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Current Energy Concerns 

With world energy consumption close to 18 terawatt hours (TWh) in 2011
1
 and an 

estimated increase of 1 gigawatt hours (GWh) each day, the global energy demand is 

very likely to approach 50 TWh by 2050.
2
 At this moment, almost 90% of the 

consumed energy is coming from fossil fuels, i.e. oil, coal and natural gas, while the 

remaining 10% is retrieved from nuclear and renewable sources. A direct consequence 

of the extensive fossil fuel usage is the formation of large amounts of greenhouse gases, 

of which CO2 is the most important. At this moment, the level of CO2 present in the 

atmosphere is at its highest level in the history of mankind. In order to minimize the 

global warming effect (while it is still possible) the generation of clean (carbon free) 

energy, coming from renewable sources, e.g. solar, wind, water, biomass or 

geothermal, has to gradually take over and people’s addiction to fossil fuels has to be 

reduced. One could even think of a “green revolution” in the energy production sector. 

Nuclear energy, due to its highly toxic residues which necessitate special 

transportation, treatment and storage, is less and less regarded as a clean and safe 

alternative. When talking about renewable sources, solar energy (the irradiant light and 

heat coming from the sun) can be regarded as the sole direct source, all others deriving 

their energy from the sun through secondary processes.
3
 The amount of energy that the 

Earth’s surface receives from the sun in one hour already exceeds the yearly global 

 

 

Figure 1. The land surface area needed to generate 20 TWh with 10% efficient solar cells.2 
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energy consumption. Installing solar panels with a moderate 10% energy conversion 

efficiency on less than 1% of the Earth’s surface would suffice for generating 20 TWh 

of electricity (Figure 1). It is therefore wise to develop efficient technologies able to 

harvest and convert this enormous energy source into electricity. 

 

Photovoltaics 

The photovoltaic effect - the creation of a voltage or an electric current in a material 

upon exposure to light (from the Greek φῶς (phōs)) was first observed by A. E. 

Becquerel in 1839. The generation of energy upon solar irradiation of a 

(semi)conducting material is the basic working principle of a solar cell (SC). The 

photovoltaic technology has continuously evolved and developed toward architectures 

(affording lighter and cheaper modules) with improved efficiencies and stabilities. First 

and second generation SCs were made out of mono- or polycrystalline silicon (Si) and 

thin films of amorphous or crystalline silicon, CIGS (Copper Indium Gallium Selenide) 

or CdTe (Cadmium Telluride) deposited on glass substrates and/or ceramics, 

respectively. The development of thin film technology led to lower production costs 

and afforded lighter modules. The third generation photovoltaics (PVs), generally 

represented by multijunction (tandem) architectures, were developed with the goal to 

harvest more light and in consequence increase the power conversion efficiency to 30-

60%.  

As shown in Figure 2, the nature of the light harvesting material can be of inorganic 

(Si, CIGS, CdTe, etc.) or organic origin. Inorganic solar cells (the most mature 

technology) have been commercialized over the last 20 years and are most suitable for 

roof-top installation. As a result, they dominate the PV market at this moment. The fast 

growing branch of organic photovoltaics (OPVs) begins to gradually catch-up. The 

main advantage of organic materials is that they have very high absorption coefficients 

(~ 1000 times larger than silicon)
4
 and active layers in the order of hundreds of 

nanometers are generally sufficient for efficient light harvesting. Dye sensitized solar 

cells (DSSCs), organic photovoltaics, as well as hybrid organic-inorganic PVs use 

small molecules
5
 or conjugated polymers as the light harvesting materials. These are 

the most recent technologies that have emerged and have recorded fast progress in 

terms of efficiencies, stabilities and price effectiveness compared with their inorganic 
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counterparts. Since they are light-weight and flexible, organic solar cells (OSCs) can 

easily be integrated in portable devices such as solar bags, soft-sided structures (tents, 

sun shelters), lanterns and even smart textiles. Previous year, by completing the 

installation of the largest organic semi-transparent building integrated photovoltaic 

(BIPV) curtain wall, Konarka has achieved a major milestone and has proven that the 

technology of flexible modules can also go big.
6
  

 

 

Figure 2. Overview of solar cell technologies. 

 

The research community is nowadays putting considerable effort on improving solar 

cell performances and their efficiencies are steadily increasing every year. An overview 

with the best solar cell efficiencies obtained (at a laboratory scale) in all branches of the 

photovoltaic industry is displayed in Figure 3. 
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Figure 3. Highest certified solar cell efficiencies obtained at a laboratory scale (source: NREL).7 

 

Organic Photovoltaics 

Already in the beginning of the 20
th

 century, small aromatic molecules such as 

anthracene
8
 and various common dyes were found to be photoconductive. Toward the 

end of the century, the first (planar) heterojunction SC was reported by Tang. The 

device was made by sandwiching a donor and an acceptor molecule (a copper 

phthalocyanine (CuPc) and a perylene derivative, respectively) between two electrodes 

(Figure 4).
9
 In the mid-nineties, by using the same bilayer architecture, Sariciftci was 

the first to combine a donor polymer, i.e. poly[2-methoxy-5-(2’-ethylhexyloxy)-p-

phenylene vinylene] (MEH-PPV), and a small molecule fullerene acceptor, i.e. 

buckminsterfullerene (C60). Although it showed quite low power conversion efficiency 

(0.04%), the system proved that photoinduced electron transfer from the donor to the 

acceptor and charge separation were taking place.
10

 The relatively low efficiency arose 

mainly from the poor charge separation. Since the average exciton diffusion length 

(vide infra) is between 6 to 10 nm, this process occurs only within the first nanometers 

of the donor-acceptor interface. At this point it was envisaged that increasing the 

interface area between the donor and the acceptor could lead to increased charge 

transfer. The concept of a bulk heterojunction (BHJ) solar cell was born (Figure 4).  
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Figure 4. Schematic representation of bilayer (left) and bulk heterojunction (right) solar cells.11 

 

One of the main advantages of organic materials (conjugated polymers or small 

molecules) over inorganic semiconductors is their low production cost. Processing of 

these materials requires less energy consumption during device fabrication since they 

can, in most cases, be processed from solution. The high temperatures required for 

vacuum deposition can thus be very elegantly and efficiently bypassed.  

In BHJ organic solar cells, the active layer is obtained by processing a mixture of a 

donor and an acceptor material from solution. For deposition on rigid substrates (e.g. 

glass) and depending on the surface of the active area to be coated, a series of solution 

processing techniques (e.g. coating and doctor blading) can be used. While spin coating 

is mostly suitable for small substrates, larger surfaces, for which the risk of getting 

inhomogeneous films increases, are preferably coated by doctor blading. The biggest 

disadvantage of spin coating is its lack of material efficiency. In general, only 2-5% of 

the material is dispensed onto the substrate, the remaining 98-95% being flung off into 

the coating bowl and disposed. On the other hand, very little material (if not at all) is 

lost by doctor blading. Roll to roll (R2R) processing has recently been developed to 

address the fast growing field of thin film PVs. These modules are printed on a roll of 

flexible substrate and can thus be produced at very high speeds (~ 2.5 m
2
 min

-1
) and for 

minimal prices.
12

 In all cases, the active layer which results after evaporation of the 

solvent consists of intimately intermixed donor and acceptor molecules. As already 

mentioned, this morphology facilitates charge transfer and separation, which due to the 

dissociation length of the exciton is limited to approximately 10 nm. 
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Operating Principle and Output Parameters 

Organic photovoltaics, regardless of the adopted architecture of the active layer (bilayer 

or BHJ
13

), are generally built using the same configuration. A transparent substrate 

(generally glass) is coated with a thin layer of conducting indium tin oxide (ITO) 

which serves as the anode (high work function electrode). In order to smoothen the 

irregular ITO surface, a layer of poly(3,4-ethylenedioxythiophene):poly-

(styrenesulfonate) (PEDOT:PSS) is spun on top. The latter also serves as an electron 

blocking layer and is at the same time an efficient antistatic agent which prevents 

electrostatic discharges during film production. All these initial steps are carried out in 

air atmosphere. Since the presence of oxygen and/or humidity has a negative impact 

upon the solar cell performance (oxidation of the organic material or creation of traps 

which prevent efficient charge transfer), all the following steps must be carried out in a 

glove box (under protective atmosphere). A solution containing both the donor and the 

acceptor component (mixed in various ratios) is used for casting the composite BHJ 

active layer on top of PEDOT:PSS (while for a bilayer device the active layers are 

deposited stepwise). The thickness of the active layer thus obtained (after solvent 

evaporation) can easily be controlled by varying the concentration of the solution as 

well as the spin coating speed. The last steps in the preparation of the solar cell are 

performed by vacuum deposition. First, a very thin buffer layer (~ 1 nm) of Ca 

(calcium) or LiF (lithium fluoride) is deposited between the active layer and the 

cathode which serves as an electron injecting layer. The cathode, made out of a low 

work function metal, e.g. Al (aluminum), Au (gold) or Ag (silver), is ultimately 

evaporated. For laboratory tests, the process ends here. Nevertheless, for real-life 

modules, good device encapsulation is mandatory to assure long lifetimes. The 

protective barrier prevents oxygen and air penetration into the device. 

The general mechanism responsible for energy generation (Figure 5) involves four 

steps. Upon photon absorption, an electron situated in the highest occupied molecular 

orbital (HOMO) of the donor material (often a conjugated polymer) is promoted to the 

lowest unoccupied molecular orbital (LUMO), generating an exciton (step 1). The 

latter, which is represented by a bound electron-hole pair, diffuses toward the donor-

acceptor (D-A) interface (step 2) where it dissociates into free charges (step 3). The 

driving force for electron (charge) transfer, represented by the energy offset between 
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the LUMO levels of the donor and the acceptor (often a fullerene derivative), should be 

at least 0.3 eV (downhill). Charge transport, electrons being transported by the 

acceptor and the holes by the donor, followed by charge extraction (holes are collected 

at the anode and electrons at the cathode) at the electrodes (step 4) occurs in the final 

step. 

 

 

Figure 5. General mechanism for energy conversion in organic photovoltaics.14 

 

The photovoltaic performance of a solar cell is evaluated
 
under standard simulated 

conditions AM1.5G (Air Mass 1.5 Global spectrum on the ground when the sun is at 

48.2
o
 zenith angle (Figure 6a) with light intensity 100 mW cm

-2
)

15
 by a series of output 

parameters, i.e. the current density at short circuit (Jsc), the open circuit voltage (Voc), 

the fill factor (FF) and the power conversion efficiency (PCE) (Figure 6b).
9
 Jsc, being 

(among others) determined by the number of excitons created during solar illumination, 

is related to the width of the absorption window of the photoactive material. The 
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broader the absorption wavelength range of the material, the more photons can be 

harvested and the higher the current can become. About 70% of the sunlight energy 

(photon flux) is distributed in the 400 to 900 nm wavelength region.
16

  

 

 

Figure 6. (a) Standards used for reporting solar cell efficiencies5 and (b) response and output parameters of a 

solar cell, in dark and when illuminated (source: Thompson research group).17 

 

As has been pointed out recently, superior purity and molecular weights (of the donor 

polymer materials) lead to a better organization (morphology) of the composite active 

layer and, corroborated with high charge mobility, this boosts up the current.
18

 The Voc, 

on the other hand, is the maximum voltage measured when no current is flowing 

through the cell. It correlates closely with the energy difference (the so called offset) 

between the HOMO of the donor and the LUMO of the acceptor material. Since 

fullerenes are almost exclusively used as the acceptor materials, and with very small 

variations in the first reduction potential between PC61BM ([6,6]-phenyl-C61 butyric 

acid methyl ester) and other (functionalized) derivatives (+/- 100 mV) (Figure 7), it has 

become quite clear that the energy levels of the donor polymers should be altered to 

attain an ideal offset value of 1.2 eV, which would eventually lead to increased device 

performances.
19

 Lowering of the HOMO level of the donor should hence be envisaged 

since this is regarded as a limiting parameter for the overall efficiency. 
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Figure 7. Most commonly used fullerene derivatives. 

 

The maximum output power (Pmax) of a solar cell, represented by the area of the yellow 

rectangle in Figure 6, is given by the product of Jm and Vm, i.e. the current and the 

voltage at the maximum power point, and represents the actual (real) power produced 

by a SC. The fill factor (FF) is a useful quantity for comparing Pmax relative to the 

theoretical power (Ptheor) given by the product of the (photo)current and (photo)voltage 

produced by the cell. For OPVs, FFs are generally ranging from 0.3 to 0.7. Low values 

arise from parasitic losses due to resistance within the cell itself. These losses mainly 

occur in the ITO or in large thickness active layers in which inefficient current 

generation leads to increased (series) resistance.
20

 The FF can be calculated according 

to the following formula: 
ocsc

maxmax

theor

max

P

P
FF

VJ

VJ




  

Finally, the power conversion efficiency (PCE or ) is expressed as the numerical 

quotient of Pmax (the output power) and the total input photon irradiance. The efficiency 

of a solar cell can be calculated according to the following formula: 

in

maxmax

in

ocsc

in

out

PPP

P
(%)

VJVJ
FF





  

Care should be taken when reporting solar cell performances, making sure that the used 

standard (generally AM1.5G condition and light intensity 100 mW cm
-2

) is clearly 

indicated and corrections of the spectral mismatch are done.  

  



General Introduction 

 

 
11 

References 

(1) http://www.indexmundi.com/g/g.aspx?v=81&c=xx&l=en 

(2) Service, R. F. Science 2005, 309, 548. 

(3) (a) Glasnović, Z.; Rogošić, M.; Margeta, J. Sol. Energy 2011, 85, 794; (b) 

Shaahid, S. M. Renewable Sustainable Energy Rev. 2011, 15, 3877; (c) Michel, 

H. Angew. Chem. Int. Ed. 2012, 51, 2516; (d) Ruggero, B. Geothermics 2012, 41, 

1. 

(4) Günes, S.; Neugebauer, H.; Sariciftci, N. S. Chem. Rev. 2007, 107, 1324. 

(5) Mishra, A.; Bäuerle, P. Angew. Chem. Int. Ed. 2012, 51, 2020. 

(6)  www.konarka.com 

(7)  www.nrel.gov 

(8)  Pechettino, A. Acad. Lincei Rend. 1906, 15, 355. 

(9)  Tang, C. W. Appl. Phys. Lett. 1986, 48, 183. 

(10)  Sariciftci, N. S.; Braun, D.; Zhang, C.; Srdanov, V. I.; Heeger, A. J.; Stucky, G.; 

Wudl, F. Appl. Phys. Lett. 1993, 62, 585. 

(11)  Patrick, G. N.; Fernando, A. C. Nanotechnology 2010, 21, 492001. 

(12)  Espinosa, N.; Hosel, M.; Angmo, D.; Krebs, F. C. Energy Environ. Sci. 2012, 5, 

5117. 

(13)  In this thesis/chapter we will only address BHJ solar cells for which the active 

layer is exclusively processed from solution.  

(14)  Thompson, B. C.; Fréchet, J. M. J. Angew. Chem. Int. Ed. 2008, 47, 58. 

(15)  Bird, R. E.; Hulstrom, R. L.; Lewis, L. J. Sol. Energy 1983, 30, 563. 

(16)  Moliton, A.; Nunzi, J.-M. Polym. Int. 2006, 55, 583. 

(17)  http://met.usc.edu/projects/solarcells.php 

(18)  (a) Van Mierloo, S.; Hadipour, A.; Spijkman, M.-J.; Van den Brande, N.; Ruttens, 

B.; Kesters, J.; D’Haen, J.; Van Assche, G.; de Leeuw, D. M.; Aernouts, T.; 

Manca, J.; Lutsen, L.; Vanderzande, D. J.; Maes, W. Chem. Mater. 2012, 24, 587; 

(b) Osaka, I.; Saito, M.; Mori, H.; Koganezawa, T.; Takimiya, K. Adv. Mater. 

2012, 24, 425. 

(19)  Dennler, G.; Scharber, M. C.; Ameri, T.; Denk, P.; Forberich, K.; Waldauf, C.; 

Brabec, C. J. Adv. Mater. 2008, 20, 579. 

(20)  Schlenker, C. W.; Thompson, M. E. Chem. Commun. 2011, 47, 3702. 

http://www.indexmundi.com/g/g.aspx?v=81&c=xx&l=en
http://www.konarka.com/
http://www.nrel.gov/
http://met.usc.edu/projects/solarcells.php




 

 

 

 

 

 

Review of  

Recent Literature on 

Polymer Solar Cells
 
 

 

 

 

 

  



Review of Recent Literature on PSCs  

 

14 

Three Generations of Conjugated Polymers 

Since the discovery of ultrafast electron transfer between a conjugated polymer, i.e. 

poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) 

(Figure 8) and buckminsterfullerene (C60) upon illumination,
1
 the interest in developing 

new conjugated (polymer) materials for OPV applications has increased almost 

exponentially. A thorough understanding of the processes (both physical and chemical) 

taking place in the devices has allowed rational development of new solar cell 

architectures and materials that have eventually led to enhanced OPV performances.  

Poly(p-phenylene vinylene)s (PPVs) constitute the first generation of semiconducting 

polymers employed in OPVs. This class of large band gap (in the range of 2.0 eV) 

materials, including the more soluble poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-

phenylene vinylene] derivative (MEH-PPV) (Figure 8), allowed basic SC 

understanding and addressed the first device limitations. It soon became clear that the 

processing solvent had a tremendous influence on the morphology of the active layer 

(domain size) and, in consequence, on the device efficiency. For instance, the 

replacement of toluene by chlorobenzene afforded a better organization of the MEH-

PPV:PC61BM blend (reduction of the surface roughness), which doubled the current 

and led to a significant increase in efficiency, from 0.9 to 2.5%.
2
 

 

 

Figure 8. First and second generation polymers for PV devices. 

 

A second generation of polymers, with lower band gaps and better organization 

properties (by showing a certain degree of crystallinity) has been developed afterwards. 

Mainly represented by poly(3-hexylthiophene) (P3HT) (Figure 8), this class of 

materials tends to organize in microcrystalline structures and therefore shows high 

charge mobilities and improved charge transport properties. In order to maximize these 
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features, chemists have developed new synthetic routes toward polythiophenes with 

increased degrees of regioregularity.
3
 The first BHJ solar cells using a mixture of 

P3HT:PC61BM in the active layer showed efficiencies as low as 0.4%. Thermal 

annealing of the cells improved the morphology of the active layer, increased the 

current and subsequently enhanced the performance by 70%.
4
 Shortly after the slow 

evaporation of the solvent, a spontaneous (vertical) phase separation of the PC61BM 

from the P3HT component occurs in the films (with thicknesses superior to 150 nm). 

In consequence, the bulk layer has a graded composition, with P3HT and PC61BM rich 

phases in the proximity of the ITO and of the metal electrode, respectively. During 

thermal annealing, the energy transferred in the system promotes molecular diffusion of 

PC61BM in the P3HT rich bottom phase, leading to a more balanced donor:acceptor 

composition within the bulk active layer.
5
 Additionally, thermal annealing induces 

reorganization of P3HT into crystallites having a  stacking orientation 

perpendicular to the substrate (the so-called “face-on” orientation) (Figure 9), which 

facilitates charge transport and increases the current.
6
 P3HT has been the benchmark 

material used in the last decade and has played a crucial role in the comprehension of 

the very complex processes occurring is OPVs, allowing the development of methods 

that enhance solar cell performances and stability (thermal annealing, cross 
 

 

 

Figure 9. Graphical representation of a P3HT crystallite oriented a) face-on and b) edge-on. The purple 

blocks represent the thiophene backbone and the white cylinders the hexyl side chains.6b 
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linking, etc.). New materials were, however, required since the efficiencies of first and 

second generation polymers, for which the maximum predicted values were attained, 

were limited to no more than 5%. 

The design and synthesis of a third generation of conjugated polymers, with band 

gaps below 1.6 eV (the so called “low band gap” polymers), led to efficiencies that 

nowadays overpass 10%.
7
 Two approaches affording materials absorbing into the near 

infrared (NIR) region of the solar spectrum have been employed (Figure 10). In the 

first strategy, not very widely explored, an increase of the conjugation length along the 

polymer backbone was achieved by the incorporation of fused aromatic molecules for 

which the resonance structure is stabilized by a quinoid form. Since the aromatic 

structure is higher in energy, the polymer will be stabilized by the quinoid form, 

resulting in a reduction of the band gap. Polymers like poly(isothianaphthene) (PITN)
8
 

and poly(thieno[3,4-b]thiophene) (PTT)
9
 have band gaps close to (or even below) 1.0 

eV. The major drawback of this approach is that one is not able to achieve full control 

over the energy levels of the polymers, which in most cases do not possess a low-lying 

HOMO, ideally located around -5.4 eV.
10

  

 

 

Figure 10. Approaches used in the development of low band gap polymers: a) quinoid stabilization of PITN 

and PTT and b) donor-acceptor alternation. 

 

The second strategy, introduced in the beginning of the nineties by Havinga et al.,
11

 is 

far more exploited than the former and is based on the alternation of electron rich and 

electron poor units along the polymer backbone. This push-pull approach increases the 

electron delocalization along the polymer chain. The formation of a low energy quinoid 

structure due to intramolecular charge transfer (ICT) from the donor to the acceptor 

unit effectively reduces the band gap of the material. As a result, a red shift of the 

absorption window toward the NIR region allows a better overlap with the photon flux 

and can lead to an increased Jsc.
12

 As suggested by the term, the ICT process implies 
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the existence of charged species along the polymer backbone, the partial positive 

charge being located on the donor and the negative charge on the acceptor. In 

consequence, the bond length is reduced due to the dominant sp
2
 character of the D-A 

bond, the conjugation length is increased and the HOMO/LUMO offset is lowered. The 

greatest advantage of this approach is that one is able, by varying the strength of the 

donors and/or acceptors (Figure 11), to fine tune the energy levels of the final 

polymers, the HOMO level being dictated merely by the donor and the LUMO by the 

acceptor. In general, this class of materials has a rather low degree of crystallinity (if 

any at all), which makes thermal annealing not effective or, in some cases, even 

detrimental for the device performance. Nevertheless, the use of processing additives 

(high boiling point solvents, e.g. 1,8-diiodooctane (DIO), 1,8-octanedithiol (ODT), 

etc.) may induce a better organization of the materials blend and therefore may improve 

the device efficiency.
13

 A selection of some of the best performing materials that have 

been developed in the last decade is presented below. Emphasis is put on strategies that 

lead to superior light harvesting systems and/or optimized processing methods, 

affording record OPV efficiencies. 

 

 

Figure 11. Building blocks with different donor strength incorporated in donor-acceptor polymers.14 
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State-of-the-Art Low Band Gap Polymers 

By adopting the D-A strategy, the coupling of electron rich thiophene and electron 

accepting quinoxaline units was achieved by zerovalent nickel and palladium mediated 

polycondensations, i.e. Yamamoto and Stille cross-coupling reactions, respectively.
15

 

The resulting poly(thienoquinoxaline)s showed moderate optical properties (absorption 

maxima located at ~600 nm, band gaps of ~1.7 eV) and rather low solubility in 

common organic solvents. The polymers displayed low conductivities and reversible n- 

and p-doping characteristics. By introducing solubilizing side chains on the quinoxaline 

unit, the group of Andersson has developed a promising processable material, poly[2,3-

bis(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) (Figure 12). 

In combination with PC61BM, TQ1 showed a moderate performance in devices 

processed from chloroform solution (Jsc = 5.9 mA cm
-2

, Voc = 0.9 V, FF = 56%,  = 

3%) which arose from the poor morphology of the active layer, which didn’t perfectly 

promote charge separation and transport. By changing the solvent to ortho-

dichlorobenzene (o-DCB) and by using the PC71BM derivative, which has an increased 

absorption in the visible region, the current (assured by the high molecular weight of 

the polymer, Mn = 4.1 x 10
4
 g mol

-1
) was doubled and the fill factor was increased to 

70%, which led to an overall PCE of 6.0%, the best reported efficiency for this class of 

polymers.
16

 

 

 

Figure 12. Structure of polymer TQ1, a low band gap poly(thienoquinoxaline) derivative. 

 

The synthesis of conjugated polymers in which fluorene (a rather weak donor, see 

Figure 11) is combined with a variety of donor-acceptor-donor (D-A-D) triads has 

resulted in a series of materials known as APFOs (Alternating Poly FluOrenes). A 

further distinction is made for those derivatives showing a green color in the neutral 

state, which are known as APFO-Green.
17

 The solubility, optical properties, band gap 

and energy levels of these materials can be tuned by changing the strength of the 
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acceptor in the triad (the donor is invariably thiophene), which decreases when going 

from [1,2,5]thiadiazolo[3,4-g]quinoxaline to 2,1,3-benzothiadiazole (BT) and 

quinoxaline. In the APFO series, photovoltaic performances exceeding 3.5% were 

achieved for two polymers (Figure 13). Despite its large band gap (~2.4 eV), poly[(9,9-

dioctylfluorenyl-2,7-diyl)-co-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole] (APFO-

3), incorporating a BT acceptor moiety in the triad, appeared as an excellent donor 

material in combination with PC61BM. The solar cells, with 3.5% efficiency, displayed 

a Jsc of 5.7 mA cm
-2

, a FF of 60% and a Voc of 1.02 V, the latter being related to the low 

lying HOMO (- 5.8 eV) of the polymer.
18

 In poly[2,7-(9,9-dioctylfluoren)-alt-5,5-(5′,8′-

di-2-thienyl-(2′,3′-bis-(3′′-octyloxyphenyl)quinoxaline))] (APFO-15), the BT was 

replaced by a quinoxaline unit, which is a weaker acceptor.
19

 The solubilizing alkoxy 

substituents were introduced in the meta positions of the phenyl rings to prevent 

electron donation from the donor side chains to the quinoxaline unit, which would 

decrease its acceptor strength. The photovoltaic performance of the polymer was 

strongly influenced by the PC61BM loading. High concentrations of the acceptor 

reduced the optimum thickness of the active layer, which subsequently led to poor 

photon absorption. An efficiency of 3.7% was obtained with an optimum 1:3 (weight 

ratio (w/w)) APFO-15:PC61BM. Once again, the high molecular weight material (Mn = 

4.1 x 10
4
 g mol

-1
) granted optimal solar cell parameters (Voc = 1.0 V, Jsc = 6.0 mA cm

-2
, 

FF = 63%).  

 

Figure 13. Best donor polymers in the APFO series. 

 

The substitution of the phenyl rings in fluorene by thiophene units results in a 

promising electron-rich and planar derivative, i.e. 4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (CPDT). The CPDT derivative was combined with BT and afforded the 

first low band gap material (1.38 eV) to incorporate a CPDT donor unit in the polymer 



Review of Recent Literature on PSCs  

 

20 

chain.
20

 The novel poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b′]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) (Figure 14), absorbing 

into the IR spectral region, showed high hole mobility values (2 x 10
-2

 cm
2 

V
-1

s
-1

) and 

promising solar cell efficiencies of 2.60 and 3.16%, in combination with PC61BM and 

PC71BM, respectively. The best devices were characterized by rather moderate output 

parameters: a Jsc of 11.0 mA cm
-2

, a Voc of 0.7 V, and a FF of 47%. Since thermal 

annealing or controlled solvent evaporation after film casting proved to be ineffective 

for this polymer, control of the morphology in the bulk could be achieved by 

incorporating small amounts of processing additives (ODT) in the composite solution. 

When used for processing of BHJ blends, additives have to fulfill two conditions: i) 

selective solvation of the fullerene, generally PC71BM, and ii) have a higher boiling 

point than the processing solvent. When cast from a CB solution containing a few 

percentages of ODT, the pristine PCPDTBT:PC71BM film showed a 40 nm red shift in 

the high wavelength region of the spectrum, being an indication of stronger chain 

interactions occurring in films processed from the solvent mixture. As a result, the 

efficiency of the solar cells obtained with the processed films boosted to 5.5%.
13a

 Based 

on TEM images, Cho et al. could conclude that the use of ODT leads to the formation 

of elongated (fiber like) structures that are responsible for the enhancement of the 

performance.
21

 One should keep in mind that if any residual ODT is present in the 

blend, due to the proton accepting abilities of the sulfur atoms, it can act as a “hole 

trap”. Better organization of the film in lamella-like structures, and in consequence 

improved mobility features (0.17 cm
2 

V
-1

s
-1

) as desired in field effect transistors, have 

been obtained by replacing the 2-ethylhexyl branched side chains by long linear ones.
22

 

An analogue polymer to PCPDTBT in which the carbon (C) bridge of the CDPT unit 

is replaced by silicon (Si) was reported by Gaudiana et al.
23

 The longer Si-C bond 

modifies the geometry of the repeating unit, leading to a slightly increased deviation 

from planarity in poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-

(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5’-diyl] (Si-PCPDTBT) (Figure 14) 

when compared to the motif present in the parent C-bridged polymer. The material, for 

which Mn values superior to 2.0 x 10
4
 g mol

-1 
were obtained, displayed a higher degree 

of crystallinity, increased mobility and superior charge transport with respect to 

PCPDTBT. In blends with PC71BM, the solar cells showed a FF of 62%, the moderate 

Voc of 0.6 V being balanced by the excellent Jsc of 15 mA cm
-2

, leading to 5.24% 
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certified efficiency. The good morphology of the blend and the high crystallinity of the 

polymer reduced the bimolecular recombination in the bulk. 

 

 

Figure 14. Structure of the C- and Si-bridged PCPDTBT-type low band gap polymers. 

 

The promising (Si)PCPDTBT low band gap materials have been of great appeal and 

opened the door toward new related polymers in which the BT acceptor was replaced 

by other electron deficient units (of different strength), of which bis(2-thienyl)-2,1,3-

benzothiadiazole (TBTT),
24

 2,1,3-benzoxadiazole (BO),
25

 and 2,5-

dithienylthiazolo[5,4-d]thiazole (DTTzTz)
26

 showed the best solar cell performances. 

All new polymers (Figure 15) had band gaps in the range 1.5-1.8 eV. Poly[4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-2,6-diyl-alt-4,7-bis(2-thienyl)-

2,1,3-benzothiadiazole-5′,5′′-diyl] (PCPDTTBTT), reported by Moulé et al., showed 

2.1% efficiency in blends with PC61BM.
24

 The best films were obtained by using a 

solvent mixture consisting of 5% anisole in chlorobenzene (CB). The increased 

solubility of the polymer in less polar (co)solvents, such as anisole, improved the 

morphology of the active layer by decreasing the average domain size. Bijleveld et al. 

reported good efficiency for the copolymer incorporating the BO acceptor unit, i.e. 

PCPDT-BO. In combination with PC61BM, the solar cells afforded efficiencies of 

2.5%. Even though the cells had a high Voc (0.8 V), the current (Jsc = 6.4 mA cm
-2

) and 

FF (39%) were limited.
25

 The combination of asymmetrically dialkylated CPDT and 

hexyl-substituted dithienylthiazolo[5,4-d]thiazole (DTTzTz) moieties afforded the 

narrow band gap copolymer poly([4-(2’-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene-2,6-diyl]-alt-[2,5-di(3’-hexylthiophen-2’-yl)thiazolo[5,4-d]thiazole-

5,5’-diyl]) (PCPDT-DTTzTz). When blended with PC71BM, initial solar cell 

efficiencies were below 3%. Purification and fractionation of the polymer by 

preparative size exclusion chromatography (SEC) enhanced the organization of the 

semicrystalline polymer in the blend, which increased the current (from Jsc 9.0 to 11.3 
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mA cm
-2

) and the FF (from 47 to 54%) and eventually led to an efficiency exceeding 

4%. Nevertheless, the performance was inherently limited by the Voc of 0.8 V.
26

 

 

 

Figure 15. Chemical structure of PCPDT-X low band gap polymers. 

 

The liquid crystalline poly[2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene] 

(pBTTT) polymer (Figure 16) synthesized by McCulloch et al. appeared to be an 

excellent donor material for solar cell applications.
27

 pBTTT, incorporating the rigid 

prequinoid thieno[3,2-b]thiophene unit intercalated between two substituted 

thiophenes, showed excellent electrical characteristics (mobility of 0.2-0.6 cm
2
 V

-1
s

-1
, 

comparable with that of amorphous silicon). In combination with PC71BM, the 

composite layer displayed superior organization features at an optimum 1:4 (w/w) 

polymer:fullerene loading, allowing intercalation of the PC71BM between the not very 

dense solubilizing side chains present along the polymer backbone and leading to good 

nanoscale phase separation.
28

 Despite the good interdigitation in the blend, the resulting 

solar cells showed a moderate efficiency of 2.3% due to reduced light absorption in the 

thin films (~100 nm) and a mismatch between electron and hole mobility in the 

direction normal to the substrate.
29
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Figure 16. a) chemical structure of pBTTT and b) intercalation of PC71BM in the crystal lattice.30 

 

The combination of thieno[3,4-b]thiophene (TT), with a different fusion pattern than 

the block used in pBTTT, and benzo[1,2-b:4,5-b’]dithiophene (BDT) led to the 

development of the currently best performing class of polymers, known as poly[4,8-

bis(substituted)-benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-4-substituted-thieno[3,4-

b]thiophene-2,6-diyl] polymers (PBDTTT) (Figure 17).
31

 Both building blocks, 

alternating along the polymer chain, have a preferential quinoid structure stabilized by 

the fused aromatic rings. These narrow band gap materials (~1.6 eV) showed up as a 

very promising class of donor materials. Solar cell efficiencies, in combination with 

PC71BM, were increased from 4.8 to 6.3% by replacing the ester group on the TT 

moiety in PBDTT-E with a ketone functionality in PBDTT-C (Figure 17).
32

 It has 

been proven in numerous examples that the side chains have a crucial influence on the 

photovoltaic performance of materials. The introduction of branched substituents on the 

BDT unit increased the -interchain distance, which led to a drop in the efficiency. 

When introduced on the TT unit, however, this led to enhanced solar cell efficiencies 

since they do not interfere with the -stacking of the polymer chains.
33

 Nevertheless, 

optimal interplay between -stacking (which enhances exciton diffusion) and 
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intercalation of the fullerene (which enhances electron-hole separation) has to be 

pursued in order to attain best performances. By varying the substituent (linear or 

branched) and the nature (alkyl or alkoxy) of the BDT side chains and the alkyl group 

of the ester-functionalized TT unit, a new series of PTBx (x = 1-7) polymers was 

developed (Figure 17). The energy levels of these polymers could be fine-tuned by 

modifying the acceptor strength of the TT unit by the introduction of electron 

withdrawing fluorine atoms. In this series, the highest efficiency (in combination with 

PC71BM) was obtained for PTB7. When processed from solvent mixtures containing 

3% DIO in CB, the FF increased from 55 to 69% and the Jsc increased from 13.6 to 

14.5 mA cm
-2

, leading to an overall PCE of 7.4%. The Voc of 0.74 V remained 

unchanged by the processing additive. A more moderate efficiency was obtained for 

PTB1:PC61BM in the absence of additives (Voc of 0.6 V, Jsc of 13.3 mA cm
-2

, FF of 

66%, and efficiency of 5.24%). Annealing the device had a negative impact on its 

performance. The highest influence was noticed for the Jsc, which was reduced by 50% 

to 6.9 mA cm
-2

, decreasing the efficiency to 1.9%. Upon thermal annealing, the 

interfacial area between the donor and the acceptor was reduced, the absence of the 

microcrystalline network responsible for charge transport leading to a reduced Jsc and 

efficiency.
34

 PTB7 currently holds the record organic solar cell efficiency in single as 

well as in tandem devices.
7
  

 

 

Figure 17. Chemical structures of the best performing polymers PBDTTT and PTB.  
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Brabec’s Critical Triangle for Photovoltaics – Adaptation to Organic Solar Cells 

Organic photovoltaics have a real potential to become a competitive market technology 

in the years to come. Meeting all requirements in Brabec’s “critical triangle for 

photovoltaics”
35

 (Figure 18) will need integrated efforts toward the development of 

highly efficient light harvesting and charge transporting materials with good thermal 

and photo-chemical stability that can be processed from solution. Failing in one of 

these issues means overall failure. Since semiconducting polymers are relatively cheap 

to produce, the major production costs arise from the use of expensive electrodes (such 

as ITO), encapsulation and energy consumption during the entire processing flow. New 

inverted solar cell architectures, in which ITO has been successfully replaced by a 

layer of TiOx/Al, have shown comparable efficiencies to normal cell architectures and 

provide a real solution toward ITO-free devices.
36

  

 

 

Figure 18. Adaptation of the critical triangle for organic photovoltaics. 

 

The photoactive materials used in the active layer blends dictate the efficiency of a 

solar cell. With fullerene derivatives being able to accept up to six electrons,
37

 the 

development of new electron deficient small molecules
38

 or polymers
39

 that would 

substitute them has so far not been very successful. In consequence, most efforts were 

directed toward the development of new donor polymers of which low band gap 

materials have shown the best efficiencies, the record for OPVs being already beyond 

10%.
7
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Efficiency

Cost
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The stability issue of a solar cell begins already with the processing of the active layer. 

