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1. Introduction

1. Introduction

One main focus of research in this decade is the investigation of renewable energy
sources like wind, water and sun power. Especially the utilization of sun power is,
at the moment, less than 1% despite the high potential, which is connected with this
source. Theoretically the sun is able to provide about 10000 times more energy than
the world population needs.! However, the utilization of the sun is at the moment
orders of magnitudes too expensive and hence, the usage is limited and only feasible
with subsidies from the government. The hope is that with a new generation of de-
vices, which should be much cheaper compared to the devices available at the moment,
the usage of sun energy could be extended. To decrease the device costs, one possible
approach could be to replace the silicon based material used at the moment with inex-
pensive and easily processable organic compounds. Potential materials for this kind of
application include highly conjugated 7-systems, but demanding requirements have to
be met to gain sufficient device efficiencies and life times. Hence, a well-defined and
assessable aggregation behavior is essential and not yet fully understood. One focus
of this work is therefore to understand the self-assembly and aggregation behavior of
suitable materials for organic photovoltaic applications and the corresponding driving
forces for aggregation based on non-covalent interactions like 7—r-stacking and hydro-
gen bonding. Suitable organic materials include highly conjugated 7-systems, which
are responsible for the essential conductivity, for the rigidity and, in most cases, also
for the insolubility. In order to improve these properties of the conjugated building
blocks, alkyl side chains are often attached. In some cases these are also able to in-
troduce liquid-crystalline phases which are dealt within another topic of the present
work.

Advanced solid-state NMR techniques are important for studying the above-mentioned
non-covalent interactions and the liquid-crystallinity. An introduction to these meth-
ods is given in Chapter 2 and Chapter 3. Specifically, *C {'H} cross polarization
(CP) magic angle spinning (MAS) NMR and 2D techniques like frequency-switched
Lee-Goldburg (FSLG) decoupled CP heteronuclear correlation (HETCOR) and 'H-'H
double quantum-single quantum (DQ-SQ) correlations are used to gain insights about
the local structure. The local molecular mobility can be assessed via the recoupled po-
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1. Introduction

larization transfer-heteronuclear dipolar order recoupling (REPT-HDOR) method.
Three supramolecular organic systems are studied in more detail in this work: conju-
gated macrocycles, polymer systems based on polythiophene and a rod—coil copolymer
based on a rigid rod of oligo(p-benzamides) (OPBA) and a flexible poly(ethylene gly-
col) (PEG) chain. All systems include rigid building blocks with conjugated 7-systems
and flexible side chains of different length. They differ in the geometric shape of the
rigid block and the proportion of this block compared to the flexible side chains. Thus,
the structural properties of the corresponding system can be studied with respect to
the presence of non-covalent interactions.

In Chapter 4, a model system based on a macrocycles of phenylene, ethynylene, and
benzodithiophene units attached with alkyl side chains is the main focus. Within this
system, the size of the rigid block and the flexible alkyl side chains are of the same
order of magnitude. Two macrocycles are studied in more detail. The corresponding
structural differences of both macrocycles are investigated via differential scanning
calorimetry (DSC), wide angle X-ray scattering (WAXS), and solid-state NMR. It is
determined how different types of alkyl side chains influence non-covalent interactions
like m—m-stacking and the local order and molecular mobility. Another issue strongly
connected to the alkyl side chains, is the liquid-crystallinity of these systems. To study
the influence of the alkyl side chains with respect to this property of the macrocycle
temperature-depended solid-state NMR measurements are performed.

The systems studied in Chapter 5 are rather close to industrial applications. Specifi-
cally, two polymers with a fully conjugated and hence rigid polymer backbone are in
the focus. The properties of such polymers can be influenced via alkyl chains attached
to each monomer unit. Compared to the size of the rigid backbone the alkyl side
chains are rather short. The ability of the polymer to self-assemble, in the neat state
and after addition of a fullerene derivative as an acceptor, with respect to preparation
conditions like thermal treatment is studied. Additionally, the influence of the alkyl
chain length on the self-assembled structure is studied for a selected polymer system.
In Chapter 6, besides m—r-stacking and phase separation of different building blocks,
hydrogen bonding as a third type of non-covalent interactions come into play. The
studied systems are based on rigid OPBA rods, which are attached to PEG polymer
chains. First, it is investigated how the structure and aggregation can be manipulated
via suppression of a certain hydrogen bond in neat OPBAs. Afterwards, differences of
the structure and aggregation upon polymer attachment are evaluated and discussed,
in light of the influence of the resulting liquid-crystalline phase transition.

11



1. Introduction

Finally, all results are summarized and discussed, in the context of future prospects.
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2. Theoretical Background

2. Theoretical Background

2.1. NMR Interactions

Every NMR experiment is based on the nuclear spin and its interactions with electrical
and magnetic fields. These fields may originate from external sources or within the
sample itself. If one distinguishes between external and internal spin interactions, the
spin Hamiltonian g is given by

-HS = ﬁeac + Hint . (21)

There are two main external interactions: the interaction of the sample with the static
magnetic field of the spectrometer (B,), which is also known as the Zeeman interac-
tion, and the interaction with the applied radio-frequency (rf) pulse (B,). Internal spin
interactions are the chemical shift, the dipole-dipole interaction, the J-coupling, and
the quadrupolar coupling.? All interactions can be written in form of their Hamiltoni-

ans and the spin Hamiltonian is then given by the sum of all interactions.
ﬁS:ﬁZ—FﬁRF—FHCS—FﬁD—FFIJ—FHQ (2.2)

The corresponding magnitudes of these interactions are shown in the following table.
They are arranged according to their magnitude, starting with the strongest interaction
which is in most cases the Zeeman interaction.> For nuclei with a low gyromagnetic
ratio () like cobalt and manganese the quadrupolar interaction can assume larger
values than the Zeeman interaction.*

13



2. Theoretical Background

Hamiltonian Name Magnitude
H 7 Zeeman interaction 100 MHz
Hy Quadrupolar coupling | 1-10 MHz
Hp Dipolar interaction 50 kHz
Heg Chemical shift 20 kHz
H, J-coupling 100 Hz

Table 2.1.: Types of NMR interactions and their magnitudes.

In solids, all interactions have a spatial dependency. Hence, it is convenient to define
an axis system, called the laboratory frame. In this frame, the static magnetic field
of the spectrometer By is aligned along the z-axis and the rf-field B, is directed along
the x-axis (see Figure 2.1).2 This rf-field is applied via a coil and the corresponding
induced current. The same coil can be used to achieve excitation along the y-axis, if
the phase of the pulse is modified. All spatial information given in the next sections is
referred to the laboratory frame unless stated otherwise.

Z

B,

“B,

Figure 2.1.: Laboratory frame: the static By-field of the spectrometer is aligned along
the z-axis, the rf-field B, is excited along the x-axis.

2.1.1. Zeeman Interaction

The Zeeman interaction is the basis for every NMR signal and describes the interac-
tion of the applied magnetic field of the spectrometer (B,) and the nuclear spin. The

14



2. Theoretical Background

Hamiltonian which represents the energy of this interaction is:

A

Honespin = _P)/BO[AZ > (23)

with the gyromagnetic ratio v and the operator I, representing the z-component of the
nuclear spin angular momentum. As can be inferred from this equation, the Zeeman
interaction depends on the magnetic field strength B,. For a proton, the Zeeman
interaction is about 300 MHz in a magnetic field of 7 T and 850 MHz at 20 T. The
corresponding energy eigenvalue is given by:

E,, = —mhvyB, 2.4)
For a S = 1/2-nucleus, the energy can be written as:
1
ang = :l:ih’)/BO . (2.5)

Hence in the presence of a static magnetic field there are two distinct non-degenerated
energy levels, labeled as £, and E3. The energy of the transition between these states
can be calculated by subtracting the corresponding energies,

AEa—>B = Eg — Ea = h’yBO s (26)

where the frequency,
7By
2m

is equal to the Larmor frequency of the nucleus.® In a static magnetic field a transition

=1, (27)

Va—sp =

from the « to the § state can be induced by irradiation at the Larmor frequency of the
corresponding nucleus (which is in the radio-frequency range, see Table 2.1) and the
NMR signal can be recorded (shown in Figure 2.2).

15



2. Theoretical Background

Vo

Figure 2.2.: The transition frequency from the « to the [ state is equal to the Larmor
frequency and the source of the NMR signal.

2.1.2. Radio Frequency Pulse

In a static magnetic field, the spin system interacts with a rf-pulse in a well-defined
manner. The Hamiltonian for this interaction is given by the following equation.

Hrp = wil, (2.8)
w1 = —’)/Bl (29)

The B, field is the magnetic field, which is associated with the rf-pulse.® By means of
theoretical approaches based on the density operator formalism the interaction of the
rf-pulse with the spin system can be calculated.®

A

p(ty) = exp(—iwt, I, ) Lexp(iwit,I,) = cos(wity)l,—sin(wity) ], (2.10)

The effect of a rf-pulse on the equilibrium magnetisation I, can be illustrated by the
flip angle 5 = w;t,. For a 90° x-pulse acting on the equilibrium magnetization this is
shown in equation (2.11).7

I 2y c0s(90°) . —sin(90°)], = —1, (2.11)

Hence the equilibrium magnetization along the z-axis is flipped by a 90° x-pulse to-
wards the —y-axis, as shown in Figure 2.3.
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/2

Figure 2.3.: Influence of a 7/2 rf x-pulse on the equilibrium magnetization.

With the product operator approach the effect of any pulse sequence towards the spin
system can be worked out. In addition to the effect of pulses, it allows to consider
couplings among different spins.

2.1.3. Chemical Shift

Beside the nucleus, electrons interact with the applied magnetic field as well and in-
duce a secondary field. This secondary field contributes to the field, which is present
at the site of the nucleus and slightly changes the resonance frequency.® This so called
chemical shift is very important for a NMR experiment since it enables to distinguish
between nuclei with different chemical environments. The effective magnetic field can
be expressed by the following equation:

Bnuc = BO —|— Bind = BO —|— O'BQ = (1 — O')BQ (212)

with the shielding tensor o of a nucleus in a molecule, which can be represented by
a (3x3) matrix. This matrix relates the direction and the magnitude of the magnetic
field vector at the nucleus (B,,.) to an external magnetic field (B;). The shielding
tensor o can be decomposed into independent symmetrical and antisymmetrical parts.
The o tensor is often neglected since it does not give rise to observable shifts al-
though it affects the relaxation of the spin. The symmetrical tensor can be split into
an isotropic tensor ¢**° and a traceless symmetric tensor o*v™.8

o = O_iso + 0_sym + Uanti (213)

17



2. Theoretical Background

If the axis system is chosen such that o is a diagonal matrix, it is called a principal axis
system. In this principle axis system the tensors ¢**° and o*¥™ are defined as:®

1 00
o =0omlo 1 0ol , (2.14)
0 01
—3(1+n) 0 0
oV =9 0 —L1+n) o] - (2.15)
0 0 1

The parameters o,,, 6, n (asymmetry parameter) and Ao (anisotropy parameter) are

given by
Oqv = (0'11+O'22+O'33)/3, (216)
2
= 033 — Ogqy = gAO' 3 (217)
AO':0'33— (0'11+0'22>/2 s (218)

n= (022 - 011)/(033 - Uau) = (022 —011)0

2 (2.19)
= (099 — 011)/(§A0) :
An important property of a matrix is the trace, which is the sum of the diagonal el-
ements. As shown in equations (2.14) and (2.15), the trace of ¢%° is non-zero in
contrast to the trace of o*¥™. The trace of a tensor remains unchanged when the ten-
sor is rotated. This is important for an isotropic liquid with fast rotational motion of
the molecules. All traceless chemical shift tensors do not give rise to frequency shifts
when the system exhibits fast rotation. Thus, in a liquid only the effect of o%° is ob-
servable, which behaves like a scalar and the corresponding spectrum consists of single
lines.®

In the solid state, the situation is different due to the absence of fast molecular motion.
Beside o also the effect of 0*¥™ is observable. o*¥™ does not behave like a scalar and
the chemical shift depends on the orientation of the tensor in the magnetic field. In a
powder with many small crystallites, a superposition of many orientations and hence
different frequencies occur and a typical powder patter is observed as shown in Figure

18



2. Theoretical Background

2.4.2 This dependency of the chemical shift on the orientation is called chemical shift
anisotropy (CSA).

O

g

011 G

33

T[T T T
200 150 100 50 O
ppm

Figure 2.4.: 13C powder pattern for a system with an orthorhombic symmetry.

One can also write the Hamiltonian for the chemical shift interaction in the form
shown in equation (2.20). The angles ¢ and ¢ define the polar coordinates of the
vector (cf. Figure 2.5). In analogy to the tensor discussion above equation (2.21)
shows that there is no orientation dependency of ¢**° in contrast to o*¥™.

Heg = ~v10By (2.20)
Hes = vBo[1 — (6%°° + Ao (3cos?0 — 1 4 nsin®fcos(2¢)))] L. (2.21)

2.1.4. Dipole-Dipole Interaction

Due to their magnetic moment nuclear spins, in close spatial proximity interact with
each other. A direct through-space interaction is called dipole-dipole interaction or
dipolar coupling. There are two types of coupling: the coupling between equal nuclei
is referred to as homonuclear dipolar coupling and the coupling between spins of
different nuclei is called heteronuclear dipolar coupling. The Hamiltonian for the
dipole—dipole interaction can be written in the Cartesian tensorial form as

Hp = —2IDS . (2.22)

I and S are spin angular momenta and D is the dipolar coupling tensor. This dipolar

19



2. Theoretical Background

coupling tensor can be written in the principal axis system as®

-4 0 0

D=|0o -4 o0l, (2.23)
0 0 d
h

d= s (2.24)
™wr

Since the trace of the tensor D is zero any dipolar coupling is averaged out in case of
fast molecular motion (this effect has already been discussed in section 2.1.3). There-
fore, the dipolar coupling can be neglected in liquids, due to the absence of an isotropic
component. In contrast the line shape of a solid-state NMR spectrum is strongly influ-
enced by the dipolar coupling. To illustrate this effect equation (2.22) is transformed
into the rotating frame. The corresponding result is shown for the homonuclear dipo-
lar coupling in equation (2.25) and for the heteronuclear dipolar coupling in equation
(2.26).5

2 ol 1 S o sa
Hp homo = — ym 5(3c0320 —1)(3L.5. — 1S) (2.25)
- h 1 .
Hp hetero = _MO 7S : _(360329 - 1)212«52 (226)
’ 473 2

These equations can be separated in a spin part and a space part. The space part
shows the orientational dependency of the Hamiltonians. For a dipolar coupled two
spin system the corresponding Pake pattern can be derived, which is shown in Figure
2.5.

-d -d2 0 d2 d

Figure 2.5.: Typical Pake Pattern of two dipolar coupled spins I and S.°
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2. Theoretical Background

The large fraction of spin—spin vectors oriented perpendicular to By induces the high-
est spectral intensity at +d/2, while the small fraction of spin—spin vectors parallel to
B, give rise to spectral minima at + d. At an angle of 54.7° towards B,, the dipolar
coupling vanishes. Beside the orientation, the dipolar coupling also depends on the
gyromagnetic ratio and the distance between the nuclei. Due to their large gyromag-
netic ratio, the homonuclear dipolar coupling between protons is rather strong. As
the distance between the nuclei increases, the dipolar coupling decreases dramatically
due to the 1/r* dependency. Typical magnitudes of the dipolar coupling constants are
given in Table 2.2.

Nuclear Pair | Internuclear Distance | Dipolar Coupling Constant
'H/'H 24 15 kHz
'H/13C 1A 30 kHz
'H/13C 2A 3.8 kHz

Table 2.2.: Magnitudes of homo- and heteronuclear dipolar couplings with respect to
the internuclear distance.

2.1.5. Quadrupolar Coupling

For nuclei with S > 1/2 the positive electric charges are distributed non-spherically
within the nucleus. Hence, they possess a quadrupole moment (Q), which is an in-
trinsic property of the nucleus like the gyromagnetic ratio. The interaction of the
quadrupole moment with the electric field gradient at the nucleus is called quadrupo-
lar coupling and can be rather strong. The corresponding Hamiltonian can be written
as

X eQ

where V is the electric field gradient tensor.® Perturbation theory distinguishes be-
tween quadrupolar couplings of different order. First-order quadrupolar couplings
split spectra of half-integer quadrupolar spin systems in a single crystal into 2I-1 satel-
lite lines, with the center line remaining at the Larmor frequency vy. Similar to the
dipolar coupling it is possible to average out first-order quadrupolar couplings by fast
molecular motions.'° For strong quadrupolar couplings, also second-order terms have
to be considered. Both first- and second-order quadrupolar coupling terms broaden
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the NMR signals significantly and lead to uninterpretable NMR spectra. The second-
order quadrupolar coupling term additionally shifts the center line for half integer
nuclei. This coupling cannot be averaged out by molecular motion.’

In this work, only the 2H nucleus has been studied as a representative of quadrupolar
nuclei. Since it possesses a low quadrupolar moment, only first-order quadrupolar
couplings have to be considered.

2.1.6. J-Coupling

The J-coupling is an indirect coupling of two nuclei through the electrons of the bond
between these nuclei. Hence, nuclei predominantly interact intramolecular via J-
couplings, though in rare cases also intermolecular J-couplings through H-bonds are
observed. The Hamiltonian for the J-coupling is given by

Hy = 271,37, . (2.28)

Normally, the J-coupling is rather weak (cf. Table 2.1) and not observable in solid-state
NMR spectra due to broader lines compared to liquid-state NMR spectra.

2.2. Magic Angle Spinning (MAS)

Summarizing the last sections it can be concluded that a S = 1/2 spin system in the
liquid state is described by a typical Hamiltonian

Hs=Hy,+ Hpp + Hos. + Hy . (2.29)

150

Due to the absence of all orientation dependent interactions, the lines in a typical
liquid-state NMR spectrum are rather narrow and structural information is accessible
from the isotropic chemical shifts and the J-coupling. In a solid, due to the absence of
fast molecular motions, the spin system is described by the Hamiltonians

Hs=Hy+ Hpp + Hos + Hp + (H)) . (2.30)

In this case, the effect of the CSA and the dipolar coupling broaden the resonances
and complicate the extraction of information in the spectrum (Figure 2.6 a).

22



2. Theoretical Background

(a) static solid-state NMR (b) (C)
B O Ve IkHZ ’ //“\\

A w N
— 125 kHz s 5 ///ﬁy \\\\\\;777)(72

n ///\\\
liquid state NMR s T N lus
‘ n /\

NI 54.7° AN

Figure 2.6.: (a) Comparison of a 'H static solid-state NMR spectrum and a correspond-
ing liquid-state NMR spectrum. (b) illustration of the MAS technique and
(c) effect of MAS on the 'H solid-state NMR spectrum.!!

One approach to decrease the line width is to mimic the effect of fast molecular motion
like in the liquid state. For this reason, magic angle spinning (MAS) is performed. Un-
der MAS conditions, the sample is rotated at an angle of 54.7° with respect to the ex-
ternal magnetic field (Figure 2.6 b). At this so-called magic angle, the dipolar 3cos?6-1
term (see equation (2.25) and (2.26)) and the CSA vanishes, if the sample is rotated
sufficiently fast. State-of-the-art devices allow rotational velocities up to 70 kHz. Rou-
tinely, the MAS rate is about 30 kHz. Thus, the spatial part of the Hamiltonian, which
has an orientational dependency, is averaged by MAS. For an efficient averaging, the
spinning rate needs to exceed the largest anisotropic interaction by a factor of three.®
With a rotation frequency of about 30 kHz, the broadening effect of inhomogenous
interactions like CSA and heteronuclear dipolar couplings are significantly reduced. In
contrast, homogenous interaction like homonuclear dipolar couplings require higher

averaging frequencies.'?

2.3. Decoupling Methods

Unfortunately MAS alone can not completely average out the interactions which broad-
ens the lines. Therefore additional decoupling methods are necessary.
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2.3.1. Heteronuclear Decoupling

Heteronuclear decoupling has to be considered in case of coupling between a hetero
nucleus like *C and protons. Normally, this coupling is an inhomogenous interaction,
which is averaged out by MAS rather efficiently. However, in a real sample, homonu-
clear couplings overlap with heterogeneous interactions, which make MAS alone less
sufficient. Therefore, additional decoupling methods need to be used to obtain a high
spectral resolution.

