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Chapter 5 

Improving the Stille cross-coupling reaction 
 

The Stille cross-coupling reaction is one of the most widely used reactions for the synthesis 

of conjugated polymers, which raises the question: “How do the results presented in the 

previous chapter reconcile with the literature?” This chapter will give a more detailed 

literature review of the Stille polymerization. It will focus on the cause of  side reactions and 

will present our research on improving the polymerization reaction. Structure analysis with 

MALDI-TOF MS showed that using different reaction conditions does not only affect the 

molecular weight of the resulting polymer, but also the structure. With the importance of 

having well-defined structures in the field of organic electronics these conclusions are very 

interesting and could explain the difference in the electronic properties between batches of 

polymers made by the different groups in the field.  
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5.1   Side reactions in the Stille cross-coupling polymerization; a 

literature review  

The palladium-catalyzed Stille cross-coupling reaction dates back to the 1970s1 and, 

together with the Suzuki coupling, is one of the most used reactions in organic chemistry. A 

general introduction was already given in Chapter 1 and from that introduction it was already 

clear that for each coupling reaction, an optimization process is required to avoid unwanted 

side reactions. For small organic molecules the search for better reaction conditions is 

never-ending. It is clear that for each specific coupling reaction the rate-limiting step of the 

catalytic cycle can be different. All Pd-catalyzed cross-coupling reactions start with Pd(0), 

and are followed by oxidative addition, transmetalation, and reductive elimination. 

Understanding which of these steps is rate-limiting for a particular reaction is therefore 

important. Several methods have been found that increase the speed of each individual 

step2,3,4,5,6,7 . Using bulky (bidentate) or chelating ligands and LiCl has proven to increase 

the oxidative addition step, while adding CsF and Cu(I) increases the rate of the 

transmetalation step in a similar fashion than coordinating solvents like DMF or NMP, which 

can act as ligands for the catalyst. It is important to understand that, although these results 

are often written as universal methods to improve the Stille cross-coupling reaction, they are 

not. For the coupling of small organic molecules, the literature presents many systematic 

studies on the improvement of palladium-catalyzed cross-coupling reactions, but for 

conjugated polymers these studies are limited, even though the importance of having an 

effective coupling reaction is far more important for obtaining high quality polymers. Yu et 

al.3 presented their improvements on the Stille polymerization of simple organohalides and 

organostannane monomers in 1995 and this article is still referenced in many articles today. 

More recently Goodson et al.8  presented their systematic study on the improvement of the 

Suzuki polymerization, showing the importance of the optimization of the reaction conditions. 

The important conclusion from the research of Yu et al. is that when a Pd(II) catalyst is used, 

part of the organotin monomer is consumed for the formation of Pd(0), and using a small 

excess of tin monomer (equivalent to the amount of catalyst) resulted in higher molecular 

weight polymers. They also showed that although the use of a coordinating solvent like DMF 

can speed up the polymerization, the solubility of the polymer in the solvent is of more 

importance to obtain high molecular weight polymers. Of the commonly used solvents (THF, 

NMP, DMF, and dioxane) THF gave the best polymerization results.  AsPh3 as a ligand (1:4) 

gave the best results, but the “standard” ligand, PPh3, gave moderate molecular weights as 

well. The most important result was the discovery of the large difference in reactivity 
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between different monomers and the need for the optimization of each individual 

polymerization. This optimization is still not general procedure and THF and Pd(PPh3)4 is still 

used without adapting according to individual results. We postulate that the small difference 

in UV-VIS adsorption between oligomers and polymers, combined with the overestimation of 

the molecular weight by GPC might give a false indication of the formation of high molecular 

weight polymers. Although this is just speculation, Katz et al. also reported9 that 

alkylthiophene polymers obtained with the Stille-coupling showed very low or no field effect 

mobilities compared to polymer made via GRIM or Rieke polymerization. Structural analysis 

by MALDI-TOF MS could give more detailed information about the relation between 

structure and properties by more accurately determining the structure. The next paragraph 

will give some literature examples of the use of MALDI-TOF MS in the field of conjugated 

materials.  

5.2   Analysis of conjugated oligomers by MALDI-TOF MS; a 

literature overview 

With techniques such as NMR, FT-IR, and mass spectroscopy it very easy to gain structural 

information about small organic molecules, but for polymers this is more complicated. 

