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1. Introduction

The discovery of semiconductivity in the conjugated polymer polyacetylene by Shi-
rakawa and coworkers in 1977 [1] was the starting point for a whole new field of re-
search: organic semiconducting polymers. For their groundbreaking discovery and their
further research in this field Shirakawa, MacDiarmid and Heeger were awarded with
the Nobel Prize in Chemistry in the year 2000. The significant interest in semiconduct-
ing polymers is motivated by their unique combination of chemical, mechanical and
electrical properties that make them suitable for many different applications. Some
of these applications are organic field effect transistors (OFET) [2, 3, 4], organic pho-
tovoltaic (OPV) devices [5, 6], organic electrochemical transistors (OECT) [7, 8] and
organic light emitting diodes (OLED) [9, 10]. For these applications semiconducting
polymers are regarded as a promising material to at least partially replace the classical
semiconductors such as silicon and germanium due to their drastically lower melting
temperatures and their solution processability that result in a significant decrease in
production costs. Additionally their mechanical properties, such as light weight and
flexibility, have opened new potential applications in the form of flexible and wearable
electronics [11, 12, 13].

In all these applications the efficiency of the final device is strongly influenced by the
charge carrier mobility in the semiconducting polymer material [14, 15]. The charge
carrier mobility in turn is strongly influenced by the intermolecular ordering of the
polymer chains. As described in more detail in section 2.1.2, polymers typically do
not crystallize completely but instead form alternating regions of amorphous and crys-
talline material. The charge transport in semicrystalline conjugated polymers is mostly
determined by the crystalline regions and their interconnection through so called tie
chains enabling the charge transport from one crystalline region to the next [16, 17,
18].

Most semiconducting polymers have a similar chemical architecture consisting of a
conjugated backbone comprised of ring or fused-ring structures, responsible for the
conductive properties, and attached alkyl side chains that make the polymer soluble.
Based on the similarities of their chemical structures, semiconducting polymers often
also share similar motifs of intermolecular ordering. The flat and rather stiff backbones
tend to stack on top of one another facilitated through 7-7 interactions between the
aromatic rings of neighboring chains and these stacks are then separated by layers of
the more flexible side chains [19, 20, 21, 22]. While the general packing motifs are sim-
ilar, the specific details of the molecular arrangement, especially regarding the stacking
of the backbones, can have a significant effect on the charge carrier mobility and other
properties [23, 24, 25, 26]. Additionally, as the charge transport in the crystalline re-
gions of semiconducting polymers is highly anisotropic and most of the applications
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are thin film devices, the orientation of the crystals with regard to the film normal
has a strong influence on the device performance [19, 27]. The most common crystal
orientations found in semiconducting polymers are the so called edge-on and face-on
orientations. In the edge-on orientation the side chains of the polymers are oriented
parallel to the film normal, while in the face-on orientation the 77 stacking direction
is parallel to the film normal. The edge-on orientation is favorable in applications that
require horizontal charge transport, such as OFET devices. In contrast, the face-on
orientation is more suitable for applications requiring vertical charge transport, such
as OPV devices [27].
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Figure 1.1.: Sketch of the chemical structure of the three investigated series of semi-
conducting polymers. a) Series of P3HT derivatives with increasingly polar
end groups to investigate whether the crystal orientation in thin films can be
controlled by modifying the surface energy. b) Series of polythiophenes with
a DEG side chain to investigate how the length of the alkyl spacer between
backbone and DEG side chain influences the ordering in these polymers. ¢) Se-
ries of exemplary PDPPs to investigate to which extend chemical modifications
influence the ordering in PDPPs.

Poly(3-hexylthiophene) (P3HT) is one of the most studied semiconducting polymers
and is regarded as a good model system owing to its high thermal and chemical stability
and the well established synthesis routes allowing for well defined polymers [27, 28].
Due to its low cost and constant improvements in the efficiency of PSHT based devices



[29, 30], P3HT even retains a certain relevance for commercial applications despite the
fact, that by today many other semiconducting polymers exist that have significantly
higher charge carrier mobilities. In chapters 4 and 5 polythiophenes are used as a model
system to investigate the effect different chemical modifications of the side chains can
have on the crystal structure and orientation in thin films. The first investigated series,
sketched in the top left of figure 1.1, aims to introduce chemical modifications that
change the preferred crystal orientation of P3HT in thin films to face-on orientaion,
as strongly face-on oriented films are required for efficient OPV devices. As reported
in literature, P3HT has a certain preference for edge-on orientation in thin films [19]
which is induced by the interface to vacuum [31]. While certain substrates, such as
graphene, can be used to induce face-on orientation in thin P3HT films, the influence
of the vacuum interface always results in a certain amount of edge-on oriented crystals
[32, 33, 34]. In an attempt to find an approach to suppress the formation of edge-on
crystals at the interface to vacuum by increasing the surface energy associated with
edge-on crystals, a series of polythiophenes with increasing polarity of the end group of
the alkyl side chain is investigated. As presented in section 4, this approach is highly
successful, resulting in complete face-on oriented films of up to 100nm thickness on
graphene substrates.

The second investigated series, sketched in the top mid of figure 1.1, consists of poly-
thiophenes with ethylene glycol (EG) side chains intended for use in OECT devices. In
this series the influence of the length of the alkyl linker connecting the EG side chain
to the backbone on the crystal structure and device performance is investigated. The
results presented in section 5 show that order and performance increase significantly
with increasing linker length.

A group of polymers that are particularly promising for practical applications are dike-
topyrrolopyrrole (DPP) based copolymers as they exhibit significantly higher charge
carrier mobilities than P3HT. For several PDPPs charge carrier mobilities greater than
10 cm? V=1s7! have been reported [35, 36]. As sketched in the upper right of figure 1.1,
the chemical structure of PDPP copolymers commonly consists of a DPP core with side
chains enclosed by flanking units on both sides and a comonomer. Compared to P3HT,
the modularity of the chemical structure of the PDPPs offers a large chemical versatility
allowing to adjust their properties in a broad range by modifying flanking units, side
chains, or comonomers. Within recent years a vast variety of different PDPPs has been
synthesized and investigated [37]. But despite the known influence of the molecular or-
dering on the charge carrier mobility, structural investigations to determine the crystal
lattice or liquid crystalline structure are only reported in a few cases [38, 39]. Especially
the influence of the various chemical modifications on the molecular ordering is rarely
addressed. Therefore, chapter 6 presents a detailed investigation of the intermolecular
ordering in a series of three different PDPPs using x-ray scattering measurements.






2. Basic Concepts

This chapter is meant to give a short introduction to a series of basic concepts relevant
to this dissertation. In section 2.1 the ordering of semiconducting polymers at different
lengths scales is discussed. Section 2.2 gives a short overview of different processes
related to ordering induced by interfaces. Finally, in section 2.3, some applications of
semiconducting polymers are discussed.

2.1. Ordering in Semiconducting Polymers

2.1.1. Intermolecular Ordering

Most semiconducting polymers share a rather similar molecular architecture consisting
of a usually stiffer backbone with attached flexible side chains. The conjugated back-
bone is responsible for the semiconducting properties of the polymer and often consists
of ring or fused ring structures. The side chains are necessary to increase the solubility
of the polymers and often consist of short alkyl or ethylene glycol chains that can be
linear or branched. The backbone is usually much thinner than it is wide, thus giving
the polymer a rather flat cross section. In combination with their chain like nature,
semiconducting polymers therefore have a ribbon or "board-like" shape.

As reported in literature, "board-like" polymers can arrange in different phases rang-
ing from biaxial nematic liquid crystalline phases (1V,) to various sanidic liquid crys-
talline phases (3) to complete 3D crystalline [40, 41, 42]. The sanidic liquid crystalline
phases were first observed and classified by Ringsdorf and coworkers while investigat-
ing polyesters and polyamides [43, 44, 45]. However, it has recently been shown both
through experiments [46, 42] and simulations [47, 48, 49] that the same kind of liquid
crystalline mesophases can also be found in "board-like" conjugated polymers.

Sketches of the ordered arrangement of "board-like" polymer chains in the different
sanidic liquid crystalline phases in comparison to the biaxial liquid crystalline and the
crystalline phase are shown in figure 2.1.

In the crystalline state the "board-like" backbones of the polymers are stacked on top
of one another. The regular stacking of the backbones is facilitated by m-m-interactions
between 7-orbitals of neighboring backbones and is therefore commonly referred to as
m-m-stacking. Neighboring "stacks" of backbones are separated by layers of side chains.
In the crystalline state, any shifts between neighboring "stacks" against one another
are regular and periodic. In contrast, in the sanidic rectangular liquid crystalline phase
neighboring "stacks" are shifted randomly against one another. Thus, while there is
still a periodic arrangement of "stacks" of backbones separated by layers of side chains,
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Figure 2.1.: Sketches illustrating the intermolecular arrangement of "board-like" polymers
in the crystalline phase and in various liquid crystalline mesophases. In all
illustrated phases, except for the biaxial nematic phase, the backbones of the
chains stack on top of one another. The regularity of the arrangement of neigh-
boring "stacks" and of neighboring chains within the same "stack" vary in the
different phases. Green arrows indicate random shifts of neighboring "stacks"
against one another. Red arrows indicate random shifts of chains within the
same "stack" against one another.

there is no positional correlation of chains in different "stacks'. However, chains within
the same stack are arranged in a periodic fashion basically forming a two dimensional
crystal.

In the sanidic ordered phase the regular arrangement of chains within the same stack is
partially lost. While the chains within the same stack are still regularly spaced in the
stacking direction, they are randomly shifted against one another in chain direction.
In the sanidic disordered phase the backbones of the chains are still arranged in layers
but the regular spacing in stacking direction is lost. Thus, while there is still a periodic
arrangement of alternating side chain and backbone layers, the positions of neighboring
backbones within one layer are completely uncorrelated.

In the biaxial nematic phase the backbones are no longer arranged in "stacks" or layers
and neighboring chains are shifted against one another by a random distance in all three
dimensions. Thus, the ordering is purely orientational as the "board-like" backbones
are still parallel to one another and are oriented in the same direction. As shown by
Ebert at al. the different forms of sanidic mesophases can be differentiated based on
their x-ray scattering pattern [45].

2.1.2. Semicrystalline Morphology in Polymers

This section is intended to give a short introduction to the semicrystalline morphologies
found in semicrystalline polymers on different length scales. A more in-depth discus-
sion of these morphologies and related aspects can be found in various textbooks, for
example in the references [50, 51, 52] on which this section is based on.

As sketched in figure 2.2a) polymer chains in the molten state adopt a coil confor-
mation. The contour of an individual chain in the melt can be described by a random
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Figure 2.2.: Sketch of a) coiled state of polymers in melt and b) semicrystalline morphology
and spherulite superstructures that can be found in crystallizable polymers.
For better visibility a single chain in a) is highlighted in red.

walk. As seen from the sketch, the coils of different chains in the melt are spatially not
separated and instead mutually interpenetrate each other.

Upon cooling a polymer melt below the melting temperature, the polymer may crys-
tallize. However, unlike small molecules, polymers do not crystallize completely and
instead form a lamellar morphology of multiple parallel crystalline lamellae separated
by amorphous layers as depicted in the circle in figure 2.2b). A completely crystalline
polymer sample would require all chains to disentangle, fully extend and arrange in
parallel. During the crystallization there is typically not enough time for the chains to
resolve all entanglements. Additionally, polymers are usually polydisperse and thus all
polymer samples typically contain chains of many different lengths, further preventing a
complete crystallization. Furthermore, chain ends and chemical defects usually cannot
be included into a regular crystalline structure and thus have to be expelled into the
amorphous regions upon crystallization. The resulting lamellar structure can be char-
acterized by the thickness of the amorphous layer d,, the thickness of the crystalline
layer d. and the resulting long period d:

d, = d, +d, (2.1)

The long period is usually in the order of a few 10nm. The lamellar morphology can
therefore be observed in atomic force microscopy (AFM) measurements.

The degree of crystallinity x. of a polymer sample can be expressed in terms of a mass
fraction:

Mme

m

where m,. is the mass of the crystalline parts of the sample and m is the total mass of
the sample.

The growth of crystalline lamellae generally occurs in the lateral directions. In com-
parison, the thickness of the lamellae stays rather constant, although a certain limited
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thickening of lamellae can occur in some cases [53, 54]. Additionally, there is a tendency
of new crystal lamellae forming parallel to already existing ones resulting in stacks of
lamellae [55, 56]. Branching and splaying upon further growth of the crystalline lamel-
lae results in the formation of spherical superstructures, so-called spherulites (cf. fig.
2.2b). Spherulites are optically anisotropic and can grow upto several ym in size. In po-
larized optical microscopy (POM) images spherulites show characteristic Maltese cross
patterns.

2.1.3. Crystal Orientation in Thin Films

Organic electronic devices employing semiconducting polymers as active material are
typically thin film devices supported on some kind of substrate. Owing to the anisotropy
of the crystal structures, the charge transport properties of semiconducting polymers in
the crystalline state are also anisotropic. Consequently, the orientation of the crystals
of the semiconducting polymers in the active layer of the electronic devices can have a
significant influence on the performance of these thin film devices [19].

(300)
(200) (200) (200)
(020) (100) [¢] (100) (300) (]p (020) (100) (300) (Qp

Figure 2.3.: Sketch of the three distinct crystal orientations found in thin films of conjugated
polymers and corresponding scattering patterns in reciprocal space as would be
observed in GIWAXS measurements. a) In edge-on orientation the side chains
are oriented normal to the substrate. b) In face-on orientation the m-m-stacking
direction is oriented normal to the substrate. c) In chain-on orientation the
polymer backbone is oriented normal to the substrate.

Due to the large surface to volume ratio found in thin films, the distribution of crystal
orientations in thin films is often defined by interface induced crystallization phenomena
(cf. section 2.2). As sketched in figure 2.3 one typically differentiates between three
different crystal orientations. In the edge-on orientation the polymer backbones are
parallel to the substrate while the side chains are roughly perpendicular to the substrate.
In the face-on orientation both the backbones and the side chains are parallel to the
substrate, while in the chain-on orientation the backbones are perpendicular to the
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substrate. The different crystal orientations can be identified by performing grazing
incidence wide angle x-ray scattering (GIWAXS) measurements as described in section
3.4.4. The scattering patterns that would be observed for the different orientations in
GIWAXS measurements are also illustrated in figure 2.3.

In general the charge transport in semiconducting polymers can be separated into
intrachain and interchain transport. The intrachain transport occurs along the conju-
gated backbone, while the interchain transport occurs along the m-7-stacking direction
enabled by overlap of electronic orbitals of neighboring chains [57]. The charge trans-
port along the backbone has been shown to be significantly faster than the transport
along the m-m-stacking direction [58, 59]. Consequently, for applications that require
horizontal charge transport the edge-on crystal orientation is ideal as in this orientation
both the backbones and the 7-m-stacking direction are parallel to the substrate. While
the chain-on orientation would be beneficial for applications requiring vertical charge
transport, it is rarely observed and considered rather difficult to induce [57, 60, 61].
Therefore, one typically strives to achieve a dominant face-on orientation instead when
vertical charge transport is required [60].

2.2. Interface Induced Crystallization

In most cases crystallization of a melt occurs at the interface to a foreign substance.
Interfaces can induce crystallization either by heterogeneous nucleation, by prefreezing
or by surface freezing. This section is intended to give a short overview over these
different mechanisms. A more thorough discussion of classical nulceation theory can for
example be found in the books by Markov [62] and Kalikmanov [63], while a discussion
of prefreezing and surface freezing can be found in references [64] and [65] respectively.

2.2.1. Classical Nucleation Theory

If the melt of a crystallizable material is cooled below the melting temperature 7;,, the
crystalline phase will have a lower free energy than the melt. The formation of a small
crystal within the bulk of the melt is called homogeneous nucleation. As illustrated in
figure 2.4a), any local formation of a new crystalline phase, i.e. a nucleus, within the
melt also results in the formation of an interface between the crystalline phase and the
melt. Consequently, the change in free energy AG upon the formation of a nucleus of
spherical shape has a contribution that is proportional to the volume and a contribution
that is proportional to the surface area:

4
AG = —§7T7“3Ag + 4T Yo (2.3)

where r is the radius of the nucleus, Ag is the difference in free energy per unit volume
between crystal and melt and 7., is the interfacial energy of the interface between
crystal and melt. A plot of AG and its individual contributions as functions of r are
shown in 2.4c). As seen from the plot, AG(r) has a maximum of height AG* that acts
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Figure 2.4.: Sketch of a) homogeneous and b) heterogeneous nucleation modeled by a spher-
ical cap on a flat substrate. ¢) Graph of the free energy change AG upon for-
mation of a nucleus with a certain radius r. The red and blue curves show
the surface and volume contributions to the total AG respectively. The dashed
lines show the total free energy change for heterogeneous nucleation for two
different contact angles.

as an energy barrier for crystallization. Nuclei with a radius r smaller than the critical
radius r* are inherently unstable and can not grow, as any small increase in r would
result in an increase of AG. In contrast, nuclei with » > r* can grow freely, as any
further growth will result in a reduction of AG.

The height of the energy barrier can be reduced by nucleation at at the interface to a
solid substrate. A scheme of this so-called heterogeneous nucleation is shown in figure
2.4b). For heterogeneous nucleation the nucleus can be modeled as a spherical cap and
has a certain contact angle © with the substrate. According to Young’s equation the
contact angle is determined by:

Ysm = Vse T Yem COS(@) (24)

where 4, is the interfacial energy of the interface between the substrate and the melt
and 7, is the interfacial energy of the interface between substrate and crystal. For
heterogeneous nucleation on a flat substrate, the height of the energy barrier AGj,, is
given by [63]:

. 2—3cos(0)+ cos*(O)
hom 4

AGy,, = AG (2.5)
where AG} . is the height of the energy barrier in the case of homogeneous nucleation.
The value of the fraction in equation 2.5 varies between 0 and 1 depending on the
contact angle ©. In case of nonwetting (© = 180°) the fraction is equal to 1 and the
energy barrier is the same as in the case of homogeneous nucleation. All contact angles

10



2.2. Interface Induced Crystallization

© < 180° lead to a reduction of AGj},,. The plots of AG(r) for © = 90° and © = 45°
are also shown in 2.4c). In general, the reduction of the energy barrier results in an
increased nucleation rate. As the extent of the reduction depends on © which in turn
is defined by the relationship of the different interfacial energies, the nucleation rate in
the case of heterogeneous nucleation also depends on the interfacial energies.

2.2.2. Prefreezing and Surface Freezing

Another crystallization phenomenon observed at the interface to a solid substrate is the
so-called prefreezing. Prefreezing describes the stabilization of a thin crystalline layer
at the interface to a solid substrate to temperatures above the bulk melting point 7,
[66]. The formation of a prefrozen layer on a substrate results in the replacement of the
single substrate-melt interface with a substrate-crystal and a crystal-melt interface. As
the crystal phase is thermodynamically unfavorable for T > T,, preefreezing can only
occur when the replacement of the melt-substrate interface by the two other interfaces
is energetically favorable:

Vsm > Vsc T yCm (2.6)

where Yg,, 7sc and yem are the interfacial energies of the substrate-melt, substrate-
crystal and a crystal-melt interfaces respectively. The difference between the interfacial
energies Ay = Vg — (7Vse + yem) determines both the maximum temperature 7T,,,,, at
which the crystal layer is stable and the thickness of the crystal layer [64]. Also note,
that unlike heterogeneous nucleation, which is an activated process, prefreezing is an
equilibrium phenomneon.

Observations somewhat similar to prefreezing have been reported in films of short nor-
mal alkanes and alcohols, where the vacuum interface induces the formation of a thin
crystalline layer on top of the melt above the bulk freezing temperature [67, 68, 69].
This phenomenon has been termed surface freezing. Furthermore, a layer of increased
order at the interface to vacuum has also been observed in polyacrylates [70, 71, 72,
73].

Tkachenko and Rabin proposed that the thin crystalline layer observed at the inter-
face to vacuum in surface freezing is stabilized mainly by an energy gain A associated
with disorder or fluctuations of the molecules in this layer, as they are less constrained
than in the bulk [74, 75, 76]. According to their theory, surface freezing occurs if
0y — A < 0, where 07 = g + Vs — Vi is the difference of the surface free energies
of the solid-vapor (7s,), the solid-liquid(v,) and the liquid-vapor (7;,) interfaces. In
contrast, Sirota et al. proposed to model surface freezing as a wetting of the melt by a
crystalline layer [77]. According to their model surface freezing occurs when dy < 0 and
thus only depends on the surface free energies. The debate regarding these two models
of surface freezing is still ongoing [65]. In any case, the occurrence of surface freezing
at the interface to vacuum clearly depends on the relation of the involved surface free
energies.

11
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2.3. Applications of Semiconducting Polymers

This section aims to give a short introduction to the various organic electronic de-
vices mentioned throughout this dissertation. These are organic photovoltaic (OPV)
devices, organic field effect transistors (OFET) and organic electrochemical transistors
(OECT). A more in depth discussion of the different devices can be found in the dif-
ferent textbooks and review papers the following sections are based on (OPV: [78, 79,
27, 80],OFET: [78, 79, 27],0ECT: [7, 81]).

2.3.1. Organic Photovoltaic Devices

The active layer of organic photovoltaic (OPV) devices typically consists of two differ-
ent organic materials: an electron-rich (donor) and an electron-poor (acceptor) semi-
conducting material. In organic semiconductors the photoexcitation by incident light
creates tightly bound exciton states instead of free charge carriers. These excitons can
be effectively separated into holes and electrons at the interface between donor and ac-
ceptor materials. The excitons have a relatively short life time before recombining (ps
to ms). Thus, efficient charge generation requires, that for all positions throughout the
active layer the distance to the nearest donor-acceptor interface is comparable to the
exciton diffusion length. Such nanostructured morphologies are commonly achieved
through phase separation of a mixture of two different materials. The spontaneous
phase separation of the donor and acceptor materials ideally results in the self-assembly
of the two materials into a bicontinuous interpenetrating network with structures on
the length scale of 10nm to 20nm. These phase separated structures are commonly
referred to as bulk heterojunctions (BHJ).

len
Metal Cathode

3
len Hole-Blocking Layer

19fe aAOY
\

Transparent Anode

Figure 2.5.: a) Sketch of a bulk heterojunction organic photovoltaic device. b) Current
versus voltage plot for an organic photovoltaic device. Ia. and Vg, are
defined by the point on the curve that results in the largest power output
Priaz = Inmaz - Vinaz- The short-circuit current density Igc and the open-circuit
voltage Voo are indicated as well.

12
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A sketch of a BHJ organic photovoltaic device is given in figure 2.5a). In the simplest
case an organic photovoltaic devices consist of a layer of active material sandwiched in
between a transparent anode, often made from indium tin oxide (ITO) coated glass,
and a metal cathode. Inserting additional interfacial layers between the active material
and the electrodes can have various beneficial effects [82, 83]. For example, the addition
of hole- and electron-blocking layers will increase the charge selectivity of the electrodes
and thereby improve the charge extraction as the flow of charge carriers in the unfavored
direction is hindered. Furthermore, interfacial layers can minimize the energy barrier
for charge injection and extraction.

As seen from the sketch, OPV devices require vertical charge transport within the
active layer and therefore benefit from a dominant face-on crystal orientation [84, 85].
Figure 2.5b) shows a typical current versus voltage curve of an OPV device and indicates
some of the important parameters. The maximum power point is the point (Vyaz, Inaz)
along the curve for which the produced power becomes maximum. The short circuit
current Isc depends on the quantum efficiency of charge separation and the amount of
charge carriers that reach the electrodes. Hence, the Is¢ also depends on the mobility p
of the charge carriers and their lifetime 7 before recombination [86, 79]. The open circuit
voltage Voo depends on the electronic structure of the donor and acceptor materials
[79].

The ratio of the two areas in the I /V-curve defined by Vo - Isc and Vs - Ings defines
the so called fill factor (F'F):

Imaw : Vmaa:
Isc - Voo

FF = (2.7)

Based on the fill factor, the power conversion efficiency (PCE) of an OPV device can
be expressed as:

Powr  Isc Voo - FF

PCE =
B, B,

(2.8)

where P, is the power of the incident light and P,,; is the electrical power produced
by the photovoltaic cell.

Within the last few years the PCEs of OPV devices have increased significantly and
are currently approaching 20 % for small area cells (<1cm?) and reaching 14.5% for
large area cells (>200 cm?) [87, 88|.

While the PCEs of OPV devices are still lower than the PCEs of their inorganic coun-
terparts, they potentially offer many other advantages. For example flexibility, lower
weight and potentially significantly lower production costs if solution based printing
processes can be realized.

2.3.2. Organic Field Effect Transistors

Organic field effect transistors (OFET) are thin film transistors (TFT) in which a
thin film of an organic semiconducting material (e.g. a conjugated polymer) forms
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Figure 2.6.: a) Sketch of an organic field effect transistor (OFET) in bottom gate/bottom
contact geometry. b) Output characteristics of an OFET. The dashed line
indicates the beginning of the saturation regime, in which the source-drain
current Ip is independent of the drain voltage Vp. c) Plot of the square root of
the source-drain current Ip in the saturation regime as a function of the gate
voltage V.

the active layer. Figure 2.6a) shows a sketch of an OFET in bottom gate/bottom
contact geometry. As seen from the sketch, both gate voltage Vi; and drain Voltage
Vp are defined with respect to the source electrode. Applying a gate voltage Vi to the
device, an accumulation layer develops at the interface between insulator and organic
semiconductor, resulting in the formation of a conducting channel between source and
drain electrode. Note that the accumulation layer usually only extends a few molecular
layers from the insulator-semiconductor interface. However, typically there is a finite
number of trap states that has to be filled up first before a conducting channel can
form. Consequently, there is a certain threshold voltage V;;, that the gate voltage Vg
has to surpass before a noteworthy source-drain current Ip can flow.

Figure 2.6b) shows typical output characteristics of an OFET at different applied
gate voltages Vi > Vpy,. For drain voltages Vp << Vi the source-drain current Ip
is proportional to Vp. This is the so-called linear regime. In the linear regime the
source-drain current is approximately given by the following equation:

w
ID:f‘Ci'H'(VG_VTh)'VD (29)

where W and L are the width and length of the channel, C; is the insulator capacitance
per unit area and p is the charge carrier mobility. If the drain voltage is increased until
Vp > Vo — Vi, a depletion region is formed near the drain contact and the conducting
channel is "pinched oftf" and the OFET operates in the so-called saturation regime. In
the saturation regime the source-drain current is independent of the drain voltage Vp:

%4
IDZE'Ci'M'(VG_VThV (210)

By plotting the square root of Ip in the saturation region as a function of the gate
voltage Vi, as shown in figure 2.6¢), the charge carrier mobility ;1 can be extracted from
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the slope of the resulting curve. Additionally, the threshold voltage Vry, is given by the
intersect of the curve with the x-axis. However, in real devices the curve is typically
rounded off in the region around Vpj, and Vrp, has to be determined by interpolating
the linear part of the curve to v/Ip = 0. Another important parameter in the operation
of an OFET is the transconductance g,, that describes the response of Ip to a change
in Vi;. In the saturation regime the transconductance is given by:

olp, W
= =— . C;-nu-- (Vg =V 2.11
m = =T p- (Vo — Vrn) (2.11)
While OFETs have slower switching speeds and lower charge carrier mobilities than
their inorganic counterparts, they offer similar advantages as the ones also mentioned
for OPVs, i.e. mechanical flexibility, lower weight and solution-based processing of
devices [4, 89.

2.3.3. Organic Electrochemical Transistors

Gate Electrode

O

Active Layer

— Source
Substrate “

Vb Io

Figure 2.7.: Sketch of an organic electrochemical transistor (OECT).

Figure 2.7a) shows a sketch of an organic electrochemical transistor (OECT). Similar
to OFETs, OECTS also feature a thin film of a semiconducting organic material sup-
ported on a substrate and contacted through source and drain electrodes. In contrast
to OFETs, the gate electrode in OECTs is immersed in an electrolyte which in turn is
in contact with the semiconducting layer. Upon application of a gate voltage V; ions
are injected from the electrolyte into the active layer, which changes the doping state
and thus also the conductivity of the active layer. Therefore, the active layer in OECTs
requires an organic mixed ionic-electronic conductor (OMIEC) that efficiently trans-
ports both ionic and electronic charges [90]. Furthermore, the active material should
not dissolve in water as most applications of OECTs are in aqueous environment.

In OECTs the doping changes of the active film caused by ion injection occur throughout
the entire volume of the channel and thus the whole volume of the channel contributes
to the source-drain current Ip when a drain voltage is applied V. This is in stark
contrast to OFETs where only a thin layer of the channel at the interface between
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organic semiconductor and insulator is affected by an applied gate voltage. As the
transconductance of OECTs scales with width and thickness [91, 92] of the channel,
OECTs can achieve significantly larger transconductance values than OFETs in similar
sized devices.
Interestingly, despite the different working mechanisms of OFETs and OECTs, the over-
all behavior of OFETs and OECTs is quite similar. For example, the output character-
istics of OFETs and OECTs show similar trends. According to the model proposed by
Bernards and Malliaras [93], the electronic charge transport in OECTs can be described
with the same equations also used for OFETs as long as the interfacial capacitance C; is
replaced with the volumetric capacitance C* [81]. Consequently, the transconductance
gm of an OFET in saturation regime is given by:
gng‘f/zzv‘;d.g*.u.(vm_vc;) (2.12)
where W, L and d are the channel width, length and thickness respectively, C* is the
volumetric capacitance and p is the charge carrier mobility. As g,, depends on the
charge carrier mobility u and the volumetric capacitance C*, both of which are param-
eters of material used in the active layer, the product p - C* is considered a figure of
merit for organic mixed conductors used in OECTs [92]. The p - C* product of a ma-
terial can in principal be determined from the measured g, of a single OECT device if
the device geometry (i.e. W, L and d) is known. However, measuring multiple devices
with different geometries is statistically more reliable and additionally allows to verify
that devices based on the investigated material actually show a linear scaling of g,, with
the channel volume. By plotting the measured g,, values against W-d- L~ (Vg — V),
the p - C* product is given by the slope of the resulting linear curve.

