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Chapter 4 

Synthesis of maleimide functionalized 

conjugated polymers  
 

Chapter 3 described the synthesis of monomer 3.1. This chapter focusses on the synthesis 

of the conjugated polymer based on this new monomer. It will start with a review of the 

literature on conjugated polymers that contain maleimide moieties and will then show the 

results of our first polymerization experiments.  

The first polymerization experiments resulted in insoluble polymer and the question whether 

the insolubility is related to photo-induced side-reactions or to another cause will be 

addressed.  

This chapter will also present the results on the post-functionalization of two conjugated 

polymers with Michael acceptors. Analysis of these polymers by MALDI-TOF MS revealed 

the need for a better understanding of the Stille-polymerization before a polymer with a  

well-defined structure can be synthesized.  
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4.1   Conjugated polymers containing maleimide; literature 

review 

It is general knowledge1 that maleimide is a great candidate for the selective binding of 

biomolecules. In Chapter 1 of this thesis we reported the work of several groups on the use 

of maleimide for this purpose. There are few examples of molecules with a conjugated 

backbone; these are presented here.  

Li et al. presented2 an extensive paper on the functionalization of polythiophenes for the use 

in a (bio)sensors in 2005. They synthesized several functionalized thiophene polymers by 

electropolymerization and, in addition to other groups, they also included the polymerization 

of a maleimide-functionalized monomer (1-(11-thiophene-3yl-undecyl)-pyrrole-2,5-dione) 

4.1. During electropolymerization radical cations are formed which could induce 

polymerization of the maleimide, but according to their analysis by (FT-IR) the maleimides 

did not react. They further proved this by anchoring redox active groups, chromophores, and 

metal recognizing groups to their polymer and showed that these groups where still active 

on the polymer. The immobilization of the polymer limited the possible analytic methods for 

the analysis of its structure and no estimate was given of what percentage of the maleimides 

was functionalized. 

Ak et al. published3 their result in 2006. They made an electrochromic device based on 

(co)polymers 4.2, 4.3 made from N-(4-(3-thienyl methylene)-oxycarbonylphenyl)maleimide 

and thiophene. These polymers where also synthesized using electropolymerization. 

Structural analysis was done via FT-IR. The maleimide was not used for further 

functionalization as was done by Li. In 2007 they presented a follow up article4. 

An article of more interest was published in 2006 by Swager et al.5 on the synthesis of 

poly(phenyleneethynylene)s (PPE) with masked Michael acceptors 4.4. They used a system 

(similar to ours) with furan-protected maleimide for the functionalization of their aryl diiodide 

monomers. These monomers where then co-polymerized using a Sonogashira-Hagihara 

cross-coupling reaction at room temperature to prevent deprotection. According to Swager 

the protection is needed because Pd(0) can catalyze the coupling between organo halides 

with olefins (Heck reaction). They based their results on initial test polymerization under 

Sonogashira-Hagihara reaction conditions with maleimide groups present which produced 

low molecular weight polymers (Mn ~3000). They found that after protection of the maleimide 

the molecular weight of their homo- and copolymers increased to 8000-11000 (GPC). 

Deprotection was done in refluxing THF followed by in-situ functionalization by the addition 

of a thiolated 6-carboxy-X-rhodamine dye. Functionalization was checked by fluorescence, 
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UV-absorption and GPC. It was estimated that the loading of the maleimide was 5-42%. 

Unfortunately no polymer yields or NMR data were given.  

In 2008 Lee presented6 water-soluble PPE polymers containing maleimides 4.5 that were 

very similar to those of Swager. They also used protected maleimide in their synthesis. The 

polymerization was performed for 48 h at 50 °C. The molecular weight of their polymers 

ranged from 11000-14000, but the yields where low; 14% for there PPE polymer with 

pendant protected maleimides. Although they claimed to have synthesized maleimide-

functionalized PPEs, they did not report the actual deprotection to maleimide.  

To our knowledge these are the only known conjugated polymers which are functionalized 

with maleimides. The low yields, lack of structural information, and unreported deprotection 

steps might indicate that functionalization with maleimides is more complicated than 

expected, but the results shown by Swager show that it should be possible to obtain 

conjugated polymers functionalized with active maleimides.  

Figure 4.1 Conjugated polymers containing maleimide or protected maleimide as presented in literature.  
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4.2   First co-polymerization experiments using monomer 3.1  

4.2.1   Synthesis  

 

 
Figure 4.2 Copolymerization using the Stille coupling of monomer 2.5 and 3.1, forming polymer P4-1. 

  

After the successful synthesis of bithiophene 3.1 came polymerization (Figure 4.2) in the 

synthesis of our bioresponsive material for the Bio-FET. We have shown several reports of 

successful polymerization of conjugated monomers with maleimide sidegroups. None of 

those use the Stille-coupling for the polymerization, but with the large tolerance for functional 

groups, this was not expected to be a problem. Swager proposed the use of the protected 

monomer at low reaction temperatures to prevent a Heck side reaction, fortunately for us the 

Stille-coupling does not require a base and the unprotected monomer could be used.  

The polymerization was performed using a well-established Stille-coupling procedure with 

tetrakis(triphenylphosphine)palladium(0) as the catalyst in a mixture of DMF and toluene 

(1:3). Because of the importance of oxygen-free reaction conditions the polymerization 

mixture was degassed several times and the reaction was performed under nitrogen 

atmosphere for 24 h at 130 °C in the dark.  

The polymerization proceeded not noticeably different from the non-functionalized monomer 

version; within an hour the color had shifted from pale yellow to light orange and after 24h 

the solution was deeper orange—no precipitate was visible. The polymer was then 
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precipitated in methanol giving orange / brown flakes. Unfortunately after careful drying in 

vacuum at room temperature the polymer could not be re-dissolved (black powder) in any of 

the common organic solvents and more polymerization tests gave the same result.   

