. Moreover, this polymer analogous pathway gives rise to 

asymmetric side chain patterns, which allows one to fine-tune physical properties. 

Alternatively, IDT homopolymers can be obtained via oxidative direct arylation 

polycondensation of IDT monomers (oxDAP), leading to IDT homopolymers with similar 

properties but at reduced yield. Detailed characterization by NMR, IR, UV-vis and PL 

spectroscopy, and thermal properties, is used to guide synthesis and to explain varying field-

effect transistor hole mobilities in the range of 10-6 - 10-3 cm2 V-1 s-1. 

INTRODUCTION 

In recent years indacenodithiophene (IDT)-based materials have been investigated 

extensively.1–3 Both small molecules4–7 and copolymers1,8–11 have demonstrated high 

performance when used as active materials in organic photovoltaic (OPV)12 devices and organic 

field-effect transistors (OFETs)11. The ladder-type five membered IDT moiety features 

desirable and easily tunable properties such as an extended π-conjugated system, an optimal 

balance of electron density and a quaternary bridging carbon atom that ensures planarity and 

carries different side groups for solubility and film morphology.1,2 This coplanarity and the low 

energetic disorder of the electron rich fused ring aromatic structure favors π-electron 

delocalization and charge transport.2,8,13–16 The attachment of side groups ensures high 

solubility for processing OPV17,18 and OFET devices5,8 from solution. Due to the major success 

of IDT-based materials, derivatization including backbone extension19,20, different bridging 

atoms21,22 and side chain variation23,24 has been carried out. 

Despite their success in terms of device performance, IDT-based materials generally suffer 

from tedious synthesis pathways. Several attempts to optimize the synthetic procedure aimed 

at minimizing and improving the reaction steps of monomer synthesis.25–27 The methods of 

choice involve traditional transition-metal-catalyzed cross couplings such as Stille, Suzuki and 
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Negishi reactions.9,28,29 Despite being commonly established, each of these variants has major 

disadvantages. For instance, Stille couplings produce toxic reagents and by-products and 

require additional purification steps. Negishi couplings used for IDT monomer synthesis rely 

on organometallic reagents of limited stability, and render the already lengthy reaction sequence 

towards IDT copolymers unnecessarily lengthy. C-H activation, also referred to as direct 

arylation (DA), is an atom-economically, highly attractive alternative.30–32 The usage of simple 

C-H building blocks as monomers for direct arylation polycondensation (DAP) to furnish 

conjugated polymers brings about a reduced number of synthetic steps, streamlined protocols 

and opens up unprecedented possibilities in terms of molecular weight control.31,33–37 While 

initially rather inefficient, recent protocols for high-yielding reactions that can be conducted at 

low catalyst loadings became available. To date, few IDT monomers have been used in DAP 

protocols.8,25,35 However, IDT monomer synthesis still involves Stille or Negishi cross 

couplings. Furthermore, side reactions such as homocouplings are possible for IDT monomers 

used in DAP-based copolymerization.8,25,35 Particularly for the case of IDT copolymers, the 

identification and characterization of generally ubiquitous homocouplings is very challenging 

due to limited information contained in broad NMR signals.25  

Herein, we report on synthetic pathways to IDT-based polymers in which all backbone C-C 

coupling steps are achieved via DA. First, alternating copolymers P(K-alt-T2) comprising a 

symmetric, ketone-functionalized phenylene monomer (K) and 2,2’-bithiophene (T2) are 

synthesized via DAP in quantitative yield. Polymer analogous reductions to the polyalcohol 

(PA) and finally cyclization sequences are optimized and characterized in detail. At the same 

time, this method gives access to asymmetric substitution patterns at the bridging sp3 carbon of 

the IDT unit, which may allow for tuning fundamental properties such as glass transition 

temperature (Tg), solubility as well as interchain interactions in pristine films and binary blends. 

The characteristics of these IDT polymers are finally compared to analogues made via oxidative 

direct C-H arylation polycondensation (oxDAP) of the IDT monomer. 

RESULTS AND DISCUSSION 

Material synthesis and characterization. The two synthetic routes towards IDT-based 

polymers are shown in Scheme II-1. In the nomenclature of the polymers, A and B refer to 

polymer analogous cyclization and oxDAP, respectively. 
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Scheme II-1. Synthetic routes towards PIDT. Route A: polymer analogous synthesis; Route B: synthesis 

of IDT monomer followed by polymerization via oxDAP. Reaction conditions: (i) Pd2dba3 (1 mol%), 

P(o-anisyl)3 (5 mol%), PivOH (1 eq), K2CO3 (3 eq), mesitylene (0.25 M), 100 °C, 72 h; (ii) R2-Li (8 eq), 

toluene (4ˑ10-3 M), r.t., 3 h; (iii) BF3ˑOEt2 (18 eq), dichloromethane (4ˑ10-3 M), r.t., 3 h; (iv) PCy3 Pd G2 

(5 mol%), PivOH (1 eq), K2CO3 (3 eq), tetrahydrofuran (0.2 M), 100 °C; (v), octane/AcOH (1:1, v/v, 

0.02 M), H2SO4, 125 °C, 0.5 h, (vi) Pd(OAc)2 (10 mol%), Cu(OAc)2 (2.1 eq), K2CO3 (2.2 eq), DMAc 

(0.1 M), 110 °C, 72 h, air. 

Copolymerization of K with 2,2’-bithiophene was first approached using the extraordinarily 

clean DAP conditions developed by Matsidik et al.37 First, polymerizations starting from n-

octyl-substituted K led to polyketones with low solubility unsuitable for polymer analogous 

reactions. Instead, R1 = 2-octyldodecyl was used, leading to larger molar mass and reaction 

yield. Due to the isostructural properties of K and 2,6-dibromonaphthalene diimide (NDIBr2)
37, 

we envisioned transfer of these conditions for the synthesis of P(K-alt-T2) to occur without 

major optimization. However, to get P(K-alt-T2) in high yield, optimization of monomer 

concentration, temperature and catalyst/ligand loading was required, apparently due to a lower 

reactivity of K compared to NDIBr2 (Table II-1). Under optimized conditions, polyketones with 

molar masses Mn,SEC up to 21 kg mol-1 were obtained quantitatively. Details of 1H and 13C NMR 

analyses are reported in the Supporting Information (Figure II-S1). The resulting polymers are 

highly soluble in common solvents as required for polymer analogous reactions. Polymers P1A-

Me/Ph20, P2A-Bu/Ph20, P3A-Ph20/Ph20 were finally synthesized as described by Scherf et al.27 

To obtain a clean reaction, the literature protocol had to be modified. Increased concentration 

and a reduced amount of the corresponding lithium organyls as well as reaction time afford 

PIDT P1A-Me/Ph20, P2A-Bu/Ph20, P3A-Ph20/Ph20 in 60-80% yield. The use of methyl lithium 
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and n-butyl lithium led to an asymmetric substitution pattern in the corresponding 

homopolymers P1A-Me/Ph20 and P2A-Bu/Ph20. Symmetric substitution could be achieved by 

transforming the synthesized 1-bromo-4-(2-octyldodecyl) benzene into the lithium analogue 

with n-butyl lithium.  

Table II-1. Summary of reaction conditions for the syntheses of P(K-alt-T2) via direct arylation 

polycondensation.a 

entry R1 solv timeb/h conc/M T/°C 
Pd2dba3/ 

mol% 

P-(o-anisyl)3/ 

mol% 

Mn/Mw
c/ 

kg mol-1 
Ðc 

yieldd/

% 

1 C8 Tol 72 0.5 100 1 - 6/11 1.8 33 

2 C8 Tol 14 0.5 100 1 - 6/8 1.3 9 

3 C8 Tol 72 0.5 90 1 - 6/9 1.6 52 

4 C8 Tol 72 0.25 100 1 - 4/5 1.2 21 

5 C8 Tol 72 0.25 90 1 - 7/9 1.3 32 

6 C8 Mes 24 0.5 100 1 - 6/8 1.4 34 

7 C8 Mes 24 0.25 100 1 - 10/15 1.5 18 

8e C8 Mes 72 0.5 90 1 - - - - 

9 C8 Mes 72 0.5 120 1 - 7/11 1.6 34 

10 C8 Mes 24 0.5 100 1 5 6/8 1.4 52 

11 C8 Mes 72 0.4 100 1 5 6/9 1.4 52 

12 C8 Mes 72 0.3 100 1 5 7/8 1.2 48 

13 C8 Mes 2 0.25 100 1 5 8/11 1.4 44 

14 C8 Mes 72 0.4 90 1 5 7/8 1.3 59 

15 C8 Mes 72 0.4 90 5 20 8/10 1.4 30 

16 C8C12 Mes 72 0.25 100 1 5 21/36 1.7 91 

17 C8C12 Mes 72 0.25 90 1 5 16/26 1.6 99 

18 C8C12 Mes 72 0.5 100 1 5 16/18 1.6 97 

19 C8C12 Mes 72 0.25 100 1 5 15/19 1.3 77 

20e,f C8C12 Mes 72 0.25 100 1 5 - - - 

21e C8C12 Mes 72 0.25 100 1 - - - - 

a1 eq PivOH and 3 eq K2CO3 were used in all entries. Tol and Mes are toluene and mesitylene, 

respectively. bReduced reaction time in case of gelation. cFrom size-exclusion chromatography (SEC) 

in THF. dIsolated yield after Soxhlet extraction. eNo chloroform fraction after Soxhlet extraction. fSlight 

excess (5 mol%) of ketone K-Ph20 was used. 
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The progress of the post-polymerization sequence was monitored by IR and NMR 

spectroscopy. The reduction of the carbonyl group in the first reaction step can be well proved 

by disappearance of the stretching band at 1603 cm-1 and 1665 cm-1 (Figure II-1). In case of the 

butyl derivative P2A-Bu/Ph20, the IR spectrum shows unreacted carbonyl groups (Figure II-1b, 

marked wavenumber range). A possible explanation is the higher reactivity of n-BuLi compared 

to, for example, MeLi, which opens up further reaction possibilities for the former such as 

reaction with THF or bithiophene end groups. Therefore, the temperature and equivalents of n-

BuLi were varied. However, neither a decreased temperature nor the use of an excess of n-BuLi 

led to an improvement. All samples of the butyl derivative showed residual carbonyl bands in 

the IR spectrum and also a significant hypsochromic shift of the absorbance maximum in UV-

vis spectra compared to P1A-Me/Ph20 and P3A-Ph20/Ph20 (Figure II-S2).  

Figure II-1. IR spectra of polymer analogous conversion of P(K-alt-T2) to PIDTs P1A-Me/Ph20 (a), 

P2A-Bu/Ph20 (b), P3A-Ph20/Ph20 (c) including the spectra of the alcohol intermediates (PA). The region 

of carbonyl bands of the precursor P(K-alt-T2) is highlighted and enlarged in (d – f). 
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The SEC curves of P1A-Me/Ph20 and P2A-Bu/Ph20 displayed bimodal distributions and a 

monomodal one for P3A-Ph20/Ph20 (Figure II-S3). Bimodal distributions are commonly 

associated with chain-chain coupling reactions. Interestingly, despite the bimodal distribution 

of P1A-Me/Ph20, clear indications for defects were not found by other characterization methods. 

One possibility is oxidative chain-chain coupling of two thiophene chain ends, which may be 

addressed by endcapping the polyketone with bromobenzene as further described below.  

Detailed NMR signal assignments of IDT copolymers are rare in the literature due to the low 

content of information contained in broad signals of 1H NMR spectra. To assist in signal 

assignment and eventually reveal defect structures, NMR spectroscopy was aided by model 

compounds 8 and 9 (Supporting Information, Figure II-S4 and S5). Cyclization can be well 

proven by 13C NMR spectra, where the signal of the keto group at δ = 197 ppm vanished and 

the quaternary carbon shows up in the 52 – 64 ppm region depending on R2 (Figure II-S5). The 

different substitution pattern of the quaternary ring carbon (C8) can be traced by its 13C chemical 

shift (52.7 ppm for Me/alkylphenyl (8) vs. 57.1 ppm for n-Bu/alkylphenyl (9) vs. 62.7 ppm for 

4-alkylphenyl/4-alkylphenyl (IDT-Ph20)). Very similar chemical shifts were observed for C8 in 

P1A-Me/Ph20 – P3A-Ph20/Ph20 proving successful cyclization (Figure II-2). For P3A-Ph20/Ph20 

the appearance of a major signal at 63.1 ppm (R2 = 4-(2-octyldodecyl)phenyl) and a minor 

signal at 57.4 ppm (R2 = n-butyl) points to a side reaction (Figure II-2c). Because the added 4-

alkylphenyl lithium was obtained from the bromide and n-butyl lithium without further 

purification, unreacted reactant led to a mixture of 4-octyldodecylphenyl and n-butyl 

substitution in the final cyclized polymer. For P1A-Me/Ph20 and P2A-Bu/Ph20, four different 

substituents at both C8 result in two diastereomers for the repeat unit as proved by signal 

splitting for model compounds 8 and 9. Since both R2 can be on the same (R,R/S,S-racemate) 

or different sides (R,S-meso-isomer) of the IDT π-plane, they lead to regioirregular backbone 

structures. Whereas the signals of the aliphatic moieties can be well observed both in the 1H 

and 13C NMR spectra of the polymers, only P1A-Me/Ph20 gives well resolved spectra for the 

IDT moiety (Figure II-S6a and S7a). The 1H and 13C NMR spectrum fully confirm the desired 

PIDT structure and do not point to structural defects. However, the origin of signal broadening 

observed for P2A-Bu/Ph20 and P3A-Ph20/Ph20 with bulkier R2 residue is unclear. Possibly, the 

n-butyl and 4-alkylphenyl groups decrease segmental backbone motion whereas side chain 

motion is less influenced. Because the spin-spin relaxation times (T2) are sensitive to changes 

in molecular motions they also influence linewidth (1/2 ~ 1/T2). Thus, a decreasing T2 value 
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for the backbone nuclei could cause the line broadening. Apart from the broad signals, the 

chemical shifts are in accordance with those of P1A-Me/Ph20.  

 

 

 

Figure II-2. Region of the quaternary carbon signal of the IDT unit of PIDT polymers P1A-Me/Ph20 

(a), P2A-Bu/Ph20 (b) and P3A-Ph20/Ph20 (c) in CDCl3. * marks an impurity. 

Optical and thermal properties. The formation of the planar rigid PIDT structure can be 

followed by UV-vis spectroscopy (Figure II-3a). The changes in conformation and of the 

electronic properties of the polymer backbone lead to major shifts of the absorption maximum. 

Compared to the polyketones, the polyalcohols (PA1A-Me/Ph20, PA2A-Bu/Ph20, PA3A-

Ph20/Ph20) exhibit blue-shifted absorption bands by ~77 nm, which is caused by torsion and 

eventually by a diminished push-pull character of the backbone. In turn, cyclization increases 

conjugation and thus leads to a bathochromic effect. A closer look into the optical properties of 

the synthesized homopolymers exposes significant differences. First discrepancies can already 

be observed in the optical spectra of the polyalcohols. The absorption bands of PA2A-Bu/Ph20 

and PA3A-Ph20/Ph20 are broadened compared to PA1A-Me/Ph20. This behavior is also reflected 

in the cyclized polymers. P1A-Me/Ph20 shows a structured absorption band with maximum at 

515 nm and a well resolved vibronic side band at 544 nm (Figure II-3). 
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Figure II-3. Reaction control by UV-vis spectroscopy of polymer analogous conversion to PIDTs in 

CHCl3 solution at r.t (PA: crude product after conversion with lithium compound) (a). Absorption and 

emission spectra of homopolymers in CHCl3 solution at r.t. (b). 

P3A-Ph20/Ph20 displays a similar shape and absorption maximum with a slightly less distinct 

shoulder. The resolution of this vibronic structure - caused by the rigid structure of the IDT 

backbone - can also be seen in the UV-vis spectra of the model compounds 8, 9 and IDT-Ph20. 

In all cases, the absorption maximum is around 355 nm with a sharp and well resolved side 

band at around 374 nm (Figure II-S8). In comparison, the band of P2A-Bu/Ph20 shows no sign 

of a side band. However, it is obviously broadened with a less steep absorption edge and a 

significantly blue-shifted maximum. The emission spectra of the model compounds 8, 9 and 

IDT-Ph20 show a blue-shift of the maximum with increasing size of the second side chain R2 

(Figure II-S8).This effect cannot be observed in the emission spectra of the corresponding 

homopolymers P1A-Me/Ph20, P3A-Ph20/Ph20 and P2A-Bu/Ph20 (Figure II-3b). In general, a 

band with an emission maximum around 565 nm and a shoulder at around 610 nm is visible. 

The shape of P2A-Bu/Ph20 is also broadened and exhibits a bigger Stokes-shift of 

∆ʎStokes = 87 nm than P1A-Me/Ph20 and P3A-Ph20/Ph20 (∆ʎStokes ≈ 55 nm). The anomaly of P2A-

Bu/Ph20 may be caused by incomplete conversion of the carbonyl groups. A possible side 

reaction may be lithiation of –T2 end groups of P(K-alt-T2) by BuLi followed by an interchain 

reaction with a carbonyl group. In an attempt to prove the appearance of such defect structures, 

a model reaction was carried out (Scheme II-S1). The model reaction demonstrates that lithiated 

T2 is able to attack the carbonyl group of compound K leading to model compound 10 

(Scheme II-S1). The structure could be verified by NMR spectroscopy (Figure II-S9). Such 

defects would lead to branching. In an additional control experiment, the polymer precursor 

P(K-alt-T2) was terminated with bromobenzene to eliminate –T2 end groups. The NMR 
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analysis of P(K-alt-T2)term confirms the successful termination (Figure II-S10). During the 

following polymer analogous cyclization leading to P2A
term-Bu/Ph20, possible chain-chain 

coupling should be suppressed. However, characterization by NMR spectroscopy did not reveal 

significant differences compared to P2A-Bu/Ph20 without phenyl termination (Figures II-S11 

and S12). UV-vis and IR spectra display the same discrepancy as observed for P2A-Bu/Ph20 

(Figure II-S13a and S14). Only in the molecular weight distribution of P2A
term-Bu/Ph20, a high 

molecular weight shoulder was no longer seen (Figure II-S13b). From these results we conclude 

that cyclization by using BuLi is disadvantageous as side reactions, likely branching, are 

involved. Such side reactions would explain the hypsochromic shift in the UV-vis spectrum and 

also the lower solubility of P2A-Bu/Ph20. However, also the very electron rich T2 end groups 

may undergo chain-chain coupling as an additional side reaction, which can simply detected by 

SEC but is hard to prove directly by NMR spectroscopy (and not at all by IR and UV-vis 

spectroscopy). However, such chain-chain coupling will cause quaterthiophene main-chain 

defects, which pose an electronic alteration to the backbone structure. This aspect will be taken 

up again when discussing field-effect transistor characterization. 

Table II-2. Molecular weights, optical and thermal properties of synthesized polymers. 

entry monomer R2 
Mn/Mw

a/ 

kg mol-1 
Ɖa 

ʎmax,abs
b/ 

nm 

ʎmax,em
b/ 

nm 

Tg/ 

°C 

yieldc/ 

% 

P(K-alt-T2), 

entry 19 
K-Ph20 - 15/19 1.3 435   99 

P1A-Me/Ph20 K-Ph20 Me 30/80 2.7 516/544 568/614 59 58 

P2A-Bu/Ph20 K-Ph20 n-Bu 20/44 2.2 477 564 42 72 

P3A-Ph20/Ph20 K-Ph20 Ph20 18/22 2.0 510/541 567/612 65 64 

P4A-Ph8/Ph8
d K-Ph8 Ph8 5/11 2.3 496 566 - 50 

P11B-Ph20/Ph20 IDT-Ph20 Ph20 16/18 1.1 510 568/603 59 4 

P13B-Ph8/Ph8 IDT-Ph8 Ph8 17/22 1.3 514/538 569/611 64 6 

aFrom SEC in THF. bIn CHCl3 solution at r.t. cOverall yield starting from monomer K. Maxima with 

the highest intensity in italic type. dDue to low molecular weight and small amount of sample material, 

no further characterization was performed. 

Polymers P1A-Me/Ph20 and P2A-Bu/Ph20 show good thermal stability with degradation 

temperatures higher than 350 °C and 250 °C, respectively (Figure II-S15). In contrast, polymer 

P3A-Ph20/Ph20 shows two onset temperatures. The first appears at about 100 °C with a weight 

loss less than 5% and the second is higher than 350 °C with a weight loss of about 15% 

(Figure II-S15). The thermal properties were also examined by differential scanning 
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calorimetry (DSC). The PIDTs show glass transitions in between 40 – 70 °C (Figure II-S16). 

Because of the quaternary carbons with asymmetric, bulky substituents ordered packing is more 

difficult leading to amorphous nature.2,19,28,29,38,39 All characteristic data are summarized in 

Table II-2. 

IDT homopolymers via oxidative direct arylation polycondensation and comparison 

with polymer analogous pathway. In the second approach to IDT-based polymers, the fused 

monomer IDT was synthesized first followed by homopolymerization via oxidative direct 

arylation (oxDAP).39–41 As starting material for IDT monomer compound K was chosen instead 

of the usually used ester derivative.25 Compound 1 was made via DA with thiophene 

(Scheme II-1b) in 48% yield after the optimization of catalyst/ligand, solvent and 

concentration. In comparison to route A, the limiting aspect of route B is not solubility but 

synthesis and purification of monomer IDT. Especially purification of IDT-Ph20 by column 

chromatography was challenging and accompanied by low yields. Due to the long and branched 

side chains, the reactivity of intermediates was lower and the final product was obtained as oil. 

Usage of n-octyl resulted in IDT-Ph8 being a solid, which facilitated synthesis and purification. 

The additional possibility of recrystallizing the product after column chromatography led to 

higher purity as needed for polymerization and yields of up to 53%. Due to only few literature 

protocols on oxDAP40,42,43, optimization of catalyst loading, atmosphere and oxidant was 

required (Table II-3). The best results could be achieved with 20 mol% of the Pd catalyst and 

copper acetate as the oxidant (Table II-3, entry P8B-Ph20/Ph20). Remarkably, no inert gas 

atmosphere is necessary. Hence, it can be assumed that oxygen from air may act as the co-

oxidant. Nevertheless, the molecular weights achieved were low in all cases. Values 

comparable to route A could only be realized after repeated polymerization of an oligomer 

fraction under the same conditions (Table II-3, entries P10B-Ph20/Ph20/P11B-Ph20/Ph20/P13B-

Ph8/Ph8, Figure II-S17). 

The resulting polymers were further characterized by NMR, IR, UV-vis spectroscopy, 

photoluminescence, thermogravimetric analysis (TGA) as well as DSC analysis and compared 

to their polymer analogues from route A. NMR spectra of P11B-Ph20/Ph20 are provided in the 

Supporting Information (Figure II-S6d and Figure II-S18a). As expected the 13C-NMR 

spectrum shows only one signal of the quaternary carbon at 63.0 ppm. In general, the chemical 

shifts are similar to the polymer analogous synthesized material P3A-Ph20/Ph20. Due to the 

signal broadening no information about structural defects or end groups could be extracted. 
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Table II-3. Summary of reaction conditions and molecular weights of PIDT via oxDAP.a 

entry 
Pd(OAc)2/

mol% 
oxidanta basea atmosphere 

Mn/Mw
b/ 

kg mol-1 
Ɖb 

yieldc/

% 

P5B-Ph20/Ph20 10 Cu(OAc)2 K2CO3 argon 6/7 1.2 23e 

P6B-Ph20/Ph20 10 Cu(OAc)2 K2CO3 air 8/11 1.3 31 

P7B-Ph20/Ph20 10 Ag2CO3 K2CO3 argon 7/8 1.2 12e 

P8B-Ph20/Ph20 20 Cu(OAc)2 K2CO3 air 12/15 1.2 39 

P9B-Ph20/Ph20
d 2 Ag2CO3 

K2CO3/

AcOH 
argon -  - 

P10B-Ph20/Ph20
e 10 Cu(OAc)2 K2CO3 air 24/35 1.5 22 

P11B-Ph20/Ph20
e 20 Cu(OAc)2 K2CO3 air 16/18 1.1 40 

P12B-Ph8/Ph8 10 Cu(OAc)2 K2CO3 air 16/29 1.8 38 

P13B-Ph8/Ph8
e 10 Cu(OAc)2 K2CO3 air 17/22 1.3 10 

a2.1 eq oxidant, 2.2 eq additives and DMAc as solvent (0.1 M) were used in all entries. bFrom SEC in 

THF. cIsolated yield after Soxhlet extraction with acetone, ethyl acetate (EA) and chloroform. dOnly 

acetone-soluble material of low molecular weight (Mn ~ 2 kg mol-1). ePolymerization of EA soluble 

fraction of P6B-Ph20/Ph20/P8B-Ph20/Ph20 and P12B-Ph8/Ph8 under same conditions. 

