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Preface

Abbreviation Description
ATR Attenuated total reflectance
BHJ Bulk heterojunction
CB Conduction band
DLS Dynamic light scattering
DMF Dimethylformamide
DP Degree of polymerization
D/A Donor and acceptor
EBE Exciton binding energy
EDG Electron donating group
Eg Bandgap energy
Ephoton Photon energy
EtOAC Ethyl acetate
EtOH Ethanol
EWG Electron withdrawing group
FT-IR Fourier-transform infrared
GHG Greenhouse gas
HOMO Highest occupied molecular orbital

´ i-PrOH Isopropanol
IQE Internal quantum efficiency
LUMO Lowest unoccupied molecular orbital
MeCN Acetonitrile
MeOH Methanol
NFA Non-fullerene acceptor
NMR Nuclear magnetic resonance
OSC Organic solar cell
PCE Power conversion efficiency
PDI Polydispersity index
PHJ Planar heterojunction
PP Polypropylene
RCF Relative centrifugal force
THF Tetrahydrofuran
TLC Thin-layer chromatography
TMS Tetramethylsilane
UV Ultraviolet
VB Valence band
Voc Open circuit voltage
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1 Introduction

During the o�cial launch of the emission gap report (EGR) on October 26, 2021, the
secretary-general of the United Nations, Antonio Guterres, stated that "with the present
nationally determined contribution and other �rm commitments of countries around the
world, we are indeed on track for a catastrophic global temperature rise of around 2.7
°C [...] these announcements are essentially about 2050.". This statement does not align
with the main goal outlined in the Paris Climate Accord (2015), which aimed to reduce
the rise of global temperatures from 2 to 1.5°C by 2050, compared to pre-industrial era
temperatures. [1] Interestingly, according to the EGR of 2020 published by the United
Nations Environment Program (UNEP), the long-term e�ect of the COVID-19 pandemic
will only have slowed the global temperature rise by 0.01°C by the mid-century. In
the short-term, however, the total overall carbon dioxide emissions from fossil fuels have
dropped by 5.4 % compared to 2019 and the total greenhouse gas (GHG) emissions are
also expected to drop similarly. Unfortunately, this does not alter the fact that a new all
time high of GHG emissions was reached in 2019 at 59.1 GtCO2 including land-use change.
This rise has been constant for the past years with 55.3 GtCO2 in 2018 and 53.5 GtCO2

in 2017. [2�4]

All of these alarming facts are reminders of the current global environmental state that
humanity has induced. Although turning a country entirely green is a political, social,
and economical matter, ultimately, the issue lies behind the exploitation of fossil fuels as
our main energy source, according to the EGRs. [2] The carbon dioxide release from fossil
fuels accounted for 65 % of the total GHG emissions in 2019. Consequently, it is urgent
to transition to a more renewable energy source. [2]

There are currently numerous green alternatives at humanity's disposal. The most popular
and prevalent renewable energy sources include wind. solar, hydroelectric and geothermal
energy. Depending on the condition and context of an area, wind turbines are more
optimal than solar panels and vice versa. Solar cells, however, have signi�cant improvement
potential. Their power conversion e�ciency (PCE) has increased each year since 1976.
Research is being conducted into the various types of materials that pertain to the active
ingredient or morphology of the transport layer. [5] One factor that contributes to the
increased motivation behind the new developments into solar cell technologies is the nearly
1.5�1018 kWh of solar energy that hits the Earth surface every year, which is more than
9700 times the annual global energy consumption of 2020. Along with its environmentally
harmless dimension, it is only logical to optimize the harvesting potential of this great
energy source. [6]

