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῾῾Μηδείς ἀγεωμέτρητος εἰσίτω μου την θύραν.᾿᾿

Πλάτων ὁ Ἀθηναῖος, 427-347 π.Χ

“Let no one ignorant of geometry enter.”

Plato of Athens, 427-347 B.C

1
Introduction

1.1. MOTIVATION

T
HE energy demands to fuel industrial growth and development continue
to increase. In the years 1990–2008, for example, energy use increased
by 39% and was mostly generated by burning coal, with only 6.31% com-

ing from renewable sources. Human use of coal originated during prehistoric
times when it was used to provide heat, but it quickly expanded during the in-
dustrial revolution, especially since the invention of the steam engine by James
Watt (∼1775). Since then, coal has been the major source of power. Although
it is abundant (but not renewable), it negatively impacts the environment and
human health in several ways, such as the emission of greenhouse gases, envi-
ronmental damage resulting from mining practices and the emission of harmful
substances. Furthermore, coal mining is one of the most dangerous occupations
in the world. In addition to these detriments, the price of coal can be unstable
due to its dependence on foreign affairs. Thus, it is time to look for alternative
sources of energy that are renewable, abundant and free, like the sun.

The first photovoltaic device was made in 1839 by a 19-year-old man exper-
imenting in his father’s laboratory and later on, his name was given to the pho-
tovoltaic effect (or Becquerel effect). Since then, much research has been con-
ducted and advances have been made in the field of photovoltaic (PV) devices,
making it possible to “efficiently” generate electric energy from the sun. How-
ever, converting sunlight into electricity is not as simple as burning coal. Vari-
ous types of PV exist, with the most well-known ones fabricated from inorganic
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1. INTRODUCTION

materials, such as silicon (Si), copper indium gallium selenide (CIGS) and gal-
lium arsenide (GaAs).[1] Silicon solar cells currently dominate the market due to
their stability, greater heat resistance and efficiency (18∼20%). By 2027, their ef-
ficiency is forecast to increase with optimistic predictions showing an increase
of up to 24%.[2] [3] Silicon-based PV technology accounted for about 93% of
the total production in 2015, while the market share of all thin film technologies
amounted to about 8% of the total annual production. In the past, even when sil-
icon cells were commercially available, the price of modules and additional costs
used to be too high for extensive use and application. In 1990, prices for a typical
10 to 100 kWp PV rooftop-system were around 14,000 e/kWp in Europe. By the
end of 2015, such systems cost about 1,270 e/kWp. Over a period of 25 years,
the net price decreased by about 90% with an average annual compound price
reduction rate of 9%.[4] These prices demonstrate that PV already constitute a
low-cost technology for renewable energy.

The learning curve, first applied by T.P. Wright to the aeronautics industry in
the mid-1930s, is used to predict PV prices and states that an increase in cumula-
tive production in a given industry results in a fixed percentage improvement in
production efficiency.[5] Figure 1.1 shows the learning curve for module prices
(US$ 2016/Wp) as a function of cumulative shipments (1976 to 2016), which pre-
dicts a 22.5% reduction for each doubling of cumulative volume. Indeed, over
the last 35 years, the module price has decreased by 22.5% with each doubling of
the cumulative module production. Scaling products for technological improve-
ments also results in cost reductions.[4]

Panels can be placed on rooftops or in fields after appropriate research to
harvest the maximum amount of sunlight possible. However, the increased de-
mand for electricity in everyday activities requires flexible, not rigid, PV devices
that can be incorporated into any surface, such as textiles, roof tiles, car roofs,
etc. Organic photovoltaics (OPV) have attracted the interest of researchers in the
last decades due to their advantages over inorganic ones, such as being light-
weight, mechanically flexible, semi-transparent and easy to process. The main
disadvantages, however, are that OPV are less efficient and stable than inorganic
ones. To address this, new semiconducting materials should be designed with
higher efficiency in mind. This thesis explains the reasons behind these disad-
vantages of OPV and addresses possible ways of altering specific properties of
materials to enhance power conversion efficiencies, which would make the effi-
ciency of OPV comparable to inorganic ones. In addition, the methods of mea-
suring these properties are also explained, along with potential complications.

1
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1.2. ORGANIC & INORGANIC PHOTOVOLTAICS

Figure 1.1 Solar PV module learning curve. Image taken from [3].

1.2. ORGANIC & INORGANIC PHOTOVOLTAICS

A decade ago, one of the main advantages of OPV was the low manufacturing
costs compared with conventional inorganic technologies. As shown in the pre-
vious section with the experience plot and the price trends of PV over the last
years, this argument is no longer valid. However, OPV remain an attractive tech-
nology since they can offer flexible solar panels, better incorporation into con-
struction, production in a continuous process using printing tools and low envi-
ronmental impact. The main drawback, as mentioned in the previous section, is
the lower efficiency of OPV compared with inorganic PV. In order to design and
synthesize new semiconducting materials for better OPV, we need to understand
the operation processes involved in both inorganic and organic solar cells.

Inorganic solar cells generally follow the architecture of a p-n junction. A
p-n junction is formed when an n-type material (excess of electrons) and a p-
type material (excess of holes) come into contact. During contact, an equilib-
rium is reached in which a voltage difference is formed across the junction, the
so-called built-in potential (Vbi ). The electrons near the interface of the two ma-
terials tend to diffuse to the p-type material while the holes diffuse to the n-type
material, leaving a region near the contact called the space charge region. This
region, also called the depletion region, is depleted of mobile charges, has a high
resistance and behaves as a voltage-controlled resistor, which is controlled by

1

3



1. INTRODUCTION

the direction of an externally applied field. For silicon, if an external electric field
larger than Vbi with a direction opposite to the built-in potential is applied, then
the resistance of the depletion region is negligible.

Upon light absorption, providing that the incident photon’s energy is larger
than the band gap, electrons and holes are generated throughout the active layer.
The minority carriers (holes in the n-type region or electrons in the p-type re-
gion) have to diffuse to the junction where they are swept to the other side be-
cause of the electric field. There they become majority carriers (holes in the p-
type region or electrons in the n-type region) and can be collected at the elec-
trodes.

For OPV, the operational principle differs from inorganic ones and is one of
the most studied and debated aspects in this field. Over the years, the architec-
ture of OPV has improved, from single layer devices with less than 1% efficiency
to planar heterojunction devices (PHJ) and finally to bulk heterojunction devices
(BHJ) with efficiencies greater than 10%.[6] In PHJ and BHJ devices, two types of
materials are sandwiched between the two electrodes. The two types of mate-
rial consist of an electron donor (typically an organic conjugated polymer with a
low ionization potential) and an electron acceptor (typically a fullerene deriva-
tive with a high electron affinity). The bandgap of the materials used is tuned in
such a way to afford maximum absorbance of the solar spectrum. In PHJ devices,
the donor and acceptor material are placed on top of each other while in BHJ de-
vices, the materials form a nanoscale blend where domain sizes are on the order
of nanometers (Figure 1.2).

Bottom electrode

Top electrode

PHJ

Bottom electrode

Top electrode

BHJ

Figure 1.2 Most common device architectures of OPVS.

The main difference in the operation between OPV and inorganic PV arises
from the fact that in OPV, instead of the creation of free charges, an electron-hole
pair that is electrostatically bound is created. This so-called exciton is constricted
by a short life span (∼ns) and diffusion lengths of ∼10 nm. These characteristics

1
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1.2. ORGANIC & INORGANIC PHOTOVOLTAICS

are the main reasons for the low efficiencies observed in OPV compared with
their inorganic counterparts. The key to splitting the electron-hole pair, so far,
lies in the design of the LUMO levels of the donor and acceptor material. The
materials for BHJ solar cells are chosen in such a way that the difference in the
LUMOs is enough to provide the extra energy needed to split the exciton (ex-
citon dissociation), which is typically 0.2-0.3 eV. Exciton dissociation occurs at
the interface of the materials; for example, if the photon absorption and exci-
ton formation occurs in the donor material, the exciton needs to diffuse to the
donor-acceptor interface, where the energy difference is enough to create free
charges. However, this would require that the interface is close enough to reach
before recombination occurs. Assuming that the splitting of the exciton has been
achieved, the electron and hole still need to travel through the material in order
to be collected at the electrodes, without being recombined. Recombination can
occur between the electron and hole of the same exciton, between the electron
and hole from neighbouring molecules at the interface and/or between quasi-
free electrons and holes on their way to the electrodes after a successful exci-
ton dissociation (non-geminate). Recombination is one of the main reasons for
the low charge extraction of OPV. The main steps in the operation of an OPV, as
shown in Figure 1.3, are the following:

1. photon absorption

2. exciton formation

3. exciton diffusion to the interface and dissociation

4. charge collection (free electrons and holes travelling to electrodes)

Bottom electrode

Top electrode

3

4

4

1/2

+ -

-

+

Figure 1.3 The main steps of the operation of a BHJ OPV.
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1. INTRODUCTION

From the above, it becomes obvious that an important factor controlling the
efficiency of OPV is the exciton step and, more specifically, the exciton binding
energy, which is given by

Eb = e2

4πRε0εr
(1.1)

where e is the charge of electron, R is the electron-hole separation distance,
ε0 the permittivity of vacuum and εr the dielectric constant of the material. By re-
ducing the exciton binding energy, better screening of charges could be achieved.
As seen from eq.1.1, there is a parameter that could be altered to reduce Eb : the
dielectric constant of the material.

Inorganic solids tend to exhibit higher dielectric constants than OPV. For ex-
ample, silicon has a dielectric constant of 11.7 and a measured binding energy
of 9.3 meV [7], while a typical polymer for OPV has a dielectric constant of only
3 and a binding energy of 360 meV.[8][9] Thus, increasing the dielectric constant
may be a promising approach to boost OPV efficiencies.

1.3. IMPORTANCE OF HIGH DIELECTRIC CONSTANT MATERI-
ALS

As stated in the previous section, materials with high dielectric constants could
provide many advantages for OPV. A theoretical study by Koster et al. makes the
case that materials with high dielectric constants could not only reduce the exci-
ton binding energy but also reduce the singlet-triplet energy splitting something
that would allow for smaller band offset between the two materials, thus avoid-
ing relaxation to the triplet state.[10] Also, materials with high dielectric con-
stants could suppress geminate and non-geminate recombination. This same
study also estimated that materials with high dielectric constants could poten-
tially exceed efficiencies of 20%. For example, a material (PTB7:[60]PCBM) that
has already been experimentally tested to give an efficiency of 7.4% (Figure 1.4
(black line, first data point) was further assessed. By increasing the dielectric
constant for PTB7:PCBM (black line) while keeping all the other parameters the
same, efficiency is predicted to increase up to almost 9%. Further taking into
consideration another effect of increasing εr , i.e. lower exciton binding energy,
the energy offset between the donor and the acceptor could further decrease to a
new minimum (red line), resulting in efficiencies greater than 20%. This is illus-
trated in the same graph, which shows the dependence of exciton binding energy
on the dielectric constant (blue line). Assuming materials with εr exceeding 10,
the exciton binding energy can drop down to values lower than kT (25.7 meV at
25 ◦C), which would result in spontaneous formation of free charges.

1
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Figure 1.4 Efficiency based on drift-diffusion calculations, starting from the 7.4% record
cell, showing the influence of the relative dielectric constant (black symbols) while keep-
ing all other parameters fixed. The blue line shows the dependence of exciton binding
energy (Eb) on the dielectric constant (εr ). Each data point on the red line represents
a system with a certain dielectric constant and the lowest energy offset needed for the
materials to achieve exciton splitting in order to reach efficiencies comparable to that of
inorganic PV. Image taken from [10].

Materials with high dielectric constants exceeding ∼10 could also solve the
issue of morphology faced by BHJ solar cells, since there might no longer be a
need to make a blend of a donor and acceptor material for the exciton dissocia-
tion process; one material could provide all the required energy. In these mate-
rials the direct generation of free charges will no longer be excitonic because the
binding energy is lower than the available thermal energy. This not only would
eliminate issues like compatibility between donors and acceptors, and bad mor-
phologies but would result in an organic equivalent of the presently-hyped hy-
brid perovskite MAPbCl3. Only a single organic semiconductor with high dielec-
tric constant would be needed as an active layer, sandwiched between selective
contacts. In other words, the main goal of these semiconductors with high di-
electric constants would be incorporation into single-layer solar cells.

1.4. TUNING εr & MATERIALS WITH HIGH εr FOR OPV SO FAR

From the thousands of theoretical studies and experiments conducted over the
years on organic materials, most of their properties can be controlled in order to
provide better materials for OPV. Both mechanical and optical tuning techniques
can be used. One of the most frequently used tools to improve OPV, which has

1
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1. INTRODUCTION

attracted a lot of interest in the last decade, is bandgap engineering of donor-
acceptor molecules, such as used in BHJ solar cells.[11][12] However, the ques-
tion of how to tune the dielectric constant of organic materials is not a trivial
one. So far, two different approaches have been used to increase εr , with both
of them focusing on the polarizability of molecules. One approach consists of
adding inorganic nanoparticles with high dielectric constants to the material.
The other approach, which is more desirable since it retains most of the prop-
erties of the material, is to synthetically alter the dielectric constant of the ma-
terial by incorporating polar groups or groups with high dielectric constants to
the donor/acceptor molecules or by making the material intrinsically more po-
lar/polarizable.

In the first approach, an alternation to the interfacial polarization is achieved
by adding inorganic nanoparticles. The basic idea is to use the high dielectric
constants of inorganic nanomaterials, like BaTiO3, in order to increase the εr of
organic polymers. For example, Tang et al. incorporated Ba0.2Sr0.8TiO3 nanorods
into poly(vinylidene fluoride) (PVDF) (Figure 1.5), with a resulting increase in the
dielectric constant from 10 to 17 at a volume fraction of 7.5%.[13] A potential
issue in such cases, however, is that the large difference in the dielectric constant
between the inorganic nanoparticles and the polymer can result in non-uniform
distribution of the electric field.[14]

C C

H

FH

F

n

Functionalized Ba0.2Sr0.8TiO3 nanorods

+

PVDF

Figure 1.5 Ba0.2Sr0.8TiO3 nanorods have been used to increase the dielectric constant of
PVDF from 10 to 17. [13]

Another example of this approach is increasing the dielectric constant of B,O-
chelated azadipyrromethene (BO-ADPM) donor film by blending it with cam-
phoric anhydride (CA), which has a high dielectric constant (Figure 1.6). At 50%
concentration, εr increased from ∼ 4.5 to ∼ 11.[15]

The authors of this study claim that the increase in the dielectric constant
reduced the exciton binding energy; however, a strong increase in the power
conversion efficiency (PCE) of the films with C60 was not observed. This was
explained by arguing that CA was not conducting, which resulted in lower hole
mobility.

The second approach of tuning the electronic and vibrational polarization in
order to increase the dielectric constant results in further increasing the delocal-

1
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N
B

N

N

O O

BO-ADPM

O

O

O

CA

εr = 11

Figure 1.6 Structures of BO-ADPM and CA, with the blend in 50% concentration afford-
ing a dielectric constant of 10.8.

ization of electrons, which could be achieved by incorporating larger and more
polarizable atoms such as Si, Ge, and Sn. Computational studies have shown
that increasing the dielectric constant through electronic and vibrational polar-
izations will also influence the band gap of the material, and thus simultaneously
impose a limit on the increase. For example, the dielectric constant is limited to
7 and 4 for bandgaps of 3 and 5 eV, respectively.[16]

Taking this into consideration, the solution could lie in altering the orien-
tational polarization of the materials. For example, incorporating polar groups
with high dipole moment into polymers and fullerene derivatives has been shown
to influence the dielectric constant. Significantly, the optical properties of these
material are not altered in most cases, which is a crucial parameter in OPV appli-
cation.

Zhang et al. reported a series of cyano-functionalized fullerene derivatives,
FCN-n (Figure 1.7), which exhibited similar εr values of∼ 4.9 compared to the 3.9
of the reference [60]PCBM. This increase in the dielectric constant was attributed
to the large dipole moment of the cyano group (3.9 D) and in the additional flexi-
bilities provided to the chain due to the ethyleneoxy ester between the cyano and
the phenyl group.[17]

Also, an increase was observed in the PCE of solar cells with a blend of PCDTBT
(poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothia-
diazole)]) polymer and FCN-2: the blend resulted in 5.55% while the reference
with PCBM only gave 4.56%. Another example using the cyano group, this time
in a polymer, is reported by Cho et al. A diketopyrrolopyrrole (DPP) polymer
PIDT-DPP-CN, as shown in Figure 1.8, exhibited a dielectric constant of 5.0 (at
1 MHz) compared with the 3.5 shown by the reference polymer bearing plain

1
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CnH2n+1

O
NC

FCN-n n= 2, 4, 6, 8

εr = 4.9

Figure 1.7 Structure of the FCN-n series exhibiting dielectric constant of 4.9.

alkyl chains.[18] The increase of Voc in planar heterojunction devices with C60

was claimed to be due to the suppression of non-geminate recombination de-
rived from the increase in εr .

S S S N

N

O

O
S

C6H13

C6H13

C6H13

C6H13

NC

NC

n

PIDT-DPP-CN

εr = 5.0

Figure 1.8 Structure of PIDT-DPP-CN polymer.

In polyimides, Li et al. reported increased values of the dielectric constant
(3.73 for R1 and 3.62 for R2, Figure 1.9) compared with polymers without the ni-
trile group. The authors claim that this increase was due to the high molar polar-
ization of the nitrile group.[19][20]
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O

O

N

O

O

n

R= Ar=

N

CN

N

O

CN

O

R1

R2

εr = 5.0

Figure 1.9 Structures of polyimides containing nitrile groups.

Finally, substituting the dimethyl groups with a cyanoethyl in a bisphenol
A polycarbonate (CN-PC), as shown in Figure 1.10, resulted in a higher εr of 4
compared with the εr of 3 in the reference material.[21]

CN

O O

O

O

O

O

(H3C)3C C(CH3)3

n
CN-PC

εr ~ 4

Figure 1.10 Structures of cyano-functionalized bisphenol A polycarbonate.

Another method that has been studied is addition of the fluorine atom. Lu et
al. reported an increase in the dielectric constant of a fluorinated polymer (FTQ,
Figure 1.11) to 5.5, up from 4.2 for the reference polymer without fluorine.[22]

In this case, incorporating the fluorine atom also resulted in a change in the
bandgap. Solar cells with FTQ showed increased Voc , which was attributed to
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N N

F

S

C8H17O OC8H17

n

FTQ

εr = 5.5

Figure 1.11 Structure of FTQ polymer.

the enhancement of the dielectric constant. Very high dielectric constant values
were reported by Yang et al. when gradually incorporating fluorine into poly-
mers, as shown in Figure 1.12. However, a high εr value of 6.6 was also reported
for the reference polymer (P0F), which does not bear a polar group. This result
leaves open the question of whether measurement artefacts were present in this
study. For P1F, the dielectric constant found was 7.2 and for P2F, 7.9. The authors
also calculated the charge transfer exciton binding energy, which was found to
decrease with the increase in the dielectric constant.[23]

S

S

S

S

S

X1

X2

N

N

S

n
X1= H, X2=H : P0F
X1=H, X2=F : P1F
X1=F, X2=F : P2F

Figure 1.12 Structures of P0f, P1f and P2f polymers.

Another example of the effect of incorporating the fluorine atom into a se-
ries of polymers is demonstrated in work by Cong et al., as shown in Figure 1.13.
After substituting H with F, the dielectric constant increased to 3.59 for P1 and
3.75 for P2, while the reference polymer showed an εr of 3.31. A similar trend of
gradual increase was also observed in the PCE of solar cells, from 5.95% for P1
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S

S

S

C6H13

N
S N

R1 R2

S

C6H13

S

S

C8H17 C8H17

C8H17 C8H17

n

P1: R1=H, R2=H
P2: R1=H, R2=F
P3: R1=F, R2=F

Figure 1.13 Structures of P1, P2 and P3 polymers.

to 8.02% for P3, but no corresponding change was observed in the bandgap of
the polymers.[24] Furthermore, Wei et al. studied the effects of another group:
the sulfone group, which is a small dipolar group and exhibits a large dipole mo-
ment (4.25 D). Incorporation into poly(2-(methylsulfonyl)-ethyl methacrylate)
(PMSEMA, Figure 1.14) was reported to result in a high dielectric constant of
11∼12 at 25 ◦C.[25]

O O

S O
O

n

PMSEMA

εr = 11.4

Figure 1.14 Structures of PMSEMA.

Another method of altering the dielectric constant in organic materials that
has attracted some interest lately is the incorporation of oligoethylene glycol
(OEG) side chains. [8][26][27] These moieties not only increase the polarity of
the organic semiconducting materials but also provide higher chain flexibility,
which facilitates closer π−π stacking.[28]

The effect of adding triethylene glycol (TEG) chains has been shown using a
series of polyphenylene vinylene (PPV) polymers (Figure 1.15).
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OC1C10-PPV PEO-PPV

(PEO-OC9)-PPV diPEO-PPV

εr = 3.01 εr = 4

εr = 4.1 εr = 5.5

Figure 1.15 Structures of PPV polymers.

Increasing the dielectric constant was achieved by incorporating the TEG
chains; however, the efficiency of solar cells fabricated from these polymers did
not increase due to an undesirable morphology of the blend.[8]

Another example of the effects of TEG chains can be shown in a series of DPP
polymers (Figure 1.16). The resulting higher dielectric constant was attributed
to the TEG chains, with longer TEG chains giving lower values. This result could
be attributed to the limited ability of rotation and alignment with the electric
field.[26]

Finally, Donaghey et al. studied the effect of ethylene glycol chains in non-
fullerene acceptor molecules also containing a cyano group (Figure 1.17).

Adding the ethylene glycol chains resulted in a large increase in the dielec-
tric constant from 3.8 for the reference K12 to 8.5 for M1. The cyclopentadio-
thiophene (CPDT) containing molecules (M3 and M2) showed higher εr values
compared to K12 and M1. This could be attributed to the extra sulfur atoms in
the CPDT unit. A higher dielectric constant of 9.8 was also observed for M2 bear-
ing the ethylene glycol chains.[29] More on the effects of OEG chains in polymers
and fullerene derivatives will be discussed in section 2.4.9.

1
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εr = 5.5±0.3

εr = 4.6±0.2

εr = 4.6±0.2

εr = 2.0±0.1

Figure 1.16 Structures of DPP-TEG functionalized polymers.
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Figure 1.17 Structures of K12, M1, M2 and M3 acceptors.

1.5. MEASURING THE DIELECTRIC CONSTANT

Being able to predict the response of materials to certain electric fields is cru-
cial not only for applications in OPV, as mentioned in the previous section, but
also for various electronic applications. Measuring the dielectric response of
materials is a subject that has been extensively addressed. Measuring εr over
a wide range of frequencies is possible through a variety of techniques, such
as open-coax probe, transmission line or near-field scanning probes.[30][31][32]
Determining which method to use depends on the type of material and the level
of accuracy needed. Many types of materials throughout the years have been
tested, including ceramics, inorganics, materials for biological applications, etc.
Most of these techniques work well with malleable solids or liquids but require
large amounts of the materials to be tested. This can be a serious setback and
makes these techniques difficult to apply in organic materials, such as polymer
and fullerenes derivatives, since after months of synthetic steps, only a few mil-
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ligrams of the material is obtained. To work with new materials, more versatile
methods are needed. Measuring the dielectric constants of organic materials,
such as conjugated polymers or fullerene derivatives for OPV application, is not
a trivial subject. As discussed in the previous section, enhancing the electric con-
stant is expected to suppress non-geminate recombination. This process occurs
at the time scale of seconds (MHz). At higher frequencies (GHz), a drop in εr is
expected, since only electronic polarizabilities are able to follow the electric field
at these frequencies. Thus, the measuring range should be from the kHz scale to
1 MHz.

