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Abstract

This article features recent advances in the synthesis of conjugated polymers via a controlled
polymerization. These polymerizations typically rely on transition metal catalyzed cross
coupling reactions. The mechanisms of the polymerization protocols are discussed in detail.
An overview of all possible protocols and all homopolymers that have been investigated is
given. Next, the synthesis of copolymers - random, gradient and block copolymers - is
reviewed. Another advantage of a controlled polymerization is the possibility to introduce
specific functional groups, either at the beginning of each polymer chain by the use of an
external initiator, or at the end of the polymer chain using an endcapper. Finally, topologies
different from simple linear polymer chains are discussed. This feature article is

complementary to other recent review articles on this topic.*?

1. Introduction

Almost all conjugated polymers (CPs) are prepared using transition metal catalyzed cross
coupling reactions. In short, these reactions consists of an oxidative addition (OA), followed

by a transmetalation (TM) and, finally, a reductive elimination (RE), after which the cycle



restarts (Scheme 1, black arrows). Such polymerizations are clearly polycondensations and
one can assume that those polymerizations proceed in a step-growth fashion. However, in
2004, Yokozawa® and McCullough* independently discovered that a particular
polymerization, i.e. poly(3-alkylthiophene) (P3AT) obtained with a Ni(dppp)Cl. catalyst
(dppp = 1,3-bis(diphenylphosphino)propane), proceeds in a controlled chain-growth fashion.
This discovery marked the beginning of the exploration of the controlled nature of the
polymerization of CPs. In general, there are two ways to realize a controlled polymerization
of CPs. The first and by far most used way relies on the complexation of the catalyst to the z-
system of the growing polymer chain. In this way the catalyst remains complexed to the
growing polymer chain after reductive elimination and is transferred to a terminal C-Br bond
where it oxidatively inserts. This type of polymerization is called a catalyst transfer
polymerization (CTP). Termination can occur if the catalyst diffuses away prior to oxidative
addition or by disproportionation. If termination and transfer reactions are retarded, one
catalyst/initiator moiety polymerizes one polymer chain and a controlled polymerization is
realized. The association of the catalyst with the polymer chain is crucial. The first evidence
of the existence of this complex was provided by McNeil, who found that the presence of
activated aryl halides does not affect the polymerization, proving that the catalyst does not
dissociate from the growing polymer chain.® Later, Kiriy found *!P NMR signals that could be
attributed to the complex in the polymerization of a CP that proceeds via a Ni-catalyst, but not
in a classical oxidative addition, transmetalation and reductive elimination fashion.® Finally,
our group has demonstrated the existence of this complex in an attempt to polymerize
thienothiophenes; in fact, the stability of the complex hampered the polymerization of this
monomer.” Several coupling reactions have been utilized in CTP, including the initially
investigated Kumada catalyst transfer polymerization (KCTP) that uses Kumada couplings,

Suzuki-Miyaura catalyst transfer polymerization (SCTP) using the Suzuki-Miyaura reaction®



and, more recently, CTPs that exploit Sonogashira®, Stille®°, Negishi* and Murahashi!

couplings.
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Scheme 1: Two ways to realize a controlled polymerization of CPs.

An interesting tool to screen different catalysts for a CTP is the reaction with a corresponding
monomer bearing two halides instead of one. If the catalyst remains complexed after one
reaction, it will perform a second, intramolecular oxidative insertion rather than diffusing
away. The result is that either no capping or dicapping occurs, but no monocapping.
Monocapping requires that the catalyst dissociates after one reaction, which does not occur in
efficient CTP. As a result, this test can be used to screen reaction conditions for efficient
CTP.>1213 Importantly, the screening must be performed at low conversions. If the halide
becomes more reactive after one reaction and the catalyst does dissociate, monocapped
product will indeed be present at low conversions. However, since it is more reactive than the
starting product, it will vanish at higher conversions because reaction rather occurs on
monocapped product.t*

A second way to realize a controlled polymerization of CPs is inspired by Yokozawa’s
controlled polymerization of aromatic amides.'® It uses AB-type monomers and the key to
success is the deactivation of one functional group by the other in the monomer. However,
after reaction this deactivation is lost. As a consequence, growth is only possible on the

growing polymer chains (Scheme 1, grey arrows). The catalyst can decomplex, but, since
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reaction with monomer is impossible, it must perform an oxidative addition on a (dormant)
polymer chain and restart the polymerization. The choice of the catalyst is crucial: it must be
stable when dissociated and oxidatively insert very easily into a dormant polymer chain. The
catalyst that has been used is Pd(Ruphos).’® The advantage of this procedure is that the
controlled nature of the polymerization does not depend on the complexation of the catalyst
with the growing polymer chain, which is system-dependent. Moreover, the independence of
this complexation has also additional advantages, like the more easily formation of block and
gradient copolymers (see section 3. Monomer deactivation). The dissociation of the catalyst is
demonstrated by the addition of an aryl halide, which acts as a transfer reagent, limiting the