The �eld of research pertaining to solar cell systems splits into a large variety of groups:
silicon, Ga/As, perovskite, CIGS, organic, quantum dots, amorphous hydrated silicon,
and dye sensitized solar cells. While each category has its own research interest and
developments, 95 % of the current commercialized solar cell market contains silicon cells.
[7, 8] Though debatable, organic solar cells (OSC) are among the emergent �elds that have
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shown the most potential and gained the most amount of interest since the mid 90s. [5, 9]
This is due to several positive qualities over traditional inorganic solar cells. By nature,
OSCs can be easily manufactured in very large quantities as opposed to inorganic cells
that often require high temperature and expensive vacuum systems. [10] OSCs are also
�exible, lightweight, and transparent. Their �exibility and low weight even allow them to
be rolled or printed onto surfaces with challenging curvatures such as windmill poles or
the windows of a skyscraper. [7]

However, such advantages also come with disadvantages. Due to the physical and quantum
limitations, as well as the lifetime and PCE of OSCs, traditional silicon solar cells are still
preferred. The physical limitations that are currently being researched are: the decreased
�ow of electrons in organic semiconductors, the long term stability concerns and pairs of
bound electron and hole easily recombined after photo-induced generation. [7]

Currently, the most popular organic solar systems used are a blend of donor and acceptor
(D/A) molecules. As of april 2021, Ding et al. made an OSC with a PCE reaching
18.69 %. The material consisted of a ternary blend system of the donor D18-Cl with two
acceptors, N3 and the fullerene PC61BM. [11] Here, they used a bulkheretojunction (BHJ)
system, allowing for higher of interaction between the D/A surface area compared to planar
junctions. Unfortunately, the chaotic distribution of the D/A interface of the BHJ systems
prevents further improvement of organic photovoltaics (OPVs). [12] To tackle the issues
concerning the electron transport, exciton recombination, and morphological instability
of BHJ, a di�erent approach is being researched, which involves block copolymerization
to create a stronger connection in the D/A semiconductors. By covalently linking them,
their morphology can better be controlled. In terms of performance, the PCE of block
copolymers tends to fall behind those of BHJs. Therefore, this type of strategy can only
be feasible for commercialization if the manufacturing process, manufacturing cost, solvent,
PCE percentage, and every other parameter is. [12]
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2 Problem Analysis

This project aimed to synthesize both vinyl and non-vinyl D/A copolymers to investigate
the morphological control of the active layer materials via covalently binding the two
semiconductors. For the vinyl polymerization, the aim was to synthesize a vinyl monomer
with the structural moieties of donor and acceptor and follow-up polymerization. When
planning the experiment, it included three chemical reactions for each semiconductor and
one polymerization. Due to their triviality and time consumption, only the Diels-Alder
cycloaddition of perylene and maleic anhydride has been investigated in details.

For the non-vinyl polymerization, the donor 2-[4-(1,3,2-dioxaborinan-2-yl)-2,5 -dihexyl
phenyl] -1,3,2-dioxaborinane and the acceptor 4,7-dibromobenzo [c][1,2,5] thiadiazole were
polymerized via the conventional Suzuki cross-coupling reaction. The particle size was
controlled via emulsion polymerization. Two emulsions and one pilot polymerization were
carried out. The chemical structure, optical properties, and particle size of the products
were characterized via nuclear magnetic resonance (NMR), infrared (IR), ultraviolet and
visible (UV/VIS) absorbance, �uorescence, and dynamic light scattering (DLS).
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3 Theory

3.1 Solar Cells

3.1.1 Historical Key Points

In 1839, the French Physicist Aleandre-Edmon Becquerel discovered the �rst photovoltaic
e�ect by illuminating platinum electrodes in acidic solution with sunlight and speci�c
wavelength of light. [13] Nearly a century later, in 1946, the �rst modern solar cell using
silicon was invented by Russel Ohl, an American engineer who also pioneered the area of
the p-n junction. [14] In 1906, photoconductivity was �rst recorded for an organic material
(anthracene) by the Italian scientist A. Pochettino. [15]