 

4.2.2   IR analysis7,8,9,10,11,12,13,14,15,16,17,1 

 

Figure 4.3 ATR-IR specroscopy of (a) P4-1, (b) maleimide functionalized bithiophene 3.1, (c) protected 

maleimide functionalized bithiophene 3.11 (d) methyl-furan protected maleimide 3.10 (e) P2-1. 

The insoluble polymer P4-1 was analyzed using ATR-IR and compared with spectra of the 

non-functionalized polymer P1-1, the metylfuran-protected maleimide 3.10, protected 

maleimide functionalized bithiophenes 3.11, and the maleimide functionalized bithiophene 

3.1. The spectra are shown in Figure 4.3. The ATR-IR spectra of P4-1 (a), P1-1 (e), 3.11 (c) 

and 3.1 (b) show the typical absorption peaks for the thiophene backbone and alkyl side 

chains3. The weak band originating from the stretching of the aromatic hydrogens can be 

found at around 3080 cm-1 and that of the alkyl hydrogen atoms at 2980-2790 cm-1. The 

bands of the CH2 and CH3 bending vibrations can be found around 1480-1330 cm-1 and the 
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band at 820 cm-1 represents the =C-H in-plane bending typical for thiophene oligomers and 

polymers.  A strong absorption band in spectra (a-d) originating from the asymmetric C=O 

stretching vibration of the imide (from the (protected) maleimide) can be seen at 1700 cm-1. 

The weak band at 1771 cm-1 originates from the symmetric C=O stretching vibration. 

According to Matsou18, this band is less defined for N-substituted maleimides compared to 

N-substituted succinimides. The spectra of 3.10 (d) and 3.11 (c), both compounds 

functionalized with succinimides, indeed show a more pronounced band at ~1770 cm-1 

compared to spectrum (b) of the maleimide functionalized monomer. Spectrum (a) of the 

insoluble polymer shows a higher intensity band than for the monomer (b), which could 

indicate the partial formation of succinimide and / or cross-linking or polymerization of the 

pending maleimides. The formation of succinimides during the polymerization of maleimides 

is often accompanied by a decrease in the intensity of the band at 1149 cm-1 assigned to 

maleimide and the increase of a band at 1180cm-1, related to succinimide. Unfortunately 

these bands overlap with the bands of the polymer backbone and side chain, preventing 

accurate determination in this case. For a final indication we looked at the ring deformation 

vibration of maleimide, which has a distinct band at 690 cm-1. The inset in Figure 4.3 shows 

that for the insoluble polymer (a) and the maleimide functionalized monomer (b) this band is 

indeed found in the spectra, while in spectrum (c) of the monomer with protected maleimide, 

this band is absent. This means that if cross-linking or polymerization of the maleimide 

occurs, as indicated by the increase of the band at 1770 cm-1, it is not complete.  

Although the ATR-IR experiments could not give conclusive results, the (partial) cross-

linking of the pendant maleimide functionalities could be the reason for the insolubility. 

Polymerization of maleimide moieties can be induced thermally, anionically or via UV-

absorption. Thermally induced polymerization of maleimide, according to the literature15, 

starts at 180 °C and should therefore not be a problem. The absence of a strong base 

should also have prevented anionic polymerization, leaving only photo-induced 

polymerization as the cause. We performed the polymerization under the exclusion of light 

and prevented direct irritation with UV-light. Still, complete exclusion of visible light could not 

be prevented. We decided to further investigate this option. The next sections, 4.2.3, 4.2.4 

and 4.2.5 describe an overview of the literature and, based thereon, we will present our 

thoughts on a possible cross-linking mechanism. 

From the literature it is clear that polymerization of N-functionalized maleimide (MI) is very 

common and can take place via different mechanisms. Beside the anionic 

polymerization19,20 using a strong base (n-BuLi complex), photo-induced radical 

polymerization is a very important mechanism for the synthesis of homo- and alternating co-

polymers21,22,23,24,13,25,26.  
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4.2.3   Photo-induced polymerization of N-functionalized maleimide 

 

Figure 4.4 (co)polymerization and dimerization of maleimide upon UV-irradiation. a.) Co-polymerization 

of maleimide and an electron– rich vinyl monomer, b.) Homo-polymerization of maleimide via hydrogen 

transfer c.) Dimerization of maleimide via a biradical intermediate.   

 

In recent years most research efforts have focused on the photoinitiator-free polymerization 

of maleimide/vinyl ether systems as a way to obtain UV curable, non-acrylate polymer 

systems27,28,26,25,13 . This approach is entirely based on the fact that MI is a special class of 

vinyl monomers. They have a very strong electron acceptor character due to the two 

carbonyl groups attached to the double bond. In combination with electron-rich monomers 

like vinyl ethers (VE), they form a donor-acceptor complex which, upon UV-radiation, will 

polymerize and form an alternating polymer. It is important to notice that vinyl ethers are 

transparent to UV-radiation and the radiation therefore is only absorbed by the MI monomer. 

In the beginning there was much speculation on the exact mechanism, but the following 

mechanism is now been generally accepted28,13,25,26: upon exposing the DA complex to UV-

light, a MI triplet exited state is formed. This triplet state is quenched by a hydrogen 

abstraction from the VE, resulting in a MI radical and a α-ether VE radical, which can initiate 
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polymerization (Figure 4.3a). Besides the common direct hydrogen transfer, indirect 

hydrogen transfer is also known, but this process is much slower. The triplet excited state of 

the MI is quenched by hole transfer from a vinyl donor to the MI tripled excited state followed 

by an additional hydrogen abstraction. This results in a radical anion.  

It was found that the homopolymerization of MI is much slower than the copolymerization. 