The BHJ composite is a metastable structure which starts evolving as soon as the 

solvent evaporates from the film. Achieving a good morphology and maintaining it for 

years is a very challenging task. Strong interchain interactions in conjugated polymers 

render them insoluble and infusible. To obtain processable materials, the introduction 

of solubilizing side chains is mandatory. They are responsible for the semicrystalline 

feature of the polymer and influence the - stacking distance between the polymer 

chains, which has a direct impact on the electrical properties of the donor materials. 

Long linear substituents act as insulators and can reduce charge transfer to the acceptor 

material as well as charge hopping between polymer chains. Side chains render 

semiconducting polymers soluble in common organic solvents, making them excellent 

candidates for R2R processing but, at the same time, they increase the vulnerability of 

the materials toward photo-oxidation. So, one problem begins when another one ends. 

Degradation of the active layer has a direct and immediate impact on device 

performance, leading to a decrease in the PCE. Very efficient encapsulation should be 

ensured since this barrier between the solar cell and the environment determines the 

physical stability of a solar cell.
40

 In inert atmosphere, the stability of light harvesting 

materials toward pure photo-chemical reactions is in the order of years.
41

 Infiltration of 

oxygen and water in the cell leads to the formation of metal oxides at the electrodes.
42

 

In a first instance, oxygen present in the active layer prevents efficient charge transfer 

from the donor to the acceptor, acting as a trap for electrons.
43

 The main mechanism 

leading to the degradation of the polymer has initially been attributed to direct 

interactions between singlet oxygen and the conjugated backbone of the polymer. It 

was later on proven that the active species, generated by the UV-initiated 

transformation of oxygen, was actually ozone.
44

 The latter determines irreversible 

transformations of the semiconductor, starting with oxidation of the side chains which 

are regarded as the Achilles heel of the polymer and of the solar cell as a whole.
45

  

The introduction of thermo-cleavable side chains enables solution processing of the 

polymer and allows the formation of a “frozen” nano-morphology in the active layer 

upon thermal elimination of the solubilizing component.
46

 The latter can for instance be 

a tertiary alkyl ester group which affords, upon heating to 200 °C, the free carboxylic 

acid substituted polymer backbone, which is fully decarboxylated when temperatures as 

high as 300 °C are reached.
47

 The residual, side-chain free, conjugated material is now 
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a rigid, insoluble, and highly stable (thermally as well as photo-chemically) component 

of the bulk layer. Additionally, upon cleavage of the side chains, the polymer loses its 

physical mobility due to an increase in the glass transition temperature (Tg).  

A second approach to stabilize the blend morphology is based on the use of 

photoreactive species. Photocrosslinkable (co)polymers with at least 10% 

functionalities in the side chains (bromine,
48

 azide,
49

 or cinnamoyl
50

) showed increased 

stability compared to the non-functionalized materials. An alternative approach is to 

design and synthesize polymers starting from monomers (donors as well as acceptors) 

with superior photostability. For some of the best performing polymers, e.g. 

PCPDTBT and PTBx, stability is not at its highest, since CPDT and TT have proven 

to be among the most unstable donor and acceptor units, respectively.
51

 The use of 

more stable derivatives such as thiophene or BDT and BT or thienopyrazine, these 

being just a few examples of donors and acceptors, respectively, should lead to highly 

stable and efficient conjugated materials suitable for cheap and fast module 

production, opening the door for organic photovoltaics toward a competitive market 

technology. 
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Aim 

The development of new light harvesting materials for organic photovoltaics (OPVs) 

has undergone an almost exponential growth during the last decade. Organic solar cells 

have the potential to become a competitive market technology, on conditions that the 

manufacturing costs are reduced and the power conversion efficiencies and lifetimes 

are at their maximum. Up to date, the efficiency record for OPVs (multiple cell 

configurations) is held by low band gap copolymers. These materials absorb into the 

near-IR region of the solar spectrum, where the highest photon flux is generated.  

The research work described in this thesis was performed with the general goal to 

improve the efficiency of organic solar cells by developing light harvesting materials 

with enhanced optical properties. Our attention was focused on both donor, i.e. 4H-

cyclopenta2,1-b:3,4-b’dithiophenes (CPDTs), as well as acceptor, i.e. quinoxaline 

(Qx), units. At first, the synthetic protocol for the CPDT building block had to be 

optimized. Variation of the alkyl side chains should allow to optimize the photovoltaic 

performance and the thermal stability of materials incorporating these donors, 

additionally gaining fundamental insights on the (nano)morphology formation and 

evolution of the polymer:fullerene active layer blend. New synthetic protocols had to 

be developed and optimized for the Qx building blocks as well. The main goal was the 

extension of the chromophore by the introduction of conjugated side chains (aliphatic 

or (hetero)aromatic), connected by ethenyl or butadienyl spacers to the Qx core.  

The synthesized electron rich (CPDT) and electron poor (Qx) building blocks should 

further be integrated in donor-acceptor low band gap copolymers, made of either a 

combination of CPDT and Qx or with other appropriate acceptor and donor molecules, 

respectively. The emerging semiconducting polymers should then be employed and 

analyzed as light harvesting materials in the active layers of OPV devices and, 

depending on the outcome (and the insights gained), further steps should be taken. 
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Outline 

Chapter 1 is dealing with the optimization of the synthetic protocol providing access 

to symmetrically substituted cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) building 

blocks. The presence of two branched or linear alkyl side chains allowed to synthesize 

solution processable PCPDTBT low band gap polymers by Suzuki polycondensation 

reactions with 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester). The 

photovoltaic performance of the polymers was evaluated in bulk heterojunction (BHJ), 

bilayer and tandem organic solar cells. The influence of the number average molecular 

weight, the purity and the processability of the PCPDTBT polymers on the output 

parameters and, in consequence, the power conversion efficiencies (PCEs) of the 

devices was investigated. 

In Chapter 2, bromination of a series of CPDT derivatives, in the presence of NBS, 

led to the formation of a new class of compounds, i.e. 2H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6(4H)-diones. A key factor influencing their apparition was the 

number of equivalents of NBS employed during the reaction. Additionally, solvent 

effects and reaction times were investigated, affording a better understanding of the 

mechanism by which these derivatives are formed. Theoretical calculations supported 

the proposed reaction mechanism and confirmed the apparition of the diones as the 

thermodynamically favored products. 

Chapter 3 describes the formation of 5H-spiro(benzo[1,2-b:6,5-b']dithiophene-4,4'-

cyclopenta[2,1-b:3,4-b’]dithiophen)-5-one via a pinacol rearrangement reaction of 

CDPT-4-one, induced by trivalent phosphorus reagents. The structure was proposed 

based on NMR, GC-MS and IR data and was finally confirmed by X-ray 

crystallography. Complete NMR characterization allowed full assignment of the carbon 

and hydrogen resonances. Theoretical calculations of the chemical shifts and the 

optimized geometry were in good agreement with the experimental data.  

Chapter 4 reports on the synthesis of three PCPDTBT low band gap copolymers 

bearing either two 2-ethylhexyl, octyl or dodecyl side chains. The impact of the alkyl 

substituents on the thermal stability of these derivatives was monitored by UV-Vis/IR 

spectroscopy and a hyphenated TG-TD-GC/MS analysis. The influence of the synthetic 

route giving access to the dialkylated CDPT scaffold, i.e. direct alkylation or acid 
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mediated ring closure of a tertiary alcohol, was investigated by TG-TD-CG/MS. 

Synthesis of the monoalkyl-CPDT derivative, considered as a possible defect formed 

during the alkylation step, was also achieved. Its chemical behavior provided insight on 

the degradation processes occurring at the monomer stage. 

Chapter 5 describes the synthesis of a series of quinoxaline monomers with 

broadened absorption patterns in the visible region of the spectrum. This was 

achieved by the introduction of ethenyl and/or butadienyl spacers between the 

solubilizing alkyl or (hetero)aryl side chains and the quinoxaline core. New synthetic 

routes giving access to donor-acceptor-donor (D-A-D) triads, bearing 

(bromo)thiophene end groups, were also explored. All monomers are promising 

coupling partners ready to be used in polycondensation reactions with a variety of 

donor materials toward low band gap copolymers for organic photovoltaics. 

In Chapter 6 the synthesis of a series of poly(thienoquinoxaline) derivatives was 

performed by Stille polycondensation reactions between 5,8-dibromoquinoxaline and 

2,5-bis(trialkylstannyl)thiophene monomers. Considerable attention was devoted to 

monomer purity, as this had a direct impact on the degree of polymerization attained. 

The photovoltaic performance of these (electron) donor materials was evaluated in 

polymer:fullerene BHJ solar cells. Optimization of the molecular weight (distribution) 

of the polymers, the processing solvent and the polymer:fullerene ratio considerably 

improved the PCE of the devices. 

Chapter 7 highlights the synthesis of a series of donor-acceptor, i.e. PBDTQx, PBDT-

DTQx and PCPDT-Qx, low band gap copolymers by Stille polycondensation 

reactions between benzo[1,2-b:3,4-b]dithiophene (BDT) or CPDT donors and a variety 

of quinoxaline acceptors. In this series, as shown by UV-Vis spectroscopy, PCPDT-

Qx displayed the most pronounced low band gap character (Eg
OP

 = 1.51 eV). 

Preliminary photovoltaic evaluation of these (electron) donor materials in BHJ solar 

cells, in combination with a fullerene acceptor, afforded promising results. 
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1.1. Introduction 

Organic solar cells (OSCs) have emerged as a fast growing and cheap alternative for 

the conversion of light into energy, capable of occupying a particular part of the 

photovoltaic (PV) market, addressing specific needs such as flexibility, semi-

transparency or low-light indoor applications. Best performing devices have recently 

surpassed the 10% power conversion efficiency (PCE) threshold,
1
 which opens the 

door toward commercialization of large active area modules. To guarantee a permanent 

share in the PV market, OSCs with high and long-lasting efficiencies must be 

manufactured in a time- and cost-effective manner. Therefore, the development of new 

light harvesting materials with a reasonable stability is of major importance. Third 

generation conjugated polymers, also known as “low band gap” polymers (having band 

gaps below 1.6 eV), have so far been the most successful class of polymer materials for 

OSC applications.
2
 These polymers are mainly synthesized by alternation of 

(heterocyclic) donor and acceptor units along the polymer backbone. 

Being among the first of their kind, poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-

b:3,4-b′]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) has proven to be a 

promising material. The alternation of electron rich 4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (CPDT) and electron poor 2,1,3-benzothiadiazole (BT) units along the 

polymer backbone results in a narrow band gap material which absorbs in the near-IR 

region of the solar spectrum. In combination with PC61BM or PC71BM, PCEs above 

2.8% were achieved in bulk heterojunction (BHJ) solar cell configurations.
3
 Better 

organization in the active layer, resulting mainly in an improved short circuit current 

density (Jsc), was induced by addition of processing additives. A doubling of the 

efficiency (5.5%) was achieved when a few percentages of 1,8-octanedithiol (ODT) 

were incorporated in the solution containing the donor and the acceptor components.
4
 

By preferential solvation of the fullerene derivative, the processing additive prevents its 

fast crystallization during film formation. This subsequently leads to a better 

organization of the bulk (the polymer organizes into fiber-like structures), which is 

responsible for the enhanced device performance.
5
 

It is well known that alkyl substituents have a huge impact on the polymer (and blend) 

properties. Good solubility is crucial during the polymerization reaction, allowing to 

obtain high molecular weights. During processing of the solar cells from solution, 
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complete dissolution of the polymer in the blend is required to ensure formation of 

homogeneous thin films. In general, polymers bearing branched side chains show 

superior solubility compared with those bearing linear ones. Additionally, the 

substituents have a huge impact upon the orientation, organization and packing of the 

polymer chains. In the case of PCPDTBT derivatives, long linear substituents enhance 

polymer-polymer ( stacking) interactions, while branched ones hamper them.
6
 

In this paper we present the synthesis of two PCPDTBT-type polymers, P1 bearing 

two branched 2-ethylhexyl side chains and P2 carrying two long linear dodecyl side 

chains. Both polymers were used as donor materials, in combination with a fullerene 

acceptor, in BHJ solar cells. The influence of solubility, molecular weight and purity of 

the polymer, as well as the influence of the processing additive upon the device 

performance is discussed. Considerable attention has been devoted to the optimization 

of the synthetic protocol toward the CPDT building block.  

 

 

Figure 1.1. Structures of PCPDTBT-type polymers P1 and P2. 

 

1.2. Results and Discussion 

1.2.1. Monomer Synthesis 

The synthesis of 4H-cyclopenta[2,1-b:3,4-b’]dithiophene-4-one (CPDT-4-one) (6) was 

performed following the synthetic route described by Brzeziński et al. (Scheme 1.1).
7
 

This strategy is by far the most employed method giving access to the 4H-

cyclopenta[2,1-b:3,4-b’]dithiophene (7) scaffold. The formation of the diiodoalcohol 4 

consists of a one-pot reaction in which, in a first instance, halogen-metal exchange 

between 3-bromothiophene (1) and n-butyllithium (n-BuLi), followed by nucleophilic 

attack on thiophene-3-carbaldehyde (2), leads to the formation of a secondary 

alcoholate 3. Ortholithiation of the thiophene rings followed by iodination yields a 
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diiodoalcohol 4. Mild oxidation of the latter, using pyridinium chlorochromate (PCC), 

affords the diiodoketone 5. Upon ring closure (Ullmann reaction) the cyclic ketone 6 is 

isolated as a purple crystalline solid. 

 

 

Scheme 1.1. Synthesis of the CPDT scaffold. 

 

The main versatility of this synthetic approach is provided by the key intermediate 6. 

The presence of the ketone functionality allows the use of this derivative in a series of 

transformations giving access to several material classes (Scheme 1.2). For instance, 

Huang-Minlon reduction has afforded the CPDT derivative 7.
8
 Pinacol rearrangement, 

mediated by trivalent organophosphorus reagents, afforded 5H-spiro[benzo[1,2-b:6,5-

b']dithiophene-4,4'-cyclopenta[2,1-b:3,4-b’]dithiophen]-5-one (8).
9
 Wittig reactions 

with a large variety of (alkyl and/or aryl) phosphorus ylides afforded planar alkenyl 

derivatives 9.
10

 The introduction of a quinone moiety connected via azine linkages 

(10)
11

 or a dicyanomethylene group (11) via Knoevenagel condensation with 

malononitrile
12

 led to various functionalized donor-acceptor CPDT derivatives. Control 

over the energy levels of such materials is easily attained by varying the acceptor unit. 

The LUMO (lowest unoccupied molecular orbital) level is strongly dependent on the 

acceptor substituent (quinone or dicyanomethylene), whereas the HOMO (highest 

occupied molecular orbital) level is mainly determined by the CPDT unit. The 

corresponding (co)polymers, obtained by electropolymerization, have shown a highly 

amphoteric character.
11-12

 The formation of 2,6-dibromo-4H-cyclopenta[2,1-b:3,4-

b']dithiophen-4-one (12) upon bromination with N-bromosuccinimide (NBS) allowed 

its incorporation in various conjugated polymers.
13

 Δ
4,4‘

-Dicyclopenta[2,1-b:3,4-
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b‘]dithiophene (13) can be synthesized in the presence of Lawesson’s reagent or by 

TiCl4 mediated McMurry coupling.
14

 The former is preferred, though, due to higher 

selectivity and superior yields. Derivative 13 is ideal for building two-dimensional 

conjugated systems. Spiro compounds such as 14 can easily be synthesized by reacting 

ketone 6 with 2-lithiobiphenyl. The former can for instance be electropolymerized on 

the electrode surface and used in diodes.
15

 

 

 

Scheme 1.2. Various transformations of CPDT-4-one 6. 

 

A few drawbacks associated with the classical synthetic approach toward CPDT-4-one 

precursor 6 are situated in the initial one-pot reaction, the formation of relatively 
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unstable derivatives and the use of highly toxic and carcinogenic hexavalent chromium 

(Cr
VI

) oxidants, such as PCC (Scheme 1.1). A series of practical aspects and, where 

possible, ways of addressing the frailty of this synthetic route are discussed. 

The first step in the one-pot synthesis is metal-halogen exchange between 3-

bromothiophene (1) and n-BuLi. It was noticed that addition of the halogenated species 

to the base and immediate work-up after final iodine addition resulted in cleaner 

reactions and superior yields. Monitoring of the reaction by 
1
H NMR and GC-MS (gas 

chromatography - mass spectrometry) showed that all three steps of the one-pot 

synthesis were neat and highly selective (Figure 1.2). Alcohol 2a, isolated in 14% yield 

by Brzeziński et al.,
7
 is formed by nucleophilic attack of unreacted n-BuLi on aldehyde 

2. Alcohol 3b, the major reaction product after the first step, appeared to be a very 

unstable compound. As indicated by GC-MS, the latter was quickly oxidized (in air) to 

the corresponding ketone 3a, the relative ratio of 3a to 3b being 2 to 1. Selective 

lithiation in positions 2 and 2’ of the thiophene rings followed by iodination afforded 

(di)iodoalcohols 4 and 4a, respectively. The crude reaction mixture consisted of 4, the 

main reaction product, which was accompanied by small amounts of 4a, 4b and 4c (the 

yields decreasing from 4b to 4a to 4c). The formation of 4b can be explained by the 

iodination of thiophene (from protonation of the initial lithiated species) or loss of the 

side chain, whereas 4c is most probably formed by halogenation of 4b during 

prolonged exposure to iodine. 

 

 

Figure 1.2. Intermediates formed during the one-pot reaction as identified by GC-MS. 

 

Immediately after iodine addition, the reaction mixture is treated with a 20% aqueous 

solution (v/v) of sodium sulfite (Na2SO3). The excess of halogen oxidizes the sulfite to 

sulfate (Na2SO4), which leads to the formation of two moles of hydroiodic acid (HI) per 

mole of I2 (Scheme 1.3, eq. 1). Subsequently, aqueous work-up, without adjusting the 
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pH of the solution with additional HI (the authors suggest pH values of ~5),
7
 resulted in 

cleaner reaction mixtures. The excess iodine (I2) can react with HI forming hydroiodic 

acid-iodine concentrate (HI3) (eq. 2), a highly acidic (pH = 1.12 for 1% vol. aqueous 

solution)
16

 dark brown viscous liquid which makes work-up very difficult and can 

eventually degrade the desired diiodoalcohol 4. Moreover, air oxidation of HI to I2 and 

water (eq. 3) requires additional neutralization of the generated halogen. 

 

 

Scheme 1.3. Reactions occurring during work-up of the iodination reaction. 

 

In order to avoid the slightest degradation of compound 4, we have immediately 

pursued with the oxidation step followed by ring closure. Ketone 6 was isolated in 50% 

overall yield starting from 3-bromothiophene (compared to 66% for the literature 

procedure). Transformation of the carbonyl group following the Huang-Minlon 

modification of the Wolff-Kishner reduction afforded 4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (7) in 80% yield, as a white crystalline solid (Scheme 1.1).
8
  

The introduction of solubilizing groups is mandatory to obtain solution processable 

materials. For CPDT derivatives, the introduction of alkyl groups at the bridging 

position is done in a straightforward manner. As mentioned before, the side chains have 

a strong influence on the solubility and organization of the polymer. As such, we 

decided to functionalize the CPDT derivatives with branched 2-ethylhexyl and linear 

dodecyl side chains, respectively. The synthesis of both derivatives (15a and 15b) was 

achieved by alkylation of compound 7, under basic conditions, in the presence of the 

respective alkyl bromide (Scheme 1.4). The final monomers were obtained via 

bromination of the alkyl-CPDTs 15a-b, using a slight excess of NBS.
8
 It has to be 

emphasized here that a (large) excess of NBS leads to the formation of a secondary 

reaction product, namely 2H-cyclopenta[2,1-b:3,4-b']dithiophene-2,6(4H)-dione (17a 

and 17b). The formation of the latter will be addressed in a forthcoming paper. 
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Scheme 1.4. Synthesis of CPDT monomers 16a-b. 

 

1.2.2. Synthesis and Characterization of PCPDTBT Polymers P1 and P2 

CPDT-based polymers were synthesized, using a modified literature procedure,
6
 by 

Suzuki polycondensation between the electron rich dibrominated CPDT units (16a and 

16b) and the commercially available electron poor 2,1,3-benzothiadiazole-4,7-

bis(boronic acid pinacol ester) (18) (Scheme 1.5). The polymerization was carried out 

in a sealed tube using a biphasic solvent system consisting of toluene and an aqueous 

potassium carbonate (K2CO3) solution. A high-temperature phase transfer catalyst 

(Aliquat™ HTA-1) was used as well. The reaction, catalyzed by tetrakis(triphenyl-

phosphine)palladium (Pd(PPh3)4), was continued for 3 days at 80 °C. End-capping was 

performed in two stages by addition of phenylboronic acid and bromobenzene, 

respectively. Purification of the polymers was done by repetitive Soxhlet extraction 

with methanol, acetone and hexane. Depending on the solubility, the final polymers 

were extracted with chloroform (P1) or chlorobenzene (P2) and were isolated as dark 

green powders upon precipitation in methanol. 

The most soluble derivative (P1) was additionally purified by preparative GPC (gel 

permeation chromatography) or by using a thiol-functionalized metal scavenger kit, 

commercialized by Agilent Technologies under the name of PL-Thiol MP SPE 

(StratoSpheres). The additional purification steps were carried out with the goal of 

removing the slightest traces of residual palladium, originating from the catalyst, which 

was not washed out by Soxhlet extraction. The purified polymers are denoted as P1GPC 

and P1SPE, respectively. The influence of the material purity on the solar cell 

performance was investigated (vide infra).  
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Scheme 1.5. PCPDTBT polymer synthesis via Suzuki polycondensation. 

 

Both polymers were synthesized in yields ranging from 84 to 95% and their molecular 

weights were determined by GPC analysis (typically in tetrahydrofuran (THF) at 40 

°C) (Table 1.1). For P2, carrying long linear alkyl chains, additional analysis was 

performed at higher temperatures in chlorobenzene (CB) (at 80 °C) and 1,2,4-

trichlorobenzene (TCB) (at 135 °C), due to its pronounced tendency to aggregate and 

its relatively poor solubility in THF. For both P1 and P2, optimization of the 

polymerization conditions allowed an almost doubling of the number average 

molecular weight (Mn).  

In solution as well as in thin film, P1 and P2 showed very similar absorption spectra 

with two distinct absorption bands (Figure 1.3). The high energy band, located between 

400 and 500 nm, is due to -* electronic transitions. The low energy band, located 

between 500 and 800 nm for P1, and extended toward 1000 nm for P2, has its origins 

in the intramolecular charge transfer (ICT) from the CPDT donor to the BT acceptor 

structural units. Going from solution to the solid state led to the apparition and/or 

enhancement of a shoulder toward the high wavelength end, which arises from -

interactions between the polymer chains. This feature is generally stronger in 

derivatives bearing linear substituents, such as P2, for which a better packing of the 

polymer chains is achieved due to smaller interchain distances. Additionally, the 

degree of crystallinity and the tendency to aggregate improve with higher molecular 

weights. The low energy shoulder of the main absorption band, very pronounced for 

P2, is an indication of strong aggregation. At higher temperatures (at 180 °C in 

solution) this shoulder often disappears as break-up of the aggregates occurs.
17
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Table 1.1. Analytical GPC data of PCPDTBT polymers P1 and P2 obtained from different batches and after 

purification. 

Polymer Mn (g mol
-1

) Mw (g mol
-1

) PDI 

P1’
a
 1.1 x 10

4
 2.3 x 10

4
 2.1 

P1 1.8 x 10
4
 3.6 x 10

4
 2.0 

P1GPC_1
b

 5.2 x 10
4
 6.4 x 10

4
 1.2 

P1GPC_2
b
 3.6 x 10

4
 5.4 x 10

4
 1.5 

P2’
a,c

 7.2 x 10
3
 1.7 x 10

4
 2.4 

P2
c
 1.6 x 10

4
 7.2 x 10

4
 4.5 

P2
d 

2.8 x 10
4
 42.9 x 10

4
 15.3

e 

a P1’ and P2’ are the same polymers from different polymerization batches; b P1 was purified and 

fractionated by preparative GPC; c determined from CB; d determined from TCB e high PDI values are due to 

polymer aggregation.  

 

 

Figure 1.3. Absorption spectra of polymers P1 and P2 recorded from solutions and from thin films. 

 

The energy levels of the polymers (Table 1.2), as determined by cyclic voltammetry, 

are in agreement with the values reported in literature for the parent PCPDTBT, 

having an identical structure to P1.
3
 The relatively large difference between the optical 
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and electrochemical band gap of P2 is probably due to polymer aggregation, which 

complicates precise determination of the absorption onset. 

 

Table 1.2. Cyclic voltammetry data of the synthesized PCPDTBT polymers P1and P2. 

Polymer 

 

ox

onsetE
 

(V)
 

red

onsetE  

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
EC

 

(eV) 

Eg
OP

 

(eV)
a
 

P1 0.15 -1.60 -5.08 -3.32 1.76 1.58 

P1
b,c

 0.54 -1.18 -5.30 -3.57 1.73 1.38 

P2 0.04 -1.56 -4.97 -3.36 1.61 1.27 

P2
b,c

 0.37 -1.25 -5.12 -3.50 1.62 1.25 

a In film; b literature values (ref. 3, 17); c determined vs normal hydrogen electrode (NHE). 

 

1.2.3. Bilayer, Bulk Heterojunction and Tandem Organic Solar Cells 

Two architectures were used for the construction of single module polymer solar cells 

(PSCs), i.e. the BHJ and the planar (bilayer) configuration. The BHJ solar cells were 

fabricated with a layered structure ITO/PEDOT:PSS/PCPDTBT:PC71BM/Ca/Ag and 

the bilayer cells were made with a structure ITO/PEDOT:PSS/ 

PCPDTBT/PC61BM/Ca/Ag. The output parameters were measured under air mass 1.5 

global illumination conditions (AM 1.5G 100 mW cm
-2

). A summary of all cell runs is 

given in Table 1.3 and the J-V curves are displayed in Figure 1.4. 

For the BHJ solar cells processed using a blend of P1:PC71BM, in the absence of ODT, 

a clear increase in efficiency, from 0.63 to 2.74%, was observed for polymers with 

higher molecular weights. Nevertheless, the gain in efficiency was only noticed when 

going from P1’ to P1 (purified and fractionated), a plateau for the PCE being reached 

for Mn values of 1.8 x 10
4
 g mol

-1
, and it did not change further when molecular 

weights were doubled or tripled. In all cases, except for P1’, the values for the Voc 

levelled off at ~0.6 V and for the FF at ~0.4. Only the Jsc was directly impacted by the 

Mn values and increased for polymers with higher molecular weights. The latter show 

superior mobilities and have a better organization. This can lead to improved 

morphology in the active layer and hence higher PCEs. 
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Table 1.3. PSC performances of the synthesized PCPDTBT polymers P1and P2. 

Donor 

Polymer 

Processing 

Solvent(s) 

Mn 

(g mol
-1

) 

Voc 

(V) 

Jsc 

(mA cm
-2

) 

FF 

 

PCE 

(%) 

P1’
a
 CB

b,c
 1.1 x 10

4
 0.45 4.83 0.29 0.63 

P1’
a
 CB + ODT

d
 1.1 x 10

4
 0.57 7.13 0.34 1.37 

P1
a
 CB

b,c
 1.8 x 10

4
 0.64 9.49 0.45 2.71 

P1
a
 CB + ODT

d
 1.8 x 10

4
 0.62 9.50 0.44 2.58 

P1
a
 ODCB

e
 1.8 x 10

4
 0.66 7.20 0.40 1.90 

P1SPE
a,f

 CB + ODT
d
 / 0.62 8.22 0.41 2.10 

P1GPC_1
a,g

 CB
b,c

 5.2 x 10
4
 0.62 10.2 0.42 2.68 

P1GPC_2
a,g

 CB
b,c

 3.6 x 10
4
 0.64 9.75 0.44 2.74 

P1GPC_1+2
a,g

 CB + ODT
d
 / 0.63 8.22 0.50 2.59 

P2
a
 ODCB

e,h
 2.8 x 10

4
 0.37 4.75 0.41 0.72 

P2’
a
 ODCB

e,h
 7.2 x 10

3
 0.46 2.91 0.41 0.54 

P2
i
 CB

b,c
 2.8 x 10

4
 0.35 6.13 0.56 1.19 

a BHJ solar cell configuration; b CB = chlorobenzene; c in CB, the polymer:PC71BM ratio was always 1:3 

(w/w); d ODT = 1,8-octanedithiol; e ODCB = ortho-dichlorobenzene; f P1SPE was purified with the PL-Thiol 

MP SPE metal scavenger kit; g P1GPC was purified by preparative GPC; h in ODCB, the polymer:PC61BM 
ratio was always 1:2 (w/w); i planar (bilayer) solar cell configuration. 
 

The addition of ODT was only beneficial for PSCs fabricated with the lowest molecular 

weight polymer P1’, for which the efficiency was doubled. When polymers with higher 

Mn values were used, the addition of ODT did not improve the SC performance any 

further. The Voc and the FF slightly diminished or were left unchanged, while the Jsc 

was the most impacted output parameter. Drops in the current are most probably due to 

residual ODT which acts as a “hole trap”, while small increases arise from a better 

organization in the bulk.
6
 The highest efficiency (2.74%) was obtained with P1GPC_2, 

which had a Mn of 3.6 x 10
4
 g mol

-1
. The evolution of the output parameters of PSCs 

fabricated with P1-type polymers in function of Mn is depicted in Figure 1.5. 
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Figure 1.4. J-V curves for a series of BHJ solar cells fabricated with P1:PC71BM in the active layer. 

 

         

Figure 1.5. Influence of the Mn on the solar cell output parameters. 

 

For the polymer which was additionally purified by preparative GPC, denoted as 

P1GPC, the solar cell performance was virtually unchanged as compared to P1, which 

was simply isolated after repetitive Soxhlet extractions. The polymer fraction purified 

using the metal scavenger kit, denoted as P1SPE, showed slightly lower efficiency (and 

Jsc values), probably due to some loss of the high molecular weight fraction on the 

filter. In consequence, for this class of materials, which has a very low tendency to 

organize (crystallize), the additional purification steps do not really ameliorate the 

material’s performance in PSCs. 
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The combination of a large band gap material such as P3HT (poly(3-hexylthiophene)) 

and the low band gap PCPDTBT polymer allows, due to the complementary 

absorption ranges of these materials, a very good coverage of the solar spectrum, 

leading to enhanced photon absorption. The integration of these two materials in 

tandem solar cells previously led to 6.5% efficiency when the bottom and the front cell 

were connected in parallel configuration.
18

 Using the same architecture, the bottom cell 

and the top cell were prepared using a mixture of P1:PC71BM (1:2 w/w ratio) and 

P3HT: PC61BM (1:1 w/w ratio), respectively. The output parameters and the J-V 

curves of the single as well as the tandem cells with series and parallel connections are 

displayed in Table 1.4 and Figure 1.6, respectively. 

 

Table 1.4. Summary of the output parameters for single and tandem organic solar cells made with P1 

(bottom) and P3HT (top) in combination with PC61BM. 

Cell 

(connection) 

Voc 

(V) 

Jsc 

(mA cm
-2

) 

FF 

 

PCE 

(%) 

Top (single) 0.59 7.49 0.66 2.90 

Bottom (single) 0.66 6.75 0.38 1.70 

Tandem (series) 1.25 3.88 0.42 2.10 

Tandem (parallel) 0.62 10.51 0.49 3.20 

 

When the bottom and the top cells were connected in series, the efficiency of the 

tandem device was 2.10 %, the Voc of 1.25 V being (within approximation) the sum of 

the values obtained for the single cells. On the other hand, for the parallel connection, 

the current of the tandem device (Jsc of 10.51 mA cm
-2

) was close the sum of the values 

obtained for each of the individual cells, which enhanced the efficiency of the device to 

3.2%. The modest efficiency of the tandem devices as compared to the literature 

reference can mainly be attributed to the considerably lower efficiencies of the single 

cells. The origin of the lower Jsc and FF for the PCPDTBT (P1) single cell remains 

unclear, as an in-house control experiment afforded a single cell with 3.0% efficiency 

for the same material batch. 
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Figure 1.6. J-V curves for single and tandem cells made of P1 and P3HT in combination with PC71/61BM. 

 

For polymer P2, the best solar cell results for the BHJ configuration were obtained 

from ODCB, using a 1:2 (w/w) polymer:PC61BM ratio. The modest efficiency (0.72%, 

Table 1.3) could be due to several factors. First of all, the relatively low solubility of 

the material in the processing solvent prevented its complete dissolution. Filtration 

prior to film casting probably depleted the composite solution of the highest molecular 

weight fraction. Secondly, the high tendency of this polymer to aggregate can lead to 

the formation of inhomogeneous and rough films, with increased phase separation 

between the donor and the acceptor. 

The limited solubility of P2 in common organic solvents such as chloroform or THF 

allowed full solution processing of a planar bilayer solar cell. The polymer film was 

spin coated from a CB solution on top of the ITO. After drying, a layer of PC61BM was 

deposited from a chloroform solution and the cathode was evaporated by vacuum 

deposition. Improved Jsc and FF led to an almost doubling of the PCE (to 1.2%, Table 

1.3).  

The presence of charge transfer complex (CTC) ground states was evidenced by 

Fourier-transform photocurrent spectroscopy (FTPS) (Figure 1.7). This sensitive 

technique allows the detection of the very weak signals of the CT state, which become 

visible if the external quantum efficiency (EQE) of the solar cell is plotted on a 

logarithmic scale. The formation of the CTC leads to the apparition of a new subgap 

absorption band having its origin in the electronic charge transfer from the donor 
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polymer to the fullerene acceptor. In BHJ solar cells processed from P2 in combination 

with PC61BM, the energy of the CT state was located at 1.10 eV. This was slightly 

reduced to 1.00 eV in BHJ solar cells processed with ODT as an additive, as well as in 

the bilayer device configuration. The energies of the CT states determined for P2 are 

somewhat reduced compared to the ones reported in literature for the parent 

PCPDTBT polymer.
19

 The lower values can be explained by the smaller band gap of 

polymer P2. 

 

 

Figure 1.7. Logarithmic plot of the EQE spectra of solar cells fabricated from P2 and PC61BM, revealing the 

formation of CTCs. 

 

1.3. Conclusions 

The synthesis of two low band gap polymers from the PCPDTBT family, i.e. P1 and 

P2, bearing different solubilizing alkyl chains, was accomplished. Careful synthetic 

optimization led to small modifications of the one-pot synthesis reaction giving access 

to the CPDT scaffold, which afforded cleaner reactions with higher reproducibility. The 

photovoltaic performance of polymers P1 and P2 was evaluated in various solar cell 

configurations, i.e. bulk heterojunction, planar bilayer and tandem solar cells. For P1, 

having an identical structure to the PCPDTBT reference polymer, a good correlation 

between the values of the output parameters of the BHJ solar cells, i.e. Jsc and PCE, and 

the Mn values of the polymers issued from various batches was found. The presence of 

ODT as a processing additive appeared to be beneficial only for devices fabricated 
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from the polymers with the lowest Mn values, leading to a doubling of the efficiency. In 

all other cases, ODT did not improve the efficiency or even slightly decreased it. The 

purity of the polymer isolated by simple precipitation after repetitive Soxhlet extraction 

was comparable with other samples for which additional purification steps using 

preparative GPC or a thiol-functionalized metal scavenger kit were performed. 

Regardless of the purification method, the polymers showed similar PCEs in BHJ solar 

cells. The modest efficiencies probably be attributed to the rather low molecular 

weights obtained in the Suzuki polycondensations. The use of the FTPS technique 

revealed the formation of a sub band gap emission arising from the CTC between 

polymer P2 and PC61BM. 

