
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of Material Chemistry A RSCPublishing 

Review 

This journal is © The Royal Society of Chemistry 2013  J. Name., 2013, 00, 1‐3 | 1 

Cite this: DOI: 10.1039/x0xx00000x
  

Received 00th January 2012, 
Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Developments of Furan and Benzodifuran 
Semiconductors for Organic Photovoltaics  

Peishen Huang, Jia Du, Michael C. Biewer* and Mihaela C. Stefan*  

This review describes the developments of organic photovoltaic materials containing furan or 
benzo[1,2-b:4,5-b’]difuran (BDF) building blocks. Promising power conversion efficiencies 
above 6% have been achieved in the past two years for the BDF donor-acceptor polymers. 
Fundamentals of organic photovoltaics are briefly introduced at the beginning of this review. 
The uniqueness and advantages of BDF building block in semiconducting materials are 
discussed and compared with benzo[1,2-b:4,5-b’]dithiophene analogues. 
 

Introduction 

Organic semiconducting materials have drawn remarkable scientific 
and economic attention in the past three decades.1-3 Tremendous 
progress has been achieved in electronic devices from organic 
materials due to their advantages such as low-cost, light-weight, 
solvent processability, and flexibility.4-7  

In organic semiconducting compounds, the sp2 hybridized atomic 
orbitals are used to form the σ-bonds with the neighbour atoms in the 
same plane. The pz orbitals of adjacent atoms are perpendicular to 
the sp2 plane and overlap to form the π-bonds. As a result, the 
electrons in the π-bonds are delocalized along the polymer backbone 
and further achieve certain opto-electronic properties. Poly(aniline) 
was first described to have color changing in different redox states,8 
which indicated the existence of resonance structures with variation 
of electron distributions in the molecular orbitals (MO).9 In the 
1970s, the studies on poly(acetylene) and its iodine-doped 
complexes boosted the area of organic conductive polymers.10,11,12 
Subsequently, poly(pyrrole),13,14 poly(thiophene),15,16,17 poly(p-
phenylene vinylene),18,19 and alkyl/alkoxy substituted aromatic 
rings20,21 were developed. The alkyl/alkoxy side chains were 
covalently attached on the sp2 hybridized atoms to increase the 
solubility of the π-conjugated polymers in organic solvents. Some 
examples of semiconducting polymers are shown in Figure 1.  

Organic semiconducting materials can be divided into p-type and n-
type depending on the relative energy levels of the HOMOs and 
LUMOs. Most donor-acceptor (D-A) alternating copolymers have 
relatively high HOMO levels and act as the p-type semiconductor in 
applications.22,23 Fullerenes and their functionalized derivatives, like 
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), are typical n-
type semiconductors. Very few polymeric n-type materials have 
been reported.24,25  

Recently, extensive research has been conducted on these un-doped 
π-conjugated polymers with intrinsic semiconducting properties.26,27 
The explored applications include organic field effect transistors 
(OFETs),28,29 organic light emitting diodes (OLEDs),30,31 and bulk 
heterojunction (BHJ) solar cells.32,33 
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Figure 1. Structures of some semiconducting polymers used in 
organic electronics.  

Sunlight, as a renewable energy source, can be directly converted to 
electrical power by photovoltaic devices. Of all the materials applied 
in photovoltaics, organic semiconducting materials have been 
developed rapidly with significant increase in performance.34 The 
early organic solar cells were fabricated by using only p-type organic 
semiconductor as the active layer between the metallic electrodes 
(Figure 2a).35 Before exposure to the light, the material is in the 
ground state.  
The HOMO and those below it are filled with two electrons, while 
the LUMO and those above it are empty.36 When the molecules 
absorb photons with energy higher than that of the band gap, neutral 
excited states can be generated.37 In this case, an electron is 
promoted from the highest occupied molecular orbital (HOMO) to 
the lowest unoccupied molecular orbital (LUMO). A missing 
electron in a HOMO can be considered as a positive charge carrier, a 
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hole. Excitons, electron-hole pairs bound by coulombic force, are the 
precursors of free positive and negative charges in organic solar cells. 
In organic semiconductors, the coulombic attraction between 
electron and hole is relatively strong, resulting in the Frenkel exciton 
binding energy above 0.1 eV.38 The high work function anode 
material and low work function cathode material are used to provide 
potential to split excitons generated in the active layer. However, this 
electric field between metal electrodes is not strong enough to split 
the Frenkel excitons. Poor performances with power conversion 
efficiencies (PCEs) below 0.5% were obtained in the single layer 
organic solar cells.12,17,19 Later, a second layer of n-type 
semiconductor, phenyl-C61-butyric acid methyl ester (PC61BM) or 
phenyl-C71-butyric acid methyl ester (PC71BM), as the electron 
acceptor was introduced to generate an interface with the layer of p-
type electron donor (Figure 2b). Both the p-type electron donor and 
the n-type electron acceptor play equally important rules in organic 
solar cells. The p-type electron donating polymers are the main light 
absorbers and the sources of the excitons. Fullerene as the electron 
accepting part in BHJ significantly increase the capture and splitting 
of the excitons as well as the transfer of electrons in the active 
layer.39 Because of the differences of electron affinity and first 
ionization energy, strong electrostatic forces can be generated at the 
interface. This strong local electric field is useful for the splitting of 
excitons.38 As a result, in this type of bilayer solar cell, PCEs were 
improved to above 1%.40 However, within the short life time (< 1 ns) 
of Frenkel excitons in organic semiconductors, the excitons cannot 
diffuse to the interface beyond 20 nm.38,41,42 In order to overcome 
this obstacle, bulk heterojunction (BHJ) solar cells were developed 
in 1990s (Figure 2c).32 In a BHJ, p-type semiconducting polymers 
are mixed with PC61BM or PC71BM, to generate phase separation in 
a form of a continuous and interpenetrating network. In the BHJ film, 
the contact area between polymer and PC61/71BM are significantly 
amplified. As a result, excitons can reach the phase boundaries more 
efficiently than the bilayer configuration.39 The PCEs of organic 
solar cells have exceeded 8% with single-junction devices.43,44,45 
Lately, high PCE of 10.8% has been achieved by uncovering the 
temperature-dependent aggregation behavior of the donor polymers 
in BHJ.46 Considering the different work function of metallic 
materials used for the electrons in OPV devices, normal and reversed 
device structures were developed. In the normal device structure, the 
high work function indium tin oxide is used as an anode. ITO is then 
covered by a layer of poly(3,4-ethylene dioxythiophene):polystyrene 

