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Preface 
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Abstract 
 

Polymer solar cells (plastic solar cells) have seen remarkable  improvements  in recent years 

where power conversion efficiencies of up to 6% have been reported for small area devices. 

However in terms of stability polymer solar cells degrade during illumination and in the dark 

leading to operational lifetimes that are generally very poor. There has been a recent interest 

in  the  operational  stability  of  devices  and more  importantly  on  the  understanding  of  why 

devices and materials break down. This has lead to the discovery of a new class of materials 

that enable exceptionally long device lifetimes (>20000 hours). This Ph.D. thesis describes the 

synthesis, characterization and photovoltaic applications of these novel polymer materials. A 

key feature of these materials is that solubilizing thermocleavable alkyl ester side chains are 

introduced on  the polymer backbone. The  side  chains make  the polymer  soluble  in organic 

solvents and allow film formation via solution processing. Subsequently they can be removed 

by  heating  in  a  post‐processing  step  forming  a  harder  insoluble  material  with  enhanced 

stability.  These  new  thermocleavable  materials  can  potentially  offer  higher  chromophore 

ensity, higher level processing and improved stability in a solar cell device.  d

 

 
Polymer s  (PDTTP)  ystems based on dithienylthienopyrazine

and dithienylbenzothiadiazole (PDTBT)  

 

The polymer systems that  I  chose  to  focus on  is  shown above. The PDTTP system has been 

designed to match the solar emission spectrum better with very low band gaps ranging from 

1.17‐1.37 eV (λonset ~1000 nm), depending on the donor unit. The extended absorption by the 

PDTTP  system can potentially  increase  the photocurrent by  absorbing more photons. Alkyl 

groups and ester groups can efficiently be incorporated on the benzene rings (R) to provide 

solubility and thermocleavability. The PDTBT system has been widely used in polymer/PCBM 

solar cells where high photovoltaic performance has been reported (~6%). I have developed 

  



methods  for  the  incorporation  of  alkoxy  chains  and  thermocleavable  ester  groups  on  the 

benzothiadiazole and the thiophene units in an attempt to evolve the PDTBT system to a more 

advanced level. The synthesis and photovoltaic applications of the PDTTP and PDTBT systems 

is  described  in  this  thesis  which  is  divided  into  five  chapters.  Chapter  one  gives  an 

introduction to organic solar cells to explain the fundamental theory behind this project and 

Chapter  two  presents  the  basic  properties  of  thermocleavable  materials  including  their 

i  application  n photovoltaics.

Since  bulk  heterojunction  solar  cells  based  on  a  polymer  and  PCBM  are  not  directly 

compatible with the high temperatures required for elimination of the thermocleavable group 

one aim is to achieve as low a temperature of elimination as possible. Chapter three describes 

a thermal study of monomers and polymers bearing different thermocleavable ester groups to 

investigate  the  temperature  of  thermocleavage  as  a  function  of  the  choice  of  the  alcohol.  A 

series of different esters (primary, secondary and tertiary) of 13 monomers and 7 polymers 

based  on  diphenyldithienylthienopyrazine  were  synthesized  and  the  temperature  of 

elimination of the ester group was studied. The study also established whether the ester could 

be  used  efficiently  as  a  solubilizing  group  that  can  be  removed  quantitatively  by  a  simple 

thermal treatment. Chapter four describes the synthesis, characterization and solar cells of a 

series of thermocleavable low band gap polymers for solar cells. The polymers are based on 

dithienylthienopyrazine,  bearing  thermocleavable  benzoate  esters  on  the  pyrazine  ring, 

alternating with different donor segments. The effects of the different donor segments on the 

optical  properties  and  photovoltaic  performance  of  the  polymers  with  and  without 

thermocleavage  is  presented.  The  polymers were  applied  in  bulk  heterojunction  solar  cells 

together with PCBM where  they gave a photoresponce up  to 900 nm.   The best  cells had a 

power conversion efficiency of 1.2%. Chapter  five presents some of  the work that  I carried 

out at Eindhoven University of Technology. It involves the synthesis of alkoxy substituted and 

unsubstituted  2,1,3‐benzothiadiazoles  copolymerized  with  substituted  and  unsubstituted 

thiophenes  using  both  Stille  and  Yamamoto  cross  coupling  reactions.  One  class  of  the 

materials bore thermally labile ester groups.  The photovoltaic performance of the polymers 

were  compared  in  bulk  heterojunction  solar  cells  together with  PCBM which  revealed  that 

devices  based  on  the  thermocleavable  polymers  could match  the  conventional  polymers  in 

terms  of  performance.  The  best  cells  based  on  a  thermocleavable  material  gave  a  power 

conversion efficiency of 1.9% which is one of the highest reported for these materials. 

  



Resumé 
 

Polymer solceller (plastik solceller) har oplevet mærkbare fremskridt de seneste år, hvor en 

effektivitet  på  op  til  6%  er  blevet  rapporteret  for  celler  med  små  arealer.  Med  hensyn  til 

stabilitet derimod nedbrydes polymer solceller under belysning og  i mørke, hvilket generelt 

har  ført  til meget  dårlige  levetider.  Der  har  dog  været  en  øget  interesse  for  stabiliteten  af 

polymer solceller og  forståelsen for hvorfor solceller og materialer nedbrydes. Dette har ført 

til opdagelsen af en ny klasse af materialer med udsædvanlig lange levetider (>20000 timer). 

Denne  Ph.D.  afhandling  beskriver  syntesen  og  karakteriseringen  af  disse  nye  polymer 

materialer,  som har egenskaber, der kan give bedre kemisk stabilitet  i polymer solceller. Et 

særligt  aspekt  er,  at  polymererne  har  inkorporeret  termokløvbare  sidekæder.  Disse 

sidekæder  gør  polymererne  opløselige  i  organiske  solventer,  hvilket  gør  det  muligt  at 

fremstille  en  tynd  film  fra  opløsning.  I  et  efterfølgende  trin  kan  sidekæderne  fjernes  ved 

opvarmning, hvilket omdanner materialet  til en hård uopløselig  form, der giver meget mere 

stabile  solceller.  Disse  nye  termokløvbare materialer  kan  tilbyde  højere  kromofor  densitet, 

vanceret film fremstilling og bedre stabilitet af polymer solceller.  a

 

 
Polymer sys in (PDTTP)  temer baseret på dithienylthienopyraz

og dithienylbenzot iadiazol (PDTBT)  h

 

Polymererne som  jeg valgte at  fokusere på er vist ovenfor. PDTTP systemet har meget  lave 

båndgab  (1.17‐1.37  eV),  og  er  designet  til  at  matche  sol  emission  spektret  bedre.  Den 

udvidede absorption med PDTTP systemet kan potentielt  forøge effektiviteten af en solcelle 

ved, at absorbere flere fotoner. Alkyl grupper og ester grupper kan effektivt inkorporeres på 

benzene ringene (R), og tilføre opløselighed og termokløvbarhed. PDTBT systemet er hyppigt 

blevet brugt i polymer/PCBM solceller, hvor høje ydeevner er blevet rapporteret (~6%). Jeg 

  



har  udviklet  metoder  til  at  inkorporere  alkoxy  kæder  og  termokløvbare  ester  grupper  på 

benzothiadiazol og thiophen enheden i et forsøg på at udvikle PDTBT systemet. Syntesen og 

solcelle egenskaberne af PDTTP og PDTBT systemet er beskrevet i denne afhandling, som er 

opdelt  i  fem  kapitler.    Det  første  kapitel  giver  en  introduktion  til  organiske  og  polymer 

solceller. Kapitel to omhandler emnet termokløvbare materialer og deres brug i solceller.  

Et mål  er at opnå en  så  lav  temperatur  som muligt  for elimineringen af den  termokløvbare 

sidekæde, fordi bulk heterojunction solceller baserede på en polymer og PCBM ikke er direkte 

forenelige med for høje temperaturer. Et studie af dette beskrives i kapitel tre for monomerer 

og  polymerer  med  forskellige  termokløvbare  ester  grupper.  Forskellige  estere  (primære, 

sekundære  og  tertiære)  af  13  monomerer  og  7  polymerer  baserede  på 

diphenyldithienylthienopyrazin  blev  syntetiseret  og  eliminerings  temperaturen  af  esteren 

blev  undersøgt.  Kapitel  fire  omhandler  syntesen  og  karakteriseringen  af  en  serie 

termokløvbare  polymerer med  lavt  båndgab  til  brug  i  solceller.  Polymererne  er  baseret  på 

dithienylthienopyrazin  forbundet med  forskellige  donor  enheder.  Effekten  af  de  forskellige 

donor enheder, på polymerernes optiske egenskaber og ydeevne i en solcelle blev undersøgt. 

Polymererne  blev  anvendt  i  bulk  heterojunction  solceller  sammen med  PCBM,  hvor  de  gav 

fotorespons op til 900 nm. De bedste solceller gav en effektivitet på op til 1.2%. Kapitel fem 

beskriver  syntesen  af  alkoxysubstituerede  og  usubstituerede  2,1,3‐benzothiadiazoler 

copolymeriserede med substituerede og usubstituerede thiophener. En klasse af materialerne 

bar  termokløvbare  ester  grupper.  Polymererne  blev  sammenlignet  i  bulk  heterojunction 

solceller  med  PCBM,  hvilket  viste  at  cellerne  baseret  på  termokløvbare  polymerer,  kunne 

måles  med  de  konventionelle  polymerer  med  hensyn  til  effektivitet.  De  bedste  solceller 

baseret  på  termokløvbare  polymerer  gav  en  effektivitet  på  op  til  1.9%,  hvilket  er  en  af  de 

højeste effektiviteter, der er blevet rapporteret ved brug af disse materialer.     
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Chapter 1 

Chapter 1 
 

Introduction 

 

1.1 Background 

 

The  total world energy  consumption  in 2008 amounted  to  approximately 16  terawatts  and 

the  demand  for  energy  is  anticipated  to  increase  in  the  near  future.  Because  of  continuous 

industrialization  and  growth  of  human  population  the  level  of  energy  consumption  by  the 

year 2050 is expected to be in the range 28‐35 terawatts which is a challenge we cannot meet 

with  the  energy  sources  currently  at  hand. Most  of  our  energy  is  derived  from  fossil  fuels 

(coal, oil, gas) but the supply is finite and the energy derived from combustion of fossil fuels 

produce CO2. The finite supply of fossil fuel sources and the negative long‐term effects of CO2 

and  other  emission  into  our  atmosphere  call  for  the  development  of  renewable  energy 

resources.  Providing  energy  from  non‐CO2‐emissive  sources  is  required  to  prevent  global 

warming that might induce irreversible climate changes.1 Sunlight strikes the surface of earth 

with 165 thousand terawatt of power which corresponds to 1000 W/m2 at the surface of the 

earth.2 Thus harvesting energy directly from sunlight and converting it into electrical energy 

using photovoltaic (PV) technology is being increasingly recognized as part of the solution to 

the growing energy challenge and a fundamental factor of the future global renewable energy 

production.3  

The  photovoltaic  effect,  which  is  the  conversion  of  absorbed  solar  photons  directly  into 

electrical energy, was first discovered in 1839 by the French physicist Edmond Becquerel. He 

found that a photocurrent emerged when platinum electrodes, covered with silver bromide or 

silver chloride, was illuminated in aqueous solution.4 Commercialisation of the PV technology 

was not attempted until a century  later where  the  first crystalline silicon p‐n  junction solar 

cell  was  developed  in  1954  at  Bell  Laboratories.5  The  reported  device  could  convert  solar 

radiation into electrical power with an efficiency of 6%. In modern era solar technologies are 

currently dominated by wafer‐size single‐junction solar cells based on crystalline silicon that 

has reached efficiencies of up to 25%.6 While the efficiency of such conventional solar cells is 

high,  very  expensive  materials  and  energy  consuming  production  techniques  are  required 

1  



Chapter 1 

which confines the technology to niches. Despite much effort in reducing the price of silicon 

based  PVs,  the  technology  still  accounts  for  less  than  0.1%  of  the  total  world  energy 

production. Second generation photovoltaics are under active investigation in order to further 

reduce the cost of produced electricity. This is the so called thin film photovoltaic technology 

that  includes  cadmium  sulphide  (CdS),  cadmium  telluride  (CdTe),  chalcogenides  such  as 

copper  indium  diselenide  (CIS)  or  copper  indium  gallium  selenide  (CIGS),  amorphous  and 

nanocrystalline  silicon.  Such  inorganic  semiconductor  materials  are  more  absorbing  than 

crystalline silicon and can be processed into thin film directly onto large area substrates using 

techniques  such  as  sputtering,  physical  vapour  deposition,  and  plasma‐enhanced  chemical 

vapour deposition. The fabrication of low cost inorganic thin film solar cells with efficiencies 

ranging  from  10‐19%  have  been  demonstrated  in  the  laboratory6  but  the  controlled 

manufacturing  still  remains  a  challenge  and  their  commercial  use  is  growing  but  not  as 

widespread so far.  

Simultaneously,  over  the  past  two  decades,  the  development  of  organic  semiconducting 

materials  have  advanced  very  rapidly,  leading  to  the  demonstration  and  optimization  of  a 

range of organic based solid state devices,  including organic  light‐emitting diodes (OLEDs),7 

field‐effect transistors (FETs),8 photodiodes,9 and photovoltaic cells. Although they are still in 

the development phase, organic photovoltaics appear as a likely low cost alternative to their 

more expensive inorganic counterpart. Organic PVs are particularly attractive because of their 

ease of processing, mechanical  flexibility and potential  for  low cost  fabrication of  large area 

devices. In addition, their material properties can be substantially adapted by modifying their 

chemical structure, resulting in greater customization compared to traditional inorganic solar 

cells.  The  field  of  organic  photovoltaics  can  be  divided  into  three  classes  spanning  small 

molecule,9,10  dye‐sensitized11‐13  and  polymer  based  solar  cells.  Especially  π‐conjugated 

polymers  in  PVs  are  an  attractive  alternative  to  the  traditional  silicon‐based  solar  cells 

because they are strong absorbers of visible light, in even <100 nm thin film devices, and can 

be deposited onto flexible substrates over  large areas using wet‐processing techniques such 

as  spin‐coating,  printing  or  roll‐to‐roll  coating.14‐27  This  thesis  will  exclusively  focus  on 

olymer based solar cells. p
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1.2 Polymer Solar cells 

 

Many reviews and special issues on the topic of organic solar cells have been published during 

the  past  5  years16,28‐51  and  the  definitions  are  quite  broad  spanning  all‐polymer  solar  cells, 

polymer‐fullerene  solar  cells,  small molecule and hybrid  solar  cells. Polymer‐fullerene  solar 

cells  based  on  composites  of  an  electron‐donating  conjugated  polymer  and  an  electron‐

accepting  fullerene  has  proven  to  be  the  most  successful  of  them  so  far  and  is  advancing 

rapidly  towards  commercial  viability.  Although  the  performance  of  polymer  solar  cells  has 

increased steadily with power conversion efficiencies (PCEs) exceeding 6%52‐54 polymer PVs 

are  still  inferior  when  it  comes  to  power  conversion  efficiency  and  stability  compared  to 

inorganic PVs. As can be seen  in  figure 1.1  the main advantage of organic PVs compared  to 

inorganic PVs is the presumed very low production cost of  large area devices. And since the 

lifetime  and  stability  of  organic  PVs  still  improves  the  technology  offers  the  possibility  to 

compete with the inorganic PV market in a near future. However, to avoid being limited to a 

niche  market,  as  seen  for  inorganic  PVs,  organic  solar  cells  have  to  fulfil  all  requirements 

simultaneously, lifetime, efficiency and cost to a certain degree (figure 1.1).      

 

CostsEfficiency
 

Figure 1.1. The critical triangle for photovoltaics. To be succesfull, a PV technology have to fulfil all requirements 

simultaneously,  lifetime,  efficiency  and  cost.  OPVs  have  very  low  cost  but  still  needs  to  improve  the  power 

conversion efficiency and lifetime to be successful. IPV: inorganic photovoltaic, OPV: organic photovoltaic.     

Lifetime

IPV

OPV

 

The simplest conjugated polymer you can visualize  is polyacetylene which  is a hydrocarbon 

chain  consisting  of  alternating  single‐  and  double‐bonds  (conjugation)  based  on  sp2‐

hybridized  carbon  atoms.  This  leads  to  a  highly  delocalized  π‐electron  system  with  large 
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electronic  polarizability  which  enables  absorption  within  the  visible  region,  due  to  π–π∗ 

transitions, and electrical charge transport. One of the earliest synthesis of polyacetylene was 

reported back in 195855 but the interest for this novel material was limited until 1977 where 

Shirakawa  et  al.  discovered  that  polyacetylene  can  be  made  electrically  conducting  upon 

doping by exposure to iodine vapour.56 Since then, intensive research in the use of conjugated 

polymers  in  modern  electronics  has  led  to  the  development  of  electronic  applications  like 

OLEDs,  FETs  and  photovoltaics  where  the  semiconducting  characteristic  of  conjugated 

polymers is exploited. In the beginning PV devices based on polymers sandwiched between a 

transparent metal oxide and a metal electrode yielded  limited PCEs that were typically well 

below 0.1%. Thus  compared  to  inorganic  semiconductors where absorption of  light  readily 

leads  to  free  charge  carriers  upon  excitation  of  electrons  from  the  valence  band  to  the 

conduction band (the two electronic bands are so close in energy that they practically form a 

continuum),  the  limiting  aspect  of  organic  semiconductors  is  the  relatively  low  dielectric 

constant of organic materials which  leads  to a bound state of an electron and an  imaginary 

particle called an electron hole (exciton)57,58 as electrons are excited from the valence band to 

the conduction band. The energy difference between the two elctronic bands is also called the 

band gap. To achieve exciton dissociation  into  free charge carriers an electric  field stronger 

than  the  coulombic  barrier  is  needed.  A  major  breakthrough  came  in  1986  where  Tang 

introduced  the  bilayer  heterojunction  concept,  in  which  two  organic  semiconductor  layers 

with  different  workfunctions  were  sandwiched  between  the  electrodes.59  By  using  this 

donor–acceptor  heterojunction  concept, with  a  phtalocyanine derivative  as  a donor  (p‐type 

semiconductor) and a perylene derivative as an acceptor (n‐type semiconductor) sandwiched 

between a glass substrate with  indium oxide and a silver electrode, Tang reported a PCE of 

nearly 1%. The donor–acceptor approach60‐64 makes use of  two electronic  components  that 

xhibit an energy offset in their molecular orbitals (Figure 1.2).  e
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Figure 1.2. Energy‐level diagram showing the HOMO and LUMO energies of two semiconductor materials. Upon 

light  absorption  in  the  donor  material  an  electron  is  excited  from  the  HOMO  to  the  LUMO  followed  by 

photoinduced charge transfer to the LUMO of the acceptor. 

 
When the energy levels are appropriately matched between the donor and acceptor material 

(HOMO‐LUMO  levels)  absorption  can  lead  to  photoinduced  charge  transfer  between  the 

materials. Upon light absorption in the donor material an electron is excited from the HOMO 

(highest  occupied molecular  orbital)  into  the  LUMO  (lowest  unoccupied molecular  orbital). 

From  this  excited  state  the  electron  may  be  transferred  into  the  LUMO  of  the  acceptor 

resulting in free charge carriers. The driving force for this photoinduced charge transfer is the 

difference  in  ionization potential  ID∗ of  the excited donor and  the electron affinity EA of  the 

acceptor,  minus  the  Coulomb  correlations.61  After  the  photoinduced  charge  transfer,  the 

positively charged hole remains on the donor material whereas the electron is located on the 

acceptor material.  Finally  the  free  charge  carriers  need  to  be  transported  to  the  respective 

electrodes to create a photovoltaic effect. At this point the donor material serves to transport 

the holes while the electrons travel within the acceptor material. The charge carrier transport 

is driven by internal electric fields across the photoactive layer caused by the different work 

s  function electrode  for holes and electrons. 

The  efficiency  of  the  bilayer  heterojunction  reported  by  Tang  is  limited  by  the  exciton 

diffusion  length, generally  restricted  to about 5–20 nm  in organic materials,65‐67 as excitons 

formed at positions further away from the donor‐acceptor interface than the exciton diffusion 

length  have  a  lower  probability  of  generating  free  charge  carriers.  If  an  exciton  is  not 

dissociated efficiently into its electron and hole within a timescale (~1 ns), it will recombine 

by emitting a photon or decay via thermalization. Efficient free charge carrier generation can 
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only  occur  at  the  donor‐acceptor  interface  and  ideally  the  heterojunction  should  be 

constructed in a manner such that the excitons are generated in the vicinity of the interface. 

The  limitation  of  the  bilayer  approach  was  overcome  with  the  development  of  the  bulk 

heterojunction (BHJ),60,64 where the photoactive layer consists of a intimately mixed blend of 

the  donor  and  acceptor  material,  which  indeed  led  to  a  major  increase  in  generated  free 

charge  carriers  upon  light  absorption.    Ideally,  a  nanoscale  interpenetrating  bicontinous 

network  of  donor  and  acceptor  materials  are  created  within  the  entire  photoactive  layer, 

ensuring  that  every  generated  exciton  can  reach  the  donor‐acceptor  interface.  At  the  same 

time the constructed bulk heterojunction should insure a direct or percolating pathway of the 

charge  carriers  to  the  respective electrodes  in order  to effectively  transport  and  collect  the 

charges. 

Glass

ITO

PEDOT:PSS

Sunlight

Aluminium

Active layer

Aluminium

LiF

+
- -

+

Bulk           
heterojunction

Bilayer 
heterojunction

 
Figure 1.3. Typical device architecture of a bulk heterojunction polymer solar cell. A fragment of the active layer 

is also shown illustrating the interpenetrating network of the donor and acceptor material. The donor material 

serves  to  transport  the positive charged holes while  the negative charged electrons  travel within  the acceptor 

aterial. A bilayer heterojunction is also shown. m

 

Today, most polymer solar cells are based on the bulk heterojunction concept first reported in 

1995  by  Yu  et  al.64  The  typical  device  architecture  of  a  bulk  heterojunction  solar  cell  is 

depicted  in  Figure  1.3.  First  a  layer  of  hole  conducting  poly(3,4‐ethylenedioxythiophene)–

poly‐(styrenesulfonate)  (PEDOT:PSS)  is  spin  coated  on  a  glass  substrate  coated  with  the 

transparent  electrode  indium‐tin  oxide  (ITO).  The  PEDOT:PSS  layer  improves  the  surface 

roughness of the substrate and improves and stabilizes the electrical contact between ITO and 

the  active  layer.  Subsequently,  a mixture  of  the  donor  and  acceptor material  is  spin  coated 
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from a suitable organic solvent. During evaporation of the solvent a phase separation of the 

donor  and  acceptor material  take  place with  the  formation  of  an  interpenetrating  network 

within the photoactive layer. Finally a thin hole blocking layer of lithium fluoride (LiF) and a 

layer  of  aluminium  (Al)  is  evaporated  on  top  as  the  back  electrode.  The  two  components 

required  in  these  devices  for  the  photoactive  layer  are  a  soluble  fullerene  acceptor  and  a 

polymeric  donor  that  can  be  processed  in  solution.  Generally,  π‐conjugated  polymers  are 

electron  rich  materials  that  readily  undergoes  oxidation,  have  high  HOMO  levels  and  are 

typically hole conducting materials. However, organic materials with high electron affinity are 

much rarer.  

 
Figure 1.4. Molecular structure of buckminsterfullerene C60 and the soluble fullerene derivative [6,6]‐phenyl C61 

butyric acid methyl ester (PCBM). 

 

Soluble buckminsterfullerene derivatives like PCBM (Figure 1.4) are at this time considered to 

be the most reasonable acceptors for organic solar cells for several reasons. First,  they have 

an  energetically  deep‐lying  LUMO,68 which  provide  the molecule with  a  very  high  electron 

affinity  relative  to  the  various  potential  organic  donors.  More  importantly,  conjugated 

polymer–fullerene blends are known to exhibit ultrafast photoinduced charge transfer (~45 

fs) from the excited state of the polymer to the fullerene, with a back transfer that is orders of 

magnitude  slower.69  It  is  these  essential  properties  together  with  very  high  electron 

mobility70  and  the  ability  to  pack  effectively  in  crystalline  structures  favourable  to  charge 

transport,71  that  have  currently  made  soluble  fullerene  derivatives  the  most  essential 

acceptor  materials  for  bulk  heterojunction  solar  cells.  In  devices  based  on  blends  of  a 

conjugated polymer and [6,6]‐phenyl C61 butyric acid methyl ester (PCBM) it is predominantly 

the polymer that absorbs  light since PCBM has a very weak overlap with the solar emission 

spectrum. To harvest extra  solar photons  symmetrical C60  can be  replaced by  the oval  egg‐

shaped  C70  where  low  energy  transitions  become  allowed,  increasing  light  absorption.72 
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Organic  solar  cells  based  on  polymer‐fullerene  blends  represents  the  state  of  the  art  at 

present with efficiencies reaching 6% for single junction cells53,54 and up to 6,5% with tandem 

ells,52 while higher PCEs are possible from a theoretical point of view.73‐75  c

 

1.3 Device characteristics 

 

 
Figure  1.5.  Current‐voltage  (J­V)  curves  of  an  organic  solar  cell  in  dark  and  under  illumination.  The 

characteristic intersections with the abscissa and the ordinate are the open circuit voltage (VOC) and the short‐

circuit current density (JSC) respectively. The maximum power point (MPP) is determined by the point where the 

product of voltage and current is maximized (Vmax × Jmax). Division of MPP with JSC × VOC gives the fill factor, FF. 

 

 

In Figure 1.5 the current‐voltage (J­V) characteristics are shown for a solar cell in the dark and 

under  illumination.  In  the  dark  there  is  almost  no  current  flowing  until  external  voltages 

larger than the open circuit voltage  is applied. By allowing the device to short circuit under 

illumination the maximum current, which flow in the device when no voltage is applied, can 

be  read  at  the  intersection  with  the  ordinate  and  is  identified  as  the  short  circuit  current 

density (Jsc). The maximum voltage the device can produce is called the open circuit voltage 

(Voc) which  can  be  read  at  the  intersection with  the  abscissa  under  illumination.  The Voc  is 

limited by the energy difference between the HOMO of the donor material and the LUMO of 
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the acceptor (figure 1.2). The Voc of a conjugated polymer/PCBM solar cell can be estimated 

by: 

VDEAEV HOMOLUMOoc 4.0))()(( −−−=  

 

where EHOMO(D)  is  the oxidation potential of  the polymer (donor), ELUMO(A)  is  the reduction 

potential of PCBM and  the value 0.4 V  is  the approximate voltage  loss at  the electrodes.76,77 

The maximum power the device can produce is characterised by the maximum power point 

(MPP) where  the grey area  in  figure 1.5  is maximized. The maximum power point  (MPP)  is 

etermined by:  d

 

maxax JVMPP m ×=  

 

where Vmax and Jmax are the voltage and current at the MPP. The fill factor (FF) is the ratio 

etween the MPP and the maximum theoretical power output: b

 

scocscoc JV
JV

JV
MPPFF

×
×

=
×

= maxmax  

 

he efficiency of the device can then be calculated by: T

 

in

scoc

in P
FFJV

P
MPP ××

==η  

 

where Pin is the incident light power. The incident photon to current efficiency (IPCE) is the 

ratio of the number of charge carriers collected at short circuit per incoming photon of a given 

nergy shining on the device. The IPCE can be calculated by: e

 

100(%) ×
×

=
Photons

sc

Pe
J

IPCE  

 

where e is the elementary charge (1.602 × 10‐19 C) and PPhotons is the number of photons. 
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1.4 State of the art materials 

 

Since the first report of photoinduced charge transfer from a conjugated polymer, 2‐methoxy‐

5‐(2‐ethylhexyloxy)‐polyphenylenevinylene  (MEH‐PPV),  to  a  buckminsterfullerene  (C60)  in 

1992  by  Sariciftci  et  al.,61  the  field  of  polymer–fullerene  solar  cells  has  been  through  a 

dynamic  development.  From  a  materials  point  of  view  the  state‐of‐the‐art  in  the  field  of 

organic  photovoltaics  is  currently  represented  by  bulk  heterojunction  solar  cells  based  on 

poly(3‐hexylthiophene)  (P3HT)  and  the  fullerenes  [60]PCBM  and  [70]PCBM  where 

efficiencies reported generally are in the 4‐5% range78‐80 at present. To improve efficiencies 

further  towards  10%  new  materials  are  needed  because  the  P3HT:PCBM  system  is 

approaching  optimal  device  performance.  The  main  disadvantage  of  P3HT  is  the  poor 

matching of its absorption spectrum with the solar emission spectrum. The band gap of P3HT 

is around 1.9 eV, limiting the absorbance to wavelengths below 650 nm. Since the photon flux 

reaching the surface of the earth from the sun has a maximum of approximately 1.8 eV (700 

m) P3HT is only able to harvest up to 22.4% (Figure 1.6) of the available solar photons.30,43 n

 

 
Figure 1.6. Photon flux from the sun (AM1.5) as a function of the wavelength. The percentage of the total photon 

flux and the corresponding maximum obtainable current density is displayed on the right y‐axis. 

 

Therefore, by decreasing the band gap of the active material it is possible to harvest a larger 

amount  of  the  solar  photons  and  thereby  increase  the  power  conversion  efficiency. 

Absorption of light by a π‐conjugated polymer involves the excitation of an electron from the 
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HOMO to the LUMO and hence the energy difference between the HOMO and LUMO, defined 

as the band gap, determines at which wavelength light is absorbed. Decreasing the band gap 

in  conjugated  polymers  can  generally  be  done  in  two  ways.  One  is  the  approach  used  in 

polyisathianaphtalene  (PITN)  where  the  fused  six‐membered  ring  gains  aromaticity  and 

therefore  stabilizes  the  quinoid  form  (Figure  1.7),  resulting  in  a  lower  band  gap  (better 

verlap of π‐orbitals in the repeating unit).81  o

 

 

 
Figure 1.7. Aromatic and quinoidal form of polyisothianaphtalene (PITN) and polythiophene (PT). 

 
Another  method  used  to  prepare  low  band  gap  polymers  is  the  donor‐acceptor  approach 

where  alternating  electron‐rich  and  electron‐poor  units  are  incorporated  in  the  polymer 

backbone. Incorporating alternating donor and acceptor units can stabilize the quinoid form 

of  a  polymer  since  the  alternation  increases  the  double  bond  character  between  repeating 

units, by  internal  charge stabilization  (D‐A <–> D+=A‐),  resulting  in a  lower band gap.81 The 

size of the band gap can be tuned by the strength of donor and acceptor units. New low band 

gap  polymer:PCBM  composites  have  already  shown  device  efficiencies  close  to  and  even 

xceeding that of P3HT:PCBM with plenty of room for improvement.  e
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Figure 1.8. Novel donor materials used in polymer solar cells 

 

Novel  promising  polymer  materials  are  shown  in  figure  1.8  and  there  highest  reported 

photovoltaic  performance  in  blends  with  PCBM  is  listed  in  table  1.1.  One  of  the  most 

promising  low band gap polymers  to date  is 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  1.8)  that  is 

based on a benzothiadiazole acceptor unit and  the planar  cyclopentadithiophene  (CPDT) as 

the donor unit which gives  it  an optical  band gap around 1.46 eV.  Zhu et al.  have  reported 

power  conversion  efficiencies  up  to  3.5%  for  bulk  heterojunction  solar  cells  based  on 

PCPDTBT and [70]PCBM with a maximum EQE of 38% around 700 nm and over 25% in the 

wavelength  range  between  400  and  800  nm.82  Further  optimizing  of  the  processing 

conditions,  by  incorporating  a  few volume per  cent  of  alkanedithiol  in  the  solution used  to 

process the films of PCPDTBT:[70]PCBM, improved the PCE up to 5.5% through altering the 

bulk  heterojunction  morphology  better.83  Upon  optimization  the  short  circuit  current 

enhanced up to 16.2 mA/cm2, which is among the highest reported to date. According to the 

electrooptical  properties  of  PCPDTBT  there  is  still  room  for  improvement.73‐75  Silole 

derivatives of CPDT (PSBTBT, Figure 1.8) have also been synthesised showing a hole mobility 

of 3 × 10‐3 cm2/(V s) which is 3 times higher than that for PCPDTBT.84 Efficiencies up to 5.1% 

ave been reported for solar cells based on PSBTBT:[70]PCBM blends. h
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Ta hotovo formance o e novel p er mat b ends  th PCBM ble 1.1. P

Polymer 

ltaic per f som olym erials in  l wi

Acceptor Eg ) opt (eV V )oc (V Jsc (m m2)A/c FF η   (%) Ref.

PCDTBT  [70]PCBM 1.88  0.88 10.6  0.66 6.1  54

PTPTBT  [70]PCBM 1.70  0.80 10.1 0.53 4.3  85

PTB4  [60]PCBM 1.63  0.74 13.0 0.61 6.1a  53

PBBTDPP2  [70]PCBM 1.40  0.61 11.5 0.58 4.0  86

PCPDTBT  [70]PCBM 1.46  0.62 16.2 0.55 5.5 b  83

PSBTBT  [70]PCBM 1.45  0.68 12.7 0.55 4.7b  84

a Value after spectral correction. b Average value.  

 

Recently a power conversion efficiency of 6.1% was reported for a bulk heterojunction solar 

cell based on a blend of  the polymer poly[N‐9’’‐hepta‐decanyl‐2,7‐carbazole‐alt‐5,5‐(4’,7’‐di‐

2‐thienyl‐2’,1’,3’‐benzothiadiazole)  (PCDTBT,  Figure  1.8)  and  [70]PCBM.54  The 

PCDTBT:[70]PCBM  solar  cell  demonstrate  the  best  performance  of  any  single  junction 

polymer  solar  cell  studied  to  date.  PCDTBT  (Figure  1.8)  is  based  on  a  4,7‐

dithienylbenzothiadiazole  unit  and  a  soluble  carbazole  unit  that  gives  it  a  optical  band  gap 

around  1.88  eV.  It  should  be  pointed  out  that  the  high  performance  is  not  reached  via 

reduction of the band gap, but through the deep HOMO level of the polymer, mainly fixed by 

the  carbazole moiety,  which  leads  to  higher  values  for  the  open  circuit  voltage.  The  latest 

report  of  highly  efficient  polymer  solar  cells  involve  PTB453  (Figure  1.8)  that  is  based  on 

thieno[3,4‐b]thiophene  and  benzodithiophene  units  resulting  in  a  optical  band  gap  around 

1.63 eV. Fine tuning of the structure and electronic properties has been done by introducing 

electron‐withdrawing  fluorine  to  the  thieno[3,4‐b]thiophene  unit,  which  reduce  the  HOMO 

energy level of the polymer. A power conversion efficiency of over 6% was achieved in solar 

cells based on fluorinated PTB4:[60]PCBM blends. 

In  summary,  the  photovoltaic  performance  for  the  selected novel  polymer materials  (Table 

1.1)  proves  that  the  field  of  organic  photovoltaics  have  a  bright  future.  Although  the 

performance of polymer solar cells has increased steadily, further improvements in efficiency 

are  required  for  large scale  commercialization. Aside  from  the power  conversion efficiency, 

processing and stability are two other important aspects that have to be addressed with equal 

intensity for the success of polymer and organic solar cells. To combine all three parameters 
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into  a  useful  material  and  device  further  research  in  device  science  and  new  materials  is 

needed. 
 

1.5 Stability of polymer solar cells 

 

The lifetime of a PV device has been defined in many different ways e.g.: as the time it takes 

for  the device to reach half  (T50) or 80% (T80) of  its  initial efficiency or half  its short circuit 

current value.87 Long operational lifetimes of organic solar cell devices are essential for large 

scale commercialisation and the understanding/alleviation of the degradation phenomena are 

crucial for successful application of this new and promising technology. Polymer and organic 

solar  cells degrade during  illumination and  in  the dark  leading  to operational  lifetimes  that 

are  generally  very  poor.  This  is  in  contrast  to  photovoltaics  based  on  inorganic 

semiconductors  such  as  silicon  that  have  a  lifetime  of  over  25  years.  A  few  studies  on  the 

chemical degradation of polymer solar cells have been documented in the literature and they 

mainly  focus  on  the  role  of  oxygen, water  and  electrode material  reactions with  the  active 

polymer layer (Figure 1.9).  

 
Figure 1.9.   Cross section view of a solar cell with the many processes that conspire to degrade polymer solar 

cells, incl. diffusion of oxygen and water, diffusion of electrode materials, photooxidation and formation of Al2O3 

t the electrode/active layer interface. Reprinted with permission from35. © 2008 Elsevier B.V. a

 

By using time‐of‐flight secondary ion mass spectrometry (TOF‐SIMS)88 and isotopic labelling 

(18O2 and H218O), the main finding is that oxygen and water diffuses into the various layers of 

the  solar  cell,  reacts  with  the  materials  and  thus  degrade  the  solar  cell  and  device 
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performance.89‐93 A striking finding was also that the electrode materials diffuse through the 

active layer and lead to further degradation.89 Moreover, an insulating layer of Al2O3 can form 

at the interface between the aluminium electrode and the active layer. A thin layer has been 

reported  to  improve  the  interfacial  charge  transport,  but  if  it  gets  too  thick  the  charge 

ransport will get worse. t

 

hv

S

S1

T1

O2(triplet)

O2(singlet)

0
Polymer energy levels  

Figure 1.10. Energy‐level diagram of a polymer and oxygen (O2). The first excited state of the polymer (S1) can 

cross over  to  the  triplet  state  (T1), which  can  then  transfer  the  excitation  to  ground  state oxygen  (O2  triplet), 

forming 1O2.  

 

Other degradation processes take place due to the fact that oxygen is readily activated by UV 

illumination  in  the  presence  of  sensitizers  such  as  conjugated  organic  materials.  The 

previously  popular  PPV  type  polymers  such  as MEH‐PPV  and MDMO‐PPV  are  in  particular 

susceptible to photo‐oxidation and are typically degraded significantly in a matter of minutes 

to  hours  under  illumination.94‐96  The  chemical  degradation  is  initiated  by  the  formation  of 

singlet  oxygen  (1O2)  by  energy  transfer  from  the  photo‐excited  polymer  to  ground  state 

oxygen molecules (Figure 1.10). The singlet oxygen can then react with the vinylene groups 

through a 2+2 cyclo‐addition reaction forming an intermediate dioxetane (Figure 1.11) while 

other  reactions  are  also  possible.  Finally  the  dioxetane  can  break  down  resulting  in  chain 

cission. s

 

 
Figure 1.11. Reaction of the vinylene bond in a PPV polymer with 1O2. 1O2 adds to the vinylene bond forming an 

intermediate dioxetane followed by chain scission. The aldehyde products shown can react further with oxygen.  
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P3HT  is significantly more stable, but devices based on  this material are also susceptible  to 

chemical  degradation.  The  current  state  of  the  art  employs  morphologically  stable  bulk 

heterojunctions  of  regioregular  P3HT  as  the  donor  material  and  PCBM  as  the  acceptor 

material.  Thermal  annealing  is  used  to  produce  and  stabilize  a  nanoscale  interpenetrating 

network  with  crystalline  order  resulting  in  stable  device  operation  for  1000  hours  under 

illumination  in  an  inert  atmosphere.97  The  reaction  of  P3HT  with  oxygen  has  not  been 

investigated  in  any  detail  yet  but  it  is  known  that  poly(3‐alkylthiophenes)  form  reversible 

charge transfer complexes with oxygen98 (Figure 1.12a). Formation of 1O2 by energy transfer 

from  triplet  states on P3HT appear unlikely due  to  the very  low  triplet  energy  level  of  this 

polymer,  but  1O2 may  be  formed  on  dissociation  of  the  excited  state  of  the  charge  transfer 

complex.  The  further  reaction  of  oxygen  with  P3HT  has  not  been  investigated,  but  simple 

thiophenes are known to react with oxygen under  illumination  to  form thioozonides, which 

ndergo further degradation99 (Figure 1.12b). u
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Figure  1.12.  (a)  Reversible  formation  of  a  charge  transfer  complex  between  poly(3‐alkylthiophenes)  and 

oxygen.  R:  alkyl  group.  (b)  Reaction  between  2,5‐dimethylthiophene  and  oxygen  forms  a  thio‐ozonide 

intermediate that can then decompose to an S‐oxide and other products. 

 

In  summary,  concerning  the  fact  that  diffusion  processes  leads  to  degradation  of  polymer 

solar cells, it is ironic that all the synthetic effort spent towards making the polymer materials 

soluble and processable by attaching solubilizing side chains is also what makes them degrade 

quickly.  More  advanced  materials  are  thus  needed  where  solubility  and  processability  is 

possible while making the devices. These properties should then be switched off  in the final 

device such that diffusion phenomena are slowed down. 
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1.6 Aim and scope of the thesis 

 

This project aims at developing the recent finding that a particular class of polymer materials 

leads  to very stable devices when applied  in polymer solar cells. The research  in  this  thesis 

will  focus on molecular design, synthesis and characterization of new π‐conjugated polymer 

materials having properties for better chemical stability in polymer solar cells. A key feature 

of  the  materials  is  that  solubilizing  thermocleavable  side  chains  are  introduced  on  the 

polymer backbone. This novel  type of material  is  soluble due  to  the solubilizing side chains 

and  a  thin  film  can  thus  be  prepared  from  the  conjugated  polymer material.  A  subsequent 

thermal treatment allows for removal of the solubilizing side chains and an insoluble film of 

the desired material is thus left. The motivation for preparing materials with thermocleavable 

side chains are multifold and can be summarized as the possibility to prepare materials with a 

higher density of chromophores leading to device films with a better operational stability and 

a higher  level of permissible processing conditions due  to  the  insolubility of  thermocleaved 

ilms in all solvents. f
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Thermocleavable materials for higher level processing and 

stability of polymer solar cells 

 

2.1 Introduction 

 

This chapter gives an  introduction  to  the properties of  thermocleavable materials  including 

their application in photovoltaics. 

Traditionally  conjugated  materials  were  prepared  by  a  thermocleavable  precursor  route 

whereby a soluble non‐conjugated precursor was heated to provide the insoluble conjugated 

polymer  film.  The  best  known  examples  are  the  synthetic  routes  leading  to  native 

polyphenylenevinylene (PPV) and polyacetylene (PA) as exemplified by the Wessling route1‐4  

nd the Durham route5‐7 as shown in Figure 2.1. a

 

 
igure 2.1. The Wessling (a) and the Durham (b) route to respectively PPV and PA. F

 

Initially  the  potential  of  the  precursor  route  was  not  realised  and  it  was  dismissed  in  the 

middle of the 1990s. It was then replaced by efficient routes to soluble conjugated materials 

and  it  is  only  recently  that  requirements  for  better  operational  stability  and  processing 

freedom  has  spawned  new  research  in  this  area.  Generally  two  approaches  have  been 

followed.  The  precursor  route  where  the  conjugation  in  the  polymer  film  is  formed  upon 

thermocleavage  after  formation  of  a  film  based  on  the  precursor  polymer.8‐12  The  other 
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approach  is  the  thermocleavable sidechain  route where  the conjugated backbone  is already 

present in the polymer film during formation but where the sidechains are removed upon the 

thermal  treatment  to  give  the unsubstituted  conjugated polymer backbone.13‐26 Common  to 

both approaches  is  that  the  final  film  is  insoluble and the chromophore density  is high. The 

main  difference  is  that  the  thermocleavable  sidechain  film  is  functional  as  a  photovoltaic 

device  before  being  thermocleaved.  One  can  view  these  materials  as  bringing  an  extra 

dimension  into  the  optimisation  scheme  where  the  device  film  in  addition  to  thermal 

annealing  and  solvent  annealing  can  be  altered  chemically.  Both  precursor  and 

thermocleavable side chain routes  follow chemical reactions whereby a part of  the material 

that constitute the formed film is removed, which typically amount to 30–50% of the polymer 

material  by  weight.  The  possibilities  that  thermocleavable materials  have  to  offer  warrant 

exploitation  and  certainly  house  the  potential  for  bringing  polymer  solar  cells  to  a  more 

dvanced level through materials design.  a

 

2.2 Thermocleavable materials 

 

To make  polymer materials  solution  processable,  the  introduction  of  solubilizing  groups  is 

required.  This  is  normally  achieved  by  attaching  solubilizing  side  chains  such  as  long  alkyl 

chains onto  the  conjugated polymer backbone. However,  typical  nonconjugated  solubilizing 

groups  reduce  the  density  of  chromophores  in  the  polymer  and  do  not  contribute  to  light 

harvesting  and  charge  transport.  Furthermore,  the  side  chains make  the material  soft  and 

allow  for  both  morphological  changes  along  with  chemical  transformations  caused  by 

diffusion of small molecules and constituents.20,27‐30 As a consequence, the softness provided 

by solubilizing chains has been linked to the instability of polymer solar cells, whereas more 

rigid systems have been demonstrated to give devices with a better stability.19 From this point 

of view, it is of some interest to prepare polymer solar cells via solution processing where it is 

possible  to  remove  the  solubilizing  side  chains  after  the  active  layer  has  been  deposited. 

Ideally the film forms a more rigid and stable morphology that leads to an increase in the glass 

transition temperature of the material and thus thermally stable devices. 
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Figure 2.2. Thermocleavable ester groups attached to the polymer backbone. After a thermal treatment around 

200 °C the solubilizing groups are eliminated  

 

The application of  thermocleavable materials  fulfils  this requirement. With thermocleavable 

materials you exploit the instability of a bond in the molecule where the labile bond functions 

as  the  linker  between  the  solubilizing  group  and  the  active  material.  The  most  recent 

developments are the thermocleavable ester groups and the dithiocarbamate precursor route. 

With regard to the thermocleavable ester groups the solubilizing group is typically a branched 

alkyl chain attached to the active conjugated polymer backbone through an ester bond (Figure 

2.2). When the polymer is heated this bond breaks, eliminating a volatile alkene and leaving 

the  polymer  component  insoluble.  The  thermal  treatment  is  an  in‐situ method  to  alter  the 

physical  and  chemical  properties  such  as  solubility,  hardness,  hydrogen  bonding,  polarity, 

n  density and ionicity after the fi al device film has been prepared. 

It  has  been  demonstrated  that  bilayer  heterojunction  devices  based  on  poly‐3‐(2‐

methylhexan‐2‐yl)‐oxy‐carbonylbithiophene  (P3MHOCT)  and  C60  can  provide  very  stable 

devices  after  thermal  elimination  of  the  solubilizing  groups19  which  transforms  P3MHOCT 

into the more rigid and insoluble poly‐3‐carboxydithiophene (P3CT). The improved stability 

of  this  system  (P3CT:C60)  has  been  linked  to  the  rigid  nature  of  the  film  and  cross‐linking 

hrough a hydrogen‐bonded network as shown in figure 2.3.13  t

 

 
Figure 2.3. Proposed cross‐linked structure of P3CT through a hydrogen‐bonded network 
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P3MHOCT  is  readily  soluble  in  common  organic  solvents  and  is  easily  processed  into  thin 

films with  standard  solution processing methods. Thermogravimetric  data  for P3MHOCT  in 

the  temperature  range  25‐475  °C  shows  two  distinct  weight  loss  mechanisms.31  The  first 

weight loss at ~200 °C accounts for the elimination of the ester group and the second weight 

loss  at  ~300  °C  is  decarboxylation  (Figure  2.4).  The  thermal  behaviour,  where  P3MHOCT 

transforms to P3CT that further converts to polythiophene (PT) at ~300 °C, was confirmed by 
13C labelling studies and solid‐state NMR spectroscopy. 
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Figure 2.4. Thermogravimetric data for P3MHOCT in the temperature range 25‐475 °C. P3MHOCT transforms to 

P3CT at ~200 °C that further converts to PT at ~300 °C.  

 

This finding offers a route to native polythiophene (PT) by solution processing which has not 

been possible before. Photovoltaic performance of devices based on P3MHOCT:PCBM blends 

with different  thermal  treatments  reveals  some  interesting  results.14 The power  conversion 

efficiency of the devices at room temperature was in the range of 0.7 ‐ 0.9 % and was found to 

decrease  as  the  device  film was  annealed  at  temperatures  below  the  cleavage  temperature 

(~200 °C) of P3MHOCT. After the transformation to P3CT a broad minimum is reached with 

power  conversion efficiencies  in  the  range of 0.1‐0.4%. When  reaching  the  temperatures of 

the  second  transformation  (~300  °C)  from  P3CT  to  PT,  a  dramatic  increase  in  power 

conversion efficiency was observed. Up to 0.6% in the case of [60]PCBM and as high as 1.5% 

in the case of [70]PCBM as shown in figure 2.5b. Clearly the morphology is changing with the 
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chemical transformations and this is part of the explanation to the variable power conversion 

efficiency of this system. Another part of the explanation is the change in energy levels as the 

electron withdrawing carboxylic acid groups are removed from the conjugated polythiophene 

backbone. During the annealing, it is possible to observe the colour change of the sample from 

red  to  orange  (conversion  from  P3MHOCT  to  P3CT)  and  then  from  orange  to  purple‐red 

conversion from P3CT to PT) (Figure 2.5a).   (

 

a

b

 
Figure  2.5.  (a)  A  photograph  showing  the  appearance  of  films  based  on  P3MHOCT:[70]PCBM  blends  when 

heated to different temperatures. (b) Efficiency versus annealing temperature for bulk heterojunctions based on 

3MHOCT and [60]PCBM or [70]PCBM. Reprinted with permission from14. © 2008 American Chemical Society. P

 

 The use of  thermocleavable conjugated polymer materials  in polymer solar cells have been 

relatively  limited due to  the  low performance observed when preparing devices  from them. 

The preparation of  efficient devices  from native polythiophene via  a  thermocleavable  route 

should be seen as the first breakthrough in the use of thermocleavable materials for polymer 

solar  cells.14,31  The  parameter  space  is  enormous  and  the  added  complexity  of 

thermocleavable materials (both their synthesis and processing into devices) combined with 

perhaps a poor starting point have resulted in a small investment in them in terms of research 

effort. The fact that efficiencies approaching 2% can be reached shows that it is not impossible 
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to  prepare  efficient  polymer  solar  cell  devices  from  thermocleavable  materials  and  it  is 

interesting to speculate how far thermocleavable materials could have been pushed pending 

the  same  investment  of  research  effort  that  has  gone  into  materials  such  as  MEH‐PPV  or 

P3HT. 