 

1.4. Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) or the 
13

C resonance shift of CDCl3 (77.16 ppm). Gas 

chromatography-mass spectrometry (GC-MS) analyses were carried out applying 

Chrompack Cpsil5CB or Cpsil8CB capillary columns. Molecular weights and 

molecular weight distributions were determined relative to polystyrene standards 

(Polymer Labs) by gel permeation chromatography (GPC). Chromatograms were 

recorded on a Spectra Series P100 (Spectra Physics) equipped with two mixed-B 

columns (10 µm, 0.75 cm x 30 cm, Polymer Labs) and a refractive index detector 

(Shodex) at 40 °C. THF was most often used as the eluent at a flow rate of 1.0 mL  

min
-1

. If chlorobenzene was used as the eluent, the temperature was raised to 80 °C. For 

the GPC samples in 1,2,4-trichlorobenzene (at 135 °C), the chromatograms were 

recorded on a PSS-WinGPC (PSS) (pump: alliance GPC 2000) equipped with a PLgel 

MIXED-B column (particle size: 10 mm, dimension: 0.80 cm x 30 cm) and a refractive 

index detector at a flow rate of 1.0 mL min
-1

. Preparative GPC was performed on 

JAIGEL 2H and 2.5H columns attached to a LC system equipped with a UV detector 

(path 0.5 mm) and a switch for recycling and collecting the eluent (CHCl3: flow rate 

3.5 mL min
-1

 and injection volume 1.0 mL). Polymer purification using the thiol-

functionalized metal scavenger kit, commercialized by Agilent Technologies under the 

name of PL-Thiol MP SPE (StratoSpheres), was performed on a polymer solution with 
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a concentration of 5 mg mL
-1

 in THF. The purified polymer was collected from the 

cartridge by gravity flow. Solution UV-Vis absorption measurements were performed 

with a scan rate of 600 nm min
-1

 in a continuous run from 1000 or 800 to 200 nm. Thin 

film electrochemical measurements were performed with an Eco Chemie Autolab 

PGSTAT 30 Potentiostat/Galvanostat using a conventional three-electrode cell under 

N2 atmosphere (electrolyte: 0.1 mol L
-1

 TBAPF6 in anhydrous CH3CN). For the 

measurements, a Ag/AgNO3 reference electrode (0.01 mol L
-1

 AgNO3 and 0.1 mol L
-1

 

TBAPF6 in anhydrous CH3CN), a platinum counter electrode and an indium tin oxide 

(ITO) coated glass substrate as working electrode were used. The polymers were 

deposited by drop-casting directly onto the ITO substrates. Cyclic voltammograms 

were recorded at 50 mV s
-1

. From the onset potentials of the oxidation and reduction 

the position of the energy levels could be estimated. All potentials were referenced 

using a known standard, ferrocene/ferrocenium, which in CH3CN solution is estimated 

to have an oxidation potential of -4.98 eV vs. vacuum. Polymer BHJ solar cells were 

fabricated by spin coating a PCPDTBT:PC61BM or PCPDTBT:PC71BM (Solenne) 

blend in a 1:2 or 1:3 w/w ratio, respectively, with or without 1,8-octanedithiol (24 mg 

mL
-1

) (Sigma Aldrich) as an additive, sandwiched between a transparent anode and an 

evaporated metal cathode. The bilayer solar cell was fabricated by spin coating a layer 

of P2 (from a chlorobenzene solution with a concentration of 10 mg mL
-1

) followed by 

a layer of PC61BM (from a chloroform solution with a concentration of 10 mg mL
-1

). 

The tandem solar cells were fabricated by spin coating a P1:PC71BM blend in a 1:2 

w/w ratio for the bottom cell and a P3HT:PC61BM blend in a 1:1 w/w ratio for the top 

cell. A transparent TiOx layer was then spin coated from ethanol, followed by 

evaporation of a layer of MoO3. For all three solar cell architectures, the transparent 

anode was an ITO covered glass substrate which was coated with a 30 nm poly(3,4-

ethylenedioxythiophene)/poly(styrene sulfonic acid) PEDOT/PSS (CLEVIOS P VP.AI 

4083) layer applied by spin coating. The ITO glass substrate was cleaned by 

ultrasonification (sequentially) in soap solution, deionized water, acetone and 

isopropanol. The cathode, a bilayer of 50 nm Ca and 100 nm Ag, was thermally 

evaporated. For the BHJ devices, PCPDTBT and PC61BM (1:2 w/w ratio) or PC71BM 

(1:3 w/w ratio) were dissolved together in ortho-dichlorobenzene or chlorobenzene to 

give an overall 30 or 40 mg mL
-1

 solution, respectively, which was stirred overnight at 

80 °C inside a glovebox. For the bilayer configuration, P2 and PC61BM were dissolved 
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separately in chlorobenzene and chloroform, respectively. The solutions with a 

concentration of 10 mg mL
-1

 were stirred overnight at 80 and 50 °C, respectively, 

inside a glovebox. Solar cell efficiencies were characterized under simulated 100 mW 

cm
-2

 AM 1.5 G irradiation from a Xe arc lamp with an AM 1.5 global filter. 

 

Synthesis 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. 2,1,3-Benzothiadiazole-4,7-bis(boronic 

acid pinacol ester) (95%) (18) was purchased from Sigma Aldrich and used without 

further purification. 

Bis(2-iodo-3-thienyl)methanol (4) was synthesized according to a modified literature 

procedure.
7
 A solution of 3-bromothiophene (6.52 g, 40 mmol) in dry diethyl ether (30 

mL) was added dropwise to a solution of n-BuLi (16.0 mL, 2.5 M in hexane) in dry 

diethyl ether (20 mL) cooled at -78 °C. The mixture was allowed to react at -78 °C for 

2 h and then a solution of thiophene-3-carbaldehyde (4.48 g, 40 mmol) in dry diethyl 

ether (30 mL) was added dropwise. The mixture was allowed to react for 30 minutes at 

-78 °C and was then brought to r.t. and stirred for another 30 minutes. The mixture was 

again cooled to -10 °C and n-BuLi (35.2 mL, 2.5 M in hexane) was added dropwise. 

The mixture was allowed to react for 1 h at -10 °C, and then for 1 h at r.t. The mixture 

was then cooled to 0 °C and a solution of I2 (31.98 g, 126 mmol) in dry diethyl ether 

(250 mL) was added dropwise. After the addition, the mixture was brought to r.t. and 

an aqueous Na2SO3 solution (20% vol., 100 mL) was added. The organic layer was 

washed with an aqueous Na2SO3 solution (20% vol., 250 mL), a saturated Na2CO3 

solution and brine, and dried over anhydrous MgSO4. The solvent was removed under 

reduced pressure and the crude product was used in the next step without further 

purification. Material identity was confirmed by GC-MS and 
1
H NMR. 

Bis(2-iodo-3-thienyl)ketone (5) was synthesized according to a literature procedure.
7
 

The product was used in the next step without further purification. Material identity and 

purity were confirmed by GC-MS and 
1
H NMR.  

4H-Cyclopenta[2,1-b:3,4-b’]dithiophene-4-one (6) was synthesized according to a 

literature procedure.
7 

The residue was purified by column chromatography (silica, 

eluent CH2Cl2) to afford the title compound as a purple solid (3.85 g, 50% yield starting 
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from 3-bromothiophene). Material identity and purity were confirmed by GC-MS and 

1
H NMR. 

4H-Cyclopenta[2,1-b:3,4-b’]dithiophene (7) was synthesized according to a literature 

procedure.
8 
Material identity was confirmed by GC-MS and 

1
H NMR. 

4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (15a) and 2,6-

dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (16a) were 

synthesized according to a literature procedure.
20 

Material identity and purity were 

confirmed by GC-MS and 
1
H NMR. 

Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]-dithiophene)-alt-4,7-

(2,1,3-benzothiadiazole)] (PCPDTBT) (P1) was synthesized using a general 

polymerization procedure from 16a and 18 according to a modified literature 

procedure.
6
 The phase transfer catalyst (PTC) Aliquat 336 was replaced by a high 

temperature resistant PTC, i.e. Aliquat
TM

 HTA-1. P1 was isolated as a dark green 

powder (yield: 84%). GPC (THF, PS standards) Mn = 1.8 x 10
4
 g mol

-1
, Mw = 3.6 x 10

4
 

g mol
-1

, PDI = 2.0. 

4,4-Didodecyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (15b) and 2,6-dibromo-4,4-

didodecyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (16b) were synthesized according 

to a literature procedure.
17 

Material identity and purity were confirmed by GC-MS and 

1
H NMR. 

Poly[2,6-(4,4-didodecyl)-4H-cyclopenta[2,1-b:3,4-b’]-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) (P2) was synthesized according to the general 

polymerization procedure from 16b and 18. P2 was isolated as a dark green powder 

(yield: 95%). GPC (CB, PS standards) Mn = 1.6 x 10
4
 g mol

-1
, Mw = 7.2 x 10

4 
g mol

-1
, 

PDI = 4.5. 
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2.1.  Introduction 

Organic photovoltaics (OPVs) have emerged as an environmentally friendly technology 

that converts solar light into energy. An appealing feature of OPVs is the relatively low 

production cost for large area modules by roll to roll (R2R) printing techniques.
1
 Due to 

the high extinction coefficients of organic semiconductors, the thicknesses of the active 

layers can be in the order of hundreds of nanometers only, which ultimately leads to 

lightweight and flexible modules able to efficiently convert solar irradiance to 

electricity.
2
 With the solar irradiation photon flux peaking around 700 nm, various 

narrow band gap materials have recently been designed and used in bulk heterojunction 

(BHJ) organic solar cells.
3,4

 Poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene-2,6-diyl)-alt-(2,1,3-benzothiadiazole-4,7-diyl)] (PCPDTBT) (Figure 

2.1), was among the first low band gap copolymers (1.3 eV) that afforded power 

conversion efficiencies above 2.8% in combination with a fullerene acceptor.
5
 In the 

presence of suitable processing additives, the efficiency was almost doubled, 

surpassing the 5% threshold.
6
 This resulted in PCPDTBT being currently one of the 

most widely studied low band gap polymers for OPVs. This copolymer, in which 

electron rich 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) and electron poor 2,1,3-

benzothiadiazole units (BT) alternate along the backbone, is generally synthesized by 

Suzuki or Stille polycondensations.
7
 These reactions occur via a step-wise growth of 

the polymer chain and require a precise 1:1 ratio of functionalities, halide and boronic 

ester or trialkyl tin for Suzuki and Stille polycondensations, respectively. Not fulfilling 

this precise feed ratio of monomers in the polymerization mixture leads to the 

formation of low molecular weight species which show poor optical properties and can 

in consequence not be used in the fabrication of highly efficient solar cell devices. 

 

 

Figure 2.1. Chemical structure of a PCPDTBT narrow band gap copolymer.5-6 
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When Suzuki polycondensation (SPC) is the method of choice for the synthesis of 

PCPDTBT,
7c

 the toxic tin side products generated in the Stille polycondensation are 

avoided. The SPC is usually carried out between the dibrominated CPDT and the 

bis(boronic acid pinacol ester) derivative of 2,1,3-benzothiadiazole. The latter can be 

synthesized in two steps starting from BT by direct bromination, using a mixture of 

bromine in hydrobromic acid,
8
 followed by palladium catalyzed halogen-metal 

exchange in the presence of bis(pinacolato)diboron.
7b

 On the other hand, dibrominated 

CPDT derivatives are obtained upon bromination using N-bromosuccinimide (NBS).
7d,9

 

In order to meet the precise 1:1 stoichiometry required in the SPC, high purity of the 

difunctional monomers is required. Coupling units bearing only one of these 

functionalities, i.e. boronic ester or bromine, act as “end-cappers” or “dead end chains” 

and lead to the formation of lower molecular weight polymer/oligomer materials. Such 

monofunctional compounds must therefore be carefully removed by tedious 

purification or, ideally, not be formed during the transformations.  

In this paper we present a detailed study of the bromination reaction of CPDT 

derivatives, by means of NBS, giving access to either 2,6-dibromo-4,4-bis(alkyl)-4H-

cyclopenta[2,1-b:3,4-b']dithiophenes or 2H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6(4H)-diones. A possible mechanism leading to the formation of the latter, which 

arise as a new class of compounds within the CPDT family, is proposed. The influence 

of the solvent, reaction time and the number of equivalents of NBS on the selectivity of 

the reaction is discussed. 

 

2.2. Results and Discussion 

2.2.1. Synthetic Exploration 

The synthesis of CPDT derivatives has been studied intensively and improved steadily 

over the years. The groups of Gronowitz
10

 and Wynberg
11

 have conducted elaborated 

studies and have dedicated long years of research to this class of compounds. Among 

the six isomers that can be obtained depending on the annulation of the thiophene rings, 

4H-cyclopenta[2,1-b:3,4-b’]dithiophene has gained much attention in the past years and 

is, to the best of our knowledge, the sole isomer that has been used for the synthesis of 

low band gap polymers for solar cell applications. The presence of solubilizing alkyl 

side chains on the bridging carbon atom is mandatory to obtain solution processable 
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materials. Most synthetic routes toward the CPDT scaffold involve multistep synthetic 

routes,
12

 many of which use harsh reaction conditions and/or controversial reagents, 

such as the Wolff-Kishner reduction and the oxidation of secondary alcohols using 

pyridinium chlorochromate (PCC), respectively. More recently, CPDT derivatives 

bearing various functionalities in the side chains have been synthesized using a three-

step approach.
13

 This route enables the synthesis of both symmetrically and 

asymmetrically alkyl-substituted (linear or branched) CPDT derivatives, and the 

introduction of ester-functionalized side chains by variation of the keto(ester) 

precursor. Regardless of the synthetic approach used for the synthesis of the CPDT 

scaffold, bromination in positions 2 and 6 of the aromatic unit is required to afford the 

CPDT monomer possessing bromine groups ready to be subjected to SPC.
4c,14

 

In order to dibrominate 4,4-bis(2-ethylhexyl)-substituted CPDT derivative 1a (Scheme 

2.1), and exclude the presence of the monobrominated derivative in the reaction 

mixture, we have conducted the bromination reaction for 8 to 24 h in the dark and 

under inert atmosphere, by using an excess of NBS (2.5 up to 3.2 equivalents) in a 2 

mM solution of the CPDT derivative in N,N-dimethylformamide (DMF). Under these 

conditions, no monobrominated product was detected and the yields of the isolated 

dibrominated CPDT 2a (Scheme 2.1) were varying between 40 and 80%. 

Reactions which afforded compound 2a in isolated yields as low as 40% have drawn 

our attention. The 
1
H NMR spectrum of the crude reaction mixtures (Figure 2.2) 

showed, besides the expected “triplet-like” resonance pattern of the dibrominated 

CPDT 2a, located around 6.93 ppm, and the aliphatic protons of the alkyl chains 

present on the CPDT bridging carbon atom (in this case two 2-ethylhexyl groups), the 

presence of an additional “triplet” around  .01 ppm. In this particular case, both 

“triplets” were located in the low field region with the same integrated value, pointing 

to a 1:1 ratio of two products. The presence of a secondary product formed during the 

bromination reaction was also confirmed by GC-MS. It should be emphasized here that 

the resonance of the unique aromatic proton belonging to the dibrominated CPDT 

derivative 2a (situated at 6.93 ppm) shows up as an apparent triplet (there is no J-

coupling) due to the presence of different stereoisomers. In the case where there is one 

linear and one branched 2-ethylhexyl side chain (2c and 2d), an apparent doublet was 

observed, whereas in the case of two linear substituents (2b) only a sharp singlet was 

noticed. 
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Scheme 2.1. Bromination of CPDTs 1a-d with NBS, affording dibromo-CPDTs 2a-d and 

CPDT-2,6-diones 3a-d. 

 

 

Figure 2.2. 1H NMR spectrum of a (low yield) crude reaction mixture after treatment of CPDT 1a with NBS. 

 

Both reaction products were then separated and purified by means of column 

chromatography (silica) to recover the dibrominated CPDT 2a (clear oil, 40% yield) 

and the secondary product 3a (yellow oil, 40% yield), respectively. Complete 
1
H and 

13
C NMR analysis, corroborated with GC-MS analysis and IR spectroscopy, allowed to 

identify the isolated secondary product as 4,4-bis(2-ethylhexyl)-2H-cyclopenta[2,1-

b:3,4-b']dithiophene-2,6(4H)-dione (3a), a new compound within the 4H-

cyclopenta[2,1-b:3,4-b’]dithiophene family (Scheme 2.1). 
1
H NMR revealed that the 

triplet-like signal located around 6.01 ppm results from the proton in the  position of 

the carbonyl group, the latter being confirmed by the presence of a characteristic C=O 

resonance around 194 ppm in the 
13

C NMR spectrum. IR spectroscopy confirmed the 
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presence of the carbonyl groups, by an absorption peak located at 1700 cm
-1

. GC-MS 

analysis provided a molar mass of the isolated product (m/z 432), in accordance with 

the proposed structure. The formation of the CPDT-2,6-dione was not limited to the 

bis(2-ethylhexyl) derivative, but was also encountered for a few analogous CPDT 

compounds 1b-d (Scheme 2.1). The experiments that were conducted using 3.5 

equivalents of NBS in DMF allowed us to isolate both the initially targeted 

dibrominated CPDTs 2a-d together with the diones 3a-d. All novel materials were fully 

characterized by 
1
H and 

13
C NMR, GC-MS and IR. 

 

2.2.2. Reaction Mechanism 

Several processes can account for the formation of compound 3a: (1) Diels-Alder 

addition between singlet oxygen (
1
O2) (presumably generated in situ) and the non-

brominated CPDT derivative,
15

 (2) hydrolytic opening of the thiophene ring followed 

by dehydration via bromine and (3) overbromination of the dibrominated compound 

leading to the formation of the thiolactone 2a’’ (Scheme 2.3), followed by fast 

oxidation of the latter in air, toward the dione 3a. In order to elucidate the mechanism 

which led to the formation of diketo-CPDT 3a, these possible mechanisms have been 

analyzed. 

(1) It is well known that thiophene derivatives, and especially photoactive 

materials such as poly(3-alkylthiophenes), have a rather low photochemical stability 

which, in the presence of oxygen and/or air, leads to their degradation. The 

photodegradation products are believed to be formed via an adduct between the 

thiophene ring (part of the  conjugated system in the case of polymers) and oxygen, 

generating carbonyl and sulfonic derivatives or that, alternatively, the pathway may 

involve the side chain.
16

 Such degradations being considerably reduced or even absent 

when the thiophene derivatives are irradiated under inert atmosphere highlight the key 

role of oxygen in the formation of the photodegradation products. 

Since the bromination reaction of CPDT has been conducted in the dark and under inert 

atmosphere, this mechanism is not likely to take place. Moreover, the dibrominated 

derivative 2a is stable in air and NMR analysis demonstrated that it does not degrade 

(on a reasonable time scale). 

To exclude the involvement of 
1
O2, all further experiments were carried out under 

oxygen free atmosphere, by using degassed solvents and chemicals. Additionally, only 
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2.1 equivalents of NBS were used in a 1 mM solution in DMF. Even when taking all 

these precautions, GC-MS and NMR analysis showed the formation of 3a already after 

2 h. At this stage of the reaction, also monobrominated CPDT was still present in low 

concentrations. After 3 h, the monobrominated CPDT was not detected anymore and 

the reaction was stopped. This showed that the exclusion of oxygen from the reaction 

medium does not completely avoid the formation of the dione. The mechanism leading 

to the formation of compound 3a hence probably does not involve 
1
O2. 

(2) In an attempt to brominate 2-bromo-3,5-di-tert-butylthiophene with bromine 

in an acetic acid-nitric acid mixture in the presence of silver nitrate, Gronowitz et al.
17

 

isolated the corresponding hydroxyfuranone in 70% yield. The formation of the latter 

was supposed to occur by hydrolytic opening of the thiophene ring followed by 

dehydration via bromine. Also this mechanism does not seem to be responsible for the 

formation of compound 3a, as the replacement of the sulfur atom in the CPDT ring was 

not observed. 

(3) Upon bromination of naphtho[1,2-c]thiophene (4) using a mixture of NBS in 

acetic acid, Lin et al.
18

 have recovered the expected dibrominated compound 5 together 

with two other secondary products, i.e. thiolactone 6 and thioanhydride 7 (Scheme 2.2). 

Even though the bromination reaction was conducted for only 20 minutes, with just 2.0 

equivalents of NBS (an equimolar amount), the formation of the dibrominated 

compound was not exclusive, as three products were formed in a 1:0.6:1 (5:6:7) ratio. 

The proposed mechanism involves further electrophilic attack of the dibrominated 

derivative leading to the tribrominated species 9, which affords the thiolactone 6 upon 

aqueous work-up. Exposure of the latter to air leads to the formation of the 

thioanhydride 7. The crucial role of a bromonium intermediate in the NBS promoted 

rearrangement of 1,1-diarylmethylenecyclopentanes has recently been pointed out and 

supports the proposed reaction pathway.
19
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Scheme 2.2. Bromination of naphtho[1,2-c]thiophene (4).18 

 

Additionally, palladium mediated reactions between a series of variously substituted 

CPDT derivatives and sodium dicyanomethanide, followed by oxidation with aqueous 

bromine, have led to the formation of quinoid 2,6-dihydro-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene derivatives.
20

 

By analogy, the same sequence of reactions, i.e. electrophilic attack followed by 

hydrolysis and fast oxidation, can account for the formation of dione 3a (Scheme 2.3).  

Here, overbromination at C2 of the CPDT ring affords the positively charged 

intermediate 2a’, which is stabilized by several resonance forms. The resonance form 

bearing the positive charge at the 6-position leads, upon aqueous work-up, to 

thiolactone 2a’’. Surprisingly, this product has never been detected by GC-MS or NMR 

analysis, suggesting that this compound is very efficiently oxidized to compound 3a. 

The loss of aromaticity in compound 3a is reflected in the chemical shift of the two 

protons of the fused heterocycle at = 6.01 ppm, well below the normal chemical shift 

range of aromatic (CPDT) protons. The driving force can be found in the formation of a 

stable quinoid derivative.
21

 The dione formation was enhanced by the use of an excess 

of NBS, which suggests that, under these conditions, the dione is thermodynamically 

favored, whereas the dibrominated CPDT derivative appears under more kinetic 

conditions.  
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Scheme 2.3. Proposed mechanism for the formation of CPDT-2,6-dione 3a. 

 

2.2.3. Theoretical Calculations 

To support this interpretation, theoretical calculations were carried out for reactions 

involving the model compounds 1e, 2e, 2e’’, and 3e, for which the 2-ethylhexyl side 

chains were truncated to ethyl groups, together with NBS, succinimide (NS), HBr, and 

water. The results, summarized in Figure 2.3, showed that the formation of dibromo-

CPDT 2e from 4,4-diethyl-CPDT 1e stabilizes the system by about 46.0 kcal/mol 

according to B3LYP/6-311+G(d,p) calculations, and by 51.8 kcal/mol when employing 

the MP2/6-311+G(d,p) method, indicating that the formation of the dibrominated 

compound is a thermodynamically favored process. Moreover, the formation of CPDT-

dione 3e further stabilizes the system by 62.6 [31.6] kcal/mol according to calculations 

carried out at the B3LYP/6-311+G(d,p) [MP2/6-311+G(d,p)] levels, respectively. This 

substantiates the experimental hypothesis that the dione is thermodynamically favored. 

During the formation of dibromo-CPDT 2e, part of the product reacts further with NBS 

to form 3e, provided NBS is in excess. This is also consistent with the experimental 

findings. The calculations also showed that the formation of the dione derivative 3e 

through the intermediate 2e’’ is a thermodynamically favored process. The formation 

of 2e’’ leads to additional G stabilization by 33.7 [17.6] kcal/mol with respect to 2e’ 
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and then, the transformation of the former to 3e also involves an additional stabilization 

by 28.9 [14.0] kcal/mol according to B3LYP/6-311+G(d,p) [MP2/6-311+G(d,p)] 

calculations.  

 

-120

-100

-80

-60

-40

-20

0

1 3e

3 HBr

3 NS

1 2e''

1 HBr

3 NS

1 H2O

1 2e

1 NBS

2 NS

2 H2O

 B3LYP/6-311+G(d,p) 

 MP2/B3LYP/6-311+G(d,p) 

R
e

la
ti

v
e

 G
ib

b
s

 F
re

e
 E

n
e

rg
y

 (
K

C
a

l/
m

o
l)

1 1e

3 NBS

2 H2O

-46.0

-33.7

-28.9

-51.8

-17.6

-14.0

 

Figure 2.3. Variation of the Gibbs free energy along the reaction coordinate. 

 

Theoretically calculated NMR chemical shifts were in good agreement with the 

experimental ones, which provided additional evidence for the molecular structure. The 

calculated 
1
H NMR chemical shifts (corrected using the linear regressions)

22
 for 

the  and  hydrogen atoms on the thiophene rings of 1e amounted to 7.19 and 7.05 

ppm, respectively, matching rather well the experimental values of 7.10 and 6.91 ppm 

for 1a. In 2e, the corresponding chemical shift for the hydrogen decreased slightly to 

6.90 ppm, close to the experimental value of 6.93 ppm for 2a. The calculated 
1
H NMR 

chemical shift of the  hydrogen atoms in 3e appeared at 5.97 ppm, in line with the 

experimental shift at 6.01 ppm for 3a, proving that the crude reaction mixture also 

contains 3a. In addition, calculations on 2e’’ show that the  hydrogen atoms on the 

dibrominated and on the carbonyl sides have chemical shifts of 6.45 and 5.97 ppm, 

respectively. The resonance at 6.45 ppm can hence be applied as a fingerprint to detect 

the possible existence of 2e’’. 

Among all parameters influencing the reaction, e.g. concentration of the starting 

product in DMF, reaction time and the presence/absence of oxygen, the number of 

equivalents of NBS seemed to have the greatest impact on the percentage of 

dibrominated products, and in consequence of the diones, obtained during the 



Synthesis of 2H-Cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-(4H)-diones 

 

 
69 

bromination reaction of the CPDT derivatives 1a-d. We therefore decided to perform 

the bromination reaction of 1c (R1 = 2-ethylhexyl, R2 = octyl) (in DMF) using an 

excess of NBS ranging from 2.1 to 5.0 equivalents, the reaction time being  

limited to 3 h. 

This series of experiments (Table 2.1) pointed out that by using only a slight excess of 

NBS (2.1 or 2.5 equiv), the dione formation was (almost) suppressed. The use of 3.0, 

3.5 and 4.0 equiv of NBS afforded the dione in 15, 50 and 73%, respectively. The use 

of 5.0 equiv of NBS afforded the dione as the unique reaction product. The mole 

fractions of 2c and 3c in the crude reaction mixture, as deduced from the integration of 

the protons located at 6.93 and 6.01 ppm in the 
1
H NMR spectrum, respectively, 

showed a sigmoid variation with the number of equivalents of NBS used, which could 

be an indication of an autocatalytic reaction (Figure 2.4).
23

 

 

Table 2.1. Influence of the number of equivalents of NBS on the reaction product distribution 2c:3c. 

equiv NBS 2c (%)
a
 3c (%)

a
 

2.1 98 2 

2.5 100
b
 0 

3.0 85 15 

3.5 50 50 

4.0 27 73 

5.0 0 100 

a Deduced from the integration of the protons situated at 6.93 and 6.01 ppm, belonging to compounds 2c and 

3c, respectively; concentration of 1c: 0.02 mM in DMF, equivalents of NBS varying from 2.1 to 5.0, reaction 

time: 3 h at r.t. b Within the 1H NMR detection limit. 
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Figure 2.4. Influence of the number of equivalents of NBS on the reaction product ratio 2c:3c. 

 

2.2.4. Study of Solvent Effects - In Situ 
1
H NMR Experiments 

To get more insight into the reaction mechanism and to be able to follow the evolution 

of the reaction mixture in time, we have performed a series of in situ 
1
H NMR 

experiments. For this purpose, we have conducted the bromination reaction directly in 

an NMR tube. A solution of 1c in the corresponding deuterated solvent or solvent 

mixture (chloroform, DMF, acetic acid, chloroform:acetic acid = 1:1 (v/v)) was placed 

in the tube to which NBS (4.0 equiv) was added as a solid. The mixture was well stirred 

by means of a vortex (the tube was protected from light by wrapping it in aluminum 

foil). After having homogenized the solution, a clear change in color was noticed (the 

mixture turned from pale yellow to green). The tube was placed in the NMR and a first 

spectrum was recorded (generally 3 to 10 minutes after the addition of NBS). At the 

end of the reaction, water was added and the aqueous layer was extracted with diethyl 

ether. Depending on the solvent, different results were obtained.  

CDCl3 

The first spectrum (recorded 5 minutes after the sample was prepared) showed that the 

starting product was fully converted to the dibromo-CPDT 2c. No traces of the 

monobrominated derivative or other secondary products could be detected at this stage 

of the reaction. The reaction was allowed to run for 3 days, with spectra recorded every 

hour. The system looked stable and did not evolve in the next 5 h. No major changes 

were noticed until the end of the experiment, except for two minor “doublet-like” 
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signals located at 6.30 and 7.10 ppm. At the end of the reaction the mixture was 

gradually hydrolyzed by the addition of 10 + 20 L of water. Again, no major changes 

were noticed. On the other hand, after work-up, the 
1
H NMR spectrum of the fully 

hydrolyzed mixture showed the presence of the dibrominated CPDT 2c and dione 3c, 

the corresponding “doublets” being located at  .93 and 6.01 ppm, respectively, together 

with two other minor “doublet-like” signals located at 6.30 and 7.10 ppm, as the major 

peaks.  

DMF-d7 

The first spectrum (recorded 5 minutes after the sample was prepared) revealed the 

presence of the dibrominated CPDT together with traces of the monobrominated 

derivative. The reaction was then allowed to run for 3 days, 
1
H NMR spectra being 

recorded every hour. The last recorded spectrum showed almost no changes compared 

to the one recorded after 1 h, which showed a main peak corresponding to the 

dibrominated product and two additional small peaks, like in the case of chloroform. 

The spectrum of the hydrolyzed sample showed the peak located at 6.01 ppm, 

corresponding to the dione, as the major signal, in an almost 9:1 ratio with respect to 

the dibrominated CPDT. Surprisingly enough, GC-MS analysis of an aliquot collected 

after 45 minutes and the one of the hydrolyzed sample had the same composition. 

These facts strongly suggest that the formation of the dione is significantly enhanced 

upon hydrolysis and/or exposure to air. Under these conditions (4.0 equiv of NBS, 

DMF as a solvent) it became very clear that the reaction time has little influence, if any, 

on the formation of the dione. 

CH3COOD and CH3COOD:CDCl3 (1:1 v/v) 

For the reactions performed in acetic acid or a mixture acetic acid:chloroform, in situ 

1
H NMR experiments pointed again toward an increase in the percentage of the dione 

upon aqueous work-up and, in consequence, a decrease in the percentage of the 

dibrominated product. 

In summary, in-situ 
1
H NMR experiments allowed us to identify the strong dependence 

of the reaction products upon the solvent. No clear intermediates could be identified 

and/or isolated. These findings point to a crucial change in composition upon aqueous 

work-up and support the suggested mechanism by which the dione is formed, i.e. 
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overbromination followed by hydrolysis and fast oxidation (as shown by GC-MS 

analysis). 

Knowing that in DMF the use of 4.0 equivalents of NBS afforded the dione as the 

major reaction product (~73 % yield), we have investigated the influence of other 

solvents and/or solvent mixtures, generally used for brominations using NBS, on the 

reaction outcome. The polarity and the character (protic or aprotic) of the solvent were 

varied. As displayed in Table 2.2, the use of non-polar solvents such as carbon 

tetrachloride or chloroform led exclusively to the formation of the dibrominated 

compound 2c. The use of polar protic solvents or a 1:1 mixture with a non-polar 

solvent, such as acetic acid:chloroform, afforded the dibrominated compound 2c as the 

main reaction product, together with small amounts of dione 3c. The percentage of 3c 

was higher in pure acetic acid. These findings suggest that the formation of 3c was 

enhanced by the polarity of the mixture. 1,2-Dimethoxyethane (DME) and DMF are 

both polar aprotic solvents, perfectly miscible with water. Moreover, the system NBS-

DME is known as a powerful oxidizing medium for secondary alcohols.
20c,24

 

Surprisingly enough, bromination of 1c appeared to proceed differently in these two 

very similar solvents. In DME, the formation of 3c did not occur, whereas in DMF the 

latter stands for the major reaction product. In acetone, 2c was the sole reaction 

product, the presence of 3c not being detected.  
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Table 2.2. Influence of the solvent on the bromination of 1c, using 4.0 equiv of NBS. 

Solvent 

(mixture) 
Nature 

Dipole 

Moment 

(D)
a
 

Dielectric 

constant 

()
a
 

2c 

(%) 

3c 

(%) 

Miscibility 

with water 

CCl4 
non-

polar 
0 2.24 100 0 N 

CHCl3 
non-

polar 
1.01 4.81 100 0 N 

DME 
polar 

aprotic 
1.71 7.20 100 0 Y 

AcOH 
polar 

protic 
1.74 6.15 83 17 Y 

Acetone 
polar 

aprotic 
2.88 21.0 100 0 Y 

DMF 
polar 

aprotic 
3.82 36.70 27 73 Y 

CHCl3:AcOH 

1:1 
/ / / 96 4 / 

a CRC Handbook of Chemistry and Physics:  A Ready-Reference of Chemical and Physical Data, 85th ed. 

Edited by David R. Lide ( ational Institute of  tandards and Technology). CRC Press LLC:  Boca Raton, 

FL. 2004.
 

 

2.3. Conclusions 

In this study we have carefully investigated the bromination reaction for a series of 

CPDT derivatives, with NBS as the bromine source. In DMF, full control over the 

reaction products could be achieved depending on the equivalents of NBS used during 

the reaction. The use of 2.1 equivalents of NBS afforded the dibrominated CPDT 

derivatives as the unique reaction products. On the other hand, the use of 5.0 

equivalents of NBS led to the exclusive formation of 2H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6(4H)-diones, which arise as a new class of compounds issued from 

the 4H-cyclopenta[2,1-b:3,4-b’]dithiophene family. The formation of the diones is 

supposed to occur via a bromination-hydrolysis sequence, followed by fast air 

oxidation of a thiolactone intermediate. The obtained insights are of high relevance for 

all people involved in the synthesis and application of CPDT-based materials in organic 

electronics. The chemical reactivity of this new class of compounds toward various 

transformations, e.g. reductions, Knoevenagel reactions, condensations, dimerizations, 

etc., specific to carbonyl functionalities, is currently under investigation within our 

group. 
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2.4. Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) or the 
13

C resonance shift of CDCl3 (77.16 ppm). Gas 

chromatography-mass spectrometry (GC-MS) analyses were carried out applying 

Chrompack Cpsil5CB or Cpsil8CB capillary columns. The structures of the model 

compounds were optimized using density functional theory (DFT) with the B3LYP 

hybrid exchange-correlation functional and the 6-311+G(d,p) basis set. Based on the 

optimized structures at the B3LYP/6-311+G(d,p) level, the chemical shifts of all 

systems were calculated with the B3LYP functional and the 6-311+G(2d,p) basis set 

together with the GIAO method to ensure origin-independence. The Møller-Plesset 

second-order perturbation theory (MP2) method was also employed to calculate the 

reaction G values on the basis of geometrical structures optimized at the B3LYP/6-

311+G(d,p) level. For both the structure optimizations and property calculations, the 

Polarizable Continuum Model (PCM) using the integral equation formalism (IEFPCM) 

was employed to account for solvent (DMF) effects. All calculations were performed 

using Gaussian09.
25

 

 

Synthesis 

General procedure 1 (allowing to obtain both the dibrominated and the dione 

products): 4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (1a) (0.797 g, 

1.98 mmol) was dissolved in DMF (100 mL) and the mixture was cooled to 0 
o
C by 

means of an ice-bath (the reaction was run in the dark and under N2 balloon pressure). 

Subsequently, a solution of NBS (3.0 equiv, 0.178 g, 5.97 mmol) in DMF (100 mL) 

was added drop-wise during 30 minutes and the mixture was allowed to react at r.t. 

overnight. The mixture was again cooled to 0 
o
C water (100 mL) was added and the 

aqueous layer was extracted with diethyl ether. The combined organic layers were 

washed with water and brine, dried over anhydrous MgSO4 and filtered. Evaporation of 

the solvent under reduced pressure afforded a dark yellow viscous oil. The crude 

mixture was purified by means of column chromatography (silica) using a gradient of 

hexane-ethyl acetate from 0% (isolation of the dibrominated compound 2a) to 10% 

(isolation of the dione 3a). 
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2,6-Dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (2a):
7d

 

light-yellow oil (0.400 g, 36%). 
1
H NMR (300 MHz, CDCl3)  6.94/6.93/6.92 (3 x s, 

intensity ratio 1/2/1, 2H), 1.85-1.75 (m, 4H), 1.32-1.21 (m, 2H), 0.90-0.85 (m, 16H), 

0.80-0.76 (m, 6H), 0.64-0.60 (m, 6H). 

4,4-Bis(2-ethylhexyl)-2H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6(4H)-dione (3a): 

yellow oil (0.342 g, 40%). GC-MS (EI) m/z 432 [M
+
]; HRMS (EI) calcd for 

C25H36O2S2 432.2157 found m/z 432.2166; 
1
H NMR (300 MHz, CDCl3)  

6.02/6.01/6.00 (3 x s, intensity ratio 1/2/1, 2H), 1.92-1.82 (m, 4H), 1.15-0.99 (m, 18H), 

0.81 (t, J = 6.0 Hz, 6H), 0.71 (t, J = 6.0 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  193.7 

(C=O), 176.1, 145.7, 115.5 (CH), 52.1, 44.5 (CH2), 35.6 (CH), 33.9 (CH2), 28.2 (CH2), 

27.1 (CH2), 22.8 (CH2), 14.1 (CH3), 10.3 (CH3); IR (NaCl, cm
-1

) νmax 3077 (w, 

unsaturated C-H), 2958/2927/2871/2857 (s, saturated C-H), 1700 (s, CO); UV-Vis 

(CHCl3, nm) λmax (log ε) 278 (4.422), 381 (4.456). 

2,6-Dibromo-4,4-didodecyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (2b):
14

 

According to general procedure 1. 4,4-Didodecyl-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (1b) (0.370 g, 0.718 mmol), NBS (0.383 g, 2.16 mmol), DMF (50 mL), 

eluent hexane; light yellow oil (0.510 g, 72%); GC-MS (EI) m/z 671/673/675 [M
+
]; 

1
H 

NMR (300 MHz, CDCl3)  6.92 (s, 2H), 1.77-1.72 (m, 4H), 1.29-1.14 (m, 40H), 0.87 

(t, J = 6.0 Hz, 6H). 