Heteronuclear dipolar couplings are most easily decoupled during the recording of
the free induction decay (FID). This is performed by continuous rf irradiation on the
non-observed channel. This rf irradiation causes the 'H spins to undergo repeated
transitions from the « to the [ state at a rate determined by the amplitude of the rf
irradiation. The disadvantage of that method is, that it causes heating of the sample,
especially in the presence of water and it pushes the electronic device of the probe-
head to their limit.® Therefore, alternative decoupling pulse sequences are used to
achieve desired resolution within an acceptable rf power range, such as the Two Pulse
Phase Modulation (TPPM) method and derivatives thereof.!®> The idea behind TPPM
decoupling is to apply rf pulses of 7, length and alternate them between two phases
by an angle of ¢ (Figure 2.7). This decoupling method is even more efficient than the
continuous wave decoupling.'*

/2 T,

+02 | -0r2 [+or2 | 02 |+02 | -0/2 | +or2 | -0/2

TPPM decoupling

acquisition of FID

Figure 2.7.: Pulse sequence of a 13C {'H} CP/MAS experiment with TPPM decoupling
on the 'H channel carried out throughout the acquisition of the FID on the
13C channel.'*
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2.3.2. Homonuclear Decoupling

The homonuclear dipole—dipole coupling plays an important role for protons. It can
be neglected for carbons due to the low natural abundance of the '*C nucleus. For the
protons, a lot of effort has been devoted to invent effective decoupling methods since
MAS alone is not sufficient as a result of the large homonuclear coupling between the
protons. In this work, especially a method called frequency-switched Lee-Goldburg
(FSLG) decoupling has been used to decouple the!'H-'H homonuclear couplings in
the indirect dimension of a 2D spectrum. This decoupling method is based on a off
resonant rf irradiation, which is continuously applied on the proton channel during
the t;-time. The magnitude of this irradiation is adjusted such, that the effective field
in the rotating frame is at the magic angle with respect to the static magnetic field.
Furthermore, this rf irradiation is switched between the two LG conditions (+w;/+/2)
accompanied by a simultaneous 7-shift in the phase at the end of each segment. This
leads to a rotation of the spin around an effective field, which is tilted away from
the static magnetic field by the magic angle. Thus, homonuclear dipolar couplings

between the spins are averaged out.'>16

2.4. Recoupling Methods

Beside the effect that dipolar couplings broaden the resonances in the corresponding
spectrum, these interactions are also a great source of information. Due to the fact that
the dipolar coupling interacts through space, useful information about internuclear
distances and structural packing can be observed. To access highly resolved spectra,
which contain this type of information, methods are needed to selectively recouple
this anisotropic interaction under MAS conditions.

The basis of many recoupling methods is the rotational-echo double-resonance (RE-
DOR) technique, which was invented to measure the distance of different hetero nu-
clei under MAS.'”>*® On the observed nucleus, a normal spin echo experiment with a
m/2-pulse at time zero and a w-pulse after one rotor period is applied. On the non-
observed channel, 7-pulses are applied after 1/2 and 3/2 rotor periods (Figure 2.8).
Due to these m-pulses on the I-spin, the orientation of the local field at the S-spin is
changed.!”18
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Figure 2.8.: REDOR pulse sequence

The recoupling effect can also be understood by having a closer look at the Hamiltoni-
ans. The Hamiltonian of the heteronuclear dipolar coupling can be separated in a spin
part and a space part. The space part of the Hamiltonian

pohy® 1

el 5(3c0529-— 1) (2.31)

is strongly affected by MAS and partially averaged out. This averaging effect is also
observable in the rotor modulation curve shown in Figure 2.9 a.

(a) /\ /\

0 17, 21,

Figure 2.9.: Recoupling schemes under MAS conditions (a) Modulation of an
anisotropic interaction, (b) heteronuclear recoupling, and (c) homonu-
clear recoupling®

By integration over a full rotor period, the modulated interaction vanishes as positive
and negative parts of the oscillation cancel each other. A way to avoid this cancellation
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is to invert the spin part (21.5.) of the Hamiltonian by applying a pulse sequence,
which simultaneously alternates the sign of the spin part. For heteronuclear dipolar
couplings and CSA, normal 7-pulses are sufficient to invert the sign. Figure 2.9 b
illustrates how an averaging of the interaction within one rotor period can be avoided
by these 7 pulses.!'? Interactions with a bilinear spin dependence like the homonuclear
dipolar coupling can be recoupled in an analogous fashion. However, the 7w-pulses have
to be replaced by a pair of 7/2-pulses with orthogonal phases (Figure 2.9 ¢).2° This

recoupling scheme is referred to as back-to-back (BaBa) pulse sequence.?2!
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3. NMR Methods and Pulse Sequences

3.1. Basic NMR Experiments

3.1.1. Single Pulse Experiment

/2

Figure 3.1.: Pulse sequence of a one pulse sequence.

The single pulse experiment is based on a 90° (7/2) pulse followed by the measure-
ment of the free induction decay (FID, cf. Figure 3.1). The influence of such a 7/2-
pulse on the spin system has already been discussed from a theoretical point of view
in section 2.1.2. It could be shown that the equilibrium magnetization is flipped via a
/2 pulse from the z-axis to the transversal plane. The precession of the magnetiza-
tion within the transverse plane induces a tiny current in the receiver coil which can
be measured (the FID). The decay of the FID over time is due to relaxation processes,
which make the system return back to its equilibrium state.’

The above mentioned pulse sequence is mainly used to measure 1D 'H MAS NMR
spectra. Due to the high natural abundance (99.99%) and the large magnitude of
the gyromagnetic ratio of protons, no further enhancement strategies are necessary
to record a suitable 'H spectrum. In 'H solid-state NMR spectra, non-covalent in-
teractions such as hydrogen bonding and w—r-interactions can be observed. Signals
originating from hydrogen-bonded protons are well separated in the spectrum, with
typical chemical shifts between 8 and 20 ppm.??>2* This 'H chemical shift includes

semi-quantitative information about the strength of the hydrogen bonds.?22>27 In
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addition, the 'H chemical shift is a sensitive probe with respect to ring currents associ-
ated with aromatic moieties.!?® These ring currents are observed as a low-field shift
of the chemical shift compared to the corresponding liquid-state signal and constitute
a direct hint for m—r-interactions. The line widths of the 'H MAS NMR spectrum give
further information about the system. Effects like low molecular mobility and a low
degree of local order broaden the lines, while the opposite effect is observable for
mobile or highly ordered systems.

3.1.2. Cross Polarization (CP)

/2

decoupling

Figure 3.2.: Pulse sequence of a CP-MAS experiment. Heteronuclear spins are denoted
X.

Single pulse experiments are only feasible for nuclei with a high natural abundance
and a suitable gyromagnetic ratio. However, nuclei like *C and N are of great in-
terest which neither have a high natural abundance (*3C 1.1% and !*N 0.4%) nor a
proper gyromagnetic ratio. To overcome these problems, Pines et al. invented the
concept of cross-polarization (CP) where the magnetization is transferred from abun-
dant spins (normally protons), to the hetero nuclei.?*3° The first step of the sequence,
shown in Figure 3.2, is the rotation of the proton magnetization onto the —y-axis by
application of a 90° pulse along the x-axis. Subsequent spin-locking is achieved by an
on-resonant rf-pulse along the —y-axis. Thus a high degree of proton polarization is
obtained along the spin-lock field, which is labeled B;;. While the 'H spins are locked
along the —y-axis, an on-resonant pulse B, x is applied on the low abundant X-spins, by
which the X-spins are locked along the —y-axis as well. By choosing the magnitude of
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the spin-locking fields B, 5 and B, x according to the Hartmann-Hahn condition (shown
in equation (3.1)) the magnetization is transferred from the 'H spin reservoir to the X
spin reservoir.31:32

YuBiw = vxBix 3.1

In the last step, the FID is detected on the X channel while rf pulses are applied on
the proton channel for decoupling. Thus the signal intensity of the X-nucleus can be
enhanced up to a factor of v:15/vx, e.g. 3C signals are enhanced up to a factor of
four. Additionally the relaxation time determining the measuring time is the proton
relaxation, which is typically much shorter than the relaxation of the hetero nucleus,
which lack homonuclear couplings.® Beside these advantages, the disadvantage is that
no quantitative information is available.

In this work, mainly the *C {!H} CP/MAS technique was used. The main advantage
13C spectrum over a 'H spectrum is the increased resolution due to the broader chemi-
cal shift range. This is by far more important in solid-state NMR than in solution-state
NMR. Typical assignments of carbon atoms in different chemical environments are
shown in Figure 3.3.

200 180 160 140 120 100 80 60 40 20 0

Ppm

Figure 3.3.: 3C chemical shift assignment for important structural components
present in molecules studied in this work.>3

From solid-state NMR spectra, information far beyond the chemical shift can be ob-
tained. Specifically, line widths of the NMR signal contain useful information about the
local molecular order. Broad lines indicate a rather amorphous structure, while nar-
row lines indicate a more crystalline structure. This is due to the fact that amorphous

structures contain molecules with a variety of conformational orientations. Since each
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orientation gives rise to a slightly different chemical shift, a broad line results for an
amorphous sample.3%3>

Another nucleus studied by the CP/MAS technique, is N which is even less abun-
dant than !3C. Only systems with high nitrogen contents in close proximity to protons
can be measured, but still long measuring times are necessary to obtain spectra with
acceptable signal-to-noise-ratios. However, the chemical shift range of '°N is broader
than the chemical shift range of !3C. Thus, the '°N is even more sensitive to structural
changes.®

3.2. Advanced 2D NMR Methods

The basic idea behind a 2D NMR measurement is not to plot the frequency against
the intensity like in a 1D spectrum but to correlate different frequencies. A general
scheme for 2D NMR is shown in Figure 3.4.

t, t,

mixing

preparation

Figure 3.4.: Typical design of a 2D NMR pulse sequence

The first step of every 2D measurement is the preparation, which in the easiest case
could be just a 90° pulse to generate transversal magnetization. During the evolution
time (t;), no pulses are applied and the generated coherence can evolve. Note that
t; is not fixed but incremented in systematic steps and varied in a series of separate
experiments (cf. Figure 3.5).
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preparation mixing

......

preparation A mixing

AAAAA

preparation mixing

preparation mixing

Figure 3.5.: Scheme of FID detection in the indirect dimension.

This process makes 2D experiments compared to a normal 1D experiment rather time
consuming, but constitutes the basis for the FID detection in the indirect dimension of
the corresponding 2D spectrum. With each t; increment, one point of the indirect FID
is recorded. During the mixing time, the magnetization is manipulated into an observ-
able signal, which is measured during the t,-time and leads to the direct dimension of
the 2D spectrum.® Data processing and hence Fourier transformation have to be done
with respect to both times t; and t;. The corresponding 2D spectrum is obtained after
processing both FIDs.

3.2.1. Coherence Order

Another important aspect, especially for 2D NMR techniques, is the coherence order
of an operator. In general, the coherence order is defined by what happens to a par-
ticular operator upon application of a z-rotation by an angle ¢. Operators with zero
quantum coherence (ZQC), like the I, operator, are unaffected by such a rotation. The
coherence orders +1 (single-quantum coherence, SQC) and +2 (double-quantum co-
herence, DQC) correspond to rotations by angles -¢ and -2¢, respectively. Examples
for operators with SQC are the I, or fy operators. The | 1xf2y operator is an example for
a DQC operator. Higher order coherences require a coupled spin system. Further, the
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coherence order can only be changed by pulses. This is exemplified via a double quan-
tum (DQ) filtered correlation spectroscopy (COSY) experiment and the corresponding
coherence transfer pathway scheme shown in Figure 3.6.

| —

Figure 3.6.: Coherence transfer pathway of a DQ filtered COSY.

Starting point is the longitudinal magnetization along the z-axis, which has a co-
herence order of zero. After the first 90° pulse, the magnetization is flipped to the
transversal plane and the coherence order changes to +1. During the delay time with-
out any pulses, the coherence order is unchanged but the spin system can evolve due
to the presence of couplings, to antiphase coherence (I..15.). If now a 7/2 pulse is
applied to antiphase coherence, double-quantum coherence is generated, which has
to be transformed back to an observable coherence order of -1 by a third /2 pulse.®
Double-quantum coherence is a useful tool for many applications since it contains in-
formation about a coupled spin system and information about spatial proximities in
the sample via underlying dipolar couplings. In an equilibrium spin state, DQ transi-
tions are forbidden. However a spin system in a magnetic field is not in an equilibrium
state and those transitions are partially allowed.'? DQC can selectively be utilized in
a 2D spectrum, since DQC can be selected among all coherence orders by a procedure
termed phase cycling.>’”

3.2.2. '"H-'H DQ-SQ MAS NMR Using Back-to-Back Recoupling

A rather easy and relatively fast measureable 2D experiment is a 'H-'H correlation.
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Figure 3.7.: Pulse sequence and coherence transfer pathway diagram for a 'H-'H DQ-
SQ MAS NMR experiment using the BABA recoupling sequence for excita-
tion and reconversion of DQCs.®

One way to increase the selectivity of such an experiment is to include a double-
quantum filter (DQF). DQ filtering is based on DQC, which in case of a solid relies
on the existence of dipolar coupled spins. However, in the solid state under MAS
conditions, the dipolar coupling between the protons, which is necessary for generat-
ing DQC, is mostly averaged out. Hence, special recoupling techniques are necessary,
which were already introduced in section 2.4. A recoupling of the homonuclear dipo-
lar coupling can be achieved via a pair of orthogonal 7/2-pulses. The whole process of
dipolar recoupling and DQC generation is done during the excitation step of the back-
to-back (BABA) pulse sequence (Figure 3.7).'21%%7 During the incremented t,;-time,
the DQC evolves before reconversion to the initial spin state, which is normally longi-
tudinal magnetization. This reconversion is the crucial part of the pulse sequence. It
is based on a time inversion of the initial sequence, which was used to excite the DQC.

Finally, a single 90° rf pulse creates observable transverse magnetization, which is
detected during the t,-time.'® Fourier transformation yields a 2D spectrum. The di-
rect dimension contains the single-quantum dimension and the indirect dimension the
double-quantum dimension (Figure 3.8). Diagonal peaks in the spectrum result from
so-called like spins with identical chemical shifts. Cross peaks reflect couplings among
unlike spins with different chemical shifts.
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Figure 3.8.: Scheme of a 2D 'H-'H DQ-SQ MAS NMR spectrum.!!

This technique is based on the dipolar coupling, interacting through space. Thus it is
not limited to intramolecular contacts and allows detailed insights in the local struc-
ture and packing. It is also possible to retrieve information about internal mobilities.
If these mobilities are on the timescale of the DQ filter, the signal of the mobile species
vanishes in spectrum.'?

3.2.3. REPT-HSQC

A second relatively inexpensive 2D NMR experiment in terms of measurement time
is a 13C/'H recoupled polarization-transfer heteronuclear single-quantum correlation
(REPT-HSQC). Its main advantage, over the 'H-'H DQ-SQ MAS NMR experiment de-
scribed above is that a !3C spectrum is detected in the direct dimension. The *C
spectrum has a much larger chemical shift range and therefore provides a better res-
olution, which can also improve the resolution of the proton spectrum in the indirect
dimension. The corresponding pulse sequence is shown in Figure 3.9.
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preparation excitation Y, reconversion z-filter t
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Figure 3.9.: Scheme of a 2D '3*C/'H REPT-HSQC experiment.3®

Within the preparation, a series of 90° saturation pulses are applied on the S channel.
The experiment starts with an initial 90° x-pulse on the I channel, which flips the longi-
tudinal magnetization in the transversal plane. The resulting
-y magnetization evolves under the action of a REDOR pulse train (see section 2.4) to
reintroduce the heteronuclear dipolar coupling.

~

—I, — =1, co8(Nypep®o) — 21,5, sin( N, Po) (3.2)

The number of rotor periods for recoupling is controlled by a loop counter N, which
is defined as N = 2n. During the ¢,-time the gained antiphase coherence (-21,5.) can
evolve. At the end of the t; period, it is transferred from the I-spin (*H) to the S-spin
(*3C) by application of two 90° y-pulses parallel on the I and the S channel.

Qity

21,5, $in(Nyep®o) — —21,.S. sin( Ny ®o) cos(Q ) (3.3)
— 2.@32 Sin(NyepPo) sin(€24t1)

90°1,/5,

21,85, SIn( Ny epPo) cos(21t1) —21,S. sin(N,epPo) cos(€21t1) (3.4)

-+ 2[Azgx SiH(NTCpch0> COS(Qltl)

Afterwards, another REDOR pulse train is applied. Thus, the recoupled dipolar cou-
pling evolves the antiphase coherence back to observable S, magnetization. In the
z-filter period, the magnetization is stored along the z-axis and all unwanted magne-
tization dephases. After applying another 90° pulse, the S, magnetization is flipped
back to the transversal plane where the signal is detected.>® The advantage of the
REPT-HSQC sequence is that the polarization transfer is a coherent transfer and thus
more distance selective than pulse sequences solely based on CP. Hence, it is possible
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to qualitatively distinguish between different distances and different CH,, groups by
variation of the recoupling time. This is illustrated in Figure 3.10 where the intensities
of different CH,, groups are shown with respect to different recoupling times.

0.6

I(CH,)

Figure 3.10.: Building up of '3C signal intensities of different CH, groups as a function
of the REPT dipolar recoupling time.!?

It should be noted that, e.g. CH, groups are only observable when applying a rather
short recoupling time. In general the signal intensity of CH; groups is decreased com-
pared to CH groups. This yields, rather useful information about the studied system.!2

3.2.4. FSLG-Decoupled CP HETCOR

| I:I_H -ALG |+ALG

Figure 3.11.: Scheme of a 2D 3C/'H FSLG-decoupled CP HETCOR.

Another 3C/'H correlation pulse sequence, besides the REPT-HSQC described above,
is the frequency switched Lee-Goldburg (FSLG) decoupled CP heteronuclear correla-
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tion (FSLG-decoupled CP HETCOR) sequence shown in Figure 3.11. At the beginning
of the pulse sequence, the magnetization of the protons is flipped to the transversal
plane by a 90° y-pulse, followed by a pulse, which flips the magnetization vector into a
plane inclined by the magic angle with respect to By. This measurement is based on the
decoupling of homonuclear dipolar couplings of protons achieved by the FSLG tech-
nique which was described in section 2.3.2. This decoupling technique is performed
during the ¢;-time and results in a highly resolved proton spectrum in the indirect
dimension of the corresponding 2D spectrum. After the evolution period, the proton
magnetization is flipped back by a —y-pulse, which turns any component perpendicular
to the LG pulse back into the xy plane and which will bring the spin-locked component
back to the z-axis. Finally proton magnetization is transferred to carbon magnetization
by CP, which is detected during the ¢,-time.*°

This measurement leads to an increased proton resolution in the indirect dimension
of the 2D spectrum. Due to the fact that the transfer is less selective, it is possi-
ble to detect weak interactions with a reasonable signal-to-noise-ratio using a smaller
amount of scans compared to the REPT-HSQC technique. However, the spectral width
in the indirect proton dimension has to be rescaled in the resulting 2D spectrum. This
rescaling should be calibrated on a known sample for the specific spectrometer but
is conveniently done by a factor of 1/4/3. Further, the chemical shift value has to be

changed manually and is normally referenced to the 1D 'H spectrum.!®3°
3.2.5. REPT-HDOR
preparation excitation t, reconversion z-filter t
X ~ y
. il
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_ %X X
s [IL_{[1] 1] 11>
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Figure 3.12.: Scheme of a 2D '*C/'H REPT-HDOR experiment.>’

The recoupled polarization transfer-heteronuclear dipolar order recoupling (REPT-
HDOR) pulse sequence shown in Figure 6.18 is rather similar to the REPT-HSQC
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pulse sequence, which was introduced in section 3.2.3. The excitation block leads
to a transversal magnetization of the protons, which is gained after a 90° x-pulse.
This can evolve under the influence of the recoupled heteronuclear dipolar coupling
to the antiphase coherence 21,5.. Deviating from the REPT-HSQC sequence a 90° y-
pulse is applied on the I channel leading to longitudinal magnetization in the form
of 21.5.. This longitudinal magnetization does not evolve during the ¢,-time. Hence,
no chemical shift information is available in the indirect dimension of the correspond-
ing 2D spectrum. Another difference compared to the REPT-HSQC sequence is that
the ¢;-time is not incremented in multiples of the rotor period but in steps smaller
than one rotor period (At; < 7). Thus, the indirect dimension is not incremented
rotor-synchronized and a sideband pattern is obtained. These sideband patterns only
include information about the heteronuclear dipolar coupling. After the ¢,-time an-
other 90° pulse is applied to the S channel to obtain antiphase coherence in analogy
to the REPT-HSQC experiment.3%41:42

The data available form a REPT-HDOR measurement is different compared to the 2D
methods introduced above, since no chemical shift information is available in the indi-
rect dimension. The hetero nuclear dipolar sideband pattern of each resolved carbon
nucleus, allows to extract the magnitude of the dipolar coupling constant between the
carbon atom and the corresponding proton. Therefore, one slice of the data set is
Fourier transformed with respect to the ¢,-time (Figure 3.13). This FID is replicated N
times to gain a longer FID and avoid truncation effects. The corresponding data set is
then Fourier transformed with respect to the ¢,-time. The resulting sideband pattern
can be fitted with special routines to retrieve the magnitude of the dipolar coupling
constant.!216:42
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Figure 3.13.: Data processing of a slice of a REPT-HDOR measurement. After replica-
tion and Fourier transformation the obtained sideband pattern is fitted
to retrieve the dipolar coupling constant.

REPT-HDOR measurements are especially suitable for CH groups due to significantly
reduced multispin interactions. From the extracted dipolar coupling constant, quan-
titative information about the internal mobility of the system is available, since the
dipolar coupling constant decreases with increasing mobility. The dynamic order pa-
rameter S for a specific carbon site in a specific molecule can be gained from the ratio
of the dipolar coupling constant for the rigid case (21 kHz) and the measured value.*?