Although NMR and FT-IR still give some information about the structure, broadening of the 

spectrum prevents detailed analysis in most cases. Besides the importance of the molecular 

structure, the properties of conjugated polymers also greatly depend on the length of the 

polymer.27 GPC has been generally accepted as the method for mass analysis of 

conjugated polymers, even though it has been proven that it gives up to a four-fold 

overestimation of the molecular weight. Direct mass analysis is impossible because of 

fragmentation by direct ionization, but after the successful adaptation of MALDI-TOF MS to 

conjugated polymers this is no longer a problem. For the analysis of dendrimers or 

conjugated oligomers with a specific length,  MALDI-TOF MS has proven to be very useful, 

as was shown by several groups10,11,12. A great example is the work of Geng et al.11 who 

published the synthesis of monodisperse oligo(fluorene-co-bithiophene)s in 2007. Using the 

Stille cross-coupling reaction in a stepwise procedure they where able to synthesize 

oligomers ranging from 941 to 7026 amu. They analyzed these oligomers with MALDI-TOF 

and GPC and showed that by using MALDI-TOF the mass could be determined within 1% 

accuracy over the complete mass range, while GPC overestimated the molecular weight 

from 1.5 to 2.5 times.  

The power of MALDI-TOF for the analysis of conjugated homopolymers was also reported, 

especially for the polymerization of small monomers like 3-alkylthiophenes. MALDI-TOF 
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analysis of these polymers showed that there is a large difference in end-groups when using 

different polymerization methods. McCarley, for example, showed13 that using FeCl3 to 

synthesize poly(3-hexylthiophene) resulted in polymers which contained two or more 

chloride atoms from the oxidizing agent. A more extensive study was performed by 

McCullough et al.14 who compared different poly(alkylthiophene) polymers made via the 

McCullough, Rieke, and GRIM polymerization methods. They showed that each of method 

has a different abundance of end-groups and signs of side reactions. The polymer made via 

the Rieke method contains mostly chains with H/H and H/Br end-groups, while the 

McCullough method produces mostly Br/Br end-groups. The polymers made via the GRIM 

method also contain chains with H/CH3 end-groups, indicating coupling of the terminal 

Grignard reagents with some unreacted methylmagnesium chloride. They also showed that 

the masses obtained by GPC and MALDI-TOF differ by a factor 1.2-2.3 times, similar to the 

results given by Geng. Based on these results more extensive research was performed on 

improving the polymerization, which resulted in a better understanding of the polymerization 

mechanism. The nickel-catalyzed polymerization reaction (GRIM and McCullough), similar 

to other metal catalyzed cross-coupling reactions, has for a long time been presented as a 

polymerization proceeding via a stepgrowth mechanism, but based on MALDI-TOF results 

Yokoyama and McCullough recently showed15,16,17,18,19,20,21 that under the right conditions a 

living chain growth polymerization can be obtained, with better control over structure, 

molecular weight, and dispersity of the resulting polymers. There is an indication that the 

reason for this living behaviour is the result of the formation of associated pairs. This would 

mean that only via nickel-catalyzed homopolymerization this type of polymerization could 

occur. There are reports in literature22 that this also occurs in paladium catalyzed cross-

coupling polymerization: a more detailed analysis will be presented in the next chapter.  

The more common Suzuki and Stille cross-coupling copolymerisations are known to be 

stepgrowth polymerization reactions. Typical of stepgrowth polymerizations are slower 

reactions and the need for almost complete monomer conversion for the synthesis of high 

molecular weight polymers. There are only a handful reports describing MALDI-TOF 

analyses of these types of polymers, most likely because of the complexity of the spectra. 

Janssen et al.23 presented their detailed analysis by MALDI-TOF MS of the 

polycondensation of thiophenebisboronic derivatives and diiodobenzenes. They showed that 

up to eleven different chains per repeat unit can be found, similar to the results presented in 

Chapter 4, not taking into account the side reactions. They showed that by changing the 

reaction conditions, but also by changing the monomer a different distribution of end-groups 

was obtained. Also presented by Janssen, although in less detail, was the analysis (MALDI-

TOF MS) of several alternating N-dodecylpyrrole-benzothiadiazole copolymers synthesized 
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using the Stille polymerization24,25.  They showed that MALDI-TOF is very usefull in 

unravelling the limiting factors of the Stille polymerization. Combining these findings with the 

importance of high regularity and high purity in conjugated polymers it is strange that these 

papers are poorly cited. 

