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Summary

The work focuses on the synthesis, characterization and application of n-type semiconduct-
ing donor–acceptor copolymers based on naphthalenediimide and bithiophene. While many
p-type semiconducting polymers are known, the development of n-type materials lags
behind. However, for applications like all-polymer solar cells and organic thermoelectric
generators which involve both materials high-performing n-type semiconducting polymers
are crucial.
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After first reports from 2009 uncovering high electron mobilities in organic field-effect
transistors,[1,2] poly{[N,N ’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5’-(2,2’-bithiophene)} RR-P(NDI2OD-T2) became the most investigated
n-type material and can nowadays be regarded as n-type benchmark system.[3] The high
aggregation tendency of RR-P(NDI2OD-T2) in solution is a peculiarity of this polymer
and can be e. g. utilized for structure formation and preparation of aligned films with
high order by blade coating proceeding presumably via liquid-crystalline mesophases.[4]

On the other hand, aggregation is a drawback for solubility and processability, which can
lead for example to miscibility issues in polymer blends with other polymers or small
molecules.
Starting from the parent polymer RR-P(NDI2OD-T2), the aim of the research is to
synthesize and characterize new n-type donor–acceptor copolymers with modified aggrega-
tion behavior without negatively affecting functionality. In addition to the semiconducting
properties in classical applications like organic field-effect transistors and organic solar cells,
the polymers are investigated with respect to their performance for possible thermoelectric
applications. For the latter a highly conducting state is necessary, which is employed by
electrochemical and chemical doping with molecular dopants.



The first part of the thesis focuses on variation of the regioregularity in RI-P(NDI2OD-
T2), i. e. three different ratios of 2,6- and 2,7-linked repeating units (70:30, 47:53 and 24:76)
in the polymer backbone.[5,6] By absorption spectroscopy in solution and in thin films, a
drastically reduced aggregation tendency with increasing 2,7-linkage is revealed. Less order
following regioirregularity is uncovered in the films by atomic force microscopy (AFM)
and transmission electron microscopy (TEM). Organic field-effect transistors support this
picture of decreased order, as mobilities decrease from RR (µe,av = 7.1× 10−2 cm2(Vs)−1)
to all three RI polymers (µe,av ≈ 1× 10−3 cm2(Vs)−1) in as-cast films. However, anneal-
ing of the regioirregular polymer films to 220 or 300 ◦C leads to an improved packing
in the polymer film and electron mobilities of µe,av ≈ 7× 10−2 cm2(Vs)−1 approaching
the regioregular reference system with µe,av = 3× 10−1 cm2(Vs)−1 after annealing are
measured. One of the main reasons for only minor changes due to regioirregularity com-
pared to classical semiconducting polymers like poly(3-hexylthiophene) P3HT is the
strong localization of charges on the backbone, which is supported by electrochemical
measurements.
Precise control of the aggregation properties in RI-P(NDI2OD-T2) enables the manu-
facturing of organic solar cells with superior performance compared to RR-P(NDI2OD-
T2). A maximum power conversion efficiency PCE of 2.42% with a VOC = 0.89 V and a
JSC = 4.04 mA cm−2 is observed with poly[5,5’-bis(2-butyloctyl)-(2,2’-bithiophene)-4,4’-
dicarboxylate-alt-5,5’-2,2’-bithiophene] PDCBT:RI(47:53) blends, which corresponds to
a more than threefold increase compared to the PDCBT:RR solar cells. Additionally, a
remarkably high fill factor FF = 0.67 is observed. Structural investigations of the blends
by gracing incidence wide angle X-ray scattering reveal an enhanced crystallization ability
of the donor material PDCBT[7] in presence of a less aggregated, regioirregular acceptor
material, overall dominating the diffraction pattern.
As the results by variation of regioregularity are promising, the second main chapter
addresses synthetic modifications of the chemical structure of the donor or acceptor unit
to vary solution and aggregation properties. One way is the employment of a significantly
longer alkyl chain at the imide nitrogen, namely a 4-ocadecyldocosyl alkyl side chain.
The second way is the introduction of a branched terthiophene as donor unit, which has
been shown for pure polythiophenes to increase solubility and enables frontier orbital
energy adjustment.[8,9] Differences in aggregation tendency of RR-P(NDI2OD-T2) and
RR-P(NDI4OdD-T2) are discussed by using UV–Vis spectroscopy in solution and
thin films. The aggregation and even the charge-transfer between donor and acceptor
seems to be suppressed in P(NDI2OD-co-3T). Consequently, a rather amorphous film
structure is observed by AFM for P(NDI2OD-co-3T) whereas RR-P(NDI4OdD-T2)
features similar order to RR-P(NDI2OD-T2). This is supported by top-gate/bottom-
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contact transistor measurements, revealing electron mobilities of as-cast films µe,av =
1.3× 10−2 cm2(Vs)−1 in the same order of magnitude as RR-P(NDI2OD-T2). The
slightly better solubility of RR-P(NDI4OdD-T2) seems to be sufficient for a strongly
enhanced crystallization ability and larger oriented areas after solvent vapor annealing
(SVA) in chloroform vapor. While RR-P(NDI2OD-T2) is only marginally crystalline
directly after SVA,[4] a very pronounced electron diffraction (ED) pattern can be found
in TEM for RR-P(NDI4OdD-T2). RR-P(NDI2OD-T2) shows a lamellar distance of
around 25Å with an edge-on orientation after SVA, whereas the longer alkyl side chain
leads to an enlarged distance of around 39Å in RR-P(NDI4OdD-T2), which seems to
be oriented in a face-on manner.
The third main chapter of the thesis is dedicated to the investigation of charged species
in the n-type polymers.[10] Detailed insights are gained by cyclic voltammetry, spectro-
electrochemistry and in-situ conductance measurements of spin-coated films on ITO or
Pt-combs as working electrodes. All polymers feature a reversible, twofold reduction from
the neutral polymer to a radical-anion and finally a dianion state. As the redox-waves are
rather sharp for semiconducting polymers, a localized redox process seems to be dominant,
mainly taking place on the naphthalenediimide unit. The polymers can be assigned to
the class of conjugated redox polymers from an electrochemical point of view. In-situ
conductance measurements in organic electrochemical transistors suggest electron hopping
transport according to a mixed valence conductivity.[11]

4-(2,3-Dihydro-1,3-dimethyl-1H -benzimidazol-2-yl)-N,N -dimethyl-benzenamine N-DMBI
(solution dopant) and tetrakis(dimethylamino)ethylene TDAE (vapor dopant) are used
to chemically dope isotropic spin-coated films to investigate the conductivity. Poly-
mers with reduced aggregation tendency thereby help to increase miscibility of poly-
mer and dopant slightly and to enhance charge carrier densities by factors of 6–46. In
RR-P(NDI2OD-T2),RI-P(NDI2OD-T2) andRR-P(NDI4OdD-T2) conductivities
around 10−3 S cm−1 are obtained after optimization of the doping procedure. Large-scale
aligned, anisotropic films with well-defined morphologies of RR-P(NDI2OD-T2) are
prepared by blade coating from aggregated solutions followed by thermal annealing to
investigate anisotropic charge transport and structural changes upon doping. Maximum
values up to σ‖,max = 8.3× 10−3 S cm−1 are measured parallel to the blade coating /
chain direction, which is under the highest values reported for RR-P(NDI2OD-T2).
Anisotropies σ‖/σ⊥ ≈ 6 show a favored charge transport in conductivity along the blade
coating direction over that perpendicular to it, which was not in literature shown so far.
Strong structural changes after vapor doping can be seen by TEM-ED. In both face-on and
edge-on oriented samples a reduction of the unit cell parameters are observed. Furthermore,
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a change in polymorphism from a mixed stacking of naphthalenediimide and bithiophene
units (form II) to a segregated stacking mode (form I) is detected.
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Zusammenfassung

Die Arbeit befasst sich mit der Synthese, Charakterisierung und Anwendung von n-
halbleitenden Donor–Akzeptor Copolymeren auf Basis von Naphthalindiimid und Bithio-
phen. Während viele p-halbleitende Polymere bekannt sind, bleibt die Entwicklung von n-
halbleitenden Materialien weit zurück. Für die Anwendung in Polymer/Polymer-Solarzellen
und organischen thermoelektrischen Generatoren, welche beide Materialien erfordern, sind
leistungsstarke n-halbleitende Polymere jedoch wesentlich.
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Nach ersten Berichten von 2009, die hohe Elektronenmobilitäten in organischen Feldeffekt-
transistoren aufdeckten,[1,2] wurde Poly{[N,N ’-bis(2-octyldodecyl)-naphthalin-1,4,5,8-bis(di-
carboximid)-2,6-diyl]-alt-5,5’-(2,2’-bithiophen)}RR-P(NDI2OD-T2) das bestuntersucht-
este n-halbleitende Polymer und kann heutzutage als Richtwert-System angesehen werden.[3]

Die starke Aggregationstendenz von RR-P(NDI2OD-T2) in Lösung ist eine Beson-
derheit dieses Polymers und kann beispielsweise zur Strukturbildung und Herstellung
ausgerichteter Filme mit hoher Ordnung mittels Rakeln genutzt werden. Dies findet mut-
maßlich über flüssigkristalline Mesophasen statt.[4] Andererseits ist die starke Aggregation
nachteilig für die Löslichkeit und Verarbeitbarkeit, was unter anderem zu Mischbarkeit-
sproblemen in Polymerblends mit anderen Polymeren oder kleinen Molekülen führen
kann.
Das Ziel der Forschungsarbeiten ist ausgehend vom Vorläufer RR-P(NDI2OD-T2) neue
n-halbleitende Donor–Akzeptor Copolymere mit modifiziertem Aggregationsverhalten zu
synthetisieren und zu charakterisieren, ohne dabei die Funktionalität negativ zu bee-
influssen. Zusätzlich zu Untersuchungen in klassischen Anwendungen wie organischen
Feldeffekttransistoren und organischen Solarzellen werden die Polymere hinsichtlich ihrer



Leistungsfähigkeit für mögliche Anwendungen in Thermoelektrika geprüft. Für Letztere ist
ein hochgradig leitfähiger Zustand notwendig, welcher durch elektrochemische und chemis-
che Dotierung mit molekularen Dotierungsmitteln eingestellt wird.
Der erste Teil der Dissertation richtet sich auf die Variation der Regioregularität in RI-
P(NDI2OD-T2), das heißt drei verschiedene Verhältnisse von 2,6- und 2,7-verknüpften
Wiederholungseinheiten (70:30, 47:53 und 24:76) im Polymerrückgrat.[5,6] Durch Absorp-
tionsspektroskopie in Lösung und Dünnfilmen kann eine drastische Verringerung der Aggre-
gation mit zunehmender 2,7-Verknüpfung aufgedeckt werden. Der Regioirregularität folgt
eine geringere Ordnung im Film, welche mittels Rasterkraftmikroskopie (AFM) und Trans-
missionselektronenmikroskopie (TEM) offengelegt werden kann. Organische Feldeffekt-
transistoren unterstützen das Bild der verringerten Ordnung, da Mobilitäten von RR
(µe,av = 7.1× 10−2 cm2(Vs)−1) zu allen drei RI Polymeren (µe,av ≈ 1× 10−3 cm2(Vs)−1) in
schleuderbeschichteten Filmen abnehmen. Tempern der regioirregularen Filme bei 220 oder
300 ◦C führt jedoch zu einer verbesserten Packung in den Polymerfilmen und die gemesse-
nen Elektronenmobilitäten von µe,av ≈ 7× 10−2 cm2(Vs)−1 nähern sich dem regioregularen
Referenzsystem mit µe,av = 3× 10−1 cm2(Vs)−1 an. Einer der Hauptgründe für die kleinen
Leistungsunterschiede im Vergleich zu klassischen halbleitenden Polymeren wie Poly(3-
hexylthiophen) P3HT ist die starke Lokalisation der Ladungen auf dem Polymerrückgrat,
was durch elektrochemische Messungen gestützt wird.
Die genaue Kontrolle der Aggregationseigenschaften in RI-P(NDI2OD-T2) ermöglicht
die Herstellung organischer Solarzellen mit Leistungsfähigkeiten, die RR-P(NDI2OD-
T2) übersteigen. Eine maximaler Wikrungsgrad PCE von 2.42% mit einer VOC = 0.89 V
und einer JSC = 4.04 mA cm−2 wird im Zusammenspiel mit Poly[5,5’-bis(2-butyloctyl)-
(2,2’-bithiophen)-4,4’-dicarboxylat-alt-5,5’-2,2’-bithiophen] PDCBT:RI(47:53) Blends
erreicht, was einer mehr als dreifachen Leistungssteigerung im Vergleich zu PDCBT:RR
Solarzellen entspricht. Zusätzlich wird ein bemerkenswert hoher Füllfaktor FF = 0.67
erhalten. Strukturuntersuchungen der Polymerblends mittels Röntgenweitwinkelstreuung
unter streifendem Einfall offenbaren eine erhöhte Kristallisationsfähigkeit des Donormate-
rials PDCBT,[7] welches insgesamt das Streubild dominierte, in Gegenwart eines weniger
stark aggregierten, regioirregularen Akzeptormaterials.
Da die Ergebnisse der Variation der Regioregularität vielversprechend sind, adressierte das
zweite Hauptkapitel die synthetische Modifikation der chemischen Struktur der Donor-
oder Akzeptoreinheit um Lösungs- und Aggregationseigenschaften zu variieren. Ein
Weg ist der Einsatz einer signifikant längeren Alkylseitenkette am Imidstickstoff, einer 4-
Ocadecyldocosyl Seitenkette. Ein zweiter Weg ist die Einführung eines verzweigten Terthio-
phens als Donoreinheit, welches bereits für reine Polythiophene löslichkeitsverbessernde
Eigenschafen und die Anpassung der Grenzorbitalenergien ermöglichte.[8,9] Unterschiede
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in der Aggregationstendenz zwischen RR-P(NDI2OD-T2) und RR-P(NDI4OdD-
T2) werden mittels UV–Vis Spektroskopie in Lösung und Dünnfilmen diskutiert. Die
Aggregation und sogar der Ladungsübertrag zwischen Donor und Akzeptor werden in
P(NDI2OD-co-3T) scheinbar unterdrückt. Folglich wird auch eine eher amorphe Film-
struktur mittels AFM in P(NDI2OD-co-3T) beobachtet, während RR-P(NDI4OdD-
T2) ähnliche Ordnung zu RR-P(NDI2OD-T2) aufweist. Diese Ergebnisse werden durch
top-gate/bottom-contact Transistormessungen unterstützt, in denen Elektronenmobil-
itäten von schleuderbeschichteten Filmen von µe,av = 1.3× 10−2 cm2(Vs)−1 in derselben
Größenordnung wie für RR-P(NDI2OD-T2) erhalten werden. Die leicht verbesserte
Löslichkeit von RR-P(NDI4OdD-T2) scheint ausreichend um eine starke Erhöhung der
Kristallisationsfähigkeit und größere ausgerichtete Bereiche nach Tempern im Chloroform-
Lösungsmitteldampf (SVA) herbeizuführen. Während RR-P(NDI2OD-T2) direkt nach
SVA kaum kristallin ist,[4] wird ein sehr ausgeprägtes Elektronenbeugungsbild in TEM für
RR-P(NDI4OdD-T2) erhalten. RR-P(NDI2OD-T2) weist lamellare Abstände um
25Å auf mit einer edge-on Orientierung der Polymerketten nach SVA, wohingegen die
längere Alkylseitenkette zu größeren Abständen um 39Å mit einer face-on Orientierung in
RR-P(NDI4OdD-T2) führen scheint.
Das dritte Hauptkapitel der Dissertation ist der Untersuchung geladener Spezies in den n-
halbleitenden Polymeren gewidmet.[10] Detaillierte Einblicke werden mittels Cyclovoltamme-
trie, Spektroelektrochemie und in-situ Leitwertmessungen von schleuderbeschichteten Fil-
men auf ITO oder interdigitierten Pt-Kämmen als Arbeitselektroden gewonnen. Alle Poly-
mere weisen eine reversible, zweifache Reduktion vom neutralen Polymer über ein Radikal-
Anion zu einer Dianion-Spezies auf. Da die Halbwellen für halbleitende Polymere eher scharf
und definiert sind, findet mutmaßlich ein lokalisierter Redox-Prozess (hauptsächlich auf
der Naphthalindiimideinheit) statt. Aus elektrochemischer Sicht können die Polymere der
Klasse der konjugierten Redoxpolymere zugeordnet werden. Durch in-situ Leitwertmessun-
gen in organischen elektrochemischen Transistoren wird ein Ladungstransport über Hüpf-
prozesse entsprechend eines Gemischtvalenz-Leitfähigkeitsmodells vorgeschlagen.[11]

4-(2,3-Dihydro-1,3-dimethyl-1H -benzimidazol-2-yl)-N,N -dimethylanilin N-DMBI (Lösungs-
Dotierungsmittel) und Tetrakis(dimethylamino)ethylen TDAE (Gasphasen-Dotierungs-
mittel) werden genutzt, um die Leitfähigkeit isotroper, schleuderbeschichteter Filme nach
chemischer Dotierung zu untersuchen. Polymere mit reduzierter Aggregationstendenz
erleichtern dabei die Mischbarkeit von Polymer und Dotierungsmittel etwas und erhöhen
Ladungsträgerdichten um Faktoren von 6–46. InRR-P(NDI2OD-T2),RI-P(NDI2OD-
T2) und RR-P(NDI4OdD-T2) werden Leitfähigkeiten um 10−3 S cm−1 nach Opti-
mierung des Dotierungsverfahrens erhalten. Großflächig ausgerichtete, anisotrope Filme
mit wohldefinierten Morphologien des Polymers RR-P(NDI2OD-T2) werden mittels
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Rakeln von aggregierten Lösungen und anschließendem Tempern erhalten, um anisotropen
Ladungstransport und strukturelle Änderungen nach Dotierung zu untersuchen. Maximale
Werte bis zu σ‖,max = 8.3× 10−3 S cm−1 werden parallel zur Rakelrichtung/Kettenrichtung
gemessen, was unter den höchsten Leitfähigkeiten für RR-P(NDI2OD-T2) ist. Aniso-
tropien σ‖/σ⊥ ≈ 6 zeigen die bevorzugte Leitfähigkeit entlang der Kettenrichtung gegenüber
der Leitfähigkeit senkrecht zur Kettenrichtung, was ein neues Ergebnis in der Literatur
ist. Starke Strukturänderungen nach Dotierung werden mittels TEM-Elektronenbeugung
ermittelt. Sowohl in face-on als auch in edge-on orientierten Proben wird eine Verringerung
der Elementarzellenabstände festgestellt. Zusätzlich wird eine Änderung des Polymorphs
von einer gemischten Stapelung der Naphthalindiimid und Bithiophen (Form II) zu einer
separierten Stapelung (Form I) nach Dotierung detektiert.
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1. Introduction

The main challenge of the 21st century will be the containment of the anthropogenic
climate change and its effects on the humanity, environment and nature. At the 21st

Conference of the Parties of the United Nations Framework Convention on Climate Change
in Paris, the Paris Agreement was adopted by 195 nations. Thereby, the parties declared
to: “Holding the increase in the global average temperature to well below 2 ◦C above
pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5 ◦C
above pre-industrial levels, recognizing that this would significantly reduce the risks and
impacts of climate change” (Article 2(1a)).[1] In the Special Report: Global Warming
of 1.5 ◦C published by the Intergovernmental Panel of Climate Change (IPCC) in 2018,
mitigation pathways compatible with 1.5 ◦C in the context of sustainable development are
discussed and from this report it becomes clear, that a radical reduction in CO2 emission
is urgently needed, otherwise a global warming of 1.5 ◦C is reached already around 2040.[2]

To achieve this ambitious but necessary goal of CO2 reduction to combat the climate
change, personal, societal and political willingness as well as technological progress are of
utmost importance.
One of the main CO2 emitters is the electricity production, which is until now still ~66%
based on combustible fuels globally and ~50% in Germany.[3,4] To increase the share of
renewable energy sources and to conquer even new fields of renewable energy production
and storage, semiconducting polymers can be used which bring several advantages with
them. Polymers are lightweight and mechanically stable, thus applications like wearable,
woven or flexible electronics are thinkable and some are already commercially available.[5,6]

Semiconducting polymers are made from abundant, non-toxic elements. Especially for
energy saving in state-of-the art batteries cobalt is used and the demand for electric
driven cars is even exceeding the annual production capacities. Also, high-performance
thermoelectrics are currently based on bismuth, antimony, tellurium or lead compounds.
The energy consumption during the synthesis of semiconducting polymers and final device
manufacturing is lower due to the processability from solution in roll-to-roll processes at
low temperatures, enabling cheap and large scale production.
Despite the impressive progress in the past years, new materials have to be developed to
increase performance further. As the macroscopic properties in final devices are directly
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affected by the molecular structure, a thorough understanding of structure-property
relationships is necessary. Even more, processing conditions can have a huge impact
on the thin-film properties, which are inseparably connected to optical, electrochemical,
optoelectronic and electric characteristics.
Thus, detailed characterization of the consecutive steps from synthesis/molecular structure,
solution properties, film deposition, thin-film morphology and final application is necessary
to understand and develop high-performing semiconducting polymers, to which this work
should contribute. The following chapter briefly summarizes different generations of
conjugated polymers, device characterization in selected organic electronic applications
and then focuses on the n-type semiconducting benchmark system RR-P(NDI2OD-
T2).

1.1. Development of Conjugated Polymers
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Figure 1.1.: Molecular structures of important examples of the first generation (top
row), second generation (middle row) and third generation (bottom row) conjugated,
semiconducting polymers. The residue R can be either a linear or branched alkyl
chain.[18]

Conjugated polymers are consisting of alternating single and double bonds, and the
easiest representative of this material class is polyacetylene (PA). Many decades have
been passed since the first report of PA films in 1967,[7] and a huge amount of structures
have emerged with fascinating properties (compare Figure 1.1). Due to the insolubil-
ity, infusibility and instability of PA, the first generation of conducting polymers was

2



1.1. Development of Conjugated Polymers

rapidly expanded by aromatic and heteroaromatic structures as polythiophene (PT),[8,9]

polypyrrole (PPy),[10,11] poly(para-phenylene) (PPP),[12,13] poly(para-phenylenevinylene)
(PPV)[14,15] and poly(3,4-ethylenedioxythiophene) (PEDOT).[16,17]

Four fundamental approaches lead to major improvements in this field of polymer chemistry
and created the second generation of conjugated polymers. (i) Introduction of flexible, solu-
bilizing side chains at the polymer backbone, (ii) employment of synthesis routes with solu-
ble precursors and generation of the conjugated polymer at the final step, (iii) enhancement
of solubility by introduction of counterions and (iv) processing of the polymers in aqueous
dispersions, as done e. g. for PEDOT or poly(aniline) (PANI).[19] Next to poly(9,9-
dialkylfluorene)s (PFO)[20], PANI[21] and poly(dialkoxy-para-phenylenevinylene)s (e. g.
2-methoxy-5-(2’-ethyl-hexoxy)-),[22,23] poly(3-alkylthiophene)s (P3AT) have conquered
this research field due to the facile synthesis, tuneable optical and electrical properties
and remarkable performance in (opto-)electronic devices.[24,25]

The best investigated poly(3-alkylthiophene) is poly(3-hexylthiophene) P3HT with hexyl
side chains, which is the p-type semiconducting model system.[25] Compared to other
poly(alkylthiophenes), the hexyl side chain is an optimum between processability and
self-organization of the side-chains, leading to the best charge transport in this series
with the highest charge carrier mobilities.[26] Optical properties of P3HT are strongly
dominated by aggregation of the polymer chains, which can be seen from the vibronic fine
structure in the spectra at 555 nm and 610 nm, Figure 1.2, a).[27] In the fully dissolved state,
P3HT exhibits one broad absorption peak without fine structure. This is associated with
isolated chains in a coiled conformation.[28] P3HT is a classical semicrystalline polymer
and lamellar structures with highly crystalline areas with π-stacked chains are identified,
alternating with inter-lamellar amorphous non-ordered regions.[29]

lamellar crystallite

S

C6H13

S

C6H13

S

C6H13

amorphous 
inter-lamellar zone

tie chain

a) b)

P3HT
Figure 1.2.: a) UV–Vis absorption spectra of a P3HT film during swelling in CS2 vapor,

reaching a solution-like state. Reprinted with permission from ref. [27], c© 2011, John
Wiley and Sons. b) Schematic representation of the semi-crystalline morphology of
P3HT. Adapted with permission from ref. [29], c© 2012, John Wiley and Sons.
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Although the impressive progress in the field of P3ATs by solubilizing groups and the syn-
thesis of regioregular, head-to-tail coupled polymers,[30–33] the absorption and conductivity
is limited by the rather large band gap of ~2 eV.[34] One of the reasons for the large band
gap is the pronounced single bond character between the thiophene units and the small
contribution of the chinoidal mesomeric formula to the ground state of PTs, prohibiting
the full delocalization of π-electrons along the polymer backbone. Stabilizing the chinoidal
structure is thus necessary to decrease the band gap and can be done either by compensa-
tion of the loss of aromaticity as it is for example done in poly(isothianaphthalene)[35] or
by linkage of electron rich (donor) and electron poor (acceptor) units which can stabilize
(partial) charges due to their molecular and electronic structure. This third genera-
tion of conjugated polymers is called donor–acceptor copolymers, and high-performing
representatives of this group are poly[N -9”-heptadecanyl-2,7-carbazol-alt-5,5-(4’,7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT),[36,37] poly[2,6-(4,4-bis-(2-ethylhexyl)-4H -
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT)[38–40]

and P(NDI2OD-T2), poly{[N,N ’-bis(2-octyldodecyl)-1,4,5,8-naphthalenediimide-2,6-
diyl]-alt-5,5’-(2,2’-bithiophene)}. Since combination with a variety of donor and acceptor
units is possible, this class of semiconducting polymers is continuously growing. Excel-
lent reviews and books have been published about the development, synthesis, optical
and electrical properties, charge transport mechanisms and application of conjugated
polymers.[18,19,25,34,41–46]

All these structures have alternating σ- and π-bonds in common, which extend over the
whole polymer, allowing a delocalization of π-electrons along the polymer backbone. Every
carbon atom has three sp2 and one pz hybridized orbitals, and since many pz-orbitals
with one electron each are present, no discrete energy levels are formed anymore by the
linear combination of atomic orbitals (LCAO), but a band structure with an energetically
lower valence band and an energetically higher conducting band emerges. The energy level
difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) is the band gap Eg and is typically below 3 eV for conjugated
polymers.[19,46,47]

Depending on the band gap and conductivity, respectively, materials are classified as
insulators (σ < 10−8 S cm−1), semiconductors (σ = 10−8–10−1 S cm−1 ) or conductors
(σ > 10−1 S cm−1).[19] Typically, non charged conjugated polymers adopt a semiconducting
state or insulating state (10−10–10−5 S cm−1).[48] In order to increase the conductivity
of these polymers, additional charge carriers can be introduced either by oxidation or
reduction. In analogy to inorganic semiconductors, this is referred as p- or n-doping. These
additional charge carriers are called polarons and are from a chemical view radical-cations
or radical-anions. Polarons are quasi particles combining a charge and their local distortion

4



1.2. (Semi-)Conducting Polymers in Organic Electronic Applications

of the lattice. In the band picture oxidation or reduction leads to mid gap levels which
have a lowering of the activation energy for charge transport as consequence. The charge
carriers can travel intramolecularly along the backbone via delocalization and can be
transferred intermolecularly by hopping between two polymer chains.[19,46,47] During the
doping process, an organic polymer is converted into a polymer which is in the “metallic”
conducting regime ~1–104 S cm−1.[48]

The addition of oxidation agents was first described for PA with halogens or AsF5,[49,50] and
Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded the Nobel Prize in
Chemistry 2000 “for the discovery and development of conductive polymers”.[51]

1.2. (Semi-)Conducting Polymers in Organic
Electronic Applications

1.2.1. Organic Field-Effect Transistors

Field-effect transistors (OFETs) based on organic materials usually work according to the
principle of a thin-film transistor and were first described in 1987.[52] The basic function of
a transistor is that of a switch and an amplifier, a current flow between the source and
the drain electrode is modulated by applying a voltage between the source and a third
electrode, the gate electrode. The gate electrode is separated from the source and drain
with a non-conducting material, the gate dielectric.
If a voltage Vsd is applied between the source and drain electrode, ideally no current flow
Isd is measured as in semiconducting materials insufficient charge carriers are present.
The transistor is in its “off-state”. Applying a voltage Vg between the source and gate
electrode leads to an electrical field between these two electrodes. As a dielectric material
separates source and gate, the current flow Ig is ideally zero, but charges are generated
at the interface between gate dielectric and the semiconducting material. The number of
accumulated charges is proportional to Vg and the capacitance Cdiel of the insulator.[53] In
an n-type semiconductor, negative charges are accumulated at the interface by a positive
gate bias. If an additional voltage Vsd is applied, these charges can now migrate from
source to drain and a measurable current flow Isd is observed. The transistor is switched
into its “on-state”. Several device architectures were developed for the fabrication of
field-effect transistors, which are shown schematically in Figure 1.3.
The configurations are labeled after the relative positions of the source/drain and gate
with respect to the semiconducting layer. Each of these configurations has its advan-
tages/disadvantages and undoubtedly, the device configuration plays one of the key roles
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Figure 1.3.: Schematic illustration and electrical connection of a a) bottom-gate/bottom-
contact, b) bottom-gate/top-contact, c) top-gate/bottom-contact and d) top-gate/top-
contact organic field-effect transistor. Definition of channel length l and channel width
w is shown in b).

in the device performance.[54] Transistors in bottom-gate/bottom-contact geometry (Fig-
ure 1.3, a) can be prepared very easily since the gate, gate dielectric and the source/drain
contacts are prepared before deposition of the organic semiconducting layer. Such sub-
strates are readily commercially available.[55] However, energy barriers at the interface
between semiconductor and source/drain electrodes can occur leading to contact resis-
tances. The bottom-gate/top-contact geometry (Figure 1.3, b) can overcome this problem,
since source and drain electrodes are structured on top of the semiconducting layer,[56]

e. g. by evaporation of Au through a shadow mask ensuring a proper contact to the
semiconductor film. Charges can also be injected from a higher area in this geometry
(current crowding).[53]

The charges by applying a gate voltage are accumulated at the interface between semicon-
ductor and gate dielectric, which is for both bottom-gate/bottom-contact and bottom-
gate/top-contact at the bottom of the semiconducting layer.[56] It is known that this
accumulation layer is only very few nanometers thin (1–5 nm), which makes the film
morphology in this layer of particular importance.[52,57–59] As gate and gate dielectric,
doped Si with a layer of SiOx is frequently used. While SiOx has many hydrophilic
sites evoked by surface silanoles, organic semiconductors often are hydrophobic. This
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mismatch of the surface energies can have a bad influence on crystallization and order of
the semiconducting layer, prohibiting a high charge transport performance. Furthermore
the transport channel is buried under the semiconductor, which makes the investigation of
this layer at the interface to the gate dielectric very difficult.[60]

Another device architecture for organic-field effect transistors is the top-gate/bottom-
contact geometry (Figure 1.3, c). The semiconducting layer is prepared on top of source
and drain electrodes, afterwards the dielectric layer is deposited on top of the semicon-
ductor. Insulating polymers with high capacity like PMMA and fluoropolymers like
CYTOPTM are frequently used materials as dielectric layers.[61,62] Finally, the gate is struc-
tured on top of the dielectric. The interface between semiconductor and gate dielectric
is in the top-gate/bottom-contact geometry at the top, which simplifies investigation
considerably.[60] The morphology is not necessarily the same in the complete layer, es-
pecially at the surface different morphologies were observed which can have a positive
influence on the device performance.[57,63] Also the semiconducting layer is encapsulated
and thus protected from oxygen and moisture which can cause electron traps under
operation.[64]

These advantages are also realized in the top-gate/top-contact geometry (Figure 1.3, d),
additionally for both top-contact geometries a better performance has been observed
attributed to the improved contact.[65] However, multiple steps are required to build-
up these devices and each of them could eventually have a negative influence on the
semiconducting layer.
One frequently used tool to improve the device performance is the application of self-
assembled monolayers (SAMs). Self-assembled monolayers are ordered molecular assemblies
formed by the adsorption (chemisorption) of an active molecular precursor onto a solid
surface. The precursors are usually dissolved in common solvents or deposited in vacuum.[66]

Frequently, the molecules are bound covalently to the substrate by reactive anchoring
groups like trichlorosilanes, trialkoxysilanes, carboxylic acids, phosphonic acids or thiols.[66]

The modification of a surface with a SAM leads, e. g., to a much higher hydrophobicity
when SiOx is treated with octadecyltrichlorosilane (ODTS) and is covalently bound to
the surface by reaction with the free surface silanoles. Organic semiconductors often are
hydrophobic, and the SAM-modified dielectric layer circumvents mismatch of the surface
energies. It is known in literature that SAMs affect the device performance positively with
respect to both mobility and onset-voltages.[67–69] Next to the dielectric layer, the electrodes
for charge injection and extraction, i. e. the source and drain contacts can be modified
by SAMs. One prominent example is the modification of gold contacts with thiols, e. g.
pentafluorothiophenol. Due to the formation of surface dipole moments, the work function
of the metal is altered leading to an interfacial energy alignment.[70,71]
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plot of the source–drain current in the saturation regime. Adapted with permission
from ref. [72], c© 2014, Springer-Verlag Berlin Heidelberg.

OFETs are characterized by two current–voltage I–V curves, namely the output curve
and transfer characteristics. In order to obtain the output curve the source–drain current
Isd is measured as function of the applied source–drain voltage Vsd, while applying a
constant source–gate voltage Vg (an array of curves is measured with increasing gate
voltage). However, not all induced charges are mobile and will contribute to the current in
a field-effect transistor. Deep traps first have to be filled before the additionally induced
charges can be mobile. Thus, a gate voltage has to be applied that is higher than a
threshold voltage Vth and the effective gate voltage is Vg − Vth.[53]

The output curve can be classified into two regimes, the linear and saturation regime,
respectively. An exemplary output curve is shown in Figure 1.4, a). For a certain charge
carrier concentration (given by the gate voltage), a linear increase of the current Isd is
observed at low source–drain voltages Vsd (Vsd << Vg). When the source–drain voltage is
further increased, a point is reached where the channel is “pinched off” (Vsd = Vg−Vth) and
a space–charge-limited current Isd,sat is measured. Further increasing of the source–drain
voltage does not substantially increase the the current flow. The source–drain current
Isd in the linear and saturation regime can be described according to equation 1.1 and
1.2.[56]

Isd,lin = µlinCdielW

L

(
(Vg − Vth)Vsd −

V 2
sd
2

)
(1.1)

Isd,sat = µsatCdielW

2L (Vg − Vth)2 (1.2)

µ is the charge carrier mobility, Cdiel the capacity of the dielectric per unit area, W the
channel width and L the channel length (see also Figure 1.3, b).
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The transfer curve is the source–drain current Isd as function of the gate voltage Vg at a
constant source–drain voltage Vsd, acquired either in the linear or saturation regime (see
Figure 1.4, b). Usually, the transfer characteristics is plotted in a semi-logarithmic plot.
From this curve, the on/off ratio is determined, which is the ratio of the source–drain
current Isd,on in the “on-state” and the Isd,off (at Vg = 0) in the “off-state”. The square
root of the source–drain current Isd as function of the gate voltage in the saturation regime
(Figure 1.4, c) is used to determine the charge carrier mobility µ according to equation
1.3.[56]

µsat = 2L
CdielW

(
∂
√
Isd

∂Vg

)2

(1.3)

From this plot, the slope of the linear regression is used to calculate µsat and additionally
the threshold voltage Vth can be extracted as the x-axis intersection. Strictly speaking,
the threshold voltage is defined for silicon MISFETs (metal-insulator-semiconductor
field-effect transistors) as the minimum gate voltage which is required to induce strong
inversion.[56] Inversion is referred as the state, where the majority charge carriers are no
longer available for recombination with the minority charge carriers and the previously
n-semiconducting material becomes p-semiconducting and vice versa. Organic TFTs do
not operate in inversion but in accumulation mode, thus the threshold voltage is not
defined for OFETs. Instead, the onset point at which the current starts to increase Von

can be used and has not necessarily the same value as Vth.[72] Nonetheless, the threshold
voltage is frequently used as it characterizes the point where appreciable source–drain
current is present.[56]

1.2.1.1. n-type Polymers in Organic Field-Effect Transistors

OFETs are a valuable tool for the investigation of semiconducting polymer performance
and a lot of effort has been put towards the development of new, high-performing n-type
polymers. While many p-type materials are known, the development of n-type polymers
still lags behind. A variety of recently developed n-type polymers is shown in Figure 1.5
and their performance in OFETs outlined in Table 1.1. The performance of the reference
system RR-P(NDI2OD-T2) is discussed in 1.3.4.
The influence of side-chain length at the naphthalenediimide on OFET performance
was investigated by Lee et al. in 2016.[73] The authors compared 2-hexyldecyl (2HD),
2-octyldodecyl (2OD) and 2-decyltetradecyl (2DT) side-chains and investigated bottom-
gate/top-contact transistors with an ODTS-modified gate dielectric. Thermal annealing of
the polymer films at 220 ◦C lead to a more pronounced and densely packed molecular or-
dering in thin films, which was best in the 2HD-polymer. The charge carrier mobility could
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Figure 1.5.: High-performance n-type donor–acceptor copolymers for application
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P(NDIF-TVT)[74] and P(NBS)),[75] diketopyrrolopyrrole (P(DBPyBT))[76] and
oxoindolin-benzodifurandione (F4BDOPV-2T)[77] as electron acceptor moieties.

be increased from 0.32 cm2(Vs)−1 to 1.22 cm2(Vs)−1 and 1.78 cm2(Vs)−1 with decreasing
side chain length, respectively.[73]

Semifluoroalkyl side-chains were introduced by Kang et al. in naphthalenediimide–
bithiophene donor–acceptor copolymers (P(NDIF-T2)) and systems with enlarged π-
system with 1,2-bis(2-thienyl)ethylene (P(NDIF-TVT)).[74] This lead to satisfactory
solubility of the donor–acceptor copolymers and to an increased rigidity of the polymer
backbones which appeared after replacing the branched alkyl side chains with linear
semifluoroalkyl chains, as observed by 2D GIXD measurements. Films were additionally
prepared with 1-CN as solvent additive (1.2 vol%), which lead to a predominantly edge-on
texture, facilitating the charge transport. Distinct hexagonal patterns in 2D GIXD mea-
surements were attributed to the strong ability to self-organize in hexagonal-like structures
of the semifluoroalkyl chains. Average charge carrier mobilities of 5.73 cm2(Vs)−1 and
4.92 cm2(Vs)−1 were measured in bottom-gate/bottom-contact transistors of P(NDIF-
T2) and P(NDIF-TVT), respectively. The high electron mobilities were explained
with the superior microstructural ordering of the polymer chains with semifluoroalkyl
side-chains.[74]
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Table 1.1.: Performance of recent examples of n-type donor–acceptor copolymers in
OFETs. The comment notes gate dielectric modifications with n-octadecyltrichlorosilane
(ODTS), polymer film annealing or source/drain electrode modification with pentafluo-
robenzenethiol (PFBT).

Polymer Mn / PDI LUMO / Geometry µe,av / comment ref.kgmol−1 eV cm2(Vs)−1

P(NDI2HD-T2) 97.8 2.8 – BGTC, 1.78± 0.09 ODTS, 220◦C [73]SiOx

P(NDIF-T2) 28.0 2.0 –4.01 BGTC, 5.73 ODTS, 280◦C, [74]SiOx 1-CN

P(NDIF-TVT) 33.0 1.5 –3.99 BGTC, 4.92 ODTS, 300◦C, [74]SiOx 1-CN

P(NBS) 39.7 3.7 –4.11 TGBC, 7.8± 0.5 ODTS, PFBT, [75]PMMA 200◦C

P(DBPyBT) 26.3 3.6 –4.33 TGBC, 4.54± 1.27 100◦C [76]CYTOP

F4BDOPV-2T 30.8 2.7 –4.32 TGBC, 9.0 160◦C [77]CYTOP

Naphthalenediimide and selenophene-flanked-benzothiadiazole donor–acceptor copoly-
mers were presented by Zhao and coworkers in 2017.[75] The polymer chains could form
strong Se–Se and π-interactions between neighboring chains and indeed closer π-stacking
distances were found compared to polymers with selenophene replaced by thiophene.
This was also thought to enhance the crystallization, organization and interchain charge
transport. P(NBS) was investigated in top-gate/bottom-contact transistors with pentaflu-
orobenzenethiol (PFBT) modified Au source/drain electrodes on ODTS modified SiOx as
substrate. PMMA served as gate dielectric, and very high average electron mobilities of
7.8 cm2(Vs)−1 were obtained.[75]

Another important class of electron-deficient building blocks are diketopyrrolopyrroles
(DPP). Sun et al. published a 2-piridinyl substituted diketopyrrolopyrrole-core, which
combined electron deficiency for a low LUMO level of the polymer below −4 eV and a low
steric demand in the ortho-position to achieve co-planarity with the DPP-core (planarity
usually given only for five-membered rings).[76] The optimum performance was achieved
in top-gate/bottom-contact transistors with CYTOP dielectric layer and annealing of
the P(DBPyBT) films at 100 ◦C prior to the dielectric deposition. Ambipolar charge
transport was investigated with average electron mobilities of µe,av = 4.54 cm2(Vs)−1 and
average hole mobilities of µh,av = 2.20 cm2(Vs)−1.[76]

Strong electron-deficient oxoindolin-benzodifurandione donor–acceptor copolymers were
introduced by Zheng and coworkers in 2016 (F4BDOPV-2T).[77] Basically, the acceptor
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moiety was a poly(para-phenylene vinylene) derivative with electron withdrawing ester and
amide groups (lactones and lactams), which were additionally substituted with electron
withdrawing fluorine atoms. The donor was a bithiophene unit, additionally planarized by
the F–H hydrogen bonds and F–S interactions. Nonlinear transfer curves were gained in
top-gate/bottom-contact transistors, with very high electron mobilities of 9.0 cm2(Vs)−1 at
low gate voltages, while at high Vg the mobilities are in the range of 1–2 cm2(Vs)−1. The
strong non-linear behavior was attributed to the film processing conditions and the amount
of transistors with non-linear behavior varied with processing solvent and spin-coating
velocity.[77]

1.2.2. Organic Solar Cells

Organic solar cells (OSCs) are devices which transfer photons from irradiation of light
into an electrical current and are therefore classified as renewable energy source. The
active layer consists of two organic semiconductors, a p- and n-type material, which are
sandwiched between a semitransparent indium tin oxide (ITO) and a second electrode.
Initial OSCs were based on vapor deposited bilayers of donor and acceptor small molecules,
for example copper(II) phthalocyanine and perylenediimides, respectively.[78] Development
of solution processable blends of donor and acceptor, e. g. P3HT in combination with
[6,6]-phenyl C61 butyric acid methyl ester PC60BM lead to a dramatic increase in the
performance of OSCs.[79] Due to the blend processing, a much higher surface area between
donor and acceptor is present, which is crucial for efficient charge separation. This is
known as bulk-heterojunction organic solar cell. However, to harvest as much light as
possible, both donor and acceptor should have high absorption coefficients in the visible
regime of the solar spectrum, which is not the case for fullerenes. Therefore, the ultimate
goal is to use n-type polymers combining the favorable LUMO energy of fullerenes and
electron transport characteristics with high absorption coefficients and easy processing.[78]

Additionally to the active layer and the electrodes, hole and electron transport layers
(HTL and ETL, respectively) can be employed to facilitate charge transport to the
electrodes. A schematic setup of a bulk-heterojunction all-polymer solar cell is shown in
Figure 1.6, a).
Figure 1.6, b) schematically shows a current–voltage curve (I–V ) of a solar cell under
illumination.[80,81] Characteristic parameters are the open circuit voltage VOC, the short
circuit current density ISC and the fill factor FF. The current density is measured as
function of applied potential and the parameters are extracted from the I–V characteristics.
The maximum achievable power Pmpp (maximum power point) is given by the rectangle
with the largest area within the I–V curve, also given by the product of Vmpp and Impp.
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Figure 1.6.: a) Schematic setup of a bulk-heterojunction all-polymer solar cell. The layer
structure is ITO/HTL/D:A-blend/ETL/Al. b) I–V -characteristics of an organic solar
cell under illumination.[80,81]

At this point, the power–voltage curve reaches its maximum.[41] The theoretical maximum
power Pmax is given by the product of VOC and ISC. The fill factor FF is calculated by the
ratio of maximum and theoretical power, equation 1.4.

FF = Pmpp

Pmax
= Vmpp · Impp

VOC · ISC
(1.4)

The ratio of maximum achievable power Pmpp and irradiated power Pin determines the
power conversion efficiency (PCE) η of a solar cell (equation 1.5).[80]

η = Pmpp

Pin
= Vmpp · Impp

Pin
= FF · VOC · ISC

Pin
(1.5)

A schematic representation of the electronic situation in a donor–acceptor solar cell is
shown in Figure 1.7.[82] To absorb a photon (I), 1), the photon energy hν has to be
larger than the optical band gap Eg of the donor material. The generated hole–electron
pair is also called exciton. This exciton diffuses from the donor phase to the interface
between donor and acceptor (I → II)), where it can dissociate into charges by performing
a charge transfer (2). However, the charge is not transferred directly into the acceptor
material, but in the so-called charge-transfer (CT) state, which is energetically between
the energy of the exciton and the free charge carriers. If the coulomb binding energy
is overcome, free charge carriers are generated (3), corresponding to the transfer of an
electron into the lowest unoccupied molecular orbital (LUMO) of the acceptor and of a
hole into the highest occupied molecular orbital (HOMO) of the donor. Within the donor
and acceptor, the charges travel to the electrodes, accompanied with the closing of the
electrical circuit.
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Figure 1.7.: Energy diagram of a donor–acceptor solar cell relevant for charge generation.
Adapted from ref. [82].

There is experimental evidence for the CT-complex and its crucial influence on the
photovoltaic performance.[82] For example, absorption and photoluminescence of donor–
acceptor blends are not superpositions of the pure donor and acceptor spectra, but
additional absorption and luminescent transitions are present.[83,84] Furthermore, sub-
bandgap illumination revealed the presence of CT states.[85,86] Several parameters determine
the performance of organic solar cells. For the pure donor/acceptor material, a low band
gap Eg corresponds to an absorption of photons with lower energy and thus more photons
can be harvested.[87] Another limiting factor can be the charge carrier mobility, which has to
be sufficient to transport the generated charges to the electrodes.[88]

The relative energies of the frontier orbitals of donor and acceptor are crucial for an
efficient solar cell. For example, the open circuit voltage is linearly dependent on the
energy difference of the EDonor

HOMO and EAcceptor
LUMO .[86,89,90] Thus, lowering the HOMO of the

donor increases the open circuit voltage if the same acceptor material is used. However,
since the CT-complex energy is below the LUMO energy of the acceptor material, additional
energy is needed to transfer the charge and overcome the coulomb energy of the exciton.
This is one reason for the fact that the open circuit voltage is lower than the energy
offset between the EDonor

HOMO and EAcceptor
LUMO . Additionally, voltage losses at the ITO/HTL and

Al/ETL contacts reduces the open circuit voltage around 0.2V for each contact.[91] The
energy offset between both LUMOs of the donor EDonor

LUMO and acceptor EAcceptor
LUMO have to be

sufficient for the charge transfer after excitation. A difference of 0.3 eV is considered to be
sufficient.[92]

The surface area between donor and acceptor is also an important influence on the perfor-
mance, since charge separation can only occur at this interface. Ideally, the domain size is in
the range of the exciton diffusion length (5–10 nm).[93,94] One possibility is the preparation
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of a bulk-heterojunction compared to a bilayer solar cell, which enhances the interphase.
To optimize the domain size and phase separation in a bulk-heterojunction, several meth-
ods like the use of different solvents and solvent mixtures for the blend preparation,[95]

processing additives,[40,96] solvent vapor annealing[97] and thermal treatment[98] were em-
ployed.
The interface between the bulk-heterojunction and the electrodes is another important
parameter determining the overall solar cell performance. Inserting functional interfacial
layers are expected to have several beneficial properties. They can minimize the energy
barrier for charge injection and extraction, form a selective contact for only a single type
of charge carrier, determine the relative polarity of the device, modify the surface energy
to alter the blend morphology, suppress diffusion and reaction between the electrode
material and the blend and act as an optical spacer to modulate the optical field.[99] A
typical hole transport material is poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEDOT:PSS, as it is semitransparent and used on top of the ITO electrode, but transition
metal oxides like MoO3 are also employed.[87] Frequently used electron transport layers
are low-work function alkaline earth metals (Ca, Mg, Ba) and alkali metal fluorides (LiF,
CsF).[87,100]

All these facts make indeed the preparation of a “perfect” donor–acceptor blend very difficult
and more materials have to be synthesized and evaluated with respect to their performance
in organic solar cells. For a recent review summarizing naphthalenediimide polymers for
all-polymer photovoltaics the reader is referred to ref. [101].

1.2.3. Organic Thermoelectric Generators

Thermoelectric generators are devices transferring heat into an electrical current. In 1821,
Thomas Johann Seebeck observed for the first time the phenomenon, that a compass needle
was deflected by a nearby closed cycle jointed by two different metals, with a temperature
difference between junctions.[102] The basic unit of a thermoelectric generator is a unicouple,
consistent of a p-type and n-type semiconducting material, which is shown in Figure 1.8,
a).[103] Opposite to the Seebeck effect, the Peltier effect is the presence of cooling and heating
when a direct current (DC) power source is applied to the same unicouple (Figure 1.8, b).
Connecting several unicouples thermally in parallel and electrically in series leads to the
working thermoelectric device (or Peltier cooler) (Figure 1.8, c).
In a thermoelectric unicouple a temperature gradient is applied, leading to the generation
of charge carriers at the hot side of the material, which then diffuse from the hot to the
cold side. As p- and n-type semiconductors are used, both positive and negative charges
diffuse in the same direction and close the electrical circuit when the electrodes at the
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Figure 1.8.: a) Thermoelectric unicouple based on a p- and n-type material for power
generation. b) Replacing the electric load by a DC power source is done in Peltier
coolers. c) Connecting multiple unicouples thermally in parallel and electrically in
series results in the functioning device. Adapted from refs. [102, 103].

cold side are reached. Thermoelectric devices directly transfer heat into an electrical
current without any moving parts, which are needed e. g. in traditional heat engines
and can thus be considered as reliable, robust and with extremely low maintenance
requirements.[104]

The performance of an individual p- or n-type material in a thermoelectric device is
quantified by the dimensionless materials figure of merit zT (equation 1.6), composed of
the Seebeck coefficient α, electrical conductivity σ, temperature T and thermal conductivity
κ.

zT = α2 · σ
κ
· T (1.6)

The Seebeck coefficient or thermopower is the voltage difference generated per temperature
difference (α = ∆V

∆T ). Hence, to obtain a high zT the electrical conductivity σ and the
Seebeck coefficient α should be high, while the thermal conductivity κ remains low. However,
all factors are interdependent and in most cases an increased electrical conductivity
yields a decrease in the Seebeck coefficient and increased thermal conductivity.[103,105,106]

Figure 1.9 a) shows the optimum of the figure of merit as function of charge carrier
density. Depending on the material, typical charge carrier concentrations are in the range
of 1019–1021 cm−3. That is in between of semiconductors and metals, thus heavily doped
semiconductors.[106]

To generate a high Seebeck coefficient, there should be only one type of charge carrier
in the material, otherwise both holes and electrons will move to the cold end of the leg,
canceling out the induced Seebeck voltage. Low carrier densities though cause a rather low
electrical conductivity, which is given by the reciprocal resistivity ρ, the elementary charge
(1.602× 10−19C) and the charge carrier density n, equation 1.7.[106]
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Figure 1.9.: a) Optimization of zT by tuning of charge carrier density. The maximum zT
is a compromise between a high Seebeck coefficient and conductivity and a low thermal
conductivity (plotted on the y-axis value of κ; 0–10Wm−1 K−1, α; 0–500µVK−1, σ;
0–5000 S cm−1). b) Thermoelectric power generation efficiency ηp as a function of
the device figure of merit ZTave for different temperature gradients. Adapted with
permissions from ref. [106], c© 2008, Springer Nature and ref. [102], c© 2015, Elsevier.

σ = 1
ρ

= eµn (1.7)

The thermal conductivity has two contributions κ = κe + κl, one contribution is from
electrons and holes transporting heat κe, the other is from lattice vibrations or phonons
traveling through the lattice κl. An increase in charge carrier density will result in a higher
contribution of κe and increase the overall thermal conductivity, decreasing the performance
zT . To reduce the lattice contribution compounds from heavy elements were used in
classical thermoelectric devices, as a high atomic mass reduces the vibration frequency.[107]

Hence, thermoelectrics constitute a special class of materials with low thermal conductivity
and high electrical conductivity, often described as “a phonon-glass” and “electron-crystal”
material.[105,106] Due to inherent low thermal conductivity and correlated trade-off between
electrical conductivity and Seebeck coefficient of conjugated polymers, they emerge as
new class of materials for thermoelectric applications. Often, the thermal conductivity
is considered as negligible and a power factor PF is defined, which is given by equation
1.8.[103]

PF = α2σ (1.8)

The thermoelectric power generation efficiency of a device is given by equation 1.9. It has
to be noted that the device figure of merit ZTave (applied for one or several unicouples)
is different from the materials figure of merit zT (only a p- or n-type leg), and that it
is an average over the operating temperature range, due to the temperature dependence
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of all the materials parameters (α, σ and κ) contributing to zT (T ).[106] If temperature is
assumed to be independent and the p- and n-type thermoelectric properties are matched
(“zT matched”), ZTave is approximately the average of the individual zT ’s.[106,108,109] This
is often an unrealistic approximation and incorrect efficiencies higher than is practically
achievable are reported.[110] Figure 1.9 b) shows the generation efficiency ηp as function of
the device figure of merit ZTave.

