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Abstract 

The importance of renewable energy sources is becoming clearer and clearer as unsustainable 

energy sources are running out and global warming is getting worse. Energy derived from sunlight is 

already commonly used, but more energy can be produced from sunlight when solar cells become 

cheaper. Organic solar cells use organic compounds as semiconductors which can be prepared from 

solutions, resulting in lower production costs. However, these semiconductors; 

Poly(3-hexylthiophene) and [6,6]-Phenyl-C61-butric acid methyl ester, are commonly dissolved in 

halogenated and aromatic solvents. These solvents have toxic properties, which is why alternative 

solvents should be identified. Potential solvents were predicted by using the Hansen solubility 

parameters and thin films were prepared by spin-coating the solutions. The thin films were evaluated 

with absorption spectroscopy, the fluorescence spectroscopy and atomic force microscopy. Since the 

alternative solvents had lower solubilites than the commonly used solvents, i.e., chlorobenzene, 

ortho-dichlorobenzene and chloroform, the absorption of the films with new solvents were lower as 

well. Using tetrahydrofuran resulted in the highest absorption of the used solvents, while xylene had 

a better film morphology. Increasing the absorption was attempted by spin-coating multiple thin 

films on top each other or by using a lower rotational speed. Spin-coating multiple films had no 

uniform effect on the absorption, while lowering the rotational speed increased the absorption, but 

not enough to equal the original absorption. Contrasting the results of the absorption spectra, the 

morphology improved when multiple layers were used while the film with the lower rotational 

speed’s morphology got worse. In conclusion, tetrahydrofuran and xylene are the best alternative 

solvents and using multiple layers as well as decreasing the rotational speed show improvements on 

either the morphology or the absorption. 
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Samenvatting 

Het belang van duurzame energiebronnen wordt steeds duidelijker nu de voorraad aan fossiele 

brandstoffen schaars is en de opwarming van de aarde blijft toenemen. Zonne-energie is momenteel 

al alom vertegenwoordigd, maar het zou meer energie kunnen opleveren als de zonnepanelen 

goedkoper geproduceerd kunnen worden. Organische zonnecellen gebruiken organische 

componenten als halfgeleiders, deze halfgeleiders kunnen in oplossing gebruikt worden wat lijdt tot 

een goedkopere productieprijs. De gebruikte halfgeleiders in dit werk zijn elektron donor Poly(3-

hexylthiophene) en elektron acceptor [6,6]-Phenyl-C61-butric acid methyl ester. Deze 

halfgeleiders worden opgelost in gehalogeneerde solventen die toxische eigenschappen 

bevatten. Om deze reden moet er een alternatief minder toxisch solvent gevonden worden. 

Deze zoektocht wordt versnelt door de Hansen oplosbaarheid parameters te gebruiken. Als 

een mogelijk solvent gevonden is wordt een dunne laag gemaakt door de oplossing te spin-

coaten. Van deze dunne laag werd een absorbantie spectrum en een fluorescentie spectrum 

opgenomen. Ook de morfologie van het oppervlak werd waargenomen door middel van 

atoomkrachtsmicroscopie. Aangezien de oplosbaarheid van de nieuwe solventen lager zijn 

dan van de oorspronkelijke solventen, is de absorbantie ook lager bij de nieuwe solventen. 

Van de geteste solventen heeft tetrahydrofuran de hoogste absorbantie, bij xyleen werd de 

beste morfologie gevonden. Een poging tot het verhogen van de absorbantie werd 

uitgevoerd door meerdere lagen te spin-coaten en door een tragere rotatiesnelheid te 

gebruiken. Meerdere lagen gebruiken veroorzaakte geen eenzijdige verandering in de 

absorbantie terwijl een lagere rotatiesnelheid de absorbantie duidelijk verhoogd. De 

morfologie van de dunne laag met meerdere lagen was echter beter dan een enkele laag, 

terwijl de lagere rotatiesnelheid een slechtere morfologie geeft. Tetrahydrofuran en xyleen 

zijn de beste alternatieve solventen en meerdere lagen of een lagere rotatiesnelheid 

gebruiken verbetert ofwel de morfologie ofwel de absorbantie. 
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1. Introduction 

The scarcity of fossil fuel as well as the ongoing threat of global warming has driven scientists and 

researchers into finding alternative and renewable energy sources. One of them is using the sun as 

energy source. In 2011, solar power was responsible for 0.5 % of the global electricity demand. [1] To 

raise that number, low cost solar cells should be made to stimulate mass production. One promising 

option is the organic solar cell. These can be made using only organic materials in the active layer and 

can be thus produced more easily than the inorganic solar cells that use silicon-based 

semiconductors. Another advantage that organic solar cells have over the inorganic type is that they 

are light and flexible, giving them a whole new range of possible applications.  

The semiconductors in the organic solar cells consist of polymers and low-molecular weight materials 

that act as electron donors and acceptors, respectively. The polymer used in this thesis is poly(3-

hexyltiophene) (P3HT), the small molecule is the fullerene derivative [6,6]-phenyl-C61-butyric acid 

methyl ester (PC60BM). 

The donor and acceptor components are often dissolved in halogenated and/or aromatic solvents. 

The toxicity of these solvents is problematic for industrial mass production. Therefore the 

halogenated solvents should be replaced with non-halogenated and non-hazardous solvents which 

have similar properties according to solubility. Such solvents can be found comparing the Hansen 

solubility parameters (HSP), which are based on the atomic dispersive forces, the molecular 

permanent dipole-permanent dipole polar interactions, and the molecular hydrogen-bonding 

interactions.  

For a high efficiency of the solar cells, it is not only important that the donor and acceptor molecules 

dissolve well in the solvent; the morphology of the active layer is also of great importance. A good 

morphology means that the semiconductors are not mixed too much or too little. [2][3][4]  
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2. Theoretical background 

2.1. Organic solar cells 

Using sun light as a renewable energy source by using solar cells is a well known and frequently used 

alternative way of producing electricity. The conversion of sunlight into electricity is called the 

photovoltaic effect. As mentioned above, organic materials can be used as semiconductors. The band 

gap of the semiconductors should ideally be in the range of 1.5-3 eV; this is the band gap range of the 

visible light. This is important because the donor semiconductor should be able to get excited by the 

visible light since it has the highest intensity (Figure 1). The band gap is the difference in energy level 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) and is a natural property of the semiconductor.  

 

Figure 1 Normalized intensity of sun light [5] 

When light is absorbed by the semiconductor, the energy of the absorbed photons can excite 

electrons from the HOMO to the LUMO level, resulting in formation of an exciton, which is a bound 

electron and hole pair. This exciton diffuses in a small range, as small as 10 nm. Due to this fact, the 

heterojunction, which is the interface between the donor and the acceptor, should be as large as 

possible to have a better efficiency. For electricity to be produced there should always be a closed 

path between both of the electrodes. Different types of heterojunctions are used to compromise 

between the larger interface and the ratio of closed paths, as seen in Figure 2. These different 

heterojunctions are described below. After the diffusion of the excitons, the excitons are going to 

dissociate at the interface. As the exciton dissociation is energetically favoured and achieved by 

transferring the charge of the electron into the acceptor’s LUMO or the charge transfer of the hole 
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into the donor’s HOMO, the donor and acceptor should be chosen that the HOMO and LUMO energy 

levels of the donor are higher than those of the acceptor. A schematic display of the exciton 

formation and the electron transfer can be found in Figure 3. After the excitons are dissociated, the 

charges are going to separate and move to the electrodes due to the internal electric field.  