5.3   Mechanistic aspects of the Stille polycondensation. 

Analysis by MALDI-TOF MS 

5.3.1   General analysis by MALDI-TOF MS 

For our study we decided not to use thieno[2,3-b]thiophene because of the difficult 

synthesis. We instead used the commercially available bithiophene which was stannylated 

using a literature procedure28 and copolymerized with 5,5`-dibromo-4,4`-didecyl-2,2`-

bithiophene 2.12 under different reactions conditions. The reference polymer was made via 

the polymerization method presented in Chapter 2 using DMF / toluene and Pd(PPh3)4. We 

shortened the reaction time to 16 h to reduce the molecular weight for easier analysis by 

MALDI-TOF MS. During the experiment we tested several different solvents including 

DMF/toluene, NMP, THF, and PhCl. We also tested the effect of unbalanced monomer 

ratios and the microwave heating. We decided not to use complicated catalyst systems 

because of the need for a simple polymerization procedure. Table 5-1 gives an overview of 

the polymers that were synthesized and the results of the GPC analyses. To compensate for 

the overestimation of molecular weight that GPC produces, we also synthesized the 

equivalent quarterthiophene (QT) with a known molecular weight. The analysis showed that 

the molecular weight of this QT was reasonably close to the calculated value. With 

increasing mass, the apparent molecular weight will deviate more as was shown in 

literature.  

 

Figure 5.1 Schematic representation of P5-1 to P5-7. 
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Table 5-1 GPC analysis of QT, P5-1 to P5-4 

  Mn (g/ mol) Mw  (g/mol) Mz (g/mol) PDI 

QT quarter thiophene monomer 
(Calc. Mass: 611 amu) 

630 640 650 1,0 

P5-1 Standard (tol / DMF 3:1) 5900 9500 14200 1.6 

P5-2 PhCl 4100 7900 11900 1.9 

P5-3 THF 3200 6000 9000 1.9 

P5-4 NMP 6000 9000 12500 1.5 
 

The standard polymerization procedure of tol / DMF (3:1) gave P5-1 with a molecular weight 

of 5900 g/mol and a dispersity of 1.6. The solubility of this polymer in DMF is low, preventing 

the testing of the polymerization in pure DMF. The polar, coordinating, solvent NMP is a 

better solvent for the polymer and we therefore tried the polymerization in dry NMP. This 

resulted, as expected, in an increase of the molecular weight. Although the decrease is 

small, changing the solvent for the more aromatic chlorobenzene resulted in a reduction of 

the molecular weight. THF, the less coordinating solvent, had a similar effect. We analyzed 

the resulting polymers with MALDI-TOF MS. Figure 5.2 gives an overview of the four spectra 

of the polymers made using the different solvents. From this overview it is clear that, 

although only the solvent has changed, a big difference can be seen in the structure of the 

polymer. Using Chlorobenzene and THF as solvent resulted in more complicated spectra of 

the products. A more detailed analysis is given in Figure 5.3, which gives more information 

on the structure of the different polymers.  

To facilitate the assignment of the peaks found in the MALDI-TOF spectra, we made the 

assumption that there are no side-reactions. In this chapter X represents bithiophene 

monomer 4.6, while Y represents monomer 2.12. As we have seen in Chapter 4, co-

polymers can theoretically contain eleven differed chains per repeat unit, but in reality the 

amount of peaks found is often less, and most important, in different polymers different 

chain distribution can occur. This is also what we see for these polymers, Figure 5.3 shows 

a very large difference in chain distribution between the samples made under different 

conditions. For P5-1 and P5-4, the polymers with the highest molecular weight and lowest 

dispersities,  almost all peaks in the MALDI-TOF spectra can be assigned, while for the 

polymers P5-2 and P5-3 this is not the case, indicating side-reactions. For P5-1 and P5-4, 

H(XY)nH is the most intense peak, for P5-2 and P5-3 these are H(XY)nBr and 

Sn(CH3)3(XY)nBr respectively. If we assume that debromination and destannylation 

reactions mainly occur during the polymerization reaction this would mean that P5-1 and P5-