ηp = Thot − Tcold

Thot

 √
1 + ZTave − 1√

1 + ZTave + Thot
Tcold

 (1.9)

1.3. The n-type Model System RR-P(NDI2OD-T2)

Parts of this chapter have been published:

Y.M. Gross, and S. Ludwigs, P(NDI2OD-T2) Revisited – Aggregation Control as Key for
High Performance n-Type Applications,
Synthetic Metals 2019, 253, 73-87, doi:10.1016/j.synthmet.2019.04.017.

1.3.1. Synthetic Methods for P(NDI2OD-T2) Preparation

1.3.1.1. Step-Growth Polymerization

The first synthesis of regioregular poly{[N,N ’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} RR-P(NDI2OD-T2) was pub-
lished by Chen et al. in 2009.[111] This material got commercialized by Polyera under
the name “AktivInk N2200”. The synthetic route is schematically shown in Figure 1.10.
1,4,5,8-Naphthalenetetracarboxylic dianhydride (NDA) is brominated with dibromoisocya-
nuric acid to yield 2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA-Br2)
in a mixture with further bromination products, e. g. mono- and tribromo species. Due to
the insolubility of the mixture in organic solvents, purification is performed after the next
synthetic step, which is the formation of N,N ’-bis(2-octyldodecyl)-2,6-dibromonaphthalene-
1,4,5,8-bis(dicarboximide) (2,6-NDI2OD-Br2) with 2-octyldodecylamine in a solvent mix-
ture of o-xylene and propionic acid. Purification by column chromatography gives access
to the pure 2,6-brominated regioisomer 2,6-NDI2OD-Br2, which is a prerequisite for
the regioregular coupling in the polymer. RR-P(NDI2OD-T2) is synthesized by a
Pd-catalyzed Stille-polycondensation with Pd(PPh3)2Cl2 and 5,5’-bis(trimethylstannyl)-
2,2’-bithiophene. The polymerization is performed in high yields, although the control over
molecular weight and polydispersity is low, resulting in PDIs usually higher than 4. For
this class of polymers aggregation often leads to overestimation of the molecular weight in
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size exclusion chromatography (SEC) calibrated versus polystyrene standards.[112] However,
comparison of high-temperature SEC in 1,2,4-trichlorobenzene with CHCl3 SEC at room
temperature revealed that CHCl3 gives reliable data for low-to-moderate molecular weight
samples.[113]
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Figure 1.10.: Synthetic route for the step-growth polymerization of RR-P(NDI2OD-
T2) published by Chen et al. in 2009.[111]

1.3.1.2. Chain-Growth Polymerization

Starting from 2,6-NDI2OD-Br2, Senkovskyy et al. published 2011 a second approach for
the synthesis of RR-P(NDI2OD-T2), see Figure 1.11.[114] Thiophene is coupled to the
naphthalene diimide by a Stille-type cross coupling applying standard conditions with
a Pd(PPh3)2Cl2 catalyst in THF. Tkachov et al. presented a tin-free synthesis by the
Suzuki-coupling of a thiophene boronic acid pinacol ester under water free conditions with
CsF as base.[113] The thiophene moieties are brominated using N-bromosuccinimide (NBS),
resulting in the symmetrical monomer 2,6-NDI2OD-T2-Br2. The initial intention of the
authors was the extension of the GRIM/KCTP polymerization towards electron-deficient
monomers. However, the Grignard metathesis reaction with alkyl magnesium halides
was not successful.[114] Another possible method to generate monomers with chain-growth
polymerizable functionalities is the Rieke-Method,[33] involving the preparation of zinc
organic compounds by treatment with activated Zn*, elementary zinc with high reactivity
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Suzuki-type cross coupling of 4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane
proposed by Tkachov et al. in 2014.[113]

due to a large surface area. The reaction of 2,6-NDI2OD-T2-Br2 with equimolar amounts
of Zn* lead to an immediate color change from red to dark-green and the disappearance of
the solid phase. It was found that an unusual radical-anion complex [2,6-NDI2OD-T2-Br2
/ Zn] was formed instead of oxidative insertion of the Zn into the C–Br bond. Quantitative
recovery of 2,6-NDI2OD-T2-Br2 instead of 2,6-NDI2OD-T2-Br-H after hydrolysis and a
paramagnetic resonance (g = 2.0035) in electron spin resonance (ESR) confirmed this
hypothesis. In analogy to decamethyldizincocene Zn2(η5-C5Me5)2, which is the single
example for an oxidation state of +I of zinc with Zn–Zn bonds,[115] a dimerization of
the radical-anion complex [(NDI2OD-T2-Br2)–]2[Zn–Zn]2+ is proposed.[114] This complex
remains stable under inert-gas conditions and during prolonged heating at 60 ◦C and
neither decomposition of the complex, insertion of Zn into the C–Br bond, reduction of the
imide groups nor polymerization occurred. Addition of nickel complexes like Ni(dppe)Cl2
or Ph-Ni(dppe)Br lead to the rapid polymerization of this complex within a few hours
at room temperature. Since no insertion of Zn into the C–Br bond was observed, the
polymerization proceeds not by the common chain-growth mechanism of Ni-initiated
cross-couplings.[116]
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A plausible mechanism of the polymerization is shown in Figure 1.12.[114,117] As no C–Zn–Br
bond is present in the monomer, the usual transmetalation step for cross-coupling reactions
is not possible. A “quasi-transmetalation” was proposed, which starts by a single electron
transfer (SET, Figure 1.12 I) from the Zn•+ to the Ni(II) at the initiator (or chain end).
This leads to the formation of a Ni(I)-species, which then oxidatively adds (Figure 1.12 II)
to the terminal C–Br bond. Aromaticity is regained by elimination of a Br– and ZnBr2 is
formed (Figure 1.12 III), a typical byproduct of Negishi cross couplings. Formation of
Ni(I) species were proposed by Senkovskyy et al. in analogy to coupling of aryl halogenides
with Ni-complexes under constant reductive driving forces.[117,118] A “real” transmetalation
step as electrophilic attack from the Ni(II) to the monomer is also unlikely due to the fact
that no well-defined carbanionic center is present in the monomer radical anion complex
[2,6-NDI2OD-T2-Br2 / Zn].
Reductive elimination (Figure 1.12 IV) leads to an associated pair of the Ni(0)-complex
and the naphthalenediimide core. Quantum chemical calculations by density functional
theory (DFT) predict a high stability of this associated pair.[117] NMR studies based on
31P and 1H-13C-HSQC spectra confirmed the structure of η2-Ar(dppe)Ni(0).[117] Model
reactions also highlighted the formation of Ni(0)/naphthalenediimide associated pairs and
their oxidative addition reactions.
The high stability is responsible for the slow ring-walking of the Ni(0) species to the terminal
C–Br bond, thus being the rate determining step of the polymerization. Intramolecular
oxidative addition of the nickel (Figure 1.12 V) completes the catalytic cycle. This can
probably be attributed to the fact that due to the associated pair of propagating chain
and catalyst the intramolecular oxidative addition is favored. Furthermore, no chain
transfer was observed during the polymerization in presence of non-activated monomer
2,6-NDI2OD-T2-Br2. Absence of chain-transfer is also an indication for the chain-growth
mechanism of the polymerization. Further chain extension experiments showed that the
active chain end is preserved and higher molecular weight polymers are formed. However,
a broadening of the molecular weight distribution is observed excluding a living character
of the polymerization.[114]

This synthesis of RR-P(NDI2OD-T2) is superior to the step-growth polymerization due
to the control of molecular weight and lower polydispersity. Senkovskyy et al. reported
molecular weights of Mn = 25–126 kgmol−1 and PDIs = 1.3–1.7 with monomer catalyst
ratios of 10:1–70:1. External initiation with functionalized initiators like Ar-Ni(dppe)Br
give access to end group modification which can be used, e. g., for polymer analogous
reactions and block copolymer synthesis.[119–121]

Tkachov et al. proposed a Pd / PtBu3 mixture as an exceptionally highly reactive catalyst
for polymerization of [2,6-NDI2OD-T2-Br2 / Zn].[113] The catalyst is prepared in-situ
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by mixing of equimolar amounts Pd(MeCN)2Cl2 and PtBu3. A 1:1 ratio was chosen to
facilitate formation of coordination-unsaturated Pd-species, which are expected to be
especially high in catalytic reactivity.
First attempts involved the polymerization at feed ratios of monomer:catalyst of 50:1,
however, gelation of the reaction mixture was observed within 10min at room temperature,
which was ascribed to extremely high molecular weights. Also termination before the
gelation point did not improve the solubility, which means that high molecular weight
products are already formed at an early stage of the polymerization, indicative for a
chain-growth mechanism. Thus, a higher catalyst loading, i. e. 20:1, should lead to lower
molecular weights. An immediate gelation of the reaction was observed in this experiment,
which excludes a clean chain-growth mechanism. A step-growth polymerization reaction can
be slowed down by lower catalyst loadings. Soluble polymers were formed at ratios of 200:1
to 450:1 with molecular weights in the range of Mn = 420 kgmol−1, PDI = 2.4 and Mn =
90 kgmol−1, PDI = 3.0 (SEC in CHCl3 at 40 ◦C vs. PS standards).
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Figure 1.13.: Proposed mechanism of the step-growth and chain-growth polymerization
of NDI2OD-T2-Br2 with Pd / PtBu3 as catalyst according to Tkachov et al.[113]

Size exclusion chromatography of polymerizations with feed ratios of 200:1 revealed that
at a late stage of the polymerization (after 1 h) substantial quantities of the monomer were
still present although polymers with high molecular weights of Mn = 120 kgmol−1 (PDI =
2.9) were already formed.[113] This was an indication of a chain-growth propagation of the
polymer chain as suspected initially. However, a pure chain-growth propagation presumes
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that the degree of polymerization and the feed ratio are the same (for a living system), which
was not observed. Furthermore an extremely high degree of polymerization was obtained at
a catalyst:monomer ratio of 20:1. Thus, the authors proposed a mechanism which involves
both chain-growth and step-growth, summarized in Figure 1.13.
Step 1.) chain-growth is reminiscent of the mechanism proposed for the Ni-catalyzed
polymerization as discussed above, cf. Figure 1.12. The presence of reductive coupling steps
(“quasi-transmetalation”) in the Pd-catalyzed polymerization was not further discussed.
Tkachov et al. suggest a Zn-exchange reaction (Figure 1.13 2.) between the monomer
[2,6-NDI2OD-T2-Br2 / Zn] and propagating chains Br–(NDI2OD-T2)n–Pd(PtBu3)–Br
due to the electron deficient nature of the growing chains and the electron rich radical-
anion monomer complex. This is accompanied with the reductive elimination of Pd /
PtBu3. Intramolecular oxidative addition results in Br–Pd(PtBu3)–(NDI2OD-T2)n–Zn–
Br, which can then undergo transmetalation with monomers or other polymer chains
bearing transferred Zn, which results in larger chains (step 3.) and therefore broadening
of the molecular weight distribution.[113] Control reactions and polymerizations with non-
brominated [NDI2OD-T2 / Zn] complexes validated the Zn-transfer hypothesis and the
combination of chain-growth and step-growth, however, more solid experimental data are
needed to fully understand this mechanism.[113]

1.3.1.3. Direct Arylation Polycondensation
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Figure 1.14.: Direct arylation polycondensation of RR-P(NDI2OD-T2) according to
Matsidik et al. published in 2015.[122]

Matsidik and co-workers published in 2015 a method to prepare RR-P(NDI2OD-T2)
by direct arylation polycondensation (DAP).[122] 2,6-NDI2OD-Br2 and non-functionalized
bithiophene T2 are copolymerized with a Pd-catalyst and a base system of potassium
carbonate K2CO3 (3 eq.) and pivalic acid PivOH (1 eq.) in aromatic solvents like toluene
or chlorobenzene. The authors synthesized several model compounds to assign end group
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signals of the polymer backbone and exclude homocouplings of monomers or unselective
C–H activation of the T2 (β-arylation). Under optimized conditions only tolyl-terminated
NDI (o:m:p ≈ 5:40:55) and H-terminated T2 chain ends were found. Defect-free polymers
with controllable molecular weights ofMn = 10–40 kgmol−1 were synthesized. With higher
molecular weights, however, broadening of the molecular weight distribution was observed
as the PDI rised from 1.4 for polymers with Mn = 10 kgmol−1 to around 4.0 for polymers
with Mn = 41 kgmol−1.
The DAP method is superior to the conventional step-growth polymerization, as there
is no need for toxic stannylated compounds which is also cheaper by ~35% compared to
standard procedures.[122,123] The solvent for direct arylation polycondensation is of crucial
importance, as with increasing degree of polymerization solubility issues limit the maximum
molecular weight. On the other hand, unintentional activation of C–H bonds present
in aromatic solvents under DAP conditions leads to in situ solvent termination which
competes with polymerization.[124,125] Direct arylation was also used for the synthesis of
2,6-NDI2OD-T2

[126] and was extended recently to other n-type donor–acceptor copolymers
based on naphthalenediimide and bithiazole[127] as well as (2,5-bis((2-ethylhexyl)oxy)-
1,4-phenylene)bis(ethene-2,1-diyl))dithiophene.[128] Although polymerization by direct
arylation becomes more and more versatile to many complex conjugated polymers, major
drawbacks are time consuming reaction condition optimization and the lack of chain-growth
or living polymerization conditions.[129–131]

1.3.2. Absorption Spectroscopy and Aggregation in Solution
and Films

Optical properties of RR-P(NDI2OD-T2) in solution and film were studied in detail
by Steyrleuther et al. in 2012 by means of absorption and fluorescence spectroscopy in
various common solvents.[132] Figure 1.15 shows UV–Vis absorption a) and near-infrared
fluorescence spectra b) of RR-P(NDI2OD-T2) dissolved in common organic solvents
with a concentration of 1 g l−1. It is noticeable that the spectra differ significantly depending
on the solvent. All spectra are characterized by two spectral features, the high energy band
(attributed to the π*←π transition) located around 360–390 nm and a low energy charge-
transfer (CT) band (attributed to the charge transfer from donor to acceptor moiety) with
a maximum at 600–750 nm, as it is often observed for donor–acceptor copolymers.[133,134]

Since HOMO and LUMO are mainly localized on the donor and acceptor, respectively, the
charge transfer band corresponds to a LUMO←HOMO transition, which was supported
by quantum chemical calculations.[132] In 1-chloronaphthalene (1-CN), the CT absorption
is broad and featureless, with a maximum at 620 nm. In toluene or chlorobenzene the CT
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Figure 1.15.: (a) Absorption and (b) fluorescence spectra (excited at 560 nm) of RR-
P(NDI2OD-T2) in various solvents at a concentration of 1 g l−1. Film spectra were
added for comparison. The inset shows a photograph of the investigated solutions
(with 1-CN on the left to toluene on the right). (c) Schematic representation of the
aggregated chains in toluene and 1-CN, respectively. Reprinted with permissions from
ref. [132], c© 2012, American Chemical Society.

transition is bathochromic shifted with a maximum at 710 nm, exhibiting additionally a
shoulder around 800 nm. Absorption spectra in spin coated films are reminiscent of the
transitions observed in toluene. Fluorescence spectra show similar to the absorption a
redshift in the emission maximum. The photoluminescence in 1-CN is has a maximum at
720 nm and a broad tail extending to 1000 nm, while toluene has a maximum at 860 nm
and a shoulder around 950 nm.
It was concluded, that the change in absorption and emission was not due to solva-
tochroism, but to a change in the content of aggregated polymer chains depending on
the solvent. Aggregation in this context refers to π–π-interactions of several polymer
chains (intermolecular) or within an individual polymer chain (intramolecular, single chain
aggregate). The main points proving the hypothesis are:
(i) Fluorescence excitation spectra in 1-CN for emission at three different wavelengths were
identical to the absorption. This was attributed to one single emitting species, the non-
aggregated polymer chain. In toluene on the other hand, at different emission wavelengths
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different excitation spectra are observed, unambiguously resulting from different (at least
two) distinct states.
(ii) This was further supported by temperature dependent absorption experiments. As
the aggregated toluene solution was heated up, the aggregate content decreased, which
is consistent with an increased solubility of the polymer chain at elevated tempera-
tures.
(iii) Investigations on the molecular weight dependence of the UV–Vis absorption. The
absorption changes significantly with increasing molecular weight, whereas dependence on
the polymer concentration is rather small. Thus, mainly intramolecular aggregation of
the polymer chains was proposed.[132] However, for rather short polymer chains (around
7-13 repeating units), also an intermolecular aggregation was observed, as chain folding is
unlikely for such short chains.[135]

Absorption and photoluminescence spectroscopy in mixtures of 1-CN and toluene fur-
thermore revealed that two different aggregates are present in solution, an intermediate
aggregate called aggregate I (at lower toluene content), and an aggregate II at higher
toluene fractions, which are formed at the expanse of aggregate I.
Assignment of the absorption in 1-CN to the non-aggregated chain opens the ability to
deconvolute the absorption into aggregated and non-aggregated contributions and calculate
the aggregate content.[132] The spectra were normalized at 550 nm, the non-aggregated
contribution (1-CN absorption) was subtracted from each spectrum, and the residue
was integrated between 500–900 nm and divided by the integrated non-aggregated con-
tribution. It is important to note that the aggregated species have a higher extinction
coefficient εaggr, since planarization in the polymer chains due to aggregation leads to both
a bathochromic shift and also higher absorption coefficients. For RR-P(NDI2OD-T2),
the ratio εaggr/εnon−aggr = 2.5 was determined by absorption and photoluminescence spec-
troscopy in different toluene:1-CN mixing ratios.[132] Although no distinct vibronic fine
structure is observed in spin-coated films, both absorption and emission are resembled
by toluene solutions. Thus it was proposed that aggregated chain segments dominate the
optical properties of RR-P(NDI2OD-T2) and were quantified to an aggregate content of
around 45%.[132] This content seems to be independent on the solvent used for film prepa-
ration used in the investigation. A scheme of aggregated RR-P(NDI2OD-T2) chains is
shown in Figure 1.15 c), which was supported by nuclear magnetic resonance experiments,
quantum chemical calculations, time-resolved spectroscopy, analytical ultracentrifugation
and sedimentation velocity experiments.[132]

The structure of these aggregates was further elucidated by Nahid and coworkers by small
angle X-ray scattering in different solvents.[136] In good (1-CN, 15.6 nm), tolerably good
(o-dichlorobenzene DCB, 11.7 nm) and tolerably poor (CB, 13.4 nm) solvents small radii of
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gyration Rg with rather coil-like chains were observed. In poor solvents like toluene, the au-
thors reported elongated rod-like aggregates with a Rg up to 300 nm. Thin films produced
from decreasing solvent quality showed an increased absorption of aggregate II in thin films,
which was correlated to the transistor performance. Accordingly, solutions with higher
aggregate content showed an increased amount of correlated backbones in the film, which
was also shown by Luzio et al.[136,137] The solvent-induced local order due to aggregation
was also demonstrated by absorption spectroscopy and time-resolved electron paramag-
netic resonance (TREPR) by Meyer et al.[135] Aggregation leads to a change in mode of
delocalization from intrachain to interchain for both singlet excitons (absorption) and
triplet excitons (TREPR) and induces a high degree of local order.

1.3.3. Electrochemistry and Chemical Doping of
P(NDI2OD-T2)

1.3.3.1. Electrochemistry of P(NDI2OD-T2)

Electrochemistry of (semi-)conducting polymers is often performed for the determi-
nation of frontier orbital energy levels, which are particularly relevant for solar cell
applications.[86,89,90] Furthermore, electrochemical oxidation or reduction of monomers
can be used to synthesize conjugated polymers on conducting electrodes by means
of electropolymerization.[138] Electrochemical methods such as spectroelectrochemistry
help to investigate charged species and get a detailed understanding of electrochemical
processes.[139] Cyclic voltammetry (CV) is one of the most common electroanalytical
methods to study the redox-behavior of electro-active compounds.[140] Preparation of
supercapacitors and batteries based on conducting polymers and their electrochemical
characteristics is a huge field of research on its own.[141–143] Additionally, electrochem-
istry can be used as method for electrochemical doping of (semi-)conducting polymers to
precisely tune the doping level of the polymer, which is of crucial importance in device
application.[144]

Cyclic voltammetry of RR-P(NDI2OD-T2) has been performed by several groups in
literature and LUMO values of –3.79 to –4.05 eV are reported.[111,145–150] Note that de-
pending on the reference value slightly different absolute values of the frontier orbitals are
determined.[151] These LUMO energies were also considered as the borderline for operation
of n-type semiconducting transistors in ambient conditions.[111,152] Two reversible reduction
waves are revealed in cyclic voltammograms, which were assigned to the twofold reduction
of the naphthalenediimide unit (see Figure 1.16, a).[111,147–150] First, a radical-anion is gen-
erated which is then converted to a dianion upon further reduction. This behavior is similar
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to small molecules based on naphthalenediimides, and it was proposed that the charges
are mainly localized on the imide unit.[153,154] The parent naphthalenediimide strongly
determines the redox-chemistry of these materials, also in other structural related small
molecules,[152,155,156] oligomers,[157] and polymers[112,146,158] based on naphthalenediimide
similar reduction potentials and LUMO values are observed.
Electropolymerization of 2,6-NDI2OD-T2 (compare Figure 1.11) with hexyl instead of
2-octyldodecyl side chains was performed by Sefer et al.[159] Polymerization proceeds via
oxidative coupling of the thiophene units at potentials around E = 1.48 V vs. Ag/Ag+,
which is considerably higher to pure thiophenes due to the electron withdrawing character of
the NDI unit.[24,160–162] The behavior of RR-P(NDI2OD-T2) films on different electrode
materials was addressed in the work of Giussani, also advanced electrochemical methods
as the electrochemical quarz crystal microbalance (EQCM) were used to study counterion
migration into PNDI films.[149]
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Figure 1.16.: Cyclic voltammetry a) and in-situ spectroelectrochemistry b) and c) of
RR-P(NDI2OD-T2) films spin-coated from 3 g l−1 CB solution onto ITO as working
electrode, measured in 0.1m NBu4PF6/MeCN as electrolyte. Arrows indicate the
potentials at which the UV–Vis spectra were taken during the forward scan of the
2nd cycle. c) shows the peak evolution of absorption maxima at 674 nm (neutral N),
at 489 nm (radical-anion R•–) and at 718 nm (dianion R2–) as function of applied
potential. Adapted with permission from ref. [163], c© 2015, American Chemical
Society.
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Correlations between morphology and electrochemical reduction behavior in films of RR-
P(NDI2OD-T2) and comparison to its monomer were published by Trefz et al.[163] While
other reports only reported unresolved cyclic voltammograms, a fine structure especially
in the first reduction to the radical-anion state was observed, see Figure 1.16, a). This
was probably due to a more homogeneous film on the working electrode obtained by
spin-coating, while in other reports usually drop casting was used. The I–E curves reveal
two chemically reversible sets of signals between −0.93 to −1.25V (signal set I) and −1.33
to −1.55V vs. Fc/Fc+ (signal set II) in the forward cycle. Signal set I contains two main
reduction waves at −1.04V and −1.22V with corresponding reoxidation waves at −0.96V
and −1.10V in the backward scan. A very sharp reduction peak at −1.36V followed
by a broad shoulder at more negative potentials and corresponding reoxidation signals
with a peak potential at −1.29V are observed in signal set II. Integration of the current
revealed a ratio of the charge between the first and the second set of approximately unity,
indicating that the same electron stoichiometry must be involved in both signal sets.[163]

From the signal sets half-wave potentials of EI
1/2 = −1.00 V and EII

1/2 = −1.33 V were
determined. The half-wave potential of the first reduction is concurrent to the monomer,
suggesting that the redox-active units are not influenced by the polymerization. This
is in contrast to polythiophenes, which exhibit a superposition of different redox-states
due to different chain lengths leading to a broadening and to a shift of the voltammetric
signals.[138,163,164]

Assignment of the signal sets to the radical-anion and dianion was further supported
by in-situ spectroelectrochemical measurements Figure 1.16, b) and the corresponding
absorption peak evolution c). The neutral spectrum (N) has two maxima at 389 nm and
674 nm up to a potential of −0.93V and then continuously decreases, while new bands
at 489 nm, 708 nm and 804 nm (R•–) appear until a potential of −1.25V. Simultaneously,
the high energy band shifts to lower wavelengths. During signal set II the radical-anion
absorption diminishes again and a broad band at 718 nm ascends, which is assigned to the
dianion absorption (R2–) The characteristic absorption course (neutral N, radical-anion R•–

and dianion R2–) as function of applied potential (black curve) is becoming very clearly
visible in the evolution shown in Figure 1.16, c).
By in-situ spectroelectrochemistry the signal sets could be assigned to the first and second
reduction, however, the signal splitting especially in the first reduction processes remained
striking. To address this issue and motivated by different film morphologies present after
specific preparation conditions (cf. 1.3.4.2), first cycle effects of different thermally annealed
films were investigated, illustrated in Figure 1.17. First cycle effects are well known for
electropolymerized p-type materials and are explained by morphological reorganizations
by incorporation of solvated counterions and repulsion of identical generated charges on
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Figure 1.17.: Cyclic voltammograms of RR-P(NDI2OD-T2) films spin-coated onto
ITO as working electrode after thermal annealing at 220 ◦C a) and 300 ◦C b), respec-
tively. Measurements were performed in 0.1m NBu4PF6/MeCN as electrolyte with
a scan rate of 20mV s−1. c) Differential pulse voltammetry (modulation amplitude:
25mV) of RR-P(NDI2OD-T2) (Mn = 3.4 kgmol−1; PDI = 2.8) solutions in chlo-
roform (1.18 g l−1, conducting salt: NHex4PF6, blue) and THF (1 g l−1, conducting
salt: NBu4PF6, black). Adapted with permission from ref. [163], c© 2015, American
Chemical Society.

the polymer backbone due to oxidation.[165–168] Trefz et al. could show that the signal
observed at −1.04V in the second cycle is shifted to lower potentials in the first cycle,
indicating a hindered diffusion of counterions and solvent into the film.[163] This became
especially pronounced at more crystalline films prepared by annealing at 220 and 300 ◦C,
respectively, which can be seen in the gray boxes in Figure 1.17, a) and b). Increase of
the reduction wave at −1.04V in the second cycle was attributed to a species similar
to dissolved polymer chains, which could be shown by differential pulse voltammetry
of RR-P(NDI2OD-T2) with a low molecular weight (Mn = 3.4 kgmol−1; PDI = 2.8)
dissolved in THF or CHCl3.[163]

The conductance was further investigated by organic electrochemical transistors (see also
7.1.6.2).[163] An additional potential between two interdigitated Pt electrodes is coupled to
the cyclic voltammogram and a current flow is observed between these electrodes when a
conductive state is reached. Figure 1.18 a) shows the measured conductance as function
of reduction potential in the forward (turquoise) and backward (violet) scan of the 2nd

cycle (black). In the CV similar half-wave potentials are observed, the signal splitting
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Figure 1.18.: a) In-situ conductance (turquoise: forward scan, violet: backward scan)
and cyclic voltammogram (2nd cycle, black) of a RR-P(NDI2OD-T2) film spin-
coated from CHCl3 (c = 3 g l−1) on interdigitated Pt electrodes. The potential
difference between the two interdigitated combs is 10mV. The measurements were
performed in NBu4PF6 as electrolyte with a scan rate of 20mV s−1. The conductance
of 1.4mS was considered as the background current. Adapted with permission from ref.
[163], c© 2015, American Chemical Society. b) Schematic picture of the charge carrier
transport inRR-P(NDI2OD-T2) according to the mixed-valence conductivity model
and assignments (I–V) to the in-situ conductance profile in a). States I, III and V
are not conducting (non or fully charged), only states II and IV (half-charged) are
considered as conducting. Adapted from ref. [169].

was not resolved due to the less homogeneous film on the interdigitated electrodes. Two
maxima of the in-situ conductance at −1.03V and −1.37V corresponding to the first and
second reduction are visible, in between only the background current of the transistor
was measurable. Such behavior was also observed in other redox polymers reported in
literature.[170,171] A model describing this behavior is the “mixed-valence conductivity”,
charge transport occurs via electron hopping between different redox states as schematically
drawn in Figure 1.18 b).[169,171,172] The hopping probability is the highest when half of
the redox units are charged, i. e. half of the NDI units are reduced to the radical-anion
(or dianion). If the redox sites are non or fully charged, the hopping probability is low,
which leads to the characteristic course of the conductance observed in RR-P(NDI2OD-
T2), differing significantly from other conjugated polymers such as PTs or PEDOT,
which typically exhibit a conductance plateau upon charging.[138,162,173,174] All these results
presented by Trefz et al. support the idea of a very local redox process taking place on
the NDI unit. A strong localization of the polaronic species onto a few repetition units
of a single polymer chain had been also proposed in literature using charge modulation
spectroscopy and DFT calculations to investigate the absorption of the charged polymer
species.[175–177]
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Assignment of RR-P(NDI2OD-T2) to the class of π-conjugated redox polymers was
also done by Liang et al. due to the reversibly twofold dopable carbonyl/imide redox
units on the naphthalenediimide and the π-conjugation via the naphthalene core and
bithiophene, respectively.[144] It was compared to the backbone insulating P(NDI2OD-
TET) poly[N,N ’-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5’-
[2,2’-(1,2-ethanediyl)bithiophene], and it was clearly shown that RR-P(NDI2OD-T2)
exhibits much faster electrode kinetics than P(NDI2OD-TET) when investigated as charge
storage material for rechargeable Li batteries, attributed to the higher conductivity of the
conjugated backbone. RR-P(NDI2OD-T2) delivers 95% of its theoretical capacity at a
high rate of 100C (72 s per charge–discharge cycle) under practical measurement conditions
as well as 96% capacity retention after 3000 cycles of deep discharge–charge.[144] The
authors also compared the electrochemical doping behavior with Li+ during reduction with
chemical doping by the molecular dopant 4-(1,3-dimethyl-2,3-dihydro-1H -benzimidazol-
2-yl)-N,N -diphenylaniline (N-DPBI, see Figure 1.19). An increase of conductivity was
observed to around 10−3 S cm−1, however phase segregation of molecular dopants in the
polymer host film was observed at dopant ratios higher than 10mol %, which was not the
case for Li+.[144]

1.3.3.2. Chemical Doping of RR-P(NDI2OD-T2)

The effect of molecular doping in RR-P(NDI2OD-T2) has found great interest recently,
as it is one of the few promising n-type semiconducting polymers and could be used e. g.
as n-type leg in organic thermoelectric generators. However, high conductivities and high
charge carrier densities are needed, respectively, as discussed in 1.2.3.
The discovery of air-stable n-dopants for organic semiconductor materials was impaired by
the necessity of high-lying HOMO levels and the air sensitivity of compounds that satisfy
this requirement.[178] Alkali metals are known to react rapidly with electron accepting
materials due to their high-energy HOMO levels, however, their highly reactive nature,
instability in air and the high diffusivity of the corresponding ions has limited their
application.[179–181] One strategy to circumvent this problem is to utilize stable precursor
molecules that form the active doping complex in situ during the doping process or
in a postdeposition thermal- or photo-activation step.[178] First n-type air-stable dopant
precursors for small molecules were based on cationic and hydride reduced dyes like pyronin
B and leuco crystal violet.[182–184] Figure 1.19 summarizes commonly used molecular dopants
for RR-P(NDI2OD-T2), both conductivity values and corresponding doping procedures
are summarized in Table 1.2.
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tetrakis(dimethylamino)ethylene TDAE.[189,190] Cy = cyclohexyl.

Interfacial engineering in bulk-heterojunction organic solar cells was performed by Cho
et al. who used crosslinked and doped RR-P(NDI2OD-T2) as electron transport
layer in organic solar cells.[186] The semiconducting polymers were photocrosslinked with
bis(perfluorophenyl) azide[191] to form a robust solvent-resistant film, chemical n-doping was
done with 4-(2,3-dihydro-1,3-dimethyl-1H -benzimidazol-2-yl)-N,N -dimethylbenzenamine
(N-DMBI, see Figure 1.19) leading to an increased performance of the solar cells by a
higher conductivity of the electron transport layer. No conductivity was given, but 2,6-
NDI2OD-Br2 copolymerized with thiophene revealed a conductivity of σ = 4× 10−3 S cm−1

in the crosslinked ETL and the performance of RR-P(NDI2OD-T2) was just slightly
lower.[186] Electron transport layers based on N-DMBI doped RR-P(NDI2OD-T2) in
perovskite solar cells was used to increase their performance by Guo et al.[187] With the
doped electron transport layer, the performance was doubled from 6.5% to 13.93% power
conversion efficiency. The reliability, charge carrier mobility, threshold voltage, injection
and on–off ratio of RR-P(NDI2OD-T2) OFETs could be enhanced by optimized, low
molar ratio (0.05wt%) of the 19 e– sandwich complex cobaltocene (Co(Cp)2) as dopant.[188]

The improved performance originates from free electrons that are generated by electron-
donating Co(Cp)2 (or CsF) which are transferred to the semiconducting polymer and then
occupy deep trap states.[188]

The first paper describing the doping process with N-DMBI and N-DPBI in detail and
investigating thermoelectric properties in doped RR-P(NDI2OD-T2) was published
by Schlitz et al. in 2014.[185] The authors doped the polymer with different amounts of
N-DMBI and N-DPBI, namely 3mol%, 9mol% and 25mol% by adding the appropriate
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Table 1.2.: Conductivity values of RR-P(NDI2OD-T2) and corresponding doping
procedures with different molecular dopants proposed in literature.

# Dopant concentration σmax / S cm−1 procedure ref.

1 N-DMBI 10mol% – solution doping, 110 ◦C, 10min [186]
2 N-DMBI 5wt% 1.1× 10−3 solution doping [187]
3 N-DMBI 9mol% 8× 10−3 solution doping, 150 ◦C, 6 h [185]
4 N-DPBI 9mol% 4× 10−3 solution doping, 150 ◦C, 6 h [185]
5 N-DPBI 15–28mol% ~1× 10−3 solution doping, 110 ◦C, 30min [144]
6 2-Cyc-DMBI-H 53mol% 3.4× 10−4 solution doping, 90 ◦C, 1 h [181]
7 (2-Cyc-DMBI)2 11mol% 2.8× 10−3 solution doping, 90 ◦C, 1 h [181]
8 (2-Fc-DMBI)2 11mol% 7.6× 10−5 solution doping, 90 ◦C, 1 h [181]
9 (2-Cyc-DMBI)2 23mol% 3× 10−3 solution doping, 110–120 ◦C [192]
10 TDAE – 5× 10−3 110 ◦C, vapor doping, 60 s [189]

amount from a stock solution to the polymer solution. Heating of the samples to 150 ◦C
induced the doping reaction, and maximum conductivities of σ = 8× 10−3 S cm−1 and
σ = 4× 10−3 S cm−1 were given for N-DMBI and N-DPBI, respectively. Seebeck coefficients
of S = −850 µV K−1 and S = −770 µV K−1 were obtained.
With the measured conductivity and a mobility in the bottom-gate/bottom-contact
transistor geometry of approximately µ ≈ 5× 10−3 cm2(Vs)−1, the authors calculated the
maximum charge carrier density n ≈ 1017 cm−3 according to eq. 1.7 (at 9mol% N-DMBI).
Neglecting the volume of the dopant and calculating the volume of a repeat unit given
by the crystalline unit cell of RR-P(NDI2OD-T2) (≈ 10−21 cm−3),[193] a low doping
efficiency of only ≈1% was revealed. This was attributed to the phase separation of the
dopant and polymer matrix.[185]

Dimers of benzimidazoline radicals (2-Cyc-DMBI)2 and (2-Fc-DMBI)2 were compared to
2-Cyc-DMBI-H in both fullerenes and RR-P(NDI2OD-T2) host materials.[181] Solution
doping was performed with PC60BM and RR-P(NDI2OD-T2), and additionally the
dimers could be used as vapor dopants for C60. Two main doping mechanisms were
discussed with PC60BM, either a bond cleavage of the dimer followed by electron transfer
from the radicals to the acceptors or a cascade of electron transfer, dimer bond cleavage,
followed by a second electron transfer are plausible.[194] A faster doping rate was observed
for the dimers relative to the hydride dopant, however, maximum conductivities with
(2-Cyc-DMBI)2 (σ = 3× 10−3 S cm−1) did not exceed the molecular dopants like N-
DMBI.[181,192] It was discussed that the strong localization of the polaronic state hinders
efficient charge transport and that polymers with lower donor-acceptor character and
even lower charge carrier mobility can feature higher conductivities.[192] This implied that
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the doped conductivity does not necessarily correlate with the field-effect charge carrier
mobility measured for pure films.[192]

Reducing vapors from branched poly(ethylene imine) or small molecule tetrakis(dimeth-
ylamino)ethylene TDAE have been investigated as alternative n-type dopants for RR-
P(NDI2OD-T2).[189,195] TDAE doping leads to maximum conductivities around σ =
5× 10−3 S cm−1 in films after treatment in the dopant vapor for 60 s. Seebeck coefficients
of RR-P(NDI2OD-T2) doped with TDAE decreased from S = −790 ± 14 to S =
−150 ± 5 µV K−1 while the conductivity increased from σ = 1 × 10−4 to about σ =
5× 10−3 S cm−1.[189] For longer exposure times, a monotonic decrease of the conductivity
was discovered. Spin density calculations by unrestricted DFT revealed a strong localization
of the polaron mainly to the NDI moiety due to the donor-acceptor character of the building
blocks, which limits the polaron mobility and thus conductivity.[189]

1.3.4. Morphology of P(NDI2OD-T2) Films in Relation to
Device Performance

1.3.4.1. Morphology of Thin-Films

The first report on the morphology of RR-P(NDI2OD-T2) by Yan et al. described
amorphous thin-films after spin-coating both on Au/glass and Si/SiOx substrates, since
corresponding wide-angle X-ray diffraction scans revealed negligible Bragg reflections.[145]

The amorphous nature was found both with higher molecular weights and additional
film annealing. AFM micrographs showed a fiber-like morphology on SiOx annealed
over a wide temperature range (110–210 ◦C). Differential scanning calorimetry (DSC)
revealed reversible transitions around 300 ◦C, which were indicating an excellent thermal
stability.[145]

Since in DSC a melting-like endotherm around 300 ◦C (indicating a semi-crystalline
morphology) and fibrillar AFM micrographs were observed, Rivnay et al. were encouraged
to investigate thin-films spin-coated from o-dichlorobenzene by grazing incidence X-ray
scattering (GIXS).[193] They observed predominantly an unconventional face-on packing
of the polymer chains, as lamellar (h00) and backbone (00l) reflections were observed
in-plane along qxy. Packing distances of d100 = 25.5Å and d001 = 13.9Å were measured.
The qz out-of-plane reflection was only weak and assigned to the π-stacking of the polymer
chains with a distance of 3.9Å. A schematic picture of the polymer packing and the
corresponding GIXS pattern is shown in Figure 1.20 a) and b), respectively. This was
the first picture developed of the thin film morphology, and the structure was refined
continually over the last years.
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Figure 1.20.: a) Schematic picture of face-on molecular packing of spin-coated RR-
P(NDI2OD-T2) films. The corresponding crystallographic directions are labeled.
Due to the unknown orientation the alkyl side chains were omitted. b) 2D grazing
incidence diffraction pattern from spin-coated films. Reprinted with permission from
ref. [193], c© 2010, John Wiley and Sons.

The DSC data were confirmed by several reports, identifying a melting transition at 300–
310 ◦C.[196–198] Lower molecular weight samples around Mn = 10 kg mol−1 have slightly
lower melting transitions of 250–275 ◦C.[197,198] Dynamic mechanical analysis (DMA) and
DSC perfomed by Schuettfort et al. clearly showed a glass transition at Tg = −70 ◦C and
confirmed the melting around 300 ◦C.[196]

The first report on RR-P(NDI2OD-T2) transistors was in a bottom-gate/top-contact
geometry, exhibiting electron mobilities of µe = 0.06 cm2(Vs)−1 (Table 1.3, 1).[111] Yan and
coworkers reported a detailed investigation of OFETs with RR-P(NDI2OD-T2) as active
layer in top-gate/bottom-contact transistors with different casting techniques and dielectric
layers.[145] Selected spin-coated devices with PMMA, CYTOPTM and D22OOTM (polyolefin-
polyacrylate) as dielectric layer are listed in Table 1.3, 2–4. Maximum mobilities of
µe = 0.85 cm2(Vs)−1 were reached, which was a benchmark value for n-type donor–
acceptor-copolymers for several years and was presumably the reason for intense research
on RR-P(NDI2OD-T2).[145,199]

Baeg et al. showed that for transistor application casting of the dielectric layers had to
be done from a perfectly orthogonal solvent, otherwise the device performance decreased
due to dissolution or swelling of the active layer.[200] Electron trapping was observed with
poly(4-vinyl phenol) as dielectric layer due to the hydroxyl groups.[200] Even with the use
of orthogonal solvents the active layer/dielectric interface can be affected, as it was shown
by resonant soft X-ray reflectivity.[201]

Effects of the solvent used for casting the polymer films and correlation of morphology with
device performance in top-gate/bottom-contact OFETs was deduced by Luzio et al.[137]
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Table 1.3.: Performance of isotropic spin-coated RR-P(NDI2OD-T2) in OFETs with
different preparation conditions. In some publications AktivInk N2200 (commercial
name by Polyera) is given and molecular weight and polydispersity were not specified.
In the comments thermal annealing temperatures and SAM substrate treatments are
noted.

# Mn / PDI Geometry Solvent µe / Vth / comment ref.kgmol−1 cm2(Vs)−1 V

1 50 5 BGTC, DCB:CHCl3 0.06 5–10 110 ◦C, ODTS [111]SiOx

2 52 5.5 TGBC, DCB 0.1–0.25 5–10 110 ◦C [145]PMMA

3 52 5.5 TGBC, DCB 0.1–0.25 15–20 110 ◦C [145]CYTOP

4 52 5.5 TGBC, DCB 0.2–0.85 5–10 110 ◦C [145]D2200

5 “N2200” TGBC, 1-CN:CHCl3 0.02±0.005 – 120 ◦C [137]PMMA

6 “N2200” TGBC, DCB 0.095±0.05 – 120 ◦C [137]PMMA

7 “N2200” TGBC, Toluene 0.73±0.37 – 120 ◦C [137]PMMA

8 110 2.3 TGBC, DCB 0.15–0.31 – 110 ◦C [113]PMMA

9 “N2200” TGBC, DCB 0.11–0.30 5–10 110 ◦C, [202]CYTOP 2–100wt% in PS

Amongst others, the authors used mixtures of 1-CN:CHCl3, DCB and toluene for the
preparation of thin-films. As discussed in 1.3.2, different solvents exhibit varying degrees of
aggregates in solution, with a drastic increase of aggregation from 1-CN:CHCl3 to toluene.
The AFM topography of films from 1-CN:CHCl3 consists of small nodules, with dimensions
of a few tenths of nanometers. When DCB or toluene is used for film deposition, supra-
molecular fibrils were observed which are 10–20 nm long and 2–3 nm wide.[137] Toluene
processed films show similar fibrils, however, they seem to have a preferential long-range
order, while in DCB films directional correlation is apparently lost within several hundreds
of nanometers. Although the overall aggregate content in thin-films seems not to differ
when different solvents are used for deposition, the microscopic morphology is drastically
affected.[137] This clearly correlates with top-gate/bottom-contact OFET performance. The
longer the length of orientational order, the higher the saturation mobilities. 1-CN:CHCl3
films show mobilities of µe = 0.02 cm2(Vs)−1, DCB films exhibit µe = 0.095 cm2(Vs)−1 and
films casted from toluene feature mobilities of µe = 0.73 cm2(Vs)−1. Electron mobilities
are summarized in Table 1.3, 5–7. These observations were further supported by solution
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SAXS experiments by Nahid et al.[136] The authors reported rather coil-like chains or
elongated aggregates with radii of gyration up to 300 nm depending on the solvent. Both
Luzio et al. and Nahid et al. found an increasing standard deviation of electron mobilities
with increasing aggregate content,[136,137] which was explained by long-range order of the
polymer chains parallel or perpendicular to the source/drain electrode geometry when
spin-coated from aggregating solvents.[136]

RR-P(NDI2OD-T2) synthesized by chain-growth polymerization spin-coated from
CHCl3 shows similar fibrils in AFM micrographs, as shown by Tkachov et al.[113] Electron
mobilities of µe = 0.15–0.31 cm2(Vs)−1 are in the typical range observed also for step-
growth polymerized polymers (see Table 1.3, 8). This was also seen in batches with smaller
molecular weights.[197]

Interestingly, the fiber-like morphology is seen also in blends of RR-P(NDI2OD-T2)
with polystyrene (PS).[202] The fiber-like long-range organization of RR-P(NDI2OD-T2)
is identified down to 1wt%, with a clear presence of aggregation observed by UV–Vis
measurements. Although only a small portion of the blend is the active polymer, the weakly
ordered fibers within an inert PS matrix exhibit similar electron mobilities of µe = 0.10–
0.30 cm2(Vs)−1 in top-gate/bottom-contact OFETs (down to 2wt%). Despite the absence
of long-range interchain order, i. e. well-defined XRD peaks, short-range intermolecular
aggregation is observed being sufficient for charge transport.

1.3.4.2. Influence of Thermal Annealing
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Figure 1.21.: 2D GIXS patterns of RR-P(NDI2OD-T2) polymer films annealed at a)
150 ◦C and b) 300 ◦C (melt annealing) and slowly cooling the sample. Reprinted with
permission from ref. [203], c© 2011, American Chemical Society.

Post deposition annealing steps of polymer films are often performed, as this can change
the structure and positively affect the performance in device applications.[72,204,205] First
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annealing experiments were performed around the melting transition at 300 ◦C by Rivnay
et al.[203] This was referred as melt annealing and the change of texture was quantified
with a variety of X-ray diffraction analyses. Corresponding 2D GIXS patterns annealed at
150 ◦C and 300 ◦C are shown Figure 1.21 a) and b), respectively.[203]

From the GIXS pattern in Figure 1.21, a), a mainly face-on texture could be deduced by
the presence of a strong π-staking reflection (010) out-of-plane, while the lamellar (h00)
and backbone (00l) reflections appeared in-plane. After melt annealing a shift from face-on
to edge-on was revealed, as the π-staking reflection appeared in-plane and the lamellar
reflections in the out-of-plane direction (Figure 1.21, b). Furthermore, a twofold increase in
crystallinity and an increase in intracrystallite order could be observed after melt annealing
and was quantified by pole figures and peak shape analyses.[203] Upon texture change from
face-on to edge on, a slight contraction of the lamellar stacking distance from 25.0Å to
24.3Å was observed.
Although a drastic change in morphology was observed upon melt annealing, the OFET
performance in a bottom-gate/top-contact geometry showed no significant change (µe =
0.1 cm2(Vs)−1 for both annealing conditions). Either the observed texture change was
not present at the interface or morphology and crystallinity have only a small impact
on the transistor performance.[203] This was in contrast to experiments to films annealed
to the melt and rapid cooling, having a pronounced drop in mobility and an amorphous
microstructure as seen by GIXD.[196]

However, a 6-fold decrease in bulk mobility in electron-only devices after melt annealing
was noticed, which correlates nicely with the observed change from face-on to edge-on.[203]

The bulk mobility was initially determined by Steyrleuthner et al. both in time-of-flight
and electron-only current measurements and values around µe = 5× 10−3 cm2(Vs)−1 were
detected.[206,207] The charge transport in electron-only devices is along to the substrate
normal, and the change to an edge-on texture by melt annealing shifts the insulating alkyl
chains in this charge transport plane. It can be seen that annealing to 150 ◦C already
increases crystallinity and order, as the (010) reflection becomes more intense (compare
Figure 1.20, b) and Figure 1.21 a). At 200 ◦C also a twofold increase in crystallinity was
determined without a change in polymer texture.[148]

High resolution transmission electron microscopy (HR-TEM) of spin-coated films annealed
at 165 ◦C confirmed the presence of face-on oriented chains.[208] Fourier transformation of the
images resolved both the (100) and (001) reflections corresponding to the alkyl (d-spacing
of 2.4 nm) and backbone (d-spacing of 1.4 nm) stacking, respectively.
Different groups reported on the rapid quenching or cooling with rates between 5–
10Kmin−1 of melt annealed films, resulting in either a rather amorphous and featureless or
an increase in the domain size at the film surface (probed by AFM).[196,203] A reproducible
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Figure 1.22.: Schematic picture of the relative stacking of naphthalenediimide and bithio-
phene units in RR-P(NDI2OD-T2). a) Seggregated stacking, polymorph form I. b)
Mixed stacking, polymorph form II. Adapted with permission from ref. [209], c© 2011,
American Chemical Society. c) Absorption spectra after annealing at 220 ◦C (blue),
280 ◦C (green) and 300 ◦C (red), respectively. Characteristic spectral features are
highlighted by the dotted lines. Reprinted with permission from ref. [197], c© 2014,
John Wiley and Sons.

ribbon-like morphology was observed for the first time by Tremel et al. when the films
are cooled with a rate of 0.5Kmin−1 from the melt, underlining the importance of slow
cooling in order to induce well-formed crystalline films.[197] Melt annealing additionally
leads to a change in the RR-P(NDI2OD-T2) polymorph from so called “form I” to
“form II”, which differ in the stacking mode of the polymer chains, see Figure 1.22.[197,209]

Form I exhibits a segregated stacking with naphthalenediimide units and bithiophene
units stacked in separate columns, whereas in form II the backbone is shifted by ap-
proximately c

2 leading to a mixed stacking of naphthalenediimide and bithiophene units.
The fingerprint of the change in polymorph are the relative intensities of the (001) and
(002) reflections in TEM-ED, with the (001) almost fully vanished in form II.[209] Changes
in polymorphism were initially observed by Brinkmann et al. on aligned samples (see
1.3.4.4).
Annealing of RR-P(NDI2OD-T2) additionally leads to changes in the UV–Vis absorp-
tion behavior (Figure 1.22, c) and was studied by Tremel et al.[197] After spin-coating, the
absorption band is rather broad and unstructured (compare also Figure 1.15), whereas
thermal annealing at 220 ◦C/280 ◦C lead to a fine structure of the charge transfer CT band
around 800 nm. Melt-annealing at 300 ◦C decreases the distinct shoulder at 800 nm while
a shoulder at 640 nm rises. In particular, the 800 nm contribution was associated to form
I, whereas the 640 nm band is predominant in form II, explained by a different interchain
excition coupling due to the change in stacking mode.[197]
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Figure 1.23.: a) Schematic illustration of plausible chain orientation both in the bulk
and at the surface of RR-P(NDI2OD-T2) before and after melt annealing. The
black arrow indicates the orientation of the transition dipole moment as observed in
NEXAFS measurements. Individual orientations of NDI (red arrow) and T2 (yellow
arrow) units based on a dihedral angle of 47◦. The side chains were omitted for
clarity. Reprinted with permission from ref. [57], c© 2013, American Chemical Society.
b) Structures highlighting backbone dihedral in the monomer structure, following
(U)CAM-B3LYP/6-31G* optimized cartesian coordinates given in ref. [176]. The
alkyl chains were replaced by methyl groups for computing reasons. Reprinted with
permission from ref. [210], c© 2019, American Chemical Society.

Despite the high order, the face-on texture was typically regarded as unfavorable for
high in-plane charge transport in OFETs and therefore it was rather surprising that
RR-P(NDI2OD-T2) revealed high field-effect mobilities.[81,211,212] A novel approach was
presented by Schuettfort et al., whereby the bulk and surface molecular orientation were
simultaneously probed on the same sample using near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy in an angle-resolved transmission experiment.[57] Independent on
the annealing conditions of the polymer film, an edge-on orientation of RR-P(NDI2OD-
T2) at the sample surface was revealed. By these results, both the high in-plane mobilities
achieved in top-gate OFETs and the high bulk mobilities in time-of-flight and electron-only
diodes could be explained. In NEXAFS spectroscopy, photons are absorbed associated
with the transition from core states to antibonding orbitals. For aromatic structures
the transition dipole moment (TDM) of the π*←C-1s transition is perpendicular to the
ring-plane and angle-resolved NEXAFS experiments can be used to determine the average
tilt angle between the TDM and the substrate (black arrow in Figure 1.23, a). However,
a prominent dihedral angle θ of ~47◦ (see also in Figure 1.23, b) is present between the
NDI and T2 and the observed TDM is composed of two individual components (red
and yellow arrow in Figure 1.23, a), respectively), calculated by DFT quantum chemical
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calculations.[57,176,196] Thus, the terms “face-on” and “edge-on” have to be considered with
respect to the naphthalenediimide units. By several vibrational spectroscopic methods
performed by Giussani et al. different vibrational modes could be identified supporting
the twist of the two sub-units by a slightly smaller dihedral angle θ = 38◦.[213] A change
of molecular average tilt angles with solvent quality was observed by Nahid et al., with
higher aggregating solvents a increase form 59.5◦ (p-xylene:1-CN) to 66.8◦ (p-xylene) was
observed.[136]

1.3.4.3. Influence of Solvent Vapor Annealing

Parts of this chapter have been published:

D. Trefz,# Y.M. Gross,# C. Dingler, R. Tkachov, A. Hamidi-Sakr, A. Kiriy, M. Brinkmann,
C.R. McNeill, and S. Ludwigs, Tuning Orientational Order of Highly Aggregating P(NDI2OD-
T2) by Solvent Vapor Annealing and Blade Coating,
Macromolecules 2019, 52, 43–54.
#These authors contributed equally to this work.