Dmeasured
S=—— (3.5)
Dm’gid
According to this definition, the order parameter is in the range of 0-1 where 1 is
completely rigid and 0 is completely mobile. In addition it is possible to convey the

kind of mobility present in the system.*>%4

40



4. Shape-Persistent Macrocycles

4. Shape-Persistent Macrocycles

Large conjugated w-systems, with attached alkyl chains, have received rising interest
due to possible applications in the field of organic electronics.** Hence, it is neces-
sary to generate structures with a high degree of intra- and intermolecular order, since
structural imperfections strongly influence the observed properties. To deepen the
understanding of how the order of a supramolecular system could be systematically
controlled, a macrocycle model system based on phenylene-ethynylene units function-
alized via alkyl chains is studied in this chapter. The advantage of this kind of material
is that it organizes spontaneously in ordered assemblies of an extended size.***” Due
to its monodispersity all studied structural features can be directly related to the prop-
erties of the molecule and not to defects in the aggregated structure.** This study
focuses on the self assembly of such a system based on non-covalent interactions like
m—n-stacking and the driving force for the phase separation due to different chem-
ical properties of the building blocks. In particular the influence of alkyl chains is
studied in detail since they affect, besides the solubility and the melting behavior, the
liquid crystallinity of the system.*®*° According to the literature liquid-crystallinity
plays a decisive role for the order of the structure.’®*>2 With these considerations, two
macrocycles with similar rigid backbones and different substituted alkyl side chains
are studied in more detail with solid-state NMR, wide-angle X-ray scattering (WAXS),
and differential scanning calorimetry (DSC).

4.1. Shape-Persistent Macrocycles Based on
Phenylene-Ethynylene Units
The investigated shape-persistent macrocycles (SPM), which are based on a rigid

backbone of phenylene, ethynylene, and benzodithiophene units attached with alkyl

chains, are shown in Figure 4.1.
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Figure 4.1.: Chemical structures of the macrocycles SPM-1 and SPM-2.

All alkyl chains bonded to the phenylene rings consist of C-16 chains for both macro-
cycles. The structures of both macrocycles differ in the kind of alkyl chain, which is
attached to the benzodithiophene unit. SPM-1 contains unbranched C-12 alkyl chains
while SPM-2 has shorter C-4 alkyl chains with a methyl branch and therefore also
a stereogenic center. These minor changes in the structure impose strong effects on
the properties of the macrocycles as shown by DSC in Figure 4.2. For SPM-1, three
endothermic peaks at 22, 109, and 151°C are observed in the DSC heating curve. In
contrast the heating curve of SPM-2 shows two endothermic peaks at 33 and 160°C
only. All processes are reversible and give rise to exothermic peaks in the correspond-

ing cooling curves.>?
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Figure 4.2.: DSC curve of (a) SPM-1 and (b) SPM-2.53

A first assignment of the peaks in the DSC curves can be done via polarization optical
microscopy (POM). The endothermic peaks at 22°C (SPM-1) and 33°C (SPM-2) can
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be assigned to the transition from a crystalline to a liquid-crystalline phase, probably
due to the melting of the alkyl chains. In addition, it is possible to assign the peaks
at 151°C (SPM-1) and 160°C (SPM-2) to the transition from a liquid-crystalline phase
to an isotropic phase. The peak at 109°C observed for SPM-1, is a transition between
two liquid-crystalline phases.

Figure 4.3.: POM images of SPM-1 at (a) 23°C (below the phase transition) and (b) at
92°C within the liquid-crystalline phase.>?

However, with POM it is only possible to identify liquid-crystalline phases as such,
but a detailed characterization cannot be achieved. Thus, WAXS was utilized for a
more detailed analysis. It was found that SPM-2 forms a liquid-crystalline phase in
a broad temperature range with a hexagonal ordering of the columns. In contrast,
SPM-1 exhibits two liquid-crystalline phases. Upon cooling of the isotropic phase,
a rectangular-columnar phase was found which changes upon further cooling below
109°C to a hexagonal phase similar to the liquid-crystalline phase assigned for SPM-2.
A disordered, soft crystalline phase is obtained below 22°C.>3 It is surprising that SPM-
1 and SPM-2 are able to form liquid-crystalline phases at all, since these systems have
an empty void in the center of the molecule. It was expected that due to the frustration
between molecular anisotropy and the empty space insight the ring, the system is
prevented from forming stable thermotropic mesophases.>* Hence, the understanding
of the aggregation and stacking behavior of SPM-1 and SPM-2 is of great interest.
In the next section, solid-state NMR is applied to deepen the understanding of the
molecular ordering involved.
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4.2. Aggregation and Phase Behavior of SPM-1

First, solid-state NMR was applied to gain a deeper insight into the first phase tran-
sition of SPM-1, which was observed via DSC at 22°C. 3C {*H} CP/MAS NMR was
performed slightly below and above the phase transition. The corresponding spec-
tra are shown in Figure 4.4. A rough assignment of the resonance can be done in
the following way: 10-40 ppm alkyl chains, 70-80 ppm OCH, groups, 80-100 ppm
alkyne carbon atoms, 110-140 ppm aromatic carbon atoms, and ~150 ppm quater-
nary aromatic carbon atoms bonded to oxygen (cf. Figure 3.3). This assignment is
further refined within this section via 2D NMR techniques, but already without an
exact assignment of the resonances useful information can be retrieved.

ot it
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Figure 4.4.: 3C {'H} CP/MAS NMR spectra of SPM-1 (a) at 295 K (black) and (b) at
340 K (red).

Below the phase transition, two intense resonances occur in the alkyl region at 33.3
and 30.8 ppm. Above the phase transition, only one resonance remains at 30.7 ppm.
This indicates that the first phase transition can indeed be assigned to a melting of
the alkyl chains as the alkyl chemical shifts at 33.3 and 30.8 ppm are averaged to
30.7 ppm upon the increase in temperature. The higher local mobility of the alkyl
chains also influences the aromatic region. All resonances in the *C {'H} CP/MAS
NMR spectrum are better resolved above the phase transition, which is indicative of
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an increased local order. It can be noted that the spectrum at 340 K displays thirteen
well resolved resonances for aromatic carbon atoms (inset Figure 4.4). However, the
chemical shift values above the liquid-crystalline transition are hardly influenced by
the phase transition apart from one resonance at 157.3 ppm, which is shifted up field
to 155.6 ppm. Since these resonances are also observed in solution, the values gained
from solution- and solid-state NMR are compared in Table 4.1.

0 (in ppm) liquid | § (in ppm) solid | A
158.5 155.4 3.1
153.6 153.0 0.6
142.9 141.8 1.1
138.2 137.9 0.3
134.8 133.3 1.5
131.5 132.2 -0.7
130.7 130.4 0.3
127.9 127.5 0.4
124.5 126.2 -1.7
123.1 123.8 -0.7
122.8 122.6 0.2
118.7 118.2 0.5
106.15 112.6 -6.5

Table 4.1.: Chemical shift values for the aromatic carbon atoms of solution- and solid-
state NMR.

Table 4.1 underlines the remarkable resolution observed in the *C {'H} CP/MAS NMR
spectrum of SPM-1. Only in rare cases, it is possible to observe the same number of
resonances in the solid state as in solution. This strongly indicates that the solid-
state packing of SPM-1 is highly ordered. Further the ordering should be completely
symmetric so that all aromatic groups are undistinguishable within the macrocycle. In
addition, the chemical shift values are in good agreement. Only two values show a
larger deviation due to the influence of packing on the chemical shift value in the solid
state, e.g., via m—m-stacking interactions.

To study the transition into the liquid-crystalline phase in further detail, '"H MAS NMR
was performed. The corresponding spectra are shown in Figure 4.5. Similar to 3C
{'H} CP/MAS NMR, the 'H MAS spectra underline the structural differences before
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and after the phase transition. At 295 K (below the phase transition) three resonances
at 6.4 ppm (aromatic protons), 3.9 ppm (OCH, protons), and 1.5 ppm with a shoulder
at 1.1 ppm (alkyl protons) are observable.

ppm

Figure 4.5.: 'H MAS NMR of SPM-1 (a) at 295 K black and (b) at 330 K red.

Above the phase transition (330 K), the alkyl resonance is narrowed substantially from
a line width of 440 Hz to 220 Hz. This supports the assumption that the alkyl chains
are melting during the phase transition. Moreover, the resolution is improved like in
the *C {{H} CP/MAS NMR spectrum. Specifically the resonance at 6.4 ppm is splitted
into three resonances at 6.8 ppm, 6.0 ppm, and 5.5 ppm (cf. inset of Figure 4.5). These
different chemical shift values indicate the presence of 7—r-stacking interactions in the
local packing. A strong shift of a resonance up field is indicative of strong 7—r-stacking
interactions, i.e. the aromatic proton of one layer is located above the aromatic ring

of another layer.!128

The second phase transition is more difficult to study. A '*C {'H} CP/MAS NMR
spectrum at 380 K did not contain any peaks beside the strong alkyl resonance at about
30 ppm. This indicates that the second phase transition causes an increased mobility of
the inner aromatic rings, which disturbs the conditions for cross polarization from 'H
to '3C. Thus, all further studies were limited to the liquid-crystalline phase occurring
above 22°C and below 109°C. Deeper insights into this phase could be gained by
advanced 2D NMR techniques. *C/'H correlation techniques like the FSLG-decoupled
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CP HETCOR sequence turned out to be advantageous because the proton resolution
in the indirect dimension is improved. Since a CP step is included it is in principle
possible to control the observable distance via the contact time. Hence, the FSLG-
decoupled CP HETCOR has been measured twice, once with a rather short contact time
of 0.5 ms (data not shown) and with a longer CP contact time of 3 ms. The spectrum
with the shorter contact time allows to identify carbon atoms with directly bonded
protons. This information turns out helpful for a later assignment. The spectrum with
a longer contact time of 3 ms contains information about carbon atoms of the whole
macrocycle. The corresponding 2D spectrum of SPM-1 is shown in Figure 4.6.

"
9
108 7 3 6

ppm
'H

4.0
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8.0
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Figure 4.6.: 3C/'H FSLG-decoupled CP HETCOR of SPM-1 measured at 330 K, 15 kHz
MAS and a contact time of 3 ms.

This 2D spectrum shows the '*C projection in the direct dimension and the 'H spec-
trum in the indirect dimension. Since the resolution in the indirect 'H dimension
is improved by FSLG decoupling, all different kinds of aromatic protons of SPM-1
are resolved and appear at 5.2 ppm, 5.6 ppm, 6.0 ppm and 6.7 ppm. The chemical
shift value of 5.2 ppm indicates that this particular proton is influenced by strong 7w—
w-stacking interactions. With the aid of the FSLG-decoupled CP HETCOR spectrum
measured with a shorter contact time, each aromatic proton can be assigned to its
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directly bonded carbon atom. This assignment (6;, (*H), d;5, (**C): 6.7 ppm, 127.5
ppm; 6.0 ppm, 126.1 ppm; 5.6 ppm, 118.2 ppm; and 5.2 ppm, 112.8 ppm) is marked
with a color code (cf. Figure 4.6). Notably the proton, which exhibits the strongest
rm—m-stacking, is correlated with the carbon atom, which has the largest chemical shift
difference compared to the solution state. This indicates that identical aromatic rings
within the macrocycles are not stacked on top of each other but with a slight angular
pitch. The remaining assignments, are shown in Figure 4.6 and illustrated with the
chemical structure of the macrocycle. The resonances of the carbon atoms 1, 4, and
12 are not observable in the 2D correlation. This is probably due to the fact that the
distance to neighbored protons is not suitable for CP.

Further knowledge about the packing is gained via another 2D '3C/'H correlation
experiment, the REPT-HSQC. The corresponding spectrum of SPM-1 is shown in Figure
4.7.

8.0

150 140 130 120 ppm
13C

Figure 4.7.: 3C/'H REPT-HSQC of SPM-1 measured at 330 K, 25 kHz MAS and four
rotor periods recoupling. Intermolecular correlations are marked in red.

In this experiment, the polarization transfer, from the protons to the carbons is dif-

ferent compared to CP HETCOR technique. Here the polarization transfer is achieved
via recoupling of dipolar couplings, which have the advantage that the transfer is
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even more distance selective and can be directly controlled with the recoupling time.
However, this method is rather time consuming and long measuring times are often

required for spectra with a suitable signal-to-noise-ratio.

The correlation peaks of the FSLG-decoupled CP HETCOR (Figure 4.6) and the REPT-
HSQC correlation spectra are rather similar. In the REPT-HSQC spectrum, two addi-
tional correlations marked in red see Figure 4.7 can be noticed. Since these peaks can
be assigned to intermolecular proximities they contain additional information on the
stacking. The aromatic protons of the benzodithiophene unit (6.7 ppm) are weakly
correlated towards the aromatic carbon atom 7 of the inner aromatic ring. Addition-
ally, the proton connected to the inner aromatic ring at 6.0 ppm is correlated to the
aromatic carbon atom of the benzodithiophene unit (11). Both correlations are vi-
sualized in the chemical structure shown in Figure 4.7 by the red arrows. Although
illustrated as intramolecular interaction it should serve as guide to the eye to under-
stand the intermolecular arrangement. These correlation peaks indicate a stacking
where the macrocycle of one layer is rotated by an angle of about 60° with respect to
the next layer (cf. Figure 4.8 (a)).

(b)

benzodithiophene

henylene

Iu

ethynylene

Figure 4.8.: Stacking behavior of SPM-1: (a) theoretical calculation with a pitch angle
of 60° and (b) schematic overview.

Hence, the inner phenylene ring of one layer is above the benzodithiophene unit of
the next layer. This configuration places the outer protons of the inner phenylene ring
(marked in red see Figure 4.8 (a)) on top of the aromatic moiety of the benzodithio-
phene unit and strong m—m-stacking interactions and a proton chemical shift value of
5.2 ppm can occur. Within the columnar stack the next macrocycle is again rotated by
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a pitch angle of 60° and hence a helical columnar packing is formed. It is expected
that all macrocycle units within a column are stacked without further drifts on top of
each other (cf. Figure 4.8 (b)) . Considering this kind of stacking all aromatic units
are equivalent which is one important requirement of the packing.

A confirmation of the suggested pitch angle of 60° can be gained via theoretical DFT
calculations. The packing of the whole system has been studied using single molecule
units with Cy;, symmetry optimized at the B3LYP/6-31+G** level. Within the model
the molecules have been composed with the pitch angle of 60° and a interlayer dis-
tance of 3.5 A. Neglecting infinite stacking effect of the aromatic units, it becomes
sufficient to investigate a stack of 3 molecules. The first and third molecule represents
the shielding effect, which the second molecule is exposed to. Thus, taking computed
'H NMR chemical shift values for a isolated macrocycle and applying to it the nuclear
independent chemical shift (NICS) maps of the first and third molecules (depicted in
Figure 4.9) it is possible to estimate the shift values of the second molecule within the
stack.

’ influence of dis0 sOlid 3is0 SOIlid
Bise SOIMEON packing calculated observed
"H benzo-
dithiophene 7.7 -0.8 6.9 6.7
unit (orange)
inner H
phenylene unit 7.2 -1.4 5.8 59
(blue)
outer 'H
phenylene unit 6.9 -1.6 53 5.2
(red)

Figure 4.9.: NICS map of SPM-1 with a pitch angle of 60° and a comparison of the
corresponding calculated and measured proton chemical shift values. The
first and third molecule represents the shielding effect, which the second
molecule is exposed to.
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Since the stack has a helical arrangement and thus all molecules in it are equivalent,
the final chemical shift values are characteristic for the whole stack. Hence it is pos-
sible to understand the chemical shift values in the solid-state in comparison to the
solution-state NMR. From the NICS map the corresponding values of the upper and
the lower macrocycle are added to the solution-state chemical shift values. The ob-
tained chemical shift value, which includes then packing related information can be
compared to the measured ones. A detailed comparison has been done for the protons
of the benzodithiophene unit (marked in orange Figure 4.6) and the inner phenylene
ring (marked in blue and red Figure 4.6). The corresponding values are summarized in
the Table see Figure 4.9. Indeed, the calculated and observed values are in remarkable
agreement, which emphasizes the suggested pitch angle, of 60°.

As another 2D NMR technique to understand the packing of SPM-1, the 'H-'H DQ-SQ
correlation sequence was used to reveal proton—proton proximities. The corresponding

spectrum is shown in Figure 4.10.

; D
"H'Hpa A B JUL

ppm

Figure 4.10.: 'H-'H DQ-SQ correlation of SPM-1 measured at 330 K, 25 kHz MAS and
one rotor period recoupling.

In the proton projection of the 2D spectrum, four resonances are observable: two
aromatic resonances at 6.7 ppm (assigned to the benzodithiophene protons, orange)
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and 6.0 ppm (inner protons of the inner phenylene ring, blue), the OCH, protons at
3.7 ppm, and a broad alkyl resonance at about 1 ppm. Since the other two aromatic
resonances at 5.6 and 5.2 ppm are not observed, one can conclude that the corre-
sponding protons are isolated in the packing, i.e., no DQ coherence can be generated
with the recoupling time of one rotor period. The 2D spectrum contains six correlation
peaks. Three correlation peaks (marked in black) are due to intramolecular proximi-
ties. Three further peaks can be found in the aromatic region. The benzodithiophene
protons (orange) give rise to one auto peak in the aromatic region, since both protons
of one unit are in a close proximity. This auto correlation peak is marked with AA.
AB and BB cannot be explained via intramolecular proximities. Hence, they are due
to intermolecular proximities and contain information about the stacking. Both peaks
AB and BB can be easily understood with the already proposed pitch angle of 60° be-
tween adjacent macrocycles. A rather helpful illustration of the intermolecular proton
proximities is shown in the cut-out from the theoretically calculated packing shown in
Figure 4.11.

Figure 4.11.: Cut-out of the stacking of SPM-1 (a) from a side view and (b) from a top
view.

One aromatic building block is chosen and the packing of the next four layers is illus-
trated. It can be noticed that in every fourth layer the packing is repeated. Especially
the side view of this packing shown in Figure 4.11 (a) points out the observed proton
proximities. AB as well as BB can be understood and are marked in the corresponding
Figure. The stacking distances between the particular layers which are also available
from the theoretical calculation fits with the proximities which are able to observe in
the 'H-'H DQ-SQ correlation with respect to the used measuring conditions. Hence
also 'H-'H DQ-SQ correlation confirms the proposed stacking with the pitch angle of
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60°.

To gain further insight into the SPM-1 system, the local mobility was quantitatively
studied. Via the REPT-HDOR method, the 3C/'H dipolar coupling constant could
be determined. CH-groups and the other carbon atoms in the molecule could be se-
lectively distinguished from each other, due to the fact that a CH-group gives rise to a
characteristic line shape in the corresponding 2D spectrum. For SPM-1 four CH-groups
could be identified. The dipolar coupling constants were extracted with the procedure

shown in Figure 4.12.

Al

described in section 3.2.5. The optimized side-band patterns and their simulations are
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Figure 4.12.: 13C/'H REPT-HDOR dipolar side-band patterns of SPM-1. The measure-
ment was performed at room temperature, 25 kHz MAS, and four rotor
periods recoupling.
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The different CH-groups, given by the color code were assigned, via the FSLG-de-
coupled CP HETCOR experiment discussed above. It should be noted that the aromatic
ring system remains almost completely rigid above the first phase transition, although
the mobility of the alky chain is increased. The rigidity of the aromatic system cor-
roborates the previous assumption that the high spectral resolution in the *C {!H}
CP/MAS NMR spectrum is due to a almost perfectly ordered crystalline structure of
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SPM-1 identified now as a helical structure with 60° pitch angle and does not reflect
a high local mobility. This result is in agreement with WAXS data where it was found
that a highly ordered hexagonal phase is observable above 22°C. (see section 4.1).53
In this section WAXS and solid-state NMR could identify the packing within a column.
For the packing of the columns as such small angle X-ray scattering (SAXS) can be
used and a distance between the columns of 53.1 A was found.>® The corresponding
packing is shown schematically in Figure 4.13. Hence, a combination of all methods
was used to understand the complex packing of SPM-1 and confirms the presence of

liquid crystallinity despite the void in the center of the molecule.

Figure 4.13.: Schematic overview of columnar arrangement within the hexagonal lig-
uid crystalline phase with the distance a of 53.1 A.%3

4.3. Aggregation and Phase Behavior of SPM-2

In analogy to the investigation of SPM-1, SPM-2 is subjected to the same considera-
tions and questions. Since both macrocycles exhibit the same kind of phase transition
at about 20°C, it is expected to observe similarities in the solid-state NMR spectra of
both components. To verify this expectation, a '3C {{H} CP/MAS NMR measurement,
which is rather sensitive to structural changes, was performed before and after the
phase transition. The corresponding spectra are shown in Figure 4.14.
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Figure 4.14.: 13C {'H} CP/MAS NMR spectrum of SPM-2 (a) at 295 K (black) and (b)
at 330 K (red).