The IR spectra display similar characteristics in all cases (Figure II-4). The weak band 

between 1600 cm-1 and 1700 cm-1 is usually an indication of the appearance of carbonyl groups. 

In fact, in case of P3A-Ph20/Ph20 a C=O stretching band would be a possible explanation. Due 

to the polymer analogous reaction pathway (route A) the first assumption would be an 

incomplete ring closure with residual carbonyl groups of the precursor polymer P(K-alt-T2) 

being still present. However, the comparison of the IR spectra with those of the monomer IDT-

Ph20 and the polymers P11B-Ph20/Ph20 and P13B-Ph8/Ph8 made via route B, reveals the same 

weak band at 1600 cm-1. As carbonyl groups are not involved here, the weak band between 

1600 cm-1 and 1700 cm-1 may alternatively caused by the two bulky aromatic side chains. 

Aromatic C=C stretching bands show weak signals in this region as well.44 Therefore, we 

assume that in case of P3A-Ph20/Ph20 this band can also be attributed to an aromatic C=C 

stretching and not to C=O stretching by incomplete ring closure. In contrast, the 

characterization by optical methods shows significant differences (Figure II-5). In case of P4A-

Ph8/Ph8 (Mn = 5 kg mol-1) and P13B-Ph8/Ph8 (Mn = 17 kg mol-1) the varied maxima and shapes 

of the spectra mainly result from different conjugation lengths with the low molecular weight 

of P4A-Ph8/Ph8 leading to blue-shifted absorption maximum. In contrast, P3A-Ph20/Ph20 

(Mn = 18 kg mol-1) and P11B-Ph20/Ph20 (Mn = 16 kg mol-1) display similar optical properties. 

Nevertheless, P3A-Ph20/Ph20 shows a sharper and better resolved absorption as well as emission 
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than P11B-Ph20/Ph20. The broadened and undefined bands of P11B-Ph20/Ph20 may be attributed 

to impurities caused by tedious monomer purification or structural defects. 
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Figure II-4. a) Comparison of IR spectra of PIDTs via route A (P3A-Ph20/Ph20) and route B (P11B-

Ph20/Ph20, P13B-Ph8/Ph8). b) Enlarged wavenumber range of the red box. 
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Figure II-5. Comparison of UV-vis (a) and emission spectra (b) of PIDTs via route A (P3A-Ph20/Ph20, 

P4A-Ph8/Ph8) and route B (P11B-Ph20/Ph20, P13B-Ph8/Ph8) in CHCl3 solution at r.t. 

This also explains the 100 °C lower degradation temperature of P11B-Ph20/Ph20 (Figure II-

6). The best thermal stability shows P13B-Ph8/Ph8 with its 4-octylphenyl substitution pattern. 

The homopolymers were further investigated by DSC measurements. Glass-transition 

temperatures of P11B-Ph20/Ph20 and P13B-Ph8/Ph8 can be seen at 59 °C and 64 °C, respectively 

(Table II-2). As expected for the amorphous morphologies of IDT-based polymers, 

crystallization and melting temperatures were absent (Figure II-S16). Interestingly, the side-



II-IDT HOMOPOLYMERS 

60 

group mixture of 4-octyldodecylphenyl and n-butyl substitution in P3A-Ph20/Ph20 has no 

significant influence on the optical and thermal properties. 
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Figure II-6. Comparison of TGA thermograms of PIDTs via route A (P3A-Ph20/Ph20) and route B (P11B-

Ph20/Ph20, P13B-Ph8/Ph8) in N2. 

To investigate the electronic properties of the IDT copolymers made by different routes, 

organic field-effect transistors (OFETs) were fabricated. All devices show p-type behavior. 

P1A-Me/Ph20 and P3A-Ph20/Ph20 display ideal transfer characteristics with similar source-to-

drain currents and field-effect mobilities in the order of 10-4-10-3 cm2 V-1 s-1. These two samples 

exhibit the least structural defects according to IR spectroscopy and show the most structured 

UV-vis absorption bands. The highest mobility of P3A-Ph20/Ph20 may further be rationalized 

by its monomodal SEC curve indicating the absence of chain-chain couplings. Assuming 

quaterthiophene main-chain defects as a result of T2 chain end coupling as the reason for the 

bimodal SEC curves of P1A-Me/Ph20 and P2A-Bu/Ph20, this electronic main-chain defect 

would explain their lower electronic performance and at the same time the superior mobility of 

P3A-Ph20/Ph20. Clearly, P2A-Bu/Ph20 with clear evidence of chain-chain coupling, incomplete 

cyclization or branching shows only moderate current modulation and poor field-effect 

mobility. These spectroscopic properties of P13B-Ph8/Ph8 are comparable to the better defined 

samples from route A, but hole mobilities are in the 10-5 cm2 V-1 s-1 range only. The origin of 

this discrepancy is unclear, especially considering the similar molecular weights of P3A-

Ph20/Ph20 P13B-Ph8/Ph8. However, most of the difference comes from a much larger threshold 

voltage, indicating poorer injection at the dielectric-semiconductor interface. A summary of 

hole mobilities extracted from the saturation regime (Vd = -60 V) is reported in Figure II-7. 
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Figure II-7. Field-effect hole mobilities extracted from the saturation regime (a). Representative 

transfer characteristic curves measured in saturation regime, Vd = -60 V (b).  

CONCLUSIONS 

We introduced and optimized two synthetic ways to IDT-based homopolymers using 

exclusively C-H activation for C-C bond formation. Pathway A includes direct arylation 

polycondensation (DAP) for polyketone synthesis followed by reduction to the polyalcohols 

and cyclization. In pathway B, oxidative direct arylation polycondensation (oxDAP) is used. 

Using pathway A, polyketones with satisfying molecular weight up to Mn,SEC = 21 kg mol-1 

were obtained in quantitative yield. Only methyl lithium and lithiated phenyl derivatives as 

reagents for cyclization led to complete conversion and well-defined polymers with asymmetric 

substitution pattern, while butyl lithium caused side reactions such as chain-chain coupling and/ 

or branching. The 1H and 13C NMR spectra of IDT homopolymers with methyl groups exhibited 

significantly sharper signals, making analysis and conclusions more straightforward, despite a 

concomitant lower solubility. Potentially, pathway A can be transferred to thiophene-acceptor-

thiophene comonomers to yield IDT copolymers that are known for their excellent performance 

in solar cells and field-effect transistor devices. Pathway B involving oxDAP led to IDT 

homopolymers of similar spectroscopic characteristics but at significantly lower yield. The best 

charge carrier mobilities up to 10-3 cm2 V-1 s-1 were obtained from IDT homopolymers made by 

pathway A and showing monomodal SEC curves. Generally, the determination of structural 
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defects with high precision is most challenging for this class of conjugated polymers, but the 

herein presented characterization may serve as a starting point for both simplified synthesis 

protocols as well as yet more detailed and advanced characterization. 

EXPERIMENTAL SECTION 

Materials. All starting materials were purchased from commercial sources and used without 

further purification unless otherwise specified. 2,2’-Bithiophene (T2) was obtained from Alfa 

Aesar (98%) and further purified by eluting through a silica plug with petroleum ether (PE). All 

reactions were carried out in flame-dried glassware and under dry inert gas atmosphere. The 

detailed syntheses of compound K and model compounds 8 and 9 are shown in Scheme II-S2 

and Scheme II-S3 in the Supporting Information (SI). They were prepared as reported.45–47  

Monomer syntheses. Compounds 1 and 2 were synthesized as detailed in the SI. Monomer 

IDT was synthesized according to literature procedures.25,41 

General route to P(K-alt-T2). Compound K (133.7 µmol, 1 eq), 2,2’-bithiophene (22.2 mg, 

133.7 µmol, 1 eq), pivalic acid (13.7 mg, 133.7 µmol, 1 eq), potassium carbonate (55.4 mg, 

400.9 µmol, 3 eq) were placed in a vial and dissolved in 0.5 mL degassed mesitylene. Then 

Pd2dba3 (1.2 mg, 1 mol%) and P(o-anisyl)3 (2.4 mg, 5 mol%) were added under argon and 

stirred for 72 h at 100 °C. After cooling to room temperature, the mixture was diluted with 

chloroform, precipitated into methanol and purified by Soxhlet extraction with acetone, ethyl 

acetate and chloroform. The chloroform fraction was filtered through a silica gel plug to afford 

an orange solid. 

General route to IDT homopolymers via route A (P1A-Me/Ph20, P2A-Bu/Ph20, P3A-

Ph20/Ph20). To a solution of P(K-alt-T2) (entry 19) (50 mg, 49.4 µmol, 1 eq) in 10 mL toluene 

at room temperature the corresponding lithium compound (395.4 µmol, 8 eq) was added, and 

after 30 minutes 3 mL THF was added. After stirring for 3 h at room temperature, the reaction 

mixture was quenched with ethanol and water, extracted with chloroform and dried over 

magnesium sulfate. The solvent was removed under vacuum and the crude product was 

immediately dissolved in dry dichloromethane. After the addition of boron trifluoride diethyl 

etherate (0.1 mL, 130.3 mg, 938.9 µmol, 19 eq) the mixture was stirred for 3 h at room 

temperature and then quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The crude product was precipitated into methanol and purified by 

Soxhlet extraction with acetone, ethyl acetate and chloroform. The chloroform fraction was 
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filtered through a silica gel plug to afford P1A-Me/Ph20, P2A-Bu/Ph20, P3A-Ph20/Ph20 as red 

solid. 

General route to IDT homopolymers via route B (P5B-Ph20/Ph20-P13B-Ph8/Ph8). Compound 

IDT (21.3µmol, 1 eq), potassium carbonate (6.5 mg, 46.8 µmol, 2.2 eq) and copper(II) acetate 

(8.1 mg, 44.7 µmol, 2.1 eq) were placed into a vial and dissolved in dry N,N-

dimethylacetamide. Then Pd(OAc)2 (0.5 mg, 10 mol%) was added and the mixture was stirred 

for 72 h at 110 °C under air. After cooling to room temperature, the mixture was diluted with 

chloroform, precipitated into methanol and purified by Soxhlet extraction with acetone, ethyl 

acetate and chloroform. The chloroform fraction was filtered through a silica gel plug to afford 

P5B-Ph20/Ph20-P13B-Ph8/Ph8 as red solids. 

 

Supporting Information. Additional data including details of synthesis, measurements as well 

as characterization of model compounds; additional NMR, SEC, IR, UV-vis and DSC data are 

provided.  
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SUPPORTING INFORMATION 

General measurement and characterization 

NMR spectroscopy. NMR spectra were recorded on a Bruker DPX 250 spectrometer (1H: 

250 MHz, 13C: 62.9 MHz), on a Bruker AVANCE 300 spectrometer (1H: 300 MHz, 13C: 

75 MHz) and on a Bruker AVANCE III 500 spectrometer (1H: 500 MHz, 13C: 125.8 MHz). 

CDCl3 (at 30 °C) was used as solvent. The spectra were referenced to the residual solvent peak 

(CDCl3: δ(1H) = 7.26 ppm, δ(13C) = 77.0 ppm). Chemical shifts (δ) are reported in ppm. 

Size exclusion chromatography. SEC measurements of all samples were carried out on four 

SDplus 104 Å 5 μm columns with pore sizes ranging from 103 to 106 Å (Polymer Standards), 

connected in series with a RID20A RI detector and a SPD20AV UV detector (Shimadzu) 

calibrated with polystyrene standards. THF was used as eluent at 40 °C with a flow rate of 

1.0 mL min-1. 

UV-vis spectroscopy. UV-vis spectra were recorded at 25 °C on a Cary 60 UV-Vis (Agilent 

Technologies) in chloroform solutions (c = 0.02 mg mL-1). 

Photoluminescence. PL spectra were recorded at 25 °C with a xenon flash lamp and a Czerny 

Turner monochromator in chloroform solutions (c = 0.02 mg mL-1). 

Infrared spectroscopy. IR spectra were obtained at 25 °C on a FTS 165 spectrometer (BIO-

RAD) equipped with a Golden Gate single ATR accessory from LOT-Oriel GmbH. 

Differential scanning calorimetry. DSC measurements were carried out on a DSC 2500 (TA 

Instruments) under nitrogen atmosphere. Heating and cooling rates were 20 K min-1. The mass 

of the samples for each measurement was approximately 2-5 mg. 

Thermogravimetric analysis. TGA measurements were done on a TGA/DSC3+ from Mettler-

Toledo within the temperature range 50 °C to 650 °C at a heating rate of 20 K min-1 under N2. 

Organic field-effect transistors. A top-gate bottom-contact configuration with interdigitated 

Au source and drain contacts was prepared with a lift-off photolithographic process onto glass 

substrates and subsequently cleaned in a sonication bath in acetone and isopropanol. Solutions 

of the IDT copolymers (5 mg ml-1 in o-dichlorobenzene) were spin-coated at ambient 

conditions at 2000 rpm for 60 seconds. Following the semiconductor deposition, Cytop was 

spin-coated on top to obtain a ~600 nm thick dielectric layer. 40 nm thick Al gate contacts were 

finally evaporated with a shadow mask and the devices were measured in a nitrogen filled 

glovebox on a Wentworth Laboratories probe station with an Agilent B1500A semiconductor 

device analyzer. 
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Scheme II-S1. Synthesis of model compound 10. 

Synthesis of model compound 10. To a solution of 2, 2’-bithiophene (355.6 mg, 2.14 mmol. 

8 eq) in 4 mL tetrahydrofurane was added n-butyl lithium (0.7 mL, 1.71 mmol, 2.5 M, 6.4 eq) 

at -78 °C. The reaction solution was stirred for 1.5 h at -78 °C and warmed to room temperature. 

Then compound K-Ph20 (268 mg, 0.27 mmol, 1 eq) in 5 mL toluene was added dropwisely. 

After stirring for 16 h at room temperature the reaction mixture was quenched with ethanol and 

water, extracted with chloroform and dried over magnesium sulfate. The solvent was removed 

under reduced pressure and the crude product was purified by column chromatography 

(PE:DCM, 1:1) to afford 10 as a solid. 1H NMR (500 MHz, CDCl3, δ): 7.24 (s, 2H; 2), 7.23 (d, 

7.9 Hz, 4H; 6), 7.20 (d, 5.1 Hz, 2H; 16), 7.16 (d, 3.6 Hz, 2H; 14), 7.15 (d, 7.9 Hz, 4H; 7), 7.02 

(d, 3.7 Hz, 2H; 11), 7.00 (dd, 5.1 Hz, 3.6 Hz, 2H; 15), 6.53 (d, 3.7 Hz, 2H; 10), 4.46 (s, 2H; 

OH), 2.55 (d, 6.9 Hz, 4H; Ar-CH2), 1.62 (m, 2H; CH), 1.4 – 1.1 (64H; 16 x CH2 of R1), 0.87 (t, 

6.5 Hz, 12H; 2 x CH3 of R1). 13C NMR (125 MHz, CDCl3, δ): 148.3 (9), 145.9 (1), 142.0 (8), 

141.2 (5), 138.1 (12), 137.3 (13), 136.9 (2), 129.2 (7), 127.9 (10), 127.8 (15), 127.0 (6), 124.5 

(16), 123.8 (14), 122.9 (11), 121.2 (3), 81.0 (4), 40.3 (Ar-CH2), 39.6 (CH), 33.3, 31.9, 30.0, 

29.6, 29.4, 26.6 and 22.7 (CH2 of R1), 14.1 (CH3). 

  

Scheme II-S2. Synthesis of keto monomer K (2,5-dibromo-1,4-phenylenebis[(4-alkylphenyl) 

methanone]). 
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Synthesis of 2,5-dibromo-1,4-phenylenebis[(4-octylphenyl)methanone] (K-Ph8). To a 

solution of 2,5-dibromotherephthaloyl dichloride (140 mg, 0.4 mmol, 1 eq) and aluminum 

chloride (125 mg, 0.9 mmol, 2.4 eq) in 0.5 mL dichloromethane was added dropwisely n-

octylbenzene (307 mg, 1.6 mmol, 4 eq) in 1 mL dichloromethane at 0 °C. After stirring 

overnight at room temperature, the mixture was poured onto ice/1 M HCl, extracted with 

dichloromethane, washed with sat. NaHCO3 solution and dried over magnesium sulfate. The 

solvent was removed under reduced pressure and the crude product was recrystallized from iso-

hexanes to afford K-Ph8 as colourless crystals (119 mg, 178 µmol, 46%). 1H NMR (500 MHz, 

CDCl3, δ): 7.76 (d, 8.1 Hz, 4H; 6), 7.58 (s, 2H; 2), 7.32 (d, 8.1 Hz, 4H; 7), 2.70 (t, 7.7 Hz, 4H; 

-CH2), 1.66 (m, 4H; -CH2), 1.4-1.2 (20H; 5 x CH2 of R), 0.89 (t, 6.9 Hz, 6H; CH3). 
13C NMR 

(125 MHz, CDCl3, δ): 193.4 (4), 150.6 (8), 143.4 (1), 132.9 (5), 132.9 (2), 130.5 (6), 130.0 (7), 

118.4 (3), 36.2 (-CH2), 31.8, 31.0, 29.4, 29.3, 29.2 and 22.6 (CH2 of R), 14.1 (CH3). 

Synthesis of 2,5-dibromo-1,4-phenylenebis[(4-(2-octyldodecyl)phenyl)methanone] (K-Ph20). 

Preparation similar to K-Ph8 The crude product was purified by column chromatography 

(PE:DCM, 1:1) to afford K-Ph20 as colourless oil. Yield: 71%. 1H NMR (300 MHz, CDCl3, δ): 

7.77 (d, 4H), 7.6 (s, 2H), 7.29 (d, 4H), 2.63 (d, 4H), 1.68 (m, 2H), 1.26 (64H), 0.89 (t, 12H). 

13C NMR (75 MHz, CDCl3, δ): 193.6, 150.0, 143.5, 133.1, 133.0, 130.5, 129.9, 118.6, 41.1, 

39.7, 33.4, 32.1, 30.1, 29.8, 29.7, 29.5, 26.7, 22.8, 14.3. 

Synthesis of 2,5-di(thiophen-2-yl)-1,4-phenylenebis[(4-octylphenyl)methanone] (1). 

Compound K-Ph8 (380 mg, 0.6 mmol, 1 eq), potassium carbonate (236 mg, 1.7 mmol, 3 eq) 

and pivalic acid (58.1 mg, 0.6 mmol, 1 eq) were weight into a Schlenk tube and dissolved in 

6 mL degassed THF. Then degassed thiophene (957 mg, 0.9 mL, 11.4 mmol, 20 eq) and 

PCy3 Pd G2 (16.8 mg, 5 mol%) were added. After stirring for 72 h at 100 °C the reaction 

mixture was allowed to cool to room temperature, filtered and the solvent was removed under 

reduced pressure. The crude product was recrystallized from iso-hexanes to afford 1 as yellow 

crystals (148 mg, 0.3 mmol, 48%). 1H NMR (300 MHz, CDCl3, δ): 7.70 (d, 4H), 7.62 (s, 2H), 

7.17 (m, 6H), 7.00 (dd, 2H), 6.85 (dd, 2H), 2.61 (t, 4H), 1.60 (m, 4H), 1.27 (20H), 0.88 (t, 8H). 

13C NMR (75 MHz, CDCl3, δ): 197.5, 149.7, 140.5, 140.1, 134.3, 132.0, 130.3, 129.6, 128.6, 

128.1, 127.8, 126.9, 36.2, 31.9, 31.0, 29.5, 29.3, 22.8, 14.2. 
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Synthesis of 1-bromo-4-(2-octyldodecyl) benzene. To a mixture of 2-octyldodecyliodide 

(5.77 g, 14.1 mmol, 1 eq), copper(I) iodide (0.81 g, 30 mol%) and lithium chloride (1.20 g, 

28.26 mmol, 2 eq) was added dropwisely 45 mL 4-bromophenyl magnesium bromide in dry 

THF (42.39 mmol, 1 M, 3 eq) at 0 °C. After stirring overnight, the mixture was quenched with 

1 M hydrochloride acid, extracted with diethyl ether and dried over magnesium sulfate. The 

solvent was removed under reduced pressure and the crude product was purified by column 

chromatography (petroleum ether) to afford the title compound as colourless oil (3.7 g, 

8.6 mmol, 61%). 1H NMR (250 MHz, CDCl3, δ): 7.37 (d, 2H), 7.00 (d, 2H), 2.47 (d, 2H), 1.58 

(m, 1H), 1.25 (32H), 0.88 (t, 6H). 13C NMR (63 MHz, CDCl3, δ): 141.2, 131.4, 131.3, 119.5, 

39.4, 33.4, 32.3, 30.3, 30.0, 29.7, 27.3, 26.9, 23.0, 14.4. 

Synthesis of compound IDT-Ph8. To a solution of 1-bromo-4-octylbenzene (119 mg, 

444 µmmol, 3 eq) in 2 mL THF at -78 °C was added n-butyl lithium (0.2 mL, 459 µmol, 2.5 M, 

3.1 eq). After stirring at -78 °C for 1 h, compound 1 (100 mg, 148 µmol, 1 eq) in 1 mL THF 

was added slowly. The reaction mixture was stirred overnight and then quenched with sat. 

sodium chloride solution, extracted with ethyl acetate and dried over magnesium sulfate. The 

solvent was removed under reduced pressure and the crude product was dissolved in 

octane/acetic acid (1:1, v/v). After the addition of sulfuric acid (0.1 mL in 0.5 mL acetic acid) 

the mixture was stirred under reflux (125 °C) for 30 min. Then the greenish reaction mixture 

was extracted with dichloromethane, washed with water and dried over magnesium sulfate. The 

solvent was removed under reduced pressure and the crude product was purified by column 

chromatography (petroleum ether) to afford IDT-Ph8 as yellow crystals (80 mg, 78.5 µmol, 

53%). 1H NMR (250 MHz, CDCl3, δ): 7.45 (s, 2H), 7.25 (d, 2H), 7.17 (d, 8H) 7.06 (d, 8H), 

7.01 (d, 2H), 2.57 (d, 8H), 1.60 (m, 8H), 1.29 (40H), 0.89 (m, 12H). 13C NMR (63 MHz, CDCl3, 

δ): 155.9, 153.4, 142.1, 141.4, 135.1, 128.3, 127.9, 127.4, 123.2, 117.5, 62.7, 35.6, 31.9, 31.4, 

29.5, 29.3, 22.7, 14.2. 
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Synthesis of compound IDT-Ph20. Preparation similar to IDT-Ph8 using 1-bromo-4-(2-

octyldodecyl) benzene as starting material. Yield: 15%, yellow oil. 1H NMR (500 MHz, CDCl3, 

δ): 7.43 (s, 2H; 2), 7.23 (d, 4.9 Hz, 2H; 6), 7.14 (d, 8.4 Hz, 8H; 10), 7.00 (10H; 5 and 11), 2.47 

(d, 6.9 Hz, 8H; 13), 1.57 (m, 4H; 14), 1.4 – 1.1 (128H; 16 x CH2 of R1), 0.87 (t, 6.5 Hz, 24H; 2 

x CH3 of R1). 13C NMR (125 MHz, CDCl3, δ): 155.9 (7), 153.4 (1), 142.0 (9), 141.2 (4), 140.2 

(12), 135.1 (3), 129.0 (11), 127.7 (10), 127.2 (5), 123.2 (6), 117.5 (2), 62.7 (8), 40.2 (13), 39.4 

(14), 33.2, 31.9, 30.0, 29.6, 29.4, 26.6 and 22.7 (CH2 of R1), 14.1 (CH3). 

