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ENGLISH SUMMARY 

Organic photovoltaics are a field of science that has attracted great interest throughout several 

decades with strong reasons. The demand for energy is ever growing, while fossil fuels are 

getting scarcer. Therefore, developing renewable energy sources is instrumental in achieving 

an alternative, fossil fuel free, and sustainable future. Within the field of organic 

photovoltaics, there is several interesting disciplines. The three most predominate are 

synthesis of light-harvesting materials, the scaling of production, and stability of devices. In 

this PhD-thesis, the focus will be on the application of novel hetero atomic semiconducting 

conjugated materials and the transition from small area spin-coated organic photovoltaic 

devices to large area devices. The topics covered in this thesis are, rational molecular design, 

syntheses, and characterization of novel low bandgap conjugated polymers, boron containing 

conjugated polymers, and small molecule acceptors for roll coated organic photovoltaic 

devices, and lastly the synthesis and characterization of water-processable conjugated polymer 

nanoparticles for organic photovoltaic fabrication.  

In this thesis, a series of benzodipyrrolidone-based low band gap polymers have been 

designed, synthesized, and characterized in regards to both structure and photo-physical 

properties. The photovoltaic device in small areas were tested and reached power conversion 

efficiencies around 0.6%, however, the scalable roll-coated solar cells obtained limited 

success. In parallel, two isoindigo based low band gap polymers were synthesized and 

characterized. While one of the polymers showed little potential, the other, an isoindigo-

dithienopyrrole polymer, showed great potential affording a power conversion efficiency of 

0.25% in a small area device. The potential became even greater as an all solution processed, 

ITO- and vacuum-free large area device exhibited a power conversion efficiency approaching 

1%. Due to the absorbance characteristics of the promising polymer, roll coated tandem 

photovoltaic devices have been constructed together with the high bandgap polymer 

PBDTTTz-4. The resulting device showed an efficiency of 1.73% with an open circuit voltage 

of 1.08V.  

Furthermore, a novel borylated carbazole conjugated monomer has been reported and fully 

characterized both structurally and photo-physically. This novel monomer has been 

polymerized with both donor and acceptor monomers. Molecular dynamics simulations 

indicated an interesting pseudo-acceptor characteristic. The synthesized polymers were 

characterized both in regards to structure and photo-physical properties. The combination of 

the borylated carbazole and an alkylthienyl-substituted-benzodithiophene donor resulted in a 

polymer that was tested in an organic photovoltaic device with a power conversion efficiency 

of 3.8%, which clearly emphasized the great potential of the novel monomer for future 

incorporation with various donor moieties.  

One key barrier associated with the scaling of organic photovoltaic technology is the 

utilization of fullerenes as the electron acceptor in the active layer materials of the 

photovoltaic devices. This is an issue due to the energy intensity of these fullerenes, and an 

alternative electron acceptor must therefore be developed. Small molecule acceptors are a 

possible approach, and this has been studied extensively. Very few studies have been made 

investigating the transferal of these types of molecules from small area spin-coated devices to 
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the scalable roll-coated devices. In this study three simple small molecule acceptors have been 

investigated and both structurally and photo-physically characterized. It was shown that their 

molecular geometry has a great impact on the transferal from spin coated to roll-coated ones.  

Lastly, efforts have been made to construct prearranged all-in-one polymer nanoparticles in 

order to reduce the usage of organic solvents in the synthesis of the polymers and, therefore, in 

solar cell fabrication, too. This was attempted via the in situ emulsion Suzuki cross-coupling 

polymerization of dialkyl flourene and benzothiadiazole. The polymer particles were 

investigated with SEM and DLS, yielding particle diameters around 130 nm. Particles with 

and without PC61BM were synthesized. Fluorescence studies were made to investigate the 

effects of the introduction of such an electron acceptor. These showed a good energy transfer 

between the donor and acceptor component of these particles. Attempts to make functioning 

organic photovoltaic devices were made but not achieved.  



DANSK RESUME 

Organiske solceller er et videnskabeligt område, der har tiltrukket en stor interesse de sidste 

årtier med god grund. Der er et evigt voksende behov for energi samtidig med, at fossile 

brændsler bliver færre. Derfor er udviklingen af en vedvarende energikilde essentiel for at 

opnå en alternativ, fossilt brændselsfri, bæredygtig fremtid. Organiske solceller som 

videnskabeligt område har flere interessante discipliner. De tre mest dominerende er syntesen 

af lyshøstende materialer, skalering af produktionen samt stabiliteten af enheder. I denne 

ph.d.-afhandling er fokus på anvendelse af nye heteroatomiske, halvledende, konjugerede 

materialer og overgangen fra lille-areal spin-coatede organiske solceller til stor-areals enheder. 

Belyste emner vil være det rationelle molekylære design, syntese samt karakterisering af nye 

lav-båndgab konjugerede polymerer, konjugerede polymerer indeholdende bor, småmolekyle 

acceptorer til roll coatede organiske solceller samt syntese og karakterisering af 

vandbearbejdelige, konjugerede polymer nanopartikler til fabrikationen af organiske solceller. 

I denne tese er en serie af benzodipyrrolidone baserede lav-båndgab polymerer blevet 

designet, syntetiseret samt karakteriseret i forhold til både struktur og fotofysiske egenskaber. 

Disse polymerer blev testet i lille-arealsolceller og opnåede nyttevirkningsgrader på cirka 

0,6%. Anvendelsen af disse polymerer i skalerbare roll-coatede organiske solceller havde 

begrænset succes. Samtidigt blev to isoindigo baserede lav-båndgab polymerer syntetiseret og 

karakteriseret. Mens den ene af disse polymere udviste meget lille potentiale, viste den anden, 

en isoindigo-ditheinopyrrole polymer, stort potentiale ved at give en nyttevirkningsgrad på 

0,25% for lille-arealssolceller. Potentialet blev desto mere tydeligt, da en indiumtinoxid- og 

vakuumfri stor-arealsolcelle viste en nyttevirkningsgrads på næsten 1%. På grund af 

polymerens absorptionskarakteristika blev denne testet som lav-båndgabskomponent i en 

organisk roll-coated tandemsolcelle sammen med høj-båndgab polymeren PBDTTTz-4.  

Denne tandemsolcelle viste en nyttevirkningsgrad på 1,73% med en åbent kredsløbs spænding 

på 1,08V. 

Ydermere er en ny konjugeret boryleret carbazol monomer blevet rapporteret og fuldt 

karakteriseret med hensyn til både struktur og fotofysiske egenskaber. Denne nye monomer 

blev polymeriseret sammen med både donor- og acceptortype monomerer. Molekylære 

simuleringer indikerede en interessant pseudo-acceptor karakteristik. De resulterende 

polymerer blev karakteriseret med hensyn til både struktur og fotofysiske egenskaber. 

Kombinationen af den boryleret carbazole og en alkylthienyl substitueret benzodithiophene 

donormonomer resulterede i en polymer, der blev testet i en organisk solcelle, som præsterede 

en nyttevirkningsgrad på cirka 3,8 %. Dette fremhæver det store potentiale for denne nye 

monomer for fremtidig inkorporering med andre donormonomere. 

En af nøglebarriererne forbundet med skalering af organisk solcelleteknologi er benyttelsen af 

fullerener som elektronacceptor i det aktive lag af de organiske solceller. Dette er en 

udfordring på grund af energiintensiteten af disse fullerener, og derfor bør der udvikles 

alternative acceptormolekyler. Småmolekyleacceptorer, er en mulig løsning og er blevet 

studeret ekstensivt. Meget få studier er blevet udført på overførslen af disse fra lille-areals 

spin-coated til stor-areals roll-coated solceller. I denne tese er tre simple småmolekyle 

acceptorer blevet undersøgt med hensyn til både strukturelle og fotofysiske egenskaber. Det 
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blev vist at deres molekylære geometri har stor indvirkning på overførslen fra spin-coated til 

roll-coated enheder 

Endeligt, er det forsøgt at fremstille organiske konjugerede alt-i-en nano-partikel med en 

forudbestemt morfologi. Dette blev gjort for at reducerer den brugte mængde af organiske 

solventer i fremstillingen af organisk solceller. Nano-partiklerne blev fremstillet via en in situ 

emulsions Suzuki krydskoblings-polymerisation af dialkyl flourene og benzothiadiazole. 

Partiklerne blev undersøgt med henholdsvis SEM og DLS, der viste en partikeldiameter på 

omtrent 130 nm. Partikler med og uden PC61BM blev fremstillet. Fluorescensspektroskopi 

blev foretaget for at evaluere effekten af introduktionen af denne elektronacceptor. Der blev 

fundet en god energioverførsel mellem donor og acceptor i partiklerne men fremstillingen af 

funktionsdygtige organiske solceller blev ikke opnået. 
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CHAPTER 1. INTRODUCTION 

1.1. MOTIVATION 

We live in a world, with an ever growing wealth and prosperity of the majority of the world; 

and with this the demand for energy increases globally[1]. While the energy demand ever 

increases, the fossil based fuels reservoirs are considered finite. This combined with the 

volatility of the prices of fossil based fuels and large environmental impact, makes it essential 

to find a sustainable, renewable, and environmentally safe alternative energy source. The 

search for an alternative energy source has, for the last decade or so, been a major area pf 

focus for researchers and politicians alike. And there is no other energy resource that is 

comparable to the solar energy since energy types such as wind energy are secondary, deriving 

from the sun. There are only two techniques to harvest the solar energy directly, one being 

solar heating applied widely in the household (and larger facilities) to heat water and the other 

being photovoltaics converting the incident lights directly into electricity. 

The first photovoltaic effect was discovered by E. Becquerel in 1839, when he observed a 

photo induced current when illuminating an AgCl electrode in an electrolyte[2]. But it was not 

until 1954 that the first commercial photovoltaic device was presented by researchers at Bell 

Laboratories showing a power conversion efficiency of approximate 6%[3].  The researchers 

at Bell applied Silicon single crystal wafers which are still used today and have by 

nowreached an efficiency of 25.6%[4]  at laboratory scale, and reached 10 to 12 % or even 

higher for commercial available modules, a life time exceeding 25 years [5], [6]. Despite the 

life time and efficiency, energy consumed to produce these devices; makes the energy 

produced by the devices, more costly than energy produced by fossil fuel based 

technologies[7].   

To address the issues associated with the large energy requirements of the single crystal 

silicon based technology, there has been a shift in technology towards lower energy 

requirements, these being thin-films of amorphous silicon, CIGS (Copper Indium Gallium 

Selenide), cadmium telluride etc. All the above mentioned devices are fabricated using 

sputtering or a vapor-depositing technique, which to some extent influences the production 

price and the energy consumption of the manufacturing process of these materials. They have 

reached power conversion efficiency (PCE) of 27.7 % at laboratory scale [1], and 

approximately 10% in commercially available modules, these also have a life time exceeding 

two decades[4]. A common denominator of the above mentioned technologies is that they all 

rely on pure inorganic materials, which are energy intensive to manufacture. To reduce price 

and energy consumption of the production of the devices, a new generation of solar cells has 

been explored. The main idea is to switch the high energy intensive solar cell production of 

inorganic material to low energy processing via solution techniques from organic materials, 

combined with a rethinking of device structure. The organic based devices consist of materials 

that can be solution processed onto a flexible substrate, which allow fast production via Roll-

to-Roll (R2R) printing which again shortens the road to commercialization by reducing the 

production price and embodied energy. The idea of organic photovoltaics is not a new one as 

it was firstly discovered when Pochettion in 1906 and Volmer in 1913 observed the 

photovoltaic effect of anthracene [8], but the true versatility of the organic photovoltaics 

(OPV) has been shown in last couple of decades as there has been a large interesting focus 

from the research communities[8].  
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The power conversion efficiency has risen from approximately 4% to 10.5 % within the last 

decade, the scalability for the OPVs have still not reached its potential. The focuses of these 

applications are still majorly on the academic understanding of the molecular structure of the 

active layer materials which are commonly conjugated systems, e.g. conjugated electron 

donors (D) and electron acceptors (A) as p-n junctions from both organic polymers and small 

molecules, which become the main focus of this PhD dissertation.  

1.2. CONJUGATED SYSTEMS  

1.2.1. CONCEPT OF A CONJUGATED MOLECULE 

In the previous section, the idea of OPV is shortly introduced.  There it is mentioned that the 

heart of the OPV device is the conjugated material (either small molecule (SM) or polymer 

based), where the photons are absorbed for creating available charge carriers. A conjugated 

system contains interconnected π-orbitals where the electrons can delocalize thus lowering the 

energy level. Conjugation is normally attained by alternating single and double bonds or by 

aromaticity as shown in Figure 1. 

 

Figure 1: Illustration of orbitals in both a linear and cyclic aromatic constellation. The dot line 
illustrates the conjugation concept. 

 

The conjugation affords an environment that facilitates sharing the π-electrons over the 

entirety of the conjugation. The orientation is essential for this delocalization, this becomes 

especially clear when observing allene (H2C=C=CH2) despite it containing two double bonds, 

this structure is not fully conjugated as the two π-orbitals at the sp- hybridized center-carbon 

atom are perpendicular to each other thus the necessary orientation is not fulfilled. This 

orientation can only occur when there is a single bond in between the two double bonds (so 

the carbon atoms are sp
2
 -hybridized).  But conjugation does not only have to be through 

carbon-carbon bonds, the conjugation can also include other atoms such as oxygen or 

nitrogen; as long as they have correct orbital orientation that facilitates the π-π electron 

delocalization.  An example of this can be observed in a molecule such as propenal where the 

double bond is conjugated with the I
2
 hybridized carbonyl and oxygen atom. The simplest 

conjugated hydrocarbon is 1,3-butadiene (shown in Figure 1) it can also exist in a 1,2-

butadiene isomer, but for the reasons described above, that is not conjugated. With the two 

double bonds of the 1,3-butadiene there are 4 π-electrons in the system. When filling out the 

molecular orbital diagram of the conjugated molecule as shown in Figure 2. It becomes clear 

that the ψ1 - 2 both are bonding orbital configurations, as there is no out of phase orbitals in ψ1 

while there is one in ψ2, affording 3 and 2 bonding interactions out of 3, respectively. While 

for the levels ψ3 - 4 both are anti-bonding orbital configurations. In ψ4 all 4 orbital are out of 

phase (thus have the highest energy level i.e. the most unstable). While ψ3 has 2 anti-bonding 

and 1 bonding orbital, it is overall antibonding orbital configuration, but with a lower energy 

than ψ4. Therefore the virtual level of ψ3 is denoted the Lowest Unoccupied Molecular Orbital 
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(LUMO). The ψ2 has the single anti-bonding interaction which will be slightly less favorable 

(i.e. slightly higher energy), thereby being the Highest Occupied Molecular Orbital (HOMO). 

The effects of the orbital interactions are therefore that the overall molecule becomes more 

thermodynamically stable (ψ1), but also more reactive towards nucleophiles and electrophiles. 

The increased reactivity towards nucleophiles comes from the decrease of the LUMO energy, 

while the increased reactivity towards electrophiles derives from the increased HOMO level. 

 

Figure 2: Energy orbital diagram of π orbital interactions of 1,3-butadiene inspired by Clayden et al.[9] 

This increase of the HOMO and decrease of the LUMO facilitates the overall lowering of the 

bandgap (Eg, defined by absolute difference between energy level of HOMO and LUMO, as 

shown in Figure 2). The further implications of the lowering of the bandgap will be discussed 

in a later paragraph.  

1.2.2. ABSORBANCE OF CONJUGATED MOLECULES  

If the conjugation of these π-orbitals is extended further by simply adding a longer 

consecutive alternating double bonds, the lowering of the band gap will continue to some 

extent as expected to go towards a finite value [10]. The bandgap as described in Figure 2 is 

inverse proportional to the maximum wavelength at which a given material can absorb. The 

process of absorbance is that an electron is excited via photon energy from the HOMO to 

LUMO level. In inorganic material the energy levels are denoted as valence band (VB) and 

conductive band (CB), even though these possess some comparable characteristics, they still 

differ in the fact that for inorganic materials the CB is continuous while the LUMO of 

conjugated organic materials are discreet values; this is illustrated in Figure 3. 
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Figure 3: Representation of the energy levels of an insulator, the semicondutors (both Inorganic and 
Organic) and a conductor , where CB is short for Conductive Band and VB is short for Valence Band. 
The overlap of the conductors is the Fermi energy level. 

The procedure of absorbance is essential of the OPVs, as the entire concept of OPV is to 

absorb photons from the sunlight and then convert these into an electrical current. But as 

illustrated above in Figure 3, it is apparent that the semiconducting properties of inorganic 

materials and the organic materials utilized in the OPV are quite similar, in the sense that the 

Eg is excluding low energy photons thus prohibits the usage of them in the fabrication of 

photocurrent.  
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Figure 4: The solar irradiance spectrum at Air mass (AM)  0 (red) and AM 1.5 (black) .  The cumulative 
irradiance of AM 1.5 (blue).[11] 

The discreet nature of the organic semiconductors allows for the low bandgap conjugated 

materials to be transparent for higher energy photons; this is a characteristic of the conjugated 

material, which should be taken into consideration when designing the structure of the 

conjugated material. 
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As mentioned above; it is essential to fit the absorbance of the conjugated material with the 

solar spectrum as shown in Figure 4. Such fitting to the air-mass 1.5 (AM 1.5) solar spectrum 

is a keystone to developing conjugated materials for OPVs. The AM 1.5 spectrum is the solar 

radiation at ground level with a solar zenith angle of 48.19
o
, while AM 0 is just outside the 

atmosphere at zenith angle of 0
o
. This angle is equivalent to the surface irradiance of Europe 

and Northern America. The cumulative irradiance shows that if a material can absorb light 

with a wavelength of approximately 720 nm (Eg ~ 1.7 eV), which is equivalent to 50% of the 

solar spectrum. To reach an absorbance 75% of the solar spectrum, the onset absorbance must 

be around 1000 nm (Eg ~ 1.23 eV).  

1.2.3. BAND GAP ENGINEERING  

Besides alternating double bonding in polyacetylene; other units can be applied to extend the 

π-conjugation such as aromatic units. These aromatic units can be phenyl based (benzene, 

naphthalene, and anthracene etc.) but also hetero aromatic units such as thiophene, pyridine, 

pyrollo etc. While thiophene is the most widely used monomer (and building block) for 

conjugated molecule, other candidates and moieties can be seen in Figure 5. 
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Figure 5: Different molecular structures of conjugated molecules being both donor and acceptor types 

The different units have different effects on the energy levels, thus the bandgap; some of the 

units has a high electron density whilst others have lower density, which manipulate either the 

HOMO or the LUMO level when combined. This effect induced by changing the units is one 

of several parameters affecting the bandgap of an organic chromophore. Below are listed 

different factors affecting the band gap, which have been presented by Bundgaard et al.[12] 

and Winder et al.[13]: 

1. Aromaticity 

2. π - conjugation length 

3. Torsion 

4. Bond length alteration 

5. Intra-chain interactions 

6. Substitution effects 

7. Inter-molecular / spatial interactions 

The aromaticity (1) and π-conjugation length (2) are to some extent correlated, as mentioned 

before. The extension of the conjugation via alternating double bonds has limitations in 

regards to stability and practicalities. Therefore using aromatic units to extend the conjugation 

is a straightforward strategy, and the aromatic units can both be homo- or hetero-atomic. 

While the aromatic units extend the available π-orbitals, the delocalization is slightly hindered 
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compared to the same amount of “free” standing π-orbitals simple alternating double bonds. 

Due to the nature of the aromatic units, the shared electrons of the structure are also confined 

within the unit which in turn increases the stability. This combined with the planarity of these 

aromatic units makes these structures a great scaffold, for the conjugated organic material, in 

assisting the lowering Eg of the resulting materials. 

S

S

R

R

Substitution

Bond length alteration

Aromaticity

Rotation

 

Figure 6: Different characteristics and molecular geometries that influences the energy levels of a 
conjugated organic material. Inspired by Winder et al.[13]. 

For most of the listed factors that influences the Eg, it is common that one modification has an 

effect on the other and vice versa. For instance, this is seen when looking into torsion (3): the 

torsion between two conjugated units can be affected by substitutions (6), more discussion 

will be made later in the chapter. The effect of torsion is clear for previously introduced allene 

molecule, where the perpendicularly oriented π-orbitals do not show the same delocalization 

and therefore are not conjugated. Thus a high degree of torsion between two units, even 

though the units themselves are conjugated, will result in the broken conjugation thus 

affording an increase in Eg.  

Bond length alternation (4) derives from a type of Peierls instability [14], where the given 

bond structure changes in the way that the bonds are alternating between single and double 

bond. This alternation for poly(thiophene) is not a lowering of the Eg, but for such molecules 

as poly(benzo[c]thiophene) with the fused ring structure stabilizes the quiniod form and thus 

affords a lowered Eg. The Eg for poly(thiophene) is  approximately 2.0 eV,  while the Eg for 

poly(benzo[c]thiophene) is about 1.0 eV. Therefore a fused ring approach that enables and 

stabilizes the qiunoid form is favorable when designing a low band gap organic molecule.  

The existence of high and low electron density influences the intra-chain interactions (5).  The 

approach is often denoted as push-pull or the donor-acceptor (D-A) approach. The donor 

moieties are electron rich, while the acceptors being electron deficient. The electron rich 

donors will fill up higher occupied MO thus increasing the HOMO. Electron deficient 

acceptors facilitate the lowering of the available virtual MO; thus lowering the LUMO, 

therefore combining the donor and acceptor moieties will lower the Eg to afford a low band 

gap material, which is illustrated on Figure 7.  
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Figure 7: Eg lowering via D-A orbital interactions. 

Substitution effects (6) is an ambiguous concept as these cover both substituents that aid 

dissolving the conjugated molecule and substituents that tune the MOs of the molecule. Due to 

the rigid structure of the organic molecules (backbone of a polymer), the intermolecular 

interactions are quite strong and this limits their solubility in common organic solvents which 

are essential for device fabrication via solution processing.  

Therefore nearly all conjugated molecules/polymers are equipped with either linear or 

branched alkyl groups that ensure solubility. The introduction of any substituents can have an 

effect on not only the torsion (3) but also on the spatial stacking of the molecules i.e. inter-

molecular /spatial interactions (7).  These solubilizing substituents lower the relative amount 

of photoactive material in the matrix which is not favorable for the application, but this is a 

necessary trade-off. Another function of substituents is the fine tuning of the MOs of the 

resulting conjugated molecules. To manipulate the LUMO level, electron withdrawing 

functional groups such as cyano (-CN), nitro (-NO2), and fluorine (F) can be applied. While 

regulating the HOMO is realized by applying electron donating functional groups, e.g., 

thiophenes, ethers or even hydroxyl. Chen et al. [15] showed that the LUMO level could be 

tuned -0.1 eV by the introduction of fluorine to thieno[3,4-b]thiophene acceptor moiety 

compared to the native moeity. 

The π-orbital interactions are not only defined by the conjugated bond, but also by inter-

molecular / spatial interactions (7); these interactions also influences the Eg. If the material are 

allowed to form a rigid structure, this can facilitate the formation of either crystalline or semi 

crystalline domains. The planar structure of the conjugated molecules can also facilitate the 

molecular orbital overlap, thus allowing a lowering of the Eg.  

This is of course not relevant for the ideal solubilized molecule as each molecule in this case 

would be isolated and surrounded by solvent molecules. For the ideally solubilized molecule 

the attached sidechains will although still have an effect, as the introduction a sidechain can 

have an effect on the torsion as described before. When considering the π-π interactions, the π-

π stacking is an intermolecular force that ensures the arranging of aromatic molecules. This is 

a parameter that has to weight when designing a conjugated molecule, as a large aromatic 

moiety with a high degree of π-π stacking makes it impossible to dissolve thus hindering 

processing. The easiest way to evaluate a given conjugated molecules ability to π-π stack is 
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going from solution to solid form, where for most of the molecules a red shift is observed 

meaning aggregation occurs. 

1.3. ORGANIC PHOTOVOLTAIC DEVICES 

An OPV device can be referred to a reversed light emitting diode (LED). For a LED, an 

electron is injected into the electrode with a lower laying work function (WF), similarly a hole 

is injected into the electrode with the higher WF. This injection will result in the 

recombination affording a photon with the wavelength of the Eg. While an OPV devices 

perform in a complete reversed manner, as exhibited in Figure 8 which covers five general 

steps. As shown in Figure 3, the difference between an organic and an inorganic absorber is 

firstly the nature of the LUMO and VB, respectively.  

When a photon is absorbed by the inorganic semiconductor free charge carriers (CC) are 

formed and the photo induced current can then be collected at the respective electrodes. This is 

not the case for an organic molecule, when a photon with the correct energy strikes a 

conjugated molecule, it is excited (an electron is moved from the HOMO to the LUMO) and 

thereby forming a so-called exciton. An exciton is a coulombic bound electron-hole pair, that 

is formed within the excited material and due to the binding energy of the exciton (ranging 

from 0.2-2.0eV [16], [17]) direct dissociation into free CC is limited.  

Generally the conductivity and charge carrier mobility in the organic conjugated molecule is 

relatively low (compared to inorganic semiconductors) therefore the diffusion length of the 

excitons are in the range of 10-20 nm[10], [18]. The short diffusion lengths also lead to high 

degree recombination and this is not favorable when the goal of the excitation is to generate a 

photocurrent. Therefore the introduction of a material that can facilitate the splitting of the 

exciton and thus the dissociation into free charges, should be an n-type material (Acceptor 

(A)) with a relative high electron affinity and an energy level that aligns appropriately with the 

absorber the p-type material (donor, (D)). 
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Figure 8: Photo-physical procedure of an OPV device under solar illumination with assymetrical 
electrodes 

In order to achieve the charge separation, the electrodes with asymmetric WFs are applied; 

this is done by using two different materials for the charge collection. The uses of asymmetric 

electrodes facilitate the electron flow from the low WF electrode to the high WF electrode. 

The absorbance coefficients of conjugated molecules are in the range of 10
5
cm

-1
, thus films 

with thicknesses of 100 nm will ensure an absorbance approaching nearly a hundred percent 

absorbance of most of the photons from solar radiation, when a reflective back electrode is 

applied [19]. The introduction of an electron acceptor (often fullerene based) facilitates this 

dissociation by introducing an internal build-in electric field due to the LUMO-LUMO 

difference between the two materials D and A. In order to achieve an efficient device, the A 

must have a high electron affinity (EA, low lying LUMO) and the D must have a high lying 

ionization potential (IP, high HOMO). Thus the most straight forward approach is to use of the 

D-A bilayer structure as illustrated in Figure 10, while this facilitates the charge extraction due 

to the large continues domain of the phases; but the large shortcoming is that due to the 

limited diffusion lengths of the exciton this approach is only conceptual rather than optimal.   
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Figure 9: Active layer morphology of; a bi-layer device junction, an ideal D/A junction, and a bulk 
hetero-junction. 

To circumvent the low interfacial area of the bilayer OPV, a method where the dispersing A 

material into D-phase will facilitate a much larger D-A interface. Upon thermodynamic phase 

separation, micro- or nano-meter scaled domains are formed, thereby improving the 

dissociation of the exciton and then ultimately increasing the photo-induced current. Such 

structured solar cell is called the bulk heterojunction (BHJ) device, and is the mostly applied 

technique to manufacture OPV devices. The D-materials and A-materials are mixed and 

domains of approximately the exciton lifetime intended to be formed, this being in the sub 100 

nm scale (10-20 nm preferably). Such method with the nanophase morphology is tricky and is 

normally indirectly controlled by processing parameters, which will be discussed later. Also 

this approach can result in isolated domains where the dissociated exciton does not reach the 

electrodes and is lost to decay mechanisms. For the BHJ, opposite to the bilayer device, it does 

not have an internal electric field that dictates the current direction. This can be achieved via 

the previously mentioned asymmetric electrodes and further (as shown in the Figure 10) 

assisted by using barrier layers that exclude and/or favors either holes or electrons. 

 

Figure 10: Normal and inverted device geometries, the charge carrier flow-direction is illustrated by the 
arrows for both geometries. 

An OPV can be produced with a sandwich structure consisting of a semi-transparent front 

electrode, an active layer (AL, with the D and A phase) and a back electrode. This is the 

simplest design, as the front electrode allows the light to be transported and absorbed by the 

AL. Generally architecture of the device can be divided into normal or inverted geometry as 

shown in Figure 10. For the normal geometry devices, the transparent electrode is the anode, 
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meaning that the current flows away from the front electrode. For the inverted geometry the 

process reversed so the front transparent electrode act as cathode, thus the current flows 

towards it. 

1.3.1. DEVICE CHARACTERIZATION 

To evaluate the device performance, a voltage-current (I/V) diagram is measured. The current 

is measured at a forced voltage starting in a negative bias going towards a positive bias. The 

different parameters of the I/V curve are interlinked and represent different physical and 

chemical properties of the device. The current (I, A) can be normalized against the area, so the 

current is transformed into a current density (J, A•cm
-2

); making trans-experimental 

comparison easier. Another of the key parameters of a J/V is the Voc which is associated with 

the MOs of the applied materials. The Voc is ultimately defined by the difference between the 

HOMO of the D and the LUMO of the A, thus it is correlated to the choices of molecular 

components of the device (i.e. molecular dynamics). 

The short circuit current (Jsc) is the current flowing at V=0. The Jsc is associated with the 

photocurrent which is related to photon absorption and charge separation. The last parameter 

is the Fill Factor (FF), and this is a parameter to evaluate how the device is performing against 

the ideality. In an ideal case the Voltage of maximum power (Vmp) should be Voc, but this is 

not the case and the same for the current of maximum power (Imp) and Isc. The FF of the OPVs 

is normally ranging from 0.25-0.80 (the higher the better device). The FF is given by the 

Equation 1-1:  

𝐹𝐹 =
𝐼𝑚𝑝 ∙ 𝑉𝑚𝑝

𝐼𝑠𝑐 ∙ 𝑉𝑜𝑐

 
Equation 1-1 

 

The FF is an indicator of the proximity to the ideal conditions thus representing a 

summarization of the device characteristics and is a parameter that can be changed by 

modifying e.g. the morphology amongst others. The parameter that the OPV normally is 

evaluated with is the power conversion efficiency (PCE, %). The PCE is determined by 

measuring the power at the point of maximum power and divided by the power of incident 

lights (Pin), the photon flux applied is the AM 1.5 defined in section 1.2.2. 