The simplest way of measuring εr at these frequencies is to treat the material
under study as a lossy or real capacitor (for more on real capacitors, see section
2.2 ). The devices fabricated for making such measurements are similar to the
PHJ shown in Figure 1.2, where the material under study is spin coated onto the
bottom electrode. The top electrode (aluminum, Al) is thermally deposited on
the film. The roughness of the surface, which is difficult to control due to spin
coating and the deposition of hot Al atoms, could possibly affect the measure-
ment of the capacitance, thus εr . These issues will be extensively discussed in
chapter 3.

1.6. THESIS OUTLINE
The key for achieving commercially feasible OPV is to attain efficiencies com-
parable with inorganic PV, possibly by increasing the dielectric constant of the
organic materials. This will allow for the incorporation of flexible solar cells into
various surfaces. The aim of this work is to describe the importance of materials
with high dielectric constants in reaching this goal and to provide deeper insight
into ways of tuning the εr . Chapter 2 provides a library of dielectric constants of
various polymers and fullerene derivatives, along with possible explanations for
the resulting enhancement of εr . The use of EGaIn as the top electrode, instead
of Al, for IS measurements is introduced in chapter 3 to provide more informa-
tion on the possible effects of using different electrodes on capacitance. Finally,
chapter 4 describes the synthesis of new conjugated polymers bearing a group
with a high dielectric constant to study the effect on the total dielectric constant.

1
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῾῾Δῶς μοι πᾷ στῶ καὶ τὰν γᾶν κινάσω.᾿᾿

Ἀρχιμήδης ὁ Συρακόσιος, 287-212 π.Χ

“Give me a place to stand and a lever long enough and
I will move the world.”

Archimedes of Syracuse, 287-212 B.C

2
Capacitance Measurements with

Aluminum as Top Electrode

2.1. INTRODUCTION

A
S discussed in chapter 1, it is predicted in a theoretical study that organic
materials for OPV with high dielectric constant can reach power conver-
sion efficiencies above 20% by reducing the exciton binding energy and

the recombination losses.[1] To date though, there are still only few studies on
increasing the dielectric constant ofπ-conjugated systems, materials suitable for
OPVs, through synthetic approaches. In addition to that, there is little informa-
tion on the dielectric constants of already commonly used materials in OPVs. In
this chapter an attempt to start a π-conjugated materials library on their dielec-
tric constant is being made for the first time along with attempts to increase the
dielectric constant of semiconducting materials. Impedance spectroscopy (IS)
techniques are discussed along with the role of the electrode on the devices fab-
ricated for the measurements. Films from fullerene derivatives and conjugated
polymers were measured to derive the capacitance for each of the material shin-
ing light on the effect of different side groups on the dielectric constant of the
molecules.

The fullerene derivatives PCBCN, PCBMOx and PCBSF were synthesized by Li Qiu.
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2. CAPACITANCE MEASUREMENTS WITH ALUMINUM AS TOP ELECTRODE

2.2. CALCULATING THE DIELECTRIC CONSTANT FROM IMPE-
DANCE SPECTROSCOPY

A known method of measuring electrical impedance or admittance as a func-
tion of frequency, is impedance spectroscopy (IS). Through this technique ionic
or electronic conductors, as well as dielectric materials, can be studied. The
usefulness of impedance spectroscopy lies in the ability to distinguish the di-
electric and electric properties of individual contributions of components un-
der investigation. Electrochemical impedance spectroscopy (EIS), refers to the
response of an electrochemical cell to an applied potential and can reveal un-
derling chemical processes while dielectric spectroscopy is used to study the re-
sponse of dielectrics.[2]

The principle of the experiment consists of the application of a sinusoidal
voltage signal to a sample and the observation of the response of the system.
Applying a voltage described as

V = |V0|
{
cos(ωt )+ j si n(ωt )

}= |V0|e jωt (2.1)

with V0 being the amplitude, ω the angular frequency (ω=2π f ) and j the imagi-
nary number the measured output would be the current. Treating both current
and voltage as complex numbers, the impedance of the circuit is given by

Z (ω) = V (ω)

I (ω)
(2.2)

For the graphic representation of those complex functions, both polar and
Cartesian coordinates can be used. The most popular format to plot the impe-
dance data is the Nyquist plot. It shows the imaginary part of the impedance (Z ′′)
versus the real part (Z ′). Another format, the Bode plot format, consists of double
Y-axis showing the absolute impedance (|Z (ω)|) and the phase shift (θ) between
the current and the voltage as a function of frequency ω. Both the Nyquist and
the Bode plots are referred as the impedance spectrum.

The data resulting from the impedance measurements are analysed using a
complex non-linear least squares method fitting code [3], in order to determine
the parameters of the equivalent circuit that can describe the behaviour of the
real system.

In order to derive the dielectric constant of organic materials, parallel-plate
capacitance measurements were performed to the materials under study which
were sandwiched between two parallel electrodes and were subjected to small
perturbation of low AC signal with sweeping frequency from MHz to kHz. A cor-
responding fitting circuit, (real capacitor circuit, Figure 2.1) which consists of a
series resistance, Rs , a parallel resistance, Rp , and a lossless ideal capacitor, C ,

2
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SPECTROSCOPY

was used to give the capacitance value with an error on the fitting less than 1.5%.

Rs

Rp

C

Figure 2.1 Equivalent circuit used for fitting the impedance data. Rs represents the se-
ries resistance (in the range of Ω) due to plate resistance and probe effects. The parallel
resistance (Rp , in the range of MΩ) originates from the fact that dielectric materials used
within the capacitor are not perfect insulators and allow some amount of current to pass
through when the voltage is applied and C represents the ideal capacitor.

For the remainder of this thesis, the term “real capacitor” will refer to the
equivalent circuit shown in Figure 2.1.

Since the impedance of an ideal capacitor is

Zc = 1

jωC
(2.3)

the total impedance of the circuit in Figure 2.1 would be

Z = Rs +
Rp

1+ jωRpC

= Rs +
Rp

1+ω2R2
pC 2

− j
ωR2

pC

1+ω2R2
pC 2

= Z ′+ j Z ′′

(2.4)

where Z ′ is the real part and Z ′′ is the imaginary part of the impedance of the
circuit. Fitting the acquired data from IS in eq.2.4 the Rs , Rp and the C with their
errors can be calculated. Knowing the capacitance, the area of the device, A, and
the thickness, d 1, the relative dielectric constant can be derived from,

εr = C d

ε0 A
(2.5)

where ε0 is the absolute dielectric permittivity.

1for more on the preparation and geometry of the device see section 2.6

2
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2. CAPACITANCE MEASUREMENTS WITH ALUMINUM AS TOP ELECTRODE

A simulation of the impedance of the circuit in Figure 2.1 with Rs=10Ω, Rp =
1 MΩ and C =1 nF gives the corresponding Nyquist and Bode plots as shown in
Figure 2.2. The Nyquist plot (Figure 2.2a) provides useful information on the
series and parallel resistances of the circuit. At high frequencies (ω→ ∞) from
eq.2.3 Z c → 0, which means that the capacitor acts as a short circuit (SC). In that
case, the total resistance will be the Rs and its value can be derived from the
Nyquist plot at the intersection of the leftmost end of the semicircle with the x
axis. At low frequencies (ω→ 0), Z c →∞, meaning the capacitor acts as an open
circuit (OC), the total resistance will be Rs +Rp . The value can be found from
the point of intersection (or extrapolation) of the semicircle at the rightmost end
with the x axis as shown in Figure 2.2a. The disadvantage of the Nyquist plot is
that the frequency does not appear explicitly. The other format of plotting the
data, the Bode plot (Figure 2.2b) shows how the impedance depends on the fre-
quency and using the logarithm of frequency a wide range can be plotted. At
highest frequencies, Rs can be found from the plateau on the right side, while on
lowest frequencies, Rp also contributes, and the sum Rs +Rp can be read from
the plateau on the left side. At intermediate frequencies, the curve should be a
straight line with a slope of -1, representing the effect of C . The Bode plot format
also shows the phase angle, θ. At high (above 107 Hz) and at low frequency limits
the imaginary part of the impedance will tend to zero and therefore the phase
angle will be close to zero too. At these frequencies the circuit of Figure 2.1 acts
as a resistor. At the intermediate values, θ increases as the imaginary part of the
impedance (Z ′′) increases reaching a maximum at a certain frequency. In order
to extract the dielectric constant of the materials from eq.2.5, it is assumed that
the materials under study are sandwiched between two parallel and flat elec-
trodes. As it will be discussed in detail in section 2.6 before the deposition of
the top electrode (Aluminum) the organic materials were spin coated on the bot-
tom electrode. Through this method it is difficult to control the surface of the
organic material on which the aluminum will be deposited. This unfortunately
does not always guarantee that the deposition of aluminum will result in a flat
parallel electrode. In the case of having rough surface topology after the spin
coating and assuming that the aluminum will follow the same topology then the
measured capacitance from IS differs from the real capacitance of the material,
since it depends on the thickness of the layer (d). Holes or bumps on the surface
will change locally the value of d. The situation can get even more complicated
due to the bombardment of hot Al atoms on the soft organic film surface which
might cause different roughness effects or even doping. The roughness issue will
be addressed further in section 2.3 while doping or other effects form thermal
deposition of Al on the film will be addressed in chapter 3.
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Figure 2.2 The Nyquist plot (a) and the Bode plot (b) of a simulation on the circuit in
Figure 2.1 with Rs = 10Ω, Rp = 1 MΩ and C = 1 nF.
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2. CAPACITANCE MEASUREMENTS WITH ALUMINUM AS TOP ELECTRODE

2.3. THE EFFECT OF ROUGHNESS ON CAPACITANCE
In order to define a rough surface, one of the terms needed is the height distri-
bution function p(h). The probability of finding a surface height between h and
dh would be p(h)dh and the function is normalized in such a way that∫ +∞

−∞
p(h)dh = 1 (2.6)

One of the most frequently used, due to its mathematical simplicity functions
for the height distribution is the Gaussian height distribution,

p(h) = 1p
2πw

exp

(
− h2

2w2

)
(2.7)

where w (or also written as σ)1 is the root-mean-square (RMS) roughness which
will be defined later. Although different surfaces might be well described by other
functions (e.g. exponential distribution), the Gaussian one is the most useful. To
be able to describe specific properties of a random variable h, the central mo-
ments as defined in the probability theory are used. Defining the nth order mo-
ment as

mn =
∫ +∞

−∞
hn p(h)dh (2.8)

the zero order reduces eq.2.8 to eq.2.6, while the 1st order gives the mean value.
The most important physical parameter used to describe the surface roughness
is the 2nd order moment given by

σ2 = m2 =
∫ +∞

−∞
h2p(h)dh (2.9)

defined before as the rms roughness and describes how the surface heights fluc-
tuates around an average height. Assuming that all the other roughness param-
eters are the same, the higher the number of σ, the rougher the surface. If more
detailed characterization of the surface is needed, then the 3rd and 4th order mo-
ments which describe the skewness and the kurtosis of the surface respectively,
can be used.[4]

In this work the surfaces under study are assumed to have low power rough-
ness which obeys a certain function called the height-difference correlation func-
tion which is defined as g (R) = 〈[z(r)− z(r′)]〉, with z(r) being a random function
in the in-plane positional vector r = (x, y) with R = r−r′. The correlation function
that the surfaces should obey is

g (R) =
{

R2H if R ¿ ξ

2σ2 if R À ξ
(2.10)

1In this thesis the rms roughness will be addressed as σ.

2
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2.3. THE EFFECT OF ROUGHNESS ON CAPACITANCE

with H being the roughness exponent (or Hurst exponent, 0 ≤ H ≤ 1) and ξ is
the in-plane correlation length.[5] H describes how rough the surface is at short
length scales (< ξ). If the distance of two points on the surface is within ξ then
these two points are considered correlated. The asymptotic behaviour of the
height-height correlation function (HHCF) of the surface is given by

H HC F (R) =
σ2

(
r
ξ

)2H
if R ¿ ξ

2σ2 if R À ξ
(2.11)

A plot of the height-height correlation function against R is shown in Figure 2.3.
It is shown that for low values of R, the HHCF(R) is strongly dependent on R and
the slope of a linear fit equals 2H. At higher values of R, the function becomes
independent of R and reaches a constant value equal to 2σ2. From the crossover
between the linear fit and the plateau, the value of ξ can be found. So from the
HHCF plot the roughness parameters σ, ξ and H can be calculated.[6]
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Figure 2.3 Height-height correlation function. The roughness parameters σ, ξ, H can be
calculated from the plot. H can be extracted from the slope of the linear fit, σ from the
plateau of the right side and ξ from the crossover distance, the knee regime.

From the work of Palasantzas [7][5] on the influence of one rough electrode,
the ratio of the measured capacitance (Cmeas) to the real capacitance (Creal) can
be calculated from

Cmeas

Cr eal
= 1+ 2(2π)4

A

∫ kc

0
k2〈|z(k)|2〉dk

+ (2π)4

Ad

∫ kc

0
coth(kd)k〈|z(k)|2〉dk

(2.12)

2

25



2. CAPACITANCE MEASUREMENTS WITH ALUMINUM AS TOP ELECTRODE

with z(k) being the Fourier transform of z(R), with

〈|z(k)|2〉 = A

(2π)5

σ2ξ2

(1+ak2ξ2)1+H
(2.13)

for 0 < H < 1. A is the area of the plates and the parameter a is given by

a = 1

2H

[
1− (

1+ak2
c ξ

2)−H
]

(2.14)

for 0 < H < 1. kc (kc = π
a0

, a0 in the order of atomic dimensions) is the upper
cut-off of the spatial frequency. In the case of fullerenes kc = π

9×10−10 m, where
9×10−10 m is the diameter of C60. Substitution of eq.2.13 to eq.2.12 gives,

Cmeas

Cr eal
= 1+ σ2

aξ2

{
1

1−H

[(
1+ak2

c ξ
2)1−H −1

]
−2a

}
+ 1

d

∫ kc

0
coth(dk)k2 σ2ξ2

(1+ak2ξ2)1+H
dk

(2.15)

Since the model is valid only when the limitations σ
ξ < 0.1 and σ

d < 0.2 are
obeyed, the integral in eq.2.15 is negligible. Parameters σ, ξ and H can be cal-
culated from the HHCF plot for each surface and a from eq.2.14. In the case of
polymers, the cut-off is determined by the radius of gyration (∼ 10 nm), which
is assumed to be orders of magnitudes higher than the diameter of C60 which
is ∼ 1 nm. This would result in both integrals of eq.2.12 being unity, meaning
Cmeas = Cr eal , implying that with that cut-off value the roughness should not
influence the capacitance. Equation 2.15 provides a useful tool to calculate the
accurate capacitance of materials with low power roughness as it is shown in
the following section. For surfaces with low rms values, (in this work, <∼1 nm),
Cmeas/Cr eal equals 1, meaning that there is no roughness effect on the capaci-
tance.

2.4. MEASUREMENTS OF ORGANIC MATERIALS

2.4.1. CONDITIONS

IS measurements were performed on the devices fabricated from fullerene deriva-
tives or polymers, for a range of frequencies from 100 Hz to 106 Hz with an input
of an harmonic AC of 10mV superimposed on a DC bias.[8] The data were fitted
in such a way to model the response of the circuit in Figure 2.1, giving the val-
ues of the parameters (Rs , Rp , C ) with less than 1.5% error while the dielectric
constant was calculated from eq.2.5. In addition, varying the film thickness of
the samples was done by changing the spin coating conditions, to verify that the

2
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same values of dielectric constants can be derived for the same materials. This
would mean the absence of space charge polarization effects which are extrinsic
to the material’s dielectric properties and other possible thickness variation ef-
fects. The fitting of the experimental data of all materials resulted in low values
for the Rs (in the order of Ω), high values for the Rp (in the order of MΩ) and for
the C in the order of nF.

2.4.2. PCBM
Before measuring the dielectric constant of new materials with IS, a few reference
materials are useful to be tested for comparison. So far one of the most tested
fullerene derivatives is [60]PCBM (Figure 2.4) with a reported dielectric constant
of 3.9.[9][10]

O

O

Figure 2.4 PCBM.

In this work, PCBM films of various thicknesses (100 ∼ 150 nm), spin coated
from a chlorobenzene solution (30 mgmL−1) were measured with IS. The imped-
ance results along with the plot of the capacitance over frequency are shown in
Figure 2.5, proving that the device behaves as a real capacitor. At high frequen-
cies the drop that is observed in the capacitance is due to the series resistances of
the circuit as explained in section 2.2. The calculated dielectric constant derived
from eq.2.5 was found to be 3.9±0.1 which is in agreement with the reported val-
ues. PCBM films show low rms roughness values (∼ 0.9 nm)[11] which means
no roughness effects are present so eq.2.15 equals 1. As a result, the dielectric
constant can be safely derived from the capacitance value of the films.
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Figure 2.5 Impedance measurements of PCBM films. (a) The measured data of the mag-
nitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.3. P3HT
Poly(3-hexylthiophene) (P3HT, Figure 2.6), has been the most commonly used
and studied polymer for OPVs for a number of years. It has a relatively low di-
electric constant of ∼ 3.[12] IS measurements (Figure 2.8) were performed on
films made from regioregular P3HT in chlorobenzene (30 mgmL−1) giving high
roughness surfaces. Films with different rms roughness 1 (Figure 2.7) gave the
same values for dielectric constant implying that roughness is not affecting the
capacitance. As discussed in section 2.3, for polymers the integrals of eq.2.12 are
both unity, meaning Cmeas =Cr eal . The calculated dielectric constant was found
to be 3.3±0.1 2, which is similar to the reported values but now measured with
higher precision, out of 10 devices with varying thickness and roughness.

S

C6H13

n

Figure 2.6 P3HT.

(a) P3HT rms=6.26 nm (b) P3HT rms=11.70 nm

Figure 2.7 AFM height images of P3HT films with different rms roughness.

1for complete AFM data of all materials see Appendix A
2errors represent the standard error of the mean
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Figure 2.8 Impedance measurements of P3HT film. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.4. POLYSTYRENE (PS)
Another reference material with a known dielectric constant of 2.6 (at 25 ◦C, 1 kHz
∼1 MHz) [13] is polystyrene (PS, Figure 2.9). Devices were fabricated from a
10 mgmL−1 solution in chlorobenzene and different spin coating conditions af-
forded films with thicknesses that varied from 65 to 198 nm. The impedance re-
sults along with the plot of the capacitance over frequency are shown in Figure
2.11 showing the behaviour of a real capacitor. Using eq.2.5, the dielectric con-
stant of PS was found to be 2.6±0.1, out of 16 capacitors. The AFM height image
is shown in Figure 2.10. The films gave a very low rms roughness, measured by
AFM (0.39 nm, Figure 2.10), meaning that the topology of the films should not
influence the capacitance. For a verification the ratio Cmeas/Cr eal in eq.2.15 was
calculated and found to be 1.0011.

n

Figure 2.9 Polystyrene.

Figure 2.10 AFM height image of PS.
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Figure 2.11 Impedance measurements of PS films. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.5. PCBCN
Having established a protocol of measuring the IS of organic materials, the ef-
fect of different side groups on the dielectric properties of fullerenes and poly-
mers is discussed in the following sections. From a synthetical point of view, one
way to alter the dielectric properties of materials would be the introduction of
strong polar groups or chains into the molecular structure. A group which has al-
ready attracted some attention as a candidate to increase the dielectric constant
of organic materials, is the cyano group. In polymers, specifically in polyimides,
the incorporation of cyano-functionalized chain was reported to the dielectric
constant from 3.1 to 3.8 [14], while in fullerene derivatives, a series of cyano-
functionalized fullerene acceptors reportedly exhibited dielectric constants of
∼4.9.[15] (see chapter 1)

The increase of the dielectric constant was attributed to the high polarizabil-
ity of the cyano group. In that respect, a different cyano-functionalized fullerene
derivative, PCBCN, as shown in Scheme 2.4.1 was synthesized. Transesterifica-
tion of [60]PCBM with ethylene cyanohydrin afforded the desired product.

O

OMe

O

O
CN

HO
CN

ODCB, 100ºC

PCBCN

Scheme 2.4.1 Synthetic route for PCBCN.

The capacitance of films made from PCBCN, a was investigated by IS. A solu-
tion dissolved in chloroform (30 mgmL−1) was spin coated on the bottom elec-
trode giving films with various thicknesses (150 to 300 nm). The AFM height im-
age, shown in Figure 2.12, with low rms value (0.23 nm) indicated the absence of
the effect of rough topology in the capacitance. The Bode and Nyquist plot along
with a plot of the capacitance over the frequency are shown in Figure 2.13. The
fitting follows the experimental data within a 1.5% error while from the derived
capacitance the dielectric constant was found to be 4.1±0.1 out of 18 capacitors.

Compared to PCBM, the dielectric constant of PCBCN showed no difference
within the margin of error. One possible reason for this could be the the interfer-
ence of the top electrode (Al). More on this will be discussed in the next chapter.
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2. CAPACITANCE MEASUREMENTS WITH ALUMINUM AS TOP ELECTRODE

Figure 2.12 AFM height image of PCBCN.
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Figure 2.13 Impedance measurements of PCBCN films. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.6. PCBMOX

2-Oxazolidones, synonymously known as cyclic carbamates, exhibit extremely
high dielectric constant values similar to the ones of the cyclic carbonates (see
section 4.3) and have large dipole moment of about 5 D[16]. At 25 ◦C (1 MHz),
4-ethyl-2-oxazolidone (Figure 2.14b) reaches a dielectric constant value of 42.6
while 3-methyl-2-oxazolidone (Figure 2.14a) of 77.5 which practically makes it
isodielctric with water.[17] In that respect, a fullerene derivative, PCBMOx, bear-

H3C N O

O

(a) 3-Methyl-2-oxazolidone

HN O

O

H

(b) 4-Ethyl-2-oxazolidone

Figure 2.14 Structures of oxazolidones with high dielectric constant.

ing an oxazolidone group was synthesised as shown in Scheme 2.4.2. First, 5-oxo-
5-phenylpentanoic acid was converted to imide 2 by condensation with oxazoli-
done. The tosylhydrazone (3) was formed from the condensation of p-tosylhydra-
zide with the ketone functionality and finally a 1,3-dipolar addition reaction gave
the desired fullerene derivative.

In order to study the effect of the oxazolidone group on the dielectric con-
stant of the material, IS measurements were performed. Films were fabricated
from a 1:1 chloroform:ODCB solution (30 mgmL−1) with rms roughness as calcu-
lated from AFM measurement (Figure 2.15) of 0.66 nm giving the ratio of Cmeas/
Cr eal unity, while the thickness varied from 200 to 300 nm. The impedance mea-
surements of the device (Figure 2.16) indicated that the device behaved as a real
capacitor. From the value of the capacitance, the dielectric constant was cal-
culated to be 3.6 ± 0.1, out of 11 capacitors, similar to the one of PCBM. This
could be possible due to limited orientational freedom of the group in the solid
state. One could argue that rotation around several bonds in the side chain of
this molecule may be needed in order to change the direction of the dipole of the
rigid oxazolidone group.
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ii
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Scheme 2.4.2 Synthetic route for PCBMOx. i) oxazolidin-2-one, DMAP, DCC, DCM, re-
flux. ii) p-toluenesulfonyl hydrazide, MeOH, reflux. iii)c60, pyridine, NaOMe, 90 ◦C.