 
Scheme II-S3. Synthesis of model compounds 8 and 9. 
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Synthesis of model compound 8. To a solution of compound 6 (150 mg, 0.21 mmol, 1 eq) in 

10 mL toluene at room temperature was added methyl lithium (1.1 mL, 1.71 mmol, 1.6 M, 8 eq) 

and after 30 minutes 3 mL THF was added. After stirring for 3 h at room temperature the 

reaction mixture was quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The solvent was removed under reduced pressure and the crude 

product was dissolved in dichloromethane. After the addition of boron trifluoride diethyl 

etherate (0.5 mL, 575 mg, 4.05 mmol, 19 eq), the mixture was stirred for 3 h at room 

temperature and then quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The solvent was removed under reduced pressure and the crude 

product was purified by column chromatography (PE:DCM, 4:1) to afford 8 as yellow solid 

(69 mg, 0.1 mmol, 46%). 1H NMR (500 MHz, CDCl3, δ): 7.2-7.15 (6H; 2 and 10), 7.06 (d, 8.0 

Hz, 4H; 11), 6.56 (m, 2H; 6), 2.55 (t, 7.8 Hz, 4H; 13), 2.49 (d, 2.0 Hz, 6H; 21), 1.83 (s; 22), 

1.58 (m, 4H; 14), 1.4 – 1.2 (20H; 15-19), 0.88 (t, 7.0 Hz, 6H; 20). 13C NMR (125 MHz, CDCl3, 

δ): 157.5 (7), 155.2 (1), 142.4 (5), 141.2 (9), 141.0 (12), 138.4 (4), 134.6 (3), 128.4 (11), 126.1 

(10), 119.9 (6), 114.2 (2), 52.7 (8), 35.5 (13), 31.9 (18), 31.4 (14), 29.5 and 29.2 (15,16,17), 

24.5 (22), 22.7 (19), 16.3 (21), 14.1 (20). Two signals appear for several positions due to the 

presence of two diastereomers. 

Synthesis of model compound 9. To a solution of compound 6 (150 mg, 0.21 mmol, 1 eq) in 

10 mL toluene at room temperature was added n-butyl lithium (0.7 mL, 1.71 mmol, 2.5 M, 

8 eq) and after 30 minutes 3 mL THF was added. After stirring for 3 h at room temperature the 

reaction mixture was quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The solvent was removed under reduced pressure and the crude 

product was dissolved in dichloromethane. After the addition of boron trifluoride diethyl 

etherate (0.5 mL, 575 mg, 4.05 mmol, 19 eq) the mixture was stirred for 3 h at room 

temperature and then quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The solvent was removed under reduced pressure and the crude 

product was purified by column chromatography (PE:DCM, 4:1) to afford 9 as yellow oil 

(26 mg, 0.1 mmol, 16%). 1H NMR (500 MHz, CDCl3, δ): 7.20 and 7.18 (two d, 8.3 Hz, 4H; 

10), 7.15 and 7.14 (two s, 2H; 2), 7.07 and 7.05 (two d, 8.3 Hz, 4H; 11), 6.58 (m, 2H; 6), 2.54 

(t, 7.8 Hz, 4H; 13), 2.53 (s, 6H; 21), 2.41 and 2.17 (m, 4H; 22), 1.58 (m, 4H; 14), 1.4 – 1.1 

(24H; 15-19,24), 0.95 (m, 4H; 23), 0.88 (t, 7.0 Hz, 6H; 20), 0.78 (t, 7.2 Hz, 6H; 25). 13C NMR 

(125 MHz, CDCl3, δ): 155.2 (7), 153.5 (1), 141.9 (5), 141.0 (9,12), 139.6 (4), 135.1 (3), 128.4 

(11), 126.4 (10), 120.8 (6), 114.1 (2), 57.1 (8), 37.8 (22), 35.5 (13), 31.9 (18), 31.3 (14), 29.5 
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and 29.2 (15,16,17), 26.8 (23), 23.1 (24), 22.7 (19), 16.4 (21), 14.1 (20), 13.9 (25). Two signals 

appear for several positions due to the presence of two diastereomers. 

 

NMR data of P(K-alt-T2) (entry 19): 1H NMR (500 MHz, CDCl3, δ): 7.67 (d, 8.2 Hz, 4H; 

10), 7.53 (s, 2H; 2), 7.11 (d, 8.2 Hz, 4H; 11), 6.83 (d, 3.6 Hz, 2H; 7), 6.78 (d, 3.6 Hz, 2H; 6), 

2.52 (d, 4H; 13), 1.58 (m, 4H; 14), 1.4 – 1.1 (64H; 16 x CH2 of R1), 0.86 (12H; 2 x CH3 of R1). 

13C NMR (125 MHz, CDCl3, δ): 197.0 (8), 148.9 (12), 140.1 (2), 139.1 (4) 138.2 (5), 134.0 (9), 

131.3 (3), 130.0 (10), 129.4 (11), 129.2 (3), 128.7 (7), 124.6 (6), 40.6 (13), 39.4 (14), 33.1, 31.9, 

29.9, 29.6, 29.4, 26.6 and 22.7 (CH2 of R1), 14.1 (CH3). 

 

NMR data of P1A-Me/Ph20. 1H NMR (500 MHz, CDCl3, δ): 7.25-7.1 (2 and 10), 7.04 (11), 

6.98 (6), 2.47 (13), 1.87 (15), 1.58 (14), 1.4 – 1.0 (16 x CH2 of R1), 0.86 (2 x CH3 of R1). 13C 

NMR (125 MHz, CDCl3, δ): 158.7 (7), 155.9 (1), 141.5 – 140.0 (5,9,12), 139.5 (4), 134.6 (3), 

129.3 (11), 125.9 (10), 117.6 (6), 114.6 (2), 52.9 (8), 40.1 (13), 39.4 (14), 33.1, 31.9, 30.0, 29.6, 

29.4, 26.3 and 22.7 (CH2 of R1), 24.8 and 24.6 (15), 14.1 (CH3). 
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Figure II-S1. 1H NMR (top) and 13C NMR spectrum (bottom) of P(K-alt-T2), entry 19, in CDCl3. The 

dots mark signals of the –T2H end group.  
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Figure II-S2. UV-vis (a) and IR spectra (b) of butyl derivatives P2A-Bu/Ph20 synthesized under different 

reaction conditions. 
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Figure II-S3. SEC curves of PIDTs via route A (P1A-Me/Ph20, P2A-Bu/Ph20, P3A-Ph20/Ph20) (a) and 

via route B (P6B-Ph20/Ph20, P12B-Ph8/Ph8) (b).  
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Figure II-S4. 1H NMR spectra of model compound 8 (a), 9 (b) and monomer IDT-Ph20 (c) in CDCl3.  
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Figure II-S5. 13C NMR spectra (aliphatic (top) and aromatic carbons’ region (bottom)) of model 

compound 8 (a), 9 (b) and monomer IDT-Ph20 (c) in CDCl3.  
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Figure II-S6. 1H NMR spectra of PIDT polymers P1A-Me/Ph20 (a), P2A-Bu/Ph20 (b), P3A-Ph20/Ph20 (c) 

and P11B-Ph20/Ph20 (d) in CDCl3.  
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Figure II-S7. 13C NMR spectra (aliphatic (top) and aromatic carbons’ region (bottom)) of PIDT 

polymers P1A-Me/Ph20 (a), P2A-Bu/Ph20 (b), P3A-Ph20/Ph20 (c) and P(K-alt-T2), entry 19, (d) in CDCl3. 

R1 = 2-octyldodecyl.  
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Figure II-S8. UV-vis and emission spectra of model compounds 8, 9 and monomer IDT-Ph20. 

 

Figure II-S9. 1H (a) and 13C NMR spectrum (b, regions) of model compound 10 in CDCl3. 
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Figure II-S10. 1H NMR (top) and 13C NMR spectrum (bottom) of P(K-alt-T2)term in CDCl3. The squares 

mark signals of the seven 1H NMR signals of the –T2Ph end group and the four 13C NMR signals of the 

Ph group, respectively.  
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Figure II-S11. 1H NMR spectra of P2A
term-Bu/Ph20 (a) and P2A-Bu/Ph20 (b) in CDCl3. 

 

 

Figure II-S12. 13C NMR spectra (region) of P2A
term-Bu/Ph20 (a) and P2A-Bu/Ph20 (b) in CDCl3.  
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Figure II-S13. a) Comparison of reaction control by UV-vis spectroscopy of polymer analogous 

cyclization to of P2A-Bu/Ph20 and P2A
term-Bu/Ph20 in CHCl3 solution at r.t. b) SEC curves of P2A-Bu/Ph20 

and P2A
term-Bu/Ph20. 
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Figure II-S14. a) Comparison of IR spectra of P2A-Bu/Ph20 and P2A

term-Bu/Ph20 b) shows the enlarged 

wavenumber range of the red box.  
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Figure II-S15. Thermograms of PIDTs in N2. 
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Figure II-S16. DSC curves of PIDTs polymers P1A-Me/Ph20, P2A-Bu/Ph20, P3A-Ph20/Ph20 and P13B-

Ph8/Ph8. First heating measured with 20 K min-1. 
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Figure II-S17. SEC curves of P11B-Ph20/Ph20 and P13B-Ph8/Ph8 via oxDAP (ethyl acetate (EA) 

fractions P6B-Ph20/Ph20EA and P12B-Ph8/Ph8EA as starting material). 

 

 

Figure II-S18. 13C NMR spectra (region) of P11B-Ph20/Ph20 (a) and P3A-Ph20/Ph20 (b) in CDCl3. 

 



III-PIDTBT COPOLYMERS 

88 

III. Influence of synthetic pathway, molecular weight and side 

chains on properties of indacenodithiophene-benzothiadiazole 

copolymers made by direct arylation polycondensation 

Desiree Adamczak,a Andrea Perinot,b Hartmut Komber,c Anna Illy,a Sandra Hultmark,d 

Bianca Passarella,b,e Wen Liang Tan,f Sebastian Hutsch,g,h David Becker-Koch,i Charlotte 

Rapley,j Alberto D. Scaccabarozzi,b Martin Heeney,j Yana Vaynzof,i Frank Ortmann,g,h 

Christopher R. McNeill,f Christian Müller,d  Mario Caironib and Michael Sommera 

aTechnische Universität Chemnitz Polymerchemie, Straße der Nationen 62, 09111 Chemnitz, Germany. 

bCenter for Nano Science and Technology @PoliMi, Istituto Italiano di Tecnologia, Via Pascoli 70/3, 20133 

Milano, Italy. 

cLeibniz-Institut für Polymerforschung Dresden e.V., Hohe Straße 6, 01069 Dresden, Germany. 

dDepartment of Chemistry and Chemical Engineering, Chalmers University of Technology, 412 96 

Gothenburg, Sweden. 

eDipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, 20133, Milan, Italy. 

fDepartment of Materials Science and Engineering, Monash University, Wellington Road, Clayton, Victoria 

3800, Australia. 

gDepartment of Chemistry, Technische Universität München, 85748 Garching, Germany. 

hCenter for Advancing Electronics Dresden, Technische Universität Dresden, 01062, Dresden, Germany. 

iIntegrated Centre for Applied Physics and Photonic Materials and Centre for Advancing Electronics 

Dresden (cfaed), Technical University of Dresden, Nöthnitzer Str. 61, Dresden, 01187 Germany. 

jDepartment of Chemistry and Centre for Processable Electronics, Imperial College London, London W12 

0BZ, UK. 

 

published in J. Mater. Chem. C, 2021, 9 (13), 4597-4606. 

Copyright © 2021 Royal Society of Chemistry 

https://doi.org/10.1039/D1TC00043H 

 

  

https://doi.org/10.1039/D1TC00043H


III-PIDTBT COPOLYMERS 

89 

ABSTRACT. Atom-economic protocols for the synthesis of poly(indacenodithiophene-alt-

benzothiadiazole) (PIDTBT) are presented in which all C-C coupling steps are achieved by 

direct arylation. Using two different synthetic pathways, PIDTBT copolymers with different 

side chains (hexylphenyl, octylphenyl, dodecyl, methyl/2-octyldodecylphenyl, 2-

octyldodecylphenyl/2-octyldodecylphenyl) and molecular weight (MW) are prepared. Route A 

makes use of direct arylation polycondensation (DAP) of indacenodithiophene (IDT) and 4,7-

dibromo-2,1,3-benzothiadiazole (BTBr2) leading to PIDTBT in high yields, with adjustable 

MW and without indications for structural defects. Route B starts from a polyketone precursor 

also prepared by DAP following cyclization. While route B allows introduction of asymmetric 

side chains at the IDT unit, polymer analogous cyclization gives rise to defect formation. The 

absorption coefficient of PIDTBT with alkylphenyl side chains made by route A increases with 

MW. Field-effect hole mobilities around ~ 10-2 cm2 V-1 s-1 are molecular weight-independent, 

which is ascribed to a largely amorphous thin film morphology. PIDTBT with linear dodecyl 

side (C12) chains exhibits a bathochromic shift (20 nm), in agreement with theory, and more 

pronounced vibronic contributions to absorption spectra. In comparison to alkylphenyl side 

chains, C12 side chains allow for increased order in thin films, a weak melting endotherm and 

lower energetic disorder, which altogether explain substantially higher field-effect hole 

mobilities of ~ 10-1 cm2 V-1 s-1. 

INTRODUCTION 

Alternating copolymers of indacenodithiophene (IDT) and benzothiadiazole (BT), PIDTBT, 

have shown intriguing properties as active materials in organic photovoltaics (OPVs) and 

organic field-effect transistors (OFETs).1–5 Due to the preserved coplanar fused aromatic ring 

system and thus maximized π-orbital overlap of IDT as well as low energetic disorder of 

PIDTBT, unique electronic properties have been observed.6–8 In OPV devices, 

PIDTBT:fullerene (PC71BM) blends achieved power conversion efficiencies (PCE) over 

6%.9,10 Recently, small molecules based on an IDT-BT core structure were investigated as 

replacements for fullerene-based acceptors.11–13 Despite their rigid backbone structure and 

morphologies lacking long range crystalline order,1,14 IDT copolymers are known for their 

excellent charge transport properties. The combination of IDT and BT units gives rise to a rigid 

copolymer chain with steep torsion potential, thus favouring charge transport.1,3 Alkyl-

substituted P(IDT-alt-BT) copolymers exhibited low conformational disorder and field-effect 

mobilities up to µsat = 10 cm2 V-1s-1.3,5,15 It is further noted that IDT-based materials with alkyl 
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side chains are mostly used for transistor applications, while those with alkylphenyl side chains 

are designed for OPV materials. While the influence of IDT side chains has been investigated 

for different aliphatic ones,2,16 the influence of alkylphenyl side chains on properties of PIDTBT 

copolymers is less clear. Despite their generally appealing properties, IDT copolymers suffer 

from tedious reaction pathways.17–19 State-of-the-art syntheses involve several steps of 

traditional transition-metal-catalyzed cross couplings based on Suzuki, Negishi or Stille 

reactions.10,20 To eliminate usage of undesired toxic or unstable reagents as well as byproducts, 

and to shorten lengthy reaction pathways simultaneously, direct arylation (DA) as an atom-

economical method is highly attractive.21–23 Direct arylation polycondensation (DAP) is 

meanwhile the method of choice for naphthalene diimide copolymers24–26 and a viable 

alternative for the preparation of many other donor-acceptor copolymers.27–29 Under optimized 

conditions, control over molecular weight (MW), a low degree of main chain defects and high 

yields can be achieved. To date, few reports that report IDT copolymers via DAP and that yield 

moderate molecular weights have emerged.30–32 Recently, we reported IDT homopolymers via 

DAP.33 

Here, we present a comprehensive study on a series of PIDTBT made by different synthetic 

pathways, with varying aliphatic and alkylphenyl side chains, and different molecular weight. 

PIDTBT can be made by direct DAP (route A) as well as by polymer analogous cyclization 

(route B, Scheme III-1). The latter pathway leads to structurally ill-defined products with 

inferior properties. PIDTBT made by route A with alkylphenyl side chains is molecularly 

defined, morphology is largely amorphous and field-effect transistor (FET) hole mobilities are 

independent of molecular weight. In contrast, route A PIDTBT with linear C12 side chains 

exhibits red-shifted absorption with better defined vibronic structure, increased order in thin 

films and lower energetic disorder. These findings explain the higher FET hole mobility of 

PIDTBT with C12 side chains and provide a detailed overview of how side chains influence 

the properties of PIDTBT. 

RESULTS AND DISCUSSION 

Synthesis and characterization. The synthetic routes towards PIDTBT are shown in 

Scheme III-1. All C-C couplings, including monomer synthesis of PhxIDT, were achieved via 

direct arylation. The optimization of IDT monomer synthesis was investigated previously.33 

Monomer K was prepared according to previous reports.17,33,34  
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Scheme III-1. Two routes for the synthesis of PIDTBT. Reaction conditions: (i) 0.05-0.25 M in 

mesitylene, Pd2dba3 (5 mol%), P(o-anisyl)3 (20 mol%), PivOH (1 eq), K2CO3 (3 eq), 80-100 °C, 72 h; 

(ii) 4 × 10−3 M in toluene, R3-Li (8 eq), room temperature (rt), 3 h; (iii) 4 × 10−3 M in dichloromethane, 

BF3 OEt2 (18 eq), rt, 3 h. 

Copolymerization of Ph6IDT with 4,7-dibromo-2,1,3-benzothiadiazole (BTBr2) via DAP 

yielded Ph6-PIDTBT copolymers with MWs up to Mn,SEC = 38 kg mol-1. Optimization of MW 

was carried out considering effects of solvent, temperature, catalyst loading and monomer 

concentration (Table III-1, entries P1-P15). Lowering the reaction temperature led to an 

increase in MW. Regarding monomer concentration, an optimum was found for 0.1 M. 

Monomer concentrations smaller than 0.1 M resulted in lower MWs due to slower build-up of 

chain length and consequently a larger impact of termination reactions (Table III-1, entry P7). 

Concentrations larger than 0.1 M led to early gelation of the reaction mixture (Table III-1, entry 

P8). The use of a different solvent such as chlorobenzene to enhance solubility of the formed 

polymer chains enabled reactions at higher monomer concentrations and lower catalyst 

loadings, but did not generate higher MW (Table III-1, entries P13-P15). To increase MW 

further, Ph8IDT was used in route A. However, despite the better solubility of the monomer 

higher MWs of the corresponding copolymers were not achieved, eventually due to a lower 
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monomer purity as a result of more difficult purification. To change MW, a reduction of catalyst 

loading (Table III-1, P5) and variation of reaction temperature (Table III-1, P9/P10) can be 

used. For route A, however, adjustment of MW is best achieved by using optimized conditions 

of entry P10 following slightly changed stoichiometry (Table III-1, P6). The synthesis of C12-

PIDTBT via DAP proceeded smoothly to give P16 with Mn,SEC = 32 kg mol-1. In comparison 

to P10 with Ph6 side chains, the reaction mixture containing P16 did not gelate during 

polymerization. 

Table III-1. Reaction conditions for syntheses of PIDTBT made via route A and route B. 

 

entry R1 R2/R3 solv 
[M]/

M 

T/ 

°C 

cat/ 

P-ligand 

mol% 

Mn/Mw
a 

kg mol-1 
Ɖa 

yieldb/ 

% 

R
o

u
te

 A
 

P1 Ph8  Mes 0.1 100 5/20 21/48 2.3 95 

P2 Ph8  DM

Ac 
0.1 100 5/20 - - - 

P3 Ph8  Mes 0.1 80 5/20 28/62 2.2 79 

P4 Ph8  Mes 0.1 90 5/20 11/18 1.6 62 

P5 Ph8  Mes 0.1 100 1/5 18/31 1.7 69 

P6c Ph8  Mes 0.1 80 5/20 17/38 2.2 75 

P7 Ph6  Mes 0.05 100 5/20 15/32 2.2 87 

P8 Ph6  Mes 0.25 100 5/20 12/33 2.7 87 

P9d Ph6  Mes 0.1 100 5/20 18/39 2.1 84 

P10d Ph6  Mes 0.1 80 5/20 38/130 3.4 92 

P11c,d Ph6  Mes 0.1 80 5/20 24/99 4.1 88 

P12 Ph6  Mes 0.1 80 2/- - - - 

P13 Ph6  CB 0.1 100 5/20 8/14 1.7 82 

P14 Ph6  CB 0.25 100 2/8 19/96 5.2 81 

P15 Ph6  CB 0.4 100 5/20 16/78 4.8 87 

P16 C12H25  Mes 0.1 80 5/20 32/55 1.7 74 

R
o

u
te

 B
 

P(K-alt-TBT)  Ph20 Mes 0.25 80 5/20 11/15 1.4 75 

P17e  Me/Ph20     21/6.6*108f 3*104f 5 

P18  Me/Ph20     17/1.5*107f 833f  5 

P19  Ph20/Ph20     18/88 4.9 73 

aFrom SEC in chloroform with PS calibration. bIsolated yield after Soxhlet extraction with acetone, 

ethyl acetate and chloroform. cA slight excess of BTBr2 of 5 mol% was used. dGelation after 24 hours. 
eWithout phenyl-termination. fBimodal SEC curves with very large Mw and Ɖ values likely caused by 

chain-chain coupling as well as aggregation whenever Me/Ph20 side chain patterns were used. Mes and 

CB are mesitylene and chlorobenzene, respectively.  
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Figure III-1. 1H NMR spectrum (region) of IDT- and H-BT-terminated PIDTBT (a) (P1) compared to 

the spectra of Ph6IDT monomer (b) and H-BT model compound 2 (c). The spectrum of a Br-BT-

terminated PIDTBT (d) (P6) is compared with the spectrum of Br-BT model compound 1 (e). R1 = Ph6. 

Solvent: CDCl3. 

To gain insight into details of the molecular structure of PIDTBT, NMR spectroscopy was 

used with assignments aided by model compounds. The 1H and 13C NMR spectra of the 

PIDTBT copolymers DAP did not show obvious evidence for defects (Figures III-S1–S4). 

However, it should be noted that defects such as homocouplings35 are generally challenging to 

detect for IDT copolymers as a result of significant signal broadening and overlap with 

backbone signals.33 Because of the low intensity of end group signals, a comparison with 

spectra of appropriate model compounds is an efficient method to assign these signals in NMR 

spectra of copolymers (Figure III-1).24,25 The Ph6IDT monomer represents the IDT-H end 

group, and the two IDT-based model compounds 1 (Br-BTIDTBT-Br) and 2 (H-BTIDTBT-H) 
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were synthesized to mimic BT-Br and BT-H end groups, respectively (for details see SI). The 

aromatic region of the 1H NMR spectra of P1 and P6 are depicted in Figure III-1a and d, 

respectively. Comparison with the monomer Ph6IDT (Figure III-1b and S5) and model 2 

(Figure III-1c and S7) revealed IDT-H and BT-H termination for P1. The BT-Br end group 

(model 1, Figure III-1e and S6) was not detected. However, BT-Br end groups are contained 

exclusively in the second copolymer (P6), for which a slight excess of BTBr2 was used. A 

further difference between P1 and P6 is reaction temperature. We assume that the lower 

temperature used for P6 (80°C) contributes to the presence of BT-Br end groups by lowering 

the probability for dehalogenation. 