Thermal energy and heating of polymer films above the glass transition temperature
Tg or even above the melting temperature Tm allows the polymer chains to rearrange
in a thermodynamically more favored fashion. A technique with less thermal stress is
the swelling of the polymer film in a good solvent called solvent vapor annealing (SVA).
Solvent molecules in the gas phase are condensing on the polymer film accompanied with
coil expansion, swelling, dissolving or disentangling of the polymer chains. While in the
beginning SVA setups comprised only a solvent filled chamber and the polymer film,
contemporary SVA techniques enable accurate control of the vapor pressure, dynamic
flux and a mixture of solvent vapors, as well as in-situ probing by e. g. ellipsometry,
UV–Vis spectroscopy or quartz crystal microbalances.[214,215] In semi-crystalline P3HT
polymer films the nucleation density could be systematically controlled by Crossland et al.
by means of solvent vapor annealing.[27] CS2 was used to redissolve as-cast films and to
induce recrystallization into spherulitic structures with adjustable size. The spherulites
were large enough to study the charge transport in OFETs within single oriented crystal
domains and across spherulite boundaries, revealing a higher charge carrier mobility along
the polymer chain compared to the π-stacking direction and overall higher mobilities
when less separating amorphous boundaries are present.[29] Originating from P3HT, the
systematic control of nucleation densities was expanded to polythiophene derivatives and
donor–acceptor-copolymers.[81,216–222]
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Figure 1.24.: a) Schematic representation of fibers with schematic structure of RR-
P(NDI2OD-T2). b) Protocol for SVA together with normalized UV–Vis absorption
spectra taken during the course of annealing. The colors in the absorption spectra
correspond to the initial film (green), the swollen film at 92% partial vapor pressure
of CHCl3 (magenta), and the dry film (blue). An absorption spectrum of a 0.01 g l−1

1-CN solution (red) is given for comparison. Spectra are normalized at 550 nm. c),
d) POM images of dry films after spin-coating from 3 g l−1 CHCl3 solution c) and
subsequent solvent annealing d) according to b). e), f) AFM height and phase images
of an oriented area in the POM image in d). Adapted with permission from ref. [223],
c© 2019, American Chemical Society.

Tuning orientational order of RR-P(NDI2OD-T2) films by solvent vapor annealing
(SVA) in chloroform vapor was presented by Trefz et al. and is shown in Figure 1.24.[223]

In contrast to P3HT, the changes in the absorption spectra are only minor in the solvent
swollen film (Figure 1.24 b), magenta) andRR-P(NDI2OD-T2) does not reach a solution-
like state (compare 1-CN absorption, red, Figure 1.24 b). The differences between the final
film after SVA and the as-cast films are also little, pointing to an unchanged aggregation
content and no changes in aggregate species. However, polarized optical micrographs of
films spin-coated from CHCl3 show birefringent areas with dimensions <10µm (Figure 1.24
c) and large oriented domains become visible in the POM image in Figure 1.24 d) after
swelling to 92% CHCl3 partial pressure and drying. The images resembled spherulites found
in classical semi-crystalline polymers[222] but also have similarities to nematic Schlieren
textures of lyotropic liquid-crystalline phases.[224–226] Corresponding AFM pictures of SVA
treated films (Figure 1.24 e), f) show bundles of oriented fibers, which could be approved
by TEM bright field images. A probable model of the inner structure of the fibers is
presented in Figure 1.24 a). It was suggested that the fiber direction is uniaxial with the
polymer chain direction. The fiber width is given by π–stacking of several polymer chains
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and precursors of these fibers might be already preformed in the form of aggregates in
solution.[223]

By variation of the swelling pressure between 90–92% the size of oriented domains could
be tailored up to several hundreds of micrometers. Variation of the vapor pressure during
swelling of the polymer film therefore allowed a precise control of the size of aligned
areas, similar to the self-seeding approach for P3HT.[27] Formation of spherulite-like
superstructures with fiber morphologies was explained by aggregated chains in the swollen
state of the films, which get enough freedom to rearrange by interactions of their π-systems.
The vapor pressure during swelling of the film determines the freedom of motion and
hence the length scale of the structures. Compared with P3HT spherulites, the obtained
super-structures are not fully radial and resemble more a rearrangement of aggregates
instead of a recrystallization from a solution-like state.[223]
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Figure 1.25.: a) Polarized optical micrograph of a solution of RR-P(NDI2OD-T2) in
CB (20 g l−1) between a glass slide and a cover glass slide allowing solvent evaporation
and therefore increasing concentration from the edge. With reference to chromonic
LC phases one can attribute region 1 to the Iso→N, region 2 to the N, and region 3 to
the M mesophase. b) Sample edge of a SVA film after swelling at 92% partial vapor
pressure of CHCl3 and drying. The dotted line is a guide to the eye to differentiate
between the edge of the sample and the inner part. Adapted with permission from ref.
[223], c© 2019, American Chemical Society.

Because the optical images of the dry SVA-treated films under crossed polarizers also
reminded of textures observed in liquid crystals, a liquid-crystalline behavior of the poly-
mer was taken in consideration. In principle, RR-P(NDI2OD-T2) exhibits similar
prerequisites as small molecule mesogenes, namely a linear, rod-like part and flexible alkyl
chains. Publications by Bridges et al. showed lyotropic liquid-crystalline mesophases
in donor–acceptor copolymers (poly-[4-(4,4-dialkyl-4H -cyclopenta[1,2-b:5,4-b’]dithiophen-
2-yl)-alt-[1,2,5]-thiadiazolo[3,4-c]pyridine], PCDTPT) in nonpolar solvents selectively
dissolving the alkyl side chains while the aromatic cores remained aggregated.[227,228]

Mesophase transitions were both observed by POM, solution X-ray scattering, and differ-
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ential scanning calorimetry of lyotropic solutions. The lyotropic mesophase was observed
over a wide concentration range from 0.1–150 g l−1.
There are a few reports suggesting the formation of liquid-crystalline mesophases in RR-
P(NDI2OD-T2),[136,137,208] however, expressions such as “solvent-induced long-range or-
der” or “similar to liquid-crystalline-like” behavior have been preferred so far.
As a simple test to explore the possibility of formation of liquid-crystalline mesophases,
concentrated solutions of 20 g l−1 and 100 g l−1 in CB were prepared, dropped on a micro-
scope slide and covered with a cover glass slide. As the cover glass was not sealed, the
solution became concentrated from the edge of the glass upon drying of the solvent. The
obtained optical textures in Figure 1.25, a) resemble different mesophases of chromonic
liquid crystals.[224] The different textures were assigned: region 1 to the Iso→N, region
2 to the N, and region 3 to the M mesophase. Chromonic LC phases are lyotropic ana-
logues of thermotropic discotic columnar phases and mesophase formation is dictated by
the stacking of multiring aromatic units. The chromonic N phase is characterized by a
nematic array of stacks with no positional long-range order and Schlieren textures are
typically observed. When the N phase is more concentrated, the M phase is formed with
a characteristic herringbone texture.[224] Both 20 g l−1 and 100 g l−1 samples appeared in
the middle isotropic and chromonic LC phases were only observed at the edge, suggesting
that LC behavior is only found at rather high concentrations.[223]

SVA treated films in Figure 1.25, b) showed similar textures but are not exactly described
by chromonic N and M phases.[223] Only the edges of the substrate seem to be in a N
phase which was frozen when the CHCl3 vapor pressure was reduced. This was assigned
by a different concentration profiles at the edge from the inner part of the samples.
Freezing of the N phase was also observed by Nazarenko et al., who prepared the perylene-
based dye violet 20 in aqueous solutions and let the water evaporate from the nematic
phase.[229]

In addition to SVA, Trefz et al. added a second, thermal annealing step at 220 ◦C or 310 ◦C
to the film preparation.[223] This lead to more crystalline films, enabling further studies
of the morphology by AFM and TEM-ED. SVA/220 ◦C did not change the polymorph
or texture compared to SVA treated films, which was also supported by the absorption
spectrum. However, the electron diffraction reflections in TEM became more clear, showing
an edge-on texture with polymorph form I. This change in orientation from face-on after
spin coating to edge-on was accessed in literature only by Langmuir-Schäfer deposition and
deposition from 1-CN:xylene solvent mixtures.[148,230,231] The large in-plane aligned films
were utilized to unambiguously demonstrate that the long axis of RR-P(NDI2OD-T2)
fibers is along the chain direction, which is in contrast to observations in literature.[232]

Furthermore, the results were compared to P3HT. Here, fibrils grow from solution, the
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long axis of the fibers coincides with the π-stacking direction of P3HT and not the chain
direction.
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Figure 1.26.: Semi-crystalline morphology of spherulite-like RR-P(NDI2OD-T2) films
obtained after SVA/310 ◦C. The films were spin-coated from 3 g l−1 CHCl3, annealed
in CHCl3 vapor at 90% and afterwards annealed at 310 ◦C. a) TEM-BF image with
the crystallization nucleus indicated by a red circle and the chain direction indicated
by the red arrow. The inset depicts the FFT of the middle right area of the image.
The surface texture is shown in b) and c) in the AFM height and phase image,
respectively. d) Schematic representation of the chains in the nanoribbons within the
spherulite-like superstructures, with indicated crystalline and amorphous regions. The
chain direction is highlighted by red arrows. Adapted with permission from ref. [223],
c© 2019, American Chemical Society.

Enhanced chain mobility and structural rearrangement was observed upon annealing the
SVA-treated films at 310 ◦C.[223] A ribbon-like structure with a 50–70 nm periodicity was
observed by AFM (Figure 1.26 b) and c), this is consistent with the TEM-BF image in
Figure 1.26 a). Fast Fourier transformation (FFT) yielded a diameter of the ribbons
of around 67 ± 5nm. A crystallization nucleus is denoted in the upper left part of the
TEM-BF image, which is probably due to a particle in the film. From this point the ribbon
or lamellar-like structures point perpendicular to the spherulite growth direction in an
almost circular way. Noteworthy, the ribbons are oriented perpendicular to the spherulite
radius and also perpendicular to the original fibrils of form I prior to thermal annealing.
Ribbon-like structures were also observed for RR-P(NDI2OD-T2) with lower molecular
weight and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) PBTTT after melt
annealing.[197,233,234] Furthermore, the contrast between the nanoribbons in the TEM-BF
image was probably due to alternating crystalline and amorphous regions. It was assumed
that within the ribbon the chains are crystalline while between the ribbons amorphous
regions with chain ends and defects are located, see Figure 1.26 d).
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TEM-ED showed that SVA/310 ◦C films were in an edge-on texture with polymorph
form II, as reflections along the backbone (002) and (004), and π–stacking (020) were
visible. The authors concluded that polymorphism in RR-P(NDI2OD-T2) is solely
driven by the annealing temperature. On the other hand, variation of the CHCl3 vapor
pressure during SVA altered the size of oriented areas, the surface morphology, and chain
orientation (edge-on versus face-on).[223]

1.3.4.4. Alignment Strategies

RR

a) b)

c) d)

Figure 1.27.: HR-TEM of oriented thin films by directional epitaxial crystallization a) or
epitaxy on friction transferred PTFE b) of RR-P(NDI2OD-T2). The white arrow
indicates the c direction, i. e. along the polymer backbone. Reprinted with permission
from ref. [209], c© 2011, American Chemical Society. TEM-ED of mechanically rubbed
and subsequently annealed at a) 280 ◦C or b) 300 ◦C thin films. The black arrow
indicates the rubbing direction. Reprinted with permission from ref. [197], c© 2014,
John Wiley and Sons. The left images correspond to polymorph form I while the right
images represent TEM data of form II.

As discussed above, post-deposition treatment is performed for example to increase crys-
tallinity and change polymorphism to study structure-property-relationships. SVA could
be utilized to alter the size of oriented domains in thin-films. Alignment of polymer
films has been performed for taking advantage of improved device performance,[235]
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elucidating crystalline packing motifs,[236,237] and increasing the size of oriented do-
mains.
The first report on an aligned RR-P(NDI2OD-T2) film was published by Rivnay et al.
who used dip-coating to prepare anisotropic films for GIXS measurements.[193] Thereby
it was possible to separate reflections in isotropic films into contributions parallel and
perpendicular to the dip-coating direction, assisting assignment of reflections to distinct
polymer orientations. However, neither the alignment was quantified nor an influence on
device performance was investigated. Wang et al. elucidated the effect of dip coating
speed, manufacturing films with inhomogeneous coverage at high speeds and tuneable
layer thickness with lower speeds.[238]

Already in 2012 Brinkmann and coworkers could gain insight into RR-P(NDI2OD-T2)
morphology by TEM of aligned samples.[209] Two different methods were applied, namely
directional epitaxial crystallization (DEC) on 1,3,5-trichlorobenzene and epitaxy on friction
transferred PTFE substrates. Face-on polymer chains in polymorph form I were found
in DEC prepared films and dichroic ratios DR = A‖

A⊥
around 2.0–2.5 were observed with

polarized UV–Vis spectroscopy. Dichroic ratios are frequently used to quantify alignment
and are calculated by the absorption intensity at the absorption maximum when polarizers
and alignment direction are parallel A‖ or perpendicular A⊥ with respect to each other
(see e. g. Figure 1.28). By epitaxy on PTFE and subsequent annealing at 300 ◦C films
with an edge-on orientation with form II were obtained featuring dichroic ratios of 4–5.
This was the first publication discussing polymorphism, which could be even resolved by
HR-TEM, see Figure 1.27 a) and b), respectively.
The contrast in HR-TEM stems from the presence of higher atomic number atoms as
sulfur, similar to what was already seen in HR-TEM on P3HT.[237] Thus, a contrast
could be observed between the RR-P(NDI2OD-T2) backbone and the alkyl side chain
layers and potentially between the alternating NDI and T2 units along the backbone.
To see this contrast, the backbone sub-units have to be stacked in separate columns,
oriented along the film normal. This is exactly observed in Figure 1.27 a), particularly
in the fast Fourier transform (FFT) of the image, revealing periodic features assigned
to the alkyl layers (100, 2.5 nm) and backbone repeating unit (001, 1.4 nm). In form II
however, no contrast along the backbone and only the fringed pattern corresponding to
layers of π-stacked RR-P(NDI2OD-T2) chains separated by layers of 2-octyldodecyl
side chains is observed.[209] The differences in stacking mode were further supported by
the relative intensities of ED patterns, with the quasi-absence of the (001) reflection in
form II.[209]

Alignment by mechanical rubbing of RR-P(NDI2OD-T2) films was performed by Tremel
et al.[197] High dichroic ratios around 5 were noticed by an optimized procedure with two
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subsequent rubbing cycles at 80 ◦C, which could be even further enhanced to DR = 8–9
by annealing at 220 ◦C or 280 ◦C.[197,239] Melt annealing lead to slightly lower dichroic
ratios, which was explained by a partial relaxation of chain orientation. TEM-EDs of
mechanically rubbed and subsequently annealed thin-films at 280 ◦C and 300 ◦C are shown
in Figure 1.27 c) and d), respectively. Note that thermal annealing at 220 ◦C yields a
similar ED pattern as observed for the films annealed at 280 ◦C, but the pattern at 280 ◦C
is better defined.
The ED pattern in Figure 1.27 c) revealed lamellar (h00) reflections oriented along the
equator and backbone (00l) reflections coinciding with the rubbing direction along the
meridian. As no π-stacking reflections were present, a face-on texture was revealed in
these films. The existence of polymorph form I was deduced from the intensity of the (001)
reflection, which was much stronger than that of the (002) reflection.[197,209] Furthermore,
it was supposed that form I exhibits a monoclinic unit cell with specific twinning, indicated
by (00l) reflections not strictly lying parallel to the alignment direction.[197,209] This means
that in the unit cell the a- and c-axis confine an angle β = 76◦, see also in Figure 1.22, a).
Packing distances of d100 = 24.9Å and d001 = 13.8Å were measured by TEM-ED, which
is in line with GIWAXS measurements.
Figure 1.27 d) shows the ED-pattern after mechanical rubbing and annealing at 300 ◦C,
and distinct differences were revealed. The lamellar reflections vanished, while a π-
stacking peak (020) emerged with a π-spacing of d020 = 4.0Å. Similar to P3HT,[209,240,241]

it was assigned to a higher order reflection, which was not discussed in GIWAXS
measurements.[148,193,203] The backbone reflections are still along the alignment direc-
tion, however the intensity ratio of the I001 and I002 reflection indicated polymorph form
II in these films.
Furthermore, correlations to the charge transport in top-gate/bottom-contact transistors
were performed by Tremel et al. Oriented films of RR-P(NDI2OD-T2) were prepared
by mechanical rubbing and the electron mobility was tested parallel and perpendicular
to the rubbing direction. The performance of the films after rubbing without additional
thermal annealing was rather low with electron mobilities of µ‖ = 3× 10−3 cm2(Vs)−1 and
anisotropies of µ‖

µ⊥
= µ∗ = 6, explained by a low degree of order observed after rubbing

(DR = 4). Subsequent annealing after rubbing (220 ◦C, 280 ◦C and 300 ◦C) drastically
improved the mobilities by almost two orders of magnitude to values of µ‖ = 0.1 cm2(Vs)−1

and higher anisotropies of µ∗ = 7− 10. The mobility seemed to be independent on both
differences in molecular weight and annealing temperature. The mobility enhancement
parallel to the rubbing was explained by a faster intrachain transport parallel to the
polymer backbone than along the π-stacking direction.[197] It is established that charge
transport in semiconducting polymers is intrinsically anisotropic, being most effective
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Table 1.4.: Performance of oriented RR-P(NDI2OD-T2) in OFETs with different
methods. In the comments the alignment technique, thermal annealing temperatures
and, if given, the degree of dichroism D are noted. In some publications AktivInk N2200
(commercial name by Polyera) is given and molecular weight and polydispersity were
not specified.

# Mn / PDI Geometry µ‖ / µ⊥ /
µ∗ DR comment ref.kgmol−1 cm2(Vs)−1 cm2(Vs)−1

1 9.1 2.1 TGBC, 3× 10−3 5× 10−4 6 4 HT rubbing, [197]PMMA as-rubbed

2 7.4–14.9 1.8–2.5 TGBC, 0.08–0.11 0.008–0.013 7–10 4–9 HT rubbing, [197]PMMA 220–300 ◦C

3 “N2200” TGBC, 9.5× 10−1 1.1× 10−1 8.6 1.04 Off-center SC, [242]PMMA 200 ◦C

4 “N2200” BGBC, 9.2× 10−2 – 7 2–3 Magn. Field, [243]SiOx 145 ◦C

5 26 1.9 TGBC, 2.0 0.24 8.3 4.6 Brush Printing [244]PMMA

6 26.6 3.2 TGBC, 4.1 – 20 1.8 Bar-coating, [245]PMMA 120 ◦C, D = 4.8

7 18 1.7 TGBC, 4× 10−1 3× 10−2 12.4 8.1 BC, [223]PMMA D = 0.79

8 18 1.7 TGBC, 1.3 1× 10−1 13.0 14.2 BC, 220 ◦C [223]PMMA D = 0.78

9 18 1.7 TGBC, 4× 10−1 3× 10−2 13.9 18.2 BC, 300 ◦C [223]PMMA D = 0.78

along the chain and the π-stacking direction, as the solubilizing alkyl chains usually act as
insulators.[29,246,247] The values are summarized in Table 1.4, 1–2.
As discussed in 1.3.4.1, spin coating from different solvents and solvent mixtures has
been reported in literature to induce orientation with various degrees of order.[136,137]

This was observed even stronger when centrifugal forces were enhanced by off-center
spin coating.[242] Although almost no dichroism was observed by UV–Vis spectroscopy,
the charge carrier anisotropy was around µ∗ = 8.6 (Table 1.4, 3). An alignment of
the polymer chains was found to be dominant only at the polymer surface, as shown by
polarized charge modulation microscopy (p-CMM), a technique sensitive only to the species
contributing to the charge transport in the thin accumulation layer.[242] Similar effects
were observed in p-CMM investigations on films spin-coated from different aggregating
solvents.[248]

In more elaborated approaches alignment in magnetic fields[243] and brush printing[244]

were used to prepare oriented RR-P(NDI2OD-T2) films. Magnetic field alignment
was performed in a bottom-gate/bottom-contact geometry, which explained the lower
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mobilities of µ‖ = 9.2× 10−2 cm2(Vs)−1, however, reasonable anisotropies of µ∗ = 7
were obtained.[243] Brush-printed top-gate/bottom-contact OFETs showed mobilities of
µ‖ = 2.0 cm2(Vs)−1 with an anisotropy of µ∗ = 8, while dichroic ratios of 4.6 were
measured by polarized UV–Vis. Record performances were received by Bucella et al. in
2015 using bar-coating as alignment technique.[245] Medium dichroic ratios of DR = 1.8
in the bulk and degrees of dichroism D = A‖−A⊥

A‖+A⊥
= 4.8 at the top-surface were observed

by polarized UV–Vis and NEXAFS, respectively. Despite the rather low dichroic ratios,
the authors found a very high electron mobility in top-gate/bottom-contact transistors
of µ‖ = 4.1± 1.4cm2(Vs)−1 (µ‖,max = 6.4 cm2(Vs)−1) and high anisotropies above µ∗ = 20
(Table 1.4, 6). Zone-casting yielded oriented RR-P(NDI2OD-T2) chains at the film
surface with a degree of dichroism D = 0.86±0.01 as extracted from NEXAFS spectroscopy
measurements.[57]
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Figure 1.28.: a) Schematic picture of the blade coating setup for the preparation of
aligned RR-P(NDI2OD-T2) films. b) Polarized UV–Vis spectra parallel (red) and
perpendicular (black) to the blading direction. c) and d) show AFM height images of
BC/220 ◦C and BC/300 ◦C films. Schematic representations of the chain arrangements
as well as directions of the charge transport (‖ and ⊥) in BC and BC/220 ◦C films in
e) and in BC/300 ◦C films in f). Adapted with permission from ref. [223], c© 2019,
American Chemical Society.

A versatile and easy blade coating (BC) technique was presented recently by Trefz
et al.[169,223] A concentrated solution of RR-P(NDI2OD-T2) in CB was spread on a
preheated substrate at 80 ◦C and dragged along the substrate using a blade that is inclined
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by 8◦ and 100µm above the substrate (setup in Figure 1.28). From polarized UV–Vis
spectra, high dichroic ratios could be calculated, which rose after additional annealing at
220 and 300 ◦C AFM images confirmed alignment of the RR-P(NDI2OD-T2) chains,
as fibers could be seen after BC and BC/220 ◦C (Figure 1.28, c). BC/300 ◦C showed a
ribbon-like morphology. Similar to mechanically rubbed films, a face-on orientation with
polymorph form I and edge-on orientation with form II was obtained after BC/220 ◦C and
BC/300 ◦C. These data refer to the bulk analysis and are shown in Figure 1.28, e) and f),
respectively.[223]

Additionally, charge carrier mobilities and anisotropies were probed with top-gate/bottom-
contact OFETs (Table 1.4, 7–9). High mobilities up to µ‖ = 1.3 cm2(Vs)−1 were obtained.
Although the dichroic ratio by polarized UV–Vis in the bulk increased from BC (DR = 8.1)
to BC/220 ◦C (DR = 14.2) and BC/300 ◦C (DR = 18.2), the surface alignment probed by
NEXAFS spectroscopy was in all samples around D = 0.78. Consequently, the mobility
anisotropies were similar for all preparation conditions probed, in the range of µ∗ = 12.4–
13.9, showing that quantification of the alignment at the top surface is more significant
than in the bulk.[223]

1.3.4.5. Morphology in Blends and Solar Cell Performance

Organic solar cells based on RR-P(NDI2OD-T2) as acceptor were first prepared by
blending with the donor P3HT by Moore et al.[249] and in a bilayer architecture with
P3HT by Holcombe et al.[250] Both reported only rather disappointing power conversion
efficiencies of around 0.2% in both architectures. This seemed unexpected, as in ambipolar
OFETs of a P3HT:P(NDI2OD-T2) blend the high mobility of both P3HT and RR-
P(NDI2OD-T2) was preserved also in the mixture of both polymers.[251] The light-
intensity dependence of the short-circuit current of a device spin-coated from xylene
showed a sub-linear light dependence, indicating loss mechanisms that could be related to
a poor morphology limiting current extraction.[249] Indeed, hierarchical blend morphology
with a mesoscale phase separation into impure donor-rich and acceptor-rich domains was
shown by transient optical spectroscopy in combination with scanning X-ray transmission
microscopy (SXTM).[249] Macrophase separation is often observed not only for blends in
organic solar cells and is predicted by Flory-Huggins-Theory.[252,253]

Improved performance of P3HT:P(NDI2OD-T2) blends up to 0.6% and higher fill
factors could be achieved by Fabiano et al. by an increasing weight fraction of RR-
P(NDI2OD-T2) and xylene as solvent.[254] The better performance of the xylene-coated
blend was attributed to the formation of an interpenetrating network of well-crystallized
P3HT nanofibers embedded into theRR-P(NDI2OD-T2)matrix.
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a) b)

Figure 1.29.: a) J–V characteristics under simulated AM 1.5 illumination of
P3HT:P(NDI2OD-T2) bulk-heterojunction solar cells spin-coated from the in-
dicated solvent mixtures of p-xylene and chloronaphthalene. Dotted lines show
characteristics of inverted solar cells. b) Scanning near-field optical micrographs of
the solar cell blends fabricated from p-xylene (top) and 1:1 p-xylene:1-CN (bottom),
taken at 500 and 690 nm. The scale bar is expressed in optical density OD, defined
via OD = − log(I/I0), where I0 is the incident and I the transmitted photon flux.
Reprinted with permission from ref. [95], c© 2012, John Wiley and Sons.

In 2012, Schubert et al. could improve power conversion efficiencies of P3HT:P(NDI2OD-
T2) blends by the use of solvent mixtures of aggregating and non-aggregating solvents.[95]

J–V characteristics are shown in Figure 1.29, a). While solvents with strong aggregation
of RR-P(NDI2OD-T2) like p-xylene lead to a poor performance, the addition of 1-CN
improved the short circuit current density Jsc noticeably. The best performing cell was
found for a 1:1 mixture of p-xylene and 1-CN, giving a PCE of 1.4%. This was the highest
efficiency reported at that point for NDI-based acceptor polymers in combination with
P3HT and highlights the importance of aggregation control for morphology and device
application.
Scanning near-field optical microscopy (SNOM) was used to investigate the morphology of
the bulk-heterojunction solar cells. The complementary absorbance of P3HT (absorption
maximum around 500 nm) and RR-P(NDI2OD-T2) (low absorption at 500 nm and
maximum around 700 nm) allowed the direct probing of both polymers in the blend by
monochromatic illumination through an optical fiber with an aperture of about 100 nm,
see Figure 1.29, b). Whereas in blends from p-xylene both donor and acceptor were
clearly distinguishable by the high contrast, blends from solvent mixtures revealed an
almost uniform coloring. Hence, blends fabricated from a p-xylene:CN mixture were
much more homogeneous and lacked a pronounced domain structure which was adopted
when the blend was fabricated from pure p-xylene (domain sizes of several hundreds
of nanometers).[95] In a later study by advanced X-ray and electron-based methods, it
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could be shown that chloronaphthalene not only reduced the domain size, but also altered
the domain purity and reoriented the RR-P(NDI2OD-T2) crystallites into an edge-
on orientation (coinciding with the P3HT donor), facilitating the free charge carrier
generation at the donor/acceptor interface.[255] Fazzi et al. could show that an improved
vertical charge transport was present in films processed from the xylene:CN mixture which
was corroborated by an increase in space-charge limited current mobilities for both holes
and electrons.[195]
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P(NDI2OD-T2) is one of the highest performing n-type donor–acceptor copolymers
and has been subject of many investigations. One of the main characteristics is its
aggregating nature in solution and thin films. On the one hand, aggregation of the
polymer chains is beneficial for alignment strategies and is responsible for a strong
intramolecular interaction facilitating charge transport. On the other hand, the high
aggregation tendency has been shown to hamper solubility, processability and miscibility
with other molecules.
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Figure 2.1.: Strategies employed during the thesis to achieve performance optimization
in n-type semiconducting donor–acceptor copolymers.

Based on these fundamentals of P(NDI2OD-T2), the aim of this work (see Figure 2.1)
is the synthesis, characterization and application of new n-type semiconducting donor–
acceptor copolymers. In comparison to research on classical semiconducting polymers like
P3HT, much less effort has been put toward understanding the influence of molecular
architecture such as branching,[216,256] cross-conjugation,[257–259] and regioregularity[148,260]

in donor–acceptor copolymers. Consequently, a particular focus should be set on the
influence of aggregation and its tuneability by molecular design.
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Therefore, the influence of regioregularity is investigated by the polymerization of regioiso-
meric monomer mixtures with 2,6- and 2,7-coupled thiophene units to the naphthalenedi-
imide core. Different ratios of isomers should be incorporated into the polymer backbone to
induce gradual changes in the properties. In addition to the basic optical, electrochemical
and morphological investigations, the polymers with different regioregularity should be eval-
uated in organic field-effect transistors and organic solar cell applications. From in-depth
structural investigations the correlation between morphology, aggregation and polymer
backbone regularity is to be deduced. The results will be discussed in chapter 3. Variation
of Regioregularity in Donor–Acceptor Copolymers.
As second approach, changes of the donor or acceptor molecular structure should be ex-
amined for possible aggregation modifications. In order to change the naphthalenediimide
acceptor unit, a significantly longer branched alkyl side chain is introduced, intended to
lower the aggregation and increase solubility. By changing the donor part from a linear
to a branched donor unit, a three-dimensional polymer structure should emerge, which
has been shown to be a useful tool to increase solubility and decrease anisotropy for
polythiophenes.[256,261,262] After successful synthesis, the aggregation properties should be
studied by means of absorption spectroscopy in solution and films as well as the electrochem-
ical and morphological behavior of the novel polymers. Of particular importance is if the
modification of the chemical structure has an impact on the polymer performance in devices.
Furthermore, adjustments of the thin film morphology by solvent vapor annealing and the
influence of the altered branched alkyl side chain is subject of chapter 4. Modification
of Donor/Acceptor Architecture to Tune Aggregation.
While chapter 3. and 4. focus on the neutral state and semiconducting applications of
the polymers, chapter 5. (Electro-)chemical Doping of n-type Semiconducting
Polymers is dedicated to the doped and charged states of these polymers. First cycle
effects in addition to advanced electrochemical techniques like in-situ spectroelectrochem-
istry and organic electrochemical transistors are employed for a detailed understanding of
the doping of the polymers. The reduced aggregation tendency is expected to improve
the miscibility with external chemical dopants, which will then be used to permanently
dope the polymer and achieve a highly conducting state. Apart from that, the strongly
aggregating nature and liquid-crystalline preordering in solution of the parent polymer
P(NDI2OD-T2) shall be utilized to prepare aligned films with defined morphologies
to establish the interplay between conductivity in n-type organic semiconductors and
anisotropic film morphology.
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3. Variation of Regioregularity in
Donor–Acceptor Copolymers

Synthesis of the polymers and basic characterization were performed by me during my
Master’s Thesis under the supervision of Prof.Dr. Sabine Ludwigs.[263] TEM data and
evaluation were performed in cooperation with Viktoriia Untilova in the group of Dr.
Martin Brinkmann at the ICS, CNRS Strasbourg. GIWAXS evaluation was performed
in the framework of the GISAS Summer School in cooperation with Philipp Gutbrod.
Measurements were performed by a scientist at the beamline 7.3.3 of the Advanced Light
Source. Parts of this chapter have been published:

Y.M. Gross, D. Trefz, R. Tkachov, V. Untilova, M. Brinkmann, G. L. Schulz, and S. Lud-
wigs, Tuning Aggregation by Regioregularity for High-Performance n-Type P(NDI2OD-T2)
Donor–Acceptor Copolymers,
Macromolecules 2017, 50, 5353–5366, doi:10.1021/acs.macromol.7b01386.

Regioregularity in conjugated polymers has been stressed for many years, as a high
regioregularity is related to a strong structural perfectness and plays a key role for polymer
properties and device applications. One main breakthrough of conjugated polymers was the
controlled synthesis and establishment of highly regioregular polythiophenes, in particular
for P3HT by metal-catalyzed polymerization techniques.[30–32,264,265] The influence of
linkage and regioregularity in P3HT is enormous. If the monomers are perfectly linked in
a head-to-tail fashion, the chains are able to align planar, enhancing the conjugation of
the polymer.[24] Amongst others, this has a huge influence on the absorption properties
in solution and films, crystallization tendency or on the electrical conductivity.[30,266,267]

In field-effect transistors, up to 5 orders of magnitude higher hole mobilities were found
for regioregular P3HT.[72] For p-type donor–acceptor copolymers, molecular architecture
issues like cross-conjugation[257–259] or regioregularity have been less addressed.[34,268] An
example for improved performance in field-effect transistors was presented by Perez et al.[269]

P-type donor–acceptor copolymers of cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) and
pyridal[2,1,3]thiadiazole (PT) showed an increase from 5× 10−3 cm2(Vs)−1 to 0.6 cm2(Vs)−1

in the regioregular version of the polymer.[260,269] Also for bulk-heterojunction solar cells

http://dx.doi.org/10.1021/acs.macromol.7b01386
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regioregularity is of high importance. Copolymers based on regioregular thieno[3,4-
b]thiophene (TT) and benzo[1,2-b:4,5-b’]dithoiphene (BDT)[270] or solar cells of copolymers
based on regioregular 3,6-bis(3-octyltridecyl)thieno[3,2-b]thiophene and 5,6-difluorobenzo-
[c][1,2,5]thiadiazole[271] in combination with fullerenes showed higher power conversion
efficiencies above 7.5% compared to the regioirregular counterparts.

3.1. State of Research on RI-P(NDI2OD-T2) and
Own Preliminary Work

3.1.1. Step-Growth Polymerization
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Figure 3.1.: Synthetic route for the step-growth polymerization of RI-P(NDI2OD-T2)
published by Steyrleuthner et al. in 2014.[148]
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3.1. State of Research on RI-P(NDI2OD-T2) and Own Preliminary Work

The correlation between the polymer backbone structural regularity and the polymer
properties of P(NDI2OD-T2) has so far only been studied by Steyrleuthner et al. in
2014.[148] In addition to 2,6-linked monomer units, 2,7-linked units were incorporated in
the polymer backbone. The synthesis is presented in Figure 3.1. Note that in this context
regioregularity refers to the position of the chemical linkages at the naphthalenediimide.
Commonly, regioregularity is discussed in P3HT. There, the monomer is unsymmetrical
due to the substitution with an alkyl side chain, which makes the relative orientation
of the monomer units with respect to each other highly relevant. Regioregular P3HT
consists almost exclusively of head-to-tail couplings, which is the coupling of the 2- with
the 5’-position of two thiophene units.[30–32]

In a first step NDA was fourfold brominated with two equivalents of dibromoisocyanuric
acid in oleum to yield NDA-Br4. Due to the low solubility, NDA-Br4 was used directly
without further purification and was suspended in o-xylene and propionic acid and treated
with 2-octyldodecylamine to give NDI2OD-Br4. Random debromination with zinc in
glacial acetic acid was used to receive an isomeric mixture of twofold brominated 2,6-
NDI2OD-Br2 (70mol%) and 2,7-NDI2OD-Br2 (30mol%) after column chromatography and
multiple recrystallizations. The regioirregular polymer was then obtained by step-growth
copolymerization of the isomeric mixture with 5,5’-bis(trimethylstannyl)-2,2’-bithiophene
and Pd(PPh3)2Cl2 as catalyst. A number average molecular weight of Mn = 28.6 kg mol−1

and a PDI = 3.1 were obtained.[148]

3.1.2. Optical and Electrochemical Properties in Solution and
Thin Films

In Figure 3.2, a) a comparison between the absorption spectra of RR- (red) and RI-
P(NDI2OD-T2) (blue) in 1-CN, CHCl3 and toluene are displayed. As discussed in
1.3.2, in 1-CN only non-aggregated polymer chains are present leading to very similar
absorption characteristics of both polymers with a maximum of the π*←π transition
located at 370 nm and a maximum of the charge-transfer band at 615 nm (values of
RI-P(NDI2OD-T2)). By this fact, a similar conjugation length of both polymers was
deduced and a similar dissolved state in 1-CN solution is likely. While RR-P(NDI2OD-
T2) revealed distinct red-shifted bands at 710 nm and 810 nm due to aggregation in
solvents like CHCl3 and toluene, RI-P(NDI2OD-T2) showed only a very small shoulder
at 710 nm in toluene. In films, the absorption was slightly red-shifted compared with the
one of the non-aggregated polymer in 1-CN (λmax = 650 nm), indicative of a low proportion
(15%) of aggregate I.[148] The optical band gap calculated from the absorption onset in
the film is considerably (~0.2 eV) smaller, however, cyclic voltammograms of drop-casted
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Figure 3.2.: Normalized absorption spectra of RR- and RI-P(NDI2OD-T2) in differ-
ent solvents a) and cyclic voltammograms of drop-casted films in 0.1m NBu4PF6/THF
referenced vs. saturated calomel electrode (SCE) b). GIXD detector images of polymer
films spin-coated from CB as-cast c) and after thermal annealing at 200 ◦C d). Adapted
with permission from ref. [148], c© 2014, American Chemical Society.

films were similar (see Figure 3.2, b). The splitting in the first reduction was explained
by an overlap of two reductions in the regioregular polymer (leading to a broader single
peak) or due to the presence of the regioirregular linkage in RI-P(NDI2OD-T2), causing
different chemical environments around the NDI, leading to slightly different reduction
features.[148]

More detailed structural investigations were carried out using grazing-incidence X-ray
diffraction. In as-cast films spin-coated from chlorobenzene (Figure 3.2, c), a rather
amorphous diffraction pattern of RI-P(NDI2OD-T2) was observed, with a faint lamellar
diffraction peak oriented randomly with respect to the substrate. Thermally annealed
films at 200 ◦C revealed higher order lamellar reflections (h00) along the qz-axis and a
backbone reflection along the qxy-axis, which indicated an edge-on orientation. Despite the
order along the lamellar direction, a π-stacking reflection was missing and no information
on the packing along this direction could be obtained. For RR-P(NDI2OD-T2) films
from chlorobenzene a face-on texture was observed, which was in accordance with previous
reports (compare also 1.3.4.1).[148,193,203]
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3.1.3. Preliminary Work

3.1.3.1. Synthesis of Polymers
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Figure 3.3.: Synthetic route for the chain-growth polymerization of RI-P(NDI2OD-
T2) with tuneable 2,6- and 2,7-linkage in the final polymer published by Gross et al.
in 2017.[263,272]
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The syntheses of RR- and RI-P(NDI2OD-T2) were carried out by me in the course of
my Master’s Thesis prepared under the supervision of Prof.Dr. Sabine Ludwigs and is
briefly summarized in the following. A more detailed description of the synthetic work
can be found there.[263]

The synthesis was started with commercially available 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NDA) which was brominated with dibromoisocyanuric acid in oleum according
the procedure of Steyrleuthner et al.[148] Due to the low solubility of NDA-Br4 it was used
without further purification. The next step of the synthesis was the imide formation with
branched 2-octyldodecylamine. Since nucleophilic aromatic substitution side products
with branched alkyl amines coupled to the naphthalene core were obtained at a reaction
time of 2 h, NDI2OD-Br4 was synthesized via two steps according to Gao et al.[273] Here,
the reaction time was reduced to 30min and the formation of the diimides was completed
with an excess of phosphorus tribromide PBr3, reacting to the corresponding acyl bromide,
leading ultimately to the diimide NDI2OD-Br4.
Regioisomeric mixtures of 2,6-NDI2OD-Br2 and 2,7-NDI2OD-Br2 should have been ob-
tained by a debromination step with zinc dust in glacial acetic acid, which was carried
out according to literature.[148] However, it was not possible to separate the two desired
isomers 2,6-NDI2OD-Br2 and 2,7-NDI2OD-Br2 from further debromination products such
as 2,3,6,-tribromonaphthalene-N,N’-bis(2-octyldodecyl)-1,4,5,8-bis(dicarboximide) (2,3,6-
NDI2OD-Br3). The ratio of the 2,6- and 2,7-isomers (60:40) after debromination in the
mixture with further debromination products (58% in total) was estimated from the
1H–NMR signals of the two naphthalene proton singlets at 8.99 (2,6-NDI2OD-Br2) and
8.96 ppm (2,7-NDI2OD-Br2).
Starting from this mixture, thiophene was coupled in a Stille-type cross coupling with the
naphthalenediimides according to the procedure of Senkovskyy et al.[114] At this point of
the synthetic route it was possible to both separate the 2,6- and 2,7-regioisomers from
side products and to receive fractions with different amounts of 2,6-NDI2OD-T2 and
2,7-NDI2OD-T2. Bromination with NBS under mild conditions led to the formation
of 2,6-NDI2OD-T2-Br2 and 2,7-NDI2OD-T2-Br2, which could be separated further via
multiple column chromatography. The presence of the two isomers can be inferred clearly
from the 1H–NMR signals of the methylene protons at 4.11–4.01 ppm. The more symmetric
2,6-NDI2OD-T2-Br2 only showed one doublet, whereas 2,7-NDI2OD-T2-Br2 exhibited two
separated doublets. The successful synthesis of the monomers and purity was further
confirmed by elemental analyses and by high-resolution mass spectrometry, which revealed
the pseudo molecular ions [M + Na]+ and [M + K]+ in accordance with the calculated
masses.
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In order to get a series of polymers with different regioregularities, three mixtures with
different contents of 2,6- and 2,7-regioisomers were polymerized under identical conditions:
70:30, 48:52 and 26:74. For the polymerization the chain-growth technique employed by
Senkovskyy et al. was used.[114,117] The monomers were treated with activated Zn* in
dry THF, leading to the formation of a dark green radical-anion-complex. This complex
undergoes polymerization at room temperature with Ni(dppe)Cl2. The polymers were
precipitated in MeOH, filtered and washed in a Soxhlet apparatus subsequently with
acetone and n-hexane. The resulting deep-blue solids are the polymers investigated in this
thesis if not otherwise mentioned.
The different ratios of 2,6- and 2,7-linkage in the final polymers could be confirmed by high
temperature NMR spectroscopy (Figure 3.4, a). As the chemical shift of the naphthalene
protons is slightly different in the two regioisomers (8.89–8.81 ppm), the ratios incorporated
in the polymer backbones were calculated from the integrals. The ratios follow exactly
the feed ratio in the range of the integration error of the NMR spectra. Accordingly,
the polymers were named RI(70:30), RI(47:53) and RI(24:76), respectively. Since the
feed- and product-ratio were very similar and the copolymerization parameters should not
differ significantly due to regioisomerism, a statistical distribution of the regioisomers on
the polymer backbone was assumed. As a reference system, RR-P(NDI2OD-T2) (RR)
was synthesized with the same conditions starting from a regioisomerically pure monomer
2,6-NDI2OD-T2-Br2.
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Figure 3.4.: a) 1H–NMR of RR, RI(70:30), RI(47:53) and RI(24:76) at 80 ◦C in
C2D2Cl4. Reprinted with permission from ref. [272] c© 2017, American Chemical
Society. Size exclusion chromatography of the polymers in CHCl3 b) and at 160 ◦C in
1,2,4-trichlorobenzene c).
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Size exclusion chromatography was performed in CHCl3 and in 1,2,4-trichlorobenzene at
160 ◦C and corresponding elution curves are shown in Figure 3.4 b) and c). Number average
molecular weights Mn and PDIs are summarized in Table 3.1. All elution curves show
monomodal molecular weight distributions and low polydispersities. A shoulder for RR
in CHCl3 at lower elution volumes can be explained by aggregation of the polymer chains.
Due to the lower aggregation tendency, all RI polymers have a symmetrical shape and show
no additional shoulders. SEC at elevated temperature in TCB provided results without
aggregated chains present and thus revealed a symmetrical shape. However, SEC in CHCl3
also gave reasonable results, as observed by Tkachov et al. for low-to-moderate molecular
weight P(NDI2OD-T2).[113] Overall, the polymers are rather moderate molecular weight
systems and their molecular weights are in a similar range, thus changes in their properties
can be attributed to the influence of regioregularity.

Table 3.1.: Number average molecular weight and polydispersity of RR, RI(70:30),
RI(47:53) and RI(24:76) measured by size exclusion chromatography in CHCl3 at
room temperature and in 1,2,4-trichlorobenzene at 160 ◦C.

CHCl3 (RT) TCB (160 ◦C)

Mn / kgmol−1 PDI Mn / kgmol−1 PDI
RR 18 2.2 18 1.7

RI(70:30) 26 1.7 25 1.7
RI(47:53) 37 1.7 36 1.9
RI(24:76) 12 1.3 11 1.3

3.1.3.2. Absorption Spectroscopy in Solution

Table 3.2.: UV–Vis absorption maxima of RR, RI(70:30), RI(47:53) and RI(24:76)
in 1-CN, CHCl3 and toluene at concentrations of 1 g l−1 and 0.01 g l−1.

λmax (1-CN) / nm λmax (CHCl3) / nm λmax (Toluene) / nm
1 g l−1 0.01 g l−1 1 g l−1 0.01 g l−1 1 g l−1 0.01 g l−1

RR 372; 622 372; 622 383; 653 368; 637 392; 704 392; 704
RI(70:30) 370; 618 370; 618 367; 626 366; 617 383; 684 382; 684
RI(47:53) 370; 615 370; 615 366; 608 366; 608 382; 680 380; 680
RI(24:76) 368; 602 368; 602 365; 596 365; 596 368; 612 367; 597

The last part of the preliminary work was the optical property characterization of the
polymers by absorption spectroscopy in different solvents, namely 1-CN, CHCl3 and
toluene at concentrations of 0.01 g l−1 and 1 g l−1. For a clear and consecutive comparison,
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the spectra are plotted with the corresponding spectra in thin-films in the next chapter,
although absorption acquisition in solution was performed as the final task of my Master’s
Thesis.
Figure 3.5 shows the strong dependence of the absorption behavior on the solvent and the
degree of regioregularity. In accordance with the literature, the differences in the shape of
absorption spectra were not attributed to solvatochroism but to changes in polymer chain
aggregation in solution,[132] see also 1.3.2.
In 1-chloronaphthalene (1-CN), a broad and featureless absorption was observed for all
polymers, with a very slight hypso- and hypochromic shift of the charge-transfer bands
with increasing degree of 2,7-linkage from 622 nm (RR) to 618 nm (RI(70:30)), 615 nm
(RI(47:53)), and 602 nm (RI(24:76)). A complete overview of the absorption maxima
can be found in Table 3.2. A systematic shift was also observed for the high-energy band,
although even less pronounced (from 372 nm to 368 nm). As discussed, in 1-CN only
non-aggregated, fully dissolved polymer chains exist,[132] which seems to be independent of
the degree of regioregularity. This was also supported by the independence of the polymer
spectra on the concentration (1 g l−1 and 0.01 g l−1). Note that the small shifts in the
absorption maxima of non-aggregated polymer chains follow the degree of regioregularity
gradually, which could be interpreted with a small decrease in the conjugation length due
to the 2,7-linkage. These data suggested that the differences in molecular weight of the
polymer systems under study play a minor role for the aggregation properties and are
dominated by their chemical structure.
The situation is different in solvents like toluene where the polymer chains are not fully
dissolved but aggregated. Toluene solutions (and to a lower degree CHCl3) showed a
much stronger aggregation of P(NDI2OD-T2), and the shape of the absorption spectra
changed as a function of regioregularity. RR reveals two pronounced absorption bands at
392 and 704 nm with an additional shoulder around 810 nm.[132,148] For RI(70:30), the
absorption maximum of the charge-transfer band is detected at 684 nm, which is blueshifted
compared to the absorption maximum of RR. The shift towards lower wavelengths
was even more pronounced for RI(47:53) (680 nm) and RI(24:76) (612 nm), and was
attributed to a decrease in the aggregate content due to distortion of the intra- and
intermolecular interaction of the polymer chains. Due to the 2,7-linkage, “kinks” are
introduced into the polymer backbone. While 2,6-linked units at the naphthalenediimide
are opposite to each other (180◦), 2,7-linked units confine an angle of ~135◦. As these
structural defects are located at different positions in the polymer chain due to the random
copolymerization, interactions between the polymer chains (aggregation) are restricted.
The following trend was observed: with increasing amount of 2,7-linkages the absorption
maxima decrease and shift to lower wavelengths for both the CT and high-energy band,
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approaching the spectra in 1-CN. This highlights the reduced aggregation tendency with
increasing 2,7-linkage. In contrast to 1-CN, polymer solutions in CHCl3 and toluene
showed a concentration dependence in their absorption behavior, which was attributed to
intermolecular aggregation of several polymer chains.[132]

3.2. Optical and Electrochemical Characterization

3.2.1. Absorption Spectroscopy in Thin Films
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Figure 3.5.: Absorption spectra of RR, RI(70:30), RI(47:53) and RI(24:76) in 1-CN
a), CHCl3 b) and toluene c) at concentrations of 1 g l−1 (solid lines) and 0.01 g l−1

(dotted lines). Absorption spectra of films spin-coated from CHCl3 (c = 3 g l−1, d). The
spectra are normalized at 550 nm according to the model of Steyrleuthner et al.[132]
Adapted with permission from ref. [272] c© 2017, American Chemical Society.

The absorption spectra of thin films of RR, RI(70:30), RI(47:53) and RI(24:76) spin-
coated from CHCl3 are shown in Figure 3.5, d). A gradual blueshift of the absorption
maxima can be seen from RR (701 nm), to RI(70:30) (684 nm), to RI(47:53) (674 nm),
and to RI(24:76) (650 nm), respectively. A small, yet systematic decline of the λmax

is again seen for the high-energy peak. The film spectra resemble the absorption in
toluene, which can be explained by a similar aggregate content. A deposition of aggregated
polymer chains from solution during film formation was also proposed in literature for
RR-P(NDI2OD-T2),[132,242] see also section 1.3. The absorption shape and bands are
located at the same wavelengths when films were prepared from chlorobenzene (CB), which
shows that the aggregate content in films is little affected by the casting solvent (spectra
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in Figure A.1). The optical properties are summarized in Table 3.3. In literature, the
absorption of RI-P(NDI2OD-T2) was only slightly red-shifted compared with the non-
aggregated polymer in 1-CN (λmax = 650 nm), indicative of a low proportion of aggregate
I.[148] Thus, the aggregation in this system was almost fully suppressed. A similar behavior
in this investigation is found in RI(24:76), however, only when a much higher content
of 2,7-regioisomers is incorporated in the polymer backbone compared to literature. In
RI(70:30), RI(47:53) and RI(24:76) with varying 2,6- and 2,7-linkage the degree of
aggregation in one solvent can be precisely tuned. With increasing content of 2,7-linkage
in the polymer backbone the aggregation tendency decreases gradually, which has not been
observed so far. This enables the correlation of structure/aggregation with electrochemical,
morphological and device properties in the following chapters.