As long as the VE monomer is in excess only limited homopolymerization was found. When 

no VE monomer is present in the reaction mixture it is still possible to get photo-induced 

polymerization. If the MI monomer contains labile hydrogen atoms the polymerization 

proceeds via scheme (b) presented in Figure 4.4.  

When there are no labile hydrogens, [2 + 2] cycloaddition can still give dimerization22,23,24. 

The dimerization process also proceeds via the triplet excited state of the MI monomer, but 

lacking hydrogen transfer, its energy is released via this cyclization step (Figure 4.4c) The 

dimerization product is a chain terminator and no further polymerization occurs. This 

process of the dimerization of MI is used in the field of graphic arts. Polymers with pendant 

MI groups are used as a negative photoresist and upon UV-irradiation the unprotected areas 

starts cross-linking, resulting in a insoluble material. It was shown that it only takes 4% of 

cross-linking to obtain material that is completely insoluble22.  

From these three mechanisms cross-linking via the third option seems the most likely for our 

polymer, although no direct UV-irritation was applied. This means that the formation of a 

triplet excited state or radical has to occur via a different mechanism.  

 

4.2.4   Fluorescence quenching; photo induced electron transfer 

It is known29,30,31,32,33,34 that maleimide can quench fluorescence. This fluorescence 

quenching has been used as a tool in the fluorescence labelling of proteins. In the 

conjugated form maleimide will quench the fluorescence of covalently attached fluorophores, 

but after the addition of, for example cysteine, the resulting succinimide group no longer 

quenches. Understanding this quenching mechanism is, of course, important for the design 

and synthesis of new fluorescence labels, but the exact mechanism of this process has 

been unknown for a long time. Keillor et al.29 were among the first to look into the 

mechanism. From the three distinct pathways fluorescence can be quenched—namely, 

Förster energy transfer, Dexter energy transfer, and photoinduced electron transfer (PET)—

they found proof that PET is the most likely pathway. According to Keillor the process is as 

follows: After photon absorption the fluorophore is in the singlet excited state. The maleimide 

must then diffuse to an excited fluorophore. When the maleimide is close enough to the 

fluorophore and electron transfer occurs, the fluorescence is quenched. 
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For a specific dansylamide fluorophore and maleimide system Keillor calculated that the 

back electron transfer is slightly more favourable, which prevents charge separation. This 

process of fluorescence quenching by maleimide is described in the literature primarily for 

small molecules like phthalimide, naphthopyranone or pyrene derivatives.  

 

 

 

Figure 4.5 Schematic representation of intramolecular charge transfer of a D-A material. 

 

4.2.5   Discussion; possible cross-linking mechanism 

Although the polymerization and fluorescence quenching by maleimide seem to be two 

different topics, they are closely related. In both polymerization and fluorescence quenching 

we have seen that maleimide plays an important role as electron deficient moiety. We also 

know that for the (co)polymerization of MI, excitation of the MI to the triplet state is needed. 

The triplet excited state can then be quenched by hydrogen or electron transfer. For a fast 

initiation and polymerization, hydrogen transfer is required to obtain the desired radical 

initiator. Electron transfer gives the radical anion intermediate, but the reported slower 

initiation speed makes it a less commonly investigated system.  Still, it shows that the 

polymerization of maleimide can be initiated by radical anions though.  

Based on the results presented it is not unlikely that during our polymerization the 

conjugated backbone of the polymer acts as a sensitizer. Visible light is absorbed, causing 

excitation of the polymer chains. Diffusion of maleimides close to the polymer chains then  

can cause electron transfer. The high concentration of maleimide makes it very likely that, 

even though this initiation by radical anions is very inefficient, cross-linked material is 

formed. And because literature has shown that less then 4% of cross-linking is required 

render a system insoluble, the process does not have to be complete to obtain insoluble 

material.  
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Partial cross-linking through the maleimide moieties would also explain why the polymers 

synthesized by Li and Ak still show the IR-vibrations corresponding to unreacted maleimide. 

The low yields and poor structural analysis of Swager and Lee of their chemically 

synthesized maleimide-functionalized conjugated polymers might also be explained by the 

aforementioned process.  

Unfortunately the insolubility of the polymer prevents further structural and spectroscopical 

analysis of the polymers.  

 

4.3   Post-functionalization experiments of fluorene-co-

bithiophene systems 

4.3.1   Synthesis  

 
Figure 4.6 Synthesis and post-functionalization of P4-2. 
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After the unsuccesful synthesis of our maleimide-functionalized target polymer P4-1 via the 

direct polymerization route, we decided to test the synthesis of our polymer via  

post-functionalization. Post-functionalization can be done at mild reaction temperatures 

making it possible to obtain polymers with protected maleimides. These polymer should not 

be susceptible to cross-linking. In addition to functionalization with protected maleimide we 

decided to test the functionalization with the less strong Michael acceptor acrylate as a 

back-up.  

Since the synthesis of the bromo-functionalized bithiophene monomer takes six synthetic 

steps and since it is only possible to synthesize on a small scale (~1 gr), we decided to test 

the post-functionalization experiment first on a more simple fluorene-co-bithiophene system. 

We used the Stille-coupling for the polymerization of 5,5'-di(trimethyltin)-2,2'-bithiophene 4.6 

and 2,7-dibromo-9,9-bis(bromohexyl)-9H-fluorene 4.7. Both monomers were made via 

single-step literature procedures35,36 .  

The polymerization was performed in toluene / DMF using the same reaction conditions 

presented in Chapter 2. The polymerization yielded P4-2 in 56%.  The functionalization of 

P4-2 with acrylate (P4-3) and protected maleimide (P4-4) was done by stirring sodium 

acrylate or protected maleimide with K2CO3 in DMF for 72 h at room temperature. The 

polymers P4-2, P4-3 and P4-4 are moderately soluble in organic solvents like chloroform 

and toluene. An overview of the synthesis is given in Figure 4.6. Post-functionalization of 

polymers does not always go to completion, complicating any detailed analysis. We 

therefore also functionalized monomer 4.7 (M1) using these same conditions, yielding the 

acrylated monomer M2 and the monomer containing protected maleimide M3 in yields of 

78% and 50% respectively.  

