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Abstract

This thesis describes the synthesis and characterisation of a series of molecules for use in bulk
heterojunction and dye sensitised solar cells. The target molecules were based on a central
diketopyrrolopyrrole subunit. Molecules based on diketopyrrolopyrrole have a conjugated structure,
allowing for m-rt interaction. Diketopyrrolopyrrole molecules also have relatively low lying HOMO and
LUMO levels and high absorption coefficients and exhibit efficient charge transport properties.
Furthermore, their electron withdrawing properties have warranted their use as promising organic
photovoltaic materials. A number of molecules were successfully synthesised and sent to
collaborators for testing in organic photovoltaic devices and development of this series of molecules

continues to be of interest within the research group.
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1. Introduction

Meeting the ever increasing global energy demand is undoubtedly one of the biggest challenges facing
the scientific community. It is estimated that 81% of global energy in 2011 was provided by ever
declining reserves of fossil fuels, the global population is expected to grow to 8 billion people by 2025
and the strain being placed on the environment by the burning of aforementioned fossil fuels is ever
increasing®. The combination of these factors means that urgent action is required to shift the balance

of energy production worldwide.

It is believed that solar energy is the most promising solution amongst renewable energy sources,
given that the sun is the most abundant source of energy found on earth. It is estimated that the solar
energy that hits the planet in one hour would be sufficient to meet the global requirement for energy

for an entire year 2. Thus solar energy has huge potential to make a massive difference in the issue.

It is predicted that solar energy will be the fastest growing source of renewable energy between 2012
and 2040, expected to increase at a rate of 7.5% per year 3. Whilst there are predictions that solar
power could possibly become the dominant energy source by 2050, much development is required.
There are many types of photovoltaic materials, an overview of the development in photovoltaics over

the last 30 years can be seen in Figure 1.1.

It can be see that the greatest efficiencies can be achieved with inorganic photovoltaic materials
(purple), however these efficiencies are achieved by combining various metals and metalloids; such
as arsenic, gallium and indium®. Such materials have the disadvantages of raw material scarcity, high
cost and acute toxicity. The most common type of solar cells are silicon based (blue and green), with

a market share of around 90%?°.

Silicon based photovoltaics have reasonable efficiencies of 20-27%. Unfortunately though, it can be
seen that efficiencies have not improved at a great rate over the past 30 years and many will argue
that they are not going to improve much further beyond their current efficiencies. However, the cost
of silicon based cells has fallen drastically over the same time period, with prices equivalent to $0.74

per watt in 2013’.
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Figure 1.1 - Efficiencies of Photovoltaic Cells Arranged by Type (http://www.nrel.gov/ncpv/)

Since the early 1990’s, the development of organic photovoltaics (orange) has been a slow and steady
process and although current efficiencies are little over 10%, it can be seen that organic photovoltaics
are still trending upwards. Organic photovoltaic technologies have the advantages that they can
benefit from low-cost materials, high volume and high throughput manufacturing, flexibility and low
energy expenditure; making organic photovoltaics the most promising prospect for solar energy

production in the future.

1.1. Heterojunction Cells

1.1.1. Development

A natural starting point in the search for organic photovoltaic materials in the early 1950’s was the
material that had been harvesting light energy for centuries, chlorophyll. Early studies hypothesised
that the primary process for harvesting light energy in photosynthetic tissues was the separation of
charges to opposing sides of a lamina followed by the trapping of electrons and holes which led to
reduction and oxidation, respectively®. From these results magnesium phthalocyanine discs coated
with a thin film of air oxidised tetramethyl p-phenylenediamine were developed and were the first

organic/organometallic materials to show a photovoltaic effect.

Early organic photovoltaics were limited by the recombination of the separated charges upon
excitation. The difference in work functions of the electrodes alone was not high enough to overcome
the Coulombic attraction of the opposing charges causing them to recombine®. To overcome the

problem of charge recombination the first multi-component organic photovoltaic cell was created in



1986. This cell was constructed of indium tin oxide coated glass, onto which a 300 A thick layer of
copper phthalocyanine was deposited, followed by a 500 A thick layer of a perylene tetracarboxylic
derivative and an opaque Ag layer®. This new two layer configuration led to a record efficiency at the
time of 0.95%, the improved efficiency was attributed to the difference in electron affinities and
ionisation potentials of the copper phthalocyanine (donor material) and perylene tetracarboxylic

derivative (acceptor material). The heterojunction is born.

1.1.2. Construction and Basic Principles

The limitations of the first heterojunction cells arose from their construction. Because the charge
separation takes place at the interface between the donor and acceptor materials, in a planar
heterojunction configuration the interaction occurs at the geometrical interface. To circumvent the
problem the bulk heterojunction cell was developed. A bulk heterojunction consists of a blended film
of both donor and acceptor materials being deposited between the electrodes®. The advantage of the
bulk heterojunction being that there is a large increase in the interface between the acceptor and

donor materials, leading to more efficient charge separation.

The majority of modern bulk heterojunctions are constructed of a modified indium tin oxide (ITO)
anode coated on glass, onto the anode a hole transporting layer (usually consisting of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)) is deposited. The donor:acceptor blend
is then deposited onto PEDOT:PSS layer before an electron transporting layer (TiOx or Ca typically) and

a low work function metal (usually Al) cathode finish the cell**2,

The PEDOT:PSS is used as the hole transporting layer so that the donor and acceptor materials are not
in direct contact with the anode, which leads to current leakage and the recombination of charge
carriers'®. However PEDOT:PSS is hygroscopic and acidic, which leads to issues with device stability.
Replacement hole transporting layers have been investigated leading to promising developments

using transition metal oxides, such as NiO, MoOs;, WOs and V,0s*.
Typical photovoltaic cells work using the basic principles shown in Figure 1.2

1. Photoinduced generation of excitons,
2. Transfer of electrons from LUMO of the of the donor material to the LUMO of the acceptor
material, occurring at the interface,

3. Collection of electrons and holes at the cathode and anode, respectively.
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Figure 1.2 - Basic Principles of a Heterojunction Cell

For these processes to take place efficiently, fine-tuning of the HOMO and LUMO levels of both the
donor and acceptor materials must take place. Well matched HOMO and LUMO levels allow for more
efficient charge separation and collection®®, and studies have been carried out in an attempt to design

donor materials for use in bulk heterojunction cells that will maximise their efficiency®®.

1.1.3. Morphology

The morphology of the donor:acceptor blend is an important factor in bulk heterojunction cells, and
has been the subject of many studies'’*!. The main methods of solution processing utilised are dip
coating, drop casting and spin coating. Each technique has merits, and is highly dependent on the
solvent used during processing?2. Solvent additives, such as alkanedithiols, have also been shown to
increase the control of the morphology, thus increasing efficiency?®. Thermal annealing is another
alternative method for controlling the morphology of bulk heterojunction cells. It is believed that
heating the film allows for one component to crystallise and the other to diffuse out to form larger
aggregates outside of the crystals?®. The annealing process leads to more ordered domains and thus
better transitions between those domains. The morphology of the film can be changed by the
temperature at which annealing occurs and for how long. These solution-processing techniques tend

to be used in polymer based heterojunctions.

Small molecule heterojuction cells are more likely to utilise vacuum deposition, which allows for more
precise control of the morphology of the active layers by utilising insoluble materials that are very

often more stable than their soluble analogues.

Whatever method is used, optimisation is required for all elements affecting the morphology for the

successful construction of a heterojunction cell.

1.1.4. Performance

The performance of photovoltaics is measured using three factors:



e The short circuit current (Isc or Jsc)
e The open current voltage (Voc)

e The fill factor (FF)
All of which combine to give the maximum power conversion efficiency (PCE).

The Isc is the current that would flow if there was no external field applied. Thus Isc can be determined
by the number of photons absorbed, the quantum efficiency was of the separation of charges and the
transport of the separated charges through the materials. It follows that the Isc is very dependent on

the absorption spectrum, as a broad spectrum will mean that more photons will be absorbed,

increasing the Isc?.

The Voc can be defined as the maximum voltage that can be delivered by the cell, which occurs when

the current is zero. The Voc can be calculated by:

Voc = Eacceptor(LUMO) + Egonormomo) + kB/e{ln(nenh/ch)}

Where n. and ny, are the electron and hole densities, respectively, and Nc is the corresponding density

of the states. The third term is introduced by the temperature dependence of the quasi-Fermi levels?®.

The FF is determined as by the competition between the recombination of charge carriers and the

charge carriers being swept out to the electrodes?’. The FF can be found by finding the ratio of the

green area to the grey area in Figure 1.3%,

Current (1) E_

Voltage (V) Yeaas Voc

Figure 1.3 — Calculating Fill Factor

The PCE, n, of a cell can be found using the equation:

_ IscVocFF
==

Where P;, is the incident solar power?’.



1.1.5. Acceptors in Heterojunctions

Bulk heterojunction cells utilising the donor:acceptor blend of polymers and fullerenes are the most
widely used and studied?. Fullerenes are ideal for use as an acceptor, due to their high electron
affinity, small reorganisation energy and superior ability for electron transport. An additional property
that also makes fullerenes ideal for use in heterojunctions is that by attaching organic moieties, their
properties can be tuned to suit their usage. Solubility, energy levels, molecular interactions,
orientation in the solid state and their surface area can be tuned using this method?*. The most widely
used and best known fullerene derivative is [6,6]-phenyl-C¢ butyric acid methyl ester (PCBM, Figure
1.4). PCBM has become the benchmark which other acceptor materials are measured against and is

almost always the acceptor that new donor materials are tested with°.

Figure 1.4 - PCBM

Despite the advantages of using PCBM as an acceptor material, there are several drawbacks such as
high costs, low air stability and narrow absorption in the visible region. However, the larger fullerene
[6,6]-phenyl-C71 butyric acid methyl ester (PC7:BM) has broader absorption in the visible region3!. The
increased absorption of PC7:BM is believe to be due to the loss of symmetry that is found in PCBM.

PC;:BM also has shown an internal quantum efficiency close to 100% in bulk heterojunction cell®.

Attempts to create alternative acceptor materials had been abundant but unsuccessful until recently;
with perylenediimide derivatives 1 and 2 (Figure 1.5), which when combined with donor poly[4,8-
bis(5-(2-ethyylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene)-2-carboxylate-2,6-diyl] (5, Figure 1.7) gave PCE values of 6.05%* and
5.90%3 respectively.



