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Regioregular poly(3-alkylthiophene) (P3AT) has re-
ceived much attention in recent years because of its
small band gap, high electrical conductivity,1 and
interesting properties such as light emitting ability2 and
high field effect mobility.3 Regiocontrolled synthesis of
almost completely head-to-tail P3AT (HT-P3AT)4 has
been developed by McCullough5,6 and Rieke7,8 using Ni-
catalyzed dehalogenative polymerization, and the physi-
cal properties of HT-P3AT are superior to those of the
regiorandom one. Their synthetic methods are very
valuable and the dominant methods for the synthesis
of HT-P3AT. To examine and refine the properties of
HT-P3AT, synthesis of the polymer having a desired
molecular weight with a low polydispersity is important
and crucial. Such a controlled polymerization, however,
has not been reported. Because the Ni-catalyzed deha-
logenative polymerization is formally a polycondensa-
tion and gives polymer with a high polydispersity and
an uncontrolled molecular weight, this polymerization
is generally believed to proceed via a step-growth
mechanism. Indeed, the reported polydispersities (Mw/
Mn’s) of crude HT-P3AT (without fractionation) obtained
by the regiocontrolled polymerization were high such
as 1.949 and 3.63;8 HT-P3AT’s with low polydispersities
can be obtained only after fractionation by Soxhlet
extraction of the crude product.5-10

In the course of our work to synthesize condensation
polymers having controlled molecular weights and low
polydispersities,11 we took an interest in controlling the
molecular weight and polydispersity in the synthesis of
HT-P3AT. The Ni-catalyzed polymerizations of 3-alkyl-
2-bromo-5-metalothiophene derivatives for HT-P3AT
presumably proceed via oxidative addition of the carbon-
halogen linkage of monomer or polymer propagating end
to the Ni catalyst. As we proposed in Pd-catalyzed CO-
insertion polycondensation,12 an electron-donating car-
bon-metal bond in the monomer would suppress its
oxidative addition. This should result in selective oxida-
tive addition of the polymer propagating end to the Ni

catalyst and a chain-growth polymerization as in our
previous work.11 In this Communication, we demon-
strate that the Ni-catalyzed polymerization of 2-bromo-
5-chloromagnesio-3-hexylthiophene, which is obtained
by reaction of 2-bromo-3-hexyl-5-iodothiophene (1) with
alkylmagnesium chloride, proceeds by a chain-growth
mechanism to give HT-poly(3-hexylthiophene) (HT-
P3HT) with a narrow molecular weight distribution and
that the molecular weight of HT-P3HT is controlled by
the feed ratio of monomer to the Ni catalyst. Previous
polymerization using 2-bromo-3-dodecyl-5-iodothiophene
and methylmagnesium chloride gave HT-poly(3-dode-
cylthiophene) with Mn ) 21 000 and Mw/Mn ) 1.36 after
CHCl3 fractionation,6 but the chain-growth nature of
this polymerization has not been reported.13

Treatment of 2-bromo-3-hexyl-5-iodothiophene (1)
with 1 equiv of isopropylmagnesium chloride at 0 °C
gave 2 via magnesium-iodine exchange (Scheme 1).
Addition of 0.4 mol % of Ni(dppp)Cl2 (dppp ) 1,3-bis-
(diphenylphosphino)propane) to the reaction mixture
and stirring at room temperature led to HT-P3HT. As
shown in Figure 1a, the polymerization proceeded
smoothly at room temperature, and the conversion of 2
was 50% in 15 min, 75% in 1 h, and 93% in 24 h. The
Mn and Mw/Mn values of the crude HT-P3HT (without
purification by precipitation or fractionation) at each
conversion were analyzed by GPC relative to polysty-
rene standers. Conversion-Mn and conversion-Mw/Mn
plots demonstrate that monomer 2 polymerized in a
chain-growth polymerization manner: the Mn values
increased in proportion to the conversion of 2, and the
Mw/Mn ratios were 1.30-1.39 throughout the polymer-
ization (Figure 1b).

The above results indicate that an initiator species
existed from which polymerization was propagated. We
assumed that the initiators would be formed by the
reaction of 2 with Ni(dppp)Cl2 in the first step of
polymerization and that the Mn values of HT-P3HT
might be determined by the ratio of 2 to the initiators,
whose amount would be affected by the amount of Ni-
(dppp)Cl2 added. To test our assumption, the polymer-
ization was carried out with varying the feed ratios of
2 to Ni(dppp)Cl2. The Mn increased linearly in propor-
tion to the feed ratio when [2]0/[Ni(dppp)Cl2]0 was
between 10 and 108 (Figure 2). When [2]0/[Ni(dppp)-
Cl2]0 was more than 200, the Mw/Mn ratio of HT-P3HT
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Scheme 1. Synthesis of HT-P3HT
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obtained was less than 1.4, but the Mn value was not
reproducibile because of the difficulty of weighing
certain milligrams of Ni(dppp)Cl2 exactly and charging
it completely into a reaction vessel.