degree of polymerization.*®

2. Catalyst transfer polymerizations

2.1. Initiation

Since the KCTP of P3AT is by far the most used and investigated CTP, the basic principles of
initiation will be explained based on this system.>#1>17-% Ag can be seen in Scheme 2, the
initiation starts with two consecutive transmetalations, in which two halogens on the catalyst
are exchanged for two monomeric units. After those transmetalations, reductive elimination
takes place and a tail-to-tail dimer is formed. Due to the complexation of the catalyst to this
dimer after reductive elimination, the following oxidative addition will occur intramolecularly
in one of the two terminal C-Br bonds. The same three initiation steps can also be found for
PdL2X; initiators and in other CTPs based on Suzuki-Miyaura®®, Negishi4, Murahashi!! or

Stille® couplings.
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Scheme 2: Initiation in KCTP of P3AT with Ni(dppp)Cl..

2.1.1. External initiators

Instead of using Ni(L)2X2 or Pd(L)2X2 as catalyst, as shown above, it is also possible to work
with external initiators. In this way, functional groups can easily be incorporated at the
beginning of the polymer chain, which makes this the most popular technique to incorporate
functional groups into conjugated polymers. Even if the polymerization is not controlled, all
polymer chains will still be equipped with the functional group in the beginning, as long as no
transfer reactions occur. The initiating steps using external initiators are similar to those with
Ni(L)2X2 or Pd(L)2X>, but due to the presence of a reactive ligand, only transmetalation with
one monomer is necessary (Scheme 3). After this step, the initiation proceeds in the same way
as with Ni(L)2X2 or Pd(L)2X2: first a reductive elimination, after which the catalyst stays
complexed to the dimer, followed by an intramolecular oxidative addition. However, since
there is usually no halogen present on the reactive ligand, the catalyst can only insert into the
C-Br bond of the incorporated monomer and bidirectional growth is prevented. This is also
the reason why external initiators are often used in the synthesis of block copolymers (see

2.2.8. All-conjugated block copolymers).
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Scheme 3: Initiation in KCTP of P3AT with an external initiator.

The first generation of external Ni-initiators, used in the polymerization of P3ATs or other
CPs, were prepared in situ right before their use in the polymerization. Different synthetic
routes were investigated and the first one was the oxidative addition of Ni(PPhs)s in the
desired aryl bromide, resulting in (Ar)Ni(PPhs)2Br.2-2 However, the success of this oxidative
addition depends on the nature and the position of the functional groups on the reactive
ligand?’3%3! and due to the air sensitive and carcinogenic character of Ni(PPhs)s also other
methods were tried. It is for example possible to combine an aryl bromide with BuL.i followed
by the addition of Ni(PPhs)2Cl2.%" In this way Ni(PPhs).Cl2, which is air stable, can be used as

nickel source.

The previous methods utilize monodentate PPhs as ligand, but after the group of Kiriy
discovered that bidentate ligands, like dppp and dppe (1,3-bis(diphenylphosphino)ethane),
give rise to a better control over the polymerization, other methods were tried to incorporate
those bidentate ligands.?®?° The first method was based on the ligand exchange between PPhs
and dppp or dppe on (Ar)Ni(PPhs)2Br, which could be synthesized with one of the methods
mentioned above, and resulted in (Ar)Ni(L*)Br (L’ = bidentate ligand).2323 Another method
is based on the combination of Ni(bipy)Et. (bipy = 2,2'-bipyridine) with the desired aryl
halide, forming (Ar)Ni(bipy)Br. In a second step, a ligand exchange with a bidentate
phosphorous ligand is performed, which results in (Ar)Ni(L’)Br.2%33 The main drawbacks
of this synthetic route are the high sensitivity of Ni(bipy)Et, towards oxygen and moisture and

the absence of commercial sources. It is also possible to combine Ni(COD). with a bidentate



ligand, followed by reaction with an aryl halide®® or to perform a one-step reaction of
Ni(dppp)Cl2 with an aryl magnesium chloride®’8, For the last method, only ortho-substituted
aromatic compounds can be used, otherwise the homo-coupling of the aromatic units is
possible. In addition to aromatic reactive ligands, an allyl functional group has also been used
in external initiators. This =-allyl nickel complex was synthesized by combining bis(1,5-
cyclooctadiene)nickel and allyltrifluoroacetate, followed by the addition of dppp (or PPhs),