Two major breakthroughs in the history of OSCs were both made at the end of the 20th

century. Firstly, Ching Wan Tang reached a PCE of 1 % with a full two-layer organic cell
made with perylene pigment coupled with copper phtalocyanine. While already impressive
at the time, considering that most OSCs were single-layered, the major breakthrough lied
behind the design of the active layer. Ching Wan Tang followed the principle of D/A
sensitized heterojunction, which became the foundation of nearly all emerging OPVs later
on. While not exactly calling it D/A sensitization, he underlined the crucial importance of
the interface between layers. Tang understood that this interface was the major component
responsible for photoconductivity. [16]

The second breakthrough was the discovery of conductive polymers and BHJ solar cells. In
1974, Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid synthesized and discovered
the conductive property of polyacetylene. This discovery would award them the Nobel
prize in 2000. [17] In 1991, Hiramoto et al. designed a three-layer OSCs consisting of two
dye/dye layers of Me-PTC and H2Pc with a mix of the two in between and reported a
photocurrent two times higher than the version without the interlayer. [7] This set the
ground for further investigation into using bulk mix of D/A. Four years later, Yu et al.
made the �rst BHJ with a donor polymer and an acceptor molecule. By combining, poly(2-
methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) or MEH-PPV with fullerene, they
achieved a PCE of 2.9 %, signi�cantly higher than the pure polymer. [9, 15] All these major
breakthroughs would lead OSCs to become an emerging and new potential alternative
energy source to fossil fuels.

3.1.2 State-of-the-art

The ever growing interest of OSCs has led to their rise as part of the third generation solar
cells, along with quantum dots, dye sensitized, concentrated, perovskite, and nanocrystal
solar cells. [17] The years following the major milestone were spent improving device
fabrication and new D/A semiconductors with increased charge generation, dissociation
and transport. Fullerene acceptors were prevalent until 2016 where an OSC using a non-
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3.1. Solar Cells

fullerene acceptor (NFA) yielded a new PCE record of 17 %. [7] The novel NFAs discovered
by the same group [18], IDT-IC and IDTIDT-IC, are shown in Figure 3.1.

Figure 3.1. Chemical structures of the 10-heterocyclic rings indacenodithiopheno-
indacenodithiophene (IDTIDT-IC) and the 5-heterocyclic rings
indacenodithiophene (IDT-IC). The red moeities are 3-(dicyanomethylidene)
indan-1-one groups with high electron withdrawing e�ect and good n-type
transport properties. The blue moeity possesses an electron donating e�ect. Figure
from [18].

Though they are still widely employed, fullerenes were limited by their innate weak
absorption to light. Emerging low band-gap NFAs have light absorption spectrum
matching the solar spectrum, and they provide higher short-circuit density and PCE than
common fullerenes and derivatives. [19]

In recent years, donors such as PM6, PTQ10, D16, or W1 coupled with NFAs are the
state-of-the-art single layer OSCs in term of performance. In particular, the focus for
donor semiconductors is on fused-ring acceptor copolymers. [19]

In the mid-2021, the PCE record was held by Ding et al. [11] with a PCE value of 18.69
% from their work, certi�ed 18.1 % from the National Institute of Metrology in Beijing.
In here, they used a ternary system of one donor copolymer and two acceptors. The
ratio of D:A 1:A2 was 1:1.4:0.1 using D18-Cl:N3:PC61BM as the active layer. The chemical
structures of these compounds are shown in Figure 3.2. Note that a derivative of fullerene
was used in this system for its electron mobility property. [11] As of the mid-2022, this
current record is held by Zhu et al. [20] with a PCE of 19.6 % (certi�ed 19.2 %) at
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3.1. Solar Cells

maximum value.

Figure 3.2. Chemical structures of D18-Cl on the top left, N3 on the top right, and PC61BM
on the bottom center. Structures drawn from sources available.