Resulting from the combination of ionic and electronic conduction OECTs have many
different applications in bioelectronics [7, 94] such as for example stimulation and
recording of electrogenic cells [95, 96] and sensing ions [97, 98], enzymes [99], glucose
(100, 101] or DNA [102].
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3. Experimental Methods and Sample
Preparation

This chapter introduces the different experimental methods used throughout this disser-
tation to study the properties of the investigated semiconducting polymers in bulk and
thin films. Additionally, the sample preparation procedure of thin film samples is de-
scribed. The experimental methods presented here are: differential scanning calorime-
try (DSC), polarized optical microscopy (POM), atomic force microscopy (AFM), wide
angle x-ray scattering (WAXS) and grazing incidence wide angle x-ray scattering (GI-
WAXS).

3.1. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis technique that measures
the heat flow into or out of a sample allowing to identify and characterize phase tran-
sitions that occur in the sample during heating or cooling. In general one distinguishes
between two different types of DSCs: heat flux DSC and power compensation DSC.
As within the context of this thesis only power compensation DSCs were used, the
following section focuses on this type of DSC. This sections is based on the book by
Whunderlich [103] and the book by Hoéhne [104].

a) b) 7 T

N,-Atmosphere

Sample Reference

Apparent Specific Heat Capacity

_lf_

9

T T
Sample Temperature

Figure 3.1.: a) Schematic drawing of a power compensation DSC. 1 - resistance thermome-
ter, 2 - heating wire b) Sketch of a typical apparent specific heat capacity curve
of a semicrystalline polymer observed during a heating run. The sketched curve
shows a glass transition and a melting process.

Figure 3.1a) shows a schematic drawing of a power compensation DSC. The instru-
ment consists of two identical, thermally decoupled microfurnaces each having their
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own temperature sensor and heating resistor. The sample is encapsulated in an alu-
minum pan and placed in one of the microfurnaces. The other microfurnace contains a
second aluminum pan with a reference material inside. The reference material should
be chosen such, that it does not undergo a phase transition within the investigated
temperature range. For the measurements in the context of this thesis, the reference
aluminum pan was simply empty. Both furnaces are kept in an inert nitrogen atmo-
sphere.

During a measurement the heating power of both furnaces is regulated by a controller
so that their temperature follows a user defined temperature program (often simply a
constant cooling or heating rate). The difference between the heating powers applied
to sample and reference furnace is proportional to the additional heat flow rate ¢ into
the sample furnace that is required to achieve the same heating or cooling rate /3 in the
sample and reference furnaces. During a measurement this additional heat flow rate
o(T') is typically recorded as a function of sample temperature.

If the reference and sample furnace were absolutely symmetrical, the difference in heat
flow rate could be ascribed solely to the sample. However, in any real DSC there will
always be certain instrument specific asymmetries between sample and reference fur-
nace. The influence of these asymmetries of the instrument can be compensated by
measuring and subtracting a baseline ¢(7") from the actual sample measurement. The
baseline is measured using the same temperature program as the actual measurement
but with both sample and reference furnace containing only an empty aluminum pan.
By normalizing the resulting measurement curve, after subtraction of the baseline, by
sample mass m and heating rate 3 one obtains the apparent specific heat capacity c,
of the sample:

O(T) — ¢o(T)
m- [

Note, that the apparent specific heat capacity of the sample is only equivalent to the
specific heat capacity of the sample in temperature regions where no thermal events
occur in the sample.

As illustrated in figure 3.1b), phase transitions like melting and crystallization will re-
sult in a peak in the ¢, curve. The crystallization or melting enthalpy is equivalent to
the area between the peak and the ¢, interpolated curve. Within this thesis the melting
temperatures T, of the investigated polymers where determined from the maximum
position of the melting peaks.

DSC measurements were performed with the PerkinElmer DSC7 and with the PerkinElmer
DSC 8000, both of which are power compensation DSCs.

¢)(T) = (3.1)

3.2. Polarized Optical Microscopy

Polarized optical microscopy (POM) is a variation of optical microscopy that uses
linearly polarized light to illuminate a sample of interest. POM allows to visually ob-
serve optical anisotropic structures like liquid crystalline and crystalline phases (e.g.
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spherulites) within a sample. A general introduction to POM can be found in the book
by Robinson and Bradbury [105] and a more specific introduction to the application
of POM to polymer samples can be found in the book by Sawyer, Grubb and Meyers
[106].

In principal the polarized light optical microscope is built identical to a regular light
microscopy except for the addition of two linear polarization filters. The first polariza-
tion filter which is located directly after the light source is called the polarizer, while
the second polarization filter, located between the sample and the eyepiece or camera,
is called the analyzer. Typically, one of the two polarization filters is rotatable. If
the polarizer and analyzer are "crossed", i.e. their planes of polarization are rotated
relative to one another by 90°, and there is no optical anisotropic sample present, no
light from the light source will be able to pass through both polarizer and analyzer
resulting in a field of view that is completely dark. However, if a sample with optically
anistotropic regions is present that rotate the plane of polarization of the incident light,
these regions will be visible in the image.

The POM images presented throughout this thesis were obtained using a Olympus
BX51 microscope equipped with an Olympus XC30 digital camera. As the samples
investigated in this thesis were thin films of polymers on opaque substrates, all POM
images in this thesis were recorded in reflection geometry.

3.3. Atomic Force Microscopy

Atomic force microscopy (AFM) is a measurement technique that scans the surface of a
sample using a sharp sampling tip supported at the end of a cantilever. There is a large
variety of different AFM measurement modes available allowing to measure a variety
of different properties and samples. A general introduction to AFM and an overview
over some of the different measurement modes and their applications can be found in
the book by Reifenberger [107] and in the book by Eaton and West [108, 107].

Figure 3.2a) schematically shows the major components of an AFM. A laser is re-
flected off the backside of the cantilever onto a four quadrant photodetector. This
results in an optical lever that allows to accurately track the motion of the tip of the
cantilever based on the position of the laser detector. The motion of the cantilever rela-
tive to the sample surface is realized using piezoelectric elements. In some measurement
modes(e.g. tapping mode, peak-force tapping mode) the cantilever is forced to oscil-
late through an additional excitation piezoelectric element at the base of the cantilever.

The AFM images shown within this thesis were obtained using the peak-force tap-
ping mode. In the peak-force tapping mode the maximum force (peak force) applied to
the oscillating cantilever tip by the sample surface is kept constant through a feedback
loop by regulating the distance between cantilever and sample surface [109]. This is in
contrast to the regular tapping mode where the amplitude of the oscillating cantilever is
kept constant instead. A further difference to the regular tapping mode is that in peak
force tapping mode the excitation frequency of the cantilever is far below its resonance
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Figure 3.2.: a) Schematic diagram of the basic components of an AFM. b) Sketch of a
typical force-distance curve observed in peak force tapping mode. Some of the
obtainable measurement parameters are indicated. The maximum force (peak
force) the cantilever tip experiences is kept constant in this measurement mode.
The adhesion of the sample is given by the minium force the cantilever tip
experienced. The deformtion is given by the extent the cantilever tip indented
the sample surface before the peak force was reached. Figure b) based on [109]
and [110]

frequency and is typically in the range of 1 kHz to 10kHz [111]. The peak force tapping
mode is well suited for measurements of soft samples as the direct control over the
maximum normal force between cantilever and sample allow to minimize the damage
to both the sample surface and the cantilever. Additionally, in measurements using the
peak force tapping mode the force-time and force-distance curves are obtained for each
oscillation period of the cantilever from which a variety of different mechanical prop-
erties of the sample surface can be extracted. This allows to map various properties of
the sample surface with the same lateral resolution as the height maps. Figure 3.2b)
shows a typical force-distance curve upon approach and retraction of the cantilever
from a sample surface. When the cantilever tip comes close to the sample surface it
will start experiencing attractive forces (e.g. van der Waals, electrostatic). Upon fur-
ther approach, when the attractive forces overcome the stiffness of the cantilever, the
tip will jump to contact with the surface. Upon further moving the base of the bent
cantilever towards the surface the force experienced by the tip will start increasing until
it is repulsive. When the specified maximum force is reached (peak force) the cantilever
is retracted again. Upon retraction the tip of the cantilever will stay in contact with
the substrate until the restoring forces in the cantilever (due to cantilever deflection)
overcome the adhesive force. Within this thesis AFM height and adhesion images are
shown. The contrast in the adhesion images is determined by the magnitude of the
adhesion force observed at each point of the sample, while the contrast in the height
images is determined by the height offset of the cantilever required to keep the peak
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force constant.

The AFM images shown in this thesis were obtained using a Bruker MultiMode 8
AFM with a Nanoscope V controller. ScanAsystFluid+ cantilevers (fy = 150 kHz,
k = 0.7Nm™ ') from Bruker were used. The obtained measurement data was further
processed using the open-source software Gyddion [112].

3.4. Wide Angle X-ray Scattering

3.4.1. Basics of X-ray Scattering

This section is intended to give only short summary of the basics of x-ray scattering.
A more thorough and detailed introduction including the derivations of the formulas
presented here can be found in various textbooks. Good examples are the textbooks
by Roe [113], Birkholz [114] and Als-Nielsen [115] this section is based on.

Detector
-5 -
g kK
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4

p o\

ki

Sample

Figure 3.3.: Sketch of the general geometry of x-ray scattering experiments. The scattering
can be characterized elther by the scattering angle 26 between the wave vectors
of the 1n01dent wave k and the scattered wave k or by the scattering vector
q = k: — k: The red dashed arrow is k shifted by —k; and illustrates the
geometrical construction of §.

A sketch of the general geometry of x-ray scattering experiments is shown in figure
3.3. The incident wave and the scattered wave are characterized by their wave vectors
k; and k, respectively. As only elastic scattering is considered here, k; and k, have the
same length:

27

k| = k| = = 3.2
il = ol == (32)
where X is the wavelength of the x-rays. The angle between k; and k, is the so called

scattering angle 20. The scattering vector ¢ is defined by:

—

q=ko—k; (3.3)
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As ¢ has the dimension of m, the three dimensional space ¢'is defined in is often referred
to as reciprocal space. The scattering angle 20 and the absolute of the scattering vector

q are related by:
4 20
4] =q = 77 sin (2> (3.4)

In general, the incident x-ray beam is scattered due to the interactions with the
electrons in the sample. Accordingly, the scattered intensity that reaches the detector
at different scattering angles depends on the electron density distribution within the
sample. As shown for example in the book by Roe [113], the amplitude A of the
scattered intensity reaching the detector as a function of ¢ is given by the Fourier
transform of the electron density distribution o (7) of the illuminated sample volume

V:
A(q) = Aobe/ oo (F)e T dr (3.5)
14

where Ay is the amplitude of the incident x-ray beam and b, is the scattering length of
an electron. The intensity that is measured with a detector is then proportional to the
squared absolute of the amplitude: 1(q) oc |A(q)|*.

3.4.2. Scattering from Single crystals

Equation 3.5 is a general description of x-ray scattering. Further insights can be gained
when considering more specific electron density distributions o, (7) like the perfectly 3D-
periodic electron density distributions found in ideal crystals. The periodic o.(7) of an
ideal crystal is fully defined by the shape and contents of its unit cell. The shape of
the unit cell is typically given either by three unit cell vectors, a, b and ¢, or by the
unit cell parameters a, b, ¢, o, 5 and ~, where a, b, ¢ are the lengths of the unit cell
vectors, « is the angle between b and ¢, P is the angle between @ and ¢, and ~ is the
angle between @ and b.

Mathematically, the periodic electron density distribution can be described as a con-
volution of a mathematical lattice z(7) and the electron density distribution of a single

—\

unit cell o, (7)
o(7) = 0,(T) * z(7) (3.6)

The mathematical lattice z(7) of a crystal can be expressed by a triple sum over a series
of three dimensional d-distributions:

(= > S S 6(7— (ud+ b+ ud)) (3.7)

U= V=—00 W=—00

By inserting equation 3.6 into equation 3.5 and using the convolution theorem one
obtains:

A(q) = F(9)Z(q) (3.8)
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where the so-called structure factor F'(q) is the Fourier transform of o,(7) and Z(q)
is the Fourier transform of z(7). It can be shown, that the Fourier transform of a
mathematical lattice is again a mathematical lattice. The lattice described by Z(q) is
referred to as the reciprocal lattice.

Figure 3.4.: Sketch of a reciprocal lattice and its reciprocal unit cell.

Similar to the real lattice, the reciprocal lattice can be described by three reciprocal
unit cell vectors a*, b* and & or by a set of six reciprocal unit cell parameters (a*, b*,
c*, alpha*, beta*, gamma*). A sketch of a reciprocal lattice and its reciprocal unit cell
is shown in figure 3.4. The relationship between the reciprocal unit cell vectors and the
unit cell vectors of the crystal lattice are given by:

2mh - &
= 20 (3.9)
a-(bxc)
— 2 cC-a
=l (3.10)
a-(bxc)
L (3.11)
a-(bxc)
(3.12)

The position of the reciprocal lattice points in reciprocal space (g-space) is given by
the reciprocal lattice vector Gpp:

G = h@* + kb* + 12" (3.13)
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where the so-called Miller indices h,k, and 1 are integer numbers.

As seen from equation 3.8, A(q) # 0 only when F(¢) # 0 and Z(q) # 0. Consequently,
since Z(q) is only unequal to zero at the positions described by é, scattered intensity
can only be observed at scattering angles for which the scattering vector ¢ is equal to
a reciprocal lattice vector éhkl:

7= Guu (3.14)

The absolute of the scattered intensity at positions where this condition is fulfilled,
then depends on the structure factor F'(¢) and thus the contents of the unit cell of the
crystal. The intensity peak observed when the scattering vector ¢ is equal to a specific
G is often also referred to as (hkl)-reflection.

Figure 3.5.: Sketch of the Ewald sphere in reciprocal space. A section of the Ewald sphere
is omitted in the sketch for better visibility.

In a typical x-ray scattering experiment one measures the scattered intensity at
various different scattering angle 20 and thus probes the reciprocal space at various
g-positions. An illustrative approach to visualize which (hkl)-reflections are visible
with a specific scattering geometry is the Ewald sphere construction shown in figure
3.5. When the wave vector k?; of the incident x-ray beam is positioned such that its
tip points at the origin of the reciprocal space, the definition of the scattering vector
(¢ = k, — k;) implies, that all measurable scattering vectors ¢ lie on the surface of a
sphere with radius 27 /A around the base of k: Wherever a point of the reciprocal lat-
tice lies on the surface of this so-called Ewald sphere the corresponding (hkl)-reflection
can be observed. Note, that the surface of the Ewald sphere always intersects the origin
of the reciprocal space. When the sample is rotated or equivalently, when the direction
from which the x-ray beam illuminates the sample is rotated, the position of the Ewald
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sphere is rotated around the origin of the reciprocal space. Consequently, every recip-
rocal lattice point within a distance of 2|k;| = 47 /X from the origin of the reciprocal
space can be measured by correct choice of sample rotation and detector position.

3.4.3. Scattering from Polycrystalline Samples

Up to now, only scattering from single crystals was considered. For the discussion of
scattering from polycrystalline samples it is helpful to define three different reference
frames [114]. So far, scattering was discussed in a reference frame defined relative to a
single crystal. When dealing with multiple crystals in the same sample it is useful to
additionally define a reference frame relative to the investigated macroscopic sample.
The third reference frame is the laboratory reference frame which is defined relative to
the measuring instrument and will differ from the sample reference frame if the sample
is rotated. In the reference frame of the crystal a specific reciprocal lattice vector can
also be expressed by its vector components ¢,, g, and g.:

dx
Ghi = |y (3.15)

d:

This can be helpful when trying to determine G from the scattering patterns of
polycrystalline samples.

a) b)

o8 Q-

Figure 3.6.: Sketch of the distribution exemplary reflections in the reciprocal space of poly-
crystalline samples in the sample reference frame. a) Sample with an isotropic
distribution of crystal orientations. For clarity the distribution of only one Gpy;
is shown (grey sphere). b) Sample with an uniaxially oriented distribution of
crystal orientations often found in thin films or drawn fibers. The distribution
of three different Gpx; are shown (grey rings). The intersects of the distribu-
tions with the Ewald sphere (blue) are highlighted in orange.
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If the investigated sample is not a single crystal but instead contains many different
crystals their individual reciprocal lattices are superimposed in the sample reference
frame. As illustrated in figure 3.6, in case of a polycrystalline sample with an isotropic
distribution of crystal orientations this results in a spherical distribution of the reflec-
tions in reciprocal space of the sample. Consequently, from an observed (hkl)-reflection
only the absolute of the corresponding reciprocal lattice vector can be determined while
the information of the individual components of the reciprocal lattice vector:

Gl = Grikl = \/ @+ @5 + G2 (3.16)

Nonetheless, if a large number of reflections is observable, in many cases the unit cell
of the investigated sample can still be determined with the help of various algorithms
(116, 117].

If the distribution of crystal orientations in the sample is uniaxially oriented, as is often
the case in thin films or drawn fiber samples, the superimposed reciprocal lattice points
are distributed on rings around the alignment axis. A sketch of the reciprocal space of
a sample where the crystals are uniaxially aligned with respect to the ¢.-axis is shown
in figure 3.6. As seen from the sketch, the resulting distribution of the reflections in
the reciprocal space of the sample has a cylindrical symmetry. Therefore, scattering
data from uniaxially aligned samples is often presented in 2D plots of intensity as a
function of ¢, and ¢, = |/¢2 + q;. While for each reflection observed in an uniaxially
aligned sample the ¢, and ¢, values of the corresponding reciprocal lattice vectors can
be obtained, the angle ¢ cannot be determined directly from the measurements.

3.4.4. Grazing Incidence Wide Angle X-ray Scattering from Thin
Films

Grazing incidence wide angle x-ray scattering (GIWAXS) is a form of WAXS used to
investigate thin film samples. As the scattering intensity is directly proportional to
the scattering volume, i.e. the sample volume irradiated by the x-ray beam, measuring
thin films in transmission or with large angles of incidence usually results in very low
scattering intensity. In GIWAXS measurements the scattering volume is increased sig-
nificantly by adjusting the measurement geometry such that the x-ray beam irradiates
the thin film sample under a very shallow angle of incidence «;.

In most experiments the refraction of x-rays can be neglected as the real part of the
complex refractive index n for most materials is only slightly smaller than 1 for x-rays.
However for GIWAXS measurements refraction effects have to be considered due to
the very shallow angles of incidence. In general, the complex refractive index is can be
denoted as:

n=1—0+1i8 (3.17)

where ¢§ is the dispersion term and [ is the absorption term. When considering a
homogeneous medium and x-ray energies far away from absorption edges of the medium,
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d and 8 can be approximated as [118]:

A2 A
d= greaeﬁ =k (3.18)

where r, ~ 2.814 x 1075 A is the classical electron radius, o, is the electron density and
p is the linear absorption coefficient. For most materials  is on the order of 1075, As
the resulting real part of the refractive index is smaller than 1, total external reflection
can occur at the interface between vacuum and a medium if angles of incidence «; is
smaller than the critical angle a.. of the medium. The critical can be approximated by:
Teae

(3.19)

Q

A

20(A) = A -
Since . is proportional to /0., the critical angle is typically larger the denser the ma-
terial is. Consequently, in the case of thin polymer films supported on denser substrates
like silicon, the critical angle of the substrate o, g, is larger than the critical angle of
the polymera. py. In GIWAXS measurements the angle of incidence is usually chosen
to be in between the critical angle of the substrate a. g, ~ 0.22 degree and the critical
angle of the polymer a. p, ~ 0.17 degree. This allows to maximize the scattering form
the sample, while simultaneously minimizing the scattering of the underlying substrate.

Conversion of the Detector Image

Figure 3.7.: a) Sketch of GIWAXS measurement in reflection geometry. The instrument
coordinate system is indicated by the x-, y- and z-axis. b) Final reciprocal
space map of the sample obtained by converting the detector image to reciprocal
space taking refraction effects into account.

Figure 3.7a) illustrates the measurement geometry used for GIWAXS measurements
of thin film samples. In the reference frame of the instrument the incident x-ray beam,
also referred to as the primary beam, coincides with the x-axis and is perpendicular to
the 2D detector. Accordingly, in this reference frame, the sample is rotated around the
y-axis by the angle of incidence «;. The 2D detector allows to simultaneously measure
the intensity scattered in a certain range of scattering angles. As indicated by the blue
sphere section in figure 3.7a), this corresponds to probing the reciprocal space along a
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3. Experimental Methods and Sample Preparation

certain section of the Ewald sphere. Since the Ewald sphere curves away from the q,-
axis in reciprocal space, it is clear that the scattering pattern recorded by the detector
is a distorted image of the reciprocal space. Therefore, the detector image has to be
converted before further analysis. Usually the image is converted into the reciprocal
space of the sample where the g,-axis is perpendicular to sample surface and the ¢,- and
gy-axis are parallel to the sample surface. The scattering observed on the 2D detector
can be converted into the reciprocal space of the sample using the following formula,
which also takes into account refraction effects of both incident and scattered x-rays
[31]:

G o cos 0 cos(y — ;) — cos
a4 | = sin d cos(y — ;) (3.20)
q. (sin? oy — sin® o )'/? + (sin®(y — o) — sin? a,)/?

Here «; is the angle of incidence, a. is the critical angle of the sample, ¢ is the in-
plane scattering angle and ~ is the out-of-plane scattering angle. While equation 3.20
allows to describe the conversion in a relative compact form, the actual algorithm the
employed analysis software uses to convert the detector image is somewhat different and
will be described in the following. In general the software does all required calculations
for the conversion using the wave vectors instead of scattering angles. As the difference
between refraction indices of the sample and vacuum are marginally small, the length of
the wave vector can be considered to be the same in both media. The software performs
all required calculation using unit vectors defined by the directions of the wave vectors
of the incident wave and scattered wave and only applies a factor of 27/A when the
final scattering vector in the coordinate system of the sample is calculated.

As seen from the sketch in 3.7a), the unit vector K; in the direction of the incident
wave vector EZ is parallel to the x-axis in the reference frame of the instrument. The
direction of the wave vector /;o of the intensity scattered into a specific pixel on the
detector is defined by the position of the pixel 7, in the instrument coordinate system.
Since the origin of the instrument coordinate system is in the center of the sample and
the primary beam is parallel to the x-axis, 7, is given by:

Fpi:v = (deu A% AZ) (321)

where dy; is the sample to detector distance, and Ay and Az are offsets of the pixel
in x and y direction relative to the position of the primary beam on the detector. The
unit vector K, in the direction of k, is then given by:

R, = ve (3.22)

The unit vectors [?l and I?o can then be converted into the coordinate system of the
sample by rotating them both by «; around the y-axis:

K!=R, K, (3.23)
K'=R, K, (3.24)
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3.4. Wide Angle X-ray Scattering

where R, is a rotation matrix. The next step is to calculate the direction of the refracted
wave vectors in the sample. This can be done using the vectorial form of Snell’s law
[119]:

R’ =mK! — 7. <m(ﬁ.f?;)—\/1_mz (1—(77.[?;)2)) (3.25)

where K 7 is the unit vector in direction of refracted incident beam in sample coordinate
system, 7 is the unit normal vector of the sample surface pointing into the sample and
m is the ratio of refractive indices. The unit vector K” in direction of the scattered
intensity in the sample before it is refracted at the interface to vacuum can be calculated
analogously. The ratio of refractive indices m can be expressed in terms of the critical
angle a, of the sample:

2

m—" (COSE%Q (3.26)

where n, = 1 is refractive index of vacuum and n is refractive index of the sample. In
the case of elastic scattering, the scattering vector ¢ is then given by:

— — 2 — —
G=K —F = Tﬂ (Ky - K (3.27)

where l;:z’ and Eg are the wave vectors of the incident and scattered wave in the sample
and given in the coordinate system of the sample. An example of a detector image
converted into the reciprocal space of the sample is shown in figure 3.7b).

Surface-Sensitive GIWAXS Measurements

As illustrated in figure 3.8a), whenan x-ray beam impinges on a sample at an angle of
incidence a; that is smaller than the critical angle a, of the sample, only an evanescent
wave penetrates the surface. The intensity of this wave decreases exponentially with
the penetration depth. The penetration depth A at which the intensity of the wave
drops to e~! of its original intensity can be calculated with the following formula [118]:

=

A= \/;T (\/(af —a2)? +452 — (a? — ag))_ (3.28)

where 3 absorption term of the complex refractive index. A plot of A as a function of
the angle of incidence, calculated for A\ = 1.54 A=!, o, = 0.165° and § = 1-1077, is
shown in 3.8b). As seen in the plot, the penetration depth quickly decreases to only
a approximately 10nm within a few hundredths of a degree below the critical angle.
Precise control of the angle of incidence therefore allows to vary the penetration depth
of the primary beam into the sample. This allows to selectively measure scattering
patterns of only the upper few nanometers of the sample.
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Figure 3.8.: a) For incident angles «; smaller than the critical angle a. of the polymer, only
an evanescent wave traveling parallel to the interface penetrates the film surface.
The intensity of the evanescent wave decays exponentially and is reduced by a
factor of e~! at the depth A. b) Penetration depth A as a function of the angle
of incidence «;.

Peak Smearing Effects

In general the peaks observed in GIWAXS scattering patterns are typically significantly
broader than peaks observed in transmission WAXS measurements of the same sample.
The main reason for this is the elongation of the sample in beam direction. As seen

Figure 3.9.: Sketch of the dependence of the footprint f of the x-ray beam on the angle of
incidence a; and the beam width d;

from the sketch in figure 3.9, the foot print f of the beam on the sample at a certain
angle of incidence «; is given by:

d
/= sin(cy;) (3:29)

where d is the beam width. For typical values of d = 0.9mm and «; = 0.18°, the
footprint is > 28 cm which is significantly larger than the length of typical samples
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3.4. Wide Angle X-ray Scattering
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Figure 3.10.: Sketch illustrating the effect of the sample elongation in primary beam direc-
tion on the measured intensity distribution.

(= 10mm). Therefore the whole sample is illuminated by the primary beam. As
illustrated in figure 3.10 the sample to detector distance varies along the length of the
sample which results in a radial broadening of observed scattering peaks. Additionally,
as the foot print of the beam is larger than the sample the position of the scattering
peaks is sensitive to errors in the positioning of the sample in beam direction. The
GIWAXS samples are positioned manually and an error in positioning in the primary
beam direction of ~ 0.5 mm can be expected. This leads to a general offset of peaks
in the radial direction, the extent of which increases with the scattering angle 20.
However, this effect is rather small compared to the broadening due to the elongation
of the samples and the true position of the reflection will always lie within the broadened
peak.

Horizon

Primary Beam

2D-Detector

2D-Detector

Figure 3.11.: Sketch illustrating the effect of scattering from the primary beam and scat-
tering from the reflected primary beam on the measured intensity.

Another effect that leads to peak broadening is shown in figure 3.11. As the GIWAXS
patterns are typically measured at an angle of incidence «; that is smaller than the
critical angle of the substrate, a large fraction of the intensity of the primary beam
will be reflected by the substrate. Since scattering will occur both from the primary
beam and the reflected primary beam two scattering patterns are superimposed on the
detector. The offset of both scattering patterns in the out of plane scattering angle is
equal to 2c;. The extent of the shift is exaggerated in figure 3.11. For typical angles
of incidence only a broadening of peaks in ¢,-direction can be observed instead of a
splitting of peaks. However, the broadening will result in a noticeable difference between
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3. Experimental Methods and Sample Preparation

the g-position of identical reflections located on the horizon and on the ¢.-axis(e.g. in
the case of isotropic scattering).

3.4.5. X-Ray Scattering Instrument

Pinholes
X-Ray Tube

X-Ray Optics
2D-Detector

Figure 3.12.: Schematic view of the main components of the microfocus X-ray setup. Here, a
WAXS measurement on a powder sample performed in transmission geometry
is illustrated.

A schematic view of the main components of the microfocus X-ray setup used to
obtain the WAXS and GIWAXS patterns shown throughout this thesis is given in fig-
ure 3.12. The instrument used was a Retro-F setup from SAXSLAB (Copenhagen,
Denmark) equipped with a microfocus X-ray source from AXO (Dresden, Germany).
An AXO multilayer x-ray optics (ASTIX) was used as a monochromator for Cu Ka
radiation (A = 0.154 18 nm).

The width of the cross section and the divergence of the primary beam are defined
through a series of three pinholes. Each pin hole consists of a vertical and a horizontal
slit. The function of the pinhole closest to the sample is to minimize the background
radiation due to scattering from the first two pinholes [113].

The two dimensional scattering patterns were recorded using a PILATUS R 300 K
detector from DECTRIS (Daettwil, Switzerland). A Linkam hot stage was used to
perform temperature dependent measurements. All WAXS and GIWAXS measure-
ments were performed under vacuum.

3.5. Preparation of Thin Film Samples

The thin films of semiconducting polymers on silicon and graphene substrates investi-
gated within the context of this thesis were spin-coated from solution.

The silicon substrates of approximately 10 x 10 mm? were cut from larger silicon wafers
with a naturally oxidized oxide layer of 2nm to 3nm. The silicon substrates were
cleaned in sulfuric acid for 30 min and rinsed with distilled water afterwards. The sub-
strates were then dried in a vacuum oven at 160°C for 1h. Directly before thin films
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3.5. Preparation of Thin Film Samples

were spin-coated onto the silicon substrates the substrates were cleaned again with a
COs-snowjet.