Figure 2.15 AFM height image of PCBMOx.
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Figure 2.16 Impedance measurements of PCBMOx film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.7. PCBCF3

Since it is still unclear how and why polar groups affect the bulk dielectric con-
stant of organic molecules, another interesting side group to study would be the
trifluoromethyl group which exhibits a strong dipole moment but low polariz-
ability. [18] So far fluorinated alkoxy side chains have been incorporated in poly-
mers for microelectronics in order to decrease the dielectric constant since low
dielectrics are required for signal propagation speed. They claim that upon in-
creasing the fluorine content, the dielectric constant decreases possibly due to
reduced chain-chain interaction of the polymer.[19]

A fullerene derivative bearing a trifluoromethyl group, PCBCF3 (Figure 2.17)
was synthesized following reported procedures and IS measurements were per-
formed in order to investigate the material’s dielectric properties.[20]

O

O CF3

Figure 2.17 PCBCF3.

The material was spin coated from a solution of 20 mgmL−1 in chloroform
giving films with thickness from 155 to 210 nm. As in the previous cases men-
tioned so far, the rms roughness (0.32 nm) measured with AFM implied that there
was no influence of the topology on the measured capacitance. The AFM height
image is shown in Figure 2.18 and the impedance measurements of a capacitor
in Figure 2.19. The calculated dielectric constant, out of 16 capacitors, was found
4.3±0.1, slightly higher than PCBM. As it is mentioned in the work by Hougham
et al., in the case of – CF3 group, although there is a decrease in the electronic
polarization which could lower the dielectric constant, at the same time the in-
crease of the dipole orientation overcompensates that. As a result, there is a little
overall change in the dielectric constant.[21] That could explain the slightly in-
creased εr of PCBCF3 compared to PCBM.
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Figure 2.18 AFM height image of PCBCF3.
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Figure 2.19 Impedance measurements of PCBCF3 film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.8. PCBSF
The sulfone, a small group with high net dipole moment (5 D), has already been
incorporated in the glass polymer poly(2-(methylsulfonyl)-ethyl methacrylate)
(PMSEMA) to achieve a high dielectric constant of 11 ∼ 12.[22] In order to in-
vestigate the effect of the group on fullerene derivatives, PCBSF was synthesized
as shown in Scheme 2.20 through a condensation reaction between PCBA and
2-(methylsulfonyl) ethanol.

O

OH

O

O
S

O

O

i

PCBSF

Figure 2.20 Synthetic route for PCBSF. i) 2-(methylsulfonyl) ethanol, 4-
dimethylaminopyridine, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride, dichloromethane.

The capacitance of PCBSF films were investigated by IS. The solution pre-
pared for the fabrication of the films was 30 mgmL−1 in chloroform which af-
forded films of 150 to 340 nm thickness. Measurements were performed both
of pristine films and of annealed ones (170 ◦C for 6 min before the top electrode
deposition). Both devices exhibited smooth surfaces with rms roughness value
0.32 nm for the pristine and 0.37 nm for the annealed one, ruling out any rough-
ness effects. The IS plots are shown in Figures 2.22 and 2.23 with both devices
behaving as a real capacitor. The calculated dielectric constant for the pristine
devices was 3.9±0.1 (out of 26 capacitors) and for the annealed 5.3±0.1 (20 ca-
pacitors). A possible explanation for this difference will be given in next chapter,
since it might include interference of the material with the top electrode.

It should be noted that this is the only material in this work showing this
difference upon thermal annealing of the film.
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(a)

(b)

Figure 2.21 AFM height images of PCBSF films (a) pristine and (b) annealed at 170 ◦C for
6 min.
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Figure 2.22 Impedance measurements of PCBSF. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.23 Impedance measurements of the annealed PCBSF devices. (a) The mea-
sured data of the magnitude (|Z|, black squares) and the phase (blue triangles) are plot-
ted against the frequency, while the red lines represent the fits over the measured data.
In the inset, the Nyquist diagram of the device is plotted showing the behaviour of a real
capacitor. (b) The capacitance plotted over frequency (black squares) and the fitting (red
line).
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2.4.9. OLIGOETHYLENE GLYCOL CHAINS IN FULLERENES & POLYMERS

Another approach of altering the dielectric constant in conjugated materials that
has attracted some interest lately is the incorporation of oligoethylene glycol
(OEG) side chains.[23][24][25] These moieties do not only increase the polarity
of the organic semiconducting materials, but also provide a higher chain flexi-
bility compared to alkyl chains, providing active rotations in GHz frequency [25]
and facilitating closer π−π stacking.[26] Possibly this improved chain flexibility
can make the reorientation of the dipoles occur much faster, which could in-
crease the dielectric constant.[25] Moreover, OEG moieties are also known to in-
crease the solubility in hydrophilic solvents. They can hence reduce the ecolog-
ical footprint by allowing processing from environmentally acceptable solvents
(e.g. alcohols) rather than the halogenated solvent systems mostly used. Greener
processing solvents are highly desired to enhance the credibility and facilitate
commercialization of OPV as a truly renewable energy source.[27]

The first attempt to increase the dielectric constant of an organic semicon-
ductor material by using OEG was done by Breselge et al. on a PPV-based poly-
mer which showed enhanced dielectric constant. When blended with a fullerene
derivative, the polymer yielded enhanced charge dissociation compared to less
polar PPV derivatives. A maximum value of dielectric constant of 5.5 was achieved
for diPEO-PPV, by the introduction of 2 triethylene glycol (TEG) side chains on
the backbone, but no solar cell results were reported.[23] Later studies from the
same group showed a non-optimal morphological behaviour of PEOPPV (with
only one TEG) resulting in a low PCE-value of 0.5%.[28] More recent results by
Chen et al. showed that there is potential for OEG-based materials with high
dielectric constants for OPV. They report a DPP-based polymer, baring different
OEG side chains, with high dielectric constants (up to 5.5) with a solar cell effi-
ciency of 5.4% comparable to the polymer reported with alkyl side chains.[24]

Not only donor semiconducting materials bearing OEG chains are investi-
gated. Jahani et al. described an increase of the dielectric constant for a fullerene
derivatives upon the introduction of TEG, without significant changes in the op-
tical and electrochemical properties.[10] In this respect in the following sections
the incorporation of OEG chains on fullerenes and polymers is discussed so to
give a deeper insight on the effect on the dielectric constant of these materials.

PTEG-1
A fullerene derivative bearing one TEG chain (PTEG-1, Figure 2.24) was reported
to exhibit higher dielectric constant compared to PCBM with reported values of
5.7±0.1.[10] Taking a step further in this study, the influence of the rough mor-
phology as explained in section 2.3 is also taken into consideration. The mate-
rial was spin coated from solutions of chloroform with various concentrations
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(8 mgmL−1∼12 mgmL−1) in an attempt to give smoother surfaces. In all cases
the rms roughness given by AFM measurements (Figure 2.25) varied from 10 nm
to 20 nm reflecting high roughness topologies.

N
O

O
O

O

Figure 2.24 PTEG-1.

(a) PTEG-1 rms=10.8 nm (b) PTEG-1 rms=20 nm

Figure 2.25 AFM height images of PTEG-1 from (a) 8 mgmL−1 solution and (b)
12 mgmL−1 solution.

Measuring the IS of a large number of capacitors (Figure 2.27), a big spread of
the value of the dielectric constant was observed between 5.7 up to 7.5 from de-
vices with various thickness (black squares Figure 2.26). Considering the rough-
ness effect, the calculated correction factor for the capacitance was above 1 in all
cases, meaning that the measured values are an overestimation of the real ones.
Knowing the measured capacitance from eq.2.15, the corrected values of the di-
electric constant can be calculated (red circles, Figure 2.26). Even the corrected
values showed a huge spread which makes it impossible to conclude on an ac-
curate number of the dielectric constant but it is safe to state that the average
value of the corrected dielectric constant is 5.9 with a standard deviation of 0.5.
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A firm result would be that the material exhibits higher dielectric constant com-
pared to PCBM. Throughout all the materials studied in this work, PTEG-1 was
the only one showing such a wide spread of εr values. The same behaviour was
also observed from capacitors fabricated from different batches of the material.
In addition no change was observed upon pre annealing of the device.
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Figure 2.26 Relative dielectric constant of PTEG-1 devices versus thickness.
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Figure 2.27 Impedance measurements of PTEG-1 film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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PCBDE-OH & PCBTE-OH
Devices were also made from fullerene derivatives bearing two and three ethy-
lene glycol units (PCBDE-OH and PCBTE-OH respectively, Figure 2.28) with OH
as a terminal group, synthesized following a reported procedure.[29] This mod-
ification would increase not only the polarity of the chains but also would pro-
mote hydrogen bonding. Spin casting was performed from a chloroform solu-
tion (30 mgmL−1), affording films of 74 to 250 nm thickness. The rms roughness
values for both materials was low enough to exclude any roughness effects on
the IS measurement. The AFM height images shown in Figure 2.29 gave rms
roughness value for PCBDE-OH 0.33 nm and for PCBTE-OH 0.38 nm. From IS
measurements (Figures 2.30, 2.31) the dielectric constant for both materials was
found to be the same, 5.0±0.1 (out of 10 capacitors for each material). Since no
change was observed with changing the length of the chain thus the number of
oxygen atoms, it can be concluded that possibly the flexibility of the chain due to
the OH group remains the same. Additionally hydrogen bonding does not seem
to make any difference between these compounds’ dielectric constant.

O

O
O

OH

(a) PCBDE-OH

O

O
O

O
OH

(b) PCBTE-OH

Figure 2.28 Structures of (a) PCBDE-OH and (b) PCBTE-OH.
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(a)

(b)

Figure 2.29 AFM height images of (a) PCBDE-OH and (b) PCBTE-OH.
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Figure 2.30 Impedance measurements of PCBDE-OH film. (a) The measured data of
the magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the
frequency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.31 Impedance measurements of PCBTE-OH film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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BTEG-2
Investigating further on the OEG chains, a Bingel adduct bearing two ethylene
glycol chains (BTEG-2) was synthesized as shown in Scheme 2.32. In the first

O

O O
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O
O O

O
O

HO OH

O O
i

O
O

OR=

RO OR

O O

1

ii

BTEG-2

Figure 2.32 Synthetic rout for BTEG-2. i) DMAP, triethylene glycol monomethyl ether,
malonic acid, EDCI, CH2Cl2, ii) C60, I2, DBU and toluene.

step, a Steglich esterification between the malonic acid and the triethylene glycol
monomehtyl ether afforded compound 1. In the second step, a Bingel reaction is
performed to synthesize the final product, where DBU acts as a base and I2 helps
to iodinate the malonate after the first deprotonation to afford a better leaving
group. A solution of BTEG-2 in chloroform (20 mgmL−1)was used to fabricate
films for IS measurements (Figure 2.34). The thickness ranged from 60 to 160 nm
and the rms roughness of the film measured with AFM (Figure 2.33) was 0.43 nm.
The smooth topology of the films excluded any roughness effects on the IS data.
The IS measurements are shown in Figure 2.34 and the dielectric constant, out
of 28 capacitors, was calculated to be 6.6 ± 0.1, which is the highest value re-
ported for a fullerene derivative so far. This high value could be explained by the
increased polarity of the OEG chains and a possible favourable stacking in the
solid state, providing increased flexibility to the chains. However, more in depth
knowledge of the molecular packing in films of this material is needed before any
solid conclusion can be drawn on the origin of this high value.
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Figure 2.33 AFM height image of BTEG-2.
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Figure 2.34 Impedance measurements of BTEG-2 film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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POLYMERS WITH OEG CHAINS

Along with fullerene derivatives, OEG chains were also incorporated into organic
polymers to study the effect on their dielectric constant. A cyclopentadithio-
phene (CPDT) donor unit and a thienopyrroledione (TPD) acceptor unit bearing
ethylene glycol chains along with a reference bearing a plain alkyl chain (Figure
2.35) were synthesized by Brebels et al.[30] These building blocks were chosen
due to their high versatility of introducing different symmetric and asymmetric
side chains on CPDT allowing a proper screening of the side chain variation. The
electrical properties of the polymers were investigated by IS.
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Figure 2.35 Cyclopentadithiophene (CPDT) and thienopyrrolodione (TPD) units of the
polymers bearing alkyl and ethyle glycol based chains.

All films were fabricated from a solution of the polymer (15 mgmL−1) in chlo-
roform affording films between 120 to 250 nm thick. The rms roughness values as
calculated from the AFM height images (Figure 2.36) and the dielectric constant
values are listed in Table 2.1. The IS plots of the polymers are shown in Figures
2.37, 2.38, 2.39 and 2.40.

As discussed in 2.4.9, due to their increased polarity and flexibility the ethy-
lene glycol chains are expected to increase the dielectric constant. As the alkyl
chains were gradually replaced by OEG chains, the dielectric constant was also
gradually increased from 3.1 for the reference polymer, to 3.8 for J1-TEG-EH, to
4.9 for J2-DEG, reaching a maximum of 6.3 for J3-DEG, which is amongst the
highest reported values in literature for organic polymers and a record value for
this group. Another polymer that was reported to have a dielectric constant of
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Table 2.1 Relative dielectric constants of the poly-
mers, the rms roughness of the films and the num-
ber of the tested capacitors

Polymer εr
rms

# Capacitors
(nm)

J-ref 3.1±0.1 2.5 20
J1-TEG-EH 3.8±0.1 1.4 12
J2-DEG 4.9±0.1 1.0 20
J3-DEG 6.3±0.1 0.8 10

16.7 is the (diketopyrrolopyrrole) DPP-based low bandgap polymer, DT-PDPP2T-
TT which will be studied in the next section. [31]

(a) J-ref (b) J1-TEG-EH

(c) J2-DEG (d) J3-DEG

Figure 2.36 AFM height images of the polymers.
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Figure 2.37 Impedance measurements of J-ref film. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.38 Impedance measurements of J1-TEG-EH film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.39 Impedance measurements of J2-DEG film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.40 Impedance measurements of J3-DEG film. (a) The measured data of the
magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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2.4.10. DT-PDPP2T-TT
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Figure 2.41 Structure of DT-PDPP2T-TT.

Another very interesting case is the (diketopyrrolopyrrole) DPP-based low
bandgap polymer, DT-PDPP2T-TT. BHJ solar cells of a blend with [60]PCBM gave
maximum power conversion efficiency of 6.9% while in a more recent publica-
tion, Zhang et al. measured the charge mobility of the blend to be 1.8×10−3 cm2

V−1 s−1 which is amongst the highest reported. In the same publication, IS mea-
surements were performed on both the pristine polymer and the blend with
[60]PCBM. For the pristine polymer an unusually high number of 16.7 for εr was
reported while for the blend the authors reported values varying from 4.46 to
6.93, depending on the batch of the polymer.[31]

In this work, IS measurements were performed both on the pristine poly-
mer and the blend to instigate the reproducibility of these high values of dielec-
tric constants. The polymer was purchased from the same source as the one
tested in the publication but a different batch1. The films from the polymer were
spin coated from a solution of 8 mgmL−1 in chloroform with 7.5% o-dcb afford-
ing thicknesses from 140 to 365 nm with an rms roughness value of 2.02 nm as
shown in the AFM height image (Figure 2.42a). For the blend, the films were fab-
ricated from a solution of DT-PDPP2T-TT:[60]PCBM, 1:3 in the same solvent mix-
ture which afforded films of 300 to 370 nm with rms roughness value of 3.50 nm
(Figure 2.42b). Both films can not be considered as low roughness surfaces but
as explained in section 2.3, in the case of polymers, the roughness should not af-
fect the capacitance. Still, assuming that it would affect it, then the measured εr

would be an overestimation of the real one. From IS measurements (Figure 2.43
and Figure 2.44) the dielectric constant of the pristine films, out of 31 capacitors
was calculated to be 3.0±0.1 and for the blend (27 capacitors) 4.1±0.1. Out of 36
capacitors, with consistent values, showing no wide spread, with all of them be-
having as real capacitors, it can be concluded that the measurements performed
in this work can be trusted as accurate and precise. The huge difference between

1see experimental section
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the results of this work and the publication by Zhang et al. could be attributed
to some doping effects resulting from the different batches of the material. This
would support the hypothesis that materials that show no high polarity or strong
dipole moments like the DT-PDPP2T-TT polymer which bears no strong polar
groups are not expected to have high dielectric constant. As a result, in our view,
the record breaking conjugated polymer for the highest dielectric constant up to
now, in this work, is 6.3 for J3-DEG, bearing 3 OEG chains.

(a)

(b)

Figure 2.42 AFM height images of (a) pristine DT-PDPP2T-TT and (b) the blend with
[60]PCBM.
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Figure 2.43 Impedance measurements of DT-PDPP2T-TT film. (a) The measured data of
the magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the
frequency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency (black squares) and the fitting (red line).
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Figure 2.44 Impedance measurements of the blend DT-PDPP2T-TT:[60]PCBM film. (a)
The measured data of the magnitude (|Z|, black squares) and the phase (blue triangles)
are plotted against the frequency, while the red lines represent the fits over the measured
data. In the inset, the Nyquist diagram of the device is plotted showing the behaviour of a
real capacitor. (b) The capacitance plotted over frequency (black squares) and the fitting
(red line).
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2.5. CONCLUSION
In conclusion, capacitors form a series of fullerene derivatives and polymers were
fabricated and the dielectric constant of the materials was calculated form IS
measurements. The list of the structures and the dielectric constants along with
the roughness of the films are listed in Tables 2.2 and 2.3. Increased dielectric
constant was achieved by the incorporation of OEG chains in both fullerenes and
polymers (BTEG-2 and J3-DEG), which are one of the highest values reported so
far in literature for pure and undoped organic semiconductors. More specifically
upon gradually replacing the alkyl chains with OEG chains in the backbone of
conjugated polymer a gradual increase was observed in the dielectric constant
within these series. Enhancement of the dielectric constant compared to PCBM
was also observed for fullerenes bearing OEG chains with and without an OH
terminal group, while no change was observed with changing the length of the
chain. Finally, the desired increase on the derivatives bearing cyano and oxazoli-
done group was not observed possibly due to reduced flexibility of the chains or
due to interaction with Al, an issue that will be address in the next chapter.

Table 2.2 Relative dielectric constants and rms roughness values of the fullerene deriva-
tives

Structure Name εr
rms

(nm)

O

O

PCBM 3.9 0.9

O

O
CN

PCBCN 4.1±0.1 0.23

O

N

O
O

PCBMOx 3.6±0.1 0.66
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O

O CF3

PCBCF3 4.3±0.1 0.32

O

O
S

O

O PCBSF 3.9±0.1 0.32

annealed 5.3±0.1 0.37

O

O
O

OH

PCBDE-OH 5.0±0.1 0.33

O

O
O

O
OH

PCBTE-OH 5.0±0.1 0.38

O

O O

O
O

O
O O

O
O

BTEG-2 6.6±0.1 0.43

N
O

O
O

O PTEG-1 higher than -
PCBM
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Table 2.3 Dielectric constants and rms roughness values of the polymers

Structure Name εr
rms

(nm)

S

C6H13

n

P3HT 3.3±0.1 6.26

n

PS 2.6±0.1 0.39

N

N

O

O

S
S

S

S

C12H25
C10H21

C10H21 C12H25

n
DT-PDPP2T-TT 3.0±0.1 2.02

polymer:[60]PCBM 4.1±0.1 3.50

S S
S

N

O

O

n

J-ref 3.1±0.1 2.47

S S

O
O

O

S

N

O

O

n

J-TEH-EH 3.8±0.1 1.34

S S

O
O

O
O

S

N

O

O

n

J2-DEG 4.9±0.1 0.99

S S

O
O

O
O

S

N

O

O
O

O

n

J3-DEG 6.3±0.1 0.79
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2.6. EXPERIMENTAL

2.6.1. MATERIALS

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated. Poly(3-hexylthiophene-
2,5-diyl) (P3HT) regioregular and polystyrene (PS) (average Mw 35,000) were pur-
chased from Sigma-Aldrich and used without any further purification. [60]PCBM,
[60]PCBA were purchased from Solenne. PCBF3[20], PCBDE-OH, PCBTE-OH,
PTEG-1[29] were synthesized according to reported procedures. DT-PDPP2T-TT
was purchased from 1-Material (batch num. #YY10096). Synthesis of PCBCN,
PCBSF, PCBMOx and BTEG-2 was done by Qiu Li in our group.

PCBCN :

O

O
CN

In a 250 mL flask equipped with a magnetic stirrer
and a condenser, a solution of 0.3 g (0.33 mmol) of
[60]PCBM and 0.24 g (3.3 mmol) of ethylene cyanohy-
drin in 60 mL ODCB was heated up to 100 ◦C for
60 h. The crude product, acquired after the evapo-
ration of the solvent, was further purified by column
chromatography (silica gel) with CS2 (toluene:hexane,
1:10) to give 0.19 g of PCBCN as brown solid (67%).
1H NMR (400 MHz, CDCl3) δ 7.97–7.90 (m, 2H), 7.56

(t, J = 7.4 Hz, 2H), 7.52–7.44 (m, 1H), 4.29 (t, J = 6.3 Hz, 2H), 2.97–2.87 (m, 2H),
2.69 (t, J = 6.3 Hz, 2H), 2.59 (t, J = 7.5 Hz, 2H), 2.22–2.18 (m, 2H).
13C NMR (100 MHz, CDCl3 δ 172.3, 147.6, 145.7, 145.1, 145.0, 144.9, 144.7, 143.6,
142.9, 142.8, 142.1, 142.0, 137.9, 132.0, 128.4, 116.6, 79.6, 58.6, 51.6, 33.5, 33.4,
22.0, 17.9.
IR(cm−1): 1739, 1427, 1185, 1147, 755, 713.
HRMS m/z calculated for [C74H16NO2 + H]+: 950.11756, found: 950.11555.

PCBSF :

O

O
S

O

O

In a 250 mL flask equipped with a magnetic stir-
rer and a condenser, 0.45 g (0.5 mmol) of [60]PCBA
were dissolved in 100 mL of ODCB. Additionally,
0.25 g (2 mmol) of 2-(methylsulfonyl) ethanol and
40 mg (0.3 mmol) of 4-dimethylaminopyridine were
also added. After 5 min, a solution of N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (125 mg, 0.65 mmol) in 30 mL anhydrous
DCM were added and the mixture was stirred for 12h.
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After the evaporation of the solvent, the residue was purified by column chro-
matography (silica gel) with toluene:methanol (100:1) to give 0.45 g of PCBSF as
brown solid. (90%)
1H NMR (400 MHz, CDCl3) δ 7.97–7.88 (m, 2H), 7.55 (t, J = 7.4 Hz, 2H), 7.49 (d, J =
7.3 Hz, 1H), 4.53 (t, J = 5.8 Hz, 2H), 3.31 (t, J = 5.8 Hz, 2H), 2.94–2.88 (m, 2H), 2.57
(t, J = 7.5 Hz, 2H), 2.27–2.13 (m, 2H).
13C NMR (100 MHz, CDCl3 δ 172.2, 148.6, 147.7, 145.8, 145.2, 145.1, 145.0, 144.9,
144.7, 144.5, 144.4, 144.0, 143.8, 143.1, 143.0, 142.9, 142.2, 141.0, 138.0, 132.1,
128.5, 128.3, 79.7, 57.8, 53.8, 51.6, 42.2, 33.8, 33.6, 22.2.
IR(cm−1): 1738, 1428, 1312, 1291, 955, 713.
HRMS m/z calculated for [C74H19O4S + H]+: 1003.09986, found: 1003.09764.

Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl) malonate :(1)

O O

O O
RR

DMAP (0.412 g, 3.37 mmol) and triethylene glycol monoethyl
ether (6.34 g, 38.6 mmol) were added to a solution of malonic
acid (1.75 g, 16.82 mmol) in anhydrous CH2Cl2 (90 mL) under
nitrogen atmosphere. Slowly, EDCI (4.56 g, 23.8 mmol) was

added and the yellow solution was stirred at room temperature for 15 h. After
evaporation of the solvent, the crude product, a sticky yellow oil, was purified
by flash column chromatography on silica gel (ethyl acetate:hexane, 3:1). This
yielded a mixture of TEG and the desired product. The starting material was re-
moved by distillation (2 Torr, 88-90◦C), leaving the pure product (1) as a trans-
parent liquid (1.78 g, 27%)
1H NMR (400 MHz, CDCl3) δ 4.29 (4H, t, J = 4 Hz), 3.71 (4H, t, J = 4 Hz), 3.65–3.63
(12H, m), 3.56–3.53 (4H, m), 3.44 (2H, s), 3.37 (6H, s).
13C NMR (100 MHz, CDCl3 δ 169.03, 80.10, 79.78, 79.46, 75.11, 74.50, 73.18, 73.16,
73.13, 71.42, 67.15, 64.25, 61.58, 43.84.
IR(cm−1): 2875, 1732, 1329, 1249, 1198, 1100, 1040, 961, 850.
HRMS m/z calculated for [C17H32O10 + H]+: 397.20682, found: 397.20643.

BTEG-2 :

O

O O

O
O

O
O O

O
O

Fullerene C60 (900 mg, 1.25 mmol)
was dissolved in anhydrous toluene
(600 mL). Nitrogen was bubbled
through the solution for 15 min be-
fore 1 (495 mg, 1.25 mg), I2 (308 mmol,
1.21 mmol) and DBU (477 mg, 3.13
mmol) were added consecutively. The
reaction mixture was stirred for 20 h

under nitrogen atmosphere, at room temperature. It was then quenched
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with saturated aqueous sodium thiosulphate. The organic layer was extracted,
washed with brine and dried over sodium sulphate. After removal of the sol-
vent the brown residue was purified by flash column chromatography(silica gel,
toluene:methanol, 200:1). The solvent was removed again, before dissolving the
residue in 2 mL of chloroform and transferring the solution to a centrifuge tube.
Methanol was added and the mixture was sonicated for 5 min before centrifuging
the suspension for 15 min. The supernatant was decanted and the residue was
treated twice more according to the same procedure, once with chloroform and
hexane and once with hexane only. The resulting pellet was dried in the vacuum
oven (40◦C) overnight, yielding BTEG-2 as brown powder (319 mg, 23%).
1H NMR (400 MHz, CDCl3) δ 4.65 (4H, t, J = 4 Hz), 3.88 (4H, t, J = 4 Hz), 3.65–3.63
(12H, m), 3.56–3.54 (4H, m), 3.37 (6H, s).
13C NMR (100 MHz, CDCl3 δ 163.50, 145.26, 145.23, 145.17, 144.89, 144.67,
144.60, 143.87, 143.01, 142.97, 142.19, 141.85, 140.91, 139.06, 77.33, 77.01, 76.70,
71.92, 70.65, 68.77, 66.23, 59.07.
IR(cm−1): 2862, 1742, 1426, 1228, 1201, 1095, 1025, 846, 700.
HRMS m/z calculated for [C77H30O10 + H]+: 1115.19117, found: 1115.19312.

2 :

N

O O

O

O

To a solution of 5-oxo-5-phenylpentanoic acid (192 mg,
1 mmol), oxazolidin-2-one (130 mg, 1.5 mmol) and
DMAP (12 mg, 0.1 mmol) in 4 mL DCM, a solution of
DCC (206 mg, 1 mmol) in 1 mL DCM was added at rt.
The reaction mixture was heated to reflux for 6 h. After
concentration, the crude product was purified by col-

umn chromatography (silica gel) with hexane:ethyl acetate (5:2) as eluent to give
110 mg of the desired product as a brown solid (70%).
1H NMR (400 MHz, CDCl3) δ 8.01–7.92 (m, 2H), 7.62–7.52 (m, 1H), 7.46 (dd, J =
8.3, 6.9 Hz, 2H), 4.42 (t, J = 8.1 Hz, 2H), 4.03 (t, J = 8.1 Hz, 2H), 3.07 (dt, J = 17.9,
7.2 Hz, 5H), 2.20–2.06 (m, 2H).
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3 :

N

N O

O

O
NH
S OO

A mixture of 2 (0.7 g, 2.68 mmol), p-toluenesulfonyl
hydrazide (0.6 g, 3.22 mmol), and MeOH (35 mL) was
stirred and refluxed for 12 h. The mixture was then
cooled down to rt. The product was collected by filtra-
tion, washed with cold MeOH, and dried in a desicca-
tor to yield 1 g (87%) of the tosylhydrazone 3 as white
solid (mixture of cis- and trans- configuration).(cis):
1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.2 Hz,
2H), 7.66 (dd, J = 6.7, 2.9 Hz, 2H), 7.49–7.42 (m, 1H),
7.38–7.31 (m, 4H), 4.48 (t, J = 8.1 Hz, 2H), 4.15 (t, J = 8.1

Hz, 2H), 3.02–2.96 (m, 2H), 2.70–2.56 (m, 2H), 2.40 (s, 3H), 1.74 (t, J = 5.4 Hz, 3H).

PCBMOx :

O

N

O
O

Compound 3 (0.43 g, 1 mmol) was dissolved in 12 mL
of dry pyridine in a dried three-necked flask provided
with N2 inlet, a thermometer, and a magnetic stir-
ring bar. Then, NaOMe (65 mg, 1.2 mmol) was added
and the mixture was stirred for 15 min. A solution
of 0.72 g (1 mmol) of C60 in 80 mL of HPLC grade l,2-
dichlorobenzene was added and the homogeneous re-
action mixture was stirred at 90 ◦C for 24 h. while be-
ing irradiated by a lamp. The resulting brown solu-
tion was concentrated in vacuo to 5-20 mL and then

poured in a silica gel column for purification using toluene followed by toluene :
ethyl acetate (50:1) as eluent to give the desired product. The product was redis-
solved in 20 ml of chloroform, precipitated with MeOH, washed repeatedly with
MeOH and pentane, and dried in vacuo at 60 ◦C. This procedure gave 350 mg
(0.36 mmol, 36%) of PCBOx.
1H NMR (400 MHz, CDCl3) δ 7.82–7.74 (m, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.21 (t, J =
7.4 Hz, 1H), 3.93 (t, J = 8.1 Hz, 2H), 3.59 (t, J = 8.1 Hz, 2H), 3.21 (s, 2H), 2.91 (t, J =
7.4 Hz, 2H), 2.82–2.69 (m, 2H), 2.08 (dd, J = 9.8, 6.3 Hz, 2H).
13C NMR (100 MHz, ODCB – d4 δ 171.75, 153.10, 148.81, 147.87, 145.83, 145.05,
145.01, 145.00, 144.87, 144.59, 144.49, 144.46, 144.31, 144.26, 143.84, 143.61,
143.56, 142.88, 142.79, 142.75, 142.14, 141.97, 140.82, 140.63, 132.40, 130.30,
130.05, 129.79, 127.47, 127.22, 127.21, 126.97, 79.99, 61.87, 52.05, 42.41, 34.96,
33.57, 21.60.
IR(cm−1): 1774, 1760, 1698, 1388, 1212, 1183, 1042, 741, 708, 698.
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HRMS m/z calculated for [C74H16NO2 + H]+:966.11247, found: 966.11139.

2.6.2. DEVICE FABRICATION

Commercially available glass substrates patterned with ITO in four different di-
mensions (a1= 0.095×10−4 m2, a2= 0.1616×10−4 m2, a3= 0.357×10−4 m2 and
a4= 0.995×10−4 m2) were used as bottom electrode of the capacitors (Figure 2.45
and 2.46). The substrates were cleaned with soap/water solution, de-ionized wa-
ter flushing, sonication with acetone and isopropyl alcohol followed by oven dry-
ing and UV-OZONE treatment. PEDOT:PSS (VP Al4083, H.C. Starck) was spin
coated in ambient conditions and oven dried at 140 ◦C for 10 min. All films were
spin coated from chloroform, unless stated otherwise, under N2 atmosphere and
the Al top electrodes were deposited at a pressure of ca. 10−6 mbar with thermal
evaporation.

Figure 2.45 Top view of the device. Top grey areas represent the aluminum top elec-
trodes, darker grey areas the bottom ITO electrode and the green area represents the
active layer material sandwiched between the electrodes.

2.6.3. IMPEDANCE MEASUREMENTS

Impedance spectroscopy was performed in the range of 100 Hz to 1 MHz us-
ing a Solatron 1260 impedance gain-phase analyzer with an AC drive voltage of
10 mV. Through the obtained impedance response data, the value of C in the
corresponding circuit was given by fitting. The absence of space charge polariza-
tion effects which are extrinsic to the material’s dielectric properties was verified
upon testing several capacitors in different film thicknesses. All measured data
presented perfect linear dependence of the capacitance with respect to the con-
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Polymer 

PEDOT:PSS

ITO on glass

Aluminum

a3 a4

a2 a1

Figure 2.46 3D view of the device.

tact area which confirmed geometry independence of the results. The thickness
of the capacitors were measured with a DekTak 6M Stylus profiles in the case of
smooth surfaces and with AFM for rougher surfaces.
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῾῾Πολυμαθίη νόον ἔχειν οὐ διδάσκει.᾿᾿

῾Ηράκλειτος ὁ ᾿Εφέσιος, 544-484 π.Χ

“Much learning does not teach understanding.”

Heraclitus of Ephesus, 544-484 B.C

3
Capacitance Measurements with EGaIn as

Top Electrode

3.1. INTRODUCTION

D
IELECTRIC materials play an important role in everyday life. Sophisti-
cated electronic equipment like capacitors, power transformers, recti-
fiers etc. are manufactured by various industrial materials which include

crystals, liquids, ceramics, mainly based on their dielectric properties.[1, 2] The
most important property of these materials is the relative dielectric constant (εr )
which shows the measure of the polarization of the dielectric, typically measured
as a function of frequency. There are a large number of techniques developed for
the measurements of εr which can be classified in different groups, namely free
space methods, transmission line and resonant techniques, with each of them
having their limitation on the measured frequency range and the type of mate-
rial. Most of these techniques work well with liquids and malleable solids but
require large amount of the tested materials.[3–7]

As it is discussed in chapter 2, a common method to determine the relative
dielectric constant is by performing impedance spectroscopy (IS). The organic
material under study is sandwiched between two metal electrodes and forms a
parallel plate capacitor. An issue that arises is that aluminum (Al) is deposited
through thermal deposition under low pressure, which subjects the organic film
to bombardment with hot, evaporated metal. Since the organic materials are
soft, delicate and redox active the influence of Al on the capacitance of the device
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could lead to extracting an altered value of capacitance, thus εr . It has already
been shown that unintentional doping of the organic film of fullerene deriva-
tives by a film of LiF deposited before Al can overestimate the value of dielectric
constant by a factor of almost two.[8] With the discoveries of new materials, ver-
satile methods of characterization are needed in order to give fast and precise
measurements so to keep the bottleneck of the process on the synthesis part and
not on the measurement in order get more insight in the ways to tune εr .

3.2. IS MEASUREMENTS WITH EGAIN
Having these issues in mind that arise with new materials, in this work, eutectic
gallium-indium (EGaIn) is proposed as an alternative electrode to Al. EGaIn is
a non-Newtonian, low cost, commercially available liquid (at r.t) with a m.p of
15.5 ◦C.[9] Upon application, a 0.7 nm thick layer of highly conductive Ga2O3 is
formed. This, along with EGaIn’s high electrical conductivity (3.4×104 Scm−1)
makes it an excellent candidate for a top electrode making soft, electrical con-
tacts. It has already been successfully applied on self-assembled monolayers
(SAM’s) as shown in previous studies.[10–13] In addition EGaIn contacts are non-
damaging to the film and can be applied at r.t avoiding any step requiring low
pressure or high temperatures which might be destructive for some organic ma-
terials while it can adapt to the surface of the substrate.[14, 15] In this case, the
application of EGaIn is achieved through polydimethylsiloxane (PDMS) micro-
channels, a technique in which EGaIn flows into performed PDMS microchan-
nels with a desired architecture forming the top electrode (more details in section
3.4).[16]

IS measurements with EGaIn have already been successfully performed on
SAMs in order to calculate the resistance of SAMs along with the dielectric con-
stant. The results were in accordance with reported values.[17, 18]

In this work substrates form a series of organic materials, polymers and ful-
lerene derivatives that were used in chapter 2 (Fig.3.1) were fabricated and IS
measurements with EGaIn as top electrode were performed in order to investi-
gate their dielectric properties. The device architecture is shown in Fig.3.2.

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and [60]PCBM are one of the most
commonly used and well studied materials for organic electronics and especially
for OPVs.[19, 20] Both of them exhibit low dielectric constant values, 3 for P3HT
and 3.9 for PCBM.[21–23] IS measurements were performed with EGaIn as top
electrode to verify their dielectric properties. The Nyquist and Bode plot along
with the capacitance plotted over frequency for both Al and EGaIn, are shown in
Figure 3.3 and 3.4. The Bode plot shows the |Z| dependence on frequency while
the inset, the Nyquist plot shows the behaviour of a real capacitor with the shape
of a semicircle. For P3HT the dielectric constant with EGaIn was calculated to be
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Figure 3.1 Structures of fullerene derivatives and polymers that were used for impedance
spectroscopy measurements with aluminum and EGaIn as top electrodes.
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ITO on glass

EGaIn

PDMS

Figure 3.2 Device architecture with EGaIn as top electrode
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3.3±0.1 and for PCBM 3.9±0.1, which are in accordance with the values found in
literature and the values calculated with Al in chapter 2 (pages 29 and 27).

As it is seen in Figure 3.3b and 3.4b for the case of P3HT and PCBM devices
with Al, the capacitance drops down for frequencies higher than 104 Hz while in
the EGaIn case, the capacitance is almost frequency independent. This transi-
tion frequency ( fT , where |Z| drops by 10%) for low Rs values (in the order of
10Ω) is observed at very high frequencies outside the measuring range making
the capacitance frequency independent. Having higher Rs values (in the order
of 100Ω), fT is observed at lower frequencies (104 ∼ 106 Hz), something which is
attributed to Rs .

In the case of EGaIn almost frequency independent capacitance was observed.
This can also be seen in the Bode plots where the effect of the Rs is observed at the
most right plateau of the plot for the case of Al (Figure 2.8a, 2.5a) while for EGaIn
is a straight line with a negative slope (Figure 3.3a and 3.4a, |Z|, black squares
over frequency). Avoiding this abrupt drop in the capacitance, more data points
can be obtained from which C can be determined, (eq.2.5) with more precision.

In order to validate the results from EGaIn, polystyrene, a well studied ma-
terial with a known dielectric constant of 2.6 (at 25 ◦C, 1 kHz ∼ 1 MHz) was mea-
sured, polystyrene (PS, Figure 3.1).[24] The Bode and Nyquist plots along with
the capacitance over the frequency are shown in Figure 3.5. The same behaviour
as with P3HT and PCBM was observed where devices with Al exhibited higher
values of Rs while the EGaIn ones showed a transition frequency almost at the
end of the measured range. The calculated εr was found 2.7±0.1 for EGaIn, both
in accordance with the literature values within the error margin, while for Al it
was calculated 2.6±0.1.

Having established that with EGaIn the same εr number as with Al could be
derived, for the reference materials and especially for PS which is a well defined
material concerning its εr , the dielectric properties of a series of fullerene deriva-
tives each bearing a different side group was calculated and the effect of each
group was studied.
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Figure 3.3 Impedance measurements of P3HT. (a) The measured data of the magnitude
(|Z|, black squares) and the phase (blue triangles) are plotted against the frequency, while
the red lines represent the fits over the measured data. In the inset, the Nyquist diagram
of the device is plotted showing the behaviour of a real capacitor. (b) The capacitance
plotted over frequency for Al (black squares) and EGaIn (blues squares) and the fitting
(red line).

3

83



3. CAPACITANCE MEASUREMENTS WITH EGAIN AS TOP ELECTRODE

102 103 104 105 106

102

103

104

105

106

 |Z| PCBM EGaIn
 |Z| fit
 Phase PCBM EGaIn
 Phase fit

Frequency (Hz)

|Z
| (

)

-20

-40

-60

-80

-100

 P
ha

se
 (

)

0.0 0.2 0.4

0.0

-0.4

-0.8

Z'
' (

M
)

Z' (M )

(a)

102 103 104 105 106

10-10

10-9

10-8

 PCBM Al
 PCBM EGaIn
 fit

C
ap

ac
ita

nc
e 

(F
)

Frequency (Hz)

(b)

Figure 3.4 Impedance measurements of PCBM. (a) The measured data of the magnitude
(|Z|, black squares) and the phase (blue triangles) are plotted against the frequency, while
the red lines represent the fits over the measured data. In the inset, the Nyquist diagram
of the device is plotted showing the behaviour of a real capacitor. (b) The capacitance
plotted over frequency for Al (black squares) and EGaIn (blues squares) and the fitting
(red line).
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Figure 3.5 Impedance measurements of PS. (a) The measured data of the magnitude (|Z|,
black squares) and the phase (blue triangles) are plotted against the frequency, while the
red lines represent the fits over the measured data. In the inset, the Nyquist diagram
of the device is plotted showing the behaviour of a real capacitor. (b) The capacitance
plotted over frequency for Al (black squares) and EGaIn (blues squares) and the fitting
(red line).
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Devices from PCBCF3, a fullerene derivative bearing a trifluoromethyl group,
with varying film thicknesses, were fabricated with the two different electrodes.
Capacitance and impedance plots are shown in Figure 3.6. In the case of Al, Rs

values were in the order of ∼ 100Ω while for EGaIn in the order of ∼ 10Ω fol-
lowing the same trend as discussed before. The calculated εr for Al was 4.2±0.1
and for EGaIn 4.3±0.1, with both methods giving the same value. The dielectric
constant of PCBCF3 is comparable with the value of PCBM. As it is mentioned in
the work by Hougham et al., in the case of – CF3 group, although there is a de-
crease in the electronic polarization which could lower the dielectric constant at
the same time the increase of the dipole orientation overcompensates that. As
a result, there is a little overall change in the dielectric constant.[25] That could
explain the slightly increased εr of PCBCF3 compared to PCBM.

Recently, materials with oligoethylene glycol chains (OEG) have attracted at-
tention due to the increased εr of fullerenes and polymers bearing them. It has
been shown that not only they increase the polarity but also provide a higher
chain flexibility.[26–28] In this work, two fullerene derivatives bearing two (PCBDE-
OH) and three (PCBTE-OH) ethylene glycol units with a terminal OH group were
studied. Both materials exhibited higher dielectric constant values compared
to PCBM and lower Rs for the EGaIn devices as it can been seen from the Bode
and capacitance plots (Figures 3.7 and 3.8). The dielectric constant of PCBDE-
OH with Al was calculated 5.0±0.1 and with EGaIn slightly higher, 5.3±0.1. For
PCBTE-OH the εr of the different electrodes was found to be the same within the
error margin, 5.0±0.1 for Al and 5.2±0.1 for EGaIn. Both materials showed in-
creased dielectric constant compared to PCBM, which we attribute to the OEG
chains.

Capacitors from the Bingel adduct bearing two ethylene glycol chains (BTEG-
2) were also fabricated with EGaIn. So far BTEG-2 has shown the highest εr

values among the fullerene derivatives, with Al devices giving 6.6± 0.1. In the
case of EGaIn the capacitors showed lower Rs values (Figure 3.9) a trend that was
observed in all the EGaIn devices while the dielectric constant was calculated
6.7±0.1 which is considered the same as with Al.
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Figure 3.6 Impedance measurements of PCBCF3. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency for Al (black squares) and EGaIn (blues squares) and
the fitting (red line).
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Figure 3.7 Impedance measurements of PCBDE-OH. (a) The measured data of the mag-
nitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency for Al (black squares) and EGaIn (blues squares)
and the fitting (red line).
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Figure 3.8 Impedance measurements of PCBTE-OH. (a) The measured data of the mag-
nitude (|Z|, black squares) and the phase (blue triangles) are plotted against the fre-
quency, while the red lines represent the fits over the measured data. In the inset, the
Nyquist diagram of the device is plotted showing the behaviour of a real capacitor. (b)
The capacitance plotted over frequency for Al (black squares) and EGaIn (blues squares)
and the fitting (red line).

3

89



3. CAPACITANCE MEASUREMENTS WITH EGAIN AS TOP ELECTRODE

102 103 104 105 106

102

103

104

105

 |Z| BTEG-2 EGaIn
 |Z| fit
 Phase BTEG-2 EGaIn
 Phase fit

Frequency (Hz)

|Z
| (

)

0

-20

-40

-60

-80

-100

 P
ha

se
 (

)

0.0 0.1 0.2
0.0

-0.2

-0.4

Z'
' (

M
)

Z' (M )

(a)

102 103 104 105 106
10-10

10-9

10-8

 BTEG-2 Al
 BTEG-2 EGaIn
 fit

C
ap

ac
ita

nc
e 

(F
)

Frequency (Hz)

(b)

Figure 3.9 Impedance measurements of BTEG-2. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency for Al (black squares) and EGaIn (blues squares) and
the fitting (red line).
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Another material tested in this work is the PCBSF fullerene derivative bear-
ing a sulfone group. The sulfone, a small dipolar group with high dipole moment
(5 D) has already been incorporated in the glass polymer poly(2-(methylsulfonyl)-
ethyl methacrylate) (PMSEMA) to achieve a high dielectric constant of 11 ∼ 12.[29]
In this respect, PCBSF was synthesized and devices were fabricated with two dif-
ferent electrodes to investigate the dielectric properties of the material. Figure
3.10 and 3.11 show the IS plots and the capacitance over frequency for devices
with and without annealing. In this case devices with different electrodes gave
different numbers for εr . For Al, the dielectric constant was calculated 3.9±0.1
while for the EGaIn the value was found higher, 5.1±0.1. The devices were also
annealed before deposition of the electrodes at 170 ◦C for 6 min. After anneal-
ing the dielectric constant values were comparable, with devices from Al giving
5.3±0.1 and from EGaIn 5.4±0.1. Annealing was also performed in the devices
fabricated from all the materials shown in Figure 3.1 but no change on the di-
electric constant was observed.