Route B entails the preparation of PIDTBT copolymers via DAP followed by polymer 

analogous cyclization (Scheme III-1, route B) as described previously.33 Here, MW is generally 

strongly limited by solubility of the polyketone precursor P(K-alt-TBT). Even long, branched 

side chains such as R = 2-octyldodecyl only led to moderate MW of Mn,SEC = 11 kg mol-1. The 

progress of the polymer analogous reactions was monitored by UV-vis and IR spectroscopy 

(Figures III-S10 and S11). Additional signals in the NMR spectra (Figure III-S12 and 13) and 

very broad and bimodal MW distributions of P17-P19 (Figure III-S14) suggested significant 

structural defects of unclear nature. Efforts were made to gain further insight. To eliminate 

possible side reactions associated with thiophene-based end groups during the post-

polymerization sequence, P(K-alt-TBT) was terminated with bromobenzene.33 Phenyl 

termination of P(K-alt-TBT) reduced the very large dispersity of the corresponding PIDTBT 

from 3*104 to 833 (compare entries P17 and P18 without and with phenyl termination, 

respectively). Considering that dispersity of P19 with Ph20/Ph20 side chains is ~ 5 and thus 

comparably large, yet lower compared to P17 and P18, we conclude that P17 and P18 with 

Me/Ph20 side chains likely show a combination of chain-chain coupling and additional 

aggregation. These results from NMR spectroscopy and SEC clearly indicated significant 

defects of unclear nature that are unlikely to be moved entirely. Additionally, UV-vis spectra 

of PIDTBT made via route B were much different (Figure III-2c and d), and FET hole 

mobilities were much reduced (see Table III-3 and further discussion below) compared to route 

A. 

Obviously, route A is the method of choice to make well-defined PIDTBT via DAP, and 

PIDTBT made by route B was only further used and mentioned where helpful for a 

comprehensive discussion. What remains open at this point is the investigation of 

homocouplings in PIDTBT made by route A, which cannot be ruled out entirely based on the 
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herein performed NMR spectroscopic investigations. Even with the homopolymer PIDT as 

model compound for IDT CH/CH homocoupling being available, the broad signals did not 

allow for conclusive statements here. Obtaining direct NMR spectroscopic evidence for 

homocouplings in PIDTBT is therefore very challenging. However, optical data (vide infra) 

suggested well-defined PIDTBT from route A to be formed, which is indirect evidence for the 

absence of such main chain structural defects.  

Selected copolymers were further investigated by UV-vis and photoluminescence (PL) 

spectroscopy, cyclic voltammetry (CV), density functional theory (DFT) calculations, 

thermogravimetry (TGA), differential scanning calorimetry (DSC), fast scanning calorimetry 

(FSC), field-effect mobility measurements, grazing incidence X-ray scattering (GIWAXS) and 

photothermal deflection spectroscopy (PDS). Important results are compiled in Table III-2 and 

further discussed in detail in what follows. 

Table III-2. Optical and thermal properties of selected PIDTBT copolymers. 

 entry R1 R2/R3 
Mn/Mw

a 
kg mol-1  

ʎabs, max 

(sol)b/nm 
ʎem, max 

(sol)b/nm 
ʎabs, max 

(film)c/nm 
ɛabs, max

c/103 

 L mol-1 cm-1  
Td

c, d/ 
°C 

R
o
u

te
 A

 

P1 Ph8  21/48 645/411 696 - 53 - 

P3 Ph8  28/62 644/410 696 651/414 57 427 

P4 Ph8  11/18 627/403 695 - 34 - 

P5 Ph8  18/31 643/408 696 - 45 - 

P9 Ph6  18/39 645/411 697 - 41 449 

P10 Ph6  38/138 643/410 698 651/416 57 - 

 P16 C12H25  32/55 664/415 715 682/418 56 408 

R
o
u

te
 B

 P17e  Me/Ph20 21/6.6*108f  595/394 693  16 - 

P18  Me/Ph20 17/1.5*107f 596/411 695  - - 

P19  Ph20/Ph20 18/88 615/410 688  40 371 

aFrom SEC in chloroform with PS calibration. bMeasured in chloroform at room temperature; 

maxima with the highest intensity in italic. cMeasurements were carried out on selected samples. 
dDegradation temperature at 5% weight loss. eWithout phenyl-termination.  fBimodal SEC curves, 

large Mw and Ɖ values likely caused by chain-chain coupling as well as aggregation whenever Me/Ph20 

side chain patterns were used. 

Optical properties. The dependence of MW of PIDTBT with Ph8 side chains made by Rout A 

on UV-vis and PL spectra is shown in Figure III-2a and b. With increasing MW a slight 

bathochromic shift of the absorption maximum and an increase of the molar extinction 

coefficient ɛabs, max can be observed. This effect can be attributed to an increasing contribution 

of the vibronic band at longer wavelength, which in turn may be caused by increasing chain 
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length.36 Notably, the similarity of the spectra in Figure III-2a including a sharp onset at large 

wavelength is indicative for structurally well-defined copolymers, and thus a robust synthetic 

DAP protocol. Intensity of PL in solution correlates similarly with MW as found for the molar 

extinction coefficient. Emission maxima around ʎem, max = 696 nm are weakly dependent on 

MW. These almost constant maxima thus result in decreased Stokes shifts for increasing MW 

(P3: ∆ʎ = 52 nm; P4 = ∆ʎ = 68 nm). Figure III-2c and d illustrates the influence the synthetic 

method and IDT side chain pattern on absorption. Small differences between the molar 

extinction coefficients and intensities of emission maxima of P9 (route A, R = Ph6) and P5 

(route A, R = Ph8) likely arise from slightly different molar masses of the repeat unit and MWs. 

The UV-vis spectra of P17 and P19 made via route B are significantly different. The 

hypsochromically shifted absorption maxima as well as the up to three times smaller molar 

extinction coefficients suggest disruptions of the π-system due to defects produced during the 

cyclization step. The emission spectra display the same trends of decreased molar extinction 

coefficients and hypsochromically shifted spectra thus corroborating this argumentation 

(Figure III-2d). 
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Figure III-2. UV-vis and PL spectra of PIDTBT of different MW (a, b) and of PIDTBT with different 

side chains (c, d) in chloroform solution. (P1-P5: R1 = Ph8, P9: R1 = Ph6, P17: Me/Ph20; P19: 

Ph20/Ph20). 
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The effect of aromatic versus aliphatic side chains on absorption is displayed in Figure III-3. 

Despite the slightly lower molecular weight of P16 (R = C12H25) compared to P10 (R = Ph6), 

the absorption spectrum shows a bathochromic shift of 20 nm with the molar extinction 

coefficient at maximum wavelength being retained (Figure III-3a). Further differences are a 

smaller contribution of the vibronic shoulder around 600 nm for P16. The film spectrum of P10 

shows a small shift of the absorption maximum (∆ʎ = 8 nm), suggesting little conformational 

changes of the chain upon solidification. The thin film absorption spectrum of P16 displays a 

shift of ∆ʎ = 12 nm and additionally develops a pronounced shoulder around 630 nm indicative 

for increased order (Figure III-3b). 

The redshifted absorption spectrum of P16 results in a reduced optical band gap Eg compared 

to P10 (Eg(P16) = 1.69 eV; Eg(P10) = 1.73 eV). The difference of the optical band gap is 

reflected in the HOMO/LUMO energy levels of P10 and P16. Determination of the energy 

levels were carried out by cyclic voltammetry (Figure III-S15). The electrochemical analyses 

reveal a slightly higher lying HOMO energy level of P16. In film as well as in solution, the 

energy of the HOMO levels differ by ∆HOMO(film) = 50 meV and 

∆HOMO(solution) = 30 meV, respectively. However, while the nature of the side chains 

influences the HOMO energy levels of PIDTBT, the LUMO energy level remains largely 

unaffected (∆LUMO(film) =0 meV; ∆LUMO(solution) = -1 meV). The electrochemical 

properties are summarized in Table III-S1 (see SI). 

 
Figure III-3. Comparison of UV-vis spectra in chloroform solution (a) and film (b) of PIDTBT with 

aromatic (P10) and aliphatic (P16) side chain pattern via DAP. Films were spin coated (1000 rpm, 

60 s) from o-DCB solutions (10 mg mL-1). 

DFT calculations. To study the reason for the observed shift between the absorption spectra 

of P10 and P16 (ref. Figure III-3), density functional theory (DFT) calculations were 

performed. First, the structure and energy of the orbitals involved in the optical excitation, 

which are the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
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molecular orbital (LUMO), were analysed. The orbitals were calculated with DFT in Gaussian 

1637 for a single repeat unit and the complete side chains. More details to the calculations can 

be found in the methods section (see SI). The resulting orbitals and corresponding Kohn-Sham 

energies are presented in Figure III-4. The LUMOs are shown in the top of Figure III-4. 

LUMOs primarily localize at the BT units, while the IDT units receive much less orbital weight 

and the side chains essentially none. As a result, the different side chains of P10 and P16 have 

a minor impact on the orbital energy of the LUMO and the Kohn-Sham energies differ by only 

𝐸P16
LUMO − 𝐸P10

LUMO = −5 meV. In contrast, the HOMOs delocalize over the full backbone (bottom 

of Figure III-4) and expand over the alkyl chain of P16 and phenyl group of P10, as shown in 

the insets of Figure III-4. Therefore, the side chains do affect the HOMO energies and the 

resulting Kohn-Sham energies differ by 𝐸P16
HOMO − 𝐸P10

HOMO = 36 meV. As a result, the HOMO of 

P16 is shifted to higher energies, while the LUMO is nearly unaffected. This decreases the 

single-particle gap and causes a redshift in the excitation energy. To analyze this in more detail, 

the first excitation energy of each structure is calculated with time-dependent DFT (TD-DFT) 

for an enlarged polymer backbone in solution for which we use a polymer model of three repeat 

units. To make the calculations computational feasible, the side chains are cut-off after the first 

alkyl segment, since the frontier orbitals do not significantly delocalize beyond these as shown 

in Figure III-4. 

 

Figure III-4. Frontier orbitals and excitation energies of P16 (left) and P10 (right). The LUMOs (top) 

primarily localize at the BT units. Energy differences 𝛥𝐸 are based on Kohn-Sham orbital energies. The 

HOMOs (bottom) delocalize over the full backbone and the side chains (inset). The wavelengths 𝜆 of 

the low-energy excitations of P16 and P10 obtained from TD-DFT differ by about 𝛥𝜆 = 16 𝑛𝑚 (centre). 
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The chloroform solution used in the experiment is modelled by the polarizable continuum 

model as implemented in Gaussian 16.37 More details on the simulation parameters can be 

found in the methods section (see SI). The TD-DFT simulations yield excitation energies of 

ʎP16 = 2.329 eV (532 nm) and ʎP10 = 2.376 eV (522 nm). However, the excitation energies 

calculated with TD-DFT usually show a systematic overestimation in the range of ∆ʎTD-

DFT = 300–600 meV.38,39 Here, we apply a shift of ∆ʎsim-exp = 448 meV that yields corrected 

excitation energies of ʎP16 = 1.882 eV (659 nm) and ʎP10 = 1.928 eV (643 nm), which are 

shown in the centre of Figure III-4. More important than the absolute position of the excitation 

energy, the TD-DFT simulations reveal a redshift of the excitation energy of P16 by 

∆ʎsim = 16 nm similar to the experimental observation of ∆ʎexp = 20 nm. We therefore find that 

the deeper and slightly more delocalized HOMO on the alkylphenyl side chains causes the 

observed shift. Conformation and coplanarity of the IDT is not affected by the different side 

chains. 

Thermal properties. All polymers possess good thermal stability with degradation 

temperatures (5% weight loss) Td between 370-450 °C (Table III-2, Figure III-S16). DSC 

second heating thermograms reveal a shallow exotherm around 90 °C (Figure III-S17), which 

we explain with reorganization at temperatures exceeding the glass transition temperature Tg. 

We note that all investigated copolymers show similar DSC traces and appear to undergo such 

a process in a similar temperature range, as expected for polymers with an Mn > 10 kg mol-1 for 

which the Tg becomes less dependent on chain length.40 Only for P16 with C12 side chains, a 

Tg of 96 °C can be determined (Figure III-S17 and S18).41 P16 also shows two weak transitions 

that are ascribed to melting (Tm = 213 °C, ∆Hm = 1.5 J g-1) and crystallization (Tc = 168 °C, 

∆Hc = 3.7 J g-1). The weak crystallinity of P16 is in accordance to the observations of vibronic 

structure seen in thin film UV-vis spectra and indicates improved intermolecular packing 

enabled by the more flexible aliphatic side chains compared to Ph6-substituted PIDTBT, for 

which conventional DSC thermograms did not show signs of crystallization. 

Due to the difficulty for all polymers to extract Tg values from conventional DSC, we 

additionally carried out physical ageing experiments to investigate Tg values in more detail. We 

chose to focus on P19 because we expected this material to display a high degree of disorder, 

and hence a prominent Tg, due to the presence of main chain defects (cf. discussion above). The 

same type of experiment was inconclusive for samples made via route A (not shown). We used 

fast scanning calorimetry (FSC) to anneal P19 for 30 min at Tanneal ranging from 30 to 140 °C, 

followed by rapid heating at 4000 K s-1 from -50 to 300 °C (Figure III-5a), which follows a 
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protocol that has been used for other conjugated polymers.42,43 A distinct endothermic 

overshoot can be discerned for each Tanneal with a clear minimum in enthalpy ∆H at 

Tanneal = 80 °C (Figure III-5b). We identify two temperature regimes below and above 80 °C, 

which we assign to enthalpy relaxation of the mobile amorphous fraction (MAF) and rigid 

amorphous fraction (RAF), respectively. We extrapolate an upper limit of the Tg of 88 °C, 

which is in agreement with the exotherms observed with conventional DSC (Figures III-S17). 

The same type of experiment was performed on C12-PIDTBT P16 to investigate the influence 

of the side chains on the relaxation kinetics of the polymer backbone and hence the Tg of the 

polymer.40 FSC measurements reveal a slightly higher Tg of 98 °C (Figure III-5c). The rather 

small difference in Tg between P16 and P19 is remarkable considering the very different nature 

of side chains in the two polymers. The larger side chains of P19 (52 carbons) compared to P16 

(24 carbons) are expected to decrease Tg of the former,44 but this effect may be partially 

compensated by the phenyl rings that are part of the side chains of Ph20, which cause an increase 

at a constant number of carbons.40,45 

Figure III-5. (a) Protocol used for FSC measurements comprising a heating scan after physical ageing 

for 30 min at annealing temperature Tanneal (blue) and a second reference heating scan from -50 to 

300 °C (red); FSC heating thermograms of (b) P19 and (c) P16, after ageing (blue) and corresponding 

reference scans (red) as well as the enthalpy of the endothermic overshoot ∆H as a function of Tanneal; 

the dashed line represents the extrapolation of the upper limit of the Tg. 
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Electrical properties. The charge transport properties of the polymers thin films were 

investigated with field-effect transistors, using a standard top-gate bottom-contact 

configuration characterized by a channel length of 20 µm (Figure III-S19–S22). The extracted 

values for the apparent charge mobility in the saturation regime (Vd = Vg = -60 V) are 

summarized in Table III-3. The hole mobilities of the polymers via route A are in the range of 

μsat = 0.02-0.04 cm2 V-1 s-1, in line with values reported for polymer analogues made by Stille 

coupling.9,10 Reducing the channel length to 5 µm leads to a slight improvement of mobility in 

a similar manner for all investigated copolymers, up to µsat = 0.05 cm2 V-1 s-1. We tentatively 

attribute the channel length dependence to lateral-field enhancement of charge transport and/or 

injection.46 In general, the measured values of PIDTBT with alkylphenyl side chains are one 

order of magnitude lower than C12-substituted PIDTBT P16 (Figure III-S21). This effect may 

be caused by the steric hindrance of the rigid phenyl rings that reduce intermolecular stacking 

of backbones and thus a contribution from interchain transport. Unlike alkyl-substituted 

PIDTBT where longer alkyl chains as well as higher MW lead to improved µsat by up to one 

order of magnitude (R = octyl, µsat = 0.15 cm2 V-1 s-1; R = hexyldecyl, µsat = 1.2 cm2 V-1 s-1)2, 

alkylphenyl-substituted PIDTBT neither exhibits a MW nor a side chain length dependence 

(Figure III-S19 and S20). PIDTBT P17-P19 made by route B exhibits decreased transport 

performance with mobilities smaller by two to three orders of magnitude that obviously result 

from defective backbones (Figure III-S22). 

Table III-3. OFET characteristics of selected PIDTBT copolymers. 

entry R1 R2/R3 on/off ratio µsat/cm2 V-1 s-1 

P1 Ph8  ~106 3.9*10-2 

P3 Ph8  ~106 3.8*10-2 

P5 Ph8  ~105 2.2*10-2 

P9 Ph6  ~105 4.0*10-2 

P10 Ph6  ~105 3.5*10-2 

P16 C12H25  ~106 3*10-1 

P17  Me/Ph20 ~101 1*10-4 

P18  Me/Ph20 ~102 1.2*10-6 

P19  Ph20/Ph20 ~101 7.4*10-5 
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To gain further insight into the differences in device performance, photothermal deflection 

spectroscopy (PDS) was carried out (Figure III-S23). The Urbach energy UE which can be 

extracted from the PDS measurements is related to energetic disorder in the material. P16 with 

the highest mobility exhibits a lower Urbach energy and slightly less sub-band gap states than 

the alkylphenyl-substituted P10 (UE(P16) = 36 meV; UE(P10) = 49 meV). This trend indicates 

larger energetic disorder of P10 which is in agreement with its lower mobility. 

GIWAXS measurements. The impact of the side chain architecture on morphology was 

analyzed by grazing incidence wide angle X-ray scattering (GIWAXS) measurements. The 

films were prepared using the same conditions as for OFETs. The results are represented in 

Figure III-6. 

 

Figure III-6. 2D GIWAXS images of P10 (a) and P16 (b) polymer films and comparison of in-plane 

(IP) and out-of-plane (OOP) diffraction patterns (c). 

The alkylphenyl-substituted PIDTBT P10 film shows broader peaks compared to the alkyl-

substituted P16 indicating a less ordered stacking and is in agreement with the previous 

observations from optical, thermal and charge transport characterization. The GIWAXS pattern 

of P16 is consistent with previous measurements of alkyl-substituted PIDTBT,1,3 with a 

prominent (010) (π-stacking) peak located in the out-of-plane direction QZ = 1.57 Å-1 

corresponding to a π-π stacking of 4.0 Å. There are also a series of sharp in-plane reflections 

observed for P16 which are indexed to backbone reflections with the (001) peak appearing at 
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QXY = 0.395 Å-1 corresponding to a d-spacing of 15.9 Å. There is also a diffuse peak at 

QZ ~ 0.3 Å-1 in the out-of-plane direction. The indexing of this peak is uncertain; it is 

reminiscent of a lamellar stacking peak, but its appearance along QZ is inconsistent with the 

otherwise face-on texture of P16. This peak could be associated with a disordered, edge-on 

population3 or reflect a more complicated unit cell. In contrast to P16, P10 shows an absence 

of backbone reflections, with a broader (010) peak. The broad ring at Q = 1.4 Å-1 – which is 

reflective of amorphous chains – is also more prominent in P10 compared to P16. Overall, the 

scattering data indicating increased order for P16 with aliphatic side chains is in full accordance 

with DSC, UV-vis spectroscopy and PDS, and provides an explanation for the observed charge 

transport behavior in this series of polymers. 

CONCLUSIONS 

We have presented two synthetic pathways towards PIDTBT copolymers using direct 

arylation for all C-C coupling steps. Route A relies on a classical DAP approach in which 

preformed monomers undergo polycondensation to give well-defined PIDTBT. Route B 

proceeds via a polyketone precursor also made via DAP following polymer analogous 

cyclization. The comprehensive investigation of PIDTBT prepared by these different routes, 

with different molecular weights as well as different side chains revealed that i) route A is 

superior compared to route B in terms of structural defects, ii) optical properties of PIDTBT 

made via route A are strongly influenced by molecular weight, iii) PIDTBT with alkylphenyl 

side chains exhibits MW-independent field-effect hole mobilities in the range of 10-2 cm2 V-1 s-

1 due to a mostly amorphous structure and iv) PIDTBT with aliphatic C12 side chains and made 

via route A shows increased order, lower energetic disorder and accordingly higher field-effect 

hole mobilities on the order of 10-1 cm2 V-1 s-1. Thus, the presence or absence of phenyl rings 

in the side chains of PIDTBT has drastic consequences for packing, which is relevant for both 

transistor performance3,16,47 as well as stability of blends with IDT-based components used for 

non-fullerene solar cells.48 

Regarding a more comprehensive analysis of defects in PIDTBT made via route B, and 

neither proven nor unproven homocouplings in PIDTBT made via route A, further model 

compounds as well as significantly extended spectroscopic investigations will be required to 

make finale statements. A full homocoupling analysis of PIDTBT is generally much more 

challenging compared to other copolymers due to broad signals in 1H NMR spectra. Unless 

irregularities between different samples show up, such study does not appear rewarding, and 

there is also no reason to assume their presence at this point. 
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EXPERIMENTAL 

Instrumentation and methods. Detailed information about instrumentation, experimental 

procedures and theoretical calculations are described in the Supporting Information (SI). 

Materials. All starting materials were purchased from commercial sources and used without 

further purification unless otherwise specified. All reactions were carried out in flame dried 

glassware and under dry inert gas atmosphere. Compounds PhxIDT, K and TBT were 

synthesized according to published protocols.17,33,49 Detailed 1H and 13C NMR analyses of the 

precursor polymer P(K-alt-TBT) are reported in the SI (Figure III-S8 and S9). 

Synthetic procedures. 

Representative procedure for synthesis of PIDTBT via DAP (P1). Ph8IDT (54.2 mg, 53 µmol, 

1 eq), 4,7-dibromo-2,1,3-benzothiadiazole (15.6 mg, 53 µmol, 1 eq), pivalic acid (5.3 mg, 

53 µmol, 1 eq) and potassium carbonate (22.0 mg, 158 µmol, 3 eq) were placed in a vial and 

dissolved in 0.53 mL degassed mesitylene. Then Pd2dba3 (2.4 mg, 5 mol%) and P(o-anisyl)3 

(3.8 mg, 20 mol%) were added under argon and stirred for 72 h at 100 °C. After cooling to 

room temperature, the mixture was diluted with chloroform, precipitated into methanol and 

purified by Soxhlet extraction with acetone, ethyl acetate and chloroform. The chloroform 

fraction was filtered through a silica gel plug and dried overnight in a vacuum oven at 50 °C to 

afford a dark blue solid. Yield: 58.4 mg (95%). 

Synthesis of P(K-alt-TBT). Compound K (738 mg, 0.74 mmol, 1 eq), 4,7-di(thiophene-2-yl)-

2,1,3-benzothiadiazole (221 mg, 0.74 mmol, 1 eq), pivalic acid (75.2 mg, 0.74 mmol, 1 eq) and 

potassium carbonate (305 mg, 2.21 mmol, 3 eq) were placed in a vial and dissolved in 2.9 mL 

degassed mesitylene. Then Pd2dba3 (33.7 mg, 5 mol%) and P(o-anisyl)3 (51.9 mg, 20 mol%) 

were added under argon and the whole was stirred for 72 h at 90 °C. Then 4.5 mL degassed 

bromobenzene was added under argon and stirred for another 24 h at 90 °C. After cooling to 

room temperature, the mixture was diluted with chloroform, precipitated into methanol and 

purified by Soxhlet extraction with acetone, ethyl acetate and chloroform. The chloroform 

fraction was filtered through a silica gel plug to afford a red solid. Yield: 638 mg (75%). 

General procedure to Me/Ph20-PIDTBT (P17, P18) and Ph20/Ph20-PIDTBT (P19). To a 

solution of P(K-alt-TBT) (200 mg, 0.17 mmol, 1 eq) in 40 mL toluene at room temperature the 

corresponding lithium compound (1.40 mmol, 8 eq) was added and after 30 minutes 5 mL THF 

was added. After stirring for 3 h at room temperature, the reaction mixture was quenched with 

ethanol and water, extracted with chloroform and dried over magnesium sulfate. The solvent 

was removed under vacuum and the crude product was immediately dissolved in dry 
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chloroform. After the addition of boron trifluoride diethyl etherate (0.42 mL, 471 mg, 

3.22 mmol, 18 eq) the mixture was stirred for 3 h at room temperature and then quenched with 

ethanol and water, extracted with chloroform and dried over magnesium sulfate. The crude 

product was precipitated into methanol and purified by Soxhlet extraction with acetone, ethyl 

acetate and chloroform. The chloroform fraction was filtered through a silica gel plug to afford 

the title compounds as dark blue solid. 