Figure 1.5 - Perylenediimide Acceptor Materials

Another group of successful acceptor materials that has garnered interest are phthalocyanine
derivatives, most notably subphthalocyanines. Subphthalocyanines have the advantage over
phthalocyanines because of their cone-shaped structure, which makes them less likely to aggregate
and thus making them more soluble. This feature, along with the 14-m-electron core leads to strong
absorption and fluorescence emission®. A three layer device containing boron subphthalocyanine
chloride (3, Figure 1.6) and boron subnaphthalocyanine chloride (4, Figure 1.6) with donor material a-

sexithiophene (11, Figure 1.9) gave a PCE value of 8.40%°.

7\ / \
N" NN N"ONGN
= Ner ! e
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Figure 1.6 - Boron Subphthalocyanine Derivatives

1.1.6. Polymers as Donor Materials in Heterojunctions

Early donor materials in heterojunctions were mainly based on phenylenevinylene derivative
polymers, such as poly[2-methoxy-5-(2°-ethyl-hexyloxy)-1,4-phenylenevinylene] (7, Figure 1.7) and
poly[2-methoxy-5-(3°,7°-dimethyloctyloxy)-1,4-phenylenevinylene] (8, Figure 1.7). These polymers

7



were chosen because of their conductance, but efficiencies with PC7;:BM did not exceed 3%, mainly
due to the large bandgap (around 1.9 eV), which limited the number of photons that could be

absorbed3..

O\
RO = h
*

Figure 1.7 - Polymers Used as Donor Materials in Heterojunctions

Polythiophenes were the next group of donor materials to be investigated, most notably poly[3-
hexylthiophene-2,5-diyl] (6, Figure 1.7), which in a heterojunction cell with PCBM utilising a layer of
TiOx as an optical spacer, managed to attain a PCE value of 5%>". The success of polythiophenes was
due to better HOMO-LUMO alignment with PCBM and increased carrier mobility, leading to greater
Isc densities. However, optimisation of Voc values of 6 became problematic, which led to the

development of other low-bandgap polymers.



Following on from 6, efforts were focused on fine tuning polymer properties for better matching
HOMO-LUMO levels with acceptor materials which allowed for better charge transfer, and lowering
bandgaps to allow for more efficient photon harvesting. Hundreds of polymers have been synthesised
and investigated, including polymers based on thiophene, benzothiadiazole®, isothianaphthene®,
42,43

thiazolothiazine®?, benzothiophene®, benzodithiophene*, thienoisoindoledione

thienoquinodimethane* and many other molecules.

Of the polymers investigated the most successful proved to be thienol[3,4-b]thiophene-based
structures®. The most successful derivative being polythieno[3,4-b]thiophene-co-benzodithiophene
(9, Figure 1.7), presenting low bandgaps, leading to efficiencies of 7-9%**. Following on from which
derivatives of 9 were used in the first single junction heterojunction cells to break the 10% PCE

barrier>®>!,

Another recent success story in polymer based heterojunctions came from designing a donor-acceptor
co-polymer with a porphyrin-pyrene adduct (10, Figure 1.8) which showed panchromatic absorption

and gave a promising PCE of 8.5% with PC7:BM>2,

Figure 1.8 - Donor-Acceptor Co-Polymer with Porphyrin-Pyrene Adduct

1.1.7. Small Molecules as Donor Materials in Heterojunctions
Despite the advantages that can be found in the use of polymers as donor materials in

heterojunctions, there are some disadvantages. Reproducibility of synthesis and difficulties with



purification, along with problems associated with the inherent electronic properties of polymers has

meant that alternatives to polymer based donor and light harvesting materials have been investigated.

The first small molecules to be investigated were oligothiophenes and 3,4-ethylenedioxythiophene
(EDOT) molecules, with a molecule consisting of oligothiophene chains around a trithienobenzene
centre (12, Figure 1.9) giving the best PCE value of only 1.27%%. Oligothiophenes were studied early
on in this process because of their interesting charge transfer characteristics and the potential to fine
tune their optoelectronic properties®. Unfortunately, due to the poor absorption of these materials,
early efficiencies were poor®>’, The best efficiencies reported with oligothiophene based donor
materials comes from a series of methyl-substituted dicyanovinyl quinquethiophenes (13-15, Figure

1.9), with 15 achieving a PCE of 6.9% with PC71BM®2,

s. /N s /N s /Y n-hexy!
\ /T N\ s \ /) s s

"

13 R'=Me, R"=R" = H
14 R"=Me, R'=R" = H
15 R" =Me, R'=R" = H

Figure 1.9 - Oligothiophene Derivatives Used as Donor Materials in Heterojunctions
Further molecular design led to the synthesis of molecules with improved absorption and thus
improved Isc values, and more branched alkyl chains to aid solubility. These improvements led to
greatly improved performance, two such examples being the highly conjugated molecules 16 and 17
(Figure 1.10), which when combined with PC7:BM gave PCE of 8.12%>° and 8.02%®° respectively, with

a tandem device utilising 17 becoming the first small molecule to break the 10% PCE barrier.
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2-ethylhexyl

2-ethylhexyl

16

2-ethylhexyl

2-ethylhexyl

17

Figure 1.10 - Highly Efficient Organic Small Molecules as Donor Materials in Heterojunctions

Other interesting small organic molecules have been reported in literature, including oligacenes such
as pentacene®! and rubrene®? which gave PCE values of around 3%. Squaraine dyes have been of
interest in the design of small molecule donor materials because of their high extinction coefficients
that can be made panchromatic with modification of the molecule, photochemical stability and ability
to be modified to other small molecular structures®. After some optimisation the squaraine dye 18

(Figure 1.11) achieved a PCE of 5.5% with PC;;BM54,

Triphenylamine moieties are very commonly found in organic photovoltaic materials, this is due to
their high absorption and their excellent electron donating capabilities. The D-A-A molecule 19 (Figure
1.11) was an excellent middle ground between extending the spectral coverage to increase Isc and

matching HOMO-LUMO levels to increase Voc, giving a PCE of 6.8% with PC7:BM®®,

Merocyanines are molecules that are known for their strong dipole character and high polarizability,
which allows for high extinction coefficients®®. Merocyanine molecule 20 (Figure 1.11) gave a PCE of

6.1% with PCBM®’.
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Also worth mentioning are the results achieved by the D-A-A molecule 21 (Figure 1.11), based on a
central pyrimidine group, attached to an electron rich ditolylaminothienyl structure, and an electron

poor dicyanovinylene moiety. 21 achieved an impressive PCE of 6.4% with PC;;BM®,

The previously discussed subphthalocyanines can also be used as small molecule donor materials in
heterojunctions, with a 3:PCBM heterojunction giving a PCE of 2.97%%. However a fullerene free 3:4
heterojunction recently gave an outstanding PCE of 6.4% °. The unexpected result of the fullerene-
free heterojunction outperforming the fullerene-containing heterojunction was understood to be
because of complementary absorption and reduced recombination at the interface due to excellent

HOMO-LUMO alignment.

OH O HO Q
‘_‘T/ Da
OH O HO
18 19

NC—/ s

A O |

Figure 1.11 - Other Donor Materials Used in Heterojunctions

Lastly, porphyrins (although not strictly organic molecules) are mainly known for their application in
dye sensitised solar cells, however they have shown some promise in small molecule heterojunction

cells.

12



R = 2-ethylhexyl

O. 22
CgH17

Figure 1.12 - Porphyrin Small Molecule Used as Donor Material in Heterojunctions

Porphyrins, with their 18m electron aromaticity have strong absorption in the visible region, and can
act as electron donors. Porphyrin properties can also be fine-tuned by easily adding substituents,
making them attractive for use in photovoltaics’. One such example of a porphyrin being used in
heterojunctions is the molecule 22 (Figure 1.12), which is an electron rich porphyrin moiety, flanked
by two electron poor diketopyrrolopyrrole molecules (diketopyrrolopyrroles will be discussed at

length later in this report). 22 gave an efficiency of 7.23% with PCBM"2.

1.1.8. Tandem Configurations

One of the main limitations of standard heterojunctions is the limitation placed upon active layer
thickness due to the lower charge carrier motilities of organic materials’®. Thinner active layers result
in poorer photon harvesting, therefore by employing tandem configurations greater photon

harvesting and thus greater efficiencies can be achieved.

Another advantage of a tandem configuration being that two different photoactive materials can be
used, allowing for greater absorption for a larger portion of the visible spectrum. Typically tandem
heterojunctions are constructed of one low bandgap material and one high bandgap material, which

allows for complementary not competitive absorption.

However, despite the Voc of a double heterojunction cell being twice that of a single junction, the first
efforts at making this kind of device returned poor efficiencies. It is believed the poor efficiencies were
caused by the increased series resistance of the multilayer structure and the formation of a competing
inverse heterojunction’*. Overcoming the inverse heterojunction was first achieved by creating a
multilayer cell consisting of two heterojunctions separated by a recombination layer, it was also

necessary to fine tune the absorption properties to ensure that the photocurrent generated by both

13



heterojunctions was equal. The equality of the photocurrents in the individual heterojunctions
eliminating the formation of the counterproductive inverse heterojunction in the tandem device’.
The first tandem device constructed this way led to an efficiency value of 2.5%, as opposed to the

equivalent single junction cell which yielded an efficiency value of 1.1%"*.

It has been hypothesised that employing a tandem configuration heterojunction allows for a
theoretical maximum efficiency of 49%, as opposed to 30% in single junction cells’. This increase in
theoretical maximum efficiency underlines the potential importance of the development of tandem
configurations in heterojunctions. Developments in multi-junction configurations have resulted in
excellent efficiencies of 10.6%’® and 11.5%’’ for double and triple heterojunction configurations,

respectively.

1.2.  Dye-Sensitised Solar Cells

1.2.1. Development and Basic Principles

Dye-sensitised solar cells (DSSC) were first developed in 1991, with first efficiencies of 7.1-7.9% using
a ruthenium based dye’. This initial success provided much excitement in the field of photovoltaics.
DSSC have the attraction of having low production costs, ease of processing and high stability over a
wide range of temperatures’. Also the standards of purity required for processing in DSSC are much
lower than that of heterojunction cells, meaning that there is no need for processing under vacuum

or at high temperatures®.