There are three commonly used types of heterojunctions: planar, bulk and diffuse. The planar 

heterojunction (Figure 2.b) is formed by spin-coating one semiconductor on a thin film of the other 

semiconductor. There is only dissociation at the small interface, but it does ensure a closed path to 

the electrodes. Diffuse heterojunction (Figure 2.c) is close to a planar heterojunction, but the donor-

acceptor interface is bigger because of diffusion of the donor and acceptors, resulting in a higher 

efficiency. The third kind of heterojunction, the bulk heterojunction (Figure 2.a), is formed by spin-

coating a mixture of the donor and acceptor. This results in a more mixed active layer which leads to 

a higher rate of excitons dissociation. However, not all charges can reach the electrodes due to dead 

ends or bottle necks in the paths. Higher amounts of exciton recombination can be found when the 

donor and acceptor are too well mixed. [4] 

 

Figure 2      a: Bulk heterojunction       b: Planar heterojunction       c: Diffuse heterojunction        d: Diagram of a 

heterojunction solar cell [6]
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Figure 3 Exciton formation (1) and electron transfer (2)[7] 

A thin film of the donor and acceptor is put on a substrate by spin- or dip-coating a solution 

containing both the donor and acceptor. The result is a thin layer that is called the thin film. The thin 

film with both the donor and the acceptor is called the photoactive layer. This layer is placed 

between two electrodes that closes the external electric circuit. Since photons should be able to 

reach the photoactive layer, one of the electrodes; commonly the anode, is transparent. The material 

used to form the anode is indium tin oxide (ITO), a conductive transparent material. The cathode 

exists of a low work function metal, like aluminium. Figure 2 d. shows a schematic view of a 

heterojunction solar cell. It uses an Ag-cathode and has a buffer layer between the acceptor and the 

cathode. [3][4] 

2.2. The semiconductors 

2.2.1. Poly(3-hexylthiophene)  

Poly(3-hexylthiophene) (P3HT) is a conjugated homopolymer that acts as an electron donor and is 

commonly used in organic solar cells. The monomer is a thiophene ring derivative with a hexyl side 

chain at position 3. There can be three different configurations with this monomer; head to head, 

head to tail and tail to tail (Figure 4). Within these configurations, regio-regular and regio-random 

P3HT can occur; regio-regular means that the hexyl side chains are placed consistently resulting in a 

regular alternating pattern of side chains, whereas the side chains in the regio-random polymer are 

placed randomly (Figure 5). The regio-regular head to tail configuration (rr-P3HT) is the most 

commonly used one, because it has the highest electron mobility. The regio-regular configuration 

will, however, increase the crystallinity, due to the fact that rr-P3HT has a planar structure which 

enables the π-stacking of the molecules. This crystallinity can be controlled by using different 
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solvents or annealing the thin film. The band gap of P3HT is 1.8 eV and has a HOMO level of -5.2 eV, 

which makes it a compatible donor with commonly used acceptor PC60BM (see chapter 2.2.2).[4][8] 

 

 

2.2.2. [6,6]-Phenyl-C61-butric acid methyl ester 

[6,6]-Phenyl-C61-butric acid methyl ester (PC60BM) (Figure 6) is a 

derivative of buckminsterfullerene C60, a football-like structure 

consisting out of 60 carbon atoms. The molecule is built with 12 

pentagonal and 20 hexagonal rings. C60 is a good electron 

acceptor in combination with common electron donors used in 

organic photovoltaic cells thanks to a transport band gap of 

2.2 eV and a fast charge transfer. 

PC60BM can be derived from buckminsterfullerene by the addition of diazoalkane.[9] Due to its side 

chain, the solubility of PC60BM in common solvents is higher than the solubility of 

buckminsterfullerene. The addition of the side chain has no big influence on the electronic properties 

of the C60 molecule, the band gap remains 2.2 eV and the LUMO level differs slightly: -3.8 eV from C60 

and -3.7 eV from PC60BM. The higher solubility and the unchanged acceptor properties make PC60BM 

the better option as an electron acceptor. [8] 

  

Figure 6 PCBM
 [37]

 

Figure 5 P3HT: a. Regio-random b. Regio-regular 
[33]

 Figure 4 Different confirmations of P3HT 
[38]
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2.3. Hansen Solubility Parameters  

When looking for alternative solvents, it is of great importance to predict the solubility of the solute 

in the solvent before trying to make thin films with the new solvent. Without this prediction, it is like 

looking for a needle in a haystack. One way of predicting the solubility of solvents is the use of 

Hansen solubility parameters (HSP); this theory is an extension of the Hildebrand solubility 

parameter theory. Hildebrand’s parameter describes the miscibility behaviour of solvents by relating 

the vaporization heat and the molar volume, and is defined by equation [1]. [10] 

 

� = �
∆�� − ��

��
 [1] 

 

Where  � is the Hildebrand solubility parameter; 

 ∆�� is the heat of vaporation (J mol-1); 

 R is the gas constant (8.314 Jmol-1K-1);  

 T is the temperature (K); 

  Vm is the molar volume (m³mol-1). 

Hansen expanded on this by splitting the Hildebrand solubility parameter in three components: 

atomic dispersive forces, molecular permanent dipole-permanent interactions and molecular 

hydrogen-bonding interactions, these can be found in equation [2]. 

 
�� = ��

� + ��
� + ��

�  

 

[2] 

By plotting these three parameters of a molecule, the molecule can be placed in a three-dimensional 

system. This three-dimensional system is called the solubility space or the Hansen space. A spheroid 

will form around the HSP coordinate, the radius of this sphere is the inherent solubility distance R0 of 

the molecule. When the Hansen parameters of a solute and a solvent are compared, the solubility 

distance Ra can be calculated by equation [3].  

 

�� = �4(���
− ���
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Using Ra and R0, the relative energy density (RED) can be calculated with the equation [4]: 

 

��� =
��

��
 

 

[4] 

When the RED is lower than 1, the solute will dissolve well in the solvent. Following this logic, a 

solute will dissolve better in a solvent when the solute and solvent are close to each other in the 

Hansen space, or have a low Ra. [11] 

The Hansen solubility parameters can be determined by using the binary solvent gradient method. 

This experimental method can determine the HSP volume of a solute and estimates the Hansen 

surface.[2] The binary solvent gradient method consists of mixing a set of known solvents and non-

solvents. The non-solvents should be chosen in a way that they represent one of the coordinates of 

the Hansen space. When a set of solvents and non-solvents is chosen, the solubility behaviour of the 

solute in the liquids is examined. [12] 

2.4. Techniques 

2.4.1. Preparing the thin film with spin-coating 

Thin films can be made out of solutions with a technique called spin-coating, which forms thin layers 

or films onto a surface by rotating the surface with rotational speeds up to 6000 rpm. This rotation 

results in the removal of excessive solution (around 90%) over the edge of the surface due to the 

centrifugal force. The excess of solution is thrown off in the early stages of the process, during the 

acceleration phase. A part of the solution will stay on and start co-rotating with the surface; this is 

because the viscous forces will level out the centrifugal forces. In the film thinning phase, there is still 

fluid escaping the surface, but in smaller amounts. At the same time, the solvents are going to 

evaporate, resulting in an increased viscosity. Therefore, a volatile solvent is often used to dissolve 

the polymer and small molecule. However, non-volatile solvents can also result in good thin film 

morphologies. The viscosity then reaches a point where it is so high that no fluid leaves the surface. 