Me/Ph20-PIDTBT. Yield: 10 mg (5%). 

Ph20/Ph20-PIDTBT. Yield: 233 mg (73%). 

Supporting Information (SI): Experimental details, general measurements and 

characterization; additional NMR, SEC, IR, UV-vis, TGA and DSC data are provided. 
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SUPPORTING INFORMATION 

General measurement and characterization 

NMR spectroscopy. NMR spectra were recorded on a Bruker AVANCE III 500 spectrometer 

(1H: 500.1 MHz, 13C: 125.8 MHz) at 30 °C. CDCl3 was used as solvent. The spectra were 

referenced to the residual solvent peak (δ(1H) = 7.26 ppm, δ(13C) = 77.0 ppm). 2D NMR 

spectra were recorded to support signal assignment. 

SEC measurements. Molecular weights were measured on a Shimadzu system comprising a 

5 μm precolumn and three SDplus columns with pore sizes ranging from 102 to 104 Å (Polymer 

Standards), connected in series with a RID-20A RI detector and a SPD-M20A photodiode array 

UV-vis detector (Shimadzu) calibrated with polystyrene standards. CHCl3 was used as eluent 

at 40 °C with a flow rate of 1.0 mL min-1. 

UV-vis spectroscopy. UV-vis spectra were recorded at 25 °C on a Cary 60 UV-vis (Agilent 

Technologies) in chloroform solutions (c = 0.02 mg mL-1). Extinction coefficients ɛ were 

calculated using the Beer-Lambert law: ε =
A

c∗d
; where A is the absorptivity, d is the optical 

path length (1 cm) and c is the concentration in mol L-1. Conversion of the concentration into 

mol L-1 was done using the molecular weight of the corresponding repeating unit. 

Photoluminescence. PL spectra were recorded at 25 °C with a xenon flash lamp and a Czerny 

Turner monochromator in chloroform solutions (c = 0.02 mg mL-1). 

IR spectroscopy. IR spectra were obtained at 25 °C on a FTS 165 spectrometer (BIO-RAD) 

equipped with a Golden Gate single ATR accessory from LOT-Oriel GmbH. 

DFT calculations. The frontier orbitals of P10 and P16 have been analyzed for a single chain 

segment of the respective polymer in gas phase. The chain segments were structurally optimized 

before calculating the orbital energies. The DFT calculations have been performed with the 

M06-2X hybrid functional1 and cc-pVTZ basis set2 within the Gaussian 16 program suite.3 The 

given orbital energies were the respective Kohn-Sham energies and the orbitals were visualized 

using the VMD software.4 The excitation wavelengths ʎ for P10 and P16 have been calculated 

with time-dependent DFT. To this end, the polymer was modelled via three chain segments. 

The side chains were cut after the first alkyl segment to keep the computational load 

manageable. The calculations were performed in Gaussian 163 using the M06-2X hybrid 

functional and 6-311G** basis set.5,6 The experimental solution of chloroform was modelled 

using the polarizable continuum model7,8 as implemented in Gaussian. The chosen solvent was 

chloroform (ɛ = 4.7). 
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Cyclic voltammetry. CV measurements were performed at room temperature using a 

PalmSens4 potentiostat with NBu4PF6 (0.1 M) as electrolyte under argon with a scan rate of 

50 mV s-1. Films were spin coated (1000 rpm, 60 s) onto ITO substrates as working electrode 

and measured in dry acetonitrile. A platinum wire was used as counter electrode and a silver 

wire as reference. The CV curves were plotted against the oxidation potential of ferrocene. CV 

measurements in solution were done at room temperature in a 0.1 M NBu4PF6 o-DCB solution 

using a glassy carbon working electrode. 

TGA measurements. TGA measurements were done on a TGA/DSC3+ from Mettler-Toledo 

within the temperature range 50 °C to 650 °C at a heating rate of 10 K min-1 under N2. 

DSC measurements. DSC measurements were carried out on a DSC 2500 (TA Instruments) 

under nitrogen atmosphere. Heating and cooling rates were 20 K min-1. The mass of the samples 

for each measurement was approximately 2-5 mg.  

FSC measurements. FSC measurements were done with a Mettler Toledo Flash DSC 1 

equipped with an intracooler and nitrogen purge. A thin film was spin-coated from a 5 g L-1 

chlorobenzene solution directly on the backside of the FSC chip. The sample was first heated 

by 4000 K s-1 to 300 °C to delete the thermal history and was then aged at different temperatures 

(30-140 °C) for 30 minutes.  

OFET preparation. The samples were fabricated in nitrogen atmosphere. Gold contacts 

(30 nm) were fabricated on Low alkali 1737F Corning glass substrates using conventional 

photolithography and thermal evaporation, yielding transistor channels with a length L = 20 µm 

and a width W = 2 mm. The semiconducting polymer was dissolved in o-dichlorobenzene at a 

concentration of 5 mg mL-1, and deposited via off-centered spin-coating at 1000 rpm for 60 s. 

After deposition, the residual solvent was removed via vacuum-drying. Then a layer of CYTOP 

was deposited via spin coating at 4000 rpm for 90 s, yielding a 550 nm-thick dielectric layer, 

and the residual solvent was removed via vacuum drying. Finally, a 40 nm-thick aluminum 

layer was deposited on the channel area by thermal evaporation through a shadow mask, in 

order to realize the gate electrodes. The devices were then annealed at 100 °C in ambient for 

2 h. The samples were measured in nitrogen atmosphere using an Agilent B1500A 

Semiconductor Parameter Analyzer. 

GIWAXS. Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were 

performed at the SAXS/WAXS beamline at the Australian Synchrotron. Measurements were 

performed in vacuum, with an in-vacuum PILATUS 2M detector (Dectris) placed ~ 0.63 cm 

downstream from the sample. A photon energy of 15.2 keV was used, with the sample to 
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detector distance calibrated using a silver behenate standard. Further details of data analysis can 

be found in previous work.9  

PDS. The polymer samples were dissolved in o-dichlorobenzene at a concentration of 

10 mg mL-1, and deposited on a glass substrate via off-centered spin-coating at 1000 rpm for 

60 s. The sample film was placed into a sample holder filled with Fluorinert™ FC-770 (3 M). 

The PDS setup uses a 150W Xenon short-arc lamp (Ushio) which provides light for a 

monochromator (Oriel Cornerstone, 16 nm FWHM) to achieve a chopped, tunable, 

monochromatic pump beam. The heat caused through absorption of the pump light in the film 

changes the refractive index of the Fluorinert™. This change is detected by deflecting a diode 

laser (Thorlabs) whose displacement is measured by a position sensitive detector (Thorlabs 

PDP90A). The magnitude of the deflection is determined by a lock-in amplifier (Amatec SR 

7230) and directly correlated to the absorption of the film. 

EXPERIMENTAL SECTION 

 

NMR data of C12-IDT. 1H NMR (500 MHz, CDCl3): δ 7.27 (s, 2H; 2), 7.25 (d, 4.8 Hz, 2H; 

5), 6.96 (d, 4.8 Hz, 2H; 6), 1.97 and 1.84 (2 x m, 8H; 9), 1.3-1.05 (72H; 11-19), 0.88  (t, 7.6 Hz, 

12H; 20), 0.84 ppm (m, 8H; 10). 13C NMR (125 MHz, CDCl3): δ 155.1 (7), 153.2 (1), 141.7 

(4), 135.6 (3), 126.1 (5), 121.7 (6), 113.1 (2), 53.7 (8), 39.1 (9), 31.9 (18), 30.0 (11), 29.6-29.3 

(12-17), 24.2 (10), 22.7 (19), 14.1 ppm (20). 
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NMR data of C12-PIDTBT (P16). 1H NMR (500 MHz, CDCl3): δ 8.11 (6), 7.93 (22), 7.42 

(2), 2.12 and 1.98 (9), 1.4-0.9 (10-19), 0.83 ppm (20). 13C NMR (125 MHz, CDCl3): δ 156.4 

(7), 153.7 (1), 152.7 (23), 143.6 (4), 141.4 (5), 136.2 (3), 126.2 (21), 124.6 (22), 122.0 (6), 

113.5 (2), 54.3 (8), 39.2 (9), 31.9 (18), 30.1 (11), 30.0-29.2 (12-17), 24.3 (10), 22.7 (19), 14.1 

ppm (20). 

 

 

NMR data of PIDTBT. 1H NMR (500 MHz, CDCl3): δ 8.05 (6), 7.82 (22), 7.53 (2), 7.28 

(10), 7.11 (11), 2.59 (13), 1.61 (14), 1.4-1.1 (15-19), 0.87 ppm (20). 13C NMR (125 MHz, 

CDCl3): δ 156.8 (7), 153.8 (1), 152.4 (23), 143.3 (4), 142.2 (5), 141.8 (9), 141.5 (12), 135.5 (3), 

128.4 (11), 128.0 (10), 126.1 (21), 124.7 (22), 123.1 (6), 117.7 (2), 63.2 (8), 35.6 (13), 31.9 

(18), 31.4 (14), 30.0-29.2 (15-17), 22.7 (19), 14.1 ppm (20). 
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NMR data of P(K-alt-TBT). 1H NMR (500 MHz, CDCl3): δ 7.85 (d, 3.4 Hz, 2H; 6), 7.78 (s, 

2H; 2), 7.77 (d, 8.0 Hz, 4H; 10), 7.70 (s, 2H; 17), 7.15 (d, 8.0 Hz, 4H; 11), 7.10 (d, 3.4 Hz, 2H; 

7), 2.50 (d, 4H; 13), 1.56 (m, 4H; 14), 1.4 – 1.1 (64H; 16 x CH2 of R1), 0.86 ppm (12H; 2 x 

CH3 of R1). 13C NMR (125 MHz, CDCl3): δ 197.2 (8), 152.3 (16), 148.8 (12), 141.5 (4), 140.5 

(5), 140.3 (1), 134.2 (9), 131.7 (3), 130.0 (10), 129.5 (11), 129.4 (2), 129.0 (7), 128.2 (6), 125.5 

(15), 125.3 (17), 40.6 (13), 39.4 (14), 33.0, 31.9, 29.9, 29.5, 29.3, 29.2, 26.4 and 22.6 (CH2 of 

R1), 14.1 ppm (CH3). 

 

 

NMR data of P17. 1H NMR (500 MHz, CDCl3): δ 8.00 (6), 7.84 (17), 7.39 (2), 7.28 (10), 

7.08 (11), 2.48 (13), 2.00 (18), 1.61 (14), 1.4-1.1 (CH2), 0.87 ppm (CH3). 
13C NMR (125 MHz, 

CDCl3): δ 159.1 (7), 156.4 (1), 152.5 (16), 142.3 (5), 140.4 (4, 9, 12), 135.2 (3), 129.3 (11), 

126.5-124 (10, 15, 17), 122.0 (6), 115.2 (2), 53.0 (8), 40.1 (13), 39.4 (14), 33.2, 31.9, 31-29, 

26.5 (all CH2), 24.8 (18), 22.7 (CH2), 14.1 ppm (CH3). 
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Figure III-S1. 1H (a) and 13C NMR spectrum (b) of C12-PIDTBT (P16) (solvent: CDCl3). 

b) 

a) 
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Figure III-S2. 1H (a) and 13C NMR spectrum (b) of C12-IDT (solvent: CDCl3). 

a) 

b) 
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Figure III-S3. 1H (a) and 13C NMR spectrum (b) of Ph8-PIDTBT from DAP (solvent: CDCl3). 

 

b) 

a) 
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Figure III-S4. 1H NMR spectrum of Ph6-PIDTBT (entry P9; solvent: CDCl3). The numbering 

corresponds to the formula of PIDTBT except for the C6 alkyl chain with 13 – 18. 

 

Synthesis of Ph6IDT. To a solution of 1-bromo-4-hexylbenzene (400 mg, 1.65 mmol, 3 eq) 

in 3 mL THF at -78 °C was added n-butyl lithium (0.7 mL, 1.77 mmol, 2.5 M, 3.2 eq). After 

stirring at -78 °C for 1 h, 2,5-di(thiophen-2-yl)-1,4-phenylenebis[(4-hexylphenyl)methanone] 

(342 mg, 0.55 mmol, 1 eq) in 4 mL THF was added slowly. The reaction mixture was stirred 

overnight and then quenched with sat. sodium chloride solution, extracted with ethyl acetate 

and dried over magnesium sulfate. The solvent was removed under vacuum. Under inert gas 

atmosphere the crude product was dissolved in 6 mL dry dichloromethane and BF3*OEt2 

(1.4 mg, 1.3 mL, 9.9 mmol, 18 eq) was added. After stirring for 2 h at room temperature the 

reaction mixture was quenched with ethanol and water, extracted with chloroform and dried 

over magnesium sulfate. The solvent was removed under vacuum and the crude product was 

recrystallized from petroleum ether to afford Ph6IDT as off-white solid (210 mg, 0.23 mmol, 

42%). 1H NMR ( 500 MHz, CDCl3): δ 7.43 (s, 2H; 2), 7.23 (d, 4.8 Hz, 2H; 5), 7.15 (d, 8.2 Hz, 

8H; 10), 7.05 (d, 8.2 Hz, 8H; 11), 6.99 (d, 4.8 Hz, 2H; 6), 2.55 (t, 7.7 Hz, 8H; 13), 1.58 (m, 8H; 

14), 1.4-1.2 (24H; 15-17), 0.88 ppm (t, 7.6 Hz, 12H; 18). 13C NMR (125 MHz, CDCl3): δ 155.9 

(7), 153.4 (1), 142.1 (9), 141.3 (12), 141.2 (4), 135.1 (3), 128.3 (11), 127.9 (10), 127.3 (5), 

123.1 (6), 117.5 (2), 62.7 (8), 35.6 (13), 31.7 (16), 31.3 (14), 29.1 (15), 22.6 (17), 14.1 ppm 

(18). 
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Scheme III-S1. Synthesis of model compounds 1 and 2. 

Synthesis of model compound 1. Compound Ph6IDT (200 mg, 0.2 mmol, 1 eq), 4,7-dibromo-

2,1,3-benzothiadiazole (972 mg, 3.3 mmol, 15 eq), potassium carbonate (91.4 mg, 0.7 mmol, 

3 eq) and pivalic acid (22.5 mg, 0.2 mmol, 1 eq) were weight into a Schlenk tube and dissolved 

in 4.4 mL degassed mesitylene. Then Pd2dba3 (10.1 mg, 5 mol%) and P(o-anisyl)3 (15.5 mg, 

20 mol%) were added. After stirring for 24 h at 100 °C the reaction mixture was allowed to 

cool to room temperature, diluted with petroleum ether, filtered and the solvent was removed 

under vacuum. The crude product was purified by column chromatography (petroleum 

ether:dichloromethane, 1:1) to afford 1 as dark red crystals (75 mg, 56 µmol, 26%). 1H NMR 

( 500 MHz, CDCl3): δ 8.00 (s, 2H; 6), 7.77 (d, 7.7 Hz, 2H; 21), 7.62 (d, 7.7 Hz, 2H; 20), 7.54 

(s, 2H; 2), 7.26 (d, 7.9 Hz, 8H; 10), 7.11 (d, 7.9 Hz, 8H; 11), 2.57 (t, 7.7 Hz, 8H; 13), 1.60 (m, 

8H; 14), 1.4-1.2 (24H; 15-17), 0.87 ppm (t, 7.6 Hz, 12H; 18). 13C NMR (125 MHz, CDCl3): δ 

156.8 (7), 153.7 (1, 23), 151.4 (24), 143.8 (4), 141.7 (9, 12), 141.1 (5), 135.5 (3), 132.2 (21), 

128.5 (11), 127.9 (10), 127.4 (19), 124.5 (20), 123.5 (6), 117.9 (2), 111.6 (22), 63.2 (8), 35.6 

(13), 31.7 (16), 31.3 (14), 29.1 (15), 22.6 (17), 14.0 ppm (18). 
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Synthesis of model compound 2.10 Compound 1 (29 mg, 21.8 µmol, 1 eq), caesium carbonate 

(17 mg, 52.3 µmol, 2.4 eq) were weight into a Schlenk tube and dissolved in 27 µL degassed 

cyclohexanol. Then Pd2dba3 (0.2 mg, 1 mol%) and tris(2,4-di-tert-butylphenyl) phosphite (3) 

(0.6 mg, 4 mol%) were added and stirred for 16 h at 120 °C. After cooling to room temperature 

the reaction mixture was extracted with dichloromethane, washed with water and dried over 

magnesium sulfate. The solvent was removed under vacuum to afford 2 as red solid (21 mg, 

17.9 µmol, 82%). 1H NMR ( 500 MHz, CDCl3): δ 8.04 (s, 2H; 6), 7.87 (d, 8.7 Hz, 2H; 22), 7.83 

(d, 7.1 Hz, 2H; 20), 7.58 (dd, 8.7 Hz, 7.1 Hz, 2H; 21), 7.53 (s, 2H; 2), 7.26 (d, 8.4 Hz, 8H; 10), 

7.10 (d, 8.4 Hz, 8H; 11), 2.57 (t, 7.7 Hz, 8H; 13), 1.60 (m, 8H; 14), 1.4-1.2 (24H; 15-17), 

0.86 ppm (t, 7.6 Hz, 12H; 18). 13C NMR (125 MHz, CDCl3): δ 156.6 (7), 155.6 (23), 153.7 (1), 

151.9 (24), 143.3 (4), 141.8 (5, 9), 141.6 (12), 135.5 (3), 132.2 (21), 129.6 (21), 128.4 (11), 

128.2 (19), 128.0 (10), 124.4 (20), 123.6 (6), 119.6 (22), 117.8 (2), 63.2 (8), 35.6 (13), 31.7 

(16), 31.3 (14), 29.1 (15), 22.6 (17), 14.1 ppm (18). 
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Figure III-S5. 1H (a) and 13C NMR spectrum (b) of Ph6IDT (solvent: CDCl3). 

b) 

a) 
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Figure III-S6. 1H (a) and 13C NMR spectrum (b) of compound 1 – BT-Br end group model (solvent: 

CDCl3). 

b) 

a) 
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Figure III-S7. 1H (a) and 13C NMR spectrum (b) of compound 2 – BT-H end group model (solvent: 

CDCl3). 

a) 

b) 
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a) 

b) 

Figure III-S8. 1H (a) and 13C NMR spectrum (b) of P(K-alt-TBT). The dots mark signals of the –TBT-

H end group (solvent: CDCl3). 
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Figure III-S10. Reaction control of Me/Ph20-PIDTBT (P18) via route B by UV-vis (a) and IR (b) 

spectroscopy. 

 

Figure III-S9. 1H NMR spectrum (region) of P(K-alt-TBT) before (bottom) and after phenyl end 

capping (top). The dots mark signals of the –TBT-H end group and the squares the phenyl signals of the 

formed –TBT-Ph end group. The –TBT-H signals are disappeared (solvent: CDCl3). 



III-PIDTBT COPOLYMERS 

125 

350 400 450 500 550 600 650 700 750
0

0.2

0.4

0.6

0.8

1

n
o

rm
. 

a
b

s
o

rb
a

n
c
e

wavelength/ nm

 P(K-alt-TBT)

 Polyalcohol

 Ph20/Ph20-PIDTBT

a)

4000 3500 3000 2500 2000 1500 1000 500

tr
a

n
s
m

is
s
io

n
/ 

%

wavenumber/ cm-1

 P(K-alt-TBT)

 Polyalcohol

 Ph20/Ph20-PIDTBT

b)

 

Figure III-S11. Reaction control of Ph20/Ph20-PIDTBT (P19) via route B by UV-vis (a) and IR (b) 

spectroscopy. 

a) 

b) 

Figure III-S12. 1H (a) and 13C NMR spectrum (b) of P17 (solvent: CDCl3). 
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Figure III-S14. Comparison of SEC curves of PIDTBT via route A (P5) and via route B (P17-P19). 
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Figure III-S13. 1H (a) and 13C NMR spectrum (b) of P19 from polymer analogous synthesis (solvent: 

CDCl3). 
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Table III-S1. Summary of electrochemical properties. 

   E(Ox) 
ʎ𝑎𝑏𝑠

𝑜𝑛𝑠𝑒𝑡/ 
nm 

Eg/ 
eV 

HOMOb/ 
eV 

LUMOb/ 
eV 

∆HOMO 
(CV)/meV 

∆LUMO 
(CV)/meV 

filma 
 P10 0.35 715 1.73 -5.15 -3.46 

50 0 
 P16 0.30 733 1.69 -5.10 -3.46 

solution 
 P10 0.09 707 1.76 -4.89 -3.13 

30 -1 
 P16 0.06 721 1.72 -4.86 -3.14 

aFilms were spin coated on ITO substrate (1000 rpm, 60 s). bCalculated as followed E(HOMO) = E(Ox) + 4.8 eV 

and E(LUMO) = E(HOMO) + Eg. E1/2(Fc/Fc+) = 0.58 eV in ACN and 0.79 eV in o-DCB, respectively. 
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Figure III-S15. Cyclic voltammograms of P10 and P16 as film deposited on an ITO substrate in a 

0.1 M NBu4PF6 acetonitrile solution (a, b) and in a 0.1 M NBu4PF6 o-DCB solution (c, d) at a scan 

rate of 50 mV s-1. b) and d) show the enlarged region of oxidation onsets. 
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Figure III-S16. TGA thermograms of PIDTBT in N2. 
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Figure III-S17. DSC curves of PIDTBT via DAP (route A) in dependence on molecular weight (a) and 

in dependence on side chain pattern and synthetic method. P1 (R = Ph8), P9, P10 (R = Ph6) and P16 

(R = C12H25) were made via DAP (route A); P19 (R = Ph20/Ph20) via route B. Measured under N2 with 

20 K min-1. 

Figure III-S18. Comparison of DSC curves of PIDTBT with alkylphenyl (P3, P10) and aliphatic (P16) 

side chains on IDT unit. Measured under N2 with 20 K min-1 
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Figure III-S19. Transfer and output curves for the realized OFETs based on a-b) P1, c-d) P3, e-f) P5. 
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Figure III-S20. Transfer and output curves for the realized OFETs based on a-b) P9, c-d) P10. 

a) b) 

c) d) 
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Figure III-S23. Absorption of Ph6-PIDTBT (P10) and C12-PIDTBT (P16) films; measured by 

photothermal deflection spectroscopy. The solid line displays the exponential fit for extraction of the 

Urbach energies UE.  
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Figure III-S22. Transfer and output curves for the realized OFETs based on a-b) P18, c-d) P19. 
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ABSTRACT. A series of defect-free n-type copolymers poly(naphthalene diimide-alt-

indacenodithiophene) P(NDI-IDT) comprising alternating naphthalene diimide (NDI) and 

indacenodithiophene (IDT) units is prepared using atom-economic direct arylation 

polycondensation (DAP). Copolymers with varying molecular weights up to 

Mn,SEC = 113 kg mol-1 are obtained in high yield and used to investigate optical, thermal and 

electrical properties as a function of chain length. Two weak endotherms are seen in differential 

scanning calorimetry experiments at 68 °C and 180 – 220 °C, depending on molecular weight, 

which are ascribed to side chain and main chain melting, respectively. Thin-film morphologies 

are weakly crystalline for annealing temperatures below main chain melting, with organic field-

effect (OFET) mobilities being on the order of 10-3 cm2 V-1s-1. Under these conditions very low 

Urbach energies between 27 and 30 meV are found. However, thermal annealing above main 

chain melting results in amorphous morphologies with hypsochromically shifted optical 

spectra, increased Urbach energies and complete loss of mobility. In comparison to the well-

investigated bithiophene analogue P(NDIT2), P(NDI-IDT) thin films are far less crystalline 

than P(NDIT2) ones. This is ascribed to the additional bulky hexylphenyl side chains in P(NDI-

IDT) that hamper main chain ordering and aggregate formation and thus, interchain charge 

hopping. As a result, field-effect electron mobilities are limited to ~10-3 cm2 V-1s-1 and mostly 

independent of chain length. 