3.1.3 Basic Concept

A solar cell has many components. The general structure is shown in Figure 3.3 and
includes a glass cover, a transparent adhesive, an anti-re�ection coating, a p- and n-type
layer of semiconductors and a front and back contact serving as electrodes. The glass cover
o�ers protection against exterior damages such as small rocks or rain, the transparent
adhesive lets light go through while adhering the layers together, and the anti-re�ection
coating prevents any photons from bouncing back out of the cell. The cell is then composed
of its most important materials, the n- and p-type semiconductors, analogous to the D/A
semiconductors mentioned earlier. They are responsible for the photo-active e�ects of the
solar cells. A portion of sunlight is being absorbed in the active layer and incites the
generation of free electrons. The most common cells are silicon ones where silicon is the
only intrinsic material all throughout the active layer, and where the n- and p-type regions
are doped with boron or phosphor. [21]

The photovoltaic e�ect of solar cells relies on three essential steps: 1. The absorption of
photons into the p-n junction to generate pairs of electron and hole (or excitons for organic
materials), 2. The separation of said charge carriers from each other, 3. Their collection
at their respective electrodes creating an electrical potential di�erence. Optimizing each
of these steps is the key to PCE improvement of solar cells. Their current understanding,
and manufacturing is the resultant of nearly one and a half century of research. [17]
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3.2. Active Layer

Figure 3.3. General structure of a solar cell including, a cover glass, a transparent adhesive, an
anti-re�ection coating, a front and back contact with the p-n junction in between.
Figure from [21].

3.2 Active Layer

3.2.1 P-N Junction

The electrical current originating from any solar cells is generated via the interaction
between a hole concentrated material and an electron concentrated material. These two
materials are commonly referred to as p-type and n-type semiconductors. When combined
into a single �lm or layer, they form a p-n junction. [22]

In most p-n junctions, an intrinsic semiconductor, such as silicon or gallium arsenide,
is doped with impurities. For a p-type semiconductor, silicon is doped with an element
presenting fewer valence electrons than silicon, such as boron. Similarly, a silicon based
n-type semiconductor is doped with an element presenting more valence electrons than
silicon, such as phosphorus. [23]

This di�erence in electron and hole concentrations within a single intrinsic material leads
to a signi�cant electron density contrast at the junction. In thermal equilibrium, this
gradient causes the generated electrons, present in the n-type semiconductor, to di�use
through the p-type semiconductor in order to �ll up the holes. Consequently, the holes
from the p-type semiconductor are also di�using to the n-type semiconductor creating a
space charge or depletion region. [22] This phenomenon is depicted in Figure 3.4.

The exchange of charges at the p-n junction creates a negatively charged region in the
p-type material and a positively charged region in the n-type material. Without any other
external factors such as light or heat, this di�usion is not in�nite and the length of the
space charge region will remain constant. [22]

As electrons and holes �ow through the material, the atom carriers are left charged, which
induces an electric �eld from the positively charged region of the n-type semiconductor to
the negatively charged region of the p-type semiconductor in the depletion region. The fact
that the carriers are no longer neutral creates another gradient at the edges of the depletion
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3.2. Active Layer

region inducing another di�usion force. In absence of any physical external factors, these
factors balance themselves out and reach equilibrium. [22]

Figure 3.4. P-n junction with p-type and n-type regions, space charge region, electric �elds,
and di�usion forces. Figure from [22].

For a p-n junction to operate in a photosensitive manner, photons from sunlight must be
absorbed. This is dependent on whether the photon energy (Ephoton ) is higher or lower
than the bandgap energy (Eg) of the semiconductor. For the p-n junction to absorb
photons, Ephoton must be higher than Eg. When occurring, the valence electrons of a
semiconductor will get excited and reach the conduction band, or the lowest unoccupied
molecular orbital (LUMO). This excitation generate an electron-hole pair or exciton. The
generation of excitons is the key factor for photo-generated electricity. When created,
the electrons and holes dissociate to reach their respective electrode, thus producing an
electrical current. Consequently, the active layer must match its absorption to the solar
spectrum for maximum e�ciency. [22]