The use of thermocleavable P3MHOCT in thin film devices was first introduced by Liu et al.24 

The  idea,  besides  improving  the  chromophore density, was  to  enable  the  interaction  at  the 

interface  between  the  polymer  and  TiO2  in  a  (FTO/TiO2/P3CT/P3HT/Ag)  photovoltaic  cell 

(FTO =  fluorine doped tin oxide). The device showed a 3‐fold  improvement  in photocurrent 

compared to a reference cell without P3CT. Under illumination the FTO/TiO2/ P3CT/P3HT/Ag 

cell  had  external  quantum efficiency  (EQE)  of  12.6 % and  a  power  conversion  efficiency  of 

1.10  %,  while  the  reference  cell  (FTO/TiO2/P3HT/Ag)  showed  EQE  of  4.2%  and  a  power 

conversion  efficiency  of  0.69  %.  The  improvement  in  photocurrent/performance  upon 

introduction  of  the  P3CT  layer  may  be  related  to  a  higher  chromophore  density  after 

thermocleavage  and  the  chelation  of  ‐COOH  groups  in  P3CT  to  the  TiO2  may  enhance  the 

interfacial charge‐transfer efficiency. 

Other  thermocleavable  materials  exploited  as  semiconductors  are  the  dithiocarbamate 

precursors. Poly‐(2,5‐thienylene vinylene) (PTV) have been prepared via the dithiocarbamate 

precursor route which exploit the lability of the linking thiocarbamate bond in the molecule 

(Figure  2.6).8‐12  The  solution  processable  non‐conjugated  precursor  polymer  is  cleavable 

around 160 °C leaving a rigid conjugated polymer (PTV). Bulk‐heterojunction solar cells based 

on blends of the precursor PTV and PCBM have demonstrated power conversion efficiencies 

f up to 0.76 % after the thermal treatment.9  o

 

 
Figure 2.6. Preparation of PTV via the dithiocarbamate precursor route. 

 

In terms of stability PTV is like PPV materials sensitive to oxygen due to the vinylene groups 

that  are  susceptible  to  photo‐oxidation,  though  as  mentioned  above  more  rigid  systems 

generally give devices with a better stability and therefore improved stability of PTV devices 

prepared with the dithiocarbamate precursor route can be expected. 
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Figure 2.7. Thermocleavable  polymers  PTHPET  and  PTHPEF  and  acid‐catalyzed  elimination  of  dihydropyran 

rom the polymer backbone. f

 

 

Figure 2.8. Schematic  illustration of the formation of a well‐ordered micro and nanometer‐sized π­conjugated 

polymer features (PTHPET or PTHPEF) by a) solution casting, b) self‐organization, and c) catalytic reaction and 

development. Reprinted with permission from18. © 2007 WILEY‐VCH 

 

The interpenetrating network of the donor and acceptor material  is an extremely important 

factor  in  the construction of efficient bulk‐heterojunction solar cells. A  large donor‐acceptor 

interface  is  required  to  ensure  efficient  exciton  dissociation,  while  sufficient  percolating 

pathways need to be present to allow efficient charge carrier transport to the electrodes. It is 

thus  of  interest  to  be  capable  of  controlling  the  dimension  of  the  domains  in  the 

interpenetrating  network  such  that  all  domain  boundaries  are within  the  exciton  diffusion 

range  in  the  photoactive  layer.  Han  et  al.  has  demonstrated  a  novel  procedure  to  create 

morphologically  controlled nano/microscale patterns of π­conjugated polymers.18 An Acidic 

mixture  of  polyfluorene  or  polythiophene  bearing  solubilizing  thermocleavable 

tertrahydropyranyl (THP) groups (figure 2.7), and Poly(methyl methacrylate) (PMMA) is used 

for  the  active  layer.  After  spin‐coating  on  substrates  phase  separation  is  induced  by  the 
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chemical dissimilarity of the two polymers giving rise to a nano/microscale morphology. After 

an  acid  catalyzed  thermal  treatment  where  the  THP  groups  are  eliminated  the  insoluble 

conjugated  polymer  remains.  Subsequently,  PMMA  is  removed  by  treating  the  films with  a 

hlorobenzene/hexane solution leaving patterns of conjugated polymer (figure 2.8).  c

 

 

Figure 2.9. Reaction scheme for the process (above) and pictures of the films before and after removal of the 

copper nanoparticles. The film loaded with copper nanoparticles has a black appearance whereas the film where 

the  copper nanoparticles have been  removed has a  red  color  (lower  left). The dissolution  step  is  also  shown 

where a device slide (50 mm x 25 mm) is covered with a THF solution of azothioformamide. The dark color is 

due  to  the  formation  of  the  copper  complex  of  azothioformamide  (lower  right).  Reprinted  with  permission 

from32. © 2007 American Chemical Society 
 

This method where a  template  is used  to control  the nanostructure of conjugated polymers 

has  been  exploited  by  Andreasen  et  al.  in  a  solar  cell  context.32  Instead  of  PMMA,  copper 

nanoparticles with an average diameter of 32 nm were used as the template to nanostructure 

a  conjugated  polymer  based  on  P3MHOCT.  Mixtures  of  P3MHOCT  and  the  copper 

nanoparticles  are  processed  into  thin  films  followed  by  a  thermal  treatment  whereby  the 

solubilizing  side  chains  of  the  polymer  were  eliminated,  leaving  an  insoluble  film  of 

conjugated P3CT with included copper nanoparticles. The copper nanoparticles could then be 

removed  by  treating  the  films  with  a  THF  solution  of  phenylazodiethylthioformamide 
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(copper‐specific  solubilizing  agent33,34)  leaving  voids  in  place  of  the  copper  nanoparticles 

(Figure  2.9).  Finally  the  voids  in  the  dried  nanoporous  films  were  filled  with  PCBM  by 

doctorblading  forming a donor–acceptor bulk heterojunction.   However,  the nanostructures 

had  little  influence on the photovoltaic effect. The best device (active area of 3 cm2) had an 

open‐circuit voltage of 0.43 V, a short‐circuit current of 0.19 mA/ cm2, a fill  factor of 27.4%, 

and a power  conversion efficiency of 0.02% (0.1‐0.4%  for P3CT:[60]PCBM). These data  are 

much lower than the state of the art and is ascribed to the low porosity of the films (<20%) 

and the large size of the PCBM domains. The ideal size of the PCBM domains should be of the 

order of 5‐10 nm, and the porosity should be closer to 50% or more. This method may find 

importance in the modification of nanoscale morphologies for polymer solar cell devices if it 

could  be  advanced  for  incorporation  of  larger  amounts  of  well‐distributed  smaller 

nanoparticles (5‐10 nm) into the conjugated polymer film. 

 

2.3 Thermal patterning of polymer films 

 

Laser‐induced  thermal  patterning  is  another  technique  to  control  the  morphology  of 

conjugated polymers. Gordon et al. has developed a method for direct thermal patterning of a 

thermocleavable π‐conjugated polymer film containing a near‐infrared (NIR) sensitive dye.15 

The NIR dye (figure 2.10) is incorporated directly into the polymer film by spin‐coating a NIR 

dye/polymer blend on a substrate. 

 
Figure 2.10. Near‐infrared sensitive dye used by Gordon et al. 

 

When the film is exposed to NIR light pulses from an 830 nm laser beam the dye absorbs the 

irradiation  and  converts  the  NIR  photons  into  heat  by  internal  conversion.  The  polymer 

(PTHPET, Figure 2.7) does not absorb the NIR light but the heat produced by the dye induces 

thermocleavage of the THP groups. Subsequently, the NIR dye is removed by rinsing the films 

with methanol followed by THF leaving patterned π‐conjugated polymer (Figure 2.12a). The 

patterned  π‐conjugated  polymer  shows  a  significant  reduction  in  the  quantum  yield, 
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compared to a pure PTHPET film, which is ascribed to either the presence of residual NIR dye 

remaining  in  the  film  after  rinsing  or/and  coplanarization  and  chain  aggregation  after 

thermocleavage of the THP groups. 

To  overcome  this  problem novel  strategies  have  been  developed where  the NIR  dye  is  not 

incorporated  into  the  film. Gordon et al.  has described a bilayer approach,16 wherein a NIR 

dye  is  contained  in  a  film  of  poly(2‐hydroxyethylmethacrylate)  [p(HEMA)]  spin‐cast  onto  a 

thermocleavable π‐conjugated polymer  film of poly(9,9‐dihexylfluorene‐alt‐2‐(2‐thiophen‐3‐

ethoxy)tetrahydropyran)‐co‐(9,9‐dihexylfluorene‐alt‐bithiophene) (PFT‐TT) (Figure 2.11). 

 
Figure 2.11. PFT‐TT with thermocleavable THP groups 

 

After exposure of the bilayer film to 830 nm NIR laser irradiation, the p(HEMA)/NIR dye layer 

is  removed  by  rinsing  with  methanol.  Subsequent  treatment  of  the  remaining  film  with  a 

THF/Hexane  solution  removes non‐cleaved PFT‐TT  (unexposed p(HEMA)/NIR dye  regions) 

leaving  patterned  π‐conjugated  polymer  (figure  2.12b).  Using  this  bilayer  film  architecture 

the  active  conjugated  polymer  layer  can  be  heated  by  exposure  to  NIR  irradiation  while 

minimizing deleterious mixing of the polymer with the NIR dye. Compared to the monolayer 

approach described above the π‐conjugated polymer retains its photoluminescent properties 

showing quantum yields  as  high  as  86% of  the pristine polymer.  The method  is  capable  of 

imaging  large  surface areas, up  to 1 m2,  at  relatively high  throughput and with micrometer 

size  resolution,  and  thus  could  be  valuable  in  the  context  of  processing  of  thermocleavable 

olymers for solar cells. p
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a b

 
Figur 2.12. (a) Schematic diagram for the direct thermal patterning of a π­conjugated polymer using a NIR laser. 

(b)  Bilayer  approach  to  laser  induced  direct  thermal  patterning  of  a  π­conjugated  polymer.  Reprinted  with 

ermission from15. © 2007 American Chemical Society p

 

2.4 All solution processed tandem cells 

 

One  drawback  of  single  junction  polymer  devices  is  their  narrow  absorption  window 

compared  to  the  solar  cells  based  on  inorganic  semiconductors.  A  possible  approach  to 

efficiently harvest light at both short and long wavelengths is by stacking different band gap 

materials/devices on top of each other. This can be done by placing the cells in series giving 

devices known as  tandem cells.35‐37 By stacking different band gap materials on  top of each 

other the tandem cell should be able to exceed the maximum theoretical efficiency of a single 

junction solar cell because it increases the absorption of solar light and allows exploiting the 

photon energy more efficiently. When two cells (in a two terminal tandem cell) are connected 

in series the open‐circuit voltage (Voc) is the sum of the Voc’s of the subcells, Voc1 + Voc2 + Voc3… = 

Voc (tandem).  

Figure 2.13a illustrates a typical organic tandem cell architecture comprising of two distinct 

active  layers  stacked  on  top  of  each  other.  Both  of  them  are  based  on  a  donor–acceptor 

composition  and  the  use  of materials with  different  band  gaps  enables  absorption  of  solar 

light  over  a  wider  spectral  range.  In  order  to  prevent  charge  build‐up  within  the  cells  a 

transparent intermediate layer is positioned between the two active layers. The intermediate 

layer ensures recombination of the electrons created in the first cell with the holes created in 

the second cell. In addition, it can act as a protective layer to support the bottom cell during 
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deposition of  the  top active  layer. This  can generally be accomplished with a  thin  inorganic 

ayer.   l

 

Active layer

Metal electrode

Intermediate layer

Active layer

Glass

ITO

Glass + ITO

ZnO

P3CT/ZnO

PEDOT:PSS

ZnO

PEDOT:PSS

Ag-paste

a b
P3CTTP/ZnO

 
Figure 2.13. (a) Typical device setup for an organic tandem cell. (b) Tandem solar cell based on thermocleavable 

materials realized by Hagemann et al. 

 

Several  methods  have  been  employed  in  the  fabrication  of  tandem  cells  depending  on  the 

materials  used  for  the  active  and  the  intermediate  layer.  The mode  of  preparation  can  be 

divided  in  three  categories:  all  vacuum processing  by  evaporation  of  low molecular weight 

molecules, a combination of vacuum and solution processing and all solution processing. Due 

to  the  complexity  of  multilayer  solution  processing  caused  by  interlayer  mixing,  the  early 

reports of organic tandem cells are based on vacuum deposition of small molecules and they 

certainly show increased Voc and efficiencies.38‐41 Also a combination of vacuum and solution 

processing is a fine approach where the solution processed underlying layer is not disturbed 

during  subsequent  vacuum  processing.42‐44  However,  from  an  industrial  point  of  view,  all 

solution processing without the use of vacuum where each layer is processed from solution is 

the most  appealing  because  techniques  like  ink‐jet  printing,  screen  printing  and  roll‐to‐roll 

coating  are  less  time  and  energy  consuming  and  enable  large  scale  organic  solar  cell 

production. 

The  approach  has  so  far  employed  different  solvents  for  the  different  layers  that  are 

orthogonal in the sense that the next solvent in the process is a poor one for the material in 

the  previously  deposited  layer.  The  realization  of  a  solvent  combination  that  allows 

subsequent  layers  to  be  processed  without  affecting  previously  deposited  layers  has  been 

reported by Gilot et al.45 The challenging step is spin‐coating of the intermediate layer which 

consist of a layer of zinc oxide nanoparticles spin‐coated from acetone prior to a layer of pH 
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neutral PEDOT. The ZnO/PEDOT recombination layer was not affecting the underlying active 

layer of MDMO‐PPV:PCBM and was also acting as a protective layer to support the bottom cell 

during  spin‐coating  of  the  second  active  layer,  from  chlorobenzene,  consisting  of  a 

P3HT:PCBM blend. One of the highest reported efficiencies to date (6.5%) was demonstrated 

with  a  solution‐processed  tandem  cell46  where  the  device  showed  a  38%  performance 

improvement  versus  the  best  single  device.  For  the  bottom  BHJ  cell  was  used  a  blend  of 

PCPDTBT and PCBM spin‐coated from chlorobenzene and the top cell was made of blend of 

P3HT:[70]PCBM spin‐coated from chloroform. For the intermediate layer the authors used a 

layer of TiOx spin‐coated from a TiOx precursor solution (sol‐gel chemistry)47 prior to a layer 

of PEDOT. The TiOx precursor hydrolyses  to TiOx during 1 hour  in air  (Figure 2.14) and the 

inal TiOx layer offers high mechanical stability to the tandem cell. f

 

 

Figure 2.14. Preparation of the TiOx layer 

 

S

O OH

S

n

P3CT
(insoluble)

 
Figure 2.15. Photograph of  the devices reported by Hagemann et al. Red colour:  single  junction of P3CT:ZnO. 

Green colour: single junction of P3CTTP:ZnO. Brown colour: tandem cell of P3CT:ZnO and P3CTTP:ZnO 

 

An  all  solution  processed  tandem  polymer  solar  cell  based  on  thermocleavable  materials 

(Figure 2.13b) has been reported by Hagemann et al.17 Solution‐processable precursors were 

used  that  allow  for  conversion  to  an  insoluble  state  by  a  thermal  treatment.  A  bulk 

heterojunction composite of P3MHOCT and ZnO was used for the bottom cell and a blend of 

the  low  band  gap  polymer  poly‐[(3’‐(2,5,9‐trimethyldecan‐2‐yl)‐oxy‐carbonyl)‐
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[2,2’;5’,2’’]terthiophene‐1,5’’‐diyl)‐co‐(2,3‐diphenylthieno[3,4‐b]pyrazine‐5,7‐diyl)] 

(P3TMDCTTP) and ZnO was used for the top cell. Straight after each film preparation a short 

thermal  treatment  eliminated  the  solubilizing  group  converting  P3MHOCT  to  P3CT  and 

P3TMDCTTP  to  P3CTTP  (Figure  2.15).  To  separate  the  bottom  cell  from  the  top  cell  an 

intermediate  layer  of  PEDOT:PSS  and  ZnO  was  used.  Finally  a  solution  processed  silver 

electrode was deposited on top. The final tandem cell performed relatively poorly, mostly due 

to  poor  efficient  single  cells,  but  the  approach  does  effectively  solve  the  complications 

associated with solubility during application of subsequent layers. Due to an insoluble nature 

of the active materials after the thermal treatment there is no limit in the choice of solvents 

when processing  the subsequent  layers  in  the  tandem cell and more research  into this  field 

ppears worthwhile. a

 

2.5 Summary 

 

In  summary,  a  short  introduction  was  given  to  some  of  the  thermocleavable  materials 

described in the literature. The use of precursor or thermocleavable side chain routes results 

in a higher concentration of the photoactive participant in polymer solar cells. Heat treatment 

of the device film results in chemical reactions whereby part of the material that constitutes 

the original film is eliminated. Thus formed π‐conjugated polymers have no solubilizing side 

chains and are insoluble in all solvents which induce enhanced stability towards degradation 

and furthermore allows for preparation of multilayer devices by all solution processing. Light 

cleavage by using a near‐infrared (NIR) dye that is either incorporated in the polymer film or 

employed as a  separate  layer on  top of  the polymer  is  a  sophisticated  form of dealing with 

hermocleavable materials which allows for thermal patterning of polymer films.  t
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Chapter 3 

 

Thermal studies of monomers and polymers bearing different 

thermocleavable ester groups* 

 

 

 

 
Figure  3.1.  Monomers  9a­m  and  polymers  11b­d,  11i­l  based  on  dithienylthienopyrazines  with 

thermocleavable  benzoate  esters  (primary,  secondary  and  tertiary)  substituted  on  the  pyrazine  ring.  R  =  (a) 

hexyl  (b)  2‐heptyl  (c)  5‐nonyl  (d)  2‐methyl‐3‐hexyl    (e)  1‐methoxy‐2‐propyl  (f)  1,3‐difluoro‐2‐propyl  (g)  4‐

peten‐2‐yl (h) 1,5‐hexadien‐3‐yl (i) 1‐phenylethyl ( j) 2‐methyl‐2‐hexyl (k) 2‐methyl‐3‐buten‐2‐yl (l) 2‐methyl‐3‐

butyn‐2‐yl (m) 3‐methyl‐1‐penten‐4‐yn‐3‐yl 
 

3.1 Introduction 

 

The  use  of  thermocleavable  materials  offers  several  advantages  in  the  context  of  polymer 

solar cells. Most importantly the side chains that constitute a significant proportion of the final 

film are eliminated and ideally the final film comprises only the active component. Since bulk 

heterojunctions of polymer and PCBM are not directly compatible with the high temperatures 

acquired for elimination one aim is to achieve as low a temperature of elimination of the ester 

                                                 
 This work has been published: Helgesen Petersen M.; Gevorgyan, S. A.; Krebs, F. C. Macromolecules 2008, 41 
23), 8986‐8994. 

*

(
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group as possible. The purpose of  the work presented  in  this  chapter was  to establish  this, 

using  the  system  shown  in  figure  3.1,  in  the  context  of  choice  of  ester  alcohol. 

Thermocleavable  esters  of  monomers  and  polymers  based  on  diphenyldithienylthieno‐

pyrazine were  synthesized  by  incorporating  carboxylic  acid  functionalities  into  the  system 

followed  by  esterification.  A  series  of  13  different  ester  groups  (primary,  secondary  and 

tertiary) were prepared  (Figure 3.1)  and  the  temperature of  elimination of  the  ester  group 

was studied using thermogravimetric analysis (TGA) in conjunction with mass spectrometry 

of the carrier gas (TGA‐MS). The photovoltaic performance of the soluble polymers in blends 

ith PCBM is also presented together with stability studies in four different atmospheres. w
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Sheme 3.1. Synthetic steps involved in the preparation of the monomers and polymers. Method A: ROH, 1,1′‐

carbonyldiimidazole, pyridine. Method B: ROH, DMAP, Sc(OTf)3, N,N′­diisopropylcarbodiimide 
 

3.2 Synthesis 

 

The  synthetic  steps  involved  in  the  preparation  of  the  dithienylthienopyrazines  with 

thermocleavable  esters  are  outlined  in  Scheme  3.1 while  detailed  synthetic  procedures  are 
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described in the experimental section (3.7). The benzils 4a‐m were prepared by a  four step 

synthetic sequence employing a standard benzoin condensation of methyl 4‐formylbenzoate 

(1)  and  potassium  cyanide.  The  reaction  was  very  fast  and  no  heating  was  required.  The 

benzoin  21  was  oxidized  using  48%  aqueous  hydrobromic  acid  in  dimethyl  sulfoxide2 

affording the benzil 33 that was then hydrolyzed in an aqueous acid to give the free acid 4,4’‐

bis(hydroxycarbonyl)benzil4 followed by esterification. The esterifications of the primary and 

secondary esters 4a‐i employed 1,1′‐carbonyldiimidazole as  the acylating agent  (method A) 

which  turned  out  to work well with  primary  and  secondary  alcohols  but  not with  tertiary 

alcohols. Tertiary esters are notoriously difficult to synthesize and a series of techniques were 

attempted.  Transformation  of  the  diacid,  4,4′‐Bis(hydroxycarbonyl)benzil,  into  the  diacid 

chloride followed by direct reaction with the tertiary alcohols (2‐methyl‐2‐hexanol, 2‐methyl‐

3‐buten‐2‐ol,  2‐methyl‐3‐butyn‐2‐ol,  3‐methyl‐1‐penten‐4‐yn‐3‐ol)  or  by  adding  freshly 

precipitated  AgCN5  was  ineffective.  Other  acylating  agents  such  as  2,2′‐dipyridyl 

disulfide/PPh3,6  2‐chloro‐1‐methylpyridinium  iodide7  and  2‐chloro‐3,5‐dinitropyridine8  all 

failed (0% product). The latter method, using 2‐chloro‐3,5‐dinitropyridine, has proven useful 

for monoesterification albeit in low yield that makes its use impractical for diesterification. A 

procedure  reported  by  Zhao  et  al.9  turned  out  to  work  efficiently.  The  method  employs  a 

catalytic  amount  of  scandium  triflate  in  combination  with  N,N′‐diisopropylcarbodiimide 

(DIPC)  and  4‐dimethylaminopyridine  (DMAP)  (method  B).  Very  good  yields  of  the  tertiary 

iesters 4j‐m (78‐81%) were obtained under mild conditions.  d
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Figure 3.2. Poss le intermediate ib

 

It has been suggested that the role of Sc(OTf)3 in the esterification may be to coordinate with 

the initially formed carbonyl oxygen of the pyridinium intermediate, which could lead to the 

reactive  species9  shown  in  figure  3.2.  I  have  also  tested  other  transition  metal  salts  (i.e. 

HfCl4·2THF, ZrCl4·2THF, Y(OTf)3) as potential catalysts for the esterification where especially 

HfCl4·2THF  showed good  catalytic  effect  (Table 3.1). Using HfCl4·2THF  in  combination with 
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DIPC  and DMAP  gave  yields  of  the  tertiary  diester 4j  in  the  range 60‐70%.  The  reaction  is 

lower but the lower cost of HfCl4·2THF compared to Sc(OTf)3 makes it a good alternative. s

 
Table 3.1. Catalyst effect on the diesterification of 4,4’‐bis(hydroxycarbonyl)benzil 

 
Entry  Catalyst % yield ja 4  (20 h)  % yielda 4j (40 h)

1  Sc(OTf)3 70 76 

2  HfCl4·2THF

Zr F

51 6  5

3  Cl4·2TH 32 ‐ 

4  Y(OTf)3 38 ‐ 

The detailed synthetic procedure is described in the experimental section. a isolated yield 

 

The diamino precursor 8 was prepared by a known procedure10 starting with nitration of 2,5‐

dibromothiophene  (5).11  Subsequently  stille  coupling  of  6  with  2‐tributylstannylthiophene 

followed by reduction of the nitro groups using SnCl211 afforded 8. Condensation of the benzils 

4a‐m with  8  afforded  the  monomers  9a‐m.  Finally  the  polymers  were  prepared  by  NBS 

bromination of the monomers 9b‐d and 9i‐l  followed by Stille coupling polymerization with 

2,5‐bis(trimethylstannyl)thiophene  giving  11b‐d  and  11i‐l  as  dark  green  solids.  The 

molecular  weights  for  the  polymers  were  in  the  40000‐70000  g/mol  range  and  the 

polydispersity (PDI) was around 2. 

 

3.3 Thermal Behaviour 

 

The  relative  stability  of  the  dithienylthienopyrazines with  thermocleavable  benzoate  esters 

substituted on the pyrazine ring, 9a‐m, was investigated by thermogravimetric analysis (TGA) 

and  thermogravimetric  analysis  in  conjunction  with  mass  spectrometry  of  the  carrier  gas 

(TGA‐MS)  in  the  temperature  range  50‐500  °C  (Table  3.2).  TGA  is  a  type  of  testing  that  is 

performed on samples to determine changes in weight in relation to change in temperature. 

The  thermogravimetric  data  in  table  3.2  are  consistent  with  earlier  pyrolysis  studies  of 

esters.12  As  expected  elimination  of  an  alkene  from  the  tertiary  diesters 9j‐l  take  place  at 
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lower temperatures than the secondary diesters 9b‐i. The primary diester 9a eliminated with 

ecomposition at a significantly higher temperature. d

 
Table 3.2. ata for 9a­m, 11b­d, 1 List of TGA D 1i­l 

 loss       Weight (%) 

R‐group  Compound  Ester elimination (°C)  Calculated  Fo d un

  9a  410a  23.7 36 

 

9b  333 26.7 25 

11b  329 24.0 25 

 

9c  325 31.8 34 

11c  325 28.9 28 

 

9d  332

 

26.7 25 

11d  325 24.0  24 

  9e  360a  21.1  22 

  9fb  ‐  22.4  ‐ 

 
9g  326a  20.1  17 

 
9h  300a  22.9  15 

 

9i  266 27.8 18 

11i  254 25.6 15 

 

9j  225 26.7 26 

11j  225 24.0 21 

 

9k  197 20.1 1  8

11k  206 18.0 8 

 

9l  246 19.7 1  0

11l  ‐c 17.6 6 

 
9mb  ‐  22.4  ‐ 

a  b  cMolecule decomposes at first inflection.  Insufficient TGA data.   Broad derivative peak with no maximum 
 

The presence of an inductively (σ bond) electron withdrawing β substituent on the alcohol is 

known to slow down the rate of ester pyrolysis.13 Methoxy substituted 9e eliminate at 360 °C 

which is 35 °C higher than the elimination temperature of 9c that bears a β alkyl substituent. 

A  double  bond  substituent  at  the  β  carbon  can  reduce  the  elimination  temperature 

moderately as observed by comparing 9g with 9b and 9d. 9h eliminates hexatriene at around 

300 °C which is approximately 25 °C lower compared to 9c. We ascribe this to an activation of 

the adjacent Cβ‐H bond that assist the elimination. The double bond substituents apparently 
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contribute  to  other  reactions  (weight  losses)  at  the  higher  temperatures  as  9g  and  9h 

decompose at the elimination temperatures.  

 

Figure 3.3. (a) TGA‐MS of 9j,  (b) TGA‐MS of 9i,  (c) TGA‐MS of 11j, and (d) TGA‐MS of 11i. The first  inflection 

accounts for the ester elimination and the second weight loss around 400‐500 °C is decomposition. The red and 

blue  curves  is  the mass  signals  corresponding  to  loss  of  alkenes  and  the  green  curve  corresponds  to  loss  of 

arbon dioxide. c

 

Furthermore,  we  observed  that  9e,  9h,  and  9m  showed  a  slight  weight  loss  at  low 

temperatures. We found no identifiable mass peaks corresponding to the solvent and also rule 

out  the possibility  for  solvent  loss as  the  samples were dried prior  to analysis  in a vacuum 

oven at 50 °C for 24 hours. It is possible that these materials are subject to chemical reactions 

in the solid state (ie. a Cope reaction for 9h and 9m or elimination of methanol  for 9e). We 

currently  have  no  explanation  for  these  observations  other  then  it  being  an  elimination 

reaction or an electrocyclic reaction followed by an elimination reaction giving fragments that 

 46 
 



Chapter 3 

we  did  not  observe  in  our mass  spectra. 9i has  a  1‐phenylethyl  ester where  the  π­bonded 

substituent contributes to the activation of the adjacent Cβ‐H. It has a simple TGA curve where 

the  first  inflection  is  responsible  for  the  elimination  of  styrene  (Figure  3.3b).  The  phenyl 

substituent decrease  the  temperature  for  the  first weight  loss  even  further compared  to 9g 

and  9h.  The  tertiary  diesters  9j‐l  eliminate  in  the  temperature  range  197‐246  °C.  9k 

eliminates  at  a  lower  temperature  compared  to 9j  (Figure  3.3a) which may  arise  from  the 

double bond activation as described above. 9l eliminate 14 °C higher compared to 9j and we 

conclude  that  a  triple  bond  is  not  as  activating  as  the  double  bond  in  this  position.  The 

observed weight loss for the compounds 9g, 9h, 9i, 6k, and 9l all show weight loss at the first 

nflection which is significantly lower than the calculated value.  i

 

NN

S
S S

O
O

O
O

BuBu 9j

a

b

0.51.52.53.54.55.56.57.58.59.510.511.512.513.5
ppm  

Figure 3.4. 1H NMR spectra of 6j (a) from before (CDCl3) and after (b) heating (DMSO‐d6) to 233 °C for 15 min 

under argon. 

 

Since all these fragments have multiple unsaturations after the elimination we ascribe this to 

polymerization reactions of these materials  in the matrix of  the material or to cross‐linking. 

Analysis of the materials after the first weight loss by NMR was used to establish whether the 

ester could be used efficiently as a solubilizing group that can be removed quantitatively by a 

simple thermal treatment. NMR analysis after heating compound 9a‐m at the temperature of 

the first weight loss for 15 min. under argon showed that compounds 9a, 9e‐h, 9m could not 

be used for the preparation of the diacid. While the esters may eliminate liberating an alkene 
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the materials also decompose at the given temperature. The 1H NMR spectra of 9j from before 

and  after  the  pyrolysis  clearly  shows  that  the  diester  has  been  transformed  into  the  diacid 

(Figure 3.4). Figure 3.4b shows no aliphatic protons and the protons from the carboxylic acid 

appear at 13.08 ppm 

From  the  TGA‐MS  data  it  was  possible  to  track  evolution  of  various  small  molecules  and 

fragments  as  a  function  of  the  temperature.  As  expected  the  signals  for  the  observed 

fragments peak is in the same temperature range as the weight losses. The mass signals that 

we  focused on were  carbon dioxide  and  fragments  for  even and uneven  alkenes. As  shown 

earlier14  for  tertiary  esters  of  polythiophene  several  weight  loss  mechanisms  may  be 

observed  and  the  advantage  of  studying  the monomer was  that  the  effects  of  the  polymer 

matrix on the weight  loss mechanisms were possibly eliminated. The primary ester showed 

loss of both alkene and carbon dioxide starting at around 300 °C peaking at around 400 °C. 

For the secondary alkyl esters two loss mechanisms could be distinguished as elimination of 

the  ester  at  the  lower  temperature  (around 300  °C)  and  loss  of  carbon  dioxide  at  a  higher 

temperature (425 °C). The weight  loss of the secondary alkyl esters corresponded well with 

the calculated loss while some decarboxylation was evident from a small mass peak of carbon 

dioxide  during  the  first  loss  peak.  The  secondary  esters  with  unsaturations,  branching, 

fluorine and methoxy substituents showed more complex weight  loss curves. It would seem 

that  the only useful materials  in  this  series are  the simple secondary and  tertiary esters.  In 

terms  of  achieving  a  lower  temperature  for  the  thermocleavage  this  limits  the  choice  to 

simple  tertiary  esters.  The  only  secondary  ester  that works well  is  the  ester with  a  phenyl 

group R to the alcohol and no other unsaturations. As discussed above the simplest secondary 

alcohol with an R‐phenyl group gives styrene upon elimination and this gave an  incomplete 

weight loss. While successfully achieving a lower temperature of elimination this alone does 

not grant usefulness. The elimination reaction also has  to complete  the weight  loss and  the 

olymer material that is the end product should be insoluble. p

 

3.4 Photovoltaic performance 

 

All  of  the  polymer  materials  presented  in  Scheme  3.1  were  intended  for  use  in  solar  cell 

devices. Some of  the polymer materials however were not very soluble and did not process 

well into films and the photovoltaic performance obtained for these were either not possible 
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to  establish  or  very  poor.  Consequently  only 11b, 11c, 11d,  and 11j were  studied  in  solar 

cells. Bulk heterojunction solar cells with an active area of 3 cm2 were prepared on an indium 

tin oxide (ITO) covered glass substrate, using conventional device architecture. A thin layer of 

poly(3,4‐ethylenedioxythiophene)–poly‐(styrenesulfonate)  (PEDOT‐PSS) was  spin  coated on 

top of the ITO coating followed by spin coating of the active layer. The active layer contained a 

blend  of  the  respective  polymer  and  [60]PCBM.  After  spin  coating  of  the  active  layer  the 

devices were either processed directly into a solar cell by evaporation of aluminium as back 

electrode  or  subjected  to  a  thermal  treatment  at  the  temperature  of  thermocleavage 

mmediately before evaporation of the back electrode.  i
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Figure 3.5. (a)  J­V characteristics of the 11b:PCBM, 11c:PCBM, 11d:PCBM and 11j:PCBM solar cells measured 

under 100 mW/cm2 white light before and (b) after a thermal treatment. 

 
Ta Pho nce of  based on nds o olymer BM ble 3.3. 

Polymer 

tovoltaic performa

Cleaving Temp. (oC)*

devices   ble f p  and PC

Jsc (mA/cm2) Voc (V) FF PC ) E (%

11b 
25  1.52 0.14 0.25 0.05 

310  0.41  0  .16 0.26  0.017 

11c 
25 

3

2.1 0.4

 

0.29 0.25 

0.013 10  0.36  0.14 0.27 

11d 
25 

3

2.55

0

0.41 0.29 0.3 

0.005 10  .24 0.08

0

0.26

11j 
230  1.94 0.4 0.33 0.25 

25  2.4 .46 0.36 0.4 

*The duration of cleaving at 230 oC was 1 minute and at 310 oC was 10 minutes 
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The  obtained  current–voltage  curves  are  presented  in  figure  3.5 which  shows  the  current–

voltage  characteristics of  the un‐cleaved and cleaved 11b:PCBM, 11c:PCBM, 11d:PCBM and 

11j:PCBM devices measured under 100 mW/cm2 white light. A general observation was that 

the devices performed significantly worse after thermocleavage as indicated by a decrease in 

voltage  and  current  (Table  3.3).  The  best  performing  material  was  11j,  which  show  a 

decreased  performance  upon  thermocleavage,  but maintained  a  significant  performance.  It 

should  be  noted  that  polymer  solar  cells  based  on  thermocleavable  materials  present 

additional complexity  in terms of processing as compared to materials such as P3HT. In the 

case of P3HT heating of the device film leads to crystallization and changes in the morphology 

of  the  device  film  that  significantly  influences  the  device  performance.  In  the  case  of 

thermocleavable materials these effects also take place, but in addition, the chemistry of the 

device film change and as the chemistry changes so do the processes relating to crystallization 

and changes in morphology. This has been observed in the case of P3MHOCT (see Chapter 2) 

where  the  chemistry  of  the  device  film  can  be  processed  into  three  distinct  forms  starting 

from  the  same  device  film.  This  allowed  for  the  preparation  of  devices  with  a  power 

conversion  efficiency  of  up  to  1.5%.  This  implies  that  not  only  the  temperature  of  thermal 

annealing and the duration but also the speed of heating becomes influential. In the case of the 

polymers presented here the polymer esters are all chemically different materials and heating 

them to the temperature of thermocleavage gives, in principle, the same product polymer 12 

Figure 3.6).  (

 

 

Figure 3.6. Thermocleavage of the polymer materials 
 

The difference in device performance is thus not related to the molecule but rather how the 

final  device  film  was  obtained.  Thus  the  same  material  can  present  different  levels  of 

performance  depending  on  how  it  was  processed.  The  chemistry  of  the  side  chains  may 

influence  the  morphology  before  thermocleavage,  and  if  the  process  of  thermocleavage  is 

faster than the changes in morphology upon heating, this may also allow for the preparation 
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of different  final  film morphologies.  It has been shown  that  the morphology  is  stable  in  the 

final  thermocleaved  form  when  using  a  temperature  of  thermocleavage15  below  the  glass 

transition temperature (Tg)* and the kinetics of the film formation in such a case is important. 

A  final  issue  is  the  completion  of  the  thermocleavage  in  the  final  film.  It  is  likely  that 

thermocleavage under a given set of conditions lead only to a partially cleaved film that then 

present  chemistry  corresponding  to  both  the  uncleaved  and  cleaved  material  to  varying 

degrees.16  Thus  a  detailed  study  of  varying  the  degree  of  thermocleavage warrants  further 

study. The drastic decrease of  the performance  for polymers 11b, 11c and 11d  is probably 

due  to  high  cleaving  temperature  (310  °C)  and  long  cleaving  time  (10  min),  while 

thermocleavage  of 11j  resulted  in  a minor  decrease  of  performance.  In  the  case  of  earlier 

reported  cleaving  of  P3MHOCT  (see  Chapter  2)  the  performance  dropped  around  10‐fold 

hen cleaved to P3CT and then improved 15‐fold when cleaved further to PT.16 w

 
3.5 Stability Studies 

 

 We chose  to  subject  the best performing material 11j  to detailed stability  studies. Polymer 

solar cells are inherently unstable under intense illumination and will degrade through a large 

number  of  coexisting paths.  Some of  the paths  involve  reactants  such  as water  and oxygen 

from  the  atmosphere  that will  dominate  the  course  of  degradation  if  allowed  to  access  the 

active  layer  during  operation.  Their  efficient  removal  efficiently  eliminates  the  associated 

degradation  processes,  and  other  slower  processes  become  readily  observable  (ie. 

morphological  changes,  interlayer diffusion,  reactions at  interfaces, photochemistry). To get 

an overview of the stability of the polymer 11j in relation to other known polymers and as a 

function  of  atmospheric  reactants we  performed  two  studies.  One  comparative  study  in  an 

inert atmosphere and a study where devices were subjected to different atmospheres during 

continuous  (uninterrupted)  illumination.  Figure  3.7  shows  the  degradation  of  devices 

prepared in the same manner employing respectively P3HT, PT, and 11j. The performance of 

11j is inferior to both P3HT and PT while the photovoltaic parameters are much more stable 

in time. The P3HT device was annealed at 150 °C for 5 min after evaporation of the aluminum 

electrode.  PT  devices  were  prepared  by  heating  P3MHOCT/PCBM  films  to  310  °C  before 

evaporation of the aluminum electrode.  
                                                 
* The glass transition is the temperature where the polymer goes from a hard, glass like state to a rubber like state. 
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Figure 3.7. Comparison  of  the  decay  of  the  photovoltaic  parameters  for  P3HT,  PT,  and 11j  polymers with  a 

Glass/ITO/PEDOT:PSS/polymer:PCBM/Al  device  geometry  in  a  nitrogen  atmosphere  (330  mW/cm2,  30  °C, 

xygen <2 ppm, water <2 ppm). o

 

The  decay  in  the  photovoltaic  parameters  were  not  affected  significantly  by  the 

thermocleavage at 230 °C and the stability of 11j  is thus concluded to be very good without 

cleavage while there are processing advantages of thermocleaved 11j. Cleaving 11j at a higher 

temperature (310 °C) reduced the photovoltaic performance drastically and the decay of Voc 

and  FF  was  much  faster.  When  subjecting  11j  devices  to  four  different  atmospheres  to 

establish the inherent stability in nitrogen and the effect of water and oxygen taken separately 

and finally in combination in the real atmosphere it was found that oxygen had little effect on 

the  stability  as  shown  in  Figure  3.8.  The  interesting  finding was  that  the  presence  of  pure 

oxygen at high concentration (i.e., five times more than in the ambient atmosphere) does not 

seem  to  speed  up  degradation  significantly  so  you  could  rate 11j  as  stable  toward  oxygen 

under illumination. Humidity however was found to profoundly influence the stability leading 
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to rapid degradation that is complete within less than 20 hours whereas the absence of water 

eads to moderately stable operation. l
 

   
Figure 3.8. Decay of devices with  configuration Glass/ITO/PEDOT:PSS/8j:PCBM/Al under  conditions of:  pure 

nitrogen atmosphere 99.999% (oxygen < 2 ppm, humidity < 2 ppm), dry oxygen atmosphere 99.5% (humidity < 

2 ppm), ambient atmosphere (20 ± 5 % relative humidity), humid nitrogen 99.999% (oxygen < 2 ppm, 95 ± 5% 

relative humidity). The temperature was 30 ± 2 °C and the incident light intensity was 330 mW/cm2 (left). The 

same experiment was repeated for a longer period of time while introducing ambient atmosphere after 70 hours 

(see  arrow)  thus  reducing  the  oxygen  level  by  a  factor  of  5  and  increasing  the  humidity  by  a  factor  of  10 

hereupon rapid degradation sets in thereafter (right). w

 

3.6 Conclusion 

 

In  conclusion,  the  results  from  this  work  demonstrate  that  the  application  of  esters  as 

solubilizing groups that allow for removal by a simple thermal treatment is limited to simple 

secondary and tertiary esters where the alcohol is saturated in order to ensure that the alkene 

that  is  eliminated  is  removed  efficiently  without  undesired  side  reactions.  The  lowest 

temperatures  of  elimination were  found  to  be  achieved when  employing  tertiary  esters  as 

expected. In contrast to the systems where the ester reside on a thiophene ring it was found 

that  no  decarboxylation  takes  place  prior  to  decomposition,  and  it  is  thus  not  possible  to 

access  the native  system without  the  carboxylic  acid groups by a  thermal  treatment.  It was 

showed that a monomer relevant to  low band gap polymer systems could be prepared with 

solubilizing groups  that allow  for removal by a  thermal  treatment of around 200‐225 °C.  In 

addition  the polymer materials  from  the monomers was  synthesized  and  it was  found  that 
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only  the  polymers  with  secondary  and  tertiary  esters  are  useful  and  the  solubility 

requirements  make  the  choice  of  side  chain  functionality  limited.  The  best  performing 

polymer in a bulk heterojunction solar cell was 11j with Jsc = 2.4 mA/cm2, Voc = 0.46 V, FF = 

0.36 and η = 0.4%. It shows a decreased performance upon thermocleavage, but maintained a 

significant performance. The operational stability of 11j was found to be very good compared 

to  model  materials  such  as  P3HT  and  PT.  In  addition  polymer  solar  cells  in  a 

glass/ITO/PEDOT:PSS/11j:PCBM/Al  device  geometry were  found  to  be  very  stable  toward 

oxygen during operation. In pure oxygen the device decay was similar to inert conditions. This 

is in stark contrast to conjugated materials containing vinylene bonds that are very sensitive 

towards oxygen (see Chapter 2). The devices decayed rapidly in the presence of water (with 

and without oxygen present) and removal of water from this type of device gives devices with 

good stability.  

 

3.7 Experimental section 
1H‐NMR  and  13C‐NMR  spectra  together  with  figures  showing  TGA  and  TGA‐MS  data  are 

included in the Supporting Information.17 

 

General methods. Molecular weights were determined using size exclusion chromatography 

in HPLC‐grade chloroform against polystyrene standards on a KNAUER chromatograph with a 

refractive index detector and a diode array UV‐vis detector. The samples were dried at 50 oC 

for  24  hours  in  a  vacuum  oven  prior  to  analysis.  Unless  stated  otherwise  all  reagents  and 

solvents were obtained from Aldrich and used without further purification. Dichloromethane 

and pyridine were dried with molecular  sieves  (3 Å) and used directly without  filtration or 

distillation. NBS was recrystallised from water and dried at 70 °C in vacuum. Evaporation was 

performed on a rotary evaporator at 40 °C. NMR spectra were obtained on 500 MHz or 250 

MHz  spectrometers.  High  resolution  mass  spectra  were  recorded  on  a  tandem  mass 

spectrometer.  Melting  points  were  determined  on  an  electrothermal  instrument  and  are 

ncorrected. The diamino precursor 8 was prepared as described in the literature.10  u
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Thermal analysis. The sample holders were carefully weighed and the samples  introduced 

followed by drying for 24 hours at 50 °C in vacuum. The thermogravimetric analysis was then 

carried out using heating rate of 10 °C min‐1. The carrier gas used was argon and the exhaust 

gasses were passed through a mass spectrometer allowing for the simultaneous acquisition of 

mass data. A series of masses relevant to the degradation process were specifically followed 

such as CO2, alkyl chain fragments and fluorine when relevant (see supporting information for 

each material). TGA‐MS was performed with a 30 seconds integration time for all the analyzed 

compounds at m/z 17, 18, 19, 25, 27, 28, 31, 33, 40, 41, 44, 45, 50, 51, 52, 53, 55, 56, 57, 58, 59, 

66, 68, 69, 72, 77, 78, 80, 83, 84, 97, 98, 104, 111, 126. The elimination temperature has been 

read at  the maximum of  the derivative  curve  if  possible. The weight  loss  (Found) has been 

read at the most abundant derivative peak (Weight (%)[peakstart] – Weight (%)[peakend]). 

 

Polymer solar cell fabrication and analysis. Glass substrates with pre‐etched 100 nm thick 

layer of ITO and a sheet resistivity of 8‐12 Ω square‐1 purchased from LumTec were cleaned 

by consecutive ultrasonication in isopropanol and distilled water for 10 min each followed by 

drying immediately prior to use. A layer of PEDOT:PSS purchased from Aldrich as a 1.3 wt % 

aqueous  solution was  spin  coated on  top of  ITO at  a  rotational  speed of  2800  rpm and  the 

slides were annealed at 160 oC for 5 min. Subsequently, the samples were transported into a 

glove box and the active layer was applied as a blend of the polymer and [60]PCBM in a 1:1 

ratio  (20  mg  mL‐1  in  dichlorobenzene)  by  spin  coating  onto  the  glass/ITO/PEDOT:PSS 

substrates. The samples were then dried at room temperature (25 °C) or heated to the desired 

cleaving  temperature  (see  table  3.2).  An  aluminum metal  electrode was  evaporated  on  top 

after the thermal annealing to complete the devices. The devices had an active area of 3 cm2 

and were  tested  for  photovoltaic  performance  and  stability.  The  photovoltaic  performance 

was  tested under  a  solar  simulator  (KHS575) where  the  irradiance  and  emission  spectrum 

was  checked  carefully  using  an  optical  spectrum  analyzer  in  conjunction  with  a  precision 

radiometer from Eppley Laboratories. The spectrum during characterization of the solar cell 

efficiency was  AM1.5G with  an  incident  light  power  of  1000 W m‐2.  The  solar  simulator  is 

Class AAA from 400‐800 nm, over the area of the cell and for the duration of the experiment. 

o corrections for mismatch were performed. N
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4,4’­bis(methyloxycarbonyl)benzoin (2). Methyl 4‐formylbenzoate (1) (50 g, 305 mmol, 1 

equiv) was stirred in 99 % ethanol (150 ml) and water (50 ml). Then potassium cyanide (6 g, 

92.1 mmol, 0.3 equiv) was added and the reaction mixture was stirred at room temperature 

for 15 min. The product was filtered, washed with water (3 × 200 ml) and dried at 70 °C in 

vacuum. Yield: 48 g (48 %), light yellow solid. Mp = 140‐141 oC. 1H‐NMR (DMSO‐d6): δ = 8.09 

(d, 2H, J = 8.6 Hz), 8.00 (d, 2H, J = 8.6 Hz), 7.90 (d, 2H, J = 8.3 Hz), 7.55 (d, 2H, J = 8.3 Hz), 6.46 

(s, 1H), 6.15 (s, 1H), 3.84 (s, 3H), 3.80 (s, 3H).  13C‐NMR (DMSO‐d6): δ = 199.0, 166.4, 165.9, 

45.0, 138.8, 133.7, 129.7, 129.7, 129.6, 129.5, 127.9, 76.2, 52.9, 52.5.    1

 

 

4,4’­bis(methyloxycarbonyl)benzil (3). To a stirred solution of 2 (74 g, 225 mmol) in DMSO 

(510 ml) was added slowly 105 ml 48 % aqueous hydrobromic acid. The solution was heated 

to 55  °C  for 24 hours. Then 500 ml water was added and  the product was  filtered, washed 

with water (3 × 200 ml) and dried at 70 °C in vacuum. Yield: 72.5 g (99 %), yellow solid. Mp = 

197‐198 oC. 1H‐NMR (CDCl3): δ = 8.19 (d, 4H, J = 7.5 Hz), 8.06 (d, 4H, J = 7.5 Hz), 3.97 (s, 6H). 
13C‐NMR (CDCl3): δ = 192.9, 165.8, 135.7, 135.5, 130.1, 129.9, 52.7.  

 

 

4,4’­bis(hydroxycarbonyl)benzil. 3 (5 g, 15.3 mmol) was mixed in acetic acid (350 ml) and a 

4:1 H2SO4/H2O solution (175 ml). The reaction mixture was heated to reflux and stirred for 10 

hours.  Then 250 ml water was  added  and  the mixture was  cooled  on  ice.  After  cooling  the 

diacid was filtered, washed with water (3 × 20 ml) and dried at 70 °C in vacuum. Yield: 4.5 g 

(98 %), pale yellow solid. Mp > 300 oC. 1H‐NMR (DMSO‐d6): δ = 13.54 (s, 2H), 8.15 (d, 4H, J = 
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7.0 Hz),  8.08  (d,  4H,  J = 7.0 Hz).  13C‐NMR  (DMSO‐d6): δ  =  193.8,  166.8,  136.9,  135.5,  130.5, 

130.5. 

 

 

General procedure for the preparation o  f primary and secondary diesters (Method A) 

4,4'­bis(hexyloxycarbonyl)benzil  (4a).  The  diacid  4,4’‐bis(hydroxycarbonyl)benzil  (500 

mg, 1.68 mmol, 1 equiv) and 1,1´‐carbonyldiimidazole (557 mg, 3.44 mmol, 2.05 equiv) was 

mixed in dry pyridine (5 ml) and stirred at 50 °C under argon for 1 hour. Then 1‐hexanol (439 

μl,  3.52 mmol,  2.1  equiv) was  added  and  the  reaction mixture was  heated  to  reflux  for  10 

hours.  After  ended  reaction  pyridine  was  evaporated  in  vacuum.  The  residue  was  added 

saturated NaHCO3 (30 ml) and extracted with ether (3 × 30 ml). The combined organic phase 

was dried (MgSO4), filtered and concentrated in vacuum. Dry column chromatography (silica 

gel 15‐40 μm, eluted with EtOAc/Heptane, gradient 1‐5% EtOAc) afforded 4a. Yield: 625 mg 

(80 %), yellow solid. Mp = 140‐141 oC. 1H‐NMR (CDCl3): δ = 8.18 (d, 4H, J = 8.5 Hz), 8.05 (d, 4H, 

J = 8.5 Hz), 4.36 (t, 4H,  J = 6.7 Hz), 1.83‐1.74 (m, 4H), 1.49‐1.39 (m, 4H), 1.39‐1.29 (m, 8H), 

0.95‐0.86  (m, 6H).  13C‐NMR (CDCl3): δ = 192.9, 165.4, 135.9, 135.7, 130.1, 129.8, 65.9, 31.4, 

28.6, 25.6, 22.5, 13.9. HRMS‐FAB: m/z calcd. for C28H35O6 [M+H]+ 467.2434, found 467.2430.