INTRODUCTION 

Conjugated polymers are useful materials for high-performance organic electronic devices1–

3 such as organic solar cells (OSCs)4,5 or organic field-effect transistors (OFETs).4,6 Especially 

donor-acceptor copolymers have emerged as modular systems due to versatile tailoring of their 

structural and electronic properties by proper selection of donor and acceptor blocks.7–9 In the 

last decade, one focus has been the development of new n-type polymers for OSCs and 

OFETs.10–14 Many of these n-type conjugated polymers are based on naphthalene diimide 

(NDI), perylene diimide (PDI) or bithiophene imide (BTI).10,15–17 A prominent and well-known 

representative is the naphthalene diimide bithiophene copolymer P(NDIT2), which exhibits 

excellent optical and electrical properties.16,18,19 Thus, it has been widely employed in all-

polymer solar cells (all-PSCs) yielding power conversion efficiencies (PCEs) up to 10%.20–22 

Moreover, derivatization of P(NDIT2) as lead structure upon variation of the NDI monomer,23-

25 the donor monomer,15,16,26,27 or the side chains28-31 has been subject of many reports. While 

performance of n-type polymers is catching up in the fields of organic photovoltaics 
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(OPVs),10,32,33 progress in other domains such as organic thermoelectrics and energy storage 

systems still lag behind those of p-type materials.34,35 The replacement of bithiophene with the 

fused donor indacenodithiophene (IDT) has opened up further possibilities for n-type 

copolymers.28,36–38 IDT building blocks are highly rigid and coplanar and can be easily modified 

by, for example, side chain variation and backbone extension.39–41 Thereby, polymers such as 

PIDTBT were designed with low degree of energetic disorder leading to superior charge 

transport properties.39,42–44 Copolymerisation of IDT with NDI yields low band gap copolymers 

with n-type transistor characteristics and typical dual band absorption in the red and blue region 

of visible light. First fabrications of all-PSC devices in combination with common donor 

materials such as J51,36 PBDB-T38 and PBZ-C628 has led to PCEs of > 5%. Another possible 

application are flexible n-channel organic phototransistors (OTPRs) which can be used in skin 

therapy systems yielding mobilities in the range from 10-5 to 10-4 cm2V-1s-1.37 

Next to the choice of building blocks, control over molecular weight (MW) and defects is 

key to optimizing performance and achieving reproducibility. Syntheses of copolymers based 

on NDI and/or IDT mostly make use of Stille polycondensation,36–38 with several well-known 

drawbacks.45–50 The use of direct arylation polycondensation (DAP) is not only more atom-

economic, cost-efficient and faster as less reaction steps are involved,47,51,52 but also ideally 

suited for virtually all combinations of NDIBr2 and thiophene-based comonomers.21,26,53-54 

Thus, DAP has been successfully applied to the synthesis of defect-free NDI-based 

copolymers.26,53,54 However, there are few reports on IDT-based copolymers using DAP 

protocols yielding moderate MWs, in which a detailed defect analysis is missing.28,56-58 

Recently, we reported synthesis of well-defined IDT homo- and copolymers via DAP.59,60 To 

date, the rare studies on NDI-IDT based copolymers mainly focus on their application in the 

field of organic photovoltaics. However, in order to optimize the performance of the material it 

is essential to understand its structure-property relationships. The influence of MW, end groups, 

processing solvents and post-temperature treatments are important factors that govern 

morphology and need to be optimized to understand the performance of new materials for 

organic electronics.  

Herein, we present a detailed study of the synthesis, the characterization and the effect of 

annealing temperature on the morphology and optoelectronic properties of P(NDI-IDT) made 

by DAP. Polymerization of n-hexylphenyl-substituted IDT with NDIBr2 yields defect-free 

P(NDI-IDT) in high yields and varying molecular weights up to Mn,SEC = 113 kg mol-1. The 

polymers show a broad CT band around 728 nm with a band gap of 1.5 eV. While in solution 
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the CT band is highly affected by MW, thin film absorption is mostly dependent on thermal 

annealing. For annealing below main chain melting, P(NDI-IDT) thin films show weakly 

crystalline behavior and very low Urbach energies below 30 meV. However, field-effect 

mobilities are at a moderate level on the order of 10-3 cm2 V-1 s-1. Upon thermal annealing above 

main chain melting, thin film morphologies become amorphous resulting in blue-shifted 

absorption, significantly enhanced Urbach energies and loss of mobilities. Compared to 

P(NDIT2), thin films show much weaker crystallinity and lower field-effect mobilities, which 

is caused by the additional bulky hexylphenyl side chains in P(NDI-IDT) hindering molecular 

order of the polymer main chain. 

RESULTS AND DISCUSSION 

Synthesis and characterization. Copolymerization of n-hexylphenyl-substituted indaceno-

dithiophene (Ph6-IDT) and 2,6-dibromonaphthalene diimide with 2-octyldodecyl side chains 

(NDIBr2) via DAP yielded P(NDI-IDT) copolymers with high molar masses Mn,SEC up to 

113 kg mol-1 (Scheme IV-1, Table IV-1).  

 
Scheme IV-1. Synthesis of P(NDI-IDT) via direct arylation polycondensation. 

Table IV-1. Reaction conditions of P(NDI-IDT).a 

entry solvent [IDT]/M T/°C 
cat/P-Ligand 

mol% 
Mn/Mw

b 
kg mol-1 

Ɖb yieldc/% 

P1 mesitylene 0.1 100 5/20 18/25 1.4 60 

P2 mesitylene 0.25 100 5/20 43/86 2.0 91 

P3 toluene 0.25 100 2/- 61/113 1.9 85 

P4 mesitylene 0.1 100 2/- 103/516 5.0 79 

P5 mesitylene 0.25 100 2/- 76/188 2.5 90 

P6 mesitylene 0.25 80 2/- 113/295 2.6 90 

P7 mesitylene 0.5 100 2/- 64/140 2.2 86 

aNDIBr2 (1 eq.), Ph6-IDT (1 eq.), PivOH (1 eq.) and K2CO3 (3 eq.) were used in all entries. bFrom size-
exclusion chromatography (SEC) in CHCl3. 

cIsolated yield after Soxhlet extraction with acetone, ethyl 
acetate and chloroform. 



IV-P(NDI-IDT) COPOLYMERS 

137 

These rather high values were achieved as a result of appropriately chosen reaction conditions 

as well as high solubility, which in turn is caused by side chains being present at both 

comonomers. Control over molecular weight could be achieved by regulation of reaction 

temperature and monomer concentration. A reduction of either one of them led to an increase 

of the molar mass (entries P4-P6). Interestingly, all polymerizations were stopped following 

gelation of the mixture after a few hours, indicating rapid build-up of MW. The sole exception 

is entry P1, where the low concentration and higher catalyst loading in combination with the 

addition of a phosphine-ligand favors nucleophilic substitution of NDI-Br chain ends by 

pivalate, leading to NDI-OH end groups after hydrolysis and accordingly low molar 

masses.18,26,53 High temperature 1H NMR measurements at 120 °C in C2D2Cl4 allow to prove 

this end group by a characteristic signal53 at 8.38 ppm for the proton ortho to the OH group 

(Figure IV-1a). Without the usage of the P-ligand the polymers contain predominantly –IDT-H 

end groups (Figure IV-1b, Figure IV-S2). Ph8-PIDT is a model compound for IDT-IDT 

homocouplings. The signals from the phenyl rings do not overlap with P(NDI-IDT) signals and 

their appearance in the P(NDI-IDT) spectrum should indicate such defects. Fortunately, the 1H 

NMR signals of the P(NDI-IDT) backbone are well separated, but apart from end group signals, 

additional signals that indicate structural defects are absent. Detailed 1H and 13C NMR analyses 

are provided in the Supporting Information (Figure IV-S1-S4, SI). 

Figure IV-1. 1H NMR spectra of P7 (a), P6 (b). 1H NMR spectrum of model compound Ph8-PIDT (c). 

Squares and dots mark signals of the –NDI-OH and the –IDT-H end groups, respectively. 
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Optoelectronic and thermal properties. The UV-vis spectra of P(NDI-IDT) in dependence 

of molecular weight are shown in Figure IV-2a and b. In chloroform solutions, the polymers 

are characterized by a pronounced π–π* band at 395 nm and a broad charge transfer (CT) band 

at 728 nm with an absorption edge at 818 nm and a slight vibronic shoulder around 650 nm. 

Neither molecular weight nor the nature of the end groups influence the shape of the absorption 

spectra. In contrast, the molar extinction coefficients are strongly dependent on molecular 

weight (Table IV-2).61  

Table IV-2. Summary of optical and thermal properties of selected samples. 

entry 
Mn/Mw

a 
kg mol-1 

ʎabs,max
b/ 

nm 
ɛabs,max

b/103 

L mol-1 cm-1 
Tm1

c/ 
°C 

Tm2
c/ 

°C 
Tc

c/°
C 

∆Hm2
c/ 

J g-1 
∆Hc

c/ 
J g-1 

P1 18/25 394/726 21 68 183 178 4.03 4.58 

P2 43/86 395/731 27 65 202 191 1.90 1.76 

P3 61/113 395/728 29 66 207 196 0.79 0.72 

P4 103/516 394/726 56 69 213 201 0.64 0.84 
 aFrom SEC in CHCl3. 

bMeasured in chloroform at room temperature; molar extinction coefficient was 
calculated from maximum wavelength of the low-energy band (see non-italic values). cDSC measured 
with 20 K min-1 under N2. 
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Figure IV-2. Molar extinction coefficient (a) and normalized UV-vis (b) spectra of P(NDI-IDT) of 

different MW (g mol-1) in chloroform solution at room temperature. Solvent dependent (c) and film (d) 

UV-vis spectra of P3 (Mn = 61 kg mol-1). 
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Compared to P(NDIT2), the absorption maximum of the low energy band exhibits a 

bathochromic shift of 35 nm (Figure IV-2b), that can be attributed to the stronger donor strength 

of the IDT building block compared to bithiophene. However, the relative intensity of the CT 

band is lower, pointing to a reduced electronic interaction between NDI and IDT.23,26 To 

investigate the optical properties in more detail we chose polymer P3 with a medium molar 

mass of ⁓ 60 kg mol-1 (Figure IV-2c and d). The solvent has a moderate impact on absorbance. 

The vibronic shoulder of the CT band is most pronounced in the non-polar solvent toluene. In 

polar solvents such as tetrahydrofurane (THF) and dichloromethane (DCM) the CT band is 

slightly blueshifted (Figure IV-2c). High-temperature UV-vis spectra do not show significantly 

altered spectra (Figure IV-S6). All these results are consistent with highly soluble copolymers 

that feature weak aggregation in solution. This is different to the optical behavior of P(NDIT2) 

and is caused by the additional side chains of P(NDI-IDT) located at IDT.62 Thin film 

absorption and the influence of the annealing temperature is displayed in Figure IV-2d. As spun 

films show spectra qualitatively similar to those of toluene solutions but with bathochromic 

shifts of around 40 nm. The spectral shift and the increased intensity of the CT band is attributed 

to conformational changes/planarization of the polymer backbone as well as chain-chain 

interactions during film formation. Thermal annealing below main chain melting (cf Figure IV-

4) at temperatures of 100-150 °C slightly changes CT band intensity. Annealing at 250 °C, 

which is above Tm2, however, reduces CT band intensity as well as causes a hypsochromic shift 

of 16 nm. Additionally, a new band with low intensity and of unknown nature around 850 nm 

appears. The onset of the absorption band is used to determine the optical bandgap of P1-P4. 

The spectra reveal an optical bandgap for P(NDI-IDT) of 1.57 eV in solution and a slightly 

smaller band gap of 1.50 eV in film. The electrical band gaps extracted from cyclic voltammetry 

(CV), are about 1.85 eV in film and 1.69 eV in solution, respectively (Figure IV-3, Table IV-

3).  

Table IV-3. Summary of electrochemical properties. 

 ʎ𝑎𝑏𝑠
𝑜𝑛𝑠𝑒𝑡/ 
nm 

Eg,opt
c/ 

eV 
Eg,el/ 
eV 

E(Ox)/ 
V 

E(Red)/ 
V 

E1/2(Red)/
V 

HOMOd/
eV 

LUMOd/ 
eV 

filma 824 1.50 1.85 0.76 -1.09 -1.10 -5.56 -3.71 

solutionb 789 1.57 1.69 0.53 -1.12 -1.17 -5.32 -3.63 

aFilms were spin coated on ITO substrate (1000 rpm, 60 s) from o-DCB solutions. bIn o-DCB solution 
at r.t. cDetermined from absorption onset. dCalculated as followed E(HOMO) = [E(Ox) + 4.8] eV and 
E(LUMO) = [- E1/2(Red) - 4.8] eV. 
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Compared to CV measurements in solution with a calculated HOMO of -5.32 eV, the 

determination from film CV results in a lower lying HOMO energy level of -5.56 eV (Table IV-

3, Figure IV-3). However, the reduction onset E(Red) in solution and film are similar yielding 

comparable LUMO energy levels of -3.63 eV and -3.71 eV, respectively. The calculated 

LUMOs are slightly less negative than the reported values for P(NDIT2)23,26,38 and reflect the 

stronger donor strength of IDT in comparison with bithiophene.  

P(NDI-IDT) shows excellent thermal stability with a degradation temperature greater than 

440 °C (Figure IV-S7). The thermal properties were further investigated by differential 

scanning calorimetry (DSC) as a function of molecular weight (Table IV-2, Figure IV-S8). P1-

P4 exhibit weakly semicrystalline behavior seen by two broad and weak endothermic 

transitions around Tm1 = 68 °C and Tm2 = 178 – 223 °C depending on molecular weight. Both 

transitions are most distinct in P1 with lowest MW (Figure IV-4a). The transition at Tm1 around 

68 °C vanishes in the second heating cycle and reappears in the first heating after the sample 

was stored at room temperature for several weeks. In analogy to P3HT,63 we hypothesize that 

the first melting point Tm1 arises from side chain melting and the second one Tm2 from main 

chain melting (Figure IV-4b). Apparently the rather high density of side chains of P(NDI-IDT) 

allows for some ordering, and thus, for the appearance of an endothermic peak in the DSC 

traces, which is not seen with P(NDIT2). The mixed structure of side chains and their rather 

random orientation may cause slow crystallization over a time scale much larger than that of 

the DSC experiment. 
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Figure IV-3. Cyclic voltammograms of P(NDI-IDT) as film deposited on an ITO substrate in a 0.1 M 

NBu4PF6 acetonitrile solution (black) and in a 0.1 M NBu4PF6 o-DCB solution (red) at a scan rate of 

50 mV s-1. 
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Charge transport properties. Organic field-effect transistor (OFET) devices with a top-gate 

bottom-contact configuration were fabricated to investigate the electron transport properties of 

P(NDI-IDT). The devices show n-channel behavior and were optimized by screening the 

solvent for spin coating, annealing temperature, contact engineering and channel length 

(Figure IV-5 and Figure IV-S9 and S10). While the solvent seems to have a minor influence on 

the transfer characteristic curves, the annealing temperature has a greater impact (Figure IV-

5a and b). Annealing of the devices at moderate temperatures, up to 150 °C, is necessary to 

enhance performance, but is deleterious for annealing temperatures that approach Tm2 

(Figure IV-5b, Table IV-4). The charge mobilities of the optimized OFET devices in the 

saturation regime (Vd = 40 V) are in the order of 10-3 cm2 V-1 s-1 (Table IV-5). The reduction of 

the channel length from 20 to 5 µm resulted in a correct scaling of currents, suggesting that 

contact resistance is not a limiting factor for the estimated field-effect mobility. The current as 

well as electron mobility increases with increasing molecular weight up to Mn = 61 kg mol-1 

and afterwards slightly decreases for the highest MW sample P4 (Figure IV-5c and d). Overall, 

MW dependence of mobility is rather limited. In general, electron mobilities are up to three 

orders of magnitude lower than the reported values for P(NDIT2).26 

Figure IV-4. DSC curves of P1 (Mn = 18 kg mol-1). First and second cycles were measured under N2 

with 10 K min-1 before and with 20 K min-1 after room temperature aging (a); Side chain Tm1 and main 

chain Tm2 melting transitions in dependence of MW (b). 
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Table IV-4. OFET data of P3 devices at different annealing temperatures.a 

Tanneal/°C Vth
b/V on/off ratio µsat

c/cm2 V-1 s-1 

not annealed 2.8 ~103 1.5*10-3 

120 1.9 ~104 3.9*10-3 

150 1.7 ~104 4.2 *10-3 

180 2.5 ~103 5.3*10-4 

250d - - - 
aDevices with L = 20 µm were used in all entries. bCalculated at Vd = 5 V in linear scale. cCalculated at 
Vd = 40 V. dNo mobilities could be extracted due to noise in the measurements. 

Table IV-5. OFET characteristics of optimized devices (Tanneal = 150 °C) in dependence of MW.a 

entry 
Mn/Mw 

kg mol-1 
Vth

b/V on/off ratioc µsat
d/cm2 V-1 s-1 

P1 18/25 1.8 ~103 1.1*10-3 

P2 43/86 2.8 ~102 4.4*10-3 

P3 61/113 1.9 ~103 3.9*10-3 

P4 103/516 3.4 ~104 1.7*10-3 

aDevices with L = 20 µm were used in all entries. bCalculated at Vd = 5 V in linear scale. cValues are 
similar for Vd = 5 V and Vd = 40 V. dCalculated at Vd = 40 V. 
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Figure IV-5. Optimization of OFET devices. Effect of solvent for spin coating (a) and annealing 

temperature for P3 (b). Transfer curves of optimized devices as a function of MW (g mol-1) and channel 

length (c,d). 
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In order to better understand the OFET behavior as a function of the annealing temperature, 

we carried out photothermal deflection spectroscopy (PDS) on thin films of P3 and P(NDIT2) 

as reference. This sensitive technique provides insight into the electronic order of polymers. 

Thereby, the bandgap edge absorption of polymer films is measured to extract the so-called 

Urbach energy UE. The Urbach energy is known to be related to the degree of energetic disorder 

of the material and hence, can be associated with the charge transport properties.41,42,64,65 The 

thin films were prepared analogously to the OFET fabrication process. P(NDI-IDT) P3 exhibits 

a sharp sub-band gap absorption and an extracted Urbach energy of UE = (29.3±0.9) meV 

(Tanneal = 120 °C). The value is comparable to P(NDIT2) with an extracted Urbach energy of 

UE = (30.6±0.9) meV (Figure IV-6, Table IV-6).  

Table IV-6. Urbach energy of P3 and P(NDIT2) in dependence of annealing temperature. 

entry Tanneal
a/°C UE/meV 

P3 not annealed 28.2±1.0 

P3 120 29.3±0.9 

P3 250 41.7±2.9 

P(NDIT2) 120 30.6±2.0 

aFilms were spin-coated (1000 rpm, 60 s) from o-DCB solutions and annealed at the given temperature 
for 30 min under argon. 

Figure IV-6. Comparison between the absorption of P3 (Mn = 61 kg mol-1) and P(NDIT2) 

(Mn = 62 kg mol-1) thin films in dependence of the annealing temperature; measured by photothermal 

deflection spectroscopy. The solid line displays the corresponding exponential fits for extraction of the 

Urbach energy UE. Films were spin-coated (1000 rpm, 60 s) from o-DCB solutions. 
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Further experiments, in which the influence of annealing temperature on the energetic 

disorder were investigated, show that annealing at temperature higher than 150 °C is 

detrimental for the energetic order of the material (Table IV-6). Interestingly, the lowest Urbach 

energy (28.2±1.0 meV) could be extracted from the absorption of the P3 as spun thin film, 

which is one of the lowest reported values for conjugated polymers (Figure IV-6).42,66 These 

observations clearly show that UE alone cannot grasp the complexity of charge transport process 

in a polymer thin film. While UE can help to understand the relation between thin film 

morphology and energetic order of optically probed states, the accessibility of such states along 

the channel of a transistors through an efficient percolative path is a requirement for high carrier 

mobility. The presence of bulky hexylphenyl side chains at the IDT unit, hindering solution 

aggregation, as well as crystallization and overall interconnectivity in thin films, can have a 

drastic effect on interchain transport. The latter plays a dominant role in the case of highly 

localized states, as typical of NDI-based copolymers, where intrachain transport is not 

effective.67,68 

GIWAXS measurements. To gain further information about the molecular packing of 

P(NDI-IDT), grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were 

performed on thin films of P3. The films were prepared using the conditions for the best OFET 

device with Tanneal = 120 °C (below main chain melting) and, in comparison, for annealing 

above main chain melting at Tanneal = 250 °C. The results are illustrated in Figure IV-7a-d. The 

sample annealed at 120 °C shows a low degree order suggesting a liquid crystalline organization 

rather than crystalline. The observed (100) and (200) peaks at q = 0.334 Å-1 and q = 0.668 Å-1 

allowed determining the interchain d100-spacing along the side chain direction being 18.81 Å. 

The azimuthal distribution of the (100) peak clearly indicates a preferential edge-on orientation 

(Figure IV-7a and b). Furthermore, the 2D GIWAXS image and the 1D scattering curves 

extracted from it along meridian and equator do not show any prominent π-π stacking peaks 

(Figure IV-7a and b). Such observation confirms the drastic effect of the molecular structure on 

the π-π stacking disorder, introducing energetic barriers to interchain transport of electrons 

through the films. Upon annealing at 250 °C (Figure IV-7c and d) the material evidences a 

solely edge-on orientation and a significantly reduced molecular ordering, as the area below the 

(100) peak decreased by about 20 times (see SI, Figure IV-S11), with a slightly decreased d100-

spacing. The dependence of the annealing temperature on the molecular ordering complies with 

the previously discussed reduction of the CT absorption band and can partly explain the 

diminished mobilities for annealing above 150 °C. 
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In order to investigate the difference of ordering between P(NDI-IDT) and P(NDIT2), the 

GIWAXS measurements of a P(NDIT2) film annealed at 120 °C were carried out (Figure IV-

7e and f). In contrast to the edge-on orientation of P(NDI-IDT), P(NDIT2) exhibits a 

predominant face-on orientation. In addition, a (020) diffraction peak corresponding to the π-π 

stacking distance of 3.94 Å can be monitored suggesting a higher crystalline order than that in 

P(NDI-IDT). 
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Figure IV-7. GIWAXS patterns and 1D GIWAXS profiles of P3 thin films annealed at 120 °C (a,b) and 

at 250 C (c,d) as well as of P(NDIT2) thin film annealed at 120 °C (e,f). 
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CONCLUSIONS 

We have presented a robust and atom-economic friendly protocol for highly soluble 

alternating copolymers made from naphthalene diimide (NDI) and indacenodithiophene (IDT) 

via direct arylation polycondensation. Detailed molecular characterizations indicate that 

P(NDI-IDT) is defect-free. Molecular weights (MWs) up to Mn,SEC = 113 kg mol-1 can be tuned 

by an appropriate adjustment of reaction conditions. The optical properties are almost 

independent of solvent, temperature as well as end groups and show a low degree of 

aggregation. While molar extinction coefficients and thermal properties are highly dependent 

on MW, absorption onset and maximum of the charge transfer band are not affected by MW. 

DSC shows two weak and broad endothermic transitions which are ascribed to side chain and 

main chain melting. Optimization of the OFET devices reveal that annealing is important to 

boost performances but it is deleterious at temperatures above 150 °C, which is in accordance 

with the optical behavior of the thin films. Electron mobilities are moderate and mostly 

independent of MW for as spun films and entirely vanish for thermal annealing above main 

chain melting. Urbach energies are very low for as spun films but rather higher after thermal 

annealing above main chain melting. GIWAXS reveals a very weakly crystalline morphology 

of films after spin coating and an almost entirely amorphous morphology after thermal 

annealing above main chain melting. Taken together, low Urbach energies as well as a 

semicrystalline morphology with chain-chain contacts is required for efficient charge transport. 