Table 3.3.: Optical and electrochemical properties of RR, RI(70:30), RI(47:53) and
RI(24:76) in films spin-coated from CHCl3 (c = 3 g l−1). Half-wave potentials were
determined in acetonitrile containing 0.1m NBu4PF6 as supporting electrolyte with a
scan rate of 20mV s−1 of spin-coated (c = 3 g l−1) polymer films on ITO as working
electrode. Ferrocene/ferrocenium (Fc/Fc+) was used as external standard. LUMO
energies were calculated assuming a formal potential of −5.1 eV for the Fc/Fc+ redox
couple in the Fermi scale.[151]

λmax (film) λonset (Eg,opt) EIa
1/2 (ELUMO) EIb

1/2 EII
1/2

/ nm / nm (/ eV ) / V (/ eV ) / V / V

RR 395; 701 833 (1.49) –1.02 (–4.08) –1.17 –1.36
RI(70:30) 388; 684 782 (1.59) –0.99 (–4.11) –1.14 –1.35
RI(47:53) 385; 674 767 (1.62) –0.99 (–4.11) –1.14 –1.38
RI(24:76) 382; 650 753 (1.65) –1.00 (–4.10) –1.16 –1.41

3.2.2. Electrochemical Characterization

As basic electrochemical characterization, cyclic voltammetry was used in a three-electrode
setup with Ag/AgCl as pseudo-reference electrode, Pt as counter electrode and films
deposited from CHCl3 by spin coating (c = 3 g l−1) on indium tin oxide (ITO) as working
electrode. Cyclic voltammograms are referenced vs. Fc/Fc+ as external standard and are
shown in Figure 3.6. In-depth electrochemical experiments and electrochemical doping
are discussed in chapter 5. All four polymer films show similar reduction waves with two
reversible sets of signals between –0.95 to –1.25V (EIa

1/2 and EIb
1/2) and between –1.3 to

–1.6V (EII
1/2) in the forward and backward cycles. Both signal sets consist of several distinct

reduction and reoxidation features, as it was observed earlier by Trefz et al. in regioregular
P(NDI2OD-T2).[163] The first signal set with EIa

1/2 and EIb
1/2 is assigned to the reduction
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Figure 3.6.: Cyclic voltammograms referenced vs. Fc/Fc+ (2nd cycle) of RR a),
RI(70:30) b), RI(47:53) c) and RI(24:76) d) films spin-coated from CHCl3
(c = 3 g l−1) on ITO as working electrode, measured in 0.1m NBu4PF6/MeCN as
supporting electrolyte with a scan rate of 20mV s−1. Reprinted with permission from
ref. [272] c© 2017, American Chemical Society.

of the neutral polymer to the radical-anion, while the second set with EII
1/2 is assigned to

the reduction to the corresponding dianion.
The half-wave potentials are determined to EIa

1/2 = −1.02 V, EIb
1/2 = −1.17 V and EII

1/2 =
−1.36 V for RR, respectively, and are summarized in Table 3.3. All regioirregular polymers
feature a very similar shape of the cyclic voltammogram and thus half-wave potentials are
comparable.
The redox properties and the characteristic shape of the CV with sharp redox waves
are independent of regioregularity, which supports the picture of a very localized redox
process, mainly occurring on the naphthalenediimide unit of a single repeating unit.
From an electrochemical point of view it is likely to assign also the RI polymers to
the class of conjugated redox polymers, as it was done previously for RR-P(NDI2OD-
T2).[144,163] Preferential localization on the imide unit and the strong influence of the
parent naphthalenediimide unit on the redox chemistry was suggested by several articles
in literature, see also 1.3.3.[112,146,152–158] Likewise, the local redox behavior of the polymers
leads to very similar energies of the lowest unoccupied molecular orbital (LUMO), which
are calculated assuming a formal potential of −5.1 eV for the ferrocene/ferrocenium
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redox couple in the Fermi scale.[151] The LUMO energies of −4.08 eV (RR), −4.11 eV
(RI(70:30)), −4.11 eV (RI(47:53)) and −4.10 eV (RI(24:76)) are determined from the
first reduction half-wave EIa

1/2 and are comparable to reports in literature.[111,145–150] However,
although the LUMO energies are very similar to those in literature, the strong splitting
especially in the first reduction in two main waves with several sub-redox waves and
shoulders seem to be only observed when homogeneous films, e. g. by spin coating
are prepared.[163,169] Film preparation by drop casting (which is preferentially done in
literature) generates ill-defined films with different film thicknesses and morphologies and
thus different shapes with poor resolution in the cyclic voltammograms. This might be an
explanation for the observation of a splitting of the first reduction in RI-P(NDI2OD-T2)
by Steyrleuthner et al., compare Figure 3.2, b).[148]

Cyclic voltammograms of films prepared from chlorobenzene (Figure A.2) further support
the observed redox behavior of the polymers under investigation. Again, reversible
reduction waves with two sets of signals with several sub-waves are visible and differences
in the half-wave potentials and LUMO energies are minor. Electrochemical characterization
of both films from CHCl3 and CB unambiguously demonstrate the n-type character of
these polymers.

3.3. Morphology in Relation to Charge Transport in
Thin Films

3.3.1. Morphology and OFETs of As-Cast Films

Atomic force microscopy (AFM) was used to investigate the surface of the films spin-coated
from CHCl3. AFM is a good measure for the regioregularity and aggregation behavior
of P3HT systems[274] and has been shown to be useful for RR-P(NDI2OD-T2).[137]

Tapping mode height and phase images are shown in Figure 3.7 and reveal fiber- or
fibril-like structures with a preferential order almost vertically ranging across the full image
(1× 1 µm) for RR. Surface analyses of similarly prepared films by AFM in literature fit to
the observations made here. These conditions are known to result in a face-on orientation in
the bulk and edge-on orientation of the polymer chains at the surface of the film.[57,113,163,197]

Atomic force micrographs of RI(70:30) display similar fibril-like structures, however, the
orientational order extends not across the whole image but in 100–200 nm sized patches
with different orientations. The structural order seems to be further reduced when polymers
with higher 2,7-linkage are studied, even less ordered fibril-like structures become evident
in AFM images of RI(47:53) and RI(24:76). Insets show images of polarized optical
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Figure 3.7.: AFM tapping mode height images (1 µm× 1 µm) of films spin-coated from
CHCl3 with a concentration of 3 g l−1 on glass substrates of RR a), RI(70:30) b),
RI(47:53) c) and RI(24:76) d). Corresponding phase images are shown in e)–h).
The scale bars represent 400 nm. Insets show polarized optical micrographs, the scale
bar represents 100µm. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.

microscopy (POM) under crossed polarizers. The reduction in order is also evidenced
by POM, since birefringent areas (<10 µm) are present only for RR films, indicating
reduction in the long-range order in the regioirregular systems.
AFM of films spin-coated from CB (c = 3 g l−1) support the observations described above.
RR exhibits slightly thicker fiber- or fibril-like structures oriented transversely across
the whole image. Again, a reduction in orientational order is illustrated in micrographs
of RI(70:30) b), RI(47:53) c) and RI(24:76) d). Larger birefringent areas (100µm
and larger) are visible in the POM inset in Figure 3.8 a), which is likely due to a higher
long range order on the millimeter scale compared to films prepared from CHCl3. As
no birefringent areas were observed in RI films prepared from CB, polarized optical
micrographs are not shown.
AFM from both CHCl3 and CB reveal a rather smooth surface of the films. As published
by Luzio et al., P(NDI2OD-T2) films spin-coated from solvents that prevent the polymer
chains from aggregation show much less order in AFM images.[137] Accordingly, less ordered
structures observed here could be explained with the reduced aggregation tendency in
one specific solvent with increasing regioirregularity. The reduced aggregation tendency
with increasing amount of 2,7-linkage in solution coincides with this finding and suggests
that the morphology in the film mainly depends on the deposited amount of aggregates
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Figure 3.8.: AFM tapping mode height images (1 µm×1 µm) of films spin-coated from CB
with a concentration of 3 g l−1 on glass substrates of RR a), RI(70:30) b), RI(47:53)
c) and RI(24:76) d). Corresponding phase images are shown in e)–h). The scale bars
represent 400 nm. Adapted with permission from ref. [272] c© 2017, American Chemical
Society.

in solution. Tuning regioregularity is therefore a powerful method to reduce aggregation
compared to varying solvent quality, as access to less aggregated films deposited from the
same solvent is given.[272]

Charge transport in regioregular and regioirregular polymer films was studied by top-
gate/bottom-contact organic field-effect transistors with polymer films spin-coated from
chloroform. As source and drain prepatterned gold contacts on glass (chromium was
used as adhesion layer) were used, poly(methylmethacrylate) was used as dielectric layer
to separate the semiconducting layer from the aluminum gate electrode. All transfer
characteristics are linear and calculated mobilities from the saturation regime (Vsd = 80 V)
show no significant channel length dependence, thus charge carrier mobilities are averaged
over channels between 70–230µm. Output-curves and transfer characteristics are plotted
in Figure A.3. Importantly,

√
Isd–Vg curves are linear, as contact resistance can lead to

overestimation of µe,av in the saturation regime. Additionally, to exclude contact resistance
issues, µe,av is calculated from a linear fit at high gate voltages.[275]

RR exhibits an electron mobility µe,av = 7.1× 10−2 cm2(Vs)−1, which is similar to values
from literature in top-gate/bottom-contact transistors with PMMA as dielectric layers and
comparable channel lengths.[113,145,147,200]. The threshold voltage Vth is in the range of 24–
26V and on/off-current ratios for all transistors are above Isd,on

Isd,off
> 103 and show a reasonable

transistor performance. The electron mobilities of the regioirregular polymers decrease by
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approximately one and a half orders of magnitude to values of µe,av = 2.1× 10−3 cm2(Vs)−1,
µe,av = 2.7× 10−3 cm2(Vs)−1 and µe,av = 9.2× 10−4 cm2(Vs)−1 for RI(70:30), RI(47:53)
and RI(24:76), respectively. Threshold voltages are slightly lower and are in the range
Vth = 4–19. Overall, the decrease is surprisingly low compared to classical semiconducting
polymers like P3HT, here a reduction of up to 5 orders of magnitude was found when hole
mobilities in regioirregular P3HT were investigated.[72] The reduction in order revealed by
AFM is mirrored by the reduced mobilities found in the OFETs. The decrease by one and
a half orders of magnitude scales well with the studies by Luzio et al., who tuned charge
carrier mobilities in the regioregular polymer by preventing aggregation with different
solvents.[137] The values are summarized in Table 3.4.

Table 3.4.: Summary of top-gate/bottom-contact transistor measurements of RR,
RI(70:30), RI(47:53) and RI(24:76) spin-coated from CHCl3 (c = 3 g l−1). Mo-
bilities were extracted from transfer characteristics in the saturation regime (Vsd = 80 V).
Output curves and transfer characteristics are shown in Figure A.3–Figure A.5.

as-cast 220 ◦C annealed 300 ◦C annealed
µe,av / Vth/ µe,av/ Vth/ µe,av/ Vth/

cm2(Vs)−1 V cm2(Vs)−1 V cm2(Vs)−1 V

RR (7.1± 1.8)× 10−2 24–26 (2.5± 0.2)× 10−1 15–18 (2.6± 0.1)× 10−1 15–16
RI(70:30) (2.1± 0.1)× 10−3 11–13 (7.3± 0.2)× 10−2 19–22 (7.1± 0.4)× 10−2 18–21
RI(47:53) (2.7± 0.3)× 10−3 4–8 (5.4± 0.3)× 10−2 8–11 (5.2± 0.4)× 10−2 14–17
RI(24:76) (9.2± 0.7)× 10−4 17–19 (7.2± 0.2)× 10−2 13–14 (6.7± 0.2)× 10−2 15–16

3.3.2. Morphology and OFETs of Annealed Films

Motivated by reports of improved OFET performance after thermal annealing, all polymer
films were annealed at 220 ◦C or 300 ◦C after deposition.[197,203,209,223] The films were heated
with a rate of 10Kmin−1, held at the given temperature for 5min and slowly cooled to
room temperature with a rate of 0.5Kmin−1.
AFM of 220 ◦C annealed films, Figure 3.9 a) and c) show a fiber-like structure similar
to the as-cast films before annealing, the fibrils are oriented across the full image and a
uniform height profile is obtained. According to literature, a face-on orientation in the
bulk and an edge-on orientation of the polymer chains at the surface is plausible.[57,197,223]

Melt annealing at 300 ◦C (Figure 3.9 b), d)) leads to a ribbon-like morphology. The
ribbons are approximately 40–60 nm in width as it was observed earlier for spin-coated
P(NDI2OD-T2) films with slightly lower molecular weight and also for poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT).[197,233,234] Tremel et al. showed that
the periodicity of the ribbons correlates with the molecular weight of P(NDI2OD-T2),
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Figure 3.9.: AFM tapping mode height images (1 µm× 1 µm) of RR films spin-coated
from CHCl3 (c = 3 g l−1) on glass substrates and subsequently annealed at 220 ◦C a)
or 300 ◦C b). Corresponding phase images are shown in c) and d). The scale bars
represent 400 nm. UV–Vis absorption spectra of films after spin-coating (solid line),
after annealing at 220 ◦C (dashed line) and after annealing at 300 ◦C (dotted line),
normalized at 550 nm. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.

with increasing molecular weight also thicker ribbons were detected.[197] In addition to the
ribbon-like structures after melt annealing, a change in polymorph from form I (segregated
stacking of naphthalenediimide and bithiophene units) to form II (mixed stacking mode)
was observed in literature.[197,209]

Upon the change in the polymorph, the UV–Vis absorption changes as well due to
different interchain exciton coupling.[197] When two chromophores with an identical or
similar excitation energy are in close spatial proximity, the individuality of a monomer
chromophore transition is lost. The excited state can delocalize over all chromophores
within the system.[276] As the local electronic situation is changed by shifting of the polymer
chains with respect to each other, different couplings occur. After spin-coating, the band
is broad with no distinct fine structure, whereas thermal annealing at 220 ◦C leads to a
shoulder of the charge transfer (CT) band at around 800 nm, attributed to form I. Melt-
annealing at 300 ◦C decreases the shoulder at 800 nm while a new absorption fine structure
at 640 nm becomes visible, which was attributed to form II.[197,209,223] This change can be
followed exactly in the absorption spectra of RR in Figure 3.9, e).
When films of RI(70:30) that were annealed at 220 ◦C are investigated in AFM, a rather
featureless surface is observed. Annealing at 300 ◦C again leads to a ribbon like morphology
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Figure 3.10.: AFM tapping mode height images (1 µm× 1 µm) of RI(70:30) films spin-
coated from CHCl3 (c = 3 g l−1) on glass substrates and subsequently annealed at
220 ◦C a) or 300 ◦C b). Corresponding phase images are shown in c) and d). The
scale bars represent 400 nm. UV–Vis absorption spectra of films after spin-coating
(solid line), after annealing at 220 ◦C (dashed line) and after annealing at 300 ◦C
(dotted line), normalized at 550 nm. Adapted with permission from ref. [272] c© 2017,
American Chemical Society.

with a width of 30–40 nm, similar to the structures already observed for RR. Imaging
techniques like POM and AFM are useful to get a first picture of micro- and nanoscopic
changes upon film treatment, but to get a detailed understanding on the molecular scale
scattering techniques are necessary. Transmission electron microscopy (performed in
cooperation with Dr. Martin Brinkmann, Institut Charles Sadron, CNRS Strasbourg;
for more details see 7.1.7.3) is an excellent method as both imaging (complementary to
AFM) and scattering modes are available and the polymers prepared as thin films are
sufficiently thin enough for transmission measurements. The polymer films were coated
with a thin amorphous carbon film, removed from the substrate by floating on a diluted
aqueous HF solution (10 wt%) and subsequently recovered on TEM copper grids. The
data of RI(70:30) are provided in Figure 3.11.
TEM electron diffraction patterns of as-cast films reveal only one weak reflection cor-
responding to a distance of 13.1Å, which can be attributed to the polymer backbone
direction (001). Both ED and HR-TEM of 220 ◦C annealed samples point to a mostly
face-on orientation of the chains, as a lamellar reflection (100) and backbone reflections
(001) and (002) are present. The calculated distances are 24.7Å along the alkyl chains and
13.8 and 7.0Å along the backbone, respectively, which are comparable to the distances
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Figure 3.11.: Transmission electron microscopy data of RI(70:30) films. TEM-ED
pattern of as-cast films. TEM-ED (left), linecut (middle) and HR-TEM with a 2D-
FFT inset (right) of films annealed at 220 ◦C. The scale bar represents 20 nm. Adapted
with permission from ref. [272] c© 2017, American Chemical Society.

obtained for RR.[197,209]. Around 4.6Å a broad and fuzzy reflection is identified, which
might stem from the π–π-stacking reflection of some edge-on oriented chains. Since the
reflection is very broad, a high degree of disorder in the stacking is present. Since the
(001) is more prominent than the (002) reflection, mainly polymorph form I is present in
these films. This is the typical fingerprint for the polymorphism,[197,209] and form I is also
supported by the HR-TEM image. Fast Fourier transform (FFT) of the high-resolution
TEM image yields a distance of 2.3 nm corresponding well to the (100) reflection observed
in ED. The appearance of a ring in the FFT corroborates a fairly isotropic orientation
of the polymer chains. Although the surface of 220 ◦C annealed samples measured by
AFM seems not to be more ordered compared to the as-cast film, an enhancement in
crystallinity and chain ordering in the bulk is revealed by TEM.
Even though the bulk structure is altered by annealing, UV–Vis absorption spectroscopy
of annealed films reveals no significant changes. Only the absorption maxima of the
CT band are slightly shifted by less than 10 nm to 691 nm (220 ◦C) and 688 nm (300 ◦C).
This points to a decrease in ordering capability due to the random incorporation of
2,7-linkages, as distinct shoulders and vibronic features are usually observed for semi-
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conducting polymers when the chains are ordered, uniform and have a small energetic
disorder.[277,278]
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Figure 3.12.: AFM tapping mode height images (1 µm× 1 µm) of RI(47:53) films spin-
coated from CHCl3 (c = 3 g l−1) on glass substrates and subsequently annealed at
220 ◦C a) or 300 ◦C b). Corresponding phase images are shown in c) and d). The
scale bars represent 400 nm. UV–Vis absorption spectra of films after spin-coating
(solid line), after annealing at 220 ◦C (dashed line) and after annealing at 300 ◦C
(dotted line), normalized at 550 nm. Adapted with permission from ref. [272] c© 2017,
American Chemical Society.

Comparing the AFM images of RI(47:53) films annealed at 220 and 300 ◦C to the as-cast
samples more ordered structures become visible (Figure 3.12 a)–d). Films annealed at
220 ◦C exhibit globular features, whereas a ribbon like morphology is found after annealing
at 300 ◦C. The nanoribbon width is less uniform in comparison to RR and RI(70:30),
ranging between 20–60 nm.
Structures present in the bright-field TEM image in Figure 3.13 of RI(47:53) annealed
at 220 ◦C is in agreement with the globular surface structures of the AFM. From the
reflections observed in the electron diffraction pattern, a dominantly edge-on texture is
derived, as no lamellar reflections but only the backbone (001) and (002) as well as a broad
and fuzzy π-stacking reflection (010) are present. Distances correspond to 13.8Å, 6.9Å
and 4.6Å, respectively. Comparing the intensity of the (001) reflection with the intensity
of the (002) reflection reveals polymorph form I. The UV–Vis spectra in Figure 3.12 e) are
mostly insensitive towards different annealing conditions of the polymer films, which was
already observed for RI(70:30).
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Figure 3.13.: Transmission electron microscopy data of RI(47:53) films. TEM-ED
(left), linecut (middle) and TEM-BF (right) of films annealed at 220 ◦C. The scale
bar represents 100 nm. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.

Annealing of RI(24:76) films leads to a lamella-like surface texture in the AFM images.
The domains are small after annealing at 220 ◦C and extend over the full image after
treatment at 300 ◦C. The lamellar size is independent of the annealing temperature and
is around 10–15 nm. TEM-BF data in Figure 3.15 support the lamellar morphology
observed for both conditions. Presence of backbone reflections (00l) up to the third
order is an indicator for a high ordering level in the polymer stacking along the repeating
units. Similar to RI(70:30) and RI(47:53) the pattern demonstrates polymorph form I,
which is preserved after annealing at 300 ◦C. In turn, the UV–Vis absorption spectra of
annealed films support the conservation of polymorph form I, since no distinct shoulders
are discernible.
Additionally, a reflection with a distance of of 5.0Å appeared, which was broad and fuzzy in
RI(70:30) andRI(47:53) films and was attributed to a π-stacking reflection (010) (4.6Å).
Here, it appears much sharper and well-defined in RI(24:76) in both 220 ◦C and 300 ◦C
annealed films. There are two possible explanations. One could be a different backbone
periodicity in samples with a high amount of 2,7-linkages. However, lower order reflections
must be present as well and the (001) and (002) reflections seem not to overlap with
other reflections. Additionally, there is no evidence for “phase separation” between chain
segments with 2,6- and 2,7-linkage into distinct crystalline subdomains, probably due to the
random sequence along the polymer backbone. Another explanation could be the presence
of a π-stacking reflection, however, the distance is rather high compared to RI(70:30)
and RI(47:53). Thus, this might be explained by the stacking period of strongly tilted
naphthalenediimide units due to the mixture of 2,6- and 2,7-linkage, preventing an ordering
with lower distance between the polymer chains.
Although regioirregularity strongly decreases the aggregation in solution, temperature
annealing can be used to induce order even in the RI polymer films. While as-cast films
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Figure 3.14.: AFM tapping mode height images (1 µm× 1 µm) of RI(24:76) films spin-
coated from CHCl3 (c = 3 g l−1) on glass substrates and subsequently annealed at
220 ◦C a) or 300 ◦C b). Corresponding phase images are shown in c) and d). The
scale bars represent 400 nm. UV–Vis absorption spectra of films after spin-coating
(solid line), after annealing at 220 ◦C (dashed line) and after annealing at 300 ◦C
(dotted line), normalized at 550 nm. Adapted with permission from ref. [272] c© 2017,
American Chemical Society.

show lower order following gradually the ratio of 2,6- and 2,7-linkages and the correlated
reduced aggregation tendency, annealed films can also display ordered structures. A
driving force of this rearrangement process might be the stacking of the naphthalenediimide
and bithiophene units once the polymers have sufficient energy and chain mobility to
rearrange at elevated temperature. Attractive interactions have been reported, e. g., in
foldamers or small molecule liquid crystals of naphthalenediimides and electron rich donor
units.[279,280]

Similar to as-cast films, top-gate/bottom-contact OFETs were prepared by spin-coating the
polymers on source/drain contacts and subsequently annealed at 220 ◦C or 300 ◦C. Average
saturation charge carrier mobilities µe,av and threshold voltages Vth are summarized in
Table 3.4 and were extracted from the characteristics plotted in Figure A.4 and Figure A.5.
OFETs of RR show an increase of the mobility by around half an order of magnitude
from µe,av = 7× 10−2 cm2(Vs)−1 to µe,av = 3× 10−1 cm2(Vs)−1 after annealing at 220 ◦C,
which does not significantly change when annealed at 300 ◦C. Threshold voltages decreased
after annealing to Vth = 15–18V, also evincing an improved performance. Rising electron
mobilities after annealing has already been observed in literature for mechanically rubbed
P(NDI2OD-T2) films.[197,239]
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Figure 3.15.: Transmission electron microscopy data of RI(24:76) films. TEM-ED (left),
linecut (middle) and TEM-BF (right) of films annealed at 220 ◦C (top) or annealed at
220 ◦C (bottom). The scale bars represent 100 nm. Adapted with permission from ref.
[272] c© 2017, American Chemical Society.

Annealing of the regioirregular films leads to mobilities of µe,av = 7× 10−2 cm2(Vs)−1,
µe,av = 5× 10−2 cm2(Vs)−1 and µe,av = 7× 10−2 cm2(Vs)−1 for RI(70:30), RI(47:53)
and RI(24:76), respectively, which are very similar for all regioirregular polymers. An
explanation for the higher performance is the improved packing of the polymer chains
which was already observed by AFM and TEM, facilitating the charge transport. All
transistors have on/off-current ratios above Isd,on

Isd,off
> 103 and threshold voltages below

22V. The increase in electron mobility is around one and a half orders of magnitude
for all three RI polymers. It is thus far larger than the mobility increase of RR and
its mobility is almost reached by the RI polymers. These facts further support the
picture that the film formation process is strongly influenced by aggregates in solution.
Lower aggregate contents lead to less ordered films, however, post-deposition treatment
as annealing revealed the polymers tendency to arrange in an ordered fashion although
the structure is hampered by incorporation of regioirregular linkages. This is in striking
contrast to classic semiconducting polymers like P3HT. Here, a reduction of the charge
carrier mobility in regioirregular P3HT compared to regioregular P3HT of up to 5
orders of magnitude was found.[72] The impact of regioregularity on mobility seems to be
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overall much lower in these n-type donor–acceptor copolymers than in classical P3HT
systems.

3.4. Organic Solar Cells

Next, the interplay between regioregularity and performance in all-polymer organic solar
cells was investigated. For RR-P(NDI2OD-T2) in combination with poly[[4,8-bis[5-(2-
ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]-alt-[2-[[(2-ethylhexyl)oxy]car-
bonyl]-3-fluorothieno[3,4-b]-thiophenediyl]] PTB7-Th or also called PCE-10 or poly[(2,5-
bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadi-
azole) (PPDT2FBT) solar cell efficiencies >5% have been reported.[150,281,282] The
careful adjustment of crystallinity in RR-P(NDI2OD-T2) and similar systems by
fluorination,[150] incorporation of perylenediimide in the polymer backbone,[283] or terpoly-
mer approaches[284] has further been shown to be an efficient tool for improving the device
performance. A blend of PCE-10 and PNDI-T10 (a copolymer based on naphthalene
diimide alternating with 10% thiophene and 90% bithiophene, see Figure A.6) reached
a PCE of 7.6% after solvent vapor annealing, which was under the highest performing
cells to that date.[285] Medium band-gap benzodithiophene-alt-benzotriazole copolymers
with fluorination (J51) in combination with P(NDI2OD-T2) set a record PCE of 8.27%
with a high fill factor of 70.2% for all-polymer solar cells.[286] These high-performing
acceptor systems were encouraging for the testing of RR/RI in organic solar cell applica-
tions.

3.4.1. Optimization and Performance Investigations

3.4.1.1. Evaluation of Suitable Donor Polymers

As the LUMO levels of RR and RI are around −4.1 eV, they can serve as acceptor
materials with most of the common p-type materials. Thus, a suitable donor material
with adequate energy levels had to be found. As a standard system in literature P3HT
was used; however, the performance remained poor due to the “non-ideal morphology”
(see also in 1.3.4.5).[78,249,254]

High-performance donor materials commercially available are PCE-10 and poly[(5,6-
difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-(3,3”’-di(2-octyldodecyl)-2,2’;5’,2”;5”,2”’-qua-
terthiophene-5,5”’-diyl)] PffBT4T-2OD, which showed even higher PCEs of 10% in
combination with fullerenes.[287,288] Thus, they were evaluated first for possible application
in combination with the RR and RI polymers. The chemical structures are shown in
Figure 3.16.
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Figure 3.16.: Chemical structure of the donor polymers PffBT4T-2OD,[287] PCE-
10[288] and PDCBT[289] used in this work in bulk-heterojunction organic solar cells.

As device architecture, a structure of ITO/PEDOT:PSS/Active Layer/Al was chosen.
PffBT4T-2OD:RR blends were prepared with several solvents (CHCl3, CB, DCB), with
different concentrations (c = 7.5 g l−1, 10 g l−1 and 12.5 g l−1), also spin-coating of polymer
blends at room temperature as well as at 50 ◦C, 70 ◦C and 90 ◦C was performed. Different
film thicknesses were achieved by variation of the spin coating speed from 800 rpm up
to 3200 rpm. Further, the blend ratio was varied from 1:1 to 1:2 (w : w). Although
more than 20 different conditions were tested, the solar cell performance variations were
only in a small range (PCE = 0.1–0.28%) and overall performances were unexpectedly
low.
Thus, PCE-10 and another donor, poly[5,5’-bis(2-butyloctyl)-(2,2’-bithiophene)-4,4’-
dicarboxylate-alt-5,5’-2,2’-bithiophene][289] (PDCBT), which was presented as good al-
ternative for P3HT, were tested. After a few trial runs, PDCBT seemed to be a
better system with RR, as higher open circuit voltages and higher fill factors were
reached.

3.4.1.2. Characterization of PDCBT and Reference Solar Cells

As PDCBT was the most promising donor, reference solar cells with the fullerene ac-
ceptor PC61BM and basic optical and electrochemical characterization was performed.
Temperature-dependent UV–Vis absorption spectroscopy is a facile instrument for inves-
tigating the solution behavior of polythiophenes and was used to characterize PDCBT
in more detail. Figure 3.17 a) shows absorption spectra during heating of a PDCBT
solution in CB:1-CN (c = 0.02 g l−1, 96:4, v:v), which was also used later for the solar cell
preparation (see below). Significant changes of the absorption spectra can be observed as
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3. Variation of Regioregularity in Donor–Acceptor Copolymers

function of temperature. At 20 ◦C (black line) PDCBT shows distinct peaks at 557 nm
and 604 nm. Following the spectra at elevated temperatures, it can be seen clearly that
the peaks decrease whereas a broad and unstructured band at 476 nm emerges since the
solvent quality is enhanced at higher temperature.
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Figure 3.17.: a) Temperature-dependent UV–Vis absorption spectroscopy during heating
of a PDCBT solution (CB:1-CN, 96:4, v:v, c = 0.02 g l−1) with a rate of 1Kmin−1.
Spectra are plotted every 2K. b) Absorption spectra of PDCBT films spin-coated
from CHCl3 and CB:1-CN (96:4, v:v) (c = 3 g l−1). c) Cyclic voltammograms (2nd
cycle) of PDCBT films spin-coated from from CHCl3 (c = 3 g l−1) on ITO as working
electrode, measured in 0.1m NBu4PF6 as supporting electrolyte with a scan rate of
20mV s−1. Oxidation and reduction waves were measured separately. J–V character-
istics of a reference cell with a PDCBT:PC61BM blend. Adapted with permission
from ref. [272] c© 2017, American Chemical Society.

Similar absorption behavior is known for regioregular P3HT in poor solvents and was
ascribed to the formation of aggregates in solution where vibrational peaks around 610 nm
(0–0) transition and around 570 nm (0–1) are found.[290] Transition from aggregated species
to more coiled chains is supported by the presence of an isosbestic point (for PDCBT
around 510 nm). Accordingly, PDCBT seems to be aggregated as a vibronic fine structure
is visible, which vanishes above 50 ◦C. Consequently, heating of the PDCBT at 80 ◦C
should be sufficient to ensure full dissolution (which is important for homogeneous blend
formation). The critical temperature above which no aggregates are present anymore
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can be seen as a good measure for the solubility of conjugated polythiophenes and is a
crucial parameter in terms of their processability. For example, a homogeneous intermixing
with other compounds like the acceptor material in case of BHJ solar cells below this
temperature is not possible.[81,216] Note that the high concentrations used in the actual
blend is not suitable for UV–Vis spectroscopy, as the absorption intensity would be beyond
the limits of Beer–Lamberts law.
The absorption of PDCBT in thin films spin-coated from CHCl3 and a CB:1-CN mixture
is shown in Figure 3.17 b). As in solution, both spectra show a vibronic fine structure
with maxima at 560 nm and 604 nm. The absorption shape is very similar, although spin
coating was performed from different solvents and fits to the absorption spectra presented
in literature.[289] Zhang et al. furthermore compared the film absorption of PDCBT to
P3HT and determined a red shift of around 40 nm and an approximately 30% higher
absorption coefficient, implying that PDCBT can harvest the sun light more efficiently.[289]

Additionally, the fine structure of the absorption spectrum and the aggregation content in
films presented here seems to be less dependent on the processing conditions compared to
P3HT.[291]

Cyclic voltammograms of films spin coated on ITO are displayed in Figure 3.17 c) and
reveal both reversible oxidation and reduction waves. From the onsets at Eox,on = 0.38 V
and Ered,on = −1.95 V vs. Fc/Fc+ HOMO and LUMO energy levels of EPDCBT

HOMO = −5.48 eV
and EPDCBT

LUMO = −3.15 eV can be calculated, respectively. The HOMO level is similar to
literature and both HOMO/LUMO values of PDCBT and RR/RI match nicely to yield
a high open-circuit voltage (ERR/RI

LUMO − EPDCBT
HOMO − 0.4 V ≈ 0.95 V) with a sufficient energy

offset between the EPDCBT
LUMO = −3.15 eV and the ERR/RI

LUMO ≈ −4.1 eV to promote charge
transfer from the donor to the acceptor.[289,292]

Prior to the measurements with the RR/RI as acceptor materials, reference cells with PD-
CBT:PC61BM blends were prepared. Due to the lower HOMO level of PDCBT, it has
also shown higher open-circuit voltages compared to P3HT with different fullerenes as ac-
ceptor materials.[289] The active layer was spin-coated from a solution of PDCBT:PC61BM
(1:1, w:w, total concentration 20 g l−1) in oDCB at 80 ◦C on a preheated substrate. Cells
were prepared in a standard architecture of ITO/PEDOT:PSS/Active Layer/Al. J–V char-
acteristics of the bulk-heterojunction solar cells under AM1.5G illumination[293] are shown
in Figure 3.17 d). The cells provide an open circuit voltage VOC = 0.74 V, a short circuit
current density JSC = 7.8 mA cm−2, a fill factor FF = 0.69 and a power conversion efficiency
PCE = 3.98%. The values are also summarized in Table 3.5.
In literature with PC61BM a maximum PCE of 6.3% was achieved. However, literature
performance was probably higher due to an additional calcium layer was deposited on the
active layer for energy adjustment of the active layer/aluminum interface.[289] Without
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this additional interlayer, the PCE was around 4.9%.[289] The cells prepared in this
work with the same device architecture showed an average PCE = 3.9%. Additionally,
different performances might be obtained as the molecular weight used here (Mn =
49.3 kgmol−1, PDI = 2.1) was higher compared to literature (Mn = 28.4 kgmol−1, PDI
= 1.6).[289] Nevertheless, PDCBT seems to be a promising material featuring a soluble,
highly light absorbing molecular structure with appropriate energy levels for blending with
RR/RI.

Table 3.5.: Photovoltaic characteristics of PDCBT:PC61BM blends prepared with dif-
ferent interlayers in comparison to literature by Zhang et al.[294]

VOC / V JSC /
mA cm−2

FF PCE / % comment

PDCBT:PC61BM 0.90 11.1 0.63 6.3 [289], max.
PDCBT:PC61BM 0.81 10.3 0.59 4.9 [289], w/o Ca
PDCBT:PC61BM 0.74 7.8 0.69 3.98 this work

3.4.1.3. PDCBT:RR/RI All-Polymer Solar Cells
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Figure 3.18.: Bulk-heterojunction solar cell characteristics of PDCBT:RR/RI blends
(1:1, w:w). a) J–V characteristics under AM1.5G illumination. b) External quantum
efficiency spectra of RR (black), RI(70:30) (red), RI(47:53) (blue), and RI(24:76)
(green) blended with PDCBT. Reprinted with permission from ref. [272] c© 2017,
American Chemical Society.

After evaluation of a suitable donor material, the solar cell performance was optimized
with PDCBT:RR (1:1, w:w, total concentration 10 g l−1). As solvents oDCB and CB
as well as mixtures of CB:1-CN were used. Addition of co-solvents is often performed in
literature to alter the morphology for a more efficient photogeneration and was explained,
e. g., by a slower drying due to the high boiling point solvents or preferential solvatization
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Table 3.6.: Photovoltaic characteristics and external quantum efficiency (EQE)
of PDCBT:RR/RI blends. Devices were manufactured in the sequence
ITO/PEDOT:PSS/Active Layer/LiF/Al and were illuminated in an inert atmosphere
with an intensity of 100mWcm−2 (AM1.5G).

VOC / V JSC /
mA cm−2

FF PCE / % EQEmax JSR /
mA cm−2

PDCBT:RR 0.80 1.95 0.48 0.75 0.09 1.39
PDCBT:RI(70:30) 0.84 3.06 0.55 1.37 0.21 2.89
PDCBT:RI(47:53) 0.89 4.05 0.67 2.42 0.27 4.00
PDCBT:RI(24:76) 0.90 3.42 0.66 2.02 0.23 3.27

of one component of the blend.[295–298] Mixtures of 99:1, 96:4, 90:10, 80:20 and 50:50 of
CB:1-CN (v:v) were used and a 96:4 mixture turned out to be ideal for the PDCBT:RR
blends. As last step of optimization, a very thin electron transport layer (0.5 nm) of lithium
fluoride was prepared by evaporation on top of the active layer prior to deposition of the
top aluminum electrode. In literature it was emphasized that at such thicknesses not a
continuous layer but islands of LiF clusters are deposited on the photoactive layer. Work-
function alignment, formation of a dipole layer leading to a vacuum level offset between
the organic layer and the Al, chemical doping of the organic layer and protection of the
organic layer from hot Al atoms during thermal deposition were discussed as mechanisms
for performance improvement.[100,299]

Solar cells were fabricated in a standard architecture (ITO/PEDOT:PSS/Active Layer/
LiF/Al) and illuminated in an inert atmosphere with an intensity of 100mWcm−2

(AM1.5G). Current density–voltage (J–V ) characteristics and external quantum effi-
ciency are shown in Figure 3.18 a) and b), respectively. Key parameters are summarized
in Table 3.6.
Solar cells made of PDCBT:RR blends show a maximum PCE of 0.75%, with a VOC =
0.80 V, JSC = 1.95 mA cm−2, and a fill factor FF = 0.48. Such a rather poor performance
has also been observed in literature with solar cells made of P3HT:P(NDI2OD-T2)
blends, which was mainly ascribed to the non-ideal morphology in the blend (see also
1.3.4.5).[78,249,254] Schubert et al. observed a very similar behavior in all-polymer solar
cells with P3HT:P(NDI2OD-T2) blends prepared from solvent mixtures of 1-CN and
xylene.[95] The higher the 1-CN amount (concurrent with a decrease in aggregate content
of P(NDI2OD-T2)), the higher the power conversion efficiency (increase from 0.2 to up
to 1.4%). This was mainly ascribed to a more efficient photogeneration of charge carriers
in the large and well-ordered crystallites of P3HT in the blend.[95] Additionally, it could
be shown that 1-chloronaphthalene not only reduces the domain size, but also alters the
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domain purity and reorients the P(NDI2OD-T2) crystallites into an edge-on orientation
(texture coinciding with the P3HT donor), facilitating the free charge carrier generation
at the donor/acceptor interface.[255]

In contrast to reducing the aggregation tendency by solvent choice, the RI-polymers for
solar cells were applied with the same conditions as the RR cells. Compared to the RR
system, RI(70:30), RI(47:53) and RI(24:76) show higher performances in all three key
parameters and thus in the power conversion efficiency. RI(70:30) has a PCE = 1.37%
with a VOC = 0.84 V, JSC = 3.06 mA cm−2, and a fill factor FF = 0.55. Although the
LUMO energies of RR and RI are similar (ERR/RI

LUMO = −4.1 eV), the open-circuit voltage
increases by 40mV when RI(70:30) is used as acceptor material. Also the short-circuit
current density and fill factor increases. This is even more pronounced when the solar cell
parameters of PDCBT:RI(47:53) are investigated. The maximum PCE is 2.42% with
a VOC = 0.89 V and a JSC = 4.04 mA cm−2. A remarkably high fill factor FF = 0.67 is
observed compared to RR and other P(NDI2OD-T2) solar cells in literature.[150,282,300]

This corresponds to a more than threefold increase of the photovoltaic properties compared
to the reference cells with RR as acceptor component. Also RI(24:76) shows an increased
PCE of 2.02% compared to RR, with a VOC = 0.90 V, JSC = 3.42 mA cm−2, and a fill
factor FF = 0.66.
The increase in photocurrent correlates with the increase in the external quantum efficiency
(EQE). The EQE is the ratio of photogenerated charge carriers and the monochromatic inci-
dent photons. The higher the EQE, the more charge carriers are generated and the integral
of the EQE curves gives the spectral response current density JSR, which is in accordance
with the short-circuit current density JSC for RR and RI solar cells.
A maximum EQE of 0.27 is found for the best performing cell with RI(47:53) as acceptor
material and is higher compared to literature with optimized P3HT:P(NDI2OD-T2)
blends reaching a maximum EQE of 0.22.[95] Given that the absorption coefficient of
PDCBT is higher compared to P3HT a higher EQE is plausible.[289] Furthermore, the
EQE spectra reveal that most of the photocurrent is produced below 650 nm in the solar
cells. This correlates well with the absorption onset of PDCBT, indicating a dominant
contribution from the donor to the charge generation. The photogeneration of the acceptor
can be followed in the EQE spectra at around 700 nm, where the CT band reaches
its maximum. A slight improvement in the photocurrent can be observed for all RI
polymers and is the highest in the solar cells with RI(47:53) as acceptor component.
This indicates that both the donor and the acceptor phase give rise to a more efficient
photogeneration and higher photocurrents, with the overall contribution of the PDCBT
being stronger.
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Although an improvement could be gained with all RI polymers in the fill factor and
open-circuit voltages compared to the reference system RR as acceptor component, the
short-circuit currents remain moderate in the solar cells. This could be, for example,
further enhanced by adjustment of the molecular weight of both donor and acceptor
polymers,[300] or the usage of donor–acceptor copolymers with higher absorbance compared
to P3HT/PDCBT.[150,281,282] Furthermore, it has been shown that when P(NDI2OD-
T2) significantly competes with the donor molecule for photon absorption, device per-
formance will be limited by a rather low exciton diffusion length compared to fullerenes,
thus, it is important to use an absorption-complementary donor (which is fulfilled by
PDCBT).[301]

3.4.2. Structural Characterization of Donor–Acceptor Blends
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Figure 3.19.: 2D-GIWAXS patterns of pure polymer films of RR a), PDCBT b) and
RI(47:53) c) and the blends of PDCBT:RR d) and PDCBT:RI(47:53) e) spin-
coated from CB:1-CN (96:4, v:v, total concentration 10 g l−1) on PEDOT:PSS/glass.
Reprinted with permission from ref. [272] c© 2017, American Chemical Society.

To further study the polymer/polymer aggregation in the solar cells, grazing incidence
wide angle X-ray scattering (GIWAXS; for more details see 7.1.8.2) was measured of
pure polymers RR, RI(47:53), PDCBT and the blends of PDCBT:RR and PD-
CBT:RI(47:53). Due to the grazing incidence of the beam the scattering volume is
enhanced and therefore the intensity of the scattered X-rays and furthermore access to
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crystalline regions in-plane (qxy scattering vector) and out-of-plane (~qz scattering vector)
is given.[94] The samples were prepared as the solar cell devices but without additional LiF
and top Al electrode. 2D-GIWAXS detector images are displayed in Figure 3.19 and corre-
sponding linecuts along the qxy- and qz-axis can be found in Figure A.7–Figure A.11. As
incident angles 0.11◦ and 0.16◦ were used, which is below and above the critical film angle
(0.14◦ for RR and RI(47:53), 0.12◦ for PDCBT), respectively.[302] The detector images
are representative for the bulk as no differences in the diffraction patterns were observed
from samples measured above and below the critical film angle.
2D-GIWAXS of RR (Figure 3.19, a) show lamellar reflections (h00, h = 1, 2, 3) along
the ~qz-axis and the backbone diffraction (001) along the qxy-axis without a detectable
π–π-stacking peak. Distances correspond to ~23.0Å along the alkyl side chains and 13.3Å
along the repeating units. Note that the values along the qz-axis are not accurate due
to the distortion by the curvature of the Ewald sphere.[148,303] This can also be seen
from the lamellar distance of 24.2Å if the less intense reflection along qxy is taken into
consideration, which is in line with values found in literature.[148,193,197,203] From the 2D-
GIWAXS pattern a predominant edge-on orientation of the polymer chains becomes evident,
as it was also observed after melt annealing and when spin-coated from xylene:1-CN solvent
mixtures.[148,203]

Compared to RR, RI(47:53) shows a similar diffraction pattern, although it is less
resolved as only lamellar reflections (h00, h = 1, 2) are observed (Figure 3.19, b). The
(100) reflection is broadened and appears both primary in-plane and out-of-plane, thus the
chains mainly edge-on but with a few face-on oriented polymer chains. This can be seen
also by an additional, broad and fuzzy π–π-stacking peak around 1.5Å−1 (~4.1Å). The
lamellar distance is slightly reduced to d = 23.9Å (100 along ~qz = 21.7Å) The loss of
higher order reflections and the observation along both the qxy- and ~qz-axis reflects a lower
crystallinity with a more random distribution of crystallites in films of RI(47:53) compared
to RR. This is not surprising, as the polymer structure is disturbed due to the addition
of 2,7-regioisomers leading to an unfavorable packing of the chains.
Pure PDCBT gives rise to pronounced lamellar reflections (h00, h = 1, 2, 3, 4) along the
~qz-axis corresponding to a d100-spacing along the side chains of ~20.5Å The observation
of four diffraction orders along the lamellar direction indicates a highly crystalline nature
of PDCBT. An intense π–π-stacking reflection (010) in the qxy-plane yields a π-stacking
distance of 3.6Å and indicates an edge-on orientation of the PDCBT chains. This was
also considered as the thermodynamically favored texture of P3HT.[274] Compared to
P3HT, PDCBT shows a longer lamellar periodicity due to the branched alkyl side chains
(P3HT: 16.1Å) and a slightly lower π-stacking distance (P3HT: 3.8Å).[304] The GIWAXS
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pattern measured in this work agrees well with the literature.[289] Table 3.7 summarizes
the observed distances of the pure polymers.

Table 3.7.: Summary of the observed reflections along qxy- and ~qz in GIWAXS mea-
surements, assignments to directions and corresponding d-spacings of pure polymers
RR, RI(47:53) and PDCBT spin-coated from CB:1-CN (96:4, v:v, total concentration
10 g l−1) on PEDOT:PSS/glass.

RR RI(47:53) PDCBT

peak q / Å-1 d / Å peak q / Å-1 d / Å peak q / Å-1 d / Å

qxy
(100) 0.260 24.2 (100) 0.263 23.9 (010) 1.752 3.6
(001) 0.471 13.3 (001) 0.481 13.1

~qz

(100) 0.273 23.0 (100) 0.289 21.7 (100) 0.306 20.5
(200) 0.548 11.5 (200) 0.572 11.0 (200) 0.615 10.2
(300) 0.819 7.7 (300) 0.925 6.8
(400) 1.095 5.7 (400) 1.226 5.1

Figure 3.19, c) shows GIWAXS data from samples of PDCBT:RR blends. The diffraction
pattern of the blend seems to be dominated by the reflections of RR. The lamellar
stacking along the ~qz-axis, however, is less pronounced compared to the pure RR polymer
film. Only the first and second order reflections are visible. Additionally, the in-plane
backbone reflection along the qxy-axis of RR (001) is hardly visible. Reflections of
PDCBT along the ~qz-axis are scarcely present and become only distinguishable as small
shoulders next to the main signals of RR. The high-intensity π–π-stacking reflection
(010) in the pure PDCBT film is almost vanished in the blend. Consequently, the data
reveal a polymer blend with suppressed crystallization, especially for the PDCBT donor
polymer.
The 2D-GIWAXS detector image in Figure 3.19, e) of the PDCBT:RI(47:53) blend shows
a different behavior. Here, a pronounced diffraction pattern rises, but now corresponding
mainly to the reflections of the pure PDCBT. Lamellar reflections up to the fourth order
(h00, h = 1, 2, 3, 4) are present out-of-plane and a pronounced π–π-stacking reflection
(010) can be seen in-plane. Reflections of RI(47:53) are less distinct, yet visible in the
azimuthal broadening of the (100) diffraction peak and the backbone diffraction (001)
in-plane. Distances are shown in Table 3.8.
Compared to the blend with RR, a higher crystallinity and ordering of PDCBT in the
PDCBT:RI(47:53) blend is observed. This is attributed to an enhanced crystallization
of the PDCBT donor in the blend with RI(47:53) compared to RR by the reduced aggre-
gation tendency of the regioirregular polymer. Blending with RI polymers leads to a lower
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Table 3.8.: Summary of the observed reflections along qxy- and ~qz in GIWAXS measure-
ments, assignments to directions and corresponding d-spacings of PDCBT:RR and
PDCBT:RI(47:53) blends, spin-coated from CB:1-CN (96:4, v:v, total concentration
10 g l−1) on PEDOT:PSS/glass.

PDCBT:RR PDCBT:RI(47:53)

peak q / Å-1 d / Å peak q / Å-1 d / Å

qxy

(001) RR 0.459 13.7 (100) RI(47:53) 0.283 22.2
(010) PDCBT 1.752 3.59 (001) RI(47:53) 0.474 13.3

(010) PDCBT 1.753 3.6

~qz

(100) RR 0.276 22.8 (100) PDCBT 0.302 20.8
(200) RR 0.540 11.64 (200) PDCBT 0.621 10.1

(300) PDCBT 0.916 6.9
(400) PDCBT 1.222 5.1

disturbance during the crystallization process of the donor, similarly to what was observed
with solvent mixtures of xylene and 1-CN in literature.[95,255]

Presumably, the blend morphology features also a smaller phase separation, which could
be shown in P3HT:P(NDI2OD-T2) blends by scanning near-field optical microscopy
(SNOM) measurements.[95] An enhanced crystallization of the PDCBT donor revealed by
GIWAXS is in accordance with the EQE spectra, displaying an increased contribution
of the donor polymer to the photocurrent. This could originate from a higher PDCBT
crystallinity in blends with RI(47:53) as acceptor. Among other factors, the importance
of crystallinity for the efficiency in bulk-heterojunction solar cells has previously been
shown for both p-type polymers in combination with fullerenes[97,304,305] and recently in
n-type polymers in all-polymer solar cells.[283–285] These studies clearly show the influence
of polymer aggregation on the optoelectronic performance in organic solar cell devices.
Careful adjustment of the degree of aggregation in solution is a key parameter and it could
be shown that tuning aggregation by regioregularity is a suitable way to optimize device
performance. By grazing-incidence wide angle X-ray scattering it could be shown that
this can be attributed to an optimized blend morphology with a stronger crystallization of
the donor material. Hence, tuning aggregation by regioregularity is one proper strategy to
enhance all-polymer solar cell performance.[306]
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In this chapter the tuning of aggregation by regioregular-
ity in the n-type semiconducting donor–acceptor copolymer
P(NDI2OD-T2) and its influence on morphology was dis-
cussed. By development of a new synthetic route control
of the isomeric mixture of 2,6- and 2,7-regioisomers could
be achieved, yielding polymers with tuneable 2,6- and 2,7-
linked repeating units (performed during my Master’s The-
sis). Additionally, this route featured a controlled synthesis
via chain-growth polymerization for adjustable molecular
weights and low polydispersity. Three regioirregular poly-
mers RI(70:30), RI(47:53) and RI(24:76) were compared
to the regioregular parent polymer RR. The aggregation behavior was studied in de-
tail by absorption spectroscopy in different solvents as well as in films deposited by
spin-coating.
In 1-chloronaphthalene, a broad and featureless absorption was observed for all polymers
and the maxima of the charge-transfer bands were located between 622 nm (RR) and
602 nm (RI(24:76)). Only fully dissolved, non-aggregated polymer chains were present in
1-CN independent of the degree of regioregularity, suggesting that differences in molecular
weight of the polymers played a minor role for the aggregation properties and were
dominated by their ratio of 2,6- and 2,7-linkage.
In solvents that promote aggregation like CHCl3 and toluene the polymer chains adopted
an aggregated state. The shape of the absorption spectra changed as a function of
regioregularity from a highly aggregated absorption of RR (λmax = 392 nm and 704 nm) to
the lowest aggregation found in RI(24:76) (λmax= 367 nm and 597 nm). A decrease in the
aggregate content was assigned to the distortion of the intra- and intermolecular interaction
of the polymer chains by incorporation of 2,7-linked repeating units. UV–Vis absorption
spectroscopy clearly identified that by regioregularity a control and fine-tuning of the
aggregation is possible in P(NDI2OD-T2). A significant correlation of 2,6-/2,7-linkage
and aggregation behavior was further shown in thin films, which was explained by the
deposition of aggregated chains from solution during film formation.
Irrespective of the regioregularity, cyclic voltammetry revealed similar reduction waves
with two reversible redox reactions to the radical-anion and dianion, respectively. Both
RR and RI exhibit frontier orbital energy levels of ELUMO ≈ −4.1 eV and a very localized
redox process was present, as the CVs had a characteristic shape and sharp redox signals.
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Hence, the regioirregular polymers were assigned to the class of conjugated redox polymers,
as it was done previously for RR.[144,163]

Deposition of aggregated chains was further demonstrated by atomic force microscopy, since
the preferential order of the fibril-like structures decreased with increasing regioirregularity,
i. e. decreasing aggregate content in solution. This behavior was concurring with film
deposition experiments of P(NDI2OD-T2) from solutions with different amounts of
aggregates.[137] Hence, it was shown that tuning regioregularity is a powerful tool to reduce
aggregation compared to modifying solvent quality.
Charge carrier mobilities measured in top-gate/bottom-contact field-effect transistors
followed this trend; with increasing 2,7-linkage lower mobilities were observed. However,
decrease in mobility from RR (µe,av = 7× 10−2 cm2(Vs)−1) to all RI polymers (µe,av ≈
1× 10−3 cm2(Vs)−1) was surprisingly low. Annealing of the polymer films at 220 or 300 ◦C
lead to an improved packing of the polymer chains as regular structures were observed
in AFM. Transmission electron microscopy as complementary technique supported the
increased order after annealing. The stacking of naphthalenediimide units could be seen as
a driving force for improved packing of the polymer chains. An increased electron mobility
is accompanied with higher order in the annealed films, which was around one order of
magnitude higher in the RI polymers compared to the RR polymer. The mobilities of RR
reached values of µe,av = 3× 10−1 cm2(Vs)−1 and were approached by theRI polymers with
mobilities of around µe,av = 7× 10−2 cm2(Vs)−1. Due to the strong localization of charges
on the repeating unit instead of a delocalization along the polymer backbone differences
were less pronounced compared to classical semiconducting polymers like P3HT. Overall,
the behavior of P(NDI2OD-T2) seemed to be mainly aggregation dominated and not
dominated by the regioirregularity, as the differences could be primarily traced back to
distinctions in aggregate content in solution.
In order to further support this hypothesis, all-polymer bulk-heterojunction solar cells were
prepared in blends with PDCBT. While PDCBT:RR only had a moderate performance
(PCE = 0.75%, VOC = 0.80 V, JSC = 1.95 mA cm−2, and FF = 0.48), all regioirregular
polymers showed an increase in all three key parameters and thus in the power conversion
efficiency. The best performing system PDCBT:RI(47:53) exhibited a more than 3-fold
increase in the PCE of up to 2.42%. Both VOC = 0.89 V and FF = 0.67 were very high
for all-polymer solar cells. Grazing-incidence wide angle X-ray scattering was used as
technique to investigate both the pure polymers RR, RI(47:53), PDCBT and blends
thereof. While the blend of RR:PDCBT showed a suppressed crystallization and was
rather amorphous, the diffraction pattern of the PDCBT:RI(47:53) blend was strongly
pronounced. This was attributed to an enhanced crystallization ability of the donor
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material PDCBT due to the lower aggregation of the acceptor RI(47:53) in the polymer
blend processing solution.
Ultimately, the results presented in this chapter have given a deeper insight into the
interplay of molecular structure on polymer aggregation behavior of n-type donor–acceptor
copolymers and their strong influence on optoelectronic properties. Controlling regioregu-
larity was shown to be an efficient tool for improving processing properties with tuneable ag-
gregation behavior in donor–acceptor copolymers. Starting from this platform, the following
chapter focuses on the search of further n-type donor–acceptor copolymers with improved
processing without causing detrimental effects on the performance.
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4. Modification of Donor/Acceptor
Architecture to Tune Aggregation

Synthetic, electrochemical and morphological contributions to this chapter were made
by Carsten Dingler and OFET measurements were performed by Daniel Bauer in their
Master’s Theses at the Institute of Polymer Chemistry under the supervision of me and
Prof. Dr. Sabine Ludwigs.[307,308] TEM data were acquired by Carsten Dingler in the group
of Dr. Martin Brinkmann at the ICS, CNRS Strasbourg with the help of Dr. Amer
Hamidi-Sakr. Dr. Roman Tkachov in the group of Dr. Anton Kiriy at the Leibniz-Institute
of Polymer Research Dresden contributed to the synthesis and development of the long
alkyl chain monomer.