   

 

General procedure for the preparation of tertiary diesters (Method B) 

4,4'­bis(2­methylhexan­2­yloxycarbonyl)benzil  (4j).  A  suspension  of  the  diacid  4,4’‐

bis(hydroxycarbonyl)benzil  (300 mg,  1.01 mmol,  1  equiv),  DMAP  (258 mg,  2.11 mmol,  2.1 

equiv),  scandium  triflate  (49.5 mg, 0,101 mmol, 0.1 equiv) and 2‐methyl‐2‐hexanol  (302 μl, 

2.11  mmol,  2.1  equiv)  in  dry  methylene  chloride  (5  ml)  was  stirred  at  room  temperature 

under  argon  for  30  min. N,N′‐diisopropylcarbodiimide  (331  μl,  2.11  mmol,  2.1  equiv)  was 

added and the reaction mixture was heated to reflux and stirred for 24 hours. After cooling to 
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room  temperature  the  reaction mixture was  concentrated  on  celite  in  vacuum. Dry  column 

chromatography  (silica  gel  15‐40  μm,  eluted  with  EtOAc/Heptane,  gradient  1‐5%  EtOAc) 

afforded 4j. Yield: 388 mg (78 %), yellow oil. 1H‐NMR (CDCl3): δ = 8.08 (d, 4H, J = 8.5 Hz), 7.99 

(d, 4H, J = 8.5 Hz), 1.92‐1.80 (m, 4H), 1.55 (s, 12H), 1.42‐1.25 (m, 8H), 0.94‐0.82 (m, 6H). 13C‐

NMR  (CDCl3): δ  =  193.1,  164.2,  137.5,  135.5,  129.9,  129.6,  84.4,  40.6,  26.1,  26.0,  22.9,  13.9. 

RMS‐FAB: m/z calcd. for C30H39O6 [M+H]+ 495.2747, found 495.2735. H

 

 
3’,4’­Dinitro­2,2’;5’,2’’­terthiophene (7). 2‐Tributylstannylthiophene  (5.8 g, 16 mmol) and 

2,5‐dibromo‐3,4‐dinitrothiophene  (6)  (2.6  g,  7.8  mmol)  were  mixed  in  toluene  (20  mL) 

together with Pd(PPh3)4 (200 mg) and heated to reflux for 16 hours. Toluene was removed in 

vacuum to give a slurry. This was taken up in chloroform (ca. 200mL) and filtered through a 

layer of silica to remove a dark band. The silica was eluted with chloroform until the washings 

were almost colourless. The solvent was removed from the reddish liquid in vacuum and the 

remaining paste was mixed with heptane (50 mL) and filtered. The orange solid was washed 

with heptane and dried in vacuum. Yield: 2.45 g (92%), orange solid. 1H‐NMR (CDCl3): δ = 7.62 

(dd, J = 5.2 Hz, J = 1.1 Hz, 2H), 7.55 (dd, J = 3.6 Hz, J = 1.1 Hz, 2H), 7.18 (dd, J = 5.2 Hz, J = 3.6 Hz, 

2H). 13C‐NMR (CDCl3): δ = 133.9, 131.3, 131.1, 128.4, 128.0. 

 

 

2,2';5',2''­terthiophene­3',4'­diaminium chloride (8). 7 (5 g, 14.8 mmol) and SnCl2 (22.4 g, 

118 mmol) was mixed in ethanol (60 ml) and concentrated HCl (25 ml). The reaction mixture 

was  stirred  at  room  temperature  overnight.  Ethanol  was  removed  in  vacuum  and  the 

remaining paste was filtered. The yellow/brown solid was washed extensively with water and 

dried at 70 °C in vacuum. Yield 4.5 g (87%). 1H‐NMR (CD3OD) δ = 7.54 (dd, J = 5.2 Hz, J = 1.1 

Hz, 2H), 7.29 (dd, J = 3.6 Hz, J = 1.1 Hz, 2H), 7.18 (dd, J = 5.2 Hz, J = 3.6 Hz, 2H), 4.95 (s, NHx and 
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H2O).  13C‐NMR  (CD3OD):  δ  =  132.3,  128.0,  126.54,  126.4,  126.3,  119.0.  Anal.  Calcd  for 

12H10N2S3: C, 51.77; H, 3.62; N, 10.06. Found: C, 51.93; H, 3.41; N, 10.01. C

 

 

General procedure for the condensation  

bis(2­methylhexan­2­yl)­4,4'­(5,7­di(thiophen­2­yl)thieno­[3,4­b]pyrazine­2,3­diyl)­

dibenzoate  (9j). 4j  (567 mg,  1.15 mmol,  1  equiv), 8  (444 mg,  1.26 mmol,  1.1  equiv)  and 

triethylamine (3.44 mmol, 0.480 ml, 3 equiv) was mixed in 99 % ethanol (20 ml). The reaction 

mixture was heated to reflux and stirred for 15 hours. After ended reaction the mixture was 

cooled  on  ice  followed  by  filtration  of  the  product.  The  product  was  washed  with  99  % 

ethanol (3 × 5 ml) and dried at 50 °C in vacuum. Yield: 730 mg (86 %), dark purple solid. Mp = 

197‐198 oC. 1H‐NMR (CDCl3): δ = 7.97 (d, 4H, J = 8.3 Hz), 7.67‐7.60 (m, 6H), 7.40 (dd, 2H, J = 

5.1, 1.0 Hz), 7.11 (dd, 2H, J = 5.1, 3.7 Hz), 1.96‐1.86 (m, 4H), 1.60 (s, 12H), 1.44‐1.34 (m, 8H), 

0.94  (t,  6H,  J  = 6.9,  6.9  Hz).  13C‐NMR  (CDCl3):  δ  =  165.0,  151.3,  142.6,  137.3,  134.5,  132.4, 

129.8,  129.3,  127.3,  126.9,  125.6,  124.9,  83.7,  40.8,  26.2,  26.1,  23.0,  14.0.  HRMS‐FAB: m/z 

alcd. for C42H44N2O4S3 [M+H]+ 736.2463, found 736.2466. c

 

 

General procedure for the NBS bromination 

bis(2­methylhexan­2­yl)­4,4'­(5,7­bis(5­bromothiophen­2­yl)thieno[3,4­b]pyrazine­

2,3­diyl)dibenzoate (10j). 9j (1 g, 1.36 mmol, 1 equiv) was dissolved in dry chloroform (70 

ml). Then NBS (483 mg, 2.71 mmol, 2 equiv) was added slowly and the reaction mixture was 

stirred  at  room  temperature  in  the  dark  for  20 min.  After  ended  reaction  the mixture was 
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washed with water (3 × 50 ml), dried (MgSO4), filtered and concentrated in vacuum affording 

10j. Yield: 1.13 g (93 %), dark purple solid. Mp = 185‐186 oC. 1H‐NMR (CDCl3): δ = 7.98 (d, J = 

8.4 Hz, 4H), 7.58 (d, J = 8.4 Hz, 4H), 7.22 (d, J = 4.0 Hz, 2H), 7.01 (d, J = 4.0 Hz, 2H), 1.97‐1.87 

(m, 4H), 1.61 (s, 12H), 1.46‐1.33 (m, 8H), 0.94 (t, J = 7.0 Hz, 6H). 13C‐NMR (CDCl3): δ = 165.1, 

152.0,  142.1,  137.3,  135.6,  132.7,  129.9,  129.8,  129.3,  124.8,  124.3,  115.1,  83.8,  40.8,  26.2, 

6.1, 23.0, 14.0. HRMS‐FAB: m/z calcd. for C42H42Br2N2O4S3 [M]+ 892.0673, found 892.0670. 2

 

 

General procedure for the Stille coupling polymerisation  

Poly(bis(2­methylhexan­2­yl)­4,4'­(5­(2,2'­bithiophen­5­yl)­7­(thiophen­2­yl)thieno­

[3,4­b]pyrazine­2,3­diyl)dibenzoate)  (11j).  10j  (200  mg,  0.22  mmol,  1  equiv),  2,5‐

bis(trimethylstannyl)thiophene (92 mg, 0.22 mmol, 1 equiv), Pd2dba3 (20 mg, 0.022 mmol, 0.1 

equiv) and tri‐(o‐tolyl)phosphine (54 mg, 0.18 mmol, 0.8 equiv) was dissolved in dry toluene 

(50  ml).  The  reaction  mixture  was  heated  to  reflux  for  24  hours  under  argon.  Then  the 

mixture was poured into 150 ml methanol and the polymer was allowed to precipitate. Finally 

the polymer 11j was  filtered and purified by Soxhlet  extraction with methanol, hexane and 

chloroform.  Yield:  670 mg  (92 %),  dark  green  solid.  1H‐NMR  (CD2Cl2): δ  =  8.18  –  6.37  (br, 

14H), 2.30 – 0.45 (br, 30H). SEC (CHCl3): Mw = 39400 g/mol, Mn = 20400, Mp = 17800, PDI = 

.9 1
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Chapter 4 

 

Photovoltaic performance of polymers based on dithienyl­

thienopyrazines bearing thermocleavable benzoate esters* 

 

 

 
 
 
 

 
Figure 4.1. Low band gap polymers based on dithienylthienopyrazine alternating with different donor segments. 

 

 

 

                                                 
* This work has been published: Helgesen M.; Krebs, F. C. Macromolecules 2010, 43, 1253‐1260 
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4.1 Introduction 

   
Low band gap polymers are designed to match the solar emission spectrum better, which has 

a maximum in photon flux near 700 nm and an appreciable tail stretching into the infra‐red 

region.  The  extended  absorption  by  low  band  gap  polymers  can  potentially  increase  the 

photocurrent by absorbing more photons. One approach to designing these materials is by use 

of  alternating  electron‐rich  (donor)  and  electron‐poor  (acceptor)  units  giving  rise  to  a 

material  with  a  low‐energy  absorption  band  that  might  be  a  charge  transfer  band.  The 

absorption can be  tuned by adjusting  the donor–acceptor strengths, or HOMO‐LUMO  levels, 

respectively.  For  this  purpose,  polymers  with  alternating  dithiophene  and  thienopyrazine 

units has been explored by several groups1‐3 who reports band gaps in the range 1.2–1.6 eV 

for this type of polymer. In our earlier work (see Appendix 2),1 we explored the chemistry of 

the thienopyrazine type acceptor moiety to characterize the influence of the substituents and 

extended p‐system on the absorption spectrum. Here we found that adding phenyl groups to 

the dithienylthienopyrazine system caused a red shift of  the  lowest energy absorption band 

t t ,  e n  c iwi h up  o 50 nm presumably du  to the more exte ded onjugat on.  

In  this  chapter  the  synthesis,  characterization  and  devices  of  a  series  of  alternating 

thermoclevable copolymers for solar cells are presented. The materials are copolymers based 

on  dithienylthienopyrazine,  bearing  thermocleavable  benzoate  esters  on  the  pyrazine  ring, 

alternating  with  different  donor  segments;  dialkoxybenzene,  fluorene,  thiophene  and 

cyclopentadithiophene (CPDT) (Figure 4.1). The effects of the different donor segments on the 

photovoltaic performance of the polymers in blends with [60]PCBM with and without thermal 

treatment is presented. The alkyl benzoate ester groups make the polymer soluble in organic 

solvents and allow for film formation. Subsequently they can be removed by heating in a post‐

processing step forming the free acid and a volatile alkene. These new thermocleavable  low 

band gap materials can potentially offer better  light harvesting, higher  level processing and 

mproved stability in a solar cell device. i
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Scheme 4.1. Synthetic steps involved in the preparation of the monomers 

 
4.2 Synthesis 

  
The  synthetic  steps  involved  in  the  preparation  of  the monomers 2a, 2b, 5, 7  and 10  are 

outlined in Scheme 4.1 while detailed synthetic procedures are described in the experimental 

section (4.8). Monomer 1 was functionalized by NBS bromination and by deprotonation using 

LDA followed by treatment with trimethyltin chloride. This afforded 2a4 and 2b5 to be used in 

Suzuki ‐and Stille‐type copolymerizations. Deprotonation using n­buthyllithium (BuLi) did not 

work  well  since  BuLi  reacts  with  the  pyrazine  ring  giving  various  by‐products.  The 

bromination was selective where only the dibrominated product was formed if 2 equivalents 

of NBS were added slowly. In our earlier work1 (see Appendix 2) I explored a similar system 

where  4‐alkylphenyl  groups  were  incorporated  instead  of  benzoate  esters  (Figure  4.2). 

Dibromination of the monomer shown in figure 4.2 turned out to be very challenging because 

the  reaction  proceeded  very  fast  giving mixtures  containing mono‐,  di‐  and  tri‐brominated 
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compounds. Thus extensive column chromatography was needed to separate all compounds 

and  obtain  the  pure  dibrominated  compound.  However,  bromination  of  1  does  not  show 

reduced selectivity since the electron attracting ester groups seems to improve the selectivity 

by reducing the reactivity towards electrophilic aromatic substitution on the outer thiophene 

rings.  

 
Figure 4.2. Dithienylthienopyrazine bearing 4‐alkylphenyl groups on the pyrazine ring 

 

According  to  a  literature procedure,6 monomer 5  can be  synthesized  in  good  yield  starting 

with a standard alkylation of hydroquinone (3) followed by bromination of 4 with NBS. The 

diboronic acid pinacol ester 7  is prepared by  lithiation of readily available 2,7‐dibromo‐9,9‐

dioctylfluorene  (6)  followed  by  addition  of  2‐isopropoxy‐4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolane.7 The synthetic  route  to 108  initiates with a deprotonation of 4H‐cyclopenta‐

[2,1‐b:3,4‐b’]‐dithiophene  (8)  and  a  subsequent  alkylation  which  affords  9  in  good  yield. 

Deprotonation  of 9  using n­buthyllithium  followed  by  treatment with  trimethyltin  chloride 

affords monomer 10. The synthesized stannyl compounds 2b and 10 were very sensitive to 

acid (The stannyl group fall of) so they had to be purified under basic conditions by quickly 

assing them through a plug of basic aluminium oxide with a suitable eluent.   p

 

 
Scheme  4.2.  Copolymerizations  leading  to  the  polymers  P1–4.  Y  =  5,  7,  10  and  2,5‐bis(trimethylstannyl)‐

thiophene.  (i)  Stille  coupling using Pd2dba3  and  tri‐o‐tolylphosphine.  (ii)  Suzuki  coupling using Pd2dba3,  tri‐o‐

tolylphosphine and Cs2CO3.  
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Copolymerizations  leading  to  the  final  polymers  P1–4  are  presented  in  scheme  4.2. 

Copolymerisation  of  2a  via  Stille  coupling,  using  the  catalyst  system  Pd2dba3/tri‐o‐tolyl 

phosphine, with 5 gave polymer P1 as a dark brown solid (Mw = 7 kg/mol, PDI = 1.9). Coupling 

of 2b with 7 was performed with a Suzuki‐type copolymerization reaction using Pd2dba3/tri‐

o‐tolyl phosphine as a catalyst and cesium carbonate as a base. The polymer P2 was afforded 

in  90%  yield  as  a  green  solid  with  a  molecular  weight  (Mw)  of  42.3  kg/mol  and  a 

polydispersity  (PDI)  of  3.  Using  the  same  conditions  as  for  the  preparation  of  P1, 

copolymerisation  of 2b  via  Stille  coupling with  2,5‐bis(trimethylstannyl)thiophene  and  the 

cyclopentadithiophene 10  gave  polymer P3  and P4  as  dark  green  solids.  All  the  polymers 

were  isolated  in  good  yields  and  are  soluble  in  organic  solvents  such  as  chloroform  and 

toluene at room temperature. The  large variation  in molecular weight, particularly between 

P1 and P4, can be explained by a better solubility of P4 but the steric nature of monomer 5 

an also lead to deficient polymerization.  c

 
Table 4 nd spectroscopic da a for polymers P1­4 .1. GPC a

solu

t

      tion          film   

polymer  Mw  l) (g/mo PDI  λm ) ax (nm λon ) set (nm E  g (eV)   λm ) ax (nm λon ) set (nm E ) g (eV

P1  7000  1.9  745  1015  1.22    845  1057  1.17 

P2  42300  3.0  665  824  1.50    710  906  1.37 

P3  39400 

363000 

1.9 

4.8 

770 

868 

955 

980 

1.30 

1.27 

 

 

760 

825 

955 

1002 

1.30 

1.24 P4 

 

 

4.3 Thermal Behaviour 

 
The  thermal  behaviour  of  the  thermocleavable  polymers  was  investigated  by 

Thermogravimetric  analysis  (TGA).  The  sample  holders  were  carefully  weighed  and  the 

samples introduced. TGA was then carried out using heating rate of 10 °C min‐1. TGA of P1­4 

are shown in figure 4.3 and indicates that the tertiary ester starts to eliminate around 200 °C 

in agreement with earlier  results presented  in chapter 3.4 The second  loss peak at ~400 °C 
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that  corresponds  to  loss  of  CO24  (not  prior  to  decomposition)  can  only  be  observed  for P3 

because a greater weight  loss  for P1, P2 and P4  is showing in the same temperature range. 

The observed value for this loss peak is ~20% which corresponds to loss of the alkyl chains 

on the donor units; dialkoxy benzene, fluorene and CPDT. The same precursor film prepared 

by standard solution processing of P1–4 can give access to two chemically different thin films 

as shown in figure 4.4. 

 

 

 
Figure 4.3. (a) TGA of P1, (b) TGA of P2, (c) TGA of P3, and (d) TGA of P4 in the temperature range 50‐500 °C. 

The data were recorded at 10 °C min‐1 under an argon atmosphere. A derivative weight loss curve has been 

included to tell the point at which weight loss is most apparent. 
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Figure 4.4. Possible chemical transitions of P1–4 

.4 Optical Properties  

 

4

 

The absorption spectra for the polymers in chloroform solution are shown in figure 4.5a. The 

copolymers P1–4 based on dithienylthienopyrazine does indeed show a considerable spectral 

coverage  of  the  solar  spectrum which  is  varied with  the  different  donor  units.  The  optical 

band  gaps,  defined  by  the  onset  of  absorption,  are  ranging  from  1.22‐1.50  eV  (Table  4.1). 

Partial aggregation of P1 in solution gives it the lowest optical band gap with an onset at 1015 

nm. P2 has a somewhat higher band gap of 1.5 eV because of the decreased donor strength of 

the  fluorine  unit  (high  degree  of  aromaticity)  which  reduce  conjugation  in  the  polymer 

ackbone.  b

 

 
Figure 4.5. (a) UV‐vis absorption spectra of the polymers P1­4 in chloroform solution and (b) in thin film  
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Figure 4.6. (a) UV‐vis absorption spectra of P3 and (b) P4 in thin film before and after annealing for 1 min. 

 

Three alternating thiophene units provide P3 with a band gap of 1.3 eV in solution. Further 

extending the thiophene content by incorporating CPDT lowers the band gap to 1.27 eV (P4). 

Despite the improved donor character of the CPDT unit, caused by its planarity and electron 

donating alkyl chains, P3 and P4 has rather similar band gaps though the absorption maxima 

(λmax) of P3 is blue shifted compared to P4. The thin film absorption spectra for polymers P1–

4 are shown in figure 4.5b. The optical band gaps are ranging from 1.17‐1.37 eV where only 

P2 shows a significant decrease compared to in solution (table 4.1). The polymers P1 and P2 

have absorption maxima in the range from 665‐745 nm in chloroform solution, and these are 

red  shifted  further  to  710‐845  nm  when  in  a  solid  film  (table  4.1),  indicating  significant 

interchain association in the solid state. P3 reveals a shoulder around 800 nm in solution and 

the  same,  but  weaker,  vibronic  fine  structure  remains  in  the  solid  state. P4  also  reveals  a 

shoulder in solution around 830 nm but in the solid state the absorption band has broadened, 

caused by intermolecular interactions, and the vibronic fine structure has disappeared. Upon 

annealing  the  films  only  P3  and  P4  shows  a  significant  change  in  the  absorption  spectra 

(Figure 4.6). Upon thermocleavage of the films by heating them at 250 °C for 1 min a colour 

change from olive green to a more brownish colour is observed. The associated changes in the 

absorption spectrum are a  less  intense  low energy absorption band and a smaller band gap 

which is reduced to 1.23 eV for P3 and 1.18 eV for P4. There may be several explanations for 

the lower absorption intensity. Firstly, the associated change in film thickness and, secondly 

the dielectric constant may lead to changes in the reflection phenomena that also contribute 

to  the  intensities  in  the  observed  absorption  spectrum  for  a  solid  film  in  transmission 
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geometry.  Thirdly,  the  intensity  of  absorption  quite  often  decreases  as  the  band  gap  is 

lowered. After the short thermal treatment the films maintained the optical quality and were 

insoluble in organic solvents.  
 

4.5 Photovoltaic performance 

 
Bulk heterojunction solar cells with an active area of 0.5 cm2 were prepared on an indium tin 

oxide  (ITO)  covered  glass  substrate,  using  conventional  device  architecture.  A  thin  layer  of 

poly(3,4‐ethylenedioxythiophene)–poly‐(styrenesulfonate)  (PEDOT‐PSS) was  spin  coated on 

top of the ITO coating followed by spin coating of the active layer. The active layer contained a 

blend  of  the  respective  polymer  and  [60]PCBM.  After  spin  coating  of  the  active  layer  the 

devices were either processed directly into a solar cell by evaporation of aluminium as back 

electrode  or  subjected  to  a  thermal  treatment  at  the  temperature  of  thermocleavage 

mmediately before evaporation of the back electrode. i

 

 
Figure 4.7. (a) J­V characteristics of the P1:PCBM, P2:PCBM, P3:PCBM and P4:PCBM solar cells measured under 

4.3 mW/cm2 white light before and (b) after a thermal treatment (see table 4.2). 7

 

The  obtained  current–voltage  curves  are  presented  in  figure  4.7 which  shows  the  current–

voltage characteristics of the polymer:PCBM solar cells measured under 74.3 mW/cm2 white 

light. The un‐annealed devices based on P1, with  the  lowest band gap (1.15 eV), and PCBM 

had  low open‐circuit  voltages  (Voc)  of 0.36 V, moderate  fill  factors  (FF) of 0.40 and  current 

densities (Jsc) of 1.82 mA/cm2. This resulted in power conversion efficiencies of up to 0.35% 
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(Table 4.2). Devices based on the fluorine coupled polymer P2 and PCBM showed a somewhat 

higher Voc up to 0.65 V (Figure 4.7a) as expected from earlier reports3 with a similar system. 

P2  provides  a  descent  FF  of  0.44  but  the  low  current  density  (1.41  mA/cm2)  limits  the 

performance to 0.54%. Changing the polymer backbone to be a complete thiophene segment 

raises the Jsc up to 2.22 mA/cm2 for P3:PCBM devices. The Voc was 0.5 V and together with a FF 

of 0.38  the devices had a PCE up  to 0.57%. Solar  cells based on P4:PCBM exhibits  the best 

performance with the highest current density of   3.20 mA/cm2 and a good fill factor of 0.51. 

Together with an open‐circuit voltage of 0.55 V the power conversion efficiency sets to 1.21%. 

The somewhat higher Jsc obtained with P4  is also reflected in the incident photon to current 

efficiency (IPCE) which reaches an average IPCE of 17% with a photoresponse up to 900 nm 

(Figure 4.8a). In contrast P1–3 has an average IPCE in the range 7–8% but also extends up to 

900 nm, except P2  in agreement with the absorption spectra (Figure 4.5b). J­V curves of the 

polymer:PCBM  solar  cells  after  a  thermal  treatment  is  shown  in  figure  4.7b  and  a  general 

observation is that the performance drops after the thermocleavage. Table 4.2 shows a large 

drop in the current density for all polymers after thermocleavage together with minor drops 

in the Voc and FF. The drop in performance is also reflected in the IPCE which is lower at all 

avelengths compared to the un‐annealed devices (Figure 4.8b).   w
 

 

Tabl  4.2. Ph r ces based on blends of polymer and PCBM e otovoltaic pe

p me  

formance of devi

thermal treatmenta 

polymer 

oly r:PCBM

 (w/ tio) w ra (°C) 

Voc

(V) 

Jsc

(mA/cm2) 
FF 

η  

(%) 

P1  1:2  ‐ 0,36 1,82 0.40  0,35 

P1  1:2  250 0,36 1,16 0.47  0,27 

P2  1:3  ‐ 0,65 1,41 0.44  0,54 

P2  1:3  250 0,60 1,18 0.35  0,33 

P3  1:4  ‐ 0,5 2,22 0.38  0,57 

P3  1:4  230 0,44 1,66 0.36  0,35 

P4  1:3  ‐ 0,55 3,20 0.51  1,21 

P4  1:3  225 0,50 2,13 0.45  0,64 
a heated for 30 seconds 
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Figure 4.8. (a) IPCE of polymer:PCBM solar cells before and (b) after a thermal treatment. 

 

a b c d

 
Figure 4.9. AFM  topography  images  (2  μm  ×  2  μm)  of  solar  cells  based  on  blends  of  PCBM  and  (a) P3  un‐
annealed, height scale is 20 nm (b) P3 annealed at 230 °C, height scale is 15 nm (c) P4 un‐annealed, height scale 
is 15 nm (d) P4 annealed at 225 °C, height scale is 15 nm. 
 

4.6 Morphology 

 

The P3:PCBM and P4:PCBM device films annealed at different temperatures, as measured by 

atomic force microscopy (AFM), are shown in figure 4.9. AFM reveals changes in the surface 

topography of the films and generally gives a good first insight into morphology of the active 

layer.9 All films shows a significant roughness with a peak‐to‐valley difference around 15‐20 

nm.  Comparing  the  films  before  (Figure  4.9a,  4.9c)  and  after  annealing  (Figure  4.9b,  4.9d) 

reveals that the domain sizes increases to features with dimensions larger than 100 nm which 

indicate extensive phase segregation of the polymer and PCBM upon annealing. The reduced 

current  densities  of  the  polymer:PCBM  devices  after  thermocleavage  might  be  a  direct 

consequence of the changed morphology which is possibly limiting charge carrier generation 
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(reduced number of exitons reach the interface) and transport to the electrodes (insufficient 

ercolating pathways). p

 

4.7 Conclusion 

 

A  series of new  thermocleavable  low band gap polymers based on dithienylthienopyrazine, 

bearing  thermocleavable  benzoate  esters  on  the  pyrazine  ring,  alternating  with  different 

donor  segments  (incl.  dialcoxybenzene,  fluorene,  thiophene  and  CPDT)  have  been 

synthesized.  The  solubilising  benzoate  ester  groups  are  thermocleavable  around  200  °C 

Where  a  volatile  alkene  is  eliminated  leaving  the  polymer  component  more  rigid. 

Furthermore it was found that no decarboxylation takes place prior to decomposition at ~400 

°C where a greater weight loss for P1, P2 and P4 is observed in the same temperature range 

which corresponds to loss of the alkyl chains on the donor units; dialkoxy benzene, fluorene 

and CPDT. The four polymers optical properties and photovoltaic performance in blends with 

PCBM  have  been  investigated.  In  chloroform  solution  the  polymers  had  optical  band  gaps 

ranging  from 1.22‐1.50  eV.  The  optical  band  gaps  are  lowered  to  1.17‐1.37  eV  in  thin  film, 

showing  a  considerable  spectral  coverage  of  the  solar  emission  spectrum.  Furthermore 

polymer P3 and P4 showed a less intense low energy absorption band and a smaller band gap 

after annealing the film for 1 min. The best performing polymer in a bulk heterojunction solar 

cell was P4 with Jsc = 3.20 mA/cm2, Voc = 0.55 V, FF = 0.51 and η = 1.21%. Devices generally 

performed worse  after  thermocleavage  due  to  a  drop  in mainly  the  current  density  giving 

power conversion efficiencies up to 0.64% for P4:PCBM solar cells. The drop in performance 

after thermocleavage can be linked to extensive phase segregation of the polymer and PCBM 

as  measured  by  AFM.  We  finally  conclude  that  the  interplay  between  temperature, 

morphology,  and  film  chemistry  needs  to  be  understood  before  efficient  thermocleavable 

aterials can be optimally designed. m
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4.8 Experimental section 

 

General methods. Molecular weights were determined using size exclusion chromatography 

in HPLC‐grade chloroform against polystyrene standards on a KNAUER chromatograph with a 

refractive  index detector and a diode array UV‐vis detector. UV‐vis absorption spectra were 

measured with a Perkin‐Elmer Lambda 900 spectrometer. TGA experiments were performed 

with  a  dynamic  heat  rate  (10  °C/min)  under  an  Argon  atmosphere  (50  ml/min)  in  the 

temperature range 50‐500 °C. AFM images were taken on a Nanos multimode AFM (Bruker). 

Unless  stated  otherwise  all  reagents  and  solvents  were  obtained  from  Aldrich  and  used 

without  further  purification. Dichloromethane,  THF  and  toluene were dried with molecular 

sieves  (3 Å) and used directly without  filtration or distillation. NBS was  recrystallised  from 

water and dried at 70 °C in vacuum. Evaporation was performed on a rotary evaporator at 40 

°C. NMR spectra were obtained on Bruker 500 MHz or 250 MHz spectrometers. Melting points 

were  determined  on  an  electrothermal  instrument  and  are  uncorrected.  The  samples were 

dried  at  50  °C  for  24  hours  in  a  vacuum  oven  prior  to  analysis.  2a,4  5,6  77 was  prepared 

according  to  literature procedures  and  cyclopentadithiophene  (8) was  obtained  from Astar 

harmaceuticals. P

 

Polymer  solar  cell  fabrication  and  analysis.  Photovoltaic  devices  were  made  by  spin 

coating PEDOT:PSS (Aldrich, 1.3 wt % aqueous solution) onto precleaned, patterned indium 

tin oxide (ITO) substrates (9‐15 Ω per square) (LumTec) followed by annealing at 140 °C for 5 

min. The active layer was deposited, in a glove box, by spin coating a blend of the polymer and 

[60]PCBM dissolved in o­dichlorobenzene (40 mg/ml). After a thermal treatment (see Table 

4.2) the counter electrode of aluminium was deposited by vacuum evaporation at 2‐3 × 10‐6 

mbar.  The  active  area  of  the  cells  was  0.5  cm2.  I‐V  characteristics  were  measured  under 

AM1.5G corresponding to 74.3 mW/cm2 white light from a multi‐wavelength high‐power LED 

array  using  a  Keithley  2400  source meter.  IPCE  spectra measurements  were made  on  the 

ame solar test platform10 with the LED based illumination system. s
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2,2'­(9,9­dioctyl­9H­fluorene­2,7­diyl)bis(4,4,5,5­tetramethyl­1,3,2­dioxaborolane)  (7). 

6 (5 g, 9.12 mmol) was dissolved in dry THF (70 ml). The solution was cooled to ‐78 °C and 

1.6 M n­butyllithium in hexane (17 ml, 27.4 mmol) was added dropwise. The reaction mixture 

was  stirred  for  2  hour  at  ‐78  °C  followed  by  addition  of  2‐isopropoxy‐4,4,5,5‐tetramethyl‐

1,3,2‐dioxaborolane (7.4 ml, 36.5 mmol). The reaction mixture was allowed to warm to room 

temperature and stirred for 17 hours. The mixture was poured into water and extracted with 

ether.  The  combined  organic  phase  was  washed  with  water,  brine  and  dried  over  MgSO4. 

Concentration in vacuum gave the crude product that was recrystallized from acetone. Yield: 

2.9 g (50%), white solid. 1H NMR (250 MHz, CDCl3): δ = 7.82 (d, J = 7.5 Hz, 2H), 7.76 (s, 2H), 

7.72 (d, J = 7.5 Hz, 2H), 2.03 (m, 4H), 1.40 (s, 24H), 1.26‐0.97 (m, 20H), 0.80 (t, J = 6.9 Hz, 6H), 

0.55 (m, 4H). 13C NMR (250 MHz, CDCl3): δ = 150.2, 143.8, 133.5, 128.9, 119.4, 83.7, 55.2, 40.1, 

1.7, 29.8, 29.2, 29.0, 24.8, 23.6, 22.5, 14.1. 3

 

S S

S S

NaI, KOH
2-ethylhexylbromide

DMSO
78%8

9  
 

4,4­Bis(2­ethylhexyl)­4H­cyclopenta[2,1­b:3,4­b’]dithiophene  (9).  A  solution  of 

Cyclopentadithiophene  (8)  (3  g,  16.8 mmol),  2‐ethylhexylbromide  (6.3 ml,  35.3 mmol)  and 

sodium iodide (1.68 mmol, 252 mg) in 100 ml DSMO was bubbled with argon for 30 minutes. 

Then  potassium  hydroxide  (67.2 mmol,  3,77  g)  was  added  and  the mixture was  stirred  at 

room temperature  for 17 hours. The reaction mixture was poured out  in 100 ml water and 

extracted with heptane. The combined organic phase was washed twice with water and once 

with  brine,  after  which  the  organic  layer  was  dried  (MgSO4),  filtered  and  concentrated  in 

vacuum. Dry column chromatography (silica gel 15‐40 μm, eluted with Heptane) afforded 9. 
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Yield: 5.3 g (78 %), light yellow oil. 1H NMR (250 MHz, CDCl3): δ = 7.11 (d, J = 4.9 Hz, 2H), 6.96 

– 6.90 (m, 2H), 1.96 – 1.79 (m, 4H), 1.07 – 0.83 (m, 18H), 0.75 (t, J = 6.7 Hz, 6H), 0.59 (t, J = 7.4 

Hz, 6H). 13C NMR (250 MHz, CDCl3): δ = 157.6, 136.8, 123.9, 122.2, 52.9, 43.1, 35.0, 34.1, 28.4, 

7.2, 22.7, 14.0, 10.5. 2

 

 

4,4­Bis(2­ethylhexyl)­2,6­bis(trimethylstannyl)­4H­cyclopenta[2,1­b:3,4­b’]­

dithiophene  (10).  9  (3  g,  7.45 mol)  was  dissolved  in  dry  THF  (60 ml).  The  solution  was 

cooled to ‐78 °C and 1.6 M n­butyllithium in hexane (19 ml, 29.8 mmol) was added dropwise. 

The  reaction  mixture  was  stirred  at  ‐78  °C  for  1  hour  and  allowed  to  warm  to  room 

temperature  over  2  hours.  The  reaction  mixture  was  then  cooled  back  to  ‐78  °C  and 

trimethyltin chloride  (7.4 g, 37.1 mmol) dissolved  in 15 ml dry THF was added slowly. The 

reaction mixture was allowed to warm to room temperature and stirred for 17 hours. 80 ml 

water was  added  to  the  reaction mixture  followed  by  extraction with  ether.  The  combined 

organic  phase  was  washed  with  water,  dried  over  magnesium  sulfate,  filtered  and 

concentrated in vacuum. The residue was dissolved in heptane and quickly passed through a 

plug of aluminium oxide pretreated with triethylamine. Solvent was removed and the residue 

was  dried  under  vacuum  at  70  °C.  Yield:  5.1  g  (94 %),  light  yellow  oil.  1H NMR  (250 MHz, 

CDCl3): δ = 7.01 – 6.88 (m, 2H), 1.93 – 1.76 (m, 4H), 1.04 – 0.81 (m, 18H), 0.74 (t, J = 6.7, 6H), 

0.59 (t, J = 7.3, 6H), 0.49 – 0.22 (m, 18H). 13C NMR (250 MHz, CDCl3): δ = 159.7, 142.6, 136.2, 

30.2, 52.1, 42.8, 35.0, 34.4, 28.7, 27.5, 22.7, 13.9, 10.7, ‐8.3.  1
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bis(2­methylhexan­2­yl)­4,4'­(5,7­bis(5­(trimethylstannyl)thiophen­2­yl)thieno[3,4­b]­

pyrazine­2,3­diyl)dibenzoate (2b). 10 ml dry THF was cooled to ‐10 °C followed by addition 

of 10 ml n­butyllithium (1.6 M in hexane). Then a solution of 2.4 ml diisopropylamine and 7.6 

ml dry THF was added slowly and the reaction mixture was stirred for 20 min. 20.4 ml of the 

freshly prepared solution of lithium diisopropylamine was added slowly to a cooled solution 

(‐78 °C) of 1  (1.5 g, 2.04 mmol)  in dry THF (60 ml). The reaction mixture was stirred  for 1 

hour  at  ‐78  °C  followed  by  dropwise  addition  of  trimethyltin  chloride  (2.4  g,  12.2  mmol) 

dissolved in 5 ml dry THF. The reaction mixture was allowed to warm to room temperature 

and stirred for 5 hours. Water was added to the reaction mixture followed by extraction with 

ether. The  combined organic phase was washed with water,  dried over magnesium  sulfate, 

filtered and concentrated in vacuum. The residue was dissolved in toluene/heptane (1:2) and 

quickly passed through a plug of aluminium oxide pretreated with triethylamine. Solvent was 

removed and the residue was dried under vacuum at 70 °C. Yield: 1.4 g (65 %), dark purple 

solid. Mp = 180‐181 °C.  1H NMR (500 MHz, CDCl3): δ = 7.98 (d, J = 8.5 Hz, 4H), 7.86 (d, J = 3.4 

Hz, 2H), 7.66 (d, J = 8.5 Hz, 4H), 7.23 (d, J = 3.5 Hz, 2H), 1.99 – 1.86 (m, 4H), 1.64 (s, 12H), 1.46 

– 1.34 (m, 8H), 0.95 (t, J = 7.0 Hz, 6H), 0.52 – 0.38 (m, 18H). 13C NMR (500 MHz, CDCl3): δ = 

165.3,  151.5,  142.7,  140.3,  139.9,  137.3,  135.6,  132.3,  129.8, 129.2,  126.3,  125.5,  83.6,  40.8, 

26.2, 26.1, 23.0, 14.1, ‐8.1. 
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Poly(bis(2­methylhexan­2­yl)­4,4'­(5­(5­(2,5­bis(octyloxy)phenyl)thiophen­2­yl)­7­

(thiophen­2­yl)thieno[3,4­b]pyrazine­2,3­diyl)dibenzoate)  (P1).  2b  (286  mg,  0.27 

mmol), 5 (133 mg, 0.27 mmol), Pd2dba3 (12 mg, 13 μmol) and tri‐(o‐tolyl)phosphine (33 mg, 

0.11 mmol) was mixed in dry degassed toluene (12 ml). The reaction mixture was heated to 

reflux for 48 hours under argon. After cooling to room temperature the mixture was poured 

into 100 ml methanol and the polymer was allowed to precipitate. The polymer was filtered 

and purified by Soxhlet extraction using methanol, hexane and chloroform. Yield: 221 mg (77 

%), dark brown solid. 1H NMR (500 MHz, CDCl3): δ = 8.06 – 7.89 (br, 8H), 7.73 – 7.47 (br, 6H), 

4.25  –  3.90  (br,  4H),  2.09  –  1.78  (br,  8H),  1.74  –  1.18  (m,  40H),  1.06  –  0.77  (m,  12H).  SEC 

(CHCl3): Mw = 7000 g/mol, PDI = 1.9. 
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Poly(bis(2­methylhexan­2­yl)­4,4'­(5­(5­(9,9­dioctyl­9H­fluoren­2­yl)thiophen­2­yl)­7­

(thiophen­2­yl)thieno[3,4­b]pyrazine­2,3­diyl)dibenzoate) (P2). 2a (300 mg, 0.34 mmol), 

7  (215 mg,  0.34 mmol),  Pd2dba3  (15 mg,  17  µmol)  and  tri‐(o‐tolyl)phosphine  (41 mg,  0.13 

mmol)  was  dissolved  in  dry  degassed  toluene  (11  ml)  and  stirred  for  15  min  at  room 

temperature  under  argon.  Then  Cs2CO3  (1.1  g,  3.38 mmol),  degassed water  (1.1 ml)  and  1 

drop Aliquat® 336 was added. The reaction mixture was stirred at 90 °C for 72 hours. After 

cooling to room temperature the mixture was poured into 100 ml methanol and the polymer 
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was allowed to precipitate. The polymer was filtered and purified by Soxhlet extraction using 

methanol,  hexane  and  chloroform.  Yield:  346  mg  (90  %),  green  solid.  1H  NMR  (500  MHz, 

CDCl3): δ = 8.09 – 7.98 (br, 10H), 7.86 – 7.60 (br, 6H), 7.50 – 7.42 (br, 2H), 2.19 – 1.87 (br, 4H), 

1.71 – 1.53 (m, 4H), 1.50 – 1.33 (br, 12H), 1.25 – 1.06 (br, 32H), 1.04 – 0.92 (br, 6H), 0.89 – 

.70 (br, 6H). SEC (CHCl3): Mw = 42300 g/mol, PDI = 3.0. 0

 

 
 

Poly(bis(2­methylhexan­2­yl)­4,4'­(5­(2,2'­bithiophen­5­yl)­7­(thiophen­2­yl)­thieno­

[3,4­b]pyrazine­2,3­diyl)dibenzoate)  (P3).  Prepared  with  the  same  procedure  as  for  P1 

using  the monomers 2a and 2,5‐bis(trimethylstannyl)thiophene. Yield:  670 mg  (92 %),  dark 

green solid. 1H‐NMR (CDCl3): δ = 8.18 – 6.37 (br, 14H), 2.30 – 0.45 (br, 30H). SEC (CHCl3): Mw 

= 39400 g/mol, PDI = 1.9. 

 
 

Poly(bis(2­methylhexan­2­yl)­4,4'­(5­(5­(4,4­bis­(2­ethylhexyl)­4H­cyclopenta­                       

[2,1­b;3,4­b′]­dithiophene)thiophen­2­yl)­7­(thiophen­2­yl)thieno[3,4­b]pyrazine­2,3­

diyl)dibenzoate) (P4). Prepared with the same procedure as for P1 using the monomers 2a 

and 10. Yield: 359 mg (93 %), dark green solid. 1H NMR (500 MHz, CDCl3): δ = 8.04 (br, 8H), 

7.72 (br, 6H), 1.95 (br, 4H), 1.75 – 1.26 (m, 22H), 1.13 – 0.86 (br, 20H), 0.84 – 0.54 (br, 18H). 

SEC (CHCl3): Mw = 363000 g/mol, PDI = 4.8. 
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Chapter 5 

 

Substituted 2,1,3­benzothiadiazole­ and thiophene­based 

polymers for solar cells – Introducing new thermocleavable 

precursors* 

.1 Introduction   
 

5

 
The  incorporation  of  aromatic  heterocyclic  units  can  greatly  influence  the  properties  of 

conjugated  polymers  based  on  donor  and  acceptor  moieties.  Among  these,  2,1,3‐

benzothiadiazole has been incorporated in a growing number of low band gap materials as an 

acceptor  unit,  in  large  part  due  to  the  ease  of  preparing  the  monomer  4,6‐dibromo‐2,1,3‐

benzothiadiazole.1  Conjugated  materials  based  on  2,1,3‐benzothiadiazole  has  been  widely 

used in OLEDs2‐4 and bulk heterojunction polymer/PCBM solar cells where high photovoltaic 

performance have been reported.5‐7 In view of the popularity of the 2,1,3‐benzothiazole unit, 

it  is  surprising  that  the  synthesis  of  analogues  or  derivatives  of  this  heterocycle  and  their 

aapplication in org nic photovoltaics only rarely have been reported.8‐10   

In  this  chapter  the  synthesis  of  new  electron‐deficient  monomers  based  on  2,1,3‐

benzothiadiazole and their incorporation into conjugated polymers is presented (Figure 5.1). 

These  new  monomers  bear  alkoxy  side  chains  at  the  5‐  and  6‐positions  of  the 

benzothiadiazole,  resulting  in  improved  solubility.  The  original  idea  was  to  compare  the 

photovoltaic  performance  of  polymers  (7–9)  based  on  these  monomers  with  polymer 

analogues based on 2,1,3‐benzothiadiazole bearing thermocleavable alkyl ester groups at the 

5‐ and 6‐position. However, incorporation of tertiary esters at the 5‐ and 6‐positions of 2,1,3‐

benzothiadiazole turned out to be very complicated (see appendix 1) so a different polymer 

design was selected. The thermocleavable polymers T1 and T2 (Figure 5.1) is based on 2,1,3‐

benzothiadiazole  alternating  with  thiophene  units  along  the  chain.  In  addition  a  branched 
                                                 
 Some of this work has been published: Helgesen, M.; Gevorgyan, S. A.; Krebs, F. C.; Janssen, R. A. J. Chem. Mater. 
009, 21 (19), 4669‐4675. 

*

2
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alkyl chain is attached to the polymer backbone through a labile ester bond to the thiophene 

segment. T2 has enhanced donor character compared to T1 through the incorporated planar 

CPDT unit. The photovoltaic performance of  the  five new  low band gap polymers  in blends 

ith PCBM is presented. w
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Figure 5.1. Polymers based on 2,1,3‐benzothiadiazole alternating with thiophene units.  

 

5.2 Synthesis 

 
The  synthetic  steps  involved  in  the  preparation  of  the monomers 4  and 6  are  outlined  in 

Scheme 5.1 while detailed synthetic procedures are described in the experimental section 5.8. 

1,2‐Bis(tetradecyloxy)benzene (1) was prepared by a standard alkylation of catechol with 1‐

bromotetradecane  in  DMF  at  100  °C.11  Electrophilic  aromatic  nitration  of  1  affords  the 

substituted o­dinitrobenzene (2).12 Reduction of the nitro groups with tin(II) chloride13 gives 

the  diamine  as  its  hydrochloride  salt which  has  to  be  used  directly  because  of  its  unstable 

nature. Treatment of  the diamine with  thionyl chloride affords 3, which  is brominated with 

molecular  bromine  to  give  monomer  4  in  excellent  yield.14  Stille  coupling  of  4  with  2‐

tributylstannylthiophene gives 5 as a yellow solid that is highly fluorescent in solution. Finally 

BS bromination of 5 gives monomer 6.   N
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 Synthetic steps involved in the preparation of the monomers 4 and 6 Scheme 5.1.
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     Scheme 5.2.                                                  Synthetic steps involved in the preparation of the polymers 7, 8 and 9.    

 

Copolymerisation of 4 and 6 via Stille coupling with 2,5‐bis(trimethylstannyl)thiophene, using 

the catalyst system Pd2dba3/P(o‐tolyl)3, gives polymer 7 and 8 as dark purple solids (Scheme 

5.2).  Yamamoto  coupling  of  6,  using  bis(1,5‐cyclooctadiene)nickel(0)  (Ni(COD)2)  and 

bipyridine (Bpy) gives polymer 9 in 20 % yield (Scheme 5.2) with a molecular weight (Mw) of 

7100 g/mol and a polydispersity (PDI) of 1.7. The low yield was caused by the fact that a large 

portion of the polymer formed was insoluble and could not be isolated by soxhlet extraction. 

For the same reason, a low yield of 8 was isolated (28 %) but with a higher molecular weight 

(Mw = 26 kg/mol, PDI = 2.9). On the contrary Polymer 7  (Mw = 16.6 kg/mol, PDI = 1.7) was 

isolated  in  good  yields  and  are  very  soluble  in  organic  solvents  such  as  chloroform  and 

toluene at room temperature.  

 

 85 
 



Chapter 5 

S

N
S

N

CO2H

Br

ROH
DMAP, DIPC
HfCl4*2THF

CH2Cl2

N
S

N

BB
RO

RO OR

OR

Pd2dba3
P(o-tolyl)3, Cs2CO3

SS

NBS

DMF

Pd2dba3
P(o-tolyl)3

S

CO2R

Br
Toluene

OR
O O

RO

N
S

N

SS

OR
O O

RO

Br Br

10 11a,11b 12a,12b 13a,13b

13a + SSn Sn

OR

S SSn Sn

Toluene

N
S

N

SS

OR
O O

RO

S S

N
S

N

SS

OR
O O

RO

n

13b +

T2

T1

n

S

14

64-77% 50-52% 62-65%

59-89%

 
Scheme 5.3 T1

T1

. Synthetic steps involved in the preparation of the thermocleavable polymers   and T2.                            

a: R = 2,5,9‐trimethyl‐2‐decanyl, b: R = 2‐methyl‐2‐hexyl. 

 

The synthetic steps involved in the preparation of the thermocleavable polymers   and T2 

are  outlined  in  Scheme  5.3.  I  used  a  slightly  modified  procedure,  reported  in  our  earlier 

work15  (see chapter 3)  for  the synthesis of  tertiary esters,  to prepare 11. The esterification 

employs  a  catalytic  amount  of  hafnium(IV)  chloride  tetrahydrofuran  complex  (1:2)  in 

combination  with  N,N´­diisopropylcarbodiimide  and  DMAP.  The  method  normally  employ 

Sc(OTf)3 as the catalyst but HfCl4·2THF is cheaper and turned out to work efficiently for the 

monoesterification of 10. As discussed  in chapter 3  the role of hafnium  in  the esterification 

may  be  to  coordinate  with  the  initially  formed  carbonyl  oxygen  of  the  pyridinium 

intermediate. Suzuki cross‐coupling of 11 with the boronic ester 4,7‐bis(4,4,5,5‐tetramethyl‐

1,3,2‐dioxaborolan‐2‐yl)benzo[c][1,2,5]thiadiazole  affords  12  which  is  NBS  brominated  to 

give the monomers 13a and 13b. Finally copolymerisation of 13a via Stille coupling with 2,5‐

bis(trimethylstannyl)thiophene affords the thermocleavable polymer T1 in 59% yield with a 

Mw of 173 kg/mol and a PDI of 2.6. Using the same conditions, stille copolymerization of 13b 

with the cyclopentadithiophene 14 affords T2 as a dark purple solid (Mw = 41.6 kg/mol, PDI = 

2.7).  The  large  variation  in molecular weight  between T1  and T2  can  be  explained  by  the 
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different  solubilizing  alkyl  ester  groups  (R)  on  the  polymers.  T1  has  a  longer  and  more 

branched  R  group  compared  to  T2  which  can  improve  solubility  during  the  stille 

polymerization reaction. Another explanation can be a steric effect  from the alkyl chains on 

14 that may slow down the polymerization.  T1 was also prepared with the R group 2‐methyl‐

2‐hexyl but the polymer turned out to be hardly soluble and did not process acceptable well 

into films. 