The graphene substrates used were single-layer graphene on ultraflat SiO,/Si with a
size of 10 x 10 mm?. These substrates were purchased from Graphenea (San Sebastian,
Spain). The graphene substrates were stored in a vacuum oven prior to use and used
as purchased without any additional cleaning procedure.

The thin films of the investigated polymers were spin-coated onto the substrates from
chloroform solution using a spinning speed of 2000 rounds per minute and a spinning
duration of 60s. The film thickness was controlled by varying the concentration of the
chloroform solutions. The film thicknesses of the resulting films were measured using
x-ray reflectometry (XRR). For films that were to thick to be measured with XRR, the
thickness was determined by scratching the films with a surgical knife and measuring
the depth of the resulting scratch with AFM instead.

All films presented in this thesis were crystallized by cooling from the melt if not stated
otherwise. The thin film samples presented in chapters 4 and 6 were crystallized di-
rectly in the microfocus x-ray setup under vacuum using a Linkam hot stage. As the
special sample holder required to use theLinkam hot stage for thin film samples in the
microfocus setup only became available during the course of this thesis, the films of
polythiophenes with ethylene glycol side chains presented in chapter 5 were thermally
treated in a vacuum oven instead. The vacuum oven has the disadvantage that the
temperature sensor is of the oven is rather far away from the samples. Consequently, a
significant temperature dependent temperature offset between the temperature of the
sample and the temperature indicated by the oven was observed (based on incomplete
melting). While this offset can somewhat be compensated by simply increasing the set
point temperature of the oven, the overall reliability and reproducibility is not optimal.
Furthermore, the used vacuum oven also neither offered the option of controlled heating
or cooling rates, nor did it allow for active cooling. The cooling rate after turning off
the oven is estimated to be approximately 1K /min
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4. Controlling Crystal Orientation via
Chemical Modification of the Side
Chains

The significant anisotropy of the charge transport properties of semiconducting poly-
mers result in a strong dependence of the efficiency of the final electronic devices on
the crystal orientations in the polymer film [120, 58, 121, 27]. Applications which
require horizontal charge transport benefit from a dominant edge-on orientation. In
contrast, in applications which require vertical charge transport like OPV devices, the
face-on orientation is more favorable [122, 123]. In thin films of P3HT and many other
semiconducting polymers with alkyl side chains, crystallized from the melt on sub-
strates that do not induce a specific orientation on their own, the edge-on orientation
is dominant [31]. Therefore, finding a method to reliably induce face-on orientation in
thin films of semiconducting polymers is crucial for efficient OPV devices. In recent
years many different approaches to induce face-on orientation in P3HT films have been
investigated. Some of these approaches are mechanical stretching and rubbing [124,
120, 125, 126], drop or spin-coating from low-boiling-point solvents [127] and the use
of specific substrates [128, 129, 32, 130, 57, 131]. Despite many attempts, so far none
of these approaches have been successful in producing P3HT films of thickness rele-
vant for organic electronic devices (d > 100nm) with a complete face-on orientation.
Furthermore, mechanical stretching and rubbing, as well as drop or spin-coating from
low-boiling-point solvents result in nonequilibrium crystal structures. As these crystals
are usually thermally less stable they are likely to reorganize upon thermal treatment
and the crystal orientation will be altered irreversibly.

As has been shown for P3HT both by simulations and by experiments, the prefference
for edge-on orientation is induced by the upper interface of the film, i.e. the interface
to air or vacuum apparently induces the formation of edge-on oriented crystals [132,
31]. This is quite similar to the phenomenon of surface freezing where the interface in
vacuum also induces oriented crystallization [68]. Thus it can be hypothesized, that the
edge-on crystals in thin films of P3HT are induced by the interface to vacuum through
a similar mechanism. As discussed in section 2.2, the appearance of surface freezing
depends on the involved interfacial energies. Consequently, it should be possible to
suppress the crystallization induced by the vacuum interface by increasing the surface
energy of the solid-vapor interface. For semiconducting polymers it was demonstrated
that the surface energies can be tuned through chemical modifications of the side chains
[133, 134, 135]. However, the different crystal orientations differ in the relative fraction
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Figure 4.1.: Chemical structures of the investigated side chain modified Polythiophenes with
differently polar end groups of the side chains. The differences in the chemical
structure of P3BrHt, P3CF3HT and PrCNHT with regard to P3HT are high-
lighted in color.

of side chains and in what segments of the side chains are exposed to the interface to
vacuum. Therefore, the crystal orientation induced at the interface to vacuum has to be
considered to identify where along the side chain the introduced chemical modifications
are expected to be most effective in suppressing the formation of these crystals.

For edge-on oriented P3HT crystals the side chains are oriented normal to the sub-
strate and therefore, the interface to vacuum is comprised of hexyl side chains and will
likely have a high density of methyl end groups. Consequently, the surface free energy
of the interface between vacuum and the edge-on oriented crystal can likely be increased
most effectively by increasing the polarity of the end groups of the side chains. If the
increase in surface free energy is sufficiently large this should result in the complete
suppression of the induction of edge-on oriented crystals at the interface to vacuum.

Here a series of four polythiophens with increasingly more polar end groups of the
alkyl side chains is investigated to determine how the polarity of the end groups in-
fluences the distribution of crystal orientations in thin films. The four investigated
polythiophenes are (cf. fig. 4.1): P3HT, P3BrHT, P3CF3HT and P3CNHT. ' An

'P3HT was purchased from BASF SE and purified by a Soxhlet extraction using methanol, hex-
ane, and chloroform. The chloroform fraction was concentrated and precipitated in methanol to
obtain the polymer powder used in the presented experiments. PDPP|[T],-T was purchased from
Ossila, Sheffield, England. The remaining polymers were synthesized by the group of professor
Mukundan Thelakkat from the university of Bayreuth (Philip Schmode: P3BrHT; Florian Me-
ichsner: P3CF3HT, P3CNHT; Andreas Erhardt: PDPP[T]{2-HD},-T{CNH}). DSC, WAXS,
GIWAXS and AFM measurements on thin films of P3HT and P3BrHT were performed by Olek-
sandr Dolynchuk from the group of professor Thurn-Albrecht from the Martin Luther University
Halle-Wittenberg. DSC, GIWAXS, AFM and POM measurements of P3CF3HT were performed
by Alexander Much in the context of a master thesis supervised by Robert Kahl and Oleksandr
Dolynchuk [136]. Initial investigations of PSCNHT films on silicon substrates (not included here)
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overview of the molecular weight, the dispersity B and the dipole moment of the end
group of the side chains pp_gc of the four investigated polythiophenes is given in table
4.1 together with a summary of selected thermal and structural parameters discussed
in the following sections.

The results presented here reveal a decreasing tendency to form edge-on oriented
crystals at the interface to vacuum with increasing dipole moment of the end group
of the side chains ug_gc, culminating in the complete suppression of edge-on oriented
crystals in PSCNHT. The detailed investigation of the crystal structures of the different
polythiophenes reveals, that the ordering in the crystalline phase is mostly unaffected
by the introduced chemical modifications, except for the PSCNHT sample in which a
certain increase of the unit cell in the backbone direction is observed. Additionally,
the effect of the competing crystallization of edge-on and face-on oriented crystals in
P3CF3HT is investigated, revealing a strong dependency of the final distribution of
crystal orientations and morphology in thin films on the crystallization conditions.
The results presented in this section have partially been published in references [34]
and [138].

Table 4.1.: Sample Properties of Investigated Polythiophenes with Polar End Groups of the
Side Chains
Polymer | M,* | D® T." | AH,," Xe© di00® | do2o® KE-sc
[kDal CClIe ]| [%]| [A] | [A] | [D]
P3HT | 156 | 1.6 [231| 24.6 |81 |16.8| 3.8 | =0
P3BrHT | 10.8 | 1.1 [136| 7.1 |43|17.6|3.89| 1.81
P3CF;HT | 22 [1.26/212| 18 |67 |17.3|3.89| 2.32
P3CNHT | 10.3 |1.56[190 | 10.2 |52 |18.2|3.75| 3.92
¢ Determined by GPC. *Determined by DSC. ‘Determined from WAXS
measurements as described by Balko et al. [139] “Determined from WAXS
measurements. “Dipole moments of small molecules equivalent to the end groups of
P3AT side chains taken from NIST database [140].

were performed by Anna Averkova in the context of a bachelor thesis supervised by Robert Kahl and
Oleksandr Dolynchuk [137]. DSC, WAXS, GIWAXS, AFM and POM measurements of P3CNHT,
as well as WAXS measurements of P3CF3sHT were performed by the author of this thesis.
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4.1. Effect on Phase Transitions and Crystal Lattice

Modifying the chemical structure of a polymer can severely influence the ordering of
the polymer. For example it can result in a modified crystal structure, an in- or
decrease in crystallinity, melting and crystallization temperatures or even in a complete
suppression of the crystallization resulting in an amorphous material. Especially the
molecular packing within the crystalline phase is known to influence the charge carrier
mobility and other properties of semiconducting polymers [24, 25, 26]. Therefore, the
influence of the differently polar end groups of the side chains on the crystallization
behavior of polythiophenes and the crystal unit cell was investigated with DSC, WAXS
and GIWAXS measurements.

— P3HT —— Heating
|——P3BrHT |~~~ Cooling
—— P3CF,HT

64— P3CNHT i

Apparent Specific Heat (J - g'- K)

O T T T T T T T
-100 -50 0 50 100 150 200 250 300

Temperature (°C)

Figure 4.2.: DSC measurement of the investigated polythiophenes with different polar end
groups of the side chains. Measurements were performed with a cooling/heating
rate of 10 K/min. The first cooling (dashed) and the second heating run (solid)
are shown. Measurements of different polymers are shifted vertically for better
visibility.

Figure 4.2 shows the first cooling and the second heating run of the DSC measure-
ments of the different polythiophenes. The cooling/heating rate in all measurements
was 10 K/min. For all the investigated polythiophenes clear crystallization and melting
peaks are visible indicating that the introduced chemical modifications do not prevent
these polymers from crystallizing. Nonetheless, all modified polythiophenes show a
reduction in both melting temperature 7,, and melting enthalpy AH,, compared to
P3HT(T,, = 231°C, AH,, = 24.6Jg™'). However, these changes are not correlated
with the dipole moment of the end groups of the side chains. While melting tem-
peratures in P3CF3HT and P3CNHT drop by ~ 20K and = 40K respectively, the
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4.1. Effect on Phase 'Iransitions and Crystal Lattice

melting temperature of P3BrHT is almost 100 K lower than that of P3HT. The melting
enthalpies follow the same trend where P3BrHT (AH,, = 7.1J g™ ') shows the small-
est melting enthalpy followed by P3CNHT (AH,, = 10.2Jg™!) and then P3CF3HT
(AH,, = 15.3Jg™!). Since the observed reductions in melting temperature and en-
thalpy are clearly not correlated with the polarity of the end group of the side chains,
the polarity in itself is likely not the primary reason for the reductions. As the chemical
structures of the different investigated polythiophenes differ only slightly, the observed
reductions in melting enthalpies compared to P3HT is likely an indication of reduced
crystallinity. The melting temperatures and melting enthalpies of the four polythio-
phenes are summarized in table 4.1.

a) ——P3HT b) P3BrHT on graphene, 46 nm C) P3CF:HT on graphene, 87 nm
(100) ——P3BrHT >
—— P3CFHT|
—— P3CNHT
(211)  (020)

(200)
(300)

Intensity [a.u.]

(020) ~
(300) (271) 311y .
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Figure 4.3.: a)WAXS patterns of powder samples and b-e) GIWAXS patterns of thin films
of the investigated polythiophenes with differently polar end groups of the side
chains. WAXS and GIWAXS patterns were measured after crystallizing the
samples from the melt. Curves of different polymers in a) are shifted vertically
for better visibility. P3BrHT sample is measured at an angle of incidence a; =
0.20°. All other samples are measured at «; = 0.18°. Reflections originating
from edge-on oriented crystals are indicated with * in b-e). The red dashed
lines in b), ¢) and e) illustrate an angle of 87° to the ¢, axis.

The results of the powder WAXS measurements are shown in figure 4.3a). Despite
apparent differences between the different scattering patterns, the curves share a num-
ber of common features: a series of regularly spaced (h00) reflections, an (020) reflection
and additionally some peaks with mixed indices. Note that in P3BrHT the (200) re-
flection is the most intense of the (h00) reflections which is in contrast to the other
investigated polythiophenes where the (100) reflection has the highest intensity. As
discussed by Schmode et al. [141] this is likely caused by an increased electron density
in the middle of two neighboring backbones in the side chain direction due to the ac-
cumulation of Bromine end groups which have a higher electron density than the other
end groups. The crystallinity values x. of the different polythiophenes were estimated
from the powder WAXS patterns by comparing the scattering intensities in between
the (100) and (200) peaks (attributed to the amorphous fraction of the samples) in the
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4. Controlling Crystal Orientation via Chemical Modification of the Side Chains

semicrystalline and in the fully amorphous (i.e. melt) state as described by Balko et
al. [139] The resulting crystallinity values decrease going from P3HT (y. = 81 %) to
P3CF3HT (x. = 67 %), to P3CNHT (x. = 52%), to P3BrHT (x. = 43%). Thus, the
determined crystallinity values follow the same trend as both the melting temperatures
and enthalpies as measured by DSC.

The comparison of the positions of the (h00) and (020) peaks in the different WAXS
curves further shows, that while the interlayer spacing in side chain direction differs sig-
nificantly between the different polythiophenes, the w-m-stacking distance differs only
slightly. The djgo and dgog values, as well as the crystallinity values of the different
samples are summarized in table 4.1.

A more thorough analysis of the influence of the different side chains on the crystal

structure requires the determination of the crystal unit cell for each of the four poly-
mers.
For P3HT a number of different unit cells have been proposed in literature. While
initial publications proposed an orthorhombic unit cell [142, 143], later publications
proposed different monoclinic unit cells instead [144, 145]. Joshi and coworkers pro-
posed different monoclinic unit cells with an angle 8 # 90° [145, 146, 147|, whereas
Brinkmann and coworkers have proposed a series of monoclinic unit cells with an angle
v # 90° ranging from y = 85° to 7 = 86.5° [144, 148, 149]. Several publications have
reported good agreement of their measurements of P3HT with unit cells similar to those
proposed by Brinkmann and coworkers where the angle v deviates only slightly from
90° [42, 150, 31]. Similarly, Schmode et al. [141], who investigated the same P3HT
sample as used in this thesis, found that the WAXS pattern of this P3HT sample can
be well explained with a monoclinic unit cell with v = 92.7°.

In the following the crystal structures of P3BrHT, P3CF;HT and P3CNHT will be
derived based on similarities in their scattering patterns. While Schmode et al. al-
ready proposed a triclinic unit cell for P3BrHT [141], the scattering data of P3BrHT
are reevaluated here in the hope of benefiting from the direct comparison to similar
polythiophenes and thus being able to find a unit cell with higher symmetry.

As the determination of the unit cell depends on the indexing of observed scattering
peaks and the indexing of peaks in WAXS measurements can be quite difficult and
ambiguous, the peaks were indexed based on the GIWAXS images shown in figure 4.3b-
e) instead. Note, that in the GIWAXS patterns of P3BrHT, P3CF3;HT and P3CNHT
on graphene shown in figure 4.3 b-d) a dominant face-on orientation is observed. In
contrast, the GIWAXS pattern of the P3CF3HT film on silicon shown in figure 4.3 e)
shows a strong edge-on orientation. Additional measurements at an angle of incidence
of a; = 10° and an enlarged powder WAXS pattern of P3CNHT are given in appendix
A. All peak positions extracted from WAXS and GIWAXS mesurements of P3BrHT,
P3CF3HT and P3CNHT are tabulated in appendix D together with the expected peak
positions calculated from the unit cells proposed and discussed in the following.

As P3CF3HT shows quite a few intense reflections and scattering patterns of both
face-on and edge-on oriented crystals are available, the unit cell of P3CF3HT is the
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simplest to analyze. As seen in the two GIWAXS measurements of P3CF3HT, the
(h00) reflections of the face-on crystals as well as the (020) reflection of the edge-on
crystals seem to be located directly on the g,-axis. For a monoclinic unit cell with
v~ 93° (or v ~ 87°) the angle v* between the (100) and the (020) reflection observed
in GIWAXS measurements should be ~ 87° (or ~ 93°) both for face-on and edge-
on oriented crystals. Accordingly, the face-on (h00) and the edge-on (020) reflections
should both be located at an angle of ~ 87° to the ¢.-axis. As illustrated by the red
dashed lines in figure 4.3 c,e) the face-on (300) and the edge-on (020) reflections are
clearly closer to the g,-axis than expected for such a unit cell. Therefore, within the
precision of the GIWAXS measurements v* can be assumed to be ~ 90°. In combination
with the observation that all observed reflections are found on layer lines parallel to
the g,-axis for both face-on and edge-on oriented samples it can be concluded that the
remaining angles of the reciprocal unit cell o* and 5* are also ~ 90°. The reciprocal unit
cell parameters a* and b* can be directly determined form the g-position of the (h00)
and (020) reflections in the powder WAXS measurements. Due to the orthorhombic
unit cell, ¢* can then be determined from the g-position of the (211) reflection:

¢ =\ — (207 — b2 (4.1)

The resulting orthorhombic unit cell of P3CFsHT (a = 17.26 A, b = 7.79A, ¢ = 7.89 A,
a = [ =~ =90°) results in a good agreement between expected and observed positions
of reflections.

a) b)

- X4 O H OH X FOo -
T

b b

I:l = thiophene ring X = side chain pointing into plane O = side chain pointing out of plane

Figure 4.4.: a) Sketch of the unit cell of P3HT as seen from the side chain direction illus-
trating the arrangement of thiophene rings and side chains. b) Sketch of the
proposed unit cell of P3BrHT as seen from the side chain direction illustrating
a possible arrangement of thiophene rings and side chains that could explain
the observed tripling of the unit cell in c-direction.

Under the assumption that the unit cell of P3BrHT is orthorhombic as well, the unit
cell parameters of P3BrHT can be determined analogously as in the case of P3CF3HT.
The resulting unit cell gives accurate predictions for the positions of all reflections ex-
cept for the peak labeled (022) in figure 4.3b) for which none of the calculated possible
reflections are reasonably close in position. Schmode et al. faced the same problem
for the same reflection (labeled peak 9 in their publication) for the first unit cell they
proposed (labeled as scenario 1 in their publication) [141]. They were able to resolve
this issue by increasing the size of the unit cell in c-direction by a factor of roughly 1.5.
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Based on the overall similarity of their proposed unit cell to that of P3HT this would
correspond to including three thiophene rings in the unit cell in c-direction instead of
two. While this does allow to index all observed peaks, it seems unlikely for two reasons:
On one hand, the reason for the unit cell of P3HT containing two thiophene rings in the
c-direction instead of one is that the side chains of neighboring thiophene rings alternate
in pointing to the one or the other side of the b-c-plane (cf. fig. 4.4a)). Therefore it is
hard to imagine an arrangement with a period of three thiophene rings. On the other
hand, the peaks labeled (213) and (313) in the GIWAXS image of P3BrHT and the
peaks labeled (211) and (311) in the GIWAXS image of P3CF3HT seem to be of similar
nature and thus likely have the same origin and should be indexed in an equivalent way
(cf. fig. 4.3b,c)). Increasing the c-parameter of the unit cell by a factor of 1.5 would
make this impossible as the equivalent indexing would then be (21%) which of course
is not a valid triple of Miller indices. Consequently, an increase of the c-parameter by
a factor of 3 is proposed instead, as the resulting orthorhombic unit cell (a = 17.65 A,
b="778A ¢=2336A, a=p=~= 90°) solves both of the aforementioned prob-
lems while also allowing to index all observed reflections and giving good agreement
between the calculated and the observed positions of reflections. Although the exact
arrangement of monomers in the unit cell is unclear, one possible arrangement of side
chains that could explain the tripling of the unit cell size in c-direction is sketched in
figure 4.4b). The replacement of a hydrogen atom of the methyl end group with a
larger bromine atom in P3BrHT likely leads to an increased volume requirement per
side chain. This could possibly lead to an arrangement of side chains where side chains
of two next neighboring thiophene rings partially occupy the vacancy in between them
resulting from the side chain of the neighboring thiophene ring pointing to the other
side of the backbone (b-c-plane).

In comparison to P3BrHT and P3CFsHT, P3CNHT shows fewer and less intense
reflections with mixed indices. In the WAXS measurement these reflections are barely
visible making an accurate determination of the peak positions difficult. Accordingly,
only the parameters a* and b* were determined from the WAXS measurement. The
parameter ¢* was determined based on the positions of one of the indexed peaks the
GIWAXS pattern. In a first attempt, the peak labeled (310) in figure 4.3d) was in-
dexed as (211) in analogy to the other polythiophenes instead. However, the resulting
orthorhombic unit cell (a = 18.16 A, b= 7.51A, ¢ = 8.60A, a = f =~ = 90°) did not
allow to index the peak labeled (121) in figure 4.3 (cf. table D.4 in appendix D). Intro-
ducing an angle v* # 90° allows to index peak this peak as (221), while also resulting in
a slightly better agreement between observed and predicted peak positions. However,
the resulting unit cell (¢ = 18.2A, b = 7.53A, ¢ = 9.34A, o = B = 90°, v = 86°)
gives an unreasonably large ¢ parameter. Consequently, the attempt to index the peak
labeled (310) in figure 4.3d) analogously to the other polythiophenes was dropped and
the peak was indexed as (310) instead. According to the law of cosine, the angle ~*

42



4.1. Effect on Phase 'Iransitions and Crystal Lattice

Table 4.2.: Unit Cell Parameters of the Investigated Polythiophenes
Reciprocal Unit Cell
A7) WA [ AT [ [ | 871 [ [
P3HT* 0.375 0.831 0.797 90 90 | 87.3
P3BrHT 0.356 0.808 0.269 90 90 90
P3CFsHT | 0.364 0.807 0.796 90 90 90
P3CNHT | 0.346 0.837 0.774 90 90 | 92.1
Real Unit Cell
alA] | bA] | Al | o] | B[] | []
P3HT* 16.77 7.57 7.88 90 90 | 92.7
P3BrHT 17.65 7.78 23.36 90 90 90
P3CF3HT | 17.26 7.79 7.89 90 90 90

P3CNHT | 18.17 7.51 8.12 90 90 | 879
¢ Unit cell of P3HT as determined in [141].

can than be determined from the position gsi9 of the (310)-reflection:

2 *2 *2
. Q310 —9a™ =0
cosy* = 210 e (4.2)

Indexing the last remaining visible peak in the scattering pattern shown in figure 4.3d)
as (121) reflection allows to determine the length of ¢x. Under the assumption of
a* = * = 90° the parameter ¢* is given by:

¢ =ty — Gag (4.3)

where g7y, and gqo are the positions of the (121)- and (120)-reflection respectively.
While the (120)-reflection in not visible in the scattering pattern, its hypothetical posi-
tion can be calculated based on the already determined reciprocal unit cell parameters:

Qiz = Va2 + 4 % b*2 — da*b* (4.4)

The resulting unit cell of P3CNHT (a = 1817A, b = 751A, ¢ = 8.11A, o = 8 =
90°, v = 87.9°) shows a reasonably good agreement between calculated and observed
positions of reflections.

The proposed unit cells for P3BrHT, P3CF3HT and P3CNHT are summarized in
table 4.2 together with the unit cell of P3HT proposed by Schmode et al. who inves-
tigated the same P3HT sample as used in this thesis [141]. Overall, all unit cells of
the investigated polythiophenes are either orthorhombic or monoclinic with an angle ~
that only slightly varies from 90°. The comparison of the unit cell dimensions reveals,
that the different unit cells differ in their a-spacing as expected due to the different

43



4. Controlling Crystal Orientation via Chemical Modification of the Side Chains

lengths of the side chains. In contrast, the b-spacings of the different unit cells are
quite comparable. The largest differences between the different unit cells is observed
in the c-spacing of P3BrHT. However, as discussed above, the larger c-parameter of
P3BrHT is likely a result of a different packing of the side chains resulting in having
to extend the unit cell to include six thiophene rings in the c-direction instead of two,
while the actual spacing of thiophene rings along the backbone is comparable to P3HT
and chFgHT (%CP?)BTHT =17.79 A)

Overall, all investigated polythiophenes have rather similar unit cells indicating that
the modifications of the end groups of the side chains do not significantly affect the
molecular packing of the polymers in the crystalline phase.

4.2. Crystal Orientation and Morphology in Thin Films
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Figure 4.5.: Crystal orientation and surface morphology in thin P3AT films on graphene
substrates. GIWAXS patterns of a) a 55 nm thick P3HT film, b) a 46 nm thick
P3BrHT film, c¢) a 46 nm thick P3CF3HT film and d) a 193 nm thick P3CNHT
film. Measured at angles of incidence «; = 0.18°(a,c,d) and a; = 0.2°(b) chosen
to be above the critical angles of the samples (0.174° for P3BrHT, 0.163° to
0.165° for the other P3ATs). AFM height (upper row) and adhesion (lower
row) images of e) a 46 nm thick P3HT film, f) a 35 nm thick P3BrHT film, g)
a 25 nm thick P3CF3sHT film and h) a 21 nm thick PBCNHT film. The imaged
area varied in the range of 0.5 x 0.5uym? and 1.5 x 1.5um?. Adapted with
permission from [138]. Copyright 2024 American Chemical Society.

To determine the influence of the polarity of the end group on the crystal orientation
in thin films of P3ATs on graphene substrates a series of films with different thick-

44



4.2. Crystal Orientation and Morphology in Thin Films

nesses were investigated for each of the P3ATs with modified side chains. Figure 4.5
a-d) shows representative GIWAXS patterns for the different samples and P3HT for
comparison. The GIWAXS patterns shown for P3HT, P3BrHT and P3CF3;HT were
obtained from films with thicknesses in the range of 45nm to 60 nm. The shown GI-
WAXS pattern of PSCNHT was obtained from a film of about 200nm. All films were
crystallized by cooling from the melt. Comparing the intensity of the (h00) reflections
on the meridian in the different samples, it is clear that the amount of edge-on crystals
decreases monotonously with increasing polarity of the end group of the side chains.
The P3HT thin film shows a mixed edge-on and face-on orientation with intense (h00)
reflections on the meridian. This mixed orientation is consistent with reports from
literature where P3HT shows mixed edge-on and face-on orientation even in films of
only 10nm thickness. [32, 130]. In contrast, thin P3BrHT films on graphene of up to
26 nm thickness crystallized from the melt show complete face-on orientation as previ-
ously reported by Dolynchuk et al. [34]. In films thicker than 26 nm additional edge-on
oriented crystals appear (cf. fig. 4.5 b) resulting in a mixed crystal orientation similar
to that found in P3HT films. Based on these observations it is evident that in P3BrHT
films the formation of edge-on crystals is somewhat hindered compared to the case of
P3HT films but not completely suppressed.

The GIWAXS measurement of the P3CF3HT film (cf. fig. 4.5 ¢) shows intense (h00)
reflections on the horizon and barely visible (h00) reflections on the meridian indicating
that almost all crystals in the film are face-on oriented. Demonstrating that while the
formation of edge-on oriented crystals seems to be even more strongly hindered in thin
films of P3CF3HT than in thin films of P3BrHT, it is still not completely suppressed.
The P3CF3HT films on graphene exhibit a dewetting behavior resulting in droplets of
various heights. Therefore, it was not possible to determine whether a similar critical
film thickness as in P3BrHT exists below which the P3CFsHT films are completely
face-on oriented.

Figure 4.5 d) shows the GIWAXS pattern of a 200 nm thick PSCNHT film on graphene.
While a certain circular intensity distribution originating from randomly oriented crys-
tals can be observed, no explicit (h00) reflections on the meridian are visible. Note, that
the edges of this sample were removed with a scalpel prior to the GIWAXS measurement
since the edges were significantly thicker than 200nm as a result of the spin-coating
process used to deposit the films on the substrate (see Appendix B for more details).
Overall, the GIWAXS pattern in figure 4.5d) unambiguously proves that complete sup-
pression of the formation of edge-on crystals in P3ATs films of upto 200nm can be
achieved through chemical modifications of the end groups of the side chains. Further-
more, the clear correlation between the decreasing intensity of (h00) peaks from edge-on
crystals with increasing polarity of the end group of the side chain is in line with the
hypothesis that edge-on oriented crystallization at the interface to vacuum can be sup-
pressed by increasing the dipole moment of the endgroup of the side chains in P3ATs.
In combination with a substrate inducing face-on orientation, such as graphene, this
allows to obtain uniform face-on crystal orientation in films with thicknesses relevant
for applications.
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The surface morphology of the different P3AT films crystallized on graphene were

investigated through AFM measurements of which representative images are shown in
figure 4.5 e-h). All four investigated P3ATs clearly exhibit elongated lamellar crystals.
The lamellae visible in the P3HT and P3BrHT films on graphene show no clear pref-
erence for specific in-plane orienteations (cf. fig. 4.5 e-f). In contrast, the lameallae
visible at the upper interface in thin P3CNHT films on graphene of less than 30 nm
thickness (cf. fig. 4.5 h) show a clear threefold symmetry matching the threefold sym-
metry of the underlying graphene substrate. This proves, that P3CNHT crystallizes
epitaxially on graphene and therefore, that the face-on orientation is indeed induced by
the graphene substrate. Note, that the clear threefold symmetry of the lamellae seems
to get lost during the further vertical growth of the lamellae and is not observable in
thicker films of PSCNHT.
Figure 4.5 g) shows the surface morphology of a P3CF3;HT film on graphene after
crystallization from the melt. While directly after spin-coating and prior to the crys-
tallization from the melt the film was smooth and had a thickness of 25 nm, during the
crystallization from the melt the film formed droplets of different heights. The clearly
visible droplet illustrates the dewetting behavior observed in all investigated P3CF3HT
films on graphene after crystallization from the melt. The average droplet height for this
sample was determined to be about 85 nm. Interestingly, as visible in the AFM image,
the droplets are surrounded by epitaxially crystallized lamellae similar to those ob-
served in the PSCNHT film. This observation strongly suggests that molten P3CF3HT
dewetted from a thin layer of its own epitaxially aligned crystals, a phenomenon also
observed in other polymers [151, 66, 152] and termed autophobic dewetting [153]. In
contrast to the lamellae in the continuous film surrounding the droplet, the lamellae
on top of the droplet are shorter and randomly oriented. This morphology is quite
similar to the morphologies found in the edge-on oriented upper layers of the P3HT
and P3BrHT films. Thus, the lamellae on top of the P3CF3;HT droplets are likely the
origin of the scattering signal of edge-on oriented crystals observed in the GIWAXS
measurement.