The chemical structure determines the molecular geometry and the electronic situation of
all molecules or polymers. Additionally, it specifies the interaction, for example, with other
molecules of the same type or with solvents. To vary the solution and aggregation properties
of molecules, variation of the alkyl side chain is one of the most straightforward and easiest
ways. First examples in literature were alkyl side chains of different length attached to
poly(3-alkylthiophene)s P3ATs, where it was shown that the thermochromic/aggregation
behavior was changed,[309,310] different melting temperatures were obtained,[310,311] spacings
in the unit cell were altered[312] or the charge carrier mobility was affected (a maximum
mobility is found for P3HT).[26]

For donor–acceptor copolymers, many different alkyl side chains are available. However,
with linear hexyl chains, naphthalenediimide–bithiophene copolymers could only be ob-
tained by electropolymerization, which resulted in insoluble films.[159] Side chain variations
were done by Lee et al. with 2-hexyldecyl, 2-octyldodecyl and 2-decyltetradecyl alkyl
chains, and higher charge carrier mobilities were obtained with shorter side chains.[73]

Unsymmetrically substituted napthalenediimide–thiophene copolymers were presented
by Jia et al. to modify blend formation in all-polymer solar cells.[313] However, no re-
ports with large side chains were available so far for naphthalenediimide–bithiophene
copolymers. Increasing alkyl side chain length should be beneficial for solubility, pro-
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cessability and aggregation control and will be one of the modifications discussed in the
following.

35°

54°
5

5'

5''

3T

Although branched structures based on pure polythio-
phenes and polyalkylthiophenes were investigated by
several groups,[256,314–316] less is known in literature on
branched donor–acceptor copolymers. Thus, as second
modification, a branched donor should be introduced
to create three-dimensional branched donor–acceptor
copolymers. These structures were already presented in literature for polythiophenes and
polyalkylthiophenes as alternatives with higher solubility and isotropic properties com-
pared to their linear analogues.[256,261,262] While linear systems have direction dependent
properties due to the inherent anisotropic molecular structure, two- and three-dimensional
structures are considered as molecules with more isotropic properties.[81] One possible
and in the Ludwigs group well-studied branched structure is 2,2’:3’,2”-terthiophene (3T),
which exhibits two rotatable σ-bonds and adopts angles of 54◦ and 35◦ between the
α–α and β–α coupled thiophene units in the most stable geometry, respectively.[81,256] At
the three free α-positions (5, 5’, 5”), 3T can be coupled with other structures. Introducing
this structural motif in donor–acceptor copolymers is intended to decrease aggregation
and increase solubility, as highly soluble three-dimensional macromolecular dendrimers
up to 90 thiophene units presented by Ma et al. were still soluble in common organic
solvents without the need for solubilizing alkyl side chains.[316] Both side chain and donor
engineering can be seen as stronger modifications of the chemical structure compared to
regioregularity, and thus more pronounced changes in the polymer properties should be
observable.

4.1. Synthesis and Characterization of Monomers
and Polymers

4.1.1. Side Chain Modified Donor–Acceptor Copolymers

4.1.1.1. Monomer Synthesis

Dr. Roman Tkachov synthesized the alkylamine (4) in the group of Dr. Anton Kiriy
and the monomer precursor (8) in our group. The monomer synthesis was started by
the preparation of the branched alkyl amine from commercially available 4-octadecyl-
1-docosanol (1). Advantages of the Gabriel synthesis of primary amines consist of the
absence of secondary or tertiary amine contamination, functional group tolerance, and mild
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Figure 4.1.: Gabriel synthesis of the branched 4-octadecyldocosyl amine 4 according to
Letizia et al.[317]

conditions.[318] First, 1 was treated with iodine and imidazole in dichloromethane at 0–25 ◦C
to prepare the corresponding 1-iodo-4-octadecyldocosane (2) in 87% yield, which could then
be reacted with potassium phthalimide in DMF to N -(4-octadecyldocosyl)-phthalimide
(3). 4-octadecyldocosylamine (4) was then received by hydrazinolysis of the phthalimide
with72% yield in 2 steps. The route is shown in Figure 4.1.
The synthesis of the monomer was performed according to the procedure published by
Senkovskyy et al. (see Figure 4.2).[114] After bromination of NDA (5) with dibromoisocya-
nuric acid in oleum NDA-Brx was received in a mixture with further bromination products,
e. g. mono- and tribrominated species. Due to the insolubility, the crude product was
used without further purification and reacted with the branched alkyl amine 4 to yield
NDI4OdD-Br2 (7) after column chromatography in 20% yield. The low yield can be
explained by the presence of side products and nucleophilic aromatic substitution due
to the electron deficient nature of the naphthalenediimide. Thiophene was coupled to
the NDI4OdD-Br2 by a Stille cross coupling with a palladium catalyst in THF in 61%
yield. Solubility differences compared to the usual 2-octyldodecyl side chain were already
observed in the final bromination step with NBS. Due to the insolubility of the starting
material in the 1:1 mixture of CHCl3:AcOH usually used, a 3:1 mixture had do be used.
After successful bromination of the thiophene moieties, NDI4OdD-T2-Br2 (9) was obtained
as deep violet solid in 76% yield.
The successful synthesis and purity of the monomer was confirmed by 1H– and 13C–NMR
spectroscopy as well as elemental analysis. NMR spectra show the typical signals for
naphthalenediimides with the expected integrals, similar to the monomer NDI2OD-T2-
Br2.[113,117] As expected, the integrals in the aliphatic region of the 1H–NMR spectrum
are larger (142 H), as the branched alkyl chain has a considerably larger amount of –CH2–
groups. 1H– and 13C–NMRs are shown in section 7.3.

99



4. Modification of Donor/Acceptor Architecture to Tune Aggregation

H2N
C18H37

C18H37

O

OO O

O O O

OO O

O O
N NH

NO O

O

Br

Br

oleum, 85 °C,
60.5 h

Br

Br

O N

N O

O

O

o-xylene, propionic acid,
140 °C, 3 h

20 % (2 steps)

C18H37

C18H37

C18H37

H37C18

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

S

S
S SnBu3

THF, 95 °C,
18 h
61 %

Pd(PPh3)2Cl2

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

S

S
Br

Br

N

O

O

Br

CHCl3, AcOH, 60 °C,

6 h

76 %

Brx

5 6

7

4

89

Figure 4.2.: Synthesis of the monomer NDI4OdD-T2-Br2 9 according to Senkovskyy et
al.[114]

4.1.1.2. Polymerization with Different Catalysts

Polymerizations and characterizations of the polymers presented were performed by Carsten
Dingler in the framework of his Master’s Thesis under my supervision. Different catalysts
were chosen to perform the polymerization of NDI4OdD-T2-Br2. The first intention was to
synthesize a well comparable polymer to the reference system RR with the same catalyst
Ni(dppe)Cl2 and similar molecular weight presented in chapter 3. Thereby, differences
in the properties should be mainly attributable to the different alkyl chains and their
impact on solubility and aggregation of the naphthalenediimide–bithiophene polymer
backbone.
As second approach, polymers with higher molecular weights should be prepared for compar-
ison. An extremely fast method to polymerize P(NDI2OD-T2) was shown by Tkachov et
al. using a Pd catalyst with bulky and electron-rich PtBu3 ligands.[113] With the Pd/PtBu3
catalyst system, polymers with variable molecular weights from Mn = 16.3–420 kgmol−1

could be synthesized. For the fabrication of efficient photovoltaic devices and thin-film
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transistors, conjugated polymers with high molecular weight are desirable as they can e. g.
show superior charge transport in field-effect transistors and photoresponsivity.[113,319–322]

However, a gelation of the reaction mixture was observed which was ascribed to the
extremely high molecular weights of P(NDI2OD-T2). Therefore, monomers with longer
alkyl chains which are present in NDI4OdD-T2-Br2 should help solubilizing the polymer
and enable the investigation of high molecular weight polymers.
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Figure 4.3.: Synthesis of P(NDI4OdD-T2) by polymerization with Ni(dppe)Cl2 or
Pd/PtBu3 catalyst systems.

Ni(dppe)Cl2: The first polymerization of NDI4OdD-T2-Br2 was performed with 1,3-
bis(diphenylphosphino)ethane nickel(II) dichloride Ni(dppe)Cl2 with a monomer:catalyst
ratio of 50:1 as it was done for RR according to Senkovskyy et al.[114] Treatment of
NDI4OdD-T2-Br2 with activated Zn* in the glove box immediately lead to a color change
from orange to dark green, thus reduction of the monomer and the formation of the
radical-anion complex [NDI4OdD-T2-Br2 / Zn] was assumed in analogy to NDI2OD-T2-
Br2. Occurrence of the polymerization after addition of the catalyst could be clearly seen
by the color change from dark green to deep blue. However, after a similar polymerization
time as for RR (21 h), still considerable amounts of the radical-anion complex were
present as seen from the color of the polymerization mixture. This could indicate a slower
polymerization kinetics and it was decided to enhance the reaction time to two days for
complete conversion. The polymerization was quenched by precipitation in MeOH, and a
powdery precipitate was formed which was noticeably finer compared to the precipitates
formed by RR in MeOH.
Soxhlet extraction revealed further differences in solubility of P(NDI4OdD-T2) compared
to P(NDI2OD-T2). Acetone was used as first solvent for removal of unreacted monomers,
followed by n-hexane. For RR it was observed that only oligomers with 3–4 repeating
units are dissolved during Soxhlet extraction, however, n-hexane dissolved the entire
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P(NDI4OdD-T2) sample rather than only removing low molecular weight fractions.
Consequently, the polymer was isolated and obtained in a yield of 84%. The 1H– and
13C–NMR spectra are given in Figure 4.4.
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Figure 4.4.: 1H– and 13C–NMR spectra in C2D2Cl4 at 80 ◦C of P(NDI4OdD-T2 (RR-
4OdD) synthesized with Ni(dppe)Cl2.

The aromatic signals of the naphthalene protons 1 (8.89–8.69 ppm) and the thiophene
protons T1,T2 (7.59–7.09 ppm) as well as the methylene protons adjacent to the imide
group d (4.32–3.98 ppm) were assigned in analogy to P(NDI2OD-T2), as the chemical
shifts and integrals are very similar and the chemical environments of these signals are
almost identical to the reference system.[111,114,272] The signal at 1.84–1.65 ppm with an
integral of 4H was assigned to the –CH2– methylene protons c next to the N–CH2-
protons. In RR, a signal in this range corresponded to the branching point of the alkyl
chain and thus only one proton –CH– was present yielding an integral of 2H for both
alkyl chains. The assignment of c was confirmed by 1H-1H-COSY NMR recorded of the
monomer NDI4OdD-T2-Br2 9.[307] Signals of the methylene protons a and b overlap with
the huge signal at 1.57–1.19 ppm of the alkyl chain and the integral represents in total
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142H. Finally, 12 methyl protons –CH3 at the end of the 4-octadecyl and the docosyl
chains are represented by the signal at 0.91–0.81 ppm. Smaller signals next to the main
signals of 1 and T1,T2 were assigned in literature to the chain ends differing slightly in
their chemical environment.[114,122] All signals in the 1H–NMR spectrum appear without
noticeable couplings and less resolved compared to the corresponding monomer, which is
typical for polymerizations.
The 13C–NMR spectrum can be separated in three parts. It exhibits a signal shifted
downfield at 162.0 ppm of the four carbonyl groups, which is an overlapping signal of
two non-equivalent carbonyl groups each. The aromatic region of the NMR spectrum
reveals 9 signals at 140.4–123.1 ppm, which can be separated in 5 non-equivalent signals of
the naphthalene core and 4 signals of the thiophene moieties. The carbon atom of the
N–CH2-group is revealed at 41.7 ppm (confirmed by 1H–13C-HSQC NMR[307]), and other
signals of the side chains are below. As many methylene groups are very similar with
respect to their chemical environment, not all carbon atoms of the alkyl chain are resolved
and thus have the same chemical shift.
Both 1H– and 13C–NMR spectra show the successful chain-growth polymerization and
the purity of the polymer P(NDI4OdD-T2). As no further signals are revealed in
NMR spectroscopy, the polymer has a regioregular backbone. High-temperature SEC
was measured by Yevhen Karpov at the Leibniz-Institute of Polymer Research Dresden
in TCB at 150 ◦C and is shown in Figure 4.5 a). The polymer has an Mn = 20 kg mol−1

with a low polydispersity of PDI = 1.6. As the synthesis and molecular weights are very
comparable to RR and the polymer has a regioregular backbone, it will be abbreviated
with RR-4OdD in the following. RR-4OdD has a similar molecular weight as RR, thus
differences in the polymer characteristics can be mainly attributed to the different alkyl
chains and their influence on aggregation behavior.
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Figure 4.5.: Size exclusion chromatography at 150 ◦C in 1,2,4-trichlorobenzene of RR-
4OdD a) and RR-4OdD-Pd b).

Pd/PtBu3: Furthermore, polymerizations were performed with Pd/PtBu3 as catalyst
system. As a starting point, a NDI4OdD-T2-Br2:Pd/PtBu3 monomer:catalyst ratio of 350:1

103



4. Modification of Donor/Acceptor Architecture to Tune Aggregation

ratio was chosen, since it was shown that with NDI2OD-T2-Br2 already molecular weights
of Mn = 180 kgmol−1 (PDI = 2.4) were obtained after 2 h of polymerization time.[113] The
complex Pd/PtBu3 was prepared in-situ by mixing equimolar amounts of Pd(CH3CN)2Cl2
and PtBu3 and given to the activated monomer [NDI4OdD-T2-Br2 / Zn]. However, after
2 h hardly any reaction was observed, as the color was still dark green indicative of the
radical-anion complex. Thus, the reaction time was prolonged to a few hours and finally
to 5 days. After quenching with acidified methanol, the polymer was isolated in 79%
yield, indicating that most of the monomer was consumed. Evaluation of the molecular
weight gave Mn = 13 kgmol−1 and PDI = 1.5 by HT-SEC which is surprisingly low for
such a long polymerization time. Thus, the monomer:catalyst ratio was increased to 50:1
and a second polymerization was started. After 2 h, a polymer with Mn = 22 kgmol−1

and PDI = 2.2 was obtained. The 1H– and 13C–NMR spectra of RR-4OdD-Pd are very
similar to RR-4OdD (Figure A.12), SEC is shown in Figure 4.5 b). Neither increase in
reaction time nor a higher amount of catalyst (NDI4OdD-T2-Br2:Pd/PtBu3, 10:1) lead to a
substantial increase in molecular weight. Consequently, it seems that Pd/PtBu3 is limited
in its catalytic capability and unsuitable for achieving a high degree of polymerization
with this monomer. This is surprising, as the polymerization reaction center should be
only marginally influenced by the alkyl side chain. Further optimization is needed to rise
molecular weights but was beyond the scope of this work.

4.1.2. 3-Dimensionally Branched Donor–Acceptor Copolymers

In order to synthesize 3-dimensionally branched donor–acceptor copolymers, suitable
comonomers were prepared. Both donor and acceptor must have appropriate functional
groups to form a polymer, therefore, groups which enable cross-coupling polycondensation
were introduced.

4.1.2.1. Monomer Synthesis

The monomer synthesis (Figure 4.6) of 3T 10 was perfomed by Kumada coupling of
2-bromothiophene with 2,3-dibromothiophene in 85% yield according to literature known
procedures.[323,324]

The first idea was to introduce copolymerizable groups like Me3Sn or a pinacolyl boronate
in 3T enabling copolymerization with NDI2OD-Br2. Thus, 3T was treated with nBuLi
and either Me3SnCl or a pinacolyl boronate ester. However, the desired products were not
obtained. One possible explanation is an incomplete conversion of the three α-positions,
and only mono- or bifunctionalized 3TXx products were obtained. Another reason could
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be that the desired product was only present in traces in a inseparable mixture with single
and twofold functionalized products.
As an alternative approach, selective bromination in the α-position was done with N -
bromosuccinimide in DMF under exclusion of light to yield 3TBr3 11 with 76%.[81,325]

Also the introduction of polymerizable groups starting from 3TBr3 by reaction with
nBuLi and Me3SnCl or Grignard metathesis with tBuMgCl seemed not to be success-
ful.
Therefore, functionalities were changed and NDI2OD-Br2 was converted into a metal
organic compound suitable for the copolymerization with 3TBr3, as it is shown in Fig-
ure 4.7.
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Figure 4.7.: Synthesis of NDI2OD-(SnBu3)2 13 starting from NDA-Br2 6 based on
procedures published by Chen et al.[111] and Wang et al.[326]

First, NDI2OD-Br2 was synthesized by the reaction of NDA-Br2 6 with 2-octyldodecyl-
amine,[111] similarly to the synthesis of 7 described above. Due to the mixture of several
isomers and bromination products present in 6, the yield is again low with 10%. Reaction
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of NDI2OD-Br2 12 with bis(tributyltin) was published in literature by Wang et al. for NDI
with a 2-ethylhexyl side chain[326] and worked here as well to obtain NDI2OD-(SnBu3)2
13 with a higher yield of 63%.

4.1.2.2. Polymerization

After successful synthesis of copolymerizable monomers, suitable polymerization conditions
had to be evaluated. In literature, Wang et al. proposed a copper iodide assisted
Stille polycondensation protocol, since the molecular weights of their polymers based
on benzobisthiadiazole (and heteroatom analogues) and naphthalenediimide synthesized
by standard conditions were relatively low.[326] The CuI-assisted polymerization can
be superior to standard conditions as copper salts can contribute to the generation of
coordination unsaturated species (acting as scavengers of free ligands) facilitating the
transmetalation reaction.[327,328] A second explanation for the improved synthesis was
the reaction of stannanes with CuI via Sn/Cu transmetalation yielding organocopper
species, which are more easily transmetalated onto Pd species.[327,328] Therefore, reaction
conditions including CuI were used for the copolymerization of NDI2OD-(SnBu3)2 and
3TBr3.
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Figure 4.8.: Optimized polymerization conditions for the preparation of P(NDI2OD-
co-3T) by copper-assisted Stille polycondensation.

Figure 4.8 shows the reaction of NDI2OD-(SnBu3)2 and 3TBr3 with Pd2(dba)3 as catalyst
in toluene at 110 ◦C. A long reaction time of 21 d had to be chosen, as with reaction times
of 24–48 h no polymer was formed and even at longer times the color of the polymerization
mixture was still changing, indicating that a reaction was still taking place. Since no
precipitates were formed when the reaction mixture was dropped into methanol, the
catalyst and byproducts were removed by filtration over a silica gel plug. After workup of
the reaction mixture, preparative size exclusion chromatography in CHCl3 was used to
remove unreacted monomers. The branched material P(NDI2OD-co-3T) was obtained
in 27% yield. The 1H-NMR spectrum is shown in Figure 4.9.
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Figure 4.9.: 1H-NMR spectrum of P(NDI2OD-co-3T) in C2D2Cl4 at 80 ◦C.

From 9.06–8.44 ppm a broad signal is visible with an integral of 2, which can be attributed
to the protons 1 of the naphthalene core, while from 7.59–6.99 ppm signals attributable
to the branched terthiophene donor T1-T5 can be seen. It has to be noted that further
constitutional repeating units are possible, as the 3T unit can be coupled at three different
positions to the naphthalenediimide. The integral of this signal has an integral of 8–9. An
origin of this might be that more 3T units are present as the end-groups of the polymer,
but this effect is decreasing with increasing molecular weight of the polymer. A second
explanation could be the oxidative addition of the Pd catalyst at the C–Br-bonds which
then leaves a proton when the polymerization is quenched. This oxidative addition was
used e. g. for the in-situ end-capping of linear P3HTs with Grignard reagents.[329] It has
to be noted that the integral is slightly overestimated as the CHCl3 signal is overlapping
with the T1-T5 protons. Signals at 4.35–3.86, 2.16–1.79, 1.38–1.13 and 1.01–0.77 ppm
are present due to the alkyl chain of the naphthalenediimide. Compared to RR, RI and
RR-4OdD, all signals show a significant broadening, although the NMR was taken under
identical conditions in the same solvent. This indicates a more inhomogeneous chemical
environment of the protons/proton groups, which might be caused by the branching of
the polymer or different linkage of the naphthalenediimide and terthiophene at the 5, 5’
or 5”-position.
Size exclusion chromatography was performed with THF as eluent and is shown in
Figure 4.10. A monomodal molecular weight distribution is observed with an Mn =
5.3 kgmol−1 and a PDI = 1.6. These data show that overall only a low molecular weight
system was formed, although a long reaction time was used. A reason could be the bulkiness
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Figure 4.10.: a) Size exclusion chromatography in THF of P(NDI2OD-co-3T). b)
Proposed structure of P(NDI2OD-co-3T) based on the number average molecu-
lar weight obtained from SEC and constitution from MALDI-TOF in Figure 4.11.
Coupling positions for NDI (*) and 3T (#) units are indicated.

and high steric demand of the constitutional units in the formed polymer. Low molecular
weights were also obseved for branched structures of pure 3T, 5’-(thiophen-2-yl)-2,2’:3’,2”-
terthiophene (4T) and 1,3,5-tri(thiophen-2-yl)benzene (3TB) both by oxidative polymer-
ization with FeCl3 or Ni-catalyzed Kumada coupling.[81,162,323–325]

In order to see if higher molecular weights are obtainable, P(NDI2OD-T2) was synthe-
sized by the copolymerization of NDI2OD-(SnBu3)2 and 5,5’-dibromo-2,2’-bithiophene
(2TBr2) under similar conditions. SEC in THF of this polymer revealed a similar molecular
weight of Mn = 5.4 kgmol−1 and a PDI = 1.9, which is rather unexpected and suggests
that polymerization conditions have to be further optimized to receive polymers with
higher molecular weights. However, to start investigation of the properties, the molecular
weight of P(NDI2OD-co-3T) was sufficient.
P(NDI2OD-co-3T) was additionally investigated using matrix assisted laser desorp-
tion/ionisation - time of flight (MALDI-TOF) mass spectrometry. Since higher molecular
weight polymers are discriminated by MALDI-TOF and the relative signal intensity is
strongly dependent on the ionization energy, no information on the molecular weight or
its distribution was taken into consideration. Although several data acquisition condi-
tions were used to obtain a mass spectrum of high quality, measurements were difficult.
Nevertheless, MALDI-TOF can give valuable information about the constitution of the
polymer. The mass spectrum of P(NDI2OD-co-3T) measured in DCTB as matrix with
sodium triflate as ionizing agent is displayed in Figure 4.11. The most intense signal in the
spectrum can be found at m/z = 1880 ([M + Na]+) and is split up into a specific isotopic
pattern. Further signals with high intensity are found at higher m/z and the separation
to the main signal fits perfectly to the repeating unit mass of NDI2OD (824.26) or 3T
(244.96), as indicated in the mass spectrum. Furthermore, it seems that the structure
represented by the signal at m/z = 1880 can be coupled with at least two NDI2OD and
three 3T units. Since the units can only be coupled in an alternating manner, free coupling
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Figure 4.11.: MALDI-TOF mass spectrum of P(NDI2OD-co-3T) with identified
masses of the repeating units measured in trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) as matrix with sodium triflate as ionizing
agent.

positions must be present. These are indicated for NDI (*) and 3T (#) units in the
suggested structure in Figure 4.10. The molecular weight of this structure is 4.9 kgmol−1,
which would be in agreement with the Mn obtained by SEC.
This is an indication for successful reaction of NDI2OD-(SnBu3)2 and 3TBr3, although only
a few units are linked with each other. Several subsignals in the MALDI-TOF next to the
peaks with high intensity are present, which could stem from structures with different end-
groups like H/Br or H/SnBu3. Disagreement of the masses from MALDI and SEC might be
explained by fragmentation of the alkyl side chain, and further studies are needed for a clear
assignment of the structural composition of P(NDI2OD-co-3T).

4.2. Optical and Electrochemical Characterization

4.2.1. Absorption Spectroscopy in Solution and Thin Films

Next, the absorption properties and aggregation behavior of the modified polymers were
investigated by UV–Vis spectroscopy in solution and films. The spectra are shown
in Figure 4.12. The absorption spectra of RR-4OdD a) and RR-4OdD-Pd b) in
1-CN are identical to RR, the only difference being a slight blueshift of the charge-
transfer band from 622 nm (RR) to 615 nm. Thus, the absorption behavior seems to be
dominated by the molecular structure of the backbone rather than by the length of the
alkyl chain. This seems even more plausible as a common property of all rylene diimides
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Figure 4.12.: Absorption spectra of RR-4OdD a),RR-4OdD-Pd b) andP(NDI2OD-
co-3T) c) in 1-CN (green), CHCl3 (blue) and toluene (red) at a concentration of 1 g l−1.
Absorption spectra of films spin-coated from CHCl3 (c = 3 g l−1) are shown in black.
The spectra of RR-4OdD and RR-4OdD-Pd are normalized at 550 nm according to
the model of Steyrleuthner et al.[132]. The absorption spectra of P(NDI2OD-co-3T)
are normalized to the absorption maximum.

is that the imide substituents do not severely influence the electronic properties of the
molecule.[330] The reason behind this is that a node exists in the wavefunction at the
imide nitrogen, which isolates the naphthalenediimide unit from inductive or mesomeric
effects of the imide substituent to a great extent.[330] In CHCl3 the charge transfer band
is located at 631 and 637 nm, respectively, which is 15–20 nm lower compared to RR.
The high energy peak shows no changes, again the splitting of the high energy peak can
be seen. According to Steyrleuthner et al.,[132] the aggregate contents are determined by
integrating the spectra from 500–900 nm, subtraction of the 1-CN absorption, and taking
the higher extinction coefficient of aggregated chains into consideration (εaggr/εnon−aggr =
2.5). Aggregate contents in CHCl3 are calculated as 19 and 23% for RR-4OdD and
RR-4OdD-Pd, respectively, which is only very slightly lower compared to RR (23–
26%).[169,263,307]

The same trend is observed in toluene as solvent. The maximum of the charge-transfer
band is at 712 nm, which is slightly redshifted compared to RR. The aggregate content is
quantified as 42 and 41% forRR-4OdD andRR-4OdD-Pd, whileRR has values around
44–45%. Notably, film spectra are different in terms of absorption intensity. RR-4OdD
has a more intense charge transfer band compared to RR-4OdD-Pd, consequently also a
higher aggregate content is present in the film. Due to intensified scattering phenomena
in films compared to polymer solutions, an integrating sphere would be necessary to
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calculate the aggregate content accurately. RR-4OdD-Pd on the other hand has a
similar absorption shape as RR.
A possible explanation could be the lower PDI of RR-4OdD and thus a higher tendency
to form aggregates, since the chain lengths are more uniformely distributed. However,
such phenomena were not observed for P(NDI2OD-T2) in literature, and usually a
higher aggregate content was observed with higher molecular weights.[132] To clarify this,
a more detailed investigation on the molecular weight and polydispersity dependence of
the absorption would be necessary. Overall, the absorption and aggregation behavior
determined by UV–Vis spectroscopy of RR-4OdD and RR-4OdD-Pd is very similar
to RR, although the length of the alkyl chain was considerably changed. This is rather
unexpected, as several reports in literature stressed the impact of alkyl side chains on the
absorption and aggregation behavior and found great differences with smaller variations
in the side chain length.[216,287,306,331] For example, a lower aggregate content was found
in naphthalenediimide–bithiophene copolymers with side chain length increasing from
2-hexyldecyl to 2-decyltetradecyl.[73] Absorption maxima in solution are summarized in
Table 4.1.
Table 4.1.: UV–Vis absorption maxima of RR-4OdD, RR-4OdD-Pd and
P(NDI2OD-co-3T) in 1-CN, CHCl3 and toluene at concentrations of 1 g l−1

and in films spin coated from CHCl3 (c = 3 g l−1).

λmax (1-CN) / nm λmax (CHCl3) / nm λmax (Toluene) / nm

RR-4OdD 370; 615 366; 383; 631 391; 712
RR-4OdD-Pd 371; 616 367; 383; 637 391; 712
P(NDI2OD-co-3T) 367; 382; 550 364; 384; 550 366; 386; 542

The absorption spectra of P(NDI2OD-co-3T) are plotted in Figure 4.12, c). Distinct
differences to the absorption of RR or RR-4OdD are observable on the first view.
Most remarkably, only a very low charge-transfer band is visible. The CT band is typi-
cal of an intramolecular charge transfer from donor to acceptor moiety in the polymer
backbone.[133,134,332] As the intensity is very low, probably the orbital overlap between
the NDI2OD and 3T units is rather poor which could lead to an inefficient conjuga-
tion. It can therefore be considered that the units rather act as isolated units than a
conjugated polymer. This hypothesis is supported by the absorption of P(NDI2OD-co-
3T) at around 364 nm, which coincides with the absorption maximum of N,N’-dipentyl-
naphthalene-1,4,5,8-bis(dicarboximide).[155] The absorption of isolated 3T (maxima at 258
and 302 nm)[316,333] is hard to observe, as the absorption intensity measured around 300 nm
is in an intermediate range and no clear maximum is present. Note that only in CHCl3
and toluene spectra are plotted below 340 nm, as both 1-CN and glass substrates absorb
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significant amounts of the UV light. Since a low-intensity CT band is present, at least
a partial interaction of the two units must be present. Probably, a strong twisting of
the individual thiophenes in the 3T unit is prevalent due to the high steric demand of
the structure. Steric effects might also explain the rather low molecular weight of the
polymer/oligomer.
Variations of the absorption shape and positions of the bands in different solvents used for
UV–Vis spectroscopy (1-CN, CHCl3 and toluene) are only marginal. For this reason, it can
be assumed that aggregation is almost fully suppressed in P(NDI2OD-co-3T), as solvent
quality strongly influenced the solubility/aggregation behavior of RR or RR-4OdD. Also
in films spin coated from CHCl3 only small shifts of the absorption spectrum are visible
compared to the polymer solutions. This is a further indication of a strong suppression of
the aggregation in P(NDI2OD-co-3T).

Table 4.2.: Optical and electrochemical properties of RR-4OdD and P(NDI2OD-co-
3T) films spin-coated from CHCl3 (c = 3 g l−1). Half-wave potentials were determined
in acetonitrile containing 0.1m NBu4PF6 as supporting electrolyte with a scan rate
of 20mV s−1 of spin-coated (c = 3 g l−1) polymer films on ITO as working electrode.
Fc/Fc+ was used as external standard. LUMO energies were calculated assuming a
formal potential of −5.1 eV for the ferrocene/ferrocenium redox couple (Fc/Fc+) in the
Fermi scale.[151]

λmax (film) λonset (Eg,opt) EI
1/2 (ELUMO) EII

1/2

/ nm / nm (/ eV ) / V (/ eV ) / V

RR-4OdD 398; 710 837 (1.48) –1.07 (–4.03) –1.39
P(NDI2OD-co-3T) 300; 550 717 (1.74) –1.08 (–4.02) –1.57

4.2.2. Electrochemical Characterization

Next, the electrochemical properties of the newly synthesized polymers were investigated by
cyclic voltammetry. Figure 4.13, a) shows the second cycle of the reduction of RR-4OdD
(measured by Carsten Dingler). A twofold reduction of the polymer can be observed
between –0.9V and –1.3V and between –1.3V and –1.7V. However, the signals feature a
broader reduction wave instead of distinct peaks and shoulders, especially in the forward
cycle of the first reduction. This could either indicate a less homogeneous distribution
of the redox sites in terms of energy/potential, consequently small subsignals merge into
one broad reduction wave. Another reason for the broad signal might be the absence of
a “solvated state”, which was indicated in CVs of P(NDI2OD-T2) by a sharp signal at
−1.04V. A solvated state after the first potential cycle in P(NDI2OD-T2) was presented
by Trefz et al.,[163] see also 1.3.3. Half-wave potentials were determined as indicated in
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the cyclic voltammograms and potentials of EI
1/2 = −1.07 V and EII

1/2 = −1.39 V are found.
Both values are very similar to the half-wave potentials measured with RR, which is
likely due to the identical structure of the redox-active units. A localized redox process
is probably present in films of RR-4OdD and similar observations are made for RR-
4OdD-Pd (see Figure 4.13, b). Consequently, the LUMO level of these polymers is at
–4.03 eV.

cu
rre

nt
 / 

µA

(vs. Fc/Fc+) / VE
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2-1.8-2.0-2.2

-10

0

-5

5

cu
rre

nt
 / 

µA

 (vs. Fc/Fc+) / VE

-10

0

-5

5

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2-1.8

cu
rre

nt
 / 

µA

(vs. Fc/Fc+) / VE
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4-1.8

-10

0

-5

5

10

-15

a)

b)

c)

Figure 4.13.: Cyclic voltammograms referenced vs. Fc/Fc+ (2nd cycle) of RR-4OdD
a), RR-4OdD-Pd b) and P(NDI2OD-co-3T) c) films spin-coated from CHCl3
(c = 3 g l−1) on ITO as working electrode, measured in 0.1m NBu4PF6/MeCN as
supporting electrolyte with a scan rate of 20mV s−1.

A cyclic voltammogram of P(NDI2OD-co-3T) is displayed in Figure 4.13, c). A similar
course of the CV can be observed, but here the separation between first and second
reduction and corresponding reoxidations are more distinct than in RR-4OdD. A first
signal set from –0.9V to –1.25V in the forward cycle can be clearly assigned. The second
reduction is taking place from –1.4V to –1.9V . The first reduction half-wave potential
is at EI

1/2 = −1.08 V, whereas the half wave potential of the second reduction is shifted
to a lower potential of EII

1/2 = −1.57 V compared to RR or RR-4OdD and is in the
range of the half-wave potential of the NDI2OD-T2-Br2 monomer (EII

1/2 = −1.52 V).[163]

This coincides with the idea of a predominance of the individual repeating units over
the polymer properties of P(NDI2OD-co-3T), as it was already seen in the absorption
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spectra. Cyclic voltammetry furthermore could show the electrochemical addressability of
the NDI unit in P(NDI2OD-co-3T), although the overall properties seem to be strongly
perturbed by the 3T donor and the branched structure. Thus, the redox character in
P(NDI2OD-co-3T) might be even stronger compared to the conjugated redox polymers
RR, RI and RR-4OdD.

4.3. Morphological Investigations

4.3.1. As-Cast Films

Δz = 10 nm  

 

Δφ = 20 °

Δz = 2 nm

Δφ = 5 °

Δz = 7 nm  

Δφ = 14 °

a) b) c)

d) e) f)

Figure 4.14.: AFM tapping mode height images (2 µm× 2 µm) of films spin-coated from
CHCl3 with a concentration of 3 g l−1 on glass substrates of RR-4OdD a), RR-
4OdD-Pd b), and P(NDI2OD-co-3T) c). Corresponding phase images are shown
in d)–f). The scale bars represent 500 nm. The insets shows a polarized optical
micrograph, the scale bar represents 100 µm.

Atomic force microscopy was used to investigate the surface morphology of the polymer
films. Figure 4.14, a) shows the height image of a RR-4OdD film spin-coated from
chloroform. Fibers are distinguishable which have several preferential orientations in the
image shown. As the aggregate content in CHCl3 determined by absorption spectroscopy
is not significantly changed due to the modified alkyl side chain in RR-4OdD, a surface
structure similar to the fiber-like morphology of RR could be explained. It furthermore
demonstrates the aggregation dominated structure formation in naphthalenediimide–
bithiophene copolymers. The POM image in the inset supports a comparable morphology,
as the birefringent areas are rather small (below 10 µm), which was also observed for RR
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films spin-coated from CHCl3. A fiber-like morphology with fibers oriented across the full
image is present in RR-4OdD-Pd as well (Figure 4.14, b) and e).
In terms of electron mobility RR-4OdD features values of µe,av = 1.3× 10−2 cm2(Vs)−1

in top-gate/bottom-contact transistors (identical in construction as for RR/RI) with
Au source/drain electrodes, PMMA as dielectric layer and a Al gate electrode. The
transistors were prepared by Daniel Bauer in the course of his Master’s Thesis under my
supervision.[308] Representative output curves and transfer characteristics are presented in
Figure A.13. Lower threshold voltages are observed (Vg = 1–4V), which might be explained
by a better charge injection due to a reduced polarity/surface energy of RR-4OdD with
a higher amount of unpolar groups. The slightly lower mobility compared to RR could be
explained by a higher amount of inactive volume in the film due to the longer alkyl side
chain. Another explanation could be a less efficient intramolecular charge transport due to
a greater distance between the polymer chains with longer alkyl side chains. In literature
it was shown that polymers with 2-hexyldecyl chains feature a higher mobility compared
to naphthaledediimide–bithophene copolymers with 2-octyldodecyl or 2-decyltetradecyl
side chains.[73]

AFM micrographs of P(NDI2OD-co-3T) are presented in Figure 4.14, c). A smooth and
homogeneous film surface is present, since the height differences are only 2 nm. Apart from
that, AFM shows a rather unstructured and featureless surface. This can be explained
by the twisted and perturbed structure of the branched polymer and thus a missing
regularity to interact in an ordered fashion. The surface information reminds of as-cast
films of RI(24:76), which was unstructured as well. Nevertheless, AFM could show
that P(NDI2OD-co-3T) is film forming, although it has a low molecular weight. Top-
gate/bottom-contact transistors with P(NDI2OD-co-3T) showed neither n- nor p-type
behavior. Probably the low interaction between the units due to the twist in the 3T
unit and the overall low molecular weight could be main reasons for failure of the charge
transport in transistors.

4.3.2. Solvent Vapor Annealed Films

Encouraged by the tuneable size of oriented domains in P(NDI2OD-T2),[223] RR-4OdD
films spin-coated from CHCl3 were solvent vapor annealed with chloroform. The experi-
ments were performed by Carsten Dingler in the framework of his Master’s Thesis.[307]

The optimized solvent vapor annealing protocol for RR-4OdD is shown in Figure 4.15,
a). It was adjusted slightly regarding the course of the swelling vapor pressure and the
swelling time, but overall a similar protocol to P(NDI2OD-T2) with pvap = 92 % could
be used for the vapor annealing.
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Figure 4.15.: a) Solvent vapor annealing protocol. b) POM image of a dry RR-4OdD
film after spin-coating and subsequent solvent vapor annealing in CHCl3, c) shows the
sample at the edge. The scale bar represents 100µm. AFM tapping mode height d)
and phase e) images (2 µm× 2 µm) of RR-4OdD after SVA. The scale bars represent
500 nm. TEM bright field f) and electron diffraction g) images of RR-4OdD after
SVA. The scale bar represents 500 nm.[307]
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The resulting polarized optical micrograph after solvent vapor annealing and drying of
RR-4OdD is shown in Figure 4.15, b). Large birefringent areas become visible with
uniform coloring in the range of several hundred micrometers. Interestingly, a stripe-like
substructure is visible within the oriented domains. Overall, the oriented areas remind of
a patchwork rather than spherulites found in classical semicrystalline polymers and have
similarities to Schlieren textures of lyotropic nematic liquid-crystalline phases as it was
also observed for P(NDI2OD-T2).[222,224–226] As a plausible mechanism for formation of
large birefringent structures, a rearrangement of aggregates in the swollen state of the film
was proposed for P(NDI2OD-T2).[169,223] A liquid-crystalline behavior of RR-4OdD
becomes further apparent from POM images taken at the substrate edge, Figure 4.15,
c). These parallel ordered lines remind of Tiger-skin textures of the N-phase found in
chromonic liquid crystalline systems.[224] The presence of these structures at the edge of
the sample might be explained by a different solvent vapor concentration at the sample
edge compared to the middle of the film. Compared to P(NDI2OD-T2), the birefringent
areas are slightly larger and the stripe-like substructure is observed in larger parts of the
POM images in the RR-4OdD films.[223]

AFM images (Figure 4.15, d) and e) of the surface show 100–300 nm thick features,
which can be interpreted as bundles of fibers. These bundles are oriented across the full
image (and also on a 10 µm range). Compared to P(NDI2OD-T2), these bundles appear
thicker.[223] As the diameter is determined by the amount of polymer chains and also the
size of an individual chain along the side chain direction, the enlarged diameter could be
explained by the longer alkyl side chain.
To get more detailed information of the molecular dimensions of RR-4OdD, transmission
electron microscopy was performed together with Dr. Amer Hamidi-Sakr and Dr. Martin
Brinkmann at the Institut Charles Sadron, CNRS Strasbourg. Considering the TEM
bright field image, the surface morphology of the AFM is confirmed. A fiber-like structure
becomes apparent oriented across the full image. The size of the structures is in the
same range of 100–300 nm as probed by AFM. Comparing with defocussed electron
diffraction, the orientation of the polymer backbone was found to be along the fiber
direction.
The TEM electron diffraction image is shown in Figure 4.15, g). On the first view, a
well-resolved pattern can be seen with several reflections. The presence of diffraction
arcs instead of isotropic rings indicates a preferential orientation of the polymer chains,
at least within the probed sample area. Three reflections corresponding to distances of
13.8Å, 6.9Å and 3.5Å can be seen, respectively. It is likely that these correspond to
the (00l, l = 1, 2, 4) reflections along the polymer backbone. From the high intensity of
the (001) compared to the (002) reflection, it is probable that the polymer chains adopt
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polymorph form I. Additionally, a fuzzy arc with 4.0Å concurring with the polymer chain
direction and an arc with 4.3Å perpendicular to the chain are present. The latter could
be interpreted as π–stacking reflection, however, the distance seems to be rather high
compared to literature (4.0–4.1Å).[197,209]

The diffraction pattern observed for RR-4OdD is in strong contrast to samples of
P(NDI2OD-T2).[223] There, hardly any reflection could be observed directly after solvent
vapor annealing, only temperature annealing at 220 or 300 ◦C in addition to SVA led to a
(still less resolved) ED pattern.[169,223] The periodicity of the repeating units in RR-4OdD
remains unchanged compared to P(NDI2OD-T2) and agrees well with the distance of
13.8–14.0Å found in literature.[197,209,223]

By rotation-tilt experiments,[334] the origin of the fuzzy reflections with 4.0Å and 4.3Å
was further elucidated (see Figure 4.16). Tilting about the chain axis (c-axis, Figure 4.16
a)→c) leads to the emergence of reflections corresponding to distances of 18.5Å and 12.5Å
perpendicular to the chain direction and the vanishing of the reflection with 4.3Å. The new
reflections can be assigned to the alkyl side chain direction of the polymer (h00), however,
these reflections are already of higher order (h = 2, 3). This assumption is supported by
the presence of a reflection with 38.9Å found for RR-4OdD-Pd prepared accordingly
(see Figure A.14). A longer spacing along the alkyl side chain direction can be explained
by the significantly longer chains compared to P(NDI2OD-T2).
Thus, both polymers adopt probably a face-on texture, however, appearance only after
tilting in RR-4OdD and presence without tilting in RR-4OdD-Pd films about the chain
axis might indicate an imperfect face-on orientation. This is in contrast to P(NDI2OD-
T2), where an edge-on orientation was present after SVA.[169,223] It has to be noted that
assignment of the texture in P(NDI2OD-T2) films was only ensured after additional
thermal annealing. For unequivocal assignment of a face-on orientation in RR-4OdD,
further experiments are necessary.
If the sample is rotated by 90◦ a)→b) and tilted perpendicular to the c-axis (Figure 4.16,
b)→d), all reflections disappeared except those corresponding to the backbone. It is possible
that the reflections with 4.0Å and 4.3Å belong to a crystallization of the alkyl side chains
into a sublattice. This assumption is supported by DSC measurements revealing a first-
order endothermic transition peak during heating at 56 ◦C (see Figure 4.17). Crystallization
of long branched side chains was also observed for side chain π-extended polythiophenes
(polythiophenes with alkylthiophene side groups) with linear[335] or branched alkyl side
chains[216] and also for P3ATs and was ascribed to a side-chain melting and motion.[81,336]

Furthermore, an exothermal transition at 263 ◦C in the first heating could be assigned to
a recrystallization of the main chain (comparable to P(NDI2OD-T2)[197]), however, no
melting also at higher temperatures could be observed.
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4.3. Morphological Investigations
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Figure 4.16.: TEM-ED of RR-4OdD after SVA with CHCl3 a). Rotation-tilt experi-
ments after rotation of the sample by 90◦ b), tilting of the sample concurrent with the
c-axis by 26◦ c) and tilting of the sample around an axis perpendicular to the c-axis
by 54◦ d).
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Figure 4.17.: DSC curve with heat flow versus temperature of a sample of RR-4OdD. a)
The first and b) the second heating and cooling cycles are illustrated. Measurements
were performed at a rate of 10Kmin−1.
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4. Modification of Donor/Acceptor Architecture to Tune Aggregation

It is noteworthy that the crystallinity seems to be higher in these films compared to
SVA treated P(NDI2OD-T2) films, as already directly after solvent vapor annealing
a well-resolved ED pattern is present. Possible explanations could be either the altered
solubility and slightly lower aggregation due to longer chains and consequently better
swelling in the chloroform solvent vapor or the enhanced packing of the alkyl chain, which
might facilitate ordering of the polymer backbone and hence increase crystallinity in the
films. Overall, it could be shown that side chain engineering leads to a different texture in
thin films, RR-4OdD and RR-4OdD-Pd seem to prefer a face-on orientation after SVA,
while P(NDI2OD-T2) was in an edge-on orientation. The lamellar spacing was increased
due to the longer alkyl side chain from 24.7Å (RR) to 38.9Å. Although variation in the
aggregation properties were rather low, the morphological behavior was affected somewhat
stronger by the side chain modification.
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This chapter discussed the modification of the polymer backbone
structure and its influence on the optical properties, the electro-
chemical behavior, the structure and morphology in thin films. One
way was the introduction of a branched 2,2’:3’,2”-terthiophene as
donor building block by the CuI-assisted Stille polycondensation of
3TBr3 and NDI2OD-(SnBu3)2. Long reaction times were necessary
to form P(NDI2OD-co-3T) with a low molecular weight (Mn

= 5.3 kgmol−1, PDI = 1.6), which could be due to the high steric
demand of the units. Absorption spectroscopy in solution and thin
films revealed a low-intensity charge transfer band, indicating an
overall low interaction between donor and acceptor units in this
polymer. Insensitivity of the absorption behavior in different solvents showed a suppressed
aggregation of this system. Although P(NDI2OD-co-3T) has a low molecular weight, it
formed stable films by spin-coating with similar optical characteristics to the solution state.
Thus, no further aggregation seemed to take place in the solid state and AFM uncovered
a quite amorphous and featureless film surface. The strong differences in the aggregation
properties to RR and RI could be explained by the branched structure of the polymer,
which might impede interaction between the chains. This modification also seemed to ham-
per conjugation along the polymer backbone and might be an explanation for the absence
of charge-transport in field-effect transistors. P(NDI2OD-co-3T) showed a reversible,
twofold electrochemical reduction in cyclic voltammograms. As derived from half-wave
potentials and the course of the CV, the behavior was similar to the monomer NDI2OD-
T2-Br2. It was concluded that P(NDI2OD-co-3T) has a stronger redox-character in
comparison to the conjugated redox polymers RR and RI.
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As second modification for aggregation tuning, a branched, signifi-
cantly longer alkyl chain was introduced at the naphthalenediimide
unit. After successful synthesis of the monomer, P(NDI4OdD-
T2) was polymerized by the chain-growth polymerization of the
corresponding zinc/radical-anion complex with Ni(dppe)Cl2. Hav-
ing received a well comparable polymer RR-4OdD with similar
molecular weight (Mn = 20 kg mol−1, PDI = 1.6) to RR, further
polymerizations were performed with Pd/PtBu3, which was sus-
pected to be a highly reactive catalyst system to reach high molec-
ular weights. However, only lower or similar molecular weights
could be synthesized, a polymer RR-4OdD-Pd was obtained with
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4. Modification of Donor/Acceptor Architecture to Tune Aggregation

Mn = 22 kg mol−1, PDI = 2.2). Neither increasing of the reaction time nor a higher amount
of catalyst led to improvements.
In terms of aggregation properties, RR-4OdD and RR-4OdD-Pd were surprisingly
similar to RR. UV–Vis absorption spectra in 1-CN showed a slight blueshift of the
charge-transfer band to 615 nm. In CHCl3 and toluene, only marginally reduced aggregate
contents of 19–23% and 41–42% were observed, respectively. Thus, the aggregation
behavior seems to be dominated by the molecular structure of the backbone rather than by
the length of the alkyl chain. P(NDI4OdD-T2) was similar in terms of electrochemistry
compared to RR and RI, which was shown by cyclic voltammetry.
The aggregation properties in thin films were investigated by atomic force microscopy.
In as-cast films they were initially equivalent to those of RR, which was furthermore
confirmed by top-gate/bottom-contact field-effect transistors. An electron mobility of
µe,av = 1.3× 10−2 cm2(Vs)−1 could be measured with low threshold voltages Vg = 1–
4V.
After manipulation of the morphology by solvent vapor annealing with chloroform, a
drastically changed morphology was present. In-depth structural characterization could
be performed by transmission electron microscopy. RR-4OdD and RR-4OdD-Pd films
showed much better defined diffraction patterns compared to films of RR after SVA. A
crystallization of the alkyl side chains into a sublattice might be present, and the films
showed a rather face-on than an edge-on texture. Polymorph form I could be derived
from the characteristic fingerprint of the (001) and (002) reflection intensities. One
possible explanation for this unusual behavior could be the slightly increased solubility and
lower aggregation due to longer alkyl side chains. On the other hand, the crystallization
tendency of the side chains might facilitate an ordering of the polymer backbone. Although
variation in the aggregation properties was low, a different morphology was adopted in
thin films.
Summarizing, in this chapter it could be shown that variation of the chemical structure
successfully modifies aggregation. P(NDI2OD-co-3T) features a stronger redox-nature
and less conjugation, P(NDI4OdD-T2) has similar functionality as RR, which was
shown exemplarily by organic field-effect transistors. Also the morphological behavior
could be altered by solvent vapor annealing. However, prediction of the polymer properties
is not trivial, which underpins the necessity to synthesize, characterize and apply new
conjugated donor–acceptor polymers.
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5. (Electro-)chemical Doping of
n-type Semiconducting Polymers

Carsten Dingler and Daniel Bauer contributed to this chapter in the framework of their
internships at the Institute of Polymer Chemistry supervised by me and Prof. Dr. Sabine
Ludwigs.[337,338] TEM data of TDAE doped films were taken together with Dr. Laure
Biniek and Dr. Martin Brinkann at the ICS, CNRS Strasbourg. Parts of this chapter have
been published:

Y.M. Gross, D. Trefz, D. Bauer, C. Dingler, V. Vijayakumar, V. Untilova, L. Biniek, M.
Brinkmann, and S. Ludwigs, From Isotropic to Anisotropic Conductivities in P(NDI2OD-
T2) by (Electro-)Chemical Doping Strategies,
Chemistry of Materials 2019, 31, 3542–3555, doi:10.1021/acs.chemmater.9b00977.