The latter is not possible in P(NDI-IDT) films, as the additional and bulky hexylphenyl side 

chains do not allow for significant solution aggregation and crystallization in thin films. These 

results emphasize the importance of interchain transport for high carrier mobility, especially if 

intrachain transport alone is not efficient as is the case with P(NDIT2). 

EXPERIMENTAL 

Materials and methods. All starting materials were purchased from commercial sources and 

used without further purification unless otherwise specified. All reactions were carried out in 

flame dried glassware and under dry inert gas atmosphere. Compounds Ph6IDT, NDIBr2 and 

the model compound Ph8-PIDT were synthesized according to published protocols.59,60,69 

Detailed information about instrumentation and experimental procedures are described in the 

Supporting Information (SI). SEC curves of the samples P1-P7 are shown in Figure IV-S5. 

 

 



IV-P(NDI-IDT) COPOLYMERS 

147 

Synthetic procedures. 

General synthetic procedure for synthesis of P(NDI-IDT) via DAP (P6). Ph6IDT (141.1 mg, 

155.5 µmol, 1 eq), NDIBr2 (153.2 mg, 155.5 µmol, 1 eq), pivalic acid (15.9 mg, 155.5 µmol, 

1 eq) and potassium carbonate (64.5 mg, 466.6 µmol, 3 eq) were placed in a vial and dissolved 

in 0.62 mL degassed mesitylene. Then Pd2dba3 (2.8 mg, 2 mol%) were added under argon and 

stirred for 48 h at 80 °C. After cooling to room temperature, the mixture was diluted with 

chloroform, precipitated into methanol and purified by Soxhlet extraction with acetone, ethyl 

acetate and chloroform. The chloroform fraction was filtered through a silica gel plug and dried 

overnight in a vacuum oven at 50 °C to afford a dark green solid. Yield: 243 mg (90%). 

Supporting Information (SI): General measurements and characterization; additional NMR, 

SEC, TGA, DSC and GIWAXS data. 
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SUPPORTING INFORMATION 

General measurement and characterization 

NMR spectroscopy. NMR spectra were recorded on a Bruker AVANCE III 500 spectrometer 

(1H: 500.1 MHz, 13C: 125.8 MHz). CDCl3 (at 30 °C) and C2D2Cl4 (at 120 °C) were used as 

solvents. The spectra were referenced to the residual solvent peak (CDCl3: δ(1H) = 7.26 ppm, 

δ(13C) = 77.0 ppm; C2D2Cl4: δ(1H) = 5.98 ppm). 2D NMR spectra were recorded to support 

signal assignment. 

SEC measurements. Molecular weights were measured on a Shimadzu system comprising a 

5 μm precolumn and three SDplus columns with pore sizes ranging from 102 to 104 Å (Polymer 

Standards), connected in series with a RID-20A RI detector and a SPD-M20A photodiode array 

UV-vis detector (Shimadzu) calibrated with polystyrene standards. CHCl3 was used as eluent 

at 40 °C with a flow rate of 1.0 mL min-1. 

UV-vis spectroscopy. UV-vis spectra were recorded at 25 °C on a Cary 60 UV-vis (Agilent 

Technologies) in chloroform solutions (c = 0.02 mg mL-1). Extinction coefficients ɛ were 

calculated using the Beer-Lambert law: 𝜀 =
𝐴

𝑐∗𝑑
; where A is the absorptivity, d is the optical 

path length (1 cm) and c is the concentration in mol L-1. Conversion of the concentration into 

mol L-1 was done using the molecular weight of the repeating unit. Thin film absorption was 

recorded on the Flame-S UV-vis-spectrometer from Ocean Optics, controlled by the 

OceanView 1.5.2 software. The films were spin coated (1000 rpm, 60 s) from o-DCB solutions. 

Cyclic voltammetry. CV measurements were performed at room temperature using a 

PalmSens4 potentiostat with NBu4PF6 (0.1 M) as electrolyte under argon with a scan rate of 

50 mV s-1. Films were spin coated (1000 rpm, 60 s) onto ITO substrates as working electrode 

and measured in dry acetonitrile. A platinum wire was used as counter electrode and a silver 

wire as reference. The CV curves were plotted against the oxidation potential of ferrocene. CV 

measurements in solution were done at room temperature in a 0.1 M NBu4PF6 o-DCB solution 

using a glassy carbon working electrode. 

TGA measurements. TGA measurements were done on a TGA/DSC3+ from Mettler-Toledo 

within the temperature range 50 °C to 650 °C at a heating rate of 10 K min-1 under N2. 

DSC measurements. DSC measurements were carried out on a DSC 2500 (TA Instruments) 

under nitrogen atmosphere. Heating and cooling rates were 20 K min-1. The mass of the samples 

for each measurement was approximately 2-5 mg.  
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OFET preparation. The samples were fabricated in nitrogen atmosphere. Gold contacts 

(30 nm) were fabricated on Low alkali 1737F Corning glass substrates using conventional 

photolithography and thermal evaporation, yielding transistor channels with a length L = 20 µm 

and a width W = 2 mm. The semiconducting polymers were dissolved in o-dichlorobenzene or 

toluene at a concentration of 10 mg mL-1, and deposited via spin-coating at 1000 rpm for 30 s 

in nitrogen atmosphere. After deposition, the residual solvent was removed via vacuum-drying 

in the case of toluene or annealed at 100 °C for 30 min in nitrogen in the case of o-DCB. Then, 

a layer of Poly(methyl methacrylate) (PMMA) was deposited via spin coating at 1300 rpm for 

60 s, yielding a 500 nm-thick dielectric layer, and the residual solvent was removed via vacuum 

drying. Finally, a 40 nm-thick aluminum layer was deposited on the channel area by thermal 

evaporation through a shadow mask, in order to realize the gate electrodes. The devices were 

then annealed at different temperatures for 30 min in nitrogen atmosphere. The samples were 

measured in nitrogen atmosphere using an Agilent B1500A Semiconductor Parameter 

Analyzer. 

PDS. The polymer samples were dissolved in o-dichlorobenzene at a concentration of 

10 mg mL-1 and deposited on a glass substrate via off-centered spin-coating at 1000 rpm for 

60 s. The sample film was placed into a sample holder filled with Fluorinert™ FC-770 (3 M). 

The PDS setup uses a 150 W Xenon short-arc lamp (Ushio) which provides light for a 

monochromator (Oriel Cornerstone, 16 nm FWHM) to achieve a chopped, tunable, 

monochromatic pump beam. The heat caused through absorption of the pump light in the film 

changes the refractive index of the Fluorinert™. This change is detected by deflecting a diode 

laser (Thorlabs) whose displacement is measured by a position sensitive detector (Thorlabs 

PDP90A). The magnitude of the deflection is determined by a lock-in amplifier (Amatec SR 

7230) and directly correlated to the absorption of the film. 

GIWAXS. The GIWAXS experiments were performed using a SAXSLAB laboratory setup 

(Retro-F) (Copenhagen, Denmark) equipped with an AXO microfocus X-ray source (Dresden, 

Germany) and an AXO multilayer X-ray optics (ASTIX) as a monochromator for Cu-Kα 

radiation (λ = 0.15418 nm). A DECTRIS PILATUS3 R 300 K detector (Daettwil, Switzerland) 

was used to record the 2D WAXS patterns. The measurements were performed in reflection 

geometry in vacuum at room temperature and at the angle of incidence of 0.16° being above 

the critical angles of the polymers, the sample to detector distance was around 89 mm. The 

detector images were converted into the reciprocal space maps of scattering patterns with two 

components, qz and qr, being perpendicular and parallel to the sample surface, respectively. On 
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account of the special geometry of measurements, a certain area of the reciprocal space along 

the qz axis was not accessible and appeared as a blank arc. Two additional blank vertical strips 

arose at the positions where two of three adjacent parts of the detector meet, and were inactive 

regions of the detector. 

 

1H NMR (500 MHz, CDCl3): δ 8.75 (21), 7.54 (2), 7.27 (6,10), 7.10 (11), 4.09 (v br, 26), 2.58 

(13), 1.98 (27), 1.61 (14), 1.4-1.1 (CH2), 0.95-0.8 (CH3). End groups: NDI-OH -12.9 (OH), 8.70 

(21‘‘), 8.35 (21‘), IDT-H - 7.48 (2’, 2’’), 7.27 (6’), 7.16 (10’), 7.06 (11’), 7.02 ppm (5’). 

 

1H NMR (500 MHz, C2D2Cl4, 120°C): δ 8.82 (21), 7.62 (2), 7.28 (6), 7.33 (10), 7.15 (11), 

4.15 (v br, 26), 2.65 (13), 2.07 (27), 1.69 (14), 1.5-1.2 (CH2), 1.0-0.8 (CH3). End groups: NDI-

OH -12.8 (OH), 8.77 (21’’), 8.38 (21’), IDT-H - 7.55 (2’, 2’’), 7.37 (6’), 7.22 (10’), 7.11 (11’), 

7.08 ppm (5’). 

 

13C NMR (125 MHz, CDCl3,): δ 162.2 (24,25), 156.4 (7), 153.7 (1), 144.9 (4), 142.9 (20), 

141.6 (9,12), 139.9 (5), 136.3 (21), 135.7 (3), 128.4 (11), 128.0 (10), 127.6 (23), 125.7 (6), 

125.1 (22), 122.5 (19), 118.0 (2), 63.2 (8), 45.2 (26), 36.5 (27), 35.6 (13), 31.9, 31.8, 31.4, 30.1, 

29.6, 29.3, 29.2, 26.6, 22.6 (all CH2), 14.1 ppm (CH3). 

 



IV-P(NDI-IDT) COPOLYMERS 

155 

 

Figure IV-S1. 1H NMR spectrum of P4 in CDCl3 at 30°C (a) and in C2D2Cl4 at 120°C (b). 

 

 

Figure IV-S2. TOCSY spectrum of P5 in CDCl3 with assigned correlations between IDT-H end group 

signals. * marks 13C satellite signals of CHCl3. 

 

 



IV-(PNDI-IDT) COPOLYMERS 

156 

 

Figure IV-S3. 13C NMR spectrum of P4 in CDCl3. 

 

 

Figure IV-S4. HSQC spectrum (region) of P4 in CDCl3. 
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Figure IV-S6. High temperature UV-vis spectra in chlorobenzene (a) and chloroform (b) of P3. 
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Figure IV-S7. DSC curves of P(NDI-IDT) for Mn = 43 kg mol-1 (a), Mn = 61 kg mol-1 (b) and 

Mn = 103 kg mol-1 (c). First and second cycles were measured under N2 with 10 K min-1 before and with 

20 K min-1 after room temperature aging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 200 300 400 500 600
0

20

40

60

80

100

w
e

ig
h

t/
 %

temperature/ °C

Figure IV-S8. Thermograms of P(NDI-IDT) in N2. 
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Figure IV-S9. Influence of the solvent (a, c, e) and annealing temperature (b, d, f) on the transfer curves 

of OFET devices with P1, P2 and P4. 
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Figure IV-S10. Comparison of the transfer curves of P3 between OFETs with and without SAM. 

Figure IV-S11. 1D scattering curves of P3 annealed at 120 °C (green line) and at 250 °C (blue line). 

The scattering curves were extracted by a complete azimuthal integration of the 2D GIWAXS patterns 

in Figure IV-7a and 7c, respectively. The red lines are fitting of the experimental scattering curves. 

The background scattering was fitted using a power law dependence of intensity on the scattering 

vector 𝑞: 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 𝐼0 ⋅ 𝑞−𝑛 Fitting of the scattering signals was used to find the area 𝐴 below 

the (100) peaks, which resulted in 𝐴 = 6.96 ⋅ 10−5 for P3 annealed at 120 °C and 𝐴 = 3.8 ⋅ 10−6 for 

P3 annealed at 250 °C. The corresponding fitted Lorentzian peaks of the (100) crystal reflections are 

shown in the Figure inset. As the area below the diffraction peaks is proportional to the degree of 

crystallinity of the samples, it is evident that annealing at 250 °C entailed a dramatic decrease in the 

sample crystallinity. 
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V. Indacenodithiophene-based copolymers for 

application in all-polymer solar cells 
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INTRODUCTION 

In the last decades all-polymer solar cells (all-PSCs) have attracted a high interest to replace 

silicon-based devices due to their major advantages such as flexibility, lightweight, long-term 

stability, semi-transparent characteristics and the potential for large-scale roll-to-roll 

processing. Their performances have been significantly improved and power conversion 

efficiencies (PCE) over 14% in single-junction solar cells could be achieved.1–3 Compared to 

polymer/fullerene devices all-PSCs possess superior mechanical endurance as well as facile 

tunability of chemical structures and energy levels. However, achieving of an ideal blend film 

morphology is a major challenge of all-PSCs due to the low entropic contribution by the two 

polymer donor and polymer acceptor chains that energetically disfavors mixing. An 

interconnected network of appropriatley phase separated D-A domain sizes is critical in order 

to obtain high performance devices.1,2,4–6 Several strategies such as thermal annealing, 

optimization of the processing solvent and molecular weights were employed to control the 

morphology of the polymer blend.5–9 Many state-of-the-art all-PSCs contain poly{[N,N′-bis(2-

octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} 

(PNDIT2; N2200) as acceptor component due to their facile synthesis, high electron mobilities 

and good thermal and oxidative stability.2,10,11 Blended with common commercial donor 

materials such as PBDB-T all-PSCs with PCEs above 10% could be fabricated.2,7,10,12–14 

Nevertheless, they still lack behind solar cells based on small molecule acceptors (SMAs). 

SMAs profit from their high absorption coefficients and excellent thermal, chemical as well as 

photo-stability.15,16 A common class of SMAs is based on the highly coplanar 

indacenodithiophene building blocks due to their high absorption coefficients, improved charge 

carrier mobilities, reduced reorganization energy and facile structural modification.17,15,18–20 As 

a result of their excellent properties, IDT is also a widely used moiety in push-pull 

copolymers.17,19,20 One prominent representative is poly(indacenodithiophene-alt-

benzothiadiazole) (PIDTBT) which shows great performance in optoelectronic devices.21–24 

However, most IDT-based solar cells are blended with fullerene acceptors obtaining PCEs over 

6%.19,22–28 Fullerene as acceptor material has several drawbacks such as a weak light absorption 

in the visible spectral region, limited ability of chemical modifications, low mechanical, thermal 

and photo-stability as well as high synthetic costs.4,15,29 To date, there are only a few reports in 

which IDT-based copolymers are incorporated in all-PSCs yielding PCEs of up to 8%.30,31 

In this chapter, all-PSCs comprised of IDT-based and NDI-based copolymers were 

fabricated. The donor materials poly(indacenodithiophene-alt-benzothiadiazole) (PIDTBT) 
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and poly(indacenodithiophene-alt-tetrafluorobenzene) (PIDTF4) show complementary 

absorption as well as appropriate energy levels with the well-known acceptor poly(naphthalene 

diimide-alt-bithiophene) (PNDIT2). As third system PIDTBT was blended with 

poly(naphthalene diimide-alt-bithiazole) (PNDIBTz). All devices exhibit a relatively high Voc 

but moderate values of Jsc. While devices containing PIDTBT:PNDIT2 and 

PIDTBT:PNDIBTz blends showed similar output characteristics, cells with a 

PIDTF4:PNDIT2 blend showed inferior performance. Due to the higher absorption of the 

PIDTBT:PNDIT2 blend in near infrared region compared to PIDTBT:PNDIBTz, 

optimization were carried out on the devices composed of PIDTBT and PNDIT2. The effects 

of D:A weight ratio, processing solvent, blend concentrations and finally molecular weight 

(MW) variation on the device performance were investigated and discussed in the following 

section. 

RESULTS AND DISCUSSION 

The molecular structures of the active materials are shown in Figure V-1. 

Poly(indacenodithiophene-alt-benzothiadiazole) (PIDTBT) as well as poly(indaceno-

dithiophene-alt-tetrafluorobenzene) (PIDTF4) were chosen as donor component and the well-

known poly(naphthalene diimide-alt-bithiophene) (PNDIT2) as well as poly(naphthalene 

diimide-alt-bithiazole) (PNDIBTz) as acceptor components. 

Figure V-1. Chemical structures of donor polymers PIDTBT (a) and PIDTF4 (b) as well as acceptor 

polymers PNDIT2 (c) and PNDIBTz (d). 
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All polymers were synthesized by atom-economic direct arylation polycondensation (DAP). 

PNDIT2, PNDIBTz and PIDTBT were synthesized according to literature protocols.32–35 

Details, a synthetic description and NMR analysis (Figure V-S1 and S2) of PIDTF4 are 

provided in the Experimental Section. Molecular weights were determined by size exclusion 

chromatography (SEC) (see Figure V-S3, Experimental Section). Mns of the donor polymers 

are around 17 kg mol-1 and of the acceptors polymers PNDIT2 and PNDIBTz are 

Mn = 62 kg mol-1 and Mn = 39 kg mol-1. 

The optoelectronic properties of the materials are summarized in Table V-1. The energy 

levels of the donor polymers were obtained from cyclic voltammetry in thin film (see Figure V-

S4, Experimental Section) and HOMO/LUMO values of the acceptor polymers were taken from 

literature31,33 (Table V-1).  

Table V-1. Key properties of the active materials. 

  Mn/Mw
a/ 

kg mol-1 

ʎmax, abs (sol)b/ 

nm 

ɛabs (sol)c/103 

L mol-1 cm-1 

Eg
d/

eV 

HOMOe/ 

eV 

LUMOe/

eV 

D
o
n

o
r PIDTBT 17/37 410/643 57 1.74 -5.19 -3.45 

PIDTF4 16/28 509 73 2.16 -5.16 -3.00 

A
cc

ep
to

r PNDIT2 62/379 386/698 28 1.54 -5.79f -3.78f 

PNDIBTz 39/99 370/542 22 2.1 -5.89f -3.83f 

aFrom SEC in CHCl3. 
bMeasured in chloroform at room temperature. cMolar extinction coefficient was 

calculated from maximum wavelength of the low-energy band (see italic values). dDetermined from 

absorption onset. eCalculated as followed E(HOMO) = E(Ox) + 4.8 eV and E(LUMO) = E(HOMO) + 

Eg; films were spin coated on ITO substrate (1000 rpm, 60 s). fTaken from literature.31,33 
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Figure V-2. Schematic energy levels (a) and absorption spectra in chloroform solution at room 

temperature (b) of the active materials. Normalized absorption of the blend films (c). 
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A schematic overview of the energy level alignment is displayed in Figure V-2a. In all cases, 

the LUMO-LUMO and HOMO-HOMO offsets between the p-type and n-type materials are 

greater than 0.3 eV, which is essential for efficient charge transport.2,4,29,36 In addition to 

appropriate energy level alignment, a complementary absorption of the donor and acceptor 

polymer is beneficial to enlarge the light harvesting of the active layer.2,14 From the absorption 

spectra (Figure V-2b), three suitable blend combinations arise – namely PIDTBT:PNDIT2, 

PIDTBT:PNDIBTz and PIDTF4:PNDIT2. The p-type polymers PIDTBT and PIDTF4 

exhibit strong absorption in the range of 500-700 nm and 400-550 nm, respectively, amending 

the weak absorption in the visible region of the acceptor polymer PNDIT2. As a result, films 

blended with PNDIT2 absorb light from visible into the near infrared region (Figure V-2c). 

Due to the blueshifted charge transfer band, PNDIBTz can be blended with PIDTBT as 

matching donor material. The blend system shows a strong absorption from around 400-700 nm 

(Figure V-2c). Except PNDIT2 with a relatively low optical band gap Eg of 1.54 eV, the 

materials possess medium to wide optical bandgaps ranging from 1.74 eV (PIDTBT) to 2.1 eV 

(PIDTF4, PNDIBTz) expecting solar cells with high open-circuit voltages Voc.
2,36 

To investigate photovoltaic performance of the three blend systems, solar cells with a 

conventional architecture of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS)/active layer (D:A, 1:1)/Ca/Al were fabricated (Figure V-

3a). The active layer with a 1:1 D/A weight ratio was spin coated from a 20 mg L-1 

chlorobenzene solution. Details of device fabrication and characterization of the solar cells are 

described in the Experimental Section. The current density (J)-voltage (V) curves are shown in 

Figure V-3b and the output characteristics are presented in Table V-2. 

Figure V-3. Conventional device configuration (a) and current density-voltage curves of the three 

blend systems. Solid lines represent dark measurements; lines with symbols were recorded under 

illumination. 
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Table V-2. Summary of photovoltaic properties of the three different blend systems.a 

active layer 
Mn(D): Mn(A)/ 

kg mol-1 
D:A Voc

b/V Jsc
b/mA cm-2 FFb/% PCEb/% 

PIDTBT:PNDIBTz 17:39 1:1 0.60 0.27 33 0.1 

PIDTF4:PNDIT2 16:62 1:1 0.61 0.12 30 0 

PIDTBT:PNDIT2 17:62 1:1 0.75 0.22 35 0.1 

aIn all cases chlorobenzene was used as processing solvent. The active layers were spin coated 

(1000 rpm, 60 s) from a 20 mg mL-1 blend solution followed by annealing at 150 °C for 10 minutes. 
bAveraged values of maximum five cells. 

The prepared solar cells with PIDTF4:PNDIT2 as active layer showed no photovoltaic 

activity and therefore, the system was not further investigated. Devices consisting of 

PIDTBT:PNDIBTz and PIDTBT:PNDIT2 blend, respectively, showed similar photovoltaic 

properties. While the blend with PNDIBTz exhibits a slightly higher Jsc, values for Voc as well 

as fill factor (FF) are lower compared to the blend containing PNDIT2 as acceptor. In the 

following the PIDTBT:PNDIT2 system was chosen to further optimize all-polymer solar cells. 
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Figure V-4. Current density-voltage curves of solar cells optimized by D:A weight ratio (a), blend 

concentration (b), addition of solvent additives (c) and molecular weight variation (d). Solid lines 

represent dark measurements; lines with symbols were recorded under illumination. 
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Table V-3. Summary of output characteristics of the devices prepared under various fabrication 

conditions.a 

 entry D:A solvent 
cblend/  

mg mL-1 

spin coating 

parameters 

Voc
b/   

V 

Jsc
b/       

mA cm-2 

FFb/

% 

PCEb/

% 

P
ID

T
B

T
:P

N
D

IT
2

 

k
g

 m
o

l-
1

 

1 1.4:1 CHCl3 12 
1000 rpm, 

60s 
0.81 0.62 35 0.16 

2 2:1 CHCl3 12 
1000 rpm, 

60s 
0.81 0.46 36 0.1 

3 3:1 CHCl3 12 
1000 rpm, 

60s 
0.76 0.31 32 0.08 

4 1:1.4 CHCl3 12 
1000 rpm, 

60s 
0.67 0.73 34 0.15 

5 1:2 CHCl3 12 
1000 rpm, 

60s 
0.72 0.31 34 0.1 

6 1.4:1 CHCl3 6 
1000 rpm, 

60s 
0.68 0.48 43 0.1 

7 1.4:1 CHCl3 3 
1000 rpm, 

60s 
0.57 0.34 33 0.1 

8 1.4:1 
CHCl3 +DIO 

(1%, v/v) 
6 

1000 rpm, 

60s 
0.56 0.41 33 0.1 

9 1.4:1 
CHCl3/CN 

(99:1, v/v) 
12 

1000 rpm, 

60s 
0.76 0.38 35 0.1 

10 1.4:1 
CHCl3/CN 

(99:1,v/v) 
12 

2000 rpm, 

60s 
0.61 0.70 39 0.2 

aIn all cases the molecular weight of the donor and acceptor is 17 kg mol-1 and 62 kg mol-1, respectively. 

The active layer was annealed at 120 °C for 10 minutes. CHCl3, DIO and CN is chloroform, 1,8-

diiodooctane and 1-chloronaphthalene, respectively. bAveraged values of maximum five cells. 

The devices were systematically optimized by (i) variation of the D:A weight ratio, (ii) the 

concentration of the blend solution, (iii) addition of solvent additives and lastly (iv) by variation 

of the donor and acceptor molecular weights. The corresponding J-V curves are displayed in 

Figure V-4. The results are summarized in Table V-3 as well as Table V-4 and discussed in 

detail below. 

