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A B S T R A C T

In this article we investigate association of the Ni-catalyst during Kumada catalyst transfer condensative poly-
merization (KCTCP) and hypothesize that when adding a para-phenylene monomer to a living thiophene block to
synthesize poly(thiophene)-b-poly(para-phenylene), an equilibrium exist between the incorporation of the para-
phenylene monomer and the trapping of the Ni-catalyst by association with the thiophene block. We suggest that
this equilibrium shifts toward the association with the thiophene block with increasing length of the thiophene
block and that significant trapping only occurs when this block consist of several thiophene units.

1. Introduction

The interesting opto-electronic properties of conjugated polymers
make them promising lightweight and easy-to-process materials to be
used in advanced applications such as organic electronics, photovoltaic
solar cells, transistor devices, electrochemical capacitors, chemical and
biological sensors, light emission, charge transport and photocatalytic
H2 generation [1–20]. Within this class of materials, poly(thiophene)s
are the most studied due to their good environmental and thermal
stability, processability and the availability of an extensive toolbox for
their controlled synthesis [21–26]. This control over the polymerization
is crucial for the production of tailor made high-end materials with
predictable molar masses, low dispersities, control over the end-groups
and regularity, which have all shown to strongly affect the performance
of these materials [27,28]. Furthermore, a controlled block copoly-
merization by sequential monomer addition can lead to new morphol-
ogies and advanced well-defined materials for specific applications
[29–32].

For poly(thiophene)s and poly(para-phenylene)s, these require-
ments can be met using KCTCP, a living chain-growth polymerization
method based on the formation of an associative pair consisting of the

catalytic Ni- or Pd-complex and a growing polymer chain during the
entire polymerization, preventing transfer or termination [33–35].

Despite lots of research on Ni-catalyzed KCTCP, still some ob-
servations remain unexplained. For instance, when synthesizing poly
(para-phenylene)-b-poly(thiophene) block copolymers via successive
monomer addition in Ni-based KCTCP, control over the polymerization
is only obtained when polymerizing the para-phenylene block first [36].
When reversing the order of monomer addition, hence adding the para-
phenylene monomer to the living poly(thiophene) block, it is believed
that the catalyzing Ni-entity is rather associated with a stronger π-do-
nating thiophene unit, than to ring-walk across an added phenylene
unit and subsequently oxidatively initiate at the terminal C-Br bond and
thus preventing the polymerization of the second para-phenylene block.
[21,37] On the other hand, the polymerization of a thiophene-pheny-
lene biaryl monomer via Ni-based KCTCP is reported to occur in a
controlled manner [38]. In contrast to the earlier assumption, these
findings suggest that a single thiophene unit is not capable of trapping
the propagating Ni-complex and that the KCTCP cycle of successive
transmetalation (TM), reductive elimination (RE), formation of an as-
sociated pair and oxidative addition (OA) is unhindered.

We hypothesize that not one, but several thiophene units contribute
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to trapping the Ni-entity and set out to investigate this in more detail. If
found correct, these insights could hugely impact computational studies
on this subject, for mostly only one or two thiophene units are taken
into account for these simulations [39–43]. Further, the controlled
polymerization of the biaryl monomer shows that it is possible for the
Ni-complex to take part in a KCTCP cycle after traversing a para-phe-
nylene unit and thus the question rises whether TM, RE and OA are
totally absent or only improbable when adding the para-phenylene
monomer to the living poly(thiophene) block.

To test these hypotheses, we first study to which extend the
synthesis of poly(thiophene)-b-poly(para-phenylene) is obstructed
when first polymerizing the thiophene monomer by varying the ratio of
para-phenylene monomer concentration over the active chain end
concentration. Secondly, we investigate the influence of two successive
thiophene units on the controlled character of Ni-based KCTCP by
polymerizing a thiophene-phenylene-thiophene triaryl monomer.
Finally, we study the influence of the length of a thiophene oligomer on
the polymerization of a second poly(para-phenylene) block during the
synthesis of poly(thiophene)-b-poly(para-phenylene) by successive
monomer addition via KCTCP.

2. Results and discussion

First, the influence of the ratio of the 1-bromo-4-chloromagnesio-
2,5-dioctyloxybenzene para-phenylene monomer 1b concentration over
the active chain end concentration on the formation of poly(thiophene)-
b-poly(para-phenylene) via KCTCP is investigated (Fig. 1). For this, 2-
bromo-5-chloromagnesio-3-hexylthiophene 2b is polymerized using an
external o-tol. initiator 3b. After the formation of this living poly
(thiophene) block, various volumes of 1b are added. The obtained
polymers are analyzed using standard GPC and 1H NMR spectroscopy
[44].