𝑃𝐶𝐸(%) =
𝐼𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝐹𝐹

𝑃𝑖𝑛

∙ 100 
Equation 1-2 

To give a more detailed understanding of the OPV device another important parameter 

evaluating the device performance is the external quantum efficiency (EQE, %), this is the 

number of collected electrons at a given wavelength (λ) divided by the number of the 

irradiated photons at that given wavelength.  

𝐸𝑄𝐸( 𝜆) =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜆)

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝜆)
∙ 100 

Equation 1-3 
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1.4. LIMITATIONS AND PATHS TO OVERCOME THESE 

Only after clarifying the limitations of the OPV, can these be addressed. The largest hurdle 

with OPV is the low PCE, compared to the inorganic counter parts. This can be done by 

finding the optimal value of the conjugated molecules, to optimize and tune the band gap of 

the components of the OPV. Aligning the conjugated molecules; absorbance to the solar 

spectrum to increase the generated current (Jsc), but as described below (in Figure 11) the 

narrowing of the bandgap will also affect the obtainable Voc. This correlation and limitation 

was investigated theoretically by Shockley and Queisser in 1961 [20]. They worked within the 

following assumptions to determine the effect of such parameters on the PCE (η): 

1. Only photons with energy equal or higher than the bandgap (of photovoltaic material) 

can be absorbed, thus contribute to the photovoltaic current. 

2. “Hot” CC can be formed by absorbing photons with a higher energy than the Eg, 

these excessively energized CC can then relax via “thermalization”. 

Using the previously described energy diagram model, the model assumptions parameters can 

be described by the following graphic (Figure 11): 

 

Figure 11: Graphical illustrations of Shockly-Quessier model assumptions, where the two losses are 
illustrated. 

Given these assumptions, the maximum obtained Voc is given by the Eg of the photovoltaic 

material. To simplify the model, the FF of the ideal case is 1 and the EQE of the material is 

100% meaning that, when light irradiated is directly converted into a free CC.  

𝜂(𝐸𝐺) = 𝐽𝑆𝐶(𝐸𝐺) ∙ 𝑉𝑂𝐶(𝐸𝐺) ∙ 𝐹𝐹 Equation 1-4  

The short circuit current (Jsc) is also related to the assumption stating that all incident photons 

with energy larger than the Eg is converted to current. This is given by the following equation: 

𝐽𝑆𝐶(𝐸𝐺) = ∫ 𝑁𝑃𝐻(𝐸𝐵𝐺) ∙ 𝐸𝑄𝐸(𝐸𝐵𝐺)
𝐸𝐺

𝐸𝑖𝑛

 𝑑𝐸 Equation 1-5 
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The number of incident photons (NPH) is calculated from the AM 1.5 emission spectrum 

describe in section 1.2.2. Combining the two equations the ultimate efficiency can be 

determined, although this is assuming ideality. The relationship between P (or PCE, i.e., 

P/100), Voc and Jsc as function wavelength can be seen in Figure 12. 
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Figure 12: The maximum obtainable power (P, black), current (J, red) and voltage (V, blue) as function 
of the wavelength (λ) simulated via the Shockley-Queisser model. The emission spectrum used is the AM 
1.5G. Ideality is assumed (EQE=100, FF=1 and Voc=Eg) 

The maximum PCE is afforded at 1100 nm (1.12 eV), with a value of ~48%. Adding different 

decay losses Shockley and Queisser proposed that the more realistic single junction PV 

efficiency to be 31 %[20]. While this model is simple and straight forward, this model cannot 

be directly transferred to the OPVs, as the light absorbed by the conjugated molecule does not 

afford free CC but rather the bound excitons. As a consequence the introduction of a 

heterojunction, also change the parameters of the model, it has been experimentally 

determined that the optimal LUMODONOR – LUMOACCEPTOR offset to ensure an efficient charge 

separation (CS) is 0.3 eV[21], this effectively lowers the optimal bandgap of the OPV, the 

new bandgap for the ultimate efficiency is then 1.4 eV (shown in Figure 13) and also lowering 

the ultimate PCE to ~35%.  
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Figure 13: The ultimate power as function of wavelength calculated using the Shockley-Queisser model 
and the emission spectrum 1.5 AM. Ultimate power (black), Power with the 0.3 eV deduction to ensure 
charge transfer (CT, red), the power the 0.3 eV CT loss and the 0.3 V experimental loss (blue) and last 
the power under none-ideal conditions with a FF of 0.7 and EQE of 70% (cyan). 

According to Ameri et al.[22]  it has been shown an experimental loss of 0.3 eV which origin 

is still under debate[23], [24], but still further lowers the ultimate PCE to approximately 26%. 

Further improving the power model,  could be done by include the less ideal conditions, in 

Figure 13 the ultimate PCE of a system with a FF of 0.7 and EQE of 70% is shown; and the 

obtained maximum PCE is 11.1%, the conditions chosen are similar to what has been reported 

in literature[25], [26]. According the Shockley-Queisser model the two largest loses are 

related to the lack of absorbance in the low energy photons and the relaxation of the “hot” CC 

(illustrated on Figure 11). To further increase the efficiency of the OPV a multi-junction 

(tandem) approach could be applied. The potentials and limitations of such tandem PV 

systems were discussed by De Vos in 1980[27]. There it was found that a double junction 

device with a material with a band gap of 1.9 eV and 1.0 eV could ideally afford an ultimate 

effect of 40%. When presenting the conjugated molecule, the fact that the absorbance of these 

materials are not continuous results in low band gap materials with poor absorbance in the UV 

region while having strong absorbance in the near-IR region, this is illustrated on Figure 14.  
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Figure 14: The combined absorbance spectra of the polymers PDTPI (black), P3HT (red) and 
PBDTTTz-4 (blue) in CHCl3 adapted from paper I. 

Using a multiple junction device structure will therefore afford a larger spectral overlap with 

the sun emission spectrum. So taking the design parameters into considerations, to further 

improve the efficiency of the OPV devices, conjugated molecules should be synthesized with 

a bandgap of approximately 1.5 eV, to afford the maximum performance. But it is essential to 

modify not only the donor (light harvesting phase), but also the acceptor material to fit the 

energy levels of donor. As shown in Figure 11 and discussed above, the optimal difference has 

empirically been determined to be 0.3 eV[21], thus energy level alignment of the acceptors is 

essential to be tunable for suiting a wider range of the conjugated materials. This is in great 

contrast to the fact that fullerene based materials can be hardly modified in regards to the 

energy levels[28]–[30]. 

1.5. SCALABILITY OF PRODUCTION 

For commercialization of the OPV technology, one of the most important aspects is the 

scalability of manufacturing. There is a lack of common knowledge of how those new breeds 

of high performing materials will behave in an upscaled processing. In contrast, it has been 

argued that due to the inherent differences in processing, many of the achievements of small 

area OPVs are proven difficult to retain using scaled-up methods, e.g., from small area devices 

(>0.1 cm
2
) to medium / large area devices (<1 cm

2
) and even larger. Generally small area 

device are produced via the application of ITO glass (glass sputtered with Indium tin oxide 

(ITO)), spin-coating the organic materials, and final evaporating the back metal electrode. The 

ITO sputtering is largely scalable but very energy intensive, thus the use of ITO is not energy-

preferable in an industrial production[31]. Spin-coating method (presented in Figure 16) is 

advantageous for its economical setup, and the fabrication is fast for a single device. The 

strong drawback of spin-coating is that such method is only viable for relative small area and 

cannot be done in a continuous manner, which is essential for the application in large scale 

production like R2R techniques[32]–[34]. 
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Figure 15: A schematic illustration of spin coating 
process 

Figure 16: A slot die coater head  

Despite there being a large array of large area printing methods, the one method that works the 

best in the field of organic photovoltaics is slot die coating (seen in Figure 16). Slot die 

coating allows 2 dimensional printing (2D, being the film thickness and width) and facilitates 

large area and fast production in the scale of m•min
-1

. The large disadvantage with the R2R 

approach is that the investment in the technology is relative cost intensive. The R2R setup 

deposited metal electrode flexographically (and normally consists of silver (Ag)). 

Krebs and coworkers, at DTU Risoe campus, have pioneered the application of the R2R 

coating technique and established a spin-off company Infinity PV1. The major issue with the 

R2R technology is that it is material intensive to test new materials where the availability of 

material is a limiting factor. The solution to this issue is using a benchtop roll-coater (RC) that 

simulates the large scale apparatus, while conserving materials. 

Despite the successes in applying the CM in the large scale R2R processing, the gap between 

the best performing large scale devices and the small area devices is still large. The difference 

between the two methods of production, are influencing a large array of different parameters 

regarding layer thickness, morphology amongst some. Therefore a better understanding of the 

parameters that have an influence on the performance of the devices is essential. Another 

hurdle in regards to making the OPV commercial available is to reduce inherent energy of the 

different components of the devices; the first obstacle was the removal of the ITO as 

mentioned before, the ITO was the largest contributor to the embodied energy which has been 

done [35]. Another disadvantage is the application of organic solvents, which generally 

contributes to the embodied energy in a negative manner [36]. Therefore one possible solution 

to facilitate the commercialization of the OPV technology is to get rid of such organic solvents 

(as primary solvent) by using aqueous systems. 

                                                           
1
 http://www.infinitypv.com/ 
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1.6. FOCUS OF THE THESIS 

In this thesis, four major topics will be investigated in order to get a further understanding for 

the hurdles, limitations and perspectives in the commercialization of the OPV technology. The 

three overall topics are considered from a chemistry approach, and the topics can overall be 

considered as follows:  

1. The synthesis and characterization of novel low bandgap polymers, towards efficient 

OPVs both single- and multi-junction. Investigation of new polymeric monomers, to 

design high efficiency polymeric compounds for OPV applications using novel 

molecular compositions. 

2. Understanding and investigation on the effect of bandgap alignment of the electron 

acceptor in an OPV device, the design and understanding of 3D implications of the 

molecular dynamics on small molecule acceptor going from small area devices to 

large area ones via spin-coating and roll coating 

3. Lowing the embodied energy and the number of processing steps by applications of 

in situ nano particles formation during polymerization 

   Chapter 2 – Novel low band gap polymers: The focus has been on investigating novel 

combinations of donor and acceptor moieties. To afford lower band gap polymers possessing 

characteristics absorption band – but going from the interesting absorbance characteristics to 

device performance is not always straight forward. The polymers presented contain either 

isoindigo and benzodipyrrolidone based acceptor moieties, which have been combined with a 

wide array of different donors to afford AL materials, and have been characterized photo-

physically and chemically. These polymers have then been applied in firstly small area 

devices and the best candidates have then been characterized using the mini-roll coater for 

both single- and tandem-junction. This work has been presented in the paper I and 

unpublished works. 

   Chapter 3 – Novel N-Borylated carbazole for high performance OPVs: In the pursue of 

high efficient conjugated materials for OPV applications, investigation and discovery of novel 

electronic compounds is essential to move forward. In this chapter a novel monomer N-

borylated carbazole is presented with ambipolar characteristics. The synthesized monomer 

was used as a pseudo-acceptor with different donor moieties; and showed a high Voc and 

moderately high efficiency. This work has been presented in the paper III and unpublished 

works. 

   Chapter 4 – Small molecule acceptors, going from small to large area devices: An 

important perspective of the development of conjugated materials for the application in OPV 

technology is the scalability of the components. In this chapter three different simple DPP 

based small molecule acceptors have been synthesized and photo-physically characterized. 

Devices going from the small area spin-coated devices to medium area devices are 

investigated. This is done to explore the molecular geometry dependence on their PV 

performance. The morphology was characterized using X-ray and AFM to correlate materials 

structure and the device morphology. This has been presented in the papers II and IV.  
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   Chapter 5 – Nanoparticle via In situ micro-emulsion polymerization towards water 

processable OPVs: To ensure the environmental friendly processing OPVs, it is favorable to 

attempt to fabricate polymer particles in mesoscale in situ to avoid the use of expensive 

organic solvents. An array of polymers, photo physical properties, and quenching 

characteristics has been shown. The work presented is unpublished work.  

   Chapter 6 – Conclusion and perspectives: The perspective of the findings in this thesis is 

summarized.  



CHAPTER 2. LOW BANDGAP D-A 
POLYMERS 

As discussed in the introduction, low band gap (LBG) materials are of great importance for 

the further development and progress of OPVs. The LBG materials are, as mentioned, 

obtained by incorporating moieties with an electron donating (D) and accepting (A) nature; 

within the given organic molecule being either a small molecule or a large polymer. Generally 

these types of polymerization are conducted via transition metal catalyzed cross-coupling 

reactions such as Suzuki cross-coupling or Stille cross-coupling[37], [38]. The donor units are 

numerous, and these are moieties such as thiophene, pyrrole, flourene[39], carbazole[40], [41], 

dithienopyrrole[42], dithienosilole[43], and so on[44]. These donor moieties are associated 

with the depth of the HOMO of a given polymer and thereby also partly for the stability of the 

polymer; while the acceptor moiety directs the LUMO level of the polymer that is associated 

with the charge dissociation between the donor polymer and acceptor in the device. There has 

in recent years been a large interest in and focus on, the development of novel hetero atomic 

acceptor monomers for application in LGB systems. To mention a few of these acceptors are, 

benzothiadiazole (BT)[12], diketopyrollopyrollo (DPP)[45], thieno[3,4-c]pyrollo-4,6-dione 

(TPD)[46] and pyrene and perylene derivatives [47]. In this work the focus has primarily been 

combining state-of-art donor units with novel acceptor moieties being isoindigo (i-ID)[48] and 

benzodipyrrolidone (BDPDP) [49]. Both of these have shown high potentials in regards to 

photovoltaic performance. But little work has been conducted to convert small area spin 

coating into the more scalable setup of RC without neither ITO nor vacuum techniques in the 

fabrication. Therefore these acceptor monomers have been polymerized with different donor 

moieties to afford LBG polymers and devices have been prepared with both small and large 

area, to investigate the up-scalability of these LBG polymers.  

2.1. BENZODIPYRROLIDONE-BASED LOW BAND GAP POLYMERS 

A possible acceptor candidate for an efficient LBG polymer; is the monomer 

benzodipyrrolidone (BDPDP), since Wudl et al.[49] in 2011 reported two simple polymeric 

compounds consisting of BDPDP and phenylene and thiophene, which showed a bandgap of 

1.9 eV and 1.68 eV, respectively. This combined with a high ambipolar mobility in the order 

of 10
-3

 cm
2
V

-1
s

-1
, indicated that BDPDP could be a valuable acceptor candidate for low band 

gap polymers[50]. The LUMO level of the reported polymers is -3.35 and -3.50 eV for 

BDPDT with phenyl and thiophene, respectively. This energy level matches the LUMO level 

of around -3.7 eV of [6,6]-phenyl-C(61)-butyric acid methyl ester (PC61BM) [51], which is a 

commonly used acceptor in BHJ devices. This alignment determines that 

thiophenedipyrrolidone is not as ideal a candidate, as the LUMO level of an array of polymers 

presented by Rumer et al. [52] and Cui et al. [53] have been reported being in the range of -

3.75 eV to -4.24 eV. The electron affinity of these compounds will therefore not allow the 

needed potential difference to facilitate the charge separation, at least not when using the 

fullerene based acceptors. A literature study rapidly shows that little work has been done on 

the BDPDP based polymers, two reviews only report a total of 10 different combinations of 

BDPDP and various donors[47], [50]. Deng et al.[54] have made a further evolving of the 

BDPDP moiety by an N-acylation, they found that an N-acylation lowered the LUMO of the 

resulting polymer compared to native BDPDP containing polymer.  
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Scheme 1: Chemical structure of benzodipyrrolidone (BDPDP) as an acceptor moiety for low band gap 
polymers 

The structure as seen in Scheme 1, is similar to that of diketopyrrolopyrrole (DPP), but differs 

due to the extended nature with interconnected five-membered lactam ring. For DPP 

molecules, the lactam rings are directly connected whilst for BDPDP the lactam rings are 

bridged by a 1,4-cyclohexdiene ring, that extends the conjugation. This extension of the fused 

ring structure enlarge the π-conjugation, such combined planar structure of the BDPDP moiety 

is expected to facilitate a high degree of π-π stacking, thus intermolecular interactions[55], 

[56]. The high π-π intermolecular interactions are also one of the reasons for the relative high 

mobility that characterizes polymers with BDPDP incorporated [49], [57]. Due to the 

interesting characteristics of BDPDP; co-polymers of BDPDP and an electron donating moiety 

have been synthesized and utilized in the production of organic field transistors (OFET), and 

pronounced interesting mobilities [57], [58]. Despite the obvious advantages of BDPDP as a 

candidate for making efficient donor polymers via the D-A approach, there has only been 

reported one instance of the utilization a BDPDP copolymer in an OPV. Yue et al.[59] 

constructed a LBG D/A polymer of N-(1-pentylhexyl) substituted dithieno[3,2-b:2′,3′-

d]pyrrole (DTP) and BDPDP via a Stille coupling to afford the polymer PBDPDP-DTP. The 

reported polymer had a bandgap of 1.39 eV and the frontier orbitals -5.27 eV/-3.83 eV 

(HOMO/LUMO), this LUMO is slightly too low for perfect alignment with LUMOPC61BM. The 

resulting device with the structure ITO/PEDOT:PSS/PBDPDP-DTP:PC61BM (1:1.5) /LiF/Al 

presented a PCE of 2.6 % with a Voc of 0.74 V and a Jsc of -7.87 mA cm
-2

. This clearly shows 

a potential of the BDPDP moiety in efficient OPV applications. The donor (DTP) applied in 

the polymer is considered one of the strongest donating moieties[44], therefore it could be 

interesting to use an array different donor moieties ranging from strong to weaker donors to 

investigate the effect on the bandgap, energy levels and the performance of the final OPV 

devices.  
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Scheme 2: Donor candidates a) 4,8-bis(5-(2’-alkyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene; b) 9-
(9-alkyl)-9H-carbazole; c) 9,9-dialkylfluorene. 

In this study copolymers of BDPDP have been synthesized using the candidates shown in 

Scheme 2. The donor moieties are (ranging in donor strength, highest firstly) DTP, 4,8-bis(5-

(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene (BDTTT), 9-(9-heptadecanyl)-

9H-carbazole (C ) and  9,9-dioctylfluorene (F). 

2.1.1. MATERIALS AND METHODS 

2.1.1.1 Materials: 

The BDPDP was synthesized according to literature procedure [49]. Chemicals used were of 

commercial grade, and used without further purification, if not state otherwise. 

2.1.1.2 Syntheses: 
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Scheme 3: Synthesis of BDPDP-DTP via Stille polymerization of 2,6-di(trimethyltin)-N-(1-
pentylhexyl)dithieno[3,2-b:2’,3’-d]-pyrrole (93.3 mg, 0.142 mol) and 3,7-bis(4-bromophenyl)-1,5-bis(2-
octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione. 
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PBDPDP-DTP. As presented in Scheme 3, a mixture of 2,6-di(trimethyltin)-N-(1-

pentylhexyl)dithieno[3,2-b:2’,3’-d]-pyrrole (93.3 mg, 0.142 mol), 3,7-bis(4-bromophenyl)-

1,5-bis(2-octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (100 mg, 0.139 mol), 

tris(dibenzylideneacetone)dipalladium (Pd2dba3, 2.60 mg, 2.80 • 10
-3

 mmol), and tri-o-

tolylphosphine (P(o-Tol)3, 6.80 mg, 2.22 x 10
-2

 mmol) was degassed with N2, and then toluene 

(14 mL) was added. The mixture was further purged with N2 for 20 min and heated to 120
o
C 

for 48 h. After being cooled to room temperature, the solution was precipitated into methanol. 

The crude polymer was collected by filtration and then extracted on a Soxhlet’s extractor with 

acetone, and hexane in succession. The final polymer was obtained by precipitating the hexane 

solution in methanol as a dark brown sheet with a yield of 72% (90.0 mg). GPC: Mn 29000; 

PDI 3.65. 
1
H NMR (600 MHz, CDCl3, δ, ppm): 7.42-7.83 (m, 8 H), 7.17-7.26 (m, 2 H), 6.27 

(s, 2H), 4.28 (s, br, 1 H), 3.58-3.63 (m, 4 H), 1.80-2.16 (m, br, 6 H), 1.16-1.50 (m, br, 28 H), 

0.84-0.99 (m, br, 18 H). Anal. Calcd for C57H71N3O2S2(%): C, 76.55; H, 8.00; N, 4.70. Found 

(%): C, 76.41; H, 8.11; N, 4.76 
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Scheme 4: Synthesis of BDPDP-BDTTT via Suzuki polymerization 3,7-bis(4-bromophenyl)-1,5-bis(2-
octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b’]dithiophene boronic acid bis(pinacol) ester. 

PBDPDP-BDTTT. A flask was charged with 3,7-bis(4-bromophenyl)-1,5-bis(2-

ethylhexyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (147 mg, 0.139 mmol), 4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene boronic acid bis(pinacol) ester 

(115.5 mg, 0.139 mmol), Pd(PPh3)4 (2.40 mg, 2.09 • 10
-3

 mmol), Na2CO3 (530 mg, 5 mmol) 

and a drop of Aliquat 336 was degassed with nitrogen, then toluene (7.5 mL) and oxygen 

freed H2O (2.5 mL) were added. The resulting mixture was heated at 90 
o
C for 48 h by 

following the reaction presented in Scheme 4. After being cooled to room temperature, the 

mixture was precipitated in methanol. The crude polymer was collected by filtration and then 
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extracted on a Soxhlet’s extractor with acetone, hexane and chloroform in succession. The 

final polymer was obtained by precipitating the chloroform solution in methanol. GPC: Mn = 

5155, Mw = 7741, PDI = 1.50 
1
HNMR (600 MHz, CDCl3, δ, ppm): 7.42-7.83 (m, 12 H), 6.95-

7.1 (m, 2 H), 6.25-6.50 (m, 2H), 3.55 (m, br, 4 H), 2.9-3 (m, 4 H), 1.70-2.16 (m, br, 4 H), 1.1-

1.60 (m, br, 48 H), 0.84-0.99 (m, br, 24 H). 
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Scheme 5: Synthesis of BDPDP-C via a Suzuki polymerization of 3,7-bis(4-bromophenyl)-1,5-bis(2-
octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione and 9-(9-heptadecanyl)-9H-carbazole-2,7-
diboronic acid bis(pinacol) ester. 

PBDPDP-C. A flask was charged with 3,7-bis(4-bromophenyl)-1,5-bis(2-

ethylhexyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (147 mg, 0.139 mmol), 9-(9-heptadecanyl)-

9H-carbazole-2,7-diboronic acid bis(pinacol) ester (91.3 mg, 0.139 mmol), Pd(PPh3)4 (2.40 

mg, 2.09 • 10
-3

 mmol), Na2CO3 (530 mg, 5 mmol) and a drop of Aliquat 336 was degassed 

with nitrogen, then toluene (7.5 mL) and oxygen freed H2O (2.5 mL) were added. The 

resulting mixture was heated at 90 
o
C for 48 h, as found in Scheme 5. After being cooled to 

room temperature, the mixture was precipitated in methanol. The crude polymer was collected 

by filtration and then extracted on a Soxhlet’s extractor with acetone, hexane and chloroform 

in succession. The final polymer was obtained by precipitating the chloroform solution in 

methanol. 
1
H NMR (600 MHz, CDCl3, δ, ppm): 7.78-8.00 (m, 10 H), 7.61-7.79 (m, 4 H), 6.52 

(m, 2H), 3.6 (d, br, 5 H), 1.1-1.67 (m, br, 50 H), 0.84-0.99 (m, br, 28 H). 
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Scheme 6: Synthesis of BDPDP-F via a Suzuki polymerization of 3,7-bis(4-bromophenyl)-1,5-bis(2-
octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione and  9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester. 

PBDPDP-F. Being described in Scheme 6, a mixture of 3,7-bis(4-bromophenyl)-1,5-bis(2- 

octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (147 mg, 0.139 mmol), 9,9-

dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (77.6 mg, 0.139 mmol), 

Pd(PPh3)4 (2.40 mg, 2.09 x 10
-3

 mmol), Na2CO3 (530 mg, 5 mmol) and a drop of Aliquat 336 

was degassed with nitrogen, then toluene (7.5 mL) and oxygen-free H2O (2.5 mL) were added. 

The resulting mixture was heated at 90 
o
C for 24 h. After cooled to room temperature, the 

mixture was precipitated in methanol. The crude polymer was collected by filtration and then 

extracted on a Soxhlet’s extractor with acetone, hexane and chloroform in succession. The 

final polymer was obtained by precipitating the chloroform solution in methanol. 
1
H NMR 

(600 MHz, CDCl3, δ, ppm): 8.15-8.35 (m, 2 H), 7.8-8.02 (m, 8 H), 7.39-7.76 (m, 4H), 6.54 

(m, 2H), 3.6 (d, br, 4 H), 1.1-1.67 (m, br, 52 H), 0.84-0.99 (m, br, 20 H). 

2.1.1.3 Methods: 

1
H NMR spectra were recorded on a Bruker AvanceIII 600 MHz spectrometer. The molecular 

weight of the synthesized polymers were determined by high temperature gel permeation 

chromatography (HT-GPC) at a temperature of 150 °C with 1,2,4-trichlorobenzene as an 

eluent against polystyrene standards. Thermogravimetric analysis (TGA) was performed on a 

TI TGA Q50, using a platinum pan, under nitrogen atmosphere. The samples where measured 

with a ramp of 10 
o
C min

-1
 from 20

o
C to 800

o
C. The cyclic voltammetry (CV) was performed 

by a CHI 660D System with a three-electrode cell in a solution of 0.10 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile as the electrolyte at a 

scan rate of 100 mV/s, the electrodes consisted of a glassy carbon electrode (working 

electrode) on which the polymer film was drop casted, a platinum wire (counter electrode) and 

a saturated calomel reference electrode. UV-vis spectra were measured on a Varian Cary 50 

UV/vis spectrometer. The device type was BHJ OPVs and fabricated using the polymers as 

the donor combined with different amounts of PC71BM as the acceptor. The manufactured 

devices were of a normal geometry, and the device structure applied was 

ITO/PEDOT:PSS/active layer/Ca/Al. The active-area of the devices were 0.1 cm
2
, the current 

density-voltage (J-V) characteristics were recorded with a Keithley 2420 source measurement 
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unit under simulated 100 mW cm
-2

 (AM 1.5G) irradiation from a Newport solar simulator. 

Experiments with additives were conducted, and it was found that the effect of the additive 

diiodooctane (DIO) was very depended on the polymer material. The method used to evaluate 

the charge carrier mobility is called space-charge limited charge (SCLC), this gives an 

estimation of the charge carrier mobility for the PBDPDP-DTP, PBDPDP-BDTTT, PBDPDP-

C, and PBDPDP-F. The devices where constructed for the hole only device 

ITO/PEDOT:PSS/active layer/MoO/Ag and the electron only device  ITO/ZnO/Active 

layer/Ca/Al. 

2.1.2. MATERIALS CHARACTERIZATION 

The number averaged molecular weight were determined to be 29 kDa (PDI = 3.7) for 

PBDPDP-DTP, 5.1 kDa (PDI = 1.5) for PBDPDP-BDTTT, 5155 kDa (PDI = 1.5) for 

PBDPDP-C, and Mn for PBDPDP-F was not determined. 
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Figure 17: Thermogravimetric analysis (TGA) of the polymers PBDPDP-DTP (black) PBDPDP-C (red) 
and PBDPDP-F(blue). The scan rate was 10oC min-1 in a platinum pan under inert nitrogen atmosphere. 

As seen in Figure 17 the TGA shows a thermal stability of approximately 400
 o

C which is safe 

under conditions for manufacturing devices. Even though the TGA analysis of PBDPDP-

BDTTT is not available; the thermal stability is expected to be in the same range as the 3 other 

materials due to its higher rigidity on BDTTT moiety. Yue et al.[59] showed that PBDPDP-

DTP had a low band gap of 1.39 eV, this is according to the calculations conducted in the 

introduction section 1.4, slightly too low in order to reach the maximum efficiency as a 

function of the duality of the Voc and Jsc of the devices. 
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Figure 18: Absorbance of the polymers in solution (in CHCl3) (left) and as a spin coated film (right). The 
polymers being of PBDPDP-DTP (black) PBDPDP-BDTTT(green), PBDPDP-C (red) and PBDPDP-
F(blue). 

The absorbance spectra of the 4 compounds can be seen in Figure 18. For the first glance, the 

absorbance of PBDPDP-C and PBDPDP-F are nearly identical with a slight difference of 

approximately 5 nm between their onsets. The entire absorbance spectra are still identical, 

with a maximum absorbance at 540 nm and a secondary local maximum at 340 nm. This 

double absorbance is evidence of a strong intramolecular charge transfer (ICT), which is a 

clear indication of a D-A relationship between the moieties of the polymers. The high energy 

maximum derives from the π-π* transition of the donor moiety[49]. As expected the peak 

absorption of polymer films showed a large red shift of the onset, going from 610 nm to an 

onset that exceeds 650nm, when comparing those of solutions. The red shift is expected, as the 

BDPDP monomer has a planar structure which will facilitate the intermolecular interactions 

thus lowering the Eg and resulting in a redshift[60]. The Eg difference between PBDPDP-C 

and PBDPDP-F becomes clearer when going from solution to film, the onset of PBDPDP-C is 

673 nm while the PBDPDP-F is 650 nm, this difference derives from the more planar structure 

of carbazole compared to the flourene used. The major structural difference is the nitrogen at 

the 9 position of the 3 fused rings of the carbazole compared to tertiary substituted carbon of 

the flourene, i.e. possessing 2 π-electrons for conjugation at N-atom rather than pseudo- (or 

hyper-)conjugation caused by the sp
3
 hybridized lone pair electrons at C-C (σ-bonding). The 

similar absorbance of PBDPDP-F and PBDPDP-C indicates the similar donor strength. The 

PBDPDP-DTP polymer showed as expected similar absorbance trends as the one reported by 

Yue et al.[59]with an onset of the film of 848 nm, the PBDPDP-DTP showed the lowest red 

shift as function of the solution-film transition. Since the red shift on BDPDP-F and PBDPDP-

C can be ascribed to the planarity of the given polymer system, therefore it is interesting that 

PBDPDP-DTP has the lowest redshift of 4 reported polymers. The red shift of PBDPDP-DTP 

is 24 nm compared with the 45 nm red shift of PBDPDP-BDTTT, 56 nm of PBDPDP-C and 

39 of PBDPDP-F. This low red shift could also indicate a steric hindrance from the branched 

alkyl substituent of the DTP. The high absorbance edge clearly demonstrates that the DTP is 

by far the strongest donating moiety of the 4 applied donor moieties. The onset is 

approximately 70 nm higher than PBDPDP-BDTTT which is the second strongest donor and 

the PBDPDP-C and PBDPDP-F are the two weakest ones. 