Now there is only solvent evaporation. This last phase is called the drying phase. [3] [4] 

Since the acceleration typically happens in a few seconds, it has little to no effect on the film 

thickness. However, the acceleration rate does affect the uniformity of the layer. The faster the 

acceleration, the more uniform the layer is going to be. Due to the fact that the majority of the 
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dispensed solution is removed during the first few seconds, the volume of the dispensed solution has 

little to no effect on the film thickness. The parameters that affect the thickness of the layer are the 

rotational speed and the viscosity of the solution. A higher rotational speed will result in a higher 

radial flow. It will also affect the evaporation rate. The higher radial flow and evaporation rate will 

decrease the film thickness. The viscosity of the solution is directly proportional to the thickness, as 

the balance between the centrifugal and viscous forces will be reached faster with a high viscosity, 

resulting in a ticker layer. [3][13] 

2.4.2. UV-Vis absorption spectroscopy 

For a solar cell to be efficient, it should absorb as much light as possible. From this, it follows that the 

examination of the absorbance of the active layer is of great importance in the research on solar 

cells. One effective method for recording the absorption spectra is ultra violet – visible (UV-Vis) 

absorption spectroscopy. Absorption spectra are often used for identifying chemical compounds 

since they are characteristic for specific compounds. The spectra are measured with a UV-Vis 

spectrophotometer. 

A light source in combination with a monochromator sends out a monochromatic light beam through 

a sample. The light that has not been absorbed reaches a detector where the intensity is measured. 

To record a spectrum, the wavelength of the light beam will be changed so it covers the UV-Vis range 

which is between 200 and 800 nm. When handling solutions, the Beer-Lambert law (equation [5]) can 

be applied, this relates the absorbance with the concentration. 

 
� =  ��� [5] 

Where � is the absorbance; 

 � is the molar attenuation coefficient (Lmol-1cm-1); 

 c is the concentration (mol L-1); 

 d is the distance that light travels through the sample (cm) 

However, when it comes to solids or thin films, the Beer-Lambert law does not apply. When the thin 

films are coated on a transparent surface, e.g., glass, the transmitted light is measured to record the 

absorption spectrum. Due to the fact that glass does not transmit UV light, the method above is 

inaccurate for measuring the whole UV-Vis spectrum. A better method to measure the whole 

spectrum is to use the reflected light. There are two different types of light reflection: specular and 

diffuse reflection. With specular reflection, light reflects in a single outgoing direction as it would on 
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a mirror. Diffuse reflection however, is the reflection of light in many directions caused by 

irregularities on the surface and can be measured with a Diffuse Reflectance Accessory (DRA). The 

DRA is a hollow sphere with walls coated by a diffusing, non-absorbing white material. The light that 

reflects on the sample also reflects on the walls of the sphere until it reaches a detector. Due to the 

fact that all the reflected light is measured, the wavelengths that are not detected are absorbed by 

the sample.[14][15] 

2.4.3. Fluorescence spectroscopy 

Fluorescence spectroscopy is a method based on the emission and excitation of light by 

fluorophores. A fluorophore is a component that emits light with a specific wavelength after the 

absorption of light of a different, but still specific wavelength. The wavelength of the absorbed and 

emitted light is a characteristic property of the component and can be used to identify unknown 

components. The emission of light is called luminescence and can be divided into two categories 

based: fluorescence and phosphorescence. Phosphorescence has a low emission rate around 10³ to 

1 s-1, which results in lifetimes of milliseconds to seconds. The lifetime of a fluorophore is the time 

the fluorophore stays in the excited state. Fluorescence has a much higher emission rate than 

phosphorescence, as high as 108 s-1. This higher emission rate leads to a shorter lifetime, in the range 

of 100 ps to 100 ns. [16][17]  

With fluorescence spectroscopy, it is possible to record an excitation and emission spectrum. An 

emission spectrum measures the wavelength distribution of the emission when the compound is 

excited by a constant excitation wavelength. The spectrum is more accurate and precise when the 

constant wavelength is at the wavelength with the maximum excitation intensity; this is often at the 

same wavelength as when the absorption is at its maximum. However, when a different excitation 

wavelength is used, the general outline of the spectrum will not change; this principle is known as 

the Kasha-Vavilov rule. [18] 

An excitation spectrum measures the wavelength distribution of the excitation. The compound is 

excited at different wavelengths while the intensity of the emission is measured at one constant 

wavelength which should ideally be the wavelength where the emission intensity is at its maximum. 

Important information about the electron transfer between the acceptor and donor molecules can 

be found with fluorescence spectroscopy due to a phenomenon called fluorescence quenching. 

Fluorescence quenching is a process where the fluorescence intensity decreases, as a result of 

molecular interactions. Possible kinds of molecular interactions causing quenching are molecular 

rearrangements, energy transfer, collisional quenching and excited-state reactions, which is the 
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reaction that occurs between the donor and acceptor. When a donor-molecule is present in the 

active layer, the electron of an excited donor has the possibility to be transferred to the acceptor. 

When this transfer happens, no light emission can occur from the excited donor returning to its 

ground state. This lack of light emission results in a decreased intensity of the fluorescence. 

Practically for this thesis, the donor P3HT will get excited after the absorption of light. When there is 

no PC60BM close to the excited P3HT, a relaxation process can occur where the excited electron will 

return to its ground state by emitting a photon. When PC60BM is close, however, an electron transfer 

from P3HT to PC60BM can occur. In this case, the relaxation process does not involve the emission of 

an exciton, and thus less fluorescence is detected.  [19][20] 

Fluorescence spectroscopy is measured by a fluorimeter that basically exists of a light source, a 

monochromator, a sample holder, a second monochromator and a detector. The light source, often a 

xenon lamp, should be able to produce a constant light output at all wavelengths. The light beam 

passes the monochromator, where it gets reduced to a light beam of a single wavelength. After the 

single wavelength beam reaches the sample, the sample is excited and emits light. The emitted light 

reaches the detector where the intensity is measured. [21] 

2.4.4. Atomic force microscopy 

With the Atomic Force Microscopy (AFM) technique, it is possible to study the surface topography of 

thin films by measuring the interactions between a sharp tip and the surface. The result of an AFM 

measurement is an image of the surface. It was originally developed for the measurement of the 

surface topography of insulators by Binning in 1986. The studied interactions are the repulsive and 

attractive forces, which occur when the tip is placed at a close distance from the sample. The Van der 

Waals interactions are the dominant interactions present on a distance in the order of 10 nm and are 

the sum of three components: polarization, induction and dispersion. The polarization component 

originates from the interaction between permanent dipoles in molecules; the induction component 

is when there is an induced dipole from the interaction between a polar and neutral molecule and 

the dispersion interaction or the London interaction is the interaction between non-polar molecules. 