resulting in (allyl)Ni(L)OCOCF3.*®

The major drawback of all previously mentioned methods is the absence of a purification step,
leaving impurities in the reaction mixture. Some of those impurities, such as Ni?*-salts, can
also initiate the polymerization, creating polymer chains without the desired functional group
at the beginning of the chain. To overcome this problem, new synthetic routes were developed
and Scheme 4 summarizes all purified external nickel initiators that were synthesized up to
now. Most of those initiators are synthesized with PPhs as ligand and are purified in this form.
Then, right before the polymerization, a ligand exchange with the desired ligand is performed.
After this step, no additional purification is needed, because normally the exchange reaction is
quantitative and free PPhs has no influence on the polymerization. The stability of the purified
initiator must however be checked, because some degradation products can also initiate the
polymerization, yielding unfunctionalized chains. In our group, initiators 1 to 14 were
synthesized, purified and used for the synthesis of P3ATSs after they were subjected to a ligand
exchange reaction with two equivalents of dppp (unless stated otherwise). Initiator 1,
however, was unstable in solution, which led to the formation of Ni(PPhs)2Br.. This complex
can initiate the polymerization on its own, creating unfunctionalized chains.®! Due to the
ortho-substituent present in initiator 2, this complex is much more stabilized and no
disproportionation occurs. It is suggested that the ortho-substituent increases the stability of

the Ni-complex by lowering the energy of the HOMO due to bonding of the dxy-orbitals of Ni



with the -orbitals of the aromatic ring.*° Later on it was shown that the ortho-stabilization is
only necessary when monodentate ligands are used.?*** Besides for P3AT?!, initiator 2 was
also used in the synthesis of poly(para-phenylene) (PPP)%! (1 equivalent of dppe was used for
the ligand exchange) and poly(thienopyrazine) (PTP)*. Initiators 3 to 13 were successfully
used for the controlled synthesis of P3AT.3144% |n addition to the synthesis of P3AT,
initiator 3 was also used for the synthesis of poly(3-alkoxythiophene) (P3AOT), although this
was not controlled due to the intrinsic character of the alkoxythiophene monomer (see 2.2.1.
Kumada catalyst transfer polymerization (KCTP))*=? and initiator 12 was used in the
synthesis of poly(3-alkylselenophene) (P3ASe)*®. Polymerizations that were tried with
initiator 14 were unsuccessful, probably due to the strong complexation of the Ni-catalyst to

the reactive ligand, prohibiting normal propagation.*®

Apart from the previous method, four other methods were found that can render purified
external nickel initiators. In the group of Kiriy initiators 15 and 16 were synthesized by
combining the corresponding aryl halide and Ni(bipy)Etz, followed by a ligand exchange
reaction with dppp and dppe, respectively.®°! Also in the group of Bazan, initiator 15 was
synthesized, but following a different synthetic route and with dppe as a ligand. First,
Ni(dppe)Cl2 is combined with PPhs in the presence of ethyl magnesium bromide, resulting in
the formation of Ni(dppe)(PPhs)2, which was then reacted with bromobenzene.>? Initiator 17
was synthesized in the same way.>® Pammer et al. were able to polymerize thiazole monomers
with initiators 18 and 19, which were made by the sequential addition of PPhs, the desired
aryl bromide and dppp to Ni(COD)2.>* The last method is based on the one-step reaction of
Ni(dppp)2 with an aryl bromide, rendering (Ar)Ni(dppp)Br. Initiators 15 and 20 were
synthesized in this way.*

Besides introducing functional groups, external initiators can also be used to influence the

polymerization. The group of McNeil studied the influence of the reactive ligand on the



polymerization of 4-bromo-2,5-bis(hexyloxy)phenylmagnesium chloride and found that
changing this ligand could accelerate the initiation compared to the propagation, which led to
a lower dispersity of the obtained polymers.®® It was found that reactive ligands with
resonance-based electron-withdrawing substituents increase the initiation rate the most, since
they stabilize the increasing electron density on the catalyst during the reductive elimination.
Compared with the initiation by Ni(L)2X2, the use of external initiators increases the
regioregularity and decreases the dispersity of the polymers, because the tail-to-tail dyad
formed during the initiation is replaced by a head-to-tail dyad and the initiation is

homogeneous compared to heterogeneous initiation with Ni(L)2Xo.
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Scheme 4: Purified external Ni-initiators used in KCTP.

All previously mentioned external initiators were used in KCTP, but also for other CTPs

external initiators were utilized. Initiator 15 was for example also used in the polymerization

of the anion-radical complex of thiophene naphtalene diimide oligomers®® and in the synthesis

of PPE using a Sonogashira reaction®. For Suzuki-Miyaura CTP different (Ar)Pd(P'Bus)Br

were designed and used in purified form for the synthesis of poly(fluorene) (PF)8°7-63,

P3AT®8:64-66 ppp57.6266 noly(3,6-phenanthrene) (PPhen)®’, n-type fluorene copolymers®® and
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poly(pyridine-3,6-diyl) (PPyr)®°. However, the synthesis of the last polymer was not
controlled due to the presence of disproportionation reactions. The external initiators were
obtained by combining Pd(P'Bus), with the desired aryl bromide. An overview of those

initiators can be found in Scheme 5.
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Scheme 5: Purified external Pd-initiators.