.3 Thermal

 

5  behaviour 

 

Figure 5.2.

 th T

 (a) TGA of T1 and (b) T2 in the temperature range 50‐500 °C. The data were recorded at 10 °C min‐1 

under an argon atmosphere. A derivative weight loss curve has been included to tell the point at which weight 

loss is most apparent. 

 

The  thermal  behaviour  of  the  thermocleavable  polymers  was  investigated  by 

Thermogravimetric  analysis  (TGA).  The  sample  holders  were  carefully  weighed  and  the 

samples  introduced. TGA was  then carried out using heating  rate of 10  °C min‐1. TGA of T1 

and T2  in  the  temperature  range  50‐500  °C  indicates  that  the  ester  bond  starts  to  break 

around  200  °C  (Figure  5.2)  as  expected  from  our  earlier  studies.15  A  second  loss  peak  is 

detected at ~300‐330 °C which corresponds to  loss of CO2.15,16 According to  figure 5.3b,  the 

decarboxylation of T2 start to happen around 265 °C whereas the transition of T1 occurs at a 

somewhat higher temperature. From this point of view, the same precursor film prepared by 

standard solution processing of T1 and T2 thus gives access to three chemically different thin 

films  (Figure  5.3).  T2  shows  a  third  weight  loss  around  400  °C  that  is  corresponding  to 

elimination of the alkyl chains on e CPD  unit (as observed for P4 in chapter 4).  
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Figur 5.3. Possible chemical transitions of T1 and T2 

 

 

.4 Optical Properties 

e polymers in chloroform solution are shown in figure 5.4a and 

5

 
The absorption spectra of th

figure  5.5.  The  optical  band  gaps,  defined  by  the  onset  of  absorption,  are  rather  similar 

ranging from 1.79‐1.96 eV (Table 5.1). 8 exhibits a lower optical band gap in solution due to 

partial aggregation of the polymer in solution. T2 has the lowest band gap of 1.79 eV caused 

by  the  incorporated  CPDT  unit  (better  donor  compared  to  thiophene).  The  difference  in 

absorption maxima  (λmax)  is  relatively  small  but T1  is  blue  shifted  compared  to  the  other 

polymers (Table 5.1) indicating a more twisted backbone due to the long and branched alkyl 

ester side chains. The film absorption spectra for the polymers are shown in figure 5.4b and 

figure 5.5. Again the optical band gaps are very similar ranging from 1.66‐1.75 eV (Table 5.1). 

The polymers, 7–9 and T1,  have absorption maxima ranging from 525‐570 nm in chloroform, 

and these are red shifted  further to 592‐654 nm when  in a solid  film (Table 5.1),  indicating 

significant  interchain  association  in  the  solid  state.  In  addition  polymers  7  and  8  show 

vibronic  fine  structure  at  625  nm  in  the  solid  state.  A  weak  vibronic  transition  may  also 

account  for  the  observed  shoulder  of 9  (Figure  5.4b). With  regard  to  the  thermocleavable 

polymer T1, a blue shift of the absorption maxima is observed when the film is heated at 250 

°C for 1 min followed by a minor blue shift of the absorption maxima when the film is heated 

at 310 °C (Figure 5.5a). The film absorption spectra for T2 show no significant shifts when the 

film  is  annealed  (Figure  5.5b).  After  the  thermal  treatment  of  T1  and  T2  the  films  were 

completely insoluble and no clear colour change was observed. 
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Table 5.1. GPC and spectroscopic data for polymers T1, T2 and 7–9 

      film   solution         

polymer  Mw (g/mo nm)  Eg (eV) l)  PDI  λ λonset (nm)  Eg (eV)  λmax (nm)  λmax (nm)    onset (

T1  1 9 173000  2.6  525  63 1 5 a3  .96    3 , 570b  732  .69 

T2  41600  2.7  593  691  1.79    608  746  1.66 

7  16600  1.7  563  643  1.93    654  711  1.74 

8  26000  2.9  570  687  1.80    644  707  1.75 

9  7100  1.7  543  639  1.94    592  715  1.73 
a 25 °C, b heated   for 1 

 
a Ct 250 ° min. 

Figure 5.4. UV‐vis absorption spectra of polymers 7–9 in (a) chloroform solution and (b) thin film. 

 

Figure 5.5. (a) UV‐vis absorption spectra of T1 and  T2 in chloroform solution and in thin film before and 

after thermocleavage for 1 min. 

(b) 
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5

 
B

.5 Photovoltaic performance 

fabricated  on  an  indiuulk  heterojunction  solar  cells were  m  tin  oxide  (ITO)  covered  glass 

substrate,  using  conventional  device  architecture.  A  thin  layer  of  poly(3,4‐

ethylenedioxythiophene)–poly‐(styrenesulfonate) (PEDOT‐PSS) was spin coated on top of the 

ITO coating followed by spin coating of the active layer. The active layer contained a blend of 

the  respective  polymer  and  PCBM.  After  spin  coating  of  the  active  layer  the  devices  were 

either processed directly  into a solar cell by evaporation of LiF (1 nm) and aluminium (100 

nm)  as  back  electrode  or  subjected  to  a  thermal  treatment  at  the  temperature  of 

thermocleavage  immediately  before  evaporation  of  the  back  electrode  (Devices  based  on 

T2:PCBM  was  prepared  as  described  in  chapter  4).  The  most  efficient  devices  with  7–9 

comprised  a  polymer/PCBM  ratio  of  1:2  spin‐coated  from  chlorobenzene  with  a  polymer 

concentration of 7.5 mg/ml.  For T1  and T2  the optimal polymer/PCBM ratio was 1:4  spin‐

coated from o‐dichlorobenzene. The optimal layer thickness was around 60‐80 nm.  

 
 

   
Figure 5.6. (a) J­V characteristics of the 7:PCBM, 8:PCBM and 9:PCBM solar cells measured under 100 mW/cm  

white light.  ­V

2

(b) J  characteristics of solar cells based on T1 and PCBM measured under 100 mW/cm2 white light 

before and after a thermal treatment. 
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Figure 5.7. J­V characteristics of (a) T2:[60]PCBM solar cells and (b) T2:[70]PCBM solar cells measured under 

74.3 mW/cm2 white light befor  and after a thermal treatment. e

 

 

le 5 ic p vices based on blend olymer   PCBM Tab

polymer 

.2. Photovolta

layer thickness 

(nm) 

erformance of de

thermal treatmenta

(°C) 

s of p and

Voc               

(V) 

Jsc(SR) 

(mA/cm2) 
FF 

η           

(%) 

T1  92  ‐  0.75  1.07  b 0.26  0.21 

T1  92 

78 

200 

285 

0.90  0.72b 

 

0.37  0.24 

T1  0.90  1.36

b

0.34  0.42 

T2  ‐  ‐  0.69  4.22   

b

0.35  1.36 

T2  ‐  230 

265 

0.59  2.74   

b

0.33  0,72 

T2  ‐  0.70  3.40   

b

0.38  1,24 

T2c  ‐  ‐  0.81  5.05   

b

0.35  1.93 

T2c  ‐  230 

265 

0.79  3.38   

4.17

0.41  1.46 

T2c  ‐  0.76   b  0.35  1.49 

7  63  ‐  0.93  5.18  0.46  2.22 

8  80  ‐  0.61  6.21  0.47 

32 

1.78 

0.62 9  65  ‐  0.76  2.56  0.

a heated for 20‐30 sec. b unestimated. c Devices prepared with [70]PCBM 
 

The  obtained  current–voltage  curves  are  presented  in  figure  5.6  and  5.7  which  shows  the 

current–voltage characteristics of the polymer:PCBM solar cells. The devices based on 7, with 

only  one  thiophene  unit  alternating  with  benzothiadiazole,  and  PCBM  showed  power 
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conversion efficiencies of up to 2.22% (Table 5.2). The devices had high open‐circuit voltages 

(Voc) of 0.93 V, moderate  fill  factors (FF) of 0.46 and current densities (Jsc) of 5.18 mA/cm2. 

The  external  quantum  efficiency  (EQE)  for 7:PCBM  is  higher  than  23%  in  the  wavelength 

range  between  350  and  650  nm,  and  the maximum was  found  to  be  35%  around  370  nm 

where PCBM also absorbs (Figure 5.8). Polymer 8:PCBM gives an EQE higher than 22% in the 

range between 400  and 680 nm with  a maximum of  39% at  around 600 nm.  Compared  to 

7:PCBM devices  the EQE  is enhanced by up to 10% in the range 450‐720 nm which gives a 

current density of 6.21 mA/cm2. The devices based on 8:PCBM performed slightly poorer due 

to  a  lower Voc  of  typically  0.61  V which  resulted  in  power  conversion  efficiencies  of  up  to 

1.78%.  Solar  cells  based  on  polymer  9:PCBM  gave  significantly  lower  EQE  with  quantum 

efficiencies  around  10‐15%  in  the  range  of  350‐650  nm  giving  current  densities  of  2.56 

mA/cm2. Together with a typical Voc of 0.76 V and low fill  factors of 0.32, power conversion 

efficiencies of up to 0.62% were obtained. The lower performance of 9 compared to 7 and 8 

could be due  to  the different polymerisation procedure where excess of nickel(0) was used 

instead of a catalytic amount of palladium employed in the Stille coupling. The devices based 

on  the  thermocleavable  polymer  T1  and  PCBM  showed  the  lowest  power  conversion 

efficiencies  of  up  to  0.42%  (Table  5.2).  Without  thermal  treatment  of  T1:PCBM  devices  a 

typical Voc of 0.75 V was obtained. Upon heating the device to 200 °C the Voc increases to 0.90 

V  and  resides  there  when  annealing  at  285  °C.  The  FF  increased  from  0.26  to  0.37  after 

thermal  treatment  at  200  °C  and  then  drops  a  bit  upon  heating  the  device  at  285  °C.  The 

current density firstly drops after thermal treatment and then increases again when heating 

at  285  °C.  The  EQE  of T1:PCBM  (thermocleaved  at  285  °C)  is  relatively  low with  quantum 

efficiencies  of  about  5‐10%  in  the  range  350‐670  nm  (figure  5.8)  giving  it  an  estimated 

current  density  of  1.36  mA/cm2.  A  general  observation  was  that  the  devices  based  on 

T1:PCBM performed better after thermocleavage due to an increase in mainly the current and 

fill factor. From the TGA of T1 (Figure 5.3a) and earlier reports concerning thermocleavable 

materials,16,17  it  is  reasonable  to  consider T1  as  thermocleaved  to  the  free  carboxylic  acid 

when  the  devices  are  annealed  at  200‐230  °C.  By  annealing  at  285  °C  decarboxylation 

probably  initiate  leading  to  partial  transformation.  Thus,  the  final  film  then  presents 

chemistry corresponding to both the free carboxylic acid and the native material (Figure 5.2) 

to varying degrees after a thermal treatment at 285 °C. Annealing at higher temperatures (310 

°C)  involved a drastic drop  in  the Voc  and  Jsc  thereby reducing  the performance. Despite  the 
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lower efficiency of polymer T1 compared to the polymers 7–9 the thermocleavable polymer 

T1  does  show  promising  results  with  increased  performance  after  thermocleavage.  In  the 

majority of cases where thermocleavable materials have been employed in polymer solar cells 

a  drop  in  performance  has  been  observed when  thermocleaving  the  polymer  and  only  one 

previous case has demonstrated an advantage of thermocleavage in terms of performance.17 

The lower performance of polymer T1 compared to the polymers 7–9 can be an effect of the 

more electron‐attracting ester groups situated on thiophene (T1) compared to the electron‐

donating alkoxy groups on benzothiadiazole (7–9).   

 

 
Figure 5.8. EQE spectra of polymer:PCBM solar cells. T1 were thermocleaved at 285 °C. 

 
 

  
Figure 5.9. IPCE of (a) T2:[60]PCBM solar cells and (b) T2:[70]PCBM solar cells before and after a thermal 

treatment. 
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T2 has enhanced donor character compared to T1 through the incorporated planar CPDT unit 

and solar cells based on T2 demonstrate a significant improvement in performance. J­V curves 

for T2:PCBM devices before and after a  thermal  treatment are shown  in  figure 5.7. Devices 

based on T2:PCBM show the same trend  in  terms of  the current density as  for T1. Without 

thermal treatment of the devices a typical Jsc of 4.22 mA/cm2 was obtained (Table 5.2). Upon 

heating  the device  to 230  °C  the  Jsc drops  to 2.74 mA/cm2 and  then  increases again  to 3.40 

mA/cm2  when  annealing  at  265  °C.  The  open‐circuit  voltage  and  fill  factor  experience  the 

same development where you first observe a drop upon annealing at 230 °C followed by an 

increase  when  annealing  at  265  °C.  This  results  in  a  nearly  retained  power  conversion 

efficiency  (η  =  1.24%) when T2  is  thermocleaved  at  265  °C  compared  to  the  un‐annealed 

device based on the soluble precursor polymer (η = 1.36%). The effect of annealing is clearly 

visible in the incident photon to current efficiency (Figure 5.9a). For the un‐annealed device, 

IPCE lies over 25% in the wavelength range 400‐650 nm reaching a maximum of 36%. After 

annealing  at  230  °C  the  IPCE drops up  to 15% but  the  initial  IPCE  is  nearly  retained when 

annealing at 265 °C. In a try to increase the photocurrent T2 was also tested in solar cells with 

[70]PCBM  and  the  obtained  J­V  curves  and  IPCE  are  depicted  in  figure  5.7b  and  5.9b. 

[70]PCBM and [60]PCBM has similar electrochemical properties but [70]PCBM absorbs more 

light because of its lower symmetry that allow low energy transitions.18 The incorporation of 

[70]PCBM improved the performance which is clearly reflected in the IPCE which is found to 

be  higher  than  30%  in  the  wavelength  range  400‐650  nm  reaching  a  maximum  of  47% 

(Figure  5.9b).  The T2:[70]PCBM  devices  exhibit  one  of  the  best  performances  of  any  bulk 

heterojunction solar cell based on a thermocleavable material studied to date, with Jsc = 5.05 

mA/cm2,  Voc  =  0.81  V,  FF  =  0.35  and  η  =  1.93%.  As  for  T1,  T2  can  be  regarded  as 

thermocleaved to the free carboxylic acid when the device films are annealed at 200‐230 °C. 

According  to  TGA  (Figure  5.3b),  the  decarboxylation  of T2  start  to  happen  around  265  °C 

which is also the optimized temperature for thermocleavage of the T2:PCBM solar cells. It is 

likely  that  thermocleavage  under  the  optimized  conditions  (265  °C),  only  lead  to  partial 

transformation, as discussed for T1, where the final film presents chemistry corresponding to 

oth the free carboxylic acid and the decarboxylated material (Figure 5.2) to varying degrees. b
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a b c

 
Figure 5.10.  AFM topography images (2 μm×2 μm) of T2:[60]PCBM films. (a) un‐annealed, (b) annealed at 230 

°C and (c) 265 °C. The height scale is 5 nm for all images. 
 

5.6 Morphology 

 

The performance of bulk heterojunction solar cells based on a mixture of donor and acceptor 

material is known to be very dependent on the morphology of the active layer.19‐21 Creating an 

nanoscale  interpenetrating  bicontinous  network  of  the  donor  and  acceptor  material  is 

essential  to  achieve  a  large  interfacial  area  ensuring  quantitative  charge  separation.  At  the 

same time the constructed bulk heterojunction should insure a direct or percolating pathway 

of the charge carriers to the respective electrodes in order to effectively transport and collect 

the  charges.  Different  factors  have  been  shown  to  have  an  influence  on  the  morphology 

including  the  donor‐acceptor  ratio,  solvent  and  annealing.22‐24  Changes  in  the  surface 

topography  of  T2:PCBM  device  films  annealed  at  different  temperatures,  as  measured  by 

atomic  force  microscopy  (AFM),  are  shown  in  figure  5.10.  All  films  are  relatively  smooth 

showing a height difference around 5 nm. The un‐annealed film and the film annealed at 265 

°C  (Figure 5.10a and 5.10c)  reveals a  rather uniform phase separation with relatively  small 

domain  sizes  compared  to  the  device  film  annealed  at  230  °C  (Figure  5.10b).  Figure  5.10b 

shows features with a size larger than 100 nm which indicate extensive phase segregation of 

the polymer and PCBM which is possibly limiting charge carrier generation and transport to 

the  electrodes.  The  reduced  current  densities  of  the T2:PCBM  devices  annealed  at  230  °C 

might be a direct consequence. The same effect was observed when the polymers presented in 

chapter 4 were thermocleaved to the free carboxylic acid. 
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5.7 Conclusion 

 

In  conclusion,  five  new  low  band  gap  polymers  have  been  synthesized.  They  are  based  on 

2,1,3‐benzothiadiazole  alternating with  thiophene  and  CPDT  units  along  the  chain,  bearing 

solubilising chains on either benzothiadiazole  (7–9) or  thiophene (T1, T2). The solubilising 

chain on T1 and T2  is a thermocleavable alkyl ester group which allows processing of three 

chemically different thin films from the same soluble precursor polymer. When the alkyl ester 

group  is  heated,  the  labile  ester  bond  breaks,  eliminating  a  volatile  alkene  and  leaving  the 

polymer  component  more  rigid.  The  five  polymers  optical  properties  and  photovoltaic 

performance  in  blends  with  PCBM  have  been  investigated.  In  chloroform  solution  the 

polymers had very similar optical band gaps ranging from 1.79‐1.96 eV. The optical band gaps 

are  lowered  to  1.66‐1.75  eV  in  thin  film  (Table  5.1),  indicating  significant  interchain 

association  in  the  solid  state. Furthermore polymer 7 and 8 showed vibronic  fine  structure 

centered at 625 nm in the solid state. The best performing polymer in a bulk heterojunction 

solar cell was 7 with Jsc = 5.18 mA/cm2, Voc = 0.93 V, FF = 0.46 and η = 2.22%. Devices based 

on T1:PCBM  performed  better  after  thermocleavage  due  to  an  increase  in  mainly  current 

density  and  fill  factor  giving  power  conversion  efficiencies  up  to  0.42%  representing  a 

doubling  as  compared  to  the  soluble  precursor  polymer.  Compared  to  T1,  T2  has 

incorporated a planar CPDT unit instead of thiophene which leads to significant improvement 

in solar cell performance. Bulk heterojunction solar cells based on T2 and [70]PCBM showed 

very promising results for a thermocleavable material with Jsc = 5.05 mA/cm2, Voc = 0.81 V, FF 

 0.35 and η = 1.93%.  =

 

5.8 Experimental section 
1H‐NMR and 13C‐NMR spectra are included in the Supporting Information.25 

 

General methods. Molecular weights were determined using size exclusion chromatography 

in  HPLC‐grade  o‐dichlorobenzene  (ODCB)  at  80  °C  against  polystyrene  standards  on  a 

Polymer  Laboratories‐GPC  120  high  temperature  chromatograph,  a  PD  2040  high‐

temperature  light  scattering  detector,  and  a  Midas  autosampler.  A  mixed‐C  300  ×  7.5  mm 

column was used, together with a precolumn. The flow rate was 1 mL/min and the injection 
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volume 100 μL. UV‐vis absorption spectra were measured with a Perkin‐Elmer Lambda 900 

spectrometer. TGA experiments were performed with a dynamic heat rate (10 °C/min) under 

an  argon  atmosphere  (50 ml/min)  in  the  temperature  range  50‐500  °C.  AFM  images were 

taken on a Nanos multimode AFM (Bruker). Unless stated otherwise all reagents and solvents 

were obtained from Aldrich and used without further purification. Dichloromethane, DMF and 

toluene  were  dried  with  molecular  sieves  (3  Å)  and  used  directly  without  filtration  or 

distillation. NBS was recrystallised from water and dried at 70 °C in vacuum. Evaporation was 

performed on a rotary evaporator at 40 °C. NMR spectra were obtained on Bruker 500 MHz or 

250 MHz  spectrometers. Melting  points were  determined  on  an  electrothermal  instrument 

and are uncorrected. The samples were dried at 50 °C for 24 hours in a vacuum oven prior to 

analysis.  5‐bromothiophene‐3‐carboxylic  acid  (10)26  and  1427  was  prepared  according  to 

iterature procedures.  l

 

Polymer  solar  cell  fabrication  and  analysis.  Photovoltaic  devices  were  made  by  spin 

coating PEDOT:PSS (Clevios P, VP Al4083) onto precleaned, patterned indium tin oxide (ITO) 

substrates  (14 Ω  per  square)  (Naranjo  Substrates).  The  active  layer was  deposited  by  spin 

coating a blend of the polymer and [60]PCBM dissolved in chlorobenzene (20‐30 mg/ml). The 

counter  electrode  of  LiF  (1  nm)  and  aluminium  (100nm)  was  deposited  by  vacuum 

evaporation at 2‐3 × 10‐7 mbar. The active area of the cells was 0.091‐0.162 cm2 and the active 

layer  thickness  was  determined  with  a  Dektak  surface  profiler.  J‐V  characteristics  were 

measured under 100 mW/cm2 white light from a tungsten‐halogen lamp filtered by a Schott 

GG385 UV  filter  and  a Hoya LB120 daylight  filter,  using  a Keithley 2400  source meter. The 

spectral response (SR) was measured under operating conditions using bias light from a 532 

nm  solid  state  laser  (Edmund Optics). Monochromatic  light  from  a  50 W  tungsten  halogen 

lamp  (Philips  focusline)  in  combination with monochromator  (Oriel,  Cornerstone 130) was 

modulated with a mechanical chopper. The response was recorded as the voltage over a 50 Ω 

resistance, using a  lock‐in  amplifier  (Stanford  research Systems SR830). A  calibrated Si  cell 

was  used  as  reference.  The  device  was  kept  behind  a  quartz  window  in  a  nitrogen  filled 

container.  Short  circuit  currents  under  AM1.5  conditions  were  obtained  from  the  spectral 

response and convolution with the solar spectrum (Jsc(SR)). The value of Jsc(SR) was used with 

Voc  and  FF  from  the  100  mW/cm2  white  light  J‐V  characteristics  to  estimate  the  power 

conversion efficiency η. 
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1,2­bis(tetradecyloxy)benzene (1). To a solution of catechol (10 g, 0.091 mol) in dry DMF 

(50 ml) was added 1‐bromotetradecane (0.209 mol, 58 g, 62 mL) and K2CO3 (38 g, 0.27 mol). 

The mixture was stirred at 100 °C under a nitrogen atmosphere for 40 hours. After cooling the 

mixture  to  room  temperature  (RT),  100  ml  of  water  were  added.  The  organic  layer  was 

separated and the aqueous layer was extracted with DCM. The combined organic phase was 

dried over MgSO4. After filtration, the mixture was concentrated under vacuum. The product 

was recrystallized twice from acetone. Yield: 41 g (90%), white needlelike crystals. Mp = 53‐

54 °C. 1H NMR (CDCl3): δ = 6.89 (s, 4H), 4.00 (t, J = 6.6 Hz, 4H), 1.88 – 1.75 (m, 4H), 1.57 – 1.22 

(m, 44H), 0.89 (t, J = 6.6 Hz, 6H). 13C NMR (CDCl3): δ = 149.31, 121.02, 114.22, 69.33, 31.94, 

9.71, 29.67, 29.65, 29.46, 29.37, 26.07, 22.69, 14.11. 2

 

 
1,2­dinitro­4,5­bis(tetradecyloxy)benzene  (2).  To  a  two  neck  round‐bottom  flask 

containing dichloromethane  (140 mL),  acetic  acid  (140 mL),  and  1,2‐bisdodecyloxybenzene 

(10 g, 19.9 mmol)  cooled to 10 °C was added dropwise 65% nitric acid (20 mL). The reaction 

was  allowed  to warm  to  room  temperature  and  stirred  for  1  hour.  The mixture was  again 

cooled to 10 °C and 100% nitric acid (50 mL) was added dropwise. The mixture was allowed 

to warm to room temperature and the mixture was stirred for 40 hours. After completion of 

the reaction, the reaction mixture was poured into ice‐water and the dichloromethane layer 

separated.  The  water  phase  was  extracted  with  dichloromethane.  The  combined  organic 

phase was washed with water, sat. NaHCO3 (aq), brine and dried over MgSO4. Concentration in 

vacuum  gave  the  crude  product  that  was  recrystallized  from  ethanol.  Yield:  11.4  g  (97%), 

yellow solid. Mp = 79‐80 °C. 1H NMR (CDCl3): δ = 7.29 (s, 2H), 4.10 (t, J = 6.5 Hz, 4H), 1.94 – 

1.81  (m,  4H),  1.56  –  1.18  (m,  44H),  0.88  (t,  J  =  6.6  Hz,  6H).  13C  NMR  (CDCl3):  δ  =  151.82, 

136.49,  107.94,  70.21,  31.92,  29.70,  29.69,  29.67,  29.66,  29.57,  29.54,  29.36,  29.23,  28.71, 

25.81, 22.68, 14.09. 
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4,5­bis(tetradecyloxy)benzene­1,2­diaminium chloride. A mixture  of  1,2‐dinitro‐4,5‐bis‐

(tetradecyloxy)‐benzene (2 g, 3.37 mmol) and Sn(II)Cl2 (26.9 mmol, 5.1 g) in ethanol (50 ml) 

and conc. HCl (20 ml) was heated to 85 oC over the night. After cooling to room temperature 

the  product  was  filtered  and washed with water  and methanol.  Finally  it  was  dried  at  RT 

nder a stream of argon and used directly (unstable). Yield: 1.8 g (88 %), off‐white solid.  u

 

 

5,6­bis(tetradecyloxy)benzo[c][1,2,5]thiadiazole  (3).  To  a  mixture  of  4,5‐

bis(tetradecyloxy)‐benzene‐1,2‐diaminium  chloride  (1.54  g,  2.54  mmol)  and  triethylamine 

(25.1 mmol, 3.5 ml) in 40 ml dichloromethane was slowly added a solution of thionyl chloride 

(4.83 mmol, 352 µL) in 5 ml dichloromethane. After addition the mixture was heated to reflux 

for 6 hours. The cooled solution was concentrated in vacuum followed by trituration in water. 

After stirring for 30 min the product was filtered and recrystallized from ethanol. Yield: 1.1 g 

(77 %), off‐white solid. Mp = 90‐91 °C. 1H NMR (CDCl3): δ = 7.13 (s, 2H), 4.09 (t, J = 6.5 Hz, 4H), 

2.04 – 1.79 (m, 4H), 1.58 – 1.16 (m, 44H), 0.95 – 0.81 (m, 6H). 13C NMR (CDCl3): δ = 154.17, 

51.40, 98.44, 69.13, 31.92, 29.71, 29.69, 29.66, 29.61, 29.36, 28.75, 26.02, 22.68, 14.09. 1

 

 

4,7­dibromo­5,6­bis(tetradecyloxy)benzo[c][1,2,5]thiadiazole  (4).  To  a  solution  of  3 

(8.00 g, 14.3 mmol) in a mixture of dichloromethane (400 mL) and acetic acid (175 mL) was 

added bromine (5 mL, 97.5 mmol), and the resulting mixture wass stirred in the dark for ca. 

48 h at room temperature. The mixture was then poured in water (500 mL), extracted with 

dichloromethane, sequentially washed with water, saturated NaHCO3  (aq), 1M Na2SO3  (aq) and 

the  solvents  are  evaporated  under  reduced  pressure.  The  crude  product  was  purified  by 
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recrystallization from ethanol twice to give fluffy needle‐like microcrystals. Yield: 9.60 g (94 

%). Mp = 65‐66 °C. 1H NMR (CDCl3): δ = 4.16 (t, J = 6.6 Hz, 4H), 1.97 – 1.81 (m, 4H), 1.62 – 1.46 

(m, 4H), 1.46 – 1.19 (m, 40H), 0.88 (t,  J = 6.6 Hz, 6H).  13C NMR (CDCl3): δ = 154.53, 150.39, 

106.25,  75.16,  31.92,  30.27,  29.71,  29.70,  29.68,  29.66,  29.63,  29.61,  29.43,  29.36,  25.99, 

22.68, 14.10. 

 

 

5,6­bis(tetradecyloxy)­4,7­di(thiophen­2­yl)benzo[c][1,2,5]thiadiazole (5). To a solution 

of 4 (900 mg, 1.25 mmol), Pd2dba3 (0.05 mmol, 46 mg) and tri‐o‐tolylphosphine (0.40 mmol, 

122 mg) in dry toluene ( 10 ml) was added 2‐tributylstannylthiophene (3.13 mmol, 994 µL) 

and the reaction mixture was heated to reflux for 16 hours under argon. The reaction mixture 

was concentrated directly on celit  in vacuum. Dry column chromatography (silica gel 15‐40 

μm,  eluted with Heptane/CHCl3,  gradient  1‐10 % CHCl3)  afforded 5.  Yield:  848 mg  (93 %), 

yellow solid. Mp = 59‐60 °C. 1H NMR (CDCl3): δ = 8.47 (d, J = 2.8 Hz, 2H), 7.51 (d, J = 4.1 Hz, 

2H), 7.26 – 7.20 (m, 2H), 4.11 (t, J = 7.1 Hz, 4H), 2.00 – 1.85 (m, 4H), 1.51 – 1.20 (m, 44H), 0.93 

– 0.85 (m, 6H). 13C NMR (CDCl3): δ = 152.00, 151.02, 134.14, 130.55, 127.29, 126.74, 117.64, 

4.37, 31.93, 30.33, 29.72, 29.68, 29.64, 29.55, 29.37, 25.97, 22.69, 14.10. 7

 

 
 

4,7­bis(5­bromothiophen­2­yl)­5,6­bis(tetradecyloxy)benzo[c][1,2,5]thiadiazole (6). To 

a solution of 5 (817 mg, 1.13 mmol) in CHCl3 (40 ml) and glacial acetic acid (40 ml) was added 

NBS (2.26 mmol, 401 mg) in one portion. The mixture was stirred at room temperature for 20 

hours  in  the  dark.  The  reaction mixture was  concentrated  directly  on  celit  in  vacuum.  Dry 

column  chromatography  (silica  gel  15‐40 μm,  eluted with Heptane/CHCl3,  gradient  1‐10 % 

CHCl3) afforded 6. Yield: 912 mg (92 %), orange solid. Mp = 80‐81  °C.  1H NMR (CDCl3): δ = 
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8.37 (d, J = 4.1 Hz, 2H), 7.17 (d, J = 4.1 Hz, 2H), 4.12 (t, J = 7.2 Hz, 4H), 2.01 – 1.86 (m, 4H), 1.52 

– 1.20 (m, 44H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (CDCl3): δ = 151.52, 150.42, 135.72, 131.01, 

129.67,  117.01,  115.46,  74.59,  31.93,  30.27,  29.72,  29.68,  29.63,  29.50,  29.37,  25.93,  22.69, 

14.11. 

 
 

Poly(5,6­bis(tetradecyloxy)­4­(thiophen­2­yl)benzo[c][1,2,5]thiadiazole)  (7).  4  (100 

mg, 0.139 mmol), 2,5‐bis(trimethylstannyl)thiophene (0.139 mmol, 57 mg), Pd2dba3 (6.4 mg, 

6.95 µmol)  and tri‐(o‐tolyl)phosphine (17 mg, 55.6 µmol) was mixed in dry degassed toluene 

(10 ml). The reaction mixture was heated to reflux for 48 hours under argon. After cooling to 

room  temperature  the  mixture  was  poured  into  100  ml  methanol  and  the  polymer  was 

allowed  to  precipitate.  The  polymer  was  filtered  and  purified  by  Soxhlet  extraction  using 

methanol,  hexane  and  chloroform.  The  chloroform  fraction  was  then  stirred  at  room 

temperature for 16 hours with an aqueous EDTA solution (155 mg in 5 ml H2O). Water was 

added  followed  by  separation  of  the  phases.  The  chloroform  phase  was  concentrated  in 

vacuum  and  the  residue  was  redissolved  in  toluene  and  precipitated  in  methanol  (1:10). 

Filtration and drying in vacuum afforded 7. Yield: 70 mg (78 %), dark purple solid. 1H‐NMR 

(CDCl3) δ = 8.77 – 8.61 (m, 2H), 7.24 – 7.17 (m, endgroup), 4.39 – 4.18 (m, 4H), 2.60 – 2.50 (m, 

4H), 2.19 – 2.04 (m, 4H), 1.67 – 1.51 (m, 4H), 1.49 – 1.20 (m, 32H), 1.14 – 1.00 (m, 4H), 0.97 – 

.85 (m, 6H). GPC (ODCB): Mw = 16600, PDI = 1.7. 0

 

N
S

N

OC14H29C14H29O

SS S n

8

S SnSn
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P(o-tolyl)3

PhMe, 110°C

28%

+

N
S

N

OC14H29C14H29O

S BrSBr

6  

Poly(4­(2,2'­bithiophen­5­yl)­5,6­bis(tetradecyloxy)­7­(thiophen­2­yl)­benzo­[c]­

[1,2,5]­thiadiazole) (8). 6 (195 mg, 0.221 mmol), 2,5‐bis(trimethylstannyl)thiophene (0.221 

mmol, 90 mg), Pd2dba3 (10 mg, 11.0 µmol)  and tri‐(o‐tolyl)phosphine (27 mg, 88.3 µmol) was 

mixed  in  dry  degassed  toluene  (20  ml).  The  reaction mixture  was  heated  to  reflux  for  48 

 101 
 



Chapter 5 

hours under argon. After cooling  to room temperature  the mixture was poured  into 200 ml 

methanol and the polymer was allowed to precipitate. The polymer was filtered and purified 

by  Soxhlet  extraction using methanol,  hexane  and  chloroform. The  chloroform  fraction was 

then stirred at room temperature for 16 hours with an aqueous EDTA solution (247 mg in 10 

ml H2O). Water was added followed by separation of the phases. The chloroform phase was 

concentrated  in  vacuum  and  the  residue  was  redissolved  in  toluene  and  precipitated  in 

methanol (1:10). Filtration and drying in vacuum afforded 8. Yield: 50 mg (28 %), dark purple 

solid. 1H‐NMR (CDCl3) δ = 8.66 – 8.02 (m, 4H), 7.14 – 6.66 (m, 2H), 4.36 – 4.04 (m, 4H), 2.29 – 

.93 (m, 8H), 1.80 – 1.12 (m, 40H), 1.09 – 0.79 (m, 6H). GPC (ODCB): Mw = 26000, PDI = 2.9. 1

 

 

 

Poly(5,6­bis(tetradecyloxy)­4,7­di(thiophen­2­yl)benzo[c][1,2,5]thiadiazole)(9). 

Ni(COD)2 (187 mg, 0.681 mmol) and 2,2’‐dipyridyl (0.681 mmol, 106 mg) was mixed  in dry 

degassed toluene (30 ml). The mixture was heated to 80 oC followed by addition of 6 (200 mg, 

0.227 mmol).  After  stirring  for  9  hours  under  argon  the  mixture  was  poured  into  300 ml 

methanol  and  the  polymer  was  allowed  to  precipitate.  Then  the  polymer  was  filtered  and 

purified  by  Soxhlet  extraction  using  methanol,  hexane  and  chloroform.  The  chloroform 

fraction was then stirred at room temperature for 16 hours with an aqueous EDTA solution 

(760  mg  in  20  ml  H2O).  Water  was  added  followed  by  separation  of  the  phases.  The 

chloroform  phase was  concentrated  in  vacuum  and  the  residue was  redissolved  in  toluene 

and precipitated in methanol (1:10). Filtration and drying in vacuum afforded 9. Yield: 33 mg 

(20 %), dark purple solid. 1H‐NMR (CDCl3) δ = 8.65 – 8.56 (m, 2H), 8.44 – 8.40 (m, endgroup), 

7.49 – 7.42 (m, 2H), 7.23 – 7.19 (m, endgroup), 4.34 – 4.14 (m, 4H), 2.16 – 1.95 (m, 8H), 1.66 – 

.49 (m, 8H), 1.49 – 1.13 (m, 32H), 0.99 – 0.83 (m, 6H). GPC (ODCB): Mw = 7100, PDI = 1.7.  1
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2,5,9­trimethyldecan­2­yl 5­bromothiophene­3­carboxylate (11a). A mixture of 10  (6 g, 

29 mmol), DMAP  (3.9 g, 32 mmol), HfCl4·2THF  (675 mg, 1.45 mmol) and 2,5,9‐trimethyl‐2‐

decanol (6.4 g, 32 mmol) in dry methylene chloride (100 ml) was stirred at room temperature 

under  argon  for  30 min. N,N′‐diisopropylcarbodiimide  (5 ml,  32 mmol) was  added  and  the 

reaction  mixture  was  heated  to  reflux  and  stirred  for  24  hours.  After  cooling  to  RT  the 

reaction mixture was concentrated on celite  in vacuum. Dry column chromatography (silica 

gel 15‐40 μm,  eluted with EtOAc/Heptane,  gradient 0‐3% EtOAc)  afforded 11a.  Yield: 7.2  g 

(64 %), colourless oil. 1H NMR (CDCl3): δ = 7.88 (d, J = 1.5 Hz, 1H), 7.40 (d, J = 1.5 Hz, 1H), 1.93 

– 1.72 (m, 2H), 1.53 (s, 6H), 1.45 – 1.06 (m, 10H), 0.91 – 0.82 (m, 9H). 13C NMR (CDCl3): δ = 

160.61, 135.81, 132.74, 130.13, 112.21, 83.75, 39.22, 38.33, 37.01, 32.91, 30.77, 27.89, 26.13, 

26.05, 24.73, 22.65, 22.56, 19.68. 

S

CO2H

Br

DMAP, DIPC
HfCl4*2THF
2-methyl-2-hexanol
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2­methylhexan­2­yl  5­bromothiophene­3­carboxylate  (11b).  Prepared  with  the  same 

procedure as for 11a. Yield: 4.5 mg (77 %), colourless oil. 1H NMR (250 MHz, CDCl3) δ = 7.89 

(d, J = 1.5 Hz, 1H), 7.40 (d, J = 1.5 Hz, 1H), 1.89 – 1.79 (m, 2H), 1.53 (s, 6H), 1.39 – 1.29 (m, 4H), 

0.92 (t, J = 7.0 Hz, 3H). 13C NMR (250 MHz, CDCl3) δ = 160.72, 135.96, 132.96, 130.34, 112.38, 

3.78, 40.59, 26.10 (2 signals), 22.79, 13.97. 8
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bis(2,5,9­trimethyldecan­2­yl)­5,5'­(benzo[c][1,2,5]thiadiazole­4,7­diyl)dithiophene­3­

carboxylate  (12a).  4,7‐bis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolan‐2‐yl)‐benzo‐[c]‐[1,2,5]‐

thiadiazole (1 g, 2.58 mmol), 11a  (2.3 g, 5.93 mmol), Pd2dba3 (94 mg, 0.1 mmol) and tri‐(o‐

tolyl)phosphine (251 mg, 0.83 mmol) was dissolved in dry toluene (20 ml) and stirred for 15 

min  at  RT  under  argon.  Then  Cs2CO3  (6.7  g,  21 mmol),  degassed water  (7 ml)  and  1  drop 

Aliquat® 336 was added. The reaction mixture was stirred at 90 °C for 48 hours. The reaction 

mixture was allowed to cool to room temperature followed by addition of water (25 ml). The 

mixture  was  extracted with  ether  (3  ×  25 ml)  and  the  combined  organic  phase  was  dried 

(MgSO4), filtered and concentrated on celit in vacuum. Dry column chromatography (silica gel 

15‐40 μm, eluted with EtOAc/Heptane, gradient 0‐5% EtOAc) afforded 12a. Yield: 1 g (52 %), 

yellow oil. 1H NMR (CDCl3): δ = 8.39 (d, J = 1.2 Hz, 2H), 8.11 (d, J = 1.2 Hz, 2H), 7.89 (s, 2H), 

1.96 – 1.83 (m, 4H), 1.59 (s, 12H), 1.56 – 1.10 (m, 20H), 0.91 (d, J = 5.2 Hz, 6H), 0.86 (d, J = 6.6 

Hz,  12H).  13C  NMR  (CDCl3):  δ  =  161.83,  152.39,  139.30,  136.26,  132.93,  127.70,  125.81, 

125.65,  83.60,  39.29,  38.61,  37.13,  33.05,  30.95,  27.94,  26.17,  26.13,  24.77,  22.66,  22.57, 

9.74. 1

 

bis(2­methylhexan­2­yl)­5,5'­(benzo[c][1,2,5]thiadiazole­4,7­diyl)­dithiophene­3­

carboxylate (12b). Prepared with  the same procedure as  for 12a using  the monomer 11b. 

Yield: 650 mg (50 %), yellow oil. 1H NMR (250 MHz, CDCl3) δ = 8.39 (d, J = 1.3 Hz, 2H), 8.11 (d, 

J = 1.3 Hz, 2H), 7.90 (s, 2H), 1.95 – 1.85 (m, 4H), 1.60 (s, 12H), 1.46 – 1.33 (m, 8H), 0.95 (t, J = 

7.0 Hz, 6H).  13C NMR (250 MHz, CDCl3) δ  = 161.86, 152.39, 139.30, 136.24, 132.96, 127.67, 

125.81, 125.66, 83.52, 40.62, 26.18 (2 signals), 23.02, 14.06. 
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bis(2,5,9­trimethyldecan­2­yl)­5,5'­(benzo[c][1,2,5]thiadiazole­4,7­diyl)bis(2­

bromothiophene­3­carboxylate) (13a). To a solution of 12a (1 g, 1.33 mmol)  in DMF (20 

mL)  was  added  NBS  (0.52  g,  2.92 mmol).  The  resulting mixture  was  then  stirred  at  room 

temperature for 24 hours. The mixture was poured into water (30 ml) and extracted several 

times with  dichloromethane.  The  combined  organic  phase was  dried  (MgSO4),  filtered  and 

concentrated  in vacuum. The crude product was purified by column chromatography (silica 

gel 70‐230 μm, eluted with dichloromethane/cyclohexane 1:1)  to afford 13a. Yield: 750 mg 

(62 %), orange oil. 1H NMR (CDCl3): δ = 8.15 (s, 2H), 7.80 (s, 2H), 1.99 – 1.83 (m, 4H), 1.62 (s, 

12H), 1.56 – 1.08 (m, 20H), 0.92 (d, J = 6.1 Hz, 6H), 0.85 (d, J = 6.6 Hz, 12H). 13C NMR (CDCl3): δ 

= 160.94, 152.00, 138.22, 133.44, 128.50, 125.05, 124.99, 120.56, 84.77, 39.30, 38.48, 37.18, 

3.09, 31.00, 27.93, 26.22, 26.19, 24.78, 22.65, 22.56, 19.75. 3

 

bis(2­methylhexan­2­yl)­5,5'­(benzo[c][1,2,5]thiadiazole­4,7­diyl)­bis­                                        

(2­bromothiophene­3­carboxylate)  (13b). Prepared with  the  same  procedure  as  for 13a 

using the monomer 12b. Yield: 632 mg (65 %), orange oil. 1H NMR (250 MHz, CDCl3) δ = 8.11 

(s, 2H), 7.74 (s, 2H), 1.96 – 1.87 (m, 4H), 1.61 (s, 12H), 1.46 – 1.34 (m, 8H), 0.94 (t, J = 6.9, 6H). 
13C  NMR  (250 MHz,  CDCl3)  δ  = 160.93,  151.88,  138.16,  133.33,  128.42,  124.90  (2  signals), 

120.50, 84.68, 40.69, 26.20 (2 signals), 23.03, 14.10. 
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Polymer T1. 13a  (323 mg,  0.355 mmol),  2,5‐bis(trimethylstannyl)thiophene  (0.355 mmol, 

145 mg), Pd2dba3  (16 mg, 17.5 µmol)    and  tri‐(o‐tolyl)phosphine  (43 mg, 0.141 mmol) was 

mixed  in  dry  degassed  toluene  (25  ml).  The  reaction mixture  was  heated  to  reflux  for  48 

hours under argon. After cooling  to room temperature  the mixture was poured  into 250 ml 

methanol and the polymer was allowed to precipitate. The polymer was filtered and purified 

by  Soxhlet  extraction using methanol,  hexane  and  chloroform. The  chloroform  fraction was 

then stirred at room temperature for 16 hours with an aqueous EDTA solution (400 mg in 10 

ml H2O). Water was added followed by separation of the phases. The chloroform phase was 

concentrated  in  vacuum  and  the  residue  was  redissolved  in  toluene  and  precipitated  in 

methanol  (1:10).  Filtration  and  drying  in  vacuum  afforded T1.  Yield:  177 mg  (59 %),  dark 

purple‐brown solid. 1H‐NMR (CDCl3): δ = 8.52 – 8.38 (m, 2H), 8.02 – 7.86 (m, 2H), 7.65 – 7.53 

(m, 2H), 2.01 – 1.81 (m, 4H), 1.63 (s, 12H), 1.60 – 1.10 (m, 20H), 0.99 – 0.81 (m, 18H). GPC 

ODCB): Mw = 173000 g/mol, PDI = 2.6. (

 

 

 

 

Polymer T2. Prepared with the same procedure as for T1 using the monomers 13b and 14. 

Yield: 192 mg (89 %), dark purple solid.  1H NMR (500 MHz, CDCl3) δ = 8.41 (s, 2H), 7.91 (s 

2H), 7.59 (s, 2H), 1.98 (br, 8H), 1.64 (s, 6H), 1.58 (s, 6H), 1.44 (br, 12H), 1.18 – 0.93 (br, 20H), 

0.81 (t, J = 6.9 Hz, 6H), 0.71 (t, J = 7.3 Hz, 6H). GPC (CHCl3): Mw = 41600 g/mol, PDI = 2.7. 
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Attempted synthesis of a monomer based on 2,1,3­

benzothiadiazole bearing thermocleavable alkyl ester groups at 

the 5­ and  ­position 6

 

 

 

 
Target Monomer 

 

The  target  monomer  is  bearing  two  tertiary  ester  groups  to  provide  solubility  and 

thermocleavability. Upon thermocleavage to the diacid, the benzothiadiazole unit is expected 

to  transform  into  a  stronger  acceptor due  to  the  electron  attracting  carboxylic  acid  groups. 

The attempted synthesis of this monomer is shown below.  
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4,6­Dithienyl[3,4­c][1,2,5]thiadiazole  (2).  To  a  mixture  of  1  (200  mg,  0.72  mmol)  and 

triethylamine  (5.75 mmol,  0.8 ml)  in 5 ml dichloromethane was  slowly  added  a  solution of 

thionyl chloride (1.44 mmol, 105 µL) in 1 ml dichloromethane. After addition the mixture was 

heated  to  reflux  for  16 hours.  After  cooling  to  room  temperature  the  reaction mixture was 

concentrated on  celite  in  vacuum. Dry  column  chromatography  (silica  gel  15‐40 μm,  eluted 

with toluene) afforded 2. Yield: 155 mg (70 %), blue solid. 1H NMR (250 MHz, CDCl3) δ = 7.58 

– 7.54 (m, 2H), 7.34 – 7.30 (m, 2H), 7.13 – 7.07 (m, 2H). 13C NMR (250 MHz, CDCl3) δ = 156.17, 

134.88, 128.08, 125.30, 124.23, 112.33. 

 

 

 

 
 

Dimethyl­4,7 di(thiophen­2­yl)benzo[c][1,2,5]thiadiazole­5,6­dicarboxylate (3).  

A solution of 2 (1.86 g, 6.07 mmol) and acetylenedicarboxylic acid dimethyl ester (1.5 ml, 12 

mmol)  in  xylene  (40  mL)  was  refluxed,  under  argon  for  6  hours.  After  cooling  to  room 

temperature  the  reaction  mixture  was  concentrated  on  celite  in  vacuum.  Dry  column 

chromatography (silica gel 15‐40 μm, eluted with Heptane/dichloromethane, gradient 0‐50% 

dichloromethane)  afforded 3.  Yield:  2.37  g  (94 %),  yellow/green  solid.  1H NMR  (250 MHz, 

CDCl3) δ = 7.62 – 7.57 (m, 2H), 7.43 (d, J = 3.6, 2H), 7.23 – 7.17 (m, 2H), 3.76 (s, 6H). 13C NMR 

250 MHz, CDCl3) δ = 167.95, 153.61, 135.07, 132.08, 129.71, 128.81, 127.18, 126.22, 52.91. 

­

(
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3 4  

4,7­Di(thiophen­2­yl)benzo[c][1,2,5]thiadiazole­5,6­dicarboxylic acid  (4). To  a  solution 

of 3  (300 mg, 0.72 mmol)  in 5 ml CCl4 was added trimethylsilyl  iodide (2.17 mmol, 294 µL) 

under argon. The reaction mixture was stirred at 80  °C  for 16 hours. After  cooling  to  room 

temperature the mixture was poured out in 1M HCl. Filtration afforded the diacid 4. Yield: 271 

mg (97 %), red/orange solid. 1H NMR (250 MHz, DMSO) δ = 13.71 (s, 2H), 7.85 (d, J = 5.0, 2H), 

7.45 (d, J = 2.8, 2H), 7.26 – 7.20 (m, 2H). 13C NMR (250 MHz, CDCl3) δ = 168.83, 153.06, 135.28, 

33.57, 130.15, 129.77, 127.62, 124.33. 1
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bis(2­methylhexan­2­yl)­4,7­di(thiophen­2­yl)benzo[c][1,2,5]thiadiazole­5,6­

dicarboxylate (5). A mixture of 4 (130 mg, 0.34 mmol), DMAP (86 mg, 0.70 mmol), Sc(OTf)3 

(16 mg, 0.034 mmol) and 2‐methyl‐2‐hexanol (110 µL, 0.77 mmol) in dry methylene chloride 

(2 ml) was stirred at room temperature under argon for 30 min. N,N′‐diisopropylcarbodiimide 

(121 µL, 0.77 mmol) was added and the reaction mixture was heated to reflux. TLC and NMR 

after work up shows no product, only starting material and starting material that had reacted 

with  the  carbodiimide.  Transformation  of  the  diacid 4  into  the  diacid  chloride  followed  by 

direct reaction with the tertiary alcohol was also ineffective. There can be many explanations 

to  the  failed reaction. One explanation could be  that  the reaction stops (slow down), due  to 

steric factors, after conversion of the carboxylic acids to O‐acyl isourea species (6) by reaction 

with DIPC. Another explanation could be  that  the anhydride  (7)  forms which  is  likely  to be 

very insoluble and unreactive.     
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Abstract

The chemistry of the thienopyrazines has been explored with the aim of producing new low band gap polymers. 5,7-Di-(thiophen-2-yl)-

thieno[3,4-b]pyrazines substituted in the pyrazine ring with alkyl groups, aryl groups and fused aromatic rings have been prepared and

characterized. The electronic spectra show a great variation in the longest wavelength absorption band as a consequence of this

substitution. A special case is the 11-thia-9,13-diaza-cyclopenta[b]triphenylene prepared by condensation of 30,40-diamino-

[2,20,50,200]terthiophene with phenanthrene-9,10-quinone. Alkyl substitution of the most promising monomers were carried out using

the Kumada coupling and these were copolymerized with either 2,5-bis(trimethylstannyl)thiophene or 3-(3,7,11-trimethyl-dodecyl)-

2,5-bis-trimethylstannyl-thiophene to form six new low band gap polymers: RISO-GREEN 1–3 and RISO-BROWN 1–3. The band gaps

of these polymers were estimated from the UV–visible absorption spectra and found to be ca. 1.3 eV. Preliminary results from

photovoltaic device fabrication with mixtures of the six polymers with either [60]PCBM or [70]PCBM gave modest efficiencies of max

0.2% with open circuit voltages Voc of 0.3V and short circuit currents Jsc (1000Wm�2 AM1.5) in the range of 2mAcm�2.

r 2007 Elsevier B.V. All rights reserved.