A strong polar group, which has attracted some attention as a candidate to
increase the dielectric constant of organic materials, is the cyano group.[30, 31]
In this work, IS measurements from PCBCN were performed with EGaIn. In the
capacitance over frequency plots (Figure 3.12b), the difference of the Rs in the
devices can been seen, with EGaIn giving lower values. Also, for the same device,
an increase in the capacitance at low frequencies was observed. The dielectric
constant for the devices with Al was calculated to be 4.1± 0.1 while the EGaIn
ones gave a higher εr of 5.1±0.1.
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Figure 3.10 Impedance measurements of PCBSF. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency for Al (black squares) and EGaIn (blues squares) and
the fitting (red line).
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Figure 3.11 Impedance measurements of an annealed PCBSF device. (a) The measured
data of the magnitude (|Z|, black squares) and the phase (blue triangles) are plotted
against the frequency, while the red lines represent the fits over the measured data. In
the inset, the Nyquist diagram of the device is plotted showing the behaviour of a real
capacitor. (b) The capacitance plotted over frequency for Al (black squares) and EGaIn
(blues squares) and the fitting (red line).
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Figure 3.12 Impedance measurements of PCBCN. (a) The measured data of the magni-
tude (|Z|, black squares) and the phase (blue triangles) are plotted against the frequency,
while the red lines represent the fits over the measured data. In the inset, the Nyquist
diagram of the device is plotted showing the behaviour of a real capacitor. (b) The ca-
pacitance plotted over frequency for Al (black squares) and EGaIn (blues squares) and
the fitting (red line).
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3.3. CONCLUSION
Impedance spectroscopy was performed on devices made with two different top
electrodes: standard aluminum and EGaIn. The results of the dielectric con-
stants of all the materials with the two different electrodes are summarized in
Table 3.1. For the reference materials, P3HT, PCBM and PS the calculated εr for
EGaIn was in accordance with the reported values, with all of the EGaIn devices
showing lower values of Rs making the capacitance, frequency independent in
the measured range. For PCBCF3, both electrodes gave similar, low εr , compa-
rable to PCBM, which could be expected from the low polarizability of the – CF3

group.[32] The dielectric constant of the OEG-functionalized fullerenes, as ex-
pected, was increased for both of them with PCBDE-OH giving slightly higher
number from the EGaIn devices. In the contrary, PCBSF and PCBCN showed
quite a big difference on the value of εr . For both of them, an increased value
could be expected but Al devices gave values comparable to the reference one,
while EGaIn devices exhibited dielectric constants comparable with the higher
values as reported in literature for materials with the same polar groups. Upon
pre-annealing the PCBSF devices with both methods gave similar high values of
dielectric constants. From the AFM measurements, no change in the topology is
observed as shown in Fig.2.21.

Since EGaIn reproduces the values of PS and other reference materials, it can
be concluded that the difference in the values of some materials between Al and
EGaIn can not be due to possible intrinsic mechanisms involving EGaIn. In addi-
tion, the native GaOx layer does not act as an extra capacitor connected in series
with the circuit in Figure 2.1 as it can be seen in the Nyquist plots where the data
show a semicircle instead of two. This is also proven in the work by Sangeeth et
al. were only a thick, intentionally electrochemically increased GaOx layer could
act as an additional real capacitor. [17]

One could argue that the lower Rs were achieved due to the difference be-
tween the effective and the geometrical area of the EGaIn in the PDMS channel.
In the case where EGaIn does not wet the surface and by using the geometrical
area of the channel, A in eq.2.5 an underestimation of the actual εr is expected,
meaning that EGaIn would give very low values of εr and not higher. Having
these points excluded it is believed that the difference in the values might be due
to the interface of the Al with the film. As mentioned before, deposition of Al
requires high temperatures while hot metal atoms are actually bombarding the
film. With some new organic materials this technique might not be compati-
ble. As described in the work of Zhang et al. evaporated metals electrodes can
penetrate into films of organic materials changing the effective electrical thick-
ness of the films.[33] Additionally Comparable electrode areas (a1 of Al and a4 of
EGaIn as explained in 3.4, Figure 3.13) gave lower Rs for the EGaIn devices. The
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3. CAPACITANCE MEASUREMENTS WITH EGAIN AS TOP ELECTRODE

Table 3.1 Relative dielectric constant values of materials with aluminum and EGaIn as
top electrode

Material
εr # Capacitors

Al EGaIn
P3HT 3.3±0.1 3.3±0.1 9

PS 2.6±0.1 2.7±0.1 8
PCBM 3.9±0.1 3.9±0.1 20

PCBCF3 4.2±0.1 4.3±0.1 10
PCBDE-OH 5.0±0.1 5.3±0.1 8
PCBTE-OH 5.0±0.1 5.2±0.1 12

PCBSF 3.9±0.1 5.1±0.1 8
PCBSF-ann 5.3±0.1 5.4±0.1 8

PCBCN 4.1±0.1 5.1±0.1 24

deposition of EGaIn performed at r.t conditions, reassures its adaptation to the
morphology and the non-damaging contact with the surface which is crucial for
extracting the precise capacitance of the device.

In conclusion, this work demonstrates the use of EGaIn as an alternative elec-
trode to Al for IS measurements on films of organic materials. The deposition
of EGaIn is performed at ambient conditions with PDMS microchannels mak-
ing soft, non damaging contacts with the substrate. This technique does not
require expensive hardware, it has a simple design and can be incorporated in
the production line since PDMS blocks can be removed and consequently other
electrodes or layers can be deposited for other measurements on the same de-
vice. From the Bode plots, EGaIn devices showed lower Rs values compared to Al
making the extraction of C more precise in the measured frequency range. The
dielectric constant values calculated for both electrodes were the same for the
reference materials and the new fullerene derivatives PCBDE-OH, PCBTE-OH
and PCBCF3 however different numbers were calculated for the cases of PCBSF
and PCBCN with EGaIn devices showing higher values, although upon annealing
of the PCBSF devices both electrodes showed almost the same εr . The difference
could be attributed to the undesirable interface of Al (or penetration) with spe-
cific materials due to the thermal deposition of the metal on the soft organic
molecules, where EGaIn reveals their true intrinsic dielectric properties.
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Figure 3.13 Capacitance over frequency plot for PCBTE-OH with Al and EGaIn for com-
parable electrode areas. a1=0.095 cm2 for Al and a4=0.10 cm2 for EGaIn.
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3.4. EXPERIMENTAL

3.4.1. MATERIALS

All materials used or synthesised are discussed in section 2.6, page 70.

3.4.2. PREPARATION OF DEVICES WITH AL

Commercially available glass substrates patterned with ITO in four different di-
mensions were used as bottom electrode of the capacitors. The substrates were
cleaned with soap/water solution, de-ionized water flushing, sonication with
acetone and isopropyl alcohol, followed by oven drying and UV-OZONE treat-
ment. PEDOT:PSS (VP Al4083, H.C. Starck) was spin cast in ambient conditions
and oven dried at 140 ◦C for 10 min. All films were spun from chloroform (ex-
cept from PCBM and P3HT were chlorobenzene was used) under N2 atmosphere.
Varying the spin coating conditions films of various thickness were fabricated.
The Al top electrodes were deposited at a pressure of ca. 10−6 mbar with thermal
evaporation. The device architecture is shown in Figure 3.14 with the top areas
being a1=0.095 cm2, a2=0.1616 cm2, a3=0.357 cm2 and a4=0.995 cm2.

Polymer 

PEDOT:PSS

ITO on glass

Aluminum

a3 a4

a2 a1

Figure 3.14 Device architecture with Al as top electrode

3.4.3. PREPARATION OF DEVICES WITH EGAIN

Same steps, as mentioned above, were followed until the spin coating of the ma-
terial. After the fabrication of the films, a PDMS channel as shown in Figure 3.2
was placed on the top of the film. To fabricate the PDMS channel, the base and
the curing agent (Sylgard 184 Silicone Elastomer) were mixed in a 10:1 (v:v) ratio
by stirring and degassed in a desiccator for 30 min. Then the mixture was poured
over the master in a plastic petri dish and baked at 60 ◦C for 2 hours. Under the
protection of a continuous flow of N2, the cured channels were cut into desired
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shapes and placed orthogonally to the long edge of the ITO electrodes to give
four different areas (a1=0.03 cm2, a2=0.04 cm2, a3=0.06 cm2, a4=0.10 cm2). Sub-
sequently the channels were filled with EGaIn (Sigma Aldrich, used as received)
at a rate of 0.5 mLh−1.

Polymer 

PEDOT:PSS

ITO on glass

EGaIn

PDMS

Figure 3.15 Device architecture with EGaIn as top electrode

3.4.4. IMPEDANCE SPECTROSCOPY MEASUREMENTS

Impedance spectroscopy was performed in the range of 100Hz to 1MHz using a
Solatron 1260 impedance gain-phase analyser with an AC drive voltage of 10mV.
Measurements were performed in N2 at room temperature for devices with Al as
top electrode and at ambient conditions for EGaIn.
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῾῾Φησὶν ἄτοπον εἶναι ἐν μεγάλῳ πεδίῳ ἕνα στάχυν

γενηθῆναι καί ἕνα κόσμον ἐν τῳ ἀπείρῳ.᾿᾿

Μητρόδωρος ὁ Χῖος, 4ος αιώνας π.Χ

“To consider the Earth as the only populated world in
an infinite space is as absurd as to assert that in an
entire field of millet, only one grain will grow.”

Mitrodorus of Chios, 4th century BC

4
Cyclic Carbonates

4.1. INTRODUCTION

I
N chapter 1 the importance and need of high dielectric constant materials,
synthesized through different approaches, was extensively reviewed. As part
of our search for such materials, we investigate the strategy of increasing the

dielectric constant of organic semiconductors by incorporating moieties in the
side chains that resemble small molecules known for their very high dielectric
constants. Cyclic carbonates are such a family of compounds, of which sev-
eral members are used as high dielectric solvents. In this chapter, we investigate
whether the incorporation of cyclic carbonate moieties in the side chains of con-
jugated polymers and fullerenes leads to a substantial increase of the dielectric
constant of these molecular semiconductors. The properties of cyclic carbon-
ates, the synthesis of monomers, polymers and the reasons which make cyclic
carbonates an interesting side group to investigate its effect on the bulk dielec-
tric constant of materials incorporating them, are topics that will be covered in
the following sections of this chapter.

4.2. CLASSICAL THEORY OF DIELECTRIC CONSTANT

Before going into the details on the properties of the cyclic carbonates, a brief
review of the classical theory of the dielectric constant is needed in order to fully
comprehend and explain the behaviour of these molecules.
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4. CYCLIC CARBONATES

Dipolar molecules contain permanent dipoles which under an electric field
will tend to orientate. Assuming E0

1 is the applied electric field, the average field
acting on the dipole would be E (which is the macroscopic field), having a dipole
moment of

µ=αE. (4.1)

where α is the total polarizability (contributions from electronic, atomic, orien-
tational polarizability2). The total polarization of N1 dipolar molecules per unit
volume, each of them having an average moment µ, is

P = N1µ= N

V
µ. (4.2)

The macroscopic field (E) inside the dielectric will be different from the applied
filed (E0) since the depolarization field (E1, Figure 4.1) which is caused by the
polarization of the solid, has to be added. So the macroscopic field will be

E = E0 +E1. (4.3)

In the case of a medium with spherical geometry[1], E1 =−4π
3 P .

- - 
- 
- 

- 

- 

- 

+ + 
+ + 
+ 

+ + 

E0 E0 

E1 

Figure 4.1 The macroscopic field E inside a dielectric medium is the sum of the externally
applied field (E0) and the depolarization field (E1) due to the surface charge density.

In order to relate the macroscopic properties of the molecule (static dielectric
permittivity, ε) with the molecular ones (polarizability, α), the effect of the local
field acting upon an atom should be determined. The local field is different form
the macroscopic field since by definition the macroscopic field is averaged over
a large number of dipoles, while the local field on an atom takes into account the
influence of the nearest surroundings. The first approach of this study was per-
formed by Lorentz and the basic idea is to consider the dipole under study in a
spherical zone with a radius R,(Lorentz sphere, Figure 4.2) immersed in a dielec-
tric, with the sphere’s size small compared to the dimensions of the dielectric,
but large compared to the molecular dimensions. Integrating over the volume of

1all vectors are denoted with bold letters
2for more on the different polarizations see appendix A
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Figure 4.2 The atom under study (red dot) is located at the centre of the Lorentz sphere
with the sphere’s surface field being Esp and E0 being the externally applied field.

the sphere, the field on the sphere’s surface would be [2]

Esp = 4πP

3
(4.4)

and defining the dielectric susceptibility as

χ= ε−1

4π
= P

E
. (4.5)

where E is the macroscopic field, substitution of eq.4.5 to eq.4.4 gives the corre-
lation between the local field and the macroscopic field (eq.4.6),

Esp = ε−1

3
E. (4.6)

The total local field (Eloc) acting upon the atom in the sphere is the sum of the
external applied field (E0), the depolarization field (E1), the Lorentz field (Esp)
and the field caused by the dipoles inside the sphere’s cavity (E3) which depends
on the crystal structure. Using eq.(4.6) the total local field is,

Eloc = E0 +E1 +Esp +E3

= E+Esp

= E+ ε−1

3
E0

= ε+2

3
E,

(4.7)

where E0 and E1 is the macroscopic field and E3 equals to 0 assuming cubic sym-
metry. Substituting E from eq.4.1 and 4.2 and using eq.4.5, eq.4.7 becomes

ε−1

ε+2
= 4πN1α

3
, (4.8)
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4. CYCLIC CARBONATES

which is called the Clausius-Mossotti equation.[2] This expression, although it
relates ε with α, does not take into consideration the orientational (αo) and the
distortional polarizability (αd). One of the founders of the dielectric constant
theory, Debye [3] approached this issue by adding these terms into eq.4.8, which
extends the Clausius-Mossotti equation to the Debye equation,

ε−1

ε+2
= 4π

3
N1 (αd +αo)

= 4π

3
N1

(
αd + µ2

3kT

)
.

(4.9)

Though this approximation is more precise, it was derived from the assumption
that there are no contributions to the local field from the dipoles in the sphere.
Onsager[4] taking into consideration the effect of the molecular dipoles inside
the sphere, extends eq.4.9 to the Onsager equation (eq.4.10)

(ε−ε∞)(2ε+ε∞)

ε(ε∞+2)2 = 4πN1µ
2
ν

9kT
, (4.10)

where ε∞ is the dielectric permittivity in high frequencies and µν is the dipole
moment of the molecule in vacuum. In this approach, the dipole under study is
surrounded by a cavity filled with a dielectric material of a certain permittivity.
Through this way, it is not possible to include the local effects due to the polar-
ization of the environment. Finally, Kirkwood[5] generalized Onsager’s theory
by eliminating the approximation of the uniform local dielectric constant be-
ing equal to the macroscopic dielectric constant of the medium, giving the Kirk-
wood equation (eq.4.11)

(ε−1)(2ε+1)

3ε
= 4πN

V

(
α+ gµ2

i

3kT

)
, (4.11)

where µi is the internal moment1 and g is the Kirkwood correlation factor which
is a measure of the short-range effects which hinder the orientation of a molecule
with its surroundings and which depends on the structure of the material. When
g = 1, there is no dipolar correlation between neighbouring molecules, while
g > 1 means that the dipole tends to orientate the neighbour dipoles in a par-
allel direction and when 0 < g < 1 the dipole tends to orientate the surrounding
dipoles in an antiparallel direction.

1see Appendix A
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4.3. DIELECTRIC PROPERTIES OF CYCLIC CARBONATES
The 5-membered ring carbonates possess unusually high dielectric constant val-
ues. The most representative examples of this group are shown in Figure 4.3.
The dielectric constants vary from 61.7 for propylene carbonate up to 97.5 for
chloromethylethylene carbonate. The explanation of these high numbers is still
ambiguous with some researchers attributing this behaviour to large permanent
dipole moments [6][7] and others to specific intermolecular association.[8] [9] In
order to investigate this in more detail, using Kirkwood’s equation, researchers
calculated the Kirkwood correlation factor (g).

For propylene carbonate, g values were found close to unity (from r.t up to
60 ◦C), which indicates the possibility that there are non-specific intermolecular
forces in operation. The linear dependence of g on temperature is another indi-
cation of the presence of strong, but non-specific, dipole-dipole interactions.[6][8]
In the case of the ethylene carbonate, the results are more difficult to explain. Se-
ward et al. [9] report g values of 1.6 suggesting some type of association in the
liquid state, while Payne et al. [6] report values close to unity which would mean
that there is no association present. The difference in the values originates form
different approximations of ε∞, so no firm conclusion can be drawn.

OO

O

OO

O

OO

O

Cl

OO

O

Cl Cl

OO

O

Cl

Ethylene carbonate Propylene carbonate

Monochloroethylene carbonate

1,2-Dichloroethylene carbonate

Chloromethylethylene carbonate

Figure 4.3 Common cyclic carbonates.

The high values of the dielectric constant and the dipole moments are shown
in Table 4.1 along with the boiling point of each molecule. The decrease in the
dipole moment of the monochloroethylene carbonate (3.99 D) and 1,2-dichloro-
ethylene carbonate (3.44 D) is due to the fact that the total moment of the C – Cl

4
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linkage opposes the moment of the C –– O bond which also explains the decrease
of their boiling point. The opposite though, is observed for chloromethylethy-
lene carbonate. This can be attributed to intermolecular hydrogen bonding that
could assist dipole interaction.[10]

Table 4.1 Properties of cyclic carbonates.

Cyclic Carbonate
ε µ b.p

(at 40 ◦C) 1018 (e.s.u) (◦C)

OO

O

89.6 4.87 238

OO

O

61.7 4.94 232

OO

O

Cl

62.0 3.99 212

OO

O

Cl Cl

31.8 3.44 178

OO

O

Cl

97.5 4.68 252

Another characteristic of some cyclic carbonates which drew attention was
the occurrence of doublets in the IR spectrum in the carbonyl region. This be-
haviour was observed for ethylene carbonate, monochloroethylene and 1,2-di-
chloroethylene carbonate but not for propylene carbonate and it was ascribed
to rotational isomerism, meaning a restricted rotation of one or several units
about an n-fold axis in the solid state.[7] This was supported by later studies
showing the disappearance of the double peaks when the molecule was going
from solid to liquid state; an indication of changing from non-planar to planar
configuration.[11]
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Figure 4.4 The effect of temperature on the dielectric constant of ethylene and propylene
carbonate.

Figure 4.4 shows the dependence of the dielectric constant of ethylene and
propylene carbonate on the temperature. For both molecules, decreasing the
temperature results in the increase of the dielectric constant. [8][9] This is ex-
pected and can be explained because of the orientational polarization. As it is
discussed in section 4.2 the dipoles of a molecule in the presence of an exter-
nal field tend to align with the field. This refers to the average orientation of
the dipoles which means that not all the dipoles at a specific moment are per-
fectly aligned. As the temperature increases, the thermal energy of the molecule
increases as well, which also increases the random motion of the dipoles. This
results in fewer dipoles being perfectly aligned with the field, therefore the ori-
entational polarization is less. The opposite happens when the temperature de-
creases, which results in the increase of the dielectric constant since the orienta-
tional polarizability is higher due to the slower random motion of the dipoles.

For ethylene carbonate, with a melting point at 35 ◦C, the dielectric constant
increases down to 40 ◦C (Figure 4.4) but below the m.p a sharp decrease down
to 5.4 is observed.[6] This sharp drop below the melting point is sometimes ob-
served depending the properties of the material. Since in a crystal lattice only

4
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some orientations are permitted, in order for the dipoles to align with the exter-
nal field the molecules must overcome a certain energy barrier (∆E). Although
the energy required to switch to orientations aligned with the field is less com-
pared with the orientations that oppose the field, if the molecules have less en-
ergy than that barrier, they will not align with the field which now “freezes” the
contribution of the orientational polarization, resulting in a drop in the dielec-
tric constant. This effect is not observed in propylene carbonate with a m.p at
−48 ◦C. The explanation of this can be the fact that propylene carbonate can be
supercooled over a larger range of temperature (down to −114 ◦C)[12].

The ability of carbonates to dissolve anhydrous ferric, mercuric and zinc chlo-
rides, i.e. the ability to stabilize the corresponding ions by solvation, made car-
bonates interesting candidates for capacitors. So far the only attempt made to
increase the dielectric constant of a polymer by inherently attaching the carbon-
ate group was made by Zhu et al. They describe the synthesis of polysiloxane
polymers bearing a cyclic carbonate side chain, increasing the dielectric con-
stant from 18 (poly(cyano-ehtylmethylsiloxane)) to 22. The dielectric constant
was increased even more (up to 44) by the addition of an oxygen atom adjacent
to the carbonate ring.[13]

4.4. INCORPORATION OF CYCLIC CARBONATES IN POLYMERS &
FULLERENES

In that respect, the cyclic carbonate moiety appears to be a promising candidate
for increasing the dielectric constant of organic semiconductors like fullerene
derivatives and conjugated polymers. Replacing the standard, commonly used,
low dielectric constant, solubilizing alkyl or alkoxy side group by a flexible one
that contains a cyclic carbonate moiety, increase of the dielectric constant of the
material along with an increase in the solubility could be expected. In addition
to that, variation on the length of the side chain could potentially vary the solu-
bilizing effect and the influence of the cyclic carbonate on the overall dielectric
constant. In the following paragraphs, the synthesis and addition of cyclic car-
bonate moieties on polymers and fullerenes will be discussed.

Cyclic carbonates can be either synthesized by chemical fixation of CO2 onto
epoxides with the addition of a catalyst or through the reaction of diols with
dimethyl carbonate. In Scheme 4.4.1 the synthesis of tosylated carbonates is
shown. Depending on the length of the chain carrying the carbonate, the cor-
responding triols reacted with dimethyl carbonate to form the ring, with yields
up to 71% (1, 2). The final step was the substitution of the OH group with a better
leaving group, the tosylate, giving products 3 and 4.[14]

4
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HO OH
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n reflux

DMC, K2CO3
HO

n

O
O

O

p-TsCl, Et3N

THF, 0°C TsO
n

O
O

O

1 (n=2)
2 (n=4)

3 (n=2)
4 (n=4)

Scheme 4.4.1 Synthetic route for tosylated carbonates

For a longer brominated chain adjacent to the carbonate, the synthetic route
shown in Scheme 4.4.2 was followed. The first step included the synthesis of the
epoxide from the reaction of the corresponding alkene with m-CPBA affording
the product with 70% yield. Finally the carbonate was synthesized in a neat reac-
tion through purging CO2 in atmospheric pressure along with TBAI with a yield
of 80%.[15]

Br Br O O
O

O

Br
m-CPBA

DCM, 0ºC

TBAI

CO2, 60ºC
14 15

Scheme 4.4.2 Synthetic route for 4-(5-bromopentyl)-1,3-dioxolan-2-one

The attachment of the carbonate chain to a carbazole which would act as the
donor part inside the target alternating donor-acceptor copolymer, is shown in
Scheme 4.4.3. The synthesis of products 5 and 6 was performed under mild basic
conditions (1 eq. of base) since harsher ones were found to lead to the opening of
the carbonate ring. The substitution of bromines by the boronic acid groups in
order to afford the final products (7, 8) was also performed under mild conditions
(KOAc, Pd(dppf)Cl2) and not under the usual ones (n-BuLi, −78 ◦C).

In Figure 4.5, the characteristic resonances of the cyclic carbonate protons in
the 1H NMR spectrum, observed between 4.8 and 4.1 ppm, are shown in the red
boxes.