This dispersion interaction is the dominant interaction of the Van der Waals potential and most of 

the time; the other two components are mostly insignificant.[3][22] 

2.4.4.1. Modes 

There are three different modes that differentiate the way the surface is scanned and measured, 

namely the contact mode, the tapping mode and the jumping mode.[3][23] 
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2.4.4.1.1. Contact mode 

In the contact mode, the tip is placed in a way that it touches the sample or that there are only a few 

Ångströms between the sample and the tip. In this range, the atomic short-range repulsive forces are 

primarily examined. The tip is dragged over the topography of the surface while keeping the 

deflection of the cantilever constant to scan the whole surface. The image can be formed by 

measuring the needed force to keep the cantilever constant. This contact mode has its 

disadvantages: a difference of the force from the beginning to the end of the image due to the lack of 

a constant zero force reference level and the scanning can damage the sample irreversible due to the 

strong lateral forces that originate from the scanning motion. Therefore small forces and soft 

cantilevers should be used when working with soft samples. 

2.4.4.1.2. Tapping mode 

Another mode is called the tapping mode or the dynamic mode. Here the tip is oscillated with a 

frequency that is close to its free resonance frequency. The tip-sample interaction reduces the 

amplitude strongly when the distance is in the nanometer range. The feedback mechanism keeps the 

oscillation amplitude constant. In a similar way as with the compact mode, the image can be formed 

by measuring the feedback signal needed to keep the oscillation amplitude constant. Because the tip 

never touches the sample and is not dragged over the surface, the sample is not damaged as with 

the contact mode, therefore the tapping mode is often used with soft samples. 

2.4.4.1.3. Jumping mode 

A combination of the contact mode and the tapping mode is the jumping mode. First, the tip touches 

the sample surface, keeping the cantilever deflection constant. Here the needed force is measured. 

After the measuring, the feedback is removed, resulting in the tip vertically moving away from the 

surface. When the distance between the tip and the sample is at its maximum, the tip is moved 

horizontally to the next point. Due to the big tip-sample distance during the horizontally moving, the 

lateral forces damaging the sample with the contact mode are insignificant in this mode. Afterwards, 

the tip is moved back towards the surface and the tip touches the surface again. Since the tip moves 

out of contact each time, it is possible to use a continuously renewed zero force level, resulting a 

constant value during the measurement. 
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2.5. Toxicity of new solvents 
 

Since the goal of this thesis is to identify less toxic solvents than the halogenated ones, their toxicity 

and hazards are shortly discussed. All three the halogenated solvents are hazardous in case of skin 

contact, eye contact, ingestion and inhalation. The non-halogenated solvents are similar when it 

comes to the hazards. CB and o-DCB are toxic to major organs, i.e., lungs, kidney and liver.[24][25] CF 

is possibly toxic to the kidneys, liver and even the heart.[26] Unfortunately, this is not only the case 

for the halogenated solvents. THF, Xyl and Tol are possibly toxic to several organs, such as the 

kidneys, liver, brain. In terms of carcinogenicity,[27][28][29] CF is the only solvent that is possibly 

carcinogenic to humans; it is classified as 2B (possibly carcinogenic to humans) by the International 

Agency for Research on Cancer.[29] 

To give a more quantitative image on the toxicity, the acute oral toxicity on a rat is shown as the 

lethal dose LD50 in Table 1. In general, the halogenated solvents have a lower LD50 than the non-

halogenated solvents. Only Tol has a LD50 that is comparable with the halogenated solvents. [30][31] 

Table 1 Acute oral toxicity of the solvents on a rat 

Solvent LD50 (mg/kg) 

CB 1110 

CF 695 

o-DCB 500 

THF 1650 

Xyl 4300 

Mes 4882 

Tol 636 

1MN 1840 
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3. Materials and methods 

3.1 Making the thin films 

3.1.1. Preparing the solutions 

Out of the three types of heterojunctions, the bulk-heterojunction is the most appealing due to the 

high rate of exciton production. To form a bulk-heterojunction in the active layer, P3HT and PC60BM 

should be mixed in the solvent before spin-coating the solution onto the substrate. 

For effective examination of the active layer, different ratios of P3HT and PC60BM should be used. 

These ratios are chosen to be around the P3HT:PC60BM 1:1 ratio, due to the fact that it is proven to 

be an effective ratio by J.Y. Kim et al.[32] The used ratios of P3HT:PC60BM are 1:2; 1:1; 2:1; 10:1; 20:1 

and 50:1. A pure solution of P3HT is also used. The different ratios were chosen to have an 

abundance of P3HT to get more variation in the absorption and excitation spectra. The solutions 

were made by dissolving P3HT and PC60BM separately in the solvent and mixing different volumes of 

both solutions. The pure solutions of P3HT and PC60BM were made with a concentration of 10 mg/ml 

and the used solvents were chlorobenzene (CB), ortho-dichlorobenzene (o-DCB) and chloroform (CF). 

These halogenated solvents are known solvents for the P3HT:PC60BM blends and the thin films made 

with these solvents will serve as a reference when alternative solvents are used. The experimental 

preparation of the solutions and different ratios can be found in Appendix 1. 

3.1.2. Spin-coating 

After the solutions with different ratios are prepared, they can be spin-coated onto the substrate. 

The used substrate is a glass substrate from Menzel-Gläser. Before the spin-coating, the glass 

substrates were decontaminated by UV-light for ten minutes. After the decontamination, the 

substrate is placed on the spin-coater and 60 µl of the solution is disposed in the center of the 

substrate with a micropipette. When CF was used as a solvent, it was spin-coated at 3000 rpm for 

60 s. With CB and o-DCB the rotational speed was 1500 rpm and the duration 80 s. To spread out the 

disposed solution on the substrate, the substrate was spun around at 100 rpm for one second. The 

used acceleration rate was always one second and five seconds were used for slowing down. When 

the thin films are done, they are stored in the dark. 

3.2. Alternative solvents 

The alternative solvents are chosen on the basis of similar HSP. The HSP are not calculated with the 

binary solvent gradient method, but taken from literature. P3HT and PC60BM are however, not as 



21 
 

soluble in most solvents, even in solvents with similar HSP, as in the halogenated solvents. [12] 

Therefore, a concentration of 10 mg/ml is not achievable in all solvents. Solubilities are often as low 

as 1 mg/ml and this concentration was used for the different alternative solvents.  

A mixture of two or more solvents can result in combined HSP that are closer to the HSP of PC60BM 

and P3HT. Some binary solvents blends were tested, but the results were not good. 

The parameters used for spin-coating are the same as with CB and o-DCB. 

3.3.  Measuring the absorption spectrum 

The absorption spectrum is measured by a Cary 5000 UV-Vis-Nir spectrophotometer (Figure 7). As 

mentioned in 2.4.2, there are two options on measuring the spectrum; by measuring the transmitted 

light or by measuring the diffuse reflection using the DRA. In this thesis, the transmitted light is used 

to measure the absorption. 

 

Figure 7 Cary 5000 UV-Vis-Nir 

When measuring the transmitted light, double beam spectroscopy is used. The first beam goes 

through a blank sample, which is a clean glass substrate; the second beam reaches the thin film. 