In contrast to external nickel initiators, in situ synthesized external palladium initiators can
outperform the purified ones in Suzuki-Miyaura CTP. When for example Pdz(dbas) (dba =
dibenzylideneacetone), ‘BusP and an aryl halide are used in a combined catalyst system,
ArPd(‘BusP)X is formed in situ. The polymerization with this initiator proceeds in a
controlled way and narrow dispersities were obtained.®? It was also found that an additional
amount of '‘BusP yielded polymers with a lower dispersity, probably due to the formation of
the more stable Pd("BusP)» (n > 2), and that ArX with various substituents in the para-position

(i.e. Cl, Br, F, NO2, CN, COPh, CO2Et, OMe and HOCHy) can be used.®*
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Besides external initiators with one active site, also initiators with 27°, 3%, 4’ or 6? active
sides were prepared. These types of initiators give rise to special topologies, which will be

discussed in 4. Advanced Topologies.

2.1.2. Grafting from surfaces and nanoparticles

For their implementation in optoelectronic devices, the topology and molecular organization
of the used polymers is of great importance, since this has a large influence on the
properties.”>~'® Therefore, well-defined structures are desirable and this can be achieved by
attaching the polymer chains covalently to surfaces. In this way new structures and better
interactions between the polymers and the other parts of the device can be obtained. One way
to achieve this goal is the use of initiators that are covalently bound to metal or glass surfaces.
When, for example, aryl bromides are present on the surface, the C-Br bond can be used to
oxidatively insert Ni(0) or Pd(0). In this grafting from method a low dispersity and high
grafting density can be obtained, but only for chain-growth polymerizations, like KCTP?"7 or
Sonogashira polymerizations’®. With Ni-catalysts, a high grafting density can sometimes give
rise to disproportionation reactions and the surface coverage is not always equally divided.
For palladium catalysts this is however less of a problem.”®

The first surface initiated polymerization was performed by the group of Kiriy.
Photocrosslinked poly(4-bromostyrene) films were reacted with Ni(PPhs)s to obtain a
macroinitiator used for the KCTP of P3AT.2® Poly(4-vinylpyridine)-b-poly(4-iodostyrene),
adhered to a variety of polar substrates including silica particles, glass or metal oxide surfaces
by the polar P4VP block, were used in the same way.®! Crosslinked poly(4-bromostyrene)
was after reaction with Pd(P'Bus), also used as external initiator for the Suzuki-Miyaura
polymerization of fluorene monomers.®2 Later on, the group of Locklin succeeded in the
KCTP of PPP and P3AT from gold surfaces.”” 838 To synthesize the initiator, Ni(COD). and

PPhs were combined, followed by the oxidative addition of the formed Ni(0) species into the
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C-Br bond of a thienyl bromide that was bound to the gold surface. Based on the better
performance of bidentate ligands in KCTP, the group of Kiriy made a new initiator bound to
silica nanoparticles. First, Ni(bipy)Et> was combined with an immobilized aryl halide,
followed by a ligand exchange with dppp or dppe.®>8587 Islam et al. adjusted the procedure
using a thiophene halide instead of an aryl halide® and Sontag et al. used the same procedure,
but employed gold surfaces instead of silica nanoparticles™. Also TiO.-nanoparticles were
used to initiate the KCTP of thiophene monomers.® Due to the ligand exchange a more stable
catalyst system is obtained, but unfortunately it can also cause loss of surface initiator
coverage. Therefore, a catalyst system with a bidentate ligand, but synthesized without a
ligand exchange step, was designed. First, the electrochemical reduction of arene diazonium
salts generates a bromobenzene monolayer on a gold surface. In a second step Ni(dppp)Cl2 is
electrochemically reduced to Ni(dppp), which can then insert into the C-Br bond of the
bromobenzene.®® Recently, Youm et al. reported a second method without a ligand exchange.
First a thiophene-based external initiator with a triethoxysilyl functionality was synthesized,
followed by the immobilization of this compound on silica surfaces.® Also palladium
catalysts can be bound to surfaces. This was for example done by the group of Locklin. They
synthesized an indium tin oxide surface functionalized with a (4-bromobenzyl)phosphonic
acid monolayer and let it react with Pd(P'Bus)2. This surface bounded initiator was then used
for the KCTP of thiophene monomers.® In the group of Bielawski, a surface bounded initiator
for the Sonogashira synthesis of poly(para-phenylene ethynylene) (PPE) was synthesized by
the addition of Pd(P'Bus). to an aryl bromide which was bound to silica nanoparticles.’