The final steps affording the polymers bearing the carbonate group is shown
in Scheme 4.4.4. Suzuki coupling polymerization was performed between the
donor unit (7 or 8) and the acceptor unit 92 which was synthesized according to
published procedures.[16] The polymerization was performed in THF with tri-o-
tolyl phosphine and K3PO4 in the presence of Pd2(dba)3 ·CHCl3. The commer-
cially available catalyst Pd2(dba)3 is reported to have up to 40% nanoparticles of
Pd and considering the small loads of catalyst used in the polymerizations (1∼2

2see experimental section

4

111



4. CYCLIC CARBONATES

N
H
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N
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B B
O
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O
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1,4-Dioxane

90ºC

Scheme 4.4.3 Attachment of carbonates to the carbazole unit.

mg) could result not only in wrong estimations in the efficiency but also could
affect the catalytic cycle. Purification of the catalyst and recrystallization from
acetone:chloroform mixture to afford pure Pd2(dba)3 ·CHCl3 was performed ac-
cording to the procedure described by Zalesskiy et al. [17] Prolonged reaction
hours resulted in insoluble to common solvents products, probably due to high
polymer. For that reason the reaction time was monitored in order to afford poly-
mers bearing a balance between the molecular weight and the solubility.

For comparison, reference polymers with different length of alkyl chains on
the carbazole unit were synthesized as shown in Scheme 4.4.5. The alkyl chains
were incorporated to the carbazole unit in 2-butanone with NaOH and n-
Bu4NClO4 giving products 10 and 11 in high yields.[18] Substitution of bromine
groups to boronic acid was performed under low temperature conditions with
n-BuLi in THF. Suzuki polymerizations with the same conditions as with the car-
bonates gave the reference polymers P1-ref and P2-ref.

The molecular weight for PCar1 was found M n = 8200 gmol−1, (M w = 9200
gmol−1, PDI 1.1.) and for PCar2 M n = 8700 gmol−1, (M w= 9300 gmol−1, PDI

4
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Figure 4.5 1H NMR of product 7 in DMSO – d6. The characteristic peaks of the carbonate
ring can be seen at 4.79, 4.48, 4.12 ppm (red boxes).

1.1.). For the reference polymers, the molecular weights were found lower, for
P1-ref M n = 2600 gmol−1,(M w= 2800 gmol−1, PDI 1.1.) and for P2-ref, M n =
2000 gmol−1,(M w 2100 gmol−1, PDI 1.1.).
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Scheme 4.4.4 Suzuki-Miyaura polymerization affording the carbonated polymer.
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Scheme 4.4.5 Synthetic route of carbazole monomers with alkyl chains and the reference
polymers P1-ref, P2-ref.
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For the incorporation of the carbonate chain in fullerenes the synthetic route
shown in Scheme 4.4.6 was followed. [19] The synthesis of the brominated car-
bonate included the reaction of the brominated alkene to the corresponding
epoxide with m-CPBA in DCM (70% yield) followed by the fixation of CO2 to form
the carbonate ring 15. Treatment of 15 with p-hydroxybenzaldehyde in the pres-
ence of K2CO3 afforded compound 16 (61% yield). Finally a Prato reaction gave
the carbonate fullerene derivative P2C5 (40% yield). For the characterization of
P2C5 refer to [19].

Br Br O O
O

O

Br

m-CPBA

DCM, 0ºC

TBAI

CO2, 60ºC14 15

O

HO OH
DMF, 90ºC

K2CO3

O

O

O

OO

O O

O

O

C60

sarcosine

o-dcb, 90ºC

N

O

O

O

O

O

O

O

O

16P2C5

Scheme 4.4.6 Synthetic route of the brominated carbonate and the fullerene derivative
P2C5.

4.5. CHARACTERIZATION OF POLYMERS

4.5.1. UV-VIS ABSORPTION MEASUREMENTS

In order to investigate the effect of the incorporation of the cyclic carbonates on
the optical band gap of the polymers, UV-vis absorption and photoluminescence
spectra were measured (Figure 4.6). The polymers were measured at a concen-
tration of 0.03 mgmL−1 in CHCl3. As it can be seen there was no change in the
absorption peak of PCar1 and PCar2 compared to Pref and P2-ref, while all of
them showed a peak at λmax=508 nm. The Strokes shifts for the reference poly-

4
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mers showed almost the same values, 129 nm and 127 nm for the P1-ref and P2-
ref respectively, while for the polymers bearing the cyclic carbonate moiety the
shifts were smaller, 114 nm for PCar1 and 106 nm for PCar2.
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Figure 4.6 UV-vis and photoluminescence spectra of (a) PCar1 (black line and dashed
black line) and P1-ref (red line and red dashed line) and (b) PCar2 (black line and dashed
black line) and P2-ref (red line and dashed red line).

4.5.2. CYCLIC VOLTAMMETRY MEASUREMENTS

In order to get an insight on the electrochemical properties of the polymers and
the redox/oxidation values, cyclic voltammetry (CV) measurements were per-
formed on the polymers as shown in Figure 4.7. The half-wave potentials of the
oxidation and reductions along with the HOMO and LUMO levels are listed in
Table 4.2. The optical bandgap for both PCar1 and PCar2 was found 2.1 eV lower
than the electrochemical one. For P1-ref the values of the optical and electro-
chemical band gap were almost the same.

The electrochemical band gap is defined as the energy between the first re-
duction and the first oxidation processes of the molecule, which is the energy
required to produce a non-interacting electron-hole pair (quasi-particle gap).
Since optical excitation gives rise to excitons rather than free carries and extra
amount of energy (exciton binding energy, Eb) is need for the formation of free
charges. Theoretically the sum of the optical band gap and the exciton binding
energy gives the electrochemical band gap.[20] For all four polymers the simi-
lar values of both optical and electrochemical band gaps indicate low binding
energy.
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Figure 4.7 Cyclic voltammogramms of the polymers.
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4.5. CHARACTERIZATION OF POLYMERS

Table 4.2 Electrochemical properties, calculated HOMO, LUMO
levels and bandgaps (optical, Eopt and electrochemical Eel ) for
the polymers. | Experimental conditions: Bu4NPF6 (0.1 M) as
the supporting electrolyte, o-DCB/CH3CN as solvent; Pt, work-
ing electrode; Pt wire, counter electrode; Ag/AgCl, reference elec-
trode; scan rate 10 mVs−1, potentials are relative to Fc/Fc+.

material
E 1/2

ox E 1/2
r ed HOMO LUMO Eopt Eel

(V) (V) (eV) (eV) (eV) (eV)

PCar1 0.67 -1.59 -5.77 -3.51 2.10 2.27
PCar2 0.72 -1.60 -5.82 -3.50 2.10 2.32
P1-ref 0.74 -1.44 -5.84 -3.66 2.13 2.18
P2-ref 0.65 -a -5.75 -a 2.13 -a

aCould not be determined from the CV spectra.
HOMO and LUMO energy levels were estimated using equa-

tions: HOMO= −(Eo x1/2 + 5.1) eV, LUMO= −(Er ed 1/2 + 5.1)
eV.[21]
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4. CYCLIC CARBONATES

4.5.3. TGA
Additionally, investigation of the thermal properties of the polymers, including
the determination of the decomposition temperature, was performed with ther-
mal gravimetric analysis (TGA) as shown in Figure 4.8. All polymers behaved as
expected for conjugated polymers with similar decomposition profiles, showing
decomposition temperatures higher than 350 ◦C. For the PCar1 and PCar2 the
decomposition temperature (10% weight loss) was 371 ◦C and 426 ◦C respectively
while for the reference polymers the decomposition temperatures was found to
be more close; 431 ◦C for P1-ref and 421 ◦C for the P2-ref. The slightly skewed
baseline for the PCar-2 suggest some minor dehydration.

0 100 200 300 400 500 600 700
0

20

40

60

80

100

 

 

W
ei

gh
t (

%
)

Temperature (ºC)

 PCar1
 PCar2
 P1ref
 P2ref

Figure 4.8 TGA traces for the polymers.

4.6. DIELECTRIC CONSTANT MEASUREMENTS

4.6.1. POLYMERS WITH CYCLIC CARBONATES

As explained in section 2.2 the relative dielectric constant (εr ) was calculated
from impedance spectroscopy measurements. The results are shown in Table
4.3. The numbers for the dielectric constant (3.3∼3.6) of all the polymers were
quite close, implying that there was no effect form the cyclic carbonate group
on the dielectric constant of the polymers bearing the group. In Figure 4.9 the
AFM height images of the films from the polymers are shown. As discussed in
section 2.3, the roughness of the films plays a significant role in determining the
dielectric constant. In some fullerenes (PTEG-1, section 2.4.9 the corrected value
for the capacitance could be calculated from eq.2.15 obeying certain limitations
(σξ < 0.1 and σ

d < 0.2). In the case of polymers though, the upper limit of the in-
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4.6. DIELECTRIC CONSTANT MEASUREMENTS

Table 4.3 Relative dielectric constants of the polymers
and the rms roughness of the films.

Polymer εr Tested capacitors
rms

(nm)

PCar1 3.6±0.1 17 0.94
P1-ref 3.2±0.1 8 4.09
PCar2 3.3±0.2 12 4.42
P2-ref 3.3±0.1 8 4.77

tegral (kc ), which is the upper cut-off of the spatial frequency would be close to
unity, assuming that α0 (radius of gyration in case of polymers) would be more
than 10 nm. This would mean that the roughness should not affect the capaci-
tance. In the case of the PCar2, films with different roughness gave almost the
same dielectric constants within the margin of error, as shown in Table 4.4.

Table 4.4 Relative dielectric
constants of PCar2 and the
rms roughness of the films.

εr
rms

(nm)

PCar2
3.3±0.4 4.42
3.1±0.3 6.57
3.6±0.2 8.22

The frequency dependence of the dielectric constant of the polymers is shown
in Figure 4.10. The drop in the dielectric constant at frequencies higher than
104 Hz is due to the effect of the the series resistance as shown in the equivalent
circuit 2.1, while at lower frequencies the dielectric constant is almost frequency
independent. The impedance measurements of the polymers are shown in Fig-
ures 4.11 and 4.12. All polymers showed behaviour of real capacitors as it is dis-
cussion in section 2.2. The capacitance was given by the fitting of the measured
data (red line in Figures 4.11 and 4.12) with less than 1.5% error.
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4. CYCLIC CARBONATES

(a) PCar1, rms=0.94 nm (b) P1-ref, rms=4.09 nm

(c) PCar2, rms=4.42 nm (d) P2-ref, rms=4.77 nm

Figure 4.9 AFM height images of the polymer films. The thickness of the films varied
from 60 nm to 90 nm.
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Figure 4.10 Relative dielectric constant of PCar1, PCar2, P1-ref, P2-ref plotted over fre-
quency.
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Figure 4.11 Impedance measurements of PCar1 and P1-ref films. The measured data of
the magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the
frequency, while the red lines represent the fit over the measured data. In the inset the
Nyquist diagram of each capacitor is plotted showing the behaviour of a real capacitor.
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Figure 4.12 Impedance measurements of PCar2 and P2-ref films. The measured data of
the magnitude (|Z|, black squares) and the phase (blue triangles) are plotted against the
frequency, while the red lines represent the fit over the measured data. In the inset the
Nyquist diagram of each capacitor is plotted showing the behaviour of a real capacitor.
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4. CYCLIC CARBONATES

4.6.2. FULLERENE DERIVATIVE WITH CYCLIC CARBONATES IN THE SIDE

CHAIN

The effect of cyclic carbonates was also investigated on the fullerene derivative,
P2C5 (Figure 4.13). Addition of two cyclic carbonate chains was achieved through
the synthetic route shown in Scheme 4.4.6. Devices from the fullerene deriva-
tive P2C5 were fabricated following the same procedure as with the polymers
and IS measurements were performed. As mentioned extensively in section 2.3,
the roughness of the films is crucial in determining the capacitance. After spin-

N

O

O

O

O

O

O

O

O

Figure 4.13 The P2C5 fullerene derivative bearing two chains of cyclic carbonate groups.

coating the material from various common organic solvents (chloroform, chlo-
robenzene, o-DCB) the topology of the films, as shown in Figure 4.14, were ex-
tremely rough giving rms roughness values around 28 nm. Following the model
discussed in section 2.3, the calculation of the real capacitance could not be per-
formed since the surface parameters (σ and ξ) did not obey the limitations re-
quired.

Figure 4.14 The AFM height image of P2C5 with rms 28.5 nm.
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4.7. CONCLUSIONS
In conclusion, polymers and a fullerene derivative with cyclic carbonate groups
were synthesized and their dielectric properties were investigated. Although the
cyclic carbonates in their liquid form, show extremely high dielectric constant,
incorporation of the molecule in the side chain of conjugated polymers showed
no effect on the dielectric constant of the polymers. This could be attributed
to the small amount of carbonate molecules per molecular unit in the polymer.
Gradually increasing the number of the cyclic carbonate moieties a gradual in-
crease might be achieved in the dielectric constant of the polymer as it was ob-
served in the case of polymers bearing OEG chains in section 2.4.9). However this
would decrease the solubility of the polymer even further. A fullerene derivative
bearing carbonate groups was also synthesized, but due to its extremely rough
surface eq.2.15 could not be applied in order to derive the real capacitance. A
different combination of solvents might give the desired processability and a
smoother surface which will afford the dielectric constant of P2C5.

4.8. EXPERIMENTAL

4.8.1. MATERIALS AND METHODS

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated.

4-(2-hydroxyethyl)-1,3-dioxolan-2-one (1): [14]

O
O

O

HO

In a 25 mL flask equipped with a magnetic stir-
rer and a condenser, 1.36 g (0.0128 mol) of
(±)–1,2,4–butanetriol, 1.15 g (0.0128 mol) of dimethyl
carbonate, and 0.02 g (0.14 mmol) of K2CO3 were
placed. The reaction mixture was heated up to 80◦C
and stirred overnight. Methanol was distilled off un-
der reduced pressure and the residue was washed with

3% HCl, water and extracted with ethyl acetate. The combined organic phases
were dried by anhydrous magnesium sulfate, filtered and the solvent was evap-
orated. The product was purified by column chromatography (silica gel, ethyl
acetate). 1.20 g (71% yield) of 1 were obtained as colourless oil.
1H NMR (400 MHz, CDCl3) δ 4.96-4.86 (m, 1H), 4.58 (t, J = 8.2 Hz, 1H), 4.18 (t, J =
8.0 Hz, 1H), 3.85-3.70 (m, 2H), 2.54 (s, 1H), 2.06-1.88 (m, 2H).
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4-(4-hydroxybutyl)-1,3-dioxolan-2-one (2): [14]

O
O

O

HO

In a 25 mL flask equipped with a magnetic stir-
rer and a condenser, 2.55 g (0.0190 mol) of
(±)–1,2,6–hexanetriol, 1.71 g (0.0189 mol) of dimethyl
carbonate, and 0.03 g (2.17 mmol) of K2CO3 were
added. The reaction mixture was heated up to 80◦C
and the reaction progress was monitored by TLC. Af-

ter the disappearance of the starting material (5 h), methanol was distilled off
under reduced pressure and the residue was washed with 3% HCl, washed with
water and extracted with ethyl acetate. The combined organic phases were dried
with anhydrous magnesium sulfate, filtered and the solvent was evaporated. The
product was purified by column chromatography (silica gel, ethyl acetate) yield-
ing 1.88 g (61%) of 2.
1H NMR (400 MHz, CDCl3) δ 4.70-4.60 (m, 1H), 4.45 (t, J = 8.2 Hz, 1H), 4.00 (dd, J
= 8.4, 7.2 Hz, 1H), 3.55 (t, J = 6.1 Hz, 2H), 2.03 (s, 1H), 1.81-1.68 (m, 1H), 1.6-1.58
(m, 1H), 1.57-1.30 (m, 4H).

2-(2-oxo-1,3-dioxolan-4-yl)ethyl 4-methylbenzenesulfonate (3):

O
O

O

TsO

In a 50 mL, 3 neck flask equipped with a magnetic stir-
rer and a dropping funnel, 6.16 g ( 32.31 mmol) of 4-
toluenesulfonyl chloride and 5.5 mL of triethylamine
were dissolved in 13 mL of anhydrous tetrahydrofu-
ran. The reaction mixture was brought to 0 ◦C and
let to stir for half an hour. 3.56 g (26.94 mmol) of 1
dissolved in 13 mL of anhydrous tetrahydrofuran were

added to the reaction mixture through the dropping funnel. After the addition
was completed the mixture was brought to room temperature and stirred over
night, then the mixture was washed with brine and the crude product was col-
lected with ethyl acetate. The organic layer was dried with anhydrous magne-
sium sulfate. After the evaporation of the solvent the crude product was purified
with column chromatography (silica gel, ethyl acetate:hexane 1:1) with a total
yield of 92%, giving 7.1 g of white crystals.
1H NMR (400 MHz, (CD3)3SO) δ 7.79 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H),
4.85-4.73 (m, 1H), 4.50 (t, J = 8.2 Hz, 1H), 4.16-4.04 (m, 3H), 2.41 (s, 3H), 2.05 (dd,
J = 12.6, 6.2 Hz, 2H).
13C NMR (100 MHz, CDCl3 δ 154.38, 145.44, 132.21, 130.10, 127.85,73.38, 69.13,
65.55, 33.36, 21.65.
IR(cm−1): 2924, 1788 (C –– Ocycl), 1597, 1353, 1170, 1096, 1059, 1017, 948.
Anal. Calcd. for C12H14O6S : C, 50.34, H, 4.93, S, 11.20. Found: C, 50.31, H, 4.93,

4

128



4.8. EXPERIMENTAL

S, 11.40.
HRMS m/z calculated for [C12H14O6S + H]+: 287.05839. Found: 287.05820.

4-(2-oxo-1,3-dioxolan-4-yl)butyl 4-methylbenzenesulfonate (4):

O
O

O

TsO

In a 50 mL, 3 neck flask equipped with a magnetic stir-
rer and a dropping funnel, 1.84 g ( 9.65 mmol) of 4-
toluenesulfonyl chloride and 1.7 mL of triethylamine
were dissolved in 4 mL of anhydrous tetrahydrofuran.
The reaction mixture was brought to 0 ◦C and let to stir

for half an hour. 1.26 g (8.05 mmol) of 2 dissolved in 4 mL of anhydrous tetrahy-
drofuran were added to the reaction mixture through the dropping funnel. After
the addition was completed the mixture was brought to room temperature and
stirred over night, then the mixture was washed with brine and the crude prod-
uct was collected with ethyl acetate. The organic layer was dried by anhydrous
magnesium sulfate. After the evaporation of the solvent the crude product was
purified with column chromatography (silica gel, ethyl acetate:hexane 1:1) with
a total yield of 93%, giving 2.3 g of pure compound 4 in the form of clear viscous
oil.
1H NMR (400 MHz, CDCl3 δ 7.78 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.73-
4.59 (m, 1H), 4.51 (t, J = 8.2 Hz, 1H), 4.05-3.99 (m, 3H), 2.46 (s, 3H), 1.77-1.63 (m,
4H), 1.65-1.44 (m, 2H).
13C NMR (100 MHz, CDCl3) δ 154.77, 144.98, 132.82, 129.92, 127.85, 76.56, 69.70,
69.17, 33.19, 28.30, 21.66, 20.73.
IR(cm−1): 2925, 1785 (C –– Ocycl), 1386, 1165, 1053, 772, 717, 639.
Anal. Calcd. for C14H18O6S : C, 53.49, H, 5.77, S, 10.20. Found: C, 53.29, H, 5.94,
S, 9.81.
HRMS m/z calculated for [C14H18O6S + H]+: 315.08969. Found: 315.08964.

4-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)-1,3-dioxolan-2-one (5):

N
Br Br

O
O

O

In a 250 mL, 3 neck flask equipped with a magnetic
stirrer and a dropping funnel, 3 g (9.23 mmol) of 2,7-
dibromo-9H-carbazole and 513.4 mg of K2CO3 were
dissolved in 30 mL DMSO. Through the dropping fun-
nel, 4.48 g (15.29 mmol) of 3 dissolved in 30 mL DMSO
were added to the reaction mixture drop wise. After
the addition was completed the mixture was stirred
overnight at 90 ◦C. The mixture was brought to room
temperature, it was washed with 1% HCl, water. The
product was extracted with ethyl acetate and dried by

anhydrous magnesium sulfate. The crude product, after evaporation of the sol-
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vent, was purified with column chromatography (silica gel, ethyl acetate:hexane,
1:3) yielding 2 g (49%) of the pure compound as white powder.
1H NMR (400 MHz, (CD3)3SO) δ 8.12 (d, J = 8.3 Hz, 2H), 7.89 (d, J = 1.2 Hz, 2H),
7.37 (dd, J = 8.3, 1.5 Hz, 2H), 4.82-4.73 (m, 1H), 4.48 (dd, J = 10.9, 5.6 Hz, 3H), 4.15
(t, J = 8.0 Hz, 1H), 2.18 (dd, J = 13.9, 6.9 Hz, 2H).
13C NMR (100 MHz, (CD3)3SO) δ 155.16, 141.34, 122.84, 122.68, 121.30, 119.73,
112.83, 75.33, 69.45, 39.17, 32.56.
IR(cm−1): 3074, 2913, 1798 (C –– Ocycl), 1586, 1484, 1449, 1423, 1388, 1320, 1246,
1223, 1167, 1132, 1092, 1070, 1054, 997, 909, 883, 867, 834, 798, 789, 769, 710, 665.
Anal. Calcd. for C17H13Br2NO3: C, 46.50, H, 2.98, N, 3.19. Found: C, 46.62, H,
2.98, N, 3.19.
HRMS m/z calculated for [C17H13Br2NO3 + H]+: 419.93145. Found: 419.93145.