As the influence of the interface to vacuum on the crystal orientation is largely sup-
pressed in the thin films of P3CF3HT and P3CNHT, the crystal orientation in these
films is almost completely determined by the epitaxial crystal growth at the interface
to graphene and thus by the interactions with the substrate. To determine whether
the formation of edge-on oriented crystals is still significantly suppressed on substrates
that do not induce epitaxial crystallization, a series of thin films on silicon substrates
were investigated. These investigations were limited to the P3CF3HT and P3CNHT
polymers as the CF3- and the CN-group evidently had the largest effect on the crys-
tal orientation in thin films on graphene. The used silicon substrates feature a thin
(~ 2nm to 3nm) amorphous layer of naturally oxidized silicon oxide eliminating the
possibility for epitaxial growth. Additionally, similar silicon substrates were previously
shown to have no effect on the crystal orientation in thin films of P3HT [31].

Figure 4.6 a-c) shows representative GIWAXS patterns for thin films of P3HT, P3CF3;HT
and P3CNHT on silicon substrates crystallized from the melt. The thicknesses of the
corresponding thin films are in the range of 80 nm to 120nm. The GIWAXS pattern
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Figure 4.6.: Crystal orientation and surface morphology in thin P3AT films on silicon sub-
strates. GIWAXS patterns measured at an angle of incidence o; = 0.18° of a) a
120 nm thick P3HT film, b) a 85 nm thick P3CF3HT film and c) a 81 nm thick
P3CNHT film. AFM height (upper row) and adhesion (lower row) images of
the corresponding films of d) P3HT, e) P3CF3HT and f) PBCNHT. The imaged
area in all AFM images was 1.5 x 1.5 um?. Adapted with permission from [138].
Copyright 2024 American Chemical Society.

of the P3HT film shows a circular distribution of (h00) reflections with significantly
higher intensity on the meridian indicating a dominant edge-on orientation with an
additional amount of unoriented crystals.

The P3CNHT film on silicon shows very intense (h00) reflections on the horizon and
an additional but weaker circular intensity distribution of the (100) reflection indicating
a strong preference for face-on orientation and a small amount of randomly oriented
crystals (cf. fig. 4.6 ¢). The absence of any strong (h00) reflections on the meridian in-
dicates a complete suppression of the formation of explicitly edge-on oriented crystals.
The thin film of P3CF3HT also shows a very dominant face-on orientation. Unlike
P3CNHT however, it shows no signs of unoriented crystals and instead shows weak
(h00) reflections on the meridian evidencing the presence of edge-on oriented crystals
(cf. fig. 4.6 b). Therefore, while the formation of edge-on crystals in P3CF3HT has
clearly been hindered significantly compared to P3HT, it has not been fully suppressed
in. Also note, that the distributions of crystal orientations in thin films of P3CF3HT
and P3CNHT on silicon substrates are remarkably similar to the distributions of crys-
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tal orientations observed in their thin films on graphene despite the lack of epitaxy on
silicon substrates.

The AFM images shown in figure 4.6 d-f reveal the surface morphology of the three
P3AT films on silicon substrates. The P3HT films on silicon exhibit randomly ori-
ented elongated lamellae which is qualitatively similar to the morphology found in the
P3HT films on graphene. In contrast, and unlike their counterparts on the graphene
substrates, the films of P3CF3HT and P3CNHT on silicon substrates show no sign of
epitaxial crystal growth. The lack of epitaxial crystal growth demonstrates that de-
spite the similar distributions of crystal orientations in the P3CF3HT and P3CNHT
films on the silicon and graphene substrates, the underlying crystallization mechanisms
are clearly different. As epitaxy is commonly observed in prefreezing of polymers, the
observed epitaxy in thin films of PSCNHT and P3CF3;HT on graphene may indicate
that the face-on crystals on graphene are possibly induced by prefreezing [66].

As seen in figure 4.6 f), the P3CNHT film shows a spruce-like lamellar morphology
which is typical for spherulitic growth. Since spherulites form through nucleation and
growth and the crystals in the observed sphreulitic structures are clearly oriented, they
are likely induced by heterogeneous nucleation at the interface to the silicon substrate.
The P3CF3HT films on silicon show a behavior similar to dewetting upon crystalliza-
tion from the melt, although a certain amount of material remains in the seemingly
dewetted areas (cf. right side of fig. 4.6 ). The surface morphology observed in dif-
ferent P3CF3HT films on silicon will be discussed in more detail as it strongly depends
on film thickness and the applied thermal treatment.

4.3. Influence of Competing Crystallization Mechanisms

The formation of edge-on and face-on oriented crystals is unavoidably accompanied by
different crystal lattice planes being in contact with the substrate and/or the interface
to vacuum. In the case of edge-on crystals the contact plane to the substrate and/or
the interface to vacuum is the (100) plane while in the case of face-on crystals it is
the (020) plane. As the (100) and (020) planes differ in their chemical composition
and therefore likely also in their surface energies, both, the crystal growth kinetics and
the onset of crystallization upon cooling from the melt likely differ between edge-on
and face-on crystals. This implies, that in thin films where a competition between the
formation and growth of edge-on and face-on oriented crystals exists, the dominating
crystal orientation can strongly depend on the choice of crystallization conditions.
The results presented in section 4.2 show that in P3CF3;HT a certain competition
between the formation of edge-on and face-on crystals is present while in P3CNHT
the formation of explicitly edge-on oriented crystals has seemingly been suppressed
completely. To elucidate the effect of the competing crystallization processes on the
crystal orientation and surface morphology in thin films of P3CF3;HT and to verify that
the suppression of explicitly edge-on oriented crystals in PSCNHT is not just the result
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of coincidentally favorably chosen crystallization conditions, a series of thin films of
P3CF3HT and P3CNHT subjected to varying crystallization conditions is investigated.

As the observed strong dewetting of P3CF3HT films on graphene made the controlled
preparation of comparable thin film samples unfeasible, the investigations of P3CF3HT
are limited to P3CF3HT films on silicon substrates.

4.3.1. Crystal Orientation and Morphology of Thin Films of
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Figure 4.7.: Line profiles along a) the meridian and b) the horizon extracted from GIWAXS
patterns of a 105nm thick P3CFsHT film on silicon, measured at different
temperatures during cooling from the melt. The angular integration ranges
used to extract the line profiles in the different directions are indicated by
the red cones in the inset GIWAXS patterns in the upper right corners of the
two graphs. The line profiles in which the (100) reflection is first visible are
highlighted in red.

To verify that the formation of edge-on and face-on oriented crystals in thin films
of P3CF3sHT differ in their onsets of crystallization temperature dependent GIWAXS
measurements were conducted. For these measurements a 105 nm thick film was cooled
from the melt via multiple isothermal steps during which GIWAXS patterns were
recorded. For each step the sample was kept at a constant temperature for 1 h(= 30 min
equilibration /annealing+30 min measurement). Measurement steps were performed ev-
ery 3K (200°C - 170°C) or 10K (170°C - 100°C) with a cooling rate of 1K/min
between steps. A graph of the exact temperature program is shown in figure 4.9i)
(Program P4). Figure 4.7 shows the line profiles along the meridian and the horizon
extracted from these GIWAXS patterns. The line profiles along the meridian and along
the horizon show the (h00) reflections of the edge-on and face-on crystals respectively.
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Notably, the (100) reflection of face-on oriented crystals is first visible in the measure-
ment at 191 °C while the (100) reflection of the edge-on oriented crystals becomes visible
only upon reaching 185°C. Comparing the intensities of the face-on (h00) reflections
at different temperatures a continuous increase of intensity is evident at least upto the
measurement at 176 °C. As the intensity is proportional to the number of scatterers it
can be concluded that the sample had not yet fully crystallized at 185°C enabling the
formation of edge-on oriented crystals in the remaining melt. Similarly, the intensity of
the edge-on (h00) reflections increases at least upto the measurement at 150 °C which
is more than 30K below the temperature at which the edge-on (100) reflection first
appeared.

The observed differences in the onsets of the formation of edge-on and face-on oriented
crystals and the sufficiently slow crystallization rate at elevated temperatures open up
two possible approaches to influencing the distribution of crystal orientations in thin
films of P3CF3HT.

The first option is to vary the thickness of the films while keeping the cooling proce-
dure used to crystallize the films from the melt constant. As the competing crystal
orientations are induced at the upper and lower interface of the film, it can be expected
that changing the distance between the interfaces will affect the resulting distribution
of crystal orientations. Similar observations were made by Dolynchuk et al. for thin
P3BrHT films on graphene substrates. They reported that films of upto 26 nm thick-
ness exclusively contained face-on oriented crystals while in thicker films the fraction
of edge-on crystals increased with film thickness [34].

The second option is to crystallize films of comparable thicknesses using different cooling
procedures. Since the formation of edge-on and face-on crystals are induced by different
crystallization phenomena the involved kinetics in both likely differ too. Thus, chang-
ing the temperature program by which the samples are crystallized should result in a
change in the distribution of crystal orientations as well. In the following the effects of
both approaches on the distribution of crystal orientations and the surface morphology
of thin films of P3CF3HT on silicon substrates are investigated.

Figure 4.8 shows the results of GIWAXS, POM and AFM measurements on films
of different thicknesses crystallized from the melt following the same cooling program.
As seen in the GIWAXS images shown in figure 4.8 a-d) the distribution of crystal
orientations changes gradually with increasing film thickness from an almost complete
edge-on orientation to a mixed edge-on and face-on orientation to an almost complete
face-on orientation. Therefore, as expected, the dominant crystal orientation in thin
films of P3CF3HT can be modified by varying the film thickness.

The morphologies of the films as observed with optical microscopy (cf. figure 4.8 e-h)
and AFM (cf. figure 4.8 i-1) reveal that the crystallization of P3CF3HT in thin films is
rather complex and likely multiple competing processes are involved.

In the two thinner films multiple birefringent crystalline stems separated by non-
birefringent areas are visible. Note that the larger dark spots in the 29 nm film were
already visible in the films prior to crystallization from the melt and are likely thickness
inhomogenities resulting from the spin coating process. As seen from the AFM images
(cf. 4.8 i), the non-birefringent areas show a nanofibrillar or whisker morphology of
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Figure 4.8.: a-d) GIWAXS patterns of P3CF3HT films of different thicknesses on silicon
substrates crystallized from the melt using the same cooling program (230°C
to 120°C with 1 K/min, 120°C to 20°C with 10 K/min). e-h) Corresponding
optical microscopy images of the same films. Left and right halves of the mi-
croscopy images depict the same regions recorded with open (left) and crossed
polarizers (right). i-1) AFM height (upper row) and adhesion (lower row) im-
ages of the same films. Note, that j) was recorded in one of the non-birefringent
areas and k) was recorded in one of the birefringent areas of the film shown in
g). Measured film thicknesses are indicated in the upper left of the measure-
ments.

elongated, mostly individual crystalline lamellae with no clear orientational correlation
between different lamellae. Similar nanofibrillar morphologies have been reported in
P3HT films crystallized from solution [154, 155]. Evidently, the lack of birefringence
in these areas is not caused by the absence of crystalline material, but by the isotropic
orientation of the crystalline lamellae on the micrometer scale.

The large crystalline stems visible in the POM images of the two thinner films are com-
prised of multiple elongated lamellae running in parallel. Based on the very dominant
edge-on orientation of the 29nm film (cf. fig. 4.8 a) it is evident that the nanofibrillar
morphology is comprised of edge-on oriented crystals. In contrast, the birefringent crys-
talline stems are comprised of face-on oriented crystals as can be concluded from the
measurements on the 52nm film where the increased number and size of birefringent
crystalline stems (cf. fig. 4.8 f) results in an increased ratio of face-on oriented crystals
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as observed in the GIWAXS measurement (cf. fig. 4.8b).

The two thicker films show a drastically different morphology than the two thinner

films. The optical microscopy images (cf. fig. 4.8 g,h) show that instead of individually
discernible birefringent crystalline stems whole areas have become birefringent. On the
nanometer scale the birefringent areas show a morphology of parallel crystalline lamel-
lae that slightly splay outwards as is typical for spherulitic growth (cf. fig. 4.8k). The
observation of spherulitic structures is an indication, that the face-on oriented crystals
in P3CF3HT on silicon substrates are induced through heterogeneous nucleation at the
interface to the substrate.
Additionally, the films appear to have partially dewetted. Interestingly though, the
majority of the areas that appear dewetted in the optical microscopy images are still
covered by a thin film of crystallized polymer, as seen in AFM images (cf. fig. 4.8j)
and thus the majority of the areas are actually only pseudo-dewetted [156, 157, 158].
This thin remaining film has a morphology quite similar to that of the 29nm film as
smaller crystalline stems comprised of multiple parallel lamellae surrounded by nanofib-
rillar structures can be observed. A complete dewetting as indicated by smooth and
featureless areas in the AFM images (representing the surface of the underlying silicon
substrate) could only be observed at a few positions of these films (cf. fig. 4.81).

Figure 4.9 shows the results of GIWAXS, POM and AFM measurements on PSCF3HT
fims on silicon of similar thickness crystallized from the melt using different cooling pro-
grams. The cooling programs used are labeled P1-P4 and are plotted in figure 4.9 i).
Note that the film crystallized using cooling program P2 is the same sample also shown
previously in the series of films investigating the influence of different film thicknesses.

Interestingly, the sample that was cooled quickly using program P1 (210°C to 20°C

with 10 K/min) and the sample cooled a bit slower using program P2 (230°C to 120°C
with 1 K/min, 120°C to 20°C with 10 K/min), as well as the sample cooled very slowly
via multiple isothermal steps (P4), all show a dominant face-on orientation (cf. fig. 4.9
a,b,d). At a first glance, this seems to suggest that the crystal orientation in P3CF3HT
films on silicon is mostly independent of the cooling program. As this is contradictory
to the expectations based on the different onsets of formation of edge-on and face-
on crystals, a sample was crystallized with cooling program P3 which was specifically
designed to increase the amount of edge-on oriented crystals. P3 was derived from
P2 by inserting a series of isothermal steps in a temperature range (175°C - 160°C)
where the formation and growth of edge-on oriented crystals was observed (cf. fig. 4.7)
followed by rapid cooling (10 K/min) of the sample to 20 °C.
As seen from the GWIAXS measurement (cf. fig. 4.9 c¢) the cooling program P3
did indeed significantly increase the amount of edge-on oriented crystals resulting in
a mixed distribution of edge-on and face-on crystals. This indicates once again, that
the distribution of crystal orientations in P3CFsHT depends on a complex interplay of
multiple processes.

This interpretation is further supported by the drastically different morphologies of
the films as observed in POM and AFM images. The POM images of the films cooled
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Figure 4.9.: a-d) GIWAXS patterns of P3CF3HT films of similar thicknesses on silicon sub-
strates crystallized from the melt using different cooling programs. e-h) Corre-
sponding optical microscopy images of the same films. Left and right halves of
the microscopy images depict the same regions recorded with open (left) and
crossed polarizers (right). i) Plot of the different cooling programs (P1-P4) used
to crystallize the samples. j-k) AFM height (upper row) and adhesion (lower
row) images of the same films. Measured film thicknesses and employed cooling
programs are indicated in the upper left of the measurements.

with P1 and P2 (cf. fig. 4.9 e,f) show large birefringent areas filled with spherulites
(cf. fig. 4.8 k) for AFM images of film cooled with P2). But while the sample cooled
with P1 shows only a few small holes where the film has dewetted, the dewetting (or
pseudo-dewetting) in the film cooled a bit slower with program P2 is more pronounced.
In contrast, the film cooled via multiple isothermal steps using program P4 shows
a completely different morphology (cf. fig. 4.9 e,f) consisting of large crystal stems
with several branches and apparently dewetted areas in between. As seen from AFM
images (cf. fig. 4.9 k) most areas that appear dewetted in POM images are actually
just pseudo-dewetted as they are still covered by a crystalline polymer film with a
nanofibrillar morphology. True dewetting resulting in featureless holes in the film as
seen in the lower left corner of figure 4.9 k) is only observed in a few positions.

The large crystalline structures, which in their shape resemble tree canopies, look
somewhat similar to dendritic crystals that have been observed in thin films of other
polymers such as PCL and PEO [159, 160, 161]. But, these kind of dendritic crystals
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4. Controlling Crystal Orientation via Chemical Modification of the Side Chains

are single flat-on oriented lamellae (i.e. chain-on oriented crystals) [162] that grow
into these irregular shapes as a consequence of diffusion limited aggregation [163, 164,
165, 166]. In contrast, the structures observed in the P3CF3HT films clearly consist
of multiple parallel edge-on oriented lamellae (in this case face-on oriented crystals).
Therefore, these structures are more of an incomplete spherulite formed due to a very
low branching density and a very limited degree of splaying of lamellae. Thus, the
face-on crystals in P3CF3HT films on silicon substrates vary between two different
growth forms depending on crystallization temperature. When crystallized closer to
the melting point the crystals grow with little branching and splaying resulting in large
crystal stems with few large branches consisting of multiple parallel lamealle. Upon
further undercooling and an increasing frequency of lamellar branching [167, 168] the
crystals transition to a common spherulitc growth form.

The film crystallized by cooling with P3 has a quite remarkable morphology (cf. fig.
4.9 g). In large parts the sample is still covered by a non-birefringent film with only a
few visible holes. While the holes are a bit larger, the number of holes is approximately
comparable to the number of holes found in the film cooled with P1 indicating that the
dewetting has not significantly progressed compared to the film cooled with P1 despite
the inserted isothermal steps at elevated temperatures. The extent of dewetting in this
sample was most likely not significantly hindered by the crystallization of the film as the
temperature dependent GIWAXS measurements suggest that edge-on crystallization
proceeds slowly in the temperature range of the inserted isothermal steps and therefore
the film was likely still partially molten during the isothermal steps.

Additionally, the film features large crystal stems which are quite similar to, but
less developed than the crystal structures found in the film cooled with P4. Interest-
ingly, in the POM image the film in the immediate surrounding of these large crystal
stems is somewhat brighter than the remaining film indicating a reduced film thickness.
This can be interpreted as a depletion zone caused by material incorporation into the
denser and likely higher crystal stems. Similar depletion zones around growing polymer
crystals have been reported for other polymers such as PEO and iPS [169, 161, 170].
Nonetheless, as seen in the upper right corner of the AFM adhesion image in figure 4.9
j) and similar to previous observations the large crystal stems are still surrounded by
a thinner film with a nanofibrillar morphology.

Recently, Majumder et al. reported on the vertical growth of poly(nonadecane methylphos-
phonate) crystals in thin films where the height of the crystals surpassed the initial
thickness of the film by 100 times [171]. This lead to a widespread depletion of molten
polymer in between the crystals in the sample and thus a reduction of the film thick-
ness. Therefore, it seems plausible that depletion is also responsible for the large extent
of pseudo-dewetting observed in the P3CF3HT films cooled with P2 and P4. Although,
as seen in the film cooled with P3, the depletion is likely not the only reason for the
formation of the observed holes as not all holes are in immediate proximity to a large
crystal stem.

Based on the results presented here it is not quite clear why the depletion leaves a thin
layer of material behind. One possible explanation might be a lower chain mobility
(i.e. an increased glass transition T}) in very thin films due to adhesive forces between
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4.3. Influence of Competing Crystallization Mechanisms

the polymer chains and the silicon substrate as similar effects have been observed in
other polymers [172]. Although this raises the question as to how this immobilized
layer is then still able to form edge-on oriented crystals. Another possible explanation
is, that the further progression of the depletion is limited by the formation and growth
of edge-on oriented crystals upon reaching lower temperatures.

Overall, the apparent dewetting in thin films of P3CF3HT is likely a result of both ac-
tual dewetting as well as material diffusion to the growing face-on crystals resulting in
the formation and growth of depletion zones. The holes in the film where the bare sili-
con substrate is visible are likely a result of actual dewetting, while the pseudo-dewetted
areas are likely mainly caused by depletion.

In summary, the following model for the development of crystal orientation and
morphology in thin films of P3CF3HT on silicon substrates upon cooling from the
melt is proposed: At temperatures above the melting point dewetting of the molten
film leads to the formation of holes. Upon Cooling the film to 191 °C heterogeneous
nucleation of face-on oriented crystals at the interface to the silicon substrate occurs.
In this temperature range the face-on crystals grow with little branching and splaying
of lamellae. If given enough time this leads to the formation of large crystal stems
consisting of multiple lamellae and the depletion of the surrounding melt. If instead
cooled down further until the temperature of the film drops to 185°C, edge-on crystals
start forming and growing at the interface to vacuum. If kept in this temperature range,
the formation of edge-on crystals in the depletion zones around the large face-on crystal
stems prevents further diffusion of material to the face-on crystals and their growth is
halted. When instead further cooling the sample before the edge-on crystals can grow
further, the lamellae of the face-on oriented crystals start branching and splaying more
and more resulting in the formation of spherulites.

4.3.2. Crystal Orientation and Morphology of Thin Films of
P3CNHT

As seen from the measurements of P3CFsHT films discussed above, if there is a com-
petition between the formation of crystals of two different crystal orientations, the final
distribution of crystal orientations can sensitively depend on the crystallization condi-
tions such as the film thickness and the cooling program used to crystallize the samples
from the melt. To verify that the formation of explicitly edge-on oriented crystals is
truly suppressed in PSCNHT and thus there is no competition between the formation of
edge-on and face-on oriented crystals, a series of PSCNHT films of different thicknesses
and crystallized from the melt using different cooling programs on both graphene and
silicon substrates were investigated.

Figure 4.10 summarizes the results of the measurements on thin P3CNHT films
on graphene substrates. The different temperature programs used to crystallize the
films from the melt are labeled as P1 to P3 and are plotted in figure 4.10 k). In
cooling program P1 the samples were cooled from 210°C to 20°C with 10 K/min.
In program P2 the samples were cooled down to 120°C with 1K/min and then to
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Figure 4.10.: a-d) GIWAXS patterns of P3CFNHT films on graphene substrates crystal-
lized from the melt. Films measured in a) and c) had different thicknesses
but were crystallized using the same cooling program. Films measured in b-d)
had similar thicknesses but were crystallized using different cooling programs.
e-h) Corresponding optical microscopy images of the same films. Left and
right halves of the microscopy images depict the same regions recorded with
open (left) and crossed polarizers (right). i-j) AFM height (upper row) and
adhesion (lower row) images of the same films. k) Plot of the different cooling
programs (P1-P3) used to crystallize the samples. Measured film thicknesses
and employed cooling programs are indicated in the upper left of the mea-
surements.

20°C with 10 K/min. In program P3 the samples were cooled via multiple isothermal
steps of 60min each. As seen from the GIWAXS patterns (cf. fig. 4.10 a-d) all
films show an almost complete face-on orientation and neither the film thickness nor
the employed cooling program had any significant effect on the distribution of crystal
orientations. While especially in the thicker films there is a small fraction of randomly
oriented crystals as seen from the weak circular intensity distribution component of
the (100) reflection, no sign of explicitly edge-on oriented crystals is observed. The
optical microscopy images (cf. fig. 4.10 e-h) of all films show rather smooth films with
an irregular birefringence pattern and no sign of dewetting. The AFM images of thin
films (<30nm) show that the lamellae are arranged in a clear threefold symmetry (cf.
fig. 4.10 i) indicating that the face-on crystals have grown epitaxially on graphene.
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4.3. Influence of Competing Crystallization Mechanisms

While the crystals in the thicker films are still strongly face-on oriented the in-plane
orientation of the growing lamellae is apparently lost at a certain distance from the
graphene substrate as the clear threefold symmetry of the lamellae is not visible at the
surface of thicker films (cf. fig. 4.10 j).
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Figure 4.11.: a-d) GIWAXS patterns of P3CFNHT films on silicon substrates crystallized
from the melt. Films measured in a) and c) had different thicknesses but were
crystallized using the same cooling program. Films measured in b-d) had
similar thicknesses but were crystallized using different cooling programs. e-
h) Corresponding optical microscopy images of the same films. Left and right
halves of the microscopy images depict the same regions recorded with open
(left) and crossed polarizers (right). i-1) AFM height (upper row) and adhesion
(lower row) images of the same films. AFM image in 1) shows an enlarged view
of the area in the red square in k). The inset in 1) shows the underlying area in
a different height /color scale. Measured film thicknesses and employed cooling
programs are indicated in the upper left of the measurements.

Figure 4.11 summarizes the results of the measurements on thin P3CNHT films on
silicon substrates. The same cooling programs (P1-P3) used to crystallize the PSCNHT
films on graphene were also used to crystallize the PSCNHT films on silicon substrates.
Similar to the films on graphene, all films on silicon show an almost complete face-
on orientation with only a small additional fraction of randomly oriented crystals (cf.
fig. 4.11 a-d). Again, neither the film thickness nor the employed cooling programs
had any significant effect on the distribution of crystal orientations. In contrast, the
morphologies of the films do show certain difference as observed by POM and AFM.
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In the thinnest film small birefringent crystal stems are visible that look quite similar
to the crystal stems observed in the thinnest P3CF3;HT film on silicon substrates (cf.
fig. 4.11e and 4.8¢). The film in between these small crystal stems is only weakly
birefringent. However, as seen from the AFM image shown in figure 4.11i) the film in
between the small crystal stems is also covered by crystalline lamellae. In the three
thicker films a multitude of overlapping maltese cross patterns can be seen in the mi-
croscopy images with crossed polarizers (cf. fig. 4.11f-h), indicating that the crystalline
lamellae in these films are organized in spherulites. The AFM images of these films
show branching and outward splaying lamellae confirming the spherulitic growth of the
crystalline lamellae (cf. fig. 4.11j). The observation of spherulitic structures again in-
dicates that the face-on crystals in PSCNHT on silicon substrates are induced through
heterogeneous nucleation at the interface to the substrate. Interestingly, the two more
slowly cooled films (P2,P3) feature a series of small inhomogeneities as seen by the
yellowish and reddish spots found in the centers of many of the spherulites in the POM
images (cf. fig. 4.11g,h). The AFM measurements reveal that these inhomogeneities
are comprised of multiple parallel lamellae that have grown to be significantly higher
than the surrounding film (cf. fig. 4.11k,1). The morphology of elongated parallel
lamellae with little branching and splaying is similar to the morphology found in the
large crystal stems of slowly cooled P3CFsHT films. Based on this, face-on oriented
crystals of PBCNHT on silicon substrates also seem to grow with only little branching
at higher temperatures forming larger crystal stems that can grow vertically to sig-
nificantly exceed the original film thickness. Upon further cooling, the branching and
splaying of lamellae increases and together with an increased lateral growth speed this
results in the complete crystallization of the remaining film in the form of spherulites.

Overall, while their are certain similarities between the films of P3CF3HT and
P3CNHT crystallized from the melt on silicon substrates, the latter shows no signs of
dewetting or pseudo-dewetting. Additionally, no influence of the film thickness or the
cooling program on the distribution of crystal orientations in thin films of P3CNHT
on both graphene and silicon substrates could be observed. Thus, it seems like the
formation of edge-on crystals at the interface to vacuum has indeed been completely

suppressed in PSCNHT.

4.4. Crystallization Mechanisms in Thin Films of
P3CF;HT and P3CNHT

The formation of oriented crystals in thin films of semicrystalline polymers supported on
substrates is a result of interface-induced crystallization. Known mechanisms through
which the interfaces can induce oriented crystallization are heterogeneous nucleation
[173], prefreezing at the interface to the substrate [151, 66, 152, 174, 64] and surface
freezing at the interface to vacuum [67, 68, 70, 71, 72, 73]. Additionally, a recently
published simulation study by Qiu et al. suggests that heterogeneous nucleation at
the interface to vacuum is also possible [175]. However, heterogeneous nucleation at
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the interface has never been observed experimentally. Based on the results presented
in section 4.3, it is possible to draw several conclusions regarding which crystal orien-
tation is induced by which interface. The lamellae of face-on oriented crystals found
in both the P3CF;HT and P3CNHT films on graphene substrates are clearly grown
epitaxially. Therefore, based on the observed lamellar morphology, it can be concluded
that graphene induces face-on oriented crystallization in both polymers. Furthermore,
as the nanofibrillar morphology found in thin films of P3CF3HT is clearly comprised
of edge-on oriented crystals and the same nanofibrillar morphology is found on top of
the pseudo-dewetted droplets on graphene substrates, the edge-on oriented crystals in
P3CF3HT films are clearly induced by the interface to vacuum.