sulfonate (PEDOT:PSS) to enhance the hole transfer. The cathode is 
made by low work function metals such as silver, calcium or 
aluminum.  

 

Figure 2. Development of the active layer in organic solar cells. 

Figure 3 illustrates the mechanisms involved in the generation of 
light current in the BHJ active layer.27,47,48,49 Four major steps are 
involved in the process of photocurrent generation. In the first step, 
excitons are generated in the active layer. Due to the high extinction 
coefficient of p-type polymer in the visible-IR range, compared with 
n-type fullerene derivatives, excitons are mainly formed in the p-
type polymer domains.50 In the second step, the generated excitons 
then diffuse to the interface between p-type polymer and n-type 
fullerene derivatives. In the third step, excitons are dissociated at the 
interface into free electrons and holes. Finally, holes move through 
the PEDOT: PSS to the ITO anode, while electrons are collected at 
the metal cathode. 

The performance of the solar cell is described by the power 
conversion efficiency (PCE).27 PCE is determined by the ratio of 
output power from the device and the input power from the light. 
The output power can be further expressed as the product of open-
circuit voltage (Voc), short-circuit current density (Jsc) and fill factor 
(FF) in equation 1. FF is defined in equation 2 and can be illustrated 
by Figure 4.27 
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Energy levels of the HOMO and LUMO are crucial for the photon 
absorption and charge transfer in the BHJ.51 Origin of Voc was 
correlated strongly with the LUMO of fullerene acceptor and less 
sensitive to the Fermi level (EF) of cathode metal.51 Further study 
established a linear relation between Voc and the oxidation potential 
of conjugated polymer shown in equation (3).52  

 
Figure 3. Schematic illustration of photocurrent generation under sunlight in the BHJ solar cell  
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The energy difference of HOMO of donor and LUMO of acceptor 
(Ebuilt-in) is reduced by 0.3 V to be Voc. The value of 0.3 V is an 
empirical factor which is related to the diode structure and working 
principle of the BHJ solar.52 Relationship between Voc and exciton 
binding energy was also studied.53 
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From equation (3), lower HOMO of the donor or higher LUMO of 
the acceptor could offer higher Voc. However, these changes could 
simultaneously generate larger band gap (Eg) and narrower 
absorption width, which indicates loss of photons with lower energy 
from the sunlight. At the same time, the energy difference between 
LUMO levels of donor and acceptor (Ed) in BHJ needs to be larger 
than 0.3 eV to generate enough potential for splitting excitons.54  

 
Figure 4. A typical current density (J) – Voltage (V) curve for an 
organic solar cell under illumination.  

To minimize these conflicting requirements and optimize the 
synchronization of the parameters from a chemistry perspective, 
different electron sufficient aromatic units, the donors (D), and 
electron deficient units, the acceptors (A), are designed and 
synthesized for various alternating copolymers. Some fused aromatic 
rings are shown in Figure 5 as the examples of the donors (left) and 
acceptors (right).55 The D-A alternating structure introduces a “push-
pull” driving force to the π electrons to enhance the delocalization 
over the whole conjugated system. This orbital mixing effect 
between D and A can lead to a relatively higher lying HOMO and 
lower lying LUMO for the newly formed MOs, shown in Figure 6.27 
As a result, the band gap values can be reduced to further benefit the 
photon capture. At the same time, different combination of donor 
and acceptor moieties will be able to generate different absolute 
levels of HOMO and LUMO levels to balance the requirements for 
charge transfer.  
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Figure 5. Examples of fused aromatic rings as repeating units in 
semiconducting polymers.  