The absorbance of PBDPDP-DTP exhibits a clear ICT with a primary maximum at approx. 

700 nm and a secondary maximum at 400 nm; in between these two maxima the absorbance is 

relative low. The ratio between the two maxima is also interesting, as the first and second 
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maxima are of identical size indicating a very strong D-A interaction. When the film is coated, 

the ratio between the two peaks changes, this is associated with the film formation and 

intermolecular interactions deriving from the π-π interactions. Such a change in relative 

absorption indicates the molecular interactions such as localized π-π interaction and therefore 

there is not as large redshift as expected. The ditch between the two maxima is also an 

illustration of the none-continuous behavior of the LUMO of an organic material. For the 

PBDPDP-BDTTT polymer the absorbance is about the same strength throughout the 

absorbance spectrum, starting at 776 nm. Despite the rather uniform absorbance there are still 

two maxima, as expected for a D-A polymer. While PBDPDP-DTP could be a candidate for a 

tandem OPV, PBDPDP-BDTTT is not suitable due to the relative uniform absorbance 

spectrum. From Equation 2-1 the optical Eg has been determined, using the λonset of the film 

absorbance. The optical Eg for the polymers are; 1.46 eV for PBDPDP-DTP, 1.59 eV for 

PBDPDP-BDTTT, 1.85 eV for PBDPDP-C and 1.91 eV for PBDPDP-F. 

𝐸𝑔 =
ℎ ∙ 𝑣

𝜆
≅

1240

𝜆𝑜𝑛𝑠𝑒𝑡

 
Equation 2-1 

But determination of the Eg is not enough, as an essential parameter of a conjugated polymer, 

this will be the alignment of the energy levels. The energy levels have been determined using 

CV on drop-casted polymer films. The CV scans of the four polymer film can be seen on 

Figure 19. 

𝐸𝐻𝑂𝑀𝑂 = −(𝐸𝑜𝑥 𝑜𝑛𝑠𝑒𝑡 + 4.8)𝑒𝑉 Equation 2-2 

The first thing that should be noticed is the lack of reversibility of the four polymers. This 

indicates an electrochemically facilitated reaction occurring under the oxidation of the 

polymers. This is presumably also why there is no clear reduction occurring in at least 

PBDPDP-C and PBDPDP-F, and the current output of the reduction of PBDPDP-BDTTT is 

very low compared to the oxidation. Therefore determining the LUMO level (electron affinity) 

cannot be done directly from the CV. But the ionization potential (Eox onset) can be used to 

determine the HOMO level of the materials; this is done using the empirical equation shown 

in Equation 2-2. The LUMO level is then determined by adding the Eg with the HOMO. The 

summarized photo physical- and electrochemical-parameters can be seen in Table 1. 
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Figure 19: Cyclic voltammetry (CV) of the four different polymer film of PBDPDP-DTP (black, upper 
left) PBDPDP-BDTTT (green, upper right), PBDPDP-C (red, lower left) and PBDPDP-F (blue, lower 
right). 

 

In regard to the energy alignment as mentioned before, the LUMO level of the PC61BM is 3.7 

eV, and to ensure an efficient charge separation a difference between the ∆|LUMOAcceptor-

LUMODonor|= 0.3 eV is required.  

Table 1: Photo-physical properties of the four conjugated polymers, PBDPDP-DTP, PBDPDP-BDTTT, 
PBDPDP-C and PBDPDP-F found by combining absorbance onset and the ionization potential found 
via CV. 

Sample name λonset [nm] Eg [eV] Eox onset [V] EHOMO [eV] ELUMO [eV] 

PBDPDP-DTP 848 1.46 0.42 -5.22 -3.76 

PBDPDP-BDTTT 780 1.59 0.68 -5.48 -3.89 

PBDPDP-C 673 1.85 0.89 -5.69 -3.84 

PBDPDP-F 650 1.91 0.83 -5.63 -3.72 
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This compared with the LUMO levels found in Table 1, which ranges from -3.72 eV for 

PBDPDP-F to -3.89 for PBDPDP-BDTTT, shows that despite PC61BM being the mostly used 

acceptor in OPV, the energy levels does not match the energy levels of the BDPDP-family, 

preventing the usage of PC61BM, although it should be noted that the LUMO is estimated thus 

the true value might be more appropriate. But taking the energy levels into consideration, 

another electron acceptor could be chosen. One of the other interesting acceptor candidates 

that can be used is [6,6]-phenyl-C71-butyric acid ester (PC71BM), whose LUMO level has 

been reported to be -3.9 eV [61]. The LUMO levels of the synthesized polymers are also 

slightly deeper than expected when making a literature survey. With the unfavorable LUMO 

level value, the efficiencies of the devices are not expected to good, but using the polymeric 

material as an electron acceptor could be a possibility, due to the high electron affinity. 

2.1.3.  DEVICE PERFORMANCE 

When fabricating the devices, DIO is used as an additive due to its slow evaporation that 

facilitates the crystallization of the coated material. As expected the PBDPDP-C and 

PBDPDP-F polymers both pronounced a low PCE, with the maximum performance being 

0.066 % for PBDPDP-C and even lower 0.016% for PBDPDP-F. The two mentioned 

polymers show moderated Voc’s around 0.63V, which does not account for the low efficiency 

of the two polymers.  

Table 2: Device performance of the organic photovoltaics, using the four polymers PBDPDP-DTP, 
PBDPDP-BDTTT, PBDPDP-C and PBDPDP-F as the donor against the acceptor PC71BM; in various 
weight ratios. The polymer:fullerene films is spin-coated from ortho-dichlorobenzene (o-DCB) with a 
dry content of 30 mg mL-1. The values shown are the average of at least 4 devices.  

Polymer 

sample 

Spin 

speed 

[RPM] 

Ratio 

[D:A] 

DIO

[%] 

Voc  

[V] 

Jsc 

[mAcm-2] 

FF  

[%] 

PCE  

[%] 

PCEbest 

[%] 

PBDPDP-

DTP 

1500 1:1 - 0.58 ±0.11 1.22±0.06 38±1.7 0.27±0.07 0.406 

2000 1:2 - 0.57±0.17 1.58±0.04 40.5±5.1 0.38±0.16 0.614 

   1 0.37±0.18 0.33±0.08 33.8±4.1 0.04±0.02 0.084 

   2 0.64±0.10 0.16±0.002 40.5±2.9 0.05±0.004 0.056 

   3 0.20±0.11 0.27±0.01 29.8±3.6 0.02±0.01 0.037 

  3000 1:3 - 0.60±0.07 1.37±0.01 33.6±2.5 0.28±0.05 0.406 

PBDPDP-

BDTTT 

1500 1:1 - 0.48±0.22 0.67±0.03 38.3±8.5 0.14±0.08 0.218 

1500 1:2 - 0.77±0.02 0.99±0.03 41.8±0.8 0.32±0.02 0.423 

   1 0.80±0.01 1.33±0.02 47.1±0.7 0.50±0.02 0.639 

   2 0.79±0.02 1.20±0.02 44.7±2.6 0.50±0.05 0.585 
   3 0.80±0.03 1.43±0.01 47.6±0.3 0.55±0.03 0.682 

   4 0.78±0.02 1.16±0.03 48.1±0.8 0.52±0.02 0.652 

 1000 1:3 - 0.83±0.004 0.83±0.009 42.6±0.2 0.29±0.004 0.300 

PBDPDP-

C 

1500 1:1 - 0.58±0.13 0.03±0.002 31.1±0.9 0.005±0.001 0.007 
1500 1:2 - 0.50±0.01 0.08±0.01 31.2±0.1 0.018±0.002 0.020 

   3 0.62±0.16 0.22±0.03 36.0±1.8 0.050±0.016 0.066 

 1500 1:3 - 0.62±0.13 0.11±0.01 30.1±0.3 0.024±0.004 0.029 

PBDPDP-

Fa 

2000 1:1 - 0.58±0.15 0.04±0.00 30.3±0.4 0.006±0.002 0.007 

2000 1:2 - 0.63±0.01 0.07±0.002 33.9±0.4 0.016±0.001 0.016 

a. Only average of 2 devices due to bad film formation. 
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The poor efficiency derives mostly from low photocurrents, which for PBDPDP-C and 

PBDPDP-F are only 0.22±0.03 mAcm
-2

 and 0.074±0.002 mAcm
-2

, respectively. This low 

photocurrent can in part be argued to derive from a low charge separation which in turn is a 

result of the small difference between the donor LUMO and the acceptor LUMO. 

But if this was true the resulting efficiency of PBDPDP-DTP and PBDPDP-BDTTT should 

also be comparably low, which is not the case as one can observe from Table 2. The 

explanation can be found in the low FF of the manufactured devices, for PBDPDP-C and 

PBDPDP-F the FF is in the mid to low thirties (in percentage) while for the PBDPDP-DTP 

and PBDPDP-BDTTT polymers they are in the mid to the high forties. The FF is an indication 

of a favorable morphology. The I/V curves of the best performing devices can be seen in 

Figure 20. 

PBDPDP-DTP showed a worse performance than what has been reported by Yue et al[59]., 

due to a much lower Voc and Jsc. The PCE reported Yue et al. was of 2.60 %, with a Jsc of 7.83 

mAcm
-2

 and Voc of 0.74 V. The average Voc found in this study was only 0.57 V, the best 

performing device also showed a comparable Voc of 0.74V. Therefore it becomes apparent that 

the Jsc is the key-source (or reason for the worse performance), for the best performing device 

a Jsc 1.73 mAcm
-2 

was found. This might be due to not only the LUMO – LUMO difference 

but also a non-optimal morphology. Despite the photo-physical properties being similar, the 

PBDPDP-DTP synthesized in this study has a slightly different alkyl modification which 

might affect the morphology of the devices, this non-optimal morphology most likely 

originates from the usage of different sidechain 2-octyldodecyl compared to the 2-ethylhexyl 

presented in the work of Yue et al. [59]. 
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Figure 20: I/V characteristics of the PBDPDP-DTP (black,) PBDPDP-BDTTT(green), PBDPDP-C 
(red) and PBDPDP-F(blue). The devices shown are the best performing of the population. All with the 
weight ratio (Donor:Acceptor) of 1:2 and with a DIO content of 3 % for the devices PBDPDP-
BDTTT(green) and  PBDPDP-C (red). 

PBDPDP-BDTTT showed the overall best performance of the four polymers, with an average 

PCE of 0.55±0.03% and a maximum performance of 0.682%, the best performance was 

achieved when 3% of DIO was added as additive. The Voc was found to be 0.80±0.03 V, 
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which is relative high compared to the other devices. The best performing devices had a Voc 

0.89 V, which is much higher than that of the DTP based polymer. But as for all the polymers, 

the main reason for the relative low performance is the Jsc, even for the best performing 

devices; it did not exceed 2 mAcm
-2

, with a Jsc 1.43±0.01 mAcm
-2

 and a maximum 

performance of 1.55 mAcm
-2

. The low photocurrent does most likely derive from the poor 

morphology and charge carrier mobility of the polymer film. The issue with the charge carrier 

mobility has been investigated by making hole only and electron only devices and thereby 

determining the charge carrier mobility by SCLC.  
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Figure 21: Space-charge limited current for hole only devices (ITO/PEDOT:PSS/active layer/MoO/Ag ), 
these device are prepared using the optimized active layer composition. The active layers being of 
PBDPDP-DTP:PC71BM 1:2 (black, left) and PBDPDP-BDTTT:PC71BM 1:2 (green,  right). 

Figure 21  and Figure 22, present the hole- and electron-only device for the two best 

performing devices from the SCLC measurements, which are PBDPDP-DTP:PC71BM 1:2 spin 

coated at 2000 rpm and PBDPDP-BDTTT:PC71BM 1:2 spin coated at 1500 rpm. 
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Figure 22: Space-charge limited current for electron only devices (ITO/ZnO/Active layer/Ca/Al), these 
device are prepared using the optimized active layer composition. The The active layers being of 
PBDPDP-DTP:PC71BM 1:2 (black, left) and PBDPDP-BDTTT:PC71BM 1:2 (green, right). 

Using the equation presented in Equation 2-3, the charge carrier mobility can be determined: 

𝐽 =
9

8
µ 𝜀0𝜀𝑅

𝑉2

𝐿3
 Equation 2-3 
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Where µ is the charge carrier mobility (either hole or electron), L is the layer thickness, ε0 is 

the free-space permittivity and εr is the dielectric constant of the semiconductor, V is the 

applied voltage and J is the current density measured. The ε0 is 8.454•10
-12

 F m
-1 

and εr is 3. 

Using the linear region of the I/V-curves with a constant slope of 2, the mobilities are 

calculated. The determined mobilities of the PBDPDP-DTP, PBDPDP-BDTTT, PBDPDP-C 

and PBDPDP-F are listed in Table 3. 

Table 3: The space charge limited current mobility data of selected BDPDP based polymers, the bold 
are the devices presented in the Figure 21 and Figure 22. The weight-ratio 1:2 polymer:PC71BM in the 
active layer spin coated from chlorobenzene. 

Sample name   Spin speed 

[rpm] 

DIO [%] Thickness 

[nm]a 

Hole mobility 

[cm2V-1s-1] 

Electron 

mobility 

[cm2V-1s-1] 

PBDPDP-DTP 2000 - 75 1.33•10-4 1.35•10-4 

 2000 3 83 1.66•10-4 1.28•10-6 

PBDPDP-

BDTTT 

1500 - 100 1.10•10-5 2.59•10-4 

1500 3 85 3.72•10-8 9.68•10-7 

PBDPDP-C 1500 - 115 3.43•10-6 5.79•10-6 

 1500 3 100 6.39•10-8 1.02•10-4 

PBDPDP-F 2000 - 70 1.01•10-6 5.94•10-6 

 2000 3 100 6.11•10-7 3.68•10-4 

a) Thickness measured by Dektak profilometer  

For PBDPDP-DTP the mobilites are determined to be 1.33•10
-4

 cm
2
V

-1
s

-1
 and 1.35•10

-4 
cm

2
V

-

1
s

-1
, for the hole and electrons, respectively. This shows ambi-polar properties as both hole and 

electron are equally mobile, which is favorable for device making, and it is also why the 

device performs the best. This mobility is slightly greater than the mobility reported by Yue et 

al. where the mobility was in the order of 10
-5

[59]. This difference is most likely due to the 

morphology, deriving from the use of the different sidechains. So even though the charge 

carrier mobility of the PBDPDP-DTP is superior to the previously reported, the PCE is much 

lower, this could therefore be due to decay mechanisms of the exciton. The addition of the 

additive DIO (3%) facilitates the lowering of the electron mobility, which can be associated 

with some changes in the film morphology. For the PBDPDP-BDTTT film, the addition of 

DIO also lowers the mobility for both electrons and holes. Surprisingly enough the lowering 

of the mobility results in an increase of efficiency going from 0.423 % to 0.682%, this is 

counter intuitively as a lower mobility results in a higher degree of recombination and internal 

resistance thus it should afford a lower efficiency. PBDPDP-C and PBDPDP-F both exhibit 

reasonable mobilities, although there is a large imbalance between the hole and the electron 

mobility. Generally the hole and electron mobility of the BDPDP based polymers are low 

compared to the ones reported in literature; Hong et al.[57] reported hole mobilites for a 
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BDPDP bithiophene copolymer reaching 0.026 cm
2
V

-1
s

-1
 and  Cui et al.[49] originally 

reported a hole mobility in the order of 10
-3 

cm
2
V

-1
s

-1
.  

In order to investigate the scalability of the OPV devices from the synthesized polymers, roll 

coated devices have been fabricated. The procedure is described in detail in section 2.2.1. The 

key performance parameters of these devices are shown in Table 4. The general performances 

of the RC devices are lower than the equivalent spin coated devices. To our interests, 

PBDPDP-C showed some potential as a polymer based acceptor. This is most likely due to its 

high electron affinity.  But the overall performances of these devices are very low. 

Table 4: The roll coating I/V data of the polymers PBDPDP-C and PBDPDP-F, the electrode 5010 and 
3L refers to the two type of electrodes presented in section 2.2.4. The active area of the fabricated 
devices were 1 cm2. All devices were printed using CB as solvent for the active layer matrix. 

Sample 

name 

Ratio 

[D:A] 

Electrode Voc[V] Jsc [mAcm-2] FF [%] PCE [%] 

PBDPDP-C 1:1.5 5010 0.692±0.021 -0.0065±0.0001 24.7±0.4 0.0011±0.0000 

 1:2 5010 0.525±0.036 -0.007±0.000 29.7±1.9 0.0011±0.0000 

 1:2a 5010 0.248±0.040 -0.008±0.001 26.5±0.3 0.0005±0.0001 

 1:1b 3L 0.641±0.023 -0.036±0.008 24.0±1.6 0.0056±0.0016 

  5010 0.396±0.104 -0.018±0.000 23.3±0.9 0.0017±0.0004 

PBDPDP-F 1:2 3L 0.100±0.017 -0.0024±0.001 24.6±0.6 5.9•10-5 ±9.7•10-6 

  5010 0.445±0.310 -0.0022±0.0000 30.9±0.9 0.0003±0.0002 

a)Annealed b) PBDPDP-C as acceptor against P3HT 

 

2.1.4. SUMMARY OF THE BDPDP – POLYMERS 

Four polymers containing the acceptor moeity BDPDP have been synthesized via both Stille 

and Suzuki cross-coupling reaction.  The polymers being PBDPDP-DTP consisting of a N-(1-

pentylhexyl)dithieno[3,2-b:2’,3’-d]-pyrrole polymerized 3,7-bis(phenyl)-1,5-bis(2-

octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione, PBDPDP-BDTTT consisting of  3,7-

bis(4-phenyl)-1,5-bis(2-ethylhexyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione and 4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene, PBDPDP-C 3,7-bis(phenyl)-1,5-

bis(2- octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione and 9-(9-heptadecanyl)-9H-

carbazole and lastly PBDPDP-F consisting of 3,7-bis(phenyl)-1,5-bis(2- 

octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione and 9,9-dioctylfluorene. The resulting 

polymers had bandgap that fell in line with the donor strength of the different donors; the 

determined bandgaps were the following: 1.46 eV for PBDPDP-DTP, 1.59 eV for the 
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PBDPDP-BDTTT, 1.85 eV for PBDPDP-C and lastly 1.91 eV for the PBDPDP-F. All the 

polymers showed ICT interactions with two distinctive low and high wavelength absorbance 

bands, indicating a strong interaction between the applied donor and BDPDP moieties.   

The absorbance spectrum of PBDPDP-BDTTT was slightly different compared to the others, 

as the absorbance band had a more continues progression with a relative high absorbance from 

the onset (780nm) and further. The frontier orbitals (HOMO and LUMO) were determined 

using cyclic voltammetry, the LUMO levels were found be ranging from -3.72 to -3.89 eV and 

the HOMO levels span from -5.22 to -5.69 eV. The synthesized polymers were tested as the 

donor component in bulk heterojunction OPV devices, using normal geometry in the structure 

ITO/PEDOT:PSS/active layer/Ca/Al. The active-area of the devices were 0.1 cm
2
 and were 

tested under a sun simulator AM1.5 G. The best achieved PCE were; 0.614% for PBDPDP-

DTP, 0.682% for PBDPDP-BDTTT, 0.066% for PBDPDP-C and 0.016% for PBDPDP-F. 

2.2. ISOINDIGO-BASED LOW BANDGAP POLYMERS 

Isoindigo (i-ID) is an interesting electron deficient monomer, due to an appropriate LUMO 

level alignment with fullerene based acceptor components (such as state-of-the-art PC61BM 

and PC71BM). Isoindigo is an isomeric derivative of blue dye indigo, which is normally used 

for coloring jeans. The interest in this moiety was orginally fueled by Reynolds et al.[62] in 

2010 who showed an i-ID oligothiopene as the donor component (p-type) in an OPV the 

resulting devise exhibited a PCE of 1.76 % with a Voc of 0.74 V, Jsc of 6.3 mAcm
-2

, and a FF 

of 38%. i-ID is interesting as it is a relative efficient electron acceptor (withdrawing), optical 

transition dipole, and ease of synthetic procedure. The electron withdrawing properties derive 

from the lactam units in the central part of the molecule, as shown in Scheme 7. 
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Scheme 7: The molecular structure and the general synthetic path of the dibromo derivate of Isoindigo 
(i-ID).  

Shortly after Reynolds and coworkers initial report; it sparked an array of reports by Zhang et 

al.[63], Liu et al.[64] and Wang et al.[65] with efficiencies ranging from 1 to 3%  for different 

combination of i-ID and donor-moieties. Wang et al.[66] in 2011 already showed the great 

potential of the i-ID with a polymer of i-ID together with a donor consisting of a dithiophene 

spaced 4,8-bisalkoxy-benzo[1,2-b:4,5-b′]dithiophene for a PCE of 7.31%, with a Voc of 0.72 V 

and a Jsc of 14.96 mA cm
-2

. This was the highest reported PCE until Deng et al.[67] in 2014 

published a report on an i-ID based polymer with a PCE of 8.2% with an impressing Jsc of 15.2 

mAcm
-2

.  A common feature of these i-ID polymers is that the LUMO levels align very well 

with that of commonly used PCBM derivatives [68]–[70]. There has been conducted with 

numerous experiments on the OPV characteristics of the polymers. Despite the many merits of 

the i-ID, little work has been done on the large area devices, therefore in this study two 

different materials are going to be synthesized. The interesting LUMO characteristics of the i-
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ID are going to be combined with two donor moieties of variating donor strength. The DTP 

moiety as presented in the previous section has high donor strength while the DTF moiety is 

slightly less donating. This is done to improve the depth of the HOMO in order to ensure a 

high Voc and stabile polymer.  

2.2.1. MATERIALS AND METHODS 

2.2.1.1 Materials 

The i-ID and donor candidates were synthesized using the procedure reported in literature[62], 

[71]. The chemicals were commercially available and used without further purification if not 

stated otherwise. 

2.2.1.2 Syntheses 
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Scheme 8: Synthetic path for PDTPI, via the Stille coupling of 2,6-di(trimethyltin)-N-(1-
pentylhexyl)dithieno [3,2-b:2’,3’-d]-pyrrole and 6,6’-dibromodi(2-ethylhexyl)isoindigo. 

 

 

PDTPI. As seen in Scheme 8 and reported in [72], a mixture of 2,6-di(trimethyltin)-N-(1-

pentylhexyl)dithieno [3,2-b:2’,3’-d]-pyrrole (104.30 mg, 0.158 mmol), 6,6’-dibromodi(2-

ethylhexyl)isoindigo (100.00 mg, 0.155 mmol), tris(dibenzylideneacetone)dipalladium 

(Pd2(dba)3, 2.84 mg, 3.10 mmol), and tri-o-tolylphosphine (P(o-Tol)3, 7.55 mg, 24.8 mmol) 

was preliminarily degassed with N2, and then toluene (16 mL) was added. The mixture was 

further purged with N2 for 20 min and heated to 120
o
C for 48 h. Subsequently the reaction was 

cooled to room temperature and the solution was precipitated in methanol. The crude polymer 

was collected by filtration and then purified on a Soxhlet extractor using acetone and hexane 

in succession. The polymer was extracted with chloroform and obtained by precipitating the 

chloroform solution in methanol, yielding 105 mg (55%) solid dark polymer. GPC, Mn: 8860 

Da; PDI 1.52. 
1
H NMR (600 MHz, CDCl3, d, ppm): 9.11 (d, 2H), 6.65– 7.31 (m, 6H), 4.39 (s, 

br, 1H), 3.75 (s, br, 4H), 0.95–2.27 (m, br, 52H). 
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Scheme 9: Synthetic path for PFI via the Suzuki polymerization of 6,6’-dibromodi(2-ethylhexyl) and  9,9-
dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester. 

PFI. A mixture of 6,6’-dibromodi(2-ethylhexyl)isoindigo (100.00 mg, 0.155 mmol), 9,9-

dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (86 mg, 0.155 mmol), Pd(PPh3)4 

(2.40 mg, 2.09 • 10
-3

 mmol), Na2CO3 (530 mg, 5 mmol) and a drop of Aliquat 336 was 

degassed with nitrogen, then toluene (7.5 mL) and oxygen-free H2O (2.5 mL) were added. The 

resulting mixture was kept at 90 
o
C for 24 h. Subsequently cooled to ambient temperature, the 

mixture was then precipitated in methanol. The crude polymer was collected by filtration and 

then extracted on a Soxhlet’s extractor with acetone, hexane and chloroform in succession. 

The final polymer was obtained by precipitating the chloroform solution in methanol. 
1
H 

NMR (600 MHz, CDCl3, d, ppm): 9.33 (d, 2H), 7.88 (m, 2H). 7.4– 7.8 (m, 6H), 7.13 (s, br, 

2H), 3.8 m, br, 4H), 0.95–1.27 (m, br, 58H) 

2.2.1.3 Methods 

The UV-vis spectrum, CV, 
1
H NMR (both PDFI and PDTPI) and the BHJ OPV devices of 

PDFI was made according to the procedure described in 2.1.2. Transmission electron 

microscope (TEM) images were recorded on a Hitachi H-7650 transmission electron 

microscope at an accelerating voltage of 100 kV. The external quantum efficiency (EQE) was 

determined using a QEX10 system (PV Measurements).  

The CV of PDTPI was conducted on a different setup, being a CHI660B electrochemical 

analyzer (CH Instruments) using a three-electrode cell set-up with 0.1 M TATBF4 in 

acetonitrile as the electrolyte at a scan rate of 1 V s
-1

. A glassy carbon working electrode with 

a diameter of 1 mm, a platinum counter electrode, and an Ag/Ag
+
 pseudo reference electrode 

were applied. The material DTPI was tested against PC61BM as the acceptor. The PDTPI 

devices where tested Solar cells were measured with a Keithley 2400 source meter under a 

KHS 575 solar simulator with an AM1.5G 1000 Wm
-2

 intensity. 

Spin-coated single junction OPV: All the devices with PDTPI was coated on a poly(ethylene 

terephthalate) (PET) substrate, with a conductive PEDOT:PSS (Heraeus Clevious PH1000) 

was applied as charge collector, an electron transport layer (ETL) was deposited by spin 

coating of a solution of Al doped ZnO nanoparticles (dissolved in acetone, 49 mg mL
-1

) at 

1000 rpm, upon the ETL the active layer (AL) was spin coated from a DCB solution of the 

PDTPI:PC61BM with the weight ratio 1:2 (20 mg mL
-1

) at 600 rpm. A hole transport later 

(HTL) consisting of PEDOT:PSS (Agfa EL-P-5010 : isopropanol 2 : 1 w/w) was spin-coated 

at 3000rpm, and finally Ag was vacuum deposited as the back electrode. The active area of the 

device was 0.25 cm
2
. 
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Figure 23: A schematic illustration of the 3 different devices used for testing PDTPI. The left one being 
the spin-coated device structure, middle one for the roll-coated single junction structure and the right 
one is the devices structure of a rollcoated tandem device as reported in literature[72], [73].   

Roll-coated single junction OPV: The roll coated devices where slot-die coated on a 

substrate known as Flextrode, consisting the highly conductive PEDOT:PSS (Heraeus 

Clevious PH1000) as the charge collector and ZnO nanoparticles on a barrier material 

(flexible substrate) with a large scale roll-to-roll flexographic printed silver electrodes. As 

before the active layer comprised of PDTPI:PC61BM (1:X, weight ratio, 20 mg mL
-1

) and a 

HTL PEDOT:PSS (Clevious P VP Al 4083 and Clevious F-010) was slot-die coated on top. 

The method used has been reported by Andersen et al.[73] and Angmo et al.[74]. The back Ag 

electrode was applied by flexographic printing of a heat curable silver paste (PV410, 

Dupont)[73]. The active areas of these devices were all 1 cm
2
. 

Roll-coated tandem OPV: The tandem OPVs were fabricated similarly to the single junction 

roll-coated device as previously described. The layer composition is shown in Figure 23, 

firstly the front (relative) high-bandgap polymer was (either PBDTTTz-4 or P3HT) was 

coated in ratio 1:1 with PC61BM and then secondly the low-bandgap polymer PDTPI was 

coated in a ratio 1:2 with PC61BM. The two active layers where separated by PEDOT:PSS 

F010 (Clevious F-010), PEDOT:PSS Al 4083 (Clevious P VP Al 4083) and ZnO. Detailed 

description of the printing methodology have been reported by Andersen et al.[73]. 

 

2.2.2. MATERIALS CHARACTERIZATION 

All below shown figures are either unpublished data or adaptations of figures published in 

paper I [72]. The 
1
HNMR data and molecular weight (Mn) of the synthesized polymers are all 

shown in the materials and methods section 2.2.1. An essential parameter for the successful 

polymeric material in the OPV context is the absorbance spectrum. For the materials of PDTPI 

and PFI, the spectra are shown in Figure 24 and Figure 25, respectively. 
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Figure 24: Absorbance spectrum of PDTPI in a 
CHCl3 solution (black) and in film (red). 

Figure 25: Absorbance spectrum of PFI in a 
CHCl3 solution (black) and in film (red). 