Keywords: Low band gap polymers; Organic photovoltaics
1. Introduction

In order to harvest as much as possible of the photon
flux from the sun a search for new materials are presently
being pursued actively. These so-called low band gap
polymers (Ego2.0 eV) are designed to match the solar
output better, which has a maximum in photon flux near
700 nm and an appreciable tail stretching into the infra-red
region [1]. One approach is polymers with alternating
electron donating and accepting groups giving rise to a
material with a low-energy absorption band that may be a
charge transfer band. This absorption can be tailored by
adjusting the donor–acceptor strengths, or HOMO-LUMO
levels, respectively. A polymer with alternating dithiophene
and thienopyrazine units has been explored for this
e front matter r 2007 Elsevier B.V. All rights reserved.
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11
purpose by several groups [2,3]. An example of these
polymers with a broad absorption maximum around
730 nm (film) and a low band gap of ca. 1.45 eV has been
reported with alkyl groups on the thiophene moieties [2].
A copolymer incorporating a dithienyl-thienopyrazine
with phenyl substituents together with dioctylfluorene
called APFO-green 2 had an absorption maximum at
615 nm (film) [4].
In this paper, we explore a greater variation of

substituents on the thienopyrazine unit tuning the absorp-
tion spectrum and band gap over a wider range. A special
case is the use of phenanthrene quinone to produce the
novel 11-thia-9,13-diaza-cyclopenta[b]triphenylene system
with more extended conjugation and a further red shifted
absorption. An improved method of introducing alkyl
groups into these systems is also presented avoiding the
troublesome synthesis of alkyl-substituted benzils. The
effect of variation of the nature and number of the alkyl
chains on the solubility and solar cell properties is also
studied (Fig. 1).
4
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Fig. 1. The six new low band gap polymers studied based on alternating terthiophene donors and thienopyrazine acceptors.
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2. Experimental

2.1. Synthesis

NMR spectra were obtained on 500MHz Bruker
Avance II or 250MHz Bruker Avance spectrometers. 2,5-
Bis(trimethylstannyl)thiophene and 3-(3,7,11-trimethyl-do-
decyl)-2,5-bis-trimethylstannyl-thiophene was prepared as
described in the literature [5].

30,40-Dinitro-[2,20;50,200]terthiophene (2). 2-Tributylstan-
nyl-thiophene (5.8 g, 16mmol) and 2,5-dibromo-3,4-dini-
tro-thiophene [6] (2.6 g, 7.8mmol) were mixed in toluene
(20mL) together with Pd(PPh3)4 (200mg) and heated to
reflux for 2 h. Toluene was removed in vacuum to give a
slurry of the compound together with tributylstannyl
bromide. This was taken up in chloroform (ca. 200mL)
and filtered through a layer of silica to remove a dark band.
The silica was eluted with another ca. 100mL chloroform
until the washings were almost colourless. The solvent was
removed from the reddish liquid in vacuum and the
remaining paste mixed with petrol (50mL) and filtered.
The orange solid was washed with more petrol (ca. 50mL)
and dried in vacuum. Yield: 2.45 g, 7.2mmol, 92%. The
analytical data were in accordance with Ref. [6].

30,40-Diamino-[2,20,50,200]terthiophene hydrochloride. 30,40-
dinitro-[2,20,50,200]terthiophene (20 g, 59mmol) and
Sn(II)Cl2 (67 g, 355mmol) were mixed in ethanol
(250mL), THF (150mL) and concentrated HCl (100mL).
The reaction mixture was stirred at room temperature (RT)
overnight. Then solvents were evaporated in vacuum and
the resultant mixture was transferred into a continuous
extraction apparatus and basified with concentrated NaOH
(100mL) followed by pH adjustment to ca. 8 with solid
NaHCO3. Continuous extraction with EtOAc overnight
gave a solution that was concentrated in vacuum. Finally
concentrated HCl was added (100mL) and the product was
filtered, washed with petroleum ether (200mL) and dried
at 70 1C in vacuum. Yield: 15.6 g, 84%, light brown solid.
1H-NMR (CD3OD): d ¼ 7.55 (dd, 2H), 7.30 (dd, 2H), 7.18
(dd, 2H), 4.9 (s, amine protons and water). 13C-NMR
115
(CD3OD): d ¼ 132.3, 128.0, 126.54, 126.4, 126.3, 119.0.
Anal. Calcd C: 51.77; H: 3.62; N: 10.06. Found C: 51.93
52.06; H: 3.41 3.38; N: 10.01 9.99.
General procedure for the condensation of 30,40-diamino-

[2,2050,200]terthiophene (4) with diketones and o-quinones to

give the thienopyrazines 5a–5g. 30,40-Diamino-
[2,20,50,200]terthiophene hydrochloride (30% excess) and
hexan-3,4-dione, benzil, 4,40-dibromobenzil, 1,2-di-pyridin-
2-yl-ethane-1,2-dione, acenaphthylene-1,2-dione, phenan-
threne-9,10-dione or 3,6-dibromo-phenanthrene-9,10-
dione and Et3N (1.5 eqv) were mixed in ethanol and the
resulting mixture was heated to reflux over night. Then the
mixture was cooled to RT and the product was filtered,
washed with ethanol and dried at 70 1C in vacuum.
2,3-Diethyl-5,7-di-thiophen-2-yl-thieno[3,4-b]pyrazine

(5a). Recrystallized from ethanol. Yield: 53%, 1H NMR
(CDCl3) d: 1.49 (t, 6H, J ¼ 7Hz), 2.93 (q, 4H, J ¼ 7Hz),
7.10 (dd, 2H, J1 ¼ 5Hz, J2 ¼ 4Hz), 7.36 (dd, 2H,
J1 ¼ 5Hz, J2 ¼ 1Hz), 7.61 (dd, 2H, J1 ¼ 4Hz,
J2 ¼ 1Hz). 13C NMR (CDCl3) d: 10.8, 28.2, 123.7, 123.9,
126.1, 127.0, 135.0, 137.6, 156.8.
2,3-Diphenyl-5,7-di-thiophen-2-yl-thieno[3,4-b]pyrazine

(5b). Analytical data in accordance with Ref. [4].
2,3-Bis-(4-bromo-phenyl)-5,7-di-thiophen-2-yl-thieno[3,4-

b]pyrazine (5c). MP 253–254 1C. Yield: 79%. 1H NMR
(CDCl3) d: 7.12 (dd, 2H, J1 ¼ 5Hz, J2 ¼ 4Hz), 7.40 (dd,
2H, J1 ¼ 5Hz, J2 ¼ 1Hz), 7.44 (d, 4H, J ¼ 8Hz), 7.51 (d,
4H, J ¼ 8Hz), 7.63 (dd, 2H, J1 ¼ 4Hz, J2 ¼ 1Hz) 13C
NMR (CDCl3) d: 123.9, 124.7, 125.3, 126.9, 127.3, 131.5,
134.4, 137.3, 137.6, 151.2.
2,3-Di-pyridin-2-yl-5,7-di-thiophen-2-yl-thieno[3,4-b]pyra-

zine (5d). Recrystallized from ethanol. Yield: 67% 1H
NMR (CDCl3) d: 7.14 (dd, 2H, J1 ¼ 5Hz, J2 ¼ 4Hz), 7.24
(ddd, 2H, J1 ¼ 8Hz, J2 ¼ 5Hz, J3 ¼ 1Hz), 7.42 (dd, 2H,
J1 ¼ 5Hz, J2 ¼ 1Hz), 7.70 (dd, 2H, J1 ¼ 4Hz,
J2 ¼ 1Hz), 7.91 (dt, 2H, J1 ¼ 8Hz, J2 ¼ 1Hz), 8.3 (m,
4H). 13C NMR (CDCl3) d: 122.9, 123.9, 125.0, 125.6, 127.4,
134.4, 136.8, 137.1, 147.8, 152.2, 157.7.
8,10-Di-thiophen-2-yl-9-thia-7,11-diaza-cyclopenta[k]fluor-

anthene (5e). Yield: 62%. 1H NMR (o-C6D4Cl2, 400K) d:
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7.08 (t, 2H, J ¼ 4Hz), 7.33 (d, 2H, J ¼ 4Hz), 7.65 (t, 2H,
J ¼ 8Hz), 7.79 (d, 2H, J ¼ 4Hz), 7.88 (d, 2H, J ¼ 8Hz),
7.21 (d, 2H, J ¼ 7Hz).

10,12-Di-thiophen-2-yl-11-thia-9,13-diaza-cyclopenta[b]-
triphenylene (5f). Yield: 77%. 1H NMR (o-C6D4Cl2, 300K)
d: 7.12 (t, 2H, J ¼ 5Hz), 7.37 (d, 2H, J ¼ 5Hz), 7.6–7.7 (m,
6H), 8.3 (m, 2H), 9.3 (m, 2H).

3,6-Dibromo-10,12-di-thiophen-2-yl-11-thia-9,13-diaza-

cyclopenta[b]triphenylene (5g). Yield: 18 g, 85%, green
solid. Mp4300 1C 1H-NMR ((CD3)2SO, 400K): d ¼ 8.97
(d, 2H), 8.78 (d, 2H), 7.90 (dd, 2H), 7.80 (dd, 2H), 7.70 (dd,
2H), 7.24 (dd, 2H).

2,3-Bis-(4-octyl-phenyl)-5,7-di-thiophen-2-yl-thieno[3,4-

b]pyrazine (5h–5A). Compound 5c (5 g, 8.2mmol) was
dissolved in diethyl ether (200mL) together with
NiCl2dppp (250mg) with stirring under Argon at RT.
Octyl magnesium bromide (40mL, �1M, ca. 5 eqv) was
added in one portion and the reaction mixture was heated
to reflux for 10min. The reaction was followed by thin
layer chromatography (silica gel, heptane-toluene 2:1). The
mixture was cooled and filtered directly on a small column
of silica and the purple fraction was eluted with more
diethyl ether. After removal of the solvent in vacuum the
residue was recrystallized from ethanol to give the product
as a purple solid. Yield: 4.8 g, 86%. Mp 110–112 1C. 1H
NMR (CDCl3) d: 0.90 (t, 6H, J ¼ 7Hz), 1.27–1.34 (m,
20H), 1.64 (p, 4H, J ¼ 7Hz), 2.64 (t, 4H, J ¼ 7Hz), 7.13
(dd, 2H, J1 ¼ 5Hz, J2 ¼ 4Hz), 7.16 (d, 4H, J ¼ 8Hz),
7.39 (dd, 2H, J1 ¼ 5Hz, J2 ¼ 1Hz), 7.53 (d, 4H,
J ¼ 8Hz), 7.69 (dd, 2H, J1 ¼ 4Hz, J2 ¼ 1Hz). 13C
NMR (CDCl3) d: 14.1, 22.7, 29.3, 29.5, 31.2, 31.9, 35.8,
124.5, 124.6, 126.5, 127.3, 128.1, 129.9, 134.8, 136.5, 137.5,
144.2, 153.1.

2,3-Bis-(4-[3,7,11-trimethyl-dodecyl]-phenyl)-5,7-di-thio-

phen-2-yl-thieno[3,4-b]pyrazine (5h–5B). Prepared as above
for compound 5h–5A. Yield: 5.3 g 70%; oil, 1H NMR
(CDCl3) d: 0.88 (t, 18H), 0.94–0.97 (m, 6H), 1.06–1.60 (m,
32H), 1.63–1.71 (m, 2H), 2.58–2.65 (m, 2H), 2.66–2.73 (m,
2H), 7.13, dd, 2H, J1 ¼ 4Hz, J2 ¼ 5Hz), 7.16 (d, 4H,
J ¼ 8Hz), 7.39 (dd, 2H, J1 ¼ 5Hz, J2 ¼ 1Hz), 7.54 (d,
4H, J ¼ 8Hz), 7.69 (dd, 2H, J1 ¼ 4Hz, J2 ¼ 1Hz). 13C
NMR (CDCl3) d: 19.6, 19.7, 19.7, 19.8, 22.6, 22.7, 24.4
(2C), 24.8, 24.8, 28.0, 32.5, 32.5, 32.8 (2C), 33.4 (2C), 37.2
(2C), 37.3 (2C), 37.4, 37.41, 37.5, 38.6 (2C), 38.7, 39.4,
124.5, 124.6, 126.5, 127.3, 128.1, 130.0, 134.8, 136.5, 137.5,
144.4, 153.0.

3,6-Dioctyl-10,12-di-thiophen-2-yl-11-thia-9,13-diaza-cy-

clopenta[b]triphenylene (5i–5A). 3,6-Dibromo-10,12-di-
thiophen-2-yl-11-thia-9,13-diaza-cyclopenta[b]triphenylene
(10 g, 16.4mmol, 1 eqv) and NiCl2dppp (624mg,
1.15mmol, 0.07 eqv) was mixed in ether (400mL) followed
by the addition of 1M octyl magnesium bromide (100mL,
6 eqv) in ether. The reaction mixture was heated to reflux
for 30min. The mixture was then filtered through silica gel
and the washing was concentrated in vacuum. The
remaining solid was recrystallized from ethanol and dried
at 100 1C in vacuum. Yield: 6.4 g, 58%, black solid.
11
Mp ¼ 169–170 1C. 1H-NMR (CDCl3): d ¼ 9.04 (d, 2H),
8.09 (s, 2H), 7.64 (d, 2H), 7.47–7.38 (m, 4H), 7.13 (dd, 2H),
2.88–2.78 (m, 4H), 1.85–1.71 (m, 4H), 1.49–1.25 (m, 20H),
0.95–0.85 (m, 6H). 13C-NMR (CDCl3): d ¼ 145.9, 143.0,
138.5, 135.2, 132.5, 128.6, 128.5, 127.1, 126.9, 126.4, 123.8,
123.5, 122.5, 36.6, 31.9, 31.5, 29.6, 29.5, 29.3, 22.7, 14.1.
10,12-Di-thiophen-2-yl-3,6-bis-(3,7,11-trimethyl-dodecyl)-

11-thia-9,13-diaza-cyclopenta[b]triphenylene (5i–5B). Com-
pound 5g (1.5 g, 2.45mmol, 1 eqv) and NiCl2dppp (100mg,
0.184mmol, 0.075 eqv) was mixed in ether (50mL)
followed by the addition of 0.6M 3,7,11-trimethyldodecyl
magnesium bromide (25ml, 6 eqv) in ether. The reaction
mixture was heated to reflux for 30min. The mixture was
then filtered through silica gel and the washing was
concentrated on celite. Dry column chromatography
(toluene/cyclohexane) afforded the pure product. Yield:
938mg, 44%, green oil. 1H-NMR (CDCl3): d ¼ 8.95 (d,
2H), 8.02 (s, 2H), 7.60 (dd, 2H), 7.43–7.34 (m, 4H), 7.11
(dd, 2H), 2.89–2.72 (m, 4H), 1.87–1.70 (m, 4H), 1.66–1.07
(m, 30H), 1.05–1.01 (d, 6H), 0.90–0.84 (m, 18H). 13C-NMR
(CDCl3): d ¼ 146.0, 142.9, 138.4, 135.2, 132.4, 128.5, 128.4,
127.0, 126.9, 126.3, 123.7, 123.4, 122.3, 39.4, 39.0, 38.9,
37.5, 37.5, 37.4, 37.3, 34.2, 32.8, 32.7, 28.0, 24.8, 24.5, 22.7,
22.6, 19.8, 19.7, 19.75, 19.6.
5,7-Bis-(5-bromo-thiophen-2-yl)-2,3-bis-(4-octyl-phenyl)-

thieno[3,4-b]pyrazine (6-A). Compound 5h–5A (2.0 g,
2.95mmol) was dissolved in dry THF (350mL) under
Argon and shielded from light by metal foil. NBS, freshly
recrystallized from water (1.0 g, 5.6mmol, 1.9 eqv) dis-
solved in dry THF (70mL) was added dropwise over
30min at RT. The reaction was followed by thin layer
chromatography (silica, heptane, toluene 4:1). At the end
of the reaction time a mixture of mono-, di-, and tri-
brominated compound was formed (�10:85:5). Celite
(10 g) was added to the mixture and the solvent was
removed in vacuum. The solid mixture was applied to a
flash column and separated using a gradient of heptane and
toluene. The dibrominated product was eluted with 8%
toluene in heptane. This fraction was collected and the
solvents were removed in vacuum and the residue
recrystallized from 2-propanol to remove traces of the tri-
brominated material to give the product as purple flakes.
Yield: 1.45 g, 59%. Mp 98–100 1C. 1H NMR (CDCl3) d:
0.92 (t, 6H, J ¼ 7Hz), 1.3–1.4 (m, 20H), 1.65 (p, 4H,
J ¼ 7Hz), 2.66 (t, 4H, J ¼ 7Hz), 6.99, (d, 2H, J ¼ 4Hz),
7.15 (d, 4H, J ¼ 8Hz), 7.20 (d, 2H, J ¼ 4Hz), 7.47 (d, 4H,
J ¼ 8Hz). 13C NMR (CDCl3) d: 14.1, 22.7, 29.3, 29.4, 29.5,
31.2, 31.9, 35.8, 114.4, 123.8, 128.1, 129.7, 130.0, 136.0,
136.1, 137.4, 144.4, 153.4.
5,7-Bis-(5-bromo-thiophen-2-yl)-2,3-bis-(4-[3,7,11-tri-

methyl-dodecyl]-phenyl)-thieno[3,4-b]pyrazine (6-B). Pre-
pared as above for compound 6-A. Yield: 55%, oil. 1H
NMR (CDCl3) d: 0.88 (t, 18H), 0.94–0.97 (m, 6H),
1.06–1.60 (m, 32H), 1.64–1.74 (m, 2H), 2.58–2.66 (m,
2H), 2.67–2.74 (m, 2H), 7.05 (d, 2H, J ¼ 4Hz), 7.18 (d, 4H,
J ¼ 8Hz), 7.30 (d, 2H, J ¼ 4Hz), 7.49 (d, 4H, J ¼ 8Hz).
13C NMR (CDCl3) d: 19.6, 19.7 2C), 19.8, 22.6, 22.7, 24.4
6
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(2C), 24.8 (2C), 28.0, 32.6 (2C), 32.8 (2C), 33.4 (2C), 37,2,
37.3 (4C), 37.4, (4C), 38.6, 38.7 (2C), 39.4, 114.5, 123.9
(2C), 128.1. 129.8, 130.0, 136.1 (2C), 137.5, 144.7, 153.5.

10,12-Bis-(5-bromo-thiophen-2-yl)-3,6-dioctyl-11-thia-

9,13-diaza-cyclopenta[b]triphenylene (7-A). 5i–5A (1.5 g,
2.22mmol, 1 eqv) was dissolved in THF (300mL). NBS
(712mg, 4.0mmol, 1.7 eqv) dissolved in THF (100mL) was
added dropwise and the reaction mixture was stirred at RT
for 10min followed by concentration in vacuum. Column
chromatography (eluted with 10% toluene/cyclohexane)
afforded the pure product. Recrystallized from 2-propanol.
Yield: 981mg, 53%, green solid, Mp ¼ 139–140 1C. 1H-
NMR (CDCl3): d ¼ 8.13 (d, 2H), 7.57 (s, 2H), 7.02 (d,
2H), 6.56 (d, 2H), 6.45 (d, 2H), 2.69–2.52 (m, 4H),
1.78–1.60 (m, 4H), 1.51–1.23 (m, 20H), 1.01–0.87 (m,
6H). 13C-NMR (C4D8O): d ¼ 143.7, 140.7, 135.7, 134.3,
130.4, 127.5, 126.2, 125.9, 124.8, 120.8, 120.4, 120.3, 111.9,
34.5, 30.1, 29.5, 27.8, 27.7, 27.6, 20.8, 11.7.

10,12-Bis-(5-bromo-thiophen-2-yl)-3,6-bis-(3,7,11-tri-

methyl-dodecyl)-11-thia-9,13-diaza-cyclopenta[b]tripheny-
lene (7-B). 5i–5B (510mg, 0.59mmol, 1 eqv) was dissolved
in THF (100mL). NBS (177mg, 1.0mmol, 1.7 eqv)
dissolved in THF (50mL) was added dropwise and the
reaction mixture was stirred at RT for 10min followed by
concentration in vacuum. Column chromatography (eluted
with 10% toluene/cyclohexane) afforded the pure product.
Yield: 388mg, 64%, green oil. 1H-NMR (CDCl3):

d ¼ 8.24 (d, 2H), 7.64 (s, 2H), 7.10 (d, 2H), 6.62 (d, 2H),
6.55 (d, 2H), 2.76–2.55 (m, 4H), 1.83–1.11 (m, 34H), 1.06
(d, 6H), 0.95–0.86 (m, 18H). 13C-NMR (CDCl3):
d ¼ 145.4, 142.1, 137.2, 136.1, 131.9, 128.9, 128.0, 127.7,
126.7, 122.1, 122.0, 121.8, 113.7, 39.4, 39.0, 38.9, 37.7, 37.6,
37.6, 37.5, 37.4, 34.2, 33.0, 32.9, 29.7, 28.0, 25.0, 24.9, 24.7,
24.6, 22.8, 22.7, 19.9, 19.8, 19.75, 19.7.

2.1.1. Preparation of polymers

RISO-GREEN 1. Compound 6-A (1.45 g, 1.74mmol)
and 2,5-bis(trimethylstannyl)thiophene (712mg,
1.74mmol) were dissolved in dry toluene under Argon
and added Pd(PPh3)4 (100mg). The reaction mixture was
heated to reflux for 4 days. Most of the solvent was
removed in vacuum and the residue was poured into a large
amount (500mL) methanol. The precipitate was filtered off
and washed with methanol. The moist residue was
transferred into a Soxhlet thimble and extracted with
heptane followed by chloroform. The heptane fraction
contained lower molecular weight oligomers and was
discarded. The chloroform fraction was reduced in volume
at reduced pressure and then precipitated by addition of
methanol. The solid was filtered off and dried in vacuum
overnight to give a dark green material. Yield 849mg 47%.
Characterized by SEC. Mn ¼ 1942, Mw ¼ 2861, Mz ¼
4081, PD ¼ 1.5.

RISO-GREEN 2. Prepared as described above for
RISO-GREEN 1 from compound 6-A (0.568 g,
0.68mmol)) and 3-(3,7,11-trimethyl-dodecyl)-2,5-bis-tri-
methylstannyl-thiophene (422mg, 0.68mmol). Yield:
117
0.32 g, 37%. Characterized by SEC with CHCl3 as eluent.
Mn ¼ 2598, Mw ¼ 3295, Mz ¼ 4149, PD ¼ 1.3.
RISO-GREEN 3. Prepared as described above for

RISO-GREEN 1 from compound 6-B and 2,5-bis-tri-
methylstannyl-thiophene. Yield: 207mg, 49%. Character-
ized by SEC with CHCl3 as eluent. Mn ¼ 1568, Mw ¼
2284, Mz ¼ 3738, PD ¼ 1.6.
RISO-BROWN 1. Prepared as described above for

RISO-GREEN 1 from compound 7-A and 2,5-bis-tri-
methylstannyl-thiophene. Yield: 164mg, 78%, Character-
ized by SEC with CHCl3 as eluent. Mn ¼ 1964, Mw ¼
2284, Mz ¼ 2696, PD ¼ 1.6.
RISO-BROWN 2. Prepared as described above for

RISO-GREEN 1 from compound 7-A and 3-(3,7,11-
trimethyl-dodecyl)-2,5-bis-trimethylstannyl-thiophene.
Yield: 167mg, 48%, Characterized by SEC with CHCl3 as
eluent. Mn ¼ 2190, Mw ¼ 4288, Mz ¼ 7524, PD ¼ 1.6.
RISO-BROWN 3. Prepared as described above for

RISO-GREEN 1 from compound 7-B and 2,5-bis-tri-
methylstannyl-thiophene. Yield: 134mg 32%. Character-
ized by SEC with CHCl3 as eluent. Mn ¼ 1573, Mw ¼
3339, Mz ¼ 5646, PD ¼ 1.8.

2.2. Photovoltaic characterisation

Photovoltaic devices were prepared on PEDOT:PSS-
coated ITO substrates as reported elsewhere [7]. The
concentration of the solutions was typically 20mgmL�1

in chlorobenzene or 1,2-dichlorobenzene. The film absor-
bencies were in the range 0.7–0.2. All manipulations were
carried out in air. The samples were then transferred to the
vacuum chamber of the evaporator and pumped to a
pressureo2� 10�6mBar and left for 1 h before the
aluminium electrode (100 nm) was applied by thermal
evaporation. After cooling the system was purged with
argon and the samples were mounted with silver epoxy,
Al-tape or pressure contacts. The thermosetting silver
epoxy hardened in an oven at 7575 1C for 15min. The
samples were then analysed immediately or after hardening
the silver epoxy. In a second setup, the films were prepared
in air and then transferred to a glove box system with a
built-in metal evaporator. The devices were subsequently
tested in the glove box after applying the contacts with
silver epoxy, Al-tape or pressure contacts. The active area
of the devices was 3 cm�2. The electrical measurements
were carried out using a Keithley 2400 Sourcemeter. The
wavelength dependence of the photovoltaic response was
measured using a high power spectrometer comprising a
150W water-cooled Xenon lamp, a blazed diffraction
grating and a movable arm with the sample. The set-up has
been described earlier [8] but has been improved with a
longer source to grating distance and cylindrical lenses to
improve bandwidth and intensity. The photovoltaic
response under simulated sunlight (AM1.5) was performed
using a Solar Constant 575 from Steuernagel Lichttechnik
GmBH, Germany. The spectrum of the solar simulator was
determined in the wavelength range 180–1100 nm using an
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optical spectrum analyser and was found to have larger
abundance of UV-photons and a smaller abundance of IR
photons. The use of a UV-filter was found necessary to
approximate AM1.5 conditions in the wavelength range
relevant for this study. The simulated sunlight was then
adjusted to 1000Wm�2 using a bolometric precision
pyranometer from Eppley laboratories. The exact incident
power was recorded during each experiment. The tempera-
ture of the devices during measurement was 7272 1C. The
results were not corrected for mismatch of the spectral
response.

2.3. X-ray crystallography

Single-crystal X-ray diffraction data of compound 4 and
5e were collected at 100K using a Bruker SMART Apex II
diffractometer with kappa goniometer and a CCD area
detector. The crystal of 4 was obtained by slowly cooling of
a hot ethanol solution, while crystals of 5e were obtained
by slowly evaporation of a 1:10 acetic acid/chloroform
mixture. Atomic coordinates and further crystallographic
details have been deposited with the Cambridge Crystal-
lographic Data Centre, University Chemical Laboratory,
Lensfield Road, Cambridge CB21EW, England. CCDC
630780 and 630781 contains the supplementary crystal-
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lographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre www.ccdc.cam.ac.uk/data_request/cif.

3. Results and discussion

3.1. Synthesis of the monomers

The key steps in the synthesis of the dithienyl-thienopy-
razine starting monomers are outlined in Scheme 1 and
followed the original work by Kitamura et al. [9]. 2,5-
Dibromo-thiophene (1) was nitrated in the 3 and 4
positions using the forcing conditions described by Ken-
ning et al. [6] to give 2,5-dibromo-3,4-dinitro-thiophene 2.
A Stille-type coupling of 2 with 2-thienyl-tributylstannane
afforded the dinitro-terthiophene 3. A slight variation of
the procedure by Kitamura was developed using toluene as
solvent and Pd(PPh3)4 as catalyst improving the yield.
Reduction to the diamino-terthiophene hydrochloride salt
4 was accomplished using tin(II) chloride in reasonable
yield as previously described. [10] This step is still some-
what unsatisfactory since the product is contaminated with
tin, presumably in the form of a hexachloro stannate salt.
119Sn NMR show a strong signal at �799 ppm, which is in
accordance with the SnCl6

2� ion. Careful purification by
S
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neutralization with Na2CO3 followed by recrystallization,
however, gave the free diamine as a pure crystalline
compound that could be analysed by X-ray diffraction
(see later section).

As an alternative, it is possible to reduce the dinitro-
terthiophene by catalytic hydrogenation in good yield
using a mixed solvent of THF, ethanol and concentrated
hydrochloric acid. Large amounts of catalyst were,
however, needed and had to be added at intervals during
reduction, probably due to poisoning of the catalyst. This
method was therefore not suited for larger-scale produc-
tion of the diamine 4.

Finally, the diamine 4 was condensed with a series of a-
diketones to produce the dithienyl-thienopyrazines 5a–5i.
Hexan-3,4-dione gave the diethyl derivative 5a while benzil
and substituted variations gave the diaryl derivatives 5c–5f.
The extra phenyl rings obviously participate in the
conjugated structure and red shift the absorption max-
imum. We have explored this further by utilizing
acenaphthenequinone, 9,10-phenanthrenequinone and
3,6-dibromo-9,10-phenanthrenequinone resulting in the
novel structures 5e–5g. In these cases, the extended p-
system is forced to be in plane with the thieno-pyrazine
core. The latter two compounds belong to a new class of
chromophores the 11-thia-9,13-diaza-cyclopenta[b]triphe-
nylenes that give rise to an extended red shift in both the
monomers and polymers. In the new chromophore, the
extra bond compared to 5c–5f forces the structure to be
planar changing the optical properties, but it also reduces
the solubility especially of the corresponding polymers.
This was already a problem with the diphenyl-substituted
thienopyrazine, so we decided to add alkyl groups to both
systems. Our first attempt in that direction was to
S
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introduce the alkyl groups early on in the synthetic path.
This approach has been utilized by Kenning et al. who
prepared the simple 2,3-dialkyl substituted thieno
[3,4-b]pyrazines. In our case, this would have required the
synthesis of 4,40-dialkyl-benzil and 3,5-dialkyl-phenan-
threne quinone. Although the dialkylbenzil type of
compounds have been prepared previously in a low
temperature reaction of 4-alkylphenyl Grignard reagents
with oxalyl chloride [11], this did not seem very suited for a
larger scale production of these compounds. We therefore
abandoned this route and sought an alternative. The
monomers 5c and 5g are substituted with bromine atoms
that could serve as handles for the introduction of the alkyl
groups through the Kumada coupling with an alkyl
Grignard reagent. At first, this did not seem promising
either since an obvious side reaction is the Ziegler reaction
on the pyrazine group. We found, however, that the
Kumada coupling is much faster and if the reaction time is
limited a good yield of the alkylated products 5h and 5i

could be obtained (Scheme 2).
To be able to copolymerize these compounds with other

monomers, it was necessary to introduce bromine atoms in
the 5-positions on the thiophene units of 5h–5A/5h–5B and
5i–5A/5i–5B. This bromination has been successfully
carried out by Zhang et al. [4] on the diphenyl thienopyr-
azine 5b using NBS in a mixture of chloroform and acetic
acid. We found that with these conditions the reaction
proceeded very fast with our compounds, giving mixtures
containing mono-, di- and tri-brominated compounds
depending on among other things the amount of NBS.
The unwanted bromination in the 3- or 4-positions on the
thiophene rings is not always clearly seen in the crowded
aromatic region of the 1H NMR, while it is quite evident in
NBS
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the 13C NMR, since the 3- or 4-bromo substituted carbon
has distinct signals in the 105–110 ppm range. Bromo
substitution in the 5-position on the other hand gives rise
to a signal at ca. 115 ppm. Careful control of the reaction
rate and addition of NBS gave mixtures, which predomi-
nantly contained the dibromo substituted monomers 6-A,
6-B, 7-A and 7-B. After quenching the reaction mixture the
products were purified by flash-chromatography.

3.2. Synthesis of polymers

Bis-thienyl-thienopyrazines have been polymerized to
give low band gap materials by simple homopolymeriza-
tion with FeCl3 or Yamamoto coupling of the 5,50-dibromo
substituted monomers with Ni(COD)2 [3] Others have
copolymerized the 5,50-dibrominated thienopyrazines to-
gether with dioctyl-fluorene bis-boronic acids [4].

We have chosen to concentrate our efforts on the four
monomers 6-A, 6-B and 7-A, 7-B with either octyl chains or
3,7,11-trimethyl-dodecyl chains. These seemed to have a
chance to make soluble and processable polymers. Stille-
type copolymerization with either 2,5-bis(trimethylstan-
nyl)-thiophene or 3-(3,7,11-trimethyl-dodecyl)-2,5-bis(tri-
methylstannyl)-thiophene gave polymers with alternating
terthiophene donor and thienopyrazine acceptor moieties:
RISO-GREEN 1–3 and RISO-BROWN 1–3 as shown in
Scheme 3. Purification was carried out through Soxhlet
extraction and gave polymers that were characterized by
size exclusion chromatography and UV–visible spectro-
S

SS

NN

R1

R1 R1

R1

Br Br

SMe3Sn Sn

Me3Sn Sn

Pd(PPh3)4, To

Pd(PPh3)4, Tol

6-A and 6-B

S

SS

NN

Br Br

S

7- A and 7B

R2

R2

Scheme 3. Stille type polymerization of the thienopyrazines 6-A, 6-B and 7-A,

dodecyl)-2,5-bis(trimethylstannyl)-thiophene to give the six polymers RISO-GR

nature of alkyl chains and in the extra bond in the RISO-BROWN series.
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scopy. The molecular weights were in all cases not very
high with Mn values between 2000 and 2500 corresponding
to an average degree of polymerization of ca. 3, and the
products differed somewhat in their solubility and film
forming properties (vide supra). RISO-GREEN 2–3 and
RISO-BROWN 2–3 were predictably more soluble than
RISO-GREEN 1 and RISO-BROWN 1 and could be
processed by spin casting to better and more uniform films.

3.3. Electronic spectra

The Absorption spectra and the band gap of the
monomers 5 were recorded in chloroform solution to
study the variations available for the thienopyrazine system
and compiled in Table 1 and Fig. 1.
In chloroform solution the monomer 5a, where the

pyrazine is substituted with two ethyl groups, the lowest
band has a maximum at 502 nm in good agreement with
literature values reported by Kitamura et al. for the methyl
or hexyl substituted systems (500 and 502 nm, respectively).
Phenyl substituents on the pyrazine significantly red shifts
the lowest absorption maximum to 552 nm (5b) presumably
due to the more extended conjugation. Replacing the
phenyl groups with 2-pyridyl groups (5d) has no effect on
the spectra properties. One might have expected a further
substantial change with the introduction of the ace-
naphthene group that is in plane with the thienopyrazine
moiety in compound 5e, but in this case a maximum at
548 nm is observed. On the other hand, in the new
R1

R1 R1

R1

R2

Me3

Me3

S

SS

NN

S

n

l

S

SS

NN

S

n

R1 = C8H17, R2 = H, RISO - GREEN1

R1= C8H17, R2 = C12H25, RISO - GREEN2

R1= C12H25, R2 = H, RISO - GREEN3

R2

R1= C8H17, R2 = H, RISO - BROWN1

R1= C8H17, R2 = C12H25, RISO - BROWN2

R1 = C12H25, R2 = H, RISO - BROWN3

7-B with either 2,5-bis(trimethylstannyl)-thiophene or 3-(3,7,11-trimethyl-

EEN 1–3 and RISO-BROWN 1–3 . The polymers vary in the number and

0
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Table 1

Absorption maxima and extinction coefficients of the monomers 5.

Compound lmax (nm) log(emax)

5a 343, 502 4.3, 4.1

5b 351, 552 4.6, 3.9

5c 352, 564 4.6, 3.7

5d 339, 552 4.7, 3.9

5e 353, 548 4.8, 3.8

5f 362, 641 4.8, 3.9

5g 364, 648 Not all dissolved

5h 350, 548 4.5, 3.7

5i 363, 622 4.6, 3.7
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Fig. 2. Absorption spectra of the monomers 5a, 5b and 5f with ethyl,

phenyl or phenanthrene substitution on the pyrazine rings.
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Fig. 3. Normalized absorption spectra of the polymers RISO-GREEN
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phenanthrene fused thienopyrazine system a dramatic red
shift of the lowest absorption maximum to 641 nm (5f) is
observed. This is even increased with bromine substitution
of the phenanthrene to 648 nm (5g), but reduced somewhat
with alkyl substituents (5i) to 622 nm. It is thus possible to
tune the absorption of these monomers over at least a
150 nm range. In all cases, the longest wavelength
absorption maximum also has a lower molar extinction
coefficient of about 103 cm�1M�1 which is not unusual for
a CT transition (Fig. 2).

The absorption spectra of the polymers RISO GREEN

1–3 and RISO BROWN 1–3, in chloroform solution and
cast as films, are shown in Figs. 3 and 4, respectively. The
lowest energy absorption band stretching from ca. 600 to
ca. 950 nm has grown in intensity relative to the band
centred on 450 nm. Compared to the monomers the
polymer absorption bands are thus red shifted by more
than 100 nm. The solution spectra of the RISO GREEN

type polymers are very similar with a pronounced fine
structure of both the high and low energy bands. Very
similar spectra of the films are obtained with some
broadening of the features. The optical band gap of the
RISO GREEN-type polymers can be estimated from the
solid state spectra to be ca. 1.3 eV. The spectra of the RISO
BROWN-type polymers differ somewhat in that no fine
121
structure is observed for the high and low energy bands. It
is also noteworthy that the intensity of the low energy band
is considerably lower than the high-energy band. The
maximum of the lowest band in solution also varies for the
RISO BROWN series with RISO BROWN 2 having a
maximum at 779 nm, while the others have maxima at 676
and 702 nm for RISO BROWN 1 and RISO BROWN 3,
respectively.

3.4. Photovoltaic studies

The polymer materials were all applied in a bulk
heterojunction geometry (BHJ) with either [60]PCBM or
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[70]PCBM. The photovoltaic cells based on RISO-GREEN

1–3 and RISO-GREEN 1–3 were prepared on glass
substrates with a layer of PEDOT:PSS-covered ITO. The
active layer was coated on top by spin coating and the
device was completed by evaporation of an aluminium
electrode or by evaporation of a C60-layer followed by
aluminium. The devices were then tested under a sun
simulator (AM1.5) with an incident power of 1000Wm�2

and the IV curves were recorded.

3.4.1. Film forming ability

There are many requirements to the materials properties
of polymers for photovoltaic devices that have to be
fulfilled before devices can be successfully prepared.
Firstly, the polymers have to be soluble in a solvent that
dissolves both the donor and the acceptor. Secondly, the
solubility has to be sufficiently high for obtaining films with
an absorbance of at least 0.2 and preferably higher. While
these two factors are very important when it comes to
preparing the thin film of the active layer, a homogenous
film does automatically grant good optical, charge trans-
port, morphological or photovoltaic properties. The
polymers RISO GREEN 1 and RISO BROWN 1 were
found to give relatively poor films due to a low solubility in
solvents such as chlorobenzene and 1,2-dichlorobenzene.
Earlier work [5] successfully demonstrated the use of the
trimethyldodecyl sidechain to convey a better solubility
and the easiest approach was to attach this side chain to the
thiophene groups in the donor-part of the conjugated
polymer backbone. This gave RISO GREEN 2 and RISO

BROWN 2 that had only a slightly better solubility in
chlorobenzene and 1,2-dichlorobenzene. We therefore
prepared RISO GREEN 3 and RISO BROWN 3 with
trimethyldodecyl sidechains on the acceptor-part of the
conjugated polymer backbone and achieved a better
solubility, good film forming ability and observed only a
little effect on the optical properties. The photovoltaic
properties were, however, much poorer both in terms of
Table 2

Photovoltaic data for the materials involved

Compound Ratio Voc (V) Js

RG1-[60]PCBM air 1:1 0.36 �

RG1-[60]PCBM air 1:2 0.39 �

RG1-[70]PCBM air 1:1 0.25 �

RG1-[70]PCBM air 1:2 0.22 �

RB1-[60]PCBM air 1:2 0.09 �

RB1-[70]PCBM air 1:2 0.09 �

RG2-[60]PCBM glove box 1:2 0.10 �

RB2-[60]PCBM glove box 1:2 0.30 �

RG3-[60]PCBM air 1:2 0.45 �

RB3-[60]PCBM air 1:2 0.22 �

RG3-[60]PCBM-C60 air 1:2 0.38 �

RB3-[60]PCBM-C60 air 1:2 0.14 �

The best data under illumination are shown and were obtained with an inciden

conditions were either in a glovebox (H2O and O2 levelso0.1 ppm) or in th

RB ¼ RISO BROWN).

12
efficiency and stability/lifetime of the devices under
illumination in the atmosphere.
3.4.2. Optimization of the acceptor-type and the

polymer:acceptor ratio

All materials were tested with three different poly-
mer:PCBM ratios (2:1, 1:1 and 1:2). Generally, a poly-
mer:PCBM ratio of 1:2 gave the best devices with the best
diode behaviour. Devices prepared with a ratio of 2:1 gave
poor shunted devices. We observed lower Voc and Jsc for
devices prepared with [70]PCBM as compared to devices
prepared with [60]PCBM. This is contrary to the finding
that devices based on [70]PCBM are better due to the
better light absorption of [70]PCBM as compared to
[60]PCBM [12]. In general, the RISO GREEN materials
were more soluble than the comparable RISO BROWN

materials. We ascribe this to a poorer solubility of the
latter as large planar systems are known to be less soluble
(Table 2).
3.4.3. IPCE measurements of RISO GREEN 1
The photovoltaic devices prepared were relatively poor

when compared to the best reports on photovoltaic devices
prepared from thienopyrazine-based materials [3]. The best
devices obtained from RISO GREEN 1 did give a
reasonable performance with a power conversion efficiency
of 0.22% and Jsc values close to 2mAcm�2. A large
reduction in performance is ascribed to low values for FF
and Voc. We recorded the IPCE curve for a device based on
RISO GREEN 1-[60]PCBM (1:1) as shown in Fig. 5. The
IPCE curve is symbatic with the absorption spectrum for
the device film at the longer wavelengths. In the visible
range, the large absorption at 500 nm does not lead to a
large photocurrent. The devices generate a photocurrent at
wavelengths up to the band gap at around 900 nm. The
IPCE values obtained are quite high at the main absorption
peak in the range 650–850 nm and approach 10% which
c (mAcm�2) FF (%) RR71V Z (%)

1.86 33.5 61 0.22

1.39 35.4 540 0.19

0.84 34.2 25 0.07

1.38 36.2 245 0.11

0.11 25.0 8 0.002

0.16 25.0 1 0.003

0.44 25.0 2 0.011

0.16 29.1 60 0.014

0.0304 20.9 9 2.8� 10�3

0.0259 26.7 17 1.5� 10�3

0.195 25.2 330 1.9� 10�2

0.0168 25.0 5 5.9� 10�4

t light intensity of 1000Wm�2 (AM1.5) at a temperature of 7272 1C. The

e air. The active area for the devices was 3 cm2 (RG ¼ RISO GREEN,

2
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does show that the system has the ability to efficiently
convert photons in to electrons in an external circuit.

In terms of the current density the device performs quite
well. The maximum current density that is achievable with
a band gap of 900 nm and an incident light intensity of
1000Wm�2 @ AM1.5 is around 30mAcm�2 (see the
review in this issue by Bundgaard et al. [1]). The observed
Jsc value is 1.86mA cm�2 and from the IPCE curve an
average IPCE from 400 to 900 nm of 6% is obtained that
amounts to 1.8mA cm�2 which is very close to the
observed Jsc. An optimization of the device properties in
terms of FF and Voc should thus enable the preparation of
devices with higher efficiencies with the current IPCE
profile.

3.4.4. IV characteristics

RISO GREEN 1 and RISO BROWN 1 were the least
tractable polymer materials from a film forming and device
preparation point of view. They, however, gave the best
devices and our attempts to make more soluble materials
that gave better films failed. In order to understand this, we
analysed the IV characteristics for the devices as shown in
the dark and under illumination in Fig. 6. All devices
exhibited comparable diode behaviour in the dark in terms
of the rectification ratio that was 61 and 80, respectively,
for RISO GREEN 1-[60]PCBM (1:1) and RISO GREEN 3-
[60]PCBM (1:2) devices. There were obvious differences in
the current densities with the latter device having much
lower current densities by a factor of �4500. This is
peculiar since the device films had roughly the same
absorbance. Evidently RISO GREEN 1 has 16 carbon
atoms in the sidechains and RISO GREEN 3 has 24 carbon
atoms in the alkyl side chains and some of the transport
limitations can be ascribed to this dilution of the
conjugated polymer backbone by side chains meaning that
the films in the latter case are thicker since more side chains
have been added while keeping the amount of chromo-
phores the same. It is, however, unlikely that this can
123
account fully for the poor transport as 66% by weight of
the film is [60]PCBM. There are several other factors that
may contribute to the poor transport. Firstly, the
morphology of the [60]PCBM could be poor due to large
crystallites as observed earlier [3] while this is not expected
to fully account for the low current density. Secondly, there
could be transport problems at one of the electrodes. We
tested the second possibility by evaporating a layer of C60

before evaporation of the aluminium electrode. Aluminium
is a very reactive metal and has been shown to react with
soft conjugated polymer materials at the interface giving
poor carrier transport properties. C60 also react with
aluminium at the interface [13] but maintain good carrier
transport properties in its reduced state and a layer of C60

can therefore be used as a means to stabilize a photovoltaic
device. [14] We would thus expect to see an improvement in
transport if this was part of the problem. As expected, the
rectification ratio improved to 330 and the current density
increased by a factor of 50. While some improvement was
achieved the reasons for the much poorer performance are
probably many. This is further substantiated when
examining the IV curves under illumination where RISO

GREEN 1 give a moderate FF of 33.5% and a Jsc that is
moderate. RISO GREEN 3, however, gave poorer
efficiencies by a factor of �100 and had very low FF’s.
The FF’s obtained were typically below 25% and the worst
case was 16.4 as shown in Fig. 6. The addition of a C60

layer in this case improved the efficiency by a factor of �10
mainly due to an increased current density but also the FF.
The negative curvature in the fourth quadrant of the IV

curve has been reported earlier by Glatthaar et al. [15] that
excellently linked the effect to poor transport at one of the
electrodes in this case the aluminium electrode. The
appearance of a negative curvature in the IV curve during
device testing for extended periods of time has also been
observed and linked to the slow corrosion of the interface
between the active layer and the aluminium electrode [16].
3.4.5. Stability considerations

The degradation of organic photovoltaics has in isolated
studies been linked to many phenomena. A more realistic
picture is obtained when viewing organic/polymer photo-
voltaic devices as an inherently unstable technology when
comparing to for instance silicon-based solar cells. The
latter presents three-dimensional crystalline structures that
are impervious to diffusion of small molecules such as
oxygen and water and their morphology or macroscopic
structure is virtually infinitely stable at or around RT. On
the contrary, organic/polymer photovoltaics are soft
materials with no or little crystalline order. Diffusion
phenomena take place readily and the devices are not
stable in chemical, physical or morphological terms. The
view is thus that an organic/polymer photovoltaic starts
degrading the moment it has been prepared. Many
degradation processes take place simultaneously and often
the most dominant under the conditions available is being
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observed and studied. Some of the most important
mechanisms are:
(1)
 reaction with molecular oxygen (chemical and photo-
chemical at the electrodes and in the bulk),
(2)
 reaction with water (chemical and photochemical at the
electrodes and in the bulk),
(3)
 reaction between the electrode materials at the inter-
faces and diffusion,
(4)
 morphological changes (growth of PCBM crystallites,
diffusion of ions).
Water and oxygen can be removed from the experiment
but this only eliminates the degradation mechanisms where
oxygen and water enter and the remaining mechanisms are
still in play. One issue that is very important is the softness
12
of the active layer and it has been shown that a tough active
layer with a high glass transition temperature lead to more
stable photovoltaic devices since diffusion phenomena are
decelerated and a higher morphological stability is
obtained [17]. Further an interface layer of C60 between
the chemically reactive metal cathode and the active layer
has been found to improve the operational stability [15]
since C60 still conducts an electrical current when reduced
by aluminium at the interface. The very poor performance
of RISO GREEN 2–3 and RISO BROWN 2–3 is ascribed
to a much poorer stability than observed for RISO

GREEN 1 and RISO BROWN 1.
RISO GREEN 1-[60]PCBM (1:2) devices were quite

stable when operated in the atmosphere and there were no
significant differences in the performance of devices
prepared in air and in a glovebox. The stability in the
4
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dark was, however, better in the glovebox and devices were
stable for many days whereas devices degraded in air when
left in the dark. On the other hand, RISO GREEN 3-
[60]PCBM (1:2) devices were quite unstable and degraded
quickly in air but not in the glovebox. A comparison
between the two types of devices is shown in Fig. 7. RISO
GREEN 1-[60]PCBM (1:2) devices gave roughly the same
values for Voc and Jsc and FF when prepared in the
glovebox and we thus rule out the possibility that the
poor performance is due to device degradation before
device characterization except for the special case where the
device actually degrades when the aluminium electrode is
evaporated.

3.5. X-ray structures

The structure of compound 4 turned out to be very
difficult to solve since all crystals found were twins. The
data were collected with the following orthorhombic
primitive cell Pca21: a ¼ 10.1734 (6), b ¼ 11.4904 (7) and
c ¼ 20.5427 (12) with two molecules in the asymmetric unit
cell. A disordered model with two conformations for one of
the thiophene rings was found to satisfy the data best
(see Fig. 8). The structures are characterized by that the
amine groups are in plane with the central thiophene ring.
The two other thiophene rings are twisted out of plane
compared to the central ring. It should be noted that the
rings are not twisted equally for the two molecules in the
asymmetric unit. In the case of compound 5c, the data were
collected with the following triclinic primitive cell:
a ¼ 11.5962 (4), b ¼ 12.7166 (5), c ¼ 16.7600 (6), a ¼
71.869 (2), b ¼ 89.983 (2) and g ¼ 81.526 (2) with two
molecules in the asymmetric unit cell. Again a disordered
model for three of the thiophene rings was applied with
distance restraints for the equivalent C–C and C–S
125
distances together with similarity restraints. This resulted
in a model (se Fig. 9) with a R1 value of 0.106. An
anomalous large thermal ellipsoid for one of the carbon
atoms in one of the disordered thiophene rings was,
however, observed. In the structure of 5c, the central
ring system is planar and both of the thiophenes and
both phenyl rings are twisted out of plane with the
thienopyrazine.
The structural disorder found for both 4 and 5c around

the bonds between the outer thiophenes and the thienopyr-
azine units has been noted previously [7].