4 can not further polymerize. This indicates that polymerization was complete before the end 

of the reaction period. Polymers P5-2 and P5-3 do still contain functional groups and could  
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Figure 5.2. MALDI-TOF MS spectra of P5-1, P5-2, P5-3, and P5-4 using different polymerization 

solvents.  
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Figure 5.3 A  section of the MALDI-TOF MS spectra of P5-1, P5-2, P5-3 and P5-4 at n = 3. 

have produced longer polymers. This contradicts with the results obtained from GPC, which 

show that these polymers have a lower molecular weight. It could indicate that the 

polymerization speed in these solvent is much lower, or that polymerization is ended by 

degradation of the catalyst.   

If we look in more detail of the spectra of polymer P5-2 in Figure 5.3 we see that, although 

most peaks can be assigned, each peak has a one or more neighbouring peaks with a mass 

difference of n * 14 amu. A possible explanation for these peaks could be the methyl shift 

side reaction often mentioned in Stille polymerizations, which adds a CH3 group to the end 

of the chain. Although this does not explain why P5-2 has so many of these or why, for 

example Sn(CH3)3(XY)nBr, which has functionalized end-groups also has an extra peak.  

The possibility of a MALDI-TOF artefact was ruled out because other polymer spectra like 

that of P3HT (Figure 1.12) and P5-3 (THF) show none of these peaks. 
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An analysis of the different stages of the polymerization is needed to completely understand 

the reason for the many side reactions and, for this reason chlorobenzene was discarded as 

suitable polymerization solvent.  

The polymer P5-3 made in THF with a more ‘living’ character has the lowest molecular 

weight. It does not contain the shoulder shifted n * 14 amu, but it does contain peaks (*) that 

cannot be assigned using the possible combinations of monomers. The mass difference 

between the peaks is exactly 164 amu, the same as the mass of the bare monomer 4.6, 

which could mean that these chains contain additional monomers caused by homo-coupling. 

If we take homo-coupling into account it might also be possible that the main chain of P5-3 

is not Sn(CH3)3(XY)nBr, but HX(XY)nBr which explains the lower molecular weight and the 

absence of tin end-groups in the 1H-NMR. These hypotheses are hard to validate without 

further experiments.  

It is clear that changing the solvent not only affects the molecular weight of the polymer, but 

also the structure itself. Similar conclusions were found by Janssen for the Suzuki coupling. 

It shows the importance of conditions vs. structure vs. function research and the reason that 

using procedures for one synthesis does not always give the best results for another.  

Reports29 claim a dramatic increase in molecular weight when Pd(dba)3 is used in 

combination with P(o-tol)3 (1:4) as a ligand, but in our case (P5-5) we found no change 

(5100 vs 5900 (Mn)). For the further polymerization experiments we therefore used 

Pd(PPh3)4 in combination with the solvents NMP and tol / DMF.  
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5.3.2   The effect of imbalanced monomer ratios on polymerizations 

From the literature and our previous polymerization experiments we saw that the homo-

coupling of the organostannane monomer is one of the major side reactions in the 

polymerization. This side reaction will cause an imbalance of the monomers and therefore 

lower molecular weights. For stepwise polymerization one can calculate the maximum 

possible degree of polymerization using the equation of Carothers (1), where Xn is the 

degree of polymerization, r the stoichiometric ratio of monomers and p the extent of 

polymerization. Near to the end of the polymerization the value for p comes close to 1 and 

the equation can be rewrittten into equation (2), which shows that with 10 mol% imbalance (r 

= 0.9) of the monomer the maximum polymerization degree is 19 and even at 1 mol% of 

imbalance the maximum degree of polymerization is still only 199 monomer units. Starting 

with equivalent amount of monomers is therefore important, but also compensation for side 

reactions is necessary to obtain high molecular weight polymers.  
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We tested the effect of a 100% excess of one of the monomers and analyzed the product 

with MALDI-TOF MS. To prevent debromination and destannylation during work-up, only a 

small part of the polymerization mixture was quenched. Therefore no quantitative analysis 

could be given. The results are presented in Figure 5.4. With a 100% excess of one of the 

monomers one would expect a completely different chain distribution for both oligomers, 

which was confirmed by MALDI-TOF MS. 