Before measuring, a baseline has to be recorded by using two clean glass substrates. Due to the size 

of the substrates (20 x 20 mm), the light beams should be set on reduced so that it focuses 

completely on the substrate. The absorption is measured between 200 nm and 800 nm. When the 

light beams are set to reduced so it focuses on the sample and the baseline is recorded, the 

absorption measurement of the thin films can start.  
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3.4. Measuring the emission 

The emission and excitation spectra are measured by a FL3-11TAU Flurolog fluorimeter (Figure 8). 

Before measuring, the xenon lamp has to warm up for half an hour. Since a solid is measured, the 

measurement should be in the front face mode. When the lamp is warm, the fluorimeter has to be 

calibrated. 

 

Figure 8 FL3-11TAU Fluorolog 

3.4.1. Calibrating the fluorimeter 

First, an excitation calibration check should be performed; this is to verify the wavelength calibration 

of the excitation monochromator. It is done by measuring an excitation spectrum between 220 nm 

and 600 nm, the emission wavelength is 650 nm. There is no sample in the sample holder. When the 

excitation has a maximum at 467 ± 0.5 nm, the excitation monochromator is calibrated. When this is 

not the case, the monochromator should be recalibrated. 

An emission calibration check should be performed as well. A water sample is placed in the sample 

holder. An emission spectrum is recorded from 365 nm to 450 nm; the excitation wavelength is 

350 nm. By doing this, the Raman-emission spectrum for water is recorded and it should have its 

peak at 397 nm. When the peak is not at 397 ± 0.5 nm, an emission recalibration needs to be done. 

3.4.2. Measuring the emission spectrum 

For the measurement of an emission spectrum, the excitation should be at a constant wavelength, 

ideally at the maximum absorption wavelength. The absorption measurements indicate that the 
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maximum of a P3HT film is around 525 nm. The used excitation wavelength was 525 nm and the 

emission range was between 540 nm and 800 nm. The thin film is placed in the sample holder, and 

the emission is recorded in the front face mode.  

3.5. Atomic force microscopy  

The used atomic force microscope is a Nanoscope IIIa Multimode (Figure 9) and uses a Si tip. The 

tapping mode was applied to obtain AFM height images. The spin-coated samples are on a 2 x 2 cm 

glass substrate; these do not fit in the AFM and should be cut in half. After the glass substrates are 

cut in half, they are attached to a small magnet with double sided tape; this magnet keeps the film in 

its place while measuring. Before the start of the measurement, the laser should be modified to be as 

focused as possible and the microscope should be auto tuned. To capture a clear image, the 

amplitude set point should be changed until the trace and retrace line have a similar shape. When all 

this is done, the AFM measurement can start. The measured surface can be modified, but generally a 

surface area of 5 x 5 µm is used.  

 

Figure 9 Nanoscope IIIa Multimode 
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4. Results and discussion 

4.1.  Working with known solvents 

To be able to compare the used alternative solvents, thin films are prepared with the known 

solvents, i.e., CB, o-DCB and CF as a reference.  A concentration of 10 mg/ml was prepared for all 

three solvents. The weighed masses of P3HT for CB, o-DCB and CF are respectively 0.0299 g; 0.0298 g 

and 0.0306 g. For PC60BM, the weighed masses were respectively 0.0297 g; 0.0307 g and 0.0301 g. All 

compounds were dissolved in 3.0 ml solvent. The calculation of the exact concentration for P3HT in 

CB is shown below in equation [6]. 

 

����� =
�����

���
=

29.9 mg

3.00 ml
= 9.97 

mg
ml�   

 

[6] 

An analogous calculation is used to obtain the concentrations of the different compounds with the 

three solvents; the results are shown in Table 2.  

Table 2 Concentrations of P3HT and PC60BM in the halogenated solvents 

 CP3HT (mg/ml) CPC60BM (mg/ml) 

CB 9.97 9.90 

o-DCB 9.93 10.2 

CF 10.2 10.0 

 

From these solutions, the different ratios are prepared as described in 3.1.1. Subsequently, thin films 

are made with the different ratios. The films turn purple after a few seconds of spinning, which can 

be explained by the solvent evaporation. The higher the proportion of P3HT, the darker the purple is. 

A film with only PC60BM has a yellow color.   

The absorption of the films is measured and the absorption spectra are shown in Figure 10, Figure 11 

and Figure 12.  
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Figure 10 Absorption spectra of P3HT and PC60BM dissolved in CB 

 

Figure 11 Absorption spectra of P3HT and PC60BM dissolved in o-DCB 
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Figure 12 Absorption spectra of P3HT and PC60BM dissolved in CF 

The absorption in the wavelength area from 450 nm to 650 nm originates from P3HT, the absorption 

around 300 nm from PC60BM. This is in agreement with the observed colors of the film; hence purple 

absorbs yellow light, which has wavelengths between 570 nm and 590 nm. The yellow color of 

PC60BM absorbs the purple-violet light which has wavelengths in the range of 300 nm. 

When preparing the solutions at different P3HT:PC60BM ratios, the amount of P3HT varies. There is, 

e.g., more P3HT in the 50:1 solution than in the 1:2 solution. Therefore, the order of the intensity of 

the absorption is what was expected, a higher amount of P3HT in the blend has a higher absorption 

around 500-600 nm. The PC60BM peaks, which are prominently present in the films with the ratios of 

1:2; 1:1 and 2:1, behave similar to the P3HT peaks. In other words, a higher rate of PC60BM results in 

a higher absorption. However, there can be deviations in the order, mostly with the films that have a 

high amount of P3HT. This can be explained by a combination of the relatively similar ratios and 

irregularities in the thin film.  

As the absorption spectra are more or less independent on solvent, at least for CB, o-DCB and CF, 

only CB was used for reference measurements. 

The fluorescence quenching is analysed by measuring the emission spectra of the thin films. The 

emission spectra of the thin films made with CB are shown in Figure 13. 
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Figure 13 Emission spectra of P3HT and PC60BM dissolved in CB 

When comparing the emission spectrum of the film with pure P3HT and the film with the 

P3HT:PC60BM 50:1 ratio, it is clear that even a small amount of PC60BM in the film will result in a 

lower intensity. This decrease in intensity comes from the excited electron being transferred from 

P3HT to PC60BM instead of returning to its ground state by emitting a photon. It is also notable that 

there is little to no difference between the spectra of the 1:1 and 1:2 ratio. These fluorescence 

spectra show that the higher absorption from the films with a high amount of P3HT does not mean 

that it is more effective. This is due to the fact that not a lot of fluorescence quenching is observed 

and thus not a lot charge transfers takes place. For further reference measurements, the 

P3HT:PC60BM 1:1 ratio is used, due to the observations above and previous studies. [32] 

As mentioned above, other solvents do not often reach a solubility of 10 mg/ml for P3HT or PC60BM, 

so a concentration of 1 mg/ml is used. The absorption spectra of the different P3HT:PC60BM ratios in 

CB at the lower concentration are shown in Figure 14. The absorption is close to one tenth of the 

original absorption. 
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Figure 14 Absorption spectra of P3HT and PC60BM dissolved in CB at 1 mg/ml 

4.2.  Choosing alternative solvents 

As mentioned in 3.2, the alternative solvents are chosen on the similarity of the HSP’s. The three 

Hansen solubility parameters of P3HT and PC60BM are shown in Table 3. 