4.3.2   NMR analysis of the synthesized polymers 

1H-NMR data of the functionalized monomers and polymers is given in Tables 4-1, 4-2 and 

4-3. Each Table shows the data of the (functionalized) monomer and polymer.  Comparison 

between the monomer and polymer spectra shows the distinct broadening of the monomer 

spectrum and loss of detail, as is expected after a polymerization. Table 4-1 shows the NMR 

data of the parent materials 9,9-bis(6-bromohexyl)-9H-2,7-dibromofluorene 4.7 and its co-

polymer P4-2. The same peaks can be found in the data of the functionalized monomer M2, 

M3 and the functionalized polymers P4-3 and P4-4, which are shown in Table 4-2 and 4-3. 

The peaks not found in the parent materials are written in italics. For M2 and P4-3 we see 

the very specific fingerprint of the CH2=CH- protons of the acrylate, for M3 and P4-4 the 

spectra are more complicated but a quick comparison with the spectra of 3.11 (Figure 3.11) 

showed a successful functionalization.  
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Table 4-1. NMR data of M1 and P4-2 (CDCl3) 

4.7 (M1) P4-2 
∆  ∆  

7.64 – 7.31  (m, 6H) 7.64 – 6.80  (14H)*  
3.28  (t, 4H) 3.40 – 3.06  (4H) 

2.08 – 1.76  (m, 4H) 2.22 – 1.87 (4H) 
1.76 – 1.57  (m, 4H) 1.80 – 1.40 (7H)* 
1.18 – 1.06  (m, 8H) 1.35 – 0.88 (9H) 

0.53 (b.s, 4H) 0.92 – 0.37 (4H) 

 
Table 4-2. NMR data of P4-2, M2 and P4-3 (CDCl3) 

P4-2 M2 P4-3 
∆  δ  ∆  

7.64 – 6.80  (14H)* 7.64 – 7.34   (m, 6H) 7.93 – 6.74   (14H)* 
  6.34  (dd, 2H) 6.44 – 6.17   (1.7H) 
  6.06  (dd, 2H) 6.14 – 5.89   (1.7H) 
  5.77  (dd, 2H) 5.85 – 5.59   (1.7H) 

3.40 – 3.06  (4H) 4.02  (t, 4H) 4.21 – 3.73   (3.7H) 
2.22 – 1.87 (4H) 2.03 – 1.79  (m, 4H) 2.22 – 1.83   (4H) 
1.80 – 1.40 (7H)* 1.57 – 1.44  (m, 4H) 1.55 – 1.28 (4H) 
1.35 – 0.88 (9H) 1.21 – 0.98  (m, 8H) 1.27 – 0.90   (9H) 
0.92 – 0.37 (4H) 0.56  (b.s, 4H) 0.85 – 0.38   (4H) 

 
Table 4-3. NMR data of P4-2, M3 and P4-4 (CDCl3) 

P4-2 M3 P4-4 
∆  ∆  ∆  

7.64 – 6.80  (14H) 7.58 – 7.31  (m, 6H) 7.87 – 6.77   (17H)* 
  6.46  (d, 2H) 6.61 – 6.63   (1.7H) 
  6.27  (d, 2H) 6.31 – 6.00   (1.7H) 
  5.12  (s, 2H) 5.27 – 4.96   (1.7H) 

3.40 – 3.06  (4H) 3.34  (t, 4H) 3.53 – 3.05   (4H) 
  2.88  (d, 2H) 2.92 – 2.69   (2H) 
  2.63  (d, 2H) 2.68 – 2.42 (2H) 

2.22 – 1.87 (4H) 1.97 – 1.80  (m, 4H) 2.18 – 1.78 (4H) 
  1.66  (s, 6H) 1.78 – 1.45   (11H)* 

1.80 – 1.40 (7H)* 1.50 – 1.24 (m, 4H) 1.46 – 1.23   (5H) 
1.35 – 0.88 (9H) 1.16 – 0.91 (m, 8H) 1.22 – 0.80   (9H) 
0.92 – 0.37 (4H) 0.52  (b.s, 4H) 0.79 – 0.19   (4H) 

 

*Higher value because of overlap with the solvent peak 
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From these NMR spectra we conclude that the functionalization was around 90% complete 

(Table 4-2 and 4-3) for both the acrylate and the protected maleimide. We did not find 

residual trimethyltin end-groups in the spectra.  

 

4.3.3   GPC analysis  

The results of the GPC analysis (against PS) of P4-2, P4-3 and P4-4 are given in Table 4-4. 

The data indicate that the polymerization reaction produced only small oligomers with an 

average length of five repeat units. No conclusions on the post-functionalization could be 

drawn from the GPC analysis. The functionalization of P4-1 with an acrylate should result in 

a reduction of the molecular weight, not an increase, while functionalization with protected 

maleimides should result in a smaller increase of the molecular weight. Difference in 

hydrodynamic volume of P4-3, P4-4 and P4-2 might be the reason for the inaccurate 

analysis. A difference in hydrodynamic volumes has been shown to cause the 

overestimation of the molecular weight of most conjugated polymers versus polystyrene.   