Besides the initiation from surfaces and nanoparticles, it is also possible to incorporate
initiating moieties into polymers in solution. It is, for example, possible to use the grafting

from technique starting from (non-)conjugated polymer backbones, which will be described in
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more detail in section 4. Advanced Topologies, or to use (non-)conjugated polymers that can
be converted into macroinitiators.®

2.2. Propagation

After the initial transmetalation, reductive elimination and oxidative addition during the
initiation, the same catalytic cycle is repeated during the propagation (Scheme 1). To obtain
control over the polymerization it is of utmost importance that the catalyst remains associated
to the polymer backbone between the reductive elimination and oxidative addition. In this
way, only intramolecular oxidative addition is possible and transfer and termination reactions
are suppressed.

2.2.1. Kumada catalyst transfer polymerization (KCTP)

KCTP, originally called Grignard metathesis (GRIM) polymerization, is the most extensively
investigated CTP and is based on the Kumada coupling of monomers bearing a halide and a
magnesium halide function.®® Those organomagnesium compounds are very sensitive to
moisture and are therefore generated in situ starting from the precursor monomer. Often a
small excess of precursor monomer is used, since metalation reagents, present after the
incomplete formation of the monomer, can act as termination reagents during the
polymerization, while the presence of the precursor monomer has no influence. Nickel as well
as palladium catalysts can be used in KCTP, but overall Ni-catalysts give rise to a higher
degree of control over the polymerization. Therefore Ni-catalysts are more used and studied,
although also KCTP with Pd(PPhs)s was reported.8%% The main problem with this Pd-catalyst
is the weaker association with the polymer backbone compared to their Ni counterparts. To
overcome this problem, more electron donating ligands, i.e. NHC (N-heterocyclic carbene)
ligands, were used and more control over the polymerization was obtained.%

The most studied monomer used in KCTP is thiophene.®* This is a rather electron rich

monomer, resulting in a good association between the polymer backbone and the catalyst and,
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hence, control over the polymerization. Different thiophene monomers were used, but most of
them are substituted in the 3-position, introducing asymmetry. In this way head-to-tail, tail-to-
tail and head-to-head couplings are possible (Scheme 6), resulting in regioregular or regio-
irregular P3AT. Which of the couplings will be formed depends on the used precursor
monomer and catalyst. When 3-substituted 2,5-dibromothiophene is used, the Grignard
metathesis reaction results in the formation of two isomers and their ratio depends on the
substituent of the thiophene and the Grignard reagent used.®® Both isomers can be
polymerized when a Pd-catalyst is used and regio-irregular P3AT is obtained.** However,
when a Ni-catalyst with bulky ligands is used, only the 2-bromo-5-chloromagnesio-3-
hexylthiophene can be built in, since head-to-head couplings are hardly promoted due to the
steric crowding around the Ni center, and regioregular PT is obtained. The regioregularity can
still be decreased using less sterically demanding ligands or by the addition of LiCl. LiCl
breaks up the aggregates of the Grignard reagent and forms ate-complexes, which can
increase the propagation rate and facilitate the formation of head-to-head couplings.®”*® When
sterically demanding ligands in combination with LiCl are used, both isomers will be
incorporated in the polymer, but first the 2-bromo-5-chloromagnesio-3-hexylthiophene
polymerizes, followed by the 5-bromo-2-chloromagnesio-3-hexylthiophene, resulting in the
formation of a block copolymer. To overcome the problem of regioregularity, other
thiophenes were used as precursor monomer. 3-substituted 2-bromo-5-iodothiophene was
used in the selective Grignard metathesis method, which results in the substitution of only the
iodine.* Finally, also 2-bromo-3-alkylthiophene was used in two different methods. The first
one is the McCullough method in which subsequently LDA (lithium diisopropylamide) and
MgBr; are added.19%1%! The second one is based on the addition of the Knochel-Hauser base,
TMPMgCI-LiCI (chloromagnesium 2,2,6,6-tetramethylpiperidine lithium chloride salt).10210

Other polymers that resemble poly(thiophene)s were also synthesized in a controlled way
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with KCTP, namely P3ASel®1%  poly(3-alkyltellurophene)s (P3ATe)X® poly(pyrrole)s
(PP)X7110  noly(thiazole)s (PTZ)**!,  poly(dithienosilole)s (PDTS)[107,108] and

poly(cyclopentadithiophene)s (PCPDT)* (Scheme 7).
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Scheme 6: Illustration of all possible couplings for P3AT.
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Scheme 7: lllustration of all polymers synthesized by CTP.

In addition to heteroaromatic monomers, also all-carbon monomers were successfully used in
KCTP. It is, however, more difficult to obtain control over the polymerization since those
monomers are less electron rich than most of their heteroaromatic counterparts. The
phenylenes used are therefore often equipped with two alkoxy side chains to increase the
electron density of the aromatic ring and the strength of the complexation with the catalyst.