For a more detailed analysis we looked at the mass range between 1200-1850 amu, which 

covers the range for n=2 completely (Figure 5.4c,d). Table 5-2 gives the expected chain 

distribution and the calculated mass. It also shows which of the peaks are visible in which 

spectra. Because of the excess of one of the monomers, in theory the chains should be 

terminated with that monomer. We again made the assumption that there are no side 

reactions. From these results we can see that by adding extra monomer 4.6 (X), a cleaner 

spectrum was obtained, containing chains mainly with an extra X unit and trimethyltin end-

groups, while adding extra monomer 2.12 (Y) chains with the expected extra unit Y and 

bromine end-groups are found together with other chains (3-7), indicative for earlier chain 
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termination. It is not unlikely that the low concentration of tin monomer slows down 

transmetalation, increasing the amount of side-reactions including the debromination 

reaction. For the reaction with a high concentration of organostannane monomer, the 

transmetalation is likely to speed up, reducing the side-reactions concerning the growing 

chain. 

 

 

 

 

Figure 5.4 MALDI-TOF MS spectra obtained after adding an excess of 100% of one of the monomers.  

a, c) excess Y (c is enlargement) b, d) excess X (d is enlargement of n:2). 
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Table 5-2. expected chains for the mass range 1200-1850 amu 

Nr. Main 
Chain 

End-groups Calc. 
mass

Spectra (a) Spectra (b) 

     theory Found Theory found 

1 Y(XY)1 Br Br 1213 X X   

         

2 (XY)2 H H 1220     

3 (XY)2 H Br 1300  X   

4 (XY)2 Sn H 1384  X  X 

5 (XY)2 Sn Br 1461  X   

         

6 (XY)2X H H 1384  X X X 

7 (XY)2X H Sn 1547  X X X 

8 (XY)2X Sn Sn 1709   X X 

         

9 Y(XY)2 H H 1664 X X   

10 Y(XY)2 H Br 1743 X X   

11 Y(XY)2 Br Br 1822 X X   

 

The reduced concentration of monomer 2.12  is likely to reduce the speed of oxidative 

addition, increasing the homo-coupling of organostannane monomers. This is also what we 

observe in the MALDI-TOF spectra (Figure 5.4d). The third largest peak (#) has a mass of 

exactly that of Sn(CH3)3(XY)nY Sn(CH3)3 + 164 m/z indicating the addition of an extra 

monomer 4.6 to the chain. This defect was also found at higher masses. If we want to 

improve the polymerization it is best to increase the concentration of the tin monomer, 

reducing the unwanted chain-termination side-reactions. A 100% excess of monomer will 

result in small oligomers, so we instead did the test with 10% and 30% excess of monomer 

4.6. Again, only part of the polymer was quenched to speed up the work-up and prevent 

debromination and destannylation. The reaction time was 16h. The result can be found in 

Figure 5.5. The numbers in this Figure correspond with table 5-2. Also, in this experiment, it 

is clear that a slight change in the composition of the monomer causes a big change in chain 

distributions. Spectrum (a) of Figure 5.5 (100% excess Y) mainly contains the expected 

BrY(XY)nBr (1) chains. Going then to a 10% excess of monomer X clearly shows (Figure 

5.5b) a decrease of BrY(XY)nBr (1) and a increase of the peaks originating from 
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Sn(CH3)3(XY)2H (4). Increasing the excess to 30% causes a decrease of Sn(CH3)3(XY)2H 

(4) and a increase of H(XY)2XSn(CH3)3 (7) and Sn(CH3)3(XY)2XSn(CH3)3 (8) as one would 

expect. With the increasing excess, the amount of homo-coupled product (#) also increases. 

For a balanced polymerization it is best to use only a slight excess of monomer 4.6.  

After these experiments we performed a polymerization using a 10% excess of monomer 

4.6 and found a big improvement obtaining polymer P5-6 with a Mn of 8300, Mw 13310 and a 

dispersity of 1.62. Figure 5.6 shows the MALDI-TOF spectra of  P5-6 compared with the 

best spectra of polymer P5-4 (NMP). Similar to the small scale experiments, the chain 

distribution is more balanced resulting in a higher molecular weight.  