 

Table 4-4. GPC results P4-2, P4-3, and P4-4 

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

P4-2  3100 5800 9700 1.9 

P4-3 3500 6200 10200 1.8 

P4-4 4700 7600 12100 1.6 

  

4.3.4   Structural analysis by MALDI-TOF MS 

Beside analysis of the polymers P4-2, P4-3, and P4-4 using the common techniques  
1H-NMR and GPC, we used MALDI-TOF MS to obtain more information about the 

functionalization. The technique MALDI-TOF MS was originally designed for the analysis of 

biopolymers, but it is applied to synthetic polymers increasingly. The detailed structural 

information that can be obtained by MALDI-TOF MS makes it a powerful tool for the analysis 

of end-groups, post-functionalization and polymerization mechanisms. In the field of 

conjugated polymers, MALDI-TOF MS is used mainly to determine end-groups of polymers 

made via the GRIM method37,38,39.  More on MALDI-TOF MS on conjugated polymers is 

discussed in the next chapter. 
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For a correct analysis of the recorded MALDI-TOF spectra one has to realize that the 

schematic representation given for co-polymerizations (Figure 4.7a) is an oversimplification. 

It does not give any information about the end of the chains, which is exactly what 

distinguishes different polymer chains in the sample, and which is visible by MALDI-TOF 

MS. A more correct representation is given in Figure 4.7b, which shows that per repeat unit 

up to 11 possible chains are present. Side reactions such as methyl shifts, ligand 

exchanges, transmetalations, and homo-coupling increase this number further.  

 

 

 

Figure 4.7 (a) Common, but incomplete representation of co-polymerizations (b) More correct 

representation of the chain distribution in the polymer sample. 

Figure 4.8 shows the recorded spectra of P4-2 and P4-3; for unknown reasons it was not 

possible to record the spectrum of P4-4. A possible explanation is that the laser irradiation 

causes in-situ deprotection and polymerization of the maleimides. As expected the MALDI-

TOF spectra are complicated. Chains with up to eight repeat units are visible, but the high 

dispersity prevents us from making a correct statement on the length of the polymers. Still, it 

is clear that the molecular weights of the polymers are low, which was also concluded from 

GPC.  

Although the spectra are complicated,we can draw some conclusions from them. The 

spacing between the largest peaks in the spectra of P4-2 is 654 amu while for P4-2 it is 636 

amu. These differences correspond exactly to the mass of a repeat unit of each polymer. 

The difference between these values of 18 amu corresponds with 2*9 amu, 9 amu being the 

mass difference between bromine and acrylate, indicating a complete functionalization with 
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acrylate. Figure 4.8 also shows that the difference between the largest peak in the top 

(bromine) and bottom (acrylate) spectra is increasing (36 to 90 amu)—as is expected by an 

increasing degree of functionalization. The difference is exactly 2n*9 amu. 

 

 

Figure 4.8. MALDI-TOF mass spectra of polymers P4-2 (top) and P4-3 (bottom). 

Figure 4.9 shows a close-up of the spectra of chains with n=2. Using the Figure 4.7b and 

Table 4-5 we identify the largest peaks in the spectra. We made the assumption that there 

are no side-reactions during polymerization and we left out the cyclization product. X 

represents monomer 4.6 (bithiophene), while Y represent monomer 4.7 (fluorene). For a 

stochiometric polymerization one would expect the main peaks to be Sn(CH3)3(XY)nBr, but 

in our spectra we see that this is not the case. The main peaks have a higher mass which 
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corresponds nicely to H(XY)nXSn(CH3)3 which contains an extra bithiophene monomer 4.6. 

The rest of the repeating peaks can be assigned to H(XY)nSn(CH3)3, Br(XY)nSn(CH3)3, 

H(XY)nXH, and Sn(CH3)3(XY)nXSn(CH3)3. No peaks for chains with extra fluorene 

monomers were found.  

 

 

 

Figure 4.9. Close-up of the MALDI-TOF spectra of n=2 of P4-2 and P4-3. In the bottom spectrum (P4-3) 

the * shows a shift of exact 36 amu, indicating complete functionalization.  
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Table 4-5 Various type of end groups and their corresponding mass values 

No Main Chain End-group Calc. Mw 
P4-2 

Present 

    n= 2 

1 (XY)n H H 1311  

2 (XY)n Sn(CH3)3 H 1474  

3 (XY)n H Br 1391 X 

4 (XY)n Sn(CH3)3 Br 1552 X 

      

5 (XY)nX H H 1475 X 

6* (XY)nX H Sn(CH3)3 1638 X 

7 (XY)nX Sn(CH3)3 Sn(CH3)3 1801 X 

      

8 Y(XY)n H H 1801  

9 Y(XY)n Br H 1881  

10 Y(XY)n Br Br 1959  

  

From Figure 4.9 we can also draw a more detailed conclusion on the functionalization of  

P4-2 to P4-3. Each of the assigned peaks shifts 36 amu corresponding to functionalization 

with four acrylates (n=2). The close-up also shows that the functionalization is not complete 

and that some non-functionalized chains remain. With increasing chain length it becomes 

more difficult to assign the individual peaks. This is because of the increasing difference in 

the degree of functionalization. With n=5 it is possible to have chains with 1 to 10 acrylates, 

each differing in mass by only 9 amu. This broadening is clearly visible in Figure 4.8. From 

these MALDI-TOF experiments we concluded that the post-functionalization is almost 

complete in agreement with which was observed by NMR.  

When assigning the individual peaks of the MALDI-TOF spectra we made the assumption 

that no side reactions occurred during polymerization, but this is unrealistic. Reseach by 

Krebs et al.40 showed an estimated 5% Br-Br homocoupling and 15% Sn-Sn homocoupling 

occurs for each Stille reaction step. Unfortunately the trimethyltin group weighs exactly the 

same (164 amu) as monomer 4.6 and the resolution of the MALDI-TOF spectra was too low 

to perform a good isotope analysis,  which makes it impossible to draw accurate conclusions 

about side-reactions. It is somewhat strange that the main peaks in the MALDI-TOF MS 
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spectra contain tin end-groups, while analysis by 1H-NMR showed almost no tin end-groups 

present in the polymers. This could indicate that the homo-coupling is more dominant than 

expected. Homocoupling would also explain the low molecular weight and non-stochiometric 

incorporation of the monomer. More research would be needed to draw quantitative 

conclusions.  

