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Conjugated Polymers

• Applications: p-Conjugated polymers containing aromatic rings in

the backbone have potential applications as organic electronic

materials and devices such as field effect transistors (FETs), organic

light-emitting diodes (OLEDs), and photovoltaic cells. .

• Synthetic methods: condensation polymerization methods, such as

electrochemical polymerization and metalmediated polycondensation

reactions. .

•Conjugated polymers are organic macromolecules which consist at least

of one backbone chain of alternating double- and single-bonds such as

polyphenylvinylene (PPV) and polythiophenes (PT). .



Basic Organometallic reaction of Ni

•Diorganonickel(II) complexes NiR2Lm undergo reductive coupling (or reductive

elimination) reactions to give R–R.

C-C bond formation on Ni and Pd

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



Organometallic Polycondensation for Conjugated Polymers

•The Ni–R bond in NiR2Lm is considered to be polarized as Niδ+-Rδ-, whereas the reductive 

elimination produces an electrically neutral R–R molecule. Then, the reductive elimination 

is assumed to involve electron migration from the R group to Ni, and this electron migration 

is considered to be enhanced by coordination of an electron-withdrawing olefin (e.g., 

CH2CHCN and CH2CHBr) and an aromatic compound (e.g., C6H5CN, C6H5Br) 

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



Mechanistic aspects for Ni(0)-promoted polycondensation

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449

The C-C coupling reaction by Ni catalyst contains three fundamental reaction steps:



•In some case, Ni(0)Lm formed in situ by chemical such as Zn, NaH and

hidrazine hydrate or electrochemical reduction of Ni(II) compound are also

usable in polycondensation, following a catalytic reaction: .

•The reductive elimination is a key step in Ni-catalyzed organic syntheses:

.

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



•Pd complexes are also known as useful catalysts for various polymerization 

reaction. Reductive of R-R from diorganopalladium(II) complexes.

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



Pd- catalyzed synthesis of conjugated polymers

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449

Suzuki polymerization

Stille polymerization

Sonagashira polymerization

•Several Pd-catalyzed C-C coupling reactions have been applied to synthesis of 

conjugated polymers 



Some Examples From Yamamoto Group

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449Mw~ 190000

Mw~ 260000



Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449



In summary: the molecular weight of polymer by the organometallic

polymerization seems to depend on the solubility and crystallinity of the polymers.

There seems to be a trend that crystalline polymers have a lower molecular

weight. Less crystalline and/or soluble propagating species (especially those with

an alkyl chain) give a higher molecular weight polymer. .

Yamamoto, T. and Koizumi, T.-A. Polymer, 2007, 48, 5449

Molecular weight of polymer from Ni(0)-catalyzed polymerization



Mw 460 000

T. Yamamoto, et al. Macromolecules 1997, 30, 7158-7165

Poly(thiophene-2,5-diyl)s with a Crown Ethereal Subunit

Stability in air



•Poly(9,10-disubstituted-9,10-dihydrophenanthrene-2,7-diyl)s such as 

PH2Ph(9,10-OSiBu3) were light emitting and showed strong circular dichroism

Yamamoto, T., Asao, T., and Fukumoto, H. Polymer, 2004, 45, 8085;  

Iijima, T.; Yamamoto, T. Chem. Lett., 2005, 1672;

Chiral polymer



There are two basic types of polymerization, chain-growth polymerization and step-growth 

polymerization

Chain-growth Polymerization

This type of polymerization is a three step process, namely, initiation, propagation and 

termination.

Step-growth Polymerization

This polymerization method typically produces polymers of lower molecular weight than 

chain reactions and requires higher temperatures to occur. Unlike addition polymerization, 

step-wise reactions involve two different types of di-functional monomers or end group that 

react with one another, forming a chain.

•step-growth polymerization, have a latent potential to involve a chain growth 

polymerization mechanism. the catalyst activates the polymer end group, followed by 

reaction with the monomer and the transfer of the catalyst to the elongated polymer end 

group.