As speculated based on the observed spherulites in thin films of PSCF3HT and PSCNHT
on silicon substrates the face-on crystals in these films are likely formed through het-
erogeneous nucleation at the interface to the substrate. Additionally, it seems unlikely
that for PSCF3HT films on silicon the interface to vacuum would induce both edge-on
and face-on oriented crystals making heterogeneous nucleation at the interface to the
silicon substrate even more probably. Regrettably, a more reliable determination of
the origin of face-on oriented crystals in P3CF3HT films on silicon was not possible as
surface sensitive GIWAXS measurements could not be performed due to the significant
roughness of the films caused by the observed dewetting and pseudo-dewetting. It is
however possible to determine which interface induces the face-on crystals in PSCNHT
films on silicon substrates by performing surface sensitive GIWAXS measurements on
the compared to P3CF3HT much smoother films.
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Figure 4.12.: a) Azimuthal intensity distribution of the (100) reflection extracted from
GIWAXS measurements of a 86 nm thick P3CNHT film on a silicon sub-
strate measured at different angles of incidence ;. b) Ratio of intensities
I andom /I face—on of the (100) reflection scattered from random and face-on
oriented crystals as a function of «; for different PSCNHT films. The red
semi-circle in the inset GIWAXS image in a) shows the integration range used
to extract the azimuthal intensity profiles. The dashed line in b) indicates the
critical angle of PSCNHT (a. =~ 0.165°).
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The surface sensitive GIWAXS measurements of the PSCNHT film were performed
analogously to the measurements reported by Dolynchuk et al. on thin films of P3BrHT
[34]. Figure 4.12a) shows exemplary azimuthal intensity distributions of the (100) re-
flection extracted from GIWAXS measurements at varying angles of incidence «; from
a 86 nm thick film on a silicon substrate. As Dolynchuk et al. evaluated the ratio of
scattering intensities of edge-on and face-on oriented crystals and there are no explic-
itly edge-on oriented crystals in the P3CNHT films the ratio between the scattering
intensity of random oriented crystals and face-on oriented crystals was evaluated in-
stead. As illustrated in figure 4.12a) the maximum intensity in the angular range of
170° to 180° was taken as a measure for the scattering intensity of face-on oriented
crystal Ifqce—on. The scattering intensity of the randomly oriented crystals I,qnd0m Was
determined by averaging the intensity in the angular range of 104.5° to 115.5°. The
resulting ratio I andom/! face—on for two P3CNHT films on silicon as a function of the
angle of incidence are plotted in figure 4.12b). For comparison, the plot also contains
similar measurements on two P3CNHT films on graphene substrates.

With decreasing angle of incidence and thus with decreasing penetration depth of
the primary beam the I,andom/! face—on-ratio of all four P3CNHT films increases on
average. While this trend is least pronounced in the 78 nm thick film on silicon it is
still evident that the average I andom/ ! face—on-ratio increases when angle of incidence o
drops below the critical angle a, of the polymer. Overall, these measurements give a
clear indication, that the fraction of random oriented crystals increases with increasing
distance to the substrate. Therefore, it can be concluded that the formation of face-on
oriented crystals in thin films of PSCNHT on silicon is induced by the interface to the
silicon substrate.

Regarding the crystallization mechanism at the different interfaces, the spherulites
observed both in P3CFsHT and P3CNHT films on silicon are a clear indication that
the face-on crystals in both polymers on silicon are formed through heterogeneous nu-
cleation and growth. The random oriented crystals found in thin films of PSCNHT on
both graphene and silicon substrates are most likely a result of both a loss of orientation
upon further growth of the face-on oriented crystals, as well as homogeneous nucleation
in the remaining melt upon reaching lower temperatures during the continuous cooling.
In the temperature dependent GIWAXS measurements of the P3CF3HT film on silicon
the first indication of edge-on oriented crystals is visible at 185°C (cf. fig. 4.7) which
is below the bulk melting temperature of P3CFsHT (T, = 212°C). Therefore, the
edge-on crystals in thin films of P3CF3HT are not formed by surface freezing, which
happens above the bulk melting point, but instead most likely through heterogeneous
nucleation at the interface to vacuum. Note however, that a potential layer of nematic
liquid crystalline order in P3CF3HT films induced by the vacuum interface above the
bulk melting point cannot be excluded as this would not be visible in GIWAXS mea-
surements.

To elucidate whether the face-on crystals in thin films of PSCNHT on graphene sub-
strates are formed via heterogeneous nucleation or through prefreezing, temperature
dependent GIWAXS measurements were performed in thin films on graphene and on
silicon for comparison. The results of these measurements are shown in figure 4.13.
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Figure 4.13.: Line profiles extracted from temperature dependent GIWAXS measurements
of P3CNHT films on a) graphene and b) silicon substrates during cooling from
the melt. The red cones in the insets illustrate the integration range used to
extract the shown line profiles from the 2-dimensional GIWAXS patterns. The
line profiles in which the (100) reflection is first visible are highlighted in red.

The (100) reflection of face-on oriented crystals on graphene is first visible in the mea-
surement at 180 °C while the (100) reflection of the face-on oriented crystals on silicon
is only visible upon reaching 160 °C. While the graphene substrate does induce crystal-
lization at higher temperatures than the silicon substrate the onset of the formation of
face-on oriented crystals is still below the bulk melting temperature of P3CNHT (7,
= 190°C) on both substrates. Thus, although the existence of a layer of nematic order
above the bulk melting temperature cannot be excluded, based on the experimental re-
sults the face-on crystals in thin films of PSCNHT on graphene are most likely formed
through heterogeneous nucleation and not through prefreezing.

Overall, these results are in line with the observations reported in literature for thin
films of P3HT and P3BrHT, for which the vacuum interface induces face-on oriented

crystals, while graphene substrates induce face-on oriented crystals [129, 32, 33, 31,
34].

4.5. Transferring Approach to Other Semiconducting
Polymers

Within the previous sections it was demonstrated that the preferred crystal orientation
of polythiophenes in thin films can indeed be controlled by increasing the polarity of
the endgroup of the side chain. As there are many other semiconducting polymers
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Figure 4.14.: Chemical structure of a) PDPP[T]|2{2-HD},-T and b) PDPP[T]2{2-HD}»-
T{CNH}. GIWAXS patterns of ~ 100nm thick films of ¢) PDPP[T]2{2-
HD}o-T and d) PDPP[T]2{2-HD},-T{CNH} on silicon substrates after crys-
tallization from the melt.

with better performance than polythiophenes it is of significant interest to determine,
whether the approach of controlling the crystal orientation is unique to polythiophenes
or if it is transferable to other semiconducting polymers.

As a first attempt to verify whether the crystal orientation in other semiconducting
polymers can also be controlled through chemical modifications of the side chains, two
diketopyrrolopyrrole-based copolymers were investigated. The chemical structure of the
two PDPPs is shown in figure 4.14a,b). The first, PDPP[T]{2-HD},-T or PDPP[T]»-
T, is a PDPP with exclusively alkyl side chains. As discussed in chapter 6 in more
detail PDPP[T],-T, in contrast to P3HT, only has liquid crystalline order at room
temperature. The second, PDPP[T]y{2-HD},-T{CNH}, is derived from PDPP[T],-T
by adding a cyanohexyl side chain, equivalent to that in P3CNHT, to the thiophene
comonomer. Films of both PDPPs were spin-coated onto silicon substrates and crys-
tallized from the melt. The GIWAXS patterns of the PDPP[T]o-T film shows a very
dominant edge-on orientation with no explicitly face-on oriented crystals. In contrast,
the PDPP[T]5{2-HD},-T{CNH} film shows a binary distribution of edge-on and face-
on oriented crystals. This demonstrates, that while only one out of five end groups of
the side chains in PDPP[T]3{2-HD},-T{CNH} carries a cyano group it was sufficient
to alter the distribution crystal orientations significantly. Additionally, the general
appearance of face-on oriented crystals in the PDPP[T]2{2-HD},-T{CNH} film on sil-
icon is an indication that the cyano end group might generally enable face-on oriented
crytallization at the interface to silicon substrates.

Further research is still needed to fully confirm the validity of the approach of in-
creasing the polarity of the end groups of side chains to control the preferred crystal
orientation in thin films of conjugated polymers other than polythiophenes. Nonethe-
less, these initial results obtained for PDPPs are quite promising.
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4.6. Conclusion

In this chapter the influence of the polarity of the end groups of the side chains in poly-
thiophenes on the the crystal orientation in thin films was investigated. It was demon-
strated, that the formation of edge-on oriented crystals at the interface to vacuum is
fully suppressed if the end groups of the side chains have a sufficiently large dipole
moment. The suppression of the edge-on oriented crystals by more polar end-groups is
attributed to an increase in the interfacial energy of the crystal-vacuum-interface mak-
ing the edge-on crystallization at the vacuum interface thermodynamically unfavorable.
For P3CNHT, the polythiophene with the most polar end group of the side chain, a
dominant face-on orientation without any sign of explicitly edge-on oriented crystals
could be achieved in films on graphene of upto 200 nm thickness. Furthermore, it was
shown that the introduced polar end groups enabled heterogeneous nucleation of face-
on oriented crystals at the interface to silicon substrates in P3CF3HT and P3CNHT.
This is in contrast to P3HT, for which the amorphous SiO, interface of the silicon sub-
strates has no pronounced influence on the crystallization. The complete suppression
of edge-on oriented crystals in films of device-relevant thicknesses combined with the
expansion of the available substrates that induce face-on oriented crystallization is a
significant step towards more efficient and cheaper organic photovoltaic devices.
Additionally, the influence of the polar end groups of the side chains on the crystal
structure was investigated. All of the investigated polymers have either an orthorhom-
bic (P3BrHT, P3CF3HT) or monoclinic unit cell with only a small deviation of v from
90° (P3HT, P3CNHT). Generally, the polar end groups of the side chains did not sig-
nificantly affect the intermolecular ordering of the investigated polythiophenes.
Despite the limited effect of the polar end groups on the crystal structure, a reduction
in crystallinity compared to P3HT was observed for all of the investigated polythio-
phenes. However, the reduction in crystallinity does not correlate with the strength
of the dipole moment of the end group. Therefore, a high end group polarity itself
does not necessarily result in a significant reduction in crystallinity. Thus, there might
be other polar end groups that have less effect on the crystallinity of polythiophenes
and furthermore, the same end groups might have a completely different effect on the
crystallinity in other polymers.

It was also demonstrated, that the simultaneous presence of the competing edge-on and
face-on oriented crystallization processes in P3CF3HT results in a strong dependence
of the distribution of crystal orientations and the film morphology on the crystalliza-
tion conditions. Consequently, the resulting distribution of crystal orientations upon
cooling from the melt can be changed from a dominant face-on orientation to a dom-
inant edge-on orientation by a suitable choice of film thickness and employed cooling
program.

Finally, initial results of a polydiketopyrrolopyrrole with partially polar end groups
of the side chains were presented, indicating that the chosen side chain engineering
strategy to control the crystal orientation in thin films is transferable to other semicon-
ducting polymers.
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Overall, the presented results demonstrate that introducing polar end groups to the
alkyl side chains of polythiophenes is a valid approach to control the crystal orientation
in thin films. While these results are promising, further research of other polar end
groups is still needed to establish a broader catalog of suitable polar end groups, al-
lowing to simultaneously optimize the crystal orientation and other material properties
such as the crystallinity. Furthermore, the transferability of the approach presented
here to other semiconducting polymers has to be investigated in more detail. Addi-
tionally, a more profound understanding of the required strength of the dipole moment
and the fraction of side chains that have to carry polar end groups in order to suc-
cessfully suppress the edge-on crystallization would certainly be beneficial for further
optimization of material properties.
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Figure 5.1.: Chemical structures of the investigated polythiophenes with differently linked
ethylene glycol side chains. The methyl (red) and ethyl (blue) spacers are
highlighted in color.

As described in section 2.3.3, OECTs operate in aqueous environment and have
many different applications in bioelectronics related to detection and concentration
measurement of ions and biomolecules. The active layer of OECT devices requires
materials that enable both ionic and electronic transport (mixed conduction). Typical
polymers used for the active layer of OECTSs are semiconducting polymers like poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate)(PEDOT:PSS) or polyelec-
trolytes like poly(6-(thiophene-3-yl)hexane-1-sulfonate) tetrabutylammonium (PTHS).
While conjugated polyelectrolytes are suitable candidates for mixed conduction, they
suffer from the significant drawback of being water soluble. Therefore, polyelectrolytes
require cross-linkers to be used in OECT devices [176, 177].

Another promising class of polymers for OECT devices are semiconducting polymers
with hydrophilic ethylene glycol(EG) side chains. The introduction of EG side chains to
conjugated polymers facilitates the penetration and the transport of aqueous ions into

65



5. Influence of EG Side Chain Linkage on Ordering and OECT Performance

the bulk film and therefore enables OECT operation [178, 179, 180]. Additionally, it has
been shown that conjugated polymers with EG side chains exhibit high electrostability
in aqueous environment [181] and do not require any cross-linkers for application in
OECT devices [178]. The chemical structure of the conjugated backbones for polymers
designed for bioelectronic applications is often based on polymers that have been known
to perform well in other applications such as organic field effect transistors. Therefore,
polythiophene derivatives are one of the most widely studied class of p-type seim-
conductors for bioelectronic applications. They benefit from a high crystallinity, good
charge carrier mobility and a well established synthesis route (Kumada catalyst transfer
polymerization) resulting in well defined polymers with narrow molecular weight distri-
bution and high regioregularity [182, 183, 184]. One of the best performing polymers in
this class is poly(2-(3,3’-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5-
yl)thieno[3,2-b|thiophene), p(g2T-TT) [178, 185, 186].

Dong et al. investigated two polythiophenes with EG side chains, one where the first
oxygen of the EG side chain is directly attached to the thiophene backbone (P3MEET)
and one where a methyl spacer was inserted between the oxygen and the backbone
(PSMEEMT) [187]. As they investigated these polymers for potential use in battery
applications, their main focus lay on the Li-ion conduction properties of these two
polymers. Thus, they did not study mixed conduction properties or the performance
of these polymers in OECTs or OFETs. Nonetheless, their study revealed significant
differences in the ion conductivity of these two polymers, indicating that the linkage
of the EG side chain to the thiophene backbone can have a strong influence on the
properties of these polymers.

While it has been established, that functionalizing polythiophenes with EG side
chains results in polymers well suited for application in OECT devices [188], the in-
fluence of the linkage of the EG side chain to the backbone has not yet been investi-
gated in detail. Here, a series of three polythiophenes with differently linked EG side
chains is investigated to elucidate the influence of the linkage of the EG side chain
on the molecular ordering, mixed conduction properties and performance in OFET
and OECT devices. The three investigated polymers are (cf. fig. 5.1): poly(3-
[2-(2-methoxyethoxy )ethoxy]thiophene-2,5-diyl) (P3BMEET) with no spacer between
EG side chain and backbone, poly(3-[2-(2-methoxyethoxy)ethoxy|methyl-thiophene-
2,5-diyl) (P3MEEMT) with a methyl spacer between EG sidechain and backbone
and poly(3-[2-(2-methoxyethoxy)ethoxy]ethyl-thiophene-2,5-diyl) (PSMEEET) with an
ethyl spacer between EG side chain and backbone. An overview of the molecular weight
and the dispersity D of the three investigated polythiophenes with EG side chains is
given in table 5.1 together with a summary of selected thermal and structural param-
eters discussed in the following sections. !

!The three polythiophenes with EG side chains were synthesized by Philip Schmode from the group of
professor Mukundan Thelakkat from the University of Bayreuth as described in reference [189]. The
size exclusion chromatography measurements, thermogravimetric analysis (TGA) measurements,
spectroelectrochemistry (SEC) measurements, cyclic voltammetry (CV) measurements, swelling
experiments, electrochemical impedance (EIS) measurements as well as OFET and OECT device
preparation and characterization were also performed by Philip Schmode, partially in collabora-
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Table 5.1.: Material Properties of the Investigated Polythiophenes with DEG Side Chains
Polymer M,* | D* | Ty, * | Tin® | AHLC | xe® | dioo® | do2o®
[kDa °Cl | O] | [I/g] | [%] | [A] | [A]
PSMEET 10 143 | =220 | - - - - -
P3SMEEMT 12 1.21 | =300 | 99 2.0 32 | 184 | 3.8

P3MEEET 13 | 1.08 | =370 | 122 8.6 58 | 20.7 | 3.7
¢ Determined by SEC with THF as eluent and against polystyrene standards.
’Determined by TGA. “Determined by DSC. Determined from WAXS measurements
as described by Balko et al. [139] “Determined from WAXS measurements.

The results presented here reveal a strong dependence of the material properties
on the linkage of the EG side chain, as most of the investigated properties show a
monotonous dependence on the spacer length. Consequently, within the investigated
series, PSMEEET with the ethyl spacer shows the highest crystallinity, the highest hole
mobility in OFET devices and the highest transconductance and poperC™* product in
OECT devices. The results presented in this section have partially been published in
reference [189].

5.1. Thermal Stability and Phase Transitions

The effect of the different spacer length between the EG side chain and the thiophene
backbone on the thermal stability and the phase behavior was studied using thermo-
gravimetric anaylsis (TGA) and differential scanning calorimetry (DSC). The results
of the TGA measurements are shown in figure 5.2a. The measurements clearly demon-
strate that the thermal stability increases with increasing length of the alkyl spacer
between the first oxygen of the EG side chain and the thiophene backbone. Within
the investigated series PSMEET shows the lowest onset of degradation as a total mass
loss of 5wt% already occurs at approximately 220°C. The low thermal stability of
P3SMEET can be attributed to the electron-withdrawing effect of the oxygen atom of
the EG side chain being directly attached to the thiophene backbone. In contrast,
P3SMEEMT and P3MEEET, in which the first oxygen of the EG side chain is sepa-
rated from the thiophene backbone by an alkyl spacer, show a higher thermal stability.
Namely, a total mass loss of 5wt% in PSMEEMT and P3SMEEET occurs at tempera-
tures of approximately 300 °C and 370 °C respectively.

Figure 5.2b shows the first cooling and second heating run of the three polythiophenes

tion with the group of professor Sahika Inal from the King Abdullah University of Science and
Technology. DSC and powder WAXS measurments of PSMEEET and P3HT were performed by
Oleksandr Dolynchuk from the group of professor Thurn-Albrecht from the Martin Luther Univer-
sity Halle-Wittenberg. DSC and powder WAXS measurements of PEBMEEMT and PSMEEET, as
well as all GIWAXS and AFM measurements on thin film samples were performed by the author
of this thesis.
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Figure 5.2.: a) TGA and b) DSC measurements of PSMEET (black), PSMEEMT (red) and
P3MEEET (blue). Measurements were performed under nitrogen atmosphere
with a cooling/heating rate of 10 K/min. The DSC curves show the first cool-
ing (dashed) and the second heating run (solid) and are shifted vertically for
better visibility. For comparison a DSC measurement of P3HT (purple) is also
given. Panel a) reprinted with permission from [189]. Copyright 2020 American
Chemical Society.

with EG side chains and P3HT for comparison. While for PSMEEET a clear melt-
ing peak can be observed at 122°C and a weak melting peak can be observed for
P3MEEMT at 99°C, no clear sign of crystallization or melting could be observed for
P3MEET indicating that it is amorphous. The observed melting enthalpies AH,, for
P3MEEMT and PBMEEET are 2.0 J/g and 8.6 J /g respectively. Overall, melting point
and melting enthalpy clearly increase with increasing spacer length.

In comparison to P3HT(7,, = 231°C, AH,, = 24.6J/g) the investigated polythio-
phenes with EG side chains all show significantly lower melting points and melting
enthalpies, indicating that the replacement of the hexyl side chain with an EG side
chain resulted in a reduced molecular order. The results of the TGA and DSC mea-
surements are summarized in table 5.1.

5.2. Ordering and Thin Film Morphology

The ordering in bulk was investigated by a series of WAXS measurements recorded at
different temperatures during a step-wise heating run. The scattering patterns obtained
at various temperatures during a heating run (red curves), as well as before (black curve)
and after (blue curve) the heating run are shown in figure 5.3a-c). For PBMEET and
P3SMEEMT the first heating run of the as prepared samples is shown as both did not
crystallize upon cooling from the melt. For PSMEEET scattering patterns recorded in
a second heating run after the sample had been crystallized by cooling from the melt
are shown to emphasize its thermal stability.

The scattering patterns of PSMEET show no signs of increased order during or after
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Figure 5.3.: a-c) Powder WAXS patterns measured during step-wise heating of a) PAMEET
b

b) PBMEEMT and P3MEEET. d) Powder WAXS patterns of P3MEET,
PSMEEMT, PSMEEET and P3HT in most ordered state observed. Scattering
patterns of PSMEEET and P3HT were measured at 20 °C after crystallization
from the melt. P3MEET scattering pattern was measured at 20°C after an-
nealing at 140°C. For PBMEEMT the scattering pattern measured at 70°C,
showing the most ordered state observed, is shown. Curves are shifted verti-
cally for better visibility. All visible (h00) and (020) peaks are indexed.

the heating, which is in line with the lack of crystallization and melting peaks in the
DSC measurements. In contrast, the temperature dependent WAXS measurements of
P3MEEMT clearly show a continuous growing and narrowing of reflection peaks upon
heating up to a temperature of around 70 °C, indicating that the sample undergoes cold
crystallization resulting in increased ordering. At 100°C all peaks in the scattering
pattern of PSMEEMT have disappeared indicating that the sample has completely
molten somewhere between 90 °C and 100 °C, which agrees well with the melting point
of T,,, = 99 °C determined from the DSC measurements. Interestingly, PSMEEMT does
not recrystallize upon cooling after having been heated to 150°C. Since the polymer
clearly is able to crystallize as seen from the observed cold crystallization, the absence of
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5. Influence of EG Side Chain Linkage on Ordering and OECT Performance

crystallization upon cooling from the melt is most likely a result of thermal degradation
of the polymer.?

In contrast to PSMEEMT, PSMEEET crystallizes without any significant signs of

thermal degradation after cooling from the melt as evidenced by the similar scattering
patterns before and after the shown heating run (cf. fig. 5.3c). While the intensities of
the scattering peaks of PSMEEET are already significantly reduced at 110°C, they are
still clearly visible. Thus, the measurement at 120°C is the first measurement where
the sample is completely molten, which agrees reasonably well with the melting point
determined from DSC measurements. Note, that as the sample had been crystallized
through slow cooling from the melt prior to the shown heating run, no cold crystalliza-
tion is observed.
Figure 5.3d) shows a comparison of the most ordered scattering patterns recorded of
the polythiophenes with EG side chains and P3HT as reference. While for PSMEET,
P3MEEET and P3HT scattering patterns measured at 20 °C are shown, the shown scat-
tering pattern of PSMEEMT was measured at 70 °C representing the most ordered state
of PSMEEMT observed. The crystallinity values y. of the polymers were estimated
from the powder WAXS patterns by comparing the scattering intensities inbetween the
(100) and (200) peaks (attributed to the amorphous fraction of the samples) in the
semicrystalline and in the fully amorphous (i.e. melt) state as described by Balko et al.
[139]. The crystalinity of the P3BHT sample was determined to be 81 % which is similar
to values obtained in previous studies [139].

The scattering patterns of both PESMEEMT and PSMEEET show a series of regularly
spaced reflections below 10nm~! and an additional single reflection between 15nm™!
and 18 nm~!. By comparison with the scattering pattern of P3HT the equidistant peaks
can easily be identified as a series of (h00) reflections, while the single peak can be
identified as (020) reflection. In contrast, PEMEET only shows a significantly broader
peak at a position where one would expect the (100) reflection likely corresponding
to an amorphous structure. The spacings in the side chain direction digg and the 7-
m-stacking distances dggo determined from the (h00) and (020) reflections are given in
table 5.1. While d;qg increase from PSMEEMT to PAMEEET, which is to be expected
due to the overall longer side chain, the length of the alkyl spacer apparently does not
significantly influence the m-m-stacking distance. For PSMEEMT and PSMEEET the
overall number of visible reflections do not suffice to independently determine the unit
cell of these polymers. Nonetheless, based on the additional (unindexed) reflections

2The apparent contradiction between the thermal stability observed during WAXS measurements
and the thermal stability determined for PBSMEEMT by TGA (Ts¢ =~ 300°C) is likely a result of
the extended amount of time the sample is kept at elevated temperatures during the WAXS mea-
surements. The time per step of the step-wise heating and cooling program employed during the
WAXS measurements is & 22min (2 min equilibration time, 10 min WAXS measurement, 10 min
SAXS measurement). Thus, the samples are kept at elevated temperatures for multiple hours
during the WAXS measurements, which is significantly longer than modeled by the TGA measure-
ments. Therefore, the degradation temperatures determined from TGA measurements recorded
employing a continuous heating rate of 10 K/min can result in a significant overestimation of the
thermal stability for use-cases where the polymer is kept at elevated temperatures for longer times.
A similar observation was also made for the PDPPs investigated in chapter 6.
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visible in the scattering pattern of PSMEEET in the range of 10nm™! to 20nm™! that
resemble the reflections found in P3HT in the same range, it can be speculated that the
unit cell of PSMEEET is likely quiet similar to the unit cell of P3HT. As the intensity of
these additional reflections is quite low in PBMEEET, the absence of similar reflections
in PBMEEMT is likely a result of the significantly lower crystallinity and not necessarily
an indication of a different or reduced ordering in PSMEEMT.

P3MEET P3MEEMT P3MEEET

height image o K

adhesion image

Figure 5.4.: Crystal orientation and surface morphology in thin films of polythiophenes
with differently linked EG side chains and P3HT. a-d) GIWAXS patterns of
a) PSMEET, b) PSMEEMT, c) PSMEEET and d) P3HT measured at an angle
of incidence of 0.2°. e-h) AFM height(upper) and adhesion (lower) images of
the same thin films. Red circles in f) highlight a few better visible lamellae.
The PSMEET film was measured as cast while all other films were measured
after annealing in a vacuum oven.

The performance of devices such as OFET are not only influenced by the crystal
structure and the crystallinity of the active material but also by the orientation of these
crystals within the active layer. To investigate the influence of the side chain linkage
on the preferred crystal orientation in thin films, films of approximately 20 nm - 30 nm
thickness were spin coated onto silicon substrates and investigated through GIWAXS
and AFM measurements.® The PSMEEET and P3HT samples were slowly cooled after
having been annealed for 5min at 141°C and 284 °C respectively (temperatures as
indicated by oven), which for both polymers was nominally above the melting point

3 As mentioned in section 3.5, the thin film samples presented in this section were thermally treated in
a vacuum oven and not in the microfocus x-ray setup, since the sample stage used to heat thin film
samples in the microfocus setup was not yet available. As pointed out in section 3.5 the thermal
treatment of thin film samples in the vacuum oven suffers from a less controlled cooling rate which
can roughly be estimated to be around =~ 1K/min and a significant temperature dependent offset
of the actual sample temperature to the measured temperature.
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(cf. table 5.1). The thin film of PABMEEMT was annealed at 85°C (temperature as
indicated by oven) for 5min, which is nominally below its melting point to minimize
thermal degradation. Since PSMEET was classified to be amorphous as discussed
above, the PBMEET film was not thermally treated and measured as cast instead.
The results of the GIWAXS measurements on these thin films are shown in figure 5.4
together with AFM images of the same films. Comparing the intensities of the (h00)
reflections found on the meridian and the horizon of the GIWAXS measurements of
both PBMEEMT and P3MEEET (cf. fig. 5.4b,c) reveals a strong preference for the
edge-on crystal orientation for both polymers. Clearly, the different linkage of the EG
side chains does not have a significant effect on the preferred crystal orientation in
thin films of these polymers on silicon substrates. Judging by the amount and position
of visible reflections, the GIWAXS pattern of PSMEEET looks rather similar to the
scattering pattern of PSHT further attesting to the similarity of the crystal structure
of these two polymers. In contrast in the PSMEEMT thin film only the (100) and
the (020) reflections are visible. Overall, similar to what was observed in the powder
WAXS measurements, a general trend of decreasing order with decreasing length of
alkyl spacer is observed.

Another interesting observation can be made in the context of the results presented in
section 4: despite having multiple alternating dipoles the EG side chains do not seem to
have any significant effect on the preferred crystal orientation. This demonstrates, that
it is not just the aspect of whether or not the side chain is polar or not that influences
the preferred crystal orientation but indeed a certain dipole moment located at the
end-group of the side chain seems to be required. Also note that, while the presence of
face-on oriented crystals in a thin film of P3HT on a silicon substrate as evidenced by
the (100) peaks located on the horizon (cf. fig. 5.4d) might seem contradicting to the
results and arguments presented in chapter 4, the face-on crystals are easily explained
as remnants of the spin coating process and are an indication that the P3HT film
did not melt completely during the thermal treatment in the vacuum oven. Similar
observations of face-on oriented crystals appearing in thin films of PSHT and other
semiconducting polymers spin coated onto silicon substrates and annealed below the
melting temperature have also been reported in literature [190, 191].

The surface morphologies of the same thin film samples as used for GIWAXS mea-
surements were investigated using AFM operated in peak force tapping mode. The
resulting height and adhesion images are shown in the upper and lower row of figures
5.4e-h) respectively. The PBMEEET film shows a clear lamellar morphology featuring
numerous stacks of multiple elongated lamellae running in parallel, which is consistent
with the strong edge-on orientation of the crystals observed in this film. The P3HT
film also shows lamellar morphology albeit the lamellae are shorter and not as well
defined as in PBMEEET, which is most likely due to the PSHT film being annealed
instead of crystallized from the melt. In contrast, in the PSMEEMT film only a few
significantly shorter and narrower lamellae are visible which can be attributed to the
annealing and the lower degree of order observed for this polymer in WAXS and GI-
WAXS measurements. In the PBMEET film no clear structures can be discerned as
to be expected from an amorphous film. Summarizing the results obtained from the
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structure investigation, replacing the alkyl side chain of PSHT with an EG side chain
results in a general reduction of crystallinity despite seemingly having no significant
effect on the unit cell. Furthermore, the crystallinity shows a strong dependence on
the linkage of the EG side chain as it decreases significantly with decreasing length of
the alkyl spacer culminating in an amorphous polymer when no spacer is present. In
contrast, neither the EG side chain nor the linkage of said side chain seem to have a
significant effect on the crystal orientation in thin films on silicon substrates.