DSSC are generally constructed of a fluoride doped tin dioxide anode, coated in TiO,, onto which the
dye sensitiser and electrolyte are coated. The electrolyte is most commonly an organic solvent
containing a redox system such as iodide/triiodide couple. Although other redox couples have been
investigated such as Br/Br,, SCN/SCN, and SeCN/SeCN,, none have shown the light-to-electricity
conversion efficiency of 17/1578%. The circuit is then completed with a counter electrode. The counter
electrode is almost always platinum, as platinum is stable and has high catalytic activity®?. However
platinum is a rare and expensive metal, therefore development of alternative counter electrode
materials such as graphene/polymer composites®, carbon nanotubes®® and transition metal

carbides®® has been undertaken.

Dye-sensitised solar cells operate differently to heterojunction cells, and is comparable to

photosynthesis. The basic principles are shown in Figure 1.13

1. Photoexcitation of the dye,
2. Electron injection into the conduction band of the TiO;,

3. Electron transport to the working electrode,
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4. Regeneration of the dye by electron donation from redox system in the electrolyte,

5. Oxidised redox couple is regenerated by the counter electrode.

The processes shown in green are the desirable processes, however there are some undesirable

processes that occur in a DSSC (shown in red) that lead to inefficiency.

6. Relaxation of dye to ground state from excited state,
7. Recombination of injected electrons with the oxidised dye,
8. Recombination of injected electrons with redox couple (known as generation of dark

currents).

Figure 1.13 - Basic Principles of DSSC

For a DSSC to be successful, fine-tuning of the properties of the dye, the semi-conductor material and
the redox couple in the electrolyte must take place to ensure all parts of the cell are working

cohesively®®.

1.2.2. Dye Sensitiser
The most important part of a DSSC is probably the sensitiser. The sensitiser is responsible for
harvesting photons and generating and transporting charges. Therefore design of molecules with the

right properties is of the utmost importance®’. For a sensitiser to be successful it must have:

e A LUMO level which allows for efficient electron injection into the conduction band of the
semi-conducting material,
e A HOMO level which allows for efficient regeneration by the redox couple of the electrolyte,

e Broad absorption in the visible and NIR region.

As mentioned, the first dye sensitisers were ruthenium based. Ruthenium dyes were chosen because
of their wide absorption in the visible and NIR region, their excellent charge transfer capabilities, and
their thermal and photostabiltiy’®®. The most well-known ruthenium dye is Black Dye (23, Figure

1.14), which had a first PCE of 10.4% and was a breakthrough in the field®. Following on from black
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dye, further molecular design was focused on the addition of p-conjugated systems to the bipyridyl
ligand to help increase photon harvesting, the most successful of these attempts being 24 (Figure

1.14), which gave a PCE of 11.5%.

[(C4Ho)aNI5

23

24

Figure 1.14 - Ruthenium Based Dyes Used in DSSC

Research then focused on finding metal free alternatives for use as dye sensitisers. Organic
alternatives have the advantages that they do not use expensive and rare metals, are relatively easy
to synthesise and allow for easier molecular tailoring®. Many different molecules have been tested
over the years with varying results. Examples include polyene dyes, such as 25 (Figure 1.15), which
gave a PCE of 6.8%°%. Coumarin derivatives show some promise in DSSC because of their strong
absorption in the visible region, good long term stability and appropriate LUMO levels for injection of
electrons into the conduction of TiO,. One such coumarin derivative that gave an impressive PCE of

8.2% is 26 (Figure 1.15).
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Figure 1.15 - Organic Dyes Used in DSSC

Following the donor-nt bridge-acceptor (D-m-A) configuration, using carbazole as a donor 27 (Figure
1.15) was developed. The rationale for the hexyl chains on the thiophene moieties was to increase
electron lifetimes by hindering the approach of acceptors in the electrolyte while the dye was bound
to the Ti0,%, a 27 DSSC gave a PCE of 7.7%. Another D-1i-A molecule utilising alkyl chains to help to
increase lifetimes is 28 (Figure 1.15), which gave a PCE of 8.6%. As previously mentioned
triphenylamine moieties are commonly found in organic photovoltaics due to their high absorption
characteristics and electron donating abilities, the same can be said for DSSC, 29 (Figure 1.15) is one

such example of a triphenylamine based dye that gave a PCE of 7.3%°°.

A more successful organic dye based on a triphenylamine moiety attached to a phenylenevinylene n-

bridge with a cyanoacetic acid group 30 (Figure 1.16) was developed in 2007, bringing organic dye
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sensitisers close to the efficiencies of their metal containing equivalents. 30 achieved a PCE value of

9.1%%.

Another recent development is the use of rhodanine as opposed to cyanoacetic acid as an anchoring
group in DSSC. Rhodanine encourages a strong push-pull system due to its electron withdrawing
character. Rhodanine also allows for greater control of solubility as it can undergo N-alkylation®’. One
such example of rhodanine being used successfully as an anchoring group and to control solubility is

31 (Figure 1.16) which gave a PCE of 9.4%%,

S

H

30 31

Figure 1.16 - Higher Efficiency Organic Dyes Used in DSSC

To date the best performing organic dye sensitiser is based on a triphenylamine donor group, an
asymmetric n-bridge consisting of thiophene, benzothiadiazole and phenyl subunits and a cyanoacetic
anchoring group. An octyl group is included in the nt-bridge for the reasons previously discussed and
the m-bridge is asymmetric in an attempt to avoid recombination. The dye 32 (Figure 1.16) gives an

impressive PCE of 10.2%%.

Porphyrins have attracted much interest due to their large absorption coefficients in the visible region
and their potential to be molecularly engineered'®. Porphyrins have almost panchromatic absorption

and thus only a single benzothiadiazole subunit was required to sufficiently increase the absorbance.
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Thus, the PCE record for DSSC belongs to the push-pull porphyrin 33 (Figure 1.17), which gave an

excellent PCE of 13.0%%%.

Figure 1.17 - Porphyrin Used in Highly Efficient DSSC

1.2.3. Electrolytes

As well as improving the sensitiser dye, DSSC efficiency can be improved by lowering the redox
potential of the electrolyte and thus increasing the Voc of the cell. The I'/l5 redox couple is the most
popular because of the slow recombination rate!®, There have been many attempts to find an
alternative redox couple in DSSC, examples such as Br/Brs 1% which allowed for a greater Voc and in
some cases more efficient cells but the faster recombination reaction meant that increases in
efficiency are only found in dyes with more positive potential than E(Br/Brs’). Hydroquinone based

redox couples were also investigated'® but gave poor results.

Q CeH13

Figure 1.18 - Organic Dye Used with Ferrocene Redox Couple
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Using the ferrocene redox couple Fc/Fc* has shown some positive results, raising the efficiency of
organic dye 34 (Figure 1.18) in the presence of a co-absorber from 6.1% to 7.5%'%. Ferrocene also has

the advantage of being readily commercially available.

The most promising results in recent times have come from using Co?*/Co3" electrolytes, the first
example being [Co(bpy)s:]*7/3* which improved efficiencies of triphenylamine dyes over the cells
constructed using 1/13” 1%. Cobalt complexes are attractive electrolytes due to the fact that their
electronic and redox properties can be tuned by varying the ligand environment. Cobalt complexes
with tridentate ligands have also been investigated, tridentate ligands have the advantages of making
the complex more stable and by reducing or eliminating the chance of isomerisation. The cobalt
complex [Co(bpy-pz)2]>*/** (bpy-pz being a tridentate ligand) was shown to increase the efficiency in
DSSC'?”. The previously mentioned porphyrin dye 33 cell was constructed using the [Co(bpy)s]?*/**

redox couple®®?,

~ 0]

/
35

Figure 1.19 - Solid Hole Transporting Material

Conversely, there have been great efforts to eliminate the need for liquid electrolytes in DSSC. Liquid
electrolytes have the disadvantages of being corrosive, volatile and thus have problems related with
leakage. These problems present major challenges with mass production and thus much development
has been undertaken to develop solid hole-transporting materials'®. In solid state DSSC hole transfer
takes place directly from the oxidised dye to the HOMO of the solid hole-transporting material, which
transports the charge to the counterelectrode'®. The best performing hole-transporting material to
date is spiro-MeOTAD (35, Figure 1.19) which achieved PCEs of 7.2% with an organic dye''° and 10.2%

with an inorganic dye®!’,
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1.3.  Background Information on Diketopyrrolopyrroles

As most of the work described in this thesis is based around diketopyrrolopyrroles (DPP) a brief

introduction to its chemistry and applications in organic photovoltaics will now be produced.

1.3.1. Brief History

Diketopyrrolopyrroles were first synthesised in 1974 during the attempted synthesis of 2-azetinone
38, however this reaction failed and the authors reported a red solid was formed and identified its

structure as 39 (Scheme 1.1)%2,

CN o) 7n
+ Br\)l\o/ — 38
HN o
37

" O

Scheme 1.1 - Failed Reaction Leading to the Discovery of DPP
Although no uses were originally found for DPPs, after some development by Ciba-Geigy before the
first DPP pigment, C.I. Pigment Red 254 (40, Figure 1.20), was introduced to the market in 1986. Since
then, functionalised DPPs have been applied in many fields, including paints, plastics, fibers and inks;

before later finding uses in chemosensing and photovoltaics!®3.

40

Figure 1.20 - First DPP Pigment on Market (C.I. Pigment 254)
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1.3.2. Synthetic Routes

1.3.2.1. Reformatsky Route

Following on from the accidental synthesis of 39 it was proposed that DPP formation proceeded via
an oxidative dimerisation, however this was proved not to be the case and that the DDP core was built
first by condensation of the Reformatsky reagent with the cyanide group to yield the salt 41A. Then
an alkylation and ring closure gives the intermediate 41C, a pyrrolinone ester, followed by another

condensation to 41D and a final cyclisation to yield the product 39 (Scheme 1.2)4,

CN 0 Zn 0 Lactam formation
* Br\)J\o/ g S > X CO2CH3

HN (0] BTCHchQCHg H’\Il
! I ZnB
ZnBr ST Sco,cH,
36 37 41A 418
- CH30"

_ CH3O_ Brzn\N AN C02CH3 CN
-

_ BrZn~ CO,CH
& NnH CH;O N" P2

— O -
41D 41C

Scheme 1.2 - Reformatsky Synthesis of DPP

1.3.2.2. Succinic Ester Route

The succinic ester route of DPP synthesis was developed in 19834, In this reaction, a succinic ester
undergoes a condensation reaction with an aromatic nitrile, first by forming the enantiomer 43A
which is cyclised to the pyrrolinone ester 43B, which reacts with another aromatic nitrile before a

subsequent ring closure to form 39 (Scheme 1.3).