Classical applications of semiconducting polymers are for example organic field-effect
transistors and organic solar cells. Here, the conjugated backbone transports charges
between the electrodes which are either introduced by an externally applied field or
photogenerated. If too many charges were present already in the semiconducting polymer,
the electrodes would be just short circuited and the devices fail.
On the other hand, applications like thermoelectrics as well as hole and electron transport
layers for organic photovoltaics benefit from semiconducting polymer backbones which are
strongly charged, and the search for both stable n-doped and p-doped systems with high
conductivities is unbowed.[99,103,105,186,187,339–342] Doping of conjugated polymer systems can
in principle be done either electrochemically or chemically by external dopants to introduce
charges at the polymer backbone. While p-type doping is rather well-studied in literature,
n-type doping has only become an active field of research in recent years due to a limited
number of available n-type polymer semiconductors prone to chemical or electrochemical n-
doping. A further complication is the fact that a well-working, prototypical p-type dopant as
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane F4TCNQ[343–346] and further dopants
like halides,[49,50] arsenic pentafluoride[49,50] or FeCl3[347,348] are readily available, whereas
dopants are rare for n-type doping. Amongst this n-type external dopants, electron rich
compounds such as dihydro-1H -benzoimidazol-2-yl derivatives, vapors from branched

http://dx.doi.org/10.1021/acs.chemmater.9b00977


5. (Electro-)chemical Doping of n-type Semiconducting Polymers

poly(ethylene imine) or small molecule tetrakis(dimethylamino)ethylene (TDAE) are
included.[185,189,195]

While Chapter 3 and 4 focused on the neutral, semiconducting state, in this chapter,
electrochemical and chemical doping of RR, RI, RR-4OdD and P(NDI2OD-co-3T)
is discussed. This aims for an understanding of modification and tuning of conductivities
by chemical doping correlated to the backbone design, aggregation behavior and film
morphology.

5.1. Electrochemical Doping Behavior

5.1.1. In-Situ Spectroelectrochemistry and First Cycle Effects

5.1.1.1. Influence of Regioregularity

To get a deeper understanding of the electrochemical doping, i. e. reduction behavior,
in-situ spectroelectrochemistry of RR and RI films was performed. For this purpose,
films were prepared on transparent ITO as working electrodes by spin-coating from
CHCl3. In-situ UV–Vis spectra and corresponding cyclic voltammograms are shown in
Figure 5.1.
As discussed previously for energy level determination of RR and RI, two sets of signals
between –0.9 and –1.25V (red) as well as –1.3 and –1.6V (blue) become visible during
reduction in the second cycle. Both sets consist of several overlapping reduction and
reoxidation waves and are fully reversible in the following cycles. For RR (Figure 5.1,
a), half-wave potentials are EIa

1/2 = −1.02 V, EIb
1/2 = −1.17 V and EII

1/2 = −1.36 V, see also
Table 3.3. This assignment is supported by the corresponding UV–Vis spectra measured
during the 2nd forward cycle from –0.8V to –1.25V and from –1.25V to –1.6V in Figure 5.1,
b) and c), respectively. Down to a potential of −0.8V, the neutral polymer absorption
with maxima at 385 and 671 nm is observed. Note that the maxima are given for the
second cycle and the charge transfer band is blueshifted around 30 nm compared to a dry
film, which was also reported in literature.[163] During reduction, solvated electrolyte ions
diffuse into the polymer film for charge neutralization which is often accompanied with
swelling of the film.[138]
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Figure 5.1.: CV and in-situ spectroelectrochemisty of RR a)–c), RI(70:30) d)–f),
RI(47:53) g)–i) and RI(24:76) j)–l). Cyclic voltammograms a), d), g), j) of films
spin-coated from CHCl3 on ITO as working electrode in 0.1m NBu4PF6/MeCN as
electrolyte, the scan rate is 20mV s−1. UV–Vis spectra of RR b), c), RI(70:30) e),
f), RI(47:53) h), i) and RI(24:76) k), l) recorded during the forward scan in the
2nd cycle, the spectra are divided into the first (–0.8 to –1.25V) and second (–1.25 to
–1.6V) reduction and are plotted every 0.05V. Adapted with permission from ref. [210],
c© 2019, American Chemical Society.

Upon reduction, a gradual decrease of the neutral absorption bands occurs, while new
bands with maxima at 362, 489, 708 and 801 nm rise. In accordance with literature, these
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5. (Electro-)chemical Doping of n-type Semiconducting Polymers

can be assigned to the radical-anion species RR•−.[163] The presence of three isosbestic
points at 432 nm, 553 nm and 761 nm is an evidence for the emergence of a new species. The
radical-anion RR•− has a very strong absorption at 489 nm and an additional absorption
at 801 nm which does not superimpose with the neutral band of RR.
Below a potential of –1.25V the radical-anion band descends again and new absorption
bands with maxima at 392 and 717 nm grow. Three isosbestic points can be identified
at 452 nm, 559 nm and 794 nm, revealing the reduction to the RR2− dianion. From the
spectroelectrochemical data it becomes clear that although the first and second reduction
have several subsignals there is no evidence for the existence of further species within the
potential range.[163]

On a first view, it can be seen that for all regioirregular polymers (Figure 5.1, d)–l)) the
course of the second cycle of the cyclic voltammograms are very similar to that of RR.
Half-wave potentials are around EIa

1/2 ≈ −1.0 V, EIb
1/2 ≈ −1.15 V and EII

1/2 ≈ −1.38 V, see
also Table 3.3. Except from a small blueshift (from 657 to 643 and 631 nm) of the charge
transfer band with increasing 2,7-linkage, the absorption spectra of the neutral polymers
from –0.4V to –0.8V are well comparable to those of RR.
The decrease of the neutral band clearly matches with the onset of reduction to the radical-
anion RI•− at –0.9V in the CV. A clear radical-anion band emerges with absorption
maxima at 362, 489, 701 and 801 nm. Interestingly, the reduced RI•− absorption features
are very similar to the RR•− bands and differ less than in the neutral state of the
polymers. When going to potentials below –1.3 V the polymers are further reduced and
RI2− bands occur at 392 and 711 nm (RI(70:30)), 395 and 721 nm (RI(47:53)) and at
399 and 741 nm (RI(24:76)). These results are fully supported by spectroelectrochemical
measurements of films spin-coated from CB. The chemical structure of the reduced species
and a schematic picture of the reduction of films with influx of electrolyte and solvent into
the film concurrent with swelling are shown in Figure 5.2.
Having a closer look at the cyclic voltammograms, a first cycle effect is observable for films
of RR. The first cycle (Figure 5.1, d), orange) features signals shifted to lower potentials
and differs especially in the first reduction of the first cycle. The main peaks are shifted to
–1.12V and –1.27V, in accordance with literature by Trefz et al.[163] This was explained by
a high order of RR films and the dense packing of chains and thus a hindered diffusion
of electrolyte and counterions into the film when the potential is decreased.[138] It could
furthermore been shown that this is morphology dependent, and in higher ordered films
by thermal annealing at 220 or 300 ◦C the first cycle effect is more pronounced (see also
1.3.3).[163] Comparison with a low molecular weight P(NDI2OD-T2) in solution (peak
potential of reduction at E = −1.05 V) pointed to the presence of “solvated species” at the
film surface after a full potential cycle.[163] Another theory might be the stabilization of a
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Figure 5.2.: a) Chemical structure of RR/RI with corresponding species RR•−/RI•−
and RR2−/RI2− occurring upon electrochemical reduction or chemical doping. b)
Simplified sketch of the two-fold electrochemical reduction accompanied by electrolyte
entrance for maintaining electroneutrality. Reprinted with permission from ref. [210],
c© 2019, American Chemical Society.

reduced naphthalenediimide unit by intra- or intermolecular π–π interactions (aggregation)
with an unreduced naphthalenediimide unit. Such a behavior was recently shown for redox
polymers like poly(vinylphenothiazine).[349]

On the other hand, for all RI systems the 1st cycles (Figure 5.1, d), g), j), orange) show
no pronounced shift of the potentials and are almost overlapping with the 2nd cycle. From
these data a facilitated diffusion of counter ions and solvent into the film upon reduction
might be proposed. This would also fit to the more amorphous and less aggregated nature
of the regioirregular films.

5.1.1.2. Influence of Alkyl Side Chain

For a more detailed investigation of the alkyl chain influence on the electrochemical prop-
erties, RR-4OdD was subjected to spectroelectrochemical measurements. Measurements
were performed by Carsten Dingler during his Master’s Thesis.[307] The CV with half-wave
potentials at EI

1/2 = −1.07 V and EII
1/2 = −1.39 V (see also Figure 4.13) shows a twofold

reduction of RR-4OdD, however, the signals feature a broader wave instead of distinct
peaks, especially in the forward cycle.
The corresponding in situ UV–Vis data are displayed in Figure 5.3, b) and c). Down to
a potential of −0.9V, the polymer is still in the neutral state. This is derived from the
absorption band with maxima located at 392 and 684 nm (black spectrum). At potentials
from −0.9V to −1.42V, the neutral band decreases and a new band (red) with maxima
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Figure 5.3.: a) Cyclic voltammogram a) of RR-4OdD spin-coated from CHCl3 on ITO
as working electrode in 0.1m NBu4PF6/MeCN as electrolyte, the scan rate is 20mV s−1.
b) and c) UV–Vis spectra of RR-4OdD recorded during the forward scan in the 2nd
cycle, the spectra are divided into the first (–0.9 to –1.42V) and second (–1.42 to
–1.74V) reduction and are shown every 0.04V.

at 385, 489, 704 and 785 nm rises. This behavior is similar compared to RR though
the reduction to the radical-anion of RR-4OdD occurs until a potential of −1.42V,
which corresponds to a shift of −0.17V. By looking at the forward scan of the cyclic
voltammogram it can be seen that the potential of −1.42V is at a position where the
sharp peak is already evolving. This indicates again a broadening and merging of first and
second reduction, as it was already seen by the broader waves in the CV without distinct
subsignals.
Continuing the potential decrease from −1.42V to −1.74V, the radical-anion band again
descends and a new band with maxima at 399 and 721 nm arises (blue spectrum). Due to
the similar spectral features to RR, the band is assigned to a dianion species. Moreover,
the presence of isosbestic points is an indicator of the conversion of the radical-anion into
the dianion.
Looking at the first cycle (orange) in the cyclic voltammogram of RR-4OdD in Figure 5.3,
a), a very similar course of the current can be observed, pointing to no strong rearrangement
of the polymer chains upon reduction from the first to the second cycle. The overall
broadened cyclic voltammogram compared to RR could be explained by “shielding” of
the redox-active center by the long non-polar alkyl side chains and thus hindered diffusion
of counterions to the imide units for charge compensation. Another reason could be a
different chain packing in the film leading to an altered incorporation of counterions and
solvent in the film during reduction. It has to be mentioned that different electrolytes can
have a huge impact on the electrochemical behavior. For RR in combination with LiClO4

also a broadening and merging of the reductions was observed, thus, probing RR-4OdD

128



5.1. Electrochemical Doping Behavior

in other electrolytes could bring a clearer view and a better separation of radical-anion
and dianion during electrochemical reduction.

5.1.2. CV coupled with in-situ Conductance Measurements

In-situ conductance measurements are a powerful tool to investigate the conductance
behavior of conjugated polymers in different oxidized or reduced states. Additionally, these
measurements can help to get a more detailed view on the charge transport mechanism
and are also referred to as organic electrochemical transistors (OECT).[350] The working
electrode used here consisted of two interdigitated Pt combs covered with the spin-coated
polymer. A constant bias of 10mV was applied between the combs of the interdigitated
electrode using a second potentiostat. The conductance profile of the polymers was calcu-
lated from the measured current between the two interdigitated Pt electrodes according to
Ohm’s law. Since the actually covered surface of the electrodes and the film thickness were
very hard to determine, only the relative in-situ conductance profiles and no conductivity
values of different films are given.

5.1.2.1. Influence of Regioregularity

To shed light on the conducting state and to see the influence of regioregularity/aggregation,
in-situ conductance measurements of RR, RI(70:30), RI(47:53) and RI(24:76) were
performed. First, the second cycles are compared in Figure 5.4. The cyclic voltammogram
is plotted in gray, while the in-situ conductance profile of the forward scan is violet and
the backward scan is green.
The cyclic voltammogram of RR shows a twofold reduction as discussed above with similar
half-wave potentials. However, the signals are less resolved, which could be explained by the
less homogeneous film formation onto the interdigitated Pt electrodes. The conductance
profile shows two maxima, one at potentials corresponding to radical-anion species RR•−

around –1.0V and one during the second reduction to the dianion RR2− around –1.45V.
Interestingly, the maximum conductance at the radical-anion state is higher compared to
that of the dianion state.
The in-situ conductance profile of RI(70:30), RI(47:53) and RI(24:76) are shown in
Figure 5.4 b)–d), respectively. The profiles show two maxima at a potential around –0.95V
(RI•−) and of –1.38V (RI2−), respectively, which are shifted to slightly higher potentials
compared to RR.
The formation of peaks with distinct maxima instead of a conductance plateau, e. g.
observed for polythiophenes, indicates a different charge transport mechanism compared
to classic conjugated polymers.[138,162,274] This was mainly attributed to localized charges
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Figure 5.4.: In-situ conductance and cyclic voltammogram (2nd cycle, gray) of RR
a), RI(70:30) b), RI(47:53) c) and RI(24:76) d) films spin coated from CHCl3
(c = 3 g l−1 ) on interdigitated Pt electrodes. Violet is the forward and green the
backward scan. The potential difference between the two interdigitated combs is 10mV.
The measurements were performed in 0.1m NBu4PF6/MeCN as electrolyte with a scan
rate of 10mV s−1.

on the naphthalenediimide which are hopping from redox-site to redox site instead of
delocalization along the polymer backbone.[171,172] This mixed-valence conductivity is
observed also for redox-polymers, which associates RR and RI to the class of conju-
gated redox-polymers.[144,163] Both temperature dependent measurements of charge carrier
mobility in OFETs and results from charge modulation spectroscopy supported these
findings.[175,177]

Moreover, a drop of the in-situ conductance from the first to the second cycles is observed.
This is presumed to be a similar first cycle effect as seen in cyclic voltammograms,
due to a kind of overdoping or to an excessive degree of swelling and change of the
film morphology through the formation of flow channels and the diminishing of charge
transport.
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5.1. Electrochemical Doping Behavior

Exemplarily, these effects become visible by comparison of RR and RI(47:53) as shown
in Figure 5.5 a) and b). Cyclic voltammograms are well comparable to the ones measured
on ITO are plotted separately for clarity. The forward scan (orange) of the first full cycle
(dotted lines) shows two maxima, one at potentials corresponding to the first reduction
and one during the second reduction. Then, a decrease of the maximum value of the
conductance is observed in the backward scan (light blue, dotted) and remains at these low
values in the second cycle (dash dotted lines). This is irrespective of the regioregularity,
however, less pronounced for the RI polymers. All further cycles overlap perfectly with
the second cycle.
Further in-situ conductance experiments were performed at different vertex potentials,
Figure 5.5 c) and d). Specifically, a new film which was not subjected to electrochemical
measurements was just reduced into a potential regime around –1.1V where the radical-
anion is observed in the corresponding in-situ spectroelectrochemistry data (orange, dotted
lines). The conductance remains at this level in the backward scan (light blue, dotted
lines), and also in several consecutive measurements (dash dotted lines, see also Figure 5.6
a), b). This is a strong indication that the second reduction causes the decrease in
conductance. One idea could be the incorporation of even more counterions—in addition
to the incorporation during the first reduction—and further swelling of the film. This
could be a plausible reason why the in-situ conductance irreversibly decreases upon cycling
to very low potentials.
Here, the same behavior can be seen for both RR and RI. Although the RI polymers
seem to have a less ordered structure and could therefore allow easier intercalation
of countercations/electrolyte and solvent molecules upon reduction; reduction to the
dianion decreases the maximum conductance as well. If the vertex potential is in the
potential regime of the radical-anion state, the conductance remains stable over several
cycles.
In addition, these experiments were performed in different electrolytes (Figure 5.6), to
evaluate if the size of counterions has an effect on the electrochemical doping char-
acteristics. However, differences between NMe4PF6 and NHex4PF6 were minor and
in both electrolytes comparable conductance profiles to those with NBu4PF6 were ob-
tained.
Overall, for all systems conductivity is reduced when charging is performed until the dian-
ion state and fully reversible when staying in the potential window for the radical-anion.
The regioirregular systems showed no first cycle effects in the cyclic voltammograms,
indicating a more isotropic and more easily accessible structure for reversible charg-
ing.
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Figure 5.5.: CVs and in-situ conductance (1st and 2nd full cycles) of RR a) andRI(47:53)
b) films spin-coated from CHCl3 (c = 3 g l−1) on interdigitated Pt electrodes. Blue
is the forward and orange the backward scan. CVs and in-situ conductance (1st and
2nd cycles) of RR c) and RI(47:53) d) films at a lower vertex potential around
−1.1V. The potential difference between the two interdigitated combs is 10mV. The
measurements were performed in NBu4PF6/MeCN as electrolyte with a scan rate of
10mV s−1. Adapted with permission from ref. [210], c© 2019, American Chemical
Society.
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Figure 5.6.: In-situ conductance of RR a), c), e) and RI(47:53) b), d), f) films spin
coated from CHCl3 (c = 3 g l−1) on interdigitated Pt electrodes. The measurements were
performed with the indicated conducting salt in MeCN as electrolyte with a scan rate of
10mV s−1. The course of the in-situ conductance of several consecutive measurements is
plotted versus the cycles. During the first three cycles, the potential scan was reversed
after the first reduction (around -1.1 V, *), and in the three subsequent cycles (4th–6th
cycle), the polymer was fully reduced to the dianion (#). Adapted with permission
from ref. [210], c© 2019, American Chemical Society.
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5.1.2.2. Influence of Alkyl Side Chain and Branching
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Figure 5.7.: In-situ conductance and cyclic voltammogram (2nd cycle, gray) of RR-
4OdD a) and P(NDI2OD-co-3T) b) films on interdigitated Pt electrodes. Violet is
the forward and green the backward scan. RR-4OdD was spin-coated from CHCl3
(c = 3 g l−1 ), P(NDI2OD-co-3T) was drop-casted. The potential difference between
the two interdigitated combs is 10mV. The measurements were performed in 0.1m
NBu4PF6/MeCN as electrolyte with a scan rate of 10mV s−1.

In-situ conductance measurements (2nd cycle) of RR-4OdD are shown in Figure 5.7, a).
The cyclic voltammogram (gray) is in accordance with measurements on ITO and shows a
comparable course and similar half-wave potentials. The forward scan of the conductance
profile (violet) shows a maximum −1.06V, which is similar to RR. The signal is rather
broad and no clear second maximum can be observed. The broadening was already seen in
the CV, no clear separation of the first and second reduction is present. The less uniform
energetic landscape of redox units could cause the merging and broadening of the two
maxima observed for RR into one signal seen here for RR-4OdD. In the backward scan
(green), two signals are observed, which occur at potentials of around −0.9V and −1.38V
and are not superimposing with the forward cycle. However, they have similar potentials
compared to RR. The different course of forward and backward scan is surprising, and
further experiments are needed for clear assignment. Possibly, different electrolytes or
variation of the scan rate might help to separate the signals in the forward cycle. A more
homogeneous distribution of redox sites in terms of energy/potential (which could be
achieved e. g. by an altered morphology) could also help to both separate the signals in the
cyclic voltammogram and in the in-situ conductance measurements.
Figure 5.7, b) shows the data obtained for P(NDI2OD-co-3T) in the second cycle. Note
that the films were drop-casted due to a very low current in the cyclic voltammogram
of spin-coated films. Reduction and reoxidation waves are well comparable and feature
similar half-wave potentials. Both forward and backward scan of the in-situ conductance
measurements reveal only the background current and show no signals neither during the
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5.2. Preparation of Chemically Doped Films

first nor during the second reduction. Thus, it seems that charge transport seems to be
hindered in this system. The three-dimensional branched structure might impede sufficient
proximity of the redox units and thus efficient charge transport.
Concluding, cyclic voltammetry coupled with in-situ conductance measurements revealed
that the differences seem to be larger for changes at the alkyl side chain or the branching of
the donor unit, while regioregularity had only a small influence on the in-situ conductance
behavior.
Important insights into the reduction/doping behavior of RR, RI, RR-4OdD and
P(NDI2OD-co-3T) were obtained. In-situ spectroelectrochemistry allowed the identifi-
cation of two charged states for RR, RI and RR-4OdD upon reduction which were not
sensitive to changes in the molecular structure. In particular, a band with a maximum
at 489 nm is indicative of the radical-anion formation. Organic electrochemical transistor
measurements suggest mixed valence conductivity of RR and RI with a maximum conduc-
tance observed in the radical-anion state. On the other hand, the in-situ conductance of
RR-4OdD and P(NDI2OD-co-3T) seemed to be influenced by the molecular changes
in these systems, revealing a more complex behavior.

5.2. Preparation of Chemically Doped Films

Next, the conductivity was tested with external chemical doping strategies. In-situ
conductance measurements and electrochemical reduction enabled a precise control of the
doping level, however, no absolute conductivity values are accessible and the films had to
be prepared on a conducting substrate, which is unfavorable for many applications. As
mentioned in the introduction (1.3.3.2) the search for chemical dopants for P(NDI2OD-
T2) is not straightforward. To allow comparison with literature data, N-DMBI was
used for solution doping and TDAE for vapor doping in the following. Since miscibility
problems and thus ineffective doping were already described in literature,[185] advantage
should be taken of tuneable aggregation in the regioirregular polymers RI and a longer
alkyl side chains present in RR-4OdD. Also electrochemical measurements pointed
to a better diffusion of counterions into the RI films and therefore a more accessible
structure, as the first cycle effects were less pronounced. A lower order in the films could
potentially enable a better diffusion/penetration of the TDAE dopant vapor into the
polymer films.
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5. (Electro-)chemical Doping of n-type Semiconducting Polymers

5.2.1. Measurements of Isotropic Films

First, a suitable setup for conductivity measurements had to be found, as the overall values
of doped P(NDI2OD-T2) films were too low to be measured with a commercial 4-point
probe setup. Thus, conductivity measurements were performed with a 4-line probe method
where four-terminal sensing eliminates contact resistances occurring at the probe/electrode
or electrode/film interface.[351] Electrodes were patterned by vacuum deposition on top of
the films and measurements were performed in the glovebox. For experimental details,
see section 7.2.4. Similar setups can be found in literature.[185,192,352,353] As reference,
PEDOT:PSS was used as conducting layer. Via 4-point probe measurements, an average
conductivity of σ = (2.6± 1.0) S cm−1, while with the 4-line probe technique an average
conductivity of σ = (6.7± 1.5) S cm−1 was obtained. These measurements are very similar
in terms of their absolute values, as for conductivity measurements of differently prepared
films usually changes in orders of magnitude are discussed.

5.2.1.1. Solution Doping with N-DMBI

For 2,3-dihydro-1,3-dimethyl-1H -benzimidazol-2-yl derivatives a hydride transfer from the
dopant to the polymer backbone was proposed and the mechanism was studied in more
detail with N-DMBI and PC60BM by Naab et al.[178] In the case of the PC60BM a probable
reaction mechanism is a bimolecular hydride transfer from the hydride donor to the acceptor
as the rate determining step, followed by an electron transfer between the hydride-reduced
and unreduced fullerene.[178,354] This is shown in Figure 5.8.

N-DMBI-H + PCBM N-DMBI + PCBM-H
PCBM

1
x PCBM-Hx

1
xN-DMBI + PCBM +

Figure 5.8.: Possible reaction mechanism of N-DMBI with PCBM proposed by Naab
et al. In the case the hydrogen reduced side product PCBM–Hx will be a radical, as
indicated, if x is odd, but a closed-shell species, when x is even.[178]

It is noteworthy that the reducing ability is not adequately described by offsets in
HOMO/LUMO values and redox potentials, respectively, since the N-DMBI dopant
acts first as hydride atom donor. However, another possible reaction pathway with a
different mechanism could not be excluded, and it might be that different mechanisms are
present in other host materials.[178]

Wei et al. discussed the reaction probability not with the fullerene but with N-DMBI
and P(NDI2OD-T2). They proposed an electron transfer from the neutral radical of
N-DMBI• after removal of a hydrogen radical H•. N-DMBI• has an energy level of –2.36 eV
(singly occupied molecular orbital SOMO energy calculated by Gaussian 03).[355] The SOMO
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5.2. Preparation of Chemically Doped Films

has a higher energy than the LUMO of P(NDI2OD-T2) (–4.1 eV), which could make
reduction plausible. However, a clustering of the dopant on top of the P(NDI2OD-T2)
films was found leading to a low doping efficiency of only 1%.[185,356]

The typical procedure for doping with N-DMBI in literature includes mixing of the polymer
with the dopant at room temperature (I), solution-deposition of the blends into films (II)
and inducing the doping reaction upon heating (III).[185] Such a procedure was optimized for
the experiments conducted here. For this purpose, a RR film was prepared by mixing with
100mol% N-DMBI, spin coating and heating at 55 ◦C in an inert atmosphere. This was
followed by in-situ absorption spectroscopy during heating, which is shown in Figure 5.9,
a) and the absorption evolution at the maximum of the radical-anion band (489 nm) in b).
It can be seen that the intensity at 489 nm rises continuously, until a plateau is reached
after approximately 150–180min. As no further reducing was seen with longer times, all
samples blended with N-DMBI were heated for 3 h at 55 ◦C.
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Figure 5.9.: a) UV-Vis absorption spectra during doping of a RR film with 100mol% N-
DMBI at 55 ◦C for 3 h. Spectra are displayed every 10min. b) Absorption intensities at
489 nm as function of doping time. The colored data points correspond to the absorption
spectra shown in a). c) Peaktrend during doping of a RR film with 100mol% N-DMBI
at higher temperatures with a heating rate of 1Kmin−1. Reprinted with permission
from ref. [210], c© 2019, American Chemical Society.

In literature, heating to higher temperatures up to 150 ◦C for 6 h was proposed,[185].
However, a decrease of the radical-anion, intensity (which is accompanied with a dedoping
of the polymer film) was observed when a RR film with 100mol% N-DMBI was slowly
heated to higher temperatures with a rate of 1Kmin−1.
The optimized doping conditions were used for RR and RI with 9, 25, 50 and 100mol%
of N-DMBI, respectively. To study the reaction success, UV–Vis absorption spectra were
recorded after heating the polymer/dopant blends in inert atmosphere and are shown in
Figure 5.10 a) and b). Since the results of the regioirregular polymers are similar, the data
are shown exemplarily for RR and RI(70:30). All spectra can be found in Figure A.15.
It can be seen that with increasing amount of N-DMBI the radical-anion absorption band
increases.
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Figure 5.10.: Absorption spectra of RR a) and RI(70:30) spin-coated in blends with
different amounts of N-DMBI after temperature treatment at 55 ◦C for 3 h. UV–Vis
spectra of spin-coated films of RR c) and RI(47:53) d) before doping (grey dotted
lines), after solution doping with N-DMBI (50mol%, red dotted lines) and vapor
doping with TDAE (35 ◦C, 2 h, red dashed lines). Radical-anion bands at 489 and
800 nm are highlighted and for comparison spectra taken at -1.25V from in-situ
spectroelectrochemistry are shown. Adapted with permission from ref. [210], c© 2019,
American Chemical Society.

This behavior is shown more precisely in Figure 5.10, c), and spectra after chemical doping
are compared with the in-situ spectroelectrochemical data (EC). The absorption profile of
a 50mol% N-DMBI doped RR film (dashed lines) shows a rather weak absorption increase
at 489 nm and 800 nm and only little changes of the neutral band at 710 nm, suggesting
that a doping reaction has happened and the polymer was reduced to a radical-anion
species RR•−, but only to a small extent compared to the in-situ spectroelectrochemistry
results (absorption of an electrochemically reduced film at –1.25V is shown for comparison,
see also 5.1.1.1). The same trend is also observed for all RI polymers (exemplarily shown
for RI(47:53)), only a slight reduction to RI•− can be derived from the spectra. The
radical-anion band with maxima at 489 nm and 800 nm is slightly better visible in the RI
polymers. As the charge transfer band is gradually blue shifted due to the decrease in
aggregation with increasing 2,7-linkage, the second maximum of the radical-anion band at
800 nm overlaps less with the neutral absorption band.

138



5.2. Preparation of Chemically Doped Films

Table 5.1.: Average conductivity values for N-DMBI doping of RR, RI(70:30),
RI(47:53), RI(24:76) and RR-4OdD.

σ / S cm−1

9mol% 25mol% 50mol% 100mol%

RR (4.9± 0.5)× 10−5 (5.7± 1.1)× 10−4 (1.6± 0.2)× 10−3 (1.2± 0.1)× 10−3

RI(70:30) (2.7± 0.9)× 10−5 (4.6± 0.7)× 10−4 (2.2± 0.2)× 10−3 (7.5± 0.8)× 10−4

RI(47:53) – – (6.1± 0.6)× 10−4 –
RI(24:76) – – (4.5± 0.6)× 10−4 –
RR-4OdD – (3.0± 0.1)× 10−4 (1.7± 0.2)× 10−3 –
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Δz = 13nm  Δz = 26 nm  
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Figure 5.11.: AFM height images (5 µm×5 µm) obtained in tapping-mode of spin-coated
thin films of RR/N-DMBI (black boxes) andRI(70:30)/N-DMBI (red boxes). Height
images (1 µm× 1 µm) of RI(47:53)/N-DMBI (blue boxes) and RI(24:76)/N-DMBI
(green boxes). Films were temperature treated for 3 h at 55 ◦C after spin coating
to induce the doping reaction. Adapted with permission from ref. [210], c© 2019,
American Chemical Society.
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Conductivity values determined by 4-line probe are listed in Table 5.1. For an exemplary
measurement see Figure A.16. Values were averaged for at least two samples and on
one sample several measurements were performed with different currents applied at the
outer electrodes (in a range between 10−11A to 10−7A). The average conductivities for
RR are σ = 4.9× 10−5 S cm−1, σ = 5.7× 10−4 S cm−1, σ = 1.6× 10−3 S cm−1 and σ =
1.2× 10−3 S cm−1 for 9mol%, 25mol%, 50mol% and 100mol%, respectively.
To see if regioirregularity and a decreased aggregation is favorable for polymer/dopant
miscibility, the RI polymers were doped with N-DMBI accordingly. The measured con-
ductivities were σ = 2.7× 10−5 S cm−1, σ = 4.6× 10−4 S cm−1, σ = 2.2× 10−3 S cm−1 and
σ = 7.5× 10−4 S cm−1 for 9mol%, 25mol%, 50mol% and 100mol% doped RI(70:30),
respectively. RI(47:53) and RI(24:76) were doped with 50mol% N-DMBI and slightly
lower values of σ ≈ 5× 10−4 S cm−1 were obtained, respectively.
In addition, RR-4OdD was doped with N-DMBI, which showed similar conductivities as
RR and RI(70:30) with values of σ = 3.0× 10−4 S cm−1 and σ = 1.7× 10−3 S cm−1 for
25mol% and 50mol% doped films, respectively. Thus, changes in the molecular design
seems not to alter the conductivity in these system dramatically and comparable values to
RR with shorter alkyl side chains are obtained.
To shed light on the structure of the doped films, AFM was used to investigate the
surface of the films (height images in Figure 5.11 and phase images in Figure A.17).
At a low dopant amount of 9mol%, a similar fibrillar structure is observed for RR as
without the addition of dopant. However, with increasing amount of N-DMBI, clusters
of the dopant seem to form on the surface, indicating a poor miscibility at least with
increasing dopant concentration in the film. RI(70:30) shows the same trend: with
9mol% N-DMBI, a clean and smooth surface is observed, while clusters are present at
higher dopant amounts. RI(47:53) and RI(24:76) also feature a clustering of the dopant
on the surface. For RR, a similar clustering of the dopant molecules was described in
literature by Schlitz et al.[185] The experiments shown here revealed that although the
RI films have a lower aggregation tendency, the mixing with N-DMBI seems to be not
strongly promoted.

5.2.1.2. Vapor Doping with TDAE

As an alternative, the electron rich vapor dopant TDAE was used for doping. This material
is known to be a reducing agent for fullerenes and polymers.[357,358] Amongst others, it
was used in organic synthesis to dehalogenate polyhalogenated molecules,[359] nucleophilic
addition of CF3 groups,[360] or as an alternative to Zn in regioselective Reformatsky
reactions.[361]
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Cyclic voltammetry studies in literature of TDAE in acetonitrile gave reversible oxidation
waves for TDAE to TDAE•+ and TDAE2+ with half-wave potentials of –0.68V and –0.53V
vs. SCE (saturated calomel electrode), which would result in –1.08V and –0.93V vs.
Fc/Fc+.[151,362,363] This is in the potential range of the first reduction of RR, RI and
RR-4OdD.[151,364] Vapor doping has some advantages compared to solution doping as it
can be performed after film deposition and the film morphology can be precisely controlled
before the doping is started since no dopant molecules disturb the film formation process.
However, the amount of dopant in the film is harder to control compared to mixing of
polymer/dopant as done for solution doping, and it is necessary that the dopant vapor
concentration is reproducible in several experiments. To do so, the films were fixed at
the lid of a weighing bottle with standard ground stopper for gas tightness and TDAE
was dropped on the bottom of the chamber. For optimization of the conditions several
experiments were performed with doping times of 10, 30, 60, 90, 120 and 180min (at room
temperature), and a saturation of the conductivity values was observed after 120min at
around 10−4 S cm−1. To increase the vapor pressure, the chamber was heated to 35 ◦C and
further experiments were performed after 2 h of vapor doping.
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Figure 5.12.: Absorption spectra of RR a), RI(70:30) b), RI(47:53) c) and RI(24:76)
d) spin-coated films doped for 120min in TDAE vapor at 35 ◦C. Reprinted with
permission from ref. [210], c© 2019, American Chemical Society.
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The reaction success was again studied by absorption spectroscopy, Figure 5.12. All spectra
of RR and RI show a slight increase of the radical-anion band at 489 and 800 nm. For
comparison with electrochemical doping and doping with N-DMBI, RR and RI(47:53)
film absorption spectra after TDAE doping are shown in Figure 5.10, c) and d), respectively.
It can be seen that the absorption spectra after TDAE and N-DMBI doping are very similar,
but overall the radical-anion band is not very pronounced compared to electrochemical
reduction.
Conductivity values are summarized in Table 5.2. The conductivities of RR are σ =
2.3× 10−3 S cm−1, which is comparable to 50 mol% N-DMBI doped films and also to
literature values of TDAE doped films.[189] In less aggregated systems conductivities are
σ = 7.5× 10−4 S cm−1, σ = 3.9× 10−4 S cm−1 and σ = 4.4× 10−4 S cm−1 for RI(70:30),
RI(47:53) and RI(24:76), respectively, and remain slightly lower compared to N-DMBI
doping.
RR-4OdD and P(NDI2OD-co-3T) were furthermore doped with TDAE. However,
the polymer films seemed to dissolve in the TDAE vapor during exposure and the films
dewetted. Thus, very inhomogeneous films were left on the substrate and only small parts
were still covered with the polymer films. From such samples no conductivity measurements
were practicable.

Table 5.2.: Conductivity values for
TDAE doping of RR, RI(70:30),
RI(47:53) and RI(24:76).

σ / S cm−1

TDAE 35 ◦C, 2 h

RR (2.3± 0.3)× 10−3

RI(70:30) (7.5± 0.7)× 10−4

RI(47:53) (3.9± 1.3)× 10−4

RI(24:76) (4.4± 0.4)× 10−4

AFM images in Figure 5.13 show a rather homo-
geneous surface without dopant clusters, which
is in contrast to N-DMBI doped films. The
fibrillar surface structure observed for as-cast
RR films are however not retained and all im-
ages reveal small holes/cavities in the films.
Hence, also the dopant TDAE influences the
thin film morphology and the surface struc-
ture.
First of all, it could be shown that both N-DMBI
and TDAE are able to modify the conductivity
by several orders of magnitude and the max-
imum conductivities of RR around σ = 2× 10−3 S cm−1 are comparable to literature
(1–8× 10-3 S cm−1), see also Table 1.2.[144,181,185,189,192,365] With N-DMBI, the maximum
conductivity was obtained here with 50mol% of dopant, while in literature different
amounts were used to achieve the highest conductivity.[185–187] One main reason for this
observation might be the strong clustering of dopant molecules which was observed for
dopant concentrations higher than 9mol% in atomic force microscopy. Consequently, only
a very low doping efficiency is present, which was quantified in literature to only 1%.[144,185]
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Figure 5.13.: AFM height and phase images (1 µm × 1 µm) obtained in tapping-mode
of spin-coated thin films of RR (black boxes), RI(70:30) (red boxes), RI(47:53)
(blue boxes) and RI(24:76) (green boxes) exposed to TDAE vapor at 35 ◦C for 2 h.
Reprinted with permission from ref. [210], c© 2019, American Chemical Society.

This is in line with the low radical-anion absorption after doping, indicating that only a
small portion of the polymer is reduced to the radical-anion state. No clear correlation with
the UV–Vis absorption could be found for both N-DMBI and TDAE doping, which was
also shown for TDAE in literature by Wang et al.[189] The low efficiency is presumably the
reason for various polymer/N-DMBI ratios given in different manuscripts in literature for
achieving the highest conductivity. Furthermore, this might be the reason that processing
conditions are dissimilar in different investigations of independent research groups. The not
yet fully clear hydride transfer mechanism of N-DMBI furthermore complicates comparison
between electrochemical and chemical doping experiments.
Despite these issues, RI polymers and RR-4OdD could successfully be doped with N-
DMBI and conductivities around σ = 2× 10−3 S cm−1 were obtained for RI(70:30) and
RR-4OdD. The conductivity of RI(47:53) and RI(24:76) remained with values around
σ = 5× 10−3 S cm−1 slightly lower.
It seems that the conductivity obtained is independent of the charge carrier mobility mea-
sured in OFETs, although they should be connected by the relation σ = eµn (equation 1.7).
A recent publication by Shin et al. suggested an improved miscibility of polymer/dopant
by introduction of kinks in the backbone by copolymerization of 1,3-bis(2-thienyl)benzene
(TBT) units.[366] The authors estimated an up to 20-fold increase of the charge carrier
density with respect to P(NDI2OD-T2) as a result by an increased polymer/dopant
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miscibility. They compared the conductivity σx and mobility µx of the new polymer with
P(NDI2OD-T2) and calculated the charge carrier density nx relative to of the charge
carrier density nPNDI of P(NDI2OD-T2).[366]

σPNDI = e µPNDI nPNDI (5.1)
σx = e µx nx (5.2)

ξx = nx
nPNDI

= σx µPNDI

σPNDI µx
(5.3)

Based on these assumptions, an increased miscibility is found for all RI polymers and RR-
4OdD. Values are ξRI(70:30) = 46, ξRI(47:53) = 10, ξRI(24:76) = 21 and ξRR−4OdD = 6. These
calculations have to be seen with caution, as mobility is measured in a thin accumulation
channel at the polymer/dielectric interface and not in the bulk of the film. In addition,
no dopant ions are present which could affect the morphology (and thus charge carrier
mobility) and thus these calculations can only be seen as a rough assessment of doping
efficiency.[366]

Table 5.3.: Charge carrier mobilities Table 3.4 and conductivities after doping with
50mol% N-DMBI Table 5.1 of RR, RI(70:30), RI(47:53), RI(24:76) and RR-4OdD
used for calculation of the relative charge carrier density ξx. Literature values were
taken from Shin et al. of 25wt% (≈ 47mol%) N-DPBI doped P(NDI2OD-T2) and
P(NDI70-alt-TPT30) films.[366]

polymer µe,av / cm2(Vs)−1 σ / S cm−1 ξx

P(NDI2OD-T2)[366] 8× 10−2 4× 10−4 –
P(NDI70-alt-TPT30)[366] 2× 10−3 2× 10−4 20

RR 7.1× 10−2 1.6× 10−3 –
RI(70:30) 2.1× 10−3 2.2× 10−3 46
RI(47:53) 2.7× 10−3 6.1× 10−4 10
RI(24:76) 9.2× 10−4 4.5× 10−4 21
RR-4OdD 1.3× 10−2 1.7× 10−3 6

Other reports in literature altered the host/dopant miscibility by introduction of polar
oligoethyleneglycol side chains and reported increased conductivities.[356,367,368] Naab et al.
could show that the proportionality between mobility and conductivity is not always given
in P(NDI2OD-T2) and similar naphthalenediimide and perylenediimide polymers.[192]

Consequently, polymers with a high mobility must not necessarily feature a high conduc-
tivity. Furthermore, the strong donor–acceptor character and the prominent dihedral angle
in P(NDI2OD-T2) leads to a strong localization of the charges and seems to hinder
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the polaron transport.[192] More planar backbones as presented in naphthalenediimide-
bithiazole-based copolymers showed a smaller dihedral angle (θ = 0− 20) between donor
and acceptor and thus higher conductivities.[190] On the other hand, neither N-DMBI
nor TDAE revealed a strong radical-anion absorption after doping and from electrochem-
ical measurements a higher conductivity might be expected with a higher amount of
charges.
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Figure 5.14.: Absorption spectroscopy of TDAE doped samples with and without vacuum
treatment. Reprinted with permission from ref. [210], c© 2019, American Chemical
Society.

It has to be noted that directly after doping with TDAE a stronger radical-anion absorption
could be observed, which was reduced after the films are subjected to the vacuum during
deposition of the top electrodes (Figure 5.14). However, the conductivity seems to be
insensitive to the vacuum treatment (before and after vacuum around σ = 1× 10−3 S cm−1).
A similar behavior was also observed for poly(ethylene imine) doping of P(NDI2OD-T2),
where vacuum treatment did not change the conductivity of the films.[195] Therefore it
remains unclear if even more charges on the backbone might lead to conductivity values
exceeding 10−3 S cm−1.
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5.3. Doping and Conductivity in Aligned
P(NDI2OD-T2) Films

�⟂
�∥

Substrate

Au

Blade Coating

Figure 5.15.: 4-line probe conduc-
tivity measurements on a
blade-coated film parallel (σ‖)
and perpendicular (σ⊥) to the
BC/chain direction.

Aligned polymer films were next investigated to
study the influence of structural anisotropy on the
conductivity behavior. While the direction depen-
dence of absorption and charge carrier mobility has
been well addressed for P(NDI2OD-T2), no re-
ports in literature focus on the anisotropy in con-
ductivity. Here, anisotropic RR films were prepared
from aggregated chlorobenzene solutions, following a
blade coating (BC) protocol which has been reported
recently (see also 1.3.4.4).[223]

5.3.1. Solution Doping with N-DMBI

In order to perform solution doping with N-DMBI the blade coating procedure of had to
be adjusted. Pure polymer films were prepared by blade coating on a preheated substrate
at 80 ◦C, and also the polymer solution was heated to 80 ◦C. Since the doping reaction
already occurs at 55 ◦C, the blend was not heated prior to deposition. After blade coating,
the sample was transferred immediately in an inert atmosphere and the doping reaction
was started by heating the films at 55 ◦C for 3 h. Before the doping reaction was started,
dichroic ratios from polarized UV–Vis measurements (DR = A‖

A⊥
) were determined as DR

= 2.4 and 4.8 for doping amounts of 25 and 50 mol%, respectively, see Figure 5.16, a) and
b).
These values are distinctly lower compared to RR blade-coated without dopant molecules
(8 and higher)[223] and is an indication that the polymer alignment is disturbed when
N-DMBI is present. The heating and the doping reaction itself do not seem to change the
anisotropy and a slight increase of a radical-anion band is visible at 489 nm comparable to
what was observed in spin-coated films (see Figure 5.16, c) and d). Due to the change
in absorption intensities of the neutral band after doping, dichroic ratios (calculated at
700 nm) of the doped films are not comparable to the undoped films.
The conductivities were measured parallel and perpendicular to the blade coating direction
and are denoted as σ‖ and σ⊥, respectively (see also Figure 5.15). Average values of
σ‖ = 3.2× 10−3 S cm−1 and σ⊥ = 1.3× 10−3 S cm−1 were obtained for samples doped with
25mol% of N-DMBI, which results in an anisotropy factor σ∗25 = 2.7. Increasing the amount
of dopant to 50mol% results in values of σ‖ = 2.3× 10−3 S cm−1, σ⊥ = 5.7× 10−4 S cm−1
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Figure 5.16.: Polarized absorption spectroscopy of blade coated RR/N-DMBI blends
with a) 25mol% and b) 50mol% of N-DMBI. The top row corresponds to the absorption
prior temperature treatment, the bottom graphs c) and d) show the absorption spectra
after temperature treatment at 55 ◦C for 3 h. Reprinted with permission from ref.
[210], c© 2019, American Chemical Society.

and σ∗50 = 4.0. Interestingly, both dopant amounts give similar conductivities, which
is in contrast to the spin-coated films, where values of σ25 = 5.7× 10−4 S cm−1 and
σ50 = 1.6× 10−3 S cm−1 were found. A σ∗25 = 2.7 and σ∗50 = 4.0 points to a moderate
difference of conductivities parallel and perpendicular to the chain direction and is lower
as for example the electron mobility anisotropy in aligned films by mechanical rubbing
or blade coating,[197,223] which might be explained by the disturbance of polymer chain
alignment in presence of the dopant. This is in line with the rather low dichroic ratios
determined by polarized UV–Vis spectroscopy. Another reason for lower alignment in the
films could be the fact that the blend solution was not heated to 80 ◦C after addition of N-
DMBI. No direct correlation between the molar ratio of polymer/dopant and the intensity
of the radical-anion absorption can be made, as it was also observed for spin-coated films,
which can again be explained by the low miscibility and low doping efficiency. Clustering
of N-DMBI on the surface of the film can be seen in all AFM images, independent of the
amount of dopant used (Figure A.18).
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Table 5.4.: Conductivity values and anisotropy factors for N-DMBI doping in anisotropic
blade-coated RR films.

N-DMBI
25mol% 50mol%

σ‖ / S cm−1 (3.2± 0.4)× 10−3 (2.3± 1.4)× 10−3

σ⊥ / S cm−1 (1.2± 0.2)× 10−3 (5.7± 3.4)× 10−4

σ∗ = σ‖/σ⊥ 2.7 4.0

5.3.2. Vapor Doping with TDAE

To circumvent the above-mentioned problems of blade coating blends of polymer and
dopant, the vapor dopant TDAE was used. Since vapor doping could be performed in a
post-deposition step, blade coating was first used to prepare highly aligned films and films
were vapor doped afterwards. Another advantage of vapor doping is that the blade coated
films could be annealed to 220 ◦C and 300 ◦C, which showed more ordered morphologies
with higher dichroic ratios (see also 1.3.4.4).[223] Annealing to 220 ◦C or 300 ◦C of N-DMBI
solution doped films could not be performed, as dedoping was observed by heating of the
samples above 85 ◦C.
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Figure 5.17.: Polarized absorption spectroscopy of blade coated RR thin films. Films
were annealed after blade coating at the indicated temperature. The top row shows
the absorption prior to doping, the bottom row shows the absorption of films exposed
to TDAE vapor at 35 ◦C for 2 h. Reprinted with permission from ref. [210], c© 2019,
American Chemical Society.

Figure 5.17 shows polarized UV–Vis measurements before and after doping with TDAE.
Dichroic ratios before doping are DR = 7.9, 8.0 and 8.4 for BC, BC/220 ◦C and BC/220 ◦C
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films, respectively. Vapor doping was performed at 35 ◦C for 2 h in the same setup as
described above. Alignment of the polymer chains seemed not to suffer from the doping
process, as the polarized absorption after TDAE doping parallel is still significantly higher
compared to perpendicular to the BC direction (Figure 5.17, d)–f). The overall absorption
of the radical-anion band is again rather low. Due to the spectral change upon generation
of radical-anions, no dichroic ratios of the doped films were calculated. Atomic force
micrographs indicate that alignment is maintained after doping, even though small clusters
of dopant seem to be present on the film surface (Figure A.19).

Table 5.5.: Conductivity values and anisotropy factors for TDAE doping (35 ◦C, 2 h) in
anisotropic blade-coated RR films.

TDAE
BC BC/220 ◦C BC/300 ◦C

σ‖,max / S cm−1 4.8× 10−3 8.3× 10−3 3.1× 10−3

σ‖ / S cm−1 (3.3± 1.6)× 10−3 (7.7± 0.6)× 10−3 (1.8± 1.4)× 10−3

σ⊥ / S cm−1 (1.2± 0.2)× 10−3 (1.3± 0.2)× 10−3 (4.5± 1.4)× 10−4

σ∗ = σ‖/σ⊥ 2.8 5.9 4.0

The conductivities of the BC film parallel and perpendicular to the blade coating direc-
tion are σ‖ = 3.3× 10−3 S cm−1 and σ⊥ = 1.2× 10−3 S cm−1, respectively, correspond-
ing to an anisotropy σ∗ = 2.8. Isotropic films by spin coating showed conductivities
of σ = 2.3× 10−3 S cm−1, which is in between of σ‖ and σ⊥. Higher conductivities of
σ‖ = 7.7× 10−3 S cm−1 and σ⊥ = 1.3× 10−3 S cm−1 are found in BC/220 ◦C, maximum val-
ues measured were σ‖,max = 8.3× 10−3 S cm−1. This is under the highest values reported so
far.[144,181,185,189,192] An anisotropy factor of σ∗ = 5.9 is calculated. BC/300 ◦C samples fea-
tured slightly lower conductivities of σ‖ = 1.8× 10−3 S cm−1 and σ⊥ = 4.5× 10−3 S cm−1,
corresponding to an anisotropy of σ∗ = 4.0. All these data are summarized in Ta-
ble 5.5.
All films indeed show anisotropic conductivities of 2.8, 5.9 and 4.0 for BC, BC/220 ◦C and
BC/300 ◦C films, respectively. However, as the dichroic ratio measured by polarized UV–Vis
was around 8 for all samples and mobility anisotropies were 12–14,[223] this is unexpectedly
low, especially when compared to N-DMBI doped films which show similar charge transport
anisotropies of 2.7 and 4.0 but lower DRs before doping. Lower anisotropies in conductivity
compared to electron mobility could indicate an inherently less dependent transport on
chain alignment in RR. The charge carrier channel in transistors is at the interface
between dielectric layer and polymer, while in conductivity measurements charge carriers
move three-dimensionally through the bulk. This is a fundamental difference and could
explain different anisotropies. Likewise, for P3HT a dichroic ratio of 50 was obtained
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after high-temperature rubbing, while a conductivity anisotropy of 8–10 was found in
F4TCNQ doped samples.[369] In brush-printed PEDOT:PSS films, no significant anisotropy
in conductivity could be obtained, although very high conductivities were achieved.[244]

Thus, correlation between dichroic ratios from UV–Vis measurements, mobility and
conductivity is not straightforward and one cannot predict the behavior/performance of a
material in advance.

5.3.3. Structural Investigations of Aligned and Doped
P(NDI2OD-T2) Films
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Figure 5.18.: Comparison of the TEM-ED diffraction patterns of undoped and doped
RR blade-coated films. a), b) The left patterns correspond to BC/220 ◦C and c), d)
the right images to BC/300 ◦C films. Cross-section profiles e)–h) along the meridian
and equator show the relative intensities of the diffraction peaks along the alkyl (h00),
π-stacking (0k0) and backbone (00l) directions. Adapted with permission from ref.
[210], c© 2019, American Chemical Society.

To get a more detailed understanding of the vapor doping process, transmission electron
microscopy was employed. Blade-coated films were floated from the glass substrates by
dilute HF treatment, recovered on TEM copper grids and subsequently annealed to 220 ◦C
or 300 ◦C to yield the desired morphology and polymorph. Figure 5.18 shows TEM-ED
patterns and cross-section profiles of BC/220 ◦C and BC/300 ◦C films before and after
doping in TDAE vapor at 35 ◦C for 2 h.
BC/220 ◦C samples show the typical reflections present in face-on oriented polymer
chains with the polymorph form I, assigned according to previous studies on P(NDI2OD-
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T2) with directional epitaxial crystallization on 1,3,5-trichlorobenzene and high-temperature
rubbing and subsequent annealing below 280 ◦C.[197,209] A faint (020) reflection is present
which could result from the π-stacking of a few edge-on oriented chains in the bulk or
from edge-on oriented chains at the film surface, which was observed by near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy.[57,223] Rather narrow diffraction arcs
up to the fourth-order in the alkyl direction (h00) support the high alignment in the
films, which is agreement with polarized UV–Vis spectroscopy. The measured distances
are summarized in Table 5.6. Packing distances between the chains along the alkyl side
chain (h00) are 25.1Å and along the polymer backbone (00l) 13.9Å, which fits to typical
values from literature.[193,197,209,223] Furthermore, a monoclinic unit cell is present, as the
(00l) reflection has two maxima mirrored at the meridian, which was also seen present in
literature studies.[197,209]

After doping with TDAE, a less-defined ED pattern is present compared to BC/220 ◦C.
Most striking is the loss of higher order reflections along the (h00) direction, only the
first reflection (100) remains visible. This indicates a lower degree of order along this
crystallographic direction, which could be explained by the intercalation of the dopant
molecules between the alkyl chains. A similar behavior was found for F4TCNQ doped
P3HT samples.[369] Hence, the distance between the chains should increase, as an additional
molecule between the chains needs a certain amount of space. Surprisingly, the d100 value
calculated from the observed reflection is 21.6Å, which is 3.5Å shorter than measured
in the undoped sample. The decrease in the alkyl spacing is concurrent with a decrease
in the backbone distance from 13.9Å to 13.6Å (001 reflection). Higher-order reflections
have distances of 6.85Å and 3.42Å (002 and 004, respectively), thus a reduction in the
periodicity is revealed. GIWAXS measurements on TDAE doped P(NDI2OD-T2) in
literature also showed a reduction in the lamellar reflection intensity (in-plane) and a
broadening of the out-of-plane π-stacking peak.[189]

A simultaneous decrease in both alkyl and backbone periodicity could have several origins.
On the one hand, in polymorph form I the a- and c-axes (along the side chains and
backbone, respectively) confine an angle of β = 76◦ (see also Figure 1.22).[197,209] A
simultaneous reduction of the d100 and d001 reticular distances could in principle reflect
a change in the β angle. However, this would imply the (00l) reflections to depart from
the meridional position which is contrary to the observation of a meridional (001) after
doping. In other words, the original monoclinicity of the unit cell in form I is lost after
doping with TDAE, whereas it should be enhanced in the case β decreases. Therefore,
a change in the β angle seems not likely to explain the changes of the ED pattern upon
doping.
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As an alternative explanation, the reduction of the d001 periodicity can also be due
to a change in the backbone conformation of RR. NEXAFS studies and vibrational
spectroscopy showed that a dihedral angle θ around 40◦ between the naphthalenediimide
and bithiophene units is present, overall the chains lie preferentially face-on with respect
to the substrate.[57,196,213,370] In addition a torsional angle τ around 148◦ exists between
the two thiophenes (see Figure 1.23, b).[213,371] Depending on the dihedral angles θ and
τ , and the value of β, different distances of the repeating units d001 are observed in the
polymer backbone. Furthermore, computational results on oligomers (up to 5 units) with
a single positive or negative charge pointed to changes in the bond lengths and torsional
angles upon oxidation or reduction.[176] Accordingly, TEM ED evidences a change in the
unit cell parameters of form I after TDAE doping, which is possibly related to a change in
backbone conformation.
Reduced periodicities might also stem from a reorganization of the structure. TDAE goes
into the film and expands the structure during electron transfer to the polymer backbone
and introduction of TDAE•+ for charge compensation. As already seen from spin-coated
films (Figure 5.14), TDAE is also removed from the film again. Thus, a free volume
is generated in the structure and the polymer chains might “collapse”, corroborated by
changed distances in the structure.