Since the monomer is symmetric, 1,4-dibromo-2,5-dialkoxybenzene!®® or 1,4-diiodo-2,5-
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dialkoxybenzene®® can be used as precursor monomer without any consequences for the
regioregularity. Besides PPPs, also poly(meta-phenylene)s (PMP) were made by KCTP.116
For fluorene monomers, not only the lower electron density is a problem to obtain control
over the polymerization, but also the length of the monomer. The catalyst needs to stay
complexed to the polymer backbone during the time between reductive elimination and
subsequent oxidative addition and due to the larger dimensions of fluorene, this time will be
longer than for phenylene monomers. Since regioregularity is no issue for PFs, both 2,7-
dibromofluorene and 7-bromo-2-iodofluorene can be used as precursor monomer. When Ni-
catalysts are used with the usual bidentate phosphine ligands (dppp or dppe), a non-controlled
chain-growth polymerization is obtained.®7118 However, when nickel acetylacetonate
(Ni(acac).) and dppp are used in a combined catalyst system, control over the polymerization
is achieved. 11

Electron deficient monomers were also used in an attempt to polymerize them in a controlled
manner using KCTP. However, due to their lower electron density this was not always
successful. Poly(pyridine-3,5-diyl) (PMPyr) can be synthesized in a controlled way with
Ni(dppp)Cl12212°, but for the regioisomer poly(pyridine-3,6-diyl) (PPPyr) this is not the case
due to the presence of disproportionation reactions®. The synthesis of poly(benzotriazole)
(PBT) was found to be controlled only when Ni(ll) diamine catalysts were used.'?%122 For
PTP*2123 ng catalyst system was found up to now that allows a controlled synthesis.

Besides an inadequate association between the catalyst and the polymer backbone, also a
more difficult oxidative addition can result in a dissociation that becomes competitive with
the oxidative addition. This results in decomplexation of the catalyst and termination of the
polymerization and is, for example, the case for P3OATs.*® Besides dissociation of the
catalyst, also a too strong complexation can inhibit the polymerization. The polymerization of

thienothiophene via KCTP is for example not possible due to the formation of a very stable
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Ni(0)-complex.” Also during an attempt to polymerize p-phenylene vinylene, it was found
that the association of the Ni(0)-catalyst and the diene was too strong to allow
polymerization!?*. Later, the polymerization of benzodithiophene was attempted, but the
presence of the ‘non-aromatic’ double bond introduced transfer reactions, leading to loss of
control over the polymerization.! Normally the double bond is considered as a part of the
aromatic system, but due to the almost equal energy of the total aromatic system and the
system with the double bond not being part of the aromatic system, this double bond can
behave as a ‘normal’ double bond. A final problem that was encountered for KCTP was the
incomplete conversion of the Grignard metathesis reaction necessary to convert the precursor
monomer, leaving unreacted metalation reagents in the reaction mixture, which can act as
termination reagents. This was the case in the synthesis of poly(3,6-phenanthrene) (PPhen).®’
Also one non-conjugated polymer was synthesized with KCTP, namely
poly(bithienylmethylene) (PBTM).'2® The polymer backbone is not conjugated, but does
contain an aromatic repeating unit.

In order to obtain a universal catalyst system which can be used for the KCTP of different
monomers, it is of utmost importance to understand the influence of the ligand on the
polymerization. In the group of McNeil different rate and spectroscopic studies on the KCTP
of 4-bromo-1-chloromagnesio-2,5-di(hexyloxy)phenylene and 2-bromo-5-chloromagnesio-3-
hexylthiophene were conducted and it was found that the steric and electronic properties of
the ligand used have an important influence on the polymerization mechanism. When, for
example, Ni(dppe)Clz is used, the reductive elimination is the rate determining step?’, while
for Ni(dppp)Cl2 the rate determining step is the transmetalation?®. This difference in rate
determining step also explains why the addition of LiCl has no influence on the
polymerization with Ni(dppe)Cl», but does increase the polymerization rate when Ni(dppp)Cl.