22



(0]
+ R. O. Base -RO"
OJK/\[( R - I _CO.R g
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Scheme 1.3 -Succinic Ester Synthesis of DPP
1.3.2.3. Succinic Amide Route
|
/N /N
0]
(0]
EtO
HzN)J\/\H/NHz N KOt-Bu
| OEt

44 45

Scheme 1.4 - Succinic Amide Synthesis of DPP
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Another useful synthetic route to DPPs is the succinic amide route®, which uses a succinamide 44

and N,N-dimethylbenzamide diethylacetal 45 (Scheme 1.4).
1.3.3. Chemical Properties and Reactions

E+

N
{ TEWG

7N

-
HN NH

—

Pe\:
.
N

Nu~

\/\

Figure 1.21 - Reactive Centres of DPP

Substitution of the phenyl rings in DPP makes the molecule susceptible to a number of electrophilic
and nucleophilic substitution reactions. In addition to this, the pyrrolopyrrole core can undergo
transformations depending on the conditions. A summary of the electrophilic and nucleophilic

reactive sites can be seen in Figure 1.21%3,

1.3.3.1. Aromatic Substitutions

DPP 39 can be sulphonated to the disulphonic acid using fuming sulphuric acid, shown in scheme
1.53, Group Il and ammonium salts of 48 proved to be thermally stable compounds. The bromination
of 39 also affords the stable compound 47, however chlorination of 39 does not produce the chlorine
analogue of 47 due to bromine being a better leaving group and a better nucleophile compared to

chlorine!*4,
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Scheme 1.5 - Substitution Reactions Associated with DPP

DPP 39 can also undergo nucleophilic aromatic substitution with amines to the diaminosubstituted

DPP 50 (Scheme 1.6).

HNR,

[

NMP, 180 °C

39 50

Scheme 1.6 - Nucleophilic Aromatic Substitution of DPP

1.3.3.2. N-Alkylation

DPP 39 can be alkylated at the nitrogen atoms of the DPP core, this alkylation can be carried out using
alkyl halides or alkyl sulphonates, with potassium carbonate generally being used as a base. Upon
alkylation of 39 the compound becomes drastically more soluble, due to the removal of the hydrogen
bond donor that leads to aggregation in 393, The two methods of alkylation can be seen in Scheme

1.7.
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R-Br
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39 51

Scheme 1.7 - N-Alkylation of DPP

Despite being the favoured product, there are some undesirable side products (Figure 1.22) associated

with the alkylation of DPP, due to alkylation occurring at the oxygen?!®

Figure 1.22 - Side Products of N-Alkylation of DPP

1.3.4. Diketopyrrolopyrroles in Photvoltaics
The DPP core has a well conjugated structure, allowing for -1t interaction as well as being electron
withdrawing, which results in efficient charge transport. DPPs also have relatively low lying HOMO

and LUMO levels and high absorption coefficients making them potentially useful in organic

photovoltaics?’.

1.3.4.1. Diketopyrrolopyrrole Polymers in Heterojunctions
Examples of the most efficient DPP polymers used as donor materials in heterojunctions are shown in

Figure 1.23. 54, 55 and 56 had PCE values with PC7:BM of 4.7%!8, 5.5%!'° and 8.0%'%°, respectively.
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Figure 1.23 - DPP Polymers Used in Heterojunctions

1.3.4.2. Diketopyrrolopyrrole Small Molecules in Heterojunctions

_2-ethylhexyl -
N y y O,2 ethylhexyl

57
(0]
2-ethylhexyl
_ 2-ethylhexyl
2-ethylhexyl” N
58
59

R4 = 2-ethylhexyl
R, = 3,7-dimethyloctyl

Figure 1.24 - DPP Small Molecules Used in Heterojunctions

DPPs have not performed as well as small molecule donors as their polymer equivalents, however

reasonable efficiencies have been achieved with some DPP derivatives. Highlights include 57, 58 and
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59 (Figure 1.24), which gave efficiencies of 4.96% with PCBM?*?}, 5.29%'%2 and 5.53%*?* with PC7:BM,
respectively. However the most efficient small molecule donor material containing DPP is the

previously mentioned 22.

1.3.4.3. Diketopyrrolopyrroles in Dye-Sensitised Solar Cells

The high photochemical, mechanical and thermal stability of DPPs makes them ideal for use in DSSC*?,
The central planar chromophore of the DPP core is very well suited as a mt-bridge in sensitisers, and
the easy functionalization of the aromatic groups allows for great control of molecular design, also the
straightforward N-alkylation of DPP allows the added solubility and hindrance of electrolyte molecules
causing recombination as previously discussed. Thus DPPs have been extensively studied as dyes for

DSSCs.

Some of the best examples of DPPs in DSSC include 60 (Figure 1.25) which gave a PCE of 7.7% and a
PCE of 8.6% when combined with a co-sensitiser'?®. Another efficient DPP sensitiser is 61 (Figure 1.25)
which gave a PCE of 9.1%"?°. However the best performing DPP dye was achieved using an asymmetric
DPP core, with a large conjugated donor molecule and cyanoacetic acid acceptor group, DPP 62 (Figure

1.25) gave a PCE of 10.1%'%’.

CGHB/OC

N

60 Ar = Benzene
61 Ar = Thiophene

CeH13/O

COOH
02H5\H WA
NC
62 S4Ho

Figure 1.25 - DPPs Used in DSSC
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2. Results and Discussion

2.1.  Aims of Project
2.1.1. Small Molecules for Heterojunctions

CsHs
e

C4Hg

)
74 QS\CZH5

80 gj\csz C4H9j\C2H5 83

Figure 2.1 - Target Small Molecules for Use in Heterojunctions

The first target molecule 74 (Figure 2.1) was based on the recently developed bay-annulated indigo
(BAI), flanked by two DPP subunits. BAl was found to be a good electron accepting unit with a low
bandgap and potential for high electron mobility'?®. The second set of target molecules 80 and 83
(Figure 2.1), was again based on DPP however this time as the central moiety of the molecule flanked
by two electron donating tetrathiafulvalene (TTF) moieties to create a donor-acceptor-donor

molecule. TTF is an outstanding donor molecule that is readily oxidised to the di-cation, which makes
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the molecule aromatic and thus more stable!?®. Thus TTF derivatives have been widely used in charge

transfer complexes*°.

The final target small molecule for heterojunctions 85 (Figure 2.1) again utilises a central DPP moiety,
which is flanked by two ferrocene moieties. Although not strictly organic, ferrocene undergoes many
of the reactions associated with organic aromatic compounds. Ferrocene is also electron rich, is easily

oxidised and thus acts as an electron donor®3.,

2.1.2. Organic Dye for Dye-Sensitised Solar Cells

The target molecule 90 (Figure 2.2) for DSSC was based on the donor-mt bridge-acceptor model for dye
sensitisers. Using DPP as a m-bridge chromophore, a cyanoacetic acid group as the acceptor group and
a strongly donating dimethyl aniline substituent. The triple bond, was chosen to bring an asymmetry
to the mt-bridge chromophore helping to slow down the recombination of charge carriers as previously

discussed.

Figure 2.2 - Target Molecule for Use in DSSC

2.2. Results

The DPP chromophores in all molecules were prepared using the succinic ester route with a yield of
63%. The DPP 65 subsequently underwent N-alkylation using 2-ethylhexyl bromide to provide 66 in a
yield of 30%. The poor yield of the alkylation step was due to the formation of the aforementioned
isomers 52 and 53. Branched alkyl chains were used to increase solubility and performance for the
reasons previously mentioned. The alkylated DPP was then either mono or di brominated depending
on the desired product using N-bromosuccinimide (NBS) to provide 67 and 68 in quantitative yields

(Scheme 2.1).
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Scheme 2.1 - Synthesis of DPP moieties
2.2.1. Attempted Synthesis of 74

69 70 71

Scheme 2.2 - Synthesis of BAl and Bromination
Compound 70 was prepared using the literature procedure®?® in a yield of 60%, and subsequently

brominated using NBS in accordance with the literature to provide 71 in a yield of 77% (Scheme 2.2).

Compound 67 was synthesised in accordance with Scheme 2.1. Compound 73 was prepared using a

Miyaura borylation of 67 (Scheme 2.3) and used without further purification due to the pinacol
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boronic ester being unstable on silica. A Suzuki-Miyaura cross coupling of 71 and 73 was attempted
but was unsuccessful (Scheme 2.3). Miyaura borylations of 71 and of 70 directly were also attempted
but were unsuccessful (Scheme 2.3). Lack of solubility is believed to be responsible for the poor

reactivity of 70.

C4Hg

1,4-Dioxane
Pd(dppf)Cl,
KOAc

_—

90 °C

Toluene
Water
sz(d ba)3
X-Phos
K3zPOy,

1,4-Dioxane
Pd(dppf)Cl,
(0] O
71 . g KOAc
O/ \O 90 oC

THF

> LDA
70 + O, — %
B-O -25°C

Scheme 2.3 - Attempted Synthesis of 74

2.2.2. Synthesis and Analysis of 80

Compound 68 was synthesised in accordance with Scheme 2.1. TTF was stannylated using tributyltin
chloride to give 79 (Scheme 2.4), which was used without further purification due to the instability of
the compound on silica. A successful Stille coupling of 68 and 79 was undertaken to give the product

80 with a yield of 73% (Scheme 2.4).

32



DEE
S S . S S SnBU3
__ -BulLi
(=T + smuwa  —m T
S S -78 °C | |

77 78 79

S S~ OBl -lF-’cc)il(PPh)Cl
R 3/2%12
o TN
IS S 110 °C
79

Scheme 2.4 -Synthesis of 80

The spectroscopic and electrochemical analysis of 80 was carried out by Mr Michele Cariello. The UV-
vis spectrum of 80 can be seen in Figure 2.2, the molar absorptivity coefficient of 80, despite being of
a relatively high value, is slightly lower than expected from a donor-acceptor-donor DPP molecule with
avalue 49200 L mol* em™. This lowering of absorptivity coefficient may be due to large intramolecular

charge transfer (ICT) present in the molecule.
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Figure 2.2: UV-vis spectrum of 80 in CHCl3 1 x 103 M

33



Absorptions associated with ICT states can be seen around 330-370 nm, the appearance of ICT bands
can be indicative of effective charge separation in the molecule. The Amax of 80 in CHCls is 649 nm
which shows a large bathochromic shift to that of an unsubstituted DPP, which has a Amax of 504 nm?13,
Such bathochromic shifts are present in DPP molecules substituted with differing moieties, such as

benzothiadiazole®3?.