The alkyl region at 20-40 ppm before and after the phase transition shows major
similarities compared to SPM-1. At 295 K, two peaks at 33.7 ppm and 30.5 ppm are
resolved. In the spectrum at 330 K, only one resonance remains, which indicates a
melting of the alkyl chains and an averaging of the chemical shifts. However, the
aromatic region of SPM-1 and SPM-2 differ substantially from each other after the
phase transition. For SPM-1, it could be shown that the local order in this region is
improved dramatically (cf. Figure 4.4). In contrast the ordering of SPM-2 does not
improve at all. This is surprising, since in both cases similar processes are observed
in the alkyl region. Counter intuitively, an impact on the local order of the whole
macrocycle is observable only for SPM-1. This conclusion is also corroborated by the
'H MAS spectrum, which illustrates that the order of SPM-2 is not comparable with
SPM-1 (cf. Figure 4.15).
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Figure 4.15.: 'H MAS NMR spectrum of SPM-2 at 330 K.

Above the phase transition temperature at 330 K only three peaks are resolved and
are located at 6.4 ppm, 3.8 ppm, and 1.4 ppm. The resonance at 6.4 ppm is rather
broad and originates from overlapping signals of aromatic protons with and without
m—n-stacking interactions. Due to lack of resolution, further information cannot be
acquired from the spectrum. In addition a REPT-HDOR spectrum was recorded to ob-
tain information about the local mobility. One resonance in the aromatic region of the
spectrum allowed to extract the typical line shape of a CH group. The corresponding
sideband pattern and the fit are shown in Figure 4.16.

D =16.7 kHz

-8-6-4- 0246

w/w
R

Figure 4.16.: 13C/'H REPT-HDOR dipolar sideband pattern of the '3C resonance at
125.5 ppm of SPM-2.
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Although an exact assignment of the resonance to a certain carbon atom of SPM-2 is
not possible, it is probably related to an inner aromatic ring, due to the chemical shift
value. The extracted dipolar coupling constant of 16.8 kHz indicates that the aromatic
ring system of SPM-2 is more mobile than the ring system of SPM-1. This fundamental
difference in structural organization is most probably related to a difference in space
filling. For SPM-1 the long, unbranched alkyl chains attached to benzodithiophene
provide for a better space filling than the shorter and branched alkyl chains of SPM-2.
Thus, the local order of SPM-2 is decreased since more degrees of freedom to move
within the columnar stack prevail. In contrast, SPM-1 is able to organize, after the
first phase transition, in perfectly aligned columns. These are stabilized via long alkyl
chains, which fill efficiently the space between different columns. Similar observations
have been found for benzotricarboxyamide were the liquid-crystalline behavior for the
system substituted with unbranched alkyl chains is different compared to the system
with branched and shorter alkyl chains.>! However, the major impact on the structural
order is probably not the branching of the chains but the length which has to be
suitable. In the literature also systems are described where the branched alkyl chains
lead to better ordered structures.>

4.4. Conclusion

Via the comparison of SPM-1 and SPM-2 it could be shown that the kind of alkyl chains
imposes a rather important effect on both structure and local order. This effect is not
limited to the solubility and the melting behavior. Already tiny changes of the alkyl
chains can have major effects on the structure. However, it is not trivial to predict,
which kind of alkyl chains influences the system in which direction. The unbranched
longer alkyl chains bonded to SPM-1 are able to stabilize the corresponding macrocycle
in highly ordered hexagonal columns. The rings are stacked within the column on top
of each other with a pitch angle of 60°. 7—r-stacking interactions are present between
the rings and the whole system is found to be rather rigid. In addition, SPM-1 is able to
form a second liquid-crystalline phase, which is not present for SPM-2 and which was
not studied in detail by solid-state NMR. SPM-2, despite the same liquid-crystalline
phase transition, does not form an ordered columnar stack. The aromatic rings show
an increased local mobility and a decreased order. In conclusion, for the design of an
ordered supramolecular systems with an extended n-system, the right choice of the
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attached alkyl side chains is crucial.
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5. Conductive Polymers Based on

Polythiophenes for Organic Photovoltaics

The predictable exhaust of fossil energy resources and the proceeding climate change
increases the motivation for research in renewable energy sources like wind power,
water power, and the sun, e.g., in form of photovoltaic cells.’®>>” Despite the fact that
theoretically six hours of sunshine in the dessert are sufficient to satisfy the whole
energy demand of the world for one year, only less than 0.1% of our energy is gained
by photovoltaics. The main reason for this is that the photovoltaic cells which are
available at the moment are mainly based on inorganic materials like silicon. These
devices have served advantages like a high energy conversion efficiency about 15 to
20% and an expected life time up to thirty years. However, the fabrication of these
devices is rather expensive. Without subsidies, photovoltaic cells are hardly profitable
and their usage is limited. The high costs originate from the fact that already during
the recovery of elementary silicon, needed for such devices, a huge amount of energy is
required. Therefore, the inorganic solar cell has to run for about five years until energy
conversion and consumption are balanced. These problems are tried to overcome
with photovoltaic cells based on organic materials like highly conjugated polymers
or oligomers. Such materials are easy and inexpensive to fabricate. Thus, the price
for the final device is expected to decrease dramatically, which should open the wide
use of organic-based photovoltaic cells.® However, these devices still have severe
problems, which need to be overcome. Specifically, the efficiency of the current state-
of-the-art devices is too low with values only up to 6%. Further the lifetime is limited
to one year only. Another major problem relates to the reproducibility of a certain
efficiency and a certain lifetime. These parameters are not predictable because the
main processes responsible for the deterioration of these properties are not yet fully
understood.>® The morphology of the organic material is crucial for a high efficiency.
It is affected by many parameters like the degree of regioregularity, the preparation
conditions, annealing, the molecular weight, and the solvent. The morphology of two
representative candidates for the use in a photovoltaic cell and the different factors,
which influence their morphologies, are the focus of this chapter. The aim is to get
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an increased understanding of the morphology, which can then be used to raise the
efficiency of the devices in the future.

5.1. Basic Principle of a Photovoltaic Cell

The typical design of an organic photovoltaic cell is shown schematically in Figure 5.1.

W m
5

glass
ITO

organic
material
electrode

Figure 5.1.: Schematic assembly of a solar cell.

A thin glass plate is maintained on top of each photovoltaic cell to protect the device.
Underneath the glass plate is a layer of indium doped tin oxide (ITO). This material
has two rather crucial characteristics: a) it is conductive, hence it can be used as
an electrode and b) it is transparent, which is important since the sunlight needs to
reach the main part of the photovoltaic cell without substantial losses. To improve
the surface quality of ITO, a thin layer of poly(ethylene-dioxythiophene) doped with
polystyrene sulfonic acid (PEDOT-PSS) can be added between ITO and the organic
material.>® The next layer constitutes the heart of the solar cell, which is the organic
material. This material is mostly based on a bulk-heterojunction of a donor (p-type)
and an acceptor (n-type) component. The donor material constitutes of conjugated
polymers and fullerenes are typically applied as acceptors. The most common rep-
resentative is [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM). Both materials are
cast to a thin film of about 100-200 nm thickness via methods like spin-coating and
printing techniques.®® On the bottom of each solar cell a second electrode is mounted,
which normally consists of a metal like aluminum.

The generation of a current in the photovoltaic cell is schematically shown in Figure
5.2.
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Figure 5.2.: Schematic overview of the working principle of a photovoltaic cell.

It can be explained in analogy to the valence and conduction band theory, which is
used to describe inorganic semiconductors. In the organic material, the HOMO (high-
est occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) form
bands due to the high conjugation of the system. They are treated in full analogy to
valence and conduction bands of metals. By irradiation, an electron is excited from the
HOMO of the donor material to its LUMO if the wavelength of the light matches the
energy gap between HOMO and LUMO. This excited state is referred to as an exciton.
It can be viewed as a spatially localized pair of an electron and a hole. The binding
energy of the exciton is about 0.5 eV. Free charge carriers are necessary to generate a
current. For this, the exciton needs to dissociate to a free electron and a hole. Hence,
the formed exciton needs to migrate to the interface between donor and acceptor. This
process dictates strict geometrical requirements on the device: donor-acceptor inter-
faces must be prevalent (occurring roughly every 10 nm) so that every created exciton
may encounter an interface prior to a possible recombination of hole and electron.
At this interface, the exciton is dissociated into a free electron and a hole, due to the
difference between the energy levels of the donor and the acceptor. Once formed, the
holes diffuse within the polymer domains. Likewise, the electrons are free to move
within the fullerene domains and a current is generated. However, if the domains are
isolated from the appropriate electrode or the carrier is too far from the electrode, the
hole/electron pair will eventually recombine at a polymer/fullerene interface.5-%2

The total efficiency of a device is the product of three electrical parameters: a) the
short circuit voltage (I,.), which is the number of photons absorbed and the efficiency
of free charge carrier generation, b) the open circuit voltage (V,.), which is related to
the energy difference between the HOMO of the donor and the LUMO of the acceptor
and contributes to a field induced drift of charge carriers, and c) the fill factor (FF),
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which is a function of the efficiency of charge migration to the electrodes. These
electrical parameters, divided by the incident light power density (P;,), describe the
photovoltaic power conversion efficiency of a solar cell 7, (cf. equation 5.1).%°
Voe I - FF

Ne = P—m (5.1)
For a single layer device, a total efficiency of 10 % can be theoretically obtained.>®52
Most crucial for a high efficiency is the morphology of the bulk material and an ap-
propriate domain size of the donor and acceptor material. But contrary requirements
complicate the right device performance additionally. Large domains prevent for an ef-
ficient charge separation while small domains lead to a poorly connected network and
increased charge carrier recombination.”® Due to the complexity of the system and re-
quirements these materials and devices have been subject of extensive studies, which

have not, however lead to a breakthrough in the performance of these devices.5*°

5.2. Introduction of the Investigated Systems

The polymers with promising properties for photovoltaic devices studied in this chap-
ter are shown in Figure 5.3.

Rz e~ P3PT M, | M, |PDI

R g/mol g/mol
R AN P3HT P3PT |23000 | 36000 | 1.6
. PN P3HepT P3HT | 14500 | 18800 | 1.3
n PR P30T P3HepT | 34300 | 42500 | 1.2
P3AT P30T |25000 | 38000 | 1.5

Y P30ctiT PCPDTBT

1\

S T

Figure 5.3.: Overview of the conjugated polymers in this study

The solid-state NMR studies in this chapter have first been carried out for a series
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of poly(3-alkylthiophenes) (P3ATs, cf. Figure 5.3) to obtain information about their
morphology. The investigated polymers contain a high degree of regioregularity with
almost only head-to-tail linkages. In the literature, P3HT is widely studied, due to
its promising properties, including a band gap of about 1.9 €V, a suitable absorption
width, and a facile synthesis.”®”2 It is thus an important model component for dif-
ferent types of investigations. Further it has been shown that devices based on P3HT
exhibit efficiencies of about 3-5%.% In addition, a P3AT derivative with a slight change
of the structure, namely the insertion of a triple bond within the alkyl chain is inves-
tigated in more detail (P3OctiT). This system is of interest because it has an extended
w-system and it is expected that hence the local order could be improved.

In addition, a lot of effort is devoted to find new materials with improved absorption
edges to match the solar terrestric radiation, higher carrier mobilities, and a better en-
ergy alignment with the acceptor to reach high open circuit voltages.®® The new gen-
eration of conjugated polymers for donor materials are alternating copolymers of an
electron-rich and an electron-deficient building block in their backbone, like poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b‘]dithiophene)-alt-4,7(2,1,3-benzo-
thiadiazole)] (PCPDTBT), which is studied in the second part of this chapter. The
synthesis of this polymer is more complex than that of P3ATs. However, its absorption
band is improved and close to the near-IR region due to a low optical band gap of 1.4
eV.”3 This is particular promising since the majority of semiconducting polymers have
band gaps higher than 2 eV which limits the theoretical efficiency to about 30%.>° In
contrast, a band gap of 1.4 eV allows to absorb 64% of the solar irradiation.”?

The second component, which is essential for the device performance, is the acceptor
(n-type component). Only a suitable ratio between donor and acceptor allows to gain
free charge carriers like in inorganic photovoltaic cells. Promising acceptor materials
are based on fullerene. Due to the fact that the solubility of pure fullerene is too low,
fullerene derivatives like PCBM are used (Figure 5.4).%°
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Figure 5.4.: Acceptor component in the bulk-heterojunction

The handling of all investigated polymers especially the mixtures with PCBM have
been performed under exclusion of oxygen and humidity, because the large conjugated
w-system and the fullerene derivative are rather sensitive.”*”> Therefore, the sample
preparation was performed in a glove box under an argon atmosphere. The solid-state
NMR measurements of all samples have been performed firstly without any special
treatment like annealing, for being able to investigate the influence of such conditions
afterwards.

This chapter is organized as follow: first the most important studies from the literature
and then the morphologies of the neat donor material are discussed. On this basis, bulk
heterojunctions based on P3HT or PCPDTBT and PCBM are studied. Specifically, the
morphology of the donor polymers, within the blend is in the focus. Another focus of
the study is the phase separation of the bulk heterojunction upon thermal treatments.

5.2.1. Wide Angle X-ray Scattering (WAXS) Investigations

Many previous studies were focused on the impact of the morphology for the device
performance in order to gain a better understanding of bulk heterojunctions like P3HT-
PCBM. Especially transmission electron microscopy (TEM), atomic force microscopy
(AFM), and WAXS were used to study the influence of preparation conditions on the
morphology. Specifically the WAXS results are important for further solid-state NMR
studies since WAXS and solid-state NMR probe on the same length scale of the sam-
ple. The solid-state NMR results obtained here are discussed with previous WAXS
studies within this chapter, hence the latter are introduced in more detail. For neat
P3ATs, a amorphous polymer fraction and two crystal modifications, termed as mod-
ification I and II were found.”®”” Modification I is commonly observed and contains
an orthorhombic or monoclinic unit cell. The 7-system is oriented parallel to the b-
direction and the interlayer distance is 3.8 A. The alkyl chains are tilted away from the
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thiophene backbone by an angle of 30° and are stacked along the a-direction. From
the distance between two polymer chains within a layer, obtained from the 26 value, it
has been concluded that there is no interdigitation of the alkyl chains in modification
I. Further it has been determined that the order along the a-axis improves with an
increasing alkyl-chain length.”®

Modification IT is a structural component, which is observed less often. It shows similar
structural properties as modification I but exhibits a shorter a-distance. This was in-
terpreted as an interdigitation of the alkyl chains.”®”® Also, the m—n-stacking distance
is changed from 3.8 A to 4.7 A. This modification has been found in low molecular
weight samples, which were prepared as thick films.” After annealing such a film,

only modification I prevails.8%-8!

Fewer studies have been devoted to PCPDTBT so far. The published results were
mainly focused on polymer blends with PCBM and not on the neat material. WAXS
measurements of neat PCPBTBT reveal larger amorphous fractions in the polymer
compared to P3ATs. The m—r-stacking distance of around 3.7 A is similar to that of
P3ATs. However, PCPDTBT is more complex due to the pendant groups, which include
chiral centers and prevent the extraction of further information from the data.8283

5.2.2. Previous Solid-State NMR Investigations

Although WAXS and solid-state NMR are complementary techniques only a small per-
centage of photovoltaic systems have been characterized via solid-state NMR until
now. Further, previous solid-state NMR studies have only dealt with systems based on
P3ATs. No publication could be found dealing with PCPDTBT.

Via 13C {!H} CP/MAS NMR it was demonstrated that at different temperatures poly-
(3-butlythiophene) (P3BT) and P3HT form different phases, including a plastic crystal
phase, a glassy crystal phase, and a crystal phase. These have been combined in a
phase diagram.84%> So far, only one publication tried to combine NMR and WAXS re-
sults. Here, the chemical shift values in the '*C {'H} CP/MAS NMR spectrum were
assigned to either one of the two crystal modifications. It could be confirmed that only
one modification is maintained after annealing.®® Solid-state NMR mobility studies via
proton relaxation measurements could determine the amount of crystalline and amor-
phous phases within polythiophene. It was shown that about 62% of the morphology
is crystalline, while the rest is amorphous.®” The blend material of P3HT and PCBM
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was studied as well.88 Here, the PCBM molecules are in a close spatial proximity with
the hexyl chains from the P3HT polymer after casting both components from solution.
Annealing leads to a demixing of the blend and diminishes the proximities between
P3HT and PCBM. Instead, the alkyl side chains of P3HT are interdigitated and PCBM
has closer contacts with its own side chain. Both observations indicate that a phase
separation has occurred, which leads to an increase of the local order in the P3HT and
PCBM domains.®8

The aim of this chapter is to deepen the knowledge about neat P3ATs and the P3HT-
PCBM blend. This is achieved by comparing solid-state NMR results to observations
from other methods, especially WAXS data. Further knowledge about the PCPDTBT
polymer is gained. The retrieved data are then compared to the P3AT results. The
obtained structural and dynamical data allows further insights, which will help to un-
derstand and to control the complex morphologies in such blend materials to increase
the efficiency of prospective photovoltaic devices.

5.3. Aggregation and Packing of P3ATs

This section is focused on the aggregation of P3ATs (see Figure 5.3) in the bulk and
the dependency on their alkyl-chain lengths. 'H MAS NMR was applied to gain first
insights in the system (cf. Figure 5.5). Two peaks are observable in all 'H spectra:
one broad peak at about 6 ppm, which can be assigned to the thiophene proton and
a second peak at about 1 ppm, which can be assigned to the alkyl protons. The line
shape of both peaks is rather asymmetric due to different resonances overlapping. This
is remarkable since the thiophene proton is a single isolated proton and constitutes a
first hint that the material is organized in two different modifications due to different
packing.
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ppm

Figure 5.5.: 'H-MAS NMR spectra of P3ATs with different alkyl-chain lengths.

Additional information is available from the chemical shift of the two different thio-
phene resonances. One resonance at 6.7 ppm is labeled modification B and the other
resonance at 5.9 ppm is labeled modification A (cf. inset Figure 5.5). The proton
chemical shift of modification B is comparable to that of the liquid-state signal, which
appears at 6.8 ppm. In comparison, the chemical shift of modification A is shifted 0.8
ppm to a higher field, which is a hint for 7—r-stacking interactions. In the case at
hand the thiophene proton of one layer experiencing the aromatic ring current of the
next layer. As can be seen in the inset of Figure 5.5, the two modifications are more
distinct for polythiophenes with longer alkyl chains. This suggests that the local order
of the thiophene backbone increases with increasing alkyl-chain length, which is in
agreement with the previous WAXS investigations.”®

This gives rise to the question if these two modifications are also observable in the
13C {'H} CP/MAS NMR spectra. These are shown in Figure 5.6. The aromatic region
in these spectra, which is of most importance for the current studies, includes five
resonances: four sharp signals at 136.0, 132.7, 130.6, and 125.5 ppm, which can be
assigned to the thiophene ring and one broad signal at about 140 ppm.
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Figure 5.6.: 13C {!{H} CP/MAS NMR spectra of the P3ATs with different alkyl-chain
lengths. The spectra are recorded at 25 kHz MAS and a CP contact time
of 3.0 ms.

At first view, it is not possible to discern two modifications. However, the spectra of
all thiophene derivatives are rather similar indicating that the same structural features
are present for all P3ATs independent of the alkyl-chain length. In fact, all aromatic
resonances and especially the signal at 125.5 ppm are broadened. Similar to the 'H
MAS spectra, the resolution of the 1*C {{H} CP/MAS NMR spectra is improved with an
increasing alkyl-chain length. Hence, clear shoulders of the peaks at 125.5 ppm and
132.7 ppm are discernable for P30T (cf. inset Figure 5.6).

To confirm if these shoulders denote one of the two modifications, further 2D NMR
experiments were performed for all P3ATs. Due to its improved resolution, all results
regarding further details of the structure are exemplified on P30T. However, these
results are also applicable to all other polythiophene derivatives since all 2D spectra
look rather similar. The similarities of the 3C and 'H spectra indicate additionally
a similar solid-state packing and therefore comparable structural features. The 2D
13C/TH FSLG-decoupled CP HETCOR correlation of P30T is shown in Figure 5.7.
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Figure 5.7.: 2D ¥C/'H FSLG-decoupled CP HETCOR correlation spectrum of P30T at

15 kHz MAS and a CP contact time of 3.0 ms. The asterisk indicates an
artifact from the carrier frequency.

The aromatic region of the *C spectrum between 140 ppm and 120 ppm is shown
in the direct dimension of the 2D plot, which can be assigned to the thiophene ring.
The 'H spectrum in the indirect dimension contains a resonance of the alkyl protons
at about 1 ppm and the thiophene resonance at 6 ppm. In addition, a signal at 4.5
ppm is observable, which is an artifact of the measurement. Via the correlation peaks
it is now possible to assign the carbon resonances to either modification A or B. The
sharp signals at 136.0, 132.7, 130.6, and 125.5 ppm can be assigned to modification
A due to the correlation to the proton resonance at 5.9 ppm. The carbon signals at
133.3, 131.1, and 126.8 ppm correlate to the proton resonance at 6.7 ppm and can
hence be assigned to modification B. The resonance at 140 ppm is not observable in
the 2D spectrum, but can probably be assigned to modification B. Notably, the carbon
resonances assigned to modification B are broader than the resonances assigned to
modification A. This indicates that modification B is rather amorphous compared to
modification A, which has a higher local order.