Jsc and FF are mainly determined by the nature and the purity as well 
as the morphology of the materials in the solid state. The increasing 
length of backbones, bulky alkyl side chains, and unsymmetrical 
monomer structures can introduce a high degree of conformational 
disorder and make many of the π-conjugated polymers amorphous.56 
Thus, the electronic benefit of increased conjugation length is 
restricted after a certain number of repeating units.57 In BHJ, 
molecules are the subunits for the charge transfer.36 As a result, 
various device fabrication techniques such as thermal annealing,58,59 
solvent annealing,60 the use of small molecule additives in the active 
layer61,62 and surface treatments63,64 have been developed to optimize 
the interaction of polymer chains with the environment (other 
polymer chains and PCBM) in molecular level from an engineering 
standpoint.   

 

Figure 6. Orbital mixing of electron donating and withdrawing units.  

Recent Benzodithiophene Polymers in OPV 

Benzo[1,2-b:4,5-b']dithiophene (BDT) is considered to be one of the 
most productive electron donating structures among various π-
conjugated monomers designed and synthesized for donor-acceptor 
semiconducting copolymers. Symmetric and planar conjugated 
structures of BDT can help to improve the π-π stacking of the 
polymer backbone and hence increase the charge carrier mobility. 
Different types of substituents can be covalently connected on the 4 
and 8 positions of BDT to optimize the solubility and energy levels 
of the materials.23, 65-67 The first report of BDT semiconducting 
copolymers in BHJ solar cells was from Hou et al in 2008.68 The 
BDT copolymer alternated with thiophene (P1) offered PCE of 1.6% 
(Figure 7, Table 1) which was the best performance among the eight 
different structures in this work. Different side chains have been 
attached to the BDT building block, including bithiophene,69, 70 
ethynyl,71-76 phenylethynyl,77-82 and alkylphenyl.43,83 PCEs obtained 
from these diverse structures are located in a range of 1% to 8%. 
Recently, the D-A copolymers with BDT building blocks have 
reached PCEs above 9% in OPV application.84  
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Table 1. Optoelectronic and photovoltaic data of BDT D-A 
copolymers with alkyl and alkoxy substituents (P1, P2 and P3a-e) 

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]:  
PCBM 

Voc  
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P1 -5.05 -2.69 2.36 1:1a 0.75 3.78 0.56 1.6068 

P2 -5.36 -3.05 2.02 1:2a 0.78 13.30 0.70 7.3085, 86 

P3a - - - 
1: 1.5b 0.96 10.80 0.68 6.9087, 88 

1: 1.5bc 0.93 12.50 0.65 7.3087 

P3b - - - 
1: 1.5b 0.90 9.10 0.42 3.3087 

1: 1.5bc 0.93 8.30 0.53 3.8087 

P3c - - - 
1: 1.5b 0.92 6.80 0.51 3.1087 

1: 1.5bc 0.89 6.50 0.45 2.5087 

P3d - - - 
1: 1.5b 0.97 10.60 0.71 7.1087 

1: 1.5bc 0.97 12.60 0.70 8.3087 

P3e - - - 
1: 1.5b 0.96 8.70 0.57 4.5087 

1: 1.5bc 0.96 11.10 0.62 6.3087 
a PC61BM b PC71BM c 5% CN v/v additive 

A D-A copolymer containing benzotriazole and BDT, P2,  was first 
published by You et al.89 In this work, the alkyl side chains were 
directly attached on the 4 and 8 positions of BDF (Figure 7). PCE of 
P2 achieved 7.0% when trichlorobenzene was used as processing 
solvent.85 Later on, the relationship between molecular weights of 
BDT and benzotriazole alternating copolymers and their OPV 
performances was established by the same research group. They 
found that P2 with molecular weight around 40kDa  gave 
reproducible PCE above 7%.86 
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Figure 7. BDT D-A copolymers with alkyl and alkoxy substituents.  

Cabanetos and coworkers focused on the effect of the linear side 
chains in BDT and thienopyrroledione based polymers P3a-e.87 In 
their structures, on both of the electron donating moieties and 
electron accepting moieties, different combinations of branched and 
straight alkoxy chains (P3a-e) were tested (Figure 7). The linear 
alkyl chains on BDT would change the orientation of the polymer in 
thin film, which led to a decrease of the photovoltaic performance. 
With the chloronaphthalene (CN) additive, the combination of 2-
ethylhexyl substituted BDT and heptyl substituted 
thienopyrroledione (P3d) gave the highest PCE of 8.5% (Table 1).  
Qu et al. studied the effect of different annealing conditions for 
polymer P3a.88 PCE of 4.08% was obtained when the device was 
thermally annealed at 150 oC for 10 min. The PCE was increased up 
to 4.99% with solvent annealing using dichlorobenzene.  

In 2011, Huo and coworkers optimized BDT structures by replacing 
the 2-ethylhexyloxy with 2-ethylhexylthienyl group (Figure 8).90 
P4b showed an increasing PCE from 6.43% to 7.59% with the 
incorporation of π-conjugated side chains. In comparison, P4a with 
the ester side chain on the thieno[3,4,b] thiophene acceptor 
performed lower  PCE of 6.21% (Table 2).  