4,4-Didodecyl-2H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6(4H)-dione (3b): light-

yellow oil (0.078 g, 20%). MS (CI) m/z 544 [M
+
]; HRMS (EI) calcd for C33H52O2S2 

544.3409 found m/z 544.3370; 
1
H NMR (300 MHz, CDCl3)  6.01 (s, 2H), 1.86-1.82 

(m, 4H), 1.29-1.20 (m, 40H), 0.87 (t, J = 6.0 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  

194.3 (C=O), 176.1, 145.3, 115.1, 52.6, 39.4 (CH2), 32.0 (CH2), 29.8 (CH2), 29.77 

(CH2), 29.75 (CH2), 29.70 (CH2), 29.6 (CH2), 29.4 (CH2), 29.4 (CH2), 22.8 (CH2), 14.2 

(CH3); IR (NaCl, cm
-1

) νmax, 3076 (w, unsaturated C-H), 2958/2923/2852 (s, saturated 

C-H), 1703 (s, CO); UV-Vis (CHCl3, nm) λmax (log ε) 380 (4.497). 

General procedure 2: 4-(2-Ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (1c) (0.276 g, 0.68 mmol) was dissolved in DMF (10 mL) and the 

mixture was cooled to 0 °C by means of an ice-bath (the reaction was run in the dark 

and under N2 balloon pressure). Subsequently, a solution of NBS (4.0 equiv, 0.484 g, 

2.72 mmol) in DMF (10 mL) was added drop-wise and the mixture was allowed to 
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react at r.t. overnight. The mixture was again cooled to 0 °C, water (100 mL) was 

added and the aqueous layer was extracted with diethyl ether. The combined organic 

layers were washed with water and brine, dried over anhydrous MgSO4 and filtered. 

Evaporation of the solvent under reduced pressure afforded a dark yellow viscous oil. 

The crude mixture was purified by means of column chromatography (silica) using a 

gradient of hexane-ethyl acetate from 0% (isolation of the dibrominated compound 2c) 

to 10% (isolation of the dione 3c). 

2,6-Dibromo-4-(2-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (2c): 

slightly yellow oil (0.060 g, 16%); GC-MS (EI) m/z 558/560/562 [M
+
]; 

1
H NMR (300 

MHz, CDCl3)  6.94/6.93 (2 x s, intensity ratio 1/1, 2H), 1.83 (t, J = 4.8 Hz, 2H), 1.78-

1.72 (m, 2H), 1.27-0.89 (m, 21H), 0.86 (t, J = 7.1 Hz, 3H), 0.79 (t, J = 6.9 Hz, 3H), 

0.64 (t, J = 7.4 Hz, 3H); 
13

C NMR (75 MHz, CDCl3)  155.9/155.8, 136.6/136.5, 

125.0/124.9, 111.05/111.0, 55.1, 41.6, 39.4, 35.5, 34.1, 31.9, 30.0, 29.43, 29.40, 28.6, 

27.4, 24.4, 22.9, 22.8, 14.3, 14.2, 10.8; IR (NaCl, cm
-1

) νmax 3082 (w, unsaturated C-H), 

2957/2926/2855 (w, saturated C-H); UV-Vis (CHCl3, nm) max (log ) 250 (3.984), 339 

(4.282). 

4-(2-Ethylhexyl)-4-octyl-2H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6(4H)-dione 

(3c): deep yellow oil (0.205 g, 70 %); GC-MS (EI) m/z 432 [M
+
]; HRMS (EI) calcd for 

C25H36O2S2 432.2157 found m/z 432.2164; 
1
H NMR (300 MHz, CDCl3)  6.01/6.00 (2 

x s, intensity ratio 1/1, 2H), 1.88-1.86 (m, 2H), 1.84-1.80 (m, 2H), 1.26-0.98 (m, 21H), 

0.83 (t, J = 6.9 Hz, 3H), 0.80 (t, J = 6.9 Hz, 3H), 0.70 (t, J = 7.2 Hz, 3H); 
13

C NMR (75 

MHz, CDCl3)  193.99/193.95 (C=O), 176.2/176.1, 145.4, 115.3/115.2, 52.3, 43.1, 

40.9, 35.9, 33.8, 31.8, 29.7, 29.2, 28.3, 27.0, 24.4, 22.9, 22.6, 14.15, 14.10, 10.4; IR 

(NaCl, cm
-1

) νmax 3066 (w, unsaturated C-H), 2957/2926/2855 (s, saturated C-H), 1701 

(s, CO); UV-Vis (CHCl3, nm) λmax (log ε) 381 (4.253). 

Methyl-9-(2,6-dibromo-4-(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-4-

yl)nonanoate (2d). According to general procedure 1. Methyl 9-(4-(2-ethylhexyl)-4H-

cyclopenta[2,1-b:3,4-b']dithiophene-4-yl)nonanoate (1d) (0.315 g, 0.685 mmol), NBS 

(2.1 equiv, 0.260 g, 1.46 mmol), DMF (17.5 mL), eluent hexane:ethyl acetate 9:1; 

yellow oil (0.266 g, 63%); GC-MS (EI) m/z 616/618/620 [M
+
]; 

1
H NMR (300 MHz, 

CDCl3) 6.92/6.91 (2 x s, intensity ratio 1/1, 2H), 3.64 (s, 3H), 2.26 (t, J = 7.5 Hz, 

2H), 1.81 (t, J = 4.8 Hz, 2H), 1.76-1.70 (m, 2H), 1.61-1.51 (m, 2H), 1.30-0.88 (m, 
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19H), 0.77 (t, J = 6.9 Hz, 3H), 0.62 (t, J = 7.4 Hz, 3H); 
13

C NMR (75 MHz, CDCl3)  

174.5 (CO-O), 155.9/155.8, 136.6/136.5, 125.0/124.9, 111.1/111.0, 55.1, 51.6, 41.7, 

39.4, 35.4, 34.2, 34.1, 29.9, 29.31, 29.26, 29.18, 28.6, 27.4, 25.0, 24.3, 22.9, 14.2, 10.8; 

IR (NaCl, cm
-1

) νmax 3084 (w, unsaturated C-H), 2928/2855 (s, saturated C-H), 1739 (s, 

CO-O); UV-Vis (CHCl3, nm) max (log ) 250 (3.884), 339 (4.297). 

Methyl-9-(4-(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-4yl)nonanoate-

2,6(4H)-dione (3d). According to general procedure 2. Methyl 9-(4-(2-ethylhexyl)-4H-

cyclopenta[2,1-b:3,4-b']dithiophene-4-yl)nonanoate (1d) (0.100 g, 0.216 mmol), NBS 

(4.0 equiv, 0.154 g, 0.866 mmol), DMF (10 mL), eluent hexane/ethyl acetate 80:20; 

yellow oil (0.067 g, 63%); GC-MS (EI) m/z 490 [M
+
]; HRMS (EI) calcd for 

C27H38O4S2 490.2212 found m/z 490.2208; 
1
H NMR (300 MHz, CDCl3)  6.010/6.005 

(2 x s, intensity ratio 1/1, 2H), 3.66 (s, 3H), 2.28 (t, J = 7.5 Hz, 2H), 1.89-1.81 (m, 4H), 

1.63-1.54 (m, 2H), 1.28-1.05 (m, 19H), 0.82 (t, J = 6.8 Hz, 3H), 0.72 (t, J = 7.2 Hz, 

3H); 
13

C NMR (75 MHz, CDCl3)  194.1 (CO), 176.2/176.1 (CO-O), 174.3, 145.5, 

115.3, 52.4, 51.6, 43.2, 41.0, 35.9, 34.1, 33.9, 29.7, 29.2, 29.13, 29.08, 28.3, 27.1, 24.9, 

24.4, 22.9, 14.1, 10.4.; IR (NaCl, cm
-1

) νmax 3073 (w, unsaturated C-H), 2928/2855 (s, 

saturated C-H), 1739 (s, CO-O), 1700 (s, CO); UV-Vis (CHCl3, nm) λmax (log ε) 381 

(4.424). 
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3.1.  Introduction 

Low band gap (co)polymers have recently received considerable attention in the field 

of organic light harvesting materials.
1
 The alternation of electron rich and electron poor 

units along the backbone increases the conjugation length, lowers the band gap of the 

materials (generally below 1.6 eV), and therefore allows a better matching between the 

available and the absorbed photon flux. 4H-Cyclopenta[2,1-b:3,4-b’]dithiophen-4-one 

(8) (vide infra) is a key intermediate used in the synthesis of various 

cyclopentadithiophene-based (CPDT) light harvesting materials, ranging from small 

molecules (typically used in dye sensitized solar cells)
2
 to conjugated low band gap 

polymers (used in bulk heterojunction organic solar cells).
3
 The presence of the keto 

function on the bridging carbon atom allows to perform a broad variety of 

transformations, such as reductions,
4
 Knoevenagel condensations,

5
 and homo-

couplings.
6
 The reductive coupling of aromatic monoketones, e.g. 

cyclopentadithiophenones (CPDT-ones) and 9-fluorenone, has been widely studied.
7
 

The corresponding 1,2-diols can undergo chemical and/or photochemical pinacol-type 

rearrangements in the presence of Brønsted acids and/or UV-irradiation, respectively.
8
 

The formation of a variety of mixed heterocyclic fulvalenes using different CDPT-ones 

and/or fluorenone has been reported by Wynberg et al.
9
  

In this paper we report on the reactions of 4H-cyclopenta[2,1-b:3,4-b’]dithiophen-4-one 

with various trivalent phosphorus derivatives, with an emphasis on the final reaction 

products depending on the applied reagents. 

 

3.2. Results and Discussion 

3.2.1. Synthetic Exploration 

The acid induced pinacol rearrangement of 7,7’-dihydroxy-7,7’-bi(7H-cyclopenta[1,2-

c:3,4-c’]dithiophene) (2),
10

 obtained after reductive coupling of 7H-cyclopenta[1,2-

c:3,4-c’]dithiophen-7-one (1), has been reported to occur via a carbinol intermediate 3 

which, upon deprotonation, leads to the formation of the corresponding pinacolone 4, 

i.e. spiro-7’H-cyclopenta[1,2-c:3,4-c’]dithiophene-7’,8-7H,8H-cyclohexa[3,4-a:3,4-

c]dithiophene-7-one (Scheme 3.1).
7a

 On the other hand, UV-irradiation of 9,9’-

bifluorene-9,9’-diol (5) in neutral solutions led to the formation of 9-fluorenone (6) and 

the corresponding pinacolone 7 in ratios varying from 8.6:1 to 2:1, respectively, 
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depending on the nature of the solvent (Scheme 3.2).
11

 The pinacolone is generated by 

C-O bond heterolysis of the diol, which subsequently undergoes rearrangement and 

deprotonation. The same rearrangement product could also be synthesized in one step, 

starting from 9-fluorenone and triethyl phosphite.
12

 

 

 

Scheme 3.1. Acid induced pinacol rearrangement of 7H-cyclopenta[1,2-c:3,4-c’]dithiophen-7-one (1). 

 

 

Scheme 3.2. Photochemical pinacol rearrangement of 9,9’-bifluorene-9,9’-diol (5). 

 

As we have been exploring novel synthetic pathways toward asymmetrically 

substituted cyclopentadithiophenes,
13

 and their integration in low band gap copolymers 

for organic photovoltaics,
14

 we have exploited the reactivity of 4H-cyclopenta[2,1-

b:3,4-b’]dithiophen-4-one (8) in similar rearrangement protocols. Reaction of CPDT-

one 8 with two equivalents of triethyl phosphite in refluxing o-xylene afforded a novel 

product, tentatively assigned as pinacolone 11 (Scheme 3.3 and vide infra), in 61% 

yield, together with triethyl phosphate and very low amounts of starting material. The 

formation of such a pinacol rearrangement product under similar conditions has, to the 

best of our knowledge, not yet been reported in the CPDT series, but has been observed 
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for fluorenone. The latter affords the corresponding pinacolone upon reaction with 

either triethyl phosphite
12,15

 or tri(isopropyl) phosphite
16

 in high to moderate yields. 

Such reactions are known to proceed via a three-step mechanism, which can hence be 

translated to the CPDT-pinacolone synthesis (Scheme 3.3): i) Attack of the phosphorus 

atom on the oxygen atom of the cyclic ketone, which results in the formation of a 1:1 

dipolar adduct, an intramolecular phosphonium salt in which the negative charge is 

stabilized by delocalization, here in cyclopentadienide 9. ii) The reaction of adduct 9 

with another equivalent of CPDT-one 8, leading to the formation of the 2:1 adduct 10 

in which a pentacovalent oxyphosphorane is generated. iii) Thermal decomposition of 

10 into spiro compound 11 (the pinacol rearrangement product) and triethyl phosphate, 

a reaction for which the expulsion of the pentacovalent phosphate ester is the driving 

force.
17

 

 

 

Scheme 3.3. Proposed reaction mechanism for the synthesis of pinacolone 11. 

 

The proposed spiro structure of the isolated product 11 was confirmed by IR, GC-MS 

and NMR analysis. The carbonyl function was readily identified in the IR spectrum, 

which showed a characteristic C=O stretching band at 1664 cm
-1

. GC-MS analysis 

provided the molecular mass of the product (m/z = 368) and further indicated CO loss. 
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1
H NMR analysis showed the presence of eight aromatic protons, the lowest field one 

located at 7.43 ppm being assigned to the proton situated at the -position of the 

carbonyl function (vide infra Section 3.2.2). 

Under similar conditions, application of triphenylphosphine or tricyclohexylphosphine 

in refluxing o-xylene afforded, even after three days, only the unreacted CPDT-one 8. 

This result is in agreement with the findings of Borowitz et al.,
12

 who also mentioned a 

lack of reactivity between 9-fluorenone and the above mentioned phosphines. On the 

other hand, the more nucleophilic tri(n-butyl)phosphine exclusively afforded, upon 

reaction with fluorenone, the bicyclopentadienylene derivative. In this case, the 2:1 

adduct did not undergo pinacol rearrangement, but reacted further with another 

molecule of phosphine leading to the formation of a so called “open” dipolar 

phosphorane, which then rearranged to the corresponding bicyclidene. Surprisingly, the 

reaction of CPDT-one 8 with a large excess of tri(n-butyl)phosphine led, after three 

days of reflux, also to the formation of pinacolone 11 (Scheme 3.4). This suggests that 

phosphorane 12, incorporating the tri(n-butyl)phosphine moiety, exists 

majorly/exclusively in its cyclic form and does not open and subsequently convert to 

bis-CPDT adduct 15 (Scheme 3.4). The latter has previously been obtained starting 

from 8 using a small excess of Lawesson’s reagent.
18

 

 

3.2.2. NMR Characterization 

A series of NMR experiments such as APT (Attached Proton Test), short-range/long-

range HETCOR, and selective proton irradiation was performed, allowing complete 

chemical shift assignment of the 
13

C and 
1
H resonances of pinacolone 11. Such detailed 

chemical shift information can - besides providing strong structural proof - also be 

useful for implementation in NMR chemical shift prediction software. Figure 3.1 

provides an arbitrary numbering scheme for the carbon and hydrogen atoms of 5H-

spiro(benzo[1,2-b:6,5-b']dithiophene-4,4'-cyclopenta[2,1-b:3,4-b’]dithiophen)-5-one 

(11), together with its optimized structure viewed along the CPDT plane and along the 

benzodithiophene plane, respectively. 
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Scheme 3.4. Reaction of CPDT-one 8 with tri(n-butyl)phosphine. 

  

Figure 3.1. Arbitrary numbering of the carbon and hydrogen atoms (left) and optimized structure of 

pinacolone 11 along the 4,4'-cyclopenta[2,1-b:3,4-b’]dithiophene plane (center) and along the 5H-

spiro(benzo[1,2-b:6,5-b']dithiophene)-5-one plane (right).  

 

As an additional tool for the NMR structural elucidation, chemical shift calculations 

were performed and the theoretical values were compared to the experimental ones. 

The APT spectrum confirmed the presence of the carbonyl group of pinacolone 11 (= 

190.1 ppm), together with the quaternary aliphatic carbon atom at the spiro position ( 

= 63.9 ppm). This pulse sequence also revealed the presence of eight protonated and 

eight non-protonated aromatic carbon atoms of the thiophene rings. HETCOR 
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experiments (HETeronuclear CORrelation) allowed us to determine the direct and 

long-range 
1
H -

13
C connectivities. As can be seen in the long-range HETCOR spectrum 

(Figure 3.2), the proton situated in -position with respect to the carbonyl function 

couples to the carbonyl 
13

C signal, the value of the coupling constant being 
3
JC-H = 2.0 

Hz. An overview of the experimental and theoretical proton and carbon chemical shift 

assignments of derivative 11 is presented in Table 3.1 and 3.2, respectively. The 

optimized geometry of pinacolone 11 (Figure 3.1) shows that the CPDT core is almost 

perpendicular to the benzodithiophenone core, the dihedral angle between the planes 

being 89°. Having this in mind and looking at the 
13

C spectrum, it can be expected that 

the chemical environment of the quaternary carbon atoms of the pairs C15/C16 and 

C14/C17 of the CPDT core is identical. The same holds for the protonated carbon 

atoms of the pairs C1/C4 and C2/C3 of the CPDT core. The carbon atoms of these pairs 

will therefore have the same chemical shifts and will integrate for a double intensity. 

From the APT experiment it appears that the signals at 190.1, 152.5, 147.9, 141.3, 

140.3, 133.6, 129.0 and 63.9 ppm arise from the 10 quaternary carbons, of which the 

190.1 and 63.9 ppm signals belong to the carbonyl group and the “spiro” carbon atom, 

respectively,  and the signals at 152.5 and 140.3 ppm have a double intensity. The 

signals at 127.4, 127.2, 127.0, 126.4, 123.2 and 121.9 ppm arise from the 6 protonated 

carbons, those at 127.0 and 121.9 ppm having a double intensity. 

 

Figure 3.2. Long-range HETCOR spectrum of pinacolone 11. 
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The 
1
H spectrum shows four doublets at 7.43 (1H), 7.11 (1H), 7.10 (1H) and 6.27 (1H) 

ppm, all with a vicinal 
3
J-coupling constant of 5.2 Hz, next to two doublets at 7.13 (2H) 

and 6.66 (2H) ppm, both with a vicinal 
3
J -coupling constant of 5.0 Hz. It is clear that 

the four 1H-doublets arise from the benzodithiophenone core protons H5-H8, while the 

two 2H-doublets belong to the CPDT core protons H1-H4. While the H2/H3 protons 

are located directly in the shielding zone of the benzodithiophenone structure, the 

H1/H4 protons appear further away from it and moreover are situated in -position of 

the electron-withdrawing sulfur atom (deshielding). Based on these arguments, the 

H1/H4 protons can be assigned to the doublet at 7.13 ppm and the H2/H3 protons to the 

doublet at 6.66 ppm. By analogy, the H6 and H7 protons in -position of the sulfur 

atoms can be assigned to the 1H-doublets at 7.10 and 7.11 ppm (vide infra). The H5 

proton is located directly in the shielding zone of the CPDT ring and its resonance 

therefore appears more upfield at 6.27 ppm. The H8 proton on the other hand is situated 

further away from the CPDT ring and in the direct deshielding zone of the carbonyl 

group, explaining its downfield resonance at 7.43 ppm.  

A short-range HETCOR experiment (optimized toward the 
1
JC-H or direct C-H 

coupling) then allowed to assign the carbon atoms C1/C4, C2/C3, C5 and C8 to the 

resonance signals at 127.0, 121.9, 127.4 and 127.2 ppm, respectively. The two 

remaining protonated carbons, C6 and C7, could be assigned to the signals at 126.4 and 

123.2 ppm based on a long-range HETCOR experiment. Figure 3.2 shows clear 

correlations between the carbon signal at 123.2 ppm and H8 (7.43 ppm) and between 

the carbon signal at 126.4 ppm and H5 (6.27 ppm). Since C6(C7) cannot couple to 

H8(H5), these correlations allowed the assignment of C6 and C7. Close inspection of 

the short-range HETCOR spectrum then allowed the assignment of H6 and H7 to the 

proton resonances at 7.10 and 7.11 ppm, respectively. 

This leaves the eight quaternary carbons to be assigned to the carbon signals at 152.5 

(2C), 147.9, 141.3, 140.3 (2C), 133.6 and 129.0 ppm via the long-range HETCOR 

spectrum. Figure 3.2 shows a strong 
3
JC-H coupling (2.0 Hz) between the carbonyl 

carbon (190.1 ppm) and H8 (7.43 ppm), next to a weaker 
4
JC-H coupling with H7 (7.11 

ppm), confirming the assignment of H8 and H7 (and C8 and C7 via short-range 

HETCOR). Starting from H8 and supported by theoretical calculations, C9 could easily 

be assigned to the carbon signal at 133.6 ppm based on a strong 
2
JC-H correlation. 

Analogously, the 141.3 ppm signal showing a strong 
2
JC-H correlation with H5 at 6.27 
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ppm can be identified as C12. The carbon resonance at 147.9 ppm correlates to the 7.11 

ppm doublet of H7 and very weakly to the 7.43 ppm doublet of H8 (only seen after 

blowing up the vertical scale), and can therefore be assigned as C10. On the other hand, 

the 129.0 ppm carbon signal correlates to H6 at 7.10 ppm and very weakly (only seen 

after blowing up the vertical scale) to H5 at 6.27 ppm, and therefore can be assigned to 

C11. Due to the anisotropy of the CPDT ring, its four quaternary carbon atom 

resonances appear as two distinctive double intensity signals located at 152.5 and 140.3 

ppm, respectively. The peak located at 152.5 ppm strongly correlates (
2
JC-H - two bonds 

away from each other) with the 6.66 ppm 2H-doublet (H2 and H3) and can be assigned 

to C14 and C17. The peak located at 140.3 ppm correlates (
3
JC-H - three bonds away 

from each other) with the 7.13 ppm 2H-doublet (H1 and H4) and can be assigned to 

C15 and C16.  
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Table 3.1. Overview of the experimental and theoretical carbon signal assignments. 

Carbon 

atom 

Experimental Calculated Corrected

Chemical 

Shift 

Chemical 

Shift

Linear 

regression
a
 

 Linear 

regression
b
 

  

(ppm) 

 

(ppm) 



(ppm)



(ppm) 

C1 127.0 135.9 128.1 125.5 

C2 121.9 125.5 118.0 123.2 

C3 121.9 125.8 118.4 123.5 

C4 127.0 135.6 127.7 125.2 

C5 127.4 132.1 124.4 128.3 

C6 126.4 136.6 128.7 126.0 

C7 123.2 131.7 124.0 122.0 

C8 127.2 130.8 123.1 127.3 

C9 133.6 139.1 131.1 133.6 

C10 147.9 162.0 153.2 146.6 

C11 129.0 140.6 132.6 129.3 

C12 141.3 149.9 141.5 141.8 

C13 63.9 69.1 63.8  

C14 152.5 161.7 152.9 150.8 

C15 140.3 152.6,  144.1 139.0 

C16 140.3 152.0 143.6 138.5 

C17 152.5 161.2 152.3 150.4 

C18 190.1 195.8 185.7  

a Calculated value corrected with linear regression of y = 0.9618x - 2.6581; b Calculated value corrected with 

 linear regression. 
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Table 3.2. Overview of the experimental and theoretical proton signal assignments. 

Hydrogen 

atom 

Experimental Calculated Corrected

Chemical 

Shift 

Coupling 

constant 

Chemical 

Shift

Linear 

regression
a
 

 Linear 

regression
b
 

  

(ppm)
(J = Hz) 

 

(ppm) 



(ppm)



(ppm) 

H1 7.13 (d) 5.0 7.44 7.10 7.15 

H2 6.66 (d) 5.0 6.76 6.59 6.51 

H3 6.66 (d) 5.0 6.77 6.59 6.51 

H4 7.13(d) 5.0 7.43 7.10 7.15 

H5 6.27 (d) 5.2 6.31 6.19 6.08 

H6 7.10 (d) 5.2 7.34 7.02 7.06 

H7 7.11 (d) 5.2 7.31 6.99 7.02 

H8 7.43 (d) 5.2 7.56 7.29 7.26 

a Calculated value corrected with linear regression of y = 0.9451x + 0.1186; b Calculated value corrected with 

 linear regression. 

 

3.2.3. Single-Crystal X-Ray Diffraction 

Final unambiguous structural proof was provided by single-crystal X-ray diffraction, 

showing the two fused heterocycles in an almost perpendicular conformation (Figure 

3.3). 

 

Figure 3.3. X-ray crystal structure of 5H-spiro(benzo[1,2-b:6,5-b']dithiophene-4,4'-cyclopenta[2,1-b:3,4-

b’]dithiophen)-5-one (11). 
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3.3. Conclusions 

In this paper we have reported on the reaction of 4H-cyclopenta[2,1-b:3,4-

b’]dithiophen-4-one (8) with trivalent organophosphorus reagents. The results have 

shown that such a protocol leads to the formations of pinacolone 11 when triethyl 

phosphite is applied, whereas no reactivity is observed with triphenylphosphine. To the 

best of our knowledge, this is the first time that a one-step synthesis of this kind of 

CPDT pinacol rearrangement products is reported. Unlike in the fluorenone case, the 

use of the more nucleophilic tri(n-butyl)phosphine does not lead to the formation of a 

bicyclidene, but affords the same pinacol rearrangement product. Thorough NMR 

characterization allowed full 
1
H and 

13
C chemical shift assignment of the CPDT-

pinacolone product, providing further support for the structure assignment. Theoretical 

chemical shift calculations were in good agreement with the experimentally observed 

values. A single-crystal X-ray structure of the pinacolone was obtained as well, with a 

solid-state conformation matching closely to the calculated optimum structure. 

 

3.4.  Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.24 ppm) or the 
13

C resonance shift of CDCl3 (77.70 ppm). Gas 

chromatography-mass spectrometry (GC-MS) analyses were carried out applying 

Chrompack Cpsil5CB or Cpsil8CB capillary columns. Solution UV-Vis absorption 

measurements were performed with a scan rate of 600 nm min
-1

 in a continuous run 

from 800 to 200 nm. Infrared spectra were collected with a resolution of 4 cm
-1

 (16 

scans) using films drop-cast on a NaCl disk from a CHCl3 solution. Unless stated 

otherwise, all reagents and chemicals were obtained from commercial sources and used 

without further purification.  

 

Synthesis 

Pinacolone 11 (5H-spiro(benzo[1,2-b:6,5-b']dithiophene-4,4'-cyclopenta[2,1-b:3,4-

b’]dithiophen)-5-one) was synthesized following two standard procedures. 

a. Procedure using triethyl phosphite: 4H-Cyclopenta[2,1-b:3,4-b’]dithiophen-4-one 

(8) (48 mg, 0.249 mmol) was dissolved in o-xylene (5 mL), to which triethyl phosphite 
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(0.085 mL, 0.498 mmol) was added, and the mixture was allowed to react at 150 °C for 

3 days. Removal of the solvent under reduced pressure afforded a pale-yellow solid. 

Purification of the crude product by means of column chromatography (silica, eluent 

20% CH2Cl2 in hexane) afforded pinacolone 11 as a yellowish solid (28 mg, 0.076 

mmol, 61%). mp 184.6-185.0 °C 

b. Procedure using tri(n-butyl)phosphine: 4H-Cyclopenta[2,1-b:3,4-b’]dithiophen-4-

one (8) (100 mg, 0.520 mmol) was dissolved in a large excess of tri(n-butyl)phosphine 

(2.5 mL) and the mixture was allowed to react at 160 °C for 3 days. The excess of tri(n-

butyl)phosphine was removed by Kugelrohr distillation (120 °C, 1.2 10
-1

 mbar) 

affording a pale-yellow solid. Purification of the crude product by means of column 

chromatography (silica, eluent 20% CH2Cl2 in hexane) afforded pinacolone 11 as a 

yellowish solid (40 mg, 0.108 mmol, 42%). GC-MS (EI) m/z 368 [M
+
], 339 [M

+
-CO]; 

HRMS (EI) calcd for C18H8OS4 367.9458, found m/z 367.9457; 
1
H NMR (400 MHz, 

CDCl3)  7.43 (d, J = 5.2 Hz, 1H), 7.14-7.10 (dd, J = 5.0/5.2 Hz, 4H), 6.66 (d, J = 5.0 

Hz, 2H), 6.27 (d, J = 5.2 Hz, 1H); 
13

C NMR (75 MHz, CDCl3) 190.1 (C=O), 152.5, 

147.9, 141.3, 140.3, 133.6, 129.0, 127.4 (CH), 127.2 (CH), 127.0 (2xCH), 126.4 (CH), 

123.2 (CH), 121.9 (2xCH), 63.9; IR (NaCl, cm
-1
) νmax 3103/3007 (w, unsaturated C-H), 

1664 (s, C=O); UV-vis (CHCl3, nm) λmax (log ε) 257 (3.908), 323 (3.653), 368 (3.334). 

 

NMR Characterization 

All 
1
H and 

13
C liquid-state NMR experiments were performed at room temperature on a 

Varian Inova 300 or 400 spectrometer in a 5 mm four-nucleus PFG probe. The 

chemical shift scales were calibrated to CDCl3: 
1
H = 7.24 ppm and 

13
C = 77.70 ppm. 

The proton spectra were acquired with a 90° pulse of 4.3 μs, a spectral width of 4500 

Hz, an acquisition time of 3.5 s, a preparation delay of 8 s and 20 accumulations, 

processed with a line broadening of 0.2 Hz. The carbon spectra were acquired with a 

90° pulse of 12 μs, a spectral width of 1 500 Hz, an acquisition time of 0.8 s, a 

preparation delay of 60 s and 2500 accumulations, processed with a line broadening of 

3 Hz. The long-range HETCOR experiment was optimized for J = 4 Hz. 
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Details on the Computational Procedures 

The ground state geometries were optimized at the density functional theory (DFT) 

level of approximation by employing the B3LYP exchange-correlation (XC) functional 

and the 6-31G* basis set. The chemical shifts () of all systems were calculated as the 

difference of isotropic shielding constants () with respect to TMS. All  values were 

obtained with the B3LYP XC functional and the 6-311+G(2d,p) basis set together with 

the GIAO method to ensure origin-independence, following the approach that was 

employed and tested recently for PVC oligomers, fluoroionophores, and 

poly(thienylene vinylene) (PTV) model compounds.
19

 As shown in these previous 

studies, linear fits between experimental and theoretical values of representative 

model compounds can facilitate the interpretation of the NMR spectra of more complex 

and larger compounds and can therefore provide a way of correcting the calculated 

properties from systematic errors. Preliminary investigations on PTV model 

compounds have been reported before,
19

 and the theoretically estimated  values were 

obtained from the calculated values using the following relationships (in ppm):  

sp2 in  13C: estimated) = 0.8099 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 15.39 (1a) 

 1H: estimated) = 0.8653 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 0.67 (1b) 

sp2 in  13C: estimated) = 0.7618 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 27.61 (2a) 

 1H: estimated) = 0.8845 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 0.61 (2b) 

other sp2 13C: estimated) = 0.6510 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 40.36 (3a) 

 1H: estimated) = 0.8911 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 0.52 (3b) 

other atoms 13C: estimated) = 0.9618 [IEF-PCM/B3LYP/6-311+G(2d,p)] - 2.66 (4a) 

 1H: estimated) = 0.9451 [IEF-PCM/B3LYP/6-311+G(2d,p)] + 0.12 (4b) 

 

All the theoretical chemical shifts reported in this paper have been corrected by one of 

the linear regression equations. Solvent (here CHCl3) effects were taken into account 
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within the integral equation formalism of the polarizable continuum model (IEF-

PCM)
20

 for the calculations of the isotropic shielding constants of all compounds 

(including TMS).  
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4.1. Introduction 

Organic photovoltaics (OPVs) have the potential of becoming a strong renewable 

energy market technology if the requirements of the “critical triangle for 

photovoltaics”, i.e. (low) cost, (high) efficiency, and (prolonged) lifetime, are 

simultaneously fulfilled.
1
 The low production costs (due to solution processability) and 

low amounts of organic semiconductors needed (due to their high extinction 

coefficients) in the fabrication of OPVs by roll to roll (R2R) printing make these 

materials cheap and viable alternatives for their inorganic counterparts.
2
 With certified 

efficiencies having surpassed the 10% threshold for single module as well as for 

tandem configurations, and considering their almost exponential evolution over the last 

decade, the efficiency requirement of OPVs can also honorably be fulfilled.
3
 The last 

and most difficult requirement is the stability of the devices. Photovoltaic (PV) 

modules, being continuously exposed to external stress factors such as light, heat and 

humidity, require efficient encapsulation, a barrier that prevents oxygen and humidity 

to penetrate in the device, and light harvesting materials that are stable under severe 

photo-thermal conditions.
4,5

  

One of the most powerful and most widely applied material combinations within the 

OPV field is the bulk heterojunction (BHJ) active layer blend composed of a 

conjugated (low band gap) polymer donor material and a fullerene acceptor.
6
 The 

introduction of solubilizing (alkyl) side chains is mandatory to obtain conjugated 

polymers that can be processed from solution. In terms of stability, these functionalities 

are, however, regarded as the Achilles heel of a polymer. It has been proven that under 

accelerated (artificial) aging conditions the semiconducting polymers start degrading. 

In a first step, the side chains are oxidatively cleaved off, starting a chain reaction that 

eventually leads to the degradation of the conjugated backbone. Additionally, defects 

that are built up during the polymer synthesis and which are, in consequence, present 

along the conjugated polymer backbone, can considerably speed up the degradation 

process. This leads to the alteration of the optical and conducting properties of the 

photoactive materials, and the reduction of the solar cell efficiencies.
7
  

The stability of a solar cell being strongly dependent on the integrity of the photoactive 

material, which depends on a series of external and internal factors, i.e. humidity, the 

presence of oxygen and reactive species generated within the system (e.g. free 
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radicals), it is important to determine the evolution of the system under certain stress 

conditions, e.g. increased temperature, photo- and thermo-oxidation, humidity, or a 

combination of them. Such elaborate studies have been conducted on poly[2-methoxy-

5-(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV), poly(3-

hexylthiophene) (P3HT) and poly(9,9-dialkyl-9H-fluorene) (PF) derivatives.
7b,7d,8

 

Under induced stress, these polymers were shown to degrade in two stages. In an initial 

step, degradation or loss of the side chains was observed, followed, in a second step, by 

degradation of the main polymer backbone. The solubilizing side chains (alkoxy or 

alkyl) and the exocyclic vinylene bonds (in MDMO-PPV) were proven to be the 

weakest points of the photoactive materials. The degradation process being very 

complex, the nature of the side chains, the position of the substituents and the aromatic 

repeating units playing a key role, a general degradation pathway applicable for all 

conjugated polymers could not be determined yet and does not seem very plausible. 

In PFs for instance, the monoalkylfluorene defect is believed to be responsible for the 

apparition of a low energy green emission band (the “G-band”) due to the formation, 

upon oxidation, of a keto functionality on the bridging carbon atom of the fluorene unit, 

i.e. 9-fluorenone.
9
 The G-band was drastically suppressed in fully alkylated PFs for 

which the monomer was obtained via a cyclization step rather than by alkylation of the 

9-position, typically carried out under basic conditions.
10

 Nevertheless, the formation of 

the keto defect was not fully prevented, its apparition being also noticed in ladder type 

polymers, suggesting a more complex degradation process for this class of materials.
11

 

The concentrations of the monoalkylfluorene and of the (oxidatively) generated 

fluorenone did not correlate with the intensity of the G-band, the latter being 

substantially enhanced in PF films which underwent additional thermal treatment. 

Ultimately, metal impurities in the polymer (nickel or palladium) can contribute to the 

oxidation process as well.
8
 

In this paper we present a detailed study on the behavior of a series of PCPDTBT 

polymers with different alkyl side chain patterns (Figure 4.1) under induced thermal 

stress. P1 and P1’ bear two branched 2-ethylhexyl side chains, while P2’ and P3 are 

decorated with two linear octyl and dodecyl side chains, respectively. The possible 

influence of the synthetic route giving access to the alkyl-substituted 4H-

cyclopenta[2,1-b:3,4-b']dithiophene (CPDT) building blocks, as well as the nature of 
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the side chains, on the thermal stability of the materials are discussed. All polymers 

were synthesized by palladium catalyzed Suzuki polycondensation reactions. The 

evolution of the optical properties of thin films prepared from the above mentioned 

polymers was investigated by UV-Vis spectroscopy. Possible changes in the chemical 

structures were monitored by IR spectroscopy. The degradation pattern(s) of the 

polymer side chains and main backbone were investigated by TG-TD-GC/MS. 

 

 

Figure 4.1. Structures of PCPDTBT-type polymers P1-P3. 