Table 5.6.: Calculated distances from TEM-ED reflections in BC/220 ◦C and BC/300 ◦C
before and after doping with TDAE vapor at 35 ◦C for 2 h. Accurate diffraction distances
were obtained by calibration with an oriented PTFE film on a second TEM copper grid,
which was put on top of the doped film. The (100) PTFE reflection observed corresponds
to a distance of 4.9Å.[209,372]

dhkl / Å
(001) (002) (004) (100) (200) (300) (010)

BC/220 ◦C 13.9 7.17 3.58 25.1 12.5 8.36 –
BC/220 ◦C doped 13.6 6.85 3.42 21.6 – – –

BC/300 ◦C 14.2 7.27 3.65 – – – 4.10
BC/300 ◦C doped 13.4 6.75 3.39 – – – –

Non-doped BC/300 ◦C samples are shown in Figure 5.18. Along the meridian reflections
corresponding to the backbone (00l, l = 1, 2, 4, d001 = 14.2Å) are present, while at the
equator a (020) π-stacking with a distance of d020 = 4.10Å can be seen. Thus, the chains
adopt an edge-on orientation. Polymorph form II (mixed stacking) can be deduced by a
much weaker (001) reflection with an intensity below that of (002). The electron diffraction
pattern is in accordance with literature.[197,209,223]
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After doping BC/300 ◦C samples with TDAE vapor for 2 h, no π-stacking reflection can
be observed anymore, which indicates a reduced order in polymer packing. Consequently,
no assignment of the polymer texture is possible anymore. Results by Wang et al. are in
agreement, as a disrupted π-stacking was observed after TDAE doping by GIWAXS.[190]

A reduction in periodicity of the backbone reflections are observed, as it has already been
seen for BC/220 ◦C. The d00l distances are 13.4Å, 6.75Å and 3.39Å for l = 1,2 and 4,
respectively.
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Figure 5.19.: a) Polarized absorption spectroscopy of a BC/300 ◦C RR thin film exposed
to TDAE vapor at room temperature for 2 h. b) Polarized absorption spectroscopy of
a BC/300 ◦C RR thin film exposed to TDAE vapor at 35 ◦C for 2 h and then again
annealed at 300 ◦C. Adapted with permission from ref. [210], c© 2019, American
Chemical Society.

Having a close look on the cross-sectional profile along the meridian, an increase in
scattering intensity of the (001) reflection is found. This is the fingerprint of polymorph
form I and reveals a shift of the polymer chains along the c-direction from a mixed stacking
in the non-doped films to a segregated stacking mode after doping. The polarized UV–Vis
absorption of a less doped BC/300 ◦C film in Figure 5.19, a) supports this finding, as
no absorption shoulder around 640 nm is present after the TDAE doping.[197,209] In the
thermodynamically stable form II the NDI2OD and T2 units are stacked on top of each
other. A possible explanation for the shift back to form I could be the presence of the
electron rich TDAE, which dopes the polymer and is then incorporated to counterbalance
the charge between the π-stacking plane of the polymer chains. TDAE molecules could
thus disrupt the original mixed stacking (form II) of T2 and NDI2OD and could explain
the transformation of form II back to form I after doping.
Transmission electron microscopy helped to draw conclusions on the doping process with
the vapor dopant TDAE in blade-coated RR films. Despite optimized procedures for
vapor doping and high conductivities, doping of RR seems to have problems which could
originate from several reasons.
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(1) One reason might be that the conductivity reaches an intrinsic limit of P(NDI2OD-
T2) doping due to the strong localization of charges caused by the strong donor-acceptor
character of this polymer.[192] This is corroborated by the electrochemical data which give
clear evidence for mixed valence conductivity with discrete redox states. The localization
of the charges is furthermore enhanced by the dihedral angle θ ≈ 47◦ between the
naphthalenediimide and the bithiophene units.[57] Reduction of the torsional angle and
reduction of the donor–acceptor character by the replacement of bithiophene with bithiazole
was one successful example showing an increased conductivity.[190] Also, intramolecular
geometrical factors are important for the doping efficiency. Di Nuzzo et al. showed
that the relative position of the dopant to the donor or acceptor unit in the polymer
played a crucial role for charge transfer efficiency.[373] Recently, several examples were
presented showing an improved miscibility by polar side chains or kinks in the polymer
structure.[356,366,368,374]

(2) Another reason might be that TDAE is not strong enough in terms of reducing capability.
TDAE has a reduction potential of –1.08V vs. Fc/Fc+.[151,364] Cyclic voltammetry and
in-situ spectroelectrochemistry of RR films on the other hand showed a reduction to
the radical-anion RR•− between −0.9V and −1.25V, with a first half-wave potential of
EIa

1/2 = −1.02 V vs. Fc/Fc+. Consequently, the redox couple TDAE/TDAE•+ only fits to
the very first reduction and does not cover the full potential range for the RR/RR•−

reduction which is until −1.25V. Regarding the doping procedure it has to be noted that
when the polymer films are placed into the TDAE containing chamber at 35 ◦C, the TDAE
evaporates and condenses on the polymer films. When an excess of TDAE is present in
the vapor phase of the chamber and condensed on the film, RR seems to get reduced to
the radical-anion to a certain extent and electroneutralized by the TDAE•+ radical-cation.
This is in line with more pronounced radical-anion bands in the absorption spectra during
exposure of TDAE vapor in literature,[189] and less pronounced bands for films which were
taken out of the vapor shown here.
(3) In relation to this is the high volatility of the TDAE dopant molecules leaving the film
again as neutral TDAE. As soon as the samples are removed from the doping chamber with
TDAE vapor, the polymer seems to dedope as indicated by a decrease of the radical-anion
bands at 489 and 801 nm (Figure 5.14). Dedoping could be explained by the high vapor
pressure of TDAE with a boiling point around 60 ◦C or a slightly better oxidation power if
the radical-anion is reoxidized to the neutral polymer RR•−→RR. This idea is supported
by the neutral band at 710 nm of RR rising again after dedoping, and no new bands
indicative of an irreversible secondary reaction are observed. TDAE might be too volatile
to efficiently dope the polymer and stay in a doped state. This explanation is corroborated
by the TEM data. TDAE doping of both RR polymorphs form I and form II results in a
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reduction of the unit cell parameters in the (ac)-plane and a substantial loss of π-stacking
reflections. Moreover, order along the alkyl side chains is also disrupted as witnessed
by a loss of higher order (h00) reflections. The reduction of the unit cell volume after
doping suggests that there is no substantial amount of TDAE molecules present in the
crystalline phase of RR. The final state of the film implies that most TDAE molecules
that were introduced during doping in the chamber with dopant vapor must have left the
crystalline domains after removal of the sample from the dopant vapor atmosphere. This is
verified by the UV–Vis absorption spectra showing that the intensity of the radical-anion
is lower after vacuum treatment. This situation reminds of the dedoping of iodine-doped
polymers upon time as the doping is unstable.[375,376] Accordingly, it could be proposed
that the crystallites observed by TEM are essentially dedoped (due to the lower distances
observed in the diffraction patterns), whereas TDAE dopants may still be present in the
amorphous phase. Additionally, this would be consistent with the rather low intensity
of the radical-anion band in the UV–Vis spectra of TDAE-doped films compared to the
films doped electrochemically and the overall low conductivities measured in these samples.
From this it is rather surprising that the polymer shows a measurable conductivity at
all.
Wang et al. obtained the maximum conductivity of their TDAE doped samples with values
around σ = 5× 10−3 S cm−1, although the absorption spectra indicated only a rather
low presence of radical-anions.[189] This is in line with the results here and furthermore
demonstrates the difficulties to correlate doping levels by UV–Vis measurements and
conductivity values. It remains to be elucidated whether the conductivity around σ =
10−3 S cm−1 is the maximum conductivity, as neither in literature nor here a “highly doped”
sample could be measured. On the one hand, conductivity seems to be independent of
radical-anions bands present in UV–Vis spectra. On the other hand, higher conductivity
might be accessed when the radical-anion absorption at 489 nm exceeds the neutral
absorption at 700 nm more than shown here and in literature. The search of stronger
dopants in terms of reduction potential and volatility is presumably one key for a successful,
stable “irreversible doping”.
One of the most remarkable results is the impact of doping on the structures of the
polymorphs form I and form II. After doping of BC/220 ◦C films, the segregated stacking
is maintained but the interlayer order along the side chains was strongly reduced. Lamellar
reflections (h00) with h > 2 are lost after doping. The situation is different in form II, as
shown by TEM of BC/300 ◦C films. After doping with TDAE, form II is transformed into
form I, implying a strong structural rearrangement in the film from mixed to segregated
stacking of NDI2OD and T2 units. The π-stacking is strongly perturbed upon doping.
Annealing of the film for a second time to 300 ◦C recovers polymorph form II, as it

155



5. (Electro-)chemical Doping of n-type Semiconducting Polymers

can be seen by the absorption shoulder at 640 nm (Figure 5.19, b). This underlines
that no irreversible reaction and no irreversible structural changes take place. Such a
behavior and the impact of doping on polymorphism has not been described in literature
so far.
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5.4. Summary

This chapter was dedicated to the electrochemical and chemical doping of RR, RI, RR-
4OdD and P(NDI2OD-co-3T). First, the electrochemical doping behavior was put on a
more solid basis by advanced electrochemical techniques like in-situ spectroelectrochemistry
and organic electrochemical transistors. Spectroelectrochemistry allowed the correlation
of electrochemical potentials with charged species and the assignment of reduction waves
to distinct redox species.
RR was reduced to the radical-anion RR•− in a potential range between −0.9V and
−1.25V and further reduced to the dianion RR2− between −1.25V and −1.6V. The
influence of aggregation behavior and regioregularity in the second cycle was only minor
and the regioirregular polymers are reduced to RI•− and RI2− at similar potentials.
However, first cycle effects suggested a more compact morphology and thus a hindered
diffusion of counterions into the polymer film for RR during reduction. In all RI polymers,
no strong first cycle effect was seen, which pointed to a facilitated diffusion of counterions
into the films with less aggregation and lower order. A radical-anion band with absorption
maxima around 362, 489, 701 and 801 nm was of particular importance and could be used
later to compare the reaction success of chemical doping.
A stronger influence of the alkyl side chain was elucidated on the electrochemical doping
behavior. Cyclic voltammograms showed a broadening of first and second reduction in
RR-4OdD, especially in the forward scan compared to RR, which could be explained by
the long, non-polar alkyl side chains and consequently a different polarity in the film or
an altered morphology. Although RR-4OdD revealed a similar aggregate content as RR,
the first cycle effects were less pronounced.
Conducting redox states were identified in RR and RI by fabrication of organic elec-
trochemical transistors at discrete levels of doping, which is in contrast to classical
semiconducting polymers. A mixed valence conductivity model could be deduced and
the polymers assigned to conjugated redox polymers. RR-4OdD featured a similar con-
ductance behavior, however, forward and backward cycle were not overlapping anymore.
This might point to a hindered diffusion in these films, although first cycle effects were
not observed. Cyclic voltammetry coupled with in-situ conductance was performed with
P(NDI2OD-co-3T) films, however, it seemed that the branched structure of the polymer
had no significant conducting regimes and the overall conductance was low over the full
potential scale.
Chemical doping was performed both with the solution dopant N-DMBI and the va-
por dopant TDAE. Both dopants were in principle able to dope RR, RI or RR-
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4OdD to the radical-anion state, however both dopants have their individual draw-
backs.
The main problem of N-DMBI was its poor miscibility in the polymer matrices, which
became clear in atomic force microscopy by the large dopant clusters formed on top of
the films. A low doping efficiency was the consequence and UV–Vis absorption spectra
revealed only a small increase in the radical-anion species. Modified systems which can be
found in the less aggregated RI polymers as well as in RR-4OdD brought only slight
improvements in the polymer/dopant miscibility. Nevertheless, an up to 46-fold increase
in charge carrier density could be observed and additionally RI(70:30) and RR-4OdD
featured conductivities around σ = 2× 10−3 S cm−1, which are similar to those of RR.
Preparation of aligned films was difficult in the presence of N-DMBI, lower dichroic
ratios were measured when blends are blade-coated. Besides, films with high order and
controlled morphology by thermal annealing were not accessible, as dedoping took place
at temperatures above 80 ◦C.
In principle, TDAE is a good redox dopant but the redox potential of TDAE/TDAE•+

could not fully access the radical-anion state of the polymer, and the doping efficiency
suffered from its high volatility. When spin-coated RR and RI films were doped with
TDAE, conductivity values of σ = 10–4–10–3 S cm−1 were measured which was comparable
to doping with N-DMBI. Since vapor doping could be performed as post-deposition
treatment, highly aligned films could be prepared by blade coating, which were additionally
annealed. BC/220 ◦C films revealed a maximum conductivity of σ‖ = 8.3× 10−3 S cm−1

parallel to the chains which is among the highest conductivities for RR, outperforming
literature values with TDAE.[185,189] Furthermore, an anisotropy factor of σ∗ = 5.9 was
reached.
Highly aligned and doped films could furthermore be used to gain an understanding of
the impact of doping from a structural point of view. The overall alignment of the chains
was only marginally perturbed by the doping process. A reduced lamellar and backbone
periodicity was observed in TEM after doping in BC/220 ◦C samples, while the lamellar
order was reduced and no clear monoclinicity of the unit cell could be observed anymore.
After doping of BC/300 ◦C samples the (020) reflection was absent and the periodicity
of the backbone was reduced. Consequently, no assignment of edge-on or face on was
possible anymore. Most strikingly, the polymorph changed upon doping from form II back
to form I, which has not been reported so far.
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In the dissertation, n-type semiconducting donor–acceptor copolymers were investigated
in terms of their synthesis, electrochemical, morphological and optoelectronic properties.
Application tests were performed in organic field-effect transistors and organic solar cells,
furthermore (electro-)chemical doping and conductivity measurements were conducted to
explore a possible application of the polymers in thermoelectric generators. Starting from
the parent system poly{[N,N ’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} P(NDI2OD-T2) (RR), the influence of molecular
design of the polymers on aggregation behavior was of particular interest to establish
structure/aggregation/property-relationships. Structural modifications were implemented
at the constitution of the polymer backbone, the donor unit in terms of introduction of
branches as well as at the acceptor unit by side chain engineering.
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Figure 6.1.: Structural formula of 2,6-linked regioregular RR and 2,6- and 2,7-linked
regioirregular RI investigated in this work. Absorption spectra of RR, RI(70:30),
RI(47:53) andRI(24:76) in fully dissolved, non aggregated 1-CN solution (c = 1 g l−1).
UV–Vis spectroscopy of spin-coated films from CHCl3 (c = 3 g l−1) reveals a gradual
decrease of aggregation with increasing 2,7-linkage.

At first, the focus was set on the influence of polymer backbone constitution, i. e. re-
gioregularity in P(NDI2OD-T2). Therefore, a controlled synthesis route enabling both
separation of 2,6- and 2,7-regioisomers and chain growth polymerization had been used
to synthesize narrow distributed polymers with varying degree of regioregularity, namely
RR, RI(70:30), RI(47:53) and RI(24:76) (performed in my Master’s Thesis).[263] The
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optical properties were studied by absorption spectroscopy in different solvents as well as
in films deposited by spin-coating. Importantly, from the spectra the aggregation behavior
could be derived as the changes were attributed not to solvatochroism but to changes
in aggregate contents.[148] In 1-chloronaphthalene, only fully dissolved, non aggregated
polymer chains were present, independent of the regioregularity (Figure 6.1, dotted lines).
In all other solvents and in thin films, the polymer chains were aggregated and the course
of the absorption spectra changed gradually as function of regioregularity. Depending on
the solvent quality, these effects were more or less pronounced. The highest aggregation
was found in toluene and in films, indicating a deposition of aggregated chains during film
formation.
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Figure 6.2.: AFM tapping mode height images (1 µm× 1 µm) of films spin-coated from
CHCl3 with a concentration of 3 g l−1 on glass substrates of RR a), RI(70:30) b),
RI(47:53) c) and RI(24:76) d). Corresponding phase images are shown in e)–h).
The scale bars represent 400 nm. Insets show polarized optical micrographs, the scale
bar represents 100µm. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.

Atomic force microscopy in combination with polarized optical microscopy (Figure 6.2)
supported the gradual decrease of aggregation in films. The preferentially ordered fibril-like
structures were arranged across the full AFM picture of RR, while smaller domains were
observed for RI(70:30). Small birefringent areas were observable in POM micrographs
of RR, pointing to an order on a local scale, which was not observable in all RI films.
RI(47:53) and RI(24:76) with even less aggregates in solution lead to films with a
rather featureless surface. Charge carrier mobilities measured in top-gate/bottom-contact
field-effect transistors followed this trend, with increasing 2,7-linkage lower mobilities
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were observed. However, the mobility decrease from RR (µe,av = 7× 10−2 cm2(Vs)−1)
to all RI polymers (µe,av ≈ 1× 10−3 cm2(Vs)−1) was quite low compared to classical
semiconducting polymers as P3HT, where a decrease of charge carrier mobility of up to
5 orders of magnitude was seen.[72,211] The intrinsic capability to interact in an ordered
fashion was revealed by post-deposition thermal annealing at 220 or 300 ◦C of the polymer
films. Order in AFM images as well as electron mobilities measured in OFETs increased
such that the RI polymers (µe,av ≈ 7× 10−2 cm2(Vs)−1) reached almost mobilities of
the RR polymer (µe,av = 3× 10−1 cm2(Vs)−1). Transmission electron microscopy as
complementary technique conducted in cooperation with Dr. Martin Brinkmann fortified
the improved packing of the polymer chains of annealed films.
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Figure 6.3.: a) J–V characteristics under AM1.5G illumination of bulk-heterojunction
solar cells with PDCBT:RR/RI blends (1:1, w:w) as active layer. 2D-GIWAXS
patterns of b) RR:PDCBT and RI(47:53):PDCBT c) blends prepared as the active
layers in organic solar cells. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.

Tuneable aggregation by regioregularity could be successfully used to improve the miscibility
in blends with poly[5,5’-bis(2-butyloctyl)-(2,2’-bithiophene)-4,4’-dicarboxylate-alt-5,5’-2,2’-
bithiophene] PDCBT for organic solar cell applications (Figure 6.3, a). The performance
of RR:PDCBT (PCE = 0.75%, VOC = 0.80 V, JSC = 1.95 mA cm−2, and FF = 0.48)
lagged behind that of all RI:PDCBT blends. The best performing system proved to be
RI(47:53):PDCBT with a PCE of up to 2.42%, corresponding to a more than three-fold
increase. Grazing incidence wide angle X-ray scattering (Figure 6.3, b) and c) was employed
for structural insights in the solar cell blends. A suppressed crystallization and rather
amorphous RR:PDCBT blend was present from the GIWAXS patterns, whereas an
enhanced crystallization ability of the PDCBT donor could be derived in blends with the
lower aggregated RI(47:53) acceptor. Both VOC = 0.89 V and FF = 0.67 were very high
for all-polymer solar cells, only the short circuit current density JSC remained moderate. For
further improvement of the performance, simultaneous adjustments of molecular weights
of both donor and acceptor has been shown to be a powerful tool and might be applicable
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here to increase the short circuit current density JSC of the OSCs.[300] The presented
tuning of regioregularity can serve as interesting example for the preparation of further
polymers and additionally, the synthesis route enables the preparation and separation
of a purely 2,7-regioisomer. Synthesis of a regularly 2,7-linked polymer would complete
the series of polymers, although isolation of the purely 2,7-linked isomer in reasonable
quantities is challenging. Finally, this chapter showed that one has to critically scrutinize
the impact of backbone regularity on the polymer properties, since regioirregularity has
not only detrimental effects but can improve for example the OSC performance. Tuning
regioregularity can be an efficient tool to improve processing properties with tuneable
aggregation behavior in donor–acceptor copolymers.
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Figure 6.4.: Chemical structure of the polymers RR-4OdD and P(NDI2OD-co-3T)
investigated in this work to study the influence of molecular design and property
relationships.

In the next chapter modifications of the donor–acceptor copolymer structure were con-
ducted either at the donor or the acceptor part. To increase solubility and to reduce
the aggregation tendency, significant longer alkyl side chains were introduced to the
naphthalenediimide acceptor. The corresponding amine was synthesized by Gabriel syn-
thesis starting from 4-octadecyl-1-docosanol. Controlled chain-growth polymerization of
the corresponding zinc/radical-anion complex was done in accordance to RR and RI
with Ni(dppe)Cl2 and RR-4OdD with comparable molecular weight and low PDI was
obtained.[114,272,307]

As a second catalyst Pd/PtBu3 was used, which was shown to be highly reactive for the
synthesis of P(NDI2OD-T2) with high molecular weights.[113] However, polymerization
of NDI4OdD-T2-Br2 with Pd/PtBu3 did not substantially improve the molecular weights
of RR-4OdD-Pd compared to the synthesis of Ni(dppe)CL2.
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Introducing a branched structural motif in donor–acceptor copolymers was performed to
decrease aggregation and anisotropy by the three-dimensional structure. Monomers with
the appropriate functional groups were synthesized and CuI-assisted Stille polycondensation
was employed for the synthesis of P(NDI2OD-co-3T). Long reaction times were necessary
and rather low molecular weight systems were yielded, which could be explained by
a high steric demand of the structure or polymerization conditions lacking sufficient
reactivity.
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Figure 6.5.: Absorption spectra of RR-4OdD a)[307] and P(NDI2OD-co-3T) b) in
1-CN (green), CHCl3 (blue) and toluene (red) at a concentration of 1 g l−1. Absorption
spectra of films spin-coated from CHCl3 (c = 3 g l−1) are shown in black. The spectra of
RR-4OdD is normalized at 550 nm according to the model of Steyrleuthner et al.[132].
The absorption spectrum of P(NDI2OD-co-3T) film is normalized at the absorption
maximum. AFM tapping mode height images (2 µm× 2 µm) of films spin-coated from
CHCl3 with a concentration of 3 g l−1 on glass substrates of RR-4OdD c),[307] and
P(NDI2OD-co-3T) e). Corresponding phase images are shown in d) and f). The
scale bars represent 500 nm. The insets shows a polarized optical micrograph, the scale
bar represents 100 µm.

Aggregation properties of RR-4OdD and P(NDI2OD-co-3T) were investigated by
optical spectroscopy in different solvents and thin films (Figure 6.5 a) and b). UV–Vis
absorption spectra in 1-CN showed only a very slight blueshift of the charge-transfer
band of RR-4OdD, indicating a similar interaction of donor and acceptor parts of the
polymer backbone. Although it has a longer alkyl side chain, absorption properties were
dominated by the aggregation of the polymer backbone and aggregate contents in solution
were reduced only by 2–3%, which was surprisingly low.
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Stronger changes in the optical properties were present in the branched polymerP(NDI2OD-
co-3T). A very low charge transfer band was observed, which could be explained by a
suppressed donor–acceptor character due to a tilting of the thiophenes in the donor unit.
Insensitivity of the absorption behavior in different solvents suggested a suppressed aggrega-
tion in this system. A similar absorption maximum in P(NDI2OD-co-3T) to monomeric
naphthalenediimide species pointed to the fact that the NDI and 3T units act rather as
individual units than a conjugated polymer. However, at least a partial interaction must
be present as the absorption maxima did not resemble only the single molecules and a
charge transfer band was present. To verify this idea, a branched polymer with less steric
demand at the donor should be synthesized, as it could be done e. g. with donor structures
based on 1,3,5-tri(2-thienyl)benzene or 5’-(2-thienyl)-2,2’:3’,2”-terthiophene by the spatial
expansion of the chemical coupling points.[323]

AFM images of RR-4OdD (Figure 6.5, c) and d) revealed fibril-like structures with some
preferential order, an ordered structure was further supported by the birefringence in
polarized optical micrographs. In terms of size, the oriented domains were similar to RR
films spin-coated from CHCl3. The electron mobility in top-gate/bottom-contact OFETs
µe,av = 1.3× 10−2 cm2(Vs)−1 was in the same order of magnitude asRR. No aggregation in
the solid state and a rather featureless film surface was uncovered by AFM of P(NDI2OD-
co-3T) films (Figure 6.5, e) and f). The strong modification of the donor unit furthermore
seemed to suppress the charge transport in field-effect transistors.
In order to increase the conjugation in this system and to reduce the steric demand, future
work should be dedicated to the evaluation of more suitable structures than 3T as donor
component. Terpolymer approaches with a bithiophene and branched terthiophene could
possibly have positive effects on the steric demand in this system. As an intermediate
structure between fully branched and linear systems, side chain π-extended polymers
with π-conjugated units in the side chain have additionally shown their value as they
can combine properties of both class of materials.[81,216,324,377] Introducing a donor with
π-extension into naphthalenediimide based copolymers could furthermore give rise to
materials with interesting properties.
Combination of the aggregating backbone with slightly improved solubility due to longer
alkyl side chains in RR-4OdD was used to tune the film morphology by solvent vapor
annealing. To this point, the behavior of RR-4OdD was very similar and comparable to
RR. Interestingly, after SVA much more crystalline films were obtained, which could be
shown by structural characterization by transmission electron microscopy and electron
diffraction. Polarized optical micrographs (Figure 6.6, a) showed large birefringent areas
with uniform coloring and a stripe-like substructure in the range of several hundred
micrometers, which was slightly larger compared to RR.[223] Due to the rearrangement of
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Figure 6.6.: a) POM image of a dry RR-4OdD film after spin-coating and subsequent
solvent vapor annealing in CHCl3 at 92%. The scale bar represents 100µm. b) TEM
electron diffraction pattern of RR-4OdD after SVA.[307]

aggregates in the solvent swollen films a patchwork of uniformly oriented domains became
visible, which could be explained with a similar growth mechanism via liquid-crystalline
states as proposed for RR.[169,223] Furthermore, Tiger-skin optical textures indicative of a
chromonic N-phase might be present at the edge of the substrates.[224] TEM-ED (Figure 6.6,
b) showed clearly polymorph form I from the characteristic fingerprint of the (001) and
(002) reflection intensities. Additional reflections could be assigned to a crystallization
of the alkyl side chains into a sublattice. A regular side-chains organization could was
furthermore indicated by thermal transitions at 56 ◦C observed in DSC measurements.
Rotation-tilt experiments of the polymer films in TEM suggested rather a face-on than an
edge-on texture in these films, which is in contrast to RR.[169,223]

Consolidation of these results could be done by additional thermal annealing of SVA treated
films. This will give more solid evidence of the structural data. In addition, investigation of
the influence of solvent vapor pressure on the size of oriented domains might be intriguing,
as already for RR a remarkable control of size could be obtained.[223] The aggregating
nature of RR-4OdD could potentially be utilized to prepare aligned films by blade coating
and investigate charge transport anisotropies in these films.
Charged species were investigated by electrochemical and chemical doping of RR, RI, RR-
4OdD and P(NDI2OD-co-3T). All polymers showed a twofold reversible reduction
via a radical-anion to a dianion species. In-situ spectroelectrochemistry was used to
support the assignments of potential regimes where the corresponding species occur. This
is shown exemplarily for RR in Figure 6.7, a)–c). The radical-anion RR•− was present
in the potential range between −0.9V and −1.25V. Further reduction to the dianion
RR2− occurred between −1.25V and −1.6V. The second reduction of RR-4OdD and
P(NDI2OD-co-3T) was shifted to lower potentials. Rather sharp redox features for
all polymers were consistent with previous findings of mainly localized charges on the
naphthalenediimide repeating units instead of strong delocalization along the polymer
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Figure 6.7.: CV and in-situ spectroelectrochemistry of RR a)–c). a) Cyclic voltam-
mograms of a film spin-coated from CHCl3 on ITO as working electrode, the scan
rate is 20mV s−1. UV-Vis spectra were recorded during the forward scan in the 2nd
cycle, the spectra are divided into the b) first (–0.8 to –1.25V) and c) second (–1.25 to
–1.6V) reduction. d) In-situ conductance and cyclic voltammogram (2nd cycle, gray) of
RR spin-coated on interdigitated Pt electrodes. Violet is the forward and green the
backward scan, the scan rate is 10mV s−1. All measurements were performed in 0.1m
NBu4PF6/MeCN as electrolyte. Adapted with permission from ref. [210], c© 2019,
American Chemical Society.

backbone, assigning these polymers to the class of conjugated redox polymers.[144,163] First
cycle effects were mainly present in RR, pointing to a hindered diffusion of ions into a
film with stronger aggregated polymer chains.
Conductance profiles measured by organic electrochemical transistors were used to identify
conducting redox states (Figure 6.7, d). In contrast to classical semiconducting polymers,
a maximum conductivity was only observed at certain levels of doping, which was in
accordance with a mixed valence-conductivity model. The highest conductivities seemed to
be reached when neutral and radical-anion species are both present. This could be observed
for RR, RI and RR-4OdD, although the forward and backward scan in RR-4OdD are
different and did not overlap. Further experiments with different electrolytes should shed
more light on this question. In-situ conductance measurements of P(NDI2OD-co-3T)
revealed that no conducting states could be observed in OECTs and the overall conductance
was low. Probably the missing intermolecular interaction of several polymer chains impeded
transfer of charges over the macroscopic channel length.
From electrochemical experiments important insights in the reduction/doping behavior
could be obtained and transferred to chemical doping with the solution dopant N-DMBI
and the vapor dopant TDAE. Both dopants are in principle able to dope RR, RI or RR-
4OdD to the radical-anion state, however both dopants had their individual drawbacks.
N-DMBI was poorly soluble in the polymer matrices, and large dopant clusters on top of
the film surface were present. Consequently, only a low doping efficiency was obtained
after inducing the doping reaction by heating of the samples for 3 h at 55 ◦C. Although
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a higher miscibility was expected from less aggregated polymers RI and RR-4OdD in
combination with N-DMBI, the improvement was only minimal. Charge carrier densities
were improved by factors between 6–46.
TDAE suffered from its high volatility and insufficient reduction power to fully reduce
the polymers to the radical-anion. Comparison of UV–Vis absorption spectra obtained
from in-situ spectroelectrochemistry and after chemical doping supported the low amount
of radical-anions in the chemically doped films. Nevertheless, conductivities up to σ =
2× 10−3 S cm−1 for RR, RI as well as RR-4OdD were achieved.

�⟂
�∥

Substrate

Au

BC
BC/220 °C

Bulk: Face-On

BC/300 °C
S

S

N

N

OO

O O

R

R

S
S

N

N

OO

O O

R

R

S
S

N

N

OO

O O

R

R

S
S

Bulk: Edge-On

Top Surface: Edge-On

Form I Form II

Blade Coating

Figure 6.8.: Blade coating of aggregated polymer solutions to prepare anisotropic films.
Conductivities are measured parallel (σ‖) and perpendicular (σ⊥) to the blade coat-
ing/chain direction. Schematic representations of the thin film morphologies after BC
and BC/220 ◦C (face-on, form I) and BC/300 ◦C (edge-on, form II). Irrespective of
the bulk morphology, at the top surface an edge-on orientation of the polymer chains
is observed. Adapted with permission from ref. [210], c© 2019, American Chemical
Society.

For the first time anisotropic conductivities were investigated in aligned RR polymer films
by blade coating of aggregated solutions. Alignment over several square centimeters was
achieved, and additionally defined morphologies were accessed by annealing the polymer
films at 220 or 300 ◦C and were compared to the as-bladecoated films. TDAE was used as
post-deposition vapor dopant, since N-DMBI was not fully compatible with this process
and only low anisotropies were obtained.
All films showed an anisotropic charge transport in conductivity σ∗ of 2.8, 5.9 and 4.0 for
BC, BC/220 ◦C and BC/300 ◦C films, respectively. The overall lower anisotropies compared
to the dichroic ratios measured by polarized UV–Vis around 8 and mobility anisotropies of
12–14 and alignment seemed not to be altered by incorporation of TDAE into the polymer
structure,[223] this pointed to an inherently less dependent transport on chain alignment
in RR. In BC/220 ◦C films maximum values measured were σ‖,max = 8.3× 10−3 S cm−1,
which is under the highest reported values so far.[144,181,185,189,192,365]

To get an insight into the molecular changes in the polymer structure upon doping, trans-
mission electron microscopy was performed in cooperation with Dr. Martin Brinkmann
(see Figure 6.9). First, it could be seen that the alignment of the polymer chains seemed
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Figure 6.9.: Comparison of the TEM-ED diffraction patterns of undoped and doped
RR blade-coated films. a), b) The left patterns correspond to BC/220 ◦C and c), d)
the right images to BC/300 ◦C films. Cross-section profiles e)–h) along the meridian
and equator show the relative intensities of the diffraction peaks along the alkyl (h00),
π-stacking (0k0) and backbone (00l) directions. Adapted with permission from ref.
[210], c© 2019, American Chemical Society.

to be resistant to TDAE doping although big structural changes are evident from electron
diffraction patterns. Both lamellar and backbone periodicity were reduced after doping
in the BC/220 ◦C samples and the lamellar order was strongly decreased. No evidence
was seen anymore for a monoclinic unit cell of the polymer, but the chains adopted
still a face-on orientation with polymorph form I. Also the structural change in TDAE
doped BC/300 ◦C was strong, as no π-stacking could be observed anymore and again the
backbone periodicity was reduced. No clear assignment of edge-on or face on was possible
anymore. Upon doping, the polymorph changes from form II back to form I, which is
striking. Such a behavior has not been reported for conjugated polymers so far and shows
the importance of structural analysis in these systems.
Further in-situ investigations of the doping process using GIWAXS or UV–vis spectroscopy
are interesting in order to specify the mechanism of doping/dedoping with volatile dopants
such as TDAE. To tackle both issues of polymer/dopant miscibility and volatility of the
dopant molecules, chemical linkage of dopant and polymer could be done, e. g., in one of
the side chains. Such a concept has been already proposed by tertiary and quaternary
amine substituents.[378,379] However, a dopant structure should be chosen which transfers
electrons to the polymer backbone after a certain activation energy. Otherwise charges
could already be formed in solution prior to the film deposition. As charged polymer
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backbones can have a completely different solubility due to the charges on the polymer
backbone, precipitation might take place and hinder solution processing and formation of
homogeneous films.
In addition, the studies presented here enable the preparation of aligned, doped RR films
which could be used to investigate the direction dependence of Seebeck coefficients. From
these results direction dependent power factors can be calculated which furthermore clarifies
the impact of polymer alignment on thermoelectric properties.
Electrochemical doping allows a precise control of the amount of charges on the polymer
backbone, however, a conducting substrate is needed to address the polymer electrically.
Thus, no conductivity measurements are possible, as only the conductivity of the substrate
is measured and not of the polymer films. To combine both methods, a electrochemical
four-line probe conductivity setup was already constructed as an outlook. For this
purpose, the electrode geometry was adjusted and four broad Au contacts with a short
distance were patterned on glass. After deposition of a RR film by spin coating, the four
contacts are used simultaneously as working electrode in an electrochemical experiment
and afterwards each contact is used individually for conductivity measurements. First
results of electrochemical 4LP experiments were started at the institute in cooperation with
David Neusser and promising conductivities of 2× 10−4 S cm−1 were reached at potentials
around –1.1V to –1.2V vs. Fc/Fc+ in NBu4PF6/MeCN as electrolyte. More experiments
are needed and measurements of the conductivity as function of doping potential are
very exciting and will be beneficial to further understand doping in semiconducting
polymers.
Overall, the presented study of n-type donor–acceptor copolymers with tuneable aggrega-
tion properties helps to clarify relationships between molecular structure, aggregation in
solution and properties in thin films in relation to device performance. It gives furthermore
a detailed insight into the relation of electrochemical and chemical doping and can give
valuable guidelines for further studies.
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7. Experimental Part

7.1. Analytical Methods and Analytical Devices

7.1.1. Nuclear Magnetic Resonance Spectroscopy (NMR)
1H- and 13C-NMR spectra were recorded with a Bruker Avance 250 spectrometer. Mea-
surements were conducted at room temperature at 250MHz (1H) and 63MHz (13C),
respectively. 13C-NMR spectra were measured proton decoupled. As solvents, CDCl3,
CD2Cl2 and THF-d8 were used. Unless otherwise noted, high-temperature NMR spectra
were recorded at 80 ◦C in C2D2Cl4. Chemical shifts δ are noted in ppm and were refer-
enced to the residual solvent signal of the undeuterated solvent according to literature.[380]

The residual solvent signal of C2D2Cl4 was set to 6.0 ppm (1H) and 73.78 ppm (13C),
respectively.[381] Scalar coupling constants J are reported in Hertz (Hz). Signal multiplici-
ties are abbreviated with s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet).
Residual solvent signals are denoted with an asterisk, additional solvent signals are marked
correspondingly. Spectra were processed with MestReNova v6.0.2-5475. Apodization of
13C-NMR spectra was done by exponential multiplication (1Hz).[382]

7.1.2. Size Exclusion Chromatography (SEC)

Size exclusion chromatography at room temperature was performed in chloroform or THF.
The polymers were dissolved over night with a concentration of c = 1–2 g l−1 and were
filtered with a syringe filter (PTFE, hydrophobic, 0.45µm). As stationary phase, styrene-
divinylbenzene-copolymer network columns (particle size 5 µm, Linear M, 5 cm precolumn,
2× 30 cm main columns or a combination of single porosity columns 500Å, 1000Å, 10 000Å
and 1 000 000Å, 30 cm each) manufactured by PSS Polymer Standards Service were used for
measurements in chloroform. A Waters 410 Differential Refractometer and a Waters 2487
Dual λ Absorbance Detector were used to record the elution curves.
The THF SEC system Agilent Infinity 1260 was equipped with Linear M styrene-
divinylbenzene-copolymer network columns (5 cm pre column, 2× 30 cm main column)
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fabricated by PSS Polymer Standards Service, a PSS SECcurity UV and SECcurity RI
detector.
The flow rate in all measurements was 1mlmin−1. Calibration was done against narrow
distributed polystyrene standards (PSS Polymer Standards Service) with molecular weights
Mp of 474 gmol−1, 1220 gmol−1, 3250 gmol−1, 9130 gmol−1, 17 600 gmol−1, 34 800 gmol−1,
66 000 gmol−1, 130 000 gmol−1, 277 000 gmol−1, 552 000 gmol−1, 1 210 000 gmol−1 and
2 520 000 gmol−1 at the peak maximum. All SEC curves were evaluated with the software
PSS WinGPC Unity.
High-temperature size exclusion chromatography was done in 1,2,4-trichlorobenzene at
160 ◦C on a PL-GPC 220 High-Temperature GPC/SEC System with PLgel Olexis columns
manufactured by Agilent. Polymers were dissolved over night in 1,2,4-trichlorobenzene
(TCB) at 130 ◦C at a concentration of c = 1 g l−1. A RI detector was used to record the
elution curves. Calibration was done versus polystyrene standards by PSS with molecular
weights Mp of 3470 gmol−1, 5440 gmol−1, 24 300 gmol−1, 67 500 gmol−1, 128 000 gmol−1,
295 000 gmol−1, 1 000 000 gmol−1 and 2 180 000 gmol−1. Evaluation of the collected data
was performed with the software Cirrus GPC.
Preparative size exclusion chromatography was performed using a glass column filled with a
polystyrene-divinylbenzene copolymer network (Bio-Beads S-X1, manufactured by Bio-Rad,
1% crosslinkage, bead size 40–80µm, molecular weight exclusion range 600–1400 gmol−1)
as the stationary phase and chloroform as the mobile phase.

7.1.3. Mass Spectrometry (MS) and Elemental Analyses (EA)

Mass spectrometry and elemental analyses were conducted by the service department of
the Institute of Organic Chemistry of the University of Stuttgart. Electrospray ionization
(ESI) or atmospheric pressure chemical ionization (APCI) with nitrogen as reactant gas
were used to take mass spectra on a Bruker Daltonics micrOTOF-Q mass spectrometer.
Mass spectra with electron ionization (EI) were recorded on a Varian MAT 95 purchased
from Finnigan. Elemental analyses were performed with a Elemental Analyzer Model 1106
manufactured by Carlo Erba Strumentazione.
Matrix assisted laser desorption/ionisation - time of flight (MALDI-TOF) mass spectrom-
etry was performed on an AUTOFLEX III mass spectrometer by Bruker. As matrix,
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was dis-
solved in THF (10 g l−1). Sodium trifluoromethanesulfonate (NaOTf) was used as ionizing
agent with a concentration of c = 13.6 g l−1 in THF. The polymer was dissolved in THF
with c = 3 g l−1. The ratio of matrix:polymer:salt was 10:10:1 (v:v:v) and 1µl was deposited
on the MALDI-TOF target. A tripled Nd:YAG laser (355 nm) was used for ionization of the
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sample. Calibration was performed separately with narrow distributed poly(ethyleneglycol)
(PEG) standards with molecular weights of Mn = 2980 gmol−1, Mp = 3120 g mol−1 and a
PDI = 1.03.

7.1.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was performed on a DSC 4000 manufactured by Perkin
Elmer. Transition temperatures were taken from the second heating and cooling curve. Cali-
bration of the temperature was performed versus indium and zinc standards.

7.1.5. Spectroscopic Characterization

Spectroscopic characterization of the polymers was done in solution at different concen-
trations and in thin films. For solution measurements, the polymers were dissolved in
the solvents at concentrations of 0.01 g l−1 (10mm cuvette) or 1 g l−1 (0.2mm cuvette)
in 1-chloronaphthalene (1-CN), chloroform or toluene. The Lambda 35 spectrometer
was purchased from Perkin Elmer. Low concentration measurements were conducted in
dual-beam mode with the pure solvent as reference, at high concentrations the reference
spectrum was subtracted afterwards.
All thin film and temperature dependent absorption (solution and film) measurements
were performed with a Zeiss diode array spectrometer equipped with a CLH600F halogen
lamp and a MCS621 Vis II detector (310–1100 nm). Thin films were prepared by spin-
coating on glass substrates and absorption spectra were taken in a hot stage THM S 600
manufactured by Linkam. The spectrometer was coupled with fiber-optic cables P-600-2-
UV-VIS (300–1100 nm) produced by Ocean Optics Inc. to the stage. In this stage, either
at room temperature or elevated temperatures was measured, controlled by the software
Linksys. The Peltier element to heat or cool the samples was driven by a T95-PE system
controller by Linkam. To prevent polymer degradation at high temperature in ambient
conditions, the stage was purged with a constant nitrogen flow.
Polarized UV–Vis was performed in the THM 600 stage fabricated by Linkam. The light
beam was polarized by putting a linear polarizer between the incident beam and the
sample. The angle between sample and polarizer was not in a fixed position and can differ
slightly between measurements, resulting in an error of about ±3 ◦.
Temperature dependent measurements in solution were performed with a heatable cuvette
with optical connections. Heating and cooling was done with a Peltier element, controlled
by a 5305 TEC Source fabricated by arroyo instruments.
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7.1.6. Electrochemical Characterization
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Figure 7.1.: Schematic setup of the three-electrode electrochemical cell. A potentiostat
applies a potential E between working and counter electrode, which is controlled and
measured against the reference electrode. The current I flows between working and
counter electrode. To ensure sufficient electrical conductivity, the cell is filled with an
electrolyte. a) Setup for cyclic voltammetry. b) Setup for cyclic voltammetry coupled
with in-situ conductance measurements. c) Setup for in-situ spectroelectrochemical
measurements.

7.1.6.1. Cyclic Voltammetry (CV)

Cyclic voltammograms of the polymers were recorded with a three-electrode setup with the
polymer films deposited by spin coating on indium tin oxide (ITO) as working electrode
(WE), a platinum plate as counter electrode (CE) and a silver chloride coated silver wire
as pseudo reference electrode (RE). A schematic setup is shown in Figure 7.1, a). The
pseudo reference electrode was prepared by immersing a silver wire into a saturated KCl
solution in nitric acid. As electrolyte, mainly 0.1M NBu4PF6 in acetonitrile was used.
Other conducting salts were NMe4PF6, NHex4PF6 and LiClO4 in acetonitrile. Electrolytes
were prepared with dried (stored over aluminum oxide) and degassed acetonitrile (p. a.
quality) and transferred into the electrochemical cell under argon. To remove oxygen, the
electrolyte was degassed by bubbling with argon for 5min after each substrate change.
An Autolab PGSTAT101 manufactured by Metrohm was used to drive the experiments.
Typically, a triangular potential function was applied, where the potential was increased or
decreased linearly between two vertex potentials with a scan rate of v = 20 mV s−1 (step
potential: 2mV). Several cycles were measured and the collected data evaluated with
the software Nova 1.10. As external redox standard the ferrocene/ferrocenium (Fc/Fc+)
couple was used and the corresponding cyclic voltammogram recorded with a scan rate of
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v = 50 mV s−1.[383] Half-wave potentials E1/2 were calculated with the peak potentials of
the reduction Ep,red and oxidation Ep,ox as:

E1/2 =
Ered

p + Eox
p

2 (7.1)

For determination of frontier orbital level energies, the oxidation and reduction onset
or half-wave potential were used. For the formal potential of Fc/Fc+, values of −4.8 eV
and −5.1 eV below the vacuum level are found in literature.[151,384] In this work, the
value of −5.1 eV is used, and literature values using −4.8 eV were recalculated accord-
ingly.

EHOMO = −(Eox
onset(vs. Fc/Fc+) + 5.1)/eV (7.2)

ELUMO = −(Ered
onset(vs. Fc/Fc+) + 5.1)/eV (7.3)

7.1.6.2. In-situ Conductance Measurements

In-situ conductance measurements (also referred to as organic electrochemical transistor)[350]

were carried out in a similar electrochemical cell as described above and measurements
were prepared accordingly. A schematic setup is shown in Figure 7.1, b). As working
electrode, two interdigitated platinum electrodes with the spin-coated polymer film on top
were used. The distance between the electrodes was 5µm. During the potential sweep E1

(usually v = 10 mV s−1) of the cyclic voltammogram, a small, constant potential difference
E2 of 10mV is applied between the two interdigitated combs, resulting in a current flow
I2 between these two electrodes. The conductance G is calculated as the inverse of the
resistance R according to Ohm’s law.

G = 1
R

= I2

E2
(7.4)

In order to compare values of different films, the conductivity σ has to be considered.
This was not done, since it was not possible to cover the same area of the interdigitated
electrodes by spin coating different films and it is also very difficult to measure accurate
film thicknesses in the interdigitated region. Nevertheless, this method is a powerful tool
to investigate the conductance behavior of conjugated polymers in different oxidized or
reduced states and can give a more detailed view on the charge transport mechanism. To
conduct the measurements an Autolab PGSTAT204 manufactured by Metrohm was used
as first potentiostat and an µSTAT400 by DropSens as second potentiostat. They were
connected by a Conductance Interface CIP2, HEKA Electronic Dr. Schulze GmbH to
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the electrochemical cell. The second potentiostat uses one comb as counter and reference
electrode simultaneously.

7.1.6.3. In-situ Spectroelectrochemistry

In-situ spectroelectrochemistry is the combination of cyclic voltammetry and a spectro-
scopic method, measured simultaneously. In this work, UV–Vis spectroscopy in trans-
mission was coupled with the electrochemical measurements, compare Figure 7.1, c). A
quartz glass cell was used, which is transparent for the incoming light in the UV–Vis
regime. The platinum plate counter electrode opposite to the working electrode was
replaced by a platinum wire at the side of the cell to remove it from the light path. As
reference electrode, an AgCl coated Ag wire was used. The cyclic voltammogram was
recorded as described above with an Autolab PGSTAT101, Metrohm with a scan rate
of v = 20 mV s−1. After each potential step (10mV) an absorption spectrum was taken
with a Zeiss UV–Vis diode array spectrometer, equipped with a CLH600F halogen lamp
and a MCS621 Vis II detector. The spectrometer was coupled with fiber-optic cables
P-600-2-UV-VIS (300–1100 nm) manufactured by Ocean Optics Inc. to the cell. As
absorption reference for the UV–Vis measurements, a cleaned ITO glass slide instead of
the spincoated polymer film on ITO glass was used.

7.1.7. Microscopical Characterization

7.1.7.1. Optical and Polarized Optical Microscopy (POM)

Optical investigation of polymer films was performed with an Axio Imager.A1 by Zeiss,
the microscope was used mainly in reflection mode. With the integrated Axio Cam ICc 1
by Zeiss, micrographs were taken and processed with the software AxioVision V4.8.2.0. In
order to investigate orientation in spin-coated and alignment of blade coated films, polarized
optical microscopy was conducted with a polarizer before and an analyzer after the sample
(perpendicular to the first) in the path of light. Crossed arrows in all images indicate the
direction of polarizer and analyzer during the measurements.

7.1.7.2. Atomic Force Microscopy (AFM)

Atomic force microscopy was used to investigate the thin film surface morphology of the
polymer films. Typical feature sizes which can be resolved are in the nanometer range.
To measure on such low dimensions, a sharp tip is scanned over the surface of a sample.
The tip is fixed on a cantilever and the movement of the cantilever is controlled by a
piezoelectric element. The backside of the cantilever has a reflective layer and is used as
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mirror to deflect a laser beam to a photodiode. By this deflection, the interaction of the tip
with the sample surface is transduced precisely to a macroscopic measurable quantity. The
AFM images were recorded in tapping mode, which means that the cantilever is brought
to oscillation at its resonance frequency. If the tip interacts with the surface, this leads to
an amplitude change and a phase shift of the tip vibration, which is transferred into the
height and phase image, respectively. The height image contains information about the
topography of the surface, while the phase image represents a material contrast (e. g. by
crystalline and amorphous domains).

Laser

Photodiode

Film Surface

Cantilever

Tip

x

y

z

Piezo

Figure 7.2.: Schematic setup of an atomic force microscope.

A Dimension Icon manufactured by Bruker was operated in ambient conditions with an
n-type silicon tip HQ:NSC15/Al BS provided by µmasch. The resonance frequency of the
probes is around 325 kHz and the force constant is 40Nm−1. NanoScope 8.15 was used to
capture the images, which were then flattened with NanoScope Analysis 1.40. Evaluation
of the images was done with the software Gwyddion.[385] Film thicknesses were evaluated
by scratching the film with a cannula and measuring of an AFM image perpendicular to
the scratch. Per substrate at least two scratches were measured and the film thickness
was averaged over several substrates.

7.1.7.3. Transmission Electron Microscopy (TEM)

As a second method for gaining a deeper insight into the morphology of the polymers,
transmission electron microscopy was performed in cooperation with Institut Charles
Sadron, CNRS Strasbourg under the supervision of Dr. Martin Brinkmann While AFM
is a surface specific technique, TEM reveals information about the bulk of the polymer
films. To prepare the samples for analysis, polymer films on glass were coated with a thin
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amorphous carbon layer using an Auto 306 evaporator by Edwards, removed from the
glass substrate by floating on a diluted aqueous HF solution (10wt%) and subsequently
recovered on TEM copper grids. TEM was performed in bright field (BF), high-resolution
(HR) and diffraction mode (see below) using a CM12 Philips microscope equipped with a
MVIII (Soft Imaging System) charge coupled device camera. The images were evaluated
with the software iTEM. Via two dimensional fast Fourier transformation (2D-FFT),
HR-TEM images could be transferred into a reciprocal space, enabling the evaluation of
distances between periodical structures in the direct space.