5.3. Electrochemical Properties and Device
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Figure 5.5.: Influence of linkage of DEG side chains on electrochemical and swelling proper-
ties of polythiophenes. a-c) Spectroelectrochemistry (SEC) measurements of a)
P3MEET, b) PSMEEMT and ¢) PBMEEET films on ITO. d) Cyclic voltame-
try (CV) measurements of the polymer films. Both SEC and CV measurements
were performed in 0.1 M aqueous NaCl solution using an Ag/AgCl reference and
a Pt counter electrode. CV curves were measured at a scan rate of 50mV s,
e) Swelling of polymer films in 0.1 M aqueous NaCl solution with and without
application of a doping potential measured using a electrochemical quartz crys-
tal microbalance with dissipation monitoring. f-h) Electrochemical impedance
spectra of f) PSMEET, g) PBMEEMT and h) PSMEEET measured using Au
electrodes with a DC voltage of 0.6V (P3MEET) or 0.8V (P3MEEMT and
P3MEEET) vs Ag/AgCl. Adapted with permission from [189]. Copyright
2020 American Chemical Society.

To allow better understanding of potentially observed differences in the performance
of the polythiophenes with differently linked EG side chains in OFET and OECT
devices a variety of different electronic properties and the swelling behavior of the
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polymers were investigated. The oxidation at doping potential in aqueous medium
was investigated through spectroelectrochemistry (SEC) and cyclic voltametry (CV)
measurements using a 0.1 M NaCl aqueous electrolyte. The thin film samples for these
measurements were prepared on I'TO-coated glass substrates. The measurements were
performed using a Pt mesh as counter electrode and an Ag/AgCl reference electrode.
The UV-Vis absorption spectra of the films at different applied doping potentials (0 V to
—0.9V in —0.1V steps) are plotted in figures 5.5a-c). Each doping potential was applied
for 10 s before the absorption spectra was recorded. As seen from these measurements,
the general trend upon application of increasing doping potentials is similar in all three
polymers: Upon exceeding a polymer specific threshold potential, a continuous decrease
of the w-7* associated absorption peak is observed while at the same time a red-shifted
polaron absorption peak appears and grows with further increasing doping potential. In
PSMEEMT and P3SMEEET the onset of oxidation occurs at similar doping potentials
(~ —0.6V and ~ —0.5V respectively). In contrast, PEBMEET exhibits a significantly
lower onset of oxidation of only &~ —0.2 V. Determining the onsets of oxidation from the
CV measurements shown in figure 5.5d) gives comparable values to the results from the
SEC measurements. While PSMEET shows the lowest onset of only 0.1V, PSMEEMT
and PSMEEET show higher onsets of oxidation of 0.5V and 0.4V respectively. The
lower onset of oxidation in PSMEET compared to PBMEEMT and PSMEEET can
be explained by a lower oxidation potential caused by the electron withdrawing effect
of the oxygen atom of the EG side chain being directly attached to the conjugated
backbone.

The swelling behavior of the polymers was investigated using an electrochemical
quartz crystal microbalance with dissipation monitoring (EQCM-D). The mass of the
polymer films in the dry state and when exposed to 0.1 M NaCl aqueous solution without
an applied doping potential were determined from observed shifts of the 7th overtone
of the resonance frequency 0 f of the QCM sensor using the Sauerbrey equation: Am =
—CAf/n, where C is the mass sensitivity constant and n is the order of the used
overtone. For the 5 MHz quartz crystal of the QCM sensor C' is 17.7ngcm 2 Hz ™!
[192]. The swelling of the polymer films exposed to the NaCl solution upon application
of a doping potential lead to large changes in dissipation and thus a Kelvin-Voigt model
was used instead of the Sauerbrey equation to fit the energy dissipation and observed
shifts in resonance frequencies of the 3rd, 5th and 7th overtones for these measurements
[193, 194]. The doping potentials were applied to the films using a three-electrode setup
with a Ag/AgCl reference electrode, a Pt counter electrode and the EQCM-D sensor
acting as the working electrode. The results of the swelling experiments are summarized
in figure 5.5¢). The passive swelling of the films exposed to the NaCl solution resulted
in a relative mass uptake of (5 £ 2)% for PBMEET, (26 £ 8) % for PEBMEEMT and
(6 £3) % for PSMEEET. Thus, while the passive swelling in PSMEET and PBMEEET
are comparable, the passive swelling of PSMEEMT is significantly more pronounced.
Interestingly, upon application of a doping potential this trend changes fundamentally
as the PBMEET and PSMEEMT films both take up another approximately 1.0 yg cm ™2
while the mass of the PABMEEET film increases by 12ugcm 2. Therefore, PSMEEET
shows a 12 times higher mass uptake than the other two polymers. This high mass
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uptake in PSMEEET is amongst the highest values reported for mixed conduction
polymers and also higher than reported for the benchmark accumulation mode polymer
p(g2T-TT) [185, 186]. Neither the differences in passive swelling nor the differences
in swelling under applied doping potential correlate with spacer length, crystallinity or
observed film morphology. Thus, while the investigated polymers differ significantly in
their swelling behavior, the mechanisms responsible for these differences are unclear.

Another important material parameter for materials intended for use in OECT de-
vices is the volumetric capacitance C* as the transconductance g,, of an OECT device
scales linearly with C* (cf. eq. 2.12 in section 2.3.3). Therefore, the volumetric
capacitance of the three polymers was determined using electrochemical impedance
spectroscopy (EIS) measurements. The measurements were performed in an 0.1M
NaCl aqueous solution. During the measurements, in addition to the AC potential
with an amplitude of 10mV, an additional polymer specific DC offset potential was
applied in order to measure the polymers in a state of maximum achievable doping.
Figure 5.5f-h) shows the result of the EIS measurements recorded at open-circuit po-
tential before doping (V' = Vp¢) and with an applied doping potential (V = 0.6V for
P3MEET and V' = 0.8V for PSMEEMT and P3MEEET). To determine the capaci-
tance of the polymers the impedance curves were fitted using a simplified Randles cir-
cuit (Regectrotyte (Rpotymer||Cpotymer)) [195, 196]. The volumetric capacitance C* was then
determined by normalizing the capacitance of the polymer films by the volume of the
dry films, as is a common approach [92, 197]. The determined volumetric capacitance
shows a strong depends on the linkage of the EG side chain. While PSMEET without
a spacer has a volumetric capacitance of (80 & 9) Fem ™2, the volumetric capacitance
doubles to (160 £+ 12) Fem™ in PSMEEMT when a methyl spacer is introduced and
increases even further to (242 4+ 17) Fem ™2 in PSMEEET which has an ethyl spacer.
The volumetric capacitance of PBMEEET is therefore amongst the highest reported
values for p-type mixed conductor polymers [178, 92]. The differences in volumetric
capacitance between the three polymers are likely related to the differences in order and
crystallinity, as Sivaraman et al. observed a similar dependence of the capacitance of
P3HT films on the crystallinity by studying P3HTs with varying regioregularities [198].
Furthermore, Proctor et al. proposed a simple phenomenological model that describes
the volumetric capacitance in terms of anion/hole pairs that form along the backbone
upon doping [199]. According to their model, the film contains a certain number of
these sites (anion/hole pairs). Cations injected from the electrolyte diffuse towards
these sites and replace holes which then can be extracted from the film through the
metal contacts . Within this model, the observed increase of volumetric capacitance
with increasing length of the alkyl spacer and increasing crystallinity could be explained
by a better accessibility of theses specific cites to the injected anions, thus increasing
the number of accessible cites that can form anion/hole pairs.

The polymers were tested as active layer in OFET and OECT devices. OFET devices
in bottom gate/bottom contact geometry were prepared by spin coating the polymers
from a chloroform solution onto special substrates as described in section 3.5. The
measured output and transfer curves of PSMEEMT and P3MEEET based OFETs
are shown in figure 5.6 a-d). For the PSMEET based OFETs no transistor behavior
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Figure 5.6.: Electronic properties of OFET and OECT devices based on polythiophenes
with differently linked DEG side chains. a,d) Output and b,e) transfer curves
of OFET devices based on a,b) PBMEEMT and d,e) PSMEEET. c¢) Transfer
curves of OECT devices based on PBMEET, PBMEEMT and P3MEEET. d)
Transconductance g,, of OECT devices plotted against channel geometry and
operation parameters. Linear fits used to determine the uC* product for each
material are given as dashed lines. Adapted with permission from [189]. Copy-
right 2020 American Chemical Society.

was observed. The hole mobilities determined from the transfer curves of the OFET
devices porpr reveal a difference between PSMEEMT and PSMEEET of more than
one order of magnitude (0.0003 cm? V~—'s~! and 0.005cm? V! s™! respectively). While
the determined hole mobility of PSMEEET is an order of magnitude smaller than the
hole mobility reported for P3HT based OFETs prepared under similar conditions (spin
coated from chloroform) [200, 201, 202], it is still one of the highest mobilities in OFET
devices reported for polythiophenes with polar side chains [203, 204]. The hole mobility
in polymers can be influenced by many different factors. Some of the more important
factors are the m-m stacking distance, the disribution of crystal orientataions and the
crystallinity [19, 205, 206]. Although further factors cannot be excluded, the lack of
significant differences between PSMEEMT and PSMEEET regarding the 7-7 stacking
distance or the distribution of crystal orientations (cf. section 5.2) suggests, that the
differences in hole mobilities can be attributed mainly to the observed differences in
crystallinity.

The OECT devices were prepared by spin coating the polymers from chloroform solu-
tion onto the OECT substrates prepared as described in section 3.5 using photolithog-
raphy and a parylene-C lift-off method. All resulting polymer films show comparable
thicknesses in the range of 90 nm to 100 nm. Figure 5.6¢) shows the transfer curves of
the OECTs based on PSMEET, PSMEEMT and PSMEEET measured in 0.1 M NaCl
aqueous solution using a Ag/AgCl pellet as gate electrode.
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Interestingly PSMEET, which did not show any transistor characteristics in OFET
devices, clearly is a functional active material for OECT devices. In addition, the
threshold voltage of PBMEET is significantly lower than for the other two polymers,
which is well in line with the low onset of oxidation of PSMEET observed in SEC and
CV measurements and again is likely caused by the electron withdrawing effect of the
oxygen being directly connected to the conjugated backbone.

Figure 5.6f) shows the transconductance g,, of the different OECT devices as a func-
tion of channel geometry and operation parameters. As discussed in section 2.3.3,
according to equation 2.12, the slope of this curve is defined by the popcrC* prod-
uct. Thus, the popcrC* product for the different polymers were determined by fit-
ting these curves linearly. The highest porpcrC* product was observed in PSMEEET
(11.5F cm™! V=1 s71) followed by a comparable but slightly lower value found in PSMEEMT
(9.8F cm™! V~'s71). In comparison, the poperC* product in PSMEET(0.04 F cm ™ V=1s™!)
is more than two orders of magnitude lower than those of PSMEEMT and PSMEEET.
Thus, PSMEEET with its ethyl spacer is the most promising of the three polymers for
bioelectronic applications. As the OECT characteristics are known to depend on the
chosen electrolyte [185], using an electolyte containing divalent anions or anions with
different polarities might improve the performance of PSMEEET based OECT devices
even further. Also note, that all three polymers could be tested in OECT devices
without any additional cross-linker as the polymers only swell but do not dissolve in
aqueous environment.

Based on the volumetric capacitances C* of the polymers determined from the EIS
measurements it is possible to estimate the hole mobilities upogcr of the different
polymers from their popcrC* products. Here, poper describes the hole mobility
in the swollen and oxidized state under OECT operation. While PSMEEMT and
P3MEEET show similar hole mobilities in OECT devices of 60 x 1073 cm? V=ts~! and
50 x 1073 cm? V=1 s7! respectively, PSMEET exhibits a significantly lower hole mobility
of only 0.52 x 1073 em? V~!s~!. Interestingly, the hole mobility of PSMEEMT in the
swollen state (pogpcr) is slightly higher than that of PEBMEEET despite the fact that
P3MEEET exhibits a one order of magnitude higher hole mobility than PSMEEMT in
the dry state (uorer). Generally, high degrees of order and higher crystallinities are
considered to be a requirement for high hole mobilities in polythhiophenes. Therefore,
the smaller increase in hole mobility in PSMEEET compared to PSMEEMT is possi-
bly a result of the excessive swelling observed in PSMEEET which likely disturbs the
arrangement of the polymer chains and thus results in decreased order in the polymer
film. Similar observations of reduced hole mobility with increased swelling have also
been reported by Savva et al. for p(g2T-TT) [186]. In contrast, a smaller degree of
swelling combined with doping via the uptake of ions clearly has a beneficial effect on
the hole mobility as observed for PSMEET, which did not show any transistor behavior
in the dry state but is a functional OECT material in the swollen state.

The results of the characterization of OFET and OECT devices based on the three
polythiophenes with differently linked EG side chains are summarized in table 5.2.
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Table 5.2.: Electronic Properties of OFET and OECT Devices Based on Polythiophenes
with DEG Side Chains

Polymer cr e porer’ porcr® | gm/d® | popcr - C*®
[F/cm?®] | [em?/ (Vs)] | [em?/(Vs)] | [S/em] | [F/(cm Vs)]
P3MEET 80+9 - 0.52-1073 0.02 0.04 +0.01

P3MEEMT | 160+ 12 | 0.3-1073 60 - 1073 12.3 9811

P3MEEET | 24217 | 5-1073 50-1073 20.4 11.5+14
¢ Volumetric Capacitance determined by EIS on Au electrodes with a DC voltage vs
Ag/AgCl. ® Hole mobility as measured from OFET devices in bottom-gate and
bottom-contact geometry. ¢ Hole mobility as determined from popcor - C* of OECT
devices by dividing by C*. ¢ Transconductance determined from measurements on
OECT devices in hydrated state using an Ag/AgCl pellet as the gate electrode and

normalized by film thickness.

5.4. Conclusion

In this chapter a series of polythiophenes with ethylene glycol (EG) side chains was
investigated to elucidate the effect of the linkage of EG side chain to the backbone on
various material properties and on the performance in OFET and OECT devices. In the
three investigated polythiohpenes the EG side chain was either directly attached to the
backbone (P3MEET) or with a methyl or ethyl spacer in between the EG side chain
and the backbone (P3MEEMT and P3MEEET respectively). It was demonstrated,
that the thermal stability of the polymers decreases greatly with decreasing spacer
length. Both the melting temperature and the crystallinity follow the same trend,
culminating in the amorphous polymer PSMEET where the EG side chain is directly
attached to the backbone. Based on a qualitative comparison of the WAXS patterns of
PSMEEMT, PBMEEET and P3HT no significant influence of the spacer length on the
crystal structure could be observed. Similarly to P3HT, the polythiophenes with EG
side chains show a dominant edge-on crystal orientation in thin films on silicon with
no discernible effect of the spacer length on the preferred crystal orientation.

The observed increase in crystalinity with increasing spacer length is also reflected in
the OFET measurements in which the amorphous PBMEET shows no OFET behavior
at all, while PSMEEET shows one of the highest hole mobilities reported for a polar
polythiophene homopolymer.

Similarly, the volumetric capacitance C'x, the swelling under doping potential as well as
the performance in OECT devices expressed through the transconductance g,, and the
toeor - C* product also all increase with increasing spacer length. Interestingly, the
hole mobility determined from OECT devices popcr does not increase monotonously
with increasing spacer length as PEBMEEMT (methyl spacer) exhibits a slightly higher
hole mobility than PSMEEET (ethyl spacer). The lower puopcr in PSMEEET is likely
caused by a certain disturbance of the crystal structure as a result of excessive swelling,
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5.4. Conclusion

as PSBMEEET showed a 12 times higher water uptake under applied doping potential
than PBMEET and PSMEEMT.

Overall, the seemingly trivial design aspect of the linkage of the EG side chain to the
thiophene backbone clearly has a strong influence on many different material properties
and is especially important for the interplay of swelling and charge transport in OECT
devices.
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6. Intermolecular Ordering in
Polydiketopyrrolopyrroles

The modular chemical structure of polydiketopyrrolopyrroles (PDPPs) allows to easily
introduce a large variety of chemical modifications. Through chemical modification of
the backbone it is for example possible to control whether the resulting PDPPs are
p-type, n-type, or ambipolar semiconductors [207, 208, 209, 210, 211]. By modifying
the type or number of side chains the solubility and swelling behaviour in different
solvents can be tuned. In this regard, attaching ethylene glycol (EG) side chains re-
sults in PDPPs that swell in aqueous media and are mixed ion-electron conductors,
making these PDPPs suitable for applications in bioelectronic devices, such as organic
electrochemical transistors (OECT) [212].

Despite the large number of different PDPPs that have been synthesized [37], the molec-
ular ordering has only been investigated for a few PDPPs and especially the extent to
which the molecular ordering can be influenced by different chemical modifications has
not been investigated in detail.

CeH1s CeH1a CeHiz

C H‘W C8H17 CgHi7
O
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N \ / N
e
H‘WCB H17Cs H17Cs

CeH1s CeH1a

PDPP[T]-T PDPP[T],-Toee 2@ PDPP[Py].-T

/

Figure 6.1.: Chemical structure of the three investigated PDPPs. The differences in
the chemical structure of PDPP[T]o-{DEG} and PDPP[Py]s with regard to
PDPP[T], are highlighted in color. Reprinted with permission from [213].
Copyright 2024 American Chemical Society.

Here, the influence of chemical modifications on the molecular ordering of PDPPs
is investigated using a series of three representative PDPPs: PDPP[T],-T, PDPP[T]s-
Tpreq and PDPP[Py]s-T. The chemical structure of the three PDPPs is shown in figure
6.1. The choice of the introduced chemical modifications is aimed to represent typical
or common modifications of PDPPs while also keeping the overall extent of modifica-
tions to a minimum, such that a certain correlation between the ordering behaviors of
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the different PDPPs can still be expected. Within the investigated series of PDPPs
the commercially available PDPP[T],-T serves as a reference sample. PDPP[T],-T
has two thiophene flanking units and a thiophene comonomer. PDPP[T|o-Tppe and
PDPP[Py|o-T are both derived from PDPP[T],-T by introducing one chemical mod-
ification each. In PDPP[T]s-Tpre an additional polar diethyleneglycol (DEG) side
chain was attached to the thiophene comonomer and therefore it serves as a repre-
sentative for common side chain modifications. In contrast, PDPP[Pyl,-T serves as a
representative of common backbone modifications and was derived from PDPP[T],-T
by replacing the thiophene flanking units with pyridine flanking units. This modifica-
tion of the backbone changes the polymer from an electron-rich (donor) to an electron
deficient (acceptor) semiconductor [209]. ' An overview of the determined molecular
weight and the dispersity D of the three investigated PDPPs is given in table 6.1 to-
gether with a summary of selected parameters discussed in the following sections. The
molecular ordering in the three investigated PDPPs is determined using WAXS and
GIWAXS measurements, proving that the introduced chemical modifications indeed
significantly impact the ordering in these materials. The ordering in both PDPP[T]y-T
and PDPP[T]o-Tpre can be classified as sanidic liquid crystalline, with PDPP[T],-
Tpre adopting a mesophase of higher order. PDPP|[Py|o-T shows the highest degree
of order of the three and is crystalline with a triclinic unit cell.

The results presented in this section have partially been published in reference [213].

Table 6.1.: M,, and PDI of each sample measured by GPC. Decomposition temperature de-
termined by stepwise isothermal TGA. Melting temperature measured by DSC.
*Due to sample degradation issues, T,,, and AH,,, of PDPP[Py]s were determined
from the first heating run.

Polymer M,® | D | Tggremie b | pisotherm e | d | AFL A digg © | doto ©
[kDa] €] €] el | /el | (A) | A

PDPP[T]o-T | 454 |294| 4084 330 289.1 | 25.0 | 19.39 | 3.91
PDPP[T]y-Tppe | 17.6 | 1.94 | 3713 300 244.3 | 115 | 18.98 | 3.70
PDPP[Py],-T | 435 | 1.8 379.1 200 284.7| 6.9 | 18.81 | 3.88
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Figure 6.2.: (a)Dynamic and (c) Isothermal TGA and (d) DSC measurements of the investi-
gated PDPPs. PDPP[T]2-T (black), PDPP[T]2-Tprg (red) and PDPP[Pyl,-T
(blue).(b) Consecutive DSC measurements of PDPP[Py|s-T showing signs of
degradation. The scalebars in (c) indicate the relative mass loss during the an-
nealing step during which the relative sample mass fell below 95 wt%. Reprinted
with permission from [213]. Copyright 2024 American Chemical Society.

6.1. Thermal Behavior and Optimal Thermal Treatment

6.1.1. Thermal Stability and Phase Transitions

The structure investigation using scattering techniques benefits from well ordered sam-
ples with high crystallinities. The ordering in polymer samples can be significantly
improved by submitting the sample to a suitable thermal program used during sample
preparation. To determine a suitable thermal program for the crystallization of the

'PDPP[T]2-T was purchased from Ossila, Sheffield, England. =~ Both PDPP[T]|s-Tprg and
PDPP[Py]2-T were synthesized by the group of professor Mukundan Thelakkat from the Uni-
versity of Bayreuth (Gerd Krauss: PDPP[T]3-Tpgq; Ferdinand Seibold: PDPP[Py],-T) following
a previously published synthesis [209, 212]. All thermogravimetric anylsis (TGA) and gel perme-
ation chromatography (GPC) measurements presented here were also performed by the group of
professor Thelakkat. All DSC and powder WAXS measurements, as well as all GIWAXS and AFM
measurements of thin films were performed by the author of this thesis.
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PDPP samples, their thermal stability and phase behavior were studied through TGA
and DSC measurements. As shown in figure 6.2a all samples exhibit relatively high
thermal stability in common dynamic TGA measurements, where the temperature at
which a total mass loss of 5wt% is reached lies above 370°C for all samples. To ver-
ify the reproducibility of the DSC measurements, each sample was measured in three
consecutive heating and cooling runs with a heating/cooling rate of 10 K/min and a
short isothermal step of 1min at the maximum temperature 7}, (required by the
instrument software). Despite the results of the dynamic TGA measurements suggest-
ing high thermal stability for all samples, the PDPP[Py|-T sample showed signs of
thermal degradation in these consecutive DSC measurements (cf. fig. 6.2b) although
only being heated to T},,,=305°C. Comparing the three consecutive measurements, a
systematic reduction in melting and crystallization enthalpies as well as in melting and
crystallization temperatures is evident. Measurement of the sample mass before and
after the DSC measurement further revealed a mass loss of 6.4 % indicating a signifi-
cantly smaller thermal stability of PDPP[Py],-T than estimated based on the dynamic
TGA measurements.

Thus, to further investigate the thermal stability of the samples additional isothermal
TGA measurements following a stepwise heating program with steps of 10K and an
annealing time of 1h at each step were performed. These stepwise isothermal measure-
ments reflect the treatment conditions used during sample preparation for WAXS and
GIWAXS measurements more accurately compared to dynamic TGA measurements,
as the samples typically reside at elevated temperatures for longer times during sample
preparation than modeled by a dynamic TGA measurement. However, because of the
extended duration of the isothermal segments, the results shown in figure 6.2¢ should
be understood as an upper limit for the actual material deterioration occurring during
the experiments described below.

Overall, the decomposition temperatures Ty determined from the isothermal
TGA measurements are all lower than the values determined from dynamic TGA.
While PDPP[T],-T and PDPP[T]o-Tpge still exhibit reasonable thermal stability and
a total mass loss of 5 wt% is only reached at 330 °C and 300 °C respectively, PDPP[Py]s-
T starts to degrade comparably early and already reaches a total mass loss of 5 wt% at
only 200°C. The reason for the lower onset of mass loss of PDPP[Py],-T revealed only
in isothermal TGA is not clear. The deterioration of a distinct structural site seems
unlikely since PDPP[Pyl,-T shows no substantial mass loss before the degradation on-
set of the other investigated PDPP materials in dynamic TGA measurements.

To investigate the melting and crystallization behavior of the polymers DSC mea-
surements with a heating/cooling rate of 10K /min were performed. The resulting
measurement curves are shown in figure 6.2d. For PDPP[T],-T and PDPP[T],-Tpga
the first cooling and second heating run are shown. Since the second heating run of
PDPP[Py]>-T in consecutive DSC runs showed signs of degradation as discussed above
(cf. fig. 6.2b), for PDPP[Py]o-T the first cooling and first heating runs after a preceding
annealing program are shown instead. The employed annealing program is the same as
also used for the WAXS-measurements of PDPP[Py|o-T and serves to crystallize the
sample. The annealing program is shown in figure 6.4.
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PDPP[T],-T and PDPP[Py],-T exhibit quite similar melting temperatures of 289.1°C
and 284.7°C respectively. In contrast, the melting temperature of PDPP[T|o-Tpgq of
244.3°C is significantly lower. As discussed in chapter 5, a similar reduction in melting
temperature was also observed in the investigated polythiophenes upon replacing the
hexyl side chains of P3HT with DEG side chains. Notably, the melting temperature of
PDPP[Py]s-T lies significantly above the onset of thermal degradation determined from
the isothermal TGA measurements. The results of the DSC and TGA measurements
are summarized in table 6.1.

6.1.2. Thermal Treatment Dependent Crystal Orientation in Thin
Films

A well ordered sample is the prerequisite for scattering based structure determination.
A common approach to prepare highly ordered polymer samples is to slowly cool them
from the melt. For the PDPP[T]s-T and PDPP[T]s-Tppe this is a valid approach.
However, as the onset of thermal degradation of PDPP[Py],-T lies significantly below
its melting temperature crystallization from the melt is likely not feasible. This was
confirmed by an initial series of temperature dependent WAXS measurements during
which a PDPP[Py|s-T powder sample was heated and cooled stepwise in 10K steps
and in which the PDPP[Py|,-T sample did not recrystallize upon cooling from the
melt. Accordingly, for the WAXS measurement used for structure determination the
PDPP[Py]|o-T sample was ordered by annealing at 240 °C, 250 °C and 260 °C for 12 min
each, reproducing the section of the initial series of temperature dependent WAXS
measurements during which PDPP[Py]s-T showed the most well pronounced scatter-
ing pattern.

When attempting to optimize the annealing program for thin film samples used for
GIWAXS measurements, besides the degree of ordering and the thermal degradation,
the degree of crystal orientation is an additional important parameter that has to be
considered. The significant effect annealing can have on the crystal orientation has
been observed for many different semiconducting polymers [214, 22, 211]. The ob-
served changes upon annealing reach from a simple increase in degree of orientation to
a complete change of the predominant orientation(e.g. change from strong face-on to
strong edge-on orientation) [190, 215]. It is assumed that the predominant orientation
observed in the as-cast samples is a result of the spin-coating process and does not
represent a state in thermodynamic equilibrium but results from kinetic trapping of
the chain molecules during the quick evaporation of the solvent. [191] The exact rela-
tionship between melting temperature and annealing temperature required to achieve
a high degree of orientation is yet unclear. While for some polymers it is reported that
a complete orientation is only achieved through crystallization during cooling from the
melt [191], in other cases annealing the sample at temperatures below the melting tem-
perature suffices [216].

To determine the minimal annealing temperature necessary to achieve the degree of
crystal orientation in thin films of PDPP[Py]s-T required for structure analysis, a se-
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Figure 6.3.: GIWAXS measurements on thin films of PDPP[Py]s-T recorded at room tem-
perature of a) the as-cast film and after annealing at b) 179°C and c¢) 239°C.
d)Fresh sample measured after stepwise annealing with a maximum annealing
temperature of 269 °C. Panels a-c)Reprinted with permission from [213]. Copy-
right 2024 American Chemical Society.

ries of GIWAXS measurements was performed employing different annealing tempera-
tures. For these measurements a thin film of PDPP[Py|,-T was annealed for 12 min at
ever increasing temperatures in a range of 130°C to 240°C and the resulting crystal
orientation was measured at room temperature via GIWAXS after each annealing step.

As the observed degree of crystal orientation was still insufficient even after anneal-
ing at 239°C a fresh sample was heated in steps and annealed at 269°C for 5min.
Figure 6.3 shows some selected GIWAXS patterns of this measurement series measured
at room temperature of the as-cast sample and after annealing at different tempera-
tures. The as-cast sample is poorly ordered and poorly oriented as can be seen from
the broad and isotropically distributed (100) peak seen at ¢ &#3nm~!(cf. fig. 6.3a). As
seen from the steadily increasing intensity and the number of visible peaks, the over-
all crystallinity of the sample and the order within the crystals increase steadily with
increasing annealing temperature. In contrast, the crystal orientation does not change
steadily with the annealing temperature. At lower annealing temperatures primarily
the amount of face-on oriented crystals increases and the originally isotropic film be-
comes predominantly face-on oriented. At higher annealing temperatures the amount
of edge-on crystals starts to increase resulting in a bimodal orientation distribution
of crystals in the film. As can be seen in figure 6.3d, even annealing a PDPP[Py],-T
film at 269°C only resulted in a bimodal instead of uniform orientation. Therefore,
a final sample was prepared and annealed at 289°C for 6 min. In order to increase
the crystallinity the sample was cooled with 10 Kmin=' and two isothermal steps, a

36
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first step at 259 °C of 6 min length and a second step at 130 °C of 12min length. These
specific temperatures for the isothermal steps were chosen as in temperature dependent
powder WAXS measurements PDPP[Py|o-T showed the highest degree of ordering at
259°C and the first signs of reorganization at 130 °C. This resulted in a well ordered
and strongly edge-on oriented film suitable for structure determination. The GIWAXS
measurement of this film is therefore shown and discussed in more detail in section 6.2.
For comparison, similar measurements were performed for the PDPP[T], and PDPP[T|,-
Tpeq samples. During the annealing at elevated temperatures all samples were mon-
itored using in-situ GIWAXS measurements to determine whether the samples had
molten or not. The first complete melting in PDPP[T]y; was observed during the an-
nealing step at 289 °C, which is in good agreement with the melting temperature of
T, =289.1°C determined from DSC measurements. In contrast PDPP[T],-Tpgrq and
PDPP[Py|o-T melting behaviour in these measurements showed a slight offset to their
melting points (7, =244.3°C and T,, =284.7°C respectively) determined from DSC
measurements. While for PDPP[T],-Tpgg the first complete melting was already ob-
served during the annealing step at 239 °C, for PDPP[Py],-T a (100) reflection was still
visible at 289 °C. These minor offsets most likely originate from differences in thermal
contact and a small error in the temperature calibration of the GIWAXS sample stage.
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Figure 6.4.: a) Ratio of intensities Ieqge/Ifqce Of the (100) reflection in GIWAXS measure-
ments of thin films as a function of annealing temperature. Dashed verti-
cal lines indicate melting temperatures determined from DSC measurements.
b)TGA measurement of PDPP[Py]s-T following the same temperature pro-
gram as used for annealing in WAXS(red) and GIWAXS(black) measurements.
Solid lines show relative sample mass and dashed lines show sample tempera-
ture. Panel b) reprinted with permission from [213]. Copyright 2024 American
Chemical Society.