Kumada–Tamao Coupling Polymerization with 

Ni Catalyst

Catalyst-Transfer Condensation Polymerization



Polythiophene (PTh)

•PTh was designed as the first well characterized and stable π-conjugated polymer.



Polythiophene (PTh)

•McCullough et al. introduced Grignard reagent selectively to the 5-position of RTh ring 

and polymerized it with Ni catalyst, producing the high molecular weight polymer with 

Broad PDI (~2).

McCullough RD, et al. J. Am Chem Soc 1993,115, 4910.

•On the other hand, Rieke et al reported that regio-controlled organozinc reagent obtained 

regioregular P3RTh, in which th amount of head-tail product was as high as 98.5%.

Chen, T.,Wu, X., and Rieke, R.D. J. Am. Chem. Soc., 1995, 117, 233;

J. Org. Chem. 1993,58, 904-912



Polythiophene (PTh)

•Yokozawa and coworkers found that use the exact amount of isopropyl magnesium chloride 

generated the Grignard monomer 1a from the bromoiodothiophene, which polymerized with 

Ni catalyst at room temperature in controllable fashion.

Mn:28,700

PDI: 1.1

Yokoyama, A., Miyakoshi, R., Yokozawa, T. Macromolecules, 2004, 37,1169–1171.



• After a detailed study of the polymerization of 1a, four important points were 

clarified: 

(i) the polymer end groups are uniform among molecules; one end group is Br 

and the other is H; 

(ii) the propagating end group is a polymer–Ni–Br complex; 

(iii) one Ni molecule forms one polymer chain; 

(iv) the chain initiator is a dimer of 1a formed in situ



Catalyst-transfer condensation polymerization mechanism



Preparation of Conductive Polymer Brushes

•Kiriy and coworkers used (PPh3)2Ni(Ph)Br as an initiator and synthesized Ph-

terminated poly(3-hexylthiophene) brushes via surface-initiated chain growth 

polymerization.

Kiriy, A. et al. J. Am. Chem. Soc. 2007, 129, 6626–6632;

Macromolecules, 2008,41, 7383–7389.

photo-cross-linked 

poly(4-bromostyrene)

films



Venkataraman, D. et al. Macromolecules, 2008, 41, 8312–8315.

Block Polythiophenes 

•At room temperature, very little of the desired polymer;

But at 70oC, producing polymer Mn Value 15,300 PDI:1.28-

1.35. functionalized by azide bearing a naphthalimide moiety 

under .click chemistry. conditions

•the polymerization of thiophene dimer  with Ni(dppp)Cl2



Crystalline-crystalline donor-acceptor block copolymer

•This block copolymer is a crystalline–crystalline donor–acceptor 

block copolymer and shows microphase separation, implying 

efficient photovoltaic applications.

Sommer, M., Lang, A.S., and Thelakkat, M. Angew. Chem. Int. Ed., 2008, 47, 7901–7904.



•Su and coworkers synthesized block copolymers of polythiophene and 

poly(vinylpyridine) by means of  living anionic polymerization of 4-vinylpyridine

These block copolymers were able to undergo microphase separation and self-

assembly into nanostructures of sphere, cylinder, and nanofiber structure with 

increasing polythiophene segment ratios.

. J. Am. Chem. Soc., 2007, 129, 11036–11038.

block copolymers of polythiophene and poly(vinylpyridine)



Dendron-modified polythiophene 

•Frechet and coworkers reported the synthesis of a dendron-modified polythiophene,

in which one terminus of poly(3-hexylthiophene) is linked to the focal point of a 

polyester-type dendron

Watanabe, N., Mauldin, C., and Frechet, J.M.J. Macromolecules,, 2007, 40, 6793–6795.