Zhang et al. synthesized three different BDT unit with furan, 
thiophene and selenophene as side groups (Figure 8).44 The dihedral 
angle between the BDT unit and conjugated side chains was also 
investigated. The BDT with furan as the side group had a dihedral 
angle of 34o, which is smaller than the 60o angle for the thiophene 
and selenophene analogs. As a result, polymer P5a showed smaller  

Table 2. Optoelectronic and photovoltaic data of thienyl substituted 
BDT D-A copolymers  

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P4a -5.09 -3.22 1.58 1: 1.5 b 0.68 14.59 0.63 6.2190 

P4b -5.11 -3.25 1.58 1: 1.5 b 0.74 17.48 0.59 7.5990 

P5a -5.19 -3.64 1.55 1: 1.5 b 0.69 11.77 0.65 5.2844 

P5b -5.24 -3.66 1.58 1: 1.5 b 0.78 16.86 0.68 9.0044 

P5c -5.29 -3.71 1.58 1: 1.5 b 0.81 16.57 0.66 8.7844 

P6a -5.30 -3.17 1.58 
1: 1.5 0.78 15.41 0.61 7.3891 

1: 1.5 b 0.77 14.99 0.64 7.4291 

P6b -5.18 -3.15 1.53 
1: 1.5 0.74 14.67 0.64 7.4291 

1: 1.5 b 0.73 15.17 0.64 7.1091 

P6c -5.41 -3.27 1.57 
1: 1.5 0.84 15.32 0.65 8.4291 

1: 1.5 b 0.83 15.49 0.59 7.5891 

P6d -5.33 -3.52 1.51 1: 1.5 b 0.80 17.46 0.68 9.4884 
a PC71BM b 3% DIO v/v additive 

π-π stacking distance. However, P5a had the lowest Jsc. The furan 
side chains lifted the HOMO level of the material and generated low 
Voc. Overall P5a had limited PCE of 5.28%. For polymer P5b and 
P5c, PCEs around 9.00% were obtained with Jsc above 16 mA cm-2 
(Table 2).  

Alkyl, alkoxy and alkylthio substituted thiophene side groups on 
BDT were developed by Cui et al (Figure 8).91 The alkylthio 
substitution on thiophene were shown to lower the HOMO level of 
the BDT polymers and led to higher Voc. Polymer P6c has Voc of 
0.84 V, which is higher than the  0.77 V and 0.73 V of polymer P6a 
and P6b respectively. A PCE of 8.42% was obtained by P6c, which 
is 1% higher than the other two (Table 2). Ye et al. continued 
working on the alkylthio substitution on thiophene side chains. The 
branched 2-ethylhexyl side chain was replaced by octyl straight 
chain (P6d).84 The photovoltaic performance was further improved 
by increasing the PCE from 8.42% to 9.48%. 

 
Figure 8. BDT donor with π-conjugated side chains and thieno-
[3,4,b]thiophene acceptor in D-A copolymers.  
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Development of Furan and Benzodifuran 
Semiconductors in OPV 

Due to increasing energy demands and environmental impact 
concern, harvesting clean solar energy has become increasingly 
important.92,48,93 Furan is an abundant product from renewable 
resources. The vegetable residues in food industry and agriculture 
are converted to furfural (furan-2-carboxaldehyde),93 while metal 
catalyzed decarbonylation reactions can convert furfural to furan in 
large scale (Figure 9).94  

While polymers containing thiophene, especially with benzodi-
thiophene building blocks, are approaching PCEs of 10% in OPV 
applications,84 renewable furan and its derivatives have begun to 
draw attention and interest for the application in organic 
semiconductors. Furan is a five-membered aromatic heterocycle 
containing one sp2 hybridized oxygen atom instead of the sulfur 
atom in thiophene. Oxygen belongs to the sixth group in the periodic 
table same as sulfur. The more electronegative oxygen of furan 
affects the electronic and optoelectronic potentials, as well for its 
enlarged π-conjugated derivatives. Due to being in a lower row of 
the periodic table, oxygen has a considerably smaller covalent radius 
than sulfur, which could reduce the distance of π-π stacking for the 
charge carrier transfer. Based on Pauling’s electronegativity scale,95 
oxygen has a electronegativity around 3.5. Sulfur has a relatively 
lower electronegativity at 2.5. In both furan and thiophene, the 
dipoles are directed towards the heteroatoms. At the same time, the 
furan has a dipole moment of 0.71D which is larger than the 
thiophene ring of 0.54D.93 The aromatic building blocks with 
different heteroatoms generate various dipole moments in the 
structures and ultimately can make fine tuning of the HOMO/LUMO 
levels and band gaps possible.55   

Poly(thieno[3,4,b]furan) (P7) is the one of the earliest 
semiconducting polymer that contains furan fused rings (Figure 10). 
Sotzing and coworkers prepared this low band gap homopolymer by 
performing electrochemical polymerization on an inert electrode.96 
This product showed low band gap of 1.04 eV and stable redox 
behavior. In the past five years, one of the most important 
developments in furan containing π-conjugated materials is the 
application in BHJ solar cells. Most of the studies in this area are 
focused on the conjugated polymers with benzodifuran repeating 
units. 

 

Figure 9. Decarbonylation of furfural over metal catalysts.  

 
Figure 10. Poly(thieno[3,4,b]furan) prepared by electrochemical 
polymerization.  