3.2.2 Donor and Acceptor Interface

When referring to p-n junctions, inorganic systems are commonly thought of. For organic
systems, however, this junction is labeled D/A interface. This is due to the fact that
instead of than having an intrinsic organic semiconductor doped with electron and hole
donating compounds, or homojunction, organic solar cells tend to prefer a heterojunction
of two distinctly heterogeneous molecules. One harboring an electron donating property
and the other an electron accepting property. [7] Note that while this is the majority
of these systems, there still are some organic active layers that use homojunctions with
diindenoperylene, rubrene, or anthracene as intrinsic materials for example. [7, 10, 24]

Unfortunately, organic molecules do not conduct electrons as readily as inorganic crystals
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3.2. Active Layer

which is also illustrated by their di�erent dielectric constant. The dielectric constant is
unique to every material and is de�ned as the relative electric permeability (� or " r )
between the given material" and the vacuum " (0) , as shown in Equation 3.1 below. [25]

" r =
"

" (0)
(3.1)

The dielectric constant is directly related to excitons and their attraction force, in other
words, it de�nes the exciton strength of a material. The dissociation force of excitons has
to overcome the attractive Coulomb force between them. Coulomb's law in the presence
of a dielectric medium as shown in Equation 3.2 which illustrates the in�uence of a high
or low dielectric constant. [7]

F = (
1

4�" r "0
)(

q1q2

r 2 ) (3.2)

Here, 1
4�" 0

is equivalent to the Coulomb constant (K � 8:988� 109N � m2 � C � 2) and q1

and q2 are the charges separated by the distance r. Following the Equation 3.1,"0 � " r is
equivalent to the absolute permittivity " of the material. The noteworthy element of this
Coulomb equation is the fact that the absolute permittivity of the material is inversely
proportional to the overall attractive force. The higher the dielectric constant, the weaker
the Coulomb force between electrons and holes is. [7]

Organic semiconductors display very low dielectric constants where inorganic semiconduc-
tors display high ones, for example" = 4 :4 for fullerene and" = 11:9 for silicon. This dif-
ference yields two di�erent types of excitons: a hardly dissociative exciton called a Frenckel
exciton for organic semiconductors, and an easily dissociating one called a Wannier-Mott
exciton for inorganic semiconductors. This is in part explained by the overlapping orbitals
of inorganic crystals, readily allowing the free carriers to di�use through the medium. Or-
ganic molecules are disorganized, lacking a distinct pattern especially when tuned with
electron withdrawing groups (EWG) and electron donating groups (EDG). [7] Frenckel ex-
citons have the short lifetime of less than 1 nanosecond on average. Their strong Coulomb
attractive force and limited lifetime lead to the main source of open circuit voltage (Voc)
loss in OSCs, exciton non-radiative recombination. [23]

The PCE is associated withVoc, which in itself is the energy di�erence between the highest
occupied molecular orbital (HOMO) of the donor and the LUMO of the acceptor, as
portrayed in Figure 3.5 below. The challenge lies between balancing theVoc and the
energy required to excite the electron from the HOMO to the LUMO of the acceptor. The
higher the LUMO of the acceptor, the higher theEg. Hence, theEphoton must rise as such.
[7]

To enable organic solar cells to generate and collect more excitons, novel concepts were
invented to increase the D/A interface with the major discovery being the BHJ.
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3.2. Active Layer

Figure 3.5. Di�erent HOMO and LUMO levels of both donor and acceptor illustrating the
change inVLUMO � HOMO or Voc. Figure from [7].

3.2.3 Bulkheterojunction

A BHJ solar cell consists of a blend of D/A semiconductors as the active layer. This is in
contrast to the planar heterojunction (PHJ) that has two distinct and separated layers.
As mentioned earlier, this discovery serves as one of the most important breakthroughs in
the research �eld of organic photovoltaic systems, as it allowed for a much larger amount
of photogenerated free electrons and holes to be collected for further usage. [26] The two
structures are shown in Figure 3.6.