 

4.4   Post-functionalization experiments on bithiophene-co-

thieno[2,3-b]thiophene system 

 

Figure 4.10 Copolymerization using the Stille coupling of monomers 2.5  and 3.9, forming polymer P4-5. 

 

After the successful functionalization experiments we continued with the functionalization of 

P4-5 (Figure 4.10). After polymerization and soxhlet extraction the polymer was obtained in 

65% yield. According to GPC the Mn was 5500 g/mol and the dispersity was 1.5. The 1H-

NMR spectrum of P4-5 is given in Figure 4.11. Beside the expected peaks a-e, some 

shoulders are visible. The amount of tin end-groups in the 1H-NMR is neglectable. It is 

possible that the shoulder of peak c is due the protons at the end of the polymer chain 

besides the end-groups (R1) this would mean that, based the ratio between c an c*, the 

average polymer chain is not longer than two repeat units (1484 amu). 
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Figure 4.11. 1H-NMR spectra of P-4. * unexpected shoulder which could indicate side reactions or short 

chains. 

 

 To get more information we also performed MALDI-TOF analysis of the polymer. The 

spectrum is given in Figure 4.12. The MALDI-TOF spectrum of P4-5 is more complicated  

compared to that of P4-2. Also for this polymer we see that MALDI-TOF gives an 

underestimation of the molecular weight compared to GPC and chains up to seven repeat 

units are visible. The difference between the largest peaks is 741 amu which is close to the 

expected 740 amu of the repeat unit (see Figure 4.12). Also for this polymer we tried to 

indentify each of the peaks, the results are given in Figure 4.12b, which is an expansion of 

the spectrum between 1450 – 2420 m/z. It shows that the main chains of the polymer are 

likely to be H(XY)nXH, again a non-stochiometric chain distribution, although in this case X is 

the functionalized bithiophene monomer 3.9. In contrast to polymers P4-2 and P4-3, no 

trimethyl tin end-groups are visible in the MALDI-TOF spectra.  
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Figure 4.12. MALDI-TOF analysis of P-4. Overview (top) and close-up (bottom). 
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Further analysis of the MALDI-TOF spectra showed that not all chains could be identified. 

The most common mass shift was 62 amu which equals the difference between bromine 

and hydroxy end-groups of the side chains. The replacement of part of the bromine groups 

for hydroxyl groups could also explain the presence of the shoulder of e (e*). Based on the 

ratio between e and e*, ~5% of the bromine functional groups would then be replaced. But 

because of the complexity of the MALDI-TOF spectrum we could not rule out other possible 

side-reactions as homo-coupling or elimination reactions. The complexity of the MALDI-TOF 

MS spectra made us decide not to continue with the post-functionalization experiments. 

After detailed analysis of the polymers P4-2, P4-3 and P4-5 it was clear that, for the 

synthesis of a (functionalized) conjugated polymer with a well defined structure and high 

molecular weight, this method was not suitable. To rule out the possibility that MALDI-TOF 

MS itself gives inaccurate results, (i.e. artifacts) we tested P4-5 in an organic FET and found 

very low mobilities. We decided not to go further with the post-functionalization approach 

until we could improve the properties of the parent polymer.  

 

4.5   Conclusion 

After the successful synthesis of the maleimide-functionalized monomer in Chapter 3, the 

synthesis of the functionalized polymer proved to be much more difficult than anticipated. 

Direct polymerization of the functionalized monomers resulted in insoluble polymers, most 

likely due to a photo-induced cross-linking process. Post-functionalization of the polymer 

with protected maleimide and acrylate was tested on a fluorene-bithiophene copolymer (P4-

2) and proven to be successful. However, MALDI-TOF analysis revealed that the polymers 

made via the standard Stille-coupling did not have the expected regular structure. This was 

even more pronounced for P4-5. We decided not to pursue post-functionalization further, 

because of the low mobilities obtained from FET measurements. In Chapters 5 and 6, we 

will go into detail on methods to improve the polymerization.  
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4.6   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 under nitrogen atmosphere.  The synthesis of 2,5-

bis(trimethyltin)-thieno[2,3-b]thiophene (2.5) can be found in Chapter 2. The synthesis of 

1,1'-[(5,5'-dibromo-2,2'-bithiene-4,4'-diyl)didecane-2,1-diyl]bis(1H-pyrrole-2,5-dione) (3.1), 

5,5'-dibromo-4,4'-bis(10-bromodecyl)-2,2'-bithiophene (3.9) and 1-methyl-10-oxa-4-

azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (3.10) can be found in Chapter 3.  
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5,5'-bis(trimethyltin)-2,2'-bithiophene [4.6] 

This compound was made according to literature 

procedure.36 The reaction was performed under nitrogen 

atmosphere and under dry conditions. 4.71 gram (28 

mmol) bithiophene was dissolved in 35 ml of dry hexane 

and 9 ml of TMEDA. The mixture was cooled to 0 °C and 38 ml (61 mmol) of 1.6 M n-BuLi 

was added dropwise. After addition the mixture was refluxed for 30 min, cooled to 0 °C and 

11.7 gram (59 mmol) of (CH3)3SnCl dissolved in 10 ml of hexanes was added dropwise 

keeping the temperature below 5 °C. After addition, the mixture was allowed to warm-up to 

RT and was then stirred for 16 h. 50 ml of saturated NH4Cl solution was added dropwise to 

quench the reaction. The mixture was extracted with dichloromethane and the organic layer 

was washed with CuSO4, brine, and dried (MgSO4). The solvent was removed and the crude 

product was recrystallized from 20 ml of hexanes. After recrystallization 6.3 gram (47%) of 

light green product was obtained. 