Table 3. Optoelectronic and photovoltaic data of ethynyl substituted 
BDF materials 

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P8 -5.39 -3.32 2.07 1:1 0.83 3.71 0.39 1.1997 

P9 -5.62 -3.90 1.72 1:1 0.75 4.00 0.34 1.0578 

P10 -5.30 -3.26 2.04 1:2 0.81 2.24 0.44 0.7997 

P11 -5.38 -3.21 2.17 1:4 0.50 3.45 0.33 0.5798 

P12a -5.06 -3.20 1.86 1:4 0.53 3.10 0.35 0.5999 

P12b -5.25 -3.61 1.64 1:4 0.45 3.74 0.31 0.5399 

P12c -5.18 -3.36 1.82 1:4 0.29 2.19 0.27 0.1799 
a PC61BM 

Between 2010 and 2012, benzo[1,2-b:4,5-b’]difuran building blocks 
were combined with ethynyl segments in two different ways 
developed by the Biewer group and Decurtins group.  

A series of unique benzo[1,2-b:4,5-b’]difuran polymers (Figure 11) 
were synthesized by Biewer and coworkers.97 Phenylethynyl side 
chains extended the π-conjugation perpendicular to the polymer 
backbones. Meanwhile, the fused furan building blocks in BDF were 
fully incorporated in the polymer backbones. Semiconducting 
performances of BDF (P8) and BDT (P9) homopolymers as well as 
alternative copolymers (P10) were studied.78, 97 In OFET 
measurements, hole mobilities were reached above 10-4 cm2 V-1 s-1 
for BDF homopolymers. The BDF homopolymer also offered the 
highest PCE of 1.19% in OPVs amongst the analogues (Table 3).  

However, Decurtins et al. took a different strategy.100 In their 
structures, sp hybridized carbons were directly incorporated in the 
polymer backbones, while fused furan rings were used to attach side 
chains. The furan moieties in BDF were substituted by nitrile and 
dialkyl amino groups. The benzene core is functionalized by iodine 
or ethynyl for Sonogashira coupling polymerization. With strong 
electron withdrawing carbonitrile substituents, the BDF units should 
be considered as the electron accepting moiety in these copolymers. 
A homopolymer (P11) and three alternating copolymers (P12a-c) 
were synthesized (Figure 11).98, 99 The highest PCE of 0.59% was 
generated by the polymer alternated with single thiophene unit 
(Table 3). The homopolymer offered hole mobility of 10-5 cm2 V-1 s-

1 in OFET measurements. The diethynylbenzo[1,2-b:4,5-b’]difuran 
monomer was further modified to be single molecule redox switches 
for regulating the charge transfer on molecular scale.101  
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Figure 11. Structures of of ethynyl substituted BDF materials.  

Benzodifuran monomers can be categorized by the different types of 
side chains attached on the fused benzene center. In the category of 
non-conjugated side chains, only 2-ethylhexyloxy and octyloxy were 
used on BDF.   

Huo et al. synthesized a BDF monomer with 2-ethylhexyloxy side 
chains in 2012 (Figure 12).102 This monomer was copolymerized 
with benzo[c][1,2,5]thiadiazole electron acceptor and alkyl 
thiophene spacer to form P13 with Mw of 10kDa. A promising PCE 
of 5.01% was achieved by this pioneer of BDF materials (Table 4). 
At the same time, Li and coworkers made a series of three D-A 
copolymers with the same BDF electron donor with benzo[c][1,2,5] 
thiadiazole (P14a), benzotriazole (P14b) and 
benzo[c][1,2,5]oxadiazole (P14c) electron acceptors.103 The polymer 
with alkoxy substituted benzo[c][1,2,5]thiadiazole repeating units 
offered the highest PCE of 4.45% in this series. Similar backbone 
structures of P13 and P14a displayed the highest PCE values.  

Table 4. Optoelectronic and photovoltaic data of alkoxy substituted 
BDF materials with benzo[c][1,2,5]thiadiazole, benzotriazole and 
benzo[c][1,2,5]oxadiazole electron acceptors 

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCEb 
(%) 

P13 -5.10 -3.24 1.60 1:1.5 0.78 11.77 0.55 5.01102 

P14a -5.11 -3.38 1.73 1:2 0.69 9.87 0.65 4.45103 

P14b -4.99 -3.06 1.93 1:2 0.44 4.92 0.58 1.24103 

P14c -5.19 -3.49 1.70 1:2 0.82 5.04 0.70 2.88103 
a PC71BM b annealed at 90 oC for 10 min 

 

Figure 12. Structures of of alkoxy substituted BDF polyemers with 
benzo[c][1,2,5]thiadiazole, benzotriazole and 
benzo[c][1,2,5]oxadiazole electron acceptors.  