A summary of the measurement series employing different annealing temperatures
for all investigated PDPPs is given in figure 6.4a which shows a plot of the ratio of the
maximum intensity of the edge-on (100) peak over the maximum intensity of the face-
on (100) peak as a function of annealing temperature for each of the three investigated
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PDPPs. Overall all three PDPPs show similar trends. Annealing at temperatures far
below the melting temperature results in predominantly face-on oriented films indicat-
ing, that the spin-coating process resulted in chains being preferably oriented face-on
for all three PDPPs. In all samples, reorientation from predominant face-on to almost
exclusive edge-on orientation occurred only upon annealing the samples fairly close to
the melting temperature. In PDPP[T]s-Tprg the change from face-on to edge-on is
more gradual than in PDPP[T],-T and PDPP[Py],-T, suggesting that the face-on ori-
ented crystals in PDPP[T]o-Tpge are thermally less stable than the face-on crystals in
the other two polymers. Overall, cooling from the melt resulted in the most edge-on
oriented films. Nonetheless, a significant reorientation from face-on to edge-on already
occurs upon annealing the films close to the melting temperature in all three PDPPs.
From these results, it is clear, that in order to obtain a well oriented thin film of
PDPP[Py|,-T annealing close to the melting temperature and thus a certain amount of
sample degradation cannot be avoided. To determine the extent of degradation in the
PDPP[Py|o-T samples when subjected to the chosen annealing programs, TGA mea-
surements following the same annealing programs as used for preparation of WAXS and
GIWAXS samples were performed. The results of these measurements are shown in
figure 6.4b. While the annealing program used for the WAXS sample resulted in a mass
loss (<5 %) only, the annealing program used for the GIWAXS sample led to a more
significant mass loss of >10%. Consequently, the WAXS measurements of PDPP[Py]s-
T are most likely unaffected by thermal degradation. Furthermore, based on the good
agreement between the positions of the observed peaks in WAXS and GIWAXS mea-
surements, as shown and discussed in section 6.2, it is possible to conclude, that the
thermal degradation in the GIWAXS sample did not have a significant influence on the
crystal structure.

6.2. Intermolecular Ordering in Bulk and Thin Films

The WAXS patterns of the three investigated PDPPs in comparison to that of PSHT
measured at room temperature are shown in figure 6.5. The powder scattering patterns
were measured after the samples underwent a thermal treatment. The PDPP[T]s-T,
PDPP[T|>-Tprc and P3HT samples were ordered during cooling from the melt. The
PDPP[Py|»-T sample was ordered by annealing at a temperature below the melting
temperature as discussed in section 6.1.2 (cf. fig. 6.4). The observed scattering peaks
for each sample are numbered in ascending order based on their g-position. The num-
bering also takes into account the peaks observed in the GIWAXS measurements shown
further below.

The scattering patterns of the investigated PDPPs and the scattering pattern of P3HT
share certain similar features: a series of equidistant peaks in the q range from 0.3 A
to 1.2A7" and at least one additional peak in the q range from 1.5 A to 1847
These similarities can be understood in terms of the similarities of the general chain ar-
chitecture of PDPPs and P3HT: both consist of rigid conjugated backbones of ring-like
or fused-ring-like structures and flexible side chains attached to this backbone. Certain
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Figure 6.5.: Powder WAXS patterns of PDPP[T]-T (black) and PDPP[T]o-Tprg (red) af-
ter crystallization by cooling from the melt and PDPP[Py|s-T (blue) after an-
nealing at 260 °C. A powder WAXS measurement of P3HT (green) crystallized
from the melt is shown for comparison to emphasize similarities of molecular
ordering in board-like semiconducting polymers. Curves are shifted on y-axis
for better visibility. All measurements were performed at room temperature.
Reprinted with permission from [213]. Copyright 2024 American Chemical So-
ciety.

motifs of molecular arrangement that are found in P3HT and are directly related to
this architecture can therefore also be expected to be found in the investigated PDPPs.
These packing motifs are: the periodic m-m-stacking of the ring-like structures of the
conjugated backbones, giving rise to the (0k0) reflection on one hand, and a regularly
layered structure formed by layers of stacked backbones separated by layers of side
chains, giving rise to a series of equidistant (h00) reflections on the other hand.

In P3HT certain reflections can only be explained by modeling the crystal structure
by a unit cell containing two monomers in the w-m-stacking direction. This results
in the m-m-stacking peak being indexed as (020) reflection instead of (010) reflection
[217]. In the investigated PDPPs all diffraction peaks observed in WAXS and GIWAXS
measurements can be indexed without assuming more than one monomer per unit cell.
Accordingly, the reflections ascribed to the m-m-stacking are indexed as (010) reflections.
Based on the assumption of similar motifs of molecular arrangement of board-like chain
molecules, some of the peaks in the scattering patterns of the investigated PDPPs can
be indexed based on comparison to the scattering pattern of P3HT. Namely, the series
of equidistant peaks can be identified as (h00) reflections and one of the additional
peaks in the g-range from 1.5 A" to 1.8 A7 can be identified as (010) reflections. The
d100 and dyi1o spacings determined from the WAXS measurements are given in table 6.1.
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Figure 6.6.: GIWAXS measurements on thin films of (a) PDPP[T]2-T and (b)PDPP[T]s-
Tpreg after cooling from melt and (c) PDPP[Py]o-T after annealing at 289 °C.
Measurements were performed at an angle of incidence of 0.18°. (d) Intensity
profiles in ¢, direction of the m-7 stacking peaks of the three polymers. Gray
dashed circles in a) and b) show expected intensity distribution of peaks 5 and
6 respectively for completely randomly oriented crystals. Red rectangles in
(a-c) indicates the area integrated to extract intensity profiles plotted in d).
The integration range in b) and c) was similar but shifted in ¢, according to
the position of the 7-m stacking peaks. Reprinted with permission from [213].
Copyright 2024 American Chemical Society.

The determined m-7w-stacking distances of the investigated PDPPs are quite similar to
that of P3HT (dogo psur = 3.81 A) In contrast, the digy spacings of the PDPPs are
significantly larger than that found in P3HT(d0, pspr = 16.68 A), which is to be ex-
pected based on the longer side-chains in the PDPPs. The indexing of the remaining
peaks is not possible based on the observed similarity of the scattering patterns to that
of P3HT alone. The remaining peaks can only be indexed with additional, more precise
information about the position of the observed reflections in reciprocal space which can
most easily be obtained from oriented samples. Therefore, GIWAXS-measurements on
thin film samples were performed, taking advantage of the alignment effects promoting
crystal orientation in thin films as discussed in the methods section.

The results of the GIWAXS measurements on thin film samples of PDPP[T],-T,
PDPP[T]s-Tpre and PDPP[Pyy-T are shown in figure 6.6a-c. The PDPP[T]y-T
and PDPP[T|>-Tpge thin films were ordered during cooling from the melt, while the
PDPP[Py]|o-T thin film was ordered by annealing it at a temperature close to the melt-
ing temperature as discussed in more detail in section 6.1.2.

The GIWAXS patterns of all three samples show as series of (h00) reflections of high
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6.2. Intermolecular Ordering in Bulk and Thin Films

intensity on the meridian. In contrast, the (h00) reflections on the equator, if visible at
all, have signifiacntly lower intensity. Based on these strongly oriented (h00) reflections
it is apparent, that all three PDPPs show a strong preference for edge-on orientation in
thin films on silicon substrates when ordered from the melt or ordered at temperatures
close to the melt. A similar preference for edge-on orientation in films of PDPP[T],-T
and PDPP[Pyl,-T annealed at lower temperatures was also observed by Mueller and
coworkers [210]. This preference for edge-on orientation is likely caused by the alkyl
side chains, which are known to promote edge-on orientation at the interface to vacuum
[31, 34], which is also observed in chapter 4. Additionally, as observed in chapter 5 in
polythiophenes, ethylene glycol side chains also seem to induce edge-on orientation in
thin films.

A further noteworthy feature is the clearly visible broadening of the (010) peaks of
PDPP[T]o-T and PDPP[T]o-Tpre (peaks 5 and 6, respectively) in the GIWAXS pat-
terns. Overall, these peaks are rather broad streaks parallel to the meridian instead of
sharp localized peaks. In contrast, the scattering pattern of PDPP[Pyls-T exhibits a
certain variation in intensity along the ¢, direction (peaks 12-14). The corresponding
intensity profiles in ¢, direction are shown in figure 6.6 d. The intensity profiles were
extracted from the GIWAXS patterns by plotting the intensity integrated in a certain
g, range as a function of ¢,. As the g, position and the width of the (010) peak differed
between the samples, the range of integration in g, direction was chosen for each sample
individually. The chosen integration ranges are indicated by the red rectangles in figure
6.6a-c.

6.2.1. Intermolecular Ordering of PDPP[T],-T

The scattering pattern of PDPP[T]o-T is by far the least complex of the three investi-
gated PDPPs. Following the arguments given above, the indexing of all visible peaks in
the WAXS and GIWAXS patterns is straightforward: peaks 1-4 are (h00) reflections,
and peak 5 is the (010) reflection. Based on these reflections the chains in PDPP[T],-T
order such that the polymer backbones are arranged in stacks separated by layers of
side chains, leading to a regularly spaced layered structure of backbone containing and
side chain containing layers. Within one stack the backbones lie flat on top of one
another and are regularly spaced in stacking direction.

The broadening of the intensity distribution of the (010) peak in ¢, direction clearly
deviates from a circular shape which one would have expected to observe if the broad-
ening was caused by a broad orientational distribution. Instead the broadening has
a more streak-like appearance, which clearly indicates that the broadening is at least
partially caused by a limited correlation length. Specifically, as the broadening occurs
in the ¢, direction and the sample is edge-on oriented, it can be concluded that the
(010) planes have a limited extent in the direction of the side chains. This implies,
that neighbouring stacks of w-m-stacked backbones are randomly shifted against one
another as sketched in figure6.7a.

With the absence of any further visible peaks in WAXS as well as GIWAXS measure-
ments there is no evidence for a periodic arrangement in the backbone direction and no
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Figure 6.7.: Sketches of suggested molecular arrangements in PDPP[T]5-T (top),
PDPP[T]s-Tprg (middle) and PDPP[Pyls-T (bottom) that would give sim-
ilar scattering patterns as the ones observed. Blue arrows indicate random
shifts of neighbouring stacks or chains. Vectors a, b and c are shown to clarify
the shown perspective and orientation. Vectors are drawn solid if the direction
to the next monomer is well defined and dashed if only a approximation can
be given due to lacking order. In PDPP[T]o-T neighbouring stacked backbones
are shifted randomly against one another in b and ¢ direction. In PDPP[T]-
Tpeg neighbouring stacks are randomly shifted in b direction but registered
in ¢ direction. In PDPP[Py]s-T neighbouring stacks are registered in b and
¢ direction. Adapted with permission from [213]. Copyright 2024 American
Chemical Society.

evidence for any coupling between the ordering in the (100) and (010) directions. Simi-
lar results were obtained by Zhang et al. [218] measuring transmission WAXS patterns
from free-standing thin films of PDPP[T],-T. In those measurements also no reflections
with mixed indices were observed and an additional (001) reflection was observed only
upon mechanically straining the sample.

Concluding from these results, the ordering in PDPP[T]5-T is of limited extent and
can be classified as liquid crystalline. More precisely, the ordering in PDPP[T]o-T can
be classified as a sanidic ordered structure X, according to the classification of liquid
crystalline phases of board-like molecules introduced by Ebert et al. [45] and discussed
in more detail in section 2.1.1.

The extracted positions of all peaks observed in the WAXS and GIWAXS measure-
ments of PDPP[T]o-T are given in table E.1.
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6.2. Intermolecular Ordering in Bulk and Thin Films

6.2.2. Intermolecular Ordering of PDPP[T]>-Tpga

In the WAXS pattern of PDPP[T]s-Tprg the peak labelled as peak 7* exhibits a series
of unexpected properties. First of all, it is unusually sharp compared to the other peaks
in the WAXS pattern. Second of all, it does not disappear upon heating the sample
above the melting temperature. Last of all, no equivalent peak can be observed in the
GIWAXS measurements. These aspects make it clear, that peak 7* does not originate
from scattering from the polymer sample itself but is likely the result of scattering from
a crystalline impurity instead.

Most of the remaining reflections observed in the WAXS and GIWAXS patterns

of PDPP[T]2-Tpge can readily be indexed based on the similarities to the scattering
patterns of PDPP[T],-T. Namely, the peaks 1, 4 and 5 can be identified as (h00)
reflections and peak 6 as the (010) reflection. Analogous as for PDPP[T],-T these
reflections indicate that the PDPP[T]o-Tpre chains order in a way forming regularly
spaced alternating layers of side chains and regularly stacked backbones. While the
broadening in ¢.-direction of the (010) peak in the GIWAXS measurement of PDPP[T],-
T prc is not as pronounced as for the (010) peak of PDPP[T],-T it still is more streak-
like rather than a sharp peak. Therefore, the correlation length of the (010) planes in
PDPP[T)o-Tpge is still somewhat limited even if it is larger than the correlation length
of the (010) planes in PDPP[T],-T.
In comparison to the WAXS measurement, the GIWAXS measurement of PDPP[T]-
Tprc shows an additional reflection labelled as peak 2 in figure 6.6b. In the WAXS
measurements this reflection is not visible as a separate peak because it is hidden within
the right flank of the much more intense (100) reflection as these two peaks lie quite
closely together on the |g] axis. As the sample is strongly edge-on oriented, evidenced by
the fact that the (h00) reflections found on the equator are significantly less intense than
the (h00) reflections found on the meridian, peaks 2 and 3 can clearly be attributed to
edge-on oriented crystals. For edge-on oriented crystals all (h00) reflections are located
on the meridian and therefore peaks 2 and 3 must belong to a series of reflections with
either k or [ # 0. As the g, value of the (010) reflection is quite large compared to the
qp values of peaks 2 and 3, the indices of peaks 2 and 3 have to contain an [ # 0. Based
on this, the simplest assumption is to index peak 2 as (001) reflection. Consequently,
peak 3 then has to be indexed as (101) reflection. The existence of an (001) reflection
indicates that the arrangement of the polymer chains is periodic along the backbone
direction. The additional appearance of a peak with mixed (101) indices evidences
that this ordering along the backbone direction is correlated across side chain layers.
As the (001) reflection is not directly situated on the meridian but has a ¢, # 0, it
can be concluded that the backbones are shifted regularly from one stack to the next
(cf. middle column in fig. 6.7b). Interestingly, a recently published article reports the
observation of similar ordering in simulations of a conjugated polymer [49].

The angles f* ~ 61.8° (between (100) and (001) reflection) and v* ~ 90° (between
(100) and (010) reflection) can be directly taken from the GIWAXS measurement.

Regarding the ordering of backbones within one stack, there are two possible scenarios
as sketched in the rightmost column in figure 6.7b. FEither neighbouring backbones
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within the same stack are shifted randomly against one another in chain direction or
neighbouring chains within a stack are registered and the shift in chain direction from
one chain to the next is regular and well defined. As there are no reflections with mixed
k and [ indices, there is no direct evidence for registration between chains within the
same stack. However, if the chains within one stack were not registered, one would
expect a certain broadening of the (001) reflection in ¢, direction due to a limited
correlation length of the (001) planes in the stacking direction. Therefore, as the (001)
peak is rather sharp in g, direction (cf. fig. 6.6b) the registration of chains within the
same stack seems to be the more likely scenario.

Overall the PDPP[T]5-Tpre sample exhibits a higher degree of order than the
PDPP[T]o-T sample. While neighbouring stacks are still shifted randomly against
one another in -7 stacking direction, they are registered in chain direction. The driv-
ing force behind this registration cannot be derived from the measured data and can
only be speculated on. Potentially, the registration between neighbouring stacks in
PDPP[T]o-TpEgg is induced by a demixing tendency of the additional hydrophilic DEG
side chains and the hydrophobic alkyl side chains.

Based on the appearance of the mixed (101) reflection, the structure of PDPP[T]s-
Tpreg is quite similar to the sanidic rectangular phase 3, classified by Ebert [45],
although in his case the correlation is observed between b and ¢ direction instead. Ad-
ditionally, in the case of PDPP[T]5-Tpgg, the angle between the correlated directions,
namely the a and c¢ directions, is not equal to 90°. Therefore, a more precise name for
the structure of PDPP[T],-T pgrg would probably be sanidic oblique.

The extracted positions of all peaks observed in the WAXS and GIWAXS measure-
ments of PDPP[T]o-Tpge can be found in table E.2.

6.2.3. Intermolecular Ordering of PDPP[Py],-T

Based on the large number of visible reflections in the scattering patterns of PDPP[Py]s-
T this polymer appears to form a real 3-dimensional crystal. Again, the peaks 1, 3, 6,
and 11 are readily identified as a series of (h00) reflections based on their position and
regular spacing in the WAXS pattern. In contrast to the previous samples, the (010)
can not be identified based on the WAXS pattern alone due to a multitude of different
peaks that roughly match the expected ¢ value, namely, peaks 12, 13 and 14. In the
GIWAXS measurement these three peaks all lie on a line parallel to the ¢, axis and
have a regular spacing corresponding to qig9. Therefore, these three peaks clearly form
a series of (h10) reflections. In similar cases involving other semiconducting polymer
showing a series of (h10) reflections reported in literature, typically the most intense
reflection is indexed as (010) reflection. [141, 31] Following these examples, peak 13 is
indexed as (010) reflection. The peaks 12 and 14 are consequently indexed as (110) and
(110) reflections respectively. The series of (h10) reflections shows, that in contrast to
the previous two PDPP samples, the neighbouring stacks of -7 stacked backbones in
PDPP[Py|y-T are shifted regularly against one another in stacking direction (cf. left
column in fig. 6.7c).

Following the same argumentation as presented for PDPP[T],-Tpprq regarding the
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Figure 6.8.: Intensity line profiles in (a) g, and (b) g, direction extracted from GIWAXS
measurement on thin film of PDPP[Py]s-T. The width of the integration area
was 0.1 87" Reprinted with permission from [213]. Copyright 2024 American
Chemical Society.

peaks 2 and 3, the peaks 2, 4, and 5 in PDPP[Py],-T can be identified as a series
of (h01) reflections and are therefore indexed as (001), (101) and (201) respectively.
From the existence of a series of (h01) reflections, it is clear that the PDPP[Py]o-T
chains have a periodic ordering along the backbone direction and that this ordering is
correlated across side chain layers. The non-zero g, value of the (001) reflection indi-
cates that the (001) and (100) planes are not perpendicular to one another (cf. middle
column in fig. 6.7c).

The observed correlations between the ordering in all three directions allow to con-
clude, that PDPP[Py],-T is indeed crystalline. Based on the reflections indexed so far,
all parameters of the reciprocal unit cell except for the angle o* (the angle between b*
and ¢*) can be determined. The determination of a* requires a reflection with mixed
k and [ indices. Peak 8 can clearly be identified as a reflection with mixed k£ and [
indices based on its g, position in the GIWAXS measurement, as it lies in between
the g, positions of the (010) and (001) reflections but is no integer multiple of the g,
position of the (001) reflection. Therefore, in the following the focus shifts towards the
determination of the exact position of peak 8 and its indexing, both of which are more
complicated than for the previously discussed peaks.

Although peak 8 is not well visible in the 2D-image of the GIWAXS measurement,
its existence can easily be confirmed in the g, and g, line profiles extracted from said
image as shown in figure 6.8. Comparing the line profiles in g, direction of peak 8 and
the (010) reflection (peak 13) it is evident that peak 8 is actually a well defined peak
with similar intensity as peak 13 (cf. fig. 6.8a). While the g, position of peak 8 can
easily be determined its ¢, position is harder to localize exactly as can be seen in figure
6.8b. Both the ¢, line profiles of peak 8 and peak 13 show increased intensity close to
¢. = 0 caused by the Yoneda effect [219]. However, the differences between the two
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Table 6.2.: Possible Miller indices of peak 8 and resulting o and resulting best fits for Peak
-1
7(g=1164A7").

Peak 8 Peak 7 Peak 7
Indexing | resulting | Indexing | calculated
(hkl) | o] | (kD) | lglA]
313 118.6 312 1.159
211 119.8 212 1.145
111 44.2 302 1.185
013 45.7 112 1.164
124 14.0 015 1.147

curves with regard to the decay of this increased intensity with increasing ¢, evidences
an additional intensity contribution around ¢, ~ 0A™" in the q. line profile of peak 8
that can be attributed to peak 8. The overlap of peak 8 and the increased intensity due
to the Yoneda effect prevents an accurate determination of the ¢, position of peak 8
which can only be narrowed down to an approximate range of ¢, ~ 0.0 A t00.0587"
Based on the determined position of peak 8 and the known ¢, and ¢. components of
élgo, 63010 and éooz a list of possible Miller indices can be identified. By iterating h, k
and [ from -5 to 5 and collecting all resulting C_jhkl with a ¢, component in the range of
0.0A™" 10 0.05A7". The determined Miller indices can then be used to determine a*
as described in Appendix C.

Not all determined indices result in a valid solution for a*. For example, for some
hkl-combinations the g, value of G is larger than the g, value of peak 8 for any
given angle o*. The five hkl-combinations that yielded a valid o are listed in table
6.2. The most plausible of these five unit cells can be determined by calculating the
reciprocal lattice vector C_jhkl that gives the best fit for peak 7 (¢ = 1.164 A_l) seen in
the WAXS pattern for each individual unit cell and then determining which unit cell
results in the best fit of peak 7 overall. As can be seen from table 6.2, the best fit
for peak 7 was obtained with a* = 45.7° and therefore, the most plausible indexing of
peak 8 is (013). The reciprocal lengths a*, b* and ¢* for the final reciprocal unit cell
were determined from the WAXS pattern as the peaks there are sharper compared to
the GIWAXS pattern and their position therefore can be determined more accurately.
The parameters of the final reciprocal and resulting real unit cells are given in table 6.3.

The determined unit cell is triclinic, which is in contrast to the orthorombic unit
cells suggested for other PDPPs in the literature, although without presenting clear
evidence or detailed explanation. [38, 39] While all peaks visible in the WAXS pattern
of PDPP[Py]y-T could be indexed, no (hkl) reflection corresponding to peaks 9 and 10
in the GIWAXS pattern could be found. These two peaks show qualitative differences
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Table 6.3.: Unit Cell Parameters of the Investigated PDPPs

Reciprocal Unit Cell

= —T =
a AT 0 AT] | e[AT] | o] | BT | 2T
PDPP[T],-T | 0.324 | 1.605 - _ - [~ 90
PDPP[T]|>-Tpec | 0.331 1.698 0.366 - 61.8 | ~ 90
PDPP[Py]o-T 0.334 1.620 0.530 45.7 | 70.1 | 71.3

Real Unit Cell

a[A] bA] c[A] | a7l | B[] | 2[]
PDPP[Py]o-T 20.16 5.46 16.81 | 131.4 | 99.9 | 97.1

compared to the other peaks observable in the GIWAXS pattern, as they are less intense
and are relatively broad. While the exact origin of these peaks is unclear they might
potentially be a result of diffuse scattering. The introduction of a further chemical
heterogeneity, namely the pyridine rings, along the chain in PDPP[Py]s-T compared
to PDPP[T],-T, apparently led to an increased registration of order between different
directions.

The extracted positions of all peaks observed in the WAXS and GIWAXS measure-
ments of PDPP[Py|,-T are given in table E.3, together with the expected positions
calculated according to the determined unit cell.

6.3. Thin Film Morphology

The surface morphologies of the same thin film samples on silicon substrates that were
investigated using GIWAXS were studied with peak force AFM. The obtained height
and adhesion images (Fig. 6.9) revealed significant differences in the surface morpholo-
gies of the different samples. The PDPP[T]o-T sample, which showed the least amount
of ordering in the GIWAXS measurements, has a granular surface morphology (cf. fig.
6.9a and d). The majority of the grains are approximately circular in shape and only
a few grains are somewhat elongated. The grains have an average diameter of 63 nm
and presumably are ordered domains surrounded by amorphous material.

In contrast, the two more ordered samples PDPP[T|>-Tppe and PDPP[Pyl,-T show
elongated lamellae (cf. fig. 6.9b,e, and d,f), a feature commonly found in semicrystalline
polymers. Based on these observations, the regular ordering of the polymer chains in
backbone directions, as evidenced by the (001) reflections in the GIWAXS measure-
ments, seems to be a prerequisite for the formation of elongated lamellae. Despite both
PDPP[T)o-Tpre and PDPP[Pyls-T showing lamellar structures their overall morpholo-
gies differ significantly. While the PDPP[T]o-T pr¢ film exhibits very long and stacked
lamellae with an average long period of 56 nm, the morphology of the PDPP[Pyl,-T
film consists mostly of shorter individual lamellae surrounded by larger amorphous re-
gions and only few instances of stacked lamellae with an average long period of 30 nm.

97



6. Intermolecular Ordering in Polydiketopyrrolopyrroles

41.70 nm 476 nm

450

41.00
400

40.50
350
40.00

3.00
39.50

39.00 250
200
1.50

1.00

050
0.00

Figure 6.9.: AFM height (a, b, ¢) and adhesion (d, e, f) images of PDPP[T]>-T (a, d),
PDPP[T]2-Tpra (b, €) and PDPP[Py|s-T (c, f) on silicon after thermal treat-
ment. The bright and dark horizontal streaks are artifacts caused by sudden
large height variations. The green arrows illustrate the chain orientation relative
to the imaging plane. As the chain direction is always roughly perpendicular
and the 7-7 stacking direction roughly parallel to the long axis of the lamellae,
the specific directions of b and ¢ vary throughout the images.Reprinted with
permission from [213]. Copyright 2024 American Chemical Society.

At first glance, these morphological differences seem counter-intuitive, as PDPP[Py]s-
T is more ordered on a molecular scale as evidenced by the scattering results. The
morphological differences between these two films are possibly caused by differences in
molecular weight and by the fact that the PDPP[Py],-T film was only annealed below
the melting temperature in contrast to being ordered during cooling from the melt as
was the case for the PDPP[T|o-Tppge film.

An additionally noteworthy feature are the cracks visible on the surface of the PDPP[T],-
Tprq film. While their exact origin is unclear, one plausible explanation might be that
they result from internal stresses in the film caused by thermal contraction upon cooling
during the thermal program used to order the sample. Strikingly, a common feature of
all visible cracks is that they run perpendicular to the lamellae and are therefore par-
allel to the chain direction. Based on the dominant edge-on orientation of this film (cf.
fig. 6.6b) it is possible to conclude that the lamellae broke apart along the m-7-stacking
planes.
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6.4. Conclusion

6.4. Conclusion

In this chapter the molecular ordering of three different PDPPs was investigated in
detail by measuring WAXS patterns of isotropic bulk samples and GIWAXS patterns
of highly oriented thin films. Additionally the relation between annealing temperature
and crystal orientation in thin films was investigated to find an appropriate anneal-
ing program that results in highly oriented films while keeping the extent of thermal
degradation in an acceptable range. In these measurements all samples showed a strong
dependence of the preferred crystal orientation in thin films on silicon substrates on
the annealing temperature. As seen in section 6.1.2, the originally spin-coated films
showed a preference for face-on alignment when annealed at lower temperatures. With
increasing annealing temperature the films first exhibited a bimodal orientation dis-
tribution of face-on and edge-on oriented crystals before becoming almost exclusively
edge-on oriented when annealed close to the melting temperature.

The molecular arrangement of the investigated PDPPs exhibit certain common features
despite significantly differing in the degree of order. All investigated PDPPs show regu-
lar -7 stacking and regular spacing in the side-chain direction. PDPP|[T],-T arranges
in a sanidic ordered liquid crystalline phase. Similarly, PDPP[T]|o-Tpge also shows
liquid crystalline order but arranges in a more ordered sanidic rectangular or oblique
liquid crystalline phase. In contrast, PDPP[Pyls-T is crystalline and has a triclinic
unit cell and therefore is the most ordered of the three. While the exact mechanism
behind the increase in order is unclear, one can speculate that the introduced chemical
modifications present certain heterogeneities along the backbone that promote a better
registration between neighbouring stacks of backbones.

Clear difference between the mesoscopic morphology of the thin PDPP films were ob-
served in AFM experiments. Only the thin films of the two more ordered PDPPs show
a lamellar morphology commonly observed in semicrystalline polymers.