 

4.2. Results and Discussion 

4.2.1. Synthesis and Characterization of PCPDTBT Polymers P1-P3 

The synthesis of the dialkylated CPDT derivatives (1a-c) was achieved using two 

different strategies. Derivatives 1a and 1c (Scheme 4.1) were synthesized by the 

“traditional” route, involving direct alkylation of 4H-cyclopenta[2,1-b:3,4-

b']dithiophene under basic conditions in the presence of 2-ethylhexyl and dodecyl 

bromide, respectively, followed by bromination with N-bromosuccinimide (NBS).
12

 

Derivatives 1a’ and 1b’ were obtained upon bromination (with NBS) of the CPDT 

scaffold prepared via a three-step synthetic protocol recently developed in our 

group.
13,14

 In the first step, 3-bromo-2,2’-bithiophene was synthesized by Kumada 

coupling of 2-thienylmagnesium bromide with 2,3-dibromothiophene. Lithiation in 

position 3, followed by treatment with the corresponding dialkyl ketones afforded 
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dialkylated tertiary alcohol derivatives. The CPDT scaffold was ultimately obtained by 

means of Friedel-Crafts dehydration cyclization in sulfuric acid medium. Polymers P1-

P3 were then obtained by Suzuki polycondensation of the CPDT derivatives 1a-c and 

the commercially available 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) 

(2) using a modified literature procedure (Scheme 4.1).
15

 End-capping was performed 

in two stages by addition of phenylboronic acid and bromobenzene, respectively. 

Regardless of the method by which the CPDT scaffold was prepared, all polymers were 

considered “defect free” materials (vide infra). Polymers P1 and P3, for which the alkyl 

chains were introduced to the CPDT ring, may possibly contain a very low percentage 

of monoalkylated CPDTs, which were left undetected (by 
1
H NMR) during the 

monomer synthesis and were built-in in the final polymers. Polymers P1’ and P2’, for 

which the CPDT scaffold was obtained by a final ring closure reaction, are free of any 

monoalkyl defects. Molecular weights of the polymers were determined by gel 

permeation chromatography (GPC) analysis in tetrahydrofuran (THF) at 40 
o
C for P1 

and P1’, and in chlorobenzene (CB) at 80 
o
C for P2’ and P3 (Table 4.1). 

 

 

Scheme 4.1. PCPDTBT polymers syntheses via Suzuki polycondensation. 
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Table 4.1. Analytical GPC data of PCPDTBT polymers P1, P1’, P2’ and P3. 

Polymer Mn (g mol
-1

) Mw (g mol
-1

) PDI 

P1
a
 1.8 x 10

4
 3.6 x 10

4
 2.0 

P1’
a
 1.1 x 10

4
 2.3 x 10

4
 2.1 

P2’
b
 8.3 x 10

3
 1.4 x 10

4
 1.6 

P3
b
 1.6 x 10

4
 7.2 x 10

4
 4.5 

a Determined from THF; b Determined from CB.  

 

4.2.2.  Synthesis of 4-(2-Ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene 

Based on the structural resemblance between fluorene and CPDT, having two aryl rings 

connected by an sp
3
-hybridized carbon bridge, and the similar conditions used to 

synthesize the dialkylated building blocks (via direct alkylation and/or ring closure), 

one might presume a possible common degradation pathway for these materials, i.e. the 

apparition of the keto defect. To verify this assumption, we have synthesized a 

monoalkylated CPDT, with the goal to deliberately incorporate this “defect” in the final 

donor-acceptor PCPDTBT polymers (for comparison). 

Alkylation of CPDT 3 using 1.1 equivalent of n-BuLi and 2-ethylhexylbromide 

afforded monoalkyl-CPDT derivative 4a as the major reaction product, together with 

small amounts of 4b (Scheme 4.2).
16

 Due to the reasonable difference in polarity, 

derivatives 4a and 4b could be separated by means of column chromatography (on 

silica). It became clear that, in the case of CPDT derivatives, where the mono- and the 

dialkylated derivatives are perfectly separable, the presence of the monoalkyl defect in 

the dialkyl-CPDT fraction was rather unlikely. Subsequent bromination of 4a in the 

presence of NBS was required before proceeding to the Suzuki polycondensation 

reaction. The formation of the desired dibrominated product 5a was confirmed by 
1
H 

NMR of the crude reaction mixture. Purification of the latter by means of column 

chromatography (on silica), using hexane as an eluent led, however, to the exclusive 

isolation of the corresponding (oxidized) 2,6-dibromo-4-(2-ethylhexylidene)-4H-

cyclopenta[2,1-b:3,4-b']dithiophene (5b). The formation of alkylidene derivative 5b is 

believed to occur during the purification step and/or during the handling and analysis of 

the fractions recovered after chromatography.  
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Scheme 4.2. Synthesis of monoalkylated CPDT derivatives 5a and 5b. 

 

The relatively unstable nature of products 4a and 5a, under basic and/or acidic 

conditions, could arise from the presence of the labile proton situated on the bridging 

carbon atom of the CPDT unit. Even under the mildest basic conditions that one could 

use in the Suzuki polycondensation reaction, i.e. CsF (cesium fluoride) in 1,2-

dimethoxyethane (DME),
17

 the abstraction of the proton in position 4 of the CPDT 

occurred. Addition of deuterium oxide (D2O) at the end of the reaction resulted in an 

exchange of D and H atoms. In 
1
H NMR this led to the disappearance of the 

corresponding signal, located at 3.70 ppm. In consequence, the instability of 4a and 5a 

hampered the synthesis of the corresponding PCPDTBT-like polymers, incorporating 

different percentages (e.g. 10% up to 100%) of the monoalkyl defects in the backbone. 

Nevertheless, these findings pointed out a possible degradation pathway of the 

monoalkyl-CPDT, leading to the formation of an alkene rather than a keto 

functionality, the latter being the main identified defect (degradation product) occurring 

in monoalkylfluorenes.  
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4.2.3. UV-Vis Spectroscopy Study of PCPDTBT Polymers under Thermal 

Stress 

For semicrystalline polymers such as P3HT, short exposure (in the order of minutes) of 

polymer films at temperatures between 100 and 150 
o
C has proven to be beneficial for 

the organization of the polymer chains. Annealed films show a higher degree of 

crystallinity and hence improved conducting (electrical) properties compared to the “as 

cast” ones.
18

 Higher temperatures and/or prolonged exposure times eventually result in 

the degradation of the material, this process being considerably accelerated in the 

presence of oxygen and/or humidity. Cleavage of the alkyl side chains accompanied by 

scission of the polymer backbone results in a loss of conjugation. These structural 

changes cause an alteration of the chromophore structure which leads to a modification 

of the absorption spectrum of the photoactive species.
19

 

The evolution of the optical properties of thin films prepared by drop casting from a 

chlorobenzene solution of polymers P1-P3, exposed to temperatures ranging from 150 

up to 230 
o
C, in air or under inert atmosphere, was followed by UV-Vis spectroscopy. 

For polymers P2’ and P3, carrying linear alkyl side chains, an annealing effect was 

observed at temperatures of 150 
o
C (Figure 4.2). The enhancement of the shoulder on 

the low energy band, located between 800 and 1000 nm, can be attributed to a better 

organization and interaction between the polymer chains. Under inert atmosphere the 

chromophore appeared to be stable for up to 1 day under a continuous thermal stress of 

150 
o
C. In contrast, P1’, carrying 2-ethylhexyl branched side chains, showed a lower 

degree of ordering, marked by the absence of a shoulder on the low energy side of the 

spectrum. Additionally, annealing at 150 
o
C for 1 day led to a small decrease in the low 

energy absorption band of P1’. 
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Figure 4.2. UV-Vis spectra (not normalized) of polymer thin films as cast (solid line) and annealed (dotted 

line) for 1 day at 150 oC. 

 

Annealing at higher temperatures (1 day at 200 
o
C) had a negative effect on the thin 

films (Figure 4.3). Most impact was seen for P1, which displayed a clear decrease in 

the intensity of the low energy absorption band, most probably due to an alteration of 

the chromophore. P2’ and P3 showed no or very little degradation, respectively, which 

suggest superior thermal stability of the polymers bearing linear side chains. 

When subjected to repetitive heating-cooling cycles (Figure S4.1), which are very 

common processes occurring in the lifecycle of solar cells, all polymers seemed to be 

affected to a much lesser extent than during the isothermal experiments. During the 

step-heating experiments, temperatures up to 250 
o
C were reached. These extreme 

temperatures are far too high compared with the ones reached in a working solar cell 

under normal conditions. Nevertheless, this series of experiments gives a good 

indication of the stability of the polymers when exposed to elevated temperatures. As 

already observed from the isothermal heating experiments, P1’ was the least stable in 

the series (Figure 4.4), followed by P3, which showed minor changes (Figure 4.6) and 

P2’, for which the heating-cooling cycles actually enhanced the optical properties of 

the polymer (Figure 4.5).  
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Figure 4.3. UV-Vis spectra (not normalized) of polymer thin films as cast (solid line) and annealed (dotted 

line) for 1 day at 200 oC. 

 

 

Figure 4.4. UV-Vis spectra (not normalized) of polymer P1’ for the as cast film and after sequential heating-

cooling cycles. 
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Figure 4.5. UV-Vis spectra (not normalized) of polymer P2’ for the as cast film and after sequential heating-

cooling cycles. 

 

 

Figure 4.6. UV-Vis spectra (not normalized) of polymer P3 for the as cast film and after sequential heating-

cooling cycles. 

 

4.2.4. IR Spectroscopy Study of PCPDTBT Polymers under Thermal Stress 

IR spectroscopy is a powerful technique which enables real-time follow-up of the 

evolution of the chemical composition and structure of a specific material or 

compound. In IR, the detection of functional groups, in particular carbon-heteroatom 

(e.g. N or O) bonds, allows a precise identification of these functionalities which give 

unique and specific fingerprints. The technique can as well be used in the determination 



Chapter 4 

 

110 

of trace impurities present in a given sample.
20

 The general detection limit is about 1% 

but can go as low as 0.1% in certain cases.
21

 

During the step-heating experiment, polymer thin films fabricated from PCPDTBT 

polymers P1-P3, drop cast from chlorobenzene solutions, were subjected to repetitive 

heating-cooling cycles (vide supra). The evolution of the chemical composition 

(structural modifications) within these films was monitored by in situ IR spectroscopy. 

Unlike MDMO-PPV, where the phenyl rings are linked by vinylene connectors, 

PCPDTBT polymers are made of alternating electron donor CPDT and electron 

acceptor BT units, interconnected by C-C single bonds. The only functionalities present 

along the polymer backbone are the solubilizing alkyl chains. Due to a reduced number 

of functional groups present in PCPDTBT-type materials, polymers P1-P3 will 

probably give rise to a reduced variety and number of degradation products. Knowing 

that PFs are characterized by the apparition of a keto defect upon thermal stress and 

under oxygen/air atmosphere, and having in mind the structural resemblance between 

fluorene and CPDT derivatives, such defect was expected to occur under the same 

conditions. Therefore, this series of experiments was conducted by continuously 

flushing the measurement cell with compressed air.  

The results showed very similar behavior for P1’ (Figure 4.7) and P2’ (Figure 4.8). In 

both cases, a reduction of the intensities of the C-H stretching bands located between 

2960 and 2850 cm
-1

 was observed (see Table S4.1), in the same temperature interval of 

200-225 
o
C. These bands were drastically reduced at 225 

o
C, their complete 

disappearance occurring already at 250 
o
C. 
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Figure 4.7. IR spectra of polymer P1’ (top) for the as cast film and after sequential heating-cooling cycles 

and a zoom of the alkyl C-H stretching region (bottom). 
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Figure 4.8. IR spectra of polymer P2’ for the as cast film and after sequential heating-cooling cycles. 

 

 

Figure 4.9. IR spectra of polymer P3 for the as cast film and after sequential heating-cooling cycles.  

 

For P3 (Figure 4.9), a strong reduction of the C-H stretching band intensity was already 

noticed after heating the film at 200 
o
C, drastic reduction occurring above 225 

o
C. The 

slightly different behavior of P2’ and P3, both carrying linear chains, is difficult to 

explain. A very important issue concerning conjugated polymers is the purity of these 

materials. The presence of traces of residual metal catalysts has proven to accelerate the 

degradation of photoactive species.
8
 Additionally, the protocol used for the synthesis of 
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the CPDT building blocks, as well as small impurities still present in the final 

polymers, might also have a contribution to the stability of these materials. 

Traces of silicone grease, i.e. polydimethylsiloxane (PDMS), alter the film forming 

properties of the polymers. This optically clear and heat resistant compound will lead to 

extremely “slippery” hydrophobic polymer solutions, which afford inhomogeneous 

films. The contamination can occur during the reaction and even during Soxhlet 

extraction of the polymers, where silicon grease is used for lubricating the glass 

stopcocks and joints. For P3, PDMS contamination was noticed by IR, as 

unambiguously identified by the fingerprint located at 1261 cm
-1 

(C-Si, see Figure 

S4.2). Subsequent washing of the polymer with dichloromethane, a solvent which 

preferentially dissolves PDMS, allowed almost complete removal of this impurity. The 

purified polymer showed improved film forming properties which resulted in more 

homogeneous films. Additionally, the characteristic band of PDMS was considerably 

reduced. 

At temperatures above 150 
o
C, all polymers showed a reduction of the (aliphatic) C-H 

stretching bands located between 2960-2850 cm
-1

 and the band located at 1500 cm
-1 

(CPDT unit), which was accompanied by the apparition of a broad band situated 

between 1800 and 1600 cm
-1

. The origin of this band most probably resides in the 

formation of degradation products possessing carbonyl functionalities, e.g. aromatic 

and/or aliphatic ketones, carboxylic acids, etc. The latter are hard to identify since the 

presence of a broad band belonging to the O-H vibrations (above 3000 cm
-1

) is not 

distinguishable. A possible way for identifying these carbonyl functionalities could be 

to apply a chemical derivatization method.
22

  

 

4.2.5. TG-TD-GC/MS Study of PCPDTBT Polymers  

Thermogravimetric analysis (TGA) is a very useful technique which allows the 

quantification of the volatile organic compounds (VOCs) that evolve from a given 

sample at elevated temperatures. Heating the samples up to ~1000 
o
C in a N2 

atmosphere, at a rate of 20 
o
C min

-1
, resulted in pyrolysis of the studied polymer 

species. The degradation process normally occurs in two steps, i.e. degradation of the 

side chains followed by degradation of the backbone. TGA screening experiments were 

conducted for the determination of the temperature interval(s) where weight loss was 
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observed. After this screening, combined TG-TD-GC/MS (thermogravimetry-thermal 

desorption-gas chromatography/mass spectrometry) experiments were carried out, in 

which the VOCs evolving from the polymers during the TGA were trapped on Tenax 

columns, in two steps, according to the predetermined temperature intervals. This 

hyphenated technique allows, in a second step, the thermal desorption of the VOCs and 

separation of the analytes in function of their interaction with the stationary phase 

(based on the intrinsic properties of the analytes such as molecular weight, volatility, 

polarity, etc.). Identification of the thermal decomposition products helps to elucidate 

the degradation mechanism taking place in these polymers. 

The preliminary TGA results showed that P1 and P1’ lose 20% weight at ~450 
o
C, 

while P2’ and P3 showed an initial 27 and 22% weight loss, respectively, at ~475 
o
C 

(Figure 4.10, Table 4.2). The total weight loss, recorded at ~960 
o
C, was 83, 55 and 

73% for P1/P1’, P2’ and P3, respectively. This result is in agreement with the observed 

stability of the polymers during the UV-Vis experiments, which increases from P1/P1’ 

to P3 and P2’.  

 

Table 4.2. Overview of the theoretical (estimated) weight loss and the values issued from TGA. 

Polymer 

Theoretical  TGA

Side 

Chains 
Backbone 

Weight Loss (%)/ 

Temperature (
o
C) 

% % 1
st
 step 2

nd
 step 3

rd
 step Total 

P1 and P1’ 42.3 57.7 20/447 75/910 / 83/963 

P2’ 42.3 57.7 27/473 52/672 / 55/962 

P3 52.4 47.6 22/472 47/577 58/640 73/963 
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Figure 4.10. TGA data for polymers P1/P1’ (top), P2’ (middle) and P3 (bottom). 
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According to TGA, two temperature ranges were selected for the TG-TD-GC/MS 

study, i.e. 20-550 
o
C and 550-1000 

o
C. During the first step, the expected major 

degradation process is the loss and/or fragmentation of the side chains present on the 

CPDT carbon bridge. Surprisingly, side chain degradation was not only restricted to 

cleavage of the 2-ethyhexyl, octyl and dodecyl substituents in P1/P1’, P2’, and P3, 

respectively, but was also accompanied by degradation of the cyclopentadiene ring 

(Figure 4.11, Table 4.3). In such cases, - and -cleavage of the alkyl chains, bonds b 

and a, respectively, was accompanied by cleavage of both c bonds (Figure 4.11). The 

presence of alkanes and alkenes for which the number of carbon atoms was superior to 

the length of the alkyl substituents present on the CPDT bridge can arise from cleavage 

of the c bonds and/or during a termination step, in which two free (alkyl) radicals 

combine in a natural way. Side chain degradation was not complete in the first 

temperature range and continued at temperatures superior to 550 
o
C. Above this 

temperature, degradation of the polymer backbone also took place. Thiophene, 2,1,3-

benzothiadiazole, benzene and cyclopentadiene appeared as most abundant volatiles. 

The presence of thiophene and 2,1,3-benzothiadiazole provides a proof of polymer 

chain scission. Benzene units could occur following further degradation of the 2,1,3-

benzothiadiazole unit and/or loss of the benzene groups introduced during the end-

capping step. Finally, the detection of cyclopentadiene could be explained by further 

degradation of the CPDT unit. 

 

 

Figure 4.11. Side chain cleavage accompanied by degradation of the CPDT unit. 

 

TG-TD-GC/MS revealed identical degradation pathways for both P1 and P1’, being an 

indication that the synthetic route used for the generation of the CDPT unit has no (or 

very little) influence on the thermal stability of PCPDTBT low band gap copolymers. 
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Table 4.3. Most abundant degradation compounds revealed by TG-TD-GC/MS analysis. 

P1 and P1’  

1
st
 step (20-550 

o
C) 2

nd
 step (550-1000 

o
C) 

Heptane Butane + butene  

3-Methylheptane + alkene Benzene
a
 

Tridecane Thiophene  

Pentadecane 2,1,3-Benzothiadiazole 

1-Hexene Undecene 

Butane + butene Heptane 

 Triphenylphosphine oxide
a 

P2’  

Hexane + hexene Benzene 

Heptane + heptene Thiophene 

Octane + octene Heptane + heptene 

Undecene Octane + octane 

2,1,3-Benzothiadiazole 2,1,3-Benzothiadiazole 

P3  

Undecane + alkene(s) Undecane + alkene(s) 

Dodecane + dodecene Dodecane + dodecene 

Pentadecane Octane 

Decane + decene Nonene 

Pentane + pentene Cyclopentadiene  

Benzene
a
 Triphenylphosphine oxide 

 Siloxane
b
 

a Detected in P1’; b Small amounts were detected in all samples, with the highest degree of contamination 

noticed for P3. 
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4.3. Conclusions 

The synthesis of a series of low band gap PCPDTBT polymers (P1/P1’, P2’ and P3, 

bearing two branched 2-ethylhexyl and two linear octyl and dodecyl side chains on the 

CPDT ring, respectively) was accomplished and their thermally induced degradation 

was monitored by UV-Vis and IR spectroscopy, and TG-TD-GC/MS. Deliberate 

incorporation of monoalkyl defects along the polymer chain, presumed to be 

responsible for accelerated degradation of the material (leading to keto defects) in 

terms of optical and electrical characteristics, was shown impossible due to the very 

unstable nature of the dibrominated monoalkyl-CPDT derivative. In ambient 

conditions, the latter was oxidized during the purification step (on silica) leading to the 

formation of an alkene.  

The optical properties of thin films of the PCPDTBT polymers were investigated 

under isothermal and step-heating conditions. As revealed by UV-Vis spectroscopy, the 

optical properties of P2’ and P3 remained virtually unchanged when heated to 200 
o
C 

for 1 day, while P1/P1’ showed a noticeable decrease in absorption when exposed to 

150 
o
C. Repetitive heating-cooling cycles had an annealing effect for P2’, while P3 and 

(more pronounced) P1’ showed degradation of the chromophore. 

The IR study revealed that the intensities of the C-H vibrations of the side chains 

decreased at temperatures above 150 
o
C and in the presence of air and/or oxygen, this 

being accompanied by the apparition of a broad band between 1800 and 1600 cm
-1

, 

suggesting the formation of carbonyl derivatives. This technique also revealed PDMS 

contamination of the polymers, which explained the poor film-forming properties.  

TGA in a N2 atmosphere revealed a two-step thermal degradation process of the 

polymers. The first step, between 20 and ~550 
o
C, was mainly characterized by 

degradation of the alkyl side chains. This process continued on a second stage, from 

550 
o
C up to ~960 

o
C, and was accompanied by additional degradation of the polymer 

backbone. A combined TG-TD-GC/MS analysis allowed identification of the alkane 

and alkene derivatives released upon -and -cleavage of the side chains, as well as 

aromatic units from degradation of the polymer backbone. Traces of PDMS were 

detected in all polymers, the highest degree of contamination being noticed for P3. 

Additionally, residual triphenylphosphine oxide, presumably from the palladium 

catalyst (Pd(PPh3)4) used in the polymerization reaction, was detected for P1’ and P3. 
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TG-TD-GC/MS also revealed that the synthetic route by which the CDPT scaffold was 

obtained had no or very little influence on the stability of the final polymers. 

In general, this study showed that P2’, bearing linear octyl side chains, had superior 

thermal stability compared to P3 and P1/P1’, bearing linear dodecyl and branched 2-

ethylhexyl side chains, respectively. It became clear that the pendant alkyl groups, 

introduced merely for granting solubility to the final polymers, are not just dormant 

entities, but dictate both the performance of the device (by altering the active layer 

blend nanomorphology) and the (thermal) stability of the photoactive material (blend).  

On the other hand, this study also revealed that the thermal degradation pathway of 

PCPDTBT derivatives probably does not involve keto intermediates, as has been 

demonstrated for PFs, as such signatures were not clearly identified. These findings are 

in agreement with and support the changes noticed during the synthesis and 

bromination of the monoalkylated CPDT derivative. 
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4.4. Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) or the 
13

C resonance shift of CDCl3 (77.16 ppm). Gas 

chromatography-mass spectrometry (GC-MS) analyses were carried out applying 

Chrompack Cpsil5CB or Cpsil8CB capillary columns. Molecular weights and 

molecular weight distributions were determined relative to polystyrene standards 

(Polymer Labs) by gel permeation chromatography (GPC). Chromatograms were 

recorded on a Spectra Series P100 (Spectra Physics) equipped with two mixed-B 

columns (10 µm, 0.75 cm x 30 cm, Polymer Labs) and a refractive index detector 

(Shodex) at 40 °C. THF was most often used as the eluent at a flow rate of 1.0 mL min
-

1
. If chlorobenzene was used as the eluent, the temperature was raised to 80 °C. In situ 

UV-Vis measurements were performed on a Cary 500 UV-Vis-NIR spectrophotometer, 

specially adapted by Varian to contain a Harrick high-temperature cell, with a scan rate 

of 600 nm min
-1

 in a continuous run from 1000 to 200 nm. The polymers were drop-

cast from a chlorobenzene solution (10 mg mL
-1

) on a quartz glass substrate, which was 

heated in the Harrick high temperature cell specially adapted by Harrick to be 

positioned in the beam of the UV-Vis-NIR-spectrophotometer. The temperature of the 

film was controlled by a dual channel temperature controller from Watlow (serial 

number 999). Spectra were taken every 10 min. The heating rate was 2 °C min
-1 

up to 

250 °C. All measurements were performed under a continuous flow of nitrogen. Step-

heating experiments with in situ collection of infrared spectra were performed in a 

Harrick high-temperature cell (purchased from Safir), which was positioned in the 

beam of a Perkin-Elmer Spectrum One FT-IR spectrometer. Infrared spectra were 

collected with a resolution of 4 cm
-1

 (16 scans) using films drop-cast from a 

chlorobenzene solution (10 mg mL
-1

) on a NaCl disk. The temperature of the film was 

controlled by a dual channel temperature controller from Watlow (serial number 999). 

All experiments were performed at a heating rate of 2 °C min
-1 

under a continuous flow 

of compressed air. TGA measurements were performed on a TA instrument 951 

thermogravimetric analyzer with a continuous nitrogen flow of 80 mL min
-1

 and a 

heating rate of 20 °C min
-1

. Polymer samples (5 mg) were inserted in the solid state. 

Collection of released volatiles occurred on self-packed Tenax tubes (Tenax TA 60/80 
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Grace) in 2 fractions: 20-550 °C and 550-1000 °C. Samples were thermally desorbed 

with a Unity-1 thermal desorber (Markes) equipped with an Ultra-TD autosampler 

(Markes), operating under the following experimental conditions: tube desorption 20 

min at 270 °C, cold trap temperature -10 °C, heating of general purpose cold trap 15 

min at 320 °C, helium desorption flow 20 mL min
-1

, inlet and outlet split flow 75 mL 

min
-1

. Analytes were transferred to a Trace Ultra GC Thermo gas chromatograph 

equipped with a ZB5-MS, 30 m x 0.25 mm x 0.25 µ(df) fused silica column. The initial 

temperature (30 °C) was maintained for 5 min, ramp rate of 8 °C min
-1

 to 100 °C, hold 

time 0 min, ramp rate of 12 °C min
-1

 to 310 °C, with a subsequent hold time 5 min. 

Mass spectrometric analyses were carried out on a DSQ-I mass spectrometer (Thermo) 

in EI
+ 

mode (electron energy 70 eV), scan conditions: 33 to 480 m/z in 0.4 s. 

 

Synthesis 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. 2,1,3-Benzothiadiazole-4,7-bis(boronic 

acid pinacol ester) (95%) (2) was purchased from Sigma Aldrich and used without 

further purification. 

2,6-Dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (1a/1a’) 

were synthesized according to literature procedures.
13,23 

Material identity was 

confirmed by GC-MS and 
1
H NMR.  

Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]-dithiophene)-alt-4,7-

(2,1,3-benzothiadiazole)] (PCPDTBT) (P1/P1’) was synthesized using a general 

polymerization procedure from 1a/1a’ and 2 according to a modified literature 

procedure.
15

 The phase transfer catalyst (PTC) Aliquat 336 was replaced by a high 

temperature resistant PTC, i.e. Aliquat
TM

 HTA-1. P1 was isolated as a dark green 

powder (yield: 84%).
24

 GPC (THF, PS standards) Mn = 1.8 x 10
4
 g mol

-1
, Mw = 3.6 x 

10
4
 g mol

-1
, PDI = 2.0. P1’ was isolated as a dark green powder (yield: 72%). GPC 

(THF, PS standards) Mn = 1.1 x 10
4
 g mol

-1
, Mw = 2.3 x 10

4
 g mol

-1
, PDI = 2.1.  

2,6-Dibromo-4,4-dioctyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (1b’) was 

synthesized according to a literature procedure.
13 

Material identity was confirmed by 

GC-MS and 
1
H NMR. 
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Poly[2,6-﴾4,4-dioctyl-4H-cyclopenta2,1-b:3,4-b’dithiophene)-alt-4,7-﴾2,1,3-

benzothiadiazole)] (PCPDTBT) (P2’) was synthesized according to the general 

polymerization procedure from 1b’ and 2. P2 was isolated as a dark green powder 

(yield: 72%).
25

 GPC (CB, PS standards) Mn = 8.3 x 10
3
 g mol

-1
, Mw = 1.4 x 10

4
 g mol

-1
, 

PDI = 1.6. 

2,6-dibromo-4,4-didodecyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (1c) was 

synthesized according to a literature procedure.
26 

Material identity was confirmed by 

GC-MS and 
1
H NMR. 

Poly[2,6-(4,4-didodecyl)-4H-cyclopenta[2,1-b:3,4-b’]-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) (P3) was synthesized according to the general 

polymerization procedure from 1c and 2. P3 was isolated as a dark green powder 

(yield: 95%).
26

 GPC (CB, PS standards) Mn = 1.6 x 10
4
 g mol

-1
, Mw = 7.2 x 10

4
 g mol

-1
, 

PDI = 4.5. 

4H-Cyclopenta[2,1-b:3,4-b’]dithiophene (3) was synthesized according to a literature 

procedure.
12a 

Material identity was confirmed by GC-MS and 
1
H NMR. 

4-(2-Ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (4a): n-BuLi (2.5 M in 

hexane, 0.39 mL) was added dropwise to a solution of 3 (0.160 g, 0.90 mmol) in THF 

(8 mL), cooled to 0 
o
C by means of an ice bath. The mixture was allowed to warm-up 

to r.t. and was left at this temperature for 1.5 h. A solution of 2-ethylhexyl bromide 

(0.191 g, 0.99 mmol) in THF (5 mL) was then added and the mixture was allowed to 

react at r.t. overnight. The reaction was quenched by addition of water. The organic 

layer was separated and the aqueous layer was extracted with diethyl ether. The 

combined organic extracts were dried over MgSO4, filtered and concentrated by 

evaporation in vacuo. The residue was purified by column chromatography (silica, 

eluent hexane) to afford a colorless oil (0.146 g, 56%). GC-MS (EI) m/z 290 [M
+
]; 

1
H 

NMR (300 MHz, CDCl3)  7.15 (d, J = 4.8 Hz, 2H), 7.05 (d, J = 4.8 Hz, 1H), 7.04 (d, J 

= 5.1 Hz, 1H), 3.70 (t, J = 8.1 Hz, 1H), 1.66-1.58 (m, 2H), 1.49-1.39 (m, 1H), 1.32-

1.24 (m, 8H), 0.92-0.86 (m, 6H); 
13

C NMR (75 MHz, CDCl3)  154.90, 154.84, 137.5, 

124.4, 122.8, 42.4, 37.4, 36.1, 32.8, 28.7, 25.9, 23.2, 14.3, 10.6. 

2,6-Dibromo-4-(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (5a) and 2,6-

dibromo-4-(2-ethylhexylidene)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (5b): 4-(2-

Ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (4a) (0.400 g, 1.38 mmol) was 

dissolved in DMF (25 mL) and the mixture was cooled to 0 
o
C by means of an ice-bath 
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(the reaction was run in the dark and under nitrogen atmosphere). Subsequently, a 

solution of NBS (0.491 g, 2.76 mmol) in DMF (25 mL) was added drop-wise and the 

mixture was allowed to react at r.t. for 1 h. Water (10 mL) was added and the aqueous 

layer was extracted with CH2Cl2. The combined organic layers were dried over MgSO4, 

filtered and concentrated by evaporation in vacuo. The crude product was purified by 

column chromatography (silica, eluent hexane). 

The crude reaction mixture as analyzed by GC-MS and 
1
H NMR (see Figure S4.3), 

consisted of a mixture of 5a and 5b, which were present in a ~1:0.1 ratio. GC-MS (EI) 

m/z 446/448/450 and 444/446/448 [M
+
]. Upon column chromatographic purification, a 

yellow oil was recovered (0.492 g, 80%), which was identified as pure 5b. 
1
H NMR 

(300 MHz, CDCl3)  7.17 (s, 1H), 7.15 (s, 1H), 6.13 (d, J = 10.8 Hz, 1H), 2.80-2.71 (m, 

1H), 1.68-1.57 (m, 2H), 1.47-1.37 (m, 2H), 1.29-1.25 (m, 4H), 0.91-0.83 (m, 6H); 
13

C 

NMR (75 MHz, CDCl3)   144.0, 140.44, 140.36, 139.1, 135.4, 130.5, 125.6, 122.8, 

111.0, 110.4, 42.5, 35.3, 29.9, 28.7, 23.0, 14.1, 12.1. 
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4.6. Supporting Information 

 

 

Figure S4.1. Profile of the temperature vs time used in the step-heating experiment. 

 

 

Figure S4.2. IR spectra of a contaminated sample of polymer P3 as cast film. 
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Figure S4.3. 1H NMR spectrum of the crude reaction mixture after bromination of 4a, indicating the 

formation of 5a as the major reaction product and 5b being present in very small amounts. 
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Table S4.1. Assignment of the main IR features of P1/P1’, P2’ and P3. 

P1/P1’ 

 cm
-1

) 

P2’ 

 cm
-1

) 

P3 

 cm
-1

) 
Assignment 

2954 2956 2958 CH3 asymmetric stretching 

2922 2926 2922 CH2 asymmetric stretching 

2890 / / CH3 symmetric stretching 

2856 2850 2852 CH2 symmetric stretching 

1958 1958 1958 C=C asymmetric stretching 

1506 1500 1498 C=C stretching out of phase 

1398 1400 
1398 

C=C stretching in phase 

1180  1180 =C-H bending in plane 

1142  1142 ring deformation in plane 

1076  1076 CH3, CH2 rocking 

822 814 814 =C-H in plane bending 

 804 798 =C-H out of plane bending 
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5.1.  Introduction 

The number of studies on the design and synthesis of light harvesting organic materials 

used in optoelectronic devices, i.e. organic light emitting diodes (OLEDs), field effect 

transistors (OFETs) and photovoltaics (OPVs), has increased almost exponentially in 

the last decade. Depending on the device architecture and function, the photoactive 

materials need to fulfill certain criteria in order to deliver optimal output parameters. In 

OLEDs for instance, materials that emit light in the visible range of the solar spectrum 

with high electroluminescence quantum efficiencies are required.
1
 For OFETs, organic 

semiconductors with high charge carrier mobilities are desirable. Additionally, a high 

degree of crystallinity and tendency to self-assemble facilitate unidirectional charge 

transport.
2
 In OPVs, materials with a broad (absorption) coverage of the solar spectrum, 

ideally extended toward the low energy side of the spectrum where the photon flux is 

most abundant, are required.
3
 The use of either individual or a combination of 

conjugated heteroaromatic building blocks in the synthesis of optically active materials 

has proven to be very successful. In general, the use of a strong chromophore is 

required, and integration in donor-acceptor architectures is one of the most versatile 

approaches used for tuning the band gap, i.e. the energy levels of the material. 

While polymer OPV materials are almost exclusively processed from solution, small 

molecules are traditionally processed by vacuum deposition techniques. Solution 

processing is strongly preferred due to reduced energy consumption and lower 

manufacturing costs. Therefore, there is also increased interest in solution processing of 

small molecules as active (light harvesting) donor and acceptor materials in organic 

photovoltaics.
4
 To encompass the strong - interchain interactions of conjugated 

(polymer) materials, solubilizing side chains are generally introduced. Most often, these 

are linear or branched alkyl groups, connected to the (hetero)aromatic unit by C-C or 

C-O single bonds. The side chains not only render the material soluble in common 

organic solvents, simplifying synthetic protocols and material purification, but they 

also have a huge impact on the organization and interactions between individual 

molecules and/or polymer chains.
5
 As a rule of thumb, linear substituents enhance the 

degree of order while branched chains introduce disorder. On the other hand, linear 

substituents generally induce a lower degree of solubility compared to the branched 

ones. Side chains can additionally be used as a tool for controlling the optical properties 
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of the -conjugated monomers and polymers. The introduction of ethenyl spacers 

between the side chains and the heteroaromatic unit leads to an extension of the 

conjugated system. In most cases this results in a broadening of the absorption window 

of the photoactive species and it also has an impact on the conducting properties and 

the degree of order (interactions) within the material.
6
  

The electron deficient quinoxaline (Qx) moiety has been introduced on numerous 

occasions as an interesting candidate for integration in organic electronics.
7,8

 In the 

OPV field, a number of donor-acceptor copolymers incorporating quinoxaline units as 

the electron poor components have appeared, showing rather high solar cell 

efficiencies.
8
 

In this paper we present a series of novel 2D-conjugated quinoxaline derivatives 

specifically designed for optoelectronic applications. For all these materials the side 

chains, i.e. alkyl, aryl or heteroaryl units, are separated from the electron deficient 

quinoxaline core by ethenyl and/or butadienyl spacers. As reference materials, 

derivatives for which the side chains are directly attached to the quinoxaline core by C-

C single bonds were synthesized as well. The influence of the side chains on the 

optical, chemical and physical properties of the materials is discussed. Some of the 

quinoxaline materials were also applied in cross coupling reactions, which afforded a 

series of donor-acceptor-donor type small molecules with enhanced optical 

characteristics. The gain in absorption which is achieved at the monomer stage is 

preserved, and even enhanced, when the conjugation in the horizontal (quinoxaline) 

plane is extended. As a result, these compounds are promising materials for 

applications in optoelectronic devices, notably when incorporated in low band gap 

copolymers.  