is used. This shows that the bite angle of the ligand can have a large influence on the
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polymerization mechanism. Later on, three other bidentate phosphine ligands with different
steric crowding were tested.!® The first one was Ni(depe)Cl, (depe =
bis(diethylphosphino)ethane) and it was found that the reductive elimination was the rate
determining step. The polymers showed a low dispersity, but also low molar mass tailing due
to the slower initiation compared to the propagation. With Ni(dcpe)Cl> (dcpe =
bis(dicyclohexylphosphino)ethane) the transmetalation is the rate determining step. This is
explained by the increased steric crowding around the Ni center, accelerating the reductive
elimination and slowing down the transmetalation. With this catalyst only oligomers could be
prepared, due to the reduced association of the Ni(0)-species to the polymer backbone. For the
third catalyst, Ni(dmpe)Cl> (dmpe = bis(dimethylphosphino)ethane), the reductive elimination
was again the rate determining step, but due to the small amount of steric crowding, the
catalyst degraded quickly. The last factor that was investigated is the electronic properties of
the ligands. It was found that the most electron donating ligand resulted in the lowest
dispersity.1?° This can be explained by the larger stabilization of the Ni(0)-polymer n-complex
and acceleration of the oxidative addition, both resulting in the suppression of competing
reaction pathways, like chain transfer and termination. Also a relative acceleration of the
precatalyst initiation compared to the propagation was obtained.

In 2010 the group of Kiriy found that the catalyst can ‘walk’ over the polymer backbone
during the polymerization, causing bidirectional growth of the polymer chain. This process is
referred to as ‘random catalyst walking’ and was discovered by the use of external initiator
16. None of the polymers obtained had the phenyl ring at the beginning of the chain, leading
to the conclusion that the catalyst was able to walk over the entire polymer backbone after
reductive elimination in order to reinsert in the C-Br bond at the other chain end.*
Complementary evidence was delivered by our group in a study about the position of the tail-

to-tail dimer, formed during the initiation with Ni-salts, in the P3AT polymerization. It was
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found that this tail-to-tail dimer is not always located at the beginning of the polymer chain,
indicating that ‘random catalyst walking’ occurs.®® In 2012, Kohn et al. validated this
‘random catalyst walking’ using various calorimetric and scattering experiments.’3® The
consequences of this ‘random catalyst walking’ for the synthesis of homopolymers are
limited, but for block copolymers this can be detrimental. When AB block copolymers are
desired, it is possible that BAB-block copolymers are obtained and for endcapping, the
‘random catalyst walking’ can give rise to dicapping. A more elaborated discussion of the
consequences and solutions will be given in sections 2.2.8. All-conjugated block copolymers
and 2.3. Termination and endcapping in CTP.

2.2.2. Negishi catalyst transfer polymerization (NCTP)

When monomers with an organozinc and a halide function are synthesized, NCTP can be used
to obtain the corresponding polymers (Scheme 8). Nickel as well as palladium catalysts have
been used for this purpose. In the group of McCullough the first NCTP was conducted with 2-
bromo-5-chlorozinc-3-hexylthiophene. The monomer was synthesized in situ from 2-bromo-
3-hexylthiophene, by the sequential addition of LDA and ZnCl..**3! Later on, Higashihara et
al. used a new synthetic route to obtain the necessary monomer, based on the reaction
between 2-bromo-5-iodo-3-hexylthiophene and 'BusZnLiz. The polymerization resulted in
materials with low dispersities and the monomer synthesis was not as susceptible to moisture
or protic impurities as was the case for the previously mentioned synthetic method for
organozinc monomers.t32133 All polymerizations of thiophene monomers based on NCTP
were catalyzed by Ni-catalysts. A Pd-catalyst, Pd/P'Bus, has been used for the synthesis of

PFs.13
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Scheme 8: Illustration of all monomers and relevant polymerization reactions that can follow catalyst

transfer mechanisms.

2.2.3. Murahashi catalyst transfer polymerization

The next type of organometallic monomers is the one with an organolithium and a halide
function, used in Murahashi catalyst transfer polymerizations. Using Ni(NHC)-catalysts,
P3ATs as well as PPPs were synthesized. The monomers were obtained via deprotonation or
lithium-halogen exchange of the precursor monomers.!! For the lithium-halogen exchange of
the thiophene precursor monomer only the chlorinated monomer can be used if regio-regular

P3ATs are desired. This type of CTP is, however, not often used.
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2.2.4. Suzuki-Miyaura catalyst transfer polymerization (SCTP)

Besides organometallic monomers that are prepared in situ, also monomers that allow
purification can be used in CTPs. For example, monomers used for SCTP, containing a
boronic acid or ester and a halide functionality. Those monomers are air stable, can be
purified with column chromatography, allow mild reaction conditions and tolerate a large
variety of functional groups. Deboronation and dehalogenation of the monomer can however
occur® and optimal reaction conditions depend on the monomer used'®-13  Mostly Pd-
catalysts are used in SCTP and small amounts of water are added to favor the intramolecular
transfer of this catalyst.®> Yokoyama et al. were the first to use Suzuki-Miyaura couplings to
obtain a chain-growth polymerization. PF with a low dispersity was obtained when
(Ph)Pd(P'Bus)Br was used as catalyst.® Later on, also other catalytic systems were found to be
successful for SCTP of PFs.5162140141 Besides PFs also PPP® and P3AT®>141142 were
synthesized in a controlled way with SCTP using Pd-catalysts. Recently, a controlled Ni-
catalyzed SCTP of poly(thiophene)s was performed.2®