Table 3 Hansen solubility parameters of P3HT and PC60BM [33] 

 δD δP δH 

P3HT 18.7 1.4 4.5 

PC60BM 18.7 4.0 6.1 

The distance between the donor or acceptor and the solvent is the difference between the combined 

HSP from the donor/acceptor and the solvent. This calculation is shown below in equation [7] for 

P3HT in tetrahydrofuran (THF), the distances for the other solvents can be found in Table 4. 

 
δ���� = �δ�

� + δ�
� + δ�

� 

δ���� =  �18.7� + 1.4� + 4.5� 

δ���� = 19.3 

 

δ��� = �δ�
� + δ�

� + δ�
� 

δ��� =  �16.8� + 2.00� + 2.90� 

δ��� = 19.5 

 

∆δ = δ��� − δ���� 

∆δ = 19.5 − 19.3 = 0.2 

[7] 

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0,04

0,045

0,05

300 400 500 600 700 800

A
b

so
rb

an
ce

Wavelength (nm)

P3HT:PCBM 1:2

P3HT:PCBM 1:1

P3HT:PCBM 2:1

P3HT:PCBM 10:1

P3HT:PCBM 20:1

P3HT:PCBM 50:1

P3HT



29 
 

 

Table 4 Hansen solubility parameters of different solvents [12] 

Solvent δD δP δH δ ΔδP3HT ΔδPC60BM 

Tetrahydrofuran 16.8 5.70 8.00 19.5 0.2 0.6 

Tetrahydronaphthalene 19.6 2.00 2.90 19.9 0.6 0.2 

Diphenyl Ether 19.4 3.40 4.00 20.1 0.8 0.03 

1-Methyl Naphthalene 19.7 0.80 4.70 20.3 1.0 0.2 

Toluene 18.0 1.40 2.00 18.2 1.1 1.9 

o-Xylene 17.8 1.00 3.00 18.1 1.2 2.0 

Mesitylene 18.0 0.60 0.60 18.0 1.3 2.1 

Benzaldehyde 19.4 7.40 5.30 21.4 2.1 1.4 

Dimethyl Formamide 17.4 13.7 11.3 24.9 5.6 4.8 

Dipropylene Gllycol 16.5 10.6 17.7 26.4 7.1 6.3 

Ehtanol 15.8 8.80 19.4 26.5 7.2 6.5 

Dimethyl Sulfoxide 18.4 16.4 10.2 26.7 7.4 6.6 

Diethylene Glycol 16.6 12.0 19.0 27.9 8.7 7.9 

Propylene Glucol 16.8 10.4 21.3 29.1 9.8 9.0 

N-Methyl Formamide 17.4 18.8 15.9 30.1 10.9 10.1 

 

A mixture of two or more solvents can result in a lower distance; these mixtures of solvents with 

their combined HSP’s and distances between P3HT and PC60BM are shown in Appendix 2. 

First, only new alternative solvents from Table 4 were tried without mixing them with other solvents. 

P3HT and PC60BM were dissolved with a concentration of 1 mg/ml. They were stirred at a higher 

temperature of 60 °C; this stirring could take a relatively long time if the solvent had a low solubility. 

Not all of the solvents were able to dissolve P3HT; PC60BM was in general easier to dissolve in the 

solvents. Tetrahydrofuran (THF), toluene (Tol), xylene (Xyl), mesitylene (Mes), tetrahydro-

naphthalene (THN) and 1-methylnaphthalene (1MN) were the only solvents able to dissolve both 

P3HT and PC60BM. The solvents were spin-coated and the absorption was measured; the spectra 

from the 1:1 ratio can be found in Figure 15. 

When testing solvent mixtures, most solvents that were supposed to be miscible did not mix at all 

due to the polar and apolar properties of the solvents. Other solvents that were miscible could not 

dissolve P3HT, even at a concentration of 1 mg/ml. The only tested solvent mixture that was able to 

dissolve P3HT and PC60BM was N-methylformamide:1-methylnaphthalene (NMF:1MN) at an 80:20 

ratio. Its absorption spectrum is also shown in Figure 15. 
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Figure 15 Absorption spectra of P3HT:PC60BM 1:1 in different solvents 

When looking at the different absorption spectra in Figure 15, it is clear that the solvent has a big 

influence on the absorption. The film made with THF has the highest absorption of the tested 

solvents. When comparing the P3HT:PC60BM 1:1 ratio, most solvents have a higher absorption than 

CB at the concentration of 1 mg/ml. The only solvent that has a lower absorption than CB is THN. The 

solvent mixture NMF:1MN has a lower  absorption than CB as well. However, when the absorption of 

the alternative solvents is compared to the absorption of CB at 10 mg/ml, the absorption of the films 

with the alternative solvents is substantially lower.  

Therefore, a way to improve the absorption spectra with the new solvents should be found. 

4.3.  Increasing the absorption of thin films 

As mentioned above, the absorption of the thin films in the new solvents is quite low compared to 

the halogenated solvents. In this section, different methods of increasing the absorption of the thin 

films are tested. The first method is to spin-coat multiple layers on each other; the second is 

changing the spin-coat parameters to obtain a thicker or denser thin film. 

4.3.1. Multiple layers 

The spin parameters, i.e., 1500 rpm for 80 s, remained unchanged when multiple layers were spin-

coated. When a layer was spin-coated, the film was left to dry for around 20 minutes before the next 

spin-coating. Five layers were spin-coated on top of each other. The absorption spectra of the thin 

films that are spin-coated five times in THF, Tol and Xyl are compared with the films that were spin-

coated once in the same solvents in Figure 16. There is no clear improvement with the multiple 
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layers. When Tol is used, there is a small increase in the absorption, but the absorption is more or 

less the same with 1MN. When P3HT and PC60BM are dissolved in THF, the absorption is even lower 

when there are multiple layers than in the single layer. The decrease in absorption can be attributed 

to resolving of the donor and acceptor when the new solution is added on the substrate.  

 

Figure 16 Absorption spectra of P3HT:PC60BM 1:1 in different solvents, one or five times spin-coated 

 

4.3.2. Adjusting the spin parameters 

To get a higher absorption, a lower rotational speed should be used. However, it has to be high 

enough for the solvent to be thrown off the substrate. Different rotational speeds as well as different 

durations are tested with the 1:1 P3HT and PC60BM blend in THF, the absorption spectra are shown 

in Figure 17. 
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Figure 18  Absorption spectra of P3HT:PC60BM in THF spin-coated at 1500 rpm for 80 s (left) and 300 rpm for 100 s (right) 

 

Figure 17 Absorption spectra of P3HT:PC60BM 1:1 in THF spin-coated at different rotational speeds and durations 

The absorption of the thin film increased significantly when the rotational speed was lowered, this 

happened in an inverse proportional manner. In other words, the absorption increases when the 

rotational speed decreases. When the rotational speed went below 100 rpm, the centrifugal force 

was too low to throw any solvent off the substrate, resulting in a dark, opaque film when the solvent 

evaporated. The thin film spin-coated at 300 rpm has the highest absorption. When the duration of 

spinning is changed, 100 s turns out to result in the highest absorption. With these spin parameters 

the different ratios are spin-coated. The absorption spectra of the different ratios in THF with the 

normal parameters (1500 rpm for 80 s) and the new parameters (300 rpm for 100 s) are shown 

below in Figure 18. 