4. Conclusions

The chemistry of the thienopyrazine type acceptor
moiety have been explored to characterize the influence
of the substituents and extended p-system on the absorp-
tion spectrum. New and improved methods for introducing
alkyl groups in these systems have also been explored. It
was found that adding phenyl groups to the dithienyl-
thienopyrazine system caused a red shift of the lowest
energy absorption band with ca. 50 to about 550 nm.
Adding an extra bond between these two phenyl groups to
form the novel and planar 11-thia-9,13-diaza-cyclopen-
ta[b]triphenylene acceptor caused a further red shift of this
absorption band to 640 nm.
A series of six polymers, RISO GREEN 1–3 and RISO

BROWN 1–3, have been prepared based on either the
diphenyl-thienopyrazine or the 11-thia-9,13-diaza-cyclo-
penta[b]triphenylene acceptors together with a terthio-
phene donor segment. These polymers also differed in the
alkyl side chains added to give solubility and processe-
ability. The size exclusion chromatography indicated a
rather low degree of polymerization of ca. 3. These
materials could therefore also be considered oligomers
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Fig. 8. The structure of compound 4. Note that one of the thiophene rings has been modelled as a disordered system.

Fig. 9. The structure of compund 5c.
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rather than polymers. Absorption spectra of the polymers
showed that the alternating donor acceptor motifs further
red shifted the low energy transitions now extending
12
beyond 900 nm and an optical band gap of about 1.2 eV.
The lower solubility of the RISO BROWN-type polymers
made consistent characterization difficult, but it was
6
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apparent that the lower energy transition had a much
weaker intensity compared to the RISO-GREEN series.

Photovoltaic devices prepared from these six polymers
blended with either [60]PCBM or with [70]PCBM are as yet
unoptimized and gave rather poor performances mainly
due to low film absorbencies and low fill factors. Other
possible causes include reaction at the reactive aluminium
electrode and poor morphology. The best device was
obtained with RISO GREEN 1 mixed with [60]PCBM in
the ratio 1:1 which gave an Jsc of 1.86mA cm�2 and an
efficiency of 0.22% under simulated sunlight (1000Wm�2,
AM1.5). The fill factor was 34% and the Voc was 0.36V,
which is considered low and the parameters that must be
improved.

Acknowledgements

This work was supported by the Danish Strategic
Research Council DSF 2104-05-0052.

References

[1] E. Bundgaard, F.C. Krebs, Sol. Energy Mater. Sol. Cells 91 (2007)

1019–1025, this issue.

[2] F. Zhang, E. Perzon, X. Wang, W. Mammo, M. Anderson, O.

Inganäs, Adv. Func. Mater 15 (2005) 745.
127
[3] M.M. Wienk, M.G.R. Turbiez, M.P. Struijk, M. Fonrodona, R.A.J.

Janssen, Appl. Phys. Lett. 88 (2006) 153511.

[4] E. Perzon, X. Wang, F. Zhang, W. Mammo, J.L. Delgado, P. de la

Cruz, O. Inganäs, F. Langa, M.R. Andersson, Synth. Met. 154 (2005)

53.

[5] E. Bundgaard, F.C. Krebs, Macromolecules 39 (2006) 2823.

[6] D.D. Kenning, K.A. Mitchell, T.R. Calhoun, M.R. Funfar, D.J.

Sattler, S.C. Rasmussen, J. Org. Chem. 67 (2002) 9073.

[7] O. Hagemann, M. Jørgensen, F.C. Krebs, J. Org. Chem. 71 (2006)

5546.

[8] F.C. Krebs, M. Jørgensen, Rev. Sci. Instrum. 74 (2003) 3438.

[9] C. Kitamura, S. Tanaka, Y. Yamashita, J. Chem. Soc., Chem.

Commun. (1994) 1585.

[10] C. Mangeney, J.-C. Lacroix, K.I. Chane-Ching, M. Jouini, F. Villain,

S. Ammar, N. Jouini, P.-C. Lacaze, Chem. Eur. J. 7 (2001) 5029.

[11] H. Maeda, H. Nagomi, Y. Yamauchi, H. Ohmori, Chem. Pharm.

Bull. 48 (2000) 1196.

[12] M.M. Wienk, J.M. Kroon, W.J.H. Verhees, J. Knol, J.C. Hummelen,

P.A. van Hal, R.A.J. Janssen, Angew. Chem. Int. Ed. 42 (2003)

3371.

[13] K. Norrman, F.C. Krebs, Sol. Energy Mater. Sol. Cells 90 (2006)

213.
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ABSTRACT: Thermocleavable esters of low band gap monomers and polymers based on diphenyldithienylth-
ienopyrazine were prepared by incorporating carboxylic acid functionalities into the system. A series of different
ester groups were prepared and the temperature of elimination of the ester group was studied. The lowest
temperatures of elimination obtained were in the range 220-240 °C for tertiary esters giving the free acid. The
highest temperatures of elimination were found for primary esters that also lead to decomposition of the molecule.
Only the tertiary esters offer a good degree of control over the chemistry in the thermocleaved product. The
photovoltaic performance of the polymers prepared was tested under simulated sunlight (1000 W m-2, AM1.5G,
72 °C) and the best power conversion efficiency that could be reached for devices with an active area of 3 cm2

was up to 0.4% in an ITO/PEDOT/polymer-PCBM/aluminum device geometry. The best performing polymer
material was subjected to lifetime studies in four different atmospheres (dry nitrogen, dry oxygen, humid nitrogen
and the ambient atmosphere). The best stability was observed in nitrogen while the devices showed nearly the
same degree of stability in dry oxygen. In both the ambient atmosphere and the humid nitrogen atmospheres the
devices degraded quickly. Finally the stability was compared with two other polymer systems that are known to
give stable devices, poly(3-hexylthiophene) (P3HT) and native polythiophene (PT) obtained from the ther-
mocleavable poly(3-(2-methylhexyloxycarbonyl)dithiophene) (P3MHOCT). The performance of the materials
reported here was inferior to the performance of P3HT and PT in terms of power conversion efficiency (PCE).
The photovoltaic parameters as studied under continuous illumination were however much more stable than those
of the reference compounds.

Introduction

The processing requirements of functional materials and
polymers are key to the successful application in active devices
such as polymer solar cells.1 In addition to processing there is,
in the context of polymer solar cells, increasing focus on
preparation of efficient materials with low optical band gaps1b

and materials that give stable devices. Polymer solar cell devices
most often rely on a thin multilayer structure with exact
requirements of the nanomorphology of the individual layers.
One of the advantages of the technology is that the individual
layers can be prepared by solution processing thus gaining
considerably in the potential speed, simplicity and lowered cost.
However, the formation of multilayer structures based on organic
materials such as polymers require that the deposition of
subsequent layers does not affect the previously deposited layers.
In practical terms this poses a major challenge and has only
been solved with some success by following one of three
possible strategies or a combination thereof.

(1) Orthogonal solvents for different layers.
(2) Cross-linking after film formation.
(3) Removal of solubilizing groups by thermocleavage.
The use of orthogonal solvents is the simplest and most facile

approach. While it is not generic, in the sense that one may
encounter combinations of materials for which no orthogonal
solvents can be devised, it is commonly employed either
intentionally or because there are no other alternatives with the
materials at hand. A good example is the use of a PEDOT:PSS
layer spincoated from polar solvents such as water followed by
another layer spincoated from an organic solvent such as
dichlorobenzene.2 Cross-linking has been employed only rarely
as the possibility for cross-linkage has to be engineered into
the material. One of the best known examples involved the use

of solubilizing sidechains containing an oxetane group that can
be cross-linked by a ring opening polymerization.3 The last
approach involving solubilizing groups that can be removed after
the film is prepared is the most appealing from the solar cell
point of view since all the advantages of solution processing
are available up until the film has been produced. After the film
has been prepared the side chains take up a considerable part
of the volume of the film and are passive in terms of carrier
transport and light absorption. There are obvious challenges in
controlling the purity, structure and morphology of the film
material after the removal of the solubilizing groups but it is
reasonable to assume that these can be overcome. The most

* Corresponding author. E-mail: frederik.krebs@risoe.dk.

Table 1. List of TGA Data for 6a-m, 8b-d, 8i-l

weight loss (%)
compound ester elimination (°C) calculated found

6a 410a 23.7 36
6b 333 26.7 25
6c 325 31.8 34
6d 332 26.7 25
6e 360a 21.1 22
6fb 22.4
6g 326a 20.1 17
6h 300a 22.9 15
6i 266 27.8 18
6j 225 26.7 26
6k 197 20.1 18
6l 246 19.7 10
6mb 22.4
8b 329 24.0 25
8c 325 28.9 28
8d 325 24.0 24
8i 254 25.6 15
8j 225 24.0 21
8k 206 18.0 8
8l c 17.6 6

a Molecule decomposes at first inflection. b Insufficient TGA data. c Broad
derivative peak with no maximum (see Supporting Information).

8986 Macromolecules 2008, 41, 8986-8994

10.1021/ma801932a CCC: $40.75  2008 American Chemical Society
Published on Web 11/07/2008

A2.2

128



recent developments are the thermocleavable ester groups4 and
the dithiocarbamate precursor route.5 The thermocleavable ester
groups have been explored in the context of polymer solar cells
giving stable operation,6 stable nanostructures7 and multilayer
tandem cells.8 The use of thermocleavable materials offer several
advantages. Most importantly the side chains that constitute a
significant proportion of the final film are alleviated and ideally
the final film comprises only the active component. Furthermore,
in the case of carboxylic esters attached to thiophenes the
processing offer removal of the esters at lower temperatures
and the acid groups at higher temperatures allowing for multistep
processing.4b One aim is to achieve as low a temperature of
elimination of the ester group as possible and the purpose of
this work was to establish this in the context of choice of ester
alcohol, mode of preparation of the ester using the monomers
for model studies, extending this to the polymers, evaluate these
materials in solar cells and finally to establish their stability
performance when subjected to different conditions comprising
both inert, ambient and model atmospheres presenting either
water or oxygen on their own.

Experimental Section

4,4′-Bis(methyloxycarbonyl)benzoin (2). Methyl 4-formylben-
zoate (1) (50 g, 305 mmol, 1 equiv) was stirred in 99% ethanol
(150 mL) and water (50 mL). Potassium cyanide (6 g, 92.1 mmol,
0.3 equiv) was added, and the reaction mixture was stirred at room
temperature for 15 min. The product was filtered, washed with water
(3 × 200 mL) and dried at 70 °C in vacuum. Yield: 48 g (48%),
light yellow solid. Mp ) 140-141 °C. 1H NMR (DMSO): δ )
8.09 (d, 2H, J ) 8.6 Hz), 8.00 (d, 2H, J ) 8.6 Hz), 7.90 (d, 2H,
J ) 8.3 Hz), 7.55 (d, 2H, J ) 8.3 Hz), 6.46 (s, 1H), 6.15 (s, 1H),
3.84 (s, 3H), 3.80 (s, 3H). 13C NMR (DMSO): δ ) 199.0, 166.4,
165.9, 145.0, 138.8, 133.7, 129.7, 129.7, 129.6, 129.5, 127.9, 76.2,
52.9, 52.5.

4,4′-Bis(methyloxycarbonyl)benzil (3). To a stirred solution of
2 (74 g, 225 mmol) in DMSO (510 mL) was added slowly 105
mL 48% aqueous hydrobromic acid. The solution was heated to
55 °C for 24 h after which 500 mL water was added and the product
was filtered, washed with water (3 × 200 mL) and dried at 70 °C
in vacuum. Yield: 72.5 g (99%), yellow solid. Mp ) 197-198 °C.
1H NMR (CDCl3): δ ) 8.19 (d, 4H, J ) 7.5 Hz), 8.06 (d, 4H, J )
7.5 Hz), 3.97 (s, 6H). 13C NMR (CDCl3): δ ) 192.9, 165.8, 135.7,
135.5, 130.1, 129.9, 52.7.

Table 2. Photovoltaic Parameters of the Materials Reported with and without Thermocleavagea

polymer Jsc (mA/cm2) Voc (V) FF PCE (%) cleaving temp (°C)b solubility in DCB

8b 1.52 0.14 0.25 0.05 25 easy to dissolve
0.41 0.16 0.26 0.017 310

8c 2.1 0.4 0.29 0.25 25 hard to dissolve
0.36 0.14 0.27 0.013 310

8d 2.55 0.41 0.29 0.3 25 easy to dissolve
0.24 0.08 0.26 0.005 310

8j 2.4 0.46 0.36 0.4 25 easy to dissolve
1.94 0.4 0.33 0.25 230

a The devices had a glass/ITO/PEDOT:PSS/polymer:PCBM/Al geometry and the performance was recorded immediately after preparation in the ambient
atmosphere (1000 W m-2, AM1.5G, 72 ( °C, humidity 30 ( 5% rh). b The duration of cleaving at 230 °C was 1 min and at 310 °C was 10 min.

Scheme 1. Synthesis of the Dithienylthienopyrazines 6a-m and the Polymers 8b-d, 8i-l with Thermocleavable Benzoate Esters
Substituted on the Pyrazine Ringa

a Method A: 1,1′-carbonyldiimidazole, pyridine. Method B: DMAP, Sc(OTf)3, N,N′-diisopropylcarbodiimide.
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4,4′-Bis(hydroxycarbonyl)benzil (4). 3 (5 g, 15.3 mmol) was
mixed in acetic acid (350 mL) and a 4:1 H2SO4/H2O solution (175
mL). The reaction mixture was heated to reflux and stirred for 10 h
after which 250 mL water was added and the mixture was cooled
on ice. After cooling the product was filtered, washed with water
(3 × 20 mL) and dried at 70 °C in vacuum. Yield: 4.5 g (98%),
pale yellow solid. Mp > 300 °C. 1H NMR (DMSO): δ ) 13.54 (s,
2H), 8.15 (d, 4H, J ) 7.0 Hz), 8.08 (d, 4H, J ) 7.0 Hz). 13C NMR
(DMSO): δ ) 193.8, 166.8, 136.9, 135.5, 130.5, 130.5.

General Procedure for the Preparation of Primary and
Secondary Diesters (Method A). 4,4′-Bis(hexyloxycarbonyl)benzil
(5a). 4 (500 mg, 1.68 mmol, 1 equiv) and 1,1′-carbonyldiimidazole
(557 mg, 3.44 mmol, 2.05 equiv) were mixed in dry pyridine (5
mL) and stirred at 50 °C under argon for 1 h. 1-Hexanol (439 µL,
3.52 mmol, 2.1 equiv) was added and the reaction mixture was
heated to reflux for 10 h. After TLC showed reaction completion
the pyridine was evaporated in vacuum. The residue was added
saturated NaHCO3 (30 mL) and extracted with ether (3 × 30 mL).
The combined organic phase was dried (MgSO4), filtered and
concentrated in vacuum. Dry column chromatography (silica gel
15-40 µm, eluted with EtOAc/Heptane, gradient 1-5% EtOAc)
afforded 5a. Yield: 625 mg (80%), yellow solid. Mp ) 140-141
°C. 1H NMR (CDCl3): δ ) 8.18 (d, 4H, J ) 8.5 Hz), 8.05 (d, 4H,
J ) 8.5 Hz), 4.36 (t, 4H, J ) 6.7 Hz), 1.83-1.74 (m, 4H),
1.49-1.39 (m, 4H), 1.39-1.29 (m, 8H), 0.95-0.86 (m, 6H). 13C
NMR (CDCl3): δ ) 192.9, 165.4, 135.9, 135.7, 130.1, 129.8, 65.9,
31.4, 28.6, 25.6, 22.5, 13.9. HRMS-FAB: m/z calcd for C28H35O6

[M + H]+, 467.2434; found, 467.2430.
General Procedure for the Preparation of Tertiary Diesters

(Method B). 4,4′-Bis(2-methylhexan-2-yloxycarbonyl)benzil (5j). A
suspension of 4 (300 mg, 1.01 mmol, 1 equiv), DMAP (258 mg,
2.11 mmol, 2.1 equiv), scandium triflate (49.5 mg, 0,101 mmol,
0.1 equiv) and 2-methyl-2-hexanol (302 µL, 2.11 mmol, 2.1 equiv)
in dry methylene chloride (5 mL) was stirred at room temperature

under argon for 30 min. N,N′-Diisopropylcarbodiimide (331 µL,
2.11 mmol, 2.1 equiv) was added and the reaction mixture was
heated to reflux and stirred for 24 h. The reaction mixture was
concentrated on celite in vacuum. Dry column chromatography
(silica gel 15-40 µm, eluted with EtOAc/Heptane, gradient 1-5%
EtOAc) afforded 5j. Yield: 388 mg (78%), yellow oil. 1H NMR
(CDCl3): δ ) 8.08 (d, 4H, J ) 8.5 Hz), 7.99 (d, 4H, J ) 8.5 Hz),
1.92-1.80 (m, 4H), 1.55 (s, 12H), 1.42-1.25 (m, 8H), 0.94-0.82
(m, 6H). 13C NMR (CDCl3): δ ) 193.1, 164.2, 137.5, 135.5, 129.9,
129.6, 84.4, 40.6, 26.1, 26.0, 22.9, 13.9. HRMS-FAB: m/z calcd
for C30H39O6 [M + H]+, 495.2747; found, 495.2735.

General Procedure for the Condensation. Bis(2-methylhexan-2-
yl) 4,4′-(5,7-Di(thiophen-2-yl)thieno-[3,4-b]pyrazine-2,3-diyl)diben-
zoate (6j). 5j (567 mg, 1.15 mmol, 1 equiv), [2,2′;5′,2′′]terthiophene-
3′,4′-diamine hydrochloride (397 mg, 1.26 mmol, 1.1 equiv) and
triethylamine (3.44 mmol, 0.480 mL, 3 equiv) was mixed in 99%
ethanol (20 mL). The reaction mixture was heated to reflux and
stirred for 15 h. After the reaction was complete the mixture was
cooled on ice followed by filtration of the product. The product
was washed with 99% ethanol (3 × 5 mL) and dried at 50 °C in
vacuum.Yield: 730 mg (86%), dark purple solid. Mp ) 197-198
°C. 1H NMR (CDCl3): δ ) 7.97 (d, 4H, J ) 8.3 Hz), 7.67-7.60
(m, 6H), 7.40 (dd, 2H, J ) 5.1, 1.0 Hz), 7.11 (dd, 2H, J ) 5.1, 3.7
Hz), 1.96-1.86 (m, 4H), 1.60 (s, 12H), 1.44-1.34 (m, 8H), 0.94
(t, 6H, J ) 6.9, 6.9 Hz). 13C NMR (CDCl3): δ ) 165.0, 151.3,
142.6, 137.3, 134.5, 132.4, 129.8, 129.3, 127.3, 126.9, 125.6, 124.9,
83.7, 40.8, 26.2, 26.1, 23.0, 14.0. HRMS-FAB: m/z calcd for
C42H44N2O4S3 [M + H]+, 736.2463; found, 736.2466.

General Procedure for the NBS Bromination. Bis(2-methyl-
hexan-2-yl) 4,4′-(5,7-Bis(5-bromothiophen-2-yl)thieno[3,4-b]pyrazine-
2,3-diyl)dibenzoate (7j). 6j (1 g, 1.36 mmol, 1 equiv) was dissolved
in dry chloroform (70 mL). Then NBS (483 mg, 2.71 mmol, 2
equiv) was added slowly and the reaction mixture was stirred at
room temperature in the dark for 20 min. After completed reaction

Figure 1. (a) TGA-MS of 6j, (b) TGA-MS of 6i, (c) TGA-MS of 8j, and (d) TGA-MS of 8i. The first inflection accounts for the ester
elimination and the second weight loss around 400-500 °C is decomposition. The red and blue curves correspond to loss of alkenes and the green
curves corresponds to loss of carbon dioxide.
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the mixture was washed with water (3 × 50 mL), dried (MgSO4),
filtered and concentrated in vacuum affording 7j. Yield: 1.13 g
(93%), dark purple solid. Mp ) 185-186 °C.

1H NMR (CDCl3): δ ) 7.98 (d, J ) 8.4 Hz, 4H), 7.58 (d, J )
8.4 Hz, 4H), 7.22 (d, J ) 4.0 Hz, 2H), 7.01 (d, J ) 4.0 Hz, 2H),
1.97-1.87 (m, 4H), 1.61 (s, 12H), 1.46-1.33 (m, 8H), 0.94 (t, J
) 7.0 Hz, 6H). 13C NMR (CDCl3): δ ) 165.1, 152.0, 142.1, 137.3,
135.6, 132.7, 129.9, 129.8, 129.3, 124.8, 124.3, 115.1, 83.8, 40.8,
26.2, 26.1, 23.0, 14.0.

General Procedure for the Stille Coupling Polymerization.
Poly{bis(2-methylhexan-2-yl) 4,4′-(5-(2,2′-bithiophen-5-yl)-7-(thiophen-
2-yl)thieno[3,4-b]pyrazine-2,3-diyl)dibenzoate} (8j). 7j (200 mg, 0.22
mmol, 1 equiv), 2,5-bis(trimethylstannyl)thiophene (92 mg, 0.22
mmol, 1 equiv), Pd2dba3 (20 mg, 0.022 mmol, 0.1 equiv) and tri(o-
tolyl)phosphine (54 mg, 0.18 mmol, 0.8 equiv) was dissolved in
dry toluene (50 mL). The reaction mixture was heated to reflux for
24 h under argon. Then the mixture was poured into 150 mL

methanol and the polymer was allowed to precipitate. Finally the
polymer 8j was filtered and purified by Soxhlet extraction with
MeOH,hexane and CHCl3. Yield: 169 mg (92%), dark green solid.
1H NMR (CD2Cl2): δ ) 8.18-6.37 (m, 14H), 2.30-0.45 (m, 30H).
SEC (CHCl3): Mw ) 39429, Mn ) 20410, Mp ) 17839, and PD )
1.932.

Thermal Analysis. The sample holders were carefully weighed
and the samples introduced followed by drying for 24 h at 50 °C
in vacuum. The thermogravimetric analysis was then carried out
using heating rate of 10 °C min-1. The carrier gas used was argon
and the exhaust gases were passed through a mass spectrometer
allowing for the simultaneous acquisition of mass data. A series of
masses relevant to the degradation process were specifically
followed such as CO2, alkyl chain fragments and fluorine when
relevant (see Supporting Information for each material).

Solar Cell Preparation. Glass substrates with pre-etched 100
nm thick layer of ITO and a sheet resistivity of 8-12 Ω square-1

purchased from LumTec were cleaned by consecutive ultrasoni-
cation in isopropanol and distilled water for 10 min each followed
by drying immediately prior to use. A layer of PEDOT:PSS
purchased from Aldrich as a 1.3 wt % aqueous solution was spin
coated on top of ITO at a rotational speed of 2800 rpm and the
slides were annealed at 160 °C for 5 min. Subsequently, the samples
were transported into a glovebox and the active layer was applied
as a blend of the polymer and [60]PCBM in a 1:1 ratio (20 mg
mL-1 in dichlorobenzene) by spin coating onto the glass/ITO/
PEDOT:PSS substrates. The samples were then dried at room
temperature (25 °C) or heated to the desired cleaving temperature
(see Tables 1 and 2). An aluminum metal electrode was evaporated
on top after the thermal annealing to complete the devices. The
devices had an active area of 3 cm2 and were tested for photovoltaic
performance and stability.

Device Characterization. The photovoltaic performance was
tested under a solar simulator (KHS575) where the irradiance and
emission spectrum were observed using an optical spectrum

Figure 2. 1H NMR spectra of 6j (a) from before and after (b) heating to 233 °C for 30 min under argon.

Figure 3. UV-vis for a spincoated film of 8j on a glass substrate as
measured in a transmission geometry. The spectrum for the ther-
mocleaved film is also shown (heated to 250 °C for 1 min).
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analyzer in conjunction with a precision radiometer from Eppley
Laboratories. The spectrum during characterization of the solar cell
efficiency was AM1.5G with an incident light power of 1000 W
m-2. The solar simulator is Class AAA from 400-800 nm, over
the area of the cell and for the duration of the experiment. No
corrections for mismatch were performed.

Stability Measurements. The stability measurements were
performed in a stainless steel chamber6f with quartz windows and
controlled atmosphere. Four different atmospheric conditions were
applied to the chambers by continuously introducing the following
gas mixtures: (1) nitrogen atmosphere 99.999% (oxygen <2 ppm,
humidity <2 ppm); (2) dry oxygen atmosphere 99.5% (humidity
<2 ppm); (3) ambient atmosphere (20 ( 5% relative humidity);
(4) humid nitrogen 99.999% (oxygen <2 ppm, 95 ( 5% relative
humidity). The main impurity in the 99.5% pure oxygen is nitrogen.
The temperature during all experiments was 30 ( 2 °C and the
incident light intensity was 330 W m-2. The setup is automated
and employ IV-measurements at intervals of 10 min using a
Keithley 2400 through a switch matrix based on a Keithley 7705
contained in a Keithley 2700.6f

Results and Discussion

Synthesis. The synthetic steps involved in the preparation
of the dithienylthienopyrazines with thermocleavable esters are
outlined in Scheme 1. The benzils 5a-m were made by a four
step synthetic sequence employing a standard benzoin conden-
sation of methyl 4-formylbenzoate (1) and potassium cyanide.
The reaction was very fast and no heating was required. The
insoluble benzoin 2 was oxidized using 48% aqueous hydro-
bromic acid in dimethyl sulfoxide9 affording the benzil 3 that
was then hydrolyzed in an aqueous acid to give the diacid 4.

The esterifications of the primary and secondary esters 5a-i
employed 1,1′-carbonyldiimidazole as the acylating agent
(method A). Tertiary esters are notoriously difficult to synthesize
and a series of techniques were attempted. Transformation of 4
into the diacid chloride followed by direct reaction with the
tertiary alcohols (2-methyl-2-hexanol, 2-methyl-3-buten-2-ol,
2-methyl-3-butyn-2-ol, 3-methyl-1-penten-4-yn-3-ol) or by add-
ing freshly precipitated AgCN10 was ineffective. Other acylating
agents such as 2,2′-dipyridyl disulfide/PPh3,11 2-chloro-1-
methylpyridinium iodide12 and 2-chloro-3,5-dinitropyridine4a all
failed. The latter method has proven useful for monoesterifi-
cation albeit in low yield that makes its use impractical for
diesterification. A procedure reported by Zhao et al.13 turned
out to work efficiently. The method employs a catalytic amount
of scandium triflate in combination with N,N′-diisopropylcar-
bodiimide and DMAP (method B). Very good yields of the
tertiary diesters 5j-m (78-81%) were obtained. Finally, the
diphenyldithienyl thienopyrazines 6a-m were prepared by a
known procedure14 where the benzils 5a-m were condensed
with [2,2′;5′,2′′]terthiophene-3′,4′-diamine. 15 The polymers of
6b-d and 6i-l were also made. Activation of the monomers
was done by a NBS bromination and was followed by a Stille
coupling polymerization with 2,5-bis(trimethylstannyl)thiophene
giving 8b-d and 8i-l.

Thermal Behavior. The relative stability of the dithienylth-
ienopyrazines with thermocleavable benzoate esters substituted
on the pyrazine ring, 6a-m, was investigated by thermogravi-
metric analysis (TGA) and thermogravimetric analysis in
conjunction with mass spectrometry of the carrier gas (TGA-MS)
in the temperature range 50-500 °C (Table 1). The thermo-
gravimetric data in table 1 are consistent with earlier pyrolysis
studies of esters.16 As expected elimination of an alkene from
the tertiary diesters 6j-l take place at lower temperatures than
the secondary diesters 6b-i. The primary diester 6a eliminated
with decomposition at a significantly higher temperature. The
presence of an inductively (σ bond) electron withdrawing �
substituent on the alcohol is known to slow down the rate of
ester pyrolysis.17 6e eliminate at 360 °C which is 35 °C higher
than the elimination temperature of 6c that bears a � alkyl
substituent.

A double bond substituent at the � carbon can reduce the
elimination temperature moderately as observed by comparing
6g with 6b and 6d. 6h eliminates hexatriene at around 300 °C
which is approximately 25 °C lower compared to 6c. We ascribe
this to an activation of the adjacent C�-H bond that assist the
elimination. The double bond substituents apparently contribute
to other reactions (weight losses) at the higher temperatures as
6g and 6h decompose at the elimination temperatures. Further-
more, we observed that 6e, 6h, and 6m showed a slight weight

Figure 4. IV-curves for the different polymers uncleaved (left) and cleaved (right). The polymers 8b, 8c, and 8d were cleaved at 310 °C for 10 min
and the polymer 8j was cleaved at 230 °C for 1 min.

Table 3. Summary of the Ranges of Performance Obtained for
All Polymers (8b, 8c, 8d and 8j) in Pristine and Thermocleaved
Form (1000 W m-2, AM1.5G, 72 ( °C, Humidity 30 ( 5% rh)

Jsc (mA cm-2) Voc (V) FF PCE (%) cleaving temp (°C)

1.52-2.55 0.14-0.46 0.25-0.36 0.05-0.4 25
0.24-1.94 0.08-0.4 0.26-0.33 0.005-0.25 230-310

Scheme 2. Thermocleavage of the the Polymer Materials 8b, 8c,
8d, or 8j All Lead to the Same Polymer Material 9
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loss at low temperatures. We found no identifiable mass peaks
corresponding to the solvent and also rule out the possibility
for solvent loss as the samples were dried prior to analysis in
a vacuum oven at 50 °C for 24 h. It is possible that these
materials are subject to chemical reactions in the solid state (ie.
a Cope reaction for 6h and 6m or elimination of methanol for
6e). We currently have no explanation for these observations
other then it being an elimination reaction or an electrocyclic
reaction followed by an elimination reaction giving fragments
that we did not observe in our mass spectra. 6i has a
1-phenylethyl ester where the π bonded substituent contributes
to the activation of the adjacent C�-H. It has a simple TGA

curve where the first inflection is responsible for the elimination
of styrene (Figure 1). The phenyl substituent decrease the
temperature for the first weight loss even further compared to
6g and 6h.

The tertiary diesters 6j-l eliminate in the temperature range
197-246 °C. 6k eliminates at a lower temperature compared
to 6j which may arise from the double bond activation as
described above. 6l eliminate 14 °C higher compared to 6j and
we conclude that a triple bond is not as activating as the double
bond in this position (R carbon). The observed weight loss for
the compounds 6g, 6h, 6i, 6k, and 6l all show weight loss at
the first inflection which is significantly lower than the calculated

Figure 5. Comparison of the decay of the photovoltaic parameters for P3HT, PT, and 8j polymers with a Glass/ITO/PEDOT:PSS/polymer:PCBM/
Al device geometry in a nitrogen atmosphere (330 W m-2, 30 °C, oxygen <2 ppm, water <2 ppm).

Figure 6. Decay of devices with configuration Glass/ITO/PEDOT:PSS/8j:PCBM/Al under conditions of: pure nitrogen atmosphere 99.999% (oxygen
<2 ppm, humidity <2 ppm), dry oxygen atmosphere 99.5% (humidity <2 ppm), ambient atmosphere (20 ( 5% relative humidity), humid nitrogen
99.999% (oxygen <2 ppm, 95 ( 5% relative humidity). The temperature was 30 ( 2 °C and the incident light intensity was 330 W m-2 (left). The
same experiment was repeated for a longer period of time while introducing ambient atmosphere after 70 h (see arrow) thus reducing the oxygen
level by a factor of 5 and increasing the humidity by a factor of 105 whereupon rapid degradation sets in thereafter (right).
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value. Since all these fragments have multiple unsaturations after
the elimination we ascribe this to polymerization reactions of
these materials in the matrix of the material or to cross-linking.
Analysis of the materials after the first weight loss by NMR
was used to establish whether the ester could be used efficiently
as a solubilizing group that can be removed quantitatively by a
simple thermal treatment (Figure 2). NMR analysis after heating
compound 6a-m at the temperature of the first weight loss for
15 min. under argon showed that compounds 6a, 6e-h, 6m
could not be used for the preparation of the diacid. While the
esters may eliminate liberating an alkene the materials also
decompose at the given temperature. The 1H NMR spectra of
6j from before and after the pyrolysis clearly shows that the
diester has been transformed into the diacid (Figure 2). Spectrum
b in Figure 3 shows no aliphatic protons and the protons from
the carboxylic acid appear at 13.08 ppm. From the TGA-MS
data it was possible to track evolution of various small molecules
and fragments as a function of the temperature. As expected
the signals for the observed fragments peak in the same
temperature range as the weight losses. The mass signals that
we focused on were carbon dioxide and fragments for even and
uneven alkenes. As shown earlier4b for tertiary esters of
polythiophene several weight loss mechanisms may be observed
and the advantage of studying the monomer was that the effects
of the polymer matrix on the weight loss mechanisms were
possibly eliminated.

The primary ester showed loss of both alkene and carbon
dioxide starting at around 300 °C peaking at around 400 °C.
For the secondary alkyl esters two loss mechanisms could be
distinguished as elimination of the ester at the lower temperature
(around 300 °C) and loss of carbon dioxide at a higher
temperature (425 °C). The weight loss of the secondary alkyl
esters corresponded well with the calculated loss while some
decarboxylation was evident from a small mass peak of carbon
dioxide during the first loss peak. The secondary esters with
unsaturations, branching, fluorine and methoxy substituents
showed more complex weight loss curves. It would seem that
the only useful materials in this series are the simple secondary
and tertiary esters. In terms of achieving a lower temperature
for the thermocleavage this limits the choice to simple tertiary
esters. The only secondary ester that works well is the ester
with a phenyl group R to the alcohol and no other unsaturations.
As discussed above the simplest secondary alcohol with an
R-phenyl group gives styrene upon elimination and this gave
an incomplete weight loss. While successfully achieving a lower
temperature of elimination this alone does not grant usefulness.
The elimination reaction also has to complete the weight loss
and the polymer material that is the end product should be
insoluble.

Polymers. The polymerization of the monomer materials was
achieved through selective bromination of 6b-d and 6i-l using
NBS to give 7b-d and 7i-l. These monomers were then
polymerized by Stille cross coupling using bis(2,5-trimethyl-
stannyl)thiophene. This gave the polymers 8b-d and 8i-l in
good yield. The polymer materials had a low band gap as
expected. A major requirement for processing into thin films is
that the polymer materials are soluble in organic solvents. While
the thermal behavior could be studied for all the polymers, not
all of them had a good solubility. The molecular weights for
the materials were in the 40000-70000 g mol-1 range and the
polydispersity was around 2 as expected (see Supporting
Information). The only polymers that were readily soluble, could
be analyzed, processed into thin films and showed a useful
thermal behavior were thus 8b, 8c, 8d, and 8j.

Only 8j could be cleaved at an acceptably low temperature.
The UV-vis spectrum of a film of 8j spincoated from
chlorobenzene is shown in figure 3. A film absorbance of 1

was easily reached with a very good film quality. The color of
the film is olive green and the band gap of 8j in the film was
estimated from the crossing point of the tangent on the
absorption edges18 and was 950 nm or 1.3 eV. The observed
band gap is as expected from earlier studies on the same polymer
backbone14 and similar polymers.19 Upon thermocleavage of
the film by heating it at 250 °C for 1 min a color change is
observed whereby the film changes to a more brown color. The
associated changes in the absorption spectrum are a less intense
absorption and a smaller band gap with a band gap of 1010 nm
or 1.2 eV. There may be several explanations for the lower
absorption intensity.

First, the associated change in film thickness and dielectric
constant may lead to changes in the reflection phenomena that
also contribute to the intensities in the observed absorption
spectrum for a solid film in a transmission geometry. Second,
the intensity of absorption quite often decreases as the band
gap is lowered. After the short thermal treatment the film
maintained the optical quality and was completely insoluble in
organic solvents.

Photovoltaic Performance. All of the polymer materials
presented in Scheme 1 were intended for use in solar cell
devices. Some of the polymer materials however were not very
soluble and did not process well into films and the photovoltaic
performance obtained for these were either not possible to
establish or very poor. Consequently only 8b, 8c, 8d, and 8j
were studied in solar cells. The devices were prepared in
duplicate and were after spincoating of the active layer either
processed directly into a solar cell by evaporation of the
aluminum electrode or subjected to a thermal treatment at the
temperature of thermocleavage immediately before evaporation
of the aluminum electrode. The results obtained are shown in
table 2.

A general observation was that the devices performed
significantly worse after thermocleavage as indicated by a
decrease in voltage and current. Some examples of IV-curves
for uncleaved and cleaved devices are shown in figure 4 (see
also Supporting Information). The best performing material was
8j, which show a decreased performance upon thermocleavage,
but maintained a significant performance. We chose to repeat
the preparation of devices based on all polymers and obtained
results in the ranges outlined in table 3.

It should be noted that polymer solar cells based on
thermocleavable materials present additional complexity in terms
of processing as compared to materials such as P3HT. In the
case of P3HT heating of the device film leads to crystallization
and changes in the morphology of the device film that
significantly influences the device performance. In the case of
thermocleavable materials these effects also take place, but in
addition, the chemistry of the device film change and as the
chemistry changes so do the processes relating to crystallization
and changes in morphology. This has been observed in the case
of P3MHOCT where the chemistry of the device film can be
processed into three distinct forms starting from the same device
film.4b,20 This allowed for the preparation of devices with a PCE
of up to 1.5%.20

This implies that not only the temperature of thermal
annealing and the duration but also the speed of heating becomes
influential. In the case of the polymers presented here the
polymer esters (8b, 8c, 8d, or 8j) are all chemically different
materials. Heating them to the temperature of thermocleavage
gives, in principle, the same product as polymer 9 (Scheme 2).
The difference in device performance is thus not related to the
molecule but rather how the final device film was obtained. Thus
the same material can present different levels of performance
depending on how it was processed. The chemistry of the
sidechains may influence the morphology before thermocleav-
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age, and if the process of thermocleavage is faster than the
changes in morphology upon heating, this may also allow for
the preparation of different final film morphologies. It has been
shown that the morphology is stable in the final thermocleaved
form when using a temperature of thermocleavage7 below Tg

and the kinetics of the film formation in such a case is important.
A final issue is the completion of the thermocleavage in the
final film. It is likely that thermocleavage under a given set of
conditions lead only to a partially cleaved film that then present
chemistry corresponding to both the uncleaved and cleaved
material to varying degrees.20 In the experiments performed here
the films were completely cleaved and a detailed study of
varying the degree of thermocleavage warrants further study.

In Figure 4, the performance of some of the devices are shown
as IV-curves in the cleaved and uncleaved state. The drastic
decrease of the performance for polymers 8b, 8c and 8d is
probably due to high cleaving temperature (310 °C) and long
cleaving time (10 min), while thermocleavage of 8j resulted in
very little decrease of performance. In the case of earlier reported
cleaving of P3MHOCT the performance dropped around 10-
fold when cleaved to P3CT and then improved 15-fold when
cleaved further to PT.20

Stability Studies. We chose to subject the best performing
material 8j to detailed stability studies. Polymer solar cells are
inherently unstable under intense illumination and will degrade
through a large number of coexisting paths. Some of the paths
involve reactants such as water and oxygen from the atmosphere
that will dominate the course of degradation if allowed to access
the active layer during operation. Their efficient removal
efficiently eliminates the associated degradation processes, and
other slower processes become readily observable (ie. morpho-
logical changes, interlayer diffusion, reactions at interfaces,
photochemistry). To get an overview of the stability of the 8j
in relation to other known polymers and as a function of
atmospheric reactants we performed two studies. One compara-
tive study in an inert atmosphere and a study where devices
were subjected to different atmospheres during continuous
(uninterrupted) illumination.

Figure 5 shows the degradation of devices prepared in the
same manner employing respectively P3HT, PT, and 8j. The
performance of 8j is inferior to both P3HT and PT while
the photovoltaic parameters are much more stable in time. The
P3HT device was annealed at 150 °C for 5 min after evaporation
of the aluminum electrode. PT devices were prepared by heating
P3MHOCT-PCBM films to 310 °C before evaporation of the
aluminum electrode. The decay in the photovoltaic parameters
were not affected significantly by the thermocleavage at 230
°C and the stability of 8j is thus concluded to be very good
without cleavage while there are processing advantages of
thermocleaved 8j. Cleaving 8j at a higher temperature (310 °C)
reduced the photovoltaic performance drastically and the decay
of Voc and FF was much faster.

When subjecting 8j devices to four different atmospheres to
establish the inherent stability in nitrogen and the effect of water
and oxygen taken separately and finally in combination in the
real atmosphere it was found that oxygen had little effect on
the stability as shown in Figure 6. The interesting finding was
that the presence of pure oxygen at high concentration (i.e.,
five times more than in the ambient atmosphere) does not seem
to speed up degradation significantly and we would rate 8j as
stable toward oxygen under illumination. Humidity however was
found to profoundly influence the stability leading to rapid
degradation that is complete within less than 20 h whereas the
absence of water leads to moderately stable operation.

Conclusion

In conclusion, the application of esters as solubilizing groups
that allow for removal by a simple thermal treatment is limited
to simple secondary and tertiary esters where the alcohol is
saturated in order to ensure that the alkene that is eliminated is
removed efficiently without undesired side reactions. The lowest
temperatures of elimination were found to be achieved when
employing tertiary esters as expected. In contrast to the systems
where the ester reside on a thiophene ring we found that no
decarboxylation takes place prior to decomposition, and it is
thus not possible to access the native system without the
carboxylic acid groups by a thermal treatment. We showed that
a monomer relevant to low band gap polymer systems could
be prepared with solubilizing groups that allow for removal by
a thermal treatment of around 200-225 °C. We further prepared
the polymer materials from the monomers and found that
only the polymers with secondary and tertiary esters are useful
and the solubility requirements make the choice of side chain
functionality limited. The band gaps of the materials were in
the 1.2-1.3 eV range and the operational stability was found
to be very good compared to model materials such as P3HT
and PT. In addition polymer solar cells in a glass/ITO/PEDOT:
PSS/polymer:PCBM/Al were found to be very stable toward
oxygen during operation. In pure oxygen the device decay was
similar to inert conditions. This is in stark contrast to conjugated
materials containing vinylene bonds that are very sensitive
toward oxygen. The devices decayed rapidly in the presence of
water (with and without oxygen present) and removal of water
from this type of device gives devices with stability that exceeds
hundreds of hours.
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Alkoxysubstituted and unsubstituted 2,1,3-benzothiadiazoles were prepared and copolymerized
with substituted and unsubstituted thiophenes using both Stille and Yamamoto cross-coupling
reactions. One class of the materials bore thermally labile ester groups. The materials were all found
to have a reduced band gap in the range of 1.69-1.75 eV and were explored in polymer photovoltaic
devices as mixtures with the soluble fullerene PCBM. High open circuit voltages of up to 0.93 V and
power conversion efficiencies (PCE) of up to 2.22%was observed formaterials without the thermally
labile groups. The thermocleavable materials have the advantage that they are insoluble after a
thermal treatment, enabling a larger degree of processing freedomwhen preparingmultilayer devices
and they provide a better operational stability for the devices. So far the process of thermocleavage
has led to poorer device performance than for the soluble precursor polymers; however, we found
processing conditions that lead to a higher performance for the thermocleaved product, where open
circuit voltages of up to 0.9 V could be obtained with power conversion efficiencies of up to 0.42%,
representing a doubling as compared to the soluble precursor polymer.

Introduction

Encouraging progress has been made over the past few
years in the field of photovoltaic solar cells using organic
materials. Especially conjugated polymers are an attrac-
tive alternative to the traditional silicon-based solar cells
because they are strong absorbers of visible light and can
be deposited onto flexible substrates over large areas
using wet-processing techniques such as spin-coating,
printing, or roll-to-roll coating.1-14 Compared to sili-

con-based solar cells, polymer photovoltaics are inferior
when it comes to power conversion efficiency and stabi-
lity. However, they offer low production cost, low ther-
mal budget, and a very high speed of processing, which
makes them competitive in certain applications. Many
reviews and special issues on the topic of polymer solar
cells have been published during the past 5 years3,15-38

and the definitions are quite broad spanning all polymer
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solar cells, polymer-fullerene solar cells, small molecule,
and hybrid solar cells. Polymer-fullerene solar cells based
on composites of an electron-donating conjugated poly-
mer and an electron-accepting fullerene have proven to be
the most successful so far with power conversion efficien-
cies exceeding 6%.39,40 In addition to the power conver-
sion efficiency, there is, in the context of polymer solar
cells, increasing focus on preparation of efficient materi-
als with low optical band gaps and materials that give
stable devices. Because the photon flux reaching the
surface of the earth from the sun has a maximum of
approximately 1.8 eV (700 nm) state-of-the-art materials
for polymer solar cells like poly(3-hexylthiophene)
(P3HT) is only able to harvest up to ∼22% of the
available solar photons.17,30 Therefore, by decreasing
the band gap of the active material it is possible to harvest
a larger amount of the solar photons and thereby increase
the power conversion efficiency. In terms of stability and
operational lifetime polymer solar cells generally perform
poorly. However, it has been demonstrated that polymer
solar cells based on a blend of poly-3-(2-methylhexan-
2-yl)-oxy-carbonylbithiophene (P3MHOCT) and PCBM
can provide very stable behavior after thermal elimina-
tion of the solubilizing ester groups,41-47 whereas the
thermocleavage step was observed to lead to a decrease in
performance.41,42,47,48 It was found that the carboxy
groups residing on the backbone after thermocleavage
of the ester group could be removed by an even higher
thermal treatment49 and this could then give devices with
a higher performance than the devices that had not been
thermocleaved.42 The softness provided by the solubiliz-
ing groups is related to the instability of polymer solar

cells, and more rigid systems generally give devices with a
better stability.44,50,51 Furthermore, typical nonconju-
gated solubilizing groups reduce the density of chromo-
phores in the polymer and do not contribute to light
harvesting and charge transport. The motivation for
preparing materials with thermocleavable side chains
are multifold and can be summarized as the possibility
to prepare materials with a higher density of chromo-
phores leading to device films with a better operational
stability and a higher level of permissible processing
conditions due to the insolubility of thermocleaved films
in all solvents. This has been explored with success in
tandem solar cells based on thermocleavable materials.52

It should, however, be stressed that these advantages
should not come at the expense of the power conversion
efficiency for the devices. So far, this has not been the case
and there is an urgent need to uncover the processing
conditions that are required to get high performance for
devices based on thermocleavable materials.
Herein, we report the synthesis of four new low band

gap polymers and their photovoltaic performance in
blends with [6,6]-phenyl C61 butyric acid methyl ester
(PCBM). Three of the polymers (11-13) are based on
2,1,3-benzothiadiazole, bearing solubilizing alkoxy side
chains at the 5- and 6-position, alternatingwith thiophene
units along the chain (Figure 1). The fourth polymer (10)
is based on 2,1,3-benzothiadiazole alternating with three
thiophene units along the chain. In addition, a branched
alkyl chain is attached to the polymer backbone through a
labile ester bond to the thiophene segment. When heated,
this bond breaks, eliminating a volatile alkene and leaving
the polymer component more rigid (Figure 2). The ther-
mal treatment can be viewed as a way of performing an in
situ chemical reaction, thereby allowing for the alteration
of both physical and chemical properties such as solubi-
lity, hardness, hydrogen bonding, chromophore density,
and ionicity after the active layer has been deposited.42

Experimental section

Synthetic procedures for synthesis of monomers and poly-

mers according to Schemes 1-3 and their characterization data

Figure 1. Low band gap polymers based on 2,1,3-benzothiadiazole and
thiophene units.
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(including 1HNMRand 13CNMR) are described in detail in the

Supporting Information, together with general experimental

details.

Polymer Solar Cell Fabrication and Analysis. Photovoltaic

devices were made by spin coating PEDOT:PSS (Clevios P, VP

Al4083) onto precleaned, patterned indium tin oxide (ITO)

substrates (14 Ω per square) (Naranjo Substrates). The active

layer was deposited by spin coating a blend of the polymer and

[60]PCBM dissolved in chlorobenzene (20-30 mg/mL). The

counter electrode of LiF (1 nm) and aluminum (100 nm) was

deposited by vacuum evaporation at 2-3 � 10-7 mbar. The

active area of the cells was 0.091-0.162 cm2 and the active layer

thickness was determined with a Dektak surface profiler. J-V

characteristics were measured under 100 mW/cm2 white light

from a tungsten-halogen lamp filtered by a Schott GG385 UV

filter and a Hoya LB120 daylight filter, using a Keithley 2400

source meter. The spectral response (SR) was measured under

operating conditions using bias light from a 532 nm solid state

laser (Edmund Optics). Monochromatic light from a 50 W

tungsten halogen lamp (Philips focusline) in combination with

monochromator (Oriel, Cornerstone 130) wasmodulatedwith a

mechanical chopper. The response was recorded as the voltage

over a 50 Ω resistance, using a lock-in amplifier (Stanford

research Systems SR830). A calibrated Si cell was used as

reference. The device was kept behind a quartz window in a

nitrogen filled container. Short circuit currents under AM1.5

conditions were obtained from the spectral response and con-

volution with the solar spectrum (Jsc(SR)). The value of Jsc(SR)

was usedwithVoc andFF from the 100mW/cm2white light J-V

characteristics to estimate the power conversion efficiency η.

Results and Discussion

Approaches to Thermal Processing of Conjugated Poly-

mers.Traditionally conjugatedmaterials were prepared by
a thermocleavable route whereby a soluble nonconjugated

Figure 2. Thermocleavable ester groups attached to the polymer backbone of 10. After a thermal treatment around 215 �C, the solubilizing groups are
eliminated.