When looking at the absorbance spectra, the first thing that stands out is the large difference 

between the onset of the absorbance between PDTPI and PFI, being approximately 900 nm for 

the PDTPI and 660 nm for PFI. This clearly emphasizes the difference between the two donor 

monomers DTP and Flourene (F). For PDTPI, it is found π-π* transition at 390 nm combined 

with the large broad peak with a maximum at approximately 790 nm, deriving from the ICT 

between the DTP donor moiety and i-ID. The film absorption of PFI has a maximum at 560 

nm, combined with two lower laying maxima at 465 nm and 328 nm. The π-π* transition 

peaks with the two low laying maxima (at 465 nm and 328 nm) and while the local maxima at 

328 nm is located at the same wavelength for both the film and solution, the maxima at 465 

nm is red-shifting slightly (5 nm) when going from solution to film. This could indicate that 

the lowest laying maximum derive from a molecular confirmation that does not interact more 

with the surrounding molecules when becoming solid. Therefore to assume the peak derives 

from the F moiety might be reasonable as the quaternary substituted carbon of the F moiety 

that somehow will counter act the intermolecular interaction. Li et al.[75] showed that the 

peak at approximately 450 nm  (in solution) derives from the i-ID π-π* transition, an 

interesting absorbance  characteristics is that native i-ID also shows a slightly D-A 

characteristics with two maxima. The absorbance of the PFI molecule has a very similar 

progression to a polymer also consisting of i-ID and 9,9-di-n-octyl-9H-fluorene[68], with a 

maximum  absorbance at approximately 560 nm.  The absorbance onset of PFI is low 

compared to that of PDTPI, this derives from the lower donor strength of the F moiety and 

also from the absorbance spectrum indicating a low interaction between the D-A components 

of the given polymer. An interesting characteristic of both PDTPI and PFI is that, going from 

solution to film, a blue shift occurs. This blue shift may originate from two aspects: 

1. Aggregation of the macromolecules are formed in solution (such as entanglement of 

the polymer chains) 

2. Interaction between the alkyl chains retarding the intermolecular π-π interactions.  

For the first point, the molecular aggregation has been illustrated by Yue et al.[76] where it 

was found that an array of planar D-A LGB polymers showed a blue-shift when going from 

solution to solid of 5-19 nm. The reported polymers comprised of DTP as donor and the 

acceptor moieties were pthalimide or thieno[3,5-c]pyrrolo-4,6-dione. It was observed that a 

blue shift of 5-13 nm could be introduced in a solution of CB when the temperature was 

increased from 25 to 70
o
C. This blue shift has been attributed to the breakup of inter-chain 
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aggregates at the higher temperatures, has  been shown in multiple cases[59], [77], [78]. For 

the second aspect listed, Ho et al.[79] demonstrated that the alkyl sidechains can reduce, or 

even counter the π-π stacking of the polymers containing i-ID. The polymer system that Ho et 

al. investigated was poly(cyclopentadithiophene-alt-isoindigo), where the 

cyclopentadithiophene (CPT) was alkylated with various branched or linear alkyl chains. They 

showed that sidechains can prevent a red shift, counter intuitively the linear n-octyl side chain 

in that study, showed a larger effect on the torsion of the polymer backbone. Torsion promotes 

the misalignment of the π-orbitals, which in turn will have a lower conjugation length e.g. blue 

shift. This behavior has also been reported by Stalder et al.[48] that showed a similar trend for 

copolymers consisting of i-ID and dithieno[3,2-b:2’,3’-d]silole copolymer. Taking this into 

account one would expect a system like the PFI to exhibit a blue shift, but this is very limited. 

The broadening of the absorbance seen in PDTPI indicates, despite all, a larger degree of π-π 

interactions. While the film of PFI does not show a similar trend, this could be due to the large 

degree of spatial interactions of the F donor moiety, which counteracts the π-π stacking due to 

its bulkiness. The broadening of absorbance can be attributed to such π-π interactions as well. 

Using Equation 2-1, the band gaps of molecules where; for PDTPI 1.38 eV (898 nm) and for 

PFI 1.8 eV (665 nm). Besides the optical properties, the energy levels of the orbitals are 

essential for the device performance.  
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Figure 26: Cyclic voltametry of the polymer 
PDPTI. 

Figure 27: Cyclic voltametry of the polymer PFI. 

The frontier orbitals are determined by CV, the results of the CV is shown in Figure 26 and 

Figure 27. The first thing to notice when comparing the two CV diagrams is that while the 

PDTPI is reversible PFI is not, on Figure 27 only the oxidation onset is shown. As discussed 

previously the lack of reversibility can derive from an electrochemical facilitate reaction 

occurring.  It should be noted that the measurements were conducted on two different setups. 

But the experimental conditions are comparable, as both CV measurements are conducted on 

drop-casted neat polymeric films without a controlled thickness. The HOMO levels of the 

polymeric films are determined using Equation 2-2; combined with the Eg the LUMO levels of 

the polymers are calculated.  

According to Deng and Zhang the general HOMO level of the i-ID polymers are in the range 

of -5.20 eV to -5.49 eV against vacuum. The relative low lying HOMO levels will potentially 

afford a high Voc when used in the devices. The HOMO level of the PFI polymer is lower than 

the expected, with a value of -5.75 eV. 
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Table 5: Photo-physical properties of the two conjugated polymers, the LUMO energy level is for PDTPI 
and PFI was found by combining absorbance onset and the ionization potential found via CV. 

Sample name λonset [nm] Eg [eV] Eox onset [V] EHOMO [eV] ELUMO [eV] 

PFI 665 1.86 0.95 -5.75
 

-3.89 

PDTPI 898 1.38 0.44 -5.23 -3.85 

The HOMO of the two polymers differs a bit, as the two donor moieties of the two polymers 

exhibit very different donating strengths. That is also why the band gaps of the polymers are 

different. The LUMO, which is directed by the i-ID moiety of the polymers, are nearly 

identically. The issue regarding the LUMO level is that PC61BM has a LUMO i between 4.02 

to 3.7 eV, depending on the determination method. Therefore the driving force for the charge 

separation is not optimal; this could end up being a problem. But looking in the literature, the 

LUMO levels falls very much in line with the reported LUMO levels shown in the review by 

Stalder et al. [69], where the LUMO levels of the reported polymers are ranging from -3.54 to 

-4 eV. The devices have been made at two different device testing facilities; therefore PFI is 

tested in a normal geometry device setup (small area 0.1 cm
2
) and PDTPI is tested in large 

area (~0.8 cm
2
) inverted cell geometry. 

2.2.3. PFI DEVICES 

The PFI polymer was tested both in regards to acceptor concentration and with regards to 

addition of additives. The donor (polymer) and acceptor (fullerene) content varied using 

different spin coating speeds. In Figure 28 and Figure 29 the devices of polymer PFI is shown, 

it can be seen that the highest voltage is obtained at the lowest spin speed for both ratios.  
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Figure 28: I/V characteristics of the best 
performing OPV devices of the donor PFI polymer 
with the acceptor PC71BM, the ratio was 1:2 
(donor:acceptor). At  different spin speeds 1000 
rpm (black), 1500 rpm (red), 2000 rpm (green) 
and 3000 rpm (blue). 

Figure 29: I/V characteristics of the best 
performing OPV devices of the donor PFI polymer 
with the acceptor PC71BM, the ratio was 1:3 
(donor:acceptor). At different spin speeds 1000 
rpm (black), 1500 rpm (red), 2000 rpm (green) 
and 3000 rpm (blue). 
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While the highest photo induced current is from the highest spin speeds, this indicates that a 

thin active layer exhibits a higher photocurrent, due to the smaller distance that the charge 

carriers has to travel. The correlation between thickness and spin speed has not directly been 

investigated; but the thickness of the active layer in the devices at 3000 rpm was determined 

by Dektak profilometer to be approximately 90 nm, while that of the devices at 1000 rpm was 

determined to be around 120 nm.  

Table 6: Device performance of the organic photovoltaics, using the four polymers PFI as the donor 
against the acceptor PC71BM; in various weight ratios. The polymer:fullerene films was spin coated 
from ortho-dichlorobenzene with a dry content of 30 mg mL-1. The values shown are the average of at 
least 4 devices. 

Ratio 

(D:A) 

Spin speed 

[rpm] 

Voc [V] Jsc [mAcm-2] FF[%] PCEaverage [%] PCEbest 

[%] 

1:2 1000 0.53±0.18 0.039±0.001 23.1±4.6 0.005±0.002 0.006 

 1500 0.48±0.16 0.053±0.002 22.9±6.5 0.005±0.002 0.008 

 2000 0.21±0.12 0.085±0.000 28.5±1.5 0.005±0.003 0.008 

 3000 0.28±0.08 0.175±0.007 26.3±5.0 0.016±0.005 0.023 

1:3 1000 0.57±0.01 0.055±0.001 26.4±0.4 0.0082±0.0001 0.008 

 1500 0.33±0.11 0.060±0.002 25.5±1.4 0.0050±0.0017 0.008 

 2000 0.27±0.15 0.106±0.005 23.4±6.3 0.0070±0.0052 0.014 

 3000
a 

0.12±0.06 0.234±0.000 27.0±1.7 0.0077±0.0040 0.011 

a) average of 2 devices due to bad film formation 

This 30 nm difference can facilitate this relative large difference in regards to Jsc and Voc. The 

summarized device data is shown in Table 6, where it can be seen that there is a large 

difference in both the average Voc and the average Jsc as shown for the best devices illustrated 

in Figure 28 and Figure 29. 

The efficiency of the devices with the D:A ratio of 1:2, spun at 3000 rpm, was the best 

performing, showing a PCE of 0.016±0.005 % and a maximum efficiency of 0.023%. Despite 

the highest PCE, the devices has a Voc of 0.28V  which is very low compared to that to state-

of-art solar cells with reasonable PCE’s. The increase in the current as function of the increase 

speed (invers proportional with thickness) indicates that there must be a high resistance and 

therefore a high degree of recombination. This could be due to low charge mobility. If the 

mobility is low, then recombination will be counter acting the efficiency of the device. But the 

low voltage of the device for the thin devices could be an indication of incomplete coverage 

that lowers the Voc of the device via shunting. 
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To investigate the reason behind the poor performance further, the charge carrier mobility has 

to be investigated. The mobilities have been determined via the space charge limited current 

(SCLC) method on hole only and electron only device, respectively.   

Table 7: Hole and electron mobility determined by SCLC measurements on hole and electron only 
devices of the polymer PFI and the acceptor PC71BM..  

Ratio [D:A] Spin speed [rpm] Thickness [nm] Electron mobility  

[cm2V-1s-1] 

Hole mobility  

[cm2V-1s-1] 

1:2 1000 125 3.431•10-4 5.154 • 10
-6 

 3000 93 1.934•10-4 -
a 

1:3 1000 129 6.871•10-4 1.926 • 10
-7

 

 3000 87 6.850•10-4 1.150 • 10
-4

 

a) not available   

The charge carriers mobilties are shown in Table 7 and while the electron mobility are in the 

same order of magnitude, the hole mobility varies with multiple orders of magnitudes. For the 

1:3 ratio devices, the electron mobilities are nearly identical as result of the high content of the 

highly conducting PC71BM. The difference between the electron mobility of the 1:2 ratio 

devices are slightly larger but still they show the same order of magnitude, the difference in 

mobility is that the increasing thicknesses also increase the mobility.  

The hole mobility is much more variating for the different ratios and different spin speeds. It is 

normally associated with the p-type material (donor polymer) which might be the reason for 

the low overall efficiency of the presented devices. According to the results, the poor 

performance can be ascribed to the low mobility.  

For the devices with the D/A ratio 1:3 casted at 3000 rpm, the relatively balance (compared to 

the other devices tested) between hole and electron mobility, might be why it performs 

superior to the others. Unfortunately the hole mobility of the devices with the D/A ratio of 1:2 

casted at 3000 rpm could not be determined, therefore it cannot be stated certainty whether or 

not it exhibited the same balance, as indicated by the relative (to the other devices) good 

performance.  
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Figure 30: TEM picture of the active layer film 
(PFI:PC71BM = 1:2) casted at 3000rpm. The left 
image has the scale bar of 0.5 µm and the right 
has a scale bar of 200 nm. 

Figure 31: TEM picture of the active layer film 
(PFI:PC71BM = 1:3) casted at 3000rpm. The left 
image has the scale bar of 0.5 µm and the right 
has a scale bar of 200 nm. 

TEM images were made for the for the active layer film with two different ratios between PFI 

and PC71BM, but at the cast at the same spin speed. It is clear that the morphologies show a 

tendency to form large domains of nearly 100 nm size. The TEM method does not account for 

the different materials of these domains but only represent different electron densities around 

the matrix. This difference could therefore indicate the formation of domains that are not 

favorable for the device performance. Therefore the low performance of the devices is 

possible partly ascribed to both the large imbalance of the charge carrier mobility and the 

presence of unfavorable domains sizes in the film. 

2.2.4. PDTPI DEVICES  

The PDTPI polymer was used in another type of OPV device, as this material has been tested 

in a more scalable setup using both vacuum free processing and ITO free substrates. The 

PDTPI was tested in inverted devices geometry. The device geometry was chosen as this 

method has been shown to be readily scalable [80]. In Figure 32 the photovoltaic performance 

of both the roll coated and the spin coated devices are shown. In can be seen that despite the 

active area of the spin coated device is only 0.25 cm
2
 compared to the 1cm

2 
area of the roll 

coated one, an increase in Jsc is observed with increased active area, which is opposite to what 

in normally expected.  
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Figure 32: The photovoltaic performance of the roll-coated and the spin coated single junction solar 
cells with different PDTPI: PC61BM ratios and film thicknesses. D:A ratio of 1:2 two thickness is 
presented; 270 nm (black) and 180 nm (red). For the D:A ratio of 1:1 one thickness is presented; 280 
nm (blue). The thickness of the active layer of the spin coated cells were estimated to be 160-200nm and 
the D:A ratio was 1:2 (green). Adapted from paper I [72]. 

The photovoltaic I/V performance of the devices are shown in Table 8. The increase in 

efficiency could be due to the utilization of different PEDOT:PSS based top-electrodes. The 

top electrode of the spin coated device was the Agfa EL-P5010 whilst the roll-coated devices 

utilized a 3 layer PEDOT-PSS electrode as shown in Figure 23. The different electrodes will 

account for some of the different performances of the devices, deriving from the production 

method. The two production method must result in different morphologies as the different 

evaporation rate will have a strong impact on the morphology, influencing the Jsc, as is 

observed: an increase for the device going from a spin coated device to a roll-coated device. 

But the morphology will not be investigated further in this study. 

Table 8: Summarized I/V-performance of both the spin coated and roll coated devices, with the donor 
(D) PDTPI and acceptor (A) PC61BM. Adapted from paper I. 

D:A ratio Thickness[nm] Voc [V] Jsc [mA cm
-2

] FF [%] PCE [%] 

1:1 280 0.42±0.01 -4.6±0.2 32.2±0.6 0.62±0.05 

1:2
a 

160-200
b 

0.49 -3.69 40.3 0.72 

1:2 180 0.45±0.04 -4.95±0.18 40.9±1.1 0.92±0.05 

1:2 270 0.46±0.04 -5.25±0.28 41.3±1.4 0.99±0.08 

a) Spin coated sample b) Estimated thickness 

An increase in FF is observed when comparing the spin coating technique with the roll coating 

one; this difference might also be partly ascribed to the improved interface of the 3 layer 

electrode design, compared to the single layer design via spin-coating. This increase could 

also be ascribed to the increase in charge carrier transport in the active layer; both reasons will 

improve the collection of free charge carriers leading to the observed increment of the Jsc, as 



CHAPTER 2 - LOW BANDGAP D-A POLYMERS 

55 

the unfavorable recombination of the free charge carriers are reduced. Two different film 

thickness have been shown, and it can be seen that increasing the thickness slightly increases 

the efficiency, the decreased PCE of the thinner film device is mainly associated with the 

decrease of the Jsc which most likely is from the lower absorbance, as the other device 

parameters are unaffected by the changed thickness. The best performing device setup was 

that with the 1:2 weight ratio of PDTPI:PC61BM, with an active layer thickness of 280 nm. 

The device achieved a PCE of 0.99%, Voc of 0.46 V and a Jsc of 5.25 mA cm
-2

. It should be 

noted that the Flextrode has a decreased transmission from 60% to 35% in the wavelength 

interval of 600-900nm [81], where the PDTPI has the highest absorbance and therefore 

highest EQE (see Figure 33). 

As shown in Figure 24, the absorbance of PDTPI is primarily located in the long wavelength 

area (from 600-900 nm). This discontinues nature of PDTPI might have an impact on the 

performance of the devices, as light that is not absorbed cannot be converted into electricity. 

Therefore an EQE measurement has been conducted and the results are shown in Figure 33.  
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Figure 33: External quantum efficiency 
measurement of the PDTPI:PC61BM (1:2)  device 
(blue) combined with the absorbance spectrum of 
PDTPI (black).  

Figure 34: Absorbance spectra of P3HT (red), 
PDTPI (black) and PBDTTTz-4 (blue). Adapted 
from paper I. 

The EQE has, as shown in Figure 33, the same overall progression as the absorbance of the 

PDTPI polymer. The EQE has local maxima at 450 nm and 790 nm, with an EQE approaching 

20%. And in between these, a local minimum of the EQE (12.5%) are found, in the region of 

400-600 nm. This makes PDTPI an excellent candidate for a low bandgap polymer, as its 

absorbance spectrum can readily be compensated by a higher gap polymer in a tandem device. 

An example of these high bandgap polymers could be; P3HT and PBDTTTz-4 [82]–[84] as 

these present an ideal compensation in light harvesting on PDTPI, as illustrated in Figure 34. 

This lead to the testing of RC tandem photovoltaics as described in 2.2.1 and the I/V 

characteristics can be seen on Figure 35. It can be seen that the Jsc of the P3HT:PDTPI device 

is underperforming compared to the devices of PBDTTTz-4:PDTPI. 
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Figure 35: The photovoltaic I/V characteristics of the best performing tandem junction devices of PDTPI 
as the low-bandgap polymer. The combinations are as following PBDTTTz-4 (155 nm):PDTPI (350 nm) 
(red line), PDBTTTz-4 (290 nm):PDTPI (350 nm) (black ), and P3HT (180 nm):PDTPI (270 nm) (blue). 
Adapted from paper I. 

The device with P3HT is actually performing worse than the single junction device. The Voc of 

the P3HT devices are slightly lower than the theoretical maximum, which can be determined 

by the sum of the single junctions Voc’s. This is not the case for the PBDTTTz-4 devices, were 

the total Voc approaches the sum of the two sub cells. The increments of the Voc between the 

two devices are a result of the increased thickness of the front electrode derives from the 

uneven surface of the flextrode; where silver spikes will result in shunting that lowers the Voc 

of the device[73], [85].   

Table 9: Summarized I/V-performance of the roll coated tandem devices. Utilizing PDTPI as the low-
bandgap polymer combined with either P3HT or PDBTTTz-4, as the high bandgap polymer. Adapted 
from paper I. 

Sample name 

(thickness) 

Voc [V] Jsc[mAcm-2] FF[%] PCE[%] PCE[%] 

PDBTTTz-4 (155 nm) 

PDTPI  (350 nm) 

0.95±0.01 -2.83±0.98 33.9±3.8 1.12±0.23 1.40 

PDBTTTz-4 (290 nm) 

PDTPI  (350 nm) 

1.08±0.09 -4.60±0.32 32.9±0.52 1.63±0.05 1.73 

P3HT (180 nm)         

PDTPI (270 nm) 

0.85±0.01 -2.49±0.07 35.2±0.1 0.74±0.01 0.75 

 

In Table 9 the key parameters of the photovoltaic performance is noted, where it can be seen 

that the best performing tandem device was  the device consisting of a  front layer consisting 

of 290 nm PDBTTTz-4 a back layer consisting of 350 nm PDTPI with a PCE of 1.73% 
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2.2.5. SUMMARY OF THE ISOINDIGO CONTAINING OPV DEVICES 

The two different i-ID containing materials where synthesized and characterized; the first 

being a relative high-bandgap copolymer PFI, consisting of alternating 9,9-dioctylfluorene and 

di(2-ethylhexyl)isoindigo which was polymerized via a Suzuki coupling reaction; the second 

polymer was a low-band gap polymer consisting of alternating di(2-ethylhexyl)isoindigo and 

N-(1-pentylhexyl)dithieno[3,2-b:20,30-d]-pyrrole moieties which was polymerized via Stille 

coupling reaction. The polymers showed different absorbance onset, for PFI the onset was 665 

nm affording a bandgap of 1.85 eV and for PDTPI the onset was 898 nm resulting in a 

bandgap of 1.38 eV. The two different bandgaps are a result of very different HOMO energies 

being -5.75 eV and -5.23 eV for PFI and PDTPI, respectively. This is assumed to derive from 

the different donor units of the two copolymers which have relatively different donor 

strengths. The LUMO levels are as expected, rather similar being -3.89 eV and -3.85 eV for 

PFI and PDTPI, respectively.  

In regards to the device performance, the two polymers showed remarkable different traits. 

For the PFI polymer small area devices (0.1 cm
-2

) were fabricated using a normal device 

geometry ITO/PEDOT:PSS/active layer/Ca/Al and through optimization an efficiency of only 

0.016% with a low Voc of 0.28 V and a Jsc of 0.175 mA cm
-2

. The best performance was 

obtained for a device with the active layer consisting of 1:2 weight ratio between PFI and 

PC71BM and a layer thickness of approximately 90 nm (Figure 28). The low performance was 

contributed primarily to both the low electron mobility, being 1.93•10
-4

 cm
2
V

-1
s

-1
 and TEM 

images (Figure 30) also showed a large inhomogeneous nature of the prepared films, which 

could indicate a large phase separation thus resulting in a low exciton dissociation that will 

lower the photo induced current. 

The PDTPI polymer was tested in inverted device geometry and tested both as a small area 

(0.25 cm
2
) spin coated device and large area (1 cm

2
) roll-coated device. The devices fabricated 

using PDTPI were all ITO-free and non-vacuum techniques applied. The small area devices 

afforded a efficiency of 0.72%, with a Voc of 0.49 V and a Jsc of -3.69 mA cm
-2

, thus showing 

a much higher potential than the other i-ID based polymer. The medium area device showed a 

maximum efficiency of 0.99% with a Voc of 0.46 V, Jsc of -5.25 mA cm
-2

 and FF of 41.3 %. 

Due to the absorbance characteristics of PDTPI and the resulting EQE of the devices, this 

polymer was tested in a tandem OPV stack with the relative high-bandgap polymer of 

PDBTTTz-4 to afford a tandem device with a PCE of 1.73 and a Voc of 1.08 V.  

This study clearly emphasizes the structural dependency of donor moiety on HOMO level of 

the D/A polymer, while the LUMO level is clearly controllable via the acceptor moiety. 
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CHAPTER 3. NOVEL N-BORYLATED 
CARBAZOLE FOR HIGH PERFORMANCE 

OPVS 

3.1. MOTIVATION 

As described in Chapter 2, there has been a large focus on developing electron-deficient 

moieties, an attractive one is the three-coordinated boron (B) atom due to its vacant π orbital 

making it a relative strong acceptor [86]. 

B R

R

R

B X

R

R
B

RR

R

Dbase

 

Scheme 10: Illustration of the orbital configuration of three coordinated boron through π-interactions or 
complexation between Lewis base and Lewis acid. Inspired by Jäkle [86] 

In Scheme 10, the orbital structure of the boron containing system is illustrated, presenting 

how boron can obtain the octet configuration either via π-overlap with an appropriate 

substituent (X in Scheme 10) or via Lewis-acid and Lewis-base interaction (Dbase, is the Lewis 

base). These interactions have drawn attention, as they pose a change to the placement of the 

frontier orbitals, which affects their photo physical properties. The boron atom poses another 

interesting characteristic, as it is more electro positive than carbon, which in turn makes it an 

σ-donor[87], [88]. The stability of the boron is the largest concern in regards to utilizing the 

interesting electron properties, as it can readily can undergo hydrolysis reactions with moisture 

via a nucleophilic attack in ambient atmosphere, by e.g. H2O [87]. However, this can be 

prevented by introduction of a bulky functionality that affords a steric/kinetic hindrance of 

reaction. The protective group applied in this work is a mesitylene group (Mes, 2,4,6-

trimethylphenyl) that forms a cage of electron clouds around the vacant π-orbital preventing 

unfavorable reactions (see the left figure in Scheme 11). 

B
R B N B

-
N

+
B N

 

Scheme 11: Stability improvement on boron: Left: an illustration of the sterically hindrance of the π-
orbitals of the boron by functionalizing with 2,4,6-trimethylphenyl (Mes); Right: the molecular 
interactions of a direct N-B bond and the interactions of these. Inspired by Entwistle et al.[89]. 

Many interesting molecular properties have been shown in numerous applications in 

literature[86], [90], [91]. Beside small molecule applications[88], [92]–[94], polymeric 

materials where B is introduced into the system have been performed via different approaches. 



RASMUS GULDBÆK BRANDT PH.D.-DISSERTATION 

60 

Firstly, by direct introduction into back-bone, which was sparked by Matsumi et al.[95] 

reporting a synthesis of a π-conjugated system via poly-addition using a hydroboration 

reaction between an array of diethynyl-aromatic compounds, such as 2,7-diethynyl-flourene 

and 1,4-diethynyl-phenyl. This afforded analogs to the known polymer poly(phenylvinylene) 

(PPV), differing only with the introduction of a boron as a π-linkage. Then series of reports 

have followed, e.g., Sundararaman et al. [96]  revealed the incorporation of boron into the 

backbone of polythiophene, which was protected kinetically by different protective groups. It 

was found that these groups, being types of an aromatic, had a large effect on the absorbance 

and emission characteristics of the polymers. This was taken as proof of the large π-interaction 

of the back-bone. Secondly, two similar approaches can be taken to implement pendant side-

functionalization of boron: 1.) Directly grafting the appropriately protected boron-group onto 

a functional monomer, then polymerized the monomer forming a conjugated back-bone, as 

illustrated by Zhao et al.[97]. They  synthesized and characterized a relative versatile 1,2-

diboryl-1,4-phenylene monomer for polymerization via the triple bond resulting 

poly(aryleneethynylene) [97]. The borylated monomer presented stability towards 

Sonogashira reactions using Pd(0), and resulted in highly emissive polymers both in solution 

and more importantly in solid. It has been argued by Yuan et al.[98]; that the acceptor strength 

of the B atom is comparable to moieties such as -NO2 and –CN; 2.) Post modification on the 

polymer backbone with a boron containing reactant, where the boron was directly grafted to 

the polythiophene backbone, this modification afforded a significant red shift on its 

absorbance, thus lowering the Eg compared to an equivalent silylated polythiophene polymer, 

which supports the notion that the boron functionality is an acceptor type. Thirdly, a similar 

approach that could be called “pendant with aromatic spacer” as illustrated by Reitzenstein et 

al.[99] with an array of N-p-(diarylboryl)phenyl substituted 2,7 or 3,6 linked polycarbazoles. 

They found that borylation on 2,7 linked polycarbazole did not change absorbance or emission 

spectrum when comparing to its controlled reference polymer, while borylation on the 3,6 

linked carbazole resulted in pronounced influence on the optical properties (enhanced 

fluorescence quantum yield). This was ascribed to the difference in the conjugation along the 

polymer backbone between the 2,7 and 3,6, where the latter is interrupted by the presence of N 

atom making it more susceptible for changes in the pendant side chain. The 3,6-linked N-p-

(diarylboryl)phenyl substituted polycarbazol was considered a viable candidate for the 

OLEDs. The changes in the molecular dynamics are ascribed to the introduction of boron due 

to charge transfer between the electron rich carbazole moiety and the electron poor -BMes2. 

This derives from the process of charge stabilization; therefore such system can stabilize both 

formed cations and anions[93], [94].  One way circumventing the spatial dimension is to 

directly attach boron to nitrogen, whose bonding is comparable to the isoelectronic C=C bond. 

It has been shown in literature to afford less π-electron delocalization than a similar 

“aromatic” benzene derivative[100]. This N-B bond can support a nonaromatic quinonoid 

from, with a partial positive charge on the N atom and partial negative charge on the boron 

atom (shown in Scheme 11); although it should be noted that such a polarization does not 

result in a net charge polarization[89]. Despite the growing interest in borylated carbazole 

polymer, only little work has been done in investigating these polymers performance in the 

field of organic photovoltaics, which is the scope of this work[101].  Therefore, on the basis of 

Taniguchi et al.[102], been designed, synthesized, and investigated the photo physical 

properties of a 9-BMes2 modified 3,6-dibromocarbazole as a monomer, and polymerize it into 

conjugated polymers for OPVs.  
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3.2. MATERIALS AND METHODS 

3.2.1.1 Materials 

All materials were synthesized according to literature procedure as introduced in the details 

below. Chemicals taken were of commercial grade, and used without further purification, if 

not stated otherwise. 

3.2.1.2 Syntheses 

Br

N

B

Br

Br

1. Mg turnings, I2

2.  BF3 O (CH2CH3)2

3. 3,6-dibromocarbazole

4 n - BuLi (hexane)

dry THF



 

Scheme 12: The synthesize of 3,6-dibromo-N-(dimesitylboryl)carbazole (borylated carbazole (BC)). 