 

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

300 400 500 600 700 800

A
b

so
rb

an
ce

Wavelength (nm)

1500 RPM 80 s

700 RPM 50 s

700 RPM 80 s

500 RPM 80 s

500 RPM 100 s

300 RPM 60 s

300 RPM 80 s

300 RPM 100 s

300 RPM 120 s

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

300 500 700

A
b

so
rb

an
ce

Wavelength (nm)

P3HT:PCBM 1:2

P3HT:PCBM 1:1

P3HT:PCBM 2:1

P3HT:PCBM 10:1

P3HT:PCBM 20:1

P3HT:PCBM 50:1

P3HT

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

300 500 700

A
b

so
rb

an
ce

Wavelength (nm)

P3HT:PCBM 1:2

P3HT:PCBM 1:1

P3HT:PCBM 2:1

P3HT:PCBM 10:1

P3HT:PCBM 20:1

P3HT:PCBM 50:1

P3HT



33 
 

As expected from Figure 17, the absorption of all the ratios with the lower rotational speed is higher 

than with the original rotational speed. However, it is still not as high as the absorption when P3HT 

and PC60BM are dissolved in the halogenated solvents. 

4.4. Analyzing the film morphology 

The absorption is not the only important that should be analysed, it is important that the 

morphology of the thin film is good as well. Therefore the AFM images of the different solvents are 

captured. As a reference, the height AFM images of P3HT and PC60BM in CF, CB and o-DCB are shown 

in Figure 19. 

 

 
Figure 19 Height AFM images of P3HT:PC60BM 1:1 spin-coated from CF, CB and o-DCB. The image size is 5 µm x 5 µm 

There are some larger bright areas; these can be attributed by some components that are not 

dissolved well, or they can be attributed to phase separation. The bright spots are likely to have a 

higher concentration of PC60BM. In general, it can be seen that o-DCB has the better morphology. It 

has this grain-like structure which allows a high amount of charge transfer can occur. When looking 

at CF and CB, the general area is a little bit less mixed, however it is still relatively well mixed.  

Height AFM images were also recorded for the 1:1 ratio for the some of the new solvents; THF, Xyl, 

Mes and Tol (Figure 20). 

 

Figure 20 AFM images of P3HT:PC60BM 1:1 in different solvents. The image size is 5 µm x 5 µm 

When looking at the AFM height images where P3HT:PC60BM 1:1 was spin-coated with different 

solvents, XYL looks the most promising; it has a similar grain structure as was seen with o-DCB. The 
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other three; THF, Mes and Tol, all show similar structures that have a significant amount of bright 

areas although THF has the least when compared to Mes and Tol.  

To see if the increased absorption had an effect on the morphology of the thin film, AFM images of 

the film where P3HT:PC60BM 1:1 was spin-coated five times and the film with different spin 

parameters (i.e. 300 rpm for 100 s) is captured. These images are compared with the original 1:1 

ratio in THF in Figure 21. 

 

Figure 21 AFM images of P3HT:PC60BM 1:1 in THF, 5x spin-coated and with 300 rpm for 100 s. Image size: 5 µm x 5 µm 

When comparing the film that was five times spin-coated to the original one, it seems like there is 

more phase separation. However, the bright areas are relatively small and well spread which gives 

the opportunity for a high amount of charge transfer. The vertical lines are not coming from the 

morphology of the thin film, but are an error from the microscope. When the lower rotational speed 

was used, there is also a high amount of phase separation. The bright areas here are bigger and less 

spread out which results in a large surface where exciton recombination will occur more likely than 

the charge transfer.   
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5. Conclusion 
 

To stimulate the mass production of organic solar cells with the P3HT and PC60BM blend in the active 

layer of organic solar cells, the halogenated solvents should be replaced with less toxic solvents. The 

Hansen solubility parameters are used to predict possible solvents with similar properties as P3HT 

and PC60BM. When both the organic components dissolve in the new solvent, thin films are made by 

spin-coating different ratios of P3HT and PC60BM on a glass substrate. The efficiency of these films is 

qualified on three different factors: the absorption, the film morphology and the fluorescence 

quenching.  

When the absorption spectra of the donor and acceptor dissolved in different solvents with a ratio of 

1:1 are measured, films with tetrahydrofuran result in the highest absorption, followed by 

mesitylene and 1-methylnaphthalene. However, due to the low solubility in these solvents, the 

absorption does not come close to the absorption when the halogenated solvents are used with a 

higher concentration. If the same concentration is used, i.e., 1 mg/ml, the absorption with the new 

solvents exceeds the absorption the absorption when chlorobenzene is used.  

The fluorescence spectra show that not only a high absorption is important, but that a high amount 

of fluorescence quenching should be occur. This can be found in the P3HT:PC60BM 1:1 and 1:2 ratio. 

To raise the absorption, thin films are prepared where five layers are spin-coated on each other. This 

appears to have no uniform effect on the absorption; it increases slightly with toluene, stays the 

same with 1-methylnapthalene and decreases with tetrahydrofuran. Subsequently, the rotational 

speed of the spin-coating was lowered to increase the absorption; when a rotational speed of 

300 rpm was used for 100 s, the absorption was increased notably. It did not, however, reach 

absorptions as high as when the halogenated solvents were used. 

The morphology of the thin film was measured with AFM. When the morphologies of the films with 

new solvents were compared, xylene had the better morphology. A grain-like pattern could be 

observed, this pattern was also present in the morphology of ortho-dichlorobenzene and results in a 

high amount of charge transfers. 

The film of tetrahydrofuran with five layers showed a better morphology than the one with only one 

layer; it was better mixed which allows more charge transfers. The film with a lower rotational speed 

showed too much phase separation. 
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Tetrahydrofuran and xylene seem to be the best alternative solvents. However, the efficiency will be 

lower due to the fact that the halogenated solvents have a higher solubility. Nevertheless, research 

should continue using the thin films in actual solar cells where a more exact efficiency can be 

determined. 
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Appendix 

Appendix 1 

The pure solutions were heated at 60°C and stirred for one hour to dissolve all the P3HT and PC60BM. 

The used volumes to make the different blends can be found below.  

P3HT:PC60BM 1:2  0.50 ml P3HT and 1.0 ml PC60BM 

P3HT:PC60BM 1:1  0.33 ml P3HT and 1.0 ml P3HT:PC60BM 1:2 

P3HT:PC60BM 2:1  0.25 ml P3HT and 0.50 ml P3HT:PC60BM 1:1 

P3HT:PC60BM 10:1  0.80 ml P3HT and 0.30 ml P3HT:PC60BM 2:1 

P3HT:PC60BM 20:1  0.44 ml P3HT and 0.40 ml P3HT:PC60BM 10:1 

P3HT:PC60BM 50:1  0.31 ml P3HT and 0.2 ml P3HT:PC60BM 20:1 

The PC60BM was always taken out of the previous solution as a P3HT:PC60BM blend as in a serial 

dilution; this was to minimize the used amount of PC60BM.  
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Appendix 2 

The Hansen solubility parameters of solvent mixtures are shown below in Table 5 and Table 6. Since 

P3HT and PC60BM have different HSP, different mixtures are better for one compound than the 

other. The Hansen distances are shown as well. 