 

5.2.  Results and Discussion 

5.2.1. Synthesis and Optical Characterization of 5,8-Dibromoquinoxaline 

Monomers 

Electron deficient quinoxaline heterocycles have proven to be very versatile building 

blocks that can easily be functionalized.
8-9

 Addition of bromine atoms in positions 5 

and 8 makes them very suitable coupling partners for Suzuki and/or Stille 

polycondensation reactions.
8a,10

 Therefore, at a first stage, the bromine atoms were 
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introduced on the precursor level, i.e. 2,1,3-benzothiadiazole (1), using a mixture of Br2 

and HBr (Scheme 5.1).
11

 Sulfur extrusion in the presence of NaBH4 afforded the 

corresponding diamine 3.
12

 The quinoxaline cores were then obtained by condensation 

reactions between diketones 4 and 3,6-dibromo-o-phenylenediamine (3). At this point, 

the introduction of the different side chains, which are directly attached to the 

quinoxaline core by a C-C single bond, can be achieved by employing different 

diketones 4. Thus, 2,3-diphenyl-5,8-dibromoquinoxaline (M1), 2,3-bis(thien-2-yl)-5,8-

dibromoquinoxaline (M2), and 2,3-bis[5-(2-ethylhexyl)thien-2-yl]-5,8-

dibromoquinoxaline (M3) were synthesized in good yields (66-95%) by p-

toluenesulfonic acid (p-TsOH) mediated condensation of diphenylethanedione, 1,2-

di(thiophen-2-yl)ethane-1,2-dione and 1,2-bis(5-(2-ethylhexyl)thien-2-yl)ethane-1,2-

dione, respectively, with diamine 3 (Scheme 5.1).
13

 These derivatives (M1-M3) further 

on served as reference compounds for the evaluation of the optical properties of the 

quinoxaline derivatives bearing ethenyl and butadienyl spacers between the (donor) 

side chains and the quinoxaline core. Further use of these monomers in polymer 

materials was not envisaged since they would most probably lead to insoluble 

derivatives that do not allow solution processing. 

 

 

Scheme 5.1. Synthesis of quinoxaline monomers M1-M3. 

 

For the synthesis of Qx derivatives with broadened absorption patterns, the quinoxaline 

derivative M0, bearing bromomethyl groups in positions 2 and 3, was synthesized as a 

common precursor (Scheme 5.2). Further transformations involved an Arbuzov 
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reaction (leading to the formation of a phosphonate), followed by Horner-Wadsworth-

Emmons condensation in the presence of an (alkenyl)aldehyde A4-A9. 2D-Conjugated 

quinoxaline monomers M4-M9 were synthesized in this way in good yields (56-80% 

starting from M0). 

 

Scheme 5.2. Synthesis of 2D-conjugated quinoxaline monomers M4-M9. 

 

The UV-Vis spectra of monomers M1-M3 (Figure 5.1) showed a bathochromic shift 

upon going from phenyl to thienyl and 5-(2-ethylhexyl)thienyl substituents. While M1 

was characterized by a unique absorption band with a maximum at ~350 nm, for M2, 

and even more pronounced for M3, the absorption window was extended toward the 

visible region of the spectrum and displayed a second absorption band covering the 

350-450 nm range. The replacement of the phenyl units by (substituted) thienyl groups 

creates an enhanced 2D-conjugation pathway within the molecules, with additional 

intramolecular charge transfer (from the donor side chains to the acceptor quinoxaline 

core). For M3, the alkyl substituent in position 5 of the thiophene ring seemed to 

slightly increase the donor strength of the appended side chains, resulting in enhanced 

intramolecular charge transfer within the system.  

The introduction of ethenyl and butadienyl spacers between the quinoxaline core and 

the linear alkyl substituents afforded monomers M4 and M5, respectively. The 

absorption spectra of these derivatives were characterized by a main band located in the 

UV region and a weak secondary band extended into the visible range (Figure 5.1). The 

incorporation of a conjugated butadienyl spacer in M5 resulted in a red-shift of the 



Chapter 5 

 

134 

main and secondary absorption bands with ~50 nm compared to M4. The replacement 

of the alkyl end groups by alkoxyphenylene and thienyl (hetero)aromatic moieties in 

M6/M7 and M8, respectively, resulted in an additional red-shift for both absorption 

bands, and the low energy band (between 400 and 500 nm) became progressively 

(slightly) more intense as a result of enhanced conjugation between the quinoxaline 

core and the (hetero)arylene-vinylene side chains. M6 and M8 were again merely 

synthesized for comparison and were not used in further transformations due to the 

likeliness of solubility issues. The contribution of the additional alkyl chains in M7 on 

the absorption pattern was negligible. As a consequence, regardless of the length of the 

alkyl substituent of the ether functionality, and even in absence of a substituent, the 

absorption spectra of M6, M7 and M8 were almost overlapping. Monomer M9, bearing 

5-(2-ethylhexyl)thien-2-yl side chains connected by ethenyl linkers to the quinoxaline 

core, displayed the best optical properties. In case of the thienyl substituents, the 

additional alkyl side chains resulted in an absorption spectrum with an enhanced 

coverage of the solar spectrum, characterized by three distinct maxima located at 350, 

415 and 450 nm, with a shoulder extending beyond 500 nm.  

At this point we can conclude that M9 appeared as the best Qx monomer in terms of 

optical absorption. This derivative, decorated with pendant 2-ethylhexyl branched alkyl 

side chains, also showed excellent solubility in common organic solvents. Monomers 

M6 and M7 are situated right behind. The latter have shown, however, some solubility 

issues, which rendered purification and further transformations somewhat difficult. 

Based on their excellent processability and still appealing optical characteristics, M4 

and M5 were also employed further on in various cross coupling reactions. 
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Figure 5.1. UV-Vis spectra (normalized, from chloroform solution) of Qx monomers M1-M9  

and polymer P1. 

 

5.2.2.  Synthesis and Optical Characteristics of Donor-Acceptor-Donor Triads 

Preliminary tests showed that P1 (Mn = 6.8 x 10
4
 g mol

-1
, PDI = 6.0) (Scheme 5.3), the 

homopolymer synthesized by Ni
0
 mediated Yamamoto polycondensation of Qx 

monomer M7, showed almost identical absorption spectra with its monomer (Figure 

5.1).
14

 In P1, the contribution of the vertical conjugation induced by the side chains 

appeared, surprisingly enough, to be significantly diminished compared to the 

monomer. Additionally, no further increase in the conjugation length was observed in 
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the (horizontal) quinoxaline plane, most probably caused by pronounced twisting along 

the polymer backbone which drastically disrupts the conjugation.
14

  

 

 

Scheme 5.3. Synthesis of Qx homopolymer P1 by Yamamoto polycondensation. 

 

Minimizing the steric hindrance between two neighboring quinoxaline units can be 

achieved by the introduction of spacers, e.g. vinylene spacers or small aromatic units 

such as thiophene.
15

 The most convenient way to assemble such expanded units is by 

means of Suzuki or Stille cross coupling reactions.
16

 For toxicity reasons the former is, 

whenever possible, preferred. Therefore, we decided to assemble thiophene-Qx-

thiophene triads by Suzuki cross coupling reactions (Scheme 5.4). This should allow to 

minimize sterically induced twists in the horizontal backbone and to enhance the 

conjugation within the expanded quinoxaline molecules. 2-Thiopheneboronic acid (6) 

was readily synthesized starting from thiophene.
17

 In order to promote the 

transmetallation, the activation of boronates is achieved by employing a base. Very 

often these are aqueous carbonate or phosphate solutions, leading to biphasic reaction 

mixtures. As such, the use of a phase transfer catalyst is required. Moreover, the basic 

reaction conditions are not always compatible with the functional groups present or 

may give solubility problems. In these cases, the use of “water-free” Suzuki conditions, 

in which e.g. CsF is employed as a base, is required.
18

 Due to the relatively poor 

solubility of M7 in a biphasic solvent system and its tendency to precipitate, the use of 

a homogenous reaction mixture was mandatory for the synthesis of M10 (Scheme 5.4). 

The optimized conditions were then also employed for the synthesis of monomers 

M11-M13. Even when using a three-fold excess of the boronic acid (6 equiv), the 

triads were obtained in relatively low yields (41-78%). The low efficiency of the 
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coupling reaction could be due to low reactivity of the quinoxaline monomers toward 

such transformations or the non-optimized water-free Suzuki conditions.  

 

 

Scheme 5.4. Synthesis of donor-acceptor-donor triads M10-M13 via Suzuki cross coupling reactions. 

 

For derivatives M10-M13, the introduction of thiophene groups in positions 5 and 8 of 

the quinoxaline unit had little influence on their optical properties (Figure 5.2). 

Compared with the corresponding monomers, the onset of the absorption spectra of the 

donor-acceptor-donor triads was almost unchanged. This could be due to a competition 

between the vertical and the horizontal conjugation within the system, induced by the 

conjugated side chains and the thiophene units. Nevertheless, the main absorption 

bands, located between 300 and 400 nm, were broadened and slightly red-shifted. Once 

more, the derivative with the 5-(2-ethylhexyl)thien-2-yl side chains showed the most 

promising (broadest and most red-shifted) absorption profile. 
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Figure 5.2. UV-Vis spectra (normalized, from chloroform solution) of 

donor-acceptor-donor triads M10-M13. 

 

At this point it became clear that future polymerization of the novel quinoxaline 

monomers M4-M9 by Suzuki polycondensation reactions (toward Qx polymers 

applicable in OPVs), for which efficient coupling of the monomers using a precise 1:1 

feed ratio is required, was not viable. It was envisaged that introducing bromine atoms 

in position 5 of the thiophene rings of the triads M10-M13 would lead to a more 

reactive unit toward Suzuki reactions. In order to exploit this possibility and to obtain 

the dibrominated triads, a new synthetic pathway was required as it was expected that 

the presence of the ethenyl and/or butadienyl spacers could create problems. The 

introduction of the side chains, and in consequence the spacers, should preferably be 

accomplished in the final step of the synthetic protocol, the bromine atoms being 

already present at this point. Retrosynthetic analysis indicated that two possible 

pathways (A and B) could be employed for the synthesis of the target triads M14-M17 

(Scheme 5.5). The introduction of the conjugated side chains could be achieved passing 

by bisphosphonate intermediate 12. The latter could be synthesized by direct 

bromination of triad 11 or could be generated in situ by treatment of derivative 9 with 

triethyl phosphite. For pathway A, precursor 9 could be obtained by direct bromination 

of triad 8 in the presence of N-bromosuccinimide (NBS). The quinoxaline core 8 could 

be obtained by sulfur extrusion followed by condensation with 1,4-dibromo-2,3-

butanedione (5). The Suzuki cross coupling reaction could thus be performed at the 
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precursor stage, between thiophene-2-boronic acid and 4,7-dibromo-2,1,3-

benzothiadiazole (2) or, alternatively, 2-bromothiophene and 2,1,3-benzothiadiazole-

4,7-bis(boronic acid pinacol ester) (13). In pathway B, bisphosphonate triad 11 could 

be synthesized by Suzuki coupling between Qx 10 and thiophene-2-boronic acid.  

Following synthetic pathway A (Scheme 5.6.), the synthesis of Qx monomer M17 

could be accomplished. Initial screening of the Suzuki coupling reaction between 

thiophene-2-boronic acid and 4,7-dibromo-2,1,3-benzothiadiazole (2), using a series of 

conditions in which the base (K2CO3 and CsF), the solvent (toluene, toluene:H2O and 

1,2-dimethoxyethane) and the palladium catalyst (PdCl2(dppf) and Pd(PPh3)4) were 

varied, showed rather poor efficiency of the coupling reaction. The major products 

isolated were the starting material 2 and the mono-coupled product, which were 

accompanied by very low amounts of the expected bicoupled product 7. These three 

derivatives being very hard to separate by column chromatography, we have tempted to 

push the reaction toward the formation of compound 7 by treating the crude reaction 

mixture with an additional amount of thiophene-2 boronic acid. This resulted in full 

conversion of the mixture to the bicoupled product.  
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Scheme 5.5. Retrosynthetic analysis for the dibrominated triads M14-M17. 
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Introduction of bromine atoms in triad 7 was successful, but further treatment with 

LiAlH4 (in view of generating the corresponding diamine) resulted in a cleavage of the 

bromine atoms and afforded, upon condensation with 1,4-dibromo-2,3-butanedione (5), 

the non-brominated derivative 8 instead of triad 9. The thiophene bromination step 

leading to 9 was therefore postponed and performed on triad 8 (which was smoothly 

obtained from 7).  

 

 

Scheme 5.6. Synthesis of Qx monomer M17 bearing adjacent 2-bromothiophene units. 

 

Treatment of triad 7 with LiAlH4 resulted in the formation of the corresponding 

diamine. Due to the very unstable character of this derivative, it was used further on as 

isolated upon extraction and was immediately employed in the acid mediated 

condensation with 1,4-dibromo-2,3-butanedione (5), which led to the formation of 

derivative 8, albeit in low overall yield (12%). Subsequent bromination in the presence 

of NBS afforded dibrominated derivative 9. Generation of intermediate 12 upon 

treatment with triethyl phosphite, followed by basic treatment and reaction with an 

aldehyde, can provide access to derivatives M14-M17 (Scheme 5.5). Being interested 
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in derivatives that possess the broadest possible absorption windows, and bearing in 

mind the solubility issues of the derivatives with alkoxyphenylene substituents, only 

the synthesis of dibrominated triad M17 was pursued. 

Following (retro)synthetic pathway B, derivative 10 resulted as the sole reaction 

product upon reaction of quinoxaline M0 and triethyl phosphite. Subsequent Suzuki 

coupling using an excess of thiophene-2-boronic acid (6.0 equiv) afforded triad 11. 

Derivative 12 was then obtained by direct bromination of 11 with NBS. Basic treatment 

of 12 with NaH, followed by reaction with aldehyde A7, led to the formation of 

monomer M17 in low yield. The very polar nature of the phosphonate functionalities 

present in compounds 11 and 12 makes work-up, purification and isolation (by means 

of column chromatography) very difficult, time-consuming and renders this synthetic 

route inefficient.  

Preliminary polymerization reactions between dibrominated triad M17, isolated as a 

purple solid, and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (13) 

resulted in insoluble green polymers. The reason could be that the two branched side 

chains present on the quinoxaline unit are not sufficient for rendering the resulting 

polymers soluble. As a result, the introduction of additional solubilizing side chains on 

the thiophene units was investigated. 

The most straightforward and facile manner to accomplish this was the introduction of 

alkyl (hexyl) side chains in position 3 of the thiophene rings. For this purpose, the 

synthesis of 2-bromo-3-hexylthiophene (14) (Scheme 5.7) was performed following a 

literature procedure.
19

 Subsequent Suzuki coupling with 2,1,3-benzothiadiazole-4,7-

bis(boronic acid pinacol ester) (13) afforded triad 15. This approach was by far more 

efficient than in the previous case (synthesis of 7), the yields and selectivity of the 

reaction being clearly superior for the bicoupled product. The main drawback of this 

reaction is the relatively expensive derivative 13, but the atom economy (2.5 vs 6 

equiv) of the reaction strongly favors this route. The following steps in the synthetic 

protocol were identical as for the synthesis of M17. The final triad M18 was isolated as 

a deep orange oil. The introduction of 3-hexylthiophene groups led to significant 

modifications in the physical properties of the final monomer, for which purification 

was much facilitated as a result of the increased solubility of this derivative. 

Incorporation of this monomer in low band gap copolymers will most probably grant 

good solubility to the resulting polymers. 
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Scheme 5.7. Synthesis of triad M18, bearing solubilizing hexyl groups on the adjacent thiophene units. 

 

The optical properties of this macromonomer (Figure 5.3) make it attractive to be 

incorporated in low band gap materials, of which the properties can be further tuned by 

varying the comonomer. The presence of hexyl groups on the adjacent thiophene rings 

of M18, introduced for granting solubility to the final polymers, led to a slight decrease 

of the conjugation compared to M17, for which the structure adopted a more planar 

configuration. 
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Figure 5.3. UV-Vis spectra (normalized, from chloroform solution) of  

donor-acceptor-donor triads M17-M18. 

 

5.3. Conclusions 

In this paper we have reported on the synthesis of a series of novel 2D-conjugated 

quinoxaline derivatives with absorption windows extended into the visible range of the 

solar spectrum. This was accomplished by the introduction of ethenyl or butadienyl 

spacers between the required solubilizing alkyl side chains and the quinoxaline core. 

This led to a broadening of the absorption window by approximately a factor of two, 

mainly due to the apparition of a second band in the low energy part of the spectrum, 

having its origin in the intramolecular charge transfer from the donor side chains to the 

electron poor quinoxaline core. In an attempt to extend the conjugation in the 

horizontal direction as well, various synthetic protocols toward thiophene-Qx-

thiophene triads were explored. A rather low reactivity of the Qx derivatives toward 

Suzuki cross coupling reactions was noticed. Preliminary polycondensation reactions 

(e.g. Suzuki and/or Stille) using the corresponding dibrominated triads have shown 

promising results. The introduction of additional solubilizing groups on the thiophene 

units in the backbone was proven to be crucial to render the polymers soluble. The 

synthesis of low band gap polymers incorporating these Qx building blocks and the 

evaluation of these materials in BHJ organic solar cells will be reported in a separate 

forthcoming paper. 
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5.4.  Experimental Section 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) or the 
13

C resonance shift of CDCl3 (77.16 ppm). Gas 

chromatography-mass spectrometry (GC-MS) analyses were carried out applying 

Chrompack Cpsil5CB or Cpsil8CB capillary columns. Exact mass measurements were 

performed in the EI mode at a resolution of 10000. Molecular weights and molecular 

weight distributions were determined relative to polystyrene standards (Polymer Labs) 

by gel permeation chromatography (GPC). Chromatograms were recorded on a Spectra 

Series P100 (Spectra Physics) equipped with two mixed-B columns (10 µm, 0.75 cm x 

30 cm, Polymer Labs) and a refractive index detector (Shodex) at 40 °C. THF was used 

as the eluent at a flow rate of 1.0 mL min
-1

. Solution UV-Vis absorption measurements 

were performed with a scan rate of 600 nm min
-1

 in a continuous run from 200 to 800 

nm. Infrared spectra were collected with a resolution of 4 cm
-1

 (16 scans) using films 

drop-cast on a NaCl disk from a CHCl3 solution. Unless stated otherwise, all reagents 

and chemicals were obtained from commercial sources and used without further 

purification. Diethyl ether and tetrahydrofuran (THF) were dried prior to use by 

distillation from Na/benzophenone. 2,1,3-Benzothiadiazole-4,7-bis(boronic acid 

pinacol ester) (95%) (13) was obtained from Sigma Aldrich and used without further 

purification. Diones 4 were obtained from commercial sources. 

4,7-Dibromo-2,1,3-benzothiadiazole (2),
11

 3,6-dibromo-o-phenylenediamine (3),
20

 2,3-

diphenyl-5,8-dibromoquinoxaline (M1),
21

 and 4-(dodecyloxy)benzaldehyde (A7)
22

 

were synthesized according to literature procedures. Material identity and purity was 

confirmed by GC-MS and 
1
H NMR. 

5,8-Dibromo-2,3-bis(bromomethyl)quinoxaline (M0): General procedure 1: A 

mixture of 3,6-dibromo-o-phenylenediamine (3) (0.778 g, 2.92 mmol), 1,4-

dibromobutane-2,3-dione (5) (0.713 g, 2.92 mmol), and a catalytic amount of p-

toluenesulfonic acid (p-TsOH) (0.055 g, 10 mol%) in methanol (15 mL) was reacted at 

reflux temperature for 3 h. The resulting mixture was allowed to cool to r.t. and the 

yellow precipitate was filtered off and washed with methanol. Column chromatography 

(silica, eluent 30% CHCl3 in hexane) afforded M0 as amber crystals (1.251 g, 91%). 

Material identity and purity were confirmed by GC-MS and 
1
H NMR.

15b
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5,8-Dibromo-2,3-bis(thiophen-2-yl)quinoxaline (M2): According to general 

procedure 1: 3 (0.800 g, 3.00 mmol), 1,2-di(thiophen-2-yl)ethane-1,2-dione (0.670 g, 

3.00 mmol), p-TsOH (0.057 g, 10 mol%), methanol (40 mL), eluent 30% CHCl3 in 

hexane, yellow-green solid (1.159 g, 85%). GC-MS (EI) m/z 450/452/454 [M
+
]; 

1
H 

NMR (300 MHz, CDCl3)  7.84 (s, 2H), 7.56 (dd, J = 0.9/3.6 Hz, 2H), 7.48 (dd, J = 

0.9/2.7 Hz, 2H), 7.05 (dd, J = 2.7/3.6 Hz, 2H); 
13

C NMR (75 MHz, CDCl3)  147.4, 

141.0, 138.9, 133.3, 130.6, 130.3, 127.9, 123.2. 

5,8-Dibromo-2,3-bis(5-(2-ethylhexyl)thiophen-2-yl)quinoxaline (M3): According to 

general procedure 1: 3 (0.236 g, 0.89 mmol), 1,2-bis[5-(2-ethylhexyl)thien-2-yl]ethane-

1,2-dione (0.396 g, 0.89 mmol), p-TsOH (0.015 g, 10 mol%), methanol (20 mL), eluent 

10% CHCl3 in hexane, yellow-green solid (0.401 g, 66%). MS (CI) m/z 675/677/679 

[MH
+
]; 

1
H NMR (300 MHz, CDCl3)  7.78 (s, 2H), 7.40 (d, J = 2.7 Hz, 2H), 6.70 (d, J 

= 2.7 Hz, 2H), 2.80 (d, J = 5.1 Hz, 4H), 1.68-1.62 (m, 2H), 1.40-1.25 (m, 16H), 0.93-

0.90 (m, 12H); 
13

C NMR (75 MHz, CDCl3)  150.9, 147.3, 138.5, 132.7, 130.4, 126.1, 

122.9, 41.5, 34.6, 32.5, 28.9, 25.7, 23.1, 14.3, 10.9. 

5,8-Dibromo-2,3-di((E)-tridec-1-en-1-yl)quinoxaline (M4): General procedure 2: 

M0 (1.100 g, 2.32 mmol) was dissolved in triethyl phosphite (5 mL) and the mixture 

was reacted at 165 
o
C for 2 h. The excess of triethyl phosphite was then removed under 

reduced pressure. The residue (orange solid) was dissolved in THF (50 mL) and 

transferred by cannula to a suspension of NaH (0.188 g, 4.70 mmol) in THF (50 mL), 

cooled at 0 
o
C. The mixture was allowed to react for 1 h at 0 

o
C, and then a solution of 

dodecenal (A4) (0.942 g, 5.10 mmol) in THF (50 mL) was added dropwise and the 

mixture was reacted at r.t. overnight. The solid, recovered by filtration, was purified by 

column chromatography (silica, eluent 30% CHCl3 in hexane) to afford a slightly 

yellow solid (1.007 g, 67%). GC-MS (EI) m/z 646/648/650 [M
+
]; 

1
H NMR (300 MHz, 

CDCl3)  8.16 (d, J = 15.3 Hz, 2H), 7.78 (s, 2H), 7.66 (d, J = 8.6 Hz, 4H), 7.52 (d, J = 

15.3 Hz, 2H), 6.96 (d, J = 8.6 Hz, 4H), 4.02 (t, J = 6.0 Hz, 4H), 1.82 (m, 4H) 1.51-1.19 

(br m, 36H), 0.88 (t, J = 6.3 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  150.0, 144.5, 

139.6, 132.2, 123.9, 123.5, 33.7, 32.1, 29.83, 29.80, 29.77, 29.67, 29.58, 29.50, 28.9, 

22.8, 14.3; mp 57 °C 

5,8-Dibromo-2,3-di((1E,3E)-undeca-1,3-dien-1-yl)quinoxaline (M5): According to 

general procedure 2: M0 (1.100 g, 2.32 mmol), triethyl phosphite (5 mL), THF (50 
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mL), NaH (0.188 g, 4.70 mmol), THF (50 mL), trans-2-decenal (A5) (0.725 g, 4.70 

mmol), THF (50 mL), eluent 30% CHCl3 in hexane, yellow solid (0.801 g, 59%). GC-

MS (EI) m/z 586/588/590 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  7.85-7.77 (m, 4H), 6.93 

(d, J = 15.0 Hz, 2H), 6.45-6.37 (m, 2H), 6.27-6.18 (m, 2H), 2.28-2.21 (m, 4H), 1.58-

1.20 (br m, 16H), 0.90 (t, J = 6.9 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  150.8, 143.6, 

141.3, 140.1, 132.7, 130.8, 124.0, 123.0, 51.6, 33.9, 32.6, 29.9, 29.7, 23.4, 14.8; mp 89 

°C 

5,8-Dibromo-2,3-bis((E)-4-methoxystyryl)quinoxaline (M6): General procedure 3: 

M0 (4.500 g, 9.50 mmol) was dissolved in triethyl phosphite (20 mL) and the mixture 

was reacted at 165 
o
C for 2 h. The excess of triethyl phosphite was then removed under 

reduced pressure and the residue (orange solid) was subsequently dissolved in THF 

(100 mL). The mixture was cooled to 0 
o
C and a solution of MeMgBr (3.0 M in diethyl 

ether, 6.40 mL) was added dropwise. The mixture was allowed to react for 30 minutes 

at r.t., then p-anisaldehyde (2.723 g, 20.0 mmol) was added and the mixture was 

reacted at r.t. overnight. The reaction was quenched by the addition of a saturated 

NH4Cl solution and the mixture was extracted with CHCl3. The organic extracts were 

dried over MgSO4, filtered and concentrated by evaporation in vacuo. The residue was 

purified by column chromatography (silica, eluent CHCl3) to afford a light-orange solid 

(4.210 g, 80%). MS (EI) m/z 552/554/556 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  8.19 (d, 

J = 15.3 Hz, 2H), 7.78 (s, 2H), 7.67 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 15.3 Hz, 2H), 6.97 

(d, J = 8.9 Hz, 4H), 3.88 (s, 6H); 
13

C NMR (75 MHz, CDCl3)   160.9, 150.3, 139.8, 

139.7, 132.3, 129.6, 129.3, 123.5, 119.1, 114.5, 55.6; mp 229 °C 

5,8-Dibromo-2,3-bis((E)-4-(dodecyloxy)styryl)quinoxaline (M7): According to 

general procedure 2: M0 (4.998 g, 10.6 mmol), triethyl phosphite (20 mL), THF (100 

mL), NaH (0.885 g, 22.2 mmol), THF (50 mL), 4-dodecyloxybenzaldehyde (A7) 

(6.428 g, 22.2 mmol), THF (50 mL), eluent 30% CHCl3 in hexane, bright-yellow solid 

(6.417 g, 71%). GC-MS (EI) m/z 858/860/862 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  

8.16 (d, J = 15.3 Hz, 2H), 7.78 (s, 2H), 7.66 (d, J = 8.6 Hz, 4H), 7.52 (d, J = 15.3 Hz, 

2H), 6.96 (d, J = 8.6 Hz, 4H), 4.02 (t, J = 6.0 Hz, 4H), 1.82 (m, 4H) 1.51-1.19 (br m, 

36H), 0.88 (t, J = 6.3 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  161.1, 150.9, 140.4, 

140.2, 132.8, 130.1, 129.6, 124.0, 119.4, 115.5, 66.8, 32.6, 30.4, 30.34, 30.28, 30.10, 

30.05, 29.9, 26.7, 23.4, 14.8. 
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5,8-Dibromo-2,3-bis((E)-2-(thien-2-yl)vinyl)quinoxaline (M8): According to general 

procedure 3: M0 (1.000 g, 2.11 mmol), triethyl phosphite (5 mL), THF (10 mL), 

MeMgBr (3.0 M in diethyl ether, 1.50 mL), thiophene-2-carbaldehyde (A8) (0.515 g, 

4.60 mmol), THF (100 mL), eluent 30% CHCl3 in hexane, light-green solid (0.639 g, 

60%). GC-MS (EI) m/z 502/504/506 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  8.33 (d, J = 

15.3 Hz, 2H), 7.79 (s, 2H), 7.43-7.37 (m, 6H), 7.12-7.09 (m, 2H); 
13

C NMR (75 MHz, 

CDCl3)  148.5, 140.9, 138.7, 131.7, 131.5, 129.1, 127.3, 126.4, 122.5, 119.1. 

2-(2-Ethylhexyl)thiophene: n-BuLi (2.5 M in hexane, 50 mL) was added dropwise to 

a THF (50 mL) solution of thiophene (10.500 g, 125 mmol) cooled to -40 
o
C. The 

mixture was allowed to react at this temperature for 1 h, and then at r.t. for an 

additional 1 h. 2-Ethylhexyl bromide (22.140 g, 125 mmol) was added dropwise and 

the reaction was continued overnight. The mixture was poured in cold water (100 mL) 

and extracted with hexane. The organic extracts were dried over MgSO4, filtered and 

concentrated by evaporation in vacuo. The residue was purified by vacuum distillation 

(92 
o
C, 2.0 mbar) to afford a colorless oil (8.543 g, 58%). GC-MS (EI) m/z 196 [M

+
]; 

1
H NMR (300 MHz, CDCl3)  7.12 (dd, J = 1.2/5.1 Hz, 1H), 6.92 (dd, J = 3.3/5.1 Hz, 

1H), 6.73 (dd, J = 1.2/3.3 Hz, 1H), 2.77 (d, J = 6.6 Hz, 2H), 1.62-1.55 (m, 1H), 1.39-

1.29 (m, 8H), 0.87 (t, J = 7.2 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  144.5, 126.7, 

125.1, 123.0, 41.6, 34.0, 32.5, 29.0, 25.6, 23.2, 14.3, 11.0. 

5-(2-Ethylhexyl)thiophene-2-carbaldehyde (A9): To a solution of 2-(2-

ethylhexyl)thiophene (3.927 g, 20.0 mmol) in THF (100 mL), cooled at -78 
o
C, n-BuLi 

(2.5 M in hexane, 8.0 mL) was added dropwise and the mixture was allowed to react 

for 1 h at this temperature and 1 h at r.t. N-Formylpiperidine (2.263 g, 20 mmol) was 

added at -78 
o
C and the mixture was further reacted at r.t. overnight. The reaction was 

quenched by the addition of HCl (2.0 M, 50 mL), and the mixture was extracted with 

CH2Cl2. The organic extracts were dried over MgSO4, filtered and concentrated by 

evaporation in vacuo. The residue was purified by column chromatography (silica, 

eluent 10% ethyl acetate in hexane) to afford a light-yellow oil (3.679 g, 82%). GC-MS 

(EI) m/z 224 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  9.81 (s, 1H), 7.60 (d, J = 3.9 Hz, 

1H), 6.88 (d, J = 3.9 Hz, 1H), 2.80 (d, J = 6.7 Hz, 2H), 1.66-1.61 (m, 2H), 1.35-1.25 

(m, 8H), 0.90 (m, 6H); 
13

C NMR (75 MHz, CDCl3)  182.3, 156.1, 141.7, 136.8, 126.7, 

41.2, 34.6, 32.1, 28.6, 25.3, 22.7, 13.9, 10.6. 
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5,8-Dibromo-2,3-bis((E)-2-(5-(2-ethylhexyl)thien-2-yl)vinyl)quinoxaline (M9): 

According to general procedure 2: M0 (2.188 g, 4.62 mmol), triethyl phosphite (10 

mL), THF (50 mL), NaH (0.374 g, 9.36 mmol), THF (50 mL), 5-(2-

ethylhexyl)thiophene-2-carbaldehyde (A9) (2.100 g, 9.36 mmol), THF (50 mL), eluent 

30% CHCl3 in hexane, orange oil (1.891 g, 56%). MS (EI) m/z 726/728/730 [M
+
]; 

1
H 

NMR (300 MHz, CDCl3)  8.27 (d, J = 15.1 Hz, 2H), 7.76 (s, 2H), 7.27 (d, J = 15.1 

Hz, 2H), 7.18 (d, J = 3.6 Hz, 2H), 6.76 (d, J = 3.6 Hz, 2H), 2.80 (d, J = 3.1 Hz, 4H), 

1.69-1.61 (m, 2H) 1.44-1.25 (br m, 16H), 0.95-0.90 (m, 12H); 
13

C NMR (75 MHz, 

CDCl3)  149.8, 147.9, 139.9, 139.6, 133.2, 132.3, 130.6, 126.6, 123.4, 118.8, 41.6, 

34.8, 32.5, 29.0, 25.7, 23.2, 14.3, 11.0.  

Poly[2,3-bis((E)-4-(dodecyloxy)styryl)quinoxaline-5,8-diyl] (P1): Ni(cod)2 (0.970 g, 

3.48 mmol) and 2,2’-bipyridine (0.543 g, 3.48 mmol) were placed in a Schlenk tube 

inside a glove box. DMF (5 mL), toluene (5 mL) and 1,5-cyclooctadiene (0.376 g, 3.48 

mmol), degased by bubbling through N2 gas for 20 minutes, were added and the 

mixture was vigorously stirred for 20 minutes at 60 
o
C. A solution of M7 (1.248 g, 1.45 

mmol) in toluene (22 mL) was then added and the mixture was allowed to react for 2 

days at 75 
o
C. The polymer was poured in a solution of methanol:HCl (600 mL, 1:1, 

v/v), collected by filtration and purified by repetitive Soxhlet extraction with methanol, 

acetone and hexane. The final polymer was extracted with chloroform and was isolated 

as yellow fibers upon precipitation in methanol (0.978 g, 96%); UV-Vis (CHCl3, nm) 

max 334/359/411; GPC (THF, PS standards) Mn = 6.8 x 10
4
 g mol

-1
, Mw = 4.1 x 10

5
 g 

mol
-1

, PDI = 6.0. 

2,3-Bis[(E)-4-(dodecyloxy)styryl]-5,8-di(thien-2-yl)quinoxaline (M10): General 

procedure 4: M7 (108 mg, 0.13 mmol), thiophene-2-boronic acid (100 mg, 0.78 mmol, 

6 equiv) and CsF (118 mg, 0.78 mmol) were placed in a Schlenk tube and dissolved in 

DME (10 mL). The mixture was degassed by bubbling through N2 gas for 20 minutes, 

and then PdCl2(dppf) (3mol%) was added, the tube was sealed and the mixture was 

reacted at 90 
o
C overnight. After cooling to r.t., water was added and the mixture was 

extracted with CHCl3. The organic extracts were dried over MgSO4, filtered and 

concentrated by evaporation in vacuo. The residue was purified by column 

chromatography (silica, eluent 30% CHCl3 in hexane), followed by recrystallization 

from methanol to afford a dark-red solid (58.6 mg, 52%). MS (EI) m/z 867 [M
+
]; 

1
H 
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NMR (300 MHz, CDCl3)  8.25 (d, J = 15.5 Hz, 2H), 8.04 (s, 2H), 7.82 (dd, J = 1.1/3.7 

Hz, 2H), 7.66 (d, J = 8.7 Hz, 4H), 7.56 (d, J = 15.5 Hz, 2H), 7.55 (dd, J = 1.1/5.1 Hz, 

2H), 7.21 (dd, J = 3.7/5.1 Hz, 2H), 6.97 (d, J = 8.7 Hz, 4H), 4.02 (t, J = 6.6 Hz, 4H), 

1.87-1.78 (m, 4H), 1.51-1.44 (m, 4H), 1.40-1.25 (br m, 32H), 0.89 (t, J = 6.9 Hz, 6H); 

13
C NMR (75 MHz, CDCl3)  160.3, 148.4, 139.4, 139.1, 137.9, 131.0, 129.5, 129.3, 

128.9, 126.6, 126.5, 126.2, 120.0, 115.0, 68.3, 32.1, 29.82, 29.80, 29.77, 29.74, 29.57, 

29.50, 29.4, 26.2, 22.9, 14.3. 

2,3-Bis((E)-2-(5-(2-ethylhexyl)thien-2-yl)vinyl)-5,8-di(thien-2-yl)quinoxaline 

(M11): According to general procedure 4: M9 (0.298 g, 0.41 mmol), thiophene-2-

boronic acid (0.316 g, 2.47 mmol, 6 equiv), CsF (0.375 g, 2.47 mmol), DME (10 mL), 

PdCl2(dppf) (3mol%), eluent 30% CHCl3 in hexane, recrystallization from methanol, 

deep-orange solid (0.124 g, 41%). MS (EI) m/z 736 [M
+
]; 

1
H NMR (300 MHz, CDCl3) 

 8.32 (d, J = 15.2 Hz, 2H), 8.00 (s, 2H), 7.78 (dd, J = 1.2/3.9 Hz, 2H), 7.54 (dd, J = 

1.2/5.1 Hz, 2H), 7.32 (d, J = 15.2 Hz, 2H), 7.21-7.16 (m, 4H), 6.77 (d, J = 3.6 Hz, 2H), 

2.81 (d, J = 6.9 Hz, 4H), 1.72-1.65 (m, 2H), 1.45-1.20 (br, 16H), 0.96-0.91 (m, 12H); 

13
C NMR (75 MHz, CDCl3)  147.8, 147.2, 140.4, 139.0, 137.8, 132.8, 131.0, 129.8, 

128.9, 126.56, 126.50, 126.4, 126.1, 120.0, 41.6, 34.8, 31.4, 29.9, 29.0, 25.7, 14.32, 

11.0. 