Li’s group reported BDF polymer structure with thieno[3,4,b]-
thiophene acceptor (P15).104 This polymer had a decent OPV 
performance with a PCE of 4.4% (Table 5). With the same 2-
ethylhexyloxy substituted BDF monomer, Hou and coworkers 
performed further studies by changing the electron withdrawing 
groups on thieno[3,4,b]thiophene moiety (Figure 13).105 Synthesis of 
various modified thieno[3,4,b]thiophene compounds were reported. 
The polymer P16c with fluorine on the thieno[3,4,b]thiophene units 
showed balanced Voc, Jsc and improved PCE of 5.23%. The strong 
steric hindrance to the adjacent units from the cyano group was 
considered the reason for the low Jsc in P16e. By comparing P15 and 
P16a, the BDF repeating units with octyl side chains showed slightly 
higher PCE than the one with 2-ethylhexyl branched side chains.  

Table 5. Optoelectronic and photovoltaic data of alkoxy substituted 
BDF polymers with thieno[3,4,b]thiophene electron acceptors  

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCEb 
(%) 

P15 -5.27 -3.69 1.48 1:1.5 0.66 10.45 0.64 4.40104 

P16a -5.03 -3.63 1.53 1:1.5 0.54 13.13 0.60 4.26105 

P16b -5.07 -3.61 1.53 1:1.5 0.61 15.75 0.54 5.17105 

P16c -5.11 -3.60 1.52 1:1.5 0.63 13.88 0.60 5.23105 

P16d -5.25 -3.61 1.61 1:1.5 0.59 14.21 0.61 5.08105 

P16e -5.44 -3.70 1.60 1:1.5 0.82 4.78 0.47 1.85105 
a PC71BM b 3% DIO v/v additive  

Figure 13. Structures of of ethynyl substituted BDF polymers.  

In the work from Beaujuge and coworkers, the 2-ethylhexyloxy 
substituted BDF was polymerized with another well studied electron 
withdrawing monomer, thieno[3,4,c]pyrrole-4,6-dione (Figure 
14).106 This combination generated the highest Voc of 0.97 among all 
the BDF structures that have been developed (Table 6). The high 
PCE of 6.9% (P17c) and the low PCE of 5.4% (P17a) are generated 
by the BDF polymers with the same backbone structure but different 
combination of alkoxy side chains on donor and acceptor moieties. 
The addition of chloronaphthalene (CN) additive decreased the 
performances of all the BDF polymers. However, their BDT 
polymer (P18) obtained increasing PCEs with CN additive. Grazing 
incidence X-ray scattering (GIXS) revealed the different 
intermolecular packing between the two analogous polymers P17c 
and P18. This morphological study further explains the different 
responses of P17c and P18 to the CN additive in OPVs.  
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Table 6. Optoelectronic and photovoltaic data of alkoxy substituted 
BDF polymers with thieno[3,4,c]pyrrole-4,6-dione electron 
acceptors  

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P17a - - - 
1:1.5 0.94 10.8 0.65 6.3106 

1:1.5b 0.95 9.8 0.60 5.4106 

P17b 5.41c 3.44c 1.97c 
1:1.5 0.97 11.2 0.68 6.9106 

1:1.5b 0.97 11.2 0.59 6.2106 

P17c - - - 
1:1.5 0.93 11.3 0.69 6.9106 

1:1.5b 0.93 10.6 0.64 6.0106 

P17d - - - 
1:1.5 0.94 9.1 0.67 5.6106 

1:1.5b 0.94 11.2 0.60 5.9106 

P18 5.29c 3.44c 1.85c 
1:1.5 0.94 11.1 0.66 5.6106 

1:1.5b 0.94 12.0 0.61 6.7106 
a PC71BM b 5% CN v/v additive c estimated by photoelectron 
spectroscopy in air and UV-vis 

 

Figure 14. Structures of alkoxy substituted BDF polymers with 
thieno[3,4,c]pyrrole-4,6-dione electron acceptors.  

In addition, thiophene and furan have been used to enhance the π-
conjugation through the side chains. Li et al. synthesized a series of 
four BDT/BDF polymers with different combination of furan and 
thiophene building blocks in the electron donating monomers 
(Figure 15).107 The BDF polymer with thiophene side chains (P19c) 
gave PCE of 4.00% without diiodooctane additive as the best one 
among the four polymers. However, this performance is still lower 
than that of P13, which has the same polymer structure but only 
alkoxy side chains on the BDF units. P20 was synthesized recently 
by Zou and coworkers (Figure 15).108 The thiophene conjugated side 
chains were attached on the BDF units, which is polymerized with 
the same electron acceptor as P14a. In this case, the π-conjugation 
through the thiophene side chains lowered the HOMO level in the 
polymer P20 and increased the Voc in OPV tests. P20 with 
conjugated side chains offered more than 1% increase in PCE than 
its P14a analog (Table 4 and Table 7). In OFETs measurements, 
positive charge mobility of P20 was obtained at 0.05 cm2 V-1 s-1 with 
on/off ratio of 4.6 × 105. The photoresponse of the OFETs was also 
investigated and produced a photosensitivity (Ilight/Idark) of 1.2 × 
105.109 

Table 7. Optoelectronic and photovoltaic data of side chain 
conjugated BDF/BDT polymers with benzo[c][1,2,5]thiadiazole 
electron acceptors  

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P19a -5.26 -3.34 1.67 1:1 0.88 5.83 0.36 1.85107 

P19b -5.24 -3.24 1.70 1:1 0.85 8.41 0.40 2.88107 

P19c -5.08 -3.39 1.68 
1:1 0.79 8.82 0.57 4.00107 

1.1 b 0.73 9.94 0.61 4.42107 

P19d -5.11 -3.60 1.61 1:1 0.80 5.84 0.55 2.60107 

P20 -5.21 -3.11 1.70 1:1.5 0.76 12.04 0.65 6.0108 

 a PC71BM b 3% DIO v/v additive 

 

Figure 15. Structures of side chain conjugated BDF/BDT polymers 
with benzo[c][1,2,5] thiadiazole electron acceptors.  