Typical GPC profiles of synthesized HT-P3HT are
shown in Figure 3. Crude product obtained by the
polymerization of 2 with 1.2 mol % of Ni(dppp)Cl2
(conversion ) 86%) showed two major peaks (Figure
3a): the one was HT-P3HT (Mn ) 17 000, Mw/Mn ) 1.31)
accompanied by a shoulder in the higher molecular
weight region (peak molecular weight ) 37 400), and
the other was 2-bromo-3-hexylthiophene (3) formed by
the quenching of 2. Washing the crude products with
MeOH removed the low molecular weight fractions to
give pure HT-P3HT in 78% yield (Mn ) 17 000, Mw/Mn
) 1.28) (Figure 3b). 1H NMR spectroscopy (CDCl3, 600
MHz) demonstrated that the precipitated HT-P3HT had
more than 98% head-to-tail couplings.14,15 When 2 was
polymerized with 0.4 mol % of Ni(dppp)Cl2 to afford HT-

P3HT with higher Mn (Mn ) 31 700, Mw/Mn ) 1.36), the
shoulder (peak molecular weight ) 77 800) of GPC
profile still remained (Figure 3c); the cause for this
shoulder is unclear at the present time.

The absorption maxima in solution UV-vis spectra
(CHCl3) of HT-P3HT with Mn ) 21 900 (Mw/Mn ) 1.35)
was 451 nm, which was almost identical with the
reported value (λmax was 456 nm when Mn ) 25 500 and
Mw/Mn ) 1.48).8 In accordance with Trznadel’s results,10

the λmax of HT-P3HT increased as the Mn of HT-P3HT
increased.14

The chain-growth nature of the polymerization was
also examined by a “monomer-addition” experiment, in
which a fresh feed of 2 ([added 2]0/[Ni(dppp)Cl2]0 ) 53)
was added to the prepolymer ([2]0/[Ni(dppp)Cl2]0 ) 53,
conversion ) 90%, Mn ) 8900, Mw/Mn ) 1.34) in the
reaction mixture. As shown in Figure 3d, GPC chro-
matogram of the product clearly shifted toward the
higher molecular weight region (conversion ) 93%, Mn
) 17 200, Mw/Mn ) 1.34). This result indicates that the
added 2 was polymerized from the polymer end group
of the prepolymer due to chain-growth nature of this
polymerization.

We tentatively propose two possible mechanisms
accounting for the chain-growth nature of this polym-
erization. One is based on the difference in substituent
effects between monomer and polymer propagating end
as mentioned above. The other mechanism is explained
by the behavior of active Ni catalyst: if the catalyst
always existed around the polymer propagating end
without diffusion, the coupling reaction would occur only
at the polymer propagating end, resulting in a chain-
growth polymerization. Such a situation would occur by
the coordination of Ni catalyst to the π-bond or the
nonbonding electron pair of the propagating thiophene
moiety. Further studies by isolation of a Ni complex that
directly initiates the polymerization will be essential to
achieving a detailed understanding of the mechanism
of this chain-growth polymerization.

In conclusion, we have demonstrated that the polym-
erization of 2 with Ni(dppp)Cl2 proceeded in a chain-
growth polymerization manner to give HT-P3HT with
low polydispersities and that the Mn of the polymer
increased linearly in proportion to the feed ratio of 2 to
Ni(dppp)Cl2. Our results will open a new scope to
synthesize conjugated polymers by transition-metal-
catalyzed coupling reactions, and well-defined HT-P3HT
having a requisite molecular weight will contribute to
the development of electrical and optical devices. We
are now examining chain-growth polymerization for
other conjugated polymers. Investigation of adequate
initiators is also under way in order to synthesize HT-
P3HT with a lower polydispersity and controlled end
structures.

Supporting Information Available: Synthesis and po-
lymerization of monomer and NMR and UV-vis spectra of
polymer. This material is available free of charge via Internet
at http://pubs.acs.org.
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Figure 1. Polymerization of 2 with 0.4 mol % of Ni(dppp)Cl2
in THF at room temperature ([2]0 ) 0.12 M): (a) time-
conversion curve; (b) Mn and Mw/Mn values of HT-P3HT as a
function of monomer conversion.

Figure 2. Mn and Mw/Mn values of HT-P3HT, obtained with
2 and Ni(dppp)Cl2 in THF at room temperature, as a function
of the feed ratio of 2 to Ni(dppp)Cl2: [2]0 ) 0.12 M; [Ni(dppp)-
Cl2]0 ) 1.1-11.8 mM; conversion ) 86-93%.

Figure 3. GPC profiles of HT-P3HT synthesized in THF at
room temperature: (a) crude product obtained by the polym-
erization of 2 with 1.2 mol % of Ni(dppp)Cl2 in 1 day; (b) after
purification of the crude product by precipitation into MeOH;
(c) polymerization with 0.4 mol % of Ni(dppp)Cl2 after 1 day;
(d) prepolymer (A, [2]0/[Ni(dppp)Cl2]0 ) 53, reaction time ) 1
h, conversion ) 90%) and postpolymer (B, [added 2]0/[Ni(dppp)-
Cl2]0 ) 53, reaction time ) 1 day conversion ) 93%) from
monomer addition experiment (fresh feed of 2 was added to
the reaction mixture after prepolymerization was carried out
for 1 h). [2]0 ) 0.095 M [(a) and (b)] or 0.12 M [(c) and (d)].
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