1H-NMR (300 MHz, CDCl3) δ = 7.26 (d, J= 3.3 Hz, 2H), 7.07 (d, J=3.3 Hz, 2H), 0.37 (s, 

18H). 13C NMR (50 MHz, CDCl3) δ = 143.24, 137.27, 136.07, 125.07, -8.00. 

 

9,9-bis(6-bromohexyl)-9H-2,7-dibromofluorene [4.7, M1]  

This compound was made according to literature procedure.36   

2,7-dibromofluorene (3.23 g, 10 mmol) and TBAB (0.64 gram, 2.0 

mmol) was dissolved in DMSO (20 ml) under nitrogen atmosphere. 

This mixture was treated with 50% potassium hydroxide solution 

(7.5 ml) and subsequently 1,6-dibromohexane (24.4 gram, 100 mmol) was added under 

heating at 75 ˚C and stirring overnight resulting in a color change from deep red after 

addition of the KOH to turbid yellow. Cooled down to room temperature, the reaction mixture 

was poured out on ice water and extracted with DCM. The combined organic layers were 

washed with an excess of water and brine and dried over Na2SO4. The solvents were 

removed in vacuo and the crude product was purified by column chromatography using 

silica gel and petroleum ether/DCM (10:1) as the eluent. Pure product was obtained by 

recrystallization from isopropanol/methanol (3:1) as clear white rods (2.4 gram, 37%)  

mp 72-75 ˚C (lit. 73 ˚C); 1H-NMR (300 MHz, CDCl3) δ = 7.52 (dd, 4H, J= 7.7 Hz, J=12.8 Hz),  

7.44 (s, 2H),  3.29 (t, 4H, J=7.0 Hz), 1.98 – 1.85 (m, 4H), 1.67 (p, J=7.1 Hz, 4H), 1.22 (p, 

J=7.3 Hz, 4H), 1.08 (p, J=7.3 Hz, 4H), 0.58 (p, J=7.3 Hz, 2H).13C-NMR (75 MHz, CDCl3) δ = 

152.37, 139.27, 130.54, 126.29, 121.78, 121.44, 55.77, 40.27, 34.12, 32.83, 29.18, 27.98, 
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23.67. ATR-IR (cm-1):  2928, 2851, 1459, 1446, 1415, 1397, 1271, 1257, 1212, 1125, 1058, 

1004, 984, 938, 877, 834, 808, 751, 720, 638, 616  
 

 (2,7-dibromo-9H-fluorene-9,9-diyl)dihexane-2,1-diyl bisprop-2-enoate [M2] 
 

400 mg (0.61 mmol) 4.7 and 300 mg (3.2 mmol) sodium acrylate 

where mixed together in 25 ml DMF. The mixture was heated at 

50 °C for 24 h, cooled to RT and poured into 100 ml water and 

was then extracted with ethyl acetate. The solvent was removed 

and the crude product was purified using column 

chromatography (silica, ethyl acetate). After purification 304 mg 

(0.48 mmol, 78%) of a white powder was obtained.  

1H-NMR (300 MHz, CDCl3) δ = 7.62 – 7.34 (m, 6H), 6.34 (dd, J=17.3, 1.4 Hz, 2H), 6.06 (dd, 

J=17.3, 10.4 Hz, 2H), 5.77 (dd, J=10.4, 1.4 Hz, 2H), 4.02 (t, J=6.7 Hz, 4H), 2.01 – 1.81 (m, 

4H), 1.53 – 1.37 (m, 4H), 1.22 – 0.97 (m, 8H), 0.56 (s, 4H). 13C NMR (75 MHz, CDCl3) δ = 

166.48, 152.45, 139.28, 130.65, 130.50, 128.80, 126.29, 121.75, 121.43, 64.72, 55.79, 

40.33, 29.70, 28.71, 25.81, 23.78. ATR-IR (cm-1):  3091, 2928, 2854, 1741, 1634, 1597, 

1452, 1403, 1371, 1293, 1260, 1185, 1132, 1060, 1025, 1004, 978, 961, 883, 821, 809, 788, 

752, 730, 694, 672, 664, 636, 629, 618 

 

(2,7-dibromo-9H-fluorene-9,9-dihexyl)-1,2-methyl-10-oxa-4-

azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione  [M3] 

1.5 gram (2.30 mmol) of 4.7, 1.00 gram (5.6 mmol) 

3.10 and 750 mg K2CO3 (5.4 mmol) where mixed 

together in 40 ml of DMF. The mixture was stirred at 

30 °C for 24 h, cooled to RT and poured into 100 ml 

water, followed by   extraction with ethyl acetate. The 

solvent was removed (foaming!) and the crude product 

was purified using column chromatography (silica, 

ethyl acetate). After purification 968 mg (1.14 mmol, 

50%) of pure product was obtained.  

1H-NMR (300 MHz, CDCl3) δ = 7.60 – 7.29 (m, 6H), 6.46 (dd, J=5.6, 1.5 Hz, 2H), 6.27 (d, J= 

5.6 Hz, 2H), 5.12 (d, J= 1.6 Hz, 2H), 3.34 (t, J= 7.2 Hz, 4H), 2.88 (d, J= 6.4 Hz, 2H), 2.63 (d, 

J= 6.4 Hz, 2H), 2.00 – 1.80 (m, 4H), 1.66 (s, 6H), 1.37 (t, J= 6.8 Hz, 4H), 1.03 (s, 8H), 0.52 

(s, 4H). ATR-IR (cm-1):  3081, 2931, 2856, 1769, 1691, 1598, 1571, 1448, 1438, 1398, 1365, 
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1347, 1317, 1282, 1247, 1166, 1149, 1103, 1063, 1004, 980, 945, 912, 890, 871, 843, 835, 

810, 722, 676, 665, 646, 611 

 

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 24 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. 