Scheme 1. Synthetic Steps Involved in the Preparation of the Monomers 4 and 6

Scheme 2. Synthetic Steps Involved in the Preparation of the Thermocleavable Polymer 10; R = 2,5,9-Trimethyl-2-decanyl
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precursor was heated to provide the insoluble conju-
gated polymer film. Examples of this include theWessling
route to PPV53-56 and the Durham routes to poly-
acetylene.57-59 These were then replaced by efficient
routes to soluble conjugated materials and it is only
recently that requirements for better operational stability
and processing freedom has spawned new research in this
area. Generally, two approaches have been followed. The
precursor routewhere the conjugation in the polymer film
is formed upon thermocleavage after formation of a film
based on the precursor polymer.60-64 The other approach
is the thermocleavable side chain route where the con-
jugated backbone is already present in the polymer film
during formation but where the side chains are removed
upon the thermal treatment to give the unsubstituted
conjugated polymer backbone.41-48,52,65-69 Common to
both approaches is that the final film is insoluble and the

chromophore density is high. The main difference is that
the thermocleavable side chain film is functional as a
photovoltaic device before being thermocleaved.
Synthesis. The synthetic steps involved in the prepara-

tion of the monomers 4 and 6 are outlined in Scheme 1.
1,2-Bis(tetradecyloxy)benzene (1) were prepared by a
standard alkylation of catechol with 1-bromotetradecane
in DMF at 100 �C.70 Electrophilic aromatic nitration of 1
affords the substituted o-dinitrobenzene (2).71 Reduction
of the nitro groups with tin(II) chloride72 gives the
diamine as its hydrochloride salt which has to be used
directly because of its unstable nature. Treatment of the
diamine with thionyl chloride affords 3, which is bromi-
nated with molecular bromine to give monomer 4 in
excellent yield.73 Stille coupling of 4 with 2-tributylstan-
nylthiophene gives 5 as a yellow solid that is highly
fluorescent in solution. Finally, NBS bromination of 5
gives monomer 6.
The synthetic steps involved in the preparation of the

thermocleavable polymer 10 are outlined in Scheme 2. A
slightly modified procedure, reported in our earlier
work48 for the synthesis of tertiary esters, was used to
prepare 7. The esterification employs a catalytic amount
of hafnium(IV) chloride tetrahydrofuran complex (1:2) in
combination with N,N0-diisopropylcarbodiimide and
DMAP. Suzuki cross-coupling of 7with the boronic ester
4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo-
[c][1,2,5]thiadiazole affords 8 which is NBS brominated
to give monomer 9. Finally copolymerisation of 9 via
Stille coupling with 2,5-bis(trimethylstannyl)thiophene
affords the thermocleavable polymer 10 as a dark pur-
ple-brown solid.
Using the same conditions as for 9, copolymerisation of

4 and 6 via Stille coupling with 2,5-bis(trimethylstannyl)-
thiophene gives polymer 11 and 12 as dark purple solids
(Scheme 3).Yamamoto coupling of 6, using bis(1,5-cyclo-
octadiene)nickel(0) (Ni(COD)2) and bipyridine (Bpy)

Scheme 3. Synthetic Steps Involved in the Preparation of the Polymers 11, 12, and 13
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gives polymer 13 in 20%yield (Scheme 3) with amolecular
weight (Mw) of 7100 g/mol and a polydispersity (PDI) of
1.7. The low yield was caused by the fact that a large
portion of the polymer formedwas insoluble and could not
be isolated by Soxhlet extraction. For the same reason, a
low yield of 12 was isolated (28%) but with a higher
molecular weight (Mw = 26000 g/mol, PDI = 2.9). On
the contraryPolymer 10and 11were isolated in goodyields
and are very soluble in organic solvents such as chloroform
and toluene at room temperature. The large variation in
molecular weight between 10 and 11 could be explained by
the difference in coupling groups, bromothiophene-stan-
nylthiophene versus bromobenzothiadiazole-stannylthio-
phene.
Thermal Behavior. The sample holders were carefully

weighed and the samples introduced. Thermogravimetric
analysis (TGA) was then carried out using heating rate
of 10 �C min-1. TGA of 10 in the temperature range
50-500 �C indicates that the ester bond starts to break
around 200 �C (Figure 3). The second loss peak at
∼330 �C corresponds to loss of CO2.

48,49

Optical Properties. The absorption spectra for polymer
10-13 in chloroform solution are shown in Figure 4a and
Figure 5. The optical band gaps, defined by the onset of
absorption, are rather similar ranging from 1.8 to 1.96 eV
(Table 1). 12 exhibits a lower optical band gap in solution
due to partial aggregation of the polymer in solution. The
difference in absorption maxima (λmax) is relatively small
but 10 is blue-shifted compared to polymers 11-13

(Table 1), indicating a more twisted backbone because
of the branched ester side chains. The film absorption
spectra for polymers 10-13 are shown in Figures 4b and

5. Again, the optical band gaps are very similar ranging
from 1.69 to 1.75 eV (Table 1). The polymers have
absorption maxima ranging from 525 to 570 nm in
chloroform, and these are red-shifted further to
592-654 nm when in a solid film (Table 1), indicating
significant interchain association in the solid state. In
addition polymers 11 and 12 show vibronic fine structure

Table 1. GPC and Spectroscopic Data for Polymers 10-13

solution film

polymer Mw (g/mol) PDI λmax (nm) λonset (nm) Eg (eV) λmax (nm) λonset (nm) Eg (eV)

10 173000 2.6 525 633 1.96 593,a 570b 732 1.69
11 16600 1.7 563 643 1.93 654 711 1.74
12 26000 2.9 570 687 1.80 644 707 1.75
13 7100 1.7 543 639 1.94 592 715 1.73

a 25 �C. bHeated at 250 �C for 1 min.

Figure 3. Thermogravimetric data for 10 in the temperature range
50-500 �C.The theoretical weight loss for the eliminationprocess around
215 �C is 44%, whereas the observed value is ∼31%. A second minor
weight loss (∼8%) is observed around 330 �C. The data were recorded at
10 �C min-1 under an argon atmosphere.

Figure 4. UV-vis absorption spectra of polymers 11-13 in (a) chloro-
form solution and (b) thin film.

Figure 5. UV-vis absorption spectra of 10 in chloroform solution and in
thin film before and after thermocleavage.
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at 625 nm in the solid state. A weak vibronic transition
may also account for the observed shoulder of 13

(Figure 4b). With regard to the thermocleavable polymer
10, a blue shift of the absorption maxima is observed
when the film is heated at 250 �C for 1 min (Figure 5), but
no clear color change is observed. Only a minor blue shift
in the absorption maxima is observed when the film is
heated at 310 �C for 1min compared to heating at 250 �C.
After the thermal treatment, the film was completely
insoluble.
Photovoltaic Performance. Bulk heterojunction solar

cells were fabricated on an indium tin oxide (ITO) cov-
ered glass substrate, using conventional device architec-
ture. A thin layer of poly(3,4-ethylenedioxythiophene)-
poly-(styrenesulfonate) (PEDOT-PSS) was spin coated
on top of the ITO coating followed by spin coating of the
active layer. The active layer contained a blend of the
respective polymer and [60]PCBM. After spin coating of
the active layer the devices were either processed directly
into a solar cell by evaporation of LiF (1 nm) and
aluminum (100 nm) as back electrode or subjected to a

thermal treatment at the temperature of thermocleavage
immediately before evaporation of the back electrode.
The most efficient devices comprised a polymer/PCBM
ratio of 1:2 spin-coated from chlorobenzene with a poly-
mer concentration of 7.5 mg/mL. The optimal layer
thickness was around 60-80 nm.
The obtained current-voltage curves are presented in

figure 6 which shows the current-voltage characteristics
of the 10:PCBM, 11:PCBM, 12:PCBM and 13:PCBM
solar cells measured under 100 mW/cm2 white light. The
devices based on 11, with only one thiophene unit alter-
nating with benzothiadiazole, and PCBM showed power
conversion efficiencies of up to 2.22% (Table 2). The
devices had high open-circuit voltages (Voc) of 0.93 V,
moderate fill factors (FF) of 0.46 and current densities
(Jsc) of 5.18 mA/cm2. The external quantum efficiency
(EQE) for 11:PCBM is higher than 23% in the wave-
length range between 350 and 650 nm, and the maximum
was found to be 35% around 370 nm where PCBM also
absorbs (Figure 7). Polymer 12:PCBM gives an EQE
higher than 22% in the range between 400 and 680 nm
with amaximum of 39% at around 600 nm. Compared to
11:PCBM, the EQE is enhanced by up to 10% in the
range 450-720 nm, which gives a current density of
6.21 mA/cm2. The devices based on 12:PCBM performed
slightly poorer due to a lower Voc of typically 0.61 V,
which resulted in power conversion efficiencies of up to
1.78%. Solar cells based on polymer 13:PCBM gave
significantly lower EQE with quantum efficiencies
around 10-15% in the range of 350-650 nm, giving
current densities of 2.56 mA/cm2. Together with a typical
Voc of 0.76 V and low fill factors of 0.32, power conver-
sion efficiencies of up to 0.62% were obtained. The lower
performance of 13 compared to 11 and 12 could be due to
the different polymerization procedure where excess of

Table 2. Photovoltaic Performance of Devices Based on Blends of Polymer and PCBM

polymer thermal treatmenta (�C) layer thickness (nm) Voc (V) Jsc(SR) (mA/cm2) FF η (%)

10 92 0.75 1.07b 0.26 0.21
10 200 92 0.90 0.72b 0.37 0.24
10 285 78 0.90 1.36 0.34 0.42
11 63 0.93 5.18 0.46 2.22
12 80 0.61 6.21 0.47 1.78
13 65 0.76 2.56 0.32 0.62

aHeated for 20-30 s. bUnestimated.

Figure 6. (a) J-V characteristics of the 11:PCBM, 12:PCBM and 13:
PCBM solar cells measured under 100 mW/cm2 white light; (b) J-V
characteristics of solar cells based on 10 and PCBMmeasured under 100
mW/cm2 white light before and after a thermal treatment.

Figure 7. EQE spectra of polymer:PCBM solar cells. 10 were thermo-
cleaved at 285 �C.
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nickel(0) was used instead of a catalytic amount of
palladium employed in the Stille coupling. The devices
based on the thermocleavable polymer 10 and PCBM
showed the lowest power conversion efficiencies of up to
0.42% (Table 2).Without thermal treatment of 10:PCBM
devices a typical Voc of 0.75 V was obtained. Upon
heating the device to 200 �C the Voc increases to 0.90 V
and resides there when annealing at 285 �C. The FF
increased from 0.26 to 0.37 after thermal treatment at
200 �C and then drops a bit upon heating the device at
285 �C. The current density first drops after thermal
treatment and then increases again when heating at
285 �C. The EQE of 10:PCBM (cleaved at 285 �C) is
relatively low with quantum efficiencies of about 5-10%
in the range 350-670 nm (figure 7) giving it an estimated
current density of 1.36 mA/cm2. A general observation
was that the devices based on 10:PCBM performed better
after thermocleavage due to an increase in mainly the
current and fill factor. J-V curves for uncleaved and
cleaved 10:PCBM devices are shown in figure 6b. Despite
the lower efficiency of polymer 10 compared to the
polymers 11-13 the thermocleavable polymer 10 does
show promising results with increased performance after
thermocleavage. In the majority of cases where thermo-
cleavable materials have been employed in polymer solar
cells, a drop in performance has been observed when
thermocleaving the polymer and only one previous case
has demonstrated an advantage of thermocleavage in
terms of performance.42 The lower performance of poly-
mer 10 compared to the polymers 11-13 can be an effect
of the more electron-attracting ester groups situated on
thiophene (10) compared to the electron-donating alkoxy
groups on benzothiadiazole (11-13).

Conclusion

In conclusion, four new low band gap polymers have
been synthesized. They are based on 2,1,3-benzothiadia-
zole alternating with thiophene units along the chain,
bearing solubilizing chains on either benzothiadiazole
(11-13) or thiophene (10). The solubilizing chain on 10

is attached to the polymer backbone through a labile ester
bond which is thermocleavable around 215 �C. When
heated, this bond breaks, eliminating a volatile alkene
and leaving the polymer component more rigid. The four
polymers optical properties and photovoltaic perfor-
mance in blends with PCBM have been investigated. In
chloroform solution, the polymers had very similar op-
tical band gaps ranging from 1.8 to 1.96 eV. The optical
band gaps are lowered to 1.69-1.75 eV in thin film
(Table 1), indicating significant interchain association in
the solid state. Furthermore polymer 11 and 12 showed
vibronic fine structure centered at 625 nm in the solid
state. The best performing polymer in a bulk heterojunc-
tion solar cellwas 11withJsc=5.18mA/cm2,Voc=0.93V,
FF = 0.46, and η = 2.22%. Devices based on 10:PCBM
performed better after thermocleavage because of an in-
crease in mainly current and fill factor giving power con-
version efficiencies up to 0.42%.
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The rapidly expanding field of polymer and organic solar cells is reviewed in the context of

materials, processes and devices that significantly deviate from the standard approach which involves

rigid glass substrates, indium-tin-oxide electrodes, spincoated layers of conjugated polymer/fullerene

mixtures and evaporated metal electrodes in a flat multilayer geometry. It is likely that significant

advances can be found by pursuing many of these novel ideas further and the purpose of this

review is to highlight these reports and hopefully spark new interest in materials and methods

that may be performing less than the current state-of-the-art in their present form but that

may have the potential to outperform these pending a larger investment in effort.
Introduction

Encouraging progress has been made over the last few years in

the field of photovoltaics using organic materials. Conventional

solar cells are built from inorganic materials such as silicon.

While the efficiency of such conventional solar cells is high, very

expensive materials and energy consuming processing techniques

are required. The main reason for the extensive interest in

organic semiconducting materials is their potential for the real-

ization of a low cost, easily processed and flexible renewable

energy source. Conjugated polymers are an especially attractive

alternative to the traditional silicon photovoltaics because they

are strong absorbers of visible light and can be deposited onto

flexible substrates over large areas using wet-processing tech-

niques such as roll-to-roll coating or printing. Many reviews,1–26

special issues,27–33 and books34–38 on the topic of polymer solar

cells have been published during the past 5 years and the

definitions are quite broad spanning all polymer solar cells,
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polymer–fullerene solar cells, small molecule and hybrid solar

cells. Polymer–fullerene solar cells based on composites of an

electron-donating conjugated polymer and an electron-accepting

fullerene has proven to be the most successful of them so far and

is advancing rapidly towards commercial viability. Although

the performance of polymer solar cells has increased steadily

with power conversion efficiencies (PCEs) exceeding 6%,

further improvements in efficiency are required for large scale

commercialization. Aside from the power conversion efficiency,

processing and stability are two other important aspects that

have to be addressed with equal intensity for the success of

polymer and organic solar cells. To combine all three parameters

into a useful technology further research in device science and

new materials is needed.

Aim of this review

We seek to identify novel ideas in the form of materials, methods

and device concepts that can potentially house the possibility to

go beyond the current state-of-the-art. Armed with the identity

of the potential candidates we further suggest how research

might be directed towards real progress in terms of better
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Fig. 1 Donor and acceptor materials used in polymer solar cells.

Fig. 2 A schematic illustration of a bulk heterojunction device showing

A2.4
performance, higher operational stability, facile processing and

easier, faster and lower cost production.

Materials

State-of-the-art

Since the first report of photoinduced charge transfer from

a conjugated polymer to a buckminsterfullerene (C60) in 1992

by Sariciftci et al.,39 the field of polymer–fullerene solar cells

has been through a dynamic development. In 1995 Yu et al.

demonstrated a successful method to dissociate excitons and

produce free charge carriers in organic semiconductors.40 For the

photoactive layer the authors used a blend of 2-methoxy-5-

(2-ethylhexyloxy)-polyphenylenevinylene (MEH-PPV) as the

electron donor and the soluble fullerene derivative [6,6]-phenyl

C61 butyric acid methyl ester (PCBM) as the electron acceptor

(Fig. 1).

The solar cell based on a MEH-PPV:PCBM composite or a so

called bulk heterojunction (BHJ) showed an estimated efficiency

of nearly l% which was a major breakthrough for organic

electrical contacts (top) and a TEM image of a phase separated blend

(bottom left. Reprinted with permission from ref. 44. ª 2007 John Wiley

& Sons, Ltd.) and a reconstructed tomographic 3D-image (bottom right.

Reprinted with permission from ref. 45. ª 2009 American Chemical

Society).
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photovoltaics. When organic semiconductors absorb sunlight

they mainly create excitons (electron–hole pairs) that are bound

at room temperature. The exciton has to reach the donor–

acceptor interface within its lifetime to transfer a free electron

to the acceptor material and create a photovoltaic effect. Since

the exciton diffusion range is limited, typically �3–10 nm in

most organic semiconductors,41–43 which is much smaller than

the necessary film thickness for effective optical absorption

(50–250 nm), the key to an efficient solar cell requires that the

excitons are generated in a nanoscale interpenetrating biconti-

nous network of donor and acceptor materials within the entire
J. Mater. Chem., 2010, 20, 36–60 | 37
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photoactive layer. A schematic illustration of a bulk hetero-

junction is shown in Fig. 2.

From a materials point of view the state-of-the-art in the field

of organic photovoltaics is currently represented by bulk heter-

ojunction solar cells based on poly(3-hexylthiophene) (P3HT)

and the fullerenes [60]PCBM (Fig. 1) and [70]PCBM where

efficiencies in the 4–5% range have been reported.46–50 It should

be noted that the reproducibility and average efficiencies are

significantly lower than these ‘‘hero’’ devices which is caused by

the sensitivity to the fabrication process. In addition the field

has seen some inconsistent reports of unrealistically high

efficiencies51–54 and this has led to the introduction of editorial

procedures to avoid and/or eliminate fraud reports.54 To improve

efficiencies further towards 10% new materials are needed

because the P3HT:PCBM system is approaching optimal device

performance. The main disadvantage of P3HT is the poor

matching of its absorption spectrum with the solar emission

spectrum. The band gap of P3HT is around 1.9 eV, limiting the

absorbance to wavelengths below 650 nm. Since the photon flux

reaching the surface of the earth from the sun has a maximum of

approximately 1.8 eV (700 nm) P3HT is only able to harvest up

to 22.4% of the available solar photons.6,20,54 Therefore, by

decreasing the band gap of the active material it is possible to

harvest a larger amount of the solar photons and thereby

increase the power conversion efficiency. One of the most

common techniques used to synthesise low band gap polymers is

the donor–acceptor approach where alternating electron-rich

and electron-poor units are incorporated in the polymer back-

bone. This causes a partial charge separation along the polymer

backbone which generally gives the polymer a lower band gap.55

New low band gap polymer:PCBM composites have already

shown device efficiencies close to and even exceeding that

of P3HT:PCBM with plenty of room for improvement.56–58 One

of the most efficient low band gap polymers to date is poly[2,6-

(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]-dithiophene)-

alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) (Fig. 1) which is

based on a benzothiadiazole unit (acceptor) and a 4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithiophene unit (donor)

that gives it an optical band gap around 1.46 eV. Zhu et al. have

reported power conversion efficiencies up to 3.5% for bulk

heterojunction solar cells based on PCPDTBT and [70]PCBM
Fig. 3 Donor and acceptor materials u
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with a maximum EQE of 38% around 700 nm and over 25%

in the wavelength range between 400 and 800 nm.59 Moreover it

was demonstrated that by incorporating a few volume per cent

of alkanedithiols in the solution used to process the films of

PCPDTBT and [70]PCBM, the power-conversion efficiency

could be increased to 5.5% through altering the bulk hetero-

junction morphology.58 This is one of the highest reported effi-

ciencies for a low band gap polymer to date and there is still

room for improvement according to the electrooptical properties

of the polymer.60–62 Recently a power conversion efficiency of

6.1% was reported for a bulk heterojunction solar cell based on

a blend of the polymer poly[N-900-hepta-decanyl-2,7-carbazole-

alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT)

and [70]PCBM.63 The PCDTBT:[70]PCBM solar cells demon-

strate the best performance of any single junction polymer solar

cell studied to date. PCDTBT (Fig. 1) is based on a 4,7-dithienyl-

benzothiadiazole unit and a soluble carbazole unit that gives it an

optical band gap around 1.88 eV.
Polymer–polymer solar cells for potentially higher performance

It is remarkable how little effort that has been put into making

novel materials that deliberately solves the problems that limit the

performance, stability and processing of the existing materials

into devices. From this point of view the field has been highly

successful and have managed to optimize the few known materials

to their best level of performance by investing most of the effort

into device optimisation using mainly physical techniques. It is

noteworthy that the state-of-the-art solar cell has not evolved

much since 1995 from a materials point of view and still comprise

a polymer such as P3HT and a fullerene such as PCBM. However,

it should be mentioned that significant progress has been made in

developing novel materials, of both donor and fullerene accep-

tors, with optimal energy levels to improve the PCE.57,64–66

Photovoltaic devices based on a blend of two conjugated

polymers as the photoactive layer was first reported back in the

1990s,67,68 and as with polymer–fullerene solar cells, polymer–

polymer solar cells are also based on a donor–acceptor pair. The

first realizations of polymer–polymer solar cells were prepared

from blends of MEH-PPV and poly(2,5,20,50-tetrahexyloxy-7,80-
dicyano-di-p-phenylenevinylene) (CN-PPV) (Fig. 3). MEH-PPV
sed in polymer–polymer solar cells.
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was acting as the donor and CN-PPV as the acceptor polymer.

Since this initial report of polymer–polymer solar cells, they have

not attracted as much attention as the polymer–fullerene solar

cells. Despite their moderate performance (up to �1.8% PCE)69

photovoltaic devices based on polymer–polymer composites

should potentially have several advantages to offer. While

polymer:PCBM devices have shown efficiencies exceeding 6% it

is predominantly the polymer that absorbs light since PCBM has

a very weak overlap with the solar emission spectrum. Although

[70]PCBM absorb more light and thus solves this problem to

a limited degree, from a scientific point of view,70 a blend of two

conjugated polymers could exhibit a high optical absorption

coefficient and enable absorption of solar light over a wider

spectral range. Furthermore, it is relatively uncomplicated to

tune the donor–acceptor energy levels when using polymers as

electron acceptors because of greater flexibility in the design of

the materials. Polymer–polymer solar cells have a high potential

but there is a big challenge in designing conducting n-type

polymers with acceptor properties up to a level that can compete

with fullerenes. A problem is that polymer blends have

a tendency to phase separate into domains with dimensions of

several micrometres and thus is not within the exciton diffusion

range. Therefore the challenge for these systems is to find

a combination where the two polymers have the right

morphology for efficient phase separation into an inter-

penetrating network that allows for efficient charge carrier

generation and transport. McNeill et al. have reported one of the

best performing polymer–polymer solar cells to date with a PCE

of 1.8%.69 The authors used a blend of P3HT as the donor

component and poly[(9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-

bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-2,2-diyl] (F8TBT)

as the n-type polymer (Fig. 3). The efficiency is somewhat lower

than the state-of-the-art polymer–fullerene solar cell by a factor

of 3–4 but higher efficiencies should be reachable if spectral

overlap of the two polymers could be reduced, resulting in a wider

spectral coverage. High efficiencies have also been reported

for the polymer–polymer composites based on POPT:CN-PPV,

MDMO-PPV:PF1CVTP1 and M3EH-PPV:CN-Ether-PPV

(Fig. 3).71–73
Thermocleavable materials for higher level processing and

stability

Historically conjugated polymer materials were prepared via

a precursor route whereby a thermal treatment was used to
Fig. 4 The Wessling (a) and the Durham

This journal is ª The Royal Society of Chemistry 2010

147
remove the solubilising groups and upon their elimination the

conjugated and insoluble polymer formed. The best known

examples are the synthetic routes leading to native poly-

phenylenevinylene (PPV) and polyacetylene (PA) as exemplified

by the Wessling route74–77 and the Durham route78–80 as shown in

Fig. 4.

Initially the potential of the precursor route was not realised

and it was dismissed in the middle of the 1990s77 when soluble

PPVs were made via the Wessling route. New methods appeared

that avoided some of the problems of the early Wessling method

that involved an ionic precursor polymer. This was then quickly

replaced by the Gilch81,82 and sulfinyl polymerisation types83–85

which are similarly precursor routes to PPV but they do not

involve ionic precursors. In addition transition metal catalyzed

cross couplings entered the scene and were employed in poly-

merisations of prototypical materials such as P3HT using the

Rieke86,87 or the McCullough88 route. Today, virtually all of the

known transition metal catalyzed organic chemical reactions

have been employed for the polymerisation of conjugated

materials (Stille, Heck, Suzuki etc.). The development was at that

point in time (1995–2005) driven by the desire to be able to

engineer new materials and generate new chemical structures.

The development did thus not pay attention to the needs for the

polymer photovoltaic technology but only focussed on the

materials development and employed a standard polymer solar

cell scheme for materials evaluation (i.e. glass, ITO, PEDOT,

evaporated metal back electrodes). Especially the transition

metal catalyzed methods do sometimes introduce an often

neglected problem of residual catalyst in the form of metallic

nanoparticles in the polymer products. While it is easy to miss the

presence of sub percent quantities of metallic nanoparticles (e.g.

palladium) in a conjugated polymer product the consequences

when applied in an electroactive device may be severe.89 Methods

to detect and remove the transition metal impurities have

however been developed.90–92 As the field of polymer solar cells

have developed more focus has recently been placed on materials

properties and purity. The interplay between the device film

preparation methodology and the device performance became

broadly known in 200547,48 and it was found that the device

performance ultimately hinges on parameters such as the

solvents used for film processing, the nature of the materials

(molecular weight, polydispersity), the method of film formation

(coating/printing technique, drying time) and treatments of the

device film post formation (thermal annealing, solvent anneal-

ing). The route to a high performing device from a particular
(b) route to respectively PPV and PA.
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material thus follows a hair fine path where any deviation may

lead to poor performance.
Thermocleavable materials (solution-processable precursors)

One route, taking the above mentioned issues into consideration,

could be exploring the many possibilities in employing a conju-

gated material that is either reached through a precursor route or

through a route where sidechains are removed post film forma-

tion. One can view these materials as bringing an extra dimension

into the optimisation scheme where the device film in addition to

thermal annealing and solvent annealing can be altered chemi-

cally. Both precursor and thermocleavable sidechain routes

follow chemical reactions whereby a part of the material that

constitutes the formed film is removed (sometimes up to 50% or

more of the film weight or volume). The possibilities that ther-

mocleavable materials have to offer warrant exploitation and

certainly house the potential for bringing polymer solar cells to

a more advanced level through materials design. To make

polymer materials solution-processable, the introduction of sol-

ubilising groups is required. This is normally achieved by

attaching solubilising side chains such as alkyl groups onto the

conjugated polymer backbone. However, typical nonconjugated

solubilising groups reduce the density of chromophores in the

polymer and do not contribute to light harvesting and charge

transport. Furthermore, the side chains make the material soft

and allow for both morphological changes and diffusion of small

molecules and constituents.93–96 The softness provided by alkyl

groups is related to the instability of polymer solar cells, and

more rigid systems have proven to give devices with a better

stability.93 From this point of view, it is of some interest to

prepare polymer solar cells via solution processing where it is

possible to remove the solubilising side chains after the active

layer has been deposited.

The application of thermocleavable materials fulfils this

requirement. With thermocleavable materials you exploit the
Fig. 5 Thermocleavable ester groups attached to the polymer backbone.

After a thermal treatment around 200 �C the solubilising groups are

eliminated.

Fig. 6 Preparation of PT vi
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instability of a bond in the molecule. The labile bond functions as

the linker between the solubilising group and the active material.

The most recent developments are the thermocleavable ester

groups and the dithiocarbamate precursor route. With regard to

the thermocleavable ester groups the solubilising group is typi-

cally a branched alkyl chain attached to the active conjugated

polymer backbone through an ester bond (Fig. 5). When heated

this bond breaks, eliminating a volatile alkene and leaving the

polymer component insoluble. The thermal treatment can be

viewed as a way of performing an in situ chemical reaction

thereby allowing for the alteration of both physical and chemical

properties such as solubility, hardness, hydrogen bonding,

polarity, density and ionicity after the final device film has been

prepared. In terms of stability and operational lifetime polymer

solar cells generally perform poorly. It was however demon-

strated that heterojunction devices based on poly-3-(2-methyl-

hexan-2-yl)-oxy-carbonylbithiophene (P3MHOCT) and C60 can

provide very stable behaviour after thermal elimination of the

solubilising groups.93 The device film is prepared with standard

solution processing methods followed by a thermal treatment

around 200 �C (Fig. 6) where P3MHOCT eliminates the

solubilising group as 2-methylhexene.

After the thermal treatment P3MHOCT is converted to the

more rigid and insoluble poly-3-carboxydithiophene (P3CT)

which significantly improves the stability of the solar cell. The

improved stability of this system has been linked to the rigid

nature, cross-linking through a hydrogen-bonded network

(Fig. 7) and a partially oxidized state.97

Furthermore, in the case of carboxylic esters attached to

thiophenes, the processing offer removal of the esters at lower

temperatures and the acid groups at higher temperatures allow-

ing for multistep processing.98 Thermogravimetric data for

P3MHOCT in the temperature range 25–475 �C shows two

distinct weight loss mechanisms. The first weight loss at �200 �C
accounts for the ester cleavage and the second weight loss at

�300 �C is decarboxylation (Fig. 8). During the annealing, it is

possible to visually see the color change of the sample from red to

orange (conversion from P3MHOCT to P3CT) and then from

orange to purple-red (conversion from P3CT to PT) (Fig. 9a).

The UV-vis absorption spectra of P3MHOCT and [60]PCBM or

[70]PCBM mixtures are shown in Fig. 9b. It shows a significant

change of the absorption coefficient at different temperatures. In

addition a small red shift of the peaks (at 500 nm) can be seen

when the samples were heated up to 310 �C.

This finding offers a route to native polythiophene (PT) by

solution processing which has not been possible before. A plot of

the power conversion efficiency, for P3MHOCT:PCBM devices,

compared to the annealing temperature shows some interesting
a a thermolytic reaction.
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Fig. 7 Proposed cross-linked structure of P3CT through a hydrogen-bonded network.

Fig. 8 Thermogravimetric data for P3MHOCT in the temperature

range 25–475 �C. Reprinted with permission from ref. 98. ª 2007

American Chemical Society.

Fig. 9 (a) A photograph showing the appearance of films based on

P3MHOCT:[70]PCBM when heated to different temperatures. (b) UV-

vis spectra of films based on P3MHOCT and [60]PCBM or [70]PCBM

mixtures spincoated on glass slides and annealed at three different

temperatures (25, 250, and 310 �C). (c) Efficiency versus annealing

temperature for bulk heterojunctions based on P3MHOCT and

[60]PCBM/[70]PCBM. Reprinted with permission from ref. 99. ª 2008

American Chemical Society.
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results.99 The power conversion efficiency of the bulk hetero-

junctions at room temperature was in the range 0.7–0.9% and

was found to decrease as the device film was annealed at

temperatures below the cleavage temperature (�200 �C) of

P3MHOCT to P3CT. After the transformation to P3CT a broad

minimum is reached with power conversion efficiencies in the

range 0.1–0.4%. When reaching the temperatures of the second

transformation (�300 �C) from P3CT to PT, a dramatic increase

in power conversion efficiency was observed. Up to 0.6% in the

case of [60]PCBM and as high as 1.5% in the case of [70]PCBM as

shown in Fig. 9c. Clearly the morphology is changing with the

chemical transformations and this is part of the explanation to

the variable power conversion efficiency of this system. Another

part of the explanation is the change in energy levels as the

electron withdrawing carboxylic acid groups are removed from

the conjugated polythiophene backbone. The use of thermo-

cleavable conjugated polymer materials in polymer solar cells has

been relatively limited due to the low performance observed

when preparing devices from them. The preparation of efficient

devices from native polythiophene via a thermocleavable route

should be seen as the first breakthrough in the use of thermo-

cleavable materials for polymer solar cells.98,99 The parameter

space is enormous and the added complexity of thermocleavable

materials (both their synthesis and processing into devices)

combined with perhaps a poor starting point have resulted in

a small investment in them in terms of research effort. The fact

that efficiencies approaching 2% can be reached shows that it is

not impossible to prepare efficient polymer solar cell devices

from thermocleavable materials and it is interesting to speculate
This journal is ª The Royal Society of Chemistry 2010
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how far thermocleavable materials could have been pushed

pending the same investment of research effort that has gone into

materials such as MEH-PPV or P3HT.

The use of cleavable P3MHOCT in thin film devices was first

introduced by Liu et al.100 The idea, besides improving the

chromophore density, was to enable the interaction at the

interface between the polymer and TiO2 in a (FTO/TiO2/P3CT/
J. Mater. Chem., 2010, 20, 36–60 | 41



Fig. 10 J–V curves of a FTO/TiO2/P3CT/P3HT/Ag cell (solid line) and

a FTO/TiO2/P3HT/Ag cell (dashed line) under 39 mW/cm2 514 nm illu-

mination. Reprinted with permission from ref. 100. ª 2004 American

Chemical Society.

A2.4
P3HT/Ag) photovoltaic cell (FTO ¼ fluorine doped tin oxide).

The device showed a 3-fold improvement in photocurrent

compared to a reference cell without P3CT (Fig. 10). Under

illumination the FTO/TiO2/P3CT/P3HT/Ag cell had an external

quantum efficiency (EQE) of 12.6% and a power conversion

efficiency of 1.10%, while the reference cell (FTO/TiO2/P3HT/

Ag) had an EQE of 4.2% and a power conversion efficiency of

0.69%. The improvement in photocurrent/performance upon

introduction of the P3CT layer may be related to several factors.

Cleaving the solubilising groups results in higher chromophore

density and the chelation of –COOH groups in P3CT to the TiO2

may enhance the interfacial charge-transfer efficiency.

Other thermocleavable materials exploited as semiconductors

are the dithiocarbamate precursors. Poly-(2,5-thienylene vinyl-

ene) (PTV) has been synthesised via the dithiocarbamate

precursor route which exploits the lability of the linking thio-

carbamate bond in the molecule (Fig. 11).101–105 The solution-

processable non-conjugated precursor polymer is cleavable

around 160 �C leaving a rigid conjugated polymer (PTV). Bulk-

heterojunction solar cells based on blends of the precursor PTV

and PCBM have demonstrated power conversion efficiencies of

up to 0.76% after the thermal treatment.102

In terms of stability PTV is like PPV,106 sensitive to oxygen due

to the vinylene groups that are susceptible to photo-oxidation

resulting in a short lifetime of the devices. The chemical
Fig. 11 (a) Preparation of PTV via the dithiocarbamate precursor route (b) R

oxygen adds to the vinylene bond forming an intermediate dioxetane followe

oxygen.
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degradation is initiated by the formation of singlet oxygen by

energy transfer from the photoexcited polymer to ground state

oxygen molecules.107 The singlet oxygen can then react with the

vinylene groups through a 2 + 2 cycloaddition reaction forming

an intermediate dioxetane (Fig. 11) while other reactions are also

possible. Finally the dioxetane can break down resulting in chain

scission. As mentioned above more rigid systems generally give

devices with a better stability and therefore improved stability of

PTV devices prepared with the dithiocarbamate precursor route

may be expected. The use of thermocleavable materials offers

several advantages in the context of polymer solar cells. Most

importantly the side chains that constitute a significant propor-

tion of the final film are eliminated and ideally the final film

comprises only the active component. Since bulk heterojunctions

of polymer and PCBM are not directly compatible with the high

temperatures acquired for elimination one aim is to achieve as

low a temperature of elimination as possible. This has been

investigated by Petersen et al. for thermocleavable esters of low

band gap monomers and polymers based on diphenyldithie-

nylthienopyrazine (Table 1).108 The temperature of elimination

of a series of different ester groups was studied with thermog-

ravimetric analysis (Fig. 12a).

It showed that the thermal treatment is limited to simple

secondary and tertiary esters where the alcohol is saturated in

order to ensure that the alkene that is eliminated is removed

efficiently without undesired side reactions.

As expected the tertiary esters eliminated at the lowest

temperatures (200–250 �C) and even lower cleavage temperatures

should be possible. The UV-vis absorption spectra of polymer 4

in thin film are shown in Fig. 12b. Upon thermocleavage of the

film by heating it at 250 �C for 1 min the absorption spectrum

shows a less intense absorption and a smaller band gap (1.2 eV)

compared to the uncleaved film (1.3 eV). The lower absorption

intensity can be explained by the associated change in film

thickness and dielectric constant which may lead to changes

in the reflection phenomena.108 In addition, the intensity of

absorption quite often decreases as the band gap is lowered. In

contrast to P3MHOCT where the ester resides on a thiophene

ring, decarboxylation does not take place ahead of decomposi-

tion for the diphenyldithienylthienopyrazines. Table 1 also

shows photovoltaic parameters of polymers 1–4 before and after

thermocleavage. A general observation is that the devices

perform significantly worse after thermocleavage as indicated by
eaction of the vinylene bond in a PPV polymer with singlet oxygen. Singlet

d by chain scission. The aldehyde products shown can react further with

This journal is ª The Royal Society of Chemistry 2010



Table 1 Photovoltaic parameters of polymers 1–4

Polymer Jsc (mA/cm2) Voc (V) FF PCE (%) Cleaving temp. (�C) Solubility in DCB

1 1.52 0.14 0.25 0.05 Uncleaved Easy to dissolve
0.41 0.16 0.26 0.017 310

2 2.1 0.4 0.29 0.25 Uncleaved Hard to dissolve
0.36 0.14 0.27 0.013 310

3 2.55 0.41 0.29 0.3 Uncleaved Easy to dissolve
0.24 0.08 0.26 0.005 310

4 2.4 0.46 0.36 0.4 Uncleaved Easy to dissolve
1.94 0.4 0.33 0.25 230

Fig. 12 (a) Thermogravimetric data for polymer 4 (see Table 1) in the

temperature range 50–500 �C. (b) UV-vis absorption spectra of polymer 4

in thin film before and after thermocleavage. Reprinted with permission

from ref. 108. ª 2008 American Chemical Society.
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a decrease in voltage and current. Polymers 1–3 require high

cleaving temperatures (310 �C) which could be the reason for the

drastic drop in performance compared to 4 that only shows

a minor drop in performance. To compare with earlier reported
This journal is ª The Royal Society of Chemistry 2010
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photovoltaic parameters for P3MHOCT the performance dropped

around 10-fold when cleaved to P3CT and then improved 15-fold

when cleaved further to PT (Fig. 9). In addition to the thermo-

cleavable materials described above other examples have been

described in the literature. These are summarized in Table 2.
Cross-linking

Several investigations of the most widely used bulk hetero-

junction of P3HT/PCBM with a special focus on thermal

stability have shown a drastic drop in performance due to

morphological changes where large aggregations of PCBM

appear in the films upon prolonged thermal treatment.117–121 One

way of approaching this problem has been by design of cross-

linkable molecules/polymers (see Table 3) that can ‘lock’ the

morphology and thus hinder the extensive phase separation.

Zhu et al. and Drees et al. both succeeded in suppressing

the aggregation by synthesising fullerene derivatives containing

a glycidyl functionality (PCBG).122,123 Bulk heterojunctions of

P3HT/PCBG cross-linked by Lewis acid catalysis showed

enhanced morphological stability upon thermal annealing.

Nevertheless, the efficiencies of the cells dropped considerably

compared to the corresponding non-cross-linked P3HT/PCBM

system. Zhu et al. also reports some initial attempts of using cross-

linkable polymers with either epoxy- or furoyl containing side

chains, that are cross-linked by use of a photoacid. The films are

reported to be insoluble in THF, but no devices were prepared.

A more successful approach in preparing cross-linkable poly-

mers have recently been reported by Myanishi et al.124 They have

prepared a cross-linkable P3HT-analogue, poly(3-(5-hexenyl)-

thiophene) (P3HNT), where the hexyl group on thiophene is

substituted with a 5-hexenyl. The polymer was prepared by

polymerisation of 2,5-dibromo-3-(6-bromo-hexenyl) (regior-

egularity above 97% plus Mn and Mw/Mn values of 32 000 and

1.30 respectively) followed by conversion of the 6-bromohexyl

into the corresponding iodide. Finally basic elimination affords

the desired compound (Fig. 13).
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Precursor Polymer Reference
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Table 3 Structural representation of different molecules used in cross-
linking processes in polymer photovoltaics and OLEDs

Polymer photovoltaics Ref.

124

122,123

A2.4
The cross-linking process was performed by prolonged heating

of the spincast films at 150 �C. Films prepared in this way showed

enhanced insolubility in chloroform, and cross-linked bulk heter-

ojunction films (P3HNT/PCBM) showed a suppressed deteriora-

tion of PCE after annealing for 10 h (3.03% before annealing

/1.74% after annealing) compared to a corresponding P3HT/

PCBM device (3.11% before annealing / 1.00% after annealing).

It should be mentioned that several attempts of cross-linking

conjugated polymers have been reported in the context of

organic light emitting diodes (OLEDs) with various degrees of

success.125–131 Even though some of the polymers used in the

OLED cross-linking experiments are different to those employed

in solar cells, the methods of cross-linking the polymers could be

relevant in the context of polymer photovoltaics.
123

123

Organic light emitting diodes Ref.

128
Processing

The performance of polymer solar cells is intimately linked to the

processing conditions during device preparation and when

taking this further than the successful laboratory devices it is

evident that the successful large scale preparation of polymer

solar cells implies control over the interplay between process and

device performance. The solutions to this puzzle for a chosen

materials combination will have to be sought through the device

geometry and the processing/fabrication method. Thermocleav-

able materials as an example have much to offer in the context of

processing multilayered polymer solar cells industrially. When

processing multilayer structures sequentially the processing of

subsequent layers must ideally not affect the underlying layers

and this is particularly important when using solution process-

ing. The common way of solving this has been to use orthogonal

solvents for adjacent layers. In the extreme case water is used as

the solvent for the first layer and an organic solvent is used

for the next layer. This has been the traditional way of

making polymer solar cells based on a glass-ITO substrate where

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) is spincoated onto the ITO from an aqueous

dispersion followed by spincoating of the active layer from an

organic solvent and completion of the device through evapora-

tion of a metal back electrode. It is fortuitous that the standard

laboratory polymer solar cell has only needed these two solution

processed layers for several reasons. Firstly, the surface energy of

a solid PEDOT:PSS film is higher than the surface tension of

active materials in typical organic solvents making wetting easy.

Secondly, additional layers would be faced with the problem of

finding an additional solvent orthogonal to the two previously

deposited layers. These two problems may seem trivial but they

are at the heart of what has limited the early emergence of a low

cost industrial and large scale process. The fact that the tech-

nology has evolved around fixed ingredients (i.e. glass, ITO,

PEDOT:PSS, metal electrode) and fixed methods of application

(i.e. spincoating, metal evaporation) implies that development

has been slow towards alternative approaches such as ITO free

and inverted device geometries that enables the use of printed

electrodes. One way to obtain orthogonality between the pro-

cessing conditions for subsequent layers is by transformation of

the last processed layer into an insoluble film thus enabling free

choice of processing conditions for the subsequent layers. This

has been achieved unintentionally in the case of oxide layers such
This journal is ª The Royal Society of Chemistry 2010 J. Mater. Chem., 2010, 20, 36–60 | 45
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Organic light emitting diodes Ref.
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131
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as zinc oxide and titanium dioxide employed in hybrid solar cells

and can be achieved intentionally with thermocleavable materials

where insolubility arises upon thermocleavage as detailed above.

Deliberate use of thermocleavable materials has been shown in

one development of a process for industrially processed polymer

solar cells.132–135

Hybrid solar cells

Hybrid solar cells (HSC) have a heterojunction consisting of

both organic and inorganic materials, thus trying to combine

the advantages of each of these. Polymers generally have high

hole mobility but a low electron mobility, and this intrinsic

carrier mobility imbalance in the polymer is overcome by

incorporation of an n-type inorganic material to act as the

electron acceptor and a pathway for electron transport. The

efficiency of the heterojunction is limited by the exciton

diffusion length as excitons formed at positions further away

from an interface than the exciton diffusion length have

a lower probability of efficient charge separation and harvest-

ing. Efficient charge separation can only occur at the p–n

interface and ideally the heterojunction should be constructed

in a manner such that the excitons are generated in the vicinity

of the interface. At the same time the constructed hetero-

junction should ensure a direct or percolating pathway of the

charge carriers to the relevant electrodes in order to effectively

transport and collect the charges. The semiconducting prop-

erties in HSC of several different inorganic materials have been

examined with promising results, i.e. TiO2,136–145 ZnO,146–158

CdSe,159–164 CdS,165,166 PbS,167 PbSe,168 SnO2,169 and Si,170,171 as

presented in Table 4. In recent years research has largely

focused on the use of TiO2, ZnO and Si, mainly because of the

environmental harmfulness and toxicity of many of the others.

The choice of polymer used in HSCs has usually been P3HT or

different PPV polymers as they have shown good hole con-

ducting properties.
This journal is ª The Royal Society of Chemistry 2010



Fig. 13 Polymerisation and side chain conversion reactions for the synthesis of P3HNT.

A2.4
Various approaches in HSC design have been explored and

they generally fall into 4 architectural categories:

(1) planar bilayer;

(2) nanoparticle/polymer blends;

(3) in situ generation of the n-type inorganic in the polymer;

(4) nanostructured: infiltrating rigid nanoporous or nanorod

structures with a polymer.

The schematic representation of these is shown in Fig. 14.

Covering a planar layer of inorganic semiconductor with

a polymer film is the most direct approach to a hybrid solar cell,

but the design has limited application as the active layer of

polymer has to be very thin in order to make use of all the

excitons. The simplicity of the architecture though renders it very

applicable for routine evaluation of the properties of new

polymers and measurement of exciton diffusion lengths.

When using nanoparticle/polymer blends the active layer is

normally prepared by spincoating a solution containing dis-

solved polymer and suspended nanoparticles, thus enabling

deposition of both semiconductors in a single step. The proce-

dure should in principle ensure intimate mixing of the acceptor

and donor, but great care must be taken in tuning the surface

chemistry of the nanoparticles in order to prevent these from

aggregating and at the same time ensuring a good interface for

charge transfer.172 Nanoparticle aggregation is believed to be one

of the limiting factors of the efficiency in nanoparticle/polymer

devices.173

Examples of this include the use of tetrapod, hyperbranched

and nanorod CdSe nanoparticles in combination with conju-

gated polymers where efficiencies are approaching 3%.159–164

Essential for the good performance is to replace the nanoparticle

surface ligands with a volatile molecule (for example replacement

of tri-n-octylphosphine oxide with pyridine), allowing for evap-

oration of the surface ligands during film processing. This again

allows for better contact between the polymer and the nano-

crystals and between the individual nanoparticles.

In one example Beek et al. have achieved a PCE of 1.6% and

avoid the problem of surface ligands by using crystalline ZnO

nanoparticles, which are soluble in organic solvents and

therefore can be mixed directly with the polymer.146,147

An alternative approach to individual nanoparticles was

introduced by van Hal et al. that prepared a continuous inter-

penetrating network of TiOx created in situ within the conjugated

polymer film after spincoating a mixture of MDMO-PPV and

a precursor for TiOx (Ti(OC3H7)4).174 Subsequent exposure of

the cast film to moisture from the air led to the formation of

a TiOx network. The photoluminescence (PL) of the MDMO-

PPV:TiOx heterojunction was significantly quenched compared

to a pristine MDMO-PPV film (PL is reduced by a factor 19 with
This journal is ª The Royal Society of Chemistry 2010
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a 50% w/w content of TiOx) indicating an efficient charge sepa-

ration of photoinduced excitons. These experiments were later

confirmed by Slooff et al. where additional experiments were

performed with poly(3-octyl thiophene) (P3OT) as the poly-

mer.175 Scanning electron microscopy (SEM) images taken after

removal of the polymers by UV–ozone treatment revealed TiOx

phases with sizes on the order 100–200 nm for P3OT blends and

20–30 nm for MDMO-PPV blends. The difference is assumed to

be caused by the tendency of P3OT to aggregate more easily as

compared to MDMO-PPV (Fig. 15).

Despite the good interpenetrating network of TiOx, photo-

voltaic devices showed rather low power conversion efficiencies

which is ascribed to the fact that the inorganic phase is essentially

amorphous.147 Crystallisation of TiOx into the anatase phase of

TiO2 would require high temperatures (>350 �C).176

A similar approach was taken by Beek et al. using MDMO-

PPV and diethylzinc as a ZnO precursor.147 ZnO is known to

crystallise at much lower temperatures than TiO2, and heating to

110 �C under nitrogen at 40% relative humidity promoted crys-

tallisation. The final device gave a PCE of 1.1%. Moet et al. later

reported partial degradation of the polymer during processing of

MDMO-PPV and diethylzinc and that P3HT (no vinyl groups)

show better stability and higher performance (PCE 1.4%).150

The last architectural approach involves the filling of a pre-

created inorganic nanostructure (vertical structured nanopores

or vertically oriented nanorods/nanopillars) with a polymer

(examples are given in Fig. 16). The aim is to create a structure

where the separation of the phases is in the order where complete

exciton harvesting and charge collection is possible and where

the straight pore/channel network provides the most direct

pathway for the charges to the anode and cathode. Several

techniques137,139,170,177–181 have been developed in order to create

controlled structures pursuing the alleged optimal conditions.

Among the published results on solar cells Olson et al. reported

the fabrication and characterisation of heterojunctions consist-

ing of P3HT and a mesoporous structure of ZnO nanofibers.152

The nanofibers were grown hydrothermally on a glass/ITO

substrate which was subsequently filled with P3HT by spin-

coating and annealed to ensure intercalation into the voids

between the nanofibers. The final device showed a 3.5 times

increase in PCE (to 0.53%) compared to the corresponding

bilayer device of P3HT on planar ZnO.

Kuo et al. recently showed good results for ordered hetero-

junctions with vertically aligned TiO2 nanorods and P3HT.139

The vertical TiO2 nanorods were prepared by spincoating a TiO2

precursor into the pores of an aluminium anodic oxide (AAO)

template pregrown on an ITO/glass substrate. After sintering,

the AAO template was removed by dissolving it in aqueous
J. Mater. Chem., 2010, 20, 36–60 | 47
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Fig. 14 The different geometries of hybrid solar cells: (1) Planar

bilayer—the polymer added onto a flat inorganic surface; (2) nano-

particle/polymer blends—a mixture of the polymer and suspended inor-

ganic particles is applied; (3) in situ generation of the inorganic within the

polymer—a mixture of the polymer and a soluble precursor to the

inorganic is applied and solidification of the inorganic is then performed

after film preparation; (4) nanostructured—a rigid nanoporous or

nanorod structure of inorganic is filled with the polymer.

Fig. 15 SEM of the TiOx phase after removal of the polymer by UV–

ozone treatment for 10 min. Left: from a P3OT:TiOx (12 vol% TiOx)

blend. Right: from a MDMO-PPV:TiOx(14 vol% TiOx) blend. Reprinted

with permission from ref. 175. ª 2003 Elsevier B.V.
Fig. 16 SEM images of (a) cross sectional view of embossed TiO2

structures on FTO substrate after calcinations. Reprinted with permis-

sion from ref. 178. ª 2005 American Chemical Society. (b) ZnO nanorods

grown on dense ZnO backing layer on ITO substrate (cross section).

