
Figure 1. Synthesis of the monomers for poly(3-hexylthiophene) and poly(9,9-

dioctylfluorene). 
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Introduction  

Conjugated polymers (CPs) remain intensively studied materials as they hold 

promise as active layers in applications in the field of molecular electronics 

(solar cells, etc.). The realization of these current and future materials 
increasingly requires tailor–made polymers. A major break-through in this 

respect was realized by the groups of McCullough1-2 and Yokozawa3-4 by 

demonstrating the controlled chain-growth nature of the Ni(dppp)Cl2 (dppp = 
1,3-bis(diphenylphosphino)propane) initiated polymerization of P3ATs. The 

actual polymerization reaction is a Kumada coupling of 3-alkyl-2-bromo-5-

chloromagnesiothiophenes. Also other monomers have been polymerized in a 
chain-growth, sometimes to a certain extent controlled, mechanism. Apart 

from the Ni(dppp)- (or Ni(dppe); dppe = 1,2-bis(diphenylphosphino)ethane)-

mediated polymerization of CPs, Yokozawa reported the controlled 
polymerization of poly(fluorene)s, poly(phenylene)s and poly(thiophene)s 

from their monobromo-monoboronic ester-functionalized monomers using 
Ph(Pd(t-Bu))Br as an initiator.5,6 This paper reports an alternative, more 

general chain-growth polymerization protocol. 
 

Results and Discussion 

Concept.  In both polymerization protocols mentioned above, the 

chain-growth nature of the polymerization originates from the complexation 
of the Ni- or Pd-catalyst with its ‘own’ polymer chain during the 

polymerization. After the reductive elimination of the catalytic cycle, the 

catalyst is not released from the chain to the solution, but it is transferred to 
the chain end, where it oxidatively inserts in the C-Br bond. Consequently, 

catalyst degradation and possible transfer reactions are eliminated. Provided 

disproportionation of the growing pol-ML2-Br and reaction with a Grignard 
reagent lacking a C-Br bond is prevented, the polymerization is easily turned 

into a controlled polymerization.  

It is clear that the complexation of the catalyst moiety to the conjugated 
system is the gain but also the weakness of the protocol for the general 

applicability. While it works very well for e.g. P3ATs, it fails for some other 

systems. Every monomer requires specific conditions (ligand and additives) to 
obtain control. Furthermore, if the Ni-catalyst diffuses away due to a lack of 

complexation, it would be prone to degradation reactions and might also insert 

into other, non-polymeric molecules, resulting in transfer reactions and 
control is lost. This does not only pose limitations on the features (predictable 

molar mass, narrow polydispersities,…) of those polymers which cannot be 

grown via a controlled mechanism, it also renders end capping or elongation 
of the polymer chains impossible. As a consequence, the number of all-

conjugated block-copolymers composed of electronically different blocks 

prepared by successive monomer addition remain scarce.6,7 Moreover, the 
order of monomer addition is crucial: since Ni remains complexed to the 

polymer chain, efficient block-copolymer formation can only occur if the 

catalyst has a higher affinity for the second monomer than for the first, since 

otherwise no or very slow initiation of the second block occurs.8 This opens 

the quest for a universal catalyst system which provides a chain-growth 

mechanism for a broad variety of conjugated polymers without any concerns 

relying on the nature of the monomer/polymer. In this way, all-conjugated 
block-copolymers become easily accessible via successive addition of the 

different monomers and this therefore significantly broadens the scope of 

conjugated polymers.  

On the other hand, Yokozawa et al.9 described the synthesis of a poly(amide) 

starting from A-B  functionalized monomers with the A functionality 

inhibiting the geminal B functionality for coupling with the A function of 
another monomer. Initiation of the polymerization is performed by a molecule 

that only bears an active B function. Once the A function of the next monomer 

disappears in the coupling reaction, the B function of the latter becomes active 
for coupling and chain-growth takes place. Due to this principle, the catalyst 

moiety might be released from the polymer chain into the solution.  

Applied to this approach and taking the limitations for the above described 
protocols in mind, we were searching for a catalyst which is (i) easily released 

from the π-system of the propagating polymer chain, (ii) that is stable and 

does not degradate when free in solution and (iii) undergoes easy oxidative 
reinsertion in the aromatic C-Br bond on the end of a polymer chain. To meet 

these requirements we opted for a Pd-catalyst containing a very active 

Buchwald-type ligand, Ruphos. First, the π-complexation to the conjugated 
system is significantly less for Pd than for Ni.10 Next, the softer nature of Pd, 

in comparison with Ni, and the bulky Ruphos ligand makes the Pd-catalyst 

extremely stable when free in solution. 11 Finally, high turnover efficiencies, 
sterically hindered couplings and couplings with a variety of electronically 

different molecules are reported for Ruphos.12 

Test experiments pointed out that a Negishi coupling was most appropriate for 

this catalyst. Therefore we used monobromo-monobromozincio conjugated 

monomers. The electron donating C-ZnBr bond deactivates the C-Br bond for 
oxidative addition. The monomers are accessible starting from asymmetrically 

halogenated precursor monomers which undergo a Grignard Metathesis 

(GRIM) followed by a transmetalation with ZnBr2. The choice for the 

asymmetric iodine-bromine functionalization is twofold. On one hand this 

induces selectivity to obtain only one regio-isomer of the monomer and 

consequently, after polymerization, regio-regular polymer. On the other hand, 
the very reactive iodine functionality, in combination with the appropriate 

Grignard-reagent, drives the GRIM-reaction to completeness. The latter is 

needed to provide all the precursor monomers with a deactivating 
organometallic bond. If not, catalyst transfer to the precursor monomer is 

possible and will cause initiation of new chains. The initiator of the 

polymerization, obtained by the oxidative addition of Pd-Ruphos to a 
precursor  molecule which only bears a bromine functionality, is made and 

purified in a separate step. 