Hou et al. investigated the effects of conjugated and non-conjugated 
side chains on BDF with the fluorinated thieno[3,4,b]thiophene 
electron acceptor (Figure 16).110 Conjugated thiophene side chains 
made the HOMO level of the P22 around 0.2 eV lower than the P21, 
which does not have the π-conjugation in the side chains. With slight 
changes in Jsc and FF, P22 gave a high PCE of 6.22% (Table 8).  

Table 8. Optoelectronic and photovoltaic data of side chain 
conjugated BDF polymers with thieno[3,4,b]thiophene electron 
acceptors 

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P21 -4.98 -3.18 1.51 
1:1.5 0.63 12.51 0.57 4.52102 

1:1.5b 0.63 13.87 0.60 5.22102 

P22 -5.21 -3.20 1.49 
1:1.5 0.79 9.79 0.59 4.54102 

1:1.5b 0.78 13.04 0.62 6.26102 
a PC71BM b 3% DIO v/v additive 

 

Figure 16. Structures of side chain conjugated BDF polymers with 
thieno[3,4,b]thiophene electron acceptors.  

The investigation of the furan building block in the π-conjugated 
side chains has been continued with the study of furan spacers in the 
polymer backbone. It is a promising strategy to adjust the 
HOMO/LUMO levels and control the conformation of polymers by 
putting furan in different positions.  

In the work of Yiu et al., the polymers with diketopyrrolopyrrole 
electron accepting moieties displayed improved solubility, 
nanostructure order and device performance when the thiophene co-
mononor was reported with furan.111 The switch from thiophene to 
furan did not impede the viable synthesis of diketopyrrolopyrrole in 
D-A-D co-monomer (Figure 17). PCE of 6.5% was achieved by 
relatively simple polymer structure without fused ring electron donor 
(P23).  
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Wang and coworkers synthesized four copolymers (P24a-d) with 
furan-diketopyrrolopyrrole comonomer and BDT donor shown in 
Figure 17. The incorporation of furan in both the side chains and the 
backbones (P24d) increased the PCE from 1.0% to 5.1%.112 Similar 
strategy was applied on the benzo[c][1,2,5] oxadiazole acceptor by 
the same research group.64 The polymer with the furan building 
blocks in both side chain of BDT units and polymer backbone 
(P25c) gave the highest PCE of 6.5% in the series (Table 9). The 
PCEs of P25a-c showed significant improvement of 130% - 170% 
after methanol or ethanol treatments of the dried active layers.  

Table 9. Optoelectronic and photovoltaic data of D-A copolymers 
with furan side chains and spacers  

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 

(V) 
Jsc 

(mA/cm2) 
FF 

PCE 
(%) 

P23 -5.2c - 1.4 1:3 0.65 14.8 0.64 6.5111 

P24a -5.05 -3.40 1.56 1:2b 0.62 3.87 0.40 1.0112 

P24b -5.15 -3,44 1.59 1:2b 0.63 8.78 0.53 2.9112 

P24c -5.16 -3.64 1.44 1:2b 0.69 10.46 0.49 3.5112 

P24d -5.24 -3.74 1.47 1:2b 0.72 12.64 0.57 5.1112 

P25a -5.34 -3.43 1.85 1:2b,d 0.83 10.6 0.65 5.664 

P25b -5.44 -3.59 1.81 1:2b.e 0.86 9.1 0.59 4.564 

P25c -5.40 -3.61 1.77 1:2b,e 0.83 12.7 0.62 6.564 
a PC71BM b 4% CN v/v additive c estimated by photoelectron 
spectroscopy in air d ethanol treatment on devices for 2 min e 
methanol treatment on devices for 2 min  

 

Figure 17. Structures of D-A copolymers with furan side chains and 
spacers.  

Non-substituted benzodifuran donor units were published by Zhang 
et al in 2012.113 In their work, benzo[1,2-b:5,4-b’]difuran (syn-BDF) 
and benzo[1,2-b:4,5-b’]difuran (anti-BDF) monomers were 
synthesized and incorporated into D-A copolymers with isoindigo 
electron deficient moieties (Figure 18). The syn-BDF polymer 
(P26a) showed a low HOMO of -5.63 eV. In UV-Vis, anti-BDF 
polymer (P26b) had a more red shifted absorption peak than the syn-
BDF polymer, while the later one had stronger absorption coefficient 
around 475 nm. For P26b, 1% DIO additive in the active layer 

lowers the FF by 10%, but doubled the Jsc. PCE of 0.65% was 
achieved in both of the active layers with and without DIO. Higher 
PCE of 1.44% was obtained by P26a without DIO (Table 10).  