Polyphenylenes

Yokozawa, T. et al. J. Am. Chem. Soc., 2006, 128, 16012–16013

•Polymerization of monomer with Ni(II) produced low molecular weight polymer having 

broad PDI;

•However, adding LiCl resulted in polymer with low PDI, and that the molecular weight was 

controlled by feed ratio of monomer to catalyst



Block copolymers of polythiophene and poly(p-phenylene)

Yokozawa, T. Chem. Lett., 2008, 37,1022–1023.
Why? Question 2

•First example of catalyst transfer polymerization for  the synthesis of block copolymers 

consisting of a different type of conjugated polymers.

Mn = 16200, PDI = 1.27

Mn = 5600, PDI= 2:36

Mn = 10900, PDI= 1.11

Pathway 1.

Pathway 2.



•polymerization of 7 with Ni(dppe)Cl2 , a polymer with PDI of 1.26 as obtained, accompanied 

by low-molecular-weight oligomers.                                                              

•In the presence of additional dppe, equimolar to the catalyst, at 0 oC gave the polypyrrole with 

a narrow PDI =1.11 without formation of by-products

Polypyrroles

Yokozawa, T.et al. Macromolecules, 2008, 41, 7271–7273.



•Yokozawa and coworkers also synthesized a block copolymer of poly(p-

phenylene) and polypyrrole by their method. The p-phenylene monomer was 

polymerized first with Ni(dppe)Cl2 in the presence of LiCl, followed by addition 

of pyrrole monomer and dppe to yield the desired block copolymer with a PDI 

around 1.16.

Block copolymer of poly(p-phenylene) and polypyrrole

Yokozawa, T.et al. Macromolecules, 2008, 41, 7271–7273.



Polyfluorenes 

Geng, Y.H., et al. Macromolecules, 2008, 41, 8944–8947

Mn: 18800–86 000; PDI : 1.49-1.77

The polymerization proceeded very fast at 0oC and  was almost over in 10 min.



Carter et al. Macromolecules, 2008, 41, 8977–8979

The polymerization of lithiated fluorene monomer

Mn up to 32660

PDI:~2



•The magnesium halogen exchange of 2,7-dibromo-N-octylcarbazole with i-PrMgCl LiCl

was significantly slower compared to both fluorene and pyrrole monomers. In contrast,

lithium tributylmagnesate (n-Bu3MgLi) was effective for the magnesium halogen exchange.

The polymerization of this Grignard type monomer was carried out with Ni(dppp)Cl2 to

afford a polycarbazole with Mn=2600 and PDI=1.23 .

McCullough, R.D.et al. Macromolecules 2009, 42, 30-32

The synthesis of polycarbazole

Mn = 2600

PDI = 1.23



Suzuki–Miyaura Coupling Polymerization with Pd 

Catalyst



Yokoyama, A., Suzuki, H., Kubota, Y.,Ohuchi, K., Higashimura, H., Yokozawa, T. J. Am. Chem. Soc.,

2007, 129, 7236–7237.

Suzuki polymerization  of AB type monomer



Reynolds, J.R.et al. Macromolecules, 2009, 42, 1445–1447.

One pot suzuki polymerization 



Reynolds, J.R.et al. Macromolecules, 2009, 42, 1445–1447.

One pot suzuki polymerization 



Diblock Copolymer of Polythiophene and Polyfluorene by 

Suzuki Polymerization 

Tu, G.L., Li, H.B., Forster, M., Heiderhoff, R., Balk, L.J., Sigel, R., and Scherf, U.  Small, 2007, 3, 1001–1006.



Kunlun Hong et al .Macromolecules 2015, 48, 967–978



Polyphenylene

Na2CO3

Yokozawa, T. .Macromolecules 2010, 43, 7095–7100

Mn up to 21200

PDI ~1.5

Mn up to 22200

PDI ~2



Yokozawa, T. .Macromolecules 2010, 43, 7095–7100

polymerization of 10 under these condition and then the successive 

polymerization of 11 were carried out to yield a block copolymer of 

polyfluorene and polyphenylene

Copolymer of Polyfluorene and Polyphenylene