Figure 3.6. Schematic drawing of a donor and acceptor PHJ OSC and a BHJ OSC. These
bilayers and blend make up the active layer, while the electron and hole collection
layers make up the transport layer. Figure from [26].

The concept supporting this type of design is the exciton di�usion length in organic
semiconductors. As opposed to the more classic inorganic semiconductors, the exciton
di�usion length of organic semiconductors varies on average around 10 nm. This limitation
heavily favors the non-radiative recombination of generated excitons in PHJ. By blending
the two semiconductors relatively randomly, the surface area of interaction is signi�cantly
increased, allowing more exciton dissociation. [26] Nevertheless, the very strength of BHJ
brings forth its limiting factor. As the blend allows more interface area, it also limits the
charge transport pathway for the electrons and holes to reach their respective electrodes.
This becomes the BHJ's most signi�cant limiting factor. [10] Note that the mix of D/A
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3.3. Synthesis

semiconductors is often seen as an intrinsic material with the p- and n- doped region
analogous to concentration of D/A groups in the blend. Hence, it is not uncommon
nor fundamentally wrong to refer to a D/A interface as a p-n junction. [7] For most
cases, donors consist usually of polymers, oligomers, or conjugated pigments, and fullerene
derivatives for acceptors. [23]

3.3 Synthesis

3.3.1 Diels-Alder Reaction

The Diels-Alder reaction, named after the two chemists who discovered its mechanism, is
a stereospeci�c cycloaddition between a diene and a dienophile containing either a double
or triple bond yielding a six membered ring. Overall, this reaction exchanges the two
� -bonds from the reactants to two� -bonds in the �nal product. The diene and dienophile
can either have or be part of other functional groups other than alkyl or aryl groups. [27]
The reaction equation is displayed in Figure 3.7 below.

Figure 3.7. General chemical equation for a Diels-Alder reaction involving the cycloaddition of
a compound containing a diene group and another one containing a dienophile
group to yield an six-membered ring. Figure drawn from [28].

The Diels-Alder reaction mechanism is concerted, meaning that some bonds break while
others form all in one step. The molecular state of the compound in formation is commonly
referred to as the transition state. This transition state is highly thermodynamically
unfavorable and thus quickly rearranges into the product's structure. [28]

The Diels-Alder reaction requires in most cases the use of heat to overcome an activation
energy barrier depending on the energy contrasts of re-hybridization in the energy levels,
the angle distortions, and the length alternations. Even for the processes that do not
involve direct application of heat, the rate of reaction will increased when heat is applied.
The essential criteria for this reaction to occur is the overlapping of molecular orbitals,
which is dependent on the energy levels of the diene and dienophile which are in�uenced
by the EDGs or EWGs present in either reactants. The presence of an EWG in the
dienophile and an EDG in the diene enhances the reactivity of the Diels-Alder reaction.
Another important criteria includes the essential s-cis conformation of the diene which
allows both ends to point at the dienophile. If this conformation is hindered too much,
the rate of reaction will lower or in worse cases become null. [27, 29]
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3.3. Synthesis

3.3.2 Suzuki Coupling

In 2010, the Nobel prize in chemistry was granted to three organic chemists: Richard
F. Heck, Ei-ichi Negishi, and Akira Suzuki for their work on palladium-catalyzed cross
coupling reaction in organic synthesis. Thanks to their individual research, the very
stable carbon-carbon sigma bond between molecules, chains, and other complexes can
be formed through relatively simple steps, allowing for a wide variety of industrial and
research applications. [30] The Suzuki cross coupling in particular is widely used in organic
synthesis for its reactivity and safety. This coupling reaction involves an organohalide and
organoboron group, a zerovalent palladium catalyst, and a base. The general reaction is
shown in Equation 3.3 below.