3,6-dibromo-N-(dimesitylboryl)carbazole (BC). As fully described by Sveegaard [103], 

1.38 g of magnesium turnings (56.7 mmol, 2.84 eq.) activated by a iodine crystal that was fed 

into a dry two-necked flask. 50.0 mL of dried THF was added, then followed by the addition 

of 8.50 mL of 2-bromomesitylene (11.1 g, 55.5 mmol, 2.78 eq.) in one portion, all under inert 

atmosphere. Once mesitylene Grignard reagent was initiated by heating, gentle reflux was 

maintained using an icebath to avoid violent boiling. When the frothing stopped, the solution 

was heated to reflux, until all the magnesium turnings were dissolved (1.5-2 hours). 2.80 mL 

boron trifluoride diethyl etherate (3.22 g, 22.7 mmol, 1.14 eq.) was dropwise added and the 

solution was refluxed for another three hours, followed by cooling to ambient temperature, 

yielding a white precipitate and a yellow-orange solution. Then 6.51 g of 3,6-

dibromocarbazole (20.0 mmol, 1.00 eq.) was dissolved in 50.0 mL of dry THF in a dry one-

necked flask under argon atmosphere and cooled to -78 
◦
C. 8.50 mL 2.50 M n-BuLi in hexane 

(21.3 mmol, 1.06 eq.) was added dropwise to the carbazole under violent stirring and stirred 

for 2.5 hours. The liquid from the dimesitylboron fluoride-flask was transferred to the 

carbazole-flask at -78
o
C under vigorous stirring, taken to room temperature and then the 

solvent was immediately removed in vacuum at room temperature. The solids were extracted 

with pentane and the pentane phase was dried in vacuum. The solid was recrystallized from 

ethyl acetate. Yield: 5.58 g (9.73 mmol, 48.7 %) as snow white, glinting crystals.
 1

H NMR 

(CDCl3, δ, ppm); 8.06 (s, 2H), 7.22(d, 2H), 6.84 (s, 4H), 6.77 (d, 2H), 2.35 (s, 6H), 2.01  (s, 

12H). 
13

C NMR (CDCl3, δ, ppm): 142.41, 141.14, 139.93, 129.92, 129.10, 128.87, 122.66, 

117.15, 116.24, 22.02, 21.47. Carbon atoms coupled to boron atom were invisible due to the 

rapid quadrupolar relaxation. 
11

B NMR (CDCl3): δ=58.80. FT-IR: 3049-2829, 1604, 1468, 

1431, 1294, 1285, 1275, 845 cm
-1

 (No N-H stretching found). Melting point: 245-255 °C.   
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Scheme 13: The synthesize of the borylated polymer PBCBDTTT via stille cross-copupling between 
3,6-dibromo-N-(dimesitylboryl)carbazole and 2,6-bis(trimethyltin)-4,8-di(5-(2-ethylhexyl)thiophene-
2-yl)benzo[1,2-b:4,5-b′]dithiophene. 

PBCBDTTT. A mixture of 3,6-dibromo-N-(dimesitylboryl)carbazole (50 mg, 87µmol, 1.00 

eq),  2,6-bis(trimethyltin)-4,8-di(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-

b′]dithiophene (79 mg,  87 µmol 1.00eq), tris(dibenzylideneacetone)dipalladium (Pd2dba3, 2 

mg, 1.75 µmol, 2 mol%), and tri-o-tolylphosphine (P(o-Tol)3, 14 mg, 13 µmol, 14 mol%) was 

degassed twice via vacuum, followed by nitrogen purging. They were then dissolved in 

toluene (15 mL) and the degassed via three freeze-pump-thaw cycles. The solution was kept 

under an inert nitrogen atmosphere and heated to 120°C for 48 h. The product was then 

precipitated in methanol. The obtained polymer was further purified via two consecutive 

precipitations from chloroform. The obtained product PBCBDTTT was a yellow solid (70 

mg). (also see in article III in the Appendix). 
1
H NMR (CDCl3, δ, ppm) 7.90-8.05 (s, 2H), 

7.62-7.75 (m, 4H), 7.34 (d, 2H), 7.17 (s, 2H), 7.07 (s, 2H), 7.00 (s, 2H), 6.77-6.83 (m, 2H), 

2.96-3.02 (d, 4H), 2.15-2.50 (m, 16H), 1.60-1.81 (m, 2H), 1.30-1.50 (m, 18H), 0.96-1.05 (m, 

12H). 
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Scheme 14: The synthesize of the polymer PBCQT from a direct arylation polymerization between 3,6-
dibromo-N-(dimesitylboryl)carbazole and 3,3”’-didodecyl-2,2’:5’,2”:5”,2”’-quaterthiophene. 
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PBCQT. 3,3”’-didodecyl-2,2’:5’,2”:5”,2”’-quaterthiophene (300.1 mg, 0.450 mmol, 1.00 eq.),  

3,6-dibromo-N-(dimesitylboryl)carbazole (57.7 mg, 0.450 mmol, 1.00 eq.), Ni(dppp)Cl2 (2.50 

mg , 4.61 µmol, 1 mol%), and dry THF (20.0 mL) was added inro a dry two-necked flask 

under argon atmosphere. TMPMgCl · LiCl (1.10 mL, 0.9 M, 0.990 mmol, 2.20 eq.) was added 

dropwise and the solution was refluxed for 48 hours. The solution was poured into 100 mL 

methanol and the precipitated red solid was filtered and washed with methanol. The solid was 

dried in vacuum at 50 °C. The obtained product PBCQT was a deep red solid (169 mg). (also 

see in article III in the Appendix) 
1
H NMR (CDCl3, δ, ppm) 7.82-7.91 (m, 2H), 7.39-7.51 (m, 

2H), 7.10-7.22 (m, 4H), 7.06 (s, 2H), 6.91-6.99 (m, 4H), 6.71 (s, 2H), 2.11-2.85 (m, 18H), 

1.28-1.68 (m, 44H), 0.91 (t, 6H). 
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Scheme 15: The synthesize of the polymer PBCDPP via a Suzuki cross-coupling polymerization between 
3,6-dibromo-N-(dimesitylboryl)carbazole and 3,6-bis(5-boronicacidpinacolesterthiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dion. 

PBCDPP. 3,6-bis(5-(boronic acid pinacol ester)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-

(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dion (0.077 g, 0.135 mmol), 3,6-dibromo-N-

(dimesitylboryl)carbazole  (0.1  g 0.13 mmol), and 7 mg (3 mol %) of 

tetrakis(triphenylphosphino)palladium(0) were dissolved in 5 mL of toluene, degassed twice 

and stirred at room temperature for 30 min. Subsequently potassium carbonate (0.141 g, 1.02 

mmol) and tetrabutylammonium bromide (10 mg) were dissolved in 2 mL of water and added 

to the reaction mixture in a nitrogen atmosphere. Then the reaction mixture was heated and 

refluxed under nitrogen for 72 h. After cooling, 100 mL of acetone was added. The precipitate 

was filtered and washed with acetone, 2 M hydrochloride acid, and acetone, successively. The 

polymer was collected as dark blue powders and dried under vacuum for 24 h. 
1
H 

NMR(CDCl3, δ, ppm) 8.91-9.05 (m, 2H), 8.25-8.37 (d, 2H), 7.64-7.78 (m, 2H), 7.40-7.52 (m, 

4H), 7.02-7.28 (m, 4H), 2.38-2.41 (m, 2H), 1.44-1.64 (m, 16H), 1.28-1.42 (18H), 0.90-0.96 

(m, 12H). 
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Scheme 16: The synthesize of the polymer P3HTBCBT from a random Suzuki cross-coupling 
polymerization between 3,6-dibromo-N-(dimesitylboryl)carbazole and 2,5-dibromo-3-hexylthiophene 
and 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester). 

P3HTBCBT. A flask was charged with 3,6-dibromo-N-(dimesitylboryl)carbazole (250.0 mg, 

0.43 mmol), 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (356.5 mg, 0.91 

mmol) and 2,5-dibromo-3hexylthiophene (97 µL, 0.45 mmol). The solids were dissolved in 25 

mL toluene. A catalytic amount of tetrakis(triphenylphosphino)-palladium(0) was added 

together with aqueous potassium carbonate (2M, 2mL). The mixture was degassed utilizing 10 

consecutive pump-purge (with N2) procedures. The mixture was heated to 90
o
C and kept 

under inert atmosphere for 72 h until changing to deep red from colorless with green 

fluorescents. The polymer was obtained by precipitation in acetone, resulting deep red solid. 

Due to the complexity of the 
1
HNMR data of this random copolymer, the acquired 

1
H-NMR 

data was not presentable. 

3.2.1.3 Methods 

The CV, NMR (
1
H, 

11
B and 

13
C) UV-vis, SCLC and OPV devices were all obtained using the 

methods described in section 2.1.1.3. The FTIR data was obtain on a Varian 610-IR with an 

ATR diamond crystal as sample holder.  

Molecular simulations it was conducted at the B3LYP level with the basis set 6-31G(d,p) 

using Gaussian 9, and visualized by Gaussian Viewer 5 (GW5). The alkyl side functionalities 

have been reduced to methyl groups to reduce the calculation load of the simulations. 

3.3. MATERIALS CHARACTERIZATION 

3,6-dibromo-N-(dimesitylboryl)carbazole: molecular simulations: To confirm the 

synthesis of the BC monomer, a computational analysis was conducted and then compared 

with the experimental FTIR data. 
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Figure 36: Comparison between the computational (BC (black) and 36BrC (green)) and the 
experimentally obtained vibrational data(BC (red) and 36BrC (blue)).  

In Figure 36, both simulations and the experimentally acquired frequencies are presented. 

Notable mismatch of the signals over 3250 cm
-1 

between calculated and experimental data was 

found for 3,6-dibromocarbazole (36BrC) (blue and green, respectively). The mismatch is 

approximately 284 cm
-1

, as simulated 36BrC shows a signal at 3684 cm
-1

 whilst the 

experimental data shows a signal at 3400 cm
-1

. Using table values and GaussianViewer (GW) 

this signal is determined to derive from stretching of the proton nitrogen bond in the secondary 

amine of the carbazole (see Scheme 12). The peaks from 1600 to 1000 cm
-1

 derives from the 

carbon-carbon stretch of the aromatic rings in the carbazole.  While the peak at approximately 

890 cm
-1

 derives from the symmetric stretching of the two carbon-bromo bonds, these are 

presented in both 36BrC and BC. Therefore it can be concluded that bromo functionality of 

the 3,6-dibromocarbazole is not modified under the synthesis of the N-B bond, which could 

occur under the application of the n-BuLi. It is expected that the large experimental mismatch 

between the modelled and the experimental data (mainly on the determined N-H stretch) 

derives from an inherent difference between the two systems, as the calculated data was based 

on the single molecular behavior in vacuum while the experimentally acquired data is from 

solid phase. Therefore the frequencies might be affected by the intermolecular hydrogen 

bonding occurring in the solid phase and this is not taken into account in the single molecule 

in vacuum simulations. The lack of N-H stretch in compound BC is ascribed to the removal of 

the hydrogen and the presence of the newly formed N-B bond. This is also supported by the 

relative strong signal in the area of 1350 cm
-1

, using GW’s vibration function this large signal 

is ascribed to the N-B stretch. Using the modelled data and combining the emerging of a 

signal in this area after the borylation advocates the formation of the N-B bond. This is 

furthermore evidenced by the increased signals in the region of 2750 to 3250 cm
-1

, i.e., the 

stretching of the aromatic C-H bond and the C-H stretch of the methyl groups on the 

mesitylene groups attached to boron. So a successfully synthesized BC material had been also 

agreed by 
1
H- and 

11
B-NMR studies.  

3.3.1. MOLECULAR SIMULATIONS OF BORYLATED COMPOUNDS 

As mentioned above, the molecular simulations were conducted to investigate both the 

molecular geometric configuration and the electron distribution as a result of the introduction 

of the boron atom.   
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Figure 37: The geometrically optimized structure of PBCBDTTT (left), PBCDPP (middle) and PBCQT 
(right) 

The geometrically optimized polymers PBCBDTTT, PBCDPP and PBCQT are exhibited in 

Figure 37 the P3HTBCBT has been ignored for calculations due to its complexed random 

copolymer structure. It should be noted that the dodecyl segments on the β-position carbon of 

the thiophene moiety directly bonded to carbazole unit (shown in Scheme 14) has been 

omitted in the simulation of PBCQT. For the PBCBDTTT the 2-ethylhexyl of the pendant 

thiophenes has been completely omitted, as it is assumed that it does not influence the electron 

density of the moiety nor the dihedral angle. For the DPP moiety the amine alkyl modification,  

2-ethylhexyl is reduced to a methyl as a thorough omission might influence both the electron 

density and the dihedral angle. The dihedral angle between the BC moieties and the respective 

donor moieties are ranging from 25.0 to 26.6
o
. These angles are comparable with those 

between carbazole and DTBT moieties in the copolymer of (4-hexyl-2-thienyl)-2,1,3-

benzothiadiazole (d3HTBT) and  3,6 linked N-alkylcarbazole with its dihedral angle of 37
o
, 

reported by Fu et al. [104], while the none-alkylated thiophene derivative (2-thienyl)-2,1,3-

benzothiadiazole (dTBT) also polymerized via the 3,6 position of the N-alkylcarbazole had a 

torsion of 14
o
.  

Fu et al. [104] explored that the functionalization of the β-position carbon facing the carbazole 

rings will result in a larger torsion than a unsubstituted carbon. Comparing this situation with 

the modelled compounds of this study, it would be expected that the angle was slightly lower 

due to lack of steric interference from the thiophene units. This torsion could therefore derive 

from the introduced dimesityl-boryl groups on the carbazole. Berton et al.[105] modelled a 

similar system to Fu et al.[104], although using a slightly different basis set 6-31G* compared 

to the 6-311+G* (both B3LYP), determined a similar angle of 26
o
 for a unsubstituted β-

position carbon facing the carbazole rings. This could therefore indicate that the dimesityl-

boryl modification of the carbazole does not have an impact on the dihedral angle between the 

carbazole and the adjacent moiety. Although the conducted simulations at the B3LYP/6-

31G(d,p) level have been done in vacuum and only for one set of components, this will 

influence the dihedral angle and also the packing, e.g., spatial interactions of the moiety will 

not be considered during the simulations. One would expect the rather sterically hindered 

dimesitylene groups having a negative influence on π-π stacking of the polymers. The 

simulations can also give an indication of the distribution of electrons, i.e., the frontier orbitals 

being the HOMO and the virtual LUMO. 

As for the optimized structures, the frontier orbitals are also determined at B3LYP/6-31G(d,p) 

and can be seen in Figure 38. The HOMO orbitals are found being distributed all along the 

backbone, even though the aromatic ring of BC facing away from the adjacent moiety in these 

simulation does not seem to be inter-connected. This disconnection across the carbazole 

moiety has been discussed by Fu et al.[106]  arguing that a 3,6-carbazole breaks the 
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conjugation in the 5 membered pyrrole ring of the carbazole. This conjugation break could 

therefore explain that the ring facing away from the adjacent moiety seemingly does not 

interact with the connected moiety. This isolation is also seen by Azazi et al.[107], they 

observed that the HOMO orbital of a coupled 3,6-carbazole with a DTBT moiety are 

distributed along the DTBT moiety and only half of the 3,6-carbazole unit. When discussing 

the interactions between BC and the different moieties, it becomes apparent that majority of 

the orbitals are arranged around other moieties rather than BC.  

 

 PBCBDTTT PBCDPP PBCQT 

  

 

HOMO 

 

 
 

 

 

LUMO 

 

  

Figure 38: The frontier orbitals (top, HOMO) and (bottom, LUMO) for the optimized structure at the 
B3LYP/6-31G(d,p) level of PBCBDTTT (left), PBCDPP (middle), and PBCQT (right).   

As expected, the HOMO of PBCBDTTT is distributed all along the backbone but mainly 

located on BDTTT, meaning that the HOMO electron density in BDTTT region is much 

higher than in the BC moiety. It also becomes interesting when observing the LUMO level, as 

a large fraction of it, is distributed on the boron atom of the dimesitylene boryl side group of 

the BC moiety, exhibiting a connection between the medium strength donor BDTTT and the 

boron atom of the BC [44]. This strengthens the idea that the π* of the boron atom can act as a 

pseudo acceptor, which could result in a quasi D-A structure of PBCBDTTT despite BDTTT  

being a donor and native carbazole also exhibit an electron donating property. For PBCQT, 

the HOMO orbitals show the same characteristics as in PBCBDTTT where the HOMO 

orbitals are located all along the back bone. The same pseudo acceptor characteristics are also 

apparent on the PBCQT where the boron atom also has a fraction of the LUMO orbitals, but it 

should be noted that this fraction is much lower for the boron atom in PBCQT than that in the 

modelled PBCBDTTT. In general, such partial LUMO distribution on B atom in carbazole 

unit linked with either BDTTT or QT still presents the pseudo acceptor characteristics. The 

narrative is slightly different when considering PBCDPP being a strong electron acceptor; the 

HOMO orbitals are also located all along the back bone, while the LUMO is distributed on the 

DPP moieties and only slightly on boron atom. This is assumed to derive from the stronger 
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electron withdrawing capabilities of the DPP moiety compared to that of the boron atom. 

Using the modelling data, we estimate the HOMO and LUMO levels and thereby band gap of 

the materials, as can be seen in Table 10. 

Table 10: The theoretically obtained HOMO and LUMO values for the polymers PBCBDTTT, PBCDPP 
and PBCQT determined at the B3LYP/6-31G(d,p) level. 

Compound HOMO [eV] LUMO [eV] Eg [eV] 

PBCBDTTT -5.08 -1.60 3.48 

PBCDPP -4.78 -2.46 2.31 

PBCQT -4.83 -1.92 2.92 

 

In Table 10, the energy levels are given, and it becomes quite clear that the Eg of these 

polymers are high, the polymer PBCBDTTT would, if these calculations were accurate, be 

considered as an insulator rather than a semiconductor. As the modelled data represents the 

estimated values for a dimer in vacuum, many effects are not considered especially the 

intermolecular dynamics of polymers which facilitates the lowering of the band gap. But also 

the relative short length of conjugation will have an impact on the theoretically calculated Eg, 

Azazi et al.[107] pronounced that increasing the modelled simulation length from 1 to 4 

monomers, would lower the band gap obtained at the B3LYP/6-31G* level from 3.09 eV to 

2.61 eV on the previously mentioned model system, showing a clear correlation between the 

conjugation length and the band gap, as expected. This is also why the frontier orbitals 

acquired via this dimer estimation are considered to be associated with a certain degree of 

error. But the trends of the polymers might still be valid, such as the LUMO level of the 

PBCDPP appeared the deepest while the HOMO level could be the lowest lying.  
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Figure 39: The simulated vibrational data of 
three compounds PBCBDTTT (black), PBCDPP 
(blue) and PBCQT (red) obtained by 
geometrically optimized at the B3LYP/6-
31G(d,p) level. 

Figure 40: The experimentally vibrational data of 
three compounds PBCBDTTT (black), PBCDPP 
(blue) and PBCQT (red) obtained via FTIR. 
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The molecular simulation also offers an insight into molecular vibrational patterns of the given 

molecules (Figure 39), and these patterns can be compared with the experimentally obtained 

vibrational patterns acquired by FTIR (Figure 40). It can be noticed that the progression on 

three simulated dimers are comparable to the experimentally acquired data. But there is 

although a mismatch of circa 50 cm
-1

,
 
that is assumed to derive from the inherent difference 

between the gas phase vibration where there is no interaction and to the solid phase 

interactions where intermolecular interactions can occur. The two largest differences between 

the experimental data and the modelled ones are the large signal at approximately 750 cm
-1

 

and the signals in the interval of 1000-1200 cm
-1

.  All the mentioned signals are assigned to 

derive from the aliphatic sidechains which is excluded from the molecular modelling. The 

largest concern regarding the polymerization of the BC monomer, is the stability of the N-B 

bond, but the presences of the N-B at 1350 cm
-1

 and the lack of the N-H stretch proved that 

this bond has survived the cross-coupling reactions of the polymerizations, thus it is concluded 

that the polymerization has occurred and that the desired BC moiety keeps intact in the 

structure. 

3.3.2. PHOTOPHYSICAL PROPERTIES 

The absorbances spectra of the four synthesized polymers are shown in Figure 41, for each 

polymer both solution and film absorbance spectra are depicted.  
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Figure 41: UV-vis absorption of BC polymers in both film (black) and solution (red) in CHCl3: for the 
four polymers PBCBDTTT (upper left), PBCDPP (upper right), PBCQT(lower left) and P3HTBCBT 
(lower right). 
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The absorption of PBCBDTTT (both film solution) is rather different compared to the other 

materials, as the absorbance spectra narrows slightly, while the absorbance maxima increase 

from 468 nm to 477 nm, going from solution to film. The onset absorbance of the 

PBCBDTTT is nearly 600 nm which affords a relative high bandgap of 2.07 eV. The lack of 

broadening can be ascribed to the spatial dimension of both BDTTT and BC, where the 

pendant thiophene of BDTTT has a dihedral angle exceeding 50
o
 compared to the planar 

center of the molecule (Figure 37). When combined with the dimesityl boryl of BC unit, 

spatial interactions could be expected to have a negative influence on π-π* transition of this 

polymer, which is revealed by the peak absorption at 324 nm. The pseudo-acceptor nature is 

indicated by the ICT between the pseudo-acceptor BC to the BDTTT moiety, as shown peak 

absorbance at around 470 nm corresponds to that found by Mirsa et al.[108] and Entwistle et 

al.[88] for trimesityl borane containing small-molecules as well. PBCDPP exhibits a broad 

absorption of approximately 40 nm, which is ascribed to the more planar structure of DPP 

than that of BC, it has a maximum absorbance at 578 nm in solution and at 597 nm in film, 

pronouncing the pseudo-accepting characteristic through ICT. The film absorbance onset of 

this polymer is 700 nm which results in an Eg of 1.77 eV. The π-π* stacking is also apparent in 

this molecule, as there are two local maxima in the low wavelength region, the first one at 438 

nm is ascribed to the DPP moiety while the one at 320 nm is expected to derive from the BC 

moiety. This corresponds to the findings of Jo et al.[109], which showed a carbazole 

polymerized at the 2,7 position with DPP, exhibiting a slightly lower band gap with a onset 

absorption of 750 nm. The copolymer with 2,7-carbazole and DPP also showed an ICT peak at 

approximately 440 nm. The polymer with the second largest red shift on its absorption from 

solution to film is PBCQT going from 435 to 465 nm, while exhibiting a broadening of 

approximately 50 nm. The absorption onset is 557 nm affording an Eg of 2.23eV. The redshift 

of the absorbance maximum from solution to film is ascribed to the QT moiety for its higher 

degree of aggregation in solid states associated with the QT structure, as shown by Lim et 

al.[110] and Ong et al.[111]. Also this molecule exhibits the same donor-pseudo acceptor ICT 

with its absorbance at 435 nm in solutions and at 465 nm in film. P3HTBCBT as the only 

three components random co-polymer containing both a native donor 3-hexylthiopehene 

(3HT) and BT, it would be expected that this compound would not only exhibit a ICT peak 

but also a low band gap as a result of having both 3HT and BT. Witker et al.[112] presented a 

native carbazole-BT polymer with an absorbance maximum at 460 nm, which is lower than 

P3HTBCBT with its maximum at 534 nm for film absorbance. The P3HTBCBT polymer 

showed an absorbance onset at 647 nm affording a band gap of 1.92 eV. Generally the 

different polymers all presented (excluding PBCDPP) pronounced a relative high bandgap. 

These high band gaps are assumed to derive from the relative low acceptor strength of the BC 

monomer for pulling electrons, even though the molecular simulations indicate this D/quasi-A 

structure. By combining the interesting electron properties presented in section 3.3.1, the 

frontier levels of these polymers can be determined.  

In Table 11, the electrochemical and photophysical properties are summarized. Through CV 

measurements, the HOMO levels were determined and LUMO levels were calculated. All the 

calculated LUMO levels are sufficient to afford the necessary driving force (0.3 eV higher 

than the LUMO of PC71BM) to facilitate proper charge dissociation and are assumed to afford 

a relative efficient photo induced current[113]. Generally all the relative deep HOMOs, of 

approximately -5.5 eV, are expected to afford high Voc.  
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PBCQT has high structural resemblance to the polymers reported by Lim et al.[110] that 

showed a n-alkyl carbazole polymerized with QT affording a HOMO of -5.13 eV and a 

LUMO of -2.94 eV ( Eg = 2.19 eV). 

Table 11: The electrochemical and photophysical parameters of the BC based polymer, adapted from 
paper III. The mobilities (µElectron and µHole) is determined via the previously described SCLC method 
(see section 2.1.2)on hole only and electron only devices, the mobilities are measured on 
polymer:PC71BM films at the optimized ratio (see Figure 42) 

Polymer 

sample 

Thickness 

[nm] 

λonset 

[nm] 

Eg 

[eV]a 

Eoxonset  

[eV] 

EHOMO 

[eV] 

ELUMO 

[eV]b 

µElectron   

[cm2 V-1s-1] 

µHole        

[cm2 V-1s-1] 

PBCBDTTT 100 600 2.07 0.72 -5.52 -3.45 1.54*10-4 5.33*10-4 

PBCQT 85 557 2.23 0.76 -5.56 -3.33 1.72*10-4 1.79*10-6 

PBCDPP 85 700 1.77 0.34 -5.14 -3.37 3.33*10-4 2.77*10-4 

P3HTBCBT 110 647 1.92 0.80 -5.60 -3.68 5.58*10-4 2.95*10-4 

a) Ebg=1240/λonset 
b) ELUMO= EHOMO+Eg 

The effect of the dimesityl boryl modification of the carbazole becomes apparent as both 

LUMO and HOMO are lowered with 0.39 eV and 0.43 eV respectively, in contrast to native 

carbazole D-A polymers, which aligns the LUMO better with PC71BM and the HOMO to 

facilitate a high Voc. Such an effect on both the HOMO and the LUMO level indicates an 

ambipolar interaction of the BC moiety, as the HOMO normally is associated with the D and 

LUMO directing the A (as shown in Chapter 2), while the presence of BC lower both of 

frontier orbitals. Rietzenstein et al.[99] synthesized a polymer consisting of a 3,6 linked 

carbazole, which were substituted at the N-position with a p-(diarylboryl)phenyl, which has 

some structural resemblance with the polymers synthesized in this study. The polymer 

presented by Rietzenstein et al.[99]  had a slightly high HOMO at -5.04 eV, while more 

comparably low HOMO level, ranging from -5.49 eV to -5.78 eV depending on composition, 

were obtained by Chen et al.[114] on a copolymer between a 2,7 linked flourene and a 3,6 

linked carbazole which were substituted at the N-position with a p-(diarylboryl)phenyl or 2-

(diarylboryl)thiopenyl. They ascribed such deep HOMO levels to the high electron density of 

the backbone. However, in these two reports, the absence of N-B linkage and resulted orbital 

mixing must be taken into account when considering their apparent structural resemblance. 

This is despite that, as reported by both Bai et al.[115] and Entwistle et al.[88], the orbital 

interaction can occur through space or via π-orbital interactions. All these further support the 

notion that the N-borylated carbazole will work as a hybrid between a donor and an acceptor 

i.e., pseudo-acceptor. For PBCDPP, when comparing its HOMO of -5.14 eV and LUMO of      

-3.37 eV to the reported -5.4 eV (HOMO) and -3.9 eV (LUMO) of the carbazole-DPP 

polymer via the 2,7 linkage by Jo et al.[109], they are about 0.4-0.5 eV higher while the 

higher HOMO will most likely lead to a lower Voc than for example PBCBDTTT. The reason 

that both HOMO and LUMO of PBCDPP is not lowered in contrast to those of PBCBDTTT 

and PQTBC, could be that the pseudo-acceptor nature of BC, in the PBCDPP, reduced the 

electron push-pull effects which would be competing with the strong acceptor DPP. 
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Meanwhile the more linear and therefore more planar 2,7 linked carbazole-DPP moiety will 

have an effect on the frontier orbitals. For the random copolymer of 3HT, BC and BT, it 

showed the same low HOMO as PBCQT and PBCBDTTT, but a higher electron affinity 

(deeper LUMO) is obtained. Kim et al.[116] reported a copolymer consisting of 3,6-linked 

carbazole and DTBT, this polymer showed a HOMO of -5.66 eV and a LUMO of -3.50 which 

is very close to the values of -5.60 eV and -3.68 eV for P3HTBCBT. This is interesting as 

P3HTBCBT is a random copolymer, while the polymer reported by Kim et al.[116] has 

clearly defined composition of alternation 3,6-N-alkylcarbazole and DTBT. Due to the 

similarity of the values, the effect of the BC moiety is limited in regards to the effect on the 

band gap of this given polymer. The hole and electron mobility of the four polymers are also 

listed in Table 11, the mobilities are measured via the SCLC method on hole or electron only 

devices from the optimized polymer:PC71BM blend. The mobilities are, all except the hole 

mobility of PBCQT, relative balanced, at least with in the same order of magnitude (10
-4

). The 

imbalance in PBCQT could result in a relative poor performance, but the 10
-6

 cm
2
 V

-1
s

-1
 is not 

so low that necessarily afford a bad performance.  

3.4. DEVICE PERFORMANCE 

The four polymers have been tested as a donor material for OPV devices, with the normal 

geometry. All the polymers where tested as donors against PC71BM as acceptor. In Figure 42 

the best performing devices are shown and the optimal D:A compositions are as follows: 1:3 

for PBCBDTTT, 1:3 for PBCQT, 1:2 for P3HTBCBT and 1:1 for PBCDPP.  
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Figure 42: I-V performance of the organic photovoltaic devices using the four materials as donor 
against PC71BM as acceptor with various D:A weight ratios. PBCBDTTT (black) 1:3, PBCQT (red) 1:3, 
P3HTBCBT (blue) 1:2 and PBCDPP (green) 1:1. All devices are spun from chlorobenzene or o-DCB 
and optimized in regards to spin speed. 

The device characteristics of the polymer P3HTBCBT (see Table 12) was slightly different 

from the reported efficiencies by Berton et al.[105] and Fu et al.[106]. Berton et al. 

synthesized a polymer with DTBT and 3,6-linked carbazole, affording an efficiency of 0.35%, 

Voc of 0.54 V and Jsc of -2.11 mAcm
-2

[105]. The optimal  D:A ratio for the reported polymer 

was found to be 1:3, which is a slightly different compared to the ratio of 1:2 found for 

P3HTBCBT, but  the characteristics Voc and Jsc are comparable [105]. The device with the 

D:A ratio of 1:2 and cast at 2000 rpm, showed the average PCE value of 0.27 % whilst 

maximum performing device within this array of devices possessed a PCE of 0.407 % with a 
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Voc of 0.66V, a Jsc of 2.32 mAcm
-2

, and FF of 26.5%. The devices performance presented by 

Fu et al.[106] is lower than those presented by Berton et al. which is mainly due to the low 

FF[105]. P3HTBCBT also showed a similar low FF as Fu et al. reported, the best performing 

ratio of P3HTBCBT showed the FF of 27.6%, which is the lowest of all devices[106]. As the 

energy levels dictate the Voc, it is worth noticing that the Voc of the two similar polymers are 

within the same range as P3HTBCBT. The I/V curves for the three ratios are shown in Figure 

43. For obtaining higher PCE, additive of DIO where applied and it was found that the 

introduction of the additive DIO did not afford a more favorable device morphology.  

Table 12: I/V characteristics of the polymer P3HTBCBT with PC71BM as acceptor. Devices are spin 
coated from chlorobenzene. The PCE is the average of 4 working cells. 