Synthesis of the precursor initiator and monomers. The external
o-tol. Ni-precursor initiator 3a is synthesized via the insertion of Ni
(PPh3)4 into the corresponding functionalized aryl bromide, according
to literature procedure. [45] The synthesis of the precursor monomers
is also conducted as reported in literature [46,47].

Synthesis of the polymers. The polymers are synthesized similar to
known procedures. [45] The precursor monomers 1a and 2a are con-
verted to the monomers 1b and 2b in two separate Grignard metathesis
(GRIM) reactions, induced by 1 eq. of i-propylmagnesium chlor-
ide.lithiumchloride (i-PrMgCl.LiCl) in dry THF. Parallel with these
GRIM reactions, the precursor initiator 3a undergoes a ligand exchange

with 2 eq. of 1,3-bis(diphenylphosphino)propane (dppp) in dry THF.
After completion, the thiophene monomer solution 2b is cannulated to
the initiator solution and the polymerization mixture is left stirring at
room temperature. After full conversion, equal volumes of the poly-
merization mixture are cannulated to different polymerization tubes,
after which different volumes of the phenylene monomer solution 1b
are added. In other words, to the living thiophene block comprising of
about 17 units (determined via 1H NMR [48], v.i.), 0, 10, 20, 30 and
40 eq. (with respect to the initiator) of 1b are added to obtain polymers
P0, P10, P20, P30 and P40, respectively. Finally, the polymerization is
terminated by adding HCl in THF (Fig. 1). For the 1H NMR measure-
ments, the polymers were fractionated using methanol and chloroform
to remove quenched monomer and other impurities. Of each GRIM
reaction, a small quench with D2O is taken and analyzed via 1H NMR to
verify that the conversion was indeed quantitative.

The GPC chromatograms and results of the raw polymerization
mixtures after termination are shown in Fig. 2 and Table 1. Measuring
at 440 nm, the λmax region of poly(thiophene), has the advantage of not
detecting the residual monomers, resulting in more clear chromato-
grams.

The 1H NMR spectra and results of polymers P0-P40 after pur-
ification are shown in Fig. 3. The presence of only one triplet at
2.61 ppm and not at 2.54 ppm indicates that P0 is mainly hydrogen
terminated and therefore the first poly(thiophene) block was living
upon addition of the second, para-phenylene, monomer. [48] For
polymers P10 to P40 the appearance of an extra triplet around
2.55 ppm confirms the chain extension with PP monomer as this triplet
most likely originates from the α-methylene of a thiophene unit coupled

Fig. 1. The (precursor) monomers and initiator and the reaction scheme of the block copolymerization.

Fig. 2. GPC chromatograms of the raw polymerization mixtures after termi-
nation (λ=440 nm).
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with a para-phenylene unit. If this triplet would originate from bromine
terminated polymer chains, the GPC chromatograms would not be
monomodal. The DP of the thiophene block (17 units) can be obtained
via analysis of the 1H NMR spectrum of P0 by integrating the triplet of
the internal α-methylene protons around 2.8 ppm, the triplet of the
terminal α-methylene protons at 2.61 ppm and calibrating on the
singlet of the methyl protons of the initiator group at 2.55 ppm [48].

The GPC chromatograms show a chain extension for all polymer
samples, since only monomodal curves are observed. From the 1H NMR
analysis we can conclude that only a small fraction of the available PP
monomer 1b is built in since the integration of the corresponding NMR

regions (between 4.0 and 3.8 ppm) only accord for 0.4 (3.7% yield), 0.7
(3.4% yield), 3.9 (13.0% yield) and 5.1 (12.7% yield) PP-units for P10,
P20, P30 and P40, respectively. Also, the GPC data show that the
length of the PPP block increases only slightly with increasing amount
of 1b with respect to the active chain ends. These findings are con-
firmed by MALDI-ToF measurements, where peaks at higher molar
masses appear for polymers P10 to P40 (ESI). Further detailed analysis
of the MALDI-ToF spectra of the copolymers proves difficult since the
molar mass of a para-phenylene unit is exactly double the molar mass of
a thiophene unit. We conclude that after the addition of the PP
monomer resulting in state C, there is an equilibrium between propa-
gation (d-a-b) and ringwalking to state D (via c and e) where the Ni-
entity is associated with the thiophene block (Fig. 1). With increasing
amount of PP monomer compared to the active chain ends, this equi-
librium shift slightly to the fast incorporation of the PP monomer, but
ultimately the Ni-catalyst migrates to the thiophene block to be per-
manently trapped in state D, terminating the block copolymerization.