The high molar absorptivity coefficient indicates that there is potential for effective photon harvesting
in 80. The large bathochromatic shift indicates the lowering of the bandgap of DPP, allowing for
absorption of lower energy radiation however the possibility of using 80 alongside other donor
materials with complementary absorption properties in tandem configuration heterojunction cells

may be hindered by the ICT absorptions of 80 at lower wavelengths.

The cyclic voltammogram and square wave voltammogram of 80 can be seen in Figure 2.3 and Figure
2.4, respectively. The electrochemical measurements were carried out with and without ferrocene as
a standard. The results were then corrected against the redox potential of Fc/Fc*, however the results

presented in Figure 2.3 and Figure 2.4 do not include the Fc/Fc* oxidation for clarity.
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Figure 2.3: CV trace of 80: corrected against Fc/Fc* in CHCl3 1 x 103 M
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Figure 2.4: SWV trace of 80: corrected against Fc/Fc* in CHCI3 1 x 103 M

It can be seen that 80 has a low oxidation potential, due to the two TTF moieties being easily
oxidisable. 80 also undergoes a second oxidation at 1.01 V. It is difficult to tell from the CV data

collected whether the oxidations are reversible. The reduction of 80 occurs at -0.86 V.

Since the oxidation potential of ferrocene is well known, it can be used as a standard to calculate the
HOMO and LUMO levels and thus the bandgap of the compound can be found. An example calculation

can be seen below:
HOMO = Oxidation potential of Ferrocene — E,,
HOMO = —4.80eV —0.52 eV
HOMO = —5.32¢eV

From the HOMO and LUMO the bandgap can then be calculated by simply subtracting the values
obtained for the HOMO and LUMO levels. A summary of the optical and electrochemical data can be
seen in Table 2.1 below. The approximations gathered for the bandgap of 80 from both the spectral
and electrochemical measurements are in good agreement. 1.38 eV represents a relatively low
bandgap. From both the spectral and electrochemical data collected it can be summarised that 80 has
a good absorption profile in the visible region for harvesting incident light and can be easily be oxidised
at low potential to generate cationic species. Thus, it is reasonable to expect that 80 could be effective

as a donor molecule in heterojunctions.
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Table 2.1: Electronic and Optical Properties of 80

Electronic Properties Optical Properties
Square Wave Voltammetry (V) UV-Visible Spectrum
Eairf Eairf Eromo ELumo Egap (€V) Amax (nmM) Egap (€V)
(ox)(V) (red)(V) (eV) (eV)
80 0.52 -0.86 -5.32 -3.94 1.38 649 1.36
2.2.3. Attempted Synthesis of 83

The proposed synthetic route for 83 can be seen in Scheme 2.5. By making compound 82, the TTF
molecule would have the required nitrile for the succinic ester synthesis of DPP, thus attaching TTF
moieties directly on to the DPP core without the thiophene units found in 80. However attempts to

make and purify 83 were unsuccessful, due to the instability of 82 under the reaction conditions used.
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Scheme 2.5 - Proposed Synthetic Route for 83

2.2.4. Synthesis and Analysis of 85
Compound 68 was synthesised in accordance with Scheme 2.1. A successful Suzuki-Miyaura cross
coupling reaction of 68 and ferrocene boronic acid 84 was undertaken to give the product 85 with a

yield of 40% (Scheme 2.6).
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Scheme 2.6 - Synthesis of 85

A sample of 85 was sent to collaborators at St. Andrews University for testing as a donor material in
heterojunction cells. The UV-vis spectrum of 85 can be seen in Figure 2.5, the molar absorptivity
coefficient of 85 falls into the anticipated range of a donor-acceptor-donor DPP molecule with a value
72900 L mol™ em™. The Amax of 85 in DCM is 632 nm which shows a large bathochromic shift to that of

an unsubstituted DPP, which has a Amax of 504 nm?*%3,
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Figure 2.5 - UV-vis spectrum of 85 in DCM 1 x 10° M

The high molar absorptivity coefficient indicates that there is potential for effective photon harvesting
in 85. The large bathochromatic shift indicates the lowering of the bandgap of DPP, allowing for

absorption of lower energy radiation and the possibility of using 85 alongside other donor materials
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with complementary absorption properties in tandem configuration heterojunction cells. The UV-vis
spectrum of 85 also shows a small shoulder that can be attributed to vibronic coupling. Absorptions

associated with ICT states can be seen around 330-400 nm.

The cyclic voltammogram and square wave voltammogram of 85 can be seen in Figure 2.6 and Figure
2.7, respectively. The electrochemical measurements were again carried out with and without
ferrocene as a standard. The results were then corrected against the redox potential of Fc/Fc*,

however the results presented in Figure 2.6 and Figure 2.7 do not include the Fc/Fc* oxidation for

clarity.
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Figure 2.6 - CV trace of 85: corrected against Fc/Fc* in DCM 5 x 104 M
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It can be seen that 85 has a very similar oxidation potential to that of ferrocene (only 0.1 V of a

difference), due to the two ferrocene moieties being easily oxidisable. 85 also undergoes a second

Figure 2.7 - SWV trace of 85: corrected against Fc/Fc*in DCM 5 x 104 M

Potential vs. Fc/Fc™ (V)

oxidation at 0.60 V. Both oxidations are reversible. The reversible reduction of 85 occurs at -1.74 V.

From the electrochemical data the bandgap of the HOMO and LUMO levels can be calculated as 1.85
eV (calculations the same as those carried out in section 2.2.2.). This approximation is in keeping with
the UV-vis data collected and represents a relatively low bandgap. The results obtained from the

spectral and electrochemical measurements can be found in Table 2.2.

Table 2.2: Electronic and Optical Properties of 85

Electronic Properties

Optical Properties

Cyclic Voltammetry Square Wave Voltammetry (V) UV-Visible
(V) Spectrum
Eip Eip Egap | Eairt (V)  Eairr (V)  Ewomo  Ewmo  Egap Amax Aonset
(ox)  (red) (eV) (ox) (red) (eV) (eV) (eV) (nm) (nm)
85 0.10 -1.74 184 0.08 -1.77 -4.88 -3.03 1.85 632 712

From both the spectral and electrochemical data collected it can be summarised that 85 has a good

absorption profile in the visible region for harvesting incident light and can be easily be oxidised at
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low potential to generate cationic species. Thus, it is reasonable to expect that 85 could be effective

as a donor molecule in heterojunctions.

2.2.5. Synthesis and Analysis of 90
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Scheme 2.7 - Synthesis of 90
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The synthesis of 90 is outlined in Scheme 2.7. 67 was synthesised in accordance with Scheme 2.1. A
Suzuki-Miyaura cross coupling of 67 and 4-formylphenylboronic acid 86 was successfully undertaken
to give 87 in a yield of 70%, a subsequent mono bromination of 87 using NBS gave the compound 88
in a yield of 89%. A Sonogashira coupling of 88 and 4-Bromo-N,N-dimethylaniline was successfully
undertaken to give 89 with 33% yield, and the final step of a Knovenagel condensation reaction of 89

with cyanoacetic acid gave the product 90 with a yield of 57%.

The UV-vis spectrum of 90 can be seen in Figure 2.8. 90 has a high molar absorption coefficient of
88700 L mol™* cm?, indicating that 67 has the potential to effectively harvest photons in DSSC. The Amax
of 90 occurs at 626 nm, which represents a large bathochromatic shift when compared to the Amax of
504 nm of an unsubstituted DPP!3, In the previously reported DPP molecules 60'%° and 61
bathochromatic shifts were observed, but not to the same extent as present in 90. The most efficient
DPP in DSSC, 62, had a Amax of 602 nm*¥, which was a promising sign that the low optical bandgap of

90 would translate to good efficiency in DSSC.

The UV-vis spectrum of 90 also showed a shoulder to the maximum absorption band due to vibronic
coupling and similar ICT bands to that of 85. The ICT bands found in 90 are more intense than that of
85, implying that the charge transfer states of 90 could be better stabilised. The increased stability of
the charge transfer states can be attributed to the aforementioned asymmetry of the nt-bridge, helping

to slow down the recombination of separated charges.
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Figure 2.8 - UV-vis Spectrum of 90 in DMF 1 x 10° M
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The cyclic voltammogram and square wave voltammogram of 90 can be seen in Figure 2.9 and Figure
2.10, respectively. The electrochemical measurements were carried out with and without ferrocene
as a standard. The results were then corrected against the redox potential of Fc/Fc*, the results

presented in Figure 2.6 and Figure 2.7 do include the Fc/Fc* oxidation as a reference.

It can be seen that 90 has a low oxidation potential of 0.39 V. The reversible reduction of 90 occurs at
-1.28 Vin the CV and -1.35 V in the square wave. From the electrochemical data obtained from the
square wave voltammogram, the bandgap of the HOMO and LUMO levels can be calculated as 1.74
eV (calculations the same as section 2.2.2.). This approximation is in keeping with the UV-vis data
collected and represents a low bandgap. The results obtained from the spectral and electrochemical

measurements can be found in Table 2.3.

Table 2.3: Electronic and Optical Properties of 90

Electronic Properties Optical Properties
Cyclic Voltammetry Square Wave Voltammetry (V) UV-Visible
(V) Spectrum

Ei2 Ei2 Egap | Eaitr (V)  Eairr (V)  Enomo  Ewmo  Egap Amax Aonset
(ox) (red) (eV) (ox) (red) (eV) (eV) (eV) (nm) (nm)
90 0.38 -1.28 1.66 0.39 -1.35 -5.19 -3.45 1.74 626 688

From both the spectral and electrochemical data collected it can be summarised that 90 has a good
absorption profile in the visible region for harvesting incident light and can be easily be oxidised at
low potential to generate cationic species. Thus, it is reasonable to expect that 90 could be effective
as a dye-sensitiser in DSSC. A sample of 90 was taken to Ecole Polytechnique Fédérale de Lausanne by
Mr Michele Cariello for device fabrication and testing. The best result obtained a power conversion

efficiency of 3.98%. Further optimisation is to be carried out.