Sample 

name 

Ratio 

[D:A] 

Spin speed 

[rpm] 

DIO [%] Voc [V] Jsc   

[mAcm-2] 

FF [%] PCE[%] PCEbest[%]a 

P3HTBCBT 1:1 600 - 0.54 1.09 26.0 0.153 0.244 

  1000 - 0.53 1.29 26.7 0.184 0.251 

  1500 - 0.51 1.70 27.4 0.197 0.312 

  2000 - 0.54 1.29 27.4 0.189 0.453 

 1:2 600 - 0.56 1.14 26.6 0.170 0.281 

  1500 - 0.56 1.60 26.9 0.239  0.337 

  2000 - 0.56 1.72 27.6 0.296 0.407 

   1 0.24 0.70 31.1 0.053 0.075 

   2 0.48 0.85 28.6 0.141 0.220 

   3 0.54 0.90 28.5 0.166 0.269 

 1:3 600 - 0.55 0.94 26.4 0.135 0.144 

  1000 - 0.57 1.09 26.0 0.190 0.316 

  1500 - 0.60 1.49 32.1 0.283 0.373 

  2000 - 0.56 1.09 35.2 0.217 0.225 

a)The best performing cell  

As the addition of 1% DIO resulted in a voltage drop of 0.32 V, the voltage increased as the 

increasing DIO content. With an addition of 3% DIO, the Voc nearly reached the potential at 

0% DIO,level while the Jsc was only 0.90 mAcm
-2

. Furthermore it is worth noticing that 
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despite the efficiency drop, the introduction of the DIO, an increase the FF from 27.6% to 31.1 

%. This increment is most likely not associated with an improved morphology, but rather a 

lower strain on the system. 

 Table 13: I/V characteristics of the polymer PBCBDTTT with PC71BM as acceptor with variating 
weight ratio. Devices are spin coated from ODCB. Spin coated with 3000 rpm. 

Ratio [D:A] DIO [%] Voc [V] Jsc [mAcm-2] FF [%] PCE[%] 

1:1
 

- 0.88 1.06 22.4 0.207 

1:2 - 0.91 5.83 36.5 1.93 

1:3 - 1.00 8.31 45.7 3.82 

 1 1.01 6.65 42.7 2.84 

 2 0.99 6.81 40.9 2.75 

 3 1.01 6.78 41.2 2.82 

1:4 - 0.98 7.76 43.8 3.31 

 

The PBCBDTTT was the best performing polymer, as seen in Table 13, with an efficiency of 

3.82%, having a Voc 1.00 V, Jsc of 8.31 mAcm
-2

 and a FF of 45.7%. This performance was 

found when increasing the D:A weight ratio from 1:1 to 1:3, this indicates a poor exciton 

mobility, as the increasing amount of acceptor increase the available D/A interface, where the 

charge dissociation occurs. Combined with a better and broader absorbance of the PC71BM, is 

ultimately associated with the high photo current. The relative high voltage is ascribed to both 

the deep lying HOMO of the polymer and good film formation ability, with a well covering 

film that lowers the resistance loss etc. As it can be seen in Figure 44, it becomes very clear 

that when increasing the acceptor amount, the Jsc is effect dramatically increased from 

approximately 1 mAcm
-2

 to 8.3 mAcm
-2

. This supports the notion that the exciton diffusion 

length is the key issue, as there is no change in the Voc. The FF of the device also plays an 

important role in the high efficiency and the FF of these devices is 45.7 %, which is the 

highest one reported in this work. The relative high photocurrent should be hold against the 

high bandgap of 2.07 eV, which would only allow the absorbance of around 20-25% of the 

incident photons. Taken this into consideration, actually this shows the potential of the 

monomer BC, as this ambi-polar behavior allows the lowering of the HOMO and LUMO, 

which has a positive effect on the performance as the Voc reported here is high, combined with 

a relative high photocurrent. But as mentioned the bandgap is not as low as the optimal band 

gap discussed in the introduction (section 1.4); this is of course a down side of the BC 

monomer. 
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Figure 43: I/V performance of the 
P3HTBCBT:PC71BM with various D:A ratios: 1:1 
(black), 1:2 rpm (red) and 1:3 (green). Devices are 
spin coated from CB, spin coated with 2000 rpm  
(1:1 and 1:2) and 1500 rpm (1:3) .  

Figure 44: I/V performance of the 
PBCBDTTT:PC71BM with various D:A ratios: 
1:1 (black), 1:2 rpm (red), 1:3 (green) and 1:4 
(blue). Devices are spin coated from ODCB, 
spin coated with 3000 rpm. Adapted from 
paper III 

The I/V performance of the other donor-BC polymer PBCQT is presented in Figure 45 and the 

optimization process and photovoltaic data is presented in Table 14.  

The maximum performance obtained is 1.45% with a Voc of 0.79V, Jsc of 4.88 mAcm
-2

, and 

FF of 37.2%. The carbazole reference polymer, consisting of a 2,7 linked carbazole with a QT 

monomer reported by Lim et al. only showed a efficiency of 0.40% with a Voc of 0.66V, Jsc of 

2.04 mAcm
-2

, and a FF of 40%. The major improvement going from a native carbazole to the 

BC monomer is in the lowering of the LUMO to make it better aligning with that of the 

acceptor (PC71BM). This will afford a better charge dissociation and ultimately a higher photo 

current as the photocurrent increases from 2.04 to 4.88 mAcm
-2

. But also the lowering of the 

HOMO affords an available higher Voc, as seen as the Voc increases from 0.66 to 0.79V.  
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Figure 45: I/V performance of the 
PBCQT:PC71BM with various D:A ratio: 1:1 
(black), 1:2 rpm (red), 1:3 (green) and 1:4 (blue). 
Devices are spin coated from o-DCB, spin coated 
with 3000. Adapted from paper III 

Figure 46: I/V performance of the 
PBCDPP:PC71BM with the D:A ratio 1:1. Devices 
are spin coated from o-DCB, spin coated with 
various speeds: 1000 rpm (black), 1500 rpm (red), 
2000 rpm (green) and 3000 rpm (blue).  
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It should though be noted that our PBCQT is linked via the 3,6 position of the carbazole core, 

this will have an effect on the band gap and also the planarity of the molecule. In this case the 

pseudo-acceptor BC affords a quasi-A/D structured polymer that outperformance the native 

carbazole polymer reported by Lim et al. [110].  

Table 14: I/V characteristics of the polymer PQTBC with PC71BM as acceptor with variating weight 
ratio. Devices are spin coated from ODCB. Adapted from paper III. 

Ratio [D:A] Spin speed 

[rpm] 

Voc [V] Jsc [mAcm
-2

] FF [%] PCE[%] 

1:1 1000 0.49 1.25 30.3 0.186 

 1500 0.58 1.35 30.2 0.236 

 2000 0.67 1.47 30.9 0.304 

1:2 1000 0.68 3.23 32.7 0.720 

 1500 0.75 3.60 36.2 0.978 

 2000 0.62 3.53 34.2 0.747 

1:3 1000 0.73 4.53 36.9 1.223 

 1500 0.79 4.88 37.2 1.445 

 2000 0.63 3.98 34.1 0.864 

1:4 1000 0.80 4.88 36.4 1.412 

 

The I/V performance of the acceptor-BC polymer PBCDPP is shown in Figure 46 and the 

performance data is summarized in Table 15. The best performing device has the ratio D:A of 

1:1 (PBCDPP:PC71BM weight ratio) spin coated at 1000 rpm without the additive DIO. This 

device showed an efficiency of 0.410%, with a Voc of 0.35V, Jsc of 3.59 mAcm
-2

 and a FF of 

32.28%. No experiments where conducted by varying the content of acceptor; as this material 

showed a very low solubility and was therefore had to be dissolved properly. This bad 

solubility characteristic afforded very inhomogeneous films with a high degree of defects and 

led to un-precious control on the weight ratio. As shown in Figure 42, the Voc of PBCDPP is 

significantly lower than the other 3 three polymers. This is most likely due to two aspects, 

firstly the poor film formation affords shunt resistances, that will result in a low Voc, this 

combined with the unfavorable high HOMO of -5.14 eV can explanation of the Voc around 

0.35V. Jo et al. [109] reported an array of carbazol analogs to PBCDPP polymer, consisting of 

a 2,7-linked carbazole and DPP derivatives, these polymers had a maximum performance of 

3.64% with a Voc of 0.77V, a Jsc of 9.03 mAcm
-2

. This shows that the OPV devices and 

polymer reported by Jo et al. outperformed the BC derivative on every parameter. 



CHAPTER 3 - NOVEL N-BORYLATED CARBAZOLE FOR HIGH PERFORMANCE OPVS 

77 

  

Table 15: I/V characteristics of the devices from the polymer PBCDPP with PC71BM as acceptor weight 
ratio of 1:1. Devices are spin coated from o-DCB. 

Spin speed 

[rpm] 

DIO [%] Voc [V] Jsc [mAcm
-2

] FF [%] PCE[%] 

 1000 - 0.35 3.59 32.28 0.410 

 1 0.36 3.25 34.2 0.401 

 2 0.22 2.19 31.4 0.155 

 3 0.17 1.00 29.6 0.051 

1500 - 0.38 2.90 33.3 0.365 

 1 0.08 2.00 25.83 0.042 

 2 0.24 2.23 32.1 0.173 

 3 0.16 1.43 28.9 0.065 

2000 - 0.35 2.38 32.6 0.275 

3000 - 0.29 1.85 32.0 0.173 

 

This again is ascribed to the pseudo-A/A polymer type, which does not afford low enough 

HOMO to give a decent Voc whilst the LUMO level is comparable with the other polymers 

reported here.  

In order to evaluate the device performance of the EQE, measurements have been conducted 

to observe and determine the progression of absorbance and conversion of light into 

electricity. These EQE measurements are conducted on the two best performing devices, being 

PBCBDTTT/PC71BM 1:3 and PBCQT/PC71BM 1:3 as can be seen in Figure 47. The EQE 

shows maximum conversion efficiency 53% for the PBCBDTTT devices and is around 410 

nm which acceptably does not correspond to the maximum absorbance point of the native 

polymer shown in Figure 41, due to the presence of the acceptor material PC71BM in the 

blended active layer materials. The secondary maximum at 480 nm (51%) corresponds to the 

maximum absorbance of the polymer. For the PBCQT device the maximum peaks are located 

around 390 nm (~28%) and 470 nm (28%), and again the first maximum is not related to the 

maximum absorbance of the native polymer because of the extra absorption from PC71BM, 

while the second maximum is associated to maximum absorbance of the polymer.  
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Figure 47: EQE performance of the devise from PBCQT:PC71BM (black) and PBCQT:PC71BM (red) 
with the weight ratio 1:3. Devices are spin coated from o-DCB at, 1500 rpm and 3000 rpm, respectively. 
Adapted from paper III. 

Ultimately the active morphology is essential to the performance of the device, as the surface 

smoothness of the film indicates a good mixing between the two blended compounds. The 

AFM images of the BC based polymers, can be seen in Figure 48. The homogeneity of the 

polymer acceptor blends are essential as the charge dissociation occurs at the interface 

between the two phases, and this interface is increased when the materials are mixed well. The 

root-mean-squared roughness (RMSR) of the film are given by the apparatus as defined in the 

ISO 25178 series, the RMSR is 0.52nm, 0.40 nm, 1.2nm, and 0.75 nm for the PBCBDTTT, 

PBCQT, P3HTBCBT, and PBCDPP, respectively.  These RMSR are very low indicating a 

good mixing between the dual phases. The two best performing devices have a lower RMSR 

than the other two worst performing ones; resulting a higher FF for their relatively high PCE 

in this series of polymers. For all the analyzed materials, it is clearly seen that there are some 

areas where the height is significantly higher than others; this is taken as an indication of large 

aggregates formed by either impurities or insoluble polymers residues. These aggregates were 

also apparent, where centrifugal patterns emerged when spin coating PBCDPP resulted in a 

large degree of flawed devices.  
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PBCBDTTT PBCQT P3HTBCBT PBCDPP 

    

    

Figure 48: Atomic force microscopy images obtained via height tapping mode, the upper row is the 
topographic images and the lower is the phase images of the four polymers noted above. All images are 
of the optimized polymer:PC71BM blend. 

 

3.4.1. ROLLCOATED DEVICES 

Efforts in testing the scalability of PV devices from the two best performing polymers were 

made via roll-coating (RC) as previously described (2.2.1.3). However no success of such roll-

coated fabrication were gained due to unexplainable dewetting of the polymer film, as shown 

in Figure 49. 

   

Figure 49: Photographs of the attempt to make RC devices, the yellowish polymer is PBCBDTTT and the 
red is PBCQT. 

Such dewetting could be addressed by curtain additives that could reduce the surface tension 

of between the polymer blend and the flextrode, but this was not carried on due to scarcity of 

the materials.  
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3.5. SUMMARIZATION  

In this study, the novel boron containing monomer, 3,6-dibromo-N-(dimesitylboryl) carbazole 

(BC) was synthesized and the structure had been confirmed via FTIR and 
1
HNMR studies. 

The FTIR data was hold against the molecular dynamics simulated vibrational data acquired 

using DFT B3LYP/6-31G(d,p). The versatility of the novel monomer as pseudo acceptor 

moiety was shown by polymerizing it with an array of different donor units: a.) with 3,3”’-

didodecyl-2,2’:5’,2”:5”,2”’-quaterthiophene (QT) by  Kumada cross-coupling with in situ  

formation of Grignard reagent; b.) with 2,6-bis(trimethyltin)-4,8-di(5-(2-ethylhexyl)thiophene-

2-yl)benzo[1,2-b:4,5-b′]dithiophene (BDTTT) via Stille cross-coupling; c.) with 3,6-bis(5-

boronicacidpinacolesterthiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-

c]pyrrol e-1,4(2H,5H)-dion (DPP) via a Suzuki cross-coupling; and d.) lastly with 2,5-

dibromo-3-hexylthiohene and 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) via 

random Suzuki cross-coupling polymerization, affording the polymers of PBCBDTTT, 

PBCQT, PBCDPP and P3HTBCBT, respectively. Molecular simulations of PBCBDTTT, 

PBCQT, and PBCDPP showed an interesting distribution of the LUMO orbitals. For 

PBCBDTTT and PBCQT, the LUMO was partly distributed on the boron atom of the BC 

moiety, while this was not as predominant on the PBCDPP polymer. The molecular 

simulations also showed no effects on the dihedral angle between the BC moiety and 

comonomer, compared to the analogs found in literature. This LUMO interaction of the BC 

moiety is ascribed to the vacant π-orbitals of the boron moiety affording a pseudo-acceptor 

when interacting with the N-atom of the carbazole. This interesting characteristic is also seen 

in the absorbance spectra of the molecules. Where a secondary absorbance maximum is 

observed below 330 nm, this is ascribed to the absorbance of the boron of the BC. Despite the 

quasi-A/D polymer, the afforded polymers had rather wide band gaps being 2.07, 2.23, 1.77 

and 1.92 eV, for the polymers PBCBDTTT, PBCQT, PBCDPP and P3HTBCBT, respectively. 

These bandgaps afforded the frontier orbitals like (EHOMO/ ELUMO) -5.52 eV/-3.45 eV, -5.56 

eV/-3.33 eV, -5.14 eV/-3.37 eV, and -5.60 eV/-3.68 eV for PBCBDTTT, PBCQT, PBCDPP, 

PBCDPP, and P3HTBCBT, respectively. The notion of the ambipolar effects of the 

dimesitylboryl functionality is supported when observing a ca. 0.4 eV lowered EHOMO and 

ELUMO on the polymer PBCQT. All polymers showed excellent hole and electron mobilities 

(µhole and µelectrons) in the order of 10
-4

 cm
2
V

-1
s

-1 
(except the hole mobility of PBCQT), 

determined by means of the SCLC method. 

The optimized devices afford the following results; PCE of 3.82%, with a Voc 1.00 V,  Jsc of 

8.31 mAcm
-2

 and a FF of 45.7% for PBCBDTTT; PCE of 1.45% with a Voc of 0.79V, Jsc of 

4.88 mAcm
-2

 and FF of 37.2% for PBCQT; PCE of 0.410%, with a Voc of 0.35V, Jsc of 3.59 

mAcm
-2

 and a FF of 32.28% for PBCDPP;  and PCE of 0.407 % with a Voc of 0.66V, a Jsc of 

2.32 mAcm
-2

 and FF of 26.5% for P3HTBCBT. However roll-coated devices for further 

scaling-up OPV fabrication were attempted but could not be made with success due to an 

unexplainable dewetting. 



CHAPTER 4. SMALL MOLECULE 
ACCEPTORS: GOING FROM SMALL TO 

LARGE AREA OPVS 

4.1. INTRODUCTION 

As discussed in the introduction, the relatively low dielectric constants (ε ~ 3) and high 

exciton binding energies result in short diffusion lengths(<20nm) of the generated excitons 

(when light is absorbed by the organic chromophore)[117]. In order to diminish the electron-

hole’s recombination, an efficient charge separation of the exciton becomes indispensable. 

Therefore an essential component of the active layer materials in an OPV device, i.e. the 

electron acceptor had been sparked by C.W. Tang[118], such an electron acceptor, differs 

from the electron deficient acceptor moiety in the previously discussed structure of a low 

bandgap donor-acceptor (D-A) polymer or small molecule (SM) of D-A type. Without using 

an electron acceptor, the obtainable efficiency of a device is in the range of 0.1%[8], [119]. 

The state-of-art electron acceptor is derivatives of the Buckminsterfullerene[120], [121] due to 

its high electron affinity[122] and high electron mobility[123], [124] (in all three 

dimensions[125]). This isoelectric nature of the fullerene facilitates a favorable morphology 

from the solution-coated active layers[126]–[128]. The mostly used Buckminsterfullerene 

derivatives are the soluble PC61BM, PC71BM or indene-C60-bisadduct (ICBA), seen in 

Scheme 17. 

 

Scheme 17: Buckminster fullerene derivatives PC61BM, PC71BM and ICBA 

Despite all the merits of the fullerene based acceptors, they all have some major drawbacks: 

a.) a large mismatch between their optical absorption and the solar radiation, combined with 

their low absorption coefficients being disadvantageous as the introduction of the fullerene 

will only limited participating directly in the generation of the photocurrent; b.) an inherent 

difficulty in manipulating the frontier orbitals, thus the fine-tuning of the band gap is 

troublesome. Bloking et al.[129] discussed another vital limitation of the fullerene acceptor in 

regards to the Voc, arguing that there is a upper limit of 1 V. This upper Voc limit will result in 

a large current drop when exceed, due to inability to split the generated excitons into free 

charge carriers[129]. In addition to the mentioned intrinsic flaw of the fullerene based OPVs, 

fullerene derivatives also suffer from some insufficiencies: Firstly, due to polar interactions, 

they diffuse towards the PEDOT:PSS layer, this has been shown by Brand et al. [130], such 

diffusion affords a lowering of the fracture resistance of the film and can ultimately result in a 

delamination of the active layer as shown by Dupont et al. [131]. Secondly, from a 



RASMUS GULDBÆK BRANDT PH.D.-DISSERTATION 

82 

commercialization perspective, large energy input in the production materials such as PC61BM 

which has an embodied energy of 64.7 GJkg
-1

 and for other fullerene derivatives such as 

PC71BM, the energy input is even higher like 90.2 GJkg
-1

[132]. Therefore it would be 

advantageous to substitute the fullerene based electron acceptors with a non-fullerene based 

acceptor, e.g., organic ones. The most important, the fixed energy level of frontier orbitals 

(LUMO) (together with the required fixed energy level difference between the LUMO of the 

donor materials and them) strictly limits the choice of possible donor materials. Despite there 

being several ways to circumvent the use of fullerene based acceptors, the use of either n-type 

polymers or n-type SMs has become the most dominant one. In regards to these two, the SM 

has a higher uniformity and the well-defined structural composition with no batch to batch 

variations, making it a more interesting design strategy than the electron accepting polymers. 

The SM can be easily tuned in regard of the level of the frontier orbitals, by functionalization, 

by certain substituents. SM acceptors tend to be planar molecules with strong π-π interactions, 

when oriented co-facially. These π-π stacking based strong interactions will promote phase 

separation resulting in structured domains within the active layer matrix[133], [134]. 

Intermolecular orientation among SMs is directly opposite to the behavior of the fullerene 

acceptors, as these do not phase separated in the active layer matrix. For SM these structural 

interactions results in a good orbital overlap that in turns will afford a high mobility, while 

fullerenes do not [133], [134]. A promising SM acceptor moiety candidate is 

diketopyrrolopyrrole (DPP), as this chromophore shows a strong absorbance, excellent 

thermal stability and can be modified quite easily at the amide-nitrogen of the DPP unit, 

affording an readily path to increase the solubility[45], [117]. The DPP chromophore is 

generally flanked by two aromatic extensions, being either phenyl or thienyl[135], [136]; in 

this work only the DPP with the adjacent thiophenes have been utilized, therefore when 

discussing the DPP, we prospectively refer to the thiophene-DPP derivative. The DPP moiety 

is very planar showing a tendency towards high degree of π-π stacking[45], [117]. There are 

two predominant strategies when designing DPP containing SM acceptors; one being the DPP 

center moiety with adjacent functionalization as reported by Sonar et al.[137] or by a flanking 

a central donor moiety by DDP reported by the group of Zhan[138], [139]. The design strategy 

applied by Sonar et al.[137] were focused on flanking a DPP center moiety with electron 

deficient phenyl moieties being groups such as p-(triflouromethyl)phenyl group and trans-2-

[4-(trifluoromethyl)phenyl]vinyl. The SM acceptors were tested against P3HT as the donor of 

the active layer matrix, which is the state-of-art donor polymer used to test against these novel 

acceptors. DPP flanked by trans-2-[4-(trifluoromethyl)phenyl]vinyl afforded an efficiency of 

0.58% with a Voc of 0.64 V and Jsc of 1.7 mAcm
-2

, while the DPP flanked by p-

(triflouromethyl)phenyl  claimed a PCE of 1.00% with a Voc of 0.81 V and Jsc of 2.36 mAcm
-2

. 

The band gaps of the two molecules were 1.81 eV (592 nm) and 1.94 eV (599 nm), 

respectively. Lin et al.[138] in 2012 reported a triphenylamine (TPA) center donor 

moiety[140] flanked by DPP to afford a star-shaped SM acceptor. This SM was tested against 

P3HT, obtaining an efficiency of 1.20 %, with a Voc of 1.18 V and Jsc of 2.68 mAcm
-2

. This 

work showed the potential of a Voc exceeding 1 V, which is not affordable for fullerene based 

acceptors. The usage of a donor center moiety was further improved by dibenzosilole from Lin 

et al.[139] in 2013. This dibenzosilole (DBS) flanked by DPP offered an efficiency of 2.05%, 

with a Voc 0.97 V and 4.91 mA cm
-2

, which is the highest performing DPP SM containing 

non-fullerene acceptor. The LUMO levels of TPA-DPP and DBS-DPP reported by Lin et al., 

were -3.26 eV and -3.28 eV, respectively[138], [139]. So despite the similar LUMO levels, the 

efficiencies of these are rather different, which most likely derives from difference in the 

formed morphology.   
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This notion that the intermolecular interactions are quite dictating for the photovoltaic 

performance of a given device is also shown by Sherman et al.[133]. They found via a 

systematic studied an array of small molecule acceptors, and found that almost planar, 

amorphous non-fullerene acceptors were disadvantageous for applications in BHJ OPVs. It 

was shown that an ordered structure would facilitate a higher mobility, thus a lower degree of 

recombination affording more efficient devices.  
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Scheme 18: The three DPP based non-fullerene small molecule acceptors Ph(DPP)2, PhDMe(DPP)2, 
and Ph(DPP)3. 

Considering the above mentioned molecular design, an array of simple non-fullerene 

acceptors has been proposed in this thesis.  In this work we focuse on a center moiety being 

either phenyl, 2,5-dimethyl-1,4-phenylene or a 1,3,5-phenylene flanked by either two or three 

alkylated DPP, as seen in Scheme 18. The design idea is to gradually increase the disorder via 

torsion between the center moieties going from native benzene (Ph(DPP)2), to the 2,5-

dimethyl-1,4-phenylene (PhDMe(DPP)2) to the tri-substituted 1,3,5-phenylene forming a star-

shaped molecule (Ph(DPP)3). While the degree of disorderness or degree of planarity is 

decreased, the frontier orbitals are not expected to change, thus keeping the same fundamental 

building blocks to ensure a degree of comparability within the different molecules and the 

device performance.  

There has been a large progress in the utilization of SM acceptors, efficiencies for bilayer 

OPV devices using SM acceptors have reached a PCE of 8.4 % [141]and for BHJ devices a 

PCE of 7.16 % has been obtained[142]. For the device with a PCE  of 8.4% the active layer 

was processed using sublimation techniques which are not appropriate for upscaling and 

ultimately commercialization of the OPV technologies. For the device with a PCE of 7.16% 

reported by Sun et al., the potential is larger, as the materials are solution processed but the 

choice of electrodes being ITO and the application of Ca as an interface layer will, due to 

previous stated reason, be far from advantageous[31], [143]. The previously mentioned SM 

acceptors based on DPP had active area ranging from 4 mm
2
 to 9 mm

2
. There has been little 

work done in investigating the upscaling of the SM based devices from the mm
2
 range to cm

2
 

range. The first attempt on this was conducted by Chen et al.[144] that, with limited success, 

produced SM based device had a PCE of 0.067%. This was done by utilizing SM donor 
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against PCBM as acceptor using a device design without the application of ITO or vacuum 

techniques.  The first attempt to utilize a SM acceptor together with a P3HT in such a vacuum- 

and ITO-free setup was conducted by Liu et al.[145] where a polymer performing 3.17% in its 

PCE in a small area (0.054 cm
2
) spin coated device and a PCE of 0.65% in a medium area 

device setup (1 cm
2
). The work presented by Liu et al.  is the best performing adaptation of the 

SM going from small to large area [145]. In this work the three previously mentioned SM 

acceptor candidates will be tested both in a conventional setup and in the large area setup.  

4.1. MATERIALS AND METHODS 

4.1.1.1 Materials 

Chemicals used were of commercial grade, and used without further purification, if not state 

otherwise. The synthesis is also shown in paper II and IV. 

4.1.1.2 Syntheses 
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Scheme 19: Suzuki cross-coupling between 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-
2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione and 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzene to afford Ph(DPP)2. 

Ph(DPP)2: To a three-necked round bottom flask were added 3-(5-bromothiophen-2-yl)-2,5-

bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1 g, 1.66 mmol), 

1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (0.24 g, 0.72 mmol), potassium 

carbonate(1.99 g,14.4 mmol), demineralized water (7.2 mL), ethanol (2.9 mL) and toluene (50 

mL). The mixture was degassed with nitrogen for 15 min. Pd(PPh3)4 (0.067 g, 0.058 mmol) 

was added under nitrogen as shown in Scheme 19. The mixture was heated at 80
 o

C for 24 h 

and subsequently cooled to ambient temperature. The mixture was extracted with 

dichloromethane (DCM) and washed with saturated sodium chloride aqueous solution (brine). 

The organic phase was dried over anhydrous MgSO4 and filtered. After removing the solvent 

from filtrate, the residue was purified by column chromatography on silica gel using DCM as 

eluent yielding a dark blue solid (0.68 g, 84 %).  

1
H NMR (600 MHz, CDCl3 , δ) 9.00 (d, J = 4.1 Hz, 2H), 8.93 (dd, J1 = 3.9Hz, J2=0.9 Hz 2H), 

7.73 (s, 4H), 7.65 (dd, J1 = 5.0Hz, J2=0.9 Hz, 2H), 7.54(d, J = 4.1 Hz, 2H), 7.29 (dd, J1 = 5.0 
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Hz, J2=3.9 Hz, 2H), 4.16–4.01 (m, 8H), 2.00–1.86 (m, 4H), 1.48–1.22 (m, 32H), 0.97–0.86(m, 

24H); 
13

C NMR (600 MHz, CDCl3, d): 161.76,161.67, 148.54, 140.21, 139.94, 136.89, 

135.35, 133.38, 130.57, 129.89, 129.26, 128.47,126.62, 124.83, 108.29, 108.13, 45.95, 

39.30,39.12, 30.38,30.25, 28.57,28.37,23.71,23.57, 23.12, 23.09, 14.10,14.04 10.61, 10.52, 

10.51; MS (MALDI): m/z 1123.43 (M
+
) 
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Scheme 20: Suzuki cross-coupling between 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-
2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione and 2,2'-(2,5-dimethyl-1,4-phenylene)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) to afford PhDMe(DPP)2 

PhDMe(DPP)2: To a three-necked round bottom flask were added then compounds 3-(5-

bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (1 g, 1.66 mmol), 2,2'-(2,5-dimethyl-1,4-phenylene)bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolane) (0.26 g, 0.72 mmol), potassium carbonate(1.99 g,14.4 mmol), 

demineralized water (7.2 mL),  ethanol (2.9 mL) and toluene (50 mL).The mixture was 

degassed with nitrogen for 15 min. The catalyst Pd(PPh3)4 (0.067 g, 0.058 mmol) was added 

under counter flow of nitrogen, as shown in Scheme 20. The mixture was heated to 80
 o

C for 

kept at this temperature for 24 h and then allowed to ambient temperature. The mixture was 

extracted with DCM and washed with saturated sodium chloride aqueous solution. The 

organic phase was dried over anhydrous MgSO4 and filtered. After removing the solvent from 

filtrate, the residue was purified by column chromatography on silica gel using DCM as eluent 

yielding a purple red solid (0.71 g, 86%). 