 

Maleimide-functionalized poly(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene) 

[P4-1] 

176 mg (0.38 mmol) 2.5, 300 mg (0.38 mmol) 3.1 and 

30 mg Pd(PPh3)4 were reacted in a mixture of 8.5 ml 

dry DMF and 40 ml of dry toluene according to the 

general Stille polymerization procedure. No soxhlet 

purification was performed. First precipitation in 

methanol and drying under reduced pressure yielded 

black insoluble material.  

ATR-IR (cm-1):  2920, 2850, 1773, 1692, 1436, 1399, 

1348, 1158, 1088, 825, 747 (see Figure 4.3) 
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Poly[2,7-(9,9’-bis(6-bromohexyl)-9H-fluorene-alt-bi-2,2'-thiophene] [P4-2] 

491 mg (1.0 mmol) 4.6, 650 mg (1.0 mmol) 4.7 and 

58 mg Pd(PPh3)4 were reacted in a mixture of 17 ml 

dry DMF and 83 ml of dry toluene according to the 

general Stille polymerization procedure. Precipitation 

in methanol yielded 370 mg (56%) of an orange 

powder.  1H-NMR (300 MHz, CDCl3) δ = 7.97-6.81 

(b, 10H), 3.45-3.07 (b,4H), 2.28-1.86 (b, 4H), 1.83-1.62 (b, 4H), 1.43-0.96 (b, 8H), 0.86-0.47 

(b, 4H). ATR-IR (cm-1):  3064, 2927, 2854, 1601, 1459, 1352, 1262, 1239, 1135, 1067, 

1007, 880, 871, 792, 754, 689, 669, 639, 623. GPC: 3100 g/mol (Mn), 5800 g/mol (Mw), 9700 

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

 

Poly[2,7-(9,9’-bis(6-prop-2-enoatohexyl)-9H-fluorene-alt-bi-2,2'-thiophene] [P4-3] 

100 mg of P4-2 and 100 mg of sodium acrylate 

where stirred in 50 ml of DMF at 30 °C for 2 days. 

The DMF was removed under reduced pressure 

and the residu was dissolved in a minimum 

amound of chloroform and precipitated into 200 

ml of methanol. The precipitate was collected via 

centrifugation at 4000 rpm for 10 min and dried in 

vacuo. After drying 40 mg of orange product was obtained. (>95% conversion, NMR) 
1H-NMR (300 MHz, CDCl3) δ = 7.93-6.75 (b, 10H), 6.51- 5.53 (b, 6H), 4.21-3.72 (b, 4H), 

2.23-1.83 (b, 4H), 1.54-1.28 (b, 4H), 1.26-0.89 (b, 8H), 0.84-0.37 (b, 4H). ATR-IR (cm-1):  

3063, 2926, 2853, 1714, 1633, 1601, 1459, 1404, 1286, 1184, 1055, 980, 877, 790, 753. 

GPC: 3500 g/mol (Mn), 6200 g/mol (Mw), 10200 g/mol (Mz), 1.8 (PDI) 
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Poly[2,7-(9,9’-bis(6-methyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione -hexyl)-

9H-fluorene-alt-bi-2,2'-thiophene] [P4-4] 

100 mg of P4-2 and 250 mg of 3.10  and 192 mg 

K2CO3, where stirred in 100ml of DMF at 40 °C 

for 3 days. The DMF was removed under reduced 

pressure (T < 50 °C) and the residue dissolved in 

a minimum of chloroform and precipitated into 

200ml of methanol. The precipitate was collected 

via centrifugation at 4000 rpm for 10 min and 

dried in vacuo and dried under reduced pressure. After drying 90 mg of orange product was 

obtained.  
1H-NMR (300 MHz, CDCl3) δ = 7.95 - 6.85 (b, 10H), 6.50 - 6.31 (b, 1H), 6.31 - 6.09 (b, 1H) 

5.31 - 4.96 (b, 4H), 3.63 - 3.12 (b, 4H), 3.03 - 2.74 (b, 2H), 2.74 - 2.36 (b, 2H), 2.17 - 1.78 (b, 

4H), 1.78 - 1.47 (b, 6H), 1.48 - 1.19 (b, 4H), 1.19 - 0.83 (b, 8H), 0.83 - 0.33 (b, 4H). ATR-IR 

(cm-1): 2931, 2856, 1770, 1694, 1461, 1438, 1400, 1365, 1317, 1283, 1166, 1148, 1105, 

1069, 981, 947, 890, 871, 844, 801, 732, 695, 671, 648, 638,  621.80. GPC: 4700 g/mol 

(Mn), 7600 g/mol  (Mw), 12100 g/mol (Mz), 1.6 (PDI) 

 

Poly(2,5-bis[3-(10-bromodecylthiophen-2-yl)]thieno[2,3-b]thiophene) [P4-5] 

465 mg (1.0 mmol) 2.5, 762 mg (1.0 mmol) 3.9 and 58 mg 

Pd(PPh3)4 were reacted in a mixture 16 ml dry DMF and 75 

ml of dry toluene. Pure polymer (480 mg, 65%) was 

obained as a dark orange powder.  

1H-NMR (300 MHz, CDCl3) δ = 7.50- 6.56 (b, 4H), 3.74-

3.10 (b, 4H), 2.92- 2.27 (b, 4H), 2.06-1.73 (b, 4H), 1.73 - 

1.49 (b, 4H), 1.49-0.63 (b, 24H). ATR-IR (cm-1): 2919, 2848, 1482, 1433, 1369, 1252, 1197, 

1158, 1094, 1056, 897, 822, 720. GPC: 5500 g/mol (Mn), 8500  g/mol (Mw), 13000  g/mol 

(Mz), 1.5 (PDI) 
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