R � BY2 + R0� X
P d(0)
���!

base
R � R0+ M � X (3.3)

Generally the boron groups are boronic acids� B (OH )2, pinacol boronates� B (OR5O),
boronic esters� B (OR1)(OR2), or borane groups� B (R3)(R4), as shown in Figure 3.8, a
bromide or iodide for the halide, tetrakis(triphenylphosphine)palladium(0) or Pd(PPh3)4

for the catalyst and potassium or sodium carbonate for the base. [31]

Figure 3.8. Chemical structure of several boron-based groups present as nucleophilic partners
for typical Suzuki cross-coupling reactions.

The reaction cycle is shown in Figure 3.9. The mechanisms of the Suzuki cross-coupling
reaction are split into three steps: oxidative addition, transmetallation, and reductive
elimination. [30]

The �rst step involves the oxidative addition of a sp3 C-halide electrophile and an R' group
to the zerovalent palladium complex, which consequently increases the oxidation state of
the palladium complex to +2. This step in itself has several sub-mechanisms. Depending
on the reactivity of the halide and organic group, this reaction can be done through a
concerted, SN 2, radical, or ionic mechanism. Thereafter, the alkali earth metal from the
base bonds with the halide forming a salt and then leaves the anion group of the base to
form a bond with the catalyst. This anion group is subsequently substituted with the R
group of the boronate species through the transmetallation step. The steric e�ect of the
ligands helps induce the reductive elimination of the R and R' group from the palladium
catalyst now reduced to its ground state. [32]
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3.3. Synthesis

Figure 3.9. Catalytic cycle of palladium-catalyzed cross coupling reaction. The oxidative
addition, transmetallation, and reductive elimination all occur during one Suzuki
coupling reaction. [30]

3.3.3 Suzuki Coupling Emulsion Polymerization

A standard emulsion polymerization consists of two immiscible solvents, a surfactant, an
initiator, if required, and monomers. Micelles can form with the help of the emulsi�er and
the two solvents, which then allows the polymer to grow inside the hydrophobic interior of
the micelles. As water is often the continuous phase in such polymerization, the viscosity
of the solution is relatively low, yielding excellent heat exchanges throughout the entire
reaction. Emulsion polymerizations also have a higher rate of polymerization and molar
mass when compared to other techniques. However, after the reaction, it is challenging
to remove the presence of the emulsi�er and the other polymer side-products. [33] In a
Suzuki Emulsion polymerization, the cross coupling reaction is occurring inside the micelle
as displayed in Figure 3.10.

The monomers and the palladium catalyst are dissolved in the organic solvent whereas
the surfactant is dissolved in the aqueous basic solution. This combination allow for
the advantages of an emulsion polymerization to apply for the suzuki coupling. [34] By
alternating the di�erent ratio of monomers, catalyst, solvent, and surfactant, the particle
size can be controlled and remained at the nanoparticle range. [35] Moreover, the non-
negligible low reaction temperature and use of water as a solvent is attractive for industrial
applications. [34]
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3.3. Synthesis

Figure 3.10. Suzuki cross coupling polymerization reaction in emulsion. The monomers are
dissolved in the organic phase, then in the micelles after mixing, and polymerized
when heated. Picture modi�ed from [35].
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4 Vinyl Polymerization

4.1 Perylene Anhydride Synthesis: Experimental Methods

The synthesis of the perylene derivative benzo(ghi)perylene-1,2-dicarboxylic anhydride was
achieved by following the laboratory protocol of Alibert-Fouet et al. [36]. The chemical
equation of the reaction is shown in Figure 4.1 below.

Figure 4.1. Chemical equation of the Diels-Alder cycloaddition of perylene and maleic
anhydride into benzo(ghi)perylene-1,2-dicarboxylic anhydride. Reaction conditions
from [36].