Next, in search for more insight in the parameters limiting this
thiophene-para-phenylene block copolymerization, we performed the
KCTCP of a thiophene-phenylene-thiophene based triaryl monomer to
investigate whether or not the polymerization is hindered by the Ni-
catalyst interacting with two successive thiophene units and to which
extend the polymerization is controlled. For this, 1-(5-bromo-2-
thienyl)-4-(5-iodo-2-thienyl)-2,5-di-(2-octyldodecyloxy)benzene I-Th-
PP-Th-Br is polymerized using Ni-catalyst 3b in a series with increasing
monomer over initiator concentration. The bulky octyldodecyl side
chains were chosen to ensure solubility.

Synthesis of the precursor monomer. The synthesis of I-Th-PP-
Th-Br is depicted in Fig. 4 and starts with the formation of 2-octyldo-
decyl bromide by an Apple reaction for the subsequent alkylation of
hydroquinone. After diiodination and double coupling with 2-thio-
pheneboronic acid through a Suzuki reaction, the subsequent bromi-
nation and iodination yielded the I-Th-PP-Th-Br precursor monomer.

Synthesis of the polymer. First the GRIM reaction of the I-Th-PP-
Th-Br precursor monomer to the ClMg-Th-PP-Th-Br monomer and the
polymerization conditions were optimized. It was found that a quanti-
tative GRIM reaction was obtained with 1 eq. of i-PrMgCl.LiCl at 0 °C in
dry THF after 30min. To initiate the polymerization, the monomer
solution is cannulated to solutions of 3b in dry THF, as described ear-
lier. At regular time intervals quenches of the polymerization mixture in

Table 1
GPC results of the raw polymerization mixtures.

Mn (kg/mol) Ð

P0 2.7 1.1
P10 2.8 1.1
P20 2.9 1.1
P30 3.2 1.1
P40 3.3 1.1

Fig. 3. 1H NMR spectra of polymers P0-P40 after purification (CDCl3,
400MHz).

Fig. 4. The synthesis of the I-Th-PP-Th-Br precursor monomer.
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D2O were taken and analyzed using 1H NMR. After full conversion, the
polymerization was terminated by the addition of HCl in THF (Fig. 5).
These optimized polymerization conditions were then used in the fol-
lowing experiments to ensure a full conversion. P(Th-PP-Th) was
synthesized in a series with increasing monomer over initiator con-
centration: [M]0/[I]= 8.3, 13.9, 19.4, 25.0, 37.5 and 56.3 to form P
(Th-PP-Th)8.3, P(Th-PP-Th)13.9, P(Th-PP-Th)19.4, P(Th-PP-Th)
25.0, P(Th-PP-Th)37.5 and P(Th-PP-Th)56.3 respectively. The GPC

results of the raw polymerization mixtures after termination are shown
in and Table 2. Monomodal curves of the polymer materials are ob-
served. The GPC-determined Mn is plotted over the initial monomer
concentration ([M]0) divided by the initiator concentration ([I])
(Fig. 6). For a controlled polymerization, where transfer and termina-
tion reactions are absent, a linear relation between these quantities is
expected. Indeed, a linear relation is observed until 22 kg/mol after
which the curve flattens out, indicating termination reactions. From the
obtained GPC results we can conclude that the polymerization of the I-
Th-PP-Th-Br monomer is controlled until 22 kg/mol, showing that the
Ni-catalyst is not hindered by two successive thiophene units.

We proved that the Ni-catalyst is not irreversibly associated with
two consecutive thiophene units and can even transverse an adjacent
phenyl unit to allow polymerization, which was not the case for a
thiophene block consisting of multiple thiophene units. Next, we in-
vestigate how many thiophene units it takes to disrupt the formation of
poly(thiophene)-b-poly(para-phenylene) by systematically lengthening
the thiophene block from 4 to 6 and 8 thiophene units.

Synthesis of the precursor monomers. The syntheses of the pre-
cursor monomers is conducted as reported in literature [47,48].

Synthesis of the polymers. The polymerization experiment is
conducted similar to what is earlier described. The precursor monomers
1a and 2a are converted to the monomers 1b and 2b in two separate
GRIM reactions. After completion, equal volumes of the thiophene
monomer solution 2b are cannulated to several initiator solutions and
the polymerization mixture is left to stir at room temperature. After full
conversion, half the polymerization mixtures are cannulated into a HCl
solution in THF for termination to obtain polymers P4Th, P6Th and
P8Th, respectively. Next, the phenylene monomer solution 1b is added:
36 eq. with respect to the initiator to synthesize block copolymers
P4ThPP, P6ThPP and P8ThPP respectively. Finally, the polymeriza-
tion is terminated by adding HCl in THF.