 

 

Figure 5.5 MALDI-TOF spectra of non-stoichiometric polymerizations a) 100% excess monomer (1) b) 

10% excess monomer (2) c) 30% excess monomer (3) and d) 100% excess monomer (2).  
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Figure 5.6 MALDI-TOF spectra of P5-6 and P5-4. 

 

5.3.3   Polymerization using microwave irradiation 

In the original paper from McCulloch26 on the synthesis of the polymers containing the 

thieno[2,3b]thiophene monomer there was no mention of non-stoichometric conditions, but 

the polymerization was done using microwave irradiation. It is shown in literature that for 

several reactions, including cross-coupling polymerizations, this form of heating can result in 

shorter reaction times, leading to less side reaction26,30. Using similar conditions and 

reaction times presented by McCulloch, we did not find an improvement of the molecular 

weight (P5-7, Mn: 3500, Mw: 6200, DPI: 1.7), though MALDI-TOF showed more living 

character, similar to the result obtained using non-stiochiometric conditions. This could 

mean that by further optimization better results could be obtained.  
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5.4   Discussion and Conclusion 

After the negative results in the previous chapter it was clear that a better understanding of 

the Stille polymerization was needed in order to to obtain polymers with a well defined 

structure and high molecular weight. Our research revealed that changing the reaction 

condition does not affect only the molecular weight of the resulting polymer, but also the 

chain distribution, which is often forgotten. We also showed that for the  

co-polymerization of monomer 2.12 and 4.6, the best solvent is NMP followed by DMF / 

toluene mixture (1:3). Of the solvents used, chlorobenzene showed the most side reactions. 

Using different catalyst systems did not result in an improvement of the polymerization. One 

of the major side reactions in all polymerizations is the homo-coupling of the 

organostannane monomer. This side reaction leads to an imbalanced monomer ratio which 

lowers the molecular weight. We found that compensating for this imbalance improved the 

molecular weight, but just adding some extra monomer can cause an imbalance itself and 

careful optimization is needed to obtain the best results. One fact remaining, even after 

optimization, is that  polymers built via a cross-coupling co-polymerization contain up to 

eleven different chains, each which different end-groups. A difference in chain distribution, 

which can occur very easily, might affect the electronic properties of the polymer. Part of this 

problem can be solved by end-capping of the the polymer or post polymerization removal of 

the end-groups.  

These results present a possible issue using the Stille coupling for the synthesis of 

conjugated polymers; reproducability within a laboratory after optimization is possible, but 

between different laboratories it can be problematic. Throughout the literature one can find 

proof of this. Papers that claim high molecular weight (Mn > 50.000) polymers with little to no 

side reactions31 and others claim up to 20% side-reactions for each coupling step, resulting 

in only small oligomers32. The large diversity in possible reaction conditions make it difficult 

to get a good overview. We decided after this conclusion that the Stille-coupling is not 

suitable for the synthesis of functionalized conjugated polymers and we looked at other 

possible synthesis routes, which will be discussed in Chapter 6.  
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5.5   Experimental 

 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  GPC measurements were done on a Spectra 

Physics AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex 

RI-71 refractive index detector. The columns (PLGel 5μ mixed-C) (Polymer Laboratories) 

were calibrated using narrow disperse polystyrene standards (Polymer Laboratories). 

Samples were made in chloroform at a concentration of 1 mg/ml.  MALDI-TOF 

measurements were performed on a Biosystems Voyager apparatus. Samples were 

prepared by mixing the matrix (terthiophene or dithranol, 20 mg/ml in CHCl3) and the sample 

(1 mg/5 ml in CHCl3) in a 1:1 ratio. All the samples were measured in negative ion mode.  

 

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless indicated otherwise. Kumada, Stille, and Suzuki coupling reactions 

were performed under dry conditions and nitrogen atmosphere. The synthesis of 5,5`-

dibromo-4,4`-didecyl-2,2`-bithiophene (2.12)  can be found in Chapter 2.  The synthesis of 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene (4.6) can be found in Chapter 4. 
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Stoichometric Stille polymerization of poly(3,3′-didecyl-quaterthiophene)  

 

 

General Polymerization procedure using Stille polymerization  

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of both 

monomers. The solution was then sparged with dry nitrogen for 10 min before the addition of 