First, a screening for an optimum D:A weight ratio was carried out (Figure V-4a, Table V-3, 

entries 1-5). The active layer was spin coated on the PEDOT:PSS layer from a 12 mg mL-1 

chloroform solution and annealed for 10 minutes at 120 °C. With increasing D:A weight ratio 

from 1.4:1 to 3:1 values of Voc, Jsc as well as FF are dropping. The maximum power conversion 

efficiency (PCE) of 0.2% could be achieved at a 1.4:1 D/A weight ratio (Table V-3, entry 1). 

Interestingly, using a higher content of the acceptor material at a D:A ratio of 1:1.4 (Table V-

3, entry 4) lead to a slightly higher Jsc, while both Voc and FF decrease. Further decrease of the 

D:A ratio results in a significantly drop of solely Jsc. 
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In the following a D:A ratio of 1.4:1 was chosen and in the next step influence of the active 

layer thickness on solar cell performance was investigated. To adjust the thickness of the active 

layer, blend solutions at 12, 6 and 3 mg mL-1 in chloroform were prepared (Table V-3, entries 

1, 6, 7). Lowering the concentration led to a substantial decrease of both, Jsc and Voc (Figure V-

4b). Hence, thicker films seem to be beneficial for the performance of the devices. Nevertheless, 

the performance efficiencies of the PIDTBT:PNDIT2 based cells remain under 1% due to very 

low short-circuit currents. This may be caused by an unfavourable blend film morphology. The 

use of solvent additives such as 1,8-diiodooctane (DIO) can be employed to effectively tune the 

film forming process.37 DIO (1%, v/v) was added into the active layer solution prior to the spin-

coating process (Table V-3, entry 8). However, the addition of DIO has no significant effect on 

Jsc (Figure V-4c) and, hence, no boost in the performance could be observed. Another strategy 

to influence the film morphology is the addition of a co-solvent. For instance, 1-

chloronaphthalene can prevent preaggregation of the acceptor polymer PNDIT2 optimizing 

film morphology.38–43 The addition of a co-solvent leads to a significant drop of Jsc (Table V-

3, entry 1 vs. 9). Interestingly, after doubling the rotation speed the performances could be 

slightly improved (Table V-3, entry 10). While a drop in Voc can be observed, both Jsc and FF 

could be enhanced up to 0.7 mA cm-2 and 39%, respectively. 

In a last attempt to boost the performance of the solar cell devices the molecular weights of 

both PIDTBT donor polymer and PNDIT2 acceptor polymer were varied. Molecular weight 

of the materials has a great influence on intrachain and interchain interactions and, hence, the 

degree of phase separation.9,44–46 The results of the molecular weight variation are presented in 

Table V-4 and the corresponding J-V curves are shown in Figure V-4d.  

Table V-4. Molecular weight dependency of photovoltaic parameters.a 

 entry 
Mn(D):Mn(A)

kg mol-1 
D:A solvent 

cblend/ 

mg mL-1 

Voc
b/

V 

Jsc
b/         

mA cm-2 

FFb/

% 

PCEb/

% 

P
ID

T
B

T
:P

N
D

IT
2

 

1 17:62 1.4:1 CHCl3 12 0.81 0.62 35 0.16 

11 17:23 1.4:1 CHCl3 12 0.63 0.67 32 0.1 

12 17:18 1.4:1 CHCl3 12 0.54 0.23 24 0 

10 17:62 1.4:1 
CHCl3/CN 

(99:1, v/v) 
12 0.61 0.70 39 0.2 

13 30:60 1.4:1 
CHCl3/CN 

(99:1, v/v) 
12 0.70 0.78 37 0.2 

aIn all cases the active layer was spin coated at 2000 rpm, 60 s and annealed at 120 °C for 10 minutes. 

CHCl3 and CN is chloroform and 1-chloronaphthalene, respectively. bAveraged values of maximum five 

cells. 
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In the first set of experiments, MW of the acceptor polymer was changed while MW of the 

donor remained constant at 17 kg mol-1 (Table V-4, entries 1, 11, 12). A reduction of the 

acceptor MW from 62 kg mol-1 to 23 kg mol-1 leads to a decrease of Voc and FF. However, a 

constant value of Jsc was observed that could be attributed to a lower degree of aggregation of 

PNDIT2 resulting in a higher miscibility with the donor polymer and a more balanced charge 

transport.45 Further reduction to 18 kg mol-1 drastically reduced Jsc and hence, no photovoltaic 

performance of the device was monitored; probably, due to a coarse phase separation and a 

poorly connected polymer network.9 In a final experiment the molecular weight of the PIDTBT 

donor polymer was enhanced to 30 kg mol-1 (Table V-4, entry 13). It was proven that increasing 

MW for both donor and acceptor polymer could improve the blend film morphology obtaining 

smaller polymer domain sizes as well as larger D-A polymer-polymer interfaces. Hence, higher 

Jscs could be achieved.9,45 The outcome characteristics of entry 13 demonstrate a slightly 

improved Jsc and Voc compared to the device prepared with a lower MW sample (Table V-4, 

entry 10). 

For one of the best performing cell photoluminescence (PL) and external quantum efficiency 

(EQE) were recorded. The PL emission of the pristine PIDTBT film is displayed in Figure V-

5a. In blend films the PL emission of the donor polymer at 713 nm is quenched by less than 

70% when blended with PNDIT2 and less than 60% when blended with PNDIBTz. The 

moderate PL quenching efficiency points to inefficient charge transfer due to a large phase 

separation.46,47 This is also reflected in the EQE measurement (Figure V-5b). The device shows 

a low photoresponse from 280 to 830 nm with a maximum EQE value of 17% at 630 nm. 
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Figure V-5. Photoluminescence quenching of the optimized blend films (a); external quantum 

efficiency (EQE) spectrum (b) of the best device (entry 1). 
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EXPERIMENTAL SECTION 

Materials. The acceptor materials (PNDIT2, PNDIBTz) were synthesized in our research 

group according to literature procedures.32,33 PIDTBT was synthesized according to published 

protocols described in chapter III.35  

Synthetic procedure of PIDTF4. IDT (94.6 mg, 104.3 μmol, 1 eq), F4Br2 (32.1 mg, 

104.3 μmol, 1 eq), pivalic acid (10.6 mg, 104.3 μmol, 1 eq) and potassium carbonate (43.2 mg, 

312.8 μmol, 3 eq) were placed in a vial and dissolved in 0.4 mL degassed mesitylene. Then 

Pd2dba3 (4.8 mg, 5 mol%) and P(o-anisyl)3 (7.3 mg, 20 mol%) were added under argon 

atmosphere. The reaction mixture was stirred at 80 °C. After 24 h, a second portion of Pd2dba3 

(4.8 mg, 5 mol%) and P(o-anisyl)3 (7.3 mg, 20 mol%) were added and stirred for another 48 h 

at 80 °C. After cooling to room temperature, the mixture was diluted with chloroform, 

precipitated into methanol and purified by Soxhlet extraction with acetone, ethyl acetate and 

chloroform. The chloroform fraction was filtered through a silica gel plug and dried overnight 

in a vacuum oven at 50 °C to afford a orange solid. Yield: 53.0 mg (48%). 

Fabrication and characterization of solar cells. The all-polymer solar cells were 

constructed with a conventional structure: glass/ITO/PEDOT:PSS/active layer/Ca/Al. At first 

the indium tin oxide (ITO) coated glass substrates were cleaned sequentially by sonicating in 

detergent, de-ionized water, acetone, and isopropyl alcohol, followed by blowdrying under 

nitrogen stream and exposing under oxygen plasma for 5-10 min. Subsequently, a filtered 

aqueous solution of poly(3,4-ethylenedioxy-thiophene)–poly(styrenesulfonate) (PEDOT:PSS; 

Heraeus-CleviosTM) was spin coated (3000 rpm, 60 s) onto the ITO surface and then baked at 

150 °C for 30 min in ambient to form a 30 nm thick PEDOT:PSS thin film. After transferring 

into a nitrogen-filled glovebox, the substrates were annealed a second time at 150 °C for 10 min. 

In the next step the active layer was spin coated from the corresponding blend solutions onto 

the PEDOT:PSS layer and annealed at 120 °C for 10 min. All blend solutions were prepared 

previously and stirred at least 24 h at room temperature before use. Finally, a 2 nm calcium 

layer as well as a 150 nm aluminum layer were sequentially deposited under high vacuum 

(<5.0 × 10−5 Pa). The active area of each sample was 4.0 mm2. The current–voltage 

characteristics were measured using a Keithley 236 source under illumination of an AM1.5G 

solar simulator with an intensity of 100 mW cm−2. The EQE measurements were performed 

using Bentham TM300 monochromator and a Si reference photodiode. 
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General measurements 

Molecular weights were measured on a Shimadzu system comprising a 5 μm precolumn and 

three SDplus columns with pore sizes ranging from 102 to 104 Å (Polymer Standards), 

connected in series with a RID-20A RI detector and a SPD-M20A photodiode array UV-vis 

detector (Shimadzu) calibrated with polystyrene standards. CHCl3 was used as eluent at 40 °C 

with a flow rate of 1.0 mL min-1. 

The optical characterisation of solutions was carried out on a Shimadzu UV-1800 series UV-

vis-spectrometer, controlled by the UVProbe 2.30 software. The samples were measured in 

quartz cuvettes with chloroform as a solvent. Thin film absorption of the blends were recorded 

on the Flame-S UV-Vis-spectrometer from Ocean Optics, controlled by the OceanView 1.5.2 

software. The films were spin coated (1000 rpm, 60 s) from a 12 mg mL-1 chloroform solution 

and annealed at 120 °C for 10 minutes under argon. 

CV measurements were performed at room temperature using a PalmSens4 potentiostat with 

NBu4PF6 (0.1 M) as electrolyte under argon with a scan rate of 50 mV s-1. Films were spin 

coated (1000 rpm, 60 s) onto ITO substrates as working electrode and measured in dry 

acetonitrile. A platinum wire was used as counter electrode and a silver wire as reference. 

NMR spectra of PIDTF4 were recorded on a Bruker AVANCE III 500 spectrometer (1H: 

500.1 MHz, 13C: 125.8 MHz, 19F: 470.5 MHz) at 30 °C. CDCl3 was used as solvent. The spectra 

were referenced to the residual solvent peak (δ(1H) = 7.26 ppm, δ(13C) = 77.0 ppm). 

General measurements 

NMR data of PIDTF4 

 

1H NMR (500 MHz, CD2Cl3): δ 7.63 (6), 7.53 (2), 7.21 (10), 7.10 (11), 7.15 (11), 2.58 (13), 

1.61 (14), 1.35-1.27 (CH2), 0.88 (CH3). 

13C NMR (125 MHz, CDCl3): δ 156.3 (7), 154.0 (2), 144.4 (4), 143.8 (20), 142.9 (20), 141.7 

(12), 141.5 (9), 135.4 (3), 130.5 (5), 128.5 (11), 127.8 (10), 126.1 (6), 118.1 (2), 112.5 (19), 

63.2 (8), 35.6 (13), 31.7, 31.3, 29.1, 22.6 (all CH2), 14.1 ppm (CH3). 

19F NMR (470 MHz, CDCl3): δ -140.4 ppm. 



V-ALL-POLYMER SOLAR CELLS 

172 
   

Figure V-S1. 1H (a) and 13C NMR spectrum (b) of PIDTF4 from DAP (solvent: CDCl3). 

b) 

a) 
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SEC data of active materials 
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Figure V-S3. SEC curves of donor and acceptor polymers. 
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Figure V-S2. 19F NMR specrum of PIDTF4 (solvent: CDCl3). The dots and squares mark signals of  

–F4-Br and F4-H end groups, respectively. 
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CV measurements of donor materials 
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Figure V-S4. Cyclic voltammograms of PIDTBT (a) and PIDTF4 (b) as film deposited on an ITO 

substrate in a 0.1 M NBu4PF6 acetonitrile solution at a scan rate of 50 mV s-1. 

CONCLUSION AND OUTLOOK 

To the best of my knowledge, IDT-based copolymers were employed as donor component in 

all-PSCs for the first time. PIDTBT was blended with PNDIT2 and PNDIBTz. Both fabricated 

devices showed in the first batch similar short-circuit current densities Jsc and efficiencies. 

However, due to the slightly lower LUMO energy level of the PNDIBTz acceptor the 

corresponding solar cell exhibited a slightly lower Voc and additionally, a decreased PL 

quenching efficiency compared to the PIDTBT:PNDIT2 cell. In addition, the 

PIDTBT:PNDIT2 blend showed a broader absorption range into the NIR region. In general, 

all-PSCs exhibited relatively high Voc up to 0.81 V but very low Jscs below 1 mA cm-2. Even 

after optimization of the all-PSCs using PIDTBT:PNDIT2 as active layer the currents 

remained under 1 mA cm-2. Hence, the devices afforded PCEs smaller than 1%. One of the best 

performing cell could be obtained by using a 1.4:1 D:A ratio and a mixture of chloroform/1-

chloronaphthalene as processing solvent. Moreover, it was shown that higher blend 

concentrations seem to be beneficial for the device performance. Under optimized conditions a 

PCE of 0.2% could be achieved. The results point to an unfavourable blend film morphology 

such as a coarse phase separation which is also reflected in the decent PL quenching efficiency 

of 63% proving inefficient charge transfer. In order to gain more information about the blend 

film morphology atomic force microscopy (AFM) measurements should be carried out. The 

film forming properties of the blend might be further tuned by decreasing the chloroform/1-

chloronaphthalene ratio and increasing the blend concentration to achieve thicker films. Further 
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parameters that were not investigated in this study but can have an immense effect on the 

morphology of the active layer are the processing conditions such as thermal annealing, solvent 

annealing, controlled solvent evaporation and solvent vapor annealing.48–51 For instance, the 

performance of PIDTBT:PC71BM cells could be enhanced by 12% by treatment with solvent 

vapor annealing.23 

Another attempt to enhance the PSC performance could be made by modifying the 

organic/electrode interface. Employing an amine-functionalized perylene-diimide derivative 

such as PDINO as cathode interlayer can significantly raise Jsc by improving the collection of 

electrons.52,53 
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VI. Summary and outlook 

In this thesis synthetic schemes towards IDT-based homo- and copolymers were explored in 

which all C-C coupling steps were achieved using C-H activation. A summary of the prepared 

materials and the synthetic pathways is shown in Scheme VI-1. 

 
Scheme VI-1. Overview of the IDT-based homo- and copolymers using C-H activation. 
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The ketone K was chosen as starting material for all reactions enabling the use of direct 

arylation since the usually used ester derivative is unstable under the given conditions for C-H 

activation. The reaction of the ketone K and thiophene was carried out in THF with PCy3 Pd G2 

as catalyst achieving a yield of 48% (Scheme VI-1). The following cyclization proceeds 

smoothly and the IDT monomer could be obtained after simple recrystallization from petroleum 

ether in high purity and yield as long as short n-alkyl chains are attached on the phenyl ring. 

When branched chains such as 2-octyldodecyl are used the final product is a wax and needs to 

be purified by column chromatography. The same strategy was also used to synthesize IDT-

based homopolymers. In this case, the ketone was polymerized by DAP yielding polyketones 

as precursor polymer. The use of a P-ligand and a medium concentration of 0.25 M was 

necessary to obtain polyketones with Mns up to 21 kg mol-1 in high yields (Scheme VI-1). The 

branched alkyl chains on the phenyl ring ensure solubility during the following post-

polymerization sequence. One advantage using this reaction pathway is the possibility to attach 

an asymmetric side chain pattern on the IDT unit. Depending on the choice of the Li compound 

IDT homopolymers with Me/2-octyldodecylphenyl, n-Bu/2-octyldodecylphenyl and 2-

octyldodecylphenyl/2-octyldodecylphenyl side chain pattern in 60-80% yield were obtained. 

The progress of the cyclization was monitored by UV-vis and IR spectroscopy. Introduction of 

methyl and 2-octyldodecylphenyl as second side chain led to well-defined homopolymers 

without indication of any defect structures in UV-vis, IR and NMR spectroscopic analysis. 

However, the use of n-butyl lithium left traces of unreacted carbonyl groups in the IR spectrum 

of the cyclized polymer. Additionally, a hypsochromic shift of the absorption maximum was 

observed. To date, there are no detailed defect analyses of IDT-based (co)polymers. In order to 

get insight into the presence and nature of structural defects several synthetic and analytic 

attempts were made. However, neither model reactions nor preparation of appropriate model 

compounds could give conclusive information. The detection of potential defects by, for 

example, NMR analysis is quite challenging due to the rigid nature of IDT-based (co)polymers 

resulting in signal broadening and overlap with backbone signals. It could be assumed that 

possible side reactions occur by lithiation of thiophene end groups leading to branching and/or 

chain-chain coupling. In a second approach the cyclized IDT monomer was directly 

polymerized via oxidative direct arylation polycondensation. Symmetric substituted 

homopolymers were obtained in 38% yield when 10 mol% Pd(OAc)2 as catalyst, Cu(OAc)2 as 

oxidant, K2CO3 as base and DMAc as solvent were used. It is noteworthy that the 

polymerization does not need inert atmosphere since oxygen from air can act as co-oxidant. 
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Furthermore, it is possible to repeat polymerization on oligomer fractions and/or polymer 

chains under the same conditions due to predominant –H termination enhancing molecular 

weights of the homopolymers. While spectroscopic properties are similar to their analogues 

prepared via polymer analogous reaction pathway, mobilities are significantly lower. In general, 

the mobilities are in the range 10−6−10−3 cm2 V-1 s-1 and can be correlated with the presence of 

unknown defect structures. Among them the ill-defined n-Bu/2-octyldodecylphenly-PIDT 

showed the lowest performance. 

In chapter III, the optimized conditions of the polymer analogous cyclization were transferred 

to PIDTBT copolymer synthesis. The synthesis of the corresponding polyketone by DAP is 

limited by the poor solubility despite of long branched side chains and hence, moderate Mns of 

11 kg mol-1 could be achieved. Cyclization led to PIDTBT copolymers with Me/2-

octyldodecylphenyl and 2-octyldodecylphenyl/2-octyldodecylphenyl side chain pattern. 

Various analytic characterizations such as hypsochromically shifted absorption spectra, low 

absorption coefficients, bimodal SEC curves and low mobilities indicated structural defects of 

unknown nature. On the other hand, PIDTBT copolymers prepared by DAP yielded well-

defined materials in high yields of over 90% and Mns up to 38 kg mol-1 (Scheme VI-1). Due to 

broadening of the backbone signals in NMR spectra a detailed defect analysis was left out. The 

investigation of the side chain influence revealed that the length of the alkyl chain on the phenyl 

side chain did not impact the optical, thermal and electrical properties. All alkylphenyl-

substituted PIDTBT copolymers show absorption maxima around 645 nm with sharp onsets. 

The DSC and GIWAXS measurements revealed an amorphous thin film morphology and glass 

transition temperatures around 90 °C independent of the molecular weight. A similar 

independence on MW is observed for field-effect mobilities which are in the range of 0.02–

0.04 cm2 V-1 s-1. In contrast, the alkyl-substituted PIDTBT copolymer demonstrates 

significantly different properties. The absorption spectrum displays a bathochromic shift of 

20 nm. When transitioning into film a shift of 12 nm and the development of a pronounced 

shoulder around 630 nm indicate an increased order of the alkyl-substituted PIDTBT while the 

alkylphenyl-substituted PIDTBT exhibits a rather small shift of 8 nm. Electrochemical and 

theoretical analyses ascertained that the nature of the side chains have a greater impact on the 

HOMO energy levels of PIDTBT while the LUMO energy level remains largely unaffected. 

Further experiments reveal a weakly crystalline behavior and a lower energetic disorder of the 

alkyl-substituted PIDTBT leading to an order of magnitude higher hole mobilities compared to 

the alkylphenyl-substituted polymers.  
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In chapter IV, direct arylation polycondensation was adopted to the synthesis of an IDT-based 

n-type copolymer. Polymerization with NDIBr2 led to defect-free copolymers with high Mns up 

to 113 kg mol-1 in high yields (Scheme VI-1). Usage of a phosphine ligand favors nucleophilic 

substitution of NDI-Br chain ends by pivalate resulting in –NDI-OH termination and low MWs. 

Without the addition of a ligand the polymers contain predominant –IDT-H end groups. P(NDI-

IDT)s possess broad CT bands with absorption maxima around 728 nm and low optical band 

gaps of 1.5 eV. Compared to the n-type benchmark P(NDIT2) the P(NDI-IDT) polymers show 

a bathochromic shift of the CT band and a slightly higher lying LUMO energy level of -3.71 eV 

due to a stronger donor strength of IDT. However, the nature of the solvent as well as 

temperature did not alter the shape and intensity of the absorption bands featuring weak 

aggregation in solution. In films, the intensity of the CT band increases and a spectral shift of 

40 nm can be observed due to planarization of the polymer backbone. Thermal annealing of the 

films causes slight changes of the CT band intensity. While annealing upon 100 °C results in 

an increase of the CT band intensity, annealing above the main chain melting temperature 

reduces the CT band intensity and causes a hypsochromic shift. Besides main chain melting 

(between 180 – 220 °C depending on molecular weight), the polymers show some weak side 

chain ordering around 60 °C. However, thin films are weakly crystalline with moderate 

mobilities on the order of 10-3 cm2 V-1s-1, despite very low Urbach energies between 

27 - 30 meV. Thermal annealing above main chain melting temperatures results in amorphous 

thin film morphologies, increased Urbach energies and a significant drop in field-effect 

mobilities. Compared to P(NDIT2), thin films show much weaker crystallinities and lower, 

chain length independent field-effect mobilities. This can be ascribed to the bulky hexylphenyl 

side chains in P(NDI-IDT) hindering main chain ordering and thus, interchain transport. 

Chapter V contains results on all-PSCs made from IDT copolymers as donors. PIDTBT and 

PIDTF4 were blended with the naphthalene diimide copolymers PNDIT2 and PNDIBTz which 

were used as acceptors. After first test runs further optimizations were focused on PSCs 

containing PIDTBT:PNDIT2 blends as active layer. The devices showed high Vocs up to 

0.81 eV but decent Jscs of maximum 0.78 mA cm-2. The best performing devices were obtained 

with an 1.4:1 D/A weight ratio and chloroform/1-chloronaphthalene mixture as processing 

solvent. With increasing blend concentration and increased MW of the donor polymer PIDTBT 

the performance could be slightly enhanced. Nevertheless, a maximum PCE of 0.2% and EQE 

of 17% at 630 nm could be achieved. Further analysis reveal a low PL efficiency of under 70% 

pointing to inefficient charge transfer due to a poor blend film morphology.  
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To conclude, this thesis has explored a more atom-economic way towards preparation of p-

type as well as n-type polymers based on IDT, which may be useful for their further 

development and commercialization of these materials for organic electronics. Furthermore, a 

detailed analysis and structure-function relationships have been provided as a fundament for 

future design of conjugated polymers.  

In upcoming studies, introduction of a π-bridge and/or extension of the IDT backbone could 

be used to minimize steric hindrance. Furthermore, variation of the side chain length on the IDT 

unit or the use of a mixed side chain pattern (methyl/alkylphenyl) could enhance crystallinity 

of the materials. If these modified IDTs are copolymerized with NDI a new n-type polymer 

with improved π-π stacking and hence, charge transport properties could be created. This 

strategy could be also useful to improve the performance of IDT-based all-polymer solar cells. 

Devices containing an IDT-NDI copolymer with improved properties and an IDT-based donor 

polymer could promote a more favourable blend film morphology and enhance the 

performance. For the application of PIDTBT in all-polymer solar cells, in order to identify 

underlying mechanisms for the poor photovoltaic performance, a detailed study of the blend 

film morphology with different acceptor materials needs to be carried out. In addition, the use 

of an organic cathode interlayer such as PDINO and modified cell architectures such as inverted 

or tandem structures as well as the use of ternary blends should be analyzed. Replacement of 

PNDIT2 by an IDT-based small molecule acceptor could be another tool to construct high-

performing organic solar cells based on PIDTBT. 
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