Reprinted with permission from ref. 181. ª 2006 American Chemical

Society. (c) Top view of Si-nanowires on silicon wafer prepared by wet

etching, with an insert of the cross sectional view. Reprinted with

permission from ref. 170. ª 2008 Elsevier B.V.
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NaOH. The nanorods are approximately 200 nm long and with

a diameter 30–60 nm. The resulting solar cell after spincoating of

P3HT and annealing showed to be 4.3 times more efficient (PCE

of 0.51%) than planar TiO2:P3HT.

As can be seen from Table 4, several of the reports with the

highest efficiencies are reported for P3HT/PCBM blends and an

inorganic semiconductor. The inorganic material here functions

as an extra electron carrier. Takanezawa et al. showed that

incorporation of the P3HT/PCBM bulk heterojunction into

a vertical ZnO nanorod array led to an increase in PCE from

1.8% for a normal P3HT/PCBM heterojunction on top of a seed

layer of ZnO to a PCE of 3.9% when growing the seed layer to

nanorods with a length of 300 nm before spincoating the

P3HT/PCBM solution.153,154 As seen in Fig. 17 the ZnO rods can

act as an extra electron carrier at the p–n interface with P3HT but

can also operate as an intermediate between PCBM and ITO.

Another tendency in Table 4 that leads to relatively high effi-

ciencies is the use of the surface modified inorganics, typically

with a dye that can assist in charge separation and prevents back

recombination. (For all results involving surface modification

presented in Table 4 the concentration of the interfacial
This journal is ª The Royal Society of Chemistry 2010
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molecules is so small that they only have a minimal or negligible

contribution to the light absorption, and the polymer is thus the

main contributor to absorption.) Lin et al. have recently

demonstrated that surface modification by ligand exchange of

the surface ligands of freshly prepared nanorods (�20–30 nm in

length and 4–5 nm in diameter) with different dyes led to

improved performances compared to ‘normal’ ligand exchange

with pyridine, a near doubling of the PCE (from 1.12% to 2.20%)

was observed in a HSC with P3HT.141 The authors ascribe the

large increase in PCE to be partially an effect of enhanced charge

separation but mainly to be attributed to a strong suppression of

back transfer and recombination of carriers at the interfaces. In

Fig. 18 the energy diagram of TiO2, the dye ligands, and P3HT

are shown. All the dyes showed improved performance when
J. Mater. Chem., 2010, 20, 36–60 | 49



Fig. 17 (a) FE-SEM cross-section image of the ZnO nanorod arrays (scale bar: 300 nm), (b) schematic structure of a ZnO/organic hybrid device with

a VOx buffer layer, and (c) energy diagram of the ITO/ZnO/PCBM:P3HT/VOx/Ag device. Reprinted with permission from 154. ª 2008 American

Institute of Physics.

A2.4
used as surface modifiers in the order N3 (2.20%) > CuPc (1.80%)

> ACA (1.67%).

The results for the P3HT/PCBM:n-inorganic and the use of

surface modified inorganics show that ‘tuning’ the charge sepa-

ration and back recombination by adding a third component

might be a promising path for future research. The third

component is typically added at the interface between the inor-

ganic semiconductor and the polymer vis-�a-vis the well known

dye sensitized solar cells where it serves the purpose of facilitating

charge injection from the polymer to the semiconductor while

preventing back recombination.
Tandem cells

So far the power conversion efficiency of single bulk heterojunction

solar cells has reached 6% while higher power conversion efficien-

cies are possible from a theoretical point of view. One drawback of

single junction polymer devices is their narrow absorption window

compared to the solar cells based on inorganic semiconductors. A

possible approach to efficiently harvest light at both short and long

wavelengths is by stacking different band gap materials/devices on

top of each other. This can be done by placing the cells in series

giving devices known as tandem cells.1,13,14 By stacking different

band gap materials on top of each other the tandem cell should be
Fig. 18 Left: Schematic representations of P3HT/TiO2 nanorod hybrid aft

molecules of ACA, CuPc-dye, and N3-dye molecules respectively. Right: Th

permission from ref. 141. ª 2009 American Chemical Society.

50 | J. Mater. Chem., 2010, 20, 36–60

158
able to exceed the maximum theoretical efficiency of a single

junction solar cell because it increases the absorption of solar light

and allows exploiting the photon energy more efficiently. When

two cells (in a two terminal tandem cell) are connected in series the

open-circuit voltage (Voc) is the sum of the Voc’s of the subcells,

Voc1 + Voc2 + Voc3. ¼ Voc (tandem).

Fig. 19 illustrates a typical organic tandem cell architecture

comprised of two distinct active layers stacked on top of each

other. Both of them are based on a donor–acceptor composition

and the use of materials with different band gaps enables

absorption of solar light over a wider spectral range. Typically

a material with a wide band gap is used for the first cell and a low

band gap material is used for the second cell. In order to prevent

charge build-up within the cells a transparent intermediate layer

is positioned between the two active layers. The intermediate

layer ensures recombination of the electrons created in the first

cell with the holes created in the second cell. In addition, it can

act as a protective layer to support the bottom cell during

deposition of the top active layer. This can generally be accom-

plished with a thin inorganic layer. Several methods have been

employed in the fabrication of tandem cells depending on the

materials used for the active and the intermediate layer. The

mode of preparation can be divided in three categories: all

vacuum processing by evaporation of low molecular weight
er interface modification and chemical structures of different interfacial

e corresponding energy levels of the various materials. Reprinted with

This journal is ª The Royal Society of Chemistry 2010



Fig. 19 Typical device setup for an organic tandem cell.

Fig. 21 Preparation of the TiOx layer.
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molecules, a combination of vacuum and solution processing and

all solution processing. Due to the complexity of multilayer

solution processing caused by interlayer mixing, the early reports

of organic tandem cells are based on the vacuum deposition of

small molecules and they certainly show increased Voc and

efficiencies.182–186 Also a combination of vacuum and solution

processing is a fine approach where the solution processed

underlying layer is not disturbed during subsequent vacuum

processing.187–190 However, from an industrial point of view, all

solution processing without the use of vacuum where each layer

is processed from solution (including the metal electrode) is the

most appealing because techniques like ink-jet printing, screen

printing and roll-to-roll coating are less time and energy

consuming and enable large scale organic solar cell production.

Gilot et al. were the first to demonstrate a polymer tandem cell

with each layer processed from solution (the metal electrode was

evaporated).191

The technique relies on the choice of solvent for the different

layers. They have to be complementary in the sense that the next

solvent in the process is not affecting the material in the under-

lying layer. Fig. 20 illustrates the device setup realized by Gilot

et al. The challenging step is the spincoating of the intermediate

layer where the authors used a layer of zinc oxide nanoparticles

spincoated from acetone prior to a layer of pH neutral PEDOT.

The ZnO/PEDOT recombination layer was not affecting

the underlying active layer of MDMO-PPV:PCBM and was

also acting as a protective layer to support the bottom cell

during deposition of the second active layer consisting of

a P3HT:PCBM bulk heterojunction. The solution processed

tandem cell has led to an efficiency of 6.5% for a polymer solar

cell with an evaporated metal back electrode.192 It was demon-

strated by Kim et al. with a bulk heterojunction composite of

PCPDTBT (Fig. 1) and PCBM for the bottom cell and a layer of
Fig. 20 Device setup for the tandem solar cell realized by Gilot et al.
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P3HT:[70]PCBM for the top cell. For the intermediate layer the

authors used a layer of TiOx spincoated from a TiOx precursor

solution (sol–gel chemistry)193 prior to a layer of PEDOT. The

TiOx precursor hydrolyses to TiOx during 1 hour in air (Fig. 21)

and the final TiOx layer offers high mechanical stability to the

tandem cell. The final polymer tandem cell showed an improve-

ment of 38% in performance versus the best single cell.

An all solution processed tandem polymer solar cell based on

thermocleavable materials has been reported by Hagemann et al.109

The authors used solution-processable precursors that allow for

conversion to an insoluble state by a thermal treatment. A bulk

heterojunction composite of P3MHOCT and ZnO was used for the

bottom cell and a blend of poly-[(30-(2,5,9-trimethyldecan-2-yl)-

oxy-carbonyl)-[2,20;50,200]terthiophene-1,500-diyl)-co-(2,3-diphenyl-

thieno[3,4-b]pyrazine-5,7-diyl)] (P3TMDCTTP) and ZnO was

used for the top cell (Fig. 22). Straight after each film preparation

a short thermal treatment eliminated the solubilising group

converting P3MHOCT to P3CT and P3TMDCTTP to P3CTTP.

To separate the bottom cell from the top cell an intermediate

layer of PEDOT:PSS and ZnO were used. The final tandem cell

performed relatively poorly but did not involve the use of

fullerenes and efficiently solved the problems associated with

solubility during application of subsequent layers. In addition

a solution processed metal electrode was employed. An obvious

advantage of thermocleavable materials is that they offer new

levels of processing after film forming. Due to the insoluble

nature of the active materials after the thermal treatment there is

no limit in the choice of solvents when processing the subsequent

layers in the tandem cell and more research into this field appears

worthwhile.

Recently a novel concept was introduced whereby the tandem

solar cell is realized in a reflective geometry where the reflected

light of one cell is directed towards the second one.194–197
Fig. 22 Tandem solar cell based on thermocleavable materials realized

by Hagemann et al. The active layer film absorption spectra are also

shown with P3CT/ZnO plotted with a solid line and P3CTTP/ZnO

plotted with a broken line. Reprinted with permission from ref. 109. ª
2008 Elsevier B.V.
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Fig. 23 Folded tandem cell realized by Tvingstedt et al. Sketch of the folded tandem cell and the chemical structures of the exploited alternating

polyfluorenes APFO3, APFO Green-9, and the acceptor molecule PCBM. Reprinted with permission from ref. 196. ª 2007 American Institute of

Physics.
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Tvingstedt et al. demonstrated that by folding two planar cells

with different band gap materials toward each other, spectral

broadening and light trapping are combined to give an

improvement of PCE from 2% up to 3.7% upon folding from

0� to 70� (Fig. 23).196 A bulk heterojunction composite of APFO3

and PCBM was used for one cell and APFO-Green9:PCBM for

the second cell. The advantage of the folded tandem device is that

it avoids complex multilayer solution processing and other

problems related to multijunction stacking
Control of the nanomorphology

The nanoscale morphology is an important factor in the

construction of functional organic bulk-heterojunction solar

cells as it is of interest to be capable of controlling the dimension

of the domains in the nanostructure such that all domain

boundaries are within the exciton diffusion range in the photo-

active layer. Han et al. have demonstrated a novel procedure

to create morphologically controlled nano/microscale patterns

of p-conjugated polymers.114 An acidic mixture of polyfluorene

or polythiophene bearing solubilising thermocleavable tetrahy-

dropyranyl (THP) groups, and poly(methyl methacrylate)
Fig. 24 Thermocleavable polymers PTHPET and PTHPEF and acid-c
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(PMMA) is used for the active layer. After spincoating on

substrates phase separation is induced by the chemical dissimi-

larity of the two polymers giving rise to a nano/microscale

morphology. After an acid catalyzed thermal treatment where

the THP groups are eliminated the insoluble conjugated polymer

remains (Fig. 24). Subsequently, PMMA is removed by treating

the films with a chlorobenzene/hexane solution leaving a dot

matrix of the conjugated polymer (Fig. 25).

This method, where a template is used to control the nano-

structure of conjugated polymers, has been exploited by

Andreasen et al. in a solar cell context.198 Instead of PMMA,

copper nanoparticles with an average diameter of 32 nm were

used as the template to nanostructure a conjugated polymer

based on P3MHOCT. Mixtures of P3MHOCT and the copper

nanoparticles are processed into thin films followed by a thermal

treatment whereby the solubilising side chains of the polymer

were eliminated, leaving an insoluble film of conjugated P3CT

with included copper nanoparticles. The copper nanoparticles

could then be removed by treating the films with a THF solution

of phenylazodiethylthioformamide (copper-specific solubilising

agent90,91) leaving voids in place of the copper nanoparticles

(Fig. 26). Finally the voids in the dried nanoporous films were
atalyzed elimination of dihydropyran from the polymer backbone.
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Fig. 25 Schematic illustration of the formation of a well-ordered micro

and nanometre-sized p-conjugated polymer features (PTHPET or

PTHPEF) by (a) solution casting, (b) self-organization, and (c) catalytic

reaction and development. Reprinted with permission from ref. 114. ª
2007 WILEY-VCH.

Fig. 26 Reaction scheme for the process (above) and pictures of the films

before and after removal of the copper nanoparticles. The film loaded

with copper nanoparticles has a black appearance whereas the film where

the copper nanoparticles have been removed had a red color (lower left).

The dissolution step is also shown where a device slide (50 mm � 25 mm)

is covered with a THF solution of azothioformamide. The dark color is

due to the formation of the copper complex of azothioformamide (lower

right). Reprinted with permission from ref. 198. ª 2007 American

Chemical Society.

Fig. 27 NIR dye used by Gordon et al.199

Fig. 28 Schematic diagram for the direct thermal patterning of

a p-conjugated polymer using a NIR laser realized by Gordon et al.

Reprinted with permission from ref. 199. ª 2007 American Chemical

Society.
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filled with PCBM by doctorblading forming a donor–acceptor

bulk heterojunction.

However, the nanostructures had little influence on the

photovoltaic effect. The best device (active area of 3 cm2) had an

open-circuit voltage of 0.43 V, a short-circuit current of 0.19 mA

cm�2, a fill factor of 27.4%, and a power conversion efficiency of

0.02% (0.1–0.4% for P3CT:[60]PCBM). These data are much

lower than the state-of-the-art and is ascribed to the low porosity

of the films (<20%) and the large size of the PCBM domains. The
This journal is ª The Royal Society of Chemistry 2010
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ideal size of the PCBM domains should be of the order of 5–10

nm, and the porosity should be closer to 50% or more. This

method may find importance in the modification of nanoscale

morphologies for polymer solar cell devices if it could be

advanced for incorporation of larger amounts of well-distributed

smaller nanoparticles (5–10 nm) into the conjugated polymer

film.

Laser-induced thermal patterning is another technique to

control the morphology of conjugated polymers. Gordon et al.

have developed a method for direct thermal patterning of

a thermocleavable p-conjugated polymer film containing a near-

infrared (NIR) sensitive dye.199 The NIR dye (Fig. 27) is incor-

porated directly into the polymer film by spincoating a NIR dye/

polymer blend on a substrate.

When the film is exposed to NIR light pulses from an 830 nm

laser beam the dye absorbs the irradiation and converts the NIR

photons into heat by internal conversion. The polymer

(PTHPET) does not absorb the NIR light. The heat produced by

the dye induces thermocleavage of the THP groups. Subse-

quently, the NIR dye is removed by rinsing the films with

methanol followed by THF leaving patterned p-conjugated

polymer (Fig. 28). The patterned p-conjugated polymer shows

a significant reduction in the quantum yield, compared to a pure
J. Mater. Chem., 2010, 20, 36–60 | 53
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PTHPET film, which is ascribed to either the presence of residual

NIR dye remaining in the film after rinsing or/and coplanarisa-

tion and chain aggregation after thermocleavage of the THP

groups.

To overcome this problem novel strategies have been developed

where the NIR dye is not incorporated into the film. Gordon et al.

have described a bilayer approach,115 wherein a NIR dye is con-

tained in a film of poly(2-hydroxyethylmethacrylate) [p(HEMA)]

spincast onto a thermocleavable p-conjugated polymer film

of poly(9,9-dihexylfluorene-alt-2-(2-thiophen-3-ethoxy)tetrahy-

dropyran)-co-(9,9-dihexylfluorene-alt-bithiophene) (PFT-TT)

(Fig. 29).

After exposure of the bilayer film to 830 nm NIR laser irra-

diation the p(HEMA)/NIR dye layer is removed by rinsing

with methanol. Subsequent treatment of the remaining film with

a THF/hexane solution removes non-cleaved PFT-TT (unex-

posed p(HEMA)/NIR dye regions) leaving a patterned

p-conjugated polymer (Fig. 30). Using this bilayer film archi-

tecture the active conjugated polymer layer can be heated by

exposure to NIR irradiation while minimizing deleterious mixing

of the polymer with the NIR dye. Compared to the monolayer

approach described above the p-conjugated polymer retains its
Fig. 29 PFT-TT with thermocleavable THP groups.

Fig. 30 Bilayer approach to laser induced direct thermal patterning of

a p-conjugated polymer realized by Gordon et al. Reprinted with

permission from ref. 115. ª 2008 WILEY-VCH.
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photoluminescent properties showing quantum yields as high as

86% of the pristine polymer. The method is capable of imaging

large surface areas, up to 1 m2, at relatively high throughput and

with micrometre size resolution (typically 5–10 mm), and thus

could be valuable in the context of processing of thermocleavable

polymers for solar cells.
ITO-freedom and advanced device concepts

The most commonly used transparent electrode in organic

photovoltaics is based on indium-tin-oxide (ITO) which has the

disadvantage of being rather expensive due to the scarcity of

indium which is the main material in ITO by weight. In addition,

the expanding market for optoelectronic devices could create

a demand so high that securing a steady supply of indium might

be problematic in the near future. This generates the need of new

transparent semiconducting materials with good conductivity to

minimize ohmic losses or new techniques/designs of devices.

There has been relatively few reports on polymer solar cells that

do not employ indium.200–208 Of these, three are directly relevant

to industrial manufacturing processes.200,201,208 The wrap through

concept is well known from 1st generation photovoltaics209 and

has later been demonstrated to work well for polymer solar

cells,208 and some of the ITO free polymer solar cell module

concepts have been demonstrated to work in a full roll-to-roll

process.200,201 For the latter though, the performance was

significantly lower than what could be obtained using ITO based

flexible substrates in a similar roll-to-roll process as shown in

Fig. 31.

An alternative approach to avoid the use of indium has been

introduced by Niggemann et al.,210 who report the fabrication of

a novel architecture in organic photovoltaic devices without the

use of transparent electrodes and with extremely high voltages.

Built on substrates of transparent lamellar nanostructured

polymer, devices consisting of series of interconnected elemen-

tary cells (up to 1390 cells/mm) are prepared (Fig. 32). Anodes

and cathodes are deposited on the vertical walls of the lamellas

by thermal evaporation of titanium or MoO3 respectively from

inclined incident angles, such that anode and cathode pairs of

adjacent elementary cells are interconnected at the tip of the

nanolamellae. The photoactive composite (P3HT/PCBM - 3:2) is

then spincoated in the final process step.

In order to suppress interconnection of adjacent cell elements

by the photoactive composite, a dielectric layer of lithium fluo-

ride was furthermore deposited at an angle on the tip of the

lamellae prior to spincoating. Under AM1.5 illumination,

a 17.4 mm � 7.9 mm photovoltaic nanomodule prepared in this

way generated an open circuit voltage of 880 V and a short circuit

current of 2 � 10�8 A. The solar power conversion efficiency is

stated to be 0.008% when considering a fill factor of 25%. The

concept of wrap through was first introduced in 1993 by Gee

et al.209 for silicon based solar cells and have now been imple-

mented in polymer based photovoltaics by Zimmermann et al.208

in order to avoid the use of transparent electrodes. The general

idea behind wrap trough is to have both electrodes on the back

side of the device, one having a traditional layered contact with

the light absorber, and the other being connected to the absorber

through a series of holes/channels, leading through the device,

that have been filled with a highly conducting material. The holes
This journal is ª The Royal Society of Chemistry 2010



Fig. 31 Roll-to-roll coated polymer solar cells using an ITO based process (left) and ITO-free processes (middle and left).

Fig. 32 High voltage devices. Upper left: Basic sketch of a series interconnected photovoltaic nanomodule. An elementary cell is represented by the

photoactive volume sandwiched between an anode and a cathode. Lower left: Schematic drawing of the series interconnected photovoltaic nanomodule.

Anodes and cathodes are deposited on the walls of the nanolamellae by evaporation from an inclined incident angle. The series interconnection of

adjacent elementary cells is carried out by overlapping the electrodes at the tips of the lamellae. In order to suppress charge carrier recombination, the

tips of the nanolamellae are coated with a dielectric layer. The electrical contact is provided via two contact tips positioned onto the metallised

nanolamellae. Right: SEM cross-section of a photovoltaic nanomodule. The tips of the lamellae are coated with lithium fluoride by thermal evaporation

under inclined incident angles. Reprinted with permission from ref. 210. ª 2008 Wiley-VHC Verlag GmbH & Co. KGaA, Weinheim.
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are placed in a pattern throughout the device that ensures good

efficiency. The organic solar cell by Zimmermann et al. is built on

a thin plastic substrate with inverted layer sequence, i.e. starting

with the metallic electron contact. Then the active absorber layer

is applied, followed by the PEDOT:PSS layer as shown in

Fig. 33.

The holes/channels through the device are now created by

perforation of the device with a hot needle followed by a second

layer of PEDOT:PSS forming the wrap through contact. As the

last step a metal (Au) back contact was evaporated thermally.

Power conversion efficiencies of up to 2% were reached for

parallel wrap through and 1.1% was reached for serial circuitry

using simulated solar irradiation (1000 W/m2).
Summary and outlook

From a materials point of view, the state-of-the-art in the field of

organic photovoltaics has for long been represented by bulk

heterojunction solar cells based on P3HT and a fullerene. Power

conversion efficiencies in the 4–5% range have been reported for
This journal is ª The Royal Society of Chemistry 2010
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P3HT:PCBM devices,46–50 but reproducibility has been difficult

and average efficiencies are significantly lower than the highest

reported. P3HT can only absorb light up to 650 nm, and this

limited absorption of the available solar photons (up to 22.4%)

has in recent years led several research teams to focus on prep-

aration of low band gap polymers in order to be able to exploit

a larger part of the solar spectrum. Recently new low band gap

polymer:PCBM composites have shown device efficiencies close

to and even exceeding that of P3HT:PCBM with plenty of room

for improvement.56–58,192

Another trail deviating from the traditional P3HT:PCBM

blends is the use of two different polymers to act as donor and

acceptor in a polymer:polymer heterojunction. Although very

little effort has been put into this area moderately good results

have been achieved (�1.8%).69 The advantages of a hetero-

junction consisting only of absorbing materials, allowing for

absorption over a wider spectral range, together with the relative

ease of tuning the donor–acceptor energy levels make the poly-

mer:polymer solar cell a potential player in future research. Two

major challenges will be the design of good n-type polymers and
J. Mater. Chem., 2010, 20, 36–60 | 55



Fig. 33 Wrap through cells. Top and lower left: Schematic representation of the inverted layer sequence starting with the metallic contact on the plastic

substrate followed by the active polymer blend and PEDOT:PSS. After perforation of the film a second layer of PEDOT:PSS is applied forming the wrap

through contact and a gold back electrode is applied to finish the circuitry. Right: Picture of a wrap through device. The two bottom representations are

reprinted with permission from ref. 211. ª 2007 Elsevier B. V.
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dealing with the tendency for phase separation of the polymers

into larger domains instead of into a fine interpenetrating

network that allows for efficient charge separation and transport.

The use of precursor or thermocleavable sidechain routes also

results in a higher concentration of the photoactive participant.

Heat treatment of the device film results in chemical reactions

whereby removal of part of the material (sometimes up to 50% or

more by weight) that constitutes the original film is achieved.

Thus formed conjugated polymers have no solubilising side-

chains and are insoluble in all solvents which induce stability

towards degradation and furthermore allows for preparation of

multilayer devices by all solution processing.109 Light cleavage

using a near-infrared (NIR) dye that is either incorporated in the

polymer film or employed as a separate layer on top of the

polymer is a sophisticated form of dealing with thermocleavable

materials which allows for patterning as thermocleavage only

occurs in areas exposed to NIR light.114,115,199 The non-exposed

areas which are still soluble can subsequently be removed.

Multilayer devices (tandem cells) allow for use of several types

of polymer that each absorb light at different regions of the solar

spectrum and hence render the exploitation of the incoming light

more effective. The main challenge when preparing all solution

processed multilayer devices is to find a way to add a new layer

without destroying the underlying layer. Besides the method of

rendering the polymer insoluble this can be done by careful

tuning of the solvents used for each layer so that the top layer is

always insoluble in the solvent used next. PCEs of up to 6.5%

have been reported by the latter method.192 An alternative

approach to the already mentioned is to use a reflective geometry
56 | J. Mater. Chem., 2010, 20, 36–60
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where the reflected light from one cell is directed towards another

and vice versa. This again allows for the use of supplementary

polymers that each absorbs light at different wavelengths.

With respect to methods trying to induce stability to the device

the use of materials that can be cross-linked after film prepara-

tion and consequently a ‘locking’ of the morphology, should be

mentioned. Limited research has been carried out within this

area that has the potential of solving the problem of phase

separation/aggregation that is observed for P3HT:PCBM devices

upon thermal treatment. Finding ways to prepare highly cross-

linked films would also make the process useful for multilayer

devices.

Fabrication of hybrid solar cells is an area that has received

quite a lot of attention with respect to device architecture trying

to optimize charge separation and collection. Designs where the

inorganic part of the heterojunction is represented as nano-

particles, are generated in situ, or as nanorod or -pore structures

have been investigated and recently several reports of combining

the traditional P3HT:PCBM setup with an inorganic into

a 3-component heterojunction has been successful in improving

the efficiencies compared with the corresponding P3HT:PCPM

devices without the inorganic. Similar tendencies have been

reported for heterojunctions of surface modified inorganics with

different dyes, where the concentration of the dye is so small that

its contribution to absorption is minimal to negligible. Instead

the dye aids in charge separation and suppresses back recombi-

nation. The latter two examples are good indicators that

combining techniques and thinking differently can lead to

improvement.
This journal is ª The Royal Society of Chemistry 2010
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The latest reports are dealing with the fact that indium, which is

a major component in the most commonly used transparent elec-

trodes (ITO), is a scarce and expensive element in a world market

with a growing demand because of the development within opto-

electronics. In order to approach this problem new device designs

have been developed to function without ITO. High voltage devices

yielding open circuit voltages up to 880 V,210 introduction of the

wrap through concept implemented for polymer based solar cells on

thin flexible plastic substrates,208 and some of the ITO free polymer

solar cell module concepts have even been demonstrated to work in

a full roll-to-roll process.200,201 These new concepts still need opti-

mization, but they are approaching relevant issues for industrial

manufacturing processes.134,212

It is our opinion that, if the field of polymer solar cells is to

advance to a degree where it finally succeeds in leaving the lab to go

into actual production and enjoy widespread use, it will be neces-

sary to deviate, in much larger extent than seen so far, from the

tendency to just accept the flaws of the ‘main road’ in stead of trying

to deal with them. Besides development of new device designs, new

materials have to be developed. Tuning of donor–acceptor energy

levels in polymer:polymer heterojunctions, in hybrid solar cells or

a combination of both, attempts to minimize the amount of non-

absorbing or -conducting material from the heterojunction as well

as stabilising the same by use of thermocleavable materials are some

of the paths where we see a large potential.

There is furthermore a need for more approaches to implement

the laboratory small scale fabrication of devices into actual large

scale production, in order to gain familiarity with the inevitable

problems and challenges that are related to this. This will place

demands on the materials properties such that they match rele-

vant processes. This area is relatively new.

Conclusion

Materials, processes and devices that deviate significantly from

the standard approach, of rigid glass substrates, indium-tin-

oxide electrodes, spincoated layers of conjugated polymer/

fullerene mixtures and evaporated metal electrodes in a flat

multilayer geometry, that is generally used in the preparation of

polymer and organic solar cells, have been presented in this

review. Advanced materials such as thermocleavable polymers,

for higher level processing and stability, in combination with

advanced device concepts like tandem cells and ITO free roll-to-

roll coating. All have the potential to go beyond the current state-

of-the-art towards real progress in terms of better performance,

higher operational stability, facile processing and easier, faster

and lower cost production.
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ABSTRACT: Thermocleavable low-band-gap polymers based on dithienylthienopyrazines were prepared
and copolymerized with different donor units like dialkoxybenzene, fluorene, thiophene, and cyclopenta-
dithiophene (CPDT) using both Stille and Suzuki cross-coupling reactions. In the solid state the band gaps
are in the range of 1.17-1.37 eV. The polymers were explored as donormaterials in bulk heterojunction solar
cells together with PCBM as the acceptor material where they were shown to exhibit a photoresponse in the
full absorption range up to 900 nm and power conversion efficiencies of up to 1.21% under 1 sun irradiation.
A red shift of the absorption edge on going from solution to the solid film was observed for all the polymers.
Thermogravimetric analysis of the polymers in the temperature range from 25 to 500 �C showed a weight loss
at just above 200 �C, corresponding to loss of the tertiary ester groups, and a secondweight loss above 400 �C,
corresponding to loss of CO2 and decomposition. Upon thermocleavage the power conversion efficiency
decreased for all the polymers while the polymer films became insoluble which was desired in the context of
multilayer film processing. Thermocleavable low-band-gap materials can potentially offer better light
harvesting, better operational stability, and a higher level of permissible processing conditions due to the
insolubility of thermocleaved films in all solvents.

Introduction

Low-band-gap polymers for photovoltaics are designed to
match the solar emission spectrum better, which has a maximum
in photon flux near 700 nm and an appreciable tail stretching into
the infrared region.1,2 The extended absorption by low-band-gap
polymers can potentially increase the power conversion efficiency
by absorbing more photons. One approach to designing these
materials is by use of alternating electron-rich (donor) and
electron-poor (acceptor) units giving rise to a material with a
low-energy absorption band that is generally ascribed to a charge
transfer band. The absorption can be tuned by adjusting the
donor-acceptor strengths, or HOMO-LUMO levels, respec-
tively. For this purpose, polymers with alternating dithiophene
and thienopyrazine units have been explored by several groups3-9

who reports band gaps in the range 1.2-1.6 eV for this type of
polymer. In our earlier work,3 we explored the chemistry of the
thienopyrazine-type acceptor moiety to characterize the influence
of the substituents and extended π-system on the absorption
spectrum. Here we found that adding phenyl groups to the
dithienylthienopyrazine system caused a red shift of the lowest
energy absorption band with up to 50 nm, presumably due to the
more extended conjugation. In addition, polymers based on fused
aromatic thienopyrazine units can reduce the band gap even
further caused by a more planar backbone between repeating
units.3,5 Low-band-gap polymers based on dithienylthienopyra-
zine in blends with soluble methanofullerenes have shown high
power conversion efficiencies (2.2%)9 and an extended photo-
response up to 900 nm,7 indicating that these materials are
promising for photovoltaic applications.

There has been a recent interest in the operational stability of
polymer solar cells and more importantly on the understanding

of why devices and materials break down.10 By using time-of-
flight secondary ion mass spectrometry (TOF-SIMS)11 and
isotopic labeling (18O2 and H2

18O), the main finding is that
oxygen and water diffuse into the various layers of the solar cell,
react with the bulk of the materials and the interfaces, and thus
degrade the solar cell and device performance.12-18 Moreover,
photodegradation studies of bothMDMO-PPVandP3HTunder
illumination in the presence and absence of oxygen19-22 have
shown that widely different mechanisms are in play. Illumination
of MDMO-PPV in the absence of oxygen suggests that absorp-
tion of UV-vis light by MDMO-PPV can induce the homolytic
scission of the O-CH2 bond. The generated radicals may react
with the vinylene groups, which lead to loss of conjugation, or
undergo photo-Fries rearrangement. Furthermore, different
photochemical mechanisms have been shown to be in play, the
photochemical instability of P3HT has been suggested to be
mainly due to the hexyl side chains, and it has been predicted that
the photochemical stability of native polythiophene should be
significantly longer. Taking the above-mentioned issues into
consideration, one could explore the many possibilities in em-
ploying a conjugated material that is reached either through a
precursor route or through a route where side chains are removed
post film formation. This can be realized with the use of thermo-
cleavable side chains.The side chains provide solubility in organic
solvents and allow film formation via solution processing. Sub-
sequently, they can be removed by heating in a postprocessing
step forming a harder insoluble material where diffusion phe-
nomena are slowed down and in addition the photochemical
reactions associated with the side chains are avoided. Ideally, the
thermocleavage of the side chains leads to a high-Tg material,
characterized by its high glass transition temperature, which has
been demonstrated to strongly suppress morphological changes
in high-Tg PPV:PCBM active layers that leads to high thermal
stability of the photovoltaic characteristics.23 Because of a high*Corresponding author. E-mail: manp@risoe.dtu.dk.
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glass transition temperature, the active layer forms a more rigid
and stable morphology which limit the possible migration and
segregation of the PCBM molecules leading to a more stable
active layer and consequently to a more stable photovoltaic
behavior.23 Alternative routes to polymer materials for polymer
solar cells without side chains are precursor routes such as the
dithiocarbamate route.24-28 Lifetimes over 10000 h have been
reported for solar cells based on the thermocleavable polymer
poly-3-(2-methylhexan-2-yl)oxycarbonylbithiophene
(P3MHOCT) and C60 after thermal elimination of the solubiliz-
ing groups which transforms P3MHOCT into the more rigid and
insoluble poly-3-carboxydithiophene (P3CT).17,29

In spite of themore complex synthetic chemistry andmaterials
handling requirements for thermocleavable materials, the moti-
vations for exploring those in the context of polymer solar cells
include improvement of morphological, interface, and photo-
chemical stability, improvement of the chromophore density in
the device film, and significant advantages in terms of processing
(solubility/insolubility switching). Thermocleavable materials
remain inferior to the current state of the art in terms of power
conversion efficiency while recent progress have shown power
conversion efficiencies approaching 2%. It is likely that thermo-
cleavable materials can be improved at least to the level of the
current state-of-the-art pending the same investment in optimiza-
tion as materials such as P3HT has received.

Herein we report our efforts in this direction through the
synthesis of a series of alternating thermocleavable low-band-
gap polymers and their photovoltaic performance in blends with
[6,6]-phenyl C61 butyric acid methyl ester (PCBM). The materials
are copolymers based on dithienylthienopyrazine, bearing thermo-
cleavable benzoate esters on the pyrazine ring, alternating with
different donor segments, i.e., dialkoxybenzene, fluorene, thio-
phene, and cyclopentadithiophene (CPDT) (Figure 1). The effects
of the different donor segments on the photovoltaic performance of
the polymers in blends with [60]PCBM with and without thermal
treatment are presented. The alkyl benzoate ester groups make the
polymer soluble in organic solvents and allow for film formation.
Subsequently, they can be removed by heating in a postprocessing
step forming the free acid and a volatile alkene.

Experimental Section

Synthetic procedures for synthesis of monomers and polymers
according to Schemes 1 and 2 and their characterization data
(including 1H NMR and 13C NMR) are described in detail in
the Supporting Information together with general experimental
details.

Polymer Solar Cell Fabrication and Analysis. Photovoltaic
devices were made by spin-coating PEDOT:PSS (Aldrich,
1.3 wt % aqueous solution) onto precleaned, patterned indium
tin oxide (ITO) substrates (9-15 Ω per square) (LumTec)
followed by annealing at 140 �C for 5 min. The active layer
was deposited, in a glovebox, by spin-coating a blend of
the polymer and [60]PCBM dissolved in o-dichlorobenzene
(40 mg/mL). After a thermal treatment (see Table 2) the counter
electrode of aluminumwas deposited by vacuum evaporation at
(2-3)� 10-6 mbar. The active area of the cells was 0.5 cm2. I-V
characteristics were measured under AM1.5G corresponding to
74.3 mW/cm2 white light from a multiwavelength high-power
LED array using a Keithley 2400 source meter. IPCE spectra
were recorded on the same solar test platform with the LED-
based illumination system.

Results and Discussion

Synthesis. The synthetic steps involved in the preparation
of themonomers 2a, 2b, 5, 7, and 10 are outlined in Scheme 1.
Monomer 1 was functionalized by NBS bromination and
by deprotonation using lithium diisopropylamine (LDA)
followed by treatment with trimethyltin chloride. This af-
forded 2a

30 and 2b
31 to be used in Suzuki- and Stille-type

copolymerizations. According to a literature procedure,32

monomer 5 can be synthesized in good yield starting with a
standard alkylation of hydroquinone (3) followed by bromi-
nation of 4 with NBS. The diboronic acid pinacol ester 7 is
prepared by lithiation of readily available 2,7-dibromo-9,9-
dioctylfluorene (6) followed by addition of 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane.33 The synthetic
route to 1034 initiates with a deprotonation of 4H-cyclopenta-
[2,1-b:3,4-b0]-dithiophene (8) and a subsequent alkyla-
tion which affords 9 in good yield. Deprotonation of 9 using

Figure 1. Low-band-gap polymers based on dithienylthienopyrazine alternating with different donor segments.
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n-butyllithium followed by treatment with trimethyltin
chloride affords monomer 10.
Copolymerizations leading to the final polymers P1-P4

are presented in Scheme 2. Copolymerization of 2b via
Stille coupling, using the catalyst system Pd2dba3/tri-o-
tolylphosphine, with 5 gave polymer P1 in 77% yield as a
dark brown solid (Mw= 7 kg/mol, PDI= 1.9). Coupling of
2a with 7 was performed with a Suzuki-type copolymeriza-
tion reaction using Pd2dba3/tri-o-tolylphosphine as a cata-
lyst and caesium carbonate as a base. The polymer P2 was
afforded in 90% yield as a green solid with a molecular
weight (Mw) of 42.3 kg/mol and a polydispersity (PDI) of 3.
Using the same conditions as for the preparation of P1,
copolymerization of 2a via Stille coupling with 2,5-bis-
(trimethylstannyl)thiophene and the cyclopentadithiophene
10 gave polymer P3 and P4 as dark green solids in 92-93%
yield. All the polymers were isolated in good yields and are
soluble in organic solvents such as chloroform and toluene at
room temperature.

Thermal Behavior. The thermal behavior of the thermo-
cleavable polymers was investigated by thermogravimetric
analysis (TGA). The sample holders were carefully weighed
and the samples introduced. TGAwas then carried out using
heating rate of 10 �C min-1. TGA of P1-P4 are shown in
Figure 2 and indicates that the tertiary ester starts to
eliminate around 200 �C, in agreement with earlier results.30

The second loss peak at ∼400 �C that corresponds to loss of
CO2

30 (not prior to decomposition) can only be observed for
P3 because a greater weight loss for P1, P2, and P4 is
showing in the same temperature range. The observed value
for this loss peak is ∼20%, which corresponds to loss of the
alkyl chains on the donor units: dialkoxybenzene, fluorene,
and CPDT. The same precursor film prepared by standard
solution processing of P1-P4 can give access to two chemi-
cally different thin films, as shown in Figure 3.

Optical Properties. The absorption spectra for the poly-
mers in chloroform solution are shown in Figure 4a. The
copolymers P1-P4 based on dithienylthienopyrazine does

Scheme 1. Synthetic Steps Involved in the Preparation of the Monomers

Scheme 2. Copolymerizations Leading to the Polymers P1-P4a

aY= 5, 7, 10, and 2,5-bis(trimethylstannyl)thiophene. (i) Stille coupling using Pd2dba3 and tri-o-tolylphosphine. (ii) Suzuki coupling using Pd2dba3,
tri-o-tolylphosphine and Cs2CO3.
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indeed show a considerable spectral coverage of the solar
spectrum which is varied with the different donor units. The
optical band gaps, defined by the onset of absorption, are
ranging from1.22 to 1.50 eV (Table 1), which ismuch smaller
than that of poly(3-hexylthiophene) (P3HT) homopolymer
(Eg ∼ 1.9-2.1 eV). This supports the idea that the internal
charge-transfer interaction between donor and acceptor
moieties in donor-acceptor copolymers is an efficient
method to lower the band gap of conjugated polymers. Partial
aggregation of P1 in solution gives it the lowest optical band
gapwith an onset at 1015 nm.P2 has a somewhat higher band
gap of 1.5 eV because of the decreased donor strength of the
fluorene unit (high degree of aromaticity) which reduce con-
jugation in the polymer backbone.
Three alternating thiophene units provide P3 with a band

gap of 1.3 eV in solution. Further extending the thiophene
content by incorporating CPDT lowers the band gap to
1.27 eV (P4). Despite the improved donor character of the
CPDT unit, caused by its planarity and electron-donating
alkyl chains,P3 andP4 have rather similar band gaps though
the absorptionmaxima (λmax) ofP3 is blue-shifted compared
to P4. The thin film absorption spectra for polymers P1-P4
are shown in Figure 4b. The optical band gaps are ranging

from 1.17 to 1.37 eV where only P2 shows a significant
decrease compared to in solution (Table 1). The polymersP1
and P2 have absorption maxima in the range from 665 to
745 nm in chloroform solution, and these are red-shifted
further to 710-845 nm when in a solid film (Table 1),
indicating significant interchain association in the solid state.
In addition, λmax for P2 is red-shifted with 50-95 nm
compared to corresponding polymers without the thermo-
cleavable side chains.4,9P3 reveals a shoulder around 800 nm
in solution, and the same, but weaker, vibronic fine structure
remains in the solid state. P4 also reveals a shoulder in
solution around 830 nm, but in the solid state the absorption
band has broadened, caused by intermolecular interactions,
and the vibronic fine structure has disappeared. Upon
annealing the films only P3 and P4 shows a significant
change in the absorption spectra (Figure 5). Upon thermo-
cleavage of the films by heating them at 250 �C for 1 min a
color change from olive green to a more brownish color is
observed. The associated changes in the absorption spectrum
are a less intense low-energy absorption band and a smaller
band gap which is reduced to 1.23 eV for P3 and 1.18 eV for
P4. There may be several explanations for the lower absorp-
tion intensity. First, the associated change in film thickness,

Figure 2. (a) TGA of P1, (b) TGA of P2, (c) TGA of P3, and (d) TGA of P4 in the temperature range 50-500 �C. The data were recorded at
10 �C min-1 under an argon atmosphere. A derivative weight loss curve has been included to tell the point at which weight loss is most apparent.

Figure 3. Possible chemical transitions of P1-P4.
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and secondly, the dielectric constant may lead to changes in
the reflection phenomena that also contribute to the inten-
sities in the observed absorption spectrum for a solid film in
transmission geometry. Thirdly, the intensity of absorption
quite often decreases as the band gap is lowered. After the
short thermal treatment the films maintained the optical
quality and were insoluble in organic solvents.

Photovoltaic Performance. Bulk heterojunction solar cells
with an active area of 0.5 cm2were prepared on an indium tin
oxide (ITO) covered glass substrate, using conventional
device architecture. A thin layer of poly(3,4-ethylenedi-
oxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) was
spin-coated on top of the ITO coating followed by spin-
coating of the active layer. The active layer contained a blend
of the respective polymer and [60]PCBM.
After spin-coating of the active layer the devices were

either processed directly into a solar cell by evaporation of
aluminum as back electrode or subjected to a thermal
treatment at the temperature of thermocleavage immediately
before evaporation of the back electrode. The obtained
current-voltage curves are presented in Figure 6 which
shows the current-voltage characteristics of the polymer:
PCBM solar cells measured under 74.3 mW/cm2 white light.
The unannealed devices based on P1, with the lowest band

gap (1.15 eV), and PCBM had low open-circuit voltages
(Voc) of 0.36V,moderate fill factors (FF) of 0.40, and current
densities (Jsc) of 1.82 mA/cm2. This resulted in power con-
version efficiencies of up to 0.35% (Table 2). Devices based
on the fluorine-coupled polymer P2 and PCBM showed a
somewhat higher Voc up to 0.65 V (Figure 6a) as expected
from earlier reports9 with a similar system. P2 provides a
descent FF of 0.44, but the low current density (1.41 mA/
cm2) limits the performance to 0.54%.Changing the polymer
backbone to be a complete thiophene segment raises the
Jsc up to 2.22 mA/cm2 for P3:PCBM devices. The Voc was
0.5 V, and together with a FF of 0.38 the devices had a power
conversion efficiency up to 0.57%. Solar cells based on P4:
PCBM exhibits the best performance with the highest cur-
rent density of 3.20 mA/cm2 and a good fill factor of 0.51.
Together with an open-circuit voltage of 0.55 V, the power
conversion efficiency sets to 1.21%. The somewhat higher
Jsc obtainedwithP4 is also reflected in the incident photon to
current efficiency (IPCE) which reaches an average IPCE of
17% with a photoresponse up to 900 nm (Figure 7a). In
contrast, P1-P3 have an average IPCE in the range 7-8%
but also extends up to 900 nm, except P2 in agreement with
the absorption spectra (Figure 4b). Despite the extended
photoresponse of P1-P4, IPCE is inferior compared to
the state of the art system P3HT:PCBM (Table 2) which
may be explained by limited exciton dissociation at the

Figure 4. (a) UV-vis absorption spectra of the polymers P1-P4 in
chloroform solution and (b) in thin film. P3HT in chloroform solution
and in thin film is also shown for comparison.

Table 1. GPC and Spectroscopic Data for Polymers P1-P4

solution film

polymer Mw (g/mol) PDI R(λmax) (L/(g cm)) λmax (nm) λonset (nm) Eg (eV) λmax (nm) λonset (nm) Eg (eV)

P1 7 000 1.9 16 745 1015 1.22 845 1057 1.17
P2 42 300 3.0 18 665 824 1.50 710 906 1.37
P3 39 400 1.9 23 770 955 1.30 760 955 1.30
P4 363 000 4.8 29 868 980 1.27 825 1002 1.24

Figure 5. (a) UV-vis absorption spectra of P3 and (b) P4 in thin film
before and after annealing for 1 min.
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polymer-PCBM interface. However for P4, the generated
charge carriers seem to be extracted relatively efficiently as is
indicated by a rather good fill factor of 0.51. J-V curves of
the polymer:PCBM solar cells after a thermal treatment are
shown in Figure 6b, and a general observation is that the
performance drops after the thermocleavage. Table 2 shows
a large drop in the current density for all polymers after
thermocleavage together with minor drops in the Voc and
FF. The drop in performance is also reflected in the IPCE
which is lower at all wavelengths compared to the un-
annealed devices (Figure 7b).

Morphology. The P3:PCBM and P4:PCBM device films
annealed at different temperatures, as measured by atomic
force microscopy (AFM), are shown in Figure 8. AFM
reveals changes in the surface topography of the films and
generally gives a good first insight into morphology of the
active layer.35 All films shows a significant roughness with a
peak-to-valley difference around 15-20 nm. Comparing the
films before and after thermocleavage (∼200 �C) reveals that
the domain sizes increases to features with dimensions larger

than 100 nm which indicate extensive phase segregation of
the polymer and PCBM upon annealing at high tempera-
tures.Moreover, Figure 8c,g indicates that phase segregation
commence prior to thermal cleavage of the tertiary esters.
The reduced current densities of the polymer:PCBM devices
after thermocleavage might be a direct consequence of the
changed morphology which is possibly limiting charge car-
rier generation (reduced number of exitons reach the inter-
face) and transport to the electrodes (insufficient percolating
pathways). The drop in the current density after thermo-
cleavage to the free carboxylic acid has been observed before
for polymers where the thermocleavable ester resides on a
thiophene unit. These polymers can undergo further trans-
formation into the native system by decarboxylation which
leads to a significant improvement in performance due to an
increase in mainly the current density.36,37 For the materials
reported here heating to 300 �C resulted in significantly
poorer performance. As measured by AFM, one possible
explanation is that the morphology changes undesirably for
this class of materials at the high temperatures, and further
work on understanding the complex interplay between the

Figure 6. (a) J-V characteristics of the P1:PCBM, P2:PCBM, P3:
PCBM, and P4:PCBM solar cells measured under 74.3 mW/cm2 white
light before and (b) after a thermal treatment (see Table 2).

Table 2. Photovoltaic Performance of Devices Based on Blends of Polymer and PCBM

polymer polymer:PCBM (w/w ratio) thermal treatment (�C) Voc (V) Jsc (mA/cm2) FF η (%)

P1 1:2 0.36 1.82 0.40 0.35
P1 1:2 250a 0.36 1.16 0.47 0.27
P2 1:3 0.65 1.41 0.44 0.54
P2 1:3 250a 0.60 1.18 0.35 0.33
P3 1:4 0.50 2.22 0.38 0.57
P3 1:4 230a 0.44 1.66 0.36 0.35
P4 1:3 0.55 3.20 0.51 1.21
P4 1:3 225a 0.50 2.13 0.45 0.64
P3HT 1:1 150b 0.62 7.69 0.48 2.3c

aAnnealed for 30 s. bAnnealed for 5 min. cTypical PCE reached at Risoe DTU with commercially available regioregular P3HT in the same device
geometry.

Figure 7. (a) IPCE of polymer:PCBM solar cells before and (b) after a
thermal treatment.
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changes in morphology as a result of thermocleavage is
warranted. This points to the importance of the difference
between the temperature where changes in morphology take
place and the temperature at which thermocleavage takes
place. It is likely that the few examples where similar or better
performance was obtained after thermocleavage of the film
represent cases where the morphology does not change
before thermocleavage.

Conclusion

Aseries of new thermocleavable low-band-gap polymers based
on dithienylthienopyrazine, bearing thermocleavable benzoate
esters on the pyrazine ring, alternating with different donor
segments (including dialkoxybenzene, fluorene, thiophene, and
CPDT) have been synthesized. The solubilizing benzoate ester
groups are thermocleavable around 200 �C where a volatile
alkene is eliminated, leaving the polymer component more rigid.
Furthermore, it was found that no decarboxylation takes place
prior to decomposition at∼400 �Cwhere a greater weight loss for
P1, P2, and P4 is observed in the same temperature range which
corresponds to loss of the alkyl chains on the donor units:
dialkoxybenzene, fluorene, and CPDT. The four polymers
optical properties and photovoltaic performance in blends
with PCBM have been investigated. In chloroform solution the
polymers had optical band gaps ranging from 1.22 to 1.50 eV.
The optical band gaps are lowered to 1.17-1.37 eV in thin film,
showing a considerable spectral coverage of the solar emission
spectrum. Furthermore, polymers P3 and P4 showed a less
intense low-energy absorption band and a smaller band gap after
annealing the film for 1 min. The best performing polymer in a
bulk heterojunction solar cell was P4 with Jsc = 3.20 mA/cm2,
Voc = 0.55 V, FF = 0.51, and η = 1.21%. Devices generally
performed worse after thermocleavage due to a drop in mainly
the current density giving power conversion efficiencies up to
0.64% for P4:PCBM solar cells. The drop in performance after
thermocleavage can be linked to extensive phase segregation of
the polymer and PCBM upon annealing as measured by AFM.
We finally conclude that the interplay between temperature,
morphology, and film chemistry needs to be understood before
efficient thermocleavable materials can be optimally designed.
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