4-(4-(2,7-dibromo-9H-carbazol-9-yl)butyl)-1,3-dioxolan-2-one (6):

N
Br Br

O
O

O

In a 50 mL, 3 neck flask equipped with a magnetic
stirrer and a dropping funnel, 1 g (3.07 mmol) of 2,7-
dibromo-9H-carbazole and 172 mg of K2CO3 were dis-
solved in 10 mL DMSO. Through the dropping funnel, 1.7 g
(5.4 mmol) of 4 dissolved in 10 mL DMSO were added to
the reaction mixture drop wise. After the addition was
completed the mixture was stirred overnight at 90 ◦C. The
mixture was brought to room temperature, was washed
with 1% HCl, water. The product was extracted with ethyl
acetate and dried by anhydrous magnesium sulfate. The

crude product, after evaporation of the solvent, was purified with column chro-
matography (silica gel, ethyl acetate:hexane, 1:2) yielding 0.742 g (52%) of the
pure compound as white powder.
1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 1.3 Hz, 2H), 7.35
(dd, J = 8.3, 1.5 Hz, 2H), 4.67-4.58 (m, 1H), 4.49 (t, J = 8.2 Hz, 1H), 4.23 (t, J = 7.0
Hz, 2H), 4.01 (t, J = 8.0 Hz, 1H), 1.97-1.87 (m, 2H), 1.87-1.76 (m, 1H), 1.76-1.58 (m,
2H), 1.52-1.39 (m, 1H).
13C NMR (100 MHz, CDCl3) δ 154.70, 141.18, 122.81, 121.60, 121.35, 119.83,
111.82, 76.49, 69.18, 42.93, 33.75, 28.39, 22.47.
IR(cm−1): 2928, 2857, 2324, 2164, 1983, 1790 (C –– Ocycl), 1586, 1488, 1450, 1427,
1389, 1331, 1319, 1275, 1244, 1166, 1132, 1103, 1056, 999, 940, 894, 841, 793, 769,
735, 666.
Anal. Calcd. for C19H17Br2NO3: C, 48.85, H, 3.67, N, 3.00. Found: C, 48.59, H,
3.60, N, 3.08.
HRMS m/z calculated for [C19H17Br2NO3 + H]+: 467.96275. Found: 467.96218.
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4-(2-(2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazol-9-yl)-
ethyl)-1,3-dioxolan-2-one (7):

N
B B

O

O O

O

O
O

O

In a 250 mL, 3 neck flask equipped with a mag-
netic stirrer, a condenser and a solid addition
arm, 2.9 g (6.6 mmol) of 5 and 4.17 g (16.42 mol) of
bis(pinacolato)diboron were dissolved in 70 mL an-
hydrous 1,4-Dioxane. The mixture was bubbled with
argon for 15 min. Through the solid addition arm,
290 mg of Pd(dppf)Cl2 and 1.94 g of KOAc were added

and the reaction mixture was stirred overnight at 90 ◦C. After bringing the mix-
ture to room temperature, it was washed with water, extracted with ethyl acetate,
dried with anhydrous magnesium sulfate and filtered through activated carbon.
The crude product was purified by recrystallization (ethyl acetate:ethanol) to
give 1.44 g of white powder. (41% yield).
1H NMR (400 MHz, (CD3)3SO) δ 8.18 (d, J = 7.8 Hz, 2H), 7.88 (s, 2H), 7.54 (d, J =
8.1 Hz, 2H), 4.82-4.74 (m, 1H), 4.57 (dd, J = 15.2, 7.7 Hz, 2H), 4.48 (t, J = 8.2 Hz,
1H), 4.12 (t, J = 7.8 Hz, 1H), 2.25-2.14 (m, 2H), 1.33 (s, 24H).
13C NMR (100 MHz, (CD3)3SO) δ 155.16, 140.18, 125.37, 124.89, 120.65, 115.56,
84.13, 75.48, 69.46, , 33.00, 25.21, 25.16.
IR(cm−1): 2980, 2933, 1793 (C –– Ocycl), 1623, 1556, 1481, 1450, 1388, 1336, 1262,
1213, 1164, 1140, 1111, 1075, 1054, 997, 964, 929, 879, 855, 826, 784, 766, 736, 705,
688, 671, 644, 579.
Anal. Calcd. for C29H37B2NO7: C, 65.26, H, 6.99, N, 2.63, B, 4.13. Found: C, 65.10,
H, 7.00, N, 2.70, B, 3.71.
HRMS m/z calculated for [C29H37B2NO7 + Na]+: 556.26483. Found: 556.26450.

4-(4-(2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazol-9-yl)-
butyl)-1,3-dioxolan-2-one (8):

N
B B

O

O O

O

O
O

O

In a 50 mL, 3 neck flask equipped with a mag-
netic stirrer, a condenser and a solid addition arm,
500 mg (1.07 mmol) of 6 and 676 mg (2.66 mmol) of
bis(pinacolato)diboron were dissolved in 11 mL anhy-
drous 1,4-Dioxane. The mixture was bubbled with ar-
gon for 15 min. Through the solid addition arm, 47 mg
of Pd(dppf)Cl2 and 314 mg of KOAc were added and
the reaction mixture was stirred overnight at 90 ◦C. Af-

ter bringing the mixture to room temperature, it was washed with water, ex-
tracted with ethyl acetate, dried with anhydrous magnesium sulfate and filtered
through activated carbon. The crude product was purified by recrystallization
(ethyl acetate:ethanol) to give 234 mg of white powder. (39% yield).
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1H NMR (400 MHz, (CD3)3SO) δ 8.17 (d, J = 7.8 Hz, 2H), 7.86 (s, 2H), 7.52 (d, J =
7.9 Hz, 2H), 4.77-4.67 (m, 1H), 4.53-4.38 (m, 3H), 4.09-4.02 (m, 1H), 1.86-1.65 (m,
4H), 1.50-1.35 (m, 2H), 1.33 (s, J = 64.1 Hz, 24H).
13C NMR (100 MHz, (CD3)3SO) δ 157.89, 143.00, 127.77, 127.38, 123.27, 118.34,
86.79, 80.00, 72.21, 44.97, 35.65, 31.50, 27.85, 24.71.
IR(cm−1): 2974, 1798 (C –– Ocycl), 1477, 1447, 1428, 1337, 1262, 1141, 1069, 967,
852, 824, 768, 689.
Anal. Calcd. for C31H41B2NO7: C, 66.34, H, 7.36, N, 2.50. Found: C, 66.28, H, 7.32,
N, 2.57.
HRMS m/z calculated for [C31H41B2NO7 + H]+ 562.31419. Found: 562.31134

4,7-bis(5-bromo-4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (9): [16]

N
S

N

S S

C6H13 C6H13

Br Br

In a 50 mL, 3 neck flask equipped with a magnetic
stirrer and a dropping funnel, 250 mg (0.53 mmol) of
4,7-bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole
were dissolved in 4 mL DMF and the solution was
brought to 0 ◦C and stirred for half an hour. 200 mg

(2.05 eq) of NBS dissolved in 1 mL DMF were added drop wise through the drop-
ping funnel. After the addition was completed the mixture was stirred overnight
at room temperature. The organic layer was washed with water, brine extracted
with ethyl acetate and dried by anhydrous magnesium sulfate. After the removal
of the solvent through evaporation the crude product was purified by column
chromatography (silica gel, DCM:hexane 1:9)
1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.74 (s, 1H), 2.68-2.57 (m, 2H), 1.72-1.61
(m, 2H), 1.451.28 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H).

poly(4-(2-(2-(3-hexyl-5-(7-(4-hexylthiophen-2-yl)benzo[c][1,2,5] thiadiazol-4-
-yl)thiophen-2-yl)-9H-carbazol-9-yl)ethyl)-1,3-dioxolan-2-one) (PCar1):

N
N
SN

S

S

C6H13

C6H13

n

O
O

O

In a 25 mL, 3 neck flask, equipped with a magnetic
stirrer and a condenser, 117.3 mg (0.22 mmol) of 7,
137.9 mg (0.22 mmol) of 9, 1.13 mg of Pd(dba)3 ·CHCl3

[17], and 2.1 mg of XPhos were dissolved in 3 mL a
mixture of anhydrous DMF:toluene (1:2). 186.8 mg of
K2PO4 dissolved in 0.44 mmol of water were added
through a syringe. After bubbling argon for 15 min

through the reaction mixture, the temperature was raised to 120 ◦C. After 8 h
the reaction mixture was brought to room temperature and poured into a large
excess of ice-cold methanol (500 mL). The precipitate was then collected by cen-
trifugation at 4000 rpm for 20 min and filtered over Soxhlet thimble. The product
was purified further via continuous Soxhlet extraction with hexanes (1× 100 mL),
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acetone (2 × 100 mL) and CHCl3 (3 × 200 mL), respectively to afford PCar1 from
the CHCl3 fraction, after the removal of the solvent by rotary evaporation, in the
form of purple powder. (62 mg, 38%).
IR(cm−1): 2960, 2925, 2855, 1812 (C –– Ocycl), 1601, 1563, 1493, 1459, 1438, 1329,
1257, 1009, 862, 790, 728, 686, 661.
GPC (CDCl3): M n 8200 gmol−1, M w 9200 gmol−1, PDI 1.1.

poly(4-(4-(2-(3-hexyl-5-(7-(4-hexylthiophen-2-yl)benzo[c][1,2,5]-thiadiazol-4-
-yl)thiophen-2-yl)-9H-carbazol-9-yl)butyl)-1,3-dioxolan 2-one) (PCar2):

N
N
SN

S

S

C6H13

C6H13

n
O

O
O

In a 25 mL, 3 neck flask, equipped with a magnetic
stirrer and a condenser, 123.5 mg (0.22 mmol) of 8,
137.9 mg (0.22 mmol) of 9, 1.13 mg of Pd(dba)3 ·CHCl3

[17], and 2.1 mg of XPhos were dissolved in 3 mL a
mixture of anhydrous DMF : toluene (1:2). 186.8 mg
of K2PO4 dissolved in 0.44 mmol of water were added
through a syringe. After bubbling argon for 15 min
through the reaction mixture, the temperature was

raised to 120 ◦C. After 8 h the reaction mixture was brought to room temperature
and precipitated into a large excess of ice-cold methanol (500 mL). The precipi-
tate was then collected by centrifugation at 4000 rpm for 20 min and filtered over
Soxhlet thimble. The product was purified further via continuous Soxhlet extrac-
tion with hexanes (1 × 100 mL), acetone (2 × 100 mL) and CHCl3 (3 × 200 mL),
respectively to afford PCar2 from the CHCl3 fraction after the removal of the sol-
vent by rotary evaporation, in the form of purple powder. (53 mg, 31%).
IR(cm−1): 2924, 2854, 1801 (C –– Ocycl), 1600, 1492, 1457, 1367, 1329, 1257, 1200,
1161, 1010, 909, 860, 792, 687, 587.
GPC (CDCl3): M n 8700 gmol−1, M w 9300 gmol−1, PDI 1.1.

2,7-dibromo-9-butyl-9H-carbazole (10): [18]

N
Br Br

In a 100 mL, 3 neck flask, equipped with a mag-
netic stirrer and a condenser, 5 g (15.38 mmol) of 2,7-
dibromo-9H-carbazole, 1.2 g of NaOH and 250 mg
of TBAP (Tetra-n-butylammonium iodide) were dis-
solved in 30 mL of 2-butanone. The mixture was
heated up to 70 ◦C and let to stir for half an hour. Con-
sequently 1.2 g of 1-bromobutane were added in one
portion and the reaction was refluxed for overnight.

After bringing the mixture to room temperature the organic layer was washed
with water, brine, was extracted with DCM and dried with anhydrous magnesium
sulfate. The solvent was removed by rotary evaporation and the crude product
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was purified by recrystallization from DCM : hexane to afford 4.7 g (80% yield) of
the product in the form of white solid.
1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 1.6 Hz, 2H), 7.34
(dd, J = 8.3, 1.6 Hz, 2H), 4.20 (t, J = 7.3 Hz, 2H), 1.87-1.78 (m, 2H), 1.40 (dq, J =
14.8, 7.4 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H).

2,7-dibromo-9-hexyl-9H-carbazole (11): [18]

N
Br Br

In a 100 mL, 3 neck flask, equipped with a mag-
netic stirrer and a condenser, 5 g (15.38 mmol) of 2,7-
dibromo-9H-carbazole, 1.2 g of NaOH and 214 mg of
TBAP were dissolved in 40 mL of 2-butanone. The
mixture was heated up to 70 ◦C and let to stir for half
an hour. Consequently 3.8 g of 1-bromohexane were
added in one portion and the reaction was refluxed for
overnight. After bringing the mixture to room temper-
ature the organic layer was washed with water, brine,

was extracted with DCM and dried with anhydrous magnesium sulfate. The sol-
vent was removed by rotary evaporation and the crude product was purified by
recrystallization from DCM : hexane to afford 4.3 g (68% yield) of the pure prod-
uct.
1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 1.4 Hz, 2H), 7.34
(dd, J = 8.3, 1.6 Hz, 2H), 4.18 (t, J = 7.4 Hz, 2H), 1.89-1.76 (m, 2H), 1.39-1.25 (m,
6H), 0.88 (t, J = 7.0 Hz, 3H).

9-butyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole
(12):

N
B B

O

O O

O

In a 100 mL, 3 neck flask, equipped with a mag-
netic stirrer and a dropping funnel, 1.4 g (3.67 mmol)
of 10 were dissolved in 35 mL of anhydrous tetrahy-
drofuran and cooled down to −78 ◦C. After half
an hour, 3.1 mL (2.5 M in hexane, 2.05 eq.) n-BuLi
were added drop wise through the dropping fun-

nel. After 1 h, 1.65 mL (8.08 mmol) of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane were added in one portion and the reaction mixture was brought
slowly to room temperature and let to stir for overnight. The organic layer was
washed with water, brine and extracted with diethyl ether twice, and dried with
anhydrous magnesium sulfate. After removal of the solvent by rotary evapora-
tion, the crude product was purified by recrystallization from DCM : hexane giv-
ing 1.1 gram of white solid (63% yield)
1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 7.8 Hz, 2H), 7.88 (s, 2H), 7.68 (d, J = 7.8
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Hz, 2H), 4.39 (t, J = 7.3 Hz, 2H), 1.94-1.79 (m, 2H), 1.51-1.42 (m, 2H), 1.40 (s, J =
11.9 Hz, 24H), 0.95 (t, J = 7.4 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ 155.39, 140.40, 125.01, 124.80, 120.00, 115.21,
83.77, 42.77, 31.39, 24.92, 20.50, 13.96.
IR(cm−1): 2980, 2928, 2878, 1485, 1452, 1436, 1336, 1269, 1217, 1142, 1077, 975,
915, 857, 824, 785, 735, 705, 687, 644.
Anal. Calcd. for C28H39B2NO4: C, 70.76, H, 8.27, N, 2.95. Found: C, 70.81, H, 8.36,
N, 3.0.
HRMS m/z calculated for [C28H39B2NO4 + H]+: 476.31380. Found: 476.31360.

9-hexyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole
(13):

N
B B

O

O O

O

In a 250 mL, 3 neck flask, equipped with a mag-
netic stirrer and a dropping funnel, 2.6 g (6.34 mmol)
of 11 were dissolved in 65 mL of anhydrous tetrahy-
drofuran and cooled down to −78 ◦C. After half an
hour, 5.3 mL (2.5 M in hexane, 2.05 eq.) n-BuLi were
added drop wise through the dropping funnel. Af-
ter 1 h, 2.85 mL (13.97 mmol) of 2-isopropoxy-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane were added in one portion and the reaction
mixture was brought slowly to room temperature and let to stir for overnight.
The organic layer was washed with water, brine and extracted with diethyl ether
twice, and dried with anhydrous magnesium sulfate. After removal of the solvent
by rotary evaporation, the crude product was purified by recrystallization from
DCM : hexane giving 2.2 gram of13 inthe form of white solid. (72% yield)
1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 7.8 Hz, 2H), 7.88 (s, 2H), 7.68 (d, J = 7.8
Hz, 2H), 4.38 (t, J = 7.4 Hz, 2H), 1.99-1.74 (m, 2H), 1.40 (s, 24H), 1.36-1.20 (m, 6H),
0.88 (t, J = 7.0 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ 155.40, 140.41, 125.02, 124.79, 120.00, 115.23,
83.77, 42.82, 31.60, 29.17, 26.79, 24.91, 22.60, 14.07.
IR(cm−1): 2980, 2930, 2868, 1488, 1456, 1436, 1341, 1317, 1260, 1217, 1171, 1143,
1113, 1077, 999, 968, 943, 884, 858, 823, 794, 736, 705, 688.
Anal. Calcd. for C30H43B2NO4: C, 71.59, H, 8.61, N, 2.78. Found: C, 71.86, H, 8.74,
N, 2.91.
HRMS m/z calculated for [C30H43B2NO4 + H]+: 504.34510. Found: 504.34472.
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poly(4-(5-(9-butyl-9H-carbazol-2-yl)-4-hexylthiophen-2-yl)-7-(4-hexylthio-
phen-2-yl)benzo[c][1,2,5]thiadiazole) (P1-ref):

N
N
SN

S

S

C6H13

C6H13

n

In a 25 mL, 3 neck flask, equipped with a magnetic
stirrer and a condenser, 104.5 mg (0.22 mmol) of 12,
137.9 mg (0.22 mmol) of 9, 1.13 mg of Pd(dba)3 ·CHCl3

[17], and 2.1 mg of XPhos were dissolved in 3 mL a
mixture of anhydrous DMF:toluene (1:2). 186.8 mg of
K2PO4 dissolved in 0.44 mmol of water were added

through a syringe. After bubbling argon for 15 min through the reaction mix-
ture, the temperature was raised to 120 ◦C. After 8 h the reaction mixture
was brought to room temperature and poured into a large excess of ice-cold
methanol (500 mL). The precipitate was then concentrated by centrifugation at
4000 rpm for 20 min and filtered over Soxhlet thimble. The product was purified
further via continuous Soxhlet extraction with hexanes (1 × 100 mL), acetone (2
× 100 mL) and CHCl3 (3 × 200 mL), respectively to afford Pref1 from the CHCl3

fraction, after the removal of the solvent by rotary evaporation, as purple powder.
(95 mg, 59% yield).
IR(cm−1): 2954, 2923, 2854, 1599, 1652, 1492, 1456, 1435, 1327, 1258, 1196, 1081,
1012, 909, 856, 797, 727, 685.
GPC (CDCl3): M n 2600 gmol−1, M w 2800 gmol−1, PDI 1.1.

poly(4-(4-hexyl-5-(9-hexyl-9H-carbazol-2-yl)thiophen-2-yl)-7-(4-hexylthiophen-
-2-yl)benzo[c][1,2,5]thiadiazole) (P2-ref):

N
N
SN

S

S

C6H13

C6H13

n

In a 25 mL, 3 neck flask, equipped with a magnetic
stirrer and a condenser, 110.6 mg (0.22 mmol) of 13,
137.9 mg (0.22 mmol) of 9, 1.13 mg of Pd(dba)3 ·CHCl3

[17], and 2.1 mg of XPhos were dissolved in 3 mL a
mixture of anhydrous DMF:toluene (1:2). 186.8 mg of
K2PO4 dissolved in 0.44 mmol of water were added
through a syringe. After bubbling argon for 15 min

through the reaction mixture, the temperature was raised to 120 ◦C. After 8 h
the reaction mixture was brought to room temperature and precipitated into a
large excess of ice-cold methanol (500 mL). The precipitate was then concen-
trated by centrifugation at 4000 rpm for 20 min and filtered over Soxhlet thimble.
The product was purified further via continuous Soxhlet extraction with hexanes
(1 × 100 mL), acetone (2 × 100 mL) and CHCl3 (3 × 200 mL), respectively to afford
Pref2 from the CHCl3 fraction, after the removal of the solvent by rotary evapo-
ration, as purple powder. (60 mg, 38%).
IR(cm−1): 2954, 2923, 2853, 1600, 1562, 1492, 1456, 1435, 1369, 1330, 1258, 1202,
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1080, 1012, 908, 859, 796, 727, 686.
GPC (CDCl3): M n 2000 gmol−1, M w 2100 gmol−1, PDI 1.1.

2-(5-bromopentyl)oxirane (14): [22]

Br O

In a 500 mL 3 neck flask, equipped with a magnetic
stirrer, 5 g (28.23 mmol) of 7-bromohept-1-ene were
dissolved in 140 mL DCM and cooled down to 0 ◦C.
After half an hour, m-CPBA (9.7 g, 56.2 mmol) were

added portion wise and the mixture was stirred at room temperature overnight.
The organic layer was washed with 300 mL Na2SO4 (10% w/w), sat. NaHCO3,
extracted with DCM and dried by anhydrous magnesium sulfate. After removal
of the solvent by rotary evaporation, the crude product was purified by vacuum
distillation (vapour temp: 55 ◦C, pressure: 900 mTorr) affording 3.81 g (70% yield)
of colourless liquid.
1H NMR (400 MHz, CDCl3) δ 3.40 (t, J = 6.8 Hz, 2H), 2.95-2.83 (m, 1H), 2.74 (dd,
J = 4.9, 4.1 Hz, 1H), 2.46 (dd, J = 5.0, 2.7 Hz, 1H), 1.95-1.77 (m, 2H), 1.63-1.41 (m,
6H).

4-(5-bromopentyl)-1,3-dioxolan-2-one (15): [15]

O
O

O

Br

In a 50 mL 3 neck flask, equipped with a magnetic
stirrer and a condenser, 688 mg of TBAI dissolved in
6.88 g of 14 and the mixture was heated to 60 ◦C under
CO2 atmosphere (1 bar) until the disappearance of the
starting material. The reaction mixture was washed

with water and brine. The product was extracted with DCM and dried over an-
hydrous sodium sulfate. Purification of the crude product was performed by col-
umn chromatography (silica gel, ethyl acetate:hexane, 1:1) affording 6.8 g of light
yellow liquid (80% yield).
1H NMR (400 MHz, CDCl3) δ 4.67 (dd, J = 7.4, 5.2 Hz, 1H), 4.49 (t, J = 8.2 Hz, 1H),
4.02 (t, J = 7.8 Hz, 1H), 3.36 (t, J = 6.7 Hz, 2H), 1.89-1.59 (m, 4H), 1.54-1.26 (m, 4H).
13C NMR (100 MHz, CDCl3) δ 155.05, 76.93, 69.38, 33.71, 33.59, 32.30, 27.56,
23.62.
IR(cm−1): 2937, 2862, 1785 (C –– Ocycl), 1481, 1462, 1386, 1245, 1165, 1052, 772,
717, 639, 558.
Anal. Calcd. for C8H13BrO3: C, 40.53, H, 5.53. Found: C, 40.74, H, 5.60.
HRMS m/z calculated for [C8H13BrO3 + H]+: 237.01208. Found: 237.01186
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3,5-bis((5-(2-oxo-1,3-dioxolan-4-yl)pentyl)oxy)benzaldehyde (16):

O

O

O

OO

O O

O

O

In a 50 mL 3 neck flask, equipped with a magnetic stir-
rer, 0.5 g (3.63 mmol) of 3,5-dihydroxybenzaldehyde,
2 g of 15 and 1.6 g of K2CO3 were dissolved in 25 mL
DMF. The reaction mixture was stirred for 48 h at 90 ◦C.
After cooling down, the reaction mixture was poured
into water and the crude product was extracted with
ethyl acetate. The organic layer was dried with an-
hydrous magnesium sulfate and the solvent was re-
moved by rotary evaporation. The crude product
was purified by column chromatography (silica gel,
ethyl:acetate 6:1) giving 1 g (61% yield) of light yellow
oil.
1H NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 6.98 (d, J =
2.2 Hz, 2H), 6.68 (t, J = 2.2 Hz, 1H), 4.77-4.66 (m, 2H),

4.54 (t, J = 8.1 Hz, 2H), 4.17-4.05 (m, 2H), 4.00 (t, J = 6.2 Hz, 4H), 1.91-1.68 (m, 8H),
1.56-1.41 (m, 8H).

P2C5: [19]

N

O

O

O

O

O

O

O

O

In a 500 mL 3 neck flask, equipped with a magnetic
stirrer and a condenser, 1 g (2.22 mmol) of 16, 593 mg
of sarcosine, 1.59 g (2.20 mmol) of C60 were dissolved
in o-DCB and stirred at 90 ◦C for 72 h. The solvent was
removed through rotary evaporation and the crude
product was purified by column chromatography (sil-
ica gel, toluene and then the eluent was changed to
toluene : ethyl acetate 3:1) to give 773 mg (40% yield)
of brown crystals after evaporation of the solvents.
1H NMR (400 MHz, CDCl3) δ 6.99 (br, 2H), 6.39 (s, 1H),

4.97 (d, J = 9.4 Hz, 1H), 4.83 (s, 1H), 4.68 (dt, J = 12.7, 7.6 Hz, 2H), 4.50 (t, J = 8.1
Hz, 2H), 4.24 (d, J = 9.4 Hz, 1H), 4.09-4.01 (m, 2H), 3.98-3.95 (m, 4H), 2.83 (s, 3H),
1.85-1.39 (m, 16H).