2.3.  Conclusions and Future Work

Compounds 80 and 85 was successfully synthesised and results regarding their performance as donor
molecules in bulk heterojunction solar cells is expected in due course. Compound 90 was successfully
synthesised and successful device fabrication was undertaken by collaborators to give a promising first
power conversion efficiency of 3.98%. Further optimisation of devices containing 90 is to be

undertaken to improve PCE further.

Further efforts will be made to synthesise 74, including investigating different coupling methods and
different reaction conditions for the final coupling. Further efforts to synthesise 83 will be made,
including producing more of compound 82 and improving purity to increase the likelihood of the final

reaction being successful.
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3. Synthesis and Characterisation

Experimental Terms and Methods

Flash Column Chromatography: Using silica gel (Merk) 40-63 pm 60 A and solvent system is specified

in each experiment.
TLC: Were performed using 5x4 cm SiO; coated aluminium

Dry Solvents: Innovative Technology inc Pure Solv 400-5-MD solvent purification system (activated

alumina columns)

Reaction Temperatures: Room temperature refers to 20-25 °C other temperatures were obtained

using ice-water bath for 0 °C and acetone-dry ice bath for -78°C.

Analytical Methods

MS: Mass spectrometry was performed by Jim Tweedie mass spectrometry technician at the

University of Glasgow.
M.P.: Recorded on a SMP-10 Stuart Scientific melting point machine. Melting points are uncorrected.

NMR: Performed on either Bruker Avance 500, Bruker Avance 400. All spectra were characterised
from 'H, 3C, HMQC methods, and were analysed using the Mestrelab research iINMR®© package and
Spinworks© 4.0.

CV: Performed using a CH Instrument Electrochemical Workstation (CHI 440a). Samples were analysed
at 10* M concentrations using 0.1 M TBA.PFs as electrolyte and using Pt, Pt wire and Ag wire

electrodes.

UV: Performed using a PerkinElmer Lambda 25 spectrometer.
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3.1. Synthesis and Characterisation

2,5-Dihydro-1,4-dioxo-3,6-dithienylpyrrolo[3,4-c]-pyrrole: 6533

Potassium 2-methyl-2-propanolate (6.20 g, 55 mmol) was dissolved in 2-methyl-2-butanol (44 ml)
under an Ar atmosphere and stirred at 105 °C for 1 hr. 2-Thiophenecarbonitrile (4.3 ml, 46 mmol) was
added to the mixture, stirring was continued at 105 °C for 30 min. A solution of dimethyl succinate
(2.4 ml, 18 mmol) in 2-methyl-2-butanol (8 ml) was added dropwise over 2 hrs. The mixture was
allowed to stir at 105 °C for a further 2 hrs, then cooled to 50 °C and a mixture of methanol (28 ml)
and water (7 ml) was added to quench the reaction. The mixture was then heated under reflux for 45
min before being allowed to cool to room temperature. The mixture was poured over ice (46 g) then
HCI (35% aq., 14 ml) and methanol (51 ml) were added and the mixture was stirred for 45 min. The
mixture was filtered and the precipitate washed with methanol (18 ml), before being suspended in
water (92 ml) and stirred for 30 min. The mixture was filtered again and washed with methanol (18
ml), before being allowed to dry under vacuum to give the product as a purple solid (2.95 g, 63%); &n
(500 MHz, DMSO-d6) 7.29 (2H, dd, J(Hz) 4.96, 3.80, C(4’,4"")H), 7.95 (2H, dd, J(Hz) 4.97, 1.13, C(3’,3")H),
8.21 (2H, dd, J(Hz) 3.79, 1.14, C(5’,5")H), 11.25 (2H, s, NH); 6¢ (125 MHz, DMSO-d6) 108.69 (C(3a,6a)),
128.84 (C(4’,4"")H), 130.88 (C(5’,5")H), 131.37 (C(2’,2"")), 132.83 (C(3’,3")H), 136.28 (C(3,6)), 161.70
(C(1,4)); m/z (ESI) 322.9902 [M+Na]* (C1sHsN2NaO,S; requires 322.9925).
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2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione: 663*

27 17 19

2,5-Dihydro-1,4-dioxo-3,6-dithienylpyrrolo[3,4-c]-pyrrole (3.0 g, 10.0 mmol) and potassium carbonate
(4.14 g, 30.0 mmol) were dissolved in anhydrous DMF (100 ml) under an argon atmosphere. The
solution was heated with stirring at 120 °C for 1 hour. 2-Ethylhexyl bromide (4.4 ml, 25.0 mmol) was
added dropwise over 30 minutes. The mixture was heated with stirring overnight at 130 °C. The
reaction mixture was cooled to room temperature before being poured into distilled water (400 ml)
to quench. The product was extracted using CH,Cl,, and the organic layer collected. The solvent was
evaporated and vyield the impure product. The compound was then purified by column
chromatography, first with petroleum ether and CH,Cl; (1:4) and then with chloroform. The solvent
was evaporated to yield the compound as a red solid (0.818 g, 30%); (500 MHz, CDCls) 0.86 (12H, m),
1.31 (16H, m), 1.86 (2H, m, C(16,24)H), 4.01-4.05 (4H, m, C(15,23)H,), 7.27 (2H, m, C(8,12)H), 7.62 (2H,
d, J(Hz) 1.19, C(9,13)H), 8.90 (2H, d, J(Hz) 1.18, C(10,14)H); &c (125 MHz, CDCls) 10.57 (C(20,28)Hs),
14.04 (C(22,30)Hs), 23.14 (C(19,27)H,), 23.68 (C(21,29)H,), 28.45 (C(18,26)H.), 30.29 (C(17,25)H,),
39.29 (C(16,24)H), 46.01 (C(15,23)H,), 108.07 (C(3a,6a)), 128.50 (C(8,12)H), 129.80 (C(7,11)), 130.67
(C(9,13)H), 135.44 (C(10,14)H), 140.43 (C(3,6)), 161.93 (C(1,4)); m/z (EI*) 524.3 [M]* (C30HaoN20:S;

requires 524.3).
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3-(5-Bromo-2-thienyl)-2,5-bis(2-ethylhexyl)-2,5-dihydro-6-(2-thienyl)-Pyrrolo[3,4-c]pyrrole-1,4-

dione: 673°

27 17 19

2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (680 mg, 1.30
mmol) was dissolved in CHCl; (30ml). The reaction was cooled to 0 °C kept in the dark. N-
Bromosuccinimide (0.254 g, 1.43 mmol) was dissolved in CHCl; and added dropwise to the reaction
over 6 hours. The reaction was allowed to warm to room temperature overnight. The solvent was
evaporated and the residue purified by column chromatography (PE:DCM, 1:1) to yield the title
compound as a purple solid (0.449 g, 57%); 64 (500 MHz, CDCl3) 0.87 (12H, m), 1.19-1.39 (16H, m),
1.84 (2H, m, C(16,24)H), 3.94 (2H, m, C(15 or 23)H,), 4.02 (2H, m, C(15 or 23)H,), 7.23 (1H, d, J(Hz)
4.20, C(9)H), 7.28 (1H, m, C(13)H), 7.64 (1H, dd, J(Hz) 5.03, 1.16, C(12)H), 8.63 (1H, d, J(Hz) 4.19, C(8)H),
8.91 (1H, dd, J(Hz) 3.92, 1.17, C(14)H); 6¢ (125 MHz, CDCls) 10.63 (C(22,30)Hs), 14.17 (C(20,28)Hs),
23.16 (C(19 or 27)H,), 23.18 (C(19 or 27)H,), 23.64 (C(21 or 29)H,), 23.68 (C(21 or 29)H,), 28.46 (C(18
or 26)H,), 30.26 (C(18 or 26)H>), 30.29 (C(17 or 25)H,), 30.32 (C(17 or 25)H,), 39.18 (C(16 or 24)H),
39.23 (C(16 or 24)H), 46.03 (C(15 or 23)H,), 46.06 (C(15 or 23)H,), 107.89 (C(3a or 6a)), 108.24 (C(3a
or 6a)), 118.79 (C(10)Br), 128.55 (C(13)H), 129.86 (C(11)), 130.97 (C(12)H), 131.40 (C(9)H), 131.53
(C(7)), 135.21 (C(8)H), 135.64 (C(14)H), 138.97 (C(6)), 141.02 (C(3)), 161.61 (C(1 or 4)), 161.78 (C(1 or
4); m/z (ESI) 627.1504 [M+Na]* (C30H39BrN,Na0,S; requires 627.1514).
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2,5-Bis(2-ethylhexyl)-2,5-dihydro-3,6-bis(5-bromo-2-thienyl)-Pyrrolo[3,4-c]pyrrole-1,4-dione: 683°

27 19

2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (0.50 g, 0.95 mmol)
was dissolved in CHCIs (30 ml). N-Bromosuccinimide (0.35 g, 1.95 mmol) was dissolved in CHCls (15
ml) and added dropwise over 45 minutes to the mixture at 0 °C in the dark. The reaction was allowed
to stir to completion as judged by TLC. The reaction was quenched with water and the organic layer
was extracted using CHxCl; (30 ml). The organic layer was dried with MgSO, and filtered before
removing the solvent under reduced pressure to afford the title compound in quantitative yield; 6u
(500 MHz, CDCl5) 0.87 (12H, m), 1.17-1.39 (16H, m), 1.83 (2H, m, C(16,24)H)), 3.93 (4H, m, (C(15,23)H,),
7.23 (2H, d, J(Hz) 3.93, C(8,12)H), 8.65 (2H, d, J(Hz) 4.01, C(9,13)H); 6¢ (125 MHz, CDCls) 10.73
(C(22,30)Hs), 14.30 (C(20,28)Hs), 23.31 (C(19,27)H,), 28.60 (C(21,29)H.), 29.94 (C(18,26)H,), 30.45
(C(17,25)H), 39.39 (C(16,24)H), 46.31 (C(15,23)H,), 108.31 (C(3a,6a)), 119.30 (C(10,14)), 131.45
(C(8,12)H), 131.70 (C(7,11)), 135.62 (C(9,13)), 139.66 (C(3,6)), 161.65 (C(1,4)); m/z (EI*) 680.10 [M]*
(C30H38BraN20,S; requires 680.07).
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7,14-Di-2-thienyl-6H-Diindolo[3,2,1-de:3',2',1'-ij][1,5]naphthyridine-6,13-dione: 70'%