5,8-Di(thien-2-yl)-2,3-di((E)-tridec-1-en-1-yl)quinoxaline (M12): According to 

general procedure 4: M4 (0.388 g, 0.60 mmol), thiophene-2-boronic acid (0.460 g, 3.60 

mmol), CsF (0.546 g, 3.60 mmol), DME (10 mL), PdCl2(dppf) (3mol%), eluent 30% 

CH2Cl2 in hexane, deep-orange solid (0.280 g, 71%). MS (EI) m/z 654 [M
+
]; 

1
H NMR 

(300 MHz, CDCl3)  8.03 (s, 2H), 7.80 (dd, J = 1.3/3.8 Hz, 2H), 7.51 (dd, J = 1.3/5.1 

Hz, 2H), 7.47-7.37 (m, 2H), 7.18 (dd, J = 3.8/5.1 Hz, 2H), 6.95 (d, J = 15.3 Hz, 2H), 

2.46-2.39 (m, 4H), 1.66-1.57 (m, 4H), 1.47-1.20 (br m, 28H), 0.88 (t, J = 6.9 Hz, 6H); 

13
C NMR (75 MHz, CDCl3)  147.9, 143.6, 139.1, 137.8, 131.0, 128.8, 126.6, 126.3, 

126.1, 124.6, 33.7, 32.1, 29.88, 29.82, 29.7, 29.5, 29.2, 22.9, 14.3. 

5,8-Di(thien-2-yl)-2,3-di[(1E,3E)-undeca-1,3-dien-1-yl]quinoxaline (M13): Accor-

ding to general procedure 4: M5 (0.300 g, 0.51 mmol), thiophene-2-boronic acid (0.391 

g, 3.06 mmol, 6 equiv), CsF (0.464 g, 3.06 mmol), DME (10 mL), PdCl2(dppf) 

(3mol%), eluent 30% CHCl3 in hexane, recrystallization from methanol, deep-orange 

solid (0.169 g, 56%). GC-MS (EI) m/z 594 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  7.98 
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(s, 2H), 7.85 (dd, J = 11.0/15.1 Hz, 2H), 7.77 (dd, J = 1.1/3.8 Hz, 2H), 7.53 (dd, J = 

1.1/5.1 Hz, 2H), 7.18 (dd, J = 3.8/5.1 Hz, 2H), 6.95 (d, J = 15.1 Hz, 2H), 6.45-6.37 (m, 

2H), 6.22-6.13 (m, 2H), 2.28-2.21 (m, 4H), 1.54-1.45 (m, 4H), 1.40-1.27 (br m, 16H), 

0.92 (t, J = 7.0 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  148.2, 141.6, 140.2, 139.1, 

137.7, 131.0, 130.6, 128.8, 126.5, 126.4, 126.1, 123.6, 33.3, 32.0, 29.42, 29.35, 29.2, 

22.8, 14.3. 

4,7-Di(thien-2-yl)-2,1,3-benzothiadiazole (7): General procedure 5: 4,7-dibromo-

2,1,3-benzothiadiazole (0.441 g, 1.50 mmol) and thiophene-2-boronic acid (1.151 g, 

9.00 mmol) were placed in a Schlenk tube which was brought under inert atmosphere. 

All solvents and basic solutions were previously degassed by bubbling through N2 gas 

for 20 minutes. Toluene (28 mL), K2CO3 (2.0 M, 14 mL), H2O (7 mL) and Aliquat 

HTA (4-5 drops) were added and the mixture was vigorously stirred for 10 minutes at 

r.t. PdCl2(dppf) (3mol%) was then added and the mixture was allowed to react for 3 

days at 80 
o
C. After cooling to r.t., the mixture was extracted with CHCl3. The organic 

extracts were dried over MgSO4, filtered and concentrated by evaporation in vacuo. 

The residue was purified by column chromatography (silica, eluent 30% CHCl3 in 

hexane) to afford a bright orange solid (0.058 g, 13%). NOTE! The crude mixture 

consisted mostly of starting material 2a and monocoupled product (0.056 g, 10%). 

Treatment of this mixture with additional thiophene-2-boronic acid (1.151 g, 9.00 

mmol), under the same reaction conditions, led to the exclusive formation of 8. 

Material identity and purity was confirmed by MS, 
1
H NMR and 

13
C NMR.

23
 

4-Bromo-7-(thien-2-yl)-2,1,3-benzothiadiazole (monocoupled product): yellow-

orange solid. GC-MS (EI) m/z 296/298 [M
+
]; 

1
H NMR (400 MHz, CDCl3)  8.10 (dd, J 

= 1.1/3.6 Hz, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.48 (dd, J = 

1.1/5.1 Hz, 1H), 7.21 (dd, J = 3.6/5.1 Hz, 1H); 
13

C NMR (100 MHz, CDCl3)  153.8, 

151.8, 138.5, 132.3, 128.21, 128.11, 127.4, 127.1, 125.9, 112.4. 

2,3-Bis(bromomethyl)-5,8-di(thien-2-yl)quinoxaline (8): General procedure 6: A 

solution of LiAlH4 (4.0 M in THF, 4.7 mL) was added dropwise to a solution of 7 

(0.631 g, 2.10 mmol) in THF (50 mL). The mixture was reacted at reflux overnight. 

After cooling to r.t., ethanol (20 mL) and H2O (50 mL) were added and the mixture was 

extracted with diethyl ether. The organic extracts were dried over MgSO4, filtered and 

concentrated by evaporation in vacuo. The residue, obtained as a pale-yellow solid, was 
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directly used in the condensation reaction step without further purification [
1
H NMR 

(400 MHz, CDCl3)  7.37 (dd, J = 1.2/5.2 Hz, 2H), 7.19 (dd, J = 1.2/3.5 Hz, 2H), 7.14 

(dd, J = 3.5/5.2 Hz, 2H), 6.88 (s, 2H), 3.88 (br s, 4H)]. 1,4-Dibromobutane-2,3-dione 

(5) (1.463 g, 6.00 mmol) and a catalytic amount of p-TsOH (0.035 g, 10 mol%) were 

added, the solids were dissolved in methanol (100 mL) and the mixture was reacted at 

reflux for 3 h. After cooling to r.t., the mixture was extracted with CHCl3. The organic 

extracts were dried over MgSO4, filtered and concentrated by evaporation in vacuo. 

The residue, purified by column chromatography (silica, eluent 30% CHCl3 in hexane), 

afforded 8 as a dark-pink solid (0.121 g, 12%). GC-MS (EI) m/z 478/480/482 [M
+
]; 

1
H 

NMR (400 MHz, CDCl3)  8.15 (s, 2H), 7.87 (dd, J = 1.1/3.8 Hz, 2H), 7.53 (dd, J = 

1.1/5.1 Hz, 2H), 7.20 (dd, J = 3.8/5.1 Hz, 2H), 5.02 (s, 4H); 
13

C NMR not recorded due 

to poor solubility of the product. 

2,3-Bis(bromomethyl)-5,8-bis(5-bromothiophen-2-yl)quinoxaline (9): General 

procedure 7: NBS (0.065 g, 0.37 mmol) was added to a solution of 8 (0.072 g, 0.15 

mmol) in DMF (70 mL). The mixture was allowed to react at r.t., protected from light, 

for 5 h. Water was added and the mixture was extracted with CHCl3. The organic 

extracts were dried over MgSO4, filtered and concentrated by evaporation in vacuo. 

The residue, purified by column chromatography (silica, eluent 30% CHCl3 in hexane), 

afforded dibrominated compound 9 as a purple solid (0.071 g, 75%). GC-MS (EI) m/z 

636/638/640 [M
+
]; 

1
H NMR (400 MHz, CDCl3)  8.10 (s, 2H), 7.54 (d, J = 4.0 Hz, 

2H), 7.12 (d, J = 4.0 Hz, 2H), 5.04 (s, 4H); 
13

C NMR (100 MHz, CDCl3)  150.0, 

139.2, 137.5, 130.9, 129.5, 127.0, 126.3, 117.7, 29.9. 

Tetraethyl[(5,8-di(thien-2-yl)quinoxaline-2,3-diyl)bis(methylene)]bis(phospho-

nate) (11): M0 (0.469 g, 0.99 mmol) was dissolved in triethyl phosphite (5 mL) and the 

mixture was reacted at 165 
o
C for 2 h. The excess of triethyl phosphite was removed 

under reduced pressure and the residue (orange solid) was subsequently dissolved in 

DME (20 mL) and placed in a Schlenk tube. Thiophene-2-boronic acid (0.767 g, 6.00 

mmol) and CsF (0.911 g, 6.00 mmol) were added and the mixture was degassed by 

bubbling through N2 gas for 20 minutes, then PdCl2(dppf) (3mol%) was added, the tube 

was sealed and the mixture was reacted at 90 
o
C overnight. Upon cooling to r.t., water 

was added and the mixture was extracted with CHCl3. The organic extracts were dried 

over MgSO4, filtered and concentrated by evaporation in vacuo. The residue was 
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purified by column chromatography (silica, eluent CH2Cl2, then a gradient of ethyl 

acetate in CH2Cl2 from 50 to 100%, followed by pure acetone) to afford a brown-

yellow oil (0.170 g, 29%). MS (ESI) m/z 595 [M+H]
+
. 

5,8-Bis(5-bromothiophen-2-yl)-2,3-bis((E)-2-(5-(2-ethylhexyl)thiophen-2-yl)vinyl)-

quinoxaline (M17): According to general procedure 2: 9 (0.102 g, 0.16 mmol), triethyl 

phosphite (5 mL), THF (10 mL), NaH (0.014 g, 0.37 mmol), THF (25 mL), 5-(2-

ethylhexyl)thiophene-2-carbaldehyde (A9) (0.191 g, 0.85 mmol), THF (10 mL), eluent 

gradient of 15 to 30% CHCl3 in hexane, orange-red solid (0.051 g, 36%). MS (ESI
+
) 

m/z 1808.8 [2M+Na]
+
; 

1
H NMR (400 MHz, CDCl3)  8.31 (d, J = 15.2 Hz, 2H), 7.87 

(s, 2H), 7.45 (d, J = 4.2 Hz, 2H), 7.20 (d, J = 15.2 Hz, 2H), 7.16 (d, J = 3.7 Hz, 2H), 

7.09 (d, J = 4.2 Hz, 2H), 6.78 (d, J = 3.7 Hz, 2H), 2.82 (d, J = 7.0 Hz, 4H), 1.67 (m, 

2H), 1.41-1.25 (br m, 30H), 0.97-0.85 (m, 12H); 
13

C NMR (100 MHz, CDCl3)  148.6, 

148.0, 140.7, 140.2, 137.5, 134.0, 131.0, 130.5, 129.4, 127.1, 125.6, 125.3, 119.7, 

117.5, 42.2, 35.4, 33.1, 29.6, 26.3, 23.8, 14.9, 11.6.  

4,7-Bis(3-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (15): According to general 

procedure 5: 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (13) (1.718 g, 

4.43 mmol), 2-bromo-3-hexylthiophene (14) (2.741 g, 11.1 mmol, 2.5 equiv), toluene 

(70 mL), K2CO3 (2.0 M, 35 mL), H2O (25 mL), Aliquat HTA (4-5 drops), PdCl2(dppf) 

(3mol%), eluent 10% CHCl3 in hexane, orange oil (1.492 g, 72%). MS (EI) m/z 468 

[M
+
]; 

1
H NMR (300 MHz, CDCl3)  7.65 (s, 2H), 7.44 (d, J = 5.2 Hz, 2H), 7.10 (d, J = 

5.2 Hz, 2H), 2.66 (t, J = 7.8 Hz, 4H), 1.67-1.57 (m, 4H), 1.30-1.16 (br m, 12H), 0.82 (t, 

J = 7.2 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  154.4, 141.8, 132.3, 130.0, 129.4, 

127.6, 126.0, 31.7, 30.8, 29.5, 29.2, 22.7, 14.2.  

2,3-Bis(bromomethyl)-5,8-bis(3-hexylthien-2-yl)quinoxaline (16): According to 

general procedure 6: LiAlH4 (4.0 M in THF, 0.44 mL), 15 (0.163 g, 0.35 mmol), THF 

(50 mL), pale-yellow solid, directly used in the condensation reaction step without 

further purification (GC-MS (EI) m/z 440 [M
+
]). 3,6-Bis(3-hexylthiophen-2-

yl)benzene-1,2-diamine, 1,4-dibromobutane-2,3-dione (5) (0.195 g, 0.8 mmol), p-

TsOH (0.007 g, 10 mol%), methanol (75 mL), eluent 30% CHCl3 in hexane, yellow oil 

(0.108 g, 48%). GC-MS (EI) m/z 646/648/650 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  

7.82 (s, 2H), 7.43 (d, J = 5.1 Hz, 2H), 7.10 (d, J = 5.1 Hz, 2H), 4.89 (s, 4H), 2.54 (t, J = 

7.8 Hz, 4H), 1.60 (m, 4H), 1.28-1.10 (br m, 12H), 0.79 (t, J = 6.9 Hz, 6H); 
13

C NMR 
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(75 MHz)  150.4, 141.9, 140.2, 133.9, 132.5, 128.9, 125.8, 31.7, 30.8, 30.7, 29.7, 

29.3, 22.7, 14.2. 

5,8-Bis(5-bromo-3-hexylthien-2-yl)-2,3-bis(bromomethyl)quinoxaline (17): 

According to general procedure 7: NBS (0.064 g, 0.36 mmol), 16 (0.103 g, 0.16 mmol), 

CHCl3:ethyl acetate (1:1) (13 mL), eluent 20% CH2Cl2 in hexane, yellow-brown oil 

(0.100 g, 78%). MS (EI) m/z 806/808 [M
+
]; 

1
H NMR (300 MHz, CDCl3)  7.79 (s, 2H), 

7.05 (s, 2H), 5.02 (s, 4H), 2.50 (t, J = 7.6 Hz, 4H), 1.60 (m, 4H), 1.27-1.17 (br m, 12H), 

0.80 (t, J = 6.9 Hz, 6H); 
13

C NMR (75 MHz, CDCl3)  150.4, 142.6, 139.9, 133.8, 

133.1, 132.3, 131.7, 113.1, 44.2, 31.7, 30.5, 29.6, 29.2, 22.7, 14.2. 

5,8-Bis(5-bromo-3-hexylthien-2-yl)-2,3-bis((E)-2-(5-(2-ethylhexyl)thien-2-yl)vinyl)-

quinoxaline (M18): According to general procedure 2: 17 (0.185 g, 0.23 mmol), 

triethyl phosphite (5 mL), THF (40 mL), NaH (0.019 g, 0.50 mmol), THF (40 mL), 5-

(2-ethylhexyl)thiophene-2-carbaldehyde (A9) (0.148 g, 0.66 mmol), THF (25 mL), 

eluent 10% CHCl3 in hexane, orange-red oil (0.110 g, 45%). MS (ESI+) m/z  1062.8 

[M+H]
+
; 

1
H NMR (300 MHz, CDCl3)  8.32 (d, J = 15.0 Hz, 2H), 7.83 (s, 2H), 7.46 (s, 

2H), 7.45 (d, J = 15.0 Hz, 2H), 7.31 (d, J = 3.3 Hz, 2H), 6.94 (d, J = 3.3 Hz, 2H), 2.99 

(d, J = 6.6 Hz, 4H), 2.83 (d, J = 7.5 Hz, 4H), 1.86-1.76 (m, 2H), 1.61-1.36 (br m, 28H), 

1.15-0.98 (br m, 18H); 
13

C NMR (75 MHz, CDCl3)  147.9, 147.3, 141.9, 140.1, 139.4, 

134.8, 132.5, 131.9, 131.4, 130.2, 129.9, 126.5, 119.5, 113.0, 41.6, 34.8, 32.5, 31.7, 

30.8, 29.7, 29.2, 29.0, 25.7, 23.2, 22.7, 14.3, 14.2, 11.0. 
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6.1. Introduction 

Over the last decade, the architectures and the materials employed in the fabrication of 

organic (polymer) solar cells have recorded remarkable advances, which allows 

nowadays the production (and commercialization) of lightweight and relatively cheap 

organic photovoltaic (OPV) modules, which are manufactured by roll to roll printing on 

flexible substrates. Efforts to develop new conjugated polymers for OPVs have 

nowadays led to materials that afford power conversion efficiencies (PCEs) as high as 

10%.
1
 In general, the amount of light a photoactive material can absorb goes hand in 

hand with the amount of energy a solar cell can produce. Means of maximizing this 

feature, for instance, consist in the development of conjugated polymers which 

additionally absorb in the near-IR region of the solar spectrum, i.e. the low energy side. 

The trivial appellation of such materials is low band gap polymers.
2
 The most common 

approach used in the synthesis of such materials is the alternation of electron rich and 

electron poor (heterocyclic) units along the polymer backbone.
3
 By varying the electron 

donating and accepting strength of the building blocks, one can fine tune the energy 

levels of the conjugated polymers.
4
 2,1,3-Benzothiadiazole is among the strongest 

electron poor units used in the synthesis of highly efficient materials, of which 

poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) is the most well-known example.
5
 The weaker 

benzotriazole acceptor, or its fluorinated variant, have been incorporated in 

semiconducting copolymers affording PCEs above 7%.
6
 Quinoxaline (Qx) derivatives 

show an average electron acceptor strength. Side chains can easily be introduced in 

positions 2 and 3, which grant solubility and facile processability to the photoactive 

materials, a highly required feature for fast (roll to roll) printing of (organic) 

optoelectronic devices. Due to their electron deficient character, Qx units can be used 

for the synthesis of (electron) acceptor (n-type) polymers. In combination with poly(3-

hexylthiophene) (P3HT), which served as the donor material, modest PCEs have been 

achieved in “all polymer” bulk heterojunction (BHJ) solar cells.
7
 The low device 

performance was attributed to the poor electron mobility of the acceptor material. The 

largest number of donor-acceptor (D-A) polymers incorporating Qx units along the 

conjugated backbone are used as (electron) donor (p-type) materials.
8
 Among the most 

popular ones, the alternating polyfluorene (APFO) series and poly(thienoquinoxaline) 
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derivatives (such as TQ1) have delivered PCEs close to 6%, in combination with a 

fullerene acceptor.
9
  

In this paper we present the synthesis and photovoltaic performances of a series of 

poly(thienoquinoxaline) derivatives, P1-P3. The novelty of these materials consists in 

the Qx units, in which a two dimensional (2D) conjugation
10

 is created by introducing 

ethenyl and/or butadienyl spacers between the solubilizing donating side chains and the 

electron accepting quinoxaline core. At the monomer stage, the contribution of the 

vertical conjugation leads to a noticeable extension of the absorption window toward 

the visible range of the spectrum.
11

 All polymers were synthesized by Stille 

polycondensation reactions. The photovoltaic performance of the donor materials was 

evaluated in BHJ solar cells, with normal or inverted configuration, in combination 

with PC61BM and/or PC71BM as an acceptor.  

 

 

Figure 6.1. Structures of the synthesized poly(thienoquinoxaline) polymers P1-P3. 

 

6.2. Results and Discussion 

6.2.1. Synthesis and Characterization of Poly(thienoquinoxaline) Derivatives 

P1-P3 

The synthesis of the quinoxaline monomer M1, having 5-(2-ethylhexyl)thienyl 

substituents directly connected to the quinoxaline core, was readily achieved in three 

steps starting from 2,1,3-benzothiadiazole (1) (Scheme 6.1). Bromination using a 

mixture of Br2 and HBr followed by sulfur extrusion in the presence of NaBH4 afforded 

the corresponding diamine 3. Subsequently, M1 was obtained by condensation of 
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diamine 3 with diketone 4. Polymer P1 was synthesized by Stille polycondensation, 

under conventional heating, in combination with 2,5-bis(tributylstannyl)thiophene (5), 

obtained from commercial sources. The polymerization was performed in a sealed tube 

using toluene as a solvent. The reaction, catalyzed by tetrakis(triphenylphosphine)-

palladium (Pd(PPh3)4), was continued for 5 days at 100 
o
C. End-capping was performed 

in two stages, by addition of 2-tributylstannylthiophene (4 equiv) and 2-

bromothiophene (2 equiv), respectively. Purification of the polymer was done by 

repetitive Soxhlet extraction with methanol, acetone, hexane and dichloromethane. The 

final polymer P1 was extracted with chlorobenzene and was isolated as a dark green 

powder upon precipitation in methanol (Mn = 5.0 x 10
3
 g mol

-1
, Mw = 9.5 x 10

3
 g mol

-1
, 

PDI = 1.9, as determined by gel permeation chromatography (GPC) from a 

chlorobenzene solution at 80 
o
C) (Table 6.1). 

 

 

Scheme 6.1. Synthesis of quinoxaline monomer M1 and poly(thienoquinoxaline) P1. 
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Table 6.1. Analytical GPC data (THF) of polymers P1-P3 obtained from different batches and after 

purification. 

Polymer Mn (g mol
-1

) Mw (g mol
-1

) PDI 

P1
a,b

 5.0 x 10
3
 9.5 x 10

3
 1.9 

P2
b
 5.7 x 10

3
 1.1 x 10

4
 1.9 

P2’
b
 1.3 x 10

4
 3.4 x 10

4
 2.6 

P2’GPC_1 
b,c

 1.6 x 10
4
 3.5 x 10

4
 2.2 

P2’GPC_2 
b,c

 2.6 x 10
4
 4.0 x 10

4
 1.5 

P2’GPC_3 
b,c

 5.5 x 10
3
 6.1 x 10

3
 1.1 

P2’GPC_4 
b,c

 2.8 x 10
3
 3.2 x 10

3
 1.1 

P2’’
b,d

 8.3 x 10
3
 2.0 x 10

4
 2.4 

P3
b,c

 8.8 x 10
3
 2.6 x 10

4
 2.9 

P3GPC_1 
b,e

 1.3 x 10
4
 3.5 x 10

4
 2.7 

P3GPC_2 
b,e

 1.6 x 10
4
 4.0 x 10

4
 2.5 

P3GPC_3 
b,e

 1.5 x 10
4
 4.5 x 10

4
 3.0 

P3’
,e,f

 6.5 x 10
3
 1.5 x 10

4
 2.3 

a determined from CB; b conventional heating, c after Soxhlet extraction, the polymer was additionally 

purified and fractionated by preparative GPC; d an excess of 0.05 mol% of 2,5-bis(trimethylstannyl)thiophene 

(8) was used; e heated by microwave irradiation; f GPC result of the crude polymer. 

 

The synthesis of monomers M2 and M3 was achieved passing by quinoxaline 

precursor 7 (Scheme 6.2). The latter was obtained by condensation of 3,6-dibromo-o-

phenylenediamine (3) and 1,4-dibromobutane-2,3-dione (6). Transformation of the 

methylene bromide groups in phosphonates, followed by proton abstraction and 

treatment with dodecanal or trans-2-decenal afforded monomers M2 and M3, 

respectively. The corresponding polymers, P2 and P3, were initially synthesized by 

Stille polycondensation in combination with 2,5-bis(tributylstannyl)thiophene (5) under 

conventional heating conditions (vide supra).  
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The obtained molecular weights for P1-P3 were rather low (Table 6.1), presumably due 

to the relatively high content of impurities present in the commercial bisstannyl product 

(97% pure). We have therefore further on replaced this derivative by 2,5-

bis(trimethylstannyl)thiophene (8), synthesized by lithiation of 2,5-dibromothiophene, 

followed by stannylation in the presence of trimethyltin chloride. After repetitive 

recrystallizations from methanol, this monomer was obtained more than 99.5% pure. 

The latter was used in combination with M2 and afforded the polymer denoted as P2’, 

for which indeed a higher molecular weight was obtained (Table 6.1). The final 

polymers P2/P2’ and P3 were isolated as dark blue powders upon precipitation in 

methanol. The polymers were isolated in yields ranging from 61 to 89% and their 

molecular weights were determined by GPC analysis (typically in THF at 40 
o
C). 

It has previously been demonstrated that small adjustments of the stoichiometric feed 

of the coupling partners, deviating from the exact 1.00:1.00 ratio of the monomers 

which is a conditio sine qua non for obtaining high molecular weight polymers by step-

growth polycondensation reactions, can lead to significantly higher degrees of 

polymerization.
12

 If the catalyst used is a bivalent palladium (Pd(II)) complex, a small 

amount of the organostannyl derivative is presumed to be consumed in the generation 

of zerovalent palladium (Pd(0)).
3
 In case of a Pd(0) catalyst (as in this case), the major 

effect causing a stoichiometric mismatch is probably the purity of the monomers. 

Determining the exact percentages of impurities, e.g. monofunctional species, residual 

tin derivatives, etc., can be used for compensation with a slight excess of the bisstannyl 

monomer, but this is not a trivial exercise. 

The impact of the stoichiometry of the monomers upon the molecular weight was 

investigated for polymer P2’ (Table 6.1, the resulting polymer is denoted as P2’’). For 

this experiment, a polymerization reaction in which an excess of 0.05 mol% of 2,5-

bis(trimethylstannyl)thiophene (8) was used, was carried out using conventional 

heating. The results showed that when the precise 1.00:1.00 stoichiometry was used 

(P2’), the number average molecular weight (Mn = 1.3 x 10
4
 g mol

-1
) was almost 

doubled compared to a 1.00:1.05 feed ratio of the dibrominated and organostannyl 

monomers (P2’’) (Mn = 8.3 x 10
3
 g mol

-1
). This suggests that in the case where both 

coupling partners are highly pure (above 99.5%), and when a Pd(0) complex is used, a 

small stoichiometric imbalance has a negative impact on the molecular weight of the 

polymer.  
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Scheme 6.2. Synthesis of monomers M2 and M3 and the corresponding poly(thienoquinoxaline)s  

P2/P2’/ P2’’ and P3/P3’, respectively. 

 

Polymers P2’ and P3 were aditionally purified and fractionated by preparative GPC. A 

better fractionation of these polymers was thus possible, since these materials are 

extremely soluble in most organic solvents, which complicates efficient fractionation 

by Soxhlet extraction. The purified polymers are denoted as P2’GPC and P3GPC, 

respectively (Table 6.1). Polymer fractionation allowed to investigate the influence of 

the molecular weight on the solar cell performance. 

The energy levels of the polymers, as determined by cyclic voltammetry, were in 

agreement with the values reported in literature for polymer TQ1, having a similar 

structure to polymers P1-P3.
9b13

Regardless of the side chains, all polymers showed 

electrochemical band gaps close to 2.0 eV. The optical band gap, determined from the 

onset (in film) of the polymer absorption spectra, is ~1.65 eV for P2’/P3 and slightly 

reduced for P1, i.e. 1.55 eV. The relatively large differences between the optical and 
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electrochemical band gaps are probably due to polymer aggregation, which complicates 

precise determination of the optical onset. 

 

Table 6.2. Cyclic voltammetry data of polymers P1-P3. 

Polymer 

 

ox

onsetE
 

(V)
 

red

onsetE  

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
EC

 

(eV) 

Eg
OP

 

(eV)
a
 

P1 0.43 -1.62 -5.36 -3.31 2.05 1.55 

P2’ 0.42 -1.48 -5.35 -3.45 1.90 1.65 

P3 0.40 -1.67 -5.33 -3.26 2.07 1.66 

TQ1
b 

0.47 -1.75 -5.70 -3.30 2.40 1.70 

a In film; b from ref 9b. 

 

Both in solution and in thin film polymers P1-P3 displayed similar absorption spectra 

which were characterized by a low energy band, covering the 450-700 nm range, and a 

structured absorption band in the high energy part of the spectrum, between 250 and 

400 nm. In thin film, the absorption maxima of these materials were red-shifted by ~50 

nm (Figure 6.2). P1 showed a high tendency to aggregate which facilitates polymer 

chain interactions. In this case, the onset of the absorption in thin film was red-shifted 

by ~100 nm compared to the one in solution. For P2’, which was additionally 

fractionated by means of preparative GPC, a nice correlation between the absorption 

maxima, the band gap of the material, and the number average molecular weight of the 

polymer was noticed (Figure 6.3). 
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Figure 6.2. Absorption spectra of polymers P1-P3 recorded from solution and from thin film. 

 

 

6.2.2. Bulk Heterojunction Organic Solar Cells 

Polymers P1-P3 were used as (electron) donor materials in combination with a 

fullerene (electron) acceptor (PC61BM or PC71BM) and their photovoltaic performance 

was evaluated in BHJ organic solar cells. Devices with a normal as well as an inverted 

configuration were fabricated. For the normal configuration, the BHJ solar cells had a 

layered structure of ITO/PEDOT:PSS/polymer:PC61/71BM/Ca/Al. For the inverted 

configuration, the structure was ITO/TiOx/polymer:PC71BM/MoO3/Ag. The output 

parameters were measured under air mass 1.5 global illumination conditions (AM 1.5G 

100 mW cm
-2

). A summary of all cells is given in Table 6.3 and some J-V curves are 

displayed in Figure 6.4. 

Polymer:fullerene ratios from 1:1 to 1:3 were explored. In combination with PC61BM 

(1:3 w/w ratio), polymer P1, bearing aromatic side chains directly connected to the 

quinoxaline core, afforded 1.00% PCE. Polymers P2 and P3, for which the alkyl side 

chains were connected by ethenyl and butadienyl linkers, showed relatively low PCEs 

(~ 0.16%). For P3, additional fractionation/purification of the polymer led to 0.45% 

PCE for P3GPC_3. The modest performances of these materials, and in particular for P2 

and P3, presumably arose from a bad active layer morphology (inhomogeneous films, 

as visualized by SEM). 
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Figure 6.3. Absorption spectra recorded from CHCl3 (top, normalized at the low energy band) and picture of 

the solutions of different P2’ polymer fractions in THF (bottom).  

 

In combination with PC71BM (1:3 (w/w) ratio), polymer P2’, having superior Mn values 

compared to P2, showed slightly improved output parameters (Jsc = 2.65 mA cm
-2

, Voc 

= 0.68 V, FF = 39%, PCE = 0.71%) when CB was used as the processing solvent. The 

addition of the processing additive 1,8-octanedithiol (ODT) led to a considerable 

reduction of the PCE, most probably due to an alteration of the morphology and/or the 

presence of residual ODT in the bulk, which can act as “hole trap”. The charge 

transport was almost absent in solar cells for which the composite layer was prepared 

from chloroform solutions, suggesting a very bad morphology of the active layer. For 

P2’GPC_1, which had again slightly higher Mn values compared to P2, a PCE close to 

1.00% was achieved using an inverted configuration. For P2’GPC_1, further increase of 

the Mn (2.6 x 10
4
 g mol

-1
) considerably improved the Jsc (3.16 mA cm

-2
) and the FF 

Mn (g mol-1)

2.4 x 104          9.5 x 103          5.5 x 103        2.8 x 103
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(57%), affording the highest PCE (1.44%) obtained for this polymer. Superior values 

for the Jsc are presumably due to a better morphology of the bulk and higher (hole) 

mobility of the high Mn polymer fraction. 

 
Table 6.3. Solar cell performances of the poly(thienoquinoxaline) donor polymers P1-P3. 

Donor 

Polymer 

Processing 

Solvent(s) 

Mn 

(g mol
-1

) 
Ratio 

Voc 

(V) 

Jsc 

(mA cm
-2

) 

FF 

 

PCE 

(%) 

P1
a
 

CB
b
 + 

ODCB
c,d

 
5.0 x 10

3
 1:3 0.68 3.39 0.44 1.00 

P1
e
 CB 5.0 x 10

3
 1:2 0.71 7.67 0.41 2.24 

P2
a
 CB

b
 5.2 x 10

3
 1:3 0.38 1.16 0.35 0.16 

P2
c
 ODCB

c
 5.2 x 10

3
 1:2 0.56 1.01 0.27 0.15 

P2’
e
 CHCl3 1.3 x 10

4
 1:3 0.56 0.05 0.09 0.002 

P2’
e
 CB

b
 1.3 x 10

4
 1:3 0.68 2.65 0.39 0.71 

P2’
e
 CB

b
 + ODT

f
 1.3 x 10

4
 1:3 0.80 0.73 0.36 0.21 

P2’GPC_1
e,g

 CB
b
 1.6 x 10

4
 1:3 0.75 2.38 0.54 0.97 

P2’GPC_1
e,g

 CB
b
 1.6 x 10

4
 1:2 0.82 3.13 0.51 1.31 

P2’GPC_2
e
 CB

b
 2.6 x 10

4
 1:2 0.80 3.16 0.57 1.44 

P2’GPC_2
e
 CB

b
 2.6 x 10

4
 1:1 0.80 2.64 0.56 1.19 

P3
a
 

CB
b
 + 

ODCB
c,d

 
8.8 x 10

3
 1:3 0.60 0.92 0.31 0.17 

P3GPC_1
a
 CB

b
 1.3 x 10

4
 1:3 0.57 1.34 0.29 0.22 

P3GPC_2
a
 

CB
b
 + 

ODCB
c,d

 
1.6 x 10

4
 1:3 0.63 1.04 0.28 0.18 

P3GPC_3
a
 CB

b
 1.5 x 10

4
 1:3 0.66 2.33 0.29 0.45 

a in combination with PC61BM; b CB = chlorobenzene; c ODCB = ortho-dichlorobenzene; d CB:ODCB = 1:1 

(v/v); e in combination with PC71BM; f ODT = 1,8-octanedithiol; g inverted solar cell configuration. 
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Figure 6.4. J-V curves for the series of BHJ solar cells fabricated with P1 and P2 (top) and with  

purified polymer P2’ (bottom). 

 

6.3. Conclusions 

The synthesis of three poly(thienoquinoxaline) low band gap polymers P1-P3 was 

achieved by Stille polycondensation reactions. For P1, the aromatic side chains were 

directly connected to the quinoxaline core, while for P2 and P3, the alkyl side chains 

were connected by ethenyl and butadienyl linkers, respectively. For polymer P2’, 

synthesized in the presence of 2,5-bis(trimethylstannyl)thiophene, the Mn values of the 

material were considerably improved. The photovoltaic performance of the polymers 

P1-P3, used as (electron) donor materials in combination with PC61/71BM (electron) 
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acceptors, was low for P2/P3 (~0.16%) and P1 (~ 1.00% efficiency). Additional 

fractionation/purification of the polymers by preparative GPC allowed isolation of the 

higher Mn fractions, which showed superior charge transport, better organization 

features and hence afforded superior PCEs compared to the polymers isolated by 

simple Soxhlet extraction. For P2’, the optimal polymer:PC71BM ratio was 1:2 (w/w), 

the use of a 1:1 (w/w) ratio delivering lower current due to inefficient charge transfer. 

The highest efficiencies were obtained from P1 (2.24%) and P2’GPC_2 (1.44%).  

 

6.4. Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) or relative to one of the residual C6H5Cl absorption (7.14 ppm) 

of C6D5Cl. Gas chromatography-mass spectrometry (GC-MS) analyses were carried 

out applying Chrompack Cpsil5CB or Cpsil8CB capillary columns. Molecular weights 

and molecular weight distributions were determined relative to polystyrene standards 

(Polymer Labs) by gel permeation chromatography (GPC). Chromatograms were 

recorded on a Spectra Series P100 (Spectra Physics) equipped with two mixed-B 

columns (10 µm, 0.75 cm x 30 cm, Polymer Labs) and a refractive index detector 

(Shodex) at 40 °C. THF was most often used as the eluent at a flow rate of 1.0 mL         

min
-1

. If chlorobenzene was used as the eluent, the temperature was raised to 80 °C. 

Preparative GPC was performed on JAIGEL 2H and 2.5H columns attached to a LC 

system equipped with a UV detector (path 0.5 mm) and a switch for recycling and 

collecting the eluent (CHCl3: flow rate 3.5 mL min
-1

 and injection volume 1.0 mL) or 

on a JAI LC-92XX Next series equipped with JAIGEL 2H and 3H columns. Solution 

UV-Vis absorption measurements were performed with a scan rate of 600 nm min
-1

 in a 

continuous run from 1000 to 200 nm. Thin film electrochemical measurements were 

performed with an Eco Chemie Autolab PGSTAT 30 Potentiostat/Galvanostat using a 

conventional three-electrode cell under N2 atmosphere (electrolyte: 0.1 mol L
-1

 TBAPF6 

in anhydrous CH3CN). For the measurements, a Ag/AgNO3 reference electrode (0.01 

mol L
-1

 AgNO3 and 0.1 mol L
-1

 TBAPF6 in anhydrous CH3CN), a platinum counter 

electrode and an indium tin oxide (ITO) coated glass substrate as working electrode 

were used. The polymers were deposited by drop-casting directly onto the ITO 
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substrates. Cyclic voltammograms were recorded at 50 mV s
-1

. From the onset 

potentials of the oxidation and reduction the position of the energy levels could be 

estimated. All potentials were referenced using a known standard, 

ferrocene/ferrocenium, which in CH3CN solution is estimated to have an oxidation 

potential of -4.98 eV vs. vacuum. Polymer bulk heterojunction solar cells were 

fabricated by spin coating a polymer:PC61BM or polymer:PC71BM (Solenne) blend in a 

1:1, 1:2 or 1:3 w/w ratio, respectively, with or without 1,8-octanedithiol (24 mg mL
-1

) 

(Sigma Aldrich) as an additive, sandwiched between a transparent anode and an 

evaporated metal cathode. For the normal solar cell architecture, the transparent anode 

was an ITO covered glass substrate which was coated with a 30 nm poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonic acid) PEDOT/PSS (CLEVIOS P VP.AI 

4083) layer applied by spin coating. The cathode, a bilayer of 50 nm Ca and 100 nm Al 

when PC61BM was used as acceptor or 20 nm Ca and 80 nm Al when PC71BM was 

used as acceptor, was thermally evaporated. For the inverted solar cell architecture, the 

transparent cathode was an ITO covered glass substrate which was coated with a 10 nm 

titanium oxide (TiOx) layer applied by spin coating. The anode, a bilayer of 10 nm 

MoO3 and 150 nm Ag, was thermally evaporated. The ITO glass substrate was cleaned 

by ultrasonification (sequentially) in soap solution, deionized water, acetone and 

isopropanol. For the bulk heterojunction devices the polymers and PC61BM (1:3 w/w 

ratio) or PC71BM (1:3 w/w ratio) were dissolved together in chlorobenzene, ortho-

dichlorobenzene or a 1:1 (v/v) solvent mixture to give an overall 20, 30 or 40 mg mL
-1

 

solution, respectively, which was stirred overnight at 80 °C inside a glovebox. Solar 

cell efficiencies were characterized under simulated 100 mW cm
-2

 AM 1.5 G 

irradiation from a Xe arc lamp with an AM 1.5 global filter. 