5 mol% Pd(PPh3)4 and an additional 10 min of sparging. The mixture was heated to reflux 

and stirred for 16 h, cooled to RT, and the solvent removed by rotary evaporation. The 

remaining residue was dissolved in a minimal amount of CHCl3 and precipitated by pouring 

slowly into 1 L of CH3OH. To facilitate the precipitation, 1 ml of concentrated HCl was then 

added. The resulting slurry was stirred for an hour and the precipitate collected by 

centrifugation at 4000 rpm for 10 min and dried in vacuo. The crude polymer was then 

purified in a Soxhlet extractor using CH3OH, acetone, and CHCl3, in which the purified 

polymer dissolved before being re-precipitated into cold CH3OH and dried in vacuo. 

 

In tol/DMF 3:1 [P5-1] 

492 mg (1.0 mmol) 4.6, 605 mg (1.0 mmol) 2.12 and 58 mg Pd(PPh3)4 were reacted in a 

mixture of 17 ml dry DMF and 80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol yielded 552 mg (90%) of a dark red 

powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.85-6.61 (b, 6H), 3.18-2.31 (b, 4H), 1.91-1.52 (b, 4H), 

1.52-1.04 (b, 28H), 1.00-0.72 (b, 6H). ATR-IR (cm-1):  3061, 2951, 2917, 2848,1493,1455, 

1435, 1375, 1309, 1261, 1183, 1158, 1120, 1093, 1069, 1026, 997, 820, 779, 753, 722. 

GPC: 5900 g/mol (Mn), 9500 g/mol (Mw), 14000 g/mol (Mz), 1.6 (PDI).  

 

 



Chapter 5 

142   

In PhCl [P5-2]  

123 mg (0.25 mmol) 4.6, 140 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in a 

25 ml of dry chlorobenzene according to the general Stille polymerization procedure. 

Precipitation in methanol yielded 125 mg (80%) of a dark red powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.33 - 6.76 (b, 6H), 2.93 - 2.55 (b, 4H), 1.90 - 1.63 (b, 4H), 

1.52-1.04 (b, 28H), 1.00-0.73 (b, 6H). ATR-IR (cm-1):  3063, 2918, 2849, 1493, 1455, 1376, 

1193, 1068, 822, 781, 755, 721. GPC: 4100 g/mol (Mn), 7900 g/mol (Mw), 12000 g/mol (Mz), 

1.9 (PDI). 

 

In THF [P5-3] 

123 mg (0.25 mmol) 4.6, 144 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in 25 

ml dry THF according to the general Stille polymerization procedure. Precipitation in 

methanol yielded a sticky dark red gum. No accurate yield could be determined 
1H-NMR (300 MHz, C2D2Cl4) δ = 7.39 - 6.65 (b, 6H), 2.95 - 2.29 (b, 4H), 1.82 - 1.48 (b, 4H), 

1.48 - 1.11 (b, 28H), 1.06 - 0.72 (b, 6H). ATR-IR (cm-1):  3063, 2952, 2918, 2849, 1493, 

1455, 1376, 1189, 1119, 1098, 1069, 10006, 821, 783, 720. GPC: 3200 g/mol (Mn), 6000 

g/mol (Mw), 9000 g/mol (Mz), 1.9 (PDI). 

 

In NMP [P5-4] 

120 mg (0.25 mmol) 4.6, 145 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in 25 

ml of dry NMP according to the general Stille polymerization procedure. Precipitation in 

methanol yielded 102 mg (65%) of a red powder. 
1H-NMR (300 MHz, C2D2Cl4) δ = 7.46 - 6.73 (b, 6H), 3.06 - 2.59 (b, 4H), 1.79 - 1.52 (b, 4H), 

1.52 - 1.04 (b, 28H), 1.04 - 0.75 (b, 6H). ATR-IR (cm-1): 3063, 2951, 2971, 2849, 1696, 

1493, 1456, 1376, 1297, 1192, 1069, 820, 780, 720. GPC: 6000 g/mol (Mn), 9000 g/mol 

(Mw), 12500 g/mol  (Mz), 1.5 (PDI). 