Indigo (2.00 g, 7.62 mmol) was added to mixed xylenes (100 ml) under an argon atmosphere and
brought to reflux. 2-Thiopheneacetyl chloride (3.77 ml, 30.5 mmol) in xylenes (10 ml) was added to
the mixture over 1 hour. The reaction was monitored by TLC until no semi-annulated product
remained. The reaction was then allowed to cool to room temperature before being filtered and
rinsed with THF to yield the product as a red solid (2.71 g, 75%); &x (400 MHz, CHCl3) 7.14 (2H, t, J(Hz)
7.42),7.58 (2H, t, J(Hz) 7.84), 7.72 (4H, dd, J(Hz) 16.71, 4.12), 8.17 (2H, d, J(Hz) 8.03), 8.56 (2H, d, J(Hz)
7.86; 6¢ unavailable due to lack of solubility; m/z (ESI) 475.1525 [M+H]* (CasH1sN20,S, requires
475.0575).
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7,14-bis(5-bromothiophen-2-yl)diindolo[3,2,1-de:3',2',1'-ij][1,5]naphthyridine-6,13-dione: 71?8

Compound 70 (2 g 4.22 mmol) was suspended in CHCl; (200 ml). N-Bromosuccinimide (1.57 g, 8.86
mmol, 2.1 eq.) was added in portions. The reaction was left to stir overnight before adding water (50
ml) to quench the reaction. The suspension was filtered and washed with water, acetone and CHCls
to give the product as a purple solid (2.05 g, 77%); 6. (400 MHz, CDCls) 7.21 (2H, d, J(Hz) 4.0), 7.33 (2H,
t, J(Hz) 7.3), 7.54 (2H, d, J(Hz) 4.0), 7.62 (2H, t, J(Hz) 7.8), 8.24 (2H, d, J(Hz) 7.7), 8.56 (2H, d, J(Hz) 8.0);
8¢ unavailable due to lack of solubility; m/z (ESI) 632.92 [M+H]* (C2sH13BrN20,S; requires 632.88).
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3-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2-thienyl)-2,5-bis(2-ethylhexyl)-2,5-dihydro-6-(2-
thienyl)-Pyrrolo[3,4-c]pyrrole-1,4-dione: 73

Compound 67 (0.50 g, 0.83 mmol), bis(pinacolato)diboron (0.320 g, 1.24 mmol) and potassium acetate
(0.243 g, 2.48 mmol) were dissolved in anhydrous 1,4-dioxane (15 ml). The solution was degassed for
45 minutes before addition of [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (30 mg),
and the reaction was heated at 90 °C overnight. The solvent was evaporated and the residue washed
with petroleum ether, affording the product as a purple solid (0.450 g, 83%); 61 (500 MHz, CDCls) 0.84-
0.97 (12H, m), 1.27 (12H, s, C(33,34,35,36)H3), 1.28-1.32 (16H, m), 1.91 (2H, broad s, C(16,24)H), 4.01-
4.13 (4H, m, C(15,23)H,), 7.31 (1H, dd, J(Hz) 5.01, 3.92), 7.46 (1H, d, J(Hz) 4.19), 7.67 (1H, dd, J(Hz)
5.02, 1.14), 8.96 (1H, dd, J(Hz) 3.90, 1.13), 8.99 (1H, d, J(Hz) 4.22); compound 73 was used without

further purification.
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Tributylstannyl tetrathiafulvalene: 79’

[~

Tetrathiafulvalene (1.00 g, 4.89 mmol) was dissolved in diethyl ether (200 ml) and cooled to -78 °C. n-

SnBU3

Butyllithium (4.20 ml, 1.26 M, 4.89 mmol) was added and the reaction was allowed to stir at -78 °C for
1 hour to allow the formation of the yellow tetrathiafulvalene anion. Tributyltin chloride (1.4 ml, 4.89
mmol) was added and the reaction was allowed to stir for a further 1 hour at -78 °C before being
allowed to warm to room temperature. Water was added to quench the reaction (50 ml) and the
organic layer was extracted using ethyl acetate. The organic layer was dried using MgSQ,, filtered and
the solvent evaporated under vacuum to give the crude product as a brown oil which was used in the

next step without further purification.
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3,6-Bis(5-([2,2'-bi(1,3-dithiolylidene)]-4-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione: 80

Compound 68 (0.10 g, 0.15 mmol) and compound 79 (0.29 g, 0.59 mmol) were dissolved in anhydrous
toluene (15 ml) and the solution was degassed for 30 minutes before adding
bis(triphenylphosphine)palladium(ll) dichloride (20 mg). The reaction was heated at reflux for 24
hours. Water (20 ml) was added to quench the reaction and the organic layer was extracted using
CH,Cl, (30 ml). The organic layer was dried using MgSQ,, filtered and the solvent removed under
reduced pressure. The residue was then absorbed onto silica, flushed with petroleum ether to remove
residual TTF and recollected by dissolution in DCM, the solvent was removed to afford the product as
a blue solid (0.10 g, 73%); 64 (500 MHz,CDCls) 0.87 (12H, m) 1.24-1.38 (16H, m), 1.86 (2H, m, C(16,
24)H), 3.95-4.04 (4H, m, C(15,23)H,), 6.34 (4H, s, C(35, 36, 41, 42)H), 6.64 (2H, s, C(32, 37)H), 7.11 (2H,
d, J(Hz) 4.16, C(9,13)H), 8.85 (2H, d, J(Hz) 4.17, C(8,12)H); m/z (NSI) [M+H]* 929.0680 (Ca2HsN20,S10
requires 929.0683).
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2,5-Bis(2-ethylhexyl)-2,5-dihydro-3,6-bis(5-ferrocene-2-thienyl)-Pyrrolo[3,4-c]pyrrole-1,4-dione: 85

2,5-Bis(2-ethylhexyl)-2,5-dihydro-3,6-bis(5-bromo-2-thienyl)-Pyrrolo[3,4-c]pyrrole-1,4-dione (0.20 g,
0.29 mmol), ferroceneboronic acid (0.20 g, 0.88 mmol) and tribasic potassium phosphate (0.30 g, 1.5
mmol) were dissolved in anhydrous toluene (6 ml) and water (1 ml). The solution was degassed for 30
minutes before adding tris(dibenzylideneacetone)dipalladium(0) (8 mg) and Xphos (8 mg). The
reaction was heated to 80 °C and stirred until completion. Water was added to the reaction then the
organic layer was extracted using ethyl acetate and dried using MgS0.. After filtering off the drying
agent the solvents were removed under reduced pressure. The crude product was then purified by
column chromatography (CH,Cl,:Petroleum Ether, 1:1) to yield the product as a dark blue solid (0.105
g, 40%); &1 (500 MHz,CDCls) 0.86-0.97 (12H, m), 134-1.46 (16H, m), 1.91-1.99 (2H, m, C(16,24)H), 4.07
(4H, m, C(15,23)H.), 4.12 (10H, s, C(36,37,38,39,40,46,47,48,49,50)H), 4.42 (2H, s, C(32,35,42,45)H),
4.69 (2H, s, C(33,34,43,44)H), 7.14 (2H, d, J(Hz) 4.05, C(8,12)H), 8.90 (2H, d, J(Hz) 4.05, C(9,13)H); &¢
(125 MHz, CDCls) 10.77 (C(20,28)Hs), 14.30 (C(22,30)Hs), 23.33 (C(19,27)H,), 23.79 (C(21,29)H,), 28.69
(C(18,26)H,), 30.49 (C(17,25)H,), 39.45 (C(16,24)H), 46.04 (C(15,23)H,), 67.52 (C(33,34,43,44)H), 70.04
(C(32,35,42,45)H), 70.62 (C(36,37,38,39,40,46,47,48,49,50)H), 78.34 (C(31,41)) 107.73 (C(3a,6a)),
123.70 (C(8,12)H), 127.22 (C(7,11)), 136.73 (C(9,13)H), 139.59 (C(3,6)), 150.62 (C(10,14)), 161.96
(C(1,4)); m/z (NSI) 893.2551 [M+H]* (CsoHs7Fe2N,0,S; requires 893.2557).
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4-(5-(2,5-Bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrol-1-
yl)thiophen-2-yl)benzaldehyde: 8738

17 19

3-(5-Bromo-2-thienyl)-2,5-bis(2-ethylhexyl)-2,5-dihydro-6-(2-thienyl)-Pyrrolo(3,4-c]pyrrole-1,4-dione
(0.50 g, 0.83 mmol), K3sPO4 (0.530 g, 2.48 mmol) and 4-formylphenylboronic acid (0.190 g, 1.24 mmol)
were dissolved in anhydrous toluene (15 ml) and water (1ml). The solution was degassed for 45
minutes before adding X-Phos (5%mol) and tris(dibenzylideneacetone)dipalladium(0) (5%mol). The
reaction was heated to 80 °C and stirred to completion. The reaction was quenched with water (20
ml) and the organic layer was extracted using ethyl acetate (30 ml). The organic layer was dried using
MgSO, and filtered before the solvent was evaporated under reduced pressure. The residue was
purified by column chromatography (PE:DCM, 1:5) to give the product as a purple solid (0.367 g, 70%);
&4 (500 MHz, CDCls) 0.82-0.94 (12H, m), 1.19-1.42 (16H, m), 1.89 (2H, m, C(16,24)H), 4.06 (4H, m,
C(15,23)H,), 7.28 (1H, dd, J(Hz) 5.03, 3.93, C(13)H), 7.60 (1H, d, J(Hz) 4.17 C(8)H), 7.65 (1H, dd, J(Hz)
5.02,1.17, C(12)H), 7.83 (2H, d, J(Hz) 8.26, C(34,35)H), 7.94 (2H, d, J(Hz) 8.58, C(32,33)H), 8.90 (2H, m
C(9,14)H), 10.04 (1H, s, C(37)HO); &¢ (125 MHz, CDCls) 10.73 (C(22 or 30)Hs), 10.81 (C(22 or 30)Hs),
14.27 (C(20 or 28)Hs), 14.33 (C(20 or 28)Hs), 23.31 (C(19 or 27)H>), 23.34 (C(19 or 27)H,), 23.77 (C(21
or 29)H>), 23.93 (C(21 or 29)H;), 28.58 (C(18 or 26)H,), 28.83 (C(18 or 26)H,), 30.43 (C(17 or 25)H,),
30.58 (C(17 or 25)H,), 39.32 (C(16 or 24)H), 39.54 (C(16 or 24)H), 46.18 (C(15 or 23)H>), 53.67 (C(15 or
23)H,), 108.28 (C(3a or 6a)), 109.01 (C(3a or 6a)), 126.4 (C(8)), 126.58 (C(34,35)), 128.77 (C(13)),
130.00 (C(7, 11, or 36 )), 130.81 (C(32,33)H), 130.90 (C(12)H), 131.15 (C(7, 11, 31 or 36)), 135.90 (C(9
or 14)H), 136.15 (C(7, 11, 31 or 36)), 136.68 (C(9 or 14)), 138.95 (C(7, 11, or 31)), 139.63 (C(10)), 141.10
(C(30r6)),147.43 (C(30r6)),161.88 (C(1 0r4),161.97 (C(1 or4), 191.46 (C(37)HO); m/z (ESI) 651.2914
[M+Na]* (Cs7H24N2NaOsS; requires 651.2691).
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4-(5-(4-(5-Bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrol-1-yl)thiophen-2-yl)benzaldehyde: 8838