Results.  One of the main requirements of the polymerization 
protocol described above is the complete conversion of precursor monomer 1a 

and 2a via the organomagnesium compound 1b and 2b to the organozinc 

monomer 1c and 2c (Figure 2). Test experiments provided the appropriate 
Grignard reagent and conditions for complete conversion. The precursor 

monomers are synthesized as described in the literature.13 The thiophene and 

fluorene based initiators are synthesized using Pd2(dba)3 (dba = 
dibenzylideneacetone), Ruphos and 2-bromo-3-hexylthiophene 1d and 2-

bromo-9,9-dioctylfluorene 2d respectively and are purified by precipitation 

(Figure 3).   

Figure 2. Schematic representation of the existing and presented polymerization 

protocols. Control in the present protocol is realized by suppressing path A; control in 

the proposed protocol is obtained by suppressing path B and making path D easy. 



The synthesis of the homopolymers poly(3-hexylthiofene) (P3HT) and 
poly(9,9-dioctylfluorene) (PF) is carried out adding the organozinc monomers 

1c and 2c slowly to the corresponding initiator in dry THF. During the 

polymerization, aliquots are taken from the polymerization mixture and are 
quenched in acidified THF. The amount of unreacted monomer during the 

polymerization was determined using gas chromatography (GC) or gel 

permeation chromatography (GPC) and the conversion was calculated. 
 

The linear ln([M]0/[M]) versus time relationship, with [M] the monomer 

concentration at a certain time and [M]0 the  initial monomer concentration, 
seen in figure Figure 4A and 4C, proves that termination processes are 

excluded for the synthesis of poly(3-hexylthiophene) and poly(9,9-

dioctylfluorene) using the presented Pd-Ruphos protocol. Furthermore, the 
linear relationship between Mn and the monomer conversion, presented in 

Figure 4B, clearly shows the absence of transfer reactions. A controlled 

chain-growth of PF was only possible if the monomer was slowly added to 
the polymerization vessel. Therefore, the absence of transfer reactions was 

monitored by plotting 1/Mn versus [In]/[M]tot after full monomer conversion. 

 
In a next step, it was demonstrated that the Pd-Ruphos moiety is released from 

the growing polymer chain and can reinsert. We carried out 5 experiments, 

each time with the same amount of fluorene monomer and initiator 2e but 
with different amounts of additionally added 2-bromo-9,9-dioctylfluorene 2d. 

The polymers are subsequently analyzed with GPC. Because of the absence of 

a deactivating C-ZnBr bond in 2d, the C-Br is available for oxidative addition. 
If the Pd-Ruphos moiety is released in solution, a linear relation between the 

inverse of Mn and the amount of initiator should be observed. If the catalyst 
remains complexed with the propagating polymer chains, 1/Mn is not 

affected.5 Figure 5 clearly shows linearity between 1/Mn and the amount of 

initiator and therefore release and reinsertion of the Pd-Ruphos moiety is 
proven.   

 

Finally, block-copolymer poly(3-hexylthiophene)-b-poly(9,9-dioctylfluorene) 
is prepared by successive addition of the monomers and samples were taken 

after each block and analyzed with GPC. Figure 6 shows a clear shift of the 

block-copolymer to higher molecular weights and a unimodal shape, which 
proves the successful elongation of the first block.  It is also remarkable that 

the synthesis of the block-copolymer can be done in both directions - the 

synthesis sequence is unimportant. The latter is unique and demonstrates the 
universal character of the protocol and becomes extremely  

useful in the synthesis of triblock-, or higher, copolymers  We attribute this to 

the total system-independent nature of the presented Pd-Ruphos protocol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

In conclusion, we present a universal chain-growth polymerization 

protocol for conjugated polymers which does not rely on system-specific 

interactions. This provides the opportunity to synthesize block-copolymers in 
a one-pot synthesis due to successive addition of the monomers of the 

different blocks. For this we use a stable Pd-Ruphos catalyst which is easily 

released from the propagating polymer chain between the coupling reactions. 
A chain-growth mechanism is demonstrated for poly(3-hexylthiophene) and 

poly(9,9-dioctylfluorene). Block-copolymer poly(3-hexylthiophene)-b-

poly(9,9-dioctylfluorene) is successfully synthesized using this protocol and 

the sequence for this synthesis seemed to be unimportant, which broadens the 

synthetical scope for tailor-made conjugated polymers. 
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Figure 5.   Relationship  between the 1/Mn  and the amount of additional added 2-

bromo-9,9-dioctylfluorene 2d.  

 

Figure 3 Synthesis of the initiators for the chain-growth polymerization of poly(3-

hexylthiophene) and poly(9,9-dioctylfuorene).  

Figure 6.    GPC chromatograms of the block-copolymer formation during the synthesis 

of poly(3-hexylthiophene)-b-poly(9,9-dioctylfluorene) starting with the thiophene-block 

(A) and with the fluorene-block (B).  
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Figure 4. ln([M]0/[M]) versus time for P3AT (A) and PF (C); Mn versus monomer 

conversion p (with fixed [M]0/[In]) (B) and 1/Mn versus [In]/[M]tot (with fixed p) (D). 
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