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Poly(3-alkylthiophenes) are conducting polymers that
have good solubility, environmental stability, and proc-
essability.! The synthesis of regioregular polythiophenes
has produced defect-free, structurally homogeneous,
head-to-tail coupled poly(alkylthiophenes) (HT-PATS)
that have greatly improved electronic and photonic
properties over regiorandom analogues.?3 Regioregular
polythiophenes have led to a multitude of important and
novel nano- and microscale electronic materials and
devices.*~7 Very recently, we have developed an end-
group functionalization methodology of HT-PATSs that
allows for the synthesis of a plethora of well-defined
block copolymers that form nanowires with high electri-
cal conductivity.” Here, we have discovered that the
nickel-initiated regioregular polymerization of alkyl-
thiophenes proceeds by a chain growth mechanism and
does not occur by the accepted step growth mechanism.8
We also observed that the degree of polymerization of
the synthesized poly(alkylthiophenes) increases with the
conversion and can be predicted by the molar ratio of
monomer to nickel initiator. On the basis of our experi-
mental results, we predict that nickel-initiated cross-
coupling polymerization is essentially a living system,
giving PATs with low polydispersities (PDIs).

In a cross-coupling step polymerization catalyzed by
Ni(dppp)Cl,, one would expect a fast disappearance of
the monomer and increase of the polymer molecular
weight toward the end of the polymerization.8=1° On the
basis of the experimental results, we observed that
relatively high molecular weight polymer forms almost
immediately. As a model reaction, we have also found
that 2 equiv of a variety of aryl dibromides and 1 equiv
of an aryl organometallic (either magnesium or zinc)
always gives a near quantitative yield of the trimeric
aryl and minor amounts (<1%), if any, of the dimer.!
These results indicate the very strong preference of the
Ni(0) (see Scheme 1, intermediate 3) to form a nondif-
fusive associated pair, resulting in near 100% formation
of the trimer. All of the results indicate that the
polymerization proceeds with selective oxidative addi-
tion to the growing 2-bromopolythiophene and that
these regioregular polymerizations progress by a chain
growth mechanism rather than a step growth.

Poly(3-hexylthiophene) (HT-PHT) was prepared by
the original method? that provides a high specificity of
H—T configuration of the repeating units (>98% H—T
coupling).'2 The mechanism of the cross-coupling chain-
growth polymerization is outlined in Scheme 1. The first
step in the mechanism, where the 2-bromo-5-chlorozinc-
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Figure 1. Conversion (filled symbols) and logarithm of
monomer concentration (open symbols) vs time plots for
2-bromo-3-hexylthiophene polymerization at different concen-
tration of Ni(dppp)Cl; initiator (23—25 °C); [M]o = 0.075 mol/
L: (m, O) [M]o:[Ni(dppp)Cl2] = 136:1; (@, O) [M]o:[Ni(dppp)Cl2]
= 57:1; (a, &) [M]o:[Ni(dppp)Cl,] = 49:1.
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Figure 2. Dependence of molecular weights and polydisper-
sities on conversion for 2-bromo-3-hexylthiophene polymeri-
zation at different concentrations of Ni(dppp)Cl. initiator (23—
25 °C); [M]o = 0.075 mol/L: (m) [M]o:[Ni(dppp)Cl;] = 136:1;
(®) [M]o:[Ni(dppp)Cl;] = 57:1; (a) [M]o:[Ni(dppp)Cl.] = 49:1 (the
dashed line shows the theoretical molecular weight).

3-hexylthiophene monomer (1) generated in situ from
2-bromo-3-hexylthiophene reacts with Ni(dppp)Cly, yield-
ing the organonickel compound (2), is as it has been
described by others.%13 We differ in our mechanism in
that reductive elimination of 2 immediately forms an
associated pair [3:4] of the tail-to-tail aryl halide dimer
(4) and nickel (0) (3). The dimer 4 undergoes fast
oxidative addition to the nickel center generating 5, in
view of the fact that the formation of the complex 3-4
eliminates potential separation of 4 from 3. Subse-
qguently, growth of the polymer chain occurs by insertion
of one monomer at a time as shown in the reaction cycle
(5 — 6 — [3-7] — 5), where the Ni(dppp) moiety is
always incorporated into polymer chain as an end group.
Addition of various Grignard reagents (R'MgX) at the
end of polymerization results in end-capping of HT-
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Scheme 1. Proposed Mechanism for the Nickel-Initiated Cross-Coupling Polymerization
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PATs with R’ end group,** which supports the fact that
Ni(dppp)Cl, acts as an initiator rather than a catalyst.
Furthermore, adding organometallic (e.g., magnesium
or zinc) thiophene bromides to species 5 results in the
formation of block copolymers, providing a strong evi-
dence for the living nature of this polymerization.t®
To support the proposed chain growth mechanism,
several experiments were performed at constant mono-
mer concentration and variable Ni(dppp)Cl, concentra-
tion. All the reactions were very fast, reaching almost
90% conversion in less than 2 h, at room temperature.
The reaction rates increased with the increase in the
Ni(dppp)Cl, concentration (Figure 1). Linear semi-
logarithmic Kinetic plots were obtained up to 50%
conversion (e.g., [M]o:[Ni(dppp)Cl;] = 49:1). The non-
linearity of semilogarithmic Kinetic plots would, how-
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Figure 3. GPC traces for 2-bromo-3-hexylthiophene polymer-
ization (23—25 °C); [M]o = 0.075 mol/L; [M]o:[Ni(dppp)Cl;] =
57:1.

reductive elimination

ever, indicate the presence of termination reactions,
which could be due to the formation of large supra-
molecular aggregates of polymer species mixed with
unassociated or very weakly associated polythiophene
chains.’® The nature of the termination reactions is
currently under investigation. A reaction order of ~1
with respect to Ni(dppp)Cl, concentration was ob-
tained from the slope of the plot of the logarithm of the
initial rate of polymerization vs the logarithm of the
Ni(dppp)Cl, concentration.t”

The molecular weight vs conversion plot (Figure 2)
and the GPC traces (Figure 3) show the increase of
molecular weight with conversion, providing a further
support for the mechanism of the nickel-initiated cross-
coupling polymerization being a chain growth process.
Our results indicate that the molecular weight of
polymer can be predicted by the molar ratio of monomer
to Ni(dppp)Cl,, which means that 1 mol of Ni(dppp)Cl,
initiates one polymer chain. In most of our previ-
ous work, we used relatively low concentrations of
Ni(dppp)Cl,, which leads to higher molecular weights
and broad PDIs as illustrated in Figure 2 (e.g., [M]o:
[Ni(dppp)Cl;] = 136:1; My/M,, ranges from 1.2 to 1.6).
When a lower ratio of monomer to initiator is employed,
however, one finds a good correlation between the
theoretical and observed molecular weights, and narrow
PDIs are obtained (e.g., [M]o:[Ni(dppp)Cl.] = 49:1, M/
My ~ 1.2—1.3).28 We have also found that the Grignard
metathesis method (GRIM)?'® for the synthesis of regio-
regular polythiophenes has similar kinetic behavior as
shown here, indicating that it is a chain growth mech-
anism as well.?°

The power of generating polythiophenes with well-
defined molecular weights and narrow PDIs is impor-
tant in optimizing the electrical properties of conducting
polymers. Further work is expected to lead to truly
living conducting polymers.
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