1
H NMR (600 MHz, CDCl3 , δ) 9.02 (d, J = 4.0 Hz, 2H), 8.93 (dd, J1 = 3.8Hz, J2=1.1 Hz, 2H), 

7.66 (dd, J1 = 5.0Hz, J2=1.1Hz, 2H), 7.46 (s, 2H), 7.34(d, J = 4.0 Hz, 2H), 7.30 (dd,  J1 = 

5.0Hz, J2=3.8 Hz, 2H), 4.14–4.03 (m, 8H), 2.55(s, 6H), 2.01–1.86 (m, 4H), 1.48–1.21(m, 

32H), 0.96–0.86(m, 24H); 
13

C NMR (600 MHz, CDCl3, d): 161.81,161.76, 148.09, 140.30, 

140.18, 136.09, 135.29, 133.83, 133.15, 132.88, 130.54, 129.90,129.68, 128.47, 

128.21,108.09, 108.00, 45.95, 39.30,39.10, 30.29, 30.22, 28.54 ,28.38, 23.56, 23.15, 

23.10,20.94, 14.10,14.07,10.53, 10.52, 10.51; MS (MALDI): m/z 1151.47 (M
+
). 
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Scheme 21: Suzuki cross-coupling between 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-
2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione and 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzene to afford Ph(DPP)3 

Ph(DPP)3: To a three-necked round bottom flask were added 3-(5-bromothiophen-2-yl)-2,5-

bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.7 g, 2.82 

mmol), 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (0.28 g, 0.62 mmol), 

potassium carbonate(2.60 g,18.8 mmol), deionized water (10 mL), ethanol (8 mL) and toluene 

(80 mL).The mixture was deoxygenated with nitrogen for 15 min. Pd(PPh3)4 (0.087 g, 0.075 

mmol) was added under nitrogen, as shown in Scheme 21. The mixture was heated to 80
o
C 

and kept here for 24 h and then cooled down to room temperature. The mixture was extracted 

with DCM and washed with saturated sodium chloride aqueous solution. The organic phase 

was dried over anhydrous MgSO4 and filtered. After removing the solvent from filtrate, the 

residue was purified by column chromatography on silica gel using DCM as eluent yielding a 

red solid (0.76 g, 74%). 

1
H NMR (600 MHz, CDCl3 , δ) 8.97 (d, J = 4.2 Hz, 3H), 8.96 (d, J = 3.6Hz, 3H), 7.89 (s, 3H), 

7.67 (d, J = 4.8Hz,3H), 7.60(d, J = 3.6 Hz, 3H), 7.31-7.29 (m,3H), 4.15–4.02 (m, 12H), 2.00–

1.87 (m, 6H), 1.48–1.22 (m, 48H),0.99-0.97(t, J =7.8, Hz 9H), 0.93–0.85(m, 17H); 
13

C NMR 

(600 MHz, CDCl3, d): 161.74,161.69, 147.37, 140.70, 139.57, 136.43, 135.56, 135.22, 130.78, 

129.94, 129.83, 128.51, 125.61, 123.76, 108.61, 108.05, 45.95, 39.28, 39.11, 30.34, 30.22, 

28.54, 28.37, 23.78, 23.57, 23.09, 14.07,14.04 10.68, 10.53; MS (MALDI): m/z 1646.66 (M
+
). 

4.1.1.3 Methods 

1
H and 

13
C NMR  was conducted as described in 2.1.1.3. MALDI-TOF MS spectra were 

recorded on a Bruker’s Daltonics flex Analysis ultraflex TOF mass spectrometry. All other 
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methods were similarly to previously described (2.2.1.3). The topographic images (AFM) of 

the films were obtained on a Veeco MultiMode atomic force microscopy (AFM) in the 

tapping mode using an etched silicon cantilever at a nominal load of approximately 2 nN, and 

the scanning rate for a 5 µm x 5 µm image size was 1.0 Hz.   

The spin coated small area devices were prepared as followed: ITO glass was pre-cleaned by 

detergent, deionized water, isopropanol, acetone, and ethanol in ultrasonic bath for 15min, 

sequentially. After dried by the N2 gas flow, these substrates were spin-coated with 

PEDOT:PSS (Baytron P4083, Germany) for 60s. The thickness of the PEDOT:PSS layer was 

about 30 nm. The photoactive layer was spin-cast at 4000 rpm from a solution of P3HT and 

DPP derivative in chloroform at a total solid concentration of 20 mgmL
-1

 and followed by 10 

min annealing at different temperatures in N2 atmosphere. A 5-nm-thick poly [(9,9-bis(3′-

(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) film was 

deposited as the cathode buffer layer by spin-coating solution of 0.4 mgmL
-1

 PFN in methanol 

in order to reduce the work function of the cathode. At last, a 100 nm thick Al film was 

deposited on the active layer under vacuum of approximately 4•10
-4

 Pa. The active area of 

OSCs is 9 mm
2
.The roll coated devices were made using the method described in section 

2.2.1.3. 

4.2. MATERIALS CHARACTERIZATION 

The three small molecule acceptors, were characterized by 
1
H and 

13
C NMR and the resulting 

chemical shifts are shown under the synthetic procedure alongside the mass determined by 

MS. 
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Figure 50: Differential scanning calorimetry (DSC, left) and thermo gravimetric analysis (TGA, right) 
scan of the three SM: Ph(DPP)2 (black), PhDMe(DPP)2 (red) and Ph(DPP)3 (green). Adapted from 
paper II and IV. 

The three materials Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3 showed all a comparable thermal 

stability, with a thermal decomposition temperature around 380
 o

C, which is sufficient for 

solution processing of OPV devices and thermo annealing. The melting points are 234
 o

C, 206 
o
C, and 226 

o
C for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. All melting ranges 

of the three compounds indicate high purity of all the three synthesized materials and good 

crystallization properties. 
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4.2.1. MOLECULAR SIMULATIONS 

To investigate planarity and electron density distribution of the frontier orbitals of the 

molecules, theoretical calculations have been performed via density function at the B3LYP/6-

31G(d) level. It should be noted that the side chains of the DPP moieties are reduced to methyl 

in order to reduce the computational load. The geometry of the small molecules can be seen in 

Figure 51.  

 Ph(DPP)2 PhDMe(DPP)2 Ph(DPP)3 

 

 

Front 

view 

 

 

 

 

 

 

 

Dihed-

ral angle 

21.62o 44.46 o 24.6 o, 26.6 o, 27.2 o 

 

 

 

Side   

view 

 

 

 

 

 

 

 

Figure 51: The optimized geometric structure of the three molecule Ph(DPP)2, PhDMe(DPP)2 and 
Ph(DPP)3. 

The dihedral angle, noting the angle between the central phenyl moiety and the DPP moiety, 

was determined by using the GaussView tool, and was found to be 21.62
 o 

for Ph(DPP)2, 44.46
 

o
 for PhDMe(DPP)2 and ranging from 24.6

 o
 to 27.2

 o
 for Ph(DPP)3. As it can be seen, the 

introduction of the two methyl groups on the phenyl unit increases the dihedral angle from 

21.62
o
 to 44.46

 o
 as expected, due to the spatial interactions between the methyl groups and the 

thiophene units of the adjacent DPP. Such introduction of torsion has an effect on the 

intermolecular interactions of the molecules, as torsion is expected to reduce π-π stacking due 

to steric hindrance of the DPP moieties. This combined  with  the effect of a larger torsion 

angle that will also result in a higher band gap, as a large torsion angle will break not only the 

π-π stacking but also the conjugation of the molecules as the orientation of the π-orbitals are 
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altered. Meanwhile DFT simulations of the Ph(DPP)3 molecule announced slightly larger 

angle than Ph(DPP)2, proving similar torsions among the DPP and the central phenyl moiety, 

even though owning one more DPP unit. This reveal that spatial arrangement is still not 

sterically hindered among the 3 DPP units in Ph(DPP)3. Such similar torsions leads to 

comparable band gap energy between Ph(DPP)2 and Ph(DPP)3 as well. They would afford a 

higher degree of intermolecular stacking than PhDMe(DPP)2. Location of the frontier orbitals 

is shown in Figure 52. It has been argued by Sherman et al.[133] that the usage of completely 

planar acceptors might be disadvantageous, as planarity has a tendency to facilitate phase 

separation without the increase in mobility when dealing with amorphous materials, which in 

turn reduces that D/A interface between D and A in the active layer blends.  
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Figure 52: The theoretical distribution of the frontier orbitals (HOMO and LUMO) for the three 
molecules: Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3 

The frontier orbitals (both HOMO and LUMO) are spread across the molecules, in regard to 

the Ph(DPP)2 and PhDMe(DPP)2. There is actually a plan of symmetry across on the central 

benzene moiety, which was also shown in literature to be associated with a uniform (cross 

molecular) distribution of the frontier orbitals[146], [147]. The overlapping of the LUMO- and 

HOMO-orbitals, is expected to facilitate the HOMO to LUMO electronic transition (π → π*) 

of the molecules[146].  The energy levels of the modelled frontier orbitals are shown in Table 

16. Here it can be seen that the Eg of the three molecules are arranged 

PhDMe(DPP)2<Ph(DPP)2<Ph(DPP)3. 
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Table 16: The summarized modelling data for the frontier orbitals of the three small molecules; 
Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3. The DFT data is obtained using the B3LYP with the basis set 
6-31G(d) 

Material EHOMO-THEO [eV] ELUMO-THEO [eV] Eg-THEO [eV] 

Ph(DPP)2 -4.86 -2.71 2.15 

PhDMe(DPP)2 -4.44 -2.68 1.76 

Ph(DPP)3 -4.99 -2.71 2.28 

 

This ranking of the band gap is interesting as it would be expected that the torsion of 

Ph(DPP)3 is slightly higher than that of Ph(DPP)2, while PhDMe(DPP)2 possess the largest 

torsion. Therefore the larger planar conjugation, the lower band gap could be expected. Then 

ranking of Eg could be:  Ph(DPP)2<Ph(DPP)3 < PhDMe(DPP)2. The Eg deviation on 

PhDMe(DPP)2 could be caused by  underestimating of the torsion angles and the resulted 

misalignment of the π-orbitals. The three estimated LUMO levels are in the same level as they 

only deviate by 0.03 eV. While the difference on the Eg derives from the very different 

calculated HOMO levels of the molecules. This difference is assumed to derive from the 

introduction of the dihedral angle in the molecules. The molecular modeling results, showed 

breaking of the planarity of the molecule, which might afford some positive effects on the 

molecular geometry in regards to the application in OPVs devices. 

4.2.2. PHOTOPHYSICAL PROPERTIES 

The absorbance properties of the three synthesized molecules have been recorded, both in 

solutions (CHCl3) and in films. These absorbance spectra can be seen in Figure 53 and Figure 

54, for the solution and the film, respectively. The solution containing PhDMe(DPP)2 and 

Ph(DPP)3 showed similar absorbance characteristics, with an onset of 630 and 620 nm, 

respectively. Whilst the absorbance onset of the Ph(DPP)2 is 655 nm indicating a better 

conjugated planarity, as agreed by its lowest dihedral angle from DFT calculations. But all 

three molecules show the same overall progression with two local maximas in the short 

wavelength region of the spectrum ranging from 400-250 nm. Since the molecular design of 

the three SM acceptors does contain a strong donor, the two distinctive smaller local maxima 

in the high energy part of the spectrum, indicates a degree of π→π* interactions that normally 

derive from the absorbance of donor component of a given D/A structure. This is also why 

two high energy maxima are observed, as these both derive from the HOMO excitation of the 

phenyl along with that of the DPP moieties[148].  The absorption at higher wavelength region 

(>450nm) for all the three compounds reflects the electron push-pull effects (the intra-chain 

charge transfer) between the central phenyl units (donor) and flanked DPP moiety (acceptor). 
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Figure 53: The UV-vis absorbance spectra of the 
three molecules:; Ph(DPP)2 (black), 
PhDMe(DPP)2 (red) and Ph(DPP)3 (green) in 
CHCl3 solution. Adapted from paper II and IV. 

Figure 54: The UV-vis absorbance spectra of the 
three molecules; Ph(DPP)2 (black), 
PhDMe(DPP)2 (red) and Ph(DPP)3 (green) in 
film. Adapted from paper II and IV. 

It is no surprise that the Ph(DPP)2 exhibits the lowest bandgap, as the torsion of this given 

molecule is much lower than PhDMe(DPP)2 and slightly lower than Ph(DPP)3. When 

observing Ph(DPP)3, the relative higher bandgap of Ph(DPP)3 comes from the slightly higher 

torsion as a result of  the slightly higher dihedral angle. The visual appearance of the three 

different SMs can be seen in Figure 55 (the left image), where it can be seen that the color of 

Ph(DPP)3 is red, while Ph(DPP)2 is dark blue, and PhDMe(DPP)2 exhibits a purple color.  For 

the film absorbance seen in Figure 54, Ph(DPP)2 has an approximately 60 nm red shift of the 

onset, with a film absorbance onset of 708 nm, with a clear vibronic shoulder at 650 nm 

deriving from π-π interactions of the planar Ph(DPP)2. PhDMe(DPP)2 also shows a red-shift 

going from 630 nm to 680 nm, so despite the introduced torsion the π-π stacking in films is 

still occurring and result in a red shift of PhDMe(DPP)2. It becomes clear when observing 

Ph(DPP)3, it has the smallest red shift among the three SMs. The red shift of 17 nm going 

from 620 nm to 637 nm, which proves the steric hindrance of Ph(DPP)3 that prevents the π-π 

stacking and thus prevents as large a redshift as Ph(DPP)2 and PhDMe(DPP)2 has. The band 

gaps of the SM have been determined using the absorbance onset being; 1.75, 1.82 and 1.95 

eV, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. 

  

Figure 55: The visual appearance of the three molecules; Ph(DPP)2 (left), PhDMe(DPP)2 (middle) and 
Ph(DPP)3 (right) in solution and on a TLC plate.  
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The right image in Figure 55 is shown the solid film absorbance of the three materials on a 

silica TLC plate. The Ph(DPP)2 has a blue color; PhDMe(DPP)2 has a purple color which both 

corresponds to the color of the solutions. More interestingly Ph(DPP)3 goes from a redish 

color in solution to a purple color on the silica. Using CV, the frontier orbitals of the 

molecules have been determined. The HOMO level of the SM has been determined to be -5.16 

eV, -5.18 eV, and -5.24 eV, for Ph(DPP)2, PhDMe(DPP)2, and Ph(DPP)3, respectively. 

Combining the determined HOMO levels, with the optically determined bandgap, affords the 

LUMO level of -3.41 eV, -3.36 eV and -3.29 eV, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, 

respectively. The frontier orbitals obtained by combining the electrochemical HOMO and the 

optical bandgap afforded a LUMO level, which is not deep enough for the SMs to work 

efficient as an acceptor for the donor polymer P3HT. As the energy levels of P3HT has been 

determined to be -3.20 eV and -5.14 eV, for the LUMO and HOMO, respectively. While the 

0.3 eV criterion is not met by LUMO levels determined by the optical bandgap, using the 

LUMO levels obtained by CV afforded slightly different LUMO levels being -3.52 eV, -3.65 

eV and -3.55 eV, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. These 

electrochemically obtained LUMO levels, meets the criteria, thus it is expected to facilitate an 

efficient energy transfer, therefore being suitable acceptors to blend with the state-of-art light 

harvesting materials P3HT. 

Table 17: The summarized photo-physical data for the three small molecules Ph(DPP)2, PhDMe(DPP)2 
and Ph(DPP)3. 

Name λonset Eg optical 

[eV] 

EHOMO 

[eV] 

ELUMO-opt 

[eV] 

ELUMO-

CV[eV]
a
 

Eg CV 

[eV]
 b

 

Ph(DPP)2 707.6 1.75 -5.16 -3.41 -3.52 1.64 

PhDMe(DPP)2 679.6 1.82 -5.18 -3.36 -3.65 1.53 

Ph(DPP)3 637.4 1.95 -5.24 -3.29 -3.55 1.69 

a) calculated from reduction by formula ELUMO=-(Ered+4.8-0.4)eV, the 0.4 being the halfway potential of fc/fc+ 

redox-pair b) Eg CV= EHOMO-ELUMO 

The electrochemically obtained LUMO levels in turn result in electrochemical bandgap, which 

is quite different from the optical acquired bandgap of 1.64 eV / 756 nm, 1.53 eV/810 nm and 

1.69 eV/ 733 nm, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. The reason to the 

apparent decreased electrochemical bandgap compared to the optical ones, are mainly caused 

by strong intermolecular interactions (π-π stacking) in films where the SMs were casted on the 

electrode. 

4.2.3. DEVICE PERFORMANCE 

Small area spin coated PV devices were fabricated for investigation on active layer materials 

composed of P3HT and our synthesized acceptor materials, Medium area sized roll coated 

devices were also made for scaling up PV cells for the future.  
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4.2.3.1 Small area spincoated devices 

As described in 4.1.1.3, the small area devices where constructed using the device structure: 

ITO/PEDOT:PSS/AL/PFN/Al. The SMs are tested against P3HT as donor. The summarized 

device data can be seen in Table 18, it was found via optimization that the optimal ratio 

between the donor (P3HT) and acceptor (the SM) was 1:1.5 weight equivalents. This optimum 

is determined using PhDMe(DPP)2 and was then applied to the two other materials. 

Table 18: The summarized spin coated device data for the three small molecules Ph(DPP)2, 
PhDMe(DPP)2 and Ph(DPP)3 with various D:A weight ratios (the D being P3HT). The active layer 
was spin coated from CHCl3 unless stated. 

Material Ratio 

[D:A] 

Annealing[oC] Voc[V] Isc[mAcm-2] FF[%] PCE[%] 

PhDMe(DPP)2 1:1 - 0.83 0.16 28.7 0.04 

  80 0.81 1.30 31.0 0.33 

  100 1.02 1.01 33.2 0.34 

 1:1.5 - 1.13 0.31 26.4 0.04 

  80 1.13 1.54 37.3 0.65 

  90 1.14 1.26 41.1 0.61 

  90a 1.15 1.23 43.2 0.61 

  90b 1.09 0.86 38.7 0.36 

  100 0.99 1.17 33.6 0.39 

 1:2 - 0.80 0.09 27.5 0.02 

  80 0.36 1.33 29.0 0.14 

  100 0.89 0.94 33.8 0.29 

Ph(DPP)2 1:1.5 - 1.13 0.27 26.0 0.08 

  80 1.10 1.25 28.4 0.39 

  90 1.10 1.45 30.0 0.48 

Ph(DPP)3 1:1.5 - 1.18 0.15 26.7 0.05 

  80 1.18 0.84 23.4 0.23 

  90 1.17 1.07 24.8 0.31 

a) Solvent chlorobenzene (CB) b)Solvent dichlorobenzene (DCB) 
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Different annealing temperatures have been tested and the optimum annealing temperature 

was found to be 90
o
C. The maximum performance obtained for any of the three SM acceptors 

was of 0.65% for PhDMe(DPP)2 with a Voc of 1.13 V, Jsc of 1.54 mAcm
-2

  and a fill factor of 

37.3 %. The highest Voc obtained for PhDMe(DPP)2 was obtained using CB as solvent rather 

than CHCl3, with a Voc of 1.15 V. The second highest performing material was the Ph(DPP)2 

with an efficiency of 0.48 % under the similar conditions as PhDMe(DPP)2, the efficiency was 

obtained with a Voc of 1.10 V, a Jsc of 1.45 mAcm
-2

 and a fill factor of 30.0%. This being 

higher than the efficiency obtained for the Ph(DPP)3; that only achieved an efficiency of 

0.31%, with a Voc of 1.17, Jsc of 1.07 mAcm
-2

 and a FF of 24.8%. The reason that Ph(DPP)3 

has the highest Voc derives from the relative deeper HOMO compared to the two other SM 

materials.  

Generally the Voc of these small molecule acceptors are high, all exceeding 1.1 V. This 

increase in Voc derives from the deep LUMO levels of the SM acceptors, and the low HOMO 

of P3HT. But despite for  very high Voc, the issue with the performance is primarily associate 

with the low Jsc which only reaches a mere 1.54 mAcm
-2

 (for PhDMe(DPP)2) this is assumed 

to derive either from a unfavorable film morphology (resulting in a small D/A interface), or a 

lack of ∆|LUMOacceptor-LUMOdonor| potential.  

 

Figure 56:The AFM images both topographic (a, b and c) and phase (d, e and f) of the SM films were of 
the SM; Ph(DPP)2(a,d), PhDMe(DPP)2 (b,e) and Ph(DPP)3 (c,f). The films were of the best performing 
devices. 

As indicated from the AFM images in Figure 56, there is not a large phase separation, even 

though some slightly elongated phases are present in the images of the matrix containing 

Ph(DPP)3 (c and f). Meaning that the low performance must derive from the lack of potential 

to ensure charge separation. This lack of charge separation potential strengthens the notion 

that using the optical bandgap to estimate the LUMO level, as according to the 

electrochemical LUMO the ∆|LUMOacceptor-LUMOdonor| difference was all above the optimal 

difference of approximately 0.3 eV. While the optical showed ∆|LUMOacceptor-LUMOdonor| 

difference of 0.09-0.2 eV thus explaining the lack of current in the devices. 
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Despite the relative low performance of the devices, the goal of this study was to increase the 

active area of the device from the 9 mm
2
 to 1cm

2
. Therefore using the optimal ratio, roll-

coated devices where made. 

4.2.3.2 Roll coated devices 

Using the procedure described in section 2.2.1.3, Roll-coated devices have been fabricated, the 

devices where of the inverted geometry, and were constructed using either a 3 layer top 

electrode or a single layer top electrode (as described before (2.1.3)). 

The OPV performance can be seen in Table 19 and Figure 57, it can be seen that the highest 

performance achieved was 0.229 % for Ph(DPP)3 while the lowest maximum efficiency was 

PhDMe(DPP)2 with a performance 0.022%. This is interesting as the ranking of these are the 

opposite of the findings for the spin coated devices, were the order of most efficient was 

PhDMe(DPP)2>Ph(DPP)2>Ph(DPP)3. 

Table 19: The summarization of performance data of the roll-coated OPV (all in the D:A ratio of 1:1.5), 
the values are the average of 4 measured devices 

Material Jsc[mAcm
-2

] Voc[V] FF[%] PCE[%] PCE 

[%](best) 

Ph(DPP)3 -0.833±0.039 0.690±0.026 36.38±2.58 0.204±0.023 0.229 

PhDMe(DPP)2 -0.148±0.009 0.398±0.048 32.34±1.99 0.019±0,002 0.022 

Ph(DPP)2 -0.577±0.072 0.646±0.006 32.72±0.51 0.122±0.015 0.135 

 

Ph(DPP)3 obtained an average PCE of 0.20 % with a Voc of 0.69 V, a Jsc of 0.83 mAcm
-2 

and 

FF of 36%, Ph(DPP)2 gained an average PCE of 0.12 % with a Voc of 0.65 V, Jsc of 0.58 

mAcm
-2

 and FF 33 % and lastly the PhDMe(DPP)2 achieved an average PCE 0.02% via a Voc 

of 0.40 V, Jsc of 0.15 mAcm
-2

 and a FF of 32%. Both the Jsc and the Voc is lower than the ones 

obtained for spin coated devices. The characteristic that was praised mostly was the high Voc 

exceeding 1.1 V for the spin coated cells, however those were not maintained in the roll-

coated devices which reached a maximum Voc of 0.69V. This lower voltage could derive from 

an increased shut resistance as a result of either silver spikes of the applied electrode or bad 

film formation; or possibly also being a combination of both these. The loss could also simply 

derive from the change in device geometry.  

It should be noted that the roll coated devices are without uses of ITO electrode as the front 

electrode or the application vacuum deposited back electrodes. This seen in the light of the 

change of order in regards of efficiency, this could also be derived from a change the 

morphology of the film.  
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Figure 57: I-V characteristics of the roll coated devices with the active layer consisting P3HT : Small 
molecule acceptor in the ratio 1:1.5 (Ph(DPP)2 (black), PhDMe(DPP)2 (red) and Ph(DPP)3 (green)) 
coated from CHCl3. Adapted from paper IV. 

 

The Jsc is a result of multiple factors of the active layer of the device; therefore the change in 

hierarchy of materials most likely does not lead to the charge separation potential of the 

different SM acceptors, but most likely from either the different the device geometries or the 

different processing technologies. Changing the device geometry primarily switches the 

direction of the current in the devices and the electrode materials. The changes of electrode 

materials will in certain change the maximum obtainable potential and therefore maximal 

obtainable PCE. But this again should not change the order of efficiency as it will not affect 

the active layer dynamics in regards to the internal charge separation. Therefore the largest 

difference between (neglecting the different change in area) is the evaporation speed of the 

active layer in the roll coated and spin coated devices, respectively. The evaporation of the 

active layer solution in the spin coating is nearly instantly, while the evaporation rate is 

slightly lower in roll coated procedure this will most likely result in a larger phase separation 

for the molecules that have the largest intermolecular interactions, this being the planar 

Ph(DPP)2; thus affording a lower D/A phase interface-area resulting in a lower current. But 

again this does not fully explain the observed current characteristics, as Ph(DPP)2 and 

Ph(DPP)3 performs superior to PhDMe(DPP)2.  
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Figure 58: In the upper left corner, the external quantum efficiency (EQE) for the best performing SM 
devices containing  (Ph(DPP)2 (black), PhDMe(DPP)2 (red) and Ph(DPP)3 (green)) coated from CHCl3 
adapted from paper IV. The upper right, and lower left and right are the EQE plots (blue) of the 
respective polymers, together with the absorbance of P3HT (red) and the given SM (black).  

The difference could be found in what extend the SM is involved in the generation of photo 

current; this can be quantified using EQE measurements as seen in Figure 58. In Figure 58 

(the upper left) it is clear that the maximum obtained EQE is for Ph(DPP)3 (~5.5 % at 525 

nm), followed by Ph(DPP)2 (~4.5% at 500 nm), and PhDMe(DPP)2 (~1% at 510 nm). The 

differences between the materials are especially interesting when observing the correlation 

between absorbance and the three different SMs and the donor P3HT. It can be seen that the 

onset of the EQE of  Ph(DPP)2 containing devices (upper right in Figure 58) correlates with 

the absorbance of the SM, thus showing that the SM is actively participate in the absorbance 

of photons, and thus increasing the overall efficiency of these devices.  While this is also the 

case for Ph(DPP)2. For the device containing PhDMe(DPP)2 (lower left in Figure 58) the 

progression of the EQE only correlates with the P3HT in these devices affording an 

explanation of low performance of these devices. The lack of involvement of the 

PhDMe(DPP)2 is especially clear, as the onset of the EQE is approximately 50 nm lower than 

that PhDMe(DPP)2.  For the device utilizing the Ph(DPP)3 as acceptor (lower right in Figure 

58), the onset of the EQE and the absorbance of Ph(DPP)3 correlates, but as the onset of 

Ph(DPP)3 and P3HT are comparable,  the effect of the SM acceptor in regards to the 

generation of photocurrent is not definitively observed. But the effect and involvement is 

observed due to the secondary maximum at 380 nm of the measured EQE, still which is 

combined with the relative higher EQE of Ph(DPP)3.  
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Another important parameter of the OPV technology is the lifetime of these device, these can 

be used to estimate the stability of the SM acceptors. The results of the lifetime studies can be 

seen in Figure 59 and the maximum performance for the three devices can be seen in Table 

20. 
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Figure 59: The normalized PCE as function of time for the devices containing the three small molecules 
acceptors:  (Ph(DPP)2 (black), PhDMe(DPP)2 (red) and Ph(DPP)3 (green)). The PhDMe(DPP)2 device 
lost connection approximately at the 11th day. Adapted from paper IV.  

The devices tested in ambient conditions under a continuous illumination of a 1.5 AM sun 

simulator, and after 11 days PhDMe(DPP)2 suffered a fatal defect and disconnected from the 

testing system. But what is notable is that the efficiency of all the devices initially increased as 

function of the exposure to the light; the efficiency increases from 0.022 % to 0.04 % for 

PhDMe(DPP)2, 0.135% to 0.429% for Ph(DPP)2 and 0.229% to 0.538% for Ph(DPP)3. This 

increment derives from both an increase in Jsc and Voc as seen in Table 20, where Ph(DPP)3 

obtained a Voc of 0.82V and Jsc of -1.5 mAcm
-2

, Ph(DPP)2 obtained a Voc of 0.80V and Jsc of -

1.2 mAcm
-2

, and PhDMe(DPP)2 afforded a Voc of 0.54V and Jsc of -0.19  mAcm
-2

. Lafalce et 

al.[149] described that this increase basically involved three processes; the photo induced 

desorption of adsorbed oxygen, filling of charges traps and thermal activation of trapped 

charges. The initial desorption of oxygen afforded by the illumination can according to 

Lafalce et al. result in a reversible oxidation of the active layer that results in a p-doping, this 

was shown for P3HT (the donor of this system) resulting in an initial increase of efficiency 

[149]. But this is counter acted by the irreversible oxidation of the active layer that reduces the 

efficiency and finally becomes fatal for the device performance. The findings of this study 

shows the same trends as the processes discussed by Lafalce et al., as for all the devices an 

initial spike in efficiency is observed and followed by the burn-in period of about ten days for 

the device. The large efficiency spike which is suspected to derive from desorption of oxygen 

falls well in line with these devices were fabricated under ambient atmosphere. 
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Table 20: The maximum obtained data from the lifetime experiments of three SM acceptor devices. 
Adapted from paper IV. 

Device Time [s] (hrs) Isc[mAcm-2] Voc[V] FF[%] PCE[%] 

Ph(DPP)3 16750 (4.65) -1.484 0.815 35.76 0.538 

PhDMe(DPP)2 564 (0.16) -0.185 0.543 32.59 0.040 

Ph(DPP)2 16470 (4.57) -1.219 0.802 350 0.429 

 

4.3. SUMMARZATION 

Three simple none-fullerene acceptors have been successfully synthesized. The small 

molecules were obtained via Suzuki cross-coupling between 3-(5-bromothiophen-2-yl)-2,5-

bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione and a boron acid 

ester; 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene to afford Ph(DPP)2, 2,2'-

(2,5-dimethyl-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) to afford 

PhDMe(DPP)2 and 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene to afford 

Ph(DPP)3. The molecular structure of these three small molecules have been investigated and 

confirmed by 
1
H and 

13
C NMR and MALDI-TOF MS. The materials showed melting points of 

234
 o

C, 206 
o
C and 226 

o
C for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively, 

indicating their purity and crystallization ability. Their thermal stabilities are exceeding 300
 

o
C. Molecular simulations showed dihedral angles from the center moiety to the DPPs to be 

21.6
o
, 44.6

o
 and approximately 26

o
, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. 