From WAXS studies, it is known that annealing crucially affects the structure.8%8! To
shed light on this effect, 13C {*H} CP/MAS NMR spectra were recorded at variable tem-
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peratures (VT). The aromatic region of the corresponding spectra recorded between
300 K and 420 K is shown in Figure 5.8.
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Figure 5.8.: VT 3C {'H} CP/MAS NMR spectra of P30T recorded in a temperature
range of 300 K up to 420 K, 10 kHz MAS and a CP contact time of 3 ms.

With increasing temperature, the resonances of both modifications A and B undergo
pronounced changes. Due to higher mobility at higher temperatures, the resolution of
modification A is improved. Hence a splitting of the resonances especially of the peaks
at 136.0 ppm and 132.7 ppm is observable. It is more difficult to detect changes for
modification B in the 1D spectrum since the corresponding resonances are hardly rec-
ognizable. However, the resonance at 140 ppm can be used as a probe for modification
B (see green box in Figure 5.8) to detect possible changes with respect to the temper-
ature. With increasing temperature, the peak intensity decreases at first. At higher
temperatures around 360 K, the peak can be noticed again and sharper than before. A
second resonance of modification B, becomes observable at higher temperatures (128
ppm, cf. green dotted box in Figure 5.8). The slight difference of the chemical shift
compared to already identified resonances for modification B in Figure 5.7, may be
explained by a temperature dependency.

Still the resolution of the 1D spectrum is not sufficient. Hence a 2D 3C/'H CP HETCOR
spectrum was measured, at 420 K (cf. Figure 5.9).
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Figure 5.9.: 2D ¥C/'H CP HETCOR spectrum of P30T at 420 K, recorded at 10 kHz
MAS and a CP contact time of 3.0 ms.

At 420 K the !3C dimension of the 2D plot contains seven well-resolved peaks. The
2D 3C/'H correlation spectrum facilitates the assignment of the peaks to both mod-
ifications in comparison to the previous 1D measurement. The resonances assigned
to modification A are rather unchanged compared to the 2D '*C/'H correlation spec-
trum at room temperature (cf. Figure 5.7). In contrast, all resonances assigned to
modification B (marked in blue cf. Figure 5.9) are by far more distinct. The decrease
in line broadening at higher temperatures indicates an improved local order or an in-
creased mobility. The peak at 140 ppm, not observable in the 2D spectrum at room
temperature, can be assigned to modification B. Further, the carbon chemical shifts of
modification B are slightly shifted by around 1 ppm. It can be concluded that modi-
fication A is rather stable with respect to temperature changes, while modification B
is more temperature-sensitive. To probe whether these changes are permanent, a 1D
13C {'H} CP/MAS NMR spectrum at room temperature was measured after annealing
(data not shown). The corresponding spectrum is almost identical to the 1D spectrum
recorded before annealing. Only a marginal decrease of the resonance at 140 ppm was
observable, which indicates that the relative ratio of modification B might be slightly
reduced. Hence the improved resolution is most likely due to an increased mobility
at higher temperatures and not due to permanent changes of the morphology. This

71



5. Conductive Polymers Based on Polythiophenes for Organic Photovoltaics

result can be rationalized regarding the lower local order of modification B. This re-
duced degree of order allows for more degrees of freedom for movements at higher
temperatures. This is in agreement with the results found for macrocycles, described
in Section 4.3.

To gain a deeper understanding of the aggregation and packing behavior of both mod-
ifications, a 2D 'H-'H DQ-SQ correlation spectrum of P30T was recorded (cf. Figure

5.10).
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Figure 5.10.: 2D 'H-'H DQ-SQ correlation spectrum of P30T measured at 25 kHz
MAS and 1 75 recoupling.

The 'H spectrum is plotted in the direct dimension of the 2D contour plot. It exhibits
two resonances, which have been previously assigned to thiophene and alkyl protons.
In distinction to the 1D 'H MAS NMR spectrum, modification B is hardly observable
in the spectrum in contrast to the resonance of modification A. The thiophene proton
of modification A give rise to an auto peak (marked in red). This auto peak is not ob-
served for modification B. The auto peak of modification A indicates a close proximity
of thiophene proton pairs, which is only possible through an intermolecular coupling.
Since the distance between two thiophene protons within a layer is too far to be de-
tectable this auto peak indicates a coupling between thiophene protons of adjacent
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layers (see inset Figure 5.10). With the employed measuring conditions interlayer
distances of about 3.5 A are detectable. From WAXS data an interlayer distance of
3.8 A was found, which is in a good agreement with the present NMR data.”®”? For
modification B, such an auto peak is not observable in the 'H-'H DQ-SQ correlation
spectrum, when a recoupling time of one rotor period is used. However, if the measur-
ing conditions are changed towards longer recoupling times it is possible to observe
also an auto peak for modification B. This indicates that modification B exhibits a
larger interlayer distance then modification A.

With the knowledge gained for modification A it should now be possible to suggest a
packing model. However, the question arises if all thiophene units within the packing
are really stacked on top of each other with all sulfurs pointing in the same direction
or if they are organized in an alternate way. In the literature both packings are dis-
cussed but the packing with an alternate arrangement of the sulfur groups seems to be
preferred.”®8%8%90 For clarifying this question theoretical DFT calculations have been
performed, similar to the calculations, which have been done for the macrocycles see
section 4.2. The corresponding NICS maps are shown in Figure 5.11.

Figure 5.11.: NICS map of two possible stackings calculated for P3HT.

Two possible packing conformations could be found, where no inappropriate repul-
sions are present, all thiophene protons are equivalent within the packing and also the
chemical shift value is adequate with the measured value of 5.9 ppm. In Figure 5.11
(a) the adjacent layer is rotated within the plane by an angle of 180° and stacked on
top. In contrast Figure 5.11 (b) shows a stacking were all sulfur atoms are oriented
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in the same direction. The difference between both proposed stacks is the thiophene
proton distance which is for (a) 4.1 A and for (b) 3.9 A. Due to the fact that distances
up to 3.5 A are normally observable in a 'H-'"H DQ-SQ correlation using a recou-
pling time of one rotor period the packing shown in (b) should slightly preferred. The
stacking where the adjacent layers are stacked on top of each other and shifted by
one thiophene unit could be excluded. Within this packing also an alternate stacking
is achieved (cf. Figure 5.12), but all thiophene protons within this packing are too
far away from each other for observing a correlation peak in the 'H-'H DQ-SQ cor-
relation. However, this packing is widely suggested by WAXS as well as theoretical
calculation.”-%°

Figure 5.12.: NICS map of P3HT stacking were the adjacent layer is just put on top
and shifted by one thiophene unit, which could be excluded.

Beside the morphology, the local mobility is another important parameter for the func-
tionality of these materials. To observe the local mobility of the thiophene ring, REPT-
HDOR measurements were performed. With the REPT-HDOR experiment dipolar cou-
pling constants of CH bonds are detectable. For the thiophene group, the carbon signal
at about 126 ppm was chosen. Since the dipolar coupling constant decreases, with in-
creasing mobility the magnitude of coupling constant can be used to determine if the
thiophene ring in the polymer backbone is rigid or mobile. A representative dipole—
dipole side band pattern is shown for P30T in Figure 5.13.
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Figure 5.13.: REPT-HDOR sideband pattern of P30T for a spectral slice at 126.3 ppm,
recorded at 25 kHz MAS and 4 75 recoupling.
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The measured data are displayed in red, the black pattern is obtained after the fitting
procedure. The fitting procedure was performed on the third and fourth sideband since
these are not affected by multispin interactions. Hence, a dipolar coupling constant
of 19.6 kHz was extracted. The measurement and fittings were repeated for all P3ATs
at 125.3 ppm for modification A and 126.3 ppm for modification B. The results are
summarized in Table 5.1.

P3PT | P3HT | P3HepT P30T

D, (inkHz) | 19.2 | 19.5 19.5 20.5
Dp (in kHz) | 20.7 | 19.0 18.4 19.6

Table 5.1.: Overview of all measured dipolar coupling constants. The carbon signals at
125.3 ppm and 126.3 ppm were chosen for modification A and B, respec-
tivly.

One should note that, the dipolar coupling constant for a completely rigid CH bond is
21 kHz and this can be used for interpreting the current results. All measured dipolar
coupling constants are close to 21 kHz and reveal that the backbones of all investi-
gated systems are rather rigid. For modification A it is observable that the mobility
is decreasing with increasing alkyl-chain length. This confirms that the local packing
can be improved with increasing alkyl chains and hence the degree of freedom is de-
creasing. This is in accordance with the results from the macrocycle were it has been
found that an improved local order is related to a decrease of mobility (see section
4.1). For modification B it is not possible to observe a dependency between the alkyl-
chain length and the local mobility probably due to the fact that all systems are rather
amorphous.
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In conclusion two different modifications were found for all P3ATs in the bulk, named
modification A and B. With 2D techniques the proton resonances of each modification
could be clearly assigned to the corresponding carbon resonances. The structure is
rather independent from the alkyl-chain length but with increasing length the local
order is improved. This is in contrast to the results found for the macrocycles in
Chapter 4, where the impact of the alkyl chains towards the structure is substantially.
However this difference could be explained by the fact that the ratio of the rigid block
compared to the alkyl chains is for the macrocycles almost equal. In contrast, for P3ATs
the size of the alkyl chains is rather short compared to the rigid polymer backbone.
Also it has been found that the polymer backbone of all studied P3ATs is rather rigid
and for modification A the rigidity is increasing with increasing alkyl-chain length due
to the improved local order. Via '"H MAS NMR it could be shown that the packing of
both modifications is different. The layers of modification A are stacked on top of each
other such that m—r-stacking interactions are observable. In contrast modification B
does not give rise to 7—r-stacking interactions. This is due to the m—n-stacking distance
between adjacent layers, which is for modification B larger and was confirmed via 2D
'H/'H correlations. Another important difference between both modifications is that,
modification A is more crystalline than modification B. It is not possible to convert
the amorphous modification into a crystalline one by annealing. It is only possible to
decrease the amorphous amount slightly, which is in agreement with the literature.”®
Combined with theoretical calculation two possible packing models for modification A
are suggested. The model, where the packing between the layers is not in an alternate
way of the thiophene rings but that the thiophene sulfur of one layer points in same
direction as compared to the sulfur in the adjacent layer is slightly preferred. For the
bulk as a whole this suggests that the crystalline modification is incorporated in an
amorphous matrix. Comparing WAXS results and solid-state NMR data, the crystalline
modification A described in this section can be related to modification I assigned by
WAXS. This conclusion is underlined by fact that modification I is described as the
more common modification, which is present after annealing. These characteristics
have been also found via solid-state NMR. Additionally, the '*C chemical shift values
assigned for modification I in the literature are in agreement with the values assigned
to modification A in this section.8® A second crystalline modification described in the
literature could not be observed in any of the investigated polymers.
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5.4. Aggregation and Packing of P3O0ctiT

For understanding the influence of the side chains towards the packing further, another
system with a slight variation within the alkyl side chain is studied. Due to the fact
that the alkyl side chain of P3OctiT includes a triple bond which is directly attached
to the thiophene backbone (compare Figure 5.3) the dihedral angle is decreased from
30° for P3ATs towards 1°.°7 The influence of the changed dihedral angle with respect
to the structure is investigated via solid-state NMR, starting with 'H MAS- and '3C
{'H} CP/MAS NMR shown in Figure 5.14.
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Figure 5.14.: (a) 'H MAS NMR and (b) '*C {!H} CP/MAS NMR spectrum of P3HT
(blue) and P3OctiT (black).

In the proton spectrum two main peaks are observable at 7.0 ppm (thiophene proton)
and 1.0 ppm (alkyl protons) and an additional shoulder at 7.8 ppm. The chemical
shift value of 7.0 ppm for the thiophene proton indicates the absence of m—r-stacking
interactions. This could be either due to an increased n—n-stacking distance or the
stacking of the layers has changed such that the influence of the aromatic moiety is
weaker. A comparison of the alkyl resonances of P3HT and P3OctiT show that the line
width has increased, indicating a decrease of the local order for P3OctiT. This could
be confirmed via *C {'H} CP/MAS NMR shown in Figure 5.14 (b). In the aromatic
region of 120-140 ppm the resolution has dropped dramatically. Almost no thiophene
related resonances are resolved anymore and also the resonances of the ethynylene
unit at 97.5 ppm and 77.5 ppm are rather broad. In the literature it is described that
the local order can be improved via annealing and hence, the sample has been heated
up to 150°C for one hour.”® The carbon spectrum after annealing (not shown here) is
identical with the spectrum before annealing and no improvement of the local order
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could be detected. However also in the literature a '3C {{H} CP/MAS NMR spectrum
with a better resolution for P3OctiT is published, but could not verified here.?”

Additional insights into the local packing could be gained via a 'H-'H DQ-SQ corre-
lation shown in Figure 5.15.
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Figure 5.15.: 'H-'H DQ-SQ correlation of P3OctiT performed at 25 kHz MAS and one
Tr recoupling. Note the difference to Figure 5.10.

Especially the question whether the m—r-stacking distance has changed or if the local
packing is not suitable for 7—r-stacking interactions should be clarified. In the proton
projection similar to the 1D proton spectrum two peaks are observable at 7.0 ppm and
1.0 ppm. Within the 2D correlation two auto peaks (AA and BB) and one cross peak
(AB) occur. AA and AB can be assigned to intramolecular proximities however, the
strong resonance AA is related to an intermolecular proximity of thiophene protons.
Like for P3ATs, the distance between two thiophene protons within the layer is to
far for observing such a strong auto peak. Hence this peak can be assigned to close
thiophene proton proximities between different layers, which excludes that no 7—=-
stacking interactions are observable due to the fact that the w—mn-stacking distance is
to large. This indicates that the packing has changed, such that the thiophene rings
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are not stacked on top of each other, like e.g. P3ATs (shown in Figure 5.11) but with a
shift of the layers with respect to each other.

Another important aspect is, how the local mobility has changed for P3OctiT. Hence
a REPT-HDOR measurement has been performed to extract the CH-dipolar coupling
constant. For one resonance within the broad aromatic region the typical line shape
could be extracted and the fitting procedure has been performed. The corresponding
dipolar sideband pattern is shown in Figure 5.16.
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Figure 5.16.: REPT-HDOR sideband pattern of P3OctiT for the slide at 128.8 ppm, at
25 kHz MAS and 4 75 recoupling.

By means of fitting a dipolar coupling constant of 17.4 kHz could be extracted. This
indicates that the system is still rather rigid, but compared to the P3AT systems the mo-
bility has increased. This is in accordance with the previous results were the mobility
is increasing with decreasing local order.

For concluding the present results for P3OctiT it can be noticed that although it has
been expected that the local order of such a system should be increased due to the
extended planarity, the local order has decreased dramatically. Also, the local packing
has changed and no n—r-stacking interactions are observable anymore. This indicates
that the different layers are not stacked on top of each other but slightly shifted so that
the thiophene proton is located off the aromatic moiety of the next layers. In addition
the local mobility within the system has increased. In comparison to the results of the
macrocycle and the previous studies of P3ATs it seems that unbranched alkyl chains
are most suitable for stabilizing a highly ordered local structure.
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5.5. Aggregation of Bulk-Heterojunctions Based on P3HT and
PCBM

For later applications in a photovoltaic cell, the morphology of the conjugated polymer
alone is not of interest. Since the photovoltaic cell is only functional if the conjugated
polymer is combined with an acceptor component like PCBM. Hence, the bulk hetero-
junction of P3HT and PCBM is studied in more detail in this section. To obtain a thick
film and hence enough material for the solid-state NMR studies the corresponding film
is prepared under an argon atmosphere by drop coating. For the drop coating proce-
dure a solution containing 3% P3HT/PCBM in chlorobenzene is used. Subsequently,
the film was scratched off the glass plate and measured like a powdered sample. Two
different ratios of PSHT-PCBM (1:1 and a 1:3) were studied with the main focus on
the 1:1 ratio.

As in the previous section a 'H MAS NMR spectrum is a useful starting point to study
the P3HT-PCBM mixture (cf. Figure 5.17). In addition to the spectrum of the P3HT-
PCBM, also neat P3HT (blue) is shown to highlight possible changes.
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Figure 5.17.: 'H MAS NMR spectra of (a) P3HT and (b) PBHT-PCBM (1:1).

The 'H MAS NMR spectrum of the mixture contains two main peaks that were al-
ready observable for P3HT. However, the chemical shift value of the aromatic protons
is different for the mixture, it is shifted down field to 7.1 ppm. The alkyl resonance
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at 1.3 ppm remains almost unchanged, but the line width has broadened indicating a
decreased local order of the mixture compared to pure P3HT. A broadening of the aro-
matic resonance is observable as well, but this could be due to overlapping resonances
of aromatic protons from the polymer and PCBM. In addition, there is a shoulder at
about 3.3 ppm, which can be assigned to the OCH; group of PCBM.

Additional information are available via '3C {'H} CP/MAS NMR, which is even more
sensitive to changes of the local order. The corresponding spectra of P3HT and P3HT-
PCBM are shown in Figure 5.18.
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Figure 5.18.: 13C {'H} CP/MAS NMR spectra of (a) P3HT and (b) P3HT-PCBM (1:1).

The '3C {'H} CP/MAS spectrum of P3HT is shown in blue, the spectrum of the mixture
is shown in black. Comparing both spectra, there are only minor differences of the
alkyl resonances in the region from 35 to 15 ppm. The mixture shows three additional
peaks at 172.4 ppm, 80.8 ppm, and 52.2 ppm which can be assigned to PCBM. Major
changes are also observable in the aromatic region. Between 150 ppm and 125 ppm,
hardly any peaks are resolved. The resonances of P3HT and the aromatic resonances
of PCBM are not distinguishable. In agreement with the 'H MAS NMR spectra, the
local order within the mixture is lower than in the neat polymer.

From the literature it is known that the film morphology can be improved via anneal-
ing. The question arises, if both components, i.e. PCBM and P3HT, start to crystal-
lize. There are some clear hints that P3HT crystallizes upon annealing which could be
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shown via, e.g., X-ray diffraction (XRD) measurements.’®?*1% In one particular case
the crystallization of the P3HT was suppressed in a P3HT-PCBM mixture of 1:2. Upon
a ratio of 1:4 no crystallization was found.!?® For PCBM the opinions about the crys-
tallization behavior are even more diffuse. After annealing the XRD pattern shows no
reflection, which can be assigned to PCBM. Hence, it was concluded that PCBM is not
crystalline in the mixture.’® In contrast via TEM and optical microscopy, PCBM crystals
could be detected in a mixture of PCBM to P3HT at a critical ratio of 1:1. Below that
limit, no crystallization was found.!°%1%! It is hard to distinguish between the donor
and acceptor domains in the TEM images and the results have to be interpreted care-
fully.®® All mentioned publications agree that phase separation occurs upon annealing.
In the phase separated sample cluster formation can be observed due to the diffusion

of PCBM. Around each cluster depleted regions with rather low PCBM contents were
found.100-101

The question of a possible crystallization within the film is highly important for the
efficiency of the corresponding device. Therefore one focus of the solid-state NMR
studies is concerned with this question. The P3HT-PCBM mixture was annealed for
one hour at 150°C, which is known to be the most efficient annealing temperature.®’
Afterwards a *C {'H} CP/MAS spectrum was measured (cf. Figure 5.19).

—P3HT —PCBM

J‘«W M W vWMM\W/\'\rfL rA‘ ".(’\iz«

L Al . (b)
(A o Y Ubu

NNy

180 160 140 120 100 80 60 40 20 O
ppm

Figure 5.19.: 13C {'H} CP/MAS NMR spectra of (a) P3BHT-PCBM (1:1) before anneal-

ing, (b) PSHT-PCBM (1:1) after annealing, and (c) PCBM for comparison
and signal assignment.
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The black 3C {'H} CP/MAS NMR spectrum at the bottom (Figure 5.19 a) corresponds
to unannealed P3HT-PCBM, the red spectrum shows the sample after annealing ((b),
and for comparison in (c) the neat PCBM is shown. The resonances assigned to P3HT
are marked with a blue box, PCBM related resonance are highlighted with a magenta
box. The spectra before and after annealing indeed confirm that annealing plays a de-
cisive role on the morphology of the mixture. The signal intensities of the resonances
within the mixture, which can be assigned to PCBM are dramatically decreased. After
annealing the aromatic resonances at 136.1, 132.8, 130.7, and 125.8 ppm of P3HT are
clearly observable in contrast to the unannealed sample. The chemical shift positions
of the P3HT resonances within the mixture are similar compared to the chemical shift
values found for neat P3HT (cf. Figure 5.6). This is a first hint for phase separated
regions in the bulk heterojunction mixture. Further, the decrease of the PCBM sig-
nal intensity corroborates the interpretation of a phase separation. Before annealing,
both components are molecularly dissolved and polarization can be transferred from
the proton rich P3HT to the proton poor PCBM. After phase separation, the signal
intensity of PCBM decreases dramatically due to the low proton density of PCBM.