Table 10. Optoelectronic and photovoltaic data of BDF 
semiconductors with unique structures 

 
HOMO 

(eV) 
LUMO 

(eV) 
Egopt 
(eV) 

[P]: 
PCBMa 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
PCE 
(%) 

P26a -5.63 -3.90 1.73 1:2a 0.85 2.89 0.59 1.44113 

P26b -5.49 -3.85 1.64 1:2a 0.75 2.74 0.48 0.65113 

P27 -5.55 -4.03 1.18 - - - - - 

O1 -5.87 -3.79 2.10 bilayerb 0.66 4.01 0.40 1.1892 
a PC71BM b PC61BM  

Benzodifuran-dione has been newly developed as an electron 
accepting moiety in D-A copolymers by Qiu and coworkers (Figure 
18).114 In this case, alkyl substituted bithiophene was used as the 
electron donating moiety. The copolymer P27 has a low band gap 
around 1.2 eV with deep LUMO level of -4.03 eV. The polymer 
displayed ambipolar charge transfer with hole mobility of 1.08 cm2 
V-1 s-1 and electron mobility of 0.30 cm2 V-1 s-1, respectively.  

The only D-A oligomer (O1) with BDF building blocks for OPV 
application was published by Frère and coworkers.92 A bithiophene 
electron donating group and an electron deficient 
pentafluorobenzene group are attached on the same furan fused ring 
in the BDF center (Figure 18). A deep HOMO level at -5.87 was 
observed for O1. The PCE of 1.18% obtained from bilayer solar 
cells shows a promising future of BDF D-A oligomers in OPV 
applications (Table 10).  

 

Figure 18. BDF semiconductors with unique structures.  

The synthesis of furan oligomers was published by Thomas 
Kauffmann and Herbert Lexy in the early 1980s. Oxidative coupling 
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reactions with copper dichloride were used to synthesize all-α 
di/ter/quarter/octafuran (connected on 2 and 5 positions).115,116  

The benzoxazole-terminated quater- and quinquafurans were 
synthesized by Kauffman and Moyna.117 These functionalized furan 
oligomers were designed to be stable, efficient and fast fluorescence 
emitter.  The furan-thiophene alternating oligomers, oligo(thienyl 
furan)s, were developed by Komatsu et. al in 2005.118 The hole 
mobility of oligo(thienylfuran)s with different chain length were 
located in the range of 10-2-10-4 cm2 V-1 s-1 in OFET 
measurements.119  

In 2010, Bendikov and coworkers synthesized α-oligofurans which 
have 5 to 9 repeating furan via Stille coupling of mono or 
difunctionalized bifuran and terfuran.120 The products showed 
reasonable solubility up to eight repeating units. All of the α-
oligofurans displayed better solubility in heptane than the α-
oligothiophenes, as well as higher HOMO levels in CV when the 
number of repeating units is the same. The single crystal XRD data 
demonstrated a tighter herringbone packing with significant shorter 
distance between planes in α-hexafuran than α-hexathiophene. 
Strong red shifts could be observed in the UV-Vis spectra of the α-
oligofurans with the increasing repeating units. However, a 
combination of light and heat could accelerate the decomposition of 
α-oligofurans. Bendikov and Perepichka then used the α-
hexa/octafurans as p-type semiconductors in OFET. Hole mobilities 
of 0.05-0.07 cm2 V-1 s-1 are very close to the thiophene analogs.121  

Later in 2012, β-oligofurans (connected on the 3 and 4 position) 
were made by Sherburn and coworker.122 The synthesis was 
achieved by halogen-lithium exchange and Suzuki coupling. Single 
crystal XRD data showed different dihedral angle between two furan 
π planes changing with different chain length and adjacent atoms in 
β-oligofurans.  

In the work of Henssler and Matzger, dimers containing thieno[3,2-
b]furan were synthesized.123 In this case, furan is part of the fused 
aromatic ring. Due to the asymmetrical structure of thieno[3,2-
b]furan, three different dimers with different regioregularity can be 
achieved. Six different dimers (O2a-e) were synthesized in 
combination with thieno[3,2-b]thiophene (Figure 19). The 
relationship between the position of the oxygen atoms and the 
optoelectronic properties was established by UV-Vis, fluorescence 
spectroscopy and CV. Crystal π-π stacking motifs were observed for 
all the six dimers in the solid state. 

 

Figure 19. Six different dimers with thieno[3,2-b]furan and 
thieno[3,2-b]thiophene.  

Conclusions 
The research of organic semiconductors is still one of the hottest and 
most productive areas. It combines the knowledge and skills in 
organic chemistry and the practical viewpoints of engineering. 
Thiophene and its derivatives have made a solid progress with 
sunlight power conversion efficiency close to 10%. Furan is coming 
up with very promising performance in OPVs due to its economic 
advantages and structural specialties. BDF polymers have reached 
PCE above 6% in only 2-year study. Compared with BDT, the 2-D 
conjugated BDF polymer is less developed based on the relative low 
molecular weights and fewer modifications in the structures. In the 
area of organic small molecule OPVs, BDF structures are 
uncultivated. However, the methods developed in synthesis of the 
furan oligomers are viable for making more new furan containing π-
conjugated materials.   
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