In a 500 mL three-headed round-bottom �ask, 1.00 g (3.95�10� 3 mol) of perylene (� 99
% Sigma-Aldrichr ) is mixed with 2.07 g (8.42�10� 3 mol) of tetrachloro-1,4-benzoquinone
or chloranil, (99 % Aldrich Chemistry r ) and 14.6 g (1.49�10� 1 mol) of maleic anhydride
(ICN Biomedicals, Inc.r ) under re�ux with anti-bump granules as stirring and control
boiling on a hot plate. The two entries of the �ask were plugged with rubber stoppers,
one of them pierced with a temperature rod to monitor the temperature. The Alibert-
Fouet protocol suggested the use of a silicon oil bath, however, a sand bath was preferred
due to its safety and tidiness, regardless of how slow the heat transfer is. Even using
aluminium foil to insulate the �ask and sand as much as possible, it was only possible to
reach a temperature of about 195°C after 24 hours of reaction compared to 240°C from
the source. The �ask was lifted then from the sand bath and a heating mantle was used
instead. The �ask heated relatively fast and a re�ux ring was immediately noticed at the
bottom of the condenser. In response, a second condenser was added. After around 20
min, the �ask was already at 205°C, but this temperature remained constant for 2 hours
even at full power. The temperature di�erence was deemed negligible by increasing the
reaction time from 10 minutes to 2 hours, as stated by Alibert-Fouet et al. [36] Pictures
and drawings of the reaction setups using a sand bath and a heating mantle are shown in
Figure 4.2 and Figure 4.3.
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4.1. Perylene Anhydride Synthesis: Experimental Methods

Figure 4.2. Pictures of the setup for the cycloaddition of perylene and maleic anhydride. The
setup on the left uses a sand bath while the one on the right uses a heating mantle
and two condensers.

Figure 4.3. Schematic drawings of both setups to illustrate all components. Note that the two
condensers are interconnected via a single tube from the top of the lower condenser
to the bottom of the higher one.
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4.2. Perylene Anhydride Synthesis: Results and Discussion

The reaction was stopped and the �ask was set to cool to about 100°C. Upon reaching
this temperature, the entire content of the �ask solidi�ed into a hard black mud. Some all
isomer xylene was heated to about 35°C and 100 mL of xylene was poured into the round-
bottom �ask. The resulting solution was hand shaken for about a minute and poured into
an Erlenmeyer �ask by using a funnel with a qualitative �lter. The �ltrate was kept and
the residue was used further on. Note that the amount of the residue was very small and
seemed stuck to the �lter.

A solution of 200 mL ethyl acetate (EtOAc) and 100 mL chloroform was prepared in a
beaker which was placed onto a hot plate set at to 100°C. The content that was stuck
onto the �lter paper was transferred into the beaker by dropping some the EtOAc and
chloroform solution onto the �lter with a plastic pipette. The mixture became yellowish.
The beaker was left to boil for about an hour. Simultaneously, another Erlenmeyer �ask
was prepared for hot �ltration by placing it on a hot plate with another �lter paper in a
plastic funnel. When the hour had passed, the content of the beaker was poured into the
Erlenmeyer �ask and the content on the �lter paper was collected. The overall separation
and puri�cation process is displayed in Figure 4.4.

Figure 4.4. Separation and puri�cation process �rst performed for the perylene anhydride
product. Note that the black solid present in the round-bottom �ask remained
there even after pouring hot xylene and shaking for one minute.

The resulting residue from the hot �ltration was completely absent. The lack of usable
product led to conclude that the protocol has not been performed adequately and the
product might still be either in the �rst Erlenmeyer �ask with the �rst xylene solution,
or with the initial round-bottom �ask. Furthermore, a white solid had formed in the
condenser during the reaction, which can be seen on the right picture from Figure 4.2. To
identify the compounds, a thin layer chromatography (TLC) analysis was performed on
every solution made from the reaction.

4.2 Perylene Anhydride Synthesis: Results and Discussion

4.2.1 First TLC Overview

A fraction of the yellow solution from the �ltrate of the very �rst �ltration was collected
and labelled as "4" and the rest was concentrated through the rotary evaporator and
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