19

Compound 87 (0.20 g, 0.32 mmol) was dissolved in CHCl3 (15 ml), the mixture was cooled to 0 °C in
the dark before adding N-bromosuccinimide (0.068 g, 0.38 mmol). The reaction was stirred until
completion as judged by TLC. The reaction was quenched with water and the organic layer extracted
using CHCIl; (20 ml), the organic layer was washed with water (30 ml) three times before being dried
with MgS04. The organic layer was then filtered and the solvent removed under vacuum to afford the
product as a purple solid (0.220g, 98%); 61 (500 MHz, CDCls) 0.83-0.94 (12H, m), 1.20-1.43 (16H, m),
1.83-1.93 (2H, broad d, C(16,24)H), 3.95 (2H, m, C(15 or 23)H,), 4.05 (2H, m, C(15 or 23)H,), 7.23 (1H,
d, J(Hz) 4.18, C(8 or 12)H), 7.59 (1H, d, J(Hz) 4.17, C(8 or 12)H), 7.83 (2H, d, J(Hz) 8.27, C(32,33)H), 7.93
(2H, d, J(Hz) 8.51, C(34,35)H), 8.68 (1H, d, J(Hz) 4.19, C(9 or 13)H), 8.94 (1H, d, J(Hz) 4.16, C(9 or 13)H),
10.04 (1H, s, C(37)HO); &¢ (125 MHz, CDCls) 10.73 (C(22 or 30)Hs), 10.80 (C(22 or 30)Hs), 14.28 (C(20
or 28)Hs), 14.33 (C(20 or 28)Hs), 23.29 (C(19 or 27)H.), 23.34 (C(19 or 27)H,), 23.82 (C(21 or 29)H,),
23.92 (C(21 or 29)H,), 28.57 (C(18 or 26)H,), 28.82 (C(18 or 26)H,), 30.41 (C(17 or 25)H,), 30.59 (C(17
or 25)H,), 39.37 (C(16 or 24)H), 39.54 (C(16 or 24)H), 46.26 (C(15 or 23)H,), 53.67 (C(15 or 23)H,),
108.50 (C(3a or 6a)), 108.88 (C(3a or 6a)), 119.35 (C(14)), 126.46 (C(8 or 12)H), 126.62 (C(32,33)H,
130.77 (C(3, 6, 7, 10, 11, 31 or 36)), 130.84 (C(34,35)H), 131.42 (C(8 or 12)), 131.74 (C(3, 6, 7, 10, 11,
31 0r 36)), 135.72 (C(9 or 13)H), 136.22 (C(3, 6, 7, 10, 11, 31 or 36)), 136. 95 (C(9 or 13)H), 138.89 (C(3,
6,7,10, 11, 31 or 36)), 139.62 (C(3, 6, 7, 10, 11, 31 or 36)), 140.10 (C(3, 6, 7, 10, 11, 31 or 36)), 147.76
(C(3,6,7,10,11, 31 0or 36)), 161.73 (C(3 or 6)), 161.81 (C(3 or 6)), 191.47 (C(37)HO); m/z (ESI) 729.1776
[M+Na]* (Cs7H43BrN2NaOsS; requires 729.1796).
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4-(5-(4-(5-((4-(Dimethylamino)phenyl)ethynyl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-3,6-dioxo-2,3,5,6-

tetrahydropyrrolo[3,4-c]pyrrol-1-yl)thiophen-2-yl)benzaldehyde 89.

Compound 88 (200 mg, 0.28 mmol) and 4-ethynyl-N,N’-dimethylaniline (50 mg, 0.34 mmol) were
dissolved in dry-THF (8 ml) and dry-TEA (8 ml) under an Ar atmosphere. The solution was degassed
with Ar for 20 minutes. Pd(PPhs),Cl, (6 mg, 3% mmol), and Cul (1.6 mg, 3% mmol) were then added to
the mixture and the solution was stirred at room temperature overnight. The reaction was then
diluted with CH,Cl; (50 ml) and washed with brine (3 x 50 ml). The organic extract was dried over
MgSQ,, filtered, and the solvent removed under reduced pressure. The crude product was purified by
column chromatography (P.E.:DCM, 1:1) to yield the product as a blue solid (180 mg, 83%); M.p. 230-
231 °C; H NMR (500 MHz, CDCls) 6 = 0.89 (12H, m, C(20, 22, 28, 30)H), 1.20-1.46 (16H, m, C(17, 18,
19, 21, 25, 26, 27, 29)H), 1.83-1.99 (2H, m, C(16, 24)H), 3.01 (6H, s, C(46, 47)Hs), 3.95-4.15 (4H, m,
C(15, 23)H,), 6.66 (2H, d, J(Hz) 8.9, C(43, 44)H), 7.31 (1H, d, J(Hz) 4.1, C(13)H), 7.41 (2H, d, J(Hz) 8.9,
C(41, 42)H), 7.59 (1H, d, J(Hz) 4.1, C(9)H), 7.82 (2H, d, J(Hz) 8.0, C(32, 33)H), 7.93 (2H, d, J(Hz) 8.0, C(34,
35)H), 8.93 (1H, d, J(Hz) 4.2, C(8)H), 8.97 (1H, d, J(Hz) 4.2, C(12)H), 10.03 (1H, s, C(37)H); *C NMR (125
MHz, CDCl3) & =10.6, 10.6 C(22, 30), 14.0 C(20, 28), 23.1, 23.6, 23.7 C(18, 19, 26, 27), 28.3, 28.6, 30.2,
30.4 C(17, 21, 25, 29), 39.1, 39.3 C(16, 24), 40.1 C(46, 47), 46.0, 46.2 C(15, 23), 80.9 C(38), 100.2 C(39),
108.3, 108.6 C(3a, 6a), 111.7 C(43, 44), 126.1 C(9), 126.3 C(32, 33), 130.5 C(34, 45), 131.8 C(13), 132.9
C(41, 42), 136.2 C(12), 136.4 C(8), 109.0, 129.3, 130.7, 135.9, 138.7, 138.8, 140.2, 147.0, 150.6 C(3, 6,
7, 10, 11, 14, 31, 36, 40, 45), 161.4, 161.7, C(17, 20), 191.2 C(42); m/z (ESI*) 772.3606 [M+H']
(Ca7Hs4N30s3S; requires 772.3601)
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3-[4-[5-[4-[5-[2-[4-(Dimethylamino)phenyl]-ethynyl]-2-thienyl]-2,5-bis(2-ethylhexyl)-2,3,5,6-

tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrol-1-yl]-2-thienyl]phenyl]-2-cyano-2-propenoic acid: 90

Compound 89 (80 mg, 0.10 mmol), MgS0, (10 mg, 0.042 mmol) and cyanoacetic acid (110 mg, 0.12
mmol) were dissolved in anhydrous toluene (20 ml). Acetic acid (0.05 ml) and piperidine (2 drops)
were then added to the reaction. The reaction was heated to 80 °C overnight. The reaction was
guenched with water (20 ml) and the organic layer was extracted using CH,Cl,, dried using MgS0O, and
filtered. The solvent was then evaporated under vacuum and the residue purified by column
chromatography (1:2:97, acetic acid:methanol:CH,Cl,) to afford the product as a blue solid (50 mg,
57%); a good quality NMR of 90 was unobtainable due to lack of solubility of the molecule in
deuterated solvents; m/z (ESI) 838.3585 [M]* (CsoHsaN404S; requires 838.3586).
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Appendix A—1H and 3C NMR
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'H NMR of 66 in CDCl; (calibrated against residual CHCl3 in the CDCl; 7.26 ppm)
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13C NMR of 66 in CDCl; (calibrated against CDCl; 77.16 ppm)
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'H NMR of 70 in DMSO-d6 (calibrated against TMS 0 ppm)
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13C NMR of 70 in DMSO-d6 (calibrated against DMSO-d6 39.52 ppm)

'H NMR of 71 in CDCl; (calibrated against residual CHCIs in the CDCls 7.26 ppm)
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13C NMR of 71 in CDCl; (calibrated against CDCl; 77.16 ppm)

'H NMR of 72 in CDCl; (calibrated against residual CHCIs in the CDCls; 7.26 ppm)
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13C NMR of 72 in CDCl; (calibrated against CDCl3 77.16 ppm)
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'H NMR of 73 in CDCl; (calibrated against residual CHCIs in the CDCl; 7.26 ppm)
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13C NMR of 73 in CDCl; (calibrated against CDCls 77.16 ppm)
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'H NMR of 75 in CDCl; (calibrated against residual CHCls in the CDCls 7.26 ppm)
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'H NMR of 78 in CDCl; (calibrated against residual CHCls in the CDCl; 7.26 ppm)
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'H NMR of 88 in CDCl; (calibrated against residual CHCl; in the CDCl; 7.26 ppm)
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13C NMR of 88 in CDCl; (calibrated against CDCl; 77.16 ppm)

'H NMR of 89 in CDCl; (calibrated against residual CHCIs in the CDCl; 7.26 ppm)
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13C NMR of 89 in CDCl; (calibrated against CDCl3 77.16 ppm)

'H NMR of 90 in CDCl; (calibrated against residual CHCIs in the CDCl; 7.26 ppm)



13C NMR of 90 in CDCl; (calibrated against CDCls 77.16 ppm)