Additional insights in the morphology of the bulk heterojunction can be gained from
a 2D 3C/'H correlation spectrum, which is shown in Figure 5.20.
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Figure 5.20.: 2D 3C/'H FSLG-decoupled CP HETCOR of P3HT-PCBM (a) before an-
nealing and (b) after annealing recorded at 15 kHz MAS and a contact
time of 3 ms.

83



5. Conductive Polymers Based on Polythiophenes for Organic Photovoltaics

The direct dimension of the *C/'H FSLG-decoupled CP HETCOR spectra of (a) P3HT-
PCBM before annealing and (b) after annealing contain the aromatic region of the
13C spectrum. In the indirect dimension, the 'H chemical shift is observable. Al-
most all resonances can be assigned to either PCBM (magenta dot) or P3HT (blue
dot). Resonances with overlapping P3HT and PCBM chemical shifts are marked with
a blue/magenta mixed dot. A comparison of both 2D spectra confirms that annealing
causes phase separation. Before annealing all correlation peaks are rather broad and
a clear assignment of the correlation peaks of either P3HT or PCBM is not possible.
After annealing the intramolecular correlation peaks of P3HT can be easily extracted.
They equal the correlations found for the pure polymer in Figure 5.7. In addition, it
is possible to gain information about the crystallinity of both compounds. Before an-
nealing neither the P3HT nor the PCBM domains are crystalline. After annealing, the
crystalline modification I is found for P3HT (cf. section 5.3). This conclusion is drawn
from the similarity of the 3C chemical shift values and the 2D spectra (cf. Figure 5.6).
The amorphous phase of P3HT in the bulk heterojunction can neither be retried nor
quantified with the "H MAS NMR as well as in the *C {'"H} CP/MAS NMR since the
corresponding resonances overlap with the PCBM resonances. The solid-state NMR
spectra indicate that the PCBM domains are rather amorphous. Even after annealing,
all correlation peaks assigned to intramolecular contacts of PCBM are broad and ill de-
fined. Further information can be drawn from a comparison of the '*C resonances of
the neat PCBM and the PCBM in the mixture in the *C {{H} CP/MAS NMR spectrum
(Figure 5.19). Two resonances are rather meaningful: the resonance at 172.4 ppm is
broadened in the mixture compared to the pure PCBM and the resonance at 80.8 ppm
is split into two peaks for neat PCBM, while only one broad peak is observable in the
mixture. Both observations indicate that PCBM in the mixture is amorphous, which is
in agreement with XRD results found in the literature.”®

The assignment of intermolecular proximities in the 2D correlation to understand the
aggregation within the bulk heterojunction is rather difficult, due to poorly resolved
resonances of PCBM and partially overlapping proton resonances. However, one cor-
relation peak (see highlighted region in Figure 5.20 (b)) can be assigned to an inter-
molecular contact of P3HT and PCBM. The resonance at about 140 ppm, originates
from the fullerene ball of PCBM correlates to the resonance of the alkyl protons of
P3HT, which helps to get a rough idea of the corresponding packing. Similar 2D cor-
relation studies are reported in the literature. In contrast to the performed solid-state
NMR measurements of this work the contact was absent after annealing but present
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before annealing.58

The observation that the crystal modification I of P3HT is maintained in the bulk
heterojunction is supported by 'H-'H DQ-SQ MAS NMR. The corresponding spectrum
is shown in Figure 5.21.
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Figure 5.21.: 'H-'H DQ-SQ MAS NMR of P3HT-PCBM recorded at 25 kHz MAS and 1
Tg recoupling.

The direct dimension of the 2D correlation spectrum of P3HT-PCBM contains four
resonances at 7.1, 5.7, 3.1, and 0.9 ppm. The assignment is identical to that of the
'H MAS NMR spectrum shown in Figure 5.17. Due to the improved resolution of
the 2D spectrum, the broad aromatic peak is resolved into two peaks which can be
assigned to PCBM (7.1 ppm) and P3HT (5.7 ppm). The most important correlation
peak is BB, which shows that the intermolecular proximity of the P3HT thiophene
protons is maintained and equal to the neat polymer (see Figure 5.10). Hence, the
polymer morphology in the mixture after annealing is the same as the morphology
found for the neat P3HT. All other observable correlations in the 2D spectrum are due
to intramolecular contacts.
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To study the effect of the PCBM/P3HT ratio a film with a 1:3 composition was ana-
lyzed. The study is focused on the question, if a higher amount of PCBM inhibits the
crystallization of the P3HT as claimed in the literature.'® A first rough idea can be
gained from the 'H MAS NMR spectra shown in Figure 5.22.
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Figure 5.22.: 'H MAS NMR spectra of (a) PSHT-PCBM (1:1) and (b) P3HT-PCBM
(1:3). Both spectra were measured after annealing.

The spectrum of the 1:1 mixture is displayed in black. The spectrum in blue corre-
sponds to a 1:3 mixture. For the latter three peaks at about 7 ppm (aromatic protons),
3.9 ppm (OCHj3-group) and about 1 ppm (alkyl protons) are observable similar to the
black spectrum. In comparison, the spectral line width of the 1:3 mixture is decreased
dramatically. This can be either due to an increase of the local mobility or an increase
of the local order. To deepen the understanding of the polymer ratio and its effect on
the morphology, *C {{H} CP/MAS NMR spectra were recorded (cf. Figure 5.23).
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Figure 5.23.: 13C {'H} CP/MAS NMR spectra of (a) PSHT-PCBM (1:1) and (b) P3HT-
PCBM (1:3). Both spectra were measured after annealing.

The '3C {'H} CP/MAS NMR spectra were recorded after annealing since it is only
possible to extract information from the spectrum after thermal treatment. The black
spectrum on the bottom again corresponds to the P3HT-PCBM mixture with a 1:1
ratio and the blue spectrum above to the mixture with a 1:3 ratio. Both spectra exhibit
major similarities. After annealing, all PCBM resonances are decreased dramatically,
despite the fact that the ratio of the PCBM was increased by a factor of three. This
corroborates the conclusion that annealing leads to a phase separation independent
of the P3BHT/PCBM ratio. Similar to the spectrum of the 1:1 mixture four resonances
assigned to the crystal modification I of P3HT can clearly be observed in the spectrum
at 136.1, 132.7, 130.5, and 125.3 ppm. Hence, it cannot be confirmed that a higher
PCBM ratio inhibits the crystallization of P3HT.

In conclusion the local order of P3HT-PCBM decreases dramatically compared to both
neat components. The system is rather sensitive to thermal treatment and annealing
lead to a phase separation of the blend. In the phase separated P3HT domains, crystal
modification I is found like in the bulk polymer. In contrast, the PCBM domains are
rather amorphous and ill defined. This behavior appears to be rather independent of
the P3HT/PCBM ratio.
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5.6. Aggregation of PCPDTBT

The second system studied in more detail is based on PCPDTBT (see Figure 5.3).
This polymer has gained more and more attention during the past decade due to its
promising properties like a suitable band gap. Previous studies of its structure and
morphology are rare especially compared to the well-studied P3HT. One reason for
the lack of information is due to its decreased local order (as shown by WAXS), which
limits the extraction of information.’?8 In the following section, it will be tried to
gain more information via solid-state NMR investigations, starting with 'H MAS NMR
shown in Figure 5.24 (a) and '3C {'H} CP/MAS NMR shown in Figure 5.24 (b).
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Figure 5.24.: (a) 'H MAS NMR and (b) '*C {{H} CP/MAS NMR spectrum of PCPDTBT
performed at 25 kHz MAS

In the 'H MAS NMR spectrum of PCPDTBT, only two broad peaks at 8 ppm and 1
ppm are resolved. Since the resolution of the resonances is rather low the aromatic
resonance cannot be assigned to either the electron-rich cyclopentadithiophen unit
or the electron-deficient benzodithiazol. Likewise, the lack of resolution prevented
the extraction of the same information from the 3C {'H} CP/MAS NMR (cf. Figure
5.24 (b)). An explanation for the low local order could be that the branching of the
alkyl side chains is not suitable for stabilizing an ordered structure, which has already
been observed for the macrocycles. Hence, these solid-state NMR spectra support the
WAXS results, that the local order of the polymer is rather low. It should be noted that
parameters like the molecular weight and the polydispersity can influence the local
order.}°? However, these aspects are not discussed in more detail. Nevertheless, these
spectra could be used to understand possible changes of the structure within the bulk
heterojunction with PCBM, which is studied in the following section.
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5.7. Aggregation of a Bulk-Heterojunction Based on PCPDTBT
and PCBM

As for P3HT, the neat polymer is only of minor interest. Hence this study is focused on
the bulk heterojunction with PCBM. The sample preparation of the PCPDTBT-PCBM
(1:3) blend, which is studied in more detail in this section is described in the litera-
ture.'% Both components were dissolved in dichlorobenzene. After evaporation of the
solvent the solid material was scratched of the flask and filled into the NMR rotor. The
whole procedure was done under a argon atmosphere. Similar to all studies of this
chapter, a 'H MAS NMR spectrum was recorded at first.

~ PCPDTBT

Figure 5.25.: '"H MAS NMR spectra of (a) neat PCPDTBT (for comparison) and (b) of
the PCPDTBT-PCBM blend.

The corresponding spectrum of PCPDTBT-PCBM (black) contains five peaks, which are
partially well-resolved. Thus, already at first view a significant difference compared to
the neat PCPDTBT (blue) is observable. Two resonances at 3.3 and 0.6 ppm can be
assigned to the OCH3 group of PCBM and to alkyl protons, respectively. The spectra
substantially differ in the aromatic region where two sharp resonances at 6.8 ppm and
7.0 ppm can be discerned for the blend. The sharpness of these resonances indicates
the presence of a highly mobile species in the sample. Due to the chemical shift values
of these mobile resonances they most likely originate from the PCPDTBT polymer
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within the blend. This is only a rough assumption, since the ill-resolved resonances
of the neat spectrum have to be used for comparison. Moreover, one broad resonance
is observable at 7.6 ppm, which is assigned to the aromatic protons of the PCBM.
Without any annealing steps, the PCBM domains appear rather amorphous and the
PCPDTBT domains highly mobile on the molecular level. To verify these assumptions,
13C {'H} CP/MAS NMR was performed (cf. Figure 5.26).
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Figure 5.26.: 13C {'H} CP/MAS NMR spectra of (a) neat PCPDTBT (for comparison)
and (b) of the PCPDTBT-PCBM blend.

Similar to the P3HT-PCBM blend, the resolution of the PCPDTBT-PCBM spectrum is
decreases in comparison to the neat polymer. This especially applies to the aromatic
region of the spectrum. Some PCPDTBT resonances (e.g. at 141.2 and 126.6 ppm)
can be assigned to PCPDTBT domains, which are placed on top of a broad aromatic
background. This broad background is probably related to PCBM and is indicative of
its amorphous structure in the blend. The resonances originating from the PCPDTBT
polymer are sharper than the resonances of the neat polymer. This corroborates the
assumption that the polymer is rather mobile in the blend and could relate to an
incomplete aggregation of the polymer in the freshly prepared mixture without any
annealing step.

All further studies of the polymers were done after annealing. However, this particu-
lar sample was stored for two months at room temperature. Without any annealing,
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complex changes of the structure could be observed. It is expected that these struc-
tural changes could also be induced via annealing but on a shorter time scale (several
hours). A first rough idea of these changes can be gained by the 'H MAS NMR spec-
trum shown in Figure 5.27. The spectrum of the raw blend is shown in black and the
spectrum of the aged material is shown in red.
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Figure 5.27.: 'H MAS NMR spectrum of (a) raw PCPDTBT-PCBM right after sample
preparation and (b) of the same material after two month storage.

The mobile resonances at 6.8 and 7.0 ppm of the aged material underwent consider-
able changes. Both resonances are much broader, which indicates a dramatic decrease
of the local mobility. Additionally, the line width of all other resonances is broadened,
indicating that the whole system is less mobile and probably better organized. This
assumption can easily be verified via '3C {'H} CP/MAS NMR (cf. Figure 5.28).

In this spectrum major changes are observable as well. Information about the mor-
phology of the PCBM within the blend is available from the resonances at 174 ppm
and 80 ppm (marked with a magenta box see Figure 5.28). These resonances can be
clearly assigned to PCBM since they do not overlap with any resonance of PCPDTBT.
While the resonance at 174 ppm is hardly observable in spectrum (a), a sharp reso-
nance occurs in spectrum (b) which indicate crystalline domains of PCBM. Also, the
resonance at about 80 ppm shows a huge change. The broad peak of the fresh pre-
pared blend is splitted in two sharp resonances in spectra (b) and (c).
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Figure 5.28.: 13C {!H} CP/MAS NMR spectra of (a) raw PCPDTBT-PCBM right after
sample preparation and (b) two month later. The spectrum of PCBM is
displayed in (c) for comparison.

Both observations indicate a crystalline organization of PCBM within the blend as
observed in neat PCBM. This is particularly remarkable since the PCBM domains in
P3HT-PCBM blends remain amorphous after annealing. This could be due to the fact
that PCPDTBT in the blend is not as densely packed as the crystalline P3HT and hence
allows for PCBM diffusion. Larger domains of PCBM might improve the crystallization
behavior and therefore in the blend with P3HT no PCBM crystallization occurs com-
pared to the blend based on PCPDTBT. It is much harder to extract information about
the PCPDTBT morphology within the blend, since the aromatic region includes almost
no resonance that can be clearly assigned to PCPDTBT. One resonance, which might
be considered, is located at 124.8 ppm (marked with a blue box see Figure 5.28). In
spectrum (a) this resonance consists of a broad peak while in (b) it is splitted into two
distinct peaks. This indicates that in the blend material the polymer morphology is
improved compared to the neat polymer.

Unfortunately, no further information about the phase separation behavior of the
freshly prepared and the aged sample can be obtained. For example the signal in-
tensity of PCBM does not decrease in the PCPDTBT-PCBM blend in contrast to the
P3HT blend. It is most likely that the crystallization of PCBM also leads to a phase
separation.
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5.8. Conclusions

In this chapter two relevant systems for photovoltaic applications were studied. Each
study was started with a characterization of the neat polymer. The obtained results
were then used as a starting point for the characterization of the blend with PCBM.
The system based on P3HT is widely used as a model compound to study how differ-
ent aspects influence the device efficiency. For P3HT, a crystalline- and an amorphous
modification were observed. The crystalline modification is of high interest since it
is also found in the blend with PCBM after annealing. PCBM is rather amorphous
in contrast to P3HT and appears to be unaffected by annealing. Further, it could be
shown that the blend phase separates upon annealing. System based on PCPDTBT
behaves differently. The bulk polymer has a low local order and no crystalline modi-
fication could be detected. The corresponding blend with PCBM exhibits crystallized
domains of PCBM after annealing. This also leads to an improvement of the order of
the PCPDTBT polymer. Combined with already available information from other meth-
ods, the results obtained in this chapter provide for a substantial knowledge about how
structure and dynamics of these photovoltaic materials are affected on the local scale.
This information is crucial to improve the efficiency of photovoltaic cells further and
open a widespread use of these systems in the future.
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6. Aggregation of Oligo(p-benzamides) -
Poly(ethylene glycol) Copolymers

Application like LEDs and photovoltaic cells impose, demanding requirements on the
organic material. As already discussed in section 5.1 a high efficiency of a photo-
voltaic cell is only provided if the donor and acceptor material are phase separated
on the length scale of 10 nm. Within the phase separated domains a high crystallinity
is necessary and the donor and acceptor phases need to form a continuous pathway
to the electrodes in order to allow an efficient charge transport.®:-1%4 These strict re-
quirements are difficult to achieve via a phase separation of polymer blend materials.
This phase separation originates from a spinodal decomposition during film formation
and is rather difficult to control.>® Also, during operation of the device, macrophase
separation can occur, which leads to a dramatic decreases of the performance effi-

58,104 One idea to overcome these problems is the application of copolymers

ciency.
with a donor- and an acceptor-block. A conjugated polymer is used as a donor and
serve as a rigid backbone. For improving the properties of this block flexible polymer
coils are attached and a rod-coil copolymer is formed.’®®! In advantage over tra-
ditional polymer blends, rod—coil copolymers form microphase separated structures
with highly ordered and thermodynamicall stable nano-phases. Also, the phase sepa-
ration can be fine-tuned via the length of the blocks.!%%1% The driving forces for such
nanoscaled phase separation are interactions between various segments and geometric
effects.19-199 The phase separation of rod-coil copolymers can be rather complex since
besides the minimization of interaction of unlike blocks it is governed by anisotropic
interactions and liquid-crystalline behavior. Phase diagrams of model systems show
different phases such as isotropic, nematic, and lamellar structures for rod-rich sys-
tems whereas strip and puck morphologies dominate for coil-rich system.61108-111 Sgj]]
the understanding of the aggregation behavior of rod-coil copolymers is hampered,
especially if additional driving forces such as hydrogen bonding occur. However, hy-
drogen bonding suppresses macrophase separation in favor of microphase separation,
which can be combined with long-range order in the material.'!? Besides the influence
of hydrogen bonding on the phase separation it allows to control the nanoscaled ar-
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chitectures of such materials. Further, it is possible to switch between nano-phase and
macro-phase separation by disturbing hydrogen bonding with the temperature.!13114
The aim of this chapter is to get a deeper understanding of the aggregation behavior
and nano-scaled architecture of rod—coil copolymers based on oligo(p-benzamides)
(OPBA) and poly(ethylene glycol) (PEG), including effects of non-covalent interac-
tions with respect to the structure formation. In this chapter, 7—r-stacking interactions
and hydrogen bonding are in the focus. Secondly, it is assessed how th lengths of
rod and coil length influence the structure formation. Due to the hydrogen bonding
network, a secondary structure is formed, which reduces the ability of the chains to
rearrange. This reduced conformational freedom allows to predict the geometry and

hence, simplifies the correlation between molecular shape and superstructure.!!>116

6.1. Rod—Coil Copolymers Based on OPBA-PEG
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Figure 6.1.: Overview of the investigated (a) unsubstituted OPBAs and (b) OPBA-PEG
rod—coil copolymers.

The rod—coil copolymers in this study are based on oligomeric rod blocks of oligo(p-
benzamides) (OPBA) and a poly(ethylene glycol) (PEG) coil. Figure 6.1 (a) gives
an overview of the investigated unsubstituted, OPBAs with n = 0-4 repeat units,
named OPBA-2 to OPBA-6. Figure 6.1 (b) shows the investigated rod—coil copoly-
mers with a varying rod and coil lengths (OPBA-7-PEG110, OPBA-11-PEG110, and
OPBA-4-PEG45). Section 6.3 focused on the characterization of unsubstituted OPBAs
to get a deeper insight in those materials. This knowledge is then used to understand
the structure of the OPBAs incorporated in the rod—coil copolymers. One interesting
feature of OPBAs is the aggregation behavior due to their rigidity, resulting mainly
from the strong hydrogen-bonding network. This is already known from the related
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polymer Kevlar. The latter polymer is, due to the hydrogen bonding network, hardly
destructible and hence used in bulletproof vests and protective helmets. However the
strong hydrogen bonding network in OPBAs require a rather complex synthesis and
advanced analytical characterization due to poor solubility and crystallization behav-
ior. The synthetic route of unsubstituted OPBAs is shown in Figure 6.2.
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Figure 6.2.: Scheme of the synthetisis for OPBAs.!!”

In the first step of the synthesis, p-nitrobenzoyl chloride and p-aminobenzoic acid are
reacted to OPBA-2. The synthesis of longer OPBAs proceed via precursors, which are
not able to form hydrogen bonds and, hence, have a better solubility. This is done by
the reaction of OPBA-2 with thionyl chlorid forming an imidoyl chloride (compound
marked with a green box in Figure 6.2). This imidoyl chloride can then be reacted
with another amine to yield a longer OPBA after hydrolysis. Since longer OPBAs can
also be converted to imidoyl chlorides unsubstituted OPBAs with up to six repeat units
can be synthesized.!!”

The synthesis of the corresponding rod—coil copolymers is similar and shown in Fig-
ure 6.3. In the first step p-nitrobenzoyl chloride is connected to the PEG polymer.
Afterwards, a similar OPBA build-up procedure is performed as already described
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above.l'®11% The PEG coil also increases the solubility so that OPBA rods with up
to eleven repeat units within the copolymer are feasible.
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Figure 6.3.: Scheme of the synthetic route for OPBA-PEG.?’