This increase in angle showed an effect on the molecular dynamics of the molecules. The 

frontier orbital of the small molecule acceptors where determined to be (HOMO/LUMO) -5.15 

eV/-3.41 eV, -5.16 eV/ -3.36 eV and -5.24 eV / -3.29 eV, for Ph(DPP)2, PhDMe(DPP)2 and 

Ph(DPP)3, respectively.  The optical bandgaps where determined to be; 707 nm/1.75 eV, 679 

nm/1.82 eV and 637 nm/1.95 eV for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, respectively. 

The SMs were tested both in a convention normal geometry small area spin coated device and 

the inverted geometry medium area roll coated device which were ITO free and produced in 

ambient conditions without the usage of vacuum techniques.  

The SMs were tested as acceptor against P3HT. The maximum performance obtained for any 

of the three SM acceptors was of 0.65% for PhDMe(DPP)2 with a Voc of 1.13 V, Jsc of 1.54 

mAcm
-2

 and a FF of 37.3 %. While Ph(DPP)2 obtained an PCE of 0.48 % with a Voc of 1.10 

V, a Jsc of 1.45 mAcm
-2

 and a FF of 30.0% and Ph(DPP)3 only achieved an efficiency of 

0.31%, with a Voc of 1.17 V, a Jsc of 1.07 mAcm
-2

 and a FF of 24.8%. Interestingly all three 

molecules showed  high Voc all exceeding 1.1 V, which is expected to derive from the deep 

homo levels of SM acceptors. The reasons for the relative low efficiencies derive from low 

photo currents, which most likely derive from a low potential difference between the 

LUMOdonor and LUMOacceptor. Despite the relative low efficiencies, the SM where still tested in 

roll coated devices. These afforded the following PCEs for; Ph(DPP)3 obtained an average 

PCE of 0.20 % with a Voc of 0.69 V, a Jsc of 0.83 mAcm
-2 

and FF of 36%, Ph(DPP)2 gained 
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an average PCE of 0.12 % with a Voc of 0.65 V, Jsc of 0.58 mAcm
-2

 and FF 33 % and lastly the 

PhDMe(DPP)2 achieved an average PCE 0.02% via a Voc of 0.40 V, a Jsc of 0.15 mAcm
-2

 and 

a FF of 32%. As it can be seen the SM that performed the worst in the spin coated device 

(Ph(DPP)3) performed the best in the roll coated devices, and vice versa. It should be noted 

that the high Voc found for the spin coated devices were not found in the roll coated devices, as 

the Voc obtained was 0.65 V, 0.40 V and 0.69 V, for Ph(DPP)2, PhDMe(DPP)2 and Ph(DPP)3, 

respectively, while all exceeded 1.1 V in the spin coated devices.  

An EQE experiment showed that for Ph(DPP)2, and Ph(DPP)3, the SM contributed to the 

generation of the photocurrent, this was not the case for PhDMe(DPP)2, explaining the relative 

lower efficiency of this SM compared to the others in the roll coated devices. A life-time study 

was conducted and it was found that after an during burn in period the efficiency of the tested 

devices increases from 0.022 % to 0.04 % for PhDMe(DPP)2, 0.135% to 0.429% for PhDPP2 

and 0.229% to 0.538% for Ph(DPP)3. This increase is followed by a slower decrease in 

efficiency. These tendencies are all ascribed to the processing in ambient atmosphere. 

Interestingly the Voc of these devices increased to 0.80V, 0.54 V and 0.82V for Ph(DPP)2, 

PhDMe(DPP)2 and Ph(DPP)3, respectively, the origin of this increase is unclear. The synthesis 

and testing of the small array of SM none-fullerene acceptors show that aligning the energy 

levels is enough when designing a SM acceptor. The molecular geometry also plays an 

important role in the performance of these devices.  

 

 



CHAPTER 5. NANOPARTICLES VIA IN SITU 
MICRO-EMULSION POLYMERIZATION 

TOWARDS WATER PROCESSABLE OPVS 

5.1. MOTIVATION 

When discussing the commercialization of OPV, the first and most pressing issue is certainly 

the relative low performance and poor stability of the OPVs compared to the readily available 

inorganic counterparts. But as often mentioned throughout this entire thesis, there is and have 

been continuous focus on the development of well performing devices with efficiencies 

exceeding 10 % for BHJ based devices. While groups such as  F.C. Krebs (at Technical 

University of Denmark) have pioneered the out-phasing of ITO based electrodes, as the 

embodied energy and scarcity of ITO would be a large issue in regards to the energy pay-back 

time (EPBT) of OPV devices[31], [143]. This change in electrodes from ITO to a suitable 

electrode constellation in combination with the vacuum-free utilization has lowered the 

embodied energy significantly. But a large factor that still has to be addressed is the usage of 

organic solvents such as chloroform, chlorobenzene (CB), di-chlorobenzene, toluene, 

isopropanol, or acetone. These solvents are not only non-environmental friendly, but also a 

health risk as some of these solvents are suspected of being carcinogenic. Another very 

important parameter of the organic solvents that need to be considered is their embodied 

energy, for example, 36.5 MJ kg
-1

 for isopropanol[150], 21.42 MJ kg
-1

 for toluene[151], and 

159 MJ kg
-1

 for CB [143]. Comparing these embodied energies to that of water, being 19 kJ 

kg
-1

 [152], there certainly is some energy to be saved, from circumventing the application of 

these energy intensive solvents. Therefore, it could be advantageous to investigate different 

strategies for applying an aqueous processing to avoid some or the majority of these 

undesirable solvents.  

Generally, there are two concepts to move the materials towards water based processing. First, 

modifying the monomers, via the introducing of either non-ionic sidechains such as PEG[153] 

or hydroxy functionality, or via introduction of ionic side chains such as carboxylic acid, 

ammonium [154], phosphates[155],  sulfuric acids or even zwitterion functionality [156]. In 

2011 Søndergaard et al.[153] showed an example of the firstly mentioned technique; where a 

polythiophene modified with a thermo-cleavable PEG sidechain, which is allowed for water 

processing while removing sidechain components during post processing. The resulting device 

had an efficiency of 0.7%. More recently Zhang et al.[157]  reported an application of a 

water/alcohol-soluble conjugated copolymer consisting of a 9,9-bis(6’-(N-

diethylamino)propyl-flourene and 9,9-bis(3-ethyl(oxetane-3-ethyloxy)-hexyl)-flourene, while 

this polymer is not incorporated in the active layer, the polymer itself is processable in water 

and used as an interface-layer between the active layer and the electron transport layer, the 

resulting devices had an efficiency of 9.28%. A major disadvantage with the monomer 

modification approach is that when doing so, it results in large changes in the film 

morphology that in turn will change the approach of which the film morphology is formed. 

Therefore, it would be advantageous to employ native unmodified π-conjugated polymers 

through two major design-strategies being via precipitation and micro-emulsion.  
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5.1.1. PRECIPITATION TECHNIQUE 

The most straight forward approach is called reprecipitation or even nano-precipitation. This 

technique is basically to pour a polymer solution in a good solvent (often THF[158], [159]) 

into a non-solvent, which could be water for the conjugated polymers. The non-solvent should 

be miscibility with the good one. The concept (seen in Figure 60)  is that the sudden drop in 

solubility, going from a good to a poor solvent mixture will result in precipitation and particle 

size control could be obtained under given high enough shear, this could afford a precipitate in 

nanometer-scale[158]. This technique has been reported by Szymanski et al.[160] in 2005; 

where they showed that using the above mentioned technique on poly[2-methoxy-5-((2-

ethylhexyl)oxy)-p-phenylenevinylene] (MEH-PPV) afforded nanoparticles in the diameter 

range of 5-30 nm with the majority of the particles populating the diameter range of 5-10 nm, 

indicating that these consist of only one polymer molecule, according to Szymanski et 

al.[160]. In 2007 Wu et al.[161] showed the versatility of the method by preparing 

nanoparticles of the homopolymer poly(9,9-dihexylfluorenyl-2,7-diyl) and the copolymer 

poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-(2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylene)] (PFPV) affording particles in a diameter range of 5-50 nm. It is worth noticing 

that none of the polymers mentioned above has been involved in any 

modification/functionalization. The formation of these nano-scale precipitates are mainly 

attributed to the hydrophobic effect, induced by the rapid change of solvations [158]. The 

particle diameter is primarily controlled by the polymer concentration in the good solvent. The 

origin of the stabilizing effects are unclear, as there are not employed any 

emulsifier/surfactant, that ensures the thermodynamically stabilization of the particles[159]. 

As the stabilization on particle sizes is an issue and the concentration of the final material is 

rather low, this will potentially be problematic in fabrication of OPV devices.  

 

 

 

Figure 60: A schematic illustration of precipitation technique (left) and the micro-emulsion technique 
(right), both are  inspired by Tuncel and Demir [158] . 
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5.1.2. MICRO-EMULSION TECHNIQUE 

This method was pioneered by Landfester and co-workers who presented the versatility of the 

method in the fabrication of nanometer scaled particles[162], [163]. The micro-emulsion 

technique is rather similar to that of the precipitation (seen in 5.1.1), the two major differences 

being the presence of a surfactant in the water phase and the application of a water immiscible 

solvent for the emulsion technique (shown in Figure 60).  A standard procedure is: a solution 

of a given polymer in a minimum amount of solvent like CB or chloroform is added into an 

aqueous solution of surfactant usually the ionic sodium dodecyl sulfate (SDS) or non-ionic 

surfactant such as polyoxyethylene or sorbitan monolaurate (polysorbate, TWEEN). The 

addition of the polymer solution is done under shear induced by stirring and sometimes via the 

exposure to sonication, after the sonication the solvent can be removed by elevating the 

temperature for an extended period of time, affording solid nanoparticles consisting of 

conjugated polymer and surfactant. The aggregation is prevented either by electro static 

charges of the surface of the particles (applying ionic surfactants) or by steric hindering, these 

surfactants are normally amphiphilic meaning they have both a lipophilic and a hydrophilic 

part, thus the material located in the water – oil interface. In the case of hydrophobic materials 

in nanoparticles, the lipophilic parts will be oriented facing inwards while the hydrophobic 

part will face outwards. This orientation affords colloidal stabile nanoparticles. In 2003 

Kietzke et al. [162] showed the fabrication of nanoparticles consisting of polymer blends and 

further more showed the potential towards the usage of these in OPV. They showed that 

forming nanoparticles and then subsequently process these from an organic solvent, would 

maintain the morphology of the particles. The organic solvent used was xylene which is a 

relative poor solvent for conjugated polymers. And issue with this approach is that, despite 

succeeding in producing these nanoparticles, the relative large amounts of organic solvents 

during the production, which though should be recyclable.  

The first successfully full R2R aqueous processed LBG polymer particles where reported by 

Andersen et al.  [36] in 2011 showing functional devices. This was done using the basics of 

the method presented by the Landfester group[162]. Andersen et al.  showed fully R2R  

processed devices with a PCE around 0.55% for the poly[(4,4`-bis(2-ethylhexyl)-dithieno[3,2-

b:2´,3´-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] in combination with PC61BM 

as the acceptor, the area of the measured devices are 4 cm
2
[36]. Although the work of 

Andersen et al. showed a tremendous potential, it still involved conjugated polymers, obtained 

via large number of synthetic steps and extensive purification, and large amount of these 

organic solvents (though it should be noted that these solvents can be recycled[36]).  

5.1.3. MICRO-EMULSION POLYMERIZATION 

The micro-emulsion methodology in combination with polymerization techniques could show 

a promising path away from the solvent intensive processing methods for conventional uses. 

Traditional emulsion polymerization has been limited to the chain reaction of vinyl 

polymerization[164]. Baier et al.[164]  in 2009 showed that conjugated polymer could be 

synthesized in an aqueous system via the Glaser coupling of different biethynyl-substituted 

aromatic monomers, affording fluorescent nanoparticles.  
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The copper-based catalyst utilized hydrophobic ligands to ensure solubility in the organic 

phase. This approach afforded high molecular weight polymers, some of these polymers 

exhibited a low solubility when tried to resolubilized in organic solvents[164]. The 

synthesized particles showed diameters in the range of 30 nm. Using the same procedure, 

Huber et al. [165] reported Sonogashira polymerization of diethynyl and dibromo monomers 

for D-A style polymers with a Pd-based catalyst. They further highlights the advances of 

efficiently fabricated polymers that become insoluble after the processing steps, such as 

coating[165]. Compared to the work of Søndergaard et al. where the polymer was rendered 

insoluble via thermal cleavage, this elaborated synthesis might be avoidable via the usage of 

micro-emulsion approach[153]. Both the discussed micro-emulsion systems involves the 

usage of diethynyl monomers, which are not the frequently used monomers, as the majority of 

the D-A polymers reported for OPV applications, are polymerized using Stille or Suzuki 

cross-coupling procedures. 

Wang et al. [166] reported the polymerization of a toluene-based micro emulsion, using the 

non-ionic surfactant Tween 80. One of the polymers obtained was the D-A copolymer of 

2,1,3-benzothiadiazole and 9,9-dioctyl-2,7-yl-flourene, resulting in particles with diameters in 

the range of 200-300 nm [166]. The D-A copolymer showed similar absorbance spectrum to a 

control polymer, with the same structure [167][168]. Combination of the methods of Andersen 

et al.[36] and Wang et al[166] for an all-in-one in situ polymerized nano-particles would be 

interesting, as this could reduce the number of overall steps for the syntheses of the nano-

particles.  

In this chapter the nano-particles consisting of poly(4,7-(2,1,3-benzothiadiazole)-alt-2,7(9,9-

dioctylflourene)) (PBTFl) nano-particles with and without incorporating PC61BM into the 

nanoparticle matrix is proposed, as illustrated in Figure 61. 

 

Figure 61: Flowchart of the synthesis of PBTFl nanoparticles in micro emulsion system.  
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After the organic components have been completely dissolved and degassed, a degassed 

aqueous solution of detergent and base is added and subsequently treated by ultra-sonication 

(ultra sound bath). The reaction mixture is then heated for a certain reaction time. The 

resulting nano-spheres are then purified by means of dialysis. 

5.2. MATERIALS AND METHODS 

5.2.1.1 Materials 

Chemicals used were of commercial grade, and used without further purification, if not state 

otherwise. 3,3’-hexane-1,6-diylbis(2,5-dibromothiophene) was synthesized according to 

literature procedure[169]. Our synthetic procedure of the micro emulsion polymerization 

(inspired by Wang et al.[166]) has been improved in regards to the use of crosslinking agent 

and a different surfactant. 

5.2.1.2 Synthetic procedure 
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Scheme 22: Synthesis of poly (4,7-(2,1,3-benzothiadiazole)-alt-2,7(9,9-dioctylflourene))with the 
cross linker 3,3’-hexane-1,6-diylbis(2,5-dibromothiophene)via a Suzuki-cross coupling in micro 
emulsion. 

PBTFl: As shown in Scheme 22, 9,9-dioctylfluorene-2,7-bis(propanionboronate) (60 mg, 0.1 

mmol), 4,7-dibromo-2,1,3-benzothiadiazole (30 mg, 0.1 mmol) and 3,3’-hexane-1,6-

diylbis(2,5-dibromothiophene) (3 mg, 0.005 mmol) , were dissolved in toluene (1.5 mL). Then 

an aqueous solution of degassed alkaline surfactant (25 mL, Na2CO3 (1M) and SDS (3 

w/w%)) was added. The flask was degassed twice by two consecutive freeze-pump-thaw 

cycles. Hereafter a catalytic amount of Pd(PPh3)4 (6 mg, 5 mol%) was added under nitrogen 

counter flow, followed by resealing of the flask. The sealed flask was then degassed by one 

freeze-pump-thaw cycles. The entire solution was placed in a ultrasound bath for 1 h.  The 

mixture was kept 48 hours in darkness at 85
ᵒ
C and under nitrogen. The resulted suspension 

was then dialyzed against 1 L deionized water, using a cutoff of 3.5kDa. The water was 

changed daily for two days. The resulting polymeric solution was fluorescent yellow. 



RASMUS GULDBÆK BRANDT PH.D.-DISSERTATION 

106 

PBTFl+PCBM: The experimental procedure was identical with that of PBTFl but PC61BM 

(225 mg) was added together with the monomers. The resulting polymeric solution was low 

fluorescent yellow, and slightly darker than the PBTFl solution.  

5.2.1.3 Methods 

The particles size was determined via dynamic light scattering (DLS) on a Zetasizer Nano Z 

system (Malvern, USA). Scanning electron microscopy images where obtained on a Zeiss 

1540XB (Carl Zeiss NTS GmbH, Germany). Fluorescence emission spectra were recorded on 

Varian Cary Eclipse fluorescence spectrophotometer. The absorbance spectra were obtained 

on a Varian Cary Eclipse absorbance spectrophotometer. 

5.3. RESULTS AND DISCUSSION 

5.3.1. CHARACTERIZATION OF PARTICLES  

The diameter of the fabricated particles are shown in Table 21, it can be seen that the particle 

diameter (Z-average) are comparable, 121 nm and 132 nm, for PBTFl and PBTFl+PCBM. 

Table 21: The obtained DLS data for the two polymer nanoparticles with and without PC61BM. 

Sample name PdI PdI Width [nm]* Z-average [nm]* 

PBTFl 0.262 61.9 120.9 

PBTFl+PCBM 0.302 72.4 131.8 

*diameter 

The particles were slightly smaller than the ones reported by Wang et al. [166], which is 

attributed to the usage of SDS (3 w/w%) as a different surfactant, due to non-reproducibility 

of their work. After communication with the authors, it was found that the “TWEEN 80” used 

by them did not correspond to the datasheet acquired at the manufacturer of the surfactant. 

The one used in Wang et al.[166] was colorless whilst “TWEEN 80” according to the 

manufacturer is amber yellow [170]. The change to SDS  is due to the promising results 

shown by Andersen et al. by employing it as the surfactant to afford OPVs from aqueous 

solutions[36]. 

The morphology of the synthesized polymer nano-particles were further investigated by SEM 

(Figure 62), the images revealed spheres with a diameter less than 200 nm.  
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Figure 62: SEM images of the synthesized nanoparticles, the left image being of PBTFl with a scale bar 
of 200 nm and the right image is of the PBTFl+PCBM with a scale bar of 100 nm. 

For the PBTFl particles it is evident that aggregations are, as the particles are distributed in 

small clusters. This is not the case for the PBTFl+PCBM particles, where the particles 

apparently are more uniformly distributed.  
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Figure 63: The absorbance spectrum of the two absorbance particle suspensions in water;  PBTFl 
(Black) and PBTFl+PCBM (red) 

In Figure 63 the absorbance spectra of the two particle suspensions are shown. The onsets of 

approximately 550 nm (2.25 eV) for the native PBTFl particles, are comparable with those 

reported in literature[171], [172]. The onset of the fullerene containing particles, are slightly 

lower than that of the native PBTFl particles, i.e. approximately 530 nm (2.34 eV). The lower 

onset of the PCBM containing particles could be due to the relative lower amount of monomer 

in each particle, caused by the higher overall dry matter content of the organic phase. Due to 

the low solubility deriving from the introduction of the crosslinking agent, SEC experiments 

were not performed, thus the molecular weight obtained particles where not determined. A 

common approach to evaluate the charge transfer is to observe, whether the excitation can be 

quenched by the presence of a material that efficiently result in alternative recombination 

route than emission of light. Therefore, fluorescence spectroscopy experiments have been 

conducted, where the water suspenstion of nano-particles have been exited at different 
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excitation wavelengths and the resulting emission spectrum have been recorded, as can be 

seen in Figure 64. 

PBTFl PBTFl+PCBM 

  

Figure 64: The Emission spectra of the two nano-particle suspensions PBTFl (left) and PBTFl+PCBM 
(right). The notation wavelength (λ) refers to emission wavelength.  

The emission spectra of the native PBTFl particles, showed two maxima in emissions intensity 

at excitation wavelengths 400 nm and 525 nm. The maximum wavelength of the emissions is 

at 550nm which corresponds to the onset of the absorbance, the intensity of the emission 

depends on the excitation wavelength. Which can be found to be lowered significantly as a 

result the incorporation of fullerene in the particles. The emission maximum at an excitation 

wavelength of 400 nm is nearly completely quenched, indicating a charge transfer from the 

excited polymer onto the fullerene within the formed nanoparticles. This charge transfer is in 

regards to the further usage in OPV devices, as it is essential for the functionality of the 

device. 

5.3.2. ATTEMPTS TO MAKE NANOPARTICLE DEVICES 

As a result of the apparent good fluorescence quenching, representing a high degree of charge 

transfer, OPV devices were constructed. The devices were constructed similar to that 

presented in 2.2.1.3. In order to coat the particles, the different additives where tested, being 

FSO-300, FSO-100 (FSO is an ethoxylated fluorosurfactant) and ethylene glycol (EG). It was 

found that a combination of FSO-100 (5 volume%) and EG (5 volume%) afforded a 

homogenous film. The coating was also conducted at a 90
o
C. Despite the overall good films 

the I-V characteristics of the fabricated devices did not show any photocurrent and functioned 

as a resistor rather than a semiconductor, this is seen in Figure 65.  
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Figure 65: The I-V characteristics of a roll coated all-in-one nanoparticle based ink of PBTFl+PCBM  

5.4. SUMMARY 

In this study all-in-one nanoparticles have been synthesized via in situ micro-emulsion Suzuki 

cross-coupling polymerization to afford poly (4,7-(2,1,3-benzothiadiazole)-alt-2,7(9,9-

dioctylflourene)) with a small amount (5mol%) of crosslinker (3,3’-hexane-1,6-diylbis(2,5-

dibromothiophene))  in the absence and the presence of PC61BM. The resulting nanoparticles 

had a diameter of 121 nm and 132 nm, for particles without and with PC61BM, respectively. 

These particles sizes were determined using DLS and the dimensions where further 

investigated with SEM, proved the presence of particles in the same size range. The 

absorbance of the native nano-particles suggested the same progression as a control polymer. 

Due to the presence of the cross-linker making the polymer particles insoluble, the molecular 

weight was not measured. To investigate the charge transfer from conjugated polymer to the 

fullerene within the particles, a fluorescence experiment was conducted. This showed a near 

complete quenching of the fluorescence, which is an indication of a good charge transfer. But 

when devices were fabricated, there were no photocurrent detected. This could be explained 

by the incorporation of the catalyst in the in situ formed nano-particles, it has been shown in 

the literature; that the effect of residual catalyst can have a fatal impact on the devices [173]. If 

the catalyst is the largest obstacle in the fabrication of the devices, this mighty be 

circumvented by applying a water soluble catalyst which could lead to a lower Pd content of 

the resulting particles. Due to time limitations this was not pursued.  
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CHAPTER 6. CONCLUSION AND 
PERSPECTIVE 

As introduced (in section 1.6), there have been three overall topics throughout this thesis. 

Firstly, the syntheses of novel conjugated polymers for applications in both small area OPVs 

and large area roll-coated OPV devices. A series of D-A polymers employing 

benzodipyrrolidone (BDPDP) as the acceptor combined with an array of donors:4,8-bis(5-(2’-

alkyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene (BDTTT), 9-(9-heptadecanyl)-9H-

carbazole (C), 9,9-dioctylflourene (F), and the previously published N-(1-

pentylhexyl)dithieno[3,2-b:2’,3’-d]-pyrrole (DTP). The resulting polymers did not perform 

well with efficiencies ranging from 0.007% to 0.682% in small area spin coated OPVs, 

depending on the D-A combination. Attempts to fabricate roll-coated OPVs using the BDPDP 

polymers have been made, but with limited success. Surprisingly the PBDPDPDTP performed 

significantly worse in roll-coated devices than the results from spin-coated devices reported in 

literature. This is ascribed to the different branched alkyl sidechain applied, from 2- octyl-

dodecyl while in this work to 2-ethyl-hexyl in literature, emphasizing the importance of alkyl-

sidechain.  

Two novel Isoindigo based D-A polymers have also been constructed, whose donor 

component were 9,9-dioctylflourene and N-(1-pentylhexyl)dithieno[3,2-b:2’,3’-d]-pyrrole. 

The polymer consisting of 9,9-dioctylflourene and Isoindigo were tested in small area spin 

coated OPVs against PC71BM, but resulted in low PCEs. The underlying issue was ascribed to 

the morphology, as TEM images showed a large degree of phase separation, and was therefore 

not investigated further. The D-A polymer consisting of isoindigo and DTP (PDTPI) was 

tested in both spin-coated small area devices and as roll-coated large area devices. A good 

scalability was found as the PCE increased from 0.72% to 0.99% in this transition. This good 

scalability combined with a good optical match with the polymers P3HT and PBDTTTz-4 led 

to the testing of the PDTPI in a fully roll coated tandem solar cell stack. The best performing 

device was PDTPI combined with PBDTTTz-4 that resulted in a tandem device with a PCE of 

1.73%, more importantly under ITO- and vacuum-free conditions. 

A novel conjugated monomer has been presented, the 3,6-dibromo-N-

(dimesitylboryl)carbazole (BC) monomer, which via molecular simulations were found be a 

pseudo-acceptor. The BC monomer was combined with 3,3”’-didodecyl-2,2’:5’,2”:5”,2”’-

quaterthiophene (QT) and 4,8-di(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-

b′]dithiophene (BDTTT) to form a quasi D-A type polymers and with 2,5-bis(2-ethylhexyl)-6-

(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP). The versatility of the BC 

monomer was found not only for participating in both Suzuki and Stille cross-coupling 

polymerizations but also in direct arylation polymerization. A ternary polymer consisting of 

BC, 2,5-dibromo-3-hexylthiohene, and 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol 

ester) to affording a random copolymer called P3HTBCBT. All four different polymers have 

been electrochemically and photophysically characterized and OPV devices were made. The 

BC based polymers were tested against PC71BM in small area OPV devices. The best was 

PBCBDTTT polymer with a PCE of 3.82%, this high PCE shows the great potential of the BC 

moiety and this is, to the best of knowledge, the highest PCE obtained for a boron containing 

polymer. Attempts on making large area devices via RC processing were abandoned due to 
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dewetting. As perspectives for the BC, it could be relevant to synthesize a large array of quasi 

D-A polymers, implementing units such as DTP or other stronger donors to further investigate 

the potential of this novel monomer. An even more interesting issue with the BC is the 

dewetting, the origin of this dewetting must be addressed for larger area devices fabrication on 

BC based polymers. This is essential to ultimately evaluate the potential of the BC monomer 

and polymer system of it, in a future commercialization of the OPV technology.  

Another important aspect in designing low bandgap polymers is to align the LUMO levels of 

the electron donor molecule and the electron acceptor molecule in the active layer in an OPV 

device. This issue derives from the difficulty in modifying the band gap and more importantly 

the LUMO level of the state-of-art fullerene based electron acceptors. In this thesis, three 

simple DPP based small molecule non-fullerene acceptors have been design, synthesized, and 

characterized. The three simple molecules consisted of a benzene ring flaked by either two or 

three DPP moieties. The small molecule acceptors were: with  benzene moiety centered, 1,4-

substituted (Ph(DPP)2); with  2,5-dimethyl-benzene moiety centered, 1.4-substituted 

(PhDMe(DPP)2); and finally benzene moiety  centered, 1,3,5- substituted (Ph(DPP)3). These 

small molecule acceptors were all tested against P3HT, the standard donor polymer. 

Molecular simulation have shown that the introduction of the methyl groups of the 

PhDMe(DPP)2 increases the dihedral angle between the center moiety and flanking DPP to 

44.5
o
 from the 21.6

 o 
found in both Ph(DPP)2 and Ph(DPP)3. The three SM acceptors have 

been fully characterized in regards photo-physical and electronic properties. Despite the 

similar building blocks of these acceptors, the color changes from blue purple going from 

Ph(DPP)2 to Ph(DPP)3, giving an indication of the impact of molecular geometry on SM 

acceptors. The SM acceptors have been tested in both a small area spin-coated devices and in 

large area fully roll-coated devices. The maximum performance (PCE) achieved with the SM 

acceptors was 0.65 % for PhDMe(DPP)2 and 0.31% for Ph(DPP)3. Interestingly the opposite 

as observed for roll coated devices, where the Ph(DPP)3 outperformed with a PCE of 0.23% 

compared to PhDMe(DPP)2 with a PCE of only 0.02%. EQE of the roll coated devices showed 

that the photocurrent of the PhDMe(DPP)2 is primarily driven by the P3HT, while the SM 

acceptor in both Ph(DPP)2 and Ph(DPP)3 contributes to the generation of the photocurrent, 

which at least for the roll coated devices explains the hierarchy, but does not enlighten the 

underlying reason. Upon extended exposure to the light, during a life time study, a PCE of 

0.54% was achieved for t Ph(DPP)3 while PhDMe(DPP)2 also performed better, reaching a 

PCE of 0.04%. The underlining reason for the ranking of the three similar SM acceptors are 

not fully understood, but are suspected to derive from the different processing approaches 

being either roll-coating or spin-coating. But this study clearly underlines the impact and 

importance of not only the energy levels of a given molecule but also morphology that it gives 

rise to. This should therefore be further investigated.  

In order to achieve a well-defined morphology in nanometer scale and to reduce the number of 

processing steps; in situ micro emulsion polymerized nano-particles could be a potential 

method to achieve this. In this thesis, a Suzuki coupling based in situ polymerization method 

has been explored for making nanoparticles consisting of the conjugated D-A polymer of  

poly(4,7-(2,1,3-benzothiadiazole)-alt-2,7(9,9-dioctylflourene) which showed the same 

absorbance in the particle form, as a control polymer with the same structure. The sizes of the 

particles were investigated via DLS, determining a diameter of approximately ~130 nm, which 

was further confirmed by SEM images. As mentioned the absorbance of the polymer is not 

affected by the formed nanoparticles compared to conventionally polymerized ones, which 
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indicated a decent molecular weight being large enough, but due to the introduction of a 

crosslinking agent, the molecular weight determinations of these polymers were impossible. 

To achieve a prearranged morphology, both nanoparticles with and without PC61BM 

incorporated were synthesized. The impact of this incorporation, was that the fluorescence 

was nearly completely quenched, proving a strong charge transfer. Despite the apparently 

good charge separation the device constructed from the nanoparticles with the PC61BM 

incorporated did not show any photocurrent. This is ascribed to the disadvantageous 

incorporation of the Pd-catalyst, which in literature, has been shown to be fatal for the 

photovoltaic effect. This might be circumvented by employing a water soluble catalyst, which 

can be removed more efficiently. 
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