7.1.8. Diffraction Methods

7.1.8.1. Transmission Electron Microscopy - Electron Diffraction (TEM/ED)

The diffraction mode of the TEM enables the scattering of the electron beam at crystalline
regions of the semicrystalline polymer film. For this electron scattering, the Bragg condition
in equation 7.5 is valid.

nλ = 2dhkl sin(θ) (7.5)

With n as an integer, λ as the wavelength of the incident beam, dhkl the distance between
lattice planes and the diffraction angle θ. The wavelength λ can be calculated according to
the de Broglie relation λ = h · p−1, where the momentum p is dependent on the acceleration
voltage of the electrons. Calibration of the reticular distances in the ED patterns was
made with an oriented PTFE film.

7.1.8.2. Grazing-Incidence Wide Angle X-ray Scattering (GIWAXS)

Grazing-incidence wide angle X-ray scattering was performed in the framework of the
GISAS Summer School in cooperation with Philipp Gutbrod, who attended the school.
Sample preparation was performed by me and evaluation of the data was done together
with Philipp Gutbrod. This technique is a powerful method to investigate the morphology
of thin films. Due to the gracing incidence of the beam the scattering volume is enhanced
and therefore the intensity of the scattered X-rays and furthermore access to crystalline
regions in-plane (qxy) and out-of-plane (qz) can be gained. GIWAXS is sensitive to the
crystalline regions and the angular range probed is characteristic for length scales in
molecular dimensions of the polymer chains.
Grazing-incidence wide-angle X-ray scattering was measured at the beamline 7.3.3 of
the Advanced Light Source with a beam energy of 10 keV.[386] As incident angles 0.11◦

and 0.16◦ were used, which is below and above the critical film angle (0.14◦ for RR and
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RI(47:53), 0.12◦ for PDCBT), respectively.[302] The obtained scattering patterns showed
no significant differences between the surface and the bulk of the film. A Pilatus 2M diode
array detector was used for measuring the scattered intensity with a distance of 267mm
to the samples. Calibration was done with silver behenate (AgB) as diffraction standard.
The scattering vector |~q| is defined as shown in eq. 7.6.

|~q| =
(4π
λ

)
sin(θ) (7.6)

The scattering vector can be transferred with Bragg’s law in eq. 7.5 into the distance
between lattice planes dhkl by eq. 7.7.

dhkl =
(

2π
|~q|

)
(7.7)

For evaluation of the data, the software Xi-cam was used.[387] Line-cuts along qxy and qz were
done with Xi-cam and plotted with Origin 9.1. Note that the values along the qz-axis are not
accurate due to the distortion by the curvature of the Ewald sphere.[148,303]

7.2. Device Fabrication Methods

7.2.1. General Film Preparation Techniques

7.2.1.1. Substrates and Cleaning Procedures

Films were investigated on different substrates, depending on the performed measurements.
Cleaning procedures were done for all substrates prior to film deposition and are specified
below. For all plasma cleaning steps, the oxygen plasma chamber Femto manufactured by
Diener electronic was used.
Glass substrates were bought from Glasbearbeitung Henneberg & Co. and were cut into
pieces with dimensions of 16× 10× 0.7mm. They were cleaned by subsequent ultrasonica-
tion in iPrOH and acetone for 10 min each, followed by an oxygen plasma treatment for
10min (100W, flow 5 sccm). Glass substrates were used for absorption measurements and
AFM.
ITO (sheet resistance Rsh 6 20 Ω sq−1) was purchased from PGO Präzisions Glas & Optik
GmbH. Typical dimensions were 21× 8× 0.7mm. Ultrasonication in iPrOH and acetone
was done for 10 min each, followed by an oxygen plasma treatment for 10min (100W,
flow 5 sccm). Cyclic voltammetry and in-situ spectroelectrochemistry was done with films
on these substrates.
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Interdigitated platinum electrodes (22.8× 7.6× 0.7mm) were manufactured by Drop-
Sens and were cleaned with chloroform and a cotton stick, ultrasonication in chloroform,
iPrOH and acetone for 10 min each. The distance between the interdigitated combs was
5µm. In-situ conductance measurements were performed with films prepared on these
electrodes.
TGBC-Transitors were built up on glass substrates (Glasbearbeitung Henneberg & Co.)
with dimensions of 20× 20× 0.7mm. They were cleaned by subsequent ultrasonication in
iPrOH and acetone for 10 min each, followed by an oxygen plasma treatment for 10min
(100W, flow 5 sccm).
Solar Cells were structured on prepatterned ITO glass substrates (20× 20× 0.7mm,
Rsh = 15Ω sq−1, Luminescence Technology Corp.) which were cleaned with the fol-
lowing protocol: acetone (15min ultrasonic bath), Hellmanex III (5% in demin. H2O,
mechanical rubbing, 15min ultrasonic bath), water (3× 10min ultrasonic bath), iso-
propanol (10min ultrasonic bath), drying with Ar and oxygen plasma treatment (10min,
100W).
Conductivity measurements were performed on glass substrates (Glasbearbeitung
Henneberg & Co.) with dimensions of 20× 20× 0.7mm, cleaned by ultrasonication in
iPrOH and acetone for 10 min each, followed by an oxygen plasma treatment for 10min
(100W, flow 5 sccm). Blade coated samples were prepared on glass substrates with
100×20×0.7mm, which were scratched on the backside in distances of 20mm. They were
cleaned with lint-free optic cloths and iPrOH, and subsequent oxygen plasma treatment
for 10min (100W, flow 5 sccm).

7.2.1.2. Film Deposition Methods

Spin coating was performed in a nitrogen filled glovebox for all polymers dissolved in
organic solvents. The spin-coater Delta-6RC manufactured by Süss MicroTec was used.
The spin coating parameters are specified in Table 7.1. The conditions are noted as:
step 1) revolutions per minute (rpm), time (seconds), acceleration (0 = 11000 rpm s-1, 9
= 1100 rpm s-1); step 2) (if applicable). The acceleration depends on the final rotation
velocity, e. g.: final velocity 1000 rpm, acceleration value 5 means an acceleration of
200 rpm s-1. An acceleration value of 0 corresponds to the maximum acceleration. A
WS-400BZ-6NPP/LITE spin coater purchased from Laurell was used for films prepared
under ambient conditions, e. g. for aqueous dispersions of PEDOT:PSS. The acceleration
value is denoted in a system ranging between 0–255, with 0 the slowest and 255 the fastest
acceleration possible.
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Table 7.1.: Spin coating parameters for thin films prepared in this work. The conditions
are noted as final velocity (rpm), time (s) and acceleration (rpm s-1); second step if
applicable.

Polymer solvent c / g l−1 substrate cond. (rpm, s, rpm s-1)

RR CHCl3 3 glass, ITO, TGBC 2000, 300, 1; 6000, 15, 0
RI(70:30) CHCl3 3 glass, ITO, TGBC 2000, 300, 1; 6000, 15, 0
RI(47:53) CHCl3 3 glass, ITO, TGBC 2000, 300, 1; 6000, 15, 0
RI(24:76) CHCl3 3 glass, ITO, TGBC 2000, 300, 1; 6000, 15, 0
RR-4OdD CHCl3 3 glass, ITO, TGBC 2000, 300, 1; 6000, 15, 0
PDCBT CHCl3 3 glass, ITO 2000, 300, 1; 6000, 15, 0
RR CB 3 glass, ITO 1000, 600, 5; 6000, 15, 0
RI(70:30) CB 3 glass, ITO 1000, 600, 5; 6000, 15, 0
RI(47:53) CB 3 glass, ITO 1000, 600, 5; 6000, 15, 0
RI(24:76) CB 3 glass, ITO 1000, 600, 5; 6000, 15, 0
RR CHCl3 3 interdig. Pt 1000, 60, 5; 6000, 15, 0
RI(70:30) CHCl3 3 interdig. Pt 1000, 60, 5; 6000, 15, 0
RI(47:53) CHCl3 3 interdig. Pt 1000, 60, 5; 6000, 15, 0
RI(24:76) CHCl3 3 interdig. Pt 1000, 60, 5; 6000, 15, 0
PMMA nBuOAc 60 TGBC 1200, 90, 3
PEDOT:PSS H2O 13–17 OSC 3000, 60, 255
RR:PDCBT CB:1-CN 10 (80 ◦C) OSC 600, 180, 0
RI(70:30):PDCBT CB:1-CN 10 (80 ◦C) OSC 600, 180, 0
RI(47:53):PDCBT CB:1-CN 10 (80 ◦C) OSC 600, 180, 0
RI(24:76):PDCBT CB:1-CN 10 (80 ◦C) OSC 600, 180, 0
RR CB:1-CN 10 (80 ◦C) glass (GIWAXS) 600, 180, 0
RI(47:53) CB:1-CN 10 (80 ◦C) glass (GIWAXS) 600, 180, 0
PDCBT CB:1-CN 10 (80 ◦C) glass (GIWAXS) 600, 180, 0
RR:PDCBT CB:1-CN 10 (80 ◦C) glass (GIWAXS) 600, 180, 0
RI(47:53):PDCBT CB:1-CN 10 (80 ◦C) glass (GIWAXS) 600, 180, 0
RR:N-DMBI(9) CHCl3 31/3 glass 2000, 120, 1; 6000, 15, 0
RR:N-DMBI(25) CHCl3 31/3 glass 1500, 120, 1; 6000, 15, 0
RR:N-DMBI(50) CHCl3 31/3 glass 1500, 120, 1; 6000, 15, 0
RR:N-DMBI(100) CHCl3 31/3 glass 1300, 120, 1; 6000, 15, 0
RI(70:30):N-DMBI(9) CHCl3 31/3 glass 2000, 120, 1; 6000, 15, 0
RI(70:30):N-DMBI(25) CHCl3 31/3 glass 2000, 120, 1; 6000, 15, 0
RI(70:30):N-DMBI(50) CHCl3 31/3 glass 2000, 120, 1; 6000, 15, 0
RI(70:30):N-DMBI(100) CHCl3 31/3 glass 2000, 120, 1; 6000, 15, 0
RI(47:53):N-DMBI(50) CHCl3 31/3 glass 1300, 120, 1; 6000, 15, 0
RI(24:76):N-DMBI(50) CHCl3 31/3 glass 1300, 120, 1; 6000, 15, 0
RR-4OdD:N-DMBI(25) CHCl3 31/3 glass 1500, 120, 1; 6000, 15, 0
RR-4OdD:N-DMBI(50) CHCl3 31/3 glass 1200, 120, 1; 6000, 15, 0

Blade coating was performed with a Coatmaster 510 manufactured by Erichsen to
prepare aligned polymer films. The substrate was fixed with vacuum on the preheated
sample stage (80 ◦C). A microscope slide (Thermo Scientific Menzel Gläser, 76× 26× 1mm)
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was used as blade, which was tilted by 8◦ with respect to the substrate. The gap between
substrate and blade was adjusted with micrometer screws approximately 100µm above
the substrate. Polymer solutions (c = 20 g l−1 in CB) were heated to 80 ◦C prior to film
deposition and were casted with a velocity of 1mms−1.

7.2.1.3. Post-Deposition Annealing Methods

Thermal annealing of polymer films was done with a THM S 600 Hot-Stage produced
by Linkam controlled by the software LinkSys. The samples were heated to the indicated
temperature with a rate of 10Kmin−1, held for 5min and afterwards cooled down with a
rate of 0.5Kmin−1. During the full process, the annealing chamber was flushed with a
dry nitrogen stream.
Solvent vapor annealing was performed with a custom built setup. A dry nitrogen
stream is mixed with a solvent vapor saturated nitrogen stream in a defined ratio, which
is given by the gas flow of each stream. This is controlled by 1179BX51CM1BV mass-flo
controllers by MKS Instruments combined with a PR400B control device. Both gas flows
are surrounded by a water bath at 22 ◦C, tempered by a Isotemp 3006S refrigerating
circulator chiller by Fisher Scientific. The combined stream reaches the sample chamber
where the polymer film on a glass substrate is placed on a Peltier element at 20 ◦C
(5305 TECSource temperature controller by Arroyo Instruments). Thereby, the solvent
condenses on the polymer film which leads to a controlled swelling of the film. After
solvent vapor annealing according to a certain protocol, the samples were dried in a pure
nitrogen stream. The annealing process can be followed with the (polarized) optical
microscope.

7.2.2. Organic Field-Effect Transistors (OFET)

For top-gate/bottom-contact field-effect transistors Au source and drain contacts (L as
indicated, W = 1mm) with a Cr adhesion layer (3 nm Cr, 30 nm Au) were thermally
evaporated with a UNIVEX 350 G evaporation chamber by Oerlikon Leybold Vacuum
GmbH. The polymers were applied by spin-coating from chloroform (c = 3 g l−1) and then
dried in vacuo for 30min. PMMA (electronic grade, Mn = 300 kgmol−1, PDI = 1.05,
P8509P-MMA, Polymer Source, c = 60 g l−1) was dissolved overnight at 80 ◦C in nbutyl
acetate and then applied via spin-coating as dielectric layer. The dielectric layer was dried
for 30min at 80 ◦C yielding thicknesses of 650± 70 nm. Subsequently, the dielectric layer
was removed from the edges of the source and drain contact to facilitate an electrical
connection. The gate electrode was fabricated by thermal evaporation of Al (30 nm) on top
of the channel between source and drain contacts. Output and transfer characteristics were
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Figure 7.3.: Schematic illustration of a top-gate bottom-contact organic field-effect tran-
sistor. a) Side view on layer structure and electrical connection. b) Manufacturing
of the field-effect transistor. A glass substrate is patterned with source and drain
electrodes (30 nm Au, 3 nm Cr adhesion layer) with different channel lengths. The
polymer is coated on top of the electrodes, followed by the PMMA gate dielectric layer.
At the edge of the source and drain electrodes, the PMMA is removed carefully to
ensure the electrical contact. Finally, the gate electrode (30 nm Al) is evaporated on
top of source and drain electrodes.

measured with a Keithley 2636 SourceMeter source measure unit in an EP6 Probestation
from Süss MicroTec. The charge carrier mobility µFET,sat was calculated from the transfer
characteristics in the saturation regime and was averaged between gate voltages of Vg =
50–60V according to the relation:[56]

µsat = 2L
CdielW

(
∂
√
Isd

∂Vg

)2

(7.8)

Field-effect transistors of annealed polymer films were prepared accordingly. After deposi-
tion of the films, they were annealed in an inert atmosphere using a THM S 600 hot-stage
by Linkam controlled by a T95-PE temperature controller. The heat rate was 10Kmin−1

up to the indicated temperature (220 ◦C and 300 ◦C), annealed for 5min, and slowly cooled
to room temperature with a rate of 0.5Kmin−1.

7.2.3. Organic Solar Cells (OSC)

Solar cells were built on top of a layer of PEDOT:PSS (Clevios P VP Al 4083, filtered
through a syringe filter, PA, 0.2µm) applied by spin-coating at 3000 rpm yielding a layer
thickness of 55± 10 nm. The blend (1:1, w:w) was made by dissolving the donor (PDCBT)
and acceptor (RR, RI(70:30), RI(47:53), or RI(24:76)) polymers in a mixture of
chlorobenzene:1-chloronaphthalene (CB:1-CN, 96:4, v:v) at a total concentration of 10 g l−1

and stirring at 80 ◦C overnight. Before preparation of the blend layer, the substrates were
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Figure 7.4.: Schematic illustration of a all-polymer bulk-heterojunction solar cell. a)
Side view on layer structure. b) Preparation of BHJ solar cell. Prepatterned ITO on
glass is covered with PEDOT:PSS followed by the polymer blend. To guarantee the
contact to the ITO, the blend is removed at the edge of the ITO electrode. Lithium
fluoride is evaporated thermally, then the Al top electrode is prepared as top layer. The
pixel is defined by the overlap of ITO and Al (2× 9mm2, 2× 16mm2).

preheated at 80 ◦C, and the hot solution was spin-coated at 600 rpm. The blend was
removed with CHCl3 and a cotton stick at the edge of the ITO contact to ensure a good
electrical contact. Afterward, a layer of lithium fluoride (0.5 nm) and the aluminum top
electrode (90–100 nm) were thermally evaporated on top of the blend. On a substrate 2
pixels were fabricated with an area of 9mm2 and 2 pixels with an area of 16mm2. The cells
were tested under AM 1.5G solar illumination at an intensity of 100mW/cm2 using a solar
simulator Atlas SolarCelltest 575 with a 575W metal halide lamp. Current and voltage
were measured by a Keithley 2636 SourceMeter. The light intensity of the solar simulator
was calibrated using a KG-5 filter and a silicon reference cell.
The external quantum efficiency (EQE) was measured in cooperation with M. Berner at
the Institute for Photovoltaics, University of Stuttgart with a SpeQuest device of ReRa
Solutions BV. The setup uses an eLockIn 204/2 lock-in amplifier (Anfatec) and an Omni 300
monochromator from Lot-Oriel. A chopper wheel modulates the radiation from the halogen
light source in front of the inlet of the monochromator with a frequency of 173Hz. The
system was calibrated before each measurement with a reference cell.

7.2.4. Doping and Conductivity Measurements

7.2.4.1. Solution Doping with N-DMBI

Spin coating: Preparation of blends for spin coating was done with polymers (RR,
RI(70:30), RI(47:53), RI(24:76), RR-4OdD) dissolved in CHCl3 with a concentration
c = 3 1/3 g l−1 at 40 ◦C over night. N-DMBI was dissolved in CHCl3 c = 3 g l−1 (for RR-
4OdD c = 2 g l−1 was used) and an aliquot was added to the polymer solution to get
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the required ratio of polymer and dopant (9mol%, 25mol%, 50mol% and 100mol%,
respectively). Films were spin coated with the conditions as described in Table 7.1. The
spin-coated films were heated to 55 ◦C for 3 h on a hot plate.
Blade coating: For solution doping of RR (Mn = 37 kgmol−1, PDI = 3.2, CHCl3
SEC calibrated vs. PS standards) the polymer was dissolved overnight in CB at 80 ◦C,
c = 20 g l−1. An aliquot of the dissolved dopant (c = 3 g l−1 in CHCl3) was transferred
into a vial, evaporated to dryness and filled up with polymer solution (c = 20 g l−1 in
CB) to get the desired molar ratio of polymer and N-DMBI (25mol%, 50mol% and
100mol%, respectively). The solution was maintained at room temperature to avoid
reaction of polymer and dopant and the blend was blade coated on a blade-coater (Erichsen
Coatmaster 510) at 80 ◦C, a blade height of 100µm and a speed of 1mms−1 on precleaned
glass substrates (as described above). The blade coated films were transferred immediately
into an inert atmosphere in the glove box and heated to 55 ◦C for 3 h.

7.2.4.2. Vapor Doping with TDAE

N

NN

N

TDAE

Spin coating: Polymer films of RR,RI(70:30), RI(47:53)
and RI(24:76) for vapor doping were prepared in accordance
to the films for other characterization methods on glass sub-
strates from solutions in CHCl3 (c = 3 g l−1) as described
above and specified in Table 7.1.
Blade coating: Vapor doping of RR (Mn = 18 kgmol−1,

PDI = 1.7, 1,2,4-trichlorobenzene HT-SEC (160 ◦C) calibrated vs. PS standards) was
done by blade coating the pure polymer from c = 20 g l−1 CB at 80 ◦C, a blade height of
100 µm and 1mms−1 on cleaned glass substrates at 80 ◦C.
Both spin- and blade-coated films were transferred into a glove box, TDAE (100µl) was
put in a closed dish (weighing bottle with a ground lid, V = 80 ml, d = 8 cm) and the
substrates were fixed on top of the dish with double side tape to expose the films to the
TDAE vapor for the time indicated. To increase the vapor pressure, the dish was put on a
hot plate at 35 ◦C.

7.2.4.3. Conductivity Measurements

Four equally distanced Au contacts (30 nm Au, lchannel = 450 µm, wchannel = 10 mm) were
patterned on top of the doped films with a UNIVEX 350 G evaporation chamber by
Oerlikon Leybold Vacuum at pressures below 1× 10−6mbar. Two sets of lines are parallel
and perpendicular to each other, giving in total 4× 4 lines per substrate. Four-line
electrical measurements were done inside a nitrogen filled glove box using an EP 6 Probe
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Figure 7.5.: Schematic illustration of four-line probe conductivity measurements. a) Side
view on layer structure and electrical connection. b) Manufacturing of the electrodes.
After deposition of the film and doping (solution or vapor) on a glass substrate, 4 ×
four equally distanced Au contacts are evaporated on top of the doped film.

Station from Süss MicroTec and a Keithley 2636 SourceMeter. The contact resistances
are eliminated by applying a current at the outer lines and measurement of the voltage
at the inner lines. Film thicknesses dfilm were determined by scratching the film from
the substrate with a cannula and measuring the height difference at the edge between
film and substrate by atomic force microscopy. The conductivity σ4LP is calculated as
follows:[388]

σ4LP = lchannel

R · wchannel · dfilm
(7.9)

In blade coated samples, anisotropic charge transport was investigated by measuring the
conductivity parallel σ‖ and perpendicular σ⊥ to the polymer chains, which is along the
blade coating direction.
Reference measurements to verify the conductivity values with the newly established four
line conductivity measurements were performed with PEDOT:PSS films and a commercially
available four point probe SP4-40-045-TBS with a tip spacing of 1.016mm purchased
from Signatone. The sheet resistivity is transferred into the bulk conductivity σ4PP with
the film thickness dfilm measured by AFM. The correction factor 4.532 is based on the
ratio of tip spacing and sample size given in ref. [389].

σ4PP = 1
R · 4.532 · dfilm

(7.10)
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7.3. Syntheses and Chemicals

All chemicals for syntheses were purchased from Sigma-Aldrich, VWR, J.T. Baker, or
Lyntech Technology and used as received. Toluene and THF were dried in a MB SPS-800
solvent purification system from MBraun. Poly[5,5’-bis(2-butyloctyl)-(2,2’-bithiophene)-
4,4’-dicarboxylate-alt-5,5’-2,2’-bithiophene] (PDCBT) was purchased from 1-Material
(Mn = 49.3 kgmol−1, PDI = 2.1, measured by HT-SEC). PC60BM was purchased from
Solenne b.v. in a purity of 99%. TDAE (95+%) was purchased from Ark Pharm,
Inc.

7.3.1. P(NDI4OdD-T2)

The monomer precursor synthesis was performed following literature procedures, which
were modified accordingly. The branched alkyl amine was synthesized and coupled to
the naphthalene dianhydride by Dr. Roman Tkachov. The monomer synthesis and
corresponding analytics were finished by me. Polymerization under different conditions
and with different catalysts were conducted by Carsten Dingler during his Master’s Thesis
under my supervision.
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1-iodo-4-octadecyldocosane (2)

HO
C18H37

C18H37

I
C18H37

C18H37

I2, PPh3, 

Imidazole

DCM, RT, 
2 h1 2

4-octadecyl-1-docosanol 1 (10.000 g, 17.27mmol, 1.00 eq.), PPh3 (5.400 g, 20.59mmol,
1,19 eq.) and imidazole (1.40 g, 20.56mmol, 1.19 eq.) were dissolved in DCM (100ml)
and cooled to 0 ◦C. Iodine (5.030 g, 19.82mmol, 1.09 eq.) was added, the solution was
stirred for 15min and allowed to heat up to room temperature within 2 h. Sat. NaHCO3

(5ml) was added, the solvents removed under reduced pressure and the residue taken up
in pentane (200ml). The organic phase was washed with demineralized H2O (3× 100ml)
and brine (70ml) and was passed through a short silica gel column before drying over
MgSO4. The solvent was removed under reduced pressure to yield a slightly yellow oil 2
(10.300 g, 14.95mmol, 87%).
1H–NMR (250MHz, CDCl3): δ = 3.17 (t, J =7.0Hz, 2H), 1.89–1.69 (m, 2H), 1.39–1.13
(m, 71H), 0.88 (t, J =6.5Hz, 6H) ppm.

2

Figure 7.6.: 1H-NMR spectrum of 2 in CDCl3.
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N -(4-octadecyldocosyl)-phthalimide (3)

C18H37
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N
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1-Iodo-4-octadecyldocosane 2 (10.300 g, 14.95mmol, 1.00 eq.) and potassium phthalimide
(3.038 g, 16.40mmol, 1.10 eq.) were taken up in DMF (100ml) and stirred at 80 ◦C for
72 h. The reaction mixture was diluted with pentane (200ml), washed with demin. H2O
(4× 100ml) and passed through a short silica gel column. The solvent was removed under
reduced pressure to receive a colorless oil 3 which was used in the next step without further
purification.
1H–NMR (250MHz, CDCl3): δ = 7.84 (dd, J =5.5, 3.0Hz, 2H), 7.70 (dd, J =5.5, 3.1Hz,
2H), 3.65 (t, J =7.4Hz, 2H), 1.73–1.57 (m, 2H), 1.40–1.12 (m, 71H), 0.88 (t, J =6.5Hz,
6H) ppm.

3

Figure 7.7.: 1H-NMR spectrum of 3 in CDCl3.
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4-octadecyldocosylamine (4)
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N -(4-octadecyldocosyl)-phthalimide 3 (6.130 g, 8.66mmol, 1.00 eq.) was taken up in EtOH
(150ml), hydrazine hydrate (4.0ml) was added and the mixture was refluxed for 3 h. The
resulting precipitate was collected by filtration and dissolved in demin. H2O (100ml) and
the solution was made alkaline by addition of aq. NaOH (6M). The mixture was dissolved
in pentane, washed with demin. H2O (4× 100ml) and brine (70ml). The solvent was
removed under reduced pressure, yielding 4 as colorless oil (6.200 g, 10.72mmol, 72% with
reference to 2).
1H–NMR (250MHz, CDCl3): δ = 2.66 (t, J =6.9Hz, 2H), 1.47–1.35 (m, 2H), 1.33–1.13
(m, 71H), 0.88 (t, J =6.5Hz, 6H) ppm.

4

Figure 7.8.: 1H-NMR spectrum of 4 in CDCl3.
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2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA-Br2, 6)

O

OO O

O O O

OO O

O O
N NH

NO O

O

Br

Br

oleum, 85 °C,
60.5 h

Brx

5 6

A mixture of 1,4,5,8-naphthalenetetracarboxylic dianhydride 5 (11.200 g, 41.76mmol,
1.00 eq.) and oleum (20% SO3, 350ml) were stirred at 55 ◦C for 2 h. Subsequently, a
solution of dibromoisocyanuric acid (12.213 g, 42.57mmol, 1.02 eq.) in oleum (20% SO3,
150ml) was added over a period of 35min. The reaction mixture was heated to 85 ◦C
and stirred for 60.5 h. After cooling to room temperature, the mixture was poured onto
crushed ice (~3 l) carefully, the precipitate was collected by filtration and washed with
demin. H2O (200ml). Drying in vacuo at 50 ◦C gave a dark green solid containing
NDA (22%), NDA-Br (20%), 2,6-NDA-Br2 6 (35%), 2,7-NDA-Br2 (7%) und NDA-Br3
(16%), which was determined from the 1H-NMR spectrum and was used without further
purification.
1H–NMR (250MHz, 0.1M NaOD in D2O): δ = 7.82 (s, 1H), 7.69 (s, 2H), 7.66 (s,
1H), 7.65 (d, J = 7.4Hz 1H), 7.64 (s, 4H), 7.49 (d, J = 7.2Hz, 1H), 7.46 (s, 2H)
ppm.
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N,N’-bis(4-octadecyldocosyl)-2,6-dibromonaphthalene-1,4,5,8-bis(dicarbox-
imide) (NDI4OdD-Br2, 7)

H2N
C18H37

C18H37

O

OO O

O O

Br

Br

Br

Br

O N

N O

O

O

o-xylene, propionic acid,
140 °C, 3 h

C18H37

C18H37

C18H37

H37C18

6

7

4

NDA-Br2 6 (1.523 g, 3.58mmol, 1.00 eq.) and 4-octadecyldocosylamine 4 (6.20 g,
10.72mmol, 2.99 eq.) were suspended in a mixture of o-xylene (50ml) and propionic
acid (25ml) and refluxed at 140 ◦C for 3 h. After cooling to room temperature, the solvents
were removed under reduced pressure and the residue was purified by silica gel column
chromatography (n-hexane:DCM, 2:1 and n-hexane:DCM, 3:2) to yield NDI4OdD-Br2 7
as red solid (1.111 g, 718.6µmol, 20%).
1H–NMR (250MHz, CDCl3): δ = 9.00 (s, 2H), 4.25–4.08 (m, 4H), 1.82–1.62 (m, 4H),
1.25 (s, 142H), 0.88 (t, J =6.6Hz, 12H) ppm.

7

Figure 7.9.: 1H-NMR spectrum of 7 in CDCl3.
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7.3. Syntheses and Chemicals

2,6-bis(2-thienyl)-N,N’-bis(4-octadecyldocosyl)-naphthalene-1,4,5,8-bis(di-
carboximide) (NDI4OdD-T2, 8)

Br

Br

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

S

S
S SnBu3

THF, 95 °C,
18 h

Pd(PPh3)2Cl2

7 8

NDI4OdD-Br2 7 (1.111 g, 718.6µmol, 1.00 eq.), 2-(tributylstannyl)thiophene (804.4mg,
2.156mmol, 3.00 eq.) and Pd(PPh3)2Cl2 (10.1mg, 14.4µmol, 0.02 eq.) were dissolved
under an Ar-atmosphere in dry THF (120ml). The mixture was refluxed over night, cooled
to room temperature and the solvent was removed under reduced pressure. Purification
by silica gel column chromatography (n-hexane:DCM, 3:2) gave the title compound 8 as
orange solid (680mg, 438.0 µmol, 61%).
1H–NMR (250MHz, CDCl3): δ = 8.76 (s, 2H), 7.57 (dd, J =5.1, 1.2Hz, 2H), 7.30 (dd,
J =3.6, 1.2Hz, 2H), 7.21 (dd, J =5.0, 3.6Hz, 2H), 4.15–4.02 (m, 4H), 1.72–1.59 (m, 5H),
1.39–1.11 (m, 142H), 0.87 (t, J =6.6Hz, 12H) ppm.

8

Figure 7.10.: 1H-NMR spectrum of NDI4OdD-T2 8 in CDCl3.
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2,6-bis(5-bromothiophen-2-yl)-N,N’-bis(4-octadecyldocosyl)-naphthalene-
1,4,5,8-bis(dicarboximide) (NDI4OdD-T2-Br2, 9)

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

S

S

O N

N O

O

O

C18H37

C18H37

C18H37

H37C18

S

S
Br

Br

N

O

O

Br

CHCl3, AcOH, 60 °C,

6 h

8 9

NDI4OdD-T2 8 (503.2mg, 324.1µmol, 1.00 eq.) was dissolved in a mixture of CHCl3 (30ml)
and AcOH (10ml) and N -bromosuccinimide (174.4mg, 979.89µmol, 3.02 eq.) was added
in one portion. The reaction mixture was heated to 60 ◦C for 6 h, and complete conversion
was proven by NMR-spectroscopy. After cooling to room temperature, the mixture was
diluted with CHCl3 (50ml), washed with sat. NaHCO3 (2× 100ml), demineralized H2O
(2× 100ml) and dried over MgSO4. The solvent was removed under reduced pressure
and the raw product purified by silica gel column chromatography (PE:EE, 20:1) to yield
NDI4OdD-T2-Br2 9 as deep violet solid (504mg, 294.7µmol, 76%).
1H–NMR (250MHz, CDCl3): δ = 8.72 (s, 2H), 7.15 (d, J =3.9Hz, 2H), 7.08 (d,
J =3.9Hz, 2H), 4.16–4.02 (m, 4H), 1.75–1.61 (m, 4H), 1.39–1.12 (m, 142H), 0.87 (t,
J =6.6Hz, 12H) ppm.
13C–NMR (63MHz, CDCl3): δ = 162.1, 142.2, 139.3, 136.6, 130.3, 128.9, 127.7,
125.8, 123.4, 115.6, 41.7, 37.4, 33.7, 32.1, 31.1, 30.3, 29.9, 29.8, 29.5, 26.8, 25.5, 22.9,
14. ppm.
Elemental analysis (wt%) calcd.: C, 71.63; H, 9.90; N, 1.64. Found: C, 71.77; H: 9.87;
N, 1.70.
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Figure 7.11.: 1H- and 13C-NMR spectra of NDI4OdD-T2-Br2 9 in CDCl3.

poly{[N,N’-bis(4-octadecyldocosyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} P(NDI4OdD-T2)

Activated zinc Zn* (c ≈ 0.4 m) was prepared by the reduction of ZnCl2 with sodium
naphthalenide in a nitrogen filled glove box. Naphthalene (3.204 g, 25.0mmol, 2.50 eq.)
was dissolved in dry THF (25ml), added to small pieces of elemental sodium (0.458 g,
19.9mmol, 1.99 eq.) and stirred until no sodium was left (1.5 h). Then, the solution
was vigorously stirred and ZnCl2 (1.364 g, 10.0mmol, 1.00 eq.) was added over a period
of 15min. A fine black precipitate was formed, dry THF (15ml) was added and the
suspension was allowed to stand for 48 h. The supernatant solution was removed and an
equal amount of dry THF was added (~15ml). After stirring for 5min, the suspension was
allowed to stand for further 40 h, the supernatant solution was removed (~15ml) and the
active Zn* used for in-situ generation of the polymerizable monomer.

Preparation of RR-4OdD: The monomer NDI4OdD-T2-Br2 9 (80mg, 46.8µmol, 10 g l−1,
1.00 eq.) was dissolved in dry THF in a nitrogen filled glove box and treated with an excess
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of activated Zn* (c ≈ 0.4 m, 1ml). After homogenization, the solution was allowed to stand
for 1 h to give the dark green radical-anion complex. To remove excess Zn* the mixture
was filtrated (PTFE membrane, 0.2µm, PP filter housing) and a solution of Ni(dppe)Cl2
(0.49ml, 1 g l−1, 0.93 µmol, 0.02 eq.) in dry THF was added under vigorous stirring at
room temperature. The reaction mixture was stirred for 46 h, quenched by precipitation in
MeOH (150ml) and collected by filtration. Soxhlet extraction was performed with acetone
(washing fraction, neglected) and n-hexane (polymer fraction under investigation) yielded
RR-4OdD (80mg, 84%).
1H–NMR (250MHz, C2D2Cl4, 80 ◦C): δ = 8.89–8.69 (2H), 7.59–7.09 (4H), 4.32–3.98
(4H), 1.84–1.65 (4H), 1.57–1.19 (142H), 0.91–0.81 (12H) ppm.
13C–NMR (63MHz, C2D2Cl4, 80 ◦C): δ = 162.0, 140.4, 139.9, 139.2, 136.2, 130.3, 127.7,
125.7, 124.7, 123.1, 41.7, 37.5, 33.9, 31.8, 31.5, 30.1, 29.6, 29.6, 29.2, 26.8, 25.6, 22.6,
13.9 ppm.
SEC (CHCl3, RT):Mn = 14 kgmol−1,Mw = 32 kgmol−1, PDI = 2.2.
SEC (TCB, 150 ◦C): Mn = 20 kgmol−1,Mw = 32 kgmol−1, PDI = 1.6.

Preparation of RR-4OdD-Pd: The monomer NDI4OdD-T2-Br2 9 (79mg, 46.2µmol,
10 g l−1, 1.00 eq.) was treated with Zn* as described above. Polymerization was started
by adding a solution of Pd/PtBu3 (1:1) in THF (1.15ml, 0.94µmol, 0.83mm, 0.02 eq.),
prepared by mixing a solution of Pd(CH3CN)2Cl2 in dry THF (1mm) and a solution of
PtBu3 in dry THF (5mm) in a volume ratio of 5:1.
The polymerization was performed for 2 h, quenched by adding an excess of hydrogen
chloride in methanol (0.1ml, 1.25m) and collected by filtration. After Soxhlet extraction
with acetone (washing fraction, neglected) and n-hexane (washing fraction, neglected), the
residue was collected by dissolving in chloroform. The solvent was evaporated under reduced
pressure and the polymer was mechanically removed from the flask under methanol (50ml).
After centrifugation (3000 rpm, 20min), decantation, and drying in vacuo, RR-4OdD-Pd
was obtained (52mg, 72%).
1H–NMR (250MHz, C2D2Cl4, 80 ◦C): δ = 8.86–8.72 (2H), 7.58–7.15 (4H), 4.34–3.95
(4H), 1.83–1.63 (4H), 1.49–1.16 (142H), 0.92–0.80 (12H) ppm.
13C–NMR (63MHz, C2D2Cl4, 80 ◦C): δ = 162.0, 140.4, 139.9, 139.2, 136.3, 130.3, 127.7,
125.7, 124.7, 123.1, 41.7, 37.5, 33.9, 31.8, 31.5, 30.1, 29.6, 29.6, 29.2, 26.8, 25.6, 22.6,
13.9 ppm.
SEC (CHCl3, RT):Mn = 25 kgmol−1,Mw = 66 kgmol−1, PDI = 2.6.
SEC (TCB, 150 ◦C): Mn = 22 kgmol−1,Mw = 48 kgmol−1, PDI = 2.2.
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7.3. Syntheses and Chemicals

7.3.2. P(NDI2OD-co-3T)

2,2’:3’,2”-terthiophene (3T, 10)

S

S

S
S

Br

Br

S Br

Mg

S MgBr

Ni(dppp)Cl2

2
Et2O, 40 °C, 3 h

2
Et2O, 40 °C, 14 h

10

Magnesium turnings (1.233 g, 50.73mmol, 2.50 eq.) were suspended in dry Et2O (15ml)
and 2-bromothiophene (~1ml) was added until the suspension was boiling gently. 2-
bromothiophene (total: 6.790 g, 41.65mmol, 2.05 eq.) and Et2O (35ml) were alternatedly
added dropwise and after complete addition, the mixture was heated to 40 ◦C for 3 h.
The Grignard reagent was cooled to room temperature and added to a mixture of 2,3-
dibromothiophene (4.909 g, 20.29mmol, 1.00 eq.) and Ni(dppe)Cl2 (0.551 g, 1.02mmol,
0.05 eq.) in Et2O (60ml) within 30min. After addition, the reaction mixture was heated
to 40 ◦C for 14 h, cooled to room temperature and quenched with aqueous HCl (1m,
10ml). The aqueous phase was extracted with dichloromethane (4× 60ml), washed
with demin. H2O (2× 50ml) and dried over MgSO4. The solvent was removed under
reduced pressure and the crude product was purified by Kugelrohr distillation (190–235 ◦C,
1.1× 10−1mbar) and recrystallization from boiling MeOH (50ml). 3T 10 was received as
white, platelet-shaped crystals (4.020 g, 17.15mmol, 85%).
1H–NMR (250MHz, CDCl3): δ = 7.34–7.24 (m, 3H), 7.17 (d, J =5.3Hz, 1H), 7.12 (dd,
J =3.6, 1.2Hz, 1H), 7.07–6.97 (m, 3H) ppm.
13C–NMR (63MHz, CDCl3): δ = 137.6, 135.0, 132.3, 131.6, 130.0, 128.1, 127.3, 127.2,
126.9, 126.6, 125.6, 124.7 ppm.
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Figure 7.12.: 1H- and 13C-NMR spectra of 3T 10 in CDCl3.

5,5’,5”-tribromo-2,2’:3’,2”-terthiophene (3TBr3, 11)

S
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DMF, RT, 11,5 h

S
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Br

BrN

O

O

Br

10 11

3T 10 (0.752 g, 3.03mmol, 1.00 eq.) was dissolved in DMF (56ml) and NBS (1.988 g,
11.17mmol, 3.69 eq.) dissolved in DMF (56ml) was added slowly under exclusion of light
over a period of 3 h. The reaction mixture was stirred for 11.5 h and afterwards diluted with
chloroform (100ml). The organic phase was washed with aqueous NaHCO3 (2× 100ml),
demin. H2O (3× 100ml) and was then dried over MgSO4. The solvent was removed under
reduced pressure and 3TBr3 11 received after recrystallization from a MeOH:CHCl3 mixture
(10:1, v:v, 137.5ml) as yellow needles (1.114 g, 2.30mmol, 76%.
1H–NMR (250MHz, CDCl3): δ = 7.07 (s, 1H), 6.99 (d, J =3.8Hz, 1H), 6.96 (d,
J =3.8Hz, 1H), 6.86 (d, J =3.8Hz, 1H), 6.79 (d, J =3.8Hz, 1H) ppm.
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13C–NMR (63MHz, CDCl3): δ = 137.1, 134.6, 132.2, 131.8, 131.6, 130.2, 130.0, 128.9,
127.3, 114.3, 113.0, 112.4 ppm.
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Figure 7.13.: 1H- and 13C-NMR spectra of 3TBr3 11 in CDCl3.

2,6-dibromo-N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarbox-
imide) (NDI2OD-Br2, 12)

Br
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O O

O

O
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C8H17

o-xylene, propionic acid,
140 °C, 1.5 h

6

12

NDA-Br2 6 (4.000 g, 9.39mmol, 1.00 eq.) was suspended in a mixture of o-xylene (31ml)
and propionic acid (10ml). 2-octyldodecylamine (6.999 g, 23.52mmol, 2.50 eq.) was added
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and the reaction mixture heated to 140 ◦C for 1.5 h. The solvents were removed in vacuo at
60 ◦C and the crude product purified by silica gel column chromatography (CH:DCM, 2:1) to
yield NDI2OD-Br2 12 as dark red solid (0.896 g, 0.91mmol, 10%).
1H–NMR (250MHz, CDCl3): δ = 9.00 (s, 2H), 4.14 (d, J =7.3Hz, 4H), 2.08–1.86 (m,
2H), 1.50–1.10 (m, 64H), 0.94–0.80 (m, 12H) ppm.
13C–NMR (63MHz, CDCl3): δ = 161.3, 161.2, 139.3, 128.5, 127.9, 125.4, 124.2, 45.6, 36.6,
32.1, 32.0, 31.7, 30.3, 29.8, 29.7, 29.7, 29.5, 29.4, 26.5, 22.8, 22.8, 14.3 ppm.
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Figure 7.14.: 1H- and 13C-NMR spectra of NDI2OD-Br2, 12 in CDCl3.
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2,6-bis(tributylstannyl)-N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(di-
carboximide) (NDI2OD-(SnBu3)2, 13)

Br

Br

O N

C10H21

C8H17

N O

C8H17

H21C10

O

O

SnBu3

Bu3Sn

O N

C10H21

C8H17

N O

C8H17

H21C10
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O

toluene, 95 °C, 15 h

Pd2(dba)3, P(o-tolyl)3

Sn2Bu6,

12 13

NDI2OD-Br2 12 (299.0mg, 303.5 µmol, 1.00 eq.) and P(o-tolyl)3 (39.6mg, 130.1µmol,
0.43 eq.) were added in a dry flask and the atmosphere was replaced by argon. Dry toluene
(10ml) and bis(tributyltin) (783.0mg, 1349.7µmol, 4.45 eq.) were added and the solution
was degassed by bubbling with Ar. Pd2(dba)3 (29.6mg, 32.3µmol, 0.11 eq.) was added
and the reaction mixture heated to 95 ◦C for 15 h. The reaction mixture was filtered by
passing through a silica gel plug and eluting with CH:DCM 1:2. The solvents were removed
under reduced pressure and the target compound NDI2OD-(SnBu3)2 13 was received after
silica gel column chromatography (CH:DCM, 10:1) as yellow oil (270.0mg, 192.1µmol,
63%).
1H–NMR (250MHz, CDCl3): δ = 9.04–8.85 (m, 2H), 4.13 (d, J =7.2Hz, 4H), 1.97 (s, 2H),
1.62–1.46 (m, 12H), 1.41–1.09 (m, 88H), 0.93–0.78 (m, 30H) ppm.
13C–NMR (63MHz, CDCl3): δ = 165.7, 164.3, 155.0, 138.3, 131.9, 127.1, 123.2, 45.3,
36.8, 32.1, 32.0, 30.2, 29.8, 29.8, 29.5, 29.5, 29.4, 27.6, 27.1, 26.8, 22.8, 22.8, 14.3, 13.9,
11.7 ppm.
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Figure 7.15.: 1H- and 13C-NMR spectra of NDI2OD-(SnBu3)2, 13 in CDCl3.

poly{[N,N’-bis(4-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-co-(2,2’:3’,2”-terthiophene)} P(NDI2OD-co-3T)
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13
11

P(NDI2OD-co-3T)

NDI2OD-(SnBu3)2 13 (188.3mg, 134.0µmol, 1.50 eq.), 3TBr3 11 (43.4mg, 89.5 µmol,
1.00 eq.), P(o-tolyl)3 (26.7mg, 87.7µmol, 0.98 eq.) and copper(I) iodide (4.2mg 22.1 µmol,
0.25 eq.) were transferred in a pressure tube and the atmosphere was replaced by argon.
Pd2(dba)3 (28.3mg, 30.9µmol, 0.35 eq.) was dissolved in dry and degassed toluene (3ml)
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and then transferred in the pressure tube. The reaction was heated to 110 ◦C and stirred
for 21 d. The reaction mixture was passed over a silica gel plug with cyclohexane followed
by dichloromethane. The solvent was removed under reduced pressure and P(NDI2OD-
co-3T) received after preparative size exclusion chromatography (CHCl3) as red-brownish
solid (36mg, 27%).
1H–NMR (250MHz, CDCl3): δ = 9.06–8.44 (m, 2H), 7.59–6.99 (m, 8H) 4.35–3.86 (m,
4H), 2.16–1.79 (m, 2H), 1.38–1.13 (m, 64H), 1.01–0.77 (m, 12H) ppm.
SEC (THF, RT):Mn = 5.3 kgmol−1,Mw = 8.4 kgmol−1, PDI = 1.6.

7.3.3. Dopants

4-(2,3-Dihydro-1,3-dimethyl-1H -benzimidazol-2-yl)-N,N -dimethyl-
benzenamine (N-DMBI, 14)

N

N
N

NH

NH
N

O

H
+

AcOH (cat.)

MeOH, ultrasound,
2h

14

4-(dimethylamino)benzaldehyde (0.150 g, 1.00mmol, 1 eq.) and N,N-dimethyl-o-phenylene-
diamine (0.138 g, 1.01mmol, 1.01 eq.) were dissolved in MeOH (2ml) in a Schlenk tube.
Glacial acetic acid (50µl, cat.) was added and the solution was sonicated for 2 h. After
freezing with liquid nitrogen and heating again to room temperature, a white precipitate
was observed, which was then separated. Recrystallization from MeOH:H2O (1:1, v:v, 22ml)
yielded 14 as white, needellike crystalls (0.014 g, 52.4µmol, 5%).
1H–NMR (250MHz, CDCl3): δ = 7.4–7.38 (m, 2H), 6.81–6.66 (m, 4H), 6.48–6.36 (m,
2H), 4.79 (s, 1H), 3.00 (s, 6H), 2.56 (s, 6H) ppm.
13C–NMR (63MHz, CDCl3): δ = 151.4, 142.4, 129.8, 126.2, 119.2, 112.2, 105.7, 94.0,
40.7, 33.2 ppm.
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Figure 7.16.: 1H- and 13C-NMR spectra of N-DMBI 14 in CDCl3.
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Figure A.1.: Absorption spectra of RR, RI(70:30), RI(47:53) and RI(24:76) films
spin-coated from CB (c = 3 g l−1). The spectra are normalized at 550 nm according to
the model of Steyrleuthner et al.[132]
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Figure A.2.: Cyclic voltammograms referenced vs. Fc/Fc+ (2nd cycle) of RR a),
RI(70:30) b), RI(47:53) c) and RI(24:76) d) films spin-coated from CB (c = 3 g l−1)
on ITO as working electrode, measured in 0.1m NBu4PF6/MeCN as supporting elec-
trolyte with a scan rate of 20mV s−1.
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Figure A.3.: Characteristic output curves and transfer characteristics of RR a), b)
RI(70:30) c), d) RI(47:53) e), f) and RI(24:76) g), h), respectively. Films were
spin-coated from CHCl3 (c = 3 g l−1). The displayed curves were measured in a channel
length of 220 µm. Adapted with permission from ref. [272] c© 2017, American Chemical
Society.
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Figure A.4.: Characteristic output curves and transfer characteristics of RR a), b)
RI(70:30) c), d) RI(47:53) e), f) and RI(24:76) g), h), respectively. Films were
spin-coated from CHCl3 (c = 3 g l−1) and subsequently annealed at 220 ◦C. The
displayed curves were measured in a channel length of 220 µm. The channel length of
RR is 190 µm. Adapted with permission from ref. [272] c© 2017, American Chemical
Society.
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Figure A.5.: Characteristic output curves and transfer characteristics of RR a), b)
RI(70:30) c), d) RI(47:53) e), f) and RI(24:76) g), h), respectively. Films were
spin-coated from CHCl3 (c = 3 g l−1) and subsequently annealed at 220 ◦C. The
displayed curves were measured in a channel length of 220µm. The channel length
of RI(70:30) is 130 µm. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.
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Figure A.6.: Chemical structure of the donor polymers PPDT2FBT,[282] J51[286] and
the acceptor polymer PNDI-T10[285] (x = 0.1) used in literature in bulk-heterojunction
organic solar cells.

IX



Appendix

0.5 1.0 1.5 2.0

4000

6000

8000

10000

12000

14000

16000

C
ou
nt
s

q
xy
(Å-1)

0.5 1.0 1.5 2.0

10000

100000

C
ou
nt
s

q
z
(Å-1)

RR

qxy (Å
-1)

~
q z

 (
Å

-1
)

direction peak q / Å-1 d / Å

qxy
(100) 0.260 24.17
(001) 0.471 13.34

~qz

(100) 0.273 23.02
(200) 0.548 11.47
(300) 0.819 7.67
(400) 1.095 5.74

Figure A.7.: Linecuts along the qxy- and qz-axis of the 2D GIWAXS patterns of RR spin-
coated from CB:1-CN (96:4, total concentration 10 g l−1)) on PEDOT:PSS/ITO/glass.
The table summarizes the observed peaks and corresponding d-spacings. Adapted with
permission from ref. [272] c© 2017, American Chemical Society.
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RI(47:53) spin-coated from CB:1-CN (96:4, total concentration 10 g l−1)) on PE-
DOT:PSS/ITO/glass. The table summarizes the observed peaks and corresponding
d-spacings. Adapted with permission from ref. [272] c© 2017, American Chemical
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PDCBT spin-coated from CB:1-CN (96:4, total concentration 10 g l−1)) on PE-
DOT:PSS/ITO/glass. The table summarizes the observed peaks and corresponding
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Figure A.10.: Linecuts along the qxy- and qz-axis of the 2D GIWAXS patterns of
RR:PDCBT blends spin-coated from CB:1-CN (96:4, total concentration 10 g l−1))
on PEDOT:PSS/ITO/glass. The table summarizes the observed peaks and corre-
sponding d-spacings. Adapted with permission from ref. [272] c© 2017, American
Chemical Society.
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Figure A.13.: Characteristic output curves and transfer characteristics of RR-4OdD.
Films were spin-coated from CHCl3 (c = 3 g l−1). The displayed curves were measured
in a channel length of 150 µm.
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Figure A.14.: a) Solvent vapor annealing protocol. b) POM image of a dry RR-4OdD-
Pd film after spin-coating and subsequent solvent vapor annealing in CHCl3, c)
shows the sample at the edge. The scale bar represents 100 µm. AFM tapping mode
height d) and phase e) images (2 µm× 2 µm) of RR-4OdD-Pd after SVA. The scale
bars represent 500 nm. TEM bright field f) and electron diffraction g) images of
RR-4OdD-Pd after SVA. The scale bar represents 500 nm.[307]
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Figure A.15.: Absorption spectra of RR a),RI(70:30) b),RI(47:53) c) andRI(24:76)
d) spin-coated in blends with different amounts of N-DMBI after temperature treat-
ment at 55 ◦C for 3 h. Reprinted with permission from ref. [210], c© 2019, American
Chemical Society.
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Figure A.16.: Exemplary conductivity measurement by 4-line probe of a 50mol% N-
DMBI doped RR film. The applied current at the outer electrodes is increased step
by step (every 6 s) from 10−9A to 10−8A, while the voltage is measured between
the inner electrodes (left axis). From the resulting resistance the conductivity is
calculated according to equation 7.9.
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Figure A.17.: AFM phase images (5 µm×5 µm) obtained in tapping-mode of spin-coated
thin films of RR/N-DMBI (black boxes) andRI(70:30)/N-DMBI (red boxes). Height
images (1 µm× 1 µm) of RI(47:53)/N-DMBI (blue boxes) and RI(24:76)/N-DMBI
(green boxes). Films were temperature treated for 3 h at 55 ◦C after spin coating
to induce the doping reaction. Adapted with permission from ref. [210], c© 2019,
American Chemical Society.
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Figure A.18.: AFM images (2 µm × 2 µm) obtained in tapping-mode of blade-coated
RR/N-DMBI blends with a), c) 25mol% and b), d) 50 mol% N-DMBI. Films were
temperature treated at 55 ◦C for 3 h after blade coating to induce the doping reaction.
Reprinted with permission from ref. [210], c© 2019, American Chemical Society.
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Figure A.19.: AFM height (top) and phase (bottom) images (2 µm × 2 µm) obtained
in tapping-mode of blade-coated RR thin films. Films were annealed after blade
coating at the indicated temperature and exposed to TDAE vapor at 35 ◦C for 2 h.
Reprinted with permission from ref. [210], c© 2019, American Chemical Society.
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