6.2. Aggregation of OPBA-PEG Copolymers in Solution

The aggregation behavior of OPBA-PEG copolymers in solution was assessed by pre-
vious studies.''>1° Via gel permeation chromatography (GPC) it was found that the
aggregation behavior strongly depends on the solvent. In a hydrogen bond breaking
solvent, like dimethylformamide (DMF), no aggregation is observed and the copoly-
mer is molecularly dissolved. If the solvent is changed, e.g. to chloroform, aggregation
occurs above a critical OPBA rod length. While OPBA-1-PEG110 to OPBA-4-PEG110
are still molecularly dissolved, a rod length of five repeat units leads to aggregation.!!?
The aggregation cannot only be controlled by the size of the rod, but also by the size
of the coil. For a coil length of 45 repeat units, aggregation is already induced even if
the rod consists of only four repeat units.!!> The size of the aggregates is well defined
and no intermediate sized aggregates were found via GPC. Further studies of OPBA-7-
PEG110 and OPBA-7-PEG45 were conducted with light scattering and scanning force
microscopy (SFM). Combining static and dynamic light scattering OPBA-7-PEG110
was found to posse a spherical shape with an ellipsoid character. This result could be
confirmed via SFM measurements, which also allowed to measure the dimensions of
the aggregates. The size of the aggregates within a layer is 20-35 nm (50-90 units)
and the height is about 2 nm (6 units). For OPBA-7-PEG45, a broader distribution
of the particle size was found. Also, the ratio between the radius of gyration and the
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hydrodynamic radius of about 1.6 indicates an anisotropic shape. The SFM images

showed aggregates which are elongated rod-like.!!®

6.3. Aggregation of Unsubstituted OPBAs in the Solid State

So far solely the aggregation behavior of OPBA-PEG copolymers in the solid state
was studied via differential scanning calorimetry (DSC). With increasing length of the
OPBA rod in the copolymer, the melt enthalpy of the PEG coil decreases. This indi-
cates that the OPBA rod inhibits the crystallization of PEG segments in the vicinity of
the OPBA domains.!'? In this chapter the study of the aggregation in the solid state
is expanded with solid-state NMR studies starting with the aggregation behavior of
unsubstituted OPBA rods. Since the size dependency of this rod block for the structure
of the copolymer is of special interest the NMR study was initiated with the size de-
pendency of aggregation on the length of the oligomer. For this kind of investigation,
the 13C {!H} CP/MAS experiment is particularly suited since it is sensitive to structural
changes and local degrees of organization.
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Figure 6.4.: 3C {'H} CP/MAS spectra of OPBAs with different numbers of repeat units,
performed at 25 kHz MAS and a CP contact time of 3 ms. The resonance
assignment is illustrated by the color code.

The measured spectra of OPBA-2 to -6 are shown in Figure 6.4 and the corresponding
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assignment is outlined with a color code. The resonance at 172 ppm is assigned to
the COOH group. The CONH carbon has a chemical shift of about 164 ppm and the
signals at about 150 ppm and 142 ppm can be assigned to the quaternary carbon
atoms bearing nitro and amide groups. The resonances in the region of 120 to 140
ppm can be assigned to aromatic carbon atoms.!?°

In comparison, the spectra of OPBA-2 and -3 differ from those of OPBA-4 to -6. This
indicates that the structure for the short OPBAs with n = 0 and 1 is different from that
of the longer oligomers. In particular, the well-resolved peak at 172 ppm of the COOH
group is only present in OPBA-2 and -3. Remarkably, longer OPBAs with four and
more repeat units (n > 2) give rise to similar 3C spectra, suggesting an equilibrium
structure (see Figure 6.4). The only observable difference for the longer OPBAs is a
deteriorating spectral resolution, most likely caused by a decreasing crystallinity of the
samples.

The 'H MAS NMR spectra shown in Figure 6.5 reflect a similar behavior. For OPBA-2
and -3, a strong peak at about 14 ppm is observed, which is absent for the longer
OPBAs with n > 2. The broad peak at about 7 ppm, present for all OPBAs, can be
assigned to aromatic protons. The additional resonance at 2 ppm for OPBA-6 is caused

by impurities due to the poor solubility, which makes a purification difficult.*!”
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Figure 6.5.: 'H-MAS NMR spectra of OPBA-2 to OPBA-6. The resonance at 14 ppm is
only present in OPBA-2 and -3.

In conclusion both 'H MAS NMR and '3C {*H} CP/MAS spectra indicate a change of
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the OPBA structure with respect to the number of repeat units. Above four repeat
units, an equilibrium structure is observed. The structure of OPBA-2 and OPBA-3
is discussed in more detail in the following section. Subsequently, the equilibrium
structure of the longer OPBAs with (n > 2) is assessed which is more important for
the aggregation behavior of the copolymers and therefore constitutes the center of this

section.

6.3.1. OPBA-2 and OPBA-3

To understand the structural differences between OPBA-2 and -3 and the longer OPBAs
the additional peak in the proton spectrum at 14 ppm needs to be assigned. Due to
its chemical shift value this resonance is likely to originate from hydrogen bonded
protons.?® There are two possible groups which are able to form hydrogen bonds in
the molecule: the CONH groups and the COOH group. A proper assignment can be
done via a 'H-'H DQ-SQ MAS NMR spectrum, which is shown for OPBA-2 in Figure
6.6. The correlation spectrum of OPBA-3 is similar and not shown here.

B
ppm A
'H'H DQ
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15 4 S Y,........... BB
20 +
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........................................................... AA

A\
30 R‘fo He

H OJ\R

16 14 12 10 8 6 4 ppm
H-sQ
Figure 6.6.: 'H-'H DQ-SQ MAS NMR spectrum recorded at 30 kHz MAS and 1 7 re-
coupling. The auto peak indicates a close proximity between the hydrogen

bonded protons which can only be explained by a dimer formation of the
COOH groups.
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The 'H spectrum in direct dimension contains two peaks. The peak at about 14 ppm
is assigned to hydrogen bonded protons (A) and, the peak at 7 ppm is assigned to
aromatic protons (B). For each resonance an auto-correlation peak is observable (AA
and BB). Further, the spectrum contains cross correlation peaks among the two reso-
nances (AB). The auto peak BB, assigned to proximities among aromatic protons, and
the cross peak AB, assigned to proximities of hydrogen bonded protons and aromatic
protons can be understood in terms of intramolecular proximities. An interesting cor-
relation is the auto peak AA, which indicates proximities of hydrogen bonded protons.
This can only be explained by a dimer formation of two COOH groups (see inset of
Figure 6.6). While OPBA-2 and OPBA-3 are able to form hydrogen bonded dimers via
two carboxylic acid groups, the longer OPBAs are not. To gain a deeper understanding
of the hydrogen bonded network of OPBA-2 and OPBA-3, also the NH groups are of
interest. Since their proton resonances are probably hidden under the broad aromatic
signal, additional techniques like 2H MAS NMR are necessary.

To measure a ?H MAS NMR spectrum the amount of deuterium has to be increased in
the sample. This could be easily achieved by stirring OPBA-2 and -3 for two days in
D,0. Thus, all NH and COOH protons could be exchanged by deuterium. The aromatic
protons are not exchangeable and hence, not observable in the 2H MAS NMR spectrum.
The measured 2H MAS NMR spectra of OPBA-2 and OPBA-3 are shown in Figure 6.7
(blue). The corresponding proton spectra are shown in black for comparison. Both

spectra can be directly compared since the chemical shifts of deuterium and protons
£ 121

are rather similar (within +0.2 ppm) which is known as the isotope effec

Figure 6.7.: 'H MAS NMR (black)- and 2H MAS NMR (blue) spectra of (a) OPBA-2 and
(b) OPBA-3. In both spectra contain two peaks at about 14 ppm (COOH)
and 9 ppm (NH).
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In the 2H MAS NMR spectra two resonances are observable for both OPBA-2 and
OPBA-3. The resonance at about 14 ppm can be assigned to the COOH protons since
the chemical shift agrees with that of the proton spectra. In addition, NH protons
can be observed in the 2H MAS NMR spectrum in contrast to the normal 'H MAS
NMR spectrum where these are hidden under the broad aromatic signals. The weaker
intensity of the NH resonances compared to the COOH resonances might be due to a
less quantitative deuterium exchange. The NH resonance of OPBA-2 occurs at 8.4 ppm,
the NH resonance for OPBA-3 occurs at 9.0 ppm. This indicates that the NH hydrogen
bonds are weaker than the COOH hydrogen bonds and that the NH hydrogen bonds
present in OPBA-3 are stronger than those in OPBA-2.22

The NH hydrogen bonding network can be further studied via !N {'H} CP/MAS NMR
(cf. Figure 6.8).

50 0 -50 -100 -150 -200 -250 -300
ppm

Figure 6.8.: ’'N {’H} CP/MAS NMR of (a) OPBA-2 and (b) OPBA-3, performed at 5
kHz MAS and a CP contact time of 7 ms.

For OPBA-2, two signals are observable in the N spectrum: one signal at —10.1 ppm,
which can be assigned to the nitro group and one signal at —-254.7 ppm which can
be assigned to the NH group. The N {'H} CP/MAS NMR spectrum of OPBA-3 only
contains one signal at -249.5 ppm, which can be assigned to the NH nitrogen. Here
no signal stems for the nitro group. This indicates that the nitro-group of OPBA-2 is
in closer proximity to protons. Hence, the polarization from the protons towards the
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nitrogen is more efficient and a signal can be detected. Also, the difference of ~5
ppm of the NH chemical shift indicates that the hydrogen bond environment is most
likely different in OPBA-2 and -3. The nitrogen chemical shift is very sensitive to such

changes due to its broad chemical shift range.!??

The differences between the >N {!H} CP/MAS NMR (Figure 6.8) spectra and the
13C {'H} CP/MAS NMR spectra (Figure 6.4) of OPBA-2 and OPBA-3 emphasize the
basic structural differences in the hydrogen bonding network and the structure in
general. The only similarity of both structures seems to be the dimer formation due to
carboxylic acid hydrogen bonds.

A single-crystal X-ray structure would aid the interpretation of the structural features
observed by NMR. However, both systems do not crystallize. This problem can be over-
come with a special technique based on a combination of electron and X-ray diffrac-
tion. This technique allows the extraction of information similar to a single-crystal
X-ray study and the results are shown in Figures 6.9 and 6.10.123

Figure 6.9.: Crystal structure of OPBA-2 obtained by a combination of electron and
X-ray diffraction on small crystallites in the sample.!23

The crystal structure of OPBA-2 confirms the hydrogen bonding and dimer formation
if two carboxylic acid groups (marked with R in Figure 6.9). Further, the peak of the
nitro group at -10 ppm in the nitrogen spectrum can be explained by hydrogen bonding
of the NH group with the oxygen of the nitro group (marked with D in Figure 6.9).
In fact, due to that particular hydrogen bonding, polarization can be transferred from
the NH proton towards the nitro group and a signal can be observed. All NH-hydrogen
bonds are within a layer.
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The crystal structure of OPBA-3 is shown in Figure 6.10. OPBA-3, like OPBA-2, shows
a dimer formation of two carboxylic acid groups (marked with R in Figure 6.10) in
agreement with the 'H MAS NMR results (cf. Figure 6.5). However, the hydrogen
bonds of the NH group are peptide-like hydrogen bonds with a CO group of a different
OPBA-3 molecule (marked with C in Figure 6.10). Thereby one hydrogen bond is
formed within the layer and the other hydrogen bond is formed between the layers.

H}«rck) ‘»H
THHG K HI

Figure 6.10.: Crystal structure of OPBA-3 obtained by a combination of electron and
X-ray diffraction on small crystallites in the sample.!?3

These, variations in the hydrogen bonding network account for the chemical shift
difference of the NH nitrogen in the '°N spectrum and for the absence of the NO, peak.
This completely different hydrogen bonding network leads to substantially different
structures as observed by '3C {{H} CP/MAS NMR (cf. Figure 6.4). Hence the combined
information of crystal structure and solid-state NMR leads to a proper understanding
of both structure and aggregation of OPBA-2 and OPBA-3.

6.3.2. OPBAs with (n > 2)

Since the rod-blocks of the copolymers contain OPBAs with at least five repeat units,
the longer OPBAs are the focus of all further studies. The carbon spectra shown in
Figure 6.4 indicate an equilibrium structure for OPBAs with n > 2. Thus it is sufficient
to understand the aggregation of one representative. As an example, OPBA-5 was
chosen. One remarkable difference compared to OPBA-2 and OPBA-3 is the absence
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of the proton resonance at 14 ppm, which indicates that these longer OPBAs are not
able to form hydrogen bonds between carboxylic acid groups. This could also explain
the absence of the peak at 172 ppm in the *C {'H} CP/MAS spectra (see Figure 6.4).
Due to the lack of hydrogen bonding the chemical shift of the carboxylic acid carbon
atom is shifted towards higher field and thus overlaps with the chemical shift of the
CONH peak at 164 ppm.

Obviously, the rod length affects what kind of hydrogen bonding determines the struc-
ture. On the one hand, the hydrogen bonding of two carboxylic acid groups is known
to be by far stronger than amide hydrogen bonds.'?* On the other hand, the number
of amide hydrogen bonds is increasing with increasing rod size, while the formation
of the carboxylic dimers is limited to the end groups. For OPBA-2 and -3, the ratio
of the two types of hydrogen bonds is 1:1 and 1:2, respectively, and hence, the car-
boxylic acid dimer formation is facilitated. With an increasing number of repeat units,
the number of carboxylic acid hydrogen bonds decreases compared to the number of
amide hydrogen bonds. Hence, amide hydrogen bonding dominates the structure for-
mation for longer oligomers (n > 2), as shown by the absence of the peaks at 14 ppm
in the 'H MAS NMR spectrum (Figure 6.5) and 172 ppm in the '3C {*H} CP/MAS NMR
spectrum (Figure 6.4).

Again, to understand the hydrogen bonding network completely a single-crystal X-ray
structure would be helpful. However, for OPBAs with n > 2 neither a single-crystal
X-ray structure is available nor the alternative technique by combining electron and
X-ray diffraction is feasible. To further reveal the impact of hydrogen bonding on the
structure, the influence of a hydrogen bond breaking solvent was probed upon crys-
tallization of OPBA-3 with dimethylformamide (yielding OPBA-3-DMF). DMF blocks
the carboxylic acid end groups as revealed by the single-crystal X-ray structure of the
co-crystal. Thus, almost no dimer formation is observed as for OPBAs with n > 2.11°
To understand the impact of this disruption towards the structure, a '3C {'H} CP/MAS
NMR spectrum of OPBA-3-DMF was measured and compared to the *C spectrum of
OPBA-5 (cf. Figure 6.11).
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Figure 6.11.: 13C {!H} CP/MAS NMR spectrum of (a) OPBA-3-DMF, (b) OPBA-3-DMF
processed with an additional line broadening of 150 Hz and (c) OPBA-5.
Note that, spectra (b) and (c) match almost perfectly.

The corresponding *C {*H} CP/MAS NMR spectra of OPBA-3-DMF and OPBA-5 match
rather well (cf. Figure 6.11, spectrum (a) and (c)) except for the tiny *C-signal at 172
ppm and the better resolution for OPBA-3-DMF. The additional resonance at 172 ppm
indicates the presence of a minority component of carboxylic dimers. Over time and
upon heating DMF is removed from the sample and pure OPBA-3 is gained, which
explains that peak at 172 ppm. With the exception of this difference, all other res-
onances in the '*C {!H} CP/MAS NMR spectrum have rather similar chemical shifts.
The difference in the spectral resolution is due to the fact that OPBA-3-DMF forms a
regular crystal lattice whereas OPBA-5 does not. To account this difference, the 13C
{*H} CP/MAS NMR spectrum of OPBA-3-DMF was processed with an additional line
broadening of 150 Hz (see Figure 6.11 b), which obscures the fine splitting. Spec-
tra (b) and (c) match almost perfectly, underlining the similarity of both spectra and,
hence, indicating a comparable solid-state packing of OPBA-3-DMF and OPBA-5. To
verify the structural consistencies of OPBA-3-DMF and OPBAs with n > 2 with an inde-
pendent probe, WAXS was performed (shown in Figure 6.12). The wide angle range
(20 > 15°) reflects the local structure comparable to solid-state NMR. OPBA-3-DMF
give rise to about eleven reflexes in the WAXS spectrum, while OPBA-5 gives rise to
only three reflexes. This difference can be explained again by the fact that OPBA-3-
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DMF is more crystalline than OPBA-5. However, the three reflexes at 20 = 20.3, 23.7,
and 27.8 for OPBA-5 are in agreement with reflexes observed for OPBA-3-DMF.
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Figure 6.12.: WAXS pattern of (a) OPBA-3-DMF and (b) OPBA-5 underlining the struc-
tural similarity of the materials.

In agreement with the NMR data, the match of the main reflexes in the WAXS patterns
mirrors the structural consistency of OPBA-3-DMF and OPBA-5. Hence, the structure
of OPBA-3-DMF contains information about the packing and the hydrogen bonding
network of OPBAs with n > 2. Since OPBA-3 forms a co-crystal with DMF, a single-
crystal X-ray structure can be obtained.!'®> This single-crystal X-ray structure shown
in Figure 6.13 exhibits, like the structure of pure OPBA-3 (shown in Figure 6.10),
peptide like hydrogen bonding between NH groups and carbonyl groups of different
molecules. Deviation from pure OPBA-3, all NH hydrogen bonds are within the plane
and a regular -sheet like layered structure results with all head groups pointing in the
same direction. The layers are stacked in an alternate fashion and are shifted by one
benzene ring every third layer. Due to the suppression of the carboxylic acid hydrogen
bonds, the hydrogen bonding of the NH-groups is formed in a highly ordered fashion.
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Figure 6.13.: Projections of the OPBA-3-DMF single-crystal X-ray structure.!’® (a)
Amide hydrogen bonding within a layer and the formation of a 3-sheet
like structure, (b) stacking between the layers.

These structural features are likely present in OPBAs with n > 2. It is expected that
longer OPBAs form a regularly layered (-sheet like hydrogen-bonded structure with no
linkage of the head groups within one layer (see Figure 6.13a). Moreover m—r-stacking
interactions are present between the layers (see Figure 6.13b).

In summary;, it could be shown how the number of repeat units influences the hydrogen
bonding network in unsubstituted OPBAs. For OPBA-2 and OPBA-3, the dominating
effect for the structure is the dimer formation of two COOH groups. In contrast, for
OPBAs with n > 2, NH hydrogen bonding is dominant and a regular g-sheet-like hy-
drogen bonded network is formed. In the latter case no indication for a hydrogen
bond formation of the COOH groups could be found.

6.4. Aggregation of OPBA-PEG Copolymers in the Solid State

The gained knowledge about unsubstituted OPBAs in the previous section can now be
used to understand the structure and aggregation behavior of OPBAs incorporated in
the rod—coil copolymer. This copolymer is obtained by chemically linking the rod to
PEG-polymers according to the synthetic scheme described in section 6.1. Potential
structural changes of the OPBA rod within the copolymer compared to unsubstituted
OPBAs can be monitored via 3C {!H} CP/MAS NMR. The corresponding spectra of
OPBA-5 and OPBA-7-PEG110 are shown in Figure 6.14 (a).
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Figure 6.14.: 13C {!H} CP/MAS NMR spectra of (a) OPBA-5 (black) and OPBA-7-
PEG110 (blue) (b) OPBA-4-PEG45 (black) and OPBA-7-PEG110 (blue)
and (c) OPBA-11-PEG110 (black) and OPBA-7-PEG110 (blue).

The resonances attributed to the OPBA rod within the copolymer appear in the same
region of 110 ppm to 165 ppm as in unsubstituted OPBAs. Comparison of the '3C sig-
nals show a good match of the unsubstituted OPBAs and the OPBA rods incorporated
in the polymer (shown in Figure 6.14 (a)). The additional signal at 70 ppm reflects
resonances from the PEG coil. Since the coil length may influence the structure, a com-
parison of the *C {*H} CP/MAS NMR spectra of OPBA-7-PEG110 and OPBA-4-PEG45
is shown in Figure 6.14 (b). Although the length of the PEG coil is more than doubled,
the C {'H} CP/MAS NMR spectrum was not changed. The same consistency of the
13C signals is observed when changing the rod length (cf. Figure 6.14 (c)). From the
consistency of the '3C signals, it can be concluded that the structure of OPBA remains
unaffected upon attachment of a PEG coil and upon variation of both coil and rod
length.

Based on the observations that a) the structure of OPBAs with n > 2 is very similar
to the structure of OPBA-3-DMF and that b) the structure of OPBA rods within the
copolymer reflects that of the unsubstituted OPBAs, a tentative packing of the rod—coil
copolymer can be proposed. (cf. Figure 6.15)
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Figure 6.15.: Schematic structure of the rod—coil copolymer. (a) Aggregation within a
layer with hydrogen bonding as driving force. (b) Aggregation between
the layers m—m-interactions as driving force.

Coil

The rod block is depicted as a blue box, and the volume filling PEG coil is described
by an elongated sphere.!?> Within a layer, a 3-sheet-like hydrogen bonding network
is built with all PEG chains oriented in the same direction. Between the layers w—r-
stacking interactions are present and the polymer chains are oriented in an alternate
way. The fact that the oligomers are oriented in the same direction within one layer
might raise the question, how such a packing could lead to a proper space filling
structure. In similar rigid rod systems with alkyl side chains of different lengths, it
was observed that the flexibility of these chains allows for a dense packing imposed
by the rods.'?® In the present case of OPBA with attached PEG chains this will be
even easier, since such chains are known to be more flexible.'?®> The corresponding
supramolecular structure is referred to as a hockey-puck micelle where the driving
forces for packing within the layer are higher than the driving forces for the packing
of the layers. This corresponds well to the results for micelles in solution (cf. section
6.2), which exhibits an aggregate size of about 20-35 nm within a layer and a height of
about 2 nm.!!®> The strong hydrogen bonds within a layer and the weak r—r-stacking
interactions between the layers give rise to the observable difference in the aggregate
dimension by a factor of 10. However, the published aggregation in solution and the
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suggested packing in the solid is slightly different. SFM topography images suggested
a bilayer arrangement of the inner rod core for micelles in solution. While SFM can
give very accurate height dimensions, the finite size of the scanning tip limits the
lateral accuracy of the images. Considering, the tip geometry and analyzing the SFM
phase contrast images, the existence of bilayer hockey-puck micelle is very unlikely.