The GPC chromatograms and results of the raw polymerization
mixtures after termination are shown in Fig. 7 and Table 3, respec-
tively. Fig. 8 shows a visual representation of the data in Table 3. The
bimodal shape of the P6ThPP curve can be explained by the first block
being partially dead before the addition of the second monomer. The
length of the para-phelylene blocks PP in the PXThPP polymers is
calculated by subtraction of the molar masses of the PXTh homo-
polymers Th from the molar masses of the block-copolymers ThPP. We
note that this reasoning in not fully accurate since the GPC calibration
curves for poly(thiophene) and poly(para-phenylene) differ, but either
way, the observed trend is credible enough to make a qualitative con-
clusion. The results show that the longer the first thiophene block, the
shorter the second para-phenylene block is. The polymerization of the
para-phenylene block seems to be more hindered with increasing
thiophene units in the first block, suggesting that the Ni-catalyst is only

Fig. 5. The synthesis of the P(Th-PP-Th-Br) polymers.

Table 2
GPC results of the raw polymerization mixtures after termination and the GPC-
determined Mn plotted over the initial monomer concentration ([M]0) divided
by the initiator concentration ([I]).

[M]0/[I] Mn (kg/mol) Ð

P(Th-PP-Th)8.3 8.3 11.2 1.2
P(Th-PP-Th)13.9 13.9 15.3 1.4
P(Th-PP-Th)19.4 19.4 17.9 1.4
P(Th-PP-Th)25.0 25.0 21.6 1.4
P(Th-PP-Th)37.5 37.5 22.3 1.4
P(Th-PP-Th)56.3 56.3 22.5 1.4

Fig. 6. GPC results of the raw polymerization mixtures after termination and
the GPC-determined Mn plotted over the initial monomer concentration ([M]0)
divided by the initiator concentration ([I]).

Fig. 7. GPC chromatograms of the raw polymerization mixtures of P4Th, P6Th,
P8Th, P4ThPP, P6ThPP and P8ThPP after termination (λ=440 nm).
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substantially associated with the first block if this block consist of more
than four sequential thiophene units. This supports our hypothesis that
it is in fact an oligothiophene that strongly interacts with the Ni-catalyst
and not just two or three thiophene units. In other words, there exist an
equilibrium (e, f) between states B and D (Fig. 1), for which it holds
that the ratio e over f increases with increasing degree of polymeriza-
tion of the thiophene block. When the thiophene block is sufficiently
long enough, route f becomes negligible and the Ni-entity is perma-
nently associated with the thiophene block, hindering further poly-
merization.

The right hand side of Fig. 1 summarizes all previous results. When
synthesizing poly(thiophene)-b-poly(para-phenylene) via successive
addition of an excess of the para-phenylene (PP) monomer to the living
poly(thiophene) block using KCTCP, all polymer chains are slightly
elongated. We conclude that there is a balance between propagation
and association with the thiophene block. With increasing amount PP
monomer with respect to the active chain ends, this equilibrium shift
slightly to the fast incorporation of the PP monomer resulting in a
longer poly(para-phenylene) block, but ultimately the Ni-catalyst mi-
grates to the thiophene block to be permanently trapped, terminating
the block copolymerization.

Further, by polymerizing a thiophene-phenylene-phenylene triaryl
monomer, the Ni-catalyst is not hindered by two successive thiophene
units.

Finally, we show that for the synthesis of poly(thiophene)-b-poly
(para-phenylene) via successive monomer addition in Ni-based KCTCP,
the longer the first thiophene block, the shorter the second para-phe-
nylene block is. The polymerization of the para-phenylene is more
hindered with increasing thiophene units in the first block, suggesting
that the Ni-catalyst is only substantially associated with the first block if
this block consist of more than four sequential thiophene units. This
supports our hypothesis that it is in fact an oligothiophene, that
strongly interact with the Ni-catalyst and not just two or three thio-
phene units. On the molecular level this would mean that the associa-
tion of the nickel complex comprises not the orbitals of one thiophene
unit, but rather the molecular orbitals of an extended oligothiophene.
These insights could impact computational studies on the subject, for
mostly only one or two thiophene units are taken into account for these
simulations.

3. Conclusion

To summarize we demonstrated that when adding a para-phenylene
monomer to a living thiophene block to synthesize poly(thiophene)-b-
poly(para-phenylene) using Ni-based KCTCP, an equilibrium exist be-
tween the incorporation of the PP monomer and the trapping of the Ni-
catalyst by association with the thiophene block. We suggest that this
equilibrium shifts toward the association with increasing length of the
thiophene block and that significant trapping only occurs when this
block consist of several thiophene units. Also, the more PP monomers
already built in, the more likely it becomes that the Ni-catalyst will
have ringwalked to the thiophene block instead of incorporating an-
other PP monomer. These findings contribute to a more complete un-
derstanding of KCTCP, necessary for the controlled synthesis of new
materials for high-end future applications.
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