 

In tol / DMF (3/1), Pd(dba)3 & P(o-tol)3  [P5-5] 

492 mg (1.0 mmol) 4.6, 604 mg (1.0 mmol) 2.12 and 20 mg Pd(dba)3, 25mg P(o-tol)3 were 

reacted in a mixture 17 ml dry DMF and 80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol yielded 448 mg (74%) of a dark red 

powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.45 - 6.69 (b, 6H), 2.98 - 2.57 (b, 4H), 1.98 - 1.52 (b, 4H), 

1.52 - 1.13 (b, 28H), 0.98 - 0.70 (b, 6H). ATR-IR (cm-1):  3062, 2951, 2918, 2848, 1494, 
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1455, 1375, 1189, 1101, 1067, 821, 780, 720. GPC: 5100 g/mol (Mn), 11000 g/mol (Mw), 

16500  g/mol (Mz), 2.1 (PDI) 

 

Microwave irradiation [P5-7] 

123 mg (0.25 mmol) 4.6, 144 mg (0.25 mmol) 2.12  where dissolved in 30 ml 

chlorobenzene. Through the solution nitrogen was bubbled for 15 min and 15 mg Pd(PPh3)4 

was added. The Teflon vessel was closed and placed in the microwave oven. The following 

program was applied:  Heating to 144 °C in 8 min, then 2 min at 144 °C, heating to 180 °C in 

8 min followed bij 2 min of constant heating at that temperature then heating to 200 °C in 8 

min, 2 min of heating at that temperature, followed by cooling to RT. The reaction mixture 

was transferred to a pear flask and the solvent was removed under reduced pressure. The 

product was redissolved in a minimum of chloroform and precipitated in methanol. The 

remaining residue was treated identically as the general Stille polymerization procedure. 

After the  soxhlet extraction 114 mg (74%) of product was obtained.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.35 - 6.85 (b, 6H), 3.08 - 2.48 (b, 4H), 1.87 - 1.64 (b, 4H), 

1.52 - 1.16 (b, 28H), 1.08 - 0.70 (b, 6H). ATR-IR (cm-1):  3063, 2918, 2849, 1493, 1455, 

1376, 1305, 1195, 1068, 821, 780, 753, 721.  GPC: 3500 g/mol (Mn), 6200 g/mol (Mw), 9100 

g/mol (Mz), 1.8(PDI). 

 

Non-stoichometric Stille polymerization of poly(3,3′-didecyl-

quaterthiophene) 

Ratio 2:1 (excess 5,5`-dibromo-4,4`-didecyl-2,2`-bithiophene) 

123 mg (0.25 mmol) 4.6 and 76 mg (0.125 mmol) 2.12 where dissolved in 5 ml DMF and 20 

ml toluene. The solution was degassed several times before 15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS 

 

Ratio 1:2 (excess 5'5-bis(trimethylstannyl)-2,2'-bithiophene) 

62 mg (0.125 mmol) 4.6 and 151 mg (0.25 mmol) 2.12 where dissolved in 5 ml DMF and 20 

ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS 
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Ratio 7:10 (excess 5'-bis(trimethylstannyl)-2,2'-bithiophene) 

122 mg (0.25 mmol) 4.6 and 106 mg (0.175 mmol)  2.12 where dissolved in 5 ml DMF and 

20 ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS.  

 

Ratio 9:10 (excess 5'-bis(trimethylstannyl)-2,2'-bithiophene) [P5-6] 

123 mg (0.25 mmol) 4.6 and 136 mg (0.225 mmol) 2.12 where dissolved in 5 ml DMF and 

20 ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure, and analyzed with 

MALDI-TOF MS. The solvent was removed from the remaining reaction mixture and the 

residue was dissolved in a minimum of chloroform and precipitated in 250 ml of methanol. 

The remaining residue was treated identically as the general Stille polymerization procedure.  

Pure polymer (114 mg, 74%) was  obtained as a dark red powder.   

1H-NMR (300 MHz, C2D2Cl4) δ = 7.43 - 6.57 (b, 6H), 3.12 - 2.24 (b, 4H), 1.89- 1.50 (b, 4H), 

1.50 - 1.00 (b, 28H), 1.00 - 0.68 (b, 6H). ATR-IR (cm-1): 3062, 2918, 2848, 1493, 1454, 

1375, 1196, 1119, 1068, 821, 780, 753, 720. GPC: 8300 g/mol (Mn), 13500 g/mol (Mw), 

18500  g/mol (Mz), 1.6 (PDI).  
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