To support the suggested packing model, a 2D 'H-'H DQ-SQ MAS NMR and a *C/'H
REPT-HSQC NMR spectrum of OPBA-7-PEG110 were recorded (cf. Figure 6.16).
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Figure 6.16.: (a) 2D 'H-'H DQ-SQ MAS NMR spectrum recorded at 250 K and 30 kHz
MAS with 175 recoupling. (b) REPT-HSQC spectrum of OPBA-7-PEG110
measured at 25 kHz MAS and 273 recoupling.

105 ppm

The 2D 'H-'H DQ-SQ MAS NMR spectrum of OPBA-7-PEG110 was recorded at a low
temperature (250 K) to suppress the intense PEG signal. In the projection, besides
the signal at 3.8 ppm (resonance D) assigned to PEG, three additional resonances
at 9.1 ppm (resonance A), 7 ppm (resonance B), and 5.5 ppm (resonance C) are
observed. The signal at 9.1 ppm can be assigned to the amide protons, which are
directly observable at that temperature due to a better resolution. The remaining two
peaks at 7 ppm and 5.5 ppm originate from aromatic protons. The chemical shift of 5.5
ppm indicates m—n-stacking interactions present in the system. This is in agreement
with the suggested structure and the corresponding protons are marked in red (cf.
chemical structure Figure 6.16 (a)).2® Two correlation peaks are rather important
to confirm the suggested stacking. The cross peak BC which indicates contacts among
aromatic protons with and without 7—r-stacking and the auto peak BB which indicates
contacts among aromatic protons without m—r-stacking interactions. Both correlation
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are also illustrated in the inset Figure 6.16 and have been expected from the suggested
structure as displayed in Figure 6.15 (b).

Additional insights into the local packing can be derived from the 3*C/'H REPT-HSQC
NMR spectrum shown in Figure 6.16 (b). The peak assignment is outlined by the color
code. Not only the proton chemical shift is affected by n—r-stacking interactions, but
also the '3C chemical shift.2® Two carbon atoms (green and orange)are only in proxim-
ity to protons without 7—r-stacking interaction while the other two carbon atoms (blue
and red) shows contacts to protons with and without m—r-stacking interactions. This
corroborates the assignment by 'H-'H DQ-SQ MAS NMR and the suggested structure
shown in Figure 6.15.

In this section, structural knowledge about unsubstituted OPBAs was utilized to un-
derstand the structure and aggregation of rod—coil copolymers based on OPBAs and to
propose a complex aggregation model. It could be shown that the rod and coil lengths
hardly affect the final equilibrium structure.

6.5. Phase Behavior of OPBA-PEG Copolymers

From the literature it is known that rod—coil copolymers exhibit an interesting phase
behavior.61:198-111 For OPBA-7-PEG110 this is studied in the following section. Beside
all structural similarities discussed in the previous section, the resolution in the 3C
{IH} CP/MAS spectrum of the copolymer is significantly increased compared to the
corresponding unsubstituted OPBAs. This is underlined by comparing the *C {!H}
CP/MAS spectra of OPBA-6 and OPBA-7-PEG110 (Figure 6.17).
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Figure 6.17.: 13C {'H} CP/MAS NMR spectrum of OPBA-6 (black) and OPBA-7-
PEG110 (blue).

The resonances assigned to the OPBA rod appear in the region of 110 ppm to 165 ppm.
In case of the copolymer the aromatic signals are much better resolved, although the
rod part includes more repeat units. This is surprising since an increasing number
of repeat units of unsubstituted OPBAs leads to a dramatic decrease in resolution (cf.
Figure 6.4). The increased resolution of a *C {*H} CP/MAS solid-state NMR spectrum
can originate from two effects: either the mobility or the local order of the OPBA rod
incorporated in the copolymer has increased. To clarify this question, the mobility of
the rod segment was analyzed via the '3C/'H REPT-HDOR method (cf. Figure 6.18).
The red spectra corresponds to the measured *C/'H dipolar sideband pattern and the
black spectra are the fitting curves. Since multispin interactions affect the innermost
dipolar sidebands the third and forth sidebands were chosen to evaluate the goodness
of the fit. For OPBA-5 and OPBA-7-PEG110 the dipolar sideband pattern relates to the
aromatic '3C resonance at 123 ppm. The fitted sideband pattern are shown in Figure
6.18. For both OPBA-7-PEG110 and OPBA-5, the measured 3C/'H dipolar coupling
constant of 18 kHz (+ 0.5 kHz), indicates that the aromatic rings are rather rigid (for
a completely rigid system 21 kHz is expected).

113



6. Aggregation of Oligo(p-benzamides) - Poly(ethylene glycol) Copolymers

(a) (b)

“ “ Hll.m L“”‘; AL ,Slull.m

/0 5 /0
Figure 6.18.: 13C/'H REPT-HDOR side band pattern of (a) OPBA-5 and (b) OPBA-7-

PEG110. The measurement was performed at 25 kHz MAS and 4 rotor
periods recoupling.
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The almost identical 3C/'H dipolar coupling constants indicate that the mobility of
the OPBA rod is unaffected by attachment of PEG chains. Thus, the increased spectral
resolution in the '3C {'H} CP/MAS spectrum stems from a higher local order of the rod
structure. Apart from phase separation and aggregation, another important character-
istic of rod—coil copolymers is their ability to form liquid-crystalline phases.!07-10%111
Indeed the DSC trace shows an exothermic peak at 332 K for OPBA-7-PEG110. To
study the effect of this transition on the structure, VI-'3C {'H} CP/MAS measurements
in the temperature range up to 340 K were performed to monitor possible changes of

the structure (cf. Figure 6.19).

40 K

250 K

T T

180 160 140 120 100 80 60
ppm

Figure 6.19.: 13C {'H} CP/MAS NMR spectra of OPBA-7-PEG110 recorded at 250 K
(black) and 340 K (blue).
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The 13C {H} CP/MAS NMR spectra recorded at temperatures of 250 K and 340 K, i.e.
well below and slightly above the phase transition are shown. While the OPBA signals
in the range of 120 to 160 ppm exhibit hardly any changes, the PEG signal at 71 ppm
narrows substantially from 130 Hz at 250 K to 50 Hz at 340 K. Hence, the phase
transition detected by DSC reflects a melting of the PEG block. This is in agreement
with a statement in the literature that the rod-like character is retained under virtually

all circumstances.°”

The formation of a liquid-crystalline phase was probed with a polarization optical
microscope (POM). The corresponding images are shown in Figure 6.20. These indeed
show that a liquid-crystalline phase is formed above the melting temperature for all the
examined rod—coil copolymers. The sample exhibit alternately birefringent and dark
textures every 45° (cf. Figure 6.20 A and B). Non specific textures can be sheared but
could not be assigned to a certain kind of mesophase. It is known that the presence
of a liquid-crystalline phase favors supramolecular organization when cooling down
to a solid phase.***° Thus, the better local order of the aggregation in the rod—coil
copolymer noted above is likely to be due to a preorganization in the liquid-crystalline
phase.

Figure 6.20.: Polarization optical microscope images of OPBA-4-PEG45 at 105°C. (A)
and (B) show the same position of the sample rotated by 45°. (C) Bire-
fringent nonspecific texture.

6.6. Conclusion

The structures of unsubstituted OPBAs and OPBA-PEG rod-coil copolymers were stud-
ied by solid-state NMR, XRD, DSC, and POM. A dependency between the number of
repeat units, the hydrogen bonding network, and hence, the structural features was
found. The structures of OPBAs with two and three repeat units are driven by the
dimer formation of their carboxylic acid groups. For longer OPBAs with at least four

115



6. Aggregation of Oligo(p-benzamides) - Poly(ethylene glycol) Copolymers

repeat units, an equilibrium structure was found. In this equilibrium structure, no
dimer formation could be detected. Remarkably stable layered [3-sheet-like aggregates
are formed. The structural difference is due to the fact that the number of amide hy-
drogen bonds increases with an increasing size of the rod, whereas the formation of the
carboxylic dimers is limited to the end groups. Blocking the end groups of OBPA-3 by
DMF, a single crystal could be obtained, which reflects the structural features of longer
OPBAs as checked by *C {'H} CP/MAS NMR and XRD. The equilibrium structure of
the long OPBAs is retained after PEG attachment, leading to a rod—coil copolymer.
Transferring the structural ideas from OPBA-3-DMF to longer OPBAs to the copoly-
mer, a complex aggregation model could be proposed. Further, the transition to a
liquid-crystalline phase at elevated temperatures could be ascribed to a melting of the
PEG coil while the aggregates of the OPBA rods are retained. The preorganization in
the liquid-crystalline phase lead to an improvement of the local order for the OPBA
rod in the copolymer. This has been also observed for the macrocycle in Chapter 4,
were the liquid-crystalline phase is also able to improve the local order of the SPM-1

macrocycle.
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7. Conclusion

In this work supramolecular organic systems based on rigid w-conjugated building
blocks and flexible side chains were studied via solid-state NMR spectroscopy. Specif-
ically, these studies focussed on phenylene ethynylene based macrocycles, polymer sys-
tems including polythiophenes, and rod-coil copolymers of oligo(p-benz-
amide) and poly(ethylene glycol). All systems were studied in terms of the local order
and mobility. The central topic of this dissertation was to elucidate the role of the flex-
ible side chains in interplay of different non-covalent interactions, like 7—r-stacking
and hydrogen bonding.

Shape Persistent Macrocycles

The macrocycles which were studied feature a balance between the size of the alkyl
side chains and the rigid ring. Hence, the kind of alkyl chains crucially affects the
structure, the liquid crystallinity, and the local order. However, it is not easy to pre-
dict, which kind of alkyl chains influences the system in which direction. Unbranched
longer alkyl chains are able to stabilize the corresponding macrocycle in highly ordered
hexagonal columns in the liquid-crystalline phase. In these columns all inner rings of
the system are stacked on top of each other with a pitch angle of 60°. 7—r-stacking
interactions are present between the rings and the whole system is rather rigid. In
contrast, macrocycles with shorter and branched alkyl chains, though exhibiting the
same liquid-crystalline phase transition, are not able to form well ordered columnar
stacks in this phase. Instead the whole system shows an increased local mobility. This
difference is attributed to the different space filling properties of the attached alkyl
side chains. Longer and unbranched alkyl chains are better able to fill the intercolum-
nar space, compared to shorter and branched alkyl chains. Thus, the local order is
improved and the mobility is reduced.

Thiophene-based Conducting Polymers

In the second part of this thesis poly(3-alkylthiophenes) P3ATs were in the focus. Com-
pared to the macrocycles less flexible alkyl side chains are attached to the rigid polymer
backbone. Hence, a variation of the alkyl chain length only imposes minor effects on
the structure of the rigid backbone. However, longer alkyl side chains do lead to an
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improvement of the local order and to a decrease of the local mobility, in accordance
with the results found for the macrocycles. In the bulk polymer, two different modi-
fications were found for all P3ATs: a crystalline fraction denoted modifications A and
an amorphous fraction denote as modification B. It could be shown that the packing
of both modifications are different. In modification A the layers are stacked on top of
each other such that 7—n-stacking interactions are observable. In contrast, modifica-
tion B does not show n—r-stacking interactions, since the r-stacking distance between
adjacent layers is to large, as confirmed by a 2D 'H/'H correlation experiment. Com-
bined with theoretical calculations, two possible packing models for modification A are
suggested. In the bulk, the crystalline modification is incorporated in an amorphous
matrix. By comparing WAXS and solid-state NMR data the crystalline modification A
can be related to modification I assigned by WAXS. The second crystalline modification
described in the literature could not be observed in any of the studied polymers.

For possible applications the solid-state packing and properties of the polymers blended
with the fullerene derivative PCBM are of considerable interest. Two different bulk
heterojunction systems were studied in more detail, a mixture of P3HT and PCBM
and a mixture of the more complex polymer PCPDTBT and PCBM. The local order of
P3HT-PCBM decreases dramatically with respect to both components. The system is
rather sensitive to thermal treatment and phase separates after annealing. In the phase
separated domain of P3HT, crystal modification I is found again like in the bulk poly-
mer. In contrast, the PCBM domain is rather amorphous and ill defined. This behavior
seems to be rather independent of the ratio between the two polymeric components.
The system based on PCPDTBT behaves differently. The bulk polymer has a low local
order and no crystalline modification could be detected. In contrast in an aged blend
with PCBM both components starts to crystallize. Crystallization can also be achieved
by annealing.

Rod-Coil Copolymers

In the last part of this thesis, a rod—coil copolymer based on oligo(p-benzamide)
(OPBA-rod) and poly(ethylene glycol) (PEG-coil) was studied. In this system, the
rigid conjugated m-system constitutes the minor component. The study was started
with unsubstituted OPBA rods. These are able to form strong hydrogen bonds, which
is the main reason for their rigidity. Neat OPBAs have two sources of hydrogen bond-
ing: carboxylic acid end groups and amide groups interconnecting phenylene units.
There is a dependency between the number of repeat units, the hydrogen bonding
network, and hence, the structural features. The self-assembly of OPBAs with two
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and three repeat units is driven by dimer formation of the carboxylic acid groups.
For longer OPBAs with at least four repeat units an equilibrium structure was found.
This consisted of layered /-sheet like aggregates, due to the hydrogen bonding of the
amid groups. In contrast, the hydrogen bonding of the carboxylic acid end groups is
absent, due to the fact that the number of amide hydrogen bonds is increasing with
increasing rod size, whereas the formation of the carboxylic dimers is limited to the
end groups. A detailed structural idea of the equilibrium structure could be obtained
from the single crystal X-ray structure of OPBA-3-DMF, which shows similar structural
features, confirmed by XRD investigations. Within the rod—coil copolymers this equi-
librium structure is retained. Hence, it was further possible to transfer the structural
ideas from OPBA-3-DMF to longer OPBAs towards the copolymer and a complex ag-
gregation model was achieved. In addition, the phase behavior was studied and it was
found that at elevated temperatures a transition to a liquid-crystalline phase of the
rod—coil copolymer is observed by DSC. This has been ascribed to melting of the PEG
coil, where the aggregates of the OPBA rods are retained. Due to the preorganization
in the liquid-crystalline phase an improvement of the local order is observed for the
OPBA rod in the copolymer.

Combining the results of this work, it can be concluded that the ratio of the rigid
block and the attached alkyl side chains can be crucial for the design of an ordered
m-conjugated supramolecular system. Through alkyl side chains, it is also possible to
introduce liquid-crystalline phases in the system, which can foster the local order of
the system. Moreover in the studied system longer, unbranched alkyl side chains are
better suited to stabilize the corresponding aggregation than shorter, branched ones.
The combination of non-covalent interactions such as n—r-stacking and hydrogen
bonding play an important role for structure formation. However, the effect of 7—
w-stacking interaction is much weaker than the effect of hydrogen bonding and is
only observed in systems with a suitable local order. Hence, they are often not strong
enough to control the local order. In contrast, hydrogen bonds predominantly influ-
ence the structural organization and packing. In comparison the size of the alkyl side
chains is only of minor importance. The suppression of certain hydrogen bonds can
lead to completely different structures and can induce a specific aggregation behavior.
Thus, for the design of a supramolecular ordered system the presence of hydrogen
bonding efficiently stabilizes the corresponding structure, but the ratio of hydrogen
bond forming groups should be kept low to be able to influence the structure selec-
tively.
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A. Sample Preparation

A.1. Macrocycles

SPM-1 and SPM-2 have been prepared at the Kekulé-Instituts for organic chemistry
and biochemistry University of Bonn in the group of Prof. Sigurd Hoger who also
provided the corresponding DSC and WAXS data.

A.2. Thiophene based polymers

All investigated P3ATs and P3OctiT have been prepared at the Bergische University of
Wuppertal in the group of Prof. Ullrich Scherf. PCPDTBT and P3HT-PCBM have been
provided by the Konarka. All additional films have been prepared via drop coating
with PCPDTBT from Konarka and PCBM from Alldrich.

A.3. Rod—coil copolymers

The OPBAs and corresponding copolymers have been prepared at the Johannes Guten-
berg University Mainz in the group of Dr. Andreas F. M. Killbinger.
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B. Methods

B.1. Solid-State NMR

'H MAS NMR measurements have been performed at a Bruker Avance 700 MHz or a
Bruker Avance-III 850 MHz spectrometer using 30 kHz MAS and a w/2-pulse of 2.5
us. The recycle delay strongly depends on the samples. For the macrocycles, the
polythiophene and the rod—coil copolymer systems a recycling delay of 5 s have been
use and for unsubstituted OPBAs 60 s.

’H MAS NMR measurements have been performed at a Bruker Avance 700 MHz spec-
trometer using 25 kHz MAS, a recycle delay of 20 s and a 7/2 pulse of 2.5 us.

'H-'H DQ-SQ MAS NMR have been performed at a Bruker Avance 700 MHz for the
polythiophene and the rod—coil copolymers and at a Bruker Avance-III 850 MHz for the
macrocycles using 30 kHz MAS and a 7/2 pulse of 2.5 us. The back to back (BABA)
recoupling sequence was used applying States-TPPI for phase sensitive detection.?!
The recycle delay have been varied between 2 and 60 s. The number of t;-slices have
been between 72 and 256 and for each slice 16 or 32 transients were recorded.

13C CP/MAS NMR measurements were carried out at 125.77 MHz (Bruker Avance
500 machine) using 25 kHz MAS and a n/2-pulse of 2.5 us. Spectra were measured
normally with a CP contact time of 3 ms, 4096 scans, a recycle delay of 2 s and TPPM
decoupling.'*

5N CP/MAS NMR measurements were carried out at 30.42 MHz (Bruker Avance 300
machine) using 5 kHz MAS and a 7/2-pulse of 5 us. Spectra were measured with a
CP contact time of 9 ms, between 8192 and 32768 scans, a recycle delay of 10 s and
TPPM decoupling.!*

REPT-HSQC experiments'?” were carried out using a Bruker Avance-III 850 spectrom-
eter with a '3C resonance of 213 MHz and a 7r/2-pulse of 2.5 us. The measurement was
acquired with 2 or 4 rotor periods recoupling, 72 increments in the indirect dimension,
1024 transients per increment and a recycle delay of 2 s.

FSLG-decoupled CP HETCOR measurements were carried out using a Bruker Avance-
I1I 850 spectrometer with a '3C resonance of 213 MHz, 15 kHz MAS and a 7/2-pulse
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of 2.5 us. The measurement was acquired with a CP contact time of 3 ms. The
experiment used a recycle delay of 2 s, 72 t; increments where each t; increment had
a span of five basic FSLG blocks (81.6 us), high power TPPM decoupling and States-
TPPI for phase sensitive detection.!*2!

REPT-HDOR measurements*! were performed using a Bruker Avance 500 or a Avance-
III 850 MHz spectrometer at 25 kHz MAS and a 7/2-pulse of 2.5 us. The experiment
was measured employing 4 rotor periods recoupling, 20 increments in the indirect di-
mension, about 1024 transients per increment, and a recycle delay of 2 s. For analysing
the data a home written Matlab routine have been used which is based on the dipolar
coupling of a two spin system.*?

Variable temperature measurements have been performed with a heating rate of 2
K/min. Before the measurement was started a tempering time of 20 minutes was used.
All given temperature values in this thesis are the relative values at the corresponding
spectrometer and not the absolut values from the sample.

All 'H- and '3C- MAS NMR spectra were referenced with respect to tetramethyl silane
(TMS) using solid tetrakis(trimethylsilyl)silane (TTSS, 0.27 ppm) and solid adaman-
tane (29.456 ppm) as a secondary standard.!?%!2° For >N CP/MAS NMR nitromethane
is used as a standard using solid *>'NH,NO; (-358.4 ppm) as a secondary standard.>®

B.2. WAXS

Wide angle X-ray scattering measurements of the rod—coil copolymers were carried
out with a D8 Advanced Bruker on powder samples on a glass substrate.

B.3. POM

POM observations were made with a Zeiss Axioscop 40 equipped with a Linkam
THMS600 hot stage.

B.4. DSC

DSC was performed on a DSC 822 (METTLER TOLEDO) under N, atmoshere with a
heating rate of 10 K/min.
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B.5. Theoretical calculations

All model structures were optimized with Gaussian03 package!®* in the framework
of DFT using the B3LYP exchange-correlation functional'*"-!32 and 6-31+G(d,p) basis
set. The nuclear independent chemical shift (NICS) maps were computed with the
CPMD package®® in the framework of DFT using the gradient-corrected exchange!3*
and correlation functionals,'> Goedecker-type pseudo-potentials’3®!37 together with
a plane wave cutoff of 70Ry. The NICS maps are providing the information about the
influence of the polymer layers and their fragments on the neighbor moieties (on their
NMR chemical shifts, particularly) and hence explaining the packing effect observed
in the solid-state NMR spectra.
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