4.8.2. CHARACTERIZATION

NMR spectra were measured using a Varian AMX400 (400 MHz) instrument at
25 ◦C. UV/Vis measurements were carried out on a Jenway 6715 spectrometer in
1 cm fused quartz cuvettes with concentration of 0.03 mgmL−1 in CHCl3. Emis-
sion spectra were acquired on a Horiba Jobin Yvon FluoroLog 3-22 spectrofluo-
rometer in 1 cm fused quartz cuvettes. FT-IR spectra were recorded on a Nico-
let iS50 FT-IR fitted with a Thermo Scientific Smart iTR sampler. GPC measure-
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ments were done on a Spectra Physics AS 1000 series machine equipped with
a Viskotek H-502 viscometer and a Shodex RI-71 reflective index detector. The
columns (PLGel 5m mixed-C) (Polymer Laboratories) were calibrated using nar-
row disperse polystyrene standards (Polymer Laboratories). Samples were made
in CHCl3 at a concentration of 2.5 mgmL−1. Thermal properties of the polymers
were determined on a TA instrument DSC Q20 and a TGA Q50. DSC measure-
ments were carried out with a scan rate of 10 ◦Cmin−1 and after the first heating
cycle the samples were equilibrated at−30 ◦C. Data was selected from the second
heating cycle. TGA measurements were done from 20 ◦C to 700 ◦C with a heating
rate of 20 ◦Cmin−1. Cyclic voltammetry (CV) was carried out with an Autolab
PGSTAT100 potensiostat in a three-electrode configuration where the working
electrode was Pt wire coated with the polymer under measurement, the counter
electrode was a PT wire and the pseudo-reference was an Ag wire calibrated
against Fc/Fc+. Cyclic voltammogramms were recorded in Bu4NPF6 (0.1 M) in
o-DCB:acetonitrile (4:1).Impedance spectroscopy was performed in the range of
100 Hz to 1 MHz using a Solatron 1260 impedance gain-phase analyzer with an
AC drive voltage of 10 mV. Impedance spectroscopy was performed in the range
of 100Hz to 1MHz using a Solatron 1260 impedance gain-phase analyser with
an AC drive voltage of 10mV. All measurements were performed in N2 at room
temperature.

4.9. PREPARATION OF DEVICES FOR IS
For the preparation of the capacitors, commercially available glass substrates
with patterned ITO in four different dimensions (0.095 cm2, 0.1616 cm2, 0.357 cm2,
0.995 cm2) were used as the bottom electrode. The substrates were cleaned with
soap/water solution, flushed with de-ionized water and were sonicated with ace-
tone and then iso-propanol followed by drying and UV-OZONE treatment. PE-
DOT:PSS (VP Al4083, H.C Starck) was spin cast in ambient conditions and dried
at 140 ◦C. All solutions of polymers were spin casted in N2 atmosphere from o-
dcb. The top electrode (aluminum) was deposited at a pressure of 10−6 mbar
with thermal deposition.
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A
Polarizations & Dipole Moments

A.1. POLARIZABILITY
Molecules are composed of positive charges (nucleus) and negative charges (elec-
trons). When an external field is present the negative charges tend to orientate
opposite to the field and the positive ones along with the field, an effect which
causes the molecule to polarize. The ease of the distortion of the electron cloud
of a molecular entity by an electric field is called polarizability. There are differ-
ent kinds of polarizabilities as mentioned below, which depend on the molecule.

A.1.1. ELECTRONIC POLARIZABILITY αE

+ + 

+ + 

(a) E0 = 0

+ + 

+ + 

E0 

(b) E0 6= 0

Figure A.1 Electronic Polarizability.
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A. POLARIZATIONS & DIPOLE MOMENTS

Electronic polarizability arises because of the presence of an external electric
field (E0, Fig.A.1b) the electrons of an atom in the various shells are displaced
relative to the nucleus. In that way each atom becomes a small dipole affecting
the field both inside and outside the material. This polarization is present in any
type of material. In addition, in molecules there is the combination of the atomic
polarization and the molecular polarization. Since molecules are a combination
of heavy nuclei and light electrons, under the effect of an electric field, the delo-
calized (partial) charges in the molecular orbitals can be highly polarizable and
an induced molecular dipole will appear.

A.1.2. IONIC POLARIZABILITY αI
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Figure A.2 Ionic Polarizability.

In ionic materials when an electric field is applied the cations and anions are
displaced in opposite directions giving rise to the ionic polarisation. For example
in KI when an electrical field is applied, the K+ cations and the I – anions will be
displaced (stretch or compress-string behaviour) creating a dipole moment.

A.1.3. ORIENTATIONAL OR DIPOLAR POLARIZABILITY αO

Polar molecules (e.g. H2O as seen in Fig.A.3) in the absence of an electric field
they tend to orientate in such a way that the total dipole moment is canceled
(Fig.A.3a). In the presence of an external field (Fig.A.3b) the dipoles tend to align
themselves with the field inducing a polarization to the material.

A.1.4. INTERFACIAL OR SPACE CHARGE POLARIZABILITY αSC

Interfacial polarization occurs due the accumulation of charges at the electrodes
or at the interfaces in multiphase materials and involves limited movement of
charges resulting in the alignment of charge dipoles under the influence of an
external applied field.

A
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A.2. INTERNAL DIPOLE MOMENT

(a) E0 = 0

E0 

(b) E0 6= 0

Figure A.3 Orientational Polarizability.

A.1.5. DISTORTIONAL POLARIZABILITY αD

The distortional polarizability arises due to the distortion in the charge distribu-
tion of the material from the applied field. Distortion of the electron charge dis-
tribution creates the electronic polarizability (αe) while distortions which cause
relative motions of atoms creates the ionic polarization (αi). So the distortional
polarizability is αd =αe +αi .

A.1.6. POLARIZABILITIES AND FREQUENCY

The different types of polarizabilities behave differently in respect to an applied
frequency. Figure A.4 shows the dependence of the polarizabilities over a wide
range of frequencies, from static (ω = 0) to ultraviolet frequencies (ω = 1014 ∼
1017 Hz). At low frequency the effect of interfacial polarization is dominant. In-
creasing the frequency the polarizability remains constant until the microwave
region where a drop is observed due to the effect of the orientational polarizabil-
ity. Increasing the frequency even more the effect of the orientational polariz-
ability is diminished since the field oscillates more rapidly making it difficult for
the dipole to follow it. At the infrared frequencies the dominant polarization is
the ionic one and at even higher frequencies due to the rapid oscillations only
the electronic polarizability is evident.

A.2. INTERNAL DIPOLE MOMENT
The internal dipole moment (µi) is defined as the sum of the dipole moment in
vacuum (µν) and the moment caused by the field produced in a sphere due to
the polarization induced by the surroundings dipoles.

A.3. AFM PARAMETERS

A
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A. POLARIZATIONS & DIPOLE MOMENTS

10-2 1 102 104 106 108 1010 1012 1014 1016

Frequency (Hz)

R
el
at
iv
e
di
el
ec
tr
ic
co
ns
ta
nt

Interfacial and

space charge
Oriental,

dipolar

Ionic

Electronic

Figure A.4 Frequency dependence of the different kind of polarizabilities.

Table A.1 AFM data of fullerenes and polymers

Material
Sq (rms) Sa Sp

nm nm nm

PCBCN 0.23 0.22 15.1
PCBMOx 0.66 0.33 5.19
PCBCF3 0.32 0.25 6.62
PCBSF 0.32 0.25 7.45

PCBSF an. 0.37 0.25 6.35
PCBDE-OH 0.33 0.27 1.93
PCBTE-OH 0.38 0.31 4.10

BTEG-2
0.43 0.34 3.64

PTEG-1
10.8 8.68 36.9
20 15.9 82.1

Material
Sq (rms) Sa Sp

nm nm nm

P3HT
6.26 4.94 34.8

11.70 9.21 54.1
PS 0.39 0.32 3.87

DT-PDPP2T-TT 2.02 1.46 50.1
DT-PDPP2T-TT

3.50 2.93 31.0
:[60]PCBM

J-ref 2.47 1.96 13.1
J-TEH-EH 1.34 1.06 23.2

J2-DEG 0.99 0.77 21.0
J3-DEG 0.79 0.61 20.9
PCar1 0.94 0.71 14.1
P1-ref 4.09 3.29 53.5
PCar2 4.42 3.34 50.5
P2-ref 4.77 3.82 56.9
P2C5 28.5 22.4 153
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List of acronyms

Abbreviation Description

IS Impedance Spectroscopy
IR Infrared Spectroscopy
NMR Nuclear Magnetic Resonance
HRMS High Resolution Mass Spectrometry
DC Direct Current
AC Alternating Current
DMF Dimethylformamide
NBS N-Bromosuccinimide
DCM Dichloromethane
XPhos 2-Dicyclohexylphosphino-2,4,6-triisopropylbiphenyl
GPC Gel Permeation Chromatography
TBAP Tertabutylammonium Perchlorate
CHCl3 Chloroform
m-CPBA meta-Chloroperoxybenzoic acid
TBAI Tetra-n-butylammonium iodide
EDCI N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DMAP 4-Dimethylaminopyridine
DCC N,N’-Dicyclohexylcarbodiimide
MeOH Methanol
NaOMe Sodium methoxide
PDI Polydispersity Index
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Summary

Since the invention of the first solar cell in 1839, many years of research have
been conducted in the field of photovoltaic devices. Various types of photo-
voltaic devices (PV) exist, fabricated from different materials, which all harvest
energy from the sun and convert it into electrical energy. The most widely used
materials for commercial solar cells so far are silicon (Si), cadmium telluride
(CdTe), copper indium gallium selenide (CIGS) and gallium arsenide (GaAs). Al-
though the market is dominated by Si PV, organic photovoltaics (OPV) have at-
tracted the interest of researchers in the last decades due to their potential ad-
vantages over inorganic ones. They can be lightweight, mechanically flexible,
semi-transparent and easy to process. That would mean flexible solar panels
with better incorporation into construction and with lower environmental im-
pact. The main drawback of OPV devices, however, is that they are less efficient
and stable than their commercial inorganic counterparts.

The operating principle of OPV is shown in Figure 1. In the most commonly
used architecture (bulk heterojunction) two types of materials, an organic con-
jugated polymer and a fullerene derivative, are sandwiched as a mixed layer be-
tween two electrodes. The bandgap of the materials should be tuned to afford the
maximum absorbance of the solar spectrum. When light with suitable energy is
absorbed, an electrostatically bound electron-hole pair (exciton) is created with
a life span of nanoseconds and with diffusion lengths of only several nanome-
ters. So far, the splitting of the exciton at the donor/acceptor interface lies in the
tuning of the HOMO and LUMO levels of the two materials. In case of light ab-
sorption by the donor: if the difference in the LUMOs is enough (0.2 eV-0.3 eV)
the donor exciton can be split to an intermolecular exciton (the CT state). In case
of light absorption by the acceptor, the same applies to the two HOMO levels.
From CT state, free charges are formed by further dissociation. Since the exciton
dissociation process occurs at the interface of the two materials, this requires the
interface to be close enough to reach before recombination occurs. After the ex-
citon dissociation, the electron and hole still need to travel through the material
in order to be collected at the electrodes, without being recombined.

One parameter that could be altered to reduce the exciton binding energy, is
the dielectric constant of the material. So far, organic materials for OPV have low
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Figure 1 The main steps of the operation of a BHJ OPV. 1. photon absorption, 2. exciton
formation, 3. exciton diffusion to the interface and dissociation, 4. charge collection.

dielectric constants (polymers ∼3, fullerenes ∼4). In addition to that, only lit-
tle research has been conducted on measuring the dielectric constant of organic
materials. Having organic materials with high dielectric constant (exceeding 10)
could solve the issue of morphology faced by bulk heterojunction solar cells since
there might no longer be a need for a blend of two materials to achieve the ex-
citon dissociation process; the required energy for splitting the exciton could be
lowered enough that the splitting can happen in a single material. Inspired by
this, the goal of the current work is to create a library of the dielectric constant
of organic materials, to address the difficulties and to provide an insight in how
synthetically chemists can alter this property to achieve materials with increased
dielectric constants.

In chapter 2, impedance spectroscopy (IS) techniques for measuring the ca-
pacitance of films fabricated from fullerene derivatives or conjugated polymers
are discussed. The dielectric constant was calculated from the derived capaci-
tance and the thickness of the film. The dielectric constants of fullerene deriva-
tives were calculated to range from 3.6 up to 6.6. High dielectric constants were
observed for fullerene derivatives with oligoethylene glycol chains (OEG). PCBDE-
OH and PCBTE-OH bearing two and three ethylene glycol units, respectively,
showed dielectric constants of 5.0, while the dielectric constant of BTEG-2, a
Bingel adduct with OEG chains, was found to be 6.6; the highest dielectric con-
stant reported so far for a fullerene derivative. Conjugated polymers bearing OEG
chains were also investigated. Upon gradually replacing the side alkyl chains of
a DPP polymer with OEG chains the dielectric constant increased following the
same trend, reaching a value of 6.3. The effect of the roughness of the films on
the IS measurements and its importance on deriving the dielectric constant with
accuracy is also discussed in this chapter.
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In chapter 3, IS measurements were performed on devices were the top elec-
trode aluminum (Al) is replaced by eutectic gallium-indium (EGaIn). The same
series of fullerene derivatives as in chapter 2 were measured with EGaIn. The
contacts from EGaIn are nondamaging to the film and can be applied at room
temperature. In that way, any fabrication step requiring low pressure or high
temperatures is avoided. EGaIn is generally not destructive for organic materi-
als, while it can adapt to the surface of the substrate. This technique does not
require expensive hardware, it has a simple design and it can be incorporated in
the production line since PDMS blocks can be removed and consequently other
electrodes or layers can be deposited for other measurements on the same de-
vice. EGaIn contact devices showed lower series resistance values compared to
the aluminum contact ones, making the determination of the capacitance more
precise in the measured frequency range.

Finally, in chapter 4 a chemical synthetic attempt to increase the dielectric
constant of conjugated polymers is discussed. Cyclic carbonates show unusu-
ally high dielectric constant values. We postulated that incorporation of such
molecular moieties into polymer semiconductors could significantly enhance
the dielectric constant. To test this, carbazole-based polymers bearing cyclic car-
bonates as side chains were synthesized and characterized. IS measurements of
polymers and of a fullerene derivative bearing a terminal cyclic carbonate moiety
on a chain were performed in order to observe the effect of the cyclic carbonate
on the dielectric constant of the polymer. Surprisingly, dielectric constant mea-
surements showed only small differences between the polymers bearing cyclic
carbonates and those bearing alkyl chains. The dielectric constant of the spe-
cific fullerene derivative could not be determined experimentally due to the high
roughness of the films.

The work presented in this thesis builds towards a library of organic semi-
conductors with their dielectric constants. We explored ways to synthetically al-
ter organic compounds to increase their dielectric constant. The measurement
techniques for the determination of low-frequency dielectric constants were re-
fined to give more reliable results. All in all, this work will hopefully contribute a
small step in the progress towards a more sustainable future.
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Nederlandse samenvatting

Sinds de uitvinding van de eerste zonnecel in 1839 zijn er vele jaren aan weten-
schappelijk onderzoek verricht in het veld van fotovoltaïca. Er bestaan verschei-
dene typen fotovoltaïsche cellen (PhotoVoltaics, PV), gemaakt van verschillende
materialen, die lichtenergie van de zon opvangen en omzetten in elektrische
energie. De meest gebruikte materialen voor zonnecellen tot nu toe zijn silicium
(Si), cadmium telluride (CdTe), koper indium gallium selenide (CIGS) en gallium
arsenide (GaAs). Hoewel de markt gedomineerd wordt door Si PV, hebben or-
ganische zonnecellen (organic photovoltaics, OPV) de aandacht getrokken van
wetenschappers, vanwege hun potentiële voordelen ten opzichte van anorgani-
sche zonnecellen. Organische zonnecellen kunnen lichtgewicht, flexibel, semi-
transparant en eenvoudig te verwerken zijn. Dat maakt flexibele zonnecellen die
beter verwerkt kunnen worden in gebouwen en een kleinere impact op het mi-
lieu mogelijk. Het grootste nadeel van OPV cellen is dat ze minder efficiënt en
stabiel zijn dan hun anorganische tegenhangers.

De werking van een organische zonnecel is weergegeven in Afbeelding 1. In
de meest voorkomende opbouw (bulk heterojunctie) worden twee type materi-
alen (een organisch geconjugeerd polymeer en een fullereen derivaat) geklemd
als een gemixte laag tussen twee elektroden. De bandgap van de materialen kan
worden afgesteld om een zo groot mogelijk deel van het zonnespectrum te ab-
sorberen. Als licht met de juiste energie geabsorbeerd wordt vormt zich een elek-
trostatisch gebonden elektron-gatpaar (een exciton) met een levensduur van na-
noseconden en een diffusielengte van enkele nanometers. Tot nog toe hangt het
splitsen van het exciton op de donor/acceptor interface af van de afstemming
van de HOMO en LUMO-niveaus van de twee materialen. In het geval dat licht
geabsorbeerd wordt door de donor kan het exciton gesplitst worden tot een in-
termoleculair exciton (de zogenoemde ladingsoverdrachtsstaat, CT state) als het
verschil in LUMOs van de twee materialen groot genoeg is (0.2 eV-0.3 eV). In
het geval dat licht geabsorbeerd wordt door de acceptor geldt hetzelfde voor de
twee HOMO-levels. Vanuit de ladingsoverdrachtsstaat staat vormen zich vrije la-
dingen door verdere scheiding. Omdat de ladingsscheiding alleen gebeurt aan
de interface tussen de twee materialen, is het nodig dat deze interface dichtbij
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genoeg is zodat het exciton het kan bereiken voordat het elektron en gat recom-
bineren.

Bottom electrode

Top electrode

3

4

4

1/2

+ -

-

+

Afbeelding 1 De belangrijkste stappen in de werking van een bulk heterojunctie orga-
nische zonnecel. 1. foton absorptie, 2. exciton formatie, 3. exciton diffusie naar de
interface en ladingsscheiding, en 4. ladingscollectie aan de elektroden.

Een parameter die aangepast kan worden om de excitonbindingsenergie te
verlagen is de diëlektrische constante van het materiaal. Tot op heden hebben
organische materialen voor OPV lage diëlektrische constanten (polymeren ∼3,
fullerenen ∼4). Daar bovenop is er nog maar weinig onderzoek gedaan naar het
meten van de diëlektrische constante van organische materialen. Een organisch
materiaal met een hoge diëlektrische constante (hoger dan 10) zou het probleem
met de morfologie van bulk heterojunctie zonnecellen kunnen oplossen, omdat
het daarmee niet meer nodig zou zijn om een mengsel van twee materialen te
hebben om het exciton te kunnen splitsen; de benodigde energie voor het split-
sen van een exciton kan laag genoeg worden dat excitonsplitsing zich in een en-
kel materiaal kan voordoen. Met dit idee als inspiratie richt het huidige werk
zich op het maken van een verzameling van diëlektrische constanten van orga-
nische materialen, op het benoemen van de moeilijkheden van het meten van de
diëlektrische contante en op het inzicht geven in hoe scheikundigen deze mate-
riaaleigenschap synthetisch kunnen beïnvloeden.

In hoofdstuk 2 worden impedantie spectroscopie (IS) technieken besproken
voor het meten van de capaciteit van lagen van fullereen derivaten of geconju-
geerde polymeren. De diëlektrische constante is berekend uit de ontleende ca-
paciteit en de dikte van de laag. De diëlektrische constante van fullereen deriva-
ten zijn gevonden in een reeks tussen 3.6 en 6.6. Hoge diëlektrische constanten
zijn waargenomen voor fullereen derivaten met oligoethyleenglycol (OEG) ke-
tens. PCBDE-OH en BCPTE-OH, die respectievelijk twee en drie ethyleenglycol
ketens hebben, hebben een diëlektrische constante van 5. Voor de diëlektrische
constante van BTEG-2 (een Bingel adduct met OEG-ketens) is een waarde van
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6.6 gevonden; de hoogste gerapporteerde waarde voor de diëlektrische contante
voor een fullereen derivaat tot nog toe. Geconjugeerde polymeren met OEG-
ketens zijn ook bestudeerd. Door op een DPP-polymeer de alkylketens geleide-
lijk te vervangen door OEG-ketens neemt de diëlektrische constante ook gelei-
delijk toe en bereikt een waarde van 6.3. Het effect van de ruwheid van de lagen
op de IS metingen en het belang ervan op het nauwkeurig afleiden van de dië-
lektrische constante wordt ook besproken in dit hoofdstuk.

In hoofdstuk 3 zijn IS metingen beschreven die uitgevoerd zijn op devices
waarvan de top elektrode (gebruikelijk aluminium, Al) is vervangen door eutec-
tisch gallium-indium (EGaIn). Dezelfde serie fullereenderivaten als in hoofdstuk
2 is gemeten met EGaIn. Het contact tussen EGaIn en de organische laag is niet
beschadigend en kan worden toegepast op kamertemperatuur. Hierdoor worden
fabricagestappen die lage druk of hoge temperaturen nodig hebben vermeden.
EGaIn is in het algemeen niet schadelijk voor organische materialen aangezien
het zich aanpast aan het oppervlak van het substraat. Deze techniek vereist geen
dure apparatuur. Het heeft een simpel ontwerp en kan in de productielijn wor-
den toegepast, omdat de PDMS blokken na metingen weer verwijderd kunnen
worden en naderhand kunnen andere elektroden of lagen gedeponeerd worden.
Devices met EGaIn contacten hebben een lagere serieweerstand vergeleken met
devices met aluminium contacten wat ervoor zorgt dat de bepaling van de capa-
citeit nauwkeuriger is in het gemeten frequentiebereik.

Ten slotte wordt in hoofdstuk 4 een chemisch synthetische poging beschre-
ven om de diëlektrische constante van geconjugeerde polymeren te verhogen.
Cyclische carbonaten bezitten ongebruikelijk hoge diëlektrische constanten. We
postuleren dat de toevoeging van zulke moleculaire groepen aan polymere half-
geleiders de diëlektrische constante significant kan verhogen. Om dit te testen
zijn op carbazool gebaseerde polymeren met cyclische carbonaten als zijketens
gesynthetiseerd en gekarakteriseerd. IS-metingen aan deze polymeren, en aan
een fullereen derivaat welke een cyclisch carbonaat aan een keten als zijgroep
had, zijn uitgevoerd om het effect van het toevoegen van cyclische carbonaten
op de diëlektrische constante te kunnen waarnemen. Verrassend genoeg lieten
polymeren met cyclische carbonaten slechts een kleine verbetering in de diëlek-
trische constante zien ten opzichte van polymeren met alkylketens. De diëlektri-
sche constante van dit fullereenderivaat kon niet experimenteel bepaald worden
door de hoge ruwheid van de lagen.

Het werk in dit proefschrift presenteert een overzicht van organische halfge-
leiders en hun diëlektrische constanten. We zijn synthetische manieren nage-
gaan om organische materialen aan te passen en hun diëlektrische constante te
verhogen. De meettechnieken voor het bepalen van de lage-frequentie diëlektri-
sche constante zijn verbeterd om meer betrouwbare resultaten te geven. In het
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geheel genomen draagt dit werk hopelijk een klein stap bij aan de vooruitgang
naar een duurzamere toekomst.
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