Overall the results presented in this chapter contribute to closing the gap in knowl-
edge on the molecular arrangement in the solid state of PDPPs which so far was only
available for a few selected PDPPs. Furthermore, similarly detailed investigations of
the structure of sanidic mesophases in conjugated polymers have so far not been re-
ported in literature. Additionally the results demonstrate that the molecular ordering
in PDPPs can be quite sensitive to chemical modifications of the chains, underlining
that deducing the molecular arrangement in a specific PDPP based on the molecular
arrangement in chemically similar PDPP is not generally possible. This emphasizes
the necessity of further structural investigations in other PDPPs to further the under-
standing of how the molecular ordering is influenced by different modifications to the
chemical structure.
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7. Summary

In this thesis three different series of semiconducting polymers were investigated in bulk
and in thin films. Their phase behavior in bulk was studied using calorimetry (DSC)
and powder x-ray scattering (WAXS), while their ordering, preferred crystal orienta-
tion and surface morphology in thin films was investigated using grazing incidence x-ray
scattering (GIWAXS) and surface imaging (AFM).

The first series was investigated to elucidate the effect of polar end groups of the
side chains on the crystal orientation in thin films of semiconducting polymers using
polythiophenes as a model system. In this series four polythiophenes with differently
polar end groups on their side chains were investigated. It was possible to prove the
initial hypothesis, that the addition of polar end groups to the side chains hinders the
formation of edge-on oriented crystals at the interface to vacuum. In P3CNHT, the
polythiophene with end group with the largest dipole moment, the formation of edge-on
crystals in thin films was suppressed completely. This allowed to produce films of upto
200nm thickness on graphene substrates with a complete face-on crystal orientation.
These results are especially relevant for organic photovoltaic devices in which edge-on
oriented crystals are considered to be unfavorable for charge transport.

Further it was shown, that the molecular arrangement in the crystalline phase was
almost unaffected by the different end groups. The unit cells determined for the inves-
tigated polythiophenes were quite similar and mainly showed a variation in the regular
spacing in the side chain direction which is to be expected given the different lengths
of the side chains. Overall, the polar end groups do not appear to significantly effect
the molecular packing of polythiophenes in the crystalline phase.

Furthermore, initial experiments on thin films of a modified PDPP strongly suggest
that this method of suppressing edge-on oriented crystallization in thin films is not
limited to polythiophenes but can likely be transferred to many other semiconducting
polymers.

Based on the results obtained in the second series of polythiophenes with ethylene
glycol side chains, it can also be concluded, that it is truly the dipole moment of the end
group that is important for controlling the crystal orientation and not the hydrophilicity
of the side chain in general.

The major advantage of the approach of using chemical modifications to control the
dominant crystal orientation in thin films of polythiophenes compared to other methods
is, that the obtained distribution of crystal orientations is a result of self organization
upon cooling from the melt. Therefore, the resulting structures and crystal orientations
can be expected to be closer to thermodynamic equilibrium and thus thermodynami-
cally more stable.
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7. Summary

In the second series the influence the linkage of ethylene glycole (EG) side chains
to the backbone in polythiophenes has on crystal structure and performance in OECT
devices was investigated. This series consisted of three different polythiophenes in
which EG side chains were attached to the polythiophene backbone via alkyl spacers
of different lengths. It was found, that the crystallinity and many other parameters
(e.g. charge carrier mobility, volumetric capacitance and transconductance in OECT)
of these polymers are strongly affected by the length of the alkyl spacer, showing
a clear improvement in most parameters with increasing spacer length. Accordingly
P3SMEEET, the polymer with the longest alkyl spacer in the series, was found to have
one of the highest hole mobilities reported for a polythiophene homopolymer with po-
lar side chains (porpr = 5 x 1073 cm?/(V's)) and also showed the best performance
in OECT devices within the investigated series. Overall, the results of the investiga-
tions of the different polythiophenes with EG side chains demonstrate how significantly
seemingly minor modifications to the chemical structure of the side chains can influence
the intermolecular ordering and the performance of these material in electronic devices.

In the third series three different PDPPs were investigated. It was shown, that in
general the degree of ordering in PDPPs can vary significantly, ranging from various
sanidic liquid crystalline phases to crystalline phases. Furthermore, it was demonstrated
that chemical modifications commonly used to alter the electronic, optic and solubility
properties of semiconudcting polymers can also have a strong effect on the intermolec-
ular ordering in these materials. Additionally, the crystal unit cell of PDPP[Py|y-T
could be determined. While a large number of different PDPPs have been synthesized
and reported in literature [37], the molecular ordering has only been investigated for a
few select PDPPs. Therefore, the in-depth investigation of the intermolecular ordering
in PDPP presented in this thesis contributes to closing the gap in knowledge regarding
the molecular ordering in PDPPs and to which extend the ordering can be affected by
introduced chemical modifications.

In general, the results presented in this thesis clearly demonstrate that the ordering in
semiconducting polymers can be significantly affected by even seemingly minor modi-
fications to their chemical structure. On one hand, this implies that specific aspects of
the intermolecular arrangement, for example the preferred crystal orientation in thin
films, can be controlled through targeted modifications of the chemical structure of
the polymers. In this regard, side chain engineering seems especially promising as the
side chains typically have a rather limited direct effect on the electronic properties of
the backbones. On the other hand, this highlights that detailed investigations of the
molecular arrangement in semiconducting polymers are a crucial, yet often neglected,
step in understanding the relationship between introduced chemical modifications and
observed material properties.
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A. Additional WAXS and GIWAXS
Measurements of P3BrHT,
P3CF;HT and P3CNHT

a) P3BrHT on graphene, 46 nm P3CF;HT on graphene, 87 nm
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Figure A.1.: WAXS patterns of thin films of a) P3BrHT, b) P3CF3HT and ¢) P3CNHT
on graphene and d) P3CF3HT on silicon substrates measured at an angle
of incidence of a; = 10°. Samples were measured after crystallization by
cooling from the melt. Reflections originating from edge-on oriented crystals
are indicated with * in d).

Measuring the x-ray scattering pattern of thin films at higher angles of incidence «;
allows to probe regions of the reciprocal space that are not accessible at lower angles
of incidence. As a consequence of the measurement geometry the reciprocal space
perpendicular to the substrate (g,-axis) is only probed at the one point where the
scattering angle 20 is equal to 2a;. Thus to probe the ¢.-axis at higher g¢.-value, it is
necessary to increase the angle of incidence. In the scattering patterns converted to
¢.-qp space this can be seen by the shifting of the origin of the "wedge' located on the
¢.-axis to higher ¢, values.

Scattering patterns of thin films of P3BrHT, P3CF3;HT and P3CNHT measured at
an angle of incidence of a; = 10° are shown in figure A.1. The GIWAXS measuremetns
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A. Additional WAXS and GIWAXS Measurements of P3BrHT, P3CFsHT and PSCNHT

of the same samples at measured at smaller a; are shown in figure 4.3b-e) in section
4.1. As seen from the measurements obtained at «; = 10° the (020) reflection that was
not visible in the measurements at small «; is now visible.

There are several further advantages of measurements at high angles of incidence. For
one, the intensity of the reflected primary beam is significantly weaker than at small
«; and therefore scattering from the reflected primary beam gives no significant contri-
bution to the observed scattering pattern. Secondly, the larger angles of incidence also
result in the footprint of the primary beam becoming much smaller than the sample
length, resulting in much narrower peaks. Additionally the smaller foot print of the
primary beam on the sample means that small offsets in sample placement in beam
direction will have no effect as only some middle part of the sample will contribute to
the scattering.

6 |—— P3CNHT

Intensity (counts - mr? - s™)

0.001 +

' , .
1.0 1.5 2.0
-1
a(A™)
Figure A.2.: Enlarged section of the WAXS patterns of PSCNHT after crystallization from
the melt. Besides the (300) and (020) reflections labeled with 3 and 6 respec-

tively, multiple other peaks with low intensity are visible. The black vertical
lines represent the estimated positions of the peaks.

Figure A.2 shows an enlarged section of the WAXS pattern of PSCNHT shown in
figure 4.3a) in section 4.1. The enlarged scattering patterns illustrates, that there are
several additional features visible besides the (h00) and (020) reflections (i.e. peaks 3
and 6). And while these features are most likely crystalline reflections they are of low
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intensity and quite broad making it impossible to accurately determine their position.
Additionally peak 5 looks exceptionally broad and is most likely a superposition of
multiple peaks.

All scattering peak positions observed in the powder WAXS measurements and thin
film measurements (fig. 4.3 in sectiond.l and fig. A.1) are tabulated in appendix D.
Where possible, the peak positions in thin film measurements were determined from
the measurements at 10 as they are more accurate.
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B. Influence of the Edges of
Spin-Coated Films on GIWAXS

Patterns
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Optical microscopy images of the edge of a 85 nm thick P3CNHT film on
graphene a) before and b) after removing the edges with a scalpel. Left and
right halves of the microscopy images depict the same regions recorded with
open (left) and crossed polarizers (right). c-d) Corresponding height profiles
measured with a profilometer. The height here is given relative to the surface
of the homogeneous film in the central areas of the substrate. e-f) Correspond-

ing GIWAXS patterns.
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B. Influence of the Edges of Spin-Coated Films on GIWAXS Patterns

All thin films prepared in the context of this thesis were prepared via spin-coating
of polymer solution of different concentrations onto solid substrates. While the cen-
tral areas of films prepared through spin-coating usually are quite smooth and are of
relatively uniform thickness, the edges of the films tend to show significant thickness
variations. For measurement techniques probing the thin films locally such as AFM
and optical microscopy the edges can easily be avoided and thus have no influence on
the measurement results. In contrast, for measurement techniques probing the sample
by averaging over large areas of the sample, such as GIWAXS, the edges cannot be
avoided. Therefore, if the properties of the material on the edges differs significantly
from the properties of the material in the continuous film, the edges can have a non-
negligible influence on the measurement result. This is demonstrated on the example
of a 85nm thick P3SCNHT film on graphene in figure B.1.

Figure B.1 a) shows the edge of the film crystallized from the melt. The left half was
recorded with open polarizers, while the right half shows the same area recorded with
crossed polarizers. Based on the coloration of the image recorded with open polarizers
and the corresponding height information obtained from a profilometer measurement
(cf. fig. B.1 ¢) a series of different areas can be discerned. Going from left to right
these are: continuous film of uniform thickness (yellow area), slightly thicker film (broad
dark red stripe), thin stripe of thinner film (thin orange/yellow stripe), high ridge of
polymer material at edge of film (thin stripe of various green shades), background be-
yond the edge of the substrate (uniform green area). From the image recorded with
crossed polarizers it can be concluded that all regions on the substrate contain crys-
talline material since they are all birefringent. As can be seen from the profilometer
measurement (cf. fig. B.1 ¢), the ridge, while less then 100 ym wide, can reach heights
of upto 20 times the thickness of the uniform film. The two ridges on opposing edges
of the substrate therefore represent a relevant fraction of the total scattering volume
in GIWAXS experiments and thus their contribution to the scattering pattern cannot
be neglected. Accordingly, the rims can have a significant influence on the measured
scattering patterns, especially if the polymer crystals in the rim differ from those in the
continuous film in terms of orientation or unit cell parameters. This can be seen in the
GIWAXS pattern shown in (cf. fig. B.1 e). Besides the strong (h00) reflections on the
horizon coming from the face-on oriented crystals in the homogeneous film, additional
(100) and (200) reflections are visible on the meridian indicating the presence of edge-on
oriented crystals. Both of these reflections are clearly split into two individual intensity
peaks with slightly different g-values. This splitting is not caused by the presence of
crystals with different unit cell parameters (i.e. polymorphs) but by different sample
to detector distances of the same type of crystals. Thus the edge-on oriented crystals
giving rise to the split (100) and (200) reflections on the meridian can be located to
the rims at the edges of the sample.

The microscopy images of an edge of the same P3CNHT sample after removing the
rims and the slightly thicker area of the film with a scalpel can be seen in figure B.1
b). Based on the coloration of the image recorded with open polarizers and the corre-
sponding height information obtained from a profilometer measurement (cf. fig. B.1 d)
three different areas can be discerned: the continuous film of uniform thickness (yellow
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area), the mostly bare substrate (light blue) and the background beyond the edge of
the substrate (uniform green area). From the image recorded with crossed polarizer it
is evident that most of the birefringent crystalline material on the edge of the substrate
has been removed successfully. The GIWAXS pattern obtained from the sample after
removal of the material on the edges of the substrate is shown in figure B.1 f). The
clear absence of the split (100) and (200) reflections previously visible on the meridian
proves that associating the corresponding edge-on crystals with the high rims on the
edges of the thin film was indeed correct.

In conclusion, the spin-coating process results in films with rims at the edges of the sub-
strate that can be significantly higher than the film thickness of the continuous film of
homogeneous thickness in the central areas of the substrate. In cases where the crystals
formed in these rims have a different orientation or a different unit cell compared to the
crystals found in the continuous film, these rims should be mechanically removed before
measuring GIWAXS patterns as to prevent obtaining potentially misleading data. In
cases where the crystals in the rims do not significantly differ from the crystals in the
continuous film the removal of the rims is usually not necessary as the presence of the
rims does not significantly alter the obtained scattering patterns. One exception to
this are surface sensitive GIWAXS measurements as the angle of incidence is not well
controlled for the rims. For example, an average slope in the rim corresponding to a
height increase of 1.5um per 50 um would lead to an offset in the angle of incidence of
Aq; = arcsin1.5/50 = 1.72°. Consequently, at angles of incidence below the critical
angle of the polymer where only the upper layers of the continuous film contribute to
the scattering, the rims would still contribute in their entirety.
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C. Determination of o™ for
PDPP[Py],-T
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Figure C.1.: Sketch of the g;-g,-plane in reciprocal space with the projections of the é0k07
@001 and éhkl vectors onto the plane. As éhgo is parallel to the ¢, axis the
direction of the ép,hkl is solely given by the vectorial addition of C_jpgko and
ép,OOl- The vector épﬁk’l has to lie on the green circle with the radius of |C_¥'p7hkl|
determined from GIWAXS measurements. Additionally ij,hkl has to lie on the
blue circle with radius |ép7001\ (also determined from GIWAXS) around the tip
of ép70k0. The intersect of both circles defines the directions of C_jp,hkl and
ij,ool. Therefore, if |C—¥,p70k0|, |C—jp7001| and |C_¥'p7hkl| are known, one can determine
the azimuthal angle ¢g; of the reciprocal lattice vector C_jo()l. All measurements
were performed at room temperature. Reprinted with permission from [213].
Copyright 2024 American Chemical Society.

As discussed in section 3.4.3, the reciprocal space of the oriented thin film samples
has a cylindrical symmetry. Accordingly, the reciprocal lattice vectors G can be
described using cylindrical coordinates, i.e. by the radial length Gy, the height
G nw and the azimuthal angle ¢pr. The values of G and G pi can be directly
determined from the g,- and g.-position of a (hkl)-reflection observed in a GIWAXS
measurement.

As discussed in section 6.2, the thin films of PDPP[Py],-T on silicon substrates show
a strong edge-on orientation of crystals. Based on the (100) reflection visible on the
¢.-axis and the also visible (010) and (001) reflections, all parameters of the reciprocal
unit cell of PDPP[Py],-T except for a* can be determined. The a*, b* and ¢* parameters
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C. Determination of a* for PDPP[Py]y-T

can be directly are equivalent to |Gioo|, |Goio| and |Gooy| respectively. The angle 5*
, between @* and ¢*, and the angle v*, between @* and b*, can be determined by the
following relationships:

ﬁ* = arctan(Gp,001/GZ7001) (Cl)
’}/* = arctan(Gp7010/G27010) (02)

The angle a* between b* and & cannot be determined as the azimuthal angles ¢oro and
oo of the reciprocal lattice vectors éOkO and éooz in the coordinate system of a single
crystal are unknown. However, the orientation of coordinate system of the reciprocal
space of the single crystal can be chosen freely. Accordingly, the angle ¢go can be set
to 0 by orienting the coordinate system such that the reciprocal lattice vectors éOko
lie in the ¢,-q.-plane. The angle ¢gg; can than be determined based on the position
of a reflection with mixed indices with k£ # 0 and [ # 0. The lattice vector éhkl
corresponding to such a reflection is defined by:

éhkl =h- 6100 +k- 6010 +1- 6001 (C.3)

This equation also holds for ép,hkl, the projections of the G onto the ¢2-qy-Plane:

—

Gp.hil = ép,Oko + ép,OOl (C4)

As the reciprocal lattice vector éhoo is parallel to the g.-axis, its projection onto the
¢2-qy-Plane (ép,hoo) is equal to zero and does not contribute. The sketch in figure
C.1 illustrates that the vector ij,hkl has to fulfill two conditions. Firstly, it has to
have the length |ép,hkl| that was determined from the GIWAXS measurement. This is
illustrated by the green dashed circle in figure C.1. Secondly, in order to fulfill equation
C.4 the tip of ép,hkl has to have a distance of |ép7001| from the tip of Gﬁpvo,co. This
condition is illustrated by the blue dashed circle in figure C.1. As seen from the sketch,
both conditions are fulfilled only at the intersects of the two circles. In general, both
intersects represent valid solutions. However, the two resulting unit cells are simply
mirror images of one another (mirrored at the ¢,-¢ — z-plane). As seen from the sketch
these two conditions clearly define the orientation of ép,hkl and thus also the orientation
of ép,OOl‘ The azimuthal angle ¢y can then be determine using the law of cosines:

¢oor = 180° — arccos |Gporol* + [Gpoor” — |Gppma]? (C.5)
2 ’ ‘Gp,0k0| * ’Gp7001|
= 180° — arccos (k‘? “Gooro + P @01 — qg,hk:l> (C6)
2Kk - 4p,010 * 4p,001

The angle o of the reciprocal unit cell is then be determined from the dot product of
G010 and GOO]_.
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o = arccos
= arccos

— arccos

— arccos (

_Goro - Goot_ (.7)
|Gokol - |Gootl

|Czp,0ko| cos(poor) |C$p,0m|
— = ’Gp,0k0| sin(¢001) : O (CS)
[Gokol - [Gool G’ 0k0 G o0
|ép,0k0’ cos(Poor) - |C_jp,00l‘ + G000 - G2 k0 (C.9)

|Gokol - |Gooll
p,010 €08(Poor) * Gp,001 + =001 ° qz,010> (C.10)
do10 * goo1 i
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D. Scattering Peak Positions of
P3BrHT, P3CF3HT and P3CNHT
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D. Scattering Peak Positions of P3BrHT, P3CF;HT and P3CNHT

Table D.1.: Peak positions of P3BrHT determined from WAXS and GIWAXS measurements
on face-on oriented sample and peak positions calculated from the suggested unit
cell: a=17.65A, b= 77847, ¢c=23.36A, a =5 =~ =90°

Peak | WAXS GIWAXS (face-on) calculated (face-on)

No. | qA ] | A ) [ e A [Jal AT | (hk) | A | @ [A] | gl [A]
1 0.356 - - - 100 | 0.356 0.000 0.356
2 0.711 | 0.712 0.000 0.712 200 | 0.712 0.000 0.712
3 1.068 | 1.071 0.000 1.071 300 | 1.068 0.000 1.068
4 1.344 | 1.0737 | 0.8147 | 1.347° | 213 | 1.076 0.808 1.346
5 1.565 | 1.3327 | 0.8137 | 15607 | 313 | 1.339 0.808 1.564
6 1.615 | 0.0007 | 1.6287 | 1.628° | 020 | 0.000 1.616 1.616
7 1.654 | 03477 | 1.6327 | 1.668° | 120 | 0.356 1.616 1.655
8 1.700 | 0.526° | 1.627" | 1.710° | 022 | 0.538 1.616 1.703
9 1767 | 07117 | 16217 | 1.7707 | 220 | 0.712 1.616 1.766
10 | 1.847 | 0.877 1.629 1.850 123 | 0.882 1.616 1.841

"Peak positions determined from measurements on thin films at an angle of incidence
of a; = 10° instead of measurements at «; = 0.20° due to higher accuracy.

Table D.2.: Peak positions of P3CFsHT determined from WAXS and GIWAXS measure-
ments on face-on oriented sample and peak positions calculated from the sug-
gested unit cell: a = 17.26 A, b=7.79A, ¢ = 7.89A, o = f = = 90°

Peak | WAXS GIWAXS (face-on) calculated (face-on)

No. | qA ] | A [ A [Jal AT (k) | AT | @ [A] | gl [A™]
1 0.364 | 0.368 | 0.000 0.368 100 | 0.364 | 0.000 0.364
2 0.728 | 0.739 | 0.000 0.739 200 | 0.728 0.000 0.728
3 1.092 | 1.098 | 0.000 1.098 300 | 1.092 0.000 1.092
4 1.347 | 1.0627 | 0.8127 | 13377 | 211 | 1.079 0.807 1.347
5 1.576 | 1.3317 | 0.812" | 1.559° | 311 | 1.351 0.807 1.574
6 1.613 | 0.000" | 1.617" | 1.617° | 020 | 0.000 1.614 1.614
7 1.652 | 0.3617 | 1.617" | 1.657° | 120 | 0.364 1.614 1.655
8 1773 | 07217 | 1.620° | 1.7737 | 220 | 0.728 1.614 1.771
9 - 0.918 1.656 1.893 121 | 0875 1.614 1.836
10 | 1.849 - - - 411 | 1.659 0.807 1.845
11 | 1.948 | 1.098 1.659 1.989 320 | 1.092 1.614 1.949

"Peak positions determined from measurements on thin films at an angle of incidence
of a; = 10° instead of measurements at a; = 0.18° due to higher accuracy.
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Table D.3.: Peak positions of P3CFsHT determined from WAXS and GIWAXS measure-
ments on edge-on oriented sample and peak positions calculated from the sug-
gested unit cell: a = 17.26 A, b=7.79A, c = 7.89A, a = =~ = 90°

Peak | WAXS GIWAXS (edge-on) calculated (edge-on)

No. | qA ] 1A [ A [Jal AT (hk ) [ A7) | @ [A] | gl [A7]
1 0.364 | 0.000 0.376 0.376 100 | 0.000 | 0.364 0.364
2 0.728 | 0.000 0.750 0.750 200 | 0.000 | 0.728 0.728
3 1.092 | 0.000" | 1.094" | 1.094" | 300 | 0.000 1.092 1.092
4 1.347 | 1.153 0.746 1.373 211 | 1.134 | 0.728 1.347
5 1.576 | 1.1147 | 1.1027 | 15677 | 311 | 1.134 1.092 1.574
6 1.613 | 0.000 1.630 1.630 020 | 1.614 | 0.000 1.614
7 1.652 | 0.367 1.627 1.668 120 | 1.614 | 0.364 1.655
8 1.773 | 1.632 | 0.7611 1.801 220 | 1.614 | 0.728 1.771
9 - - - - 121 | 1.800 | 0.364 1.836
10 | 1.849 - - - 411 | 1.134 1.456 1.845
11 | 1.948 - - - 320 | 1.614 1.092 1.949

“Peak positions determined from measurements on thin films at an angle of incidence
of a; = 10° instead of measurements at a; = 0.18° due to higher accuracy.

Table D.4.: Peak positions of P3CNHT determined from WAXS and GIWAXS measure-
ments on face-on oriented sample and peak positions calculated from the sug-
gested orthorhombic unit cell: @ = 18.16 A, b = 7.51A, ¢ = 8.60A, a = 3 =

v = 90°

Peak | WAXS GIWAXS (face-on) calculated (face-on)

No. | gfA ] [qA T A [Id AT [ (hkD) [ g T ][q A ]l [A]
1 0.345 | 0.347 | 0.000 0.347 100 | 0.346 | 0.000 0.346
2 0.691 | 0.696 | 0.000 0696 | 200 | 0.692 | 0.000 0.692
3 1.036 | 1.046 | 0.000 1.046 | 300 | 1.038 | 0.000 1.038
4 1130177 ] 0.983 | 0.864 1309 | 211 | 1.007 | 0.837 1.309
5 1.674 | 0.000" | 1.667° | 1.667° | 020 | 0.000 1.674 1.674
6 | 17417 - - 17357 | 120 | 0.346 1.674 1.709
7 | 1.8897 | 0.889 | 1.665 1.888 121 | 0.809 | 1.674 1.859

221 | 1.007 | 1.674 1.953

"Peak positions determined from measurements on thin films at an angle of incidence
10° instead of measurements at a; = 0.18° due to higher accuracy.” Peak
positions determined manually instead of through peak fitting.

of a; =
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D. Scattering Peak Positions of P3BrHT, P3CF;HT and P3CNHT

Table D.5.: Peak positions of P3CNHT determined from WAXS and GIWAXS measure-
ments on face-on oriented sample and peak positions calculated from the sug-
gested monoclinic unit cell: a = 18.20A, b = 7.53A, ¢ = 9.34 A, a = 5 = 90°,

v = 86°

Peak | WAXS GIWAXS (face-on) calculated (face-on)

No. | A 1A [ q AT [ lal AT [ (hkD)[qA ][ g AT | ]ol [A]
1 0.345 | 0.347 | 0.000 0.347 100 | 0345 | 0.024 0.346
2 0.691 | 0.696 | 0.000 0.696 200 | 0.690 | 0.048 0.692
3 1.036 | 1.046 | 0.000 1.046 300 | 1.035 | 0.072 1.038
4 113017 ] 0.983 | 0.864 1.309 211 | 0964 | 0.885 1.309
5 1.674 | 0.000° | 1.667" | 1.667° | 020 | 0.000 1.674 1.674
6 | 1.7417 - - 17357 | 120 | 0.345 1.698 1.733
7 | 1.8897 | 0.889 1.665 1.888 221 | 0.964 1.626 1.890

"Peak positions determined from measurements on thin films at an angle of incidence

of a; =

positions determined manually instead of through peak fitting.

10° instead of measurements at «; = 0.18° due to higher accuracy.” Peak

Table D.6.: Peak positions of P3CNHT determined from WAXS and GIWAXS measure-
ments on face-on oriented sample and peak positions calculated from the sug-
gested monoclinic unit cell: a = 18.17A, b = 7.51A, ¢ = 8.12A, a = 8 = 90°,

v = 87.9°

Peak | WAXS GIWAXS (face-on) calculated (face-on)

No. | qfA] [ qA ][ q A [Jal AT (hkD) [ qA ][ q A gl [A]
1 0.345 | 0.347 | 0.000 0.347 100 | 0.346 | 0.013 0.346
2 0.691 | 0.696 | 0.000 0.696 200 | 0.692 | 0.025 0.692
3 1.036 | 1.046 | 0.000 1.046 300 | 1.037 | 0.038 1.038
4 113017 ] 0.983 | 0.864 1.309 311 | 1,037 | 0.799 1.309
5 1.674 | 0.000" | 1.667" | 1.667° | 020 | 0.000 1.674 1.674
6 |1.7417 - - 1.7357 | 120 | 0.346 1.687 1.722
7 [ 1.889" | 0.889 1.665 1.888 121 | 0.848 1.687 1.888

"Peak positions determined from measurements on thin films at an angle of incidence
of oy = 10° instead of measurements at a; = 0.18° due to higher accuracy.” Peak
positions determined manually instead of through peak fitting.
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E. Scattering Peak Positions of the

Investigated PDPPs

Table E.1.: Peak positions of PDPP[T],-T determined from WAXS and GIWAXS measure-

ments

Peak | WAXS GIWAXS Indexing

No. | A 1A [ AT [l AT (kD
1 0.322 | 0.000 0.339 0.339 100
2 0.647 | 0.000 0.673 0.673 200
3 0.972 | 0.000 1.006 1.006 300
4 ~ 1.30 | 0.000 1.331 1.331 400
5 1.605 | 1.635 0.000 1.635 010
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E. Scattering Peak Positions of the Investigated PDPPs

Table E.2.: Peak positions of PDPP|[T]s-Tprg determined from WAXS and GIWAXS mea-
surements.

Peak | WAXS GIWAXS Indexing
No. | A [qA e AT [lal[AT)] (k0
0.332 0.000 0.336 0.336 100

- 0.322 0.173 0.366 001
~ 0.59 | 0.323 0.509 0.603 101
0.664 0.000 0.669 0.669 200
0.992 0.000 1.000 1.000 300
1.698 1.717 0.000 1.717 010

| O | W [N+~

Table E.3.: Peak positions of PDPP[Py]s-T determined from WAXS and GIWAXS measure-
ments and peak positions calculated from the suggested unit cell: a = 20.17 A,
b=>546A, ¢c=16.82A o~ 131.4°, 3 ~ 100.0°, v ~ 97.0°

Peak | WAXS GIWAXS Indexing calculated

dA T A N[ AT AT (hkD) AT [ g AT | lgl A

0.334 | 0.000 0.342 0.342 100 0.000 0.334 0.334

0.530 | 0.502 0.183 0.534 001 0.498 0.181 0.530

0.669 | 0.000 0.677 0.677 200 0.000 0.668 0.668

- 0.501 0.516 0.719 101 0.498 0.515 0.717
- 0.539 0.800 0.965 201 0.498 0.849 0.985

1.000 | 0.000 1.023 1.023 300 0.000 1.002 1.002

1.164 - - - 112 1.151 | 0.177 1.165

1.267 1.255 0.000 1.255 013 1.247 0.024 1.247

- 0.573 1.131 1.268 - - - -

- 0.250 1.277 1.301 - - - -

1.337 | 0.000 1.354 1.354 400 0.000 1.336 1.336

1.555 1.544 0.162 1.552 110 1.534 0.185 1.546

1.620 1.542 0.522 1.628 010 1.534 0.519 1.620

1.732 1.534 0.852 1.755 110 1.534 0.853 1.756

Ry S [ Sy pu—y pra—Y Z
Sl @S| e N o ok w o) = 5
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