Table 5 Hansen solubility parameters of solvent mixtures and their distance to P3HT 

Solvent 1 Solvent 2 Vol%1 Vol%2 δD δP δH Δδ 

Naphthalene Dimethyl Sulfoxide 87 13 19.1 3.9 6.5 0.066 

1,3-Propanediol Tetrahydronaphthalene 17 83 19.1 4.0 6.4 0.088 

Dimethyl Formamide 1-Methyl Naphthalene 25 75 19.1 4.0 6.4 0.144 

Diphenyl Ether Hydrogen Peroxide 94 6 19.2 3.9 6.3 0.156 

Diphenyl Ether Water 94 6 19.2 4.2 6.3 0.306 

Propylene Glycol Tetrahydronaphthalene 20 80 19.0 3.7 6.6 0.309 

Diphenyl Ether Ethylene Glycol 89 11 19.1 4.2 6.4 0.344 

Diethylene Glycol Tetrahydronaphthalene 21 79 19.0 4.1 6.3 0.349 

Diphenyl Ether Glycerol 90 10 19.2 4.2 6.3 0.361 

Dipropylene Glycol Tetrahydronaphthalene 22 78 18.9 3.9 6.2 0.438 

Hexamethyl Benzene Ascorbic Acid 75 25 18.9 4.1 6.4 0.460 

N-Methyl Formamide 1-Methyl Naphthalene 17 83 19.3 3.9 6.6 0.467 

Naphthalene Formamide 93 7 19.1 3.7 6.8 0.472 

Diphenyl Ether Ascorbic Acid 89 11 19.2 4.3 6.4 0.507 

Ethylene Glycol Tetrahydronaphthalene 16 84 19.2 3.4 6.6 0.527 

Naphthalene N-Methyl Formamide 90 10 19.0 3.7 6.9 0.569 

Formamide 1-Methyl Naphthalene 12 88 19.4 3.8 6.4 0.602 

Ascorbic Acid Tetrahydronaphthalene 16 84 19.3 3.6 6.5 0.610 

Glycerol Tetrahydronaphthalene 15 85 19.3 3.4 6.5 0.626 

Glycerol Hexamethyl Benzene 23 77 18.8 3.8 6.3 0.648 

Diphenyl Ether 1,3-Propanediol 89 11 19.1 4.5 6.1 0.676 

Tetrahydronaphthalene Water 90 10 19.2 3.4 6.8 0.690 

Methanol Tetrahydronaphthalene 17 83 18.8 3.8 6.2 0.712 

Dipropylene Glycol Diphenyl Ether 15 85 19.0 4.5 6.1 0.727 

Pyrogallol Mesitylene 30 70 18.8 3.6 6.8 0.729 

Diphenyl Ether Methanol 89 11 18.9 4.4 6.0 0.753 

Diphenyl Ether Diethylene Glycol 87 13 19.0 4.5 5.9 0.775 

Dimethyl Sulfoxide 1-Methyl Naphthalene 22 78 19.4 4.2 5.9 0.863 

Ethylene Glycol Hexamethyl Benzene 24 76 18.7 3.9 6.2 0.872 

Hexamethyl Benzene Water 85 15 18.6 3.8 6.3 0.922 

Toluene Pyrogallol 75 25 18.7 3.7 6.8 0.945 

Hydrogen Peroixde Tetrahydronaphthalene 10 90 19.2 3.0 6.9 1.018 

Diphenyl Ether Pyrogallol 88 12 19.6 4.3 6.1 1.046 

Hydrogen Peroixde Hexamethyl Benzene 15 85 18.6 3.2 6.4 1.154 

Hexamethyl Benzene Pyrogallol 71 29 19.6 4.2 6.1 1.157 

Hexamethyl Benzene Propylene Glycol 72 28 18.5 4.1 6.0 1.235 
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Table 6 Hansen solubility parameters of the mixed solvents and their distance to PC60BM 

Solvent 1 Solvent 2 Vol%1 Vol%2 δD δP δH Δδ 

Dimethyl Sulfoxide 1-Methyl Naphthalene 36 64 19,2 6,4 6,7 0,96 

Formamide Tetrahydronaphthalene 19 81 19,1 6,6 6,0 1,0 

Benzaldehyde Hydrogen Peroxide 98 2 19,3 7,5 6,0 1,1 

Benzaldehyde Water 98 2 19,3 7,6 6,0 1,1 

Diphenyl Ether Formamide 86 14 19,1 6,6 6,1 1,1 

Dimethyl Sulfoxide Diphenyl Ether 26 74 19,1 6,8 5,6 1,2 

Dimethyl Sulfoxide Tetrahydronaphthalene 34 66 19,2 6,9 5,4 1,2 

N-Methyl Formamide Tetrahydronaphthalene 26 74 19,0 6,4 6,3 1,3 

Diphenyl Ether N-Methyl Formamide 81 19 19,0 6,3 6,3 1,3 

Benzaldehyde Formamide 99 1 19,4 7,6 5,4 1,3 

Dimethyl Sulfoxide Naphthalene 30 70 19,0 6,3 7,2 1,7 

Formamide 1-Methyl Naphthalene 20 80 19,2 5,9 7,6 1,8 

N-Methyl Formamide 1-Methyl Naphthalene 26 74 19,1 5,5 7,6 2,1 

Dimethyl Formamide 1-Methyl Naphthalene 38 62 18,8 5,7 7,2 2,1 

Diphenyl Ether Pyrogallol 82 18 19,6 4,7 7,1 2,2 

Hexamethyl Benzene Pyrogallol 66 34 19,7 4,7 7,2 2,2 

Diphenyl Ether 1,3-Proanediol 85 15 19,0 4,9 6,9 2,3 

Diethylene Glycol Diphenyl Ether 18 82 18,9 4,9 6,7 2,3 

Hexamethyl Benzene N-Methyl Formamide 67 33 18,6 7,3 5,2 2,3 

Diphenyl Ether Ascorbic Acid 86 14 19,2 4,6 7,0 2,4 

Formamide Naphthalene 15 85 18,9 5,6 7,9 2,5 

Dipropylene Glycol Diphenyl Ether 19 81 18,8 4,8 6,6 2,5 

Hexamethyl Benzene Formamide 76 24 18,7 7,5 4,6 2,6 

Diphenyl Ether Glycerol 88 12 19,2 4,3 6,8 2,6 

Diphenyl Ether Ethylene Glycol 87 13 19,1 4,4 6,9 2,6 

Diphenyl Ether Water 93 7 19,1 4,3 6,7 2,7 

N-Methyl Formamide Naphthalene 20 80 18,8 5,4 7,9 2,7 

Dimethyl Sulfoxide Hexamethyl Benzene 42 58 18,9 7,8 4,3 2,7 

Diphenyl Ether Methanol 87 13 18,8 4,6 6,4 2,7 

Dimethyl Formamide Hexamethyl Benzene 45 55 18,4 7,0 5,1 2,8 

1,3 Propanediol Tetrahydronaphthalene 21 79 19,0 4,4 7,2 2,8 

Diethylene Glycol Tetrahydronaphthalene 25 75 18,9 4,5 6,9 2,8 

Hexamethyl Benzene 1,3-Propanediol 71 29 18,5 5,1 6,7 2,8 

Tetrahydronaphthalene Pyrogallol 75 25 19,9 4,2 7,4 2,9 

 

 