 

Synthesis 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. 2,5-Bis(tributylstannyl)thiophene (97%) 

(5) was purchased from Sigma Aldrich and used without further purification. 

2,5-Bis(trimethylstannyl)thiophene (8) was synthesized according to a literature 

procedure.
1314

 Material identity and purity were confirmed by GC-MS and 
1
H NMR. 

5,8-Dibromo-2,3-bis(5-(2-ethylhexyl)thiophen-2-yl)quinoxaline (M1), 5,8-dibromo-

2,3-di((E)-tridec-1-en-1-yl)quinoxaline (M2) and 5,8-dibromo-2,3-di((1E,3E)-
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undeca-1,3-dien-1-yl)quinoxaline (M3) were synthesized as previously reported.
11

 

Material identity and purity were confirmed by GC-MS and 
1
H NMR. 

Poly[2,3-bis(5-(2-ethylhexyl)thien-2-yl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] 

(P1): General procedure: M1 (0.204 g, 0.301 mmol) and 5 (0.205 g, 0.310 mmol) 

were placed in a Schlenk tube which was brought under inert atmosphere. Toluene, 

degassed by bubbling through N2 gas for 20 minutes, was added (10 mL) and the 

mixture was vigorously stirred for 10 minutes at r.t. Pd(PPh3)4 (3mol%) was then added 

and the mixture was allowed to react for 5 days at 100 
o
C. End-capping was performed 

in two stages by addition of 2-(tributylstannyl)thiophene (0.447 g, 1.20 mmol) and 2-

bromothiophene (0.098 g, 0.60 mmol), respectively. The polymer was precipitated in 

methanol and purified by repetitive Soxhlet extraction with methanol, acetone, hexane 

and dichloromethane. The final polymer was extracted with chlorobenzene and was 

isolated as a dark green powder upon precipitation in methanol (0.110 g, 61%); 
1
H 

NMR (300 MHz, C6D5Cl)  8.43-8.18 (br m, 2H), 7.73-7.51 (br m, 4H), 6.80-6.63 (br 

m, 2H), 2.98-2.86 (br m, 4H), 1.60-1.21 (br m, 18H), 0.98–0.76 (br m, 12H); UV-Vis 

(CHCl3, nm) max 263/366/608; UV-Vis (film, nm) max 382/627/666; GPC (CB, PS 

standards) Mn = 5.0 x 10
3
 g mol

-1
, Mw = 9.5 x 10

3
 g mol

-1
, PDI = 1.9. 

Poly[2,3-di((E)-tridec-1-en-1-yl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (P2): 

According to the general procedure: M2 (0.103 g, 0.160 mmol), 5 (0.108 g, 0.164 

mmol), toluene (10 mL), Pd(PPh3)4 (3mol%), 2-(tributylstannyl)thiophene (0.238 g, 

0.64 mmol), 2-bromothiophene (0.052 g, 0.32 mmol), dark blue powder (0.071 g, 

78%); 
1
H NMR (300 MHz, CDCl3)  8.17-7.88 (br m, 6H), 7.04-6.67 (br m, 2H), 2.59-

1.97 (br m, 4H), 1.50-0.96 (br m, 36H), 0.93–0.69 (br m, 6H); UV-Vis (CHCl3, nm) 

max 285/355/602; UV-Vis (film, nm) max 285/363/628; GPC (THF, PS standards) Mn 

= 5.2 x 10
3
 g mol

-1
, Mw = 9.3 x 10

3
 g mol

-1
, PDI = 1.8. 

Poly[2,3-di((E)-tridec-1-en-1-yl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (P2’): 

According to the general procedure: M2 (0.123 g, 0.19 mmol), 8 (0.077 g, 0.19 mmol), 

toluene (7 mL), Pd(PPh3)4 (3mol%), 2-(tributylstannyl)thiophene (0.283 g, 0.76 mmol), 

2-bromothiophene (0.062 g, 0.38 mmol), dark blue powder (0.088 g, 81%); GPC (THF, 

PS standards) Mn = 1.3 x 10
4
 g mol

-1
, Mw = 3.4 x 10

4
 g mol

-1
, PDI = 2.6. 

Poly[2,3-di((1E,3E)-undeca-1,3-dien-1-yl)quinoxaline-5,8-diyl-alt-thiophene-2,5-

diyl] (P3): According to the general procedure: M3 (0.094 g, 0.160 mmol), 5 (0.109 g, 
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0.164 mmol), toluene (6 mL), Pd(PPh3)4 (3mol%), 2-(tributylstannyl)thiophene (0.238 

g, 0.64 mmol), 2-bromothiophene (0.052 g, 0.32 mmol), dark blue powder (0.075 g, 

89%); UV-Vis (CHCl3, nm) max 313/604; UV-Vis (film, nm) max 323/369/631; GPC 

(THF, PS standards) Mn = 8.8 x 10
3
 g mol

-1
, Mw = 2.6 x 10

3
 g mol

-1
, PDI = 2.9. 
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7.1.  Introduction 

Continuous efforts on the design and synthesis of new semiconducting polymers for 

organic solar cell applications and the development of new device architectures (e.g. 

tandem and inverted configurations) have steadily led to certified power conversion 

efficiencies (PCEs) currently exceeding the 10% threshold.
1,2

 A major advantage of 

organic light harvesting materials is that they can be synthesized at relatively low 

production costs and allow fast processing from solution by roll to roll (R2R) printing 

of large area flexible substrates.
3
 The development of low band gap conjugated 

polymers with absorption windows extended toward the near-IR region of the 

spectrum, where the photon flux is at its maximum, has played a crucial role in the 

recent progress that has been made in the field of organic photovoltaics (OPVs).
4
  

At this moment, the record efficiency (for a tandem configuration) is held by poly[2, ′-

4,8-bis(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-

thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione] (PBDTT-DPP), a low band gap 

polymer in which benzo[1,2-b;3,4-b]dithiophene (BDT) donor units alternate with 

pyrrolo[3,4-c]pyrrole-1,4-dione acceptor units.
1
 Numerous examples of conjugated 

polymers incorporating the planar BDT donor, in combination with a variety of 

acceptors, have proven to be efficient materials for OPV applications, with PCEs 

exceeding 6%.
5
 One of the pioneering low band gap polymers, poly[2,6-(4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 

or PCPDTBT, for which a record efficiency of 5.5% was obtained in 2007, has also 

received considerable attention.
6
 Efforts in replacing the electron poor 2,1,3-

benzothiadiazole unit, while preserving the electron rich cyclopenta[2,1-b;3,4-

b′]dithiophene (CPDT) moiety, have proven quite challenging for the development of 

highly efficient (electron) donor polymers.
7
 Both BDT and CPDT were previously used 

in the synthesis of alternating copolymers in combination with a quinoxaline (Qx) 

acceptor bearing phenyl substituents or no side chains at all.
7b,8

 Despite the low band 

gap character of these materials, the relatively low PCEs (0.2-1.2%) obtained in bulk 

heterojunction (BHJ) organic solar cells were mainly explained by inappropriate 

morphology of the active layer. 

In this paper we present the synthesis of a series of two dimensionally conjugated 

donor-acceptor low band gap copolymers incorporating BDT/CPDT and 
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(bis(thieno))quinoxaline units along the polymer backbone. All quinoxaline monomers 

have aliphatic or heteroaromatic side chains which are separated by ethenyl and/or 

butadienyl spacers from the electron deficient quinoxaline core, which induces an 

additional vertical conjugation pathway for improved light harvesting.
9
 Two polymers 

incorporate BDT and Qx units and are denoted as PBDTQx1 and PBDTQx2. The third 

polymer is built from BDT and bis(thieno)quinoxaline (DTQx) units and is denoted as 

PBDT-DTQx. The fourth polymer is composed of an asymmetrically dialkyl-

substituted CPDT and a Qx unit and is denoted as PCPDT-Qx. These polymers are 

evaluated as donor materials in BHJ solar cell devices.  

 

Figure 7.1. Structures of the PBDTQx, PBDT-DTQx and PCPDT-Qx polymers. 
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7.2. Results and Discussion 

7.2.1. Synthesis and Characterization of the PBDTQx, PBDT-DTQx and 

PCPDT-Qx Polymers 

The synthesis of the electron rich 4,8-bis((2-ethylhexyloxy)benzo[1,2-b:3,4-

b]dithiophene-2,6-diyl)bis(trimethylstannyl) unit D1 (Scheme 7.1) was performed 

according to a literature procedure, starting from thiophene-3-carboxylic acid (1).
5f

 The 

latter was converted, in a first step, to the corresponding acyl chloride 2 and then to 

N,N-diethylthiophene-3-carboxamide (3). The cyclic benzo[1,2-b:3,4-b]dithiophene-

4,8-dione derivative 4, generated by treatment of the amide with n-butyllithium, was 

further reduced in the presence of Zn/NaOH to the corresponding diol. Addition of 2-

ethylhexylbromide, in the presence of a catalytic amount of potassium iodide, followed 

by lithiation and stannylation by trimethyltin chloride, finally afforded monomer D1 

(Scheme 7.1). 

The synthesis of the acceptor quinoxaline derivatives A1-A3 was achieved following 

the synthetic protocols previously developed in our group.
9
 5,8-Dibromoquinoxalines 

A1 and A2 were obtained in four steps starting from 2,1,3-benzothiadiazole (6) 

(Scheme 7.2). Bromination, using a mixture of Br2/HBr, followed by sulfur extrusion in 

the presence of NaBH4 and condensation with 1,4-dibromobutane-2,3-dione (9) 

afforded 5,8-dibromo-2,3-bis(bromomethyl)quinoxaline (10). Treatment with triethyl 

phosphite, followed by proton abstraction and addition of the appropriate aldehyde, led 

to the formation of monomers A1 and A2.  

 

 

Scheme 7.1. Synthesis of the electron rich BDT monomer D1. 
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Scheme 7.2. Synthesis of the Qx electron acceptor monomers A1-A2. 

 

The PBDTQx polymers were synthesized by Stille polycondensations between donor 

monomer D1 and acceptor monomers A1 and A2, using microwave irradiation 

(Scheme 7.3). One of the main advantages of microwave synthesisis that it allows 

faster screening and optimization of the conditions employed in the polymerization 

reactions, using little amounts of material. Additionally, compared to conventional 

heating, the reaction time is considerably reduced from several days to hours, which 

limits the degradation of the monomers and/or the catalyst. The polymerization, 

catalyzed by Pd(PPh3)4, was conducted for 1 hour at 140 
o
C under an argon atmosphere 

(~80 PSI), using toluene as a solvent. End-capping was performed in two stages, each 

lasting 15 minutes, by addition of 2-tributylstannylthiophene and 2-bromothiophene, 

respectively. Polymers PBDTQx1-2 were isolated as dark blue powders upon 

precipitation in acetone. Purification/fractionation by means of preparative GPC (gel 

permeation chromatography) was performed for PBDTQx2 prior to solar cell 

fabrication (these fractions are further on denoted as PBDTQx2GPC). 
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Scheme 7.3. Synthesis of the PBDTQx copolymers by Stille polycondensation reactions. 

 

For the synthesis of Qx monomer A3 (Scheme 7.4), the introduction of extra thiophene 

groups was achieved by Suzuki cross coupling between 2-bromo-3-hexylthiophene (11) 

and the commercially available 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol 

ester) (12). This was followed by sulfur extrusion in the presence of LiAlH4 and 

condensation with 1,4-dibromobutane-2,3-dione (9) to afford 2,3-bis(bromomethyl)-

5,8-bis(3-hexylthiophen-2-yl)quinoxaline (14). Introduction of the bromine atoms in 

positions 5 of the thiophene rings was done by bromination in the presence of N-

bromosuccinimide (NBS). Generation of the bisphosphonate (upon application of 

triethyl phosphite) followed by proton abstraction and addition of 5-(2-

ethylhexyl)thiophene-2-carbaldehyde (16), led to the formation of monomer A3. The 

PBDT-DTQx polymer (Scheme 7.4) was then synthesized by Stille polycondensation 

between donor monomer D1 and acceptor monomer A3, using microwave irradiation 

(vide supra). The final polymer was isolated as a dark red powder upon precipitation in 

acetone. 
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Scheme 7.4. Synthesis of the Qx electron acceptor monomer A3 and of the corresponding PBDT-DTQx 

copolymer obtained by a Stille polycondensation reaction with the BDT electron donor unit D1. 
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The asymmetrically dialkyl-substituted CPDT monomer was prepared via a three-step 

synthetic protocol recently developed in our group (Scheme 7.5).
10,11

 In the first step, 

Kumada coupling of 2-thienylmagnesium bromide (17) with 2,3-dibromothiophene 

(18) afforded 3-bromo-2,2’-bithiophene. Lithiation in position 3, followed by treatment 

with 5-ethylpentadecan-7-one (20) gave the dialkylated tertiary alcohol derivative 21. 

Friedel-Crafts dehydration cyclization in sulfuric acid medium ultimately afforded the 

CPDT scaffold. The organostannyl derivative D2 was obtained by lithiation and 

stannylation in the presence of trimethyltin chloride. The PCPDT-Qx polymer was 

synthesized from D2 and quinoxaline derivative A1 by Stille polycondensation (vide 

supra) (Scheme 7.5). The final polymer was isolated as a dark green powder upon 

precipitation in acetone. 

 

 

 

Scheme 7.5. Synthesis of the electron rich CPDT monomer D2 and the PCPDT-Qx copolymer by a Stille 

polycondensation reaction with the Qx electron acceptor A1. 
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Polymer PBDTQx2 was synthesized in 87% yield, while the other three polymers were 

obtained in modest yields ranging from 42 to 50%. Their molecular weights (and those 

of the polymer fractions isolated upon purification/fractionation by preparative GPC) 

were determined by GPC analysis in tetrahydrofuran (THF) at 40 
o
C (Table 7.1). The 

number average molecular weight (Mn) of the PBDTQx polymers was ~ 1.0 x 10
4
 g 

mol
-1

. The relatively low Mn values for PCPDT-Qx (4.8 x 10
3
 g mol

-1
) and in particular 

for PBDT-DTQx (3.8 x 10
3
 g mol

-1
) indicate the formation of oligomers rather than 

polymers. The poor results obtained for these polycondensation reactions could arise 

from a stoichiometric imbalance of the monomers and/or functionalities in the initial 

reaction mixture, related to the small scale (~50 mg) of the reactions. 

 
Table 7.1. Analytical GPC data (THF) of the PBDTQx1/2, PBDT-DTQx and PCPDT-Qx copolymers. 

Polymer Mn (g mol
-1

) Mw (g mol
-1

) PDI 

PBDTQx1
a
 1.0 x 10

4
 5.5 x 10

4
 5.5 

PBDTQx2
a

 7.8 x 10
3
 4.4 x 10

4
 5.6 

PBDTQx2GPC_1 8.9 x 10
3
 4.5 x 10

4
 5.1 

PBDTQx2GPC_2 6.9 x 10
3
 1.5 x 10

4
 2.2 

PBDTQx2GPC_3 6.0 x 10
3
 8.4 x 10

3
 1.4 

PBDT-DTQx
a
 3.8 x 10

3
 1.1 x 10

4
 2.8 

PCPDT-Qx
a
 4.8 x 10

3
 9.1 x 10

3
 1.9 

a Analysis of the polymer isolated upon precipitation in acetone. 

 

The absorption spectra of the polymers were characterized by three distinct bands 

located between ~250-450 and 550-700 nm (Figure 7.2). For PCPDT-Qx, the low 

energy absorption band was located between ~500-850 nm, strongly red-shifted 

compared to the rest of the polymers. Taking into account the relatively low number 

average molecular weight of this polymer, it is envisaged that these properties can even 

be enhanced in materials with higher degrees of polymerization. Additional 

fractionation of PBDTQx2, by means of preparative GPC, allowed the isolation of 

three polymer fractions, denoted as PBDTQx2GPC. A correlation between the 
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absorption maxima, the band gap of the material, and the number average molecular 

weight of the polymer was clearly noticed (Figure 7.2). 

 

 

 

 

 

            

Figure 7.2. Normalized absorption spectra of the polymers recorded from solution (CHCl3) and thin film 

(top), absorption spectra recorded from CHCl3 (middle, normalized at the low energy band) and picture of the 

solutions of different PBDTQx2 polymer fractions in CHCl3 (bottom).  

Mn (g mol-1)

7.8 x 103 8.9 x 103         6.9 x 103        6.0 x 103 

(before 
fractionation)
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The energy levels of the synthesized polymers, as determined by cyclic voltammetry, 

are summarized in Table 7.2. Polymers PBDTQx1/2 showed very similar 

electrochemical and optical (determined from the absorption onset in film) band gaps, 

close to ~2.0 and ~1.8 eV, respectively. For PBDT-DTQx, for which the degree of 

polymerization was low, these values were slightly higher. PCPDT-Qx had by far the 

lowest band gap values, i.e. 1.79 (electrochemical) and 1.51 eV (optical), the onset of 

the absorption (in solution as well as in thin film) being extended beyond 800 nm. In 

terms of energy levels and absorption pattern, the PCPDT-Qx low band gap polymer is 

very close to the parent PCPDTBT derivative.
6a 

 

Table 7.2. Cyclic voltammetry data of the PBDTQx, PBDT-DTQx and PCPDT-Qx polymers. 

Polymer 

 

ox

onsetE
 

(V)
 

red

onsetE  

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
EC

 

(eV) 

Eg
OP

 

(eV)
a
 

PBDTQx1 0.46 -1.52 -5.39 -3.41 1.98 1.72 

PBDTQx2 0.47 -1.59 -5.40 -3.34 2.06 1.80 

PBDT-DTQx 0.52 -1.58 -5.45 -3.35 2.10 1.91 

PCPDT-Qx
 0.21 -1.58 -5.14 -3.93 1.79 1.51 

a In film. 

 

7.2.2.  Bulk Heterojunction Solar Cells 

PBDTQx2 was used as a donor material, in combination with PC71BM, in the 

fabrication of BHJ organic solar cells. The devices had a layered structure 

ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. The active layer was cast from a 

chlorobenzene (CB) solution which consisted of a 1:2 (w/w) ratio of 

PBDTQx2:PC71BM. The output parameters were measured under air mass 1.5 global 

illumination conditions (AM 1.5G 100 mW cm
-2

). Preliminary solar cell results 

obtained with the non-purified polymer afforded 0.76% PCE with a Jsc of 2.19 mA   

cm
-2

, a Voc of 0.77 V and a FF of 45%. Under the same conditions, the efficiency was 

improved to 1.06% when the purified polymer, i.e. PBDTQx2GPC_1 was used (Figure 

7.3). The Jsc increased to 3.14 mA cm
-2

, while the Voc and FF remained virtually 
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unchanged. Compared to polymers of the same class which were already described in 

literature, for which efficiencies in the order of 0.20% were obtained, PBDTQx2 

clearly shows superior photovoltaic performances.
8a

 Optimization of the processing 

solvent, the polymer:PC71BM ratio and the molecular weight distribution can further 

lead to increased PCEs.
12

 These aspects are currently under investigation within our 

group. 

 

 

Figure 7.3. J-V curve for the best BHJ solar cell obtained with PBDTQx2GPC_1:PC71BM. 

 

The other three materials were not yet tested in BHJ solar cells due to the relatively low 

material amounts and/or low Mn values.  

 

7.3. Conclusions 

The synthesis of a series of low band gap light harvesting materials incorporating BDT 

or CPDT donors and (DT)Qx acceptors with conjugated alkyl or heteroaryl side chains 

was accomplished via Stille polycondensation reactions. The absorption spectra of 

these derivatives are characterized by three absorption bands, the onset (in thin film) 

being located in the near-IR region of the spectrum. Polymer PBDTQx2 was used as a 

donor material in the fabrication of BHJ solar cells, in a blend with PC71BM as the 

acceptor. This combination afforded 1.06% PCE, a promising result which can further 

be improved by optimizing the polymer:PC71BM ratio, the processing parameters (e.g. 
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spin coating speed, solvent, the use of an additive, etc.) and the molecular weight 

(distribution). Optimization of the polycondensation reaction and extensive purification 

of the monomers is envisaged to reach higher degrees of polymerization for 

PBDTQx1, PBDT-DTQx and PCPDT-Qx. The photovoltaic performance of these 

donor materials will then also be evaluated in BHJ solar cells. 

 

7.4. Experimental Section 

Materials and Methods 

NMR chemical shifts (, in ppm) were determined relative to the residual CHCl3 

absorption (7.26 ppm) of CDCl3 or relative to one of the residual C6H5Cl absorptions 

(7.14 ppm) of C6D5Cl. Gas chromatography-mass spectrometry (GC-MS) analyses 

were carried out applying Chrompack Cpsil5CB or Cpsil8CB capillary columns. 

Molecular weights and molecular weight distributions were determined relative to 

polystyrene standards (Polymer Labs) by gel permeation chromatography (GPC). 

Chromatograms were recorded on a Spectra Series P100 (Spectra Physics) equipped 

with two mixed-B columns (10 µm, 0.75 cm x 30 cm, Polymer Labs) and a refractive 

index detector (Shodex) at 40 °C. THF was used as the eluent at a flow rate of 1.0 mL 

min
-1

. Preparative GPC was performed on a JAI LC-92XX Next series equipped with 

JAIGEL 2H and 3H columns. Solution UV-Vis absorption measurements were 

performed with a scan rate of 600 nm min
-1

 in a continuous run from 1000 to 200 nm. 

Thin film electrochemical measurements were performed with an Eco Chemie Autolab 

PGSTAT 30 Potentiostat/Galvanostat using a conventional three-electrode cell under 

N2 atmosphere (electrolyte: 0.1 mol L
-1

 TBAPF6 in anhydrous CH3CN). For the 

measurements, a Ag/AgNO3 reference electrode (0.01 mol L
-1

 AgNO3 and 0.1 mol L
-1

 

TBAPF6 in anhydrous CH3CN), a platinum counter electrode and an indium tin oxide 

(ITO) coated glass substrate as working electrode were used. The polymers were 

deposited by drop-casting directly onto the ITO substrates. Cyclic voltammograms 

were recorded at 50 mV s
-1

. From the onset potentials of the oxidation and reduction 

the position of the energy levels could be estimated. All potentials were referenced 

using a known standard, ferrocene/ferrocenium, which in CH3CN solution is estimated 

to have an oxidation potential of -4.98 eV vs. vacuum. Polymer bulk heterojunction 

solar cells were fabricated by spin coating a polymer:PC71BM (Solenne) blend (1:2 
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w/w ratio) sandwiched between a transparent anode and an evaporated metal cathode. 

The transparent anode was an ITO covered glass substrate which was coated with a 30 

nm poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonic acid) PEDOT/PSS 

(CLEVIOS P VP.AI 4083) layer applied by spin coating. The cathode, a bilayer of 20 

nm Ca and 80 nm Al, was thermally evaporated. The ITO glass substrate was cleaned 

by ultrasonification (sequentially) in soap solution, deionized water, acetone and 

isopropanol. For the bulk heterojunction devices the polymer and PC71BM (1:2 w/w 

ratio) were dissolved together in chlorobenzene, to give an overall 30 mg mL
-1

 solution, 

which was stirred overnight at 80 °C inside a glovebox. Solar cell efficiencies were 

characterized under simulated 100 mW cm
-2

 AM 1.5 G irradiation from a Xe arc lamp 

with an AM 1.5 global filter. 

 

Synthesis 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification.  

4,8-Bis((2-ethylhexyloxy)benzo[1,2-b:3,4-b]dithiophene-2,6-diyl)bis(trimethylstan-

nane) (D1) was synthesized according to a literature procedure.
5f

 Material identity and 

purity were confirmed by GC-MS and 
1
H NMR. 

5,8-Dibromo-2,3-di((1E,3E)-undeca-1,3-dien-1-yl)quinoxaline (A1), 5,8-dibromo-

2,3-di((E)-tridec-1-en-1-yl)quinoxaline (A2) and 5,8-bis(5-bromo-3-hexylthien-2-

yl)-2,3-bis((E)-2-(5-(2-ethylhexyl)thien-2-yl)vinyl)quinoxaline (A3) were 

synthesized according to literature procedures.
9
 Material identity and purity were 

confirmed by GC-MS and 
1
H NMR. 

4-(2’-Ethylhexyl)-4-octyl-4H-cyclopenta2,1-b:3,4-b’dithiophene was synthesized 

according to a literature procedure.
10

 Material identity and purity were confirmed by 

GC-MS and 
1
H NMR. 

(4-(2-Ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene-2,6-diyl)bis-

(trimethylstannane) (D2) was synthesized according to a literature procedure.
13

 
1
H 

NMR (400 MHz, CDCl3)  6.97-6.90 (m, 2H), 1.90-1.76 (m, 4H), 1.25-1.08 (br m, 

15H), 0.99-0.88 (m, 6H), 0.84 (t, J = 7.3 Hz, 3H), 0.73 (t, J = 6.5 Hz, 3H), 0.58 (t, J = 

7.7 Hz, 3H), 0.37-0.34 (m, 18H). 

Poly[4,8-bis(2-ethylhexyloxy)benzo[1,2-b:3,4-b]dithiophen-2-yl)-2,5-diyl-alt-2,3-

di((1E,3E)-undeca-1,3-dien-1-yl)quinoxaline-5,8-diyl] (PBDTQx1): General 
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procedure: D1 (0.053 g, 0.068 mmol) and A1 (0.040 g, 0.068 mmol) were placed in a 

(10 mL) MW reaction vessel which was brought under inert atmosphere. Toluene (2.2 

mL), degassed by bubbling through N2 gas for 20 minutes, was added and the mixture 

was vigorously stirred for 10 minutes at r.t. The polymerization, catalyzed by Pd(PPh3)4 

(3mol%), was conducted for 1 h at 140 
o
C under an argon atmosphere (~80 PSI). End-

capping was performed in two stages, each lasting 15 minutes, by addition of 2-

tributylstannylthiophene (0.101 g, 0.272 mmol) and 2-bromothiophene (0.022 g, 0.136 

mmol), respectively. Polymer P1 was precipitated in acetone and exhaustively washed 

with the same solvent, to afford a green fiber-like solid (0.029 g, 50%); 
1
H NMR (300 

MHz, C6D5Cl)  8.64-7.61 (br m, 6H), 6.61-6.22 (2 x br s, 6H), 4.69-4.44 (br m, 4H), 

2.43-0.87 (br m, 56H); UV-Vis (CHCl3, nm) max 297/400/602; UV-Vis (film, nm) max 

298/402/625; GPC (THF, PS standards) Mn = 1.0 x 10
4
 g mol

-1
, Mw = 5.5 x 10

4
 g mol

-1
, 

PDI = 5.5. 

Poly[4,8-bis(2-ethylhexyloxy)benzo[1,2-b:3,4-b]dithiophen-2-yl)-2,5-diyl-alt-2,3-

di((E)-tridec-1-en-1-yl)quinoxaline-5,8-diyl] (PBDTQx2): According to the general 

procedure: D1 (0.053 g, 0.068 mmol), A2 (0.044 g, 0.068 mmol), toluene (2.2 mL), 

Pd(PPh3)4 (3 mol%), 2-tributylstannylthiophene (0.101 g, 0.272 mmol), 2-

bromothiophene (0.022 g, 0.136 mmol), green solid (0.056 g, 87%); 
1
H NMR (300 

MHz, CDCl3)  8.35-8.14 (br, 2H), 7.97-7.29 (br m, 4H), 7.12-6.86 (br m, 2H), 4.49-

4.16 (br m, 4H), 2.85-2.34 (br m, 4H), 2.14-0.67 (br m, 72H); UV-Vis (CHCl3, nm) 

max 285/392/590; UV-Vis (film, nm) max 279/288/395/603; GPC (THF, PS standards) 

Mn = 8.4 x 10
3
 g mol

-1
, Mw = 6.4 x 10

4
 g mol

-1
, PDI = 7.6. 

Poly[4,8-bis(2-ethylhexyloxy)benzo[1,2-b:3,4-b]dithiophen-2-yl)-2,5-diyl-alt- 

2,3-bis((E)-2-(5-(2-ethylhexyl)thien-2-yl)vinyl)-5,8-bis(3-hexylthien-2-

yl)quinoxaline-5,8-diyl] (PBDT-DTQx): According to the general procedure: D1 

(0.027 g, 0.035 mmol), A3 (0.038 g, 0.035 mmol), toluene (1.5 mL), Pd(PPh3)4 (3 

mol%), 2-tributylstannylthiophene (0.052 g, 0.140 mmol), 2-bromothiophene (0.011 g, 

0.070 mmol), brown solid (0.020 g, 43%); 
1
H NMR (300 MHz, CDCl3)  8.26-8.17 (br 

m, 2H), 7.80-7.67 (br m, 2H), 7.64-7.58 (br m, 2H), 7.51-7.41 (br m, 2H), 7.40-7.34 (br 

m, 2H), 7.13-7.05 (br m, 2H), 6.74-6.66 (br m, 2H), 4.28-4.18 (br m, 4H), 2.82-2.66 (br 

m, 8H), 1.88-1.58 (br m, 4H), 1.47-1.34 (br m, 16H), 1.11-0.76 (br m, 30H); UV-Vis 
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(CHCl3, nm) max 388; UV-Vis (film, nm) max 391; GPC (THF, PS standards) Mn = 3.7 

x 10
3
 g mol

-1
, Mw = 1.0 x 10

4
 g mol

-1
, PDI = 2.7. 

Poly[4-(2-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b']dithiophen-2,6-diyl-alt-

2,3-di((1E,3E)-undeca-1,3-dien-1-yl)quinoxaline-5,8-diyl] (PCPDT-Qx): According 

to the general procedure: D2 (0.082 g, 0.112 mmol), A1 (0.066 g, 0.112 mmol), toluene 

(2.5 mL), Pd(PPh3)4 (3 mol%), 2-tributylstannylthiophene (0.167 g, 0.448 mmol), 2-

bromothiophene (0.036 g, 0.224 mmol), green solid (0.040 g, 42%); 
1
H NMR (300 

MHz, CDCl3)  8.14-7.32 (br m, 6H), 7.23-6.91 (br m, 2H), 6.59-6.12 (2 x br m, 4H), 

2.42-2.14 (br, 4H), 2.13-1.85 (br m, 4H), 1.65-0.95 (br m, 41H), 0.93-0.58 (br m, 15H); 

UV-Vis (CHCl3, nm) max 327/417/699; UV-Vis (film, nm) max 323/419/697; GPC 

(THF, PS standards) Mn = 4.8 x 10
3
 g mol

-1
, Mw = 9.1 x 10

3
 g mol

-1
, PDI = 1.9. 
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Summary 

The steady development of new (photoactive) materials for organic solar cell 

applications has led to continuous improvements in the power conversion efficiencies 

(PCE) of these devices. Additionally, the use of new solar cell configurations (e.g. 

tandem devices) has allowed to obtain PCEs that nowadays exceed 10%. Having in 

mind the relatively low production costs, the development of stable materials and the 

potential advantages in terms of flexibility, transparency, aesthetics and low-light 

applications, this technology has a real potential of holding an important share of the 

future photovoltaics market. 

The research work described in this PhD thesis was dedicated to the synthesis of two 

major (electron) donor and (electron) acceptor classes of materials, i.e. 4H-

cyclopenta[2,1-b:3,4-b’]dithiophenes (CPDTs) and quinoxalines (Qxs), their 

integration in low band gap copolymers and evaluation of these derivatives as light 

harvesting materials for organic photovoltaics.  

Being among the first low band gap polymers that have been developed for organic 

solar cells, affording PCEs superior to 5%, PCPDTBT has attracted considerable 

attention. The one-pot synthetic procedure giving access to the substituted CPDT 

building block has first been optimized and was then applied to combine CPDT donor 

units with a 2,1,3-benzothiadiazole acceptor by means of Suzuki polycondensation 

reactions. The photovoltaic performances of symmetrically substituted PCPDTBT-type 

polymers, carrying 2-ethyhexyl and dodecyl side chains, have been evaluated in solar 

cells with bilayer, bulk heterojunction and tandem configurations (Chapter 1). The 

efficiencies that have been obtained for the 2-ethyhexyl-substituted polymer were close 

to the reported literature values. The polymer decorated with dodecyl substituents, 

which was less soluble and therefore more difficult to process, afforded lower PCEs, 

probably due to a poor film morphology of the active layer blend. On the other hand, 

this material, being insoluble in chloroform, has allowed the preparation of a bilayer 

solar cell, for which the presence of a CT (charge transfer) ground state has been 

detected by the FTPS (Fourier-transform photocurrent spectroscopy) technique. 

A series of PCPDTBT-type polymers bearing 2-ethylhexyl, octyl or dodecyl side 

chains, for which the CPDT building block was synthesized using the one-pot 
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procedure and/or a recently developed three step synthetic method, has been subjected 

to a thermally induced degradation study (Chapter 4). The evolution of the conjugated 

materials was monitored by UV-Vis/IR spectroscopy and a combined TG-TD-GC/MS 

technique. The synthesis of the monoalkylated CPDT derivative has afforded a deeper 

insight into the degradation pathway of this class of materials. Finally, the combined 

TG-TD-GC/MS technique revealed quasi-identical behavior for all polymers, 

regardless the synthetic history of the CPDT building block. 

The synthesis of a new class of small molecules, i.e. 2H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6(4H)-diones, issued from the CPDT family, has been achieved by 

bromination of 4H-cyclopenta[2,1-b:3,4-b’]dithiophene derivatives in the presence of 

N-bromosuccinimide (NBS) (Chapter 2). It was proven that the amount of NBS and 

the solvent play a crucial role in the formation of these products, which were found to 

be thermodynamically favored (as demonstrated by theoretical calculations). 

The conversion of 4H-cyclopenta[2,1-b:3,4-b’]dithiophen-4-one to the corresponding 

5H-spiro(benzo[1,2-b:6,5-b']dithiophene-4,4'-cyclopenta[2,1-b:3,4-b’]-dithiophen)-5-

one was achieved by pinacol rearrangement in the presence of trivalent phosphorus 

reagents (Chapter 3). The proposed structure and the experimentally observed 
13

C- and 

1
H NMR chemical shifts were confirmed by X-ray crystallography and theoretical 

calculations. The good agreement between the experimental and theoretical data 

illustrated the power and accuracy of the calculation methods. 

The synthesis and optical characterization of a series of two dimensionally (2D) 

conjugated 5,8-dibromoquinoxaline monomers and thiophene-Qx-thiophene triads, 

bearing alkyl, aryl or heteroaryl side chains separated by ethenyl and/or butadienyl 

spacers from the electron deficient quinoxaline core, have been performed (Chapter 5). 

At the monomer stage, the vertical conjugation created by the introduction of the 

conjugated side chains resulted in the extension of the absorption spectrum toward the 

visible range and the apparition of a second band as a result of the intramolecular 

charge transfer from the donor side chains to the electron acceptor Qx core. The 

synthesis of dibrominated triads, promising coupling units toward the synthesis of 

conjugated polymers, was achieved by careful design and optimization of the synthetic 

routes.  

The synthesis of 2D-conjugated poly(thienoquinoxaline) derivatives was achieved by 

Stille polycondensation between 2,5-bis(trialkylstannyl)thiophenes and 5,8-
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dibromoquinoxaline derivatives bearing ethenyl and/or butadienyl spacers between the 

solubilizing side chains and the quinoxaline core (Chapter 6). The purity of the 

organostannyl derivative was proven to be crucial for obtaining high degrees of 

polymerization. These donor polymers were then used, in combination with a fullerene 

acceptor, in the fabrication of bulk heterojunction solar cells. Additional fractionation 

of the polymers by means of preparative GPC showed a direct correlation between the 

number average molecular weight, the optical properties and the photovoltaic 

performance of the isolated fractions.  

The combination of benzo[1,2-b:3,4-b]dithiophene (BDT) or 4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (CPDT) donors and quinoxaline or bis(thieno)quinoxaline acceptors by 

Stille polycondensation reactions afforded a series of low band gap polymers (Chapter 

7). The lowest onset values, as determined from the absorption spectra, were noticed 

for PCPDT-Qx (~1.51 eV). Preliminary solar cell results using a PBDTQx2:PC71BM 

blend showed efficiencies of ~1.0%, superior to the ones reported in literature for 

similar polymers. Once again, fractionation by preparative GPC was shown beneficial. 
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