The polymerization of pyridine-3,6-diyl was not controlled due to the occurrence of
disproportionation reactions, as it was also the case when KCTP was performed on this
monomer.® Also the synthesis of PPyr was not controlled due to the limited association of the
catalyst to the polymer backbone.®” During an attempt to synthesize poly(p-phenylene
vinylene) (PPV) the opposite problem was encountered. The Pd(0)-species, which is formed
after the reductive elimination, is trapped by the vinylene bond, inhibiting further
propagation.t?* Later on, it was found that ortho-substituents relative to the vinylene bond
promote the intramolecular transfer, ensuring chain-growth.4®

2.2.5. Stille catalyst transfer polymerization

Instead of incorporating boronic acids or boronic esters into the monomer, also organotin

functionalities can be used. The main drawback of this method is the high toxicity of the
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organotin compounds necessary during the synthesis of the monomers, but a lot of functional
groups can be incorporated into the monomer and no optimization of the base, organoboron
moiety or the amount of water is required.®® As well for PPE® as for P3AT controlled chain-
growth polymerizations were obtained via Stille catalyst transfer polymerization.

2.2.6. Sonogashira catalyst transfer polymerization

Besides Stille couplings, also Sonogashira couplings were investigated to obtain control over
the polymerization of p-phenylene ethynylene. It was found that PPE with low dispersities
could be synthesized with (Ph)Pd(P'Bus)Br, Cul and PPhs in a combined catalyst system, but
unfortunately the monomer conversion was rather low.®

2.2.7. Miscellaneous

In 2011, the group of Kiriy found a new method for the controlled polymerization of electron
deficient brominated thiophene-naphthalene diimide oligomers.®® When the precursor
monomer is combined with Rieke Zinc!**, not the expected organozinc compound is obtained,
but an anion-radical complex is formed instead. With Ni(dppe)Br. or (Ph)Ni(dppe)Br a
controlled chain-growth polymerization is obtained and 3P NMR studies showed that also in
this type of polymerization the complexation between Ni(0) and the polymer backbone is the
key to success.® Despite the control over the polymerization, high dispersities are obtained.
This is explained by the uncontrolled initiation, involving a two-electron transfer process from
the anion-radical monomer to the Ni-catalyst. The generated Ni(0)-complex can then insert
into the C-Br bond of the monomer and start the polymerization. It was also found that the
‘random catalyst walking’ was more extensively than for other monomers, probably due to
the better shieling of the polarizing effect of the C-Br bond by the electron deficient
naphthalene-diimide group present in the monomer. The success of this type of
polymerization led to the extension to Pd-catalysts!®® and perylene diimide-based

monomerst6,

24



Recently, Suraru et al. reported the controlled polymerization of aurylated alkylthiophene
monomers catalyzed by Pd-PEPPSI-Pr.14” The monomers were synthesized by the addition of
(‘BusP)AuCI to 2-bromo-3-alkylthiophene.

All previously mentioned controlled catalyst transfer polymerizations were based on the
association of the Ni- or Pd-catalyst to the polymer backbone. It is however also possible that
a fluoride anion fulfills this task. Sanji et al. found that 2-perfluoroaryl-5-
trimethylsilylthiophenes can be polymerized in a controlled way without the addition of a
transition metal, but with a catalytic amount of TBAF (tetra-n-butylammonium fluoride),
yielding poly(p-tetrafluorophenylene-alt-thienylene) (P(PP-alt-T)).1*® A pentacoordinated
fluorosilicate was found to be the key intermediate and polymers with a controlled molar
mass and low dispersity were obtained. Later on, this polymerization mechanism was also
used for the controlled synthesis of poly(p-tetrafluorophenylene-alt-phenylene ethynylene)
(P(PP-alt-PE)).14®

Also in the cationic chain-growth polymerization of 2-chloroalkylenedioxythiophene
monomers, no transition metal catalyst is utilized.® Instead, a Lewis acid in catalytic
amounts is used. After the polymerization, a non-conjugated polymer is obtained, but during
the workup with methanol and hydrazine hydrate, HCI is eliminated and the conjugation is
restored.

A last polymerization method is based on Mizoroki-Heck couplings. Nojima et al. tried to
synthesize PPV is this way, but unfortunately no controlled polymerization was obtained due
insufficient association of the catalyst to the polymer backbone.'® The combination of Heck
with Suzuki-Miyaura couplings to obtain poly(fluorenylene-vinylenes) was also attempted.
The polymerization showed chain-growth characteristics in the first stage, but after the
consumption of the fluorene monomer, the polymerization proceeded in a step-growth

manner.1%2
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2.2.8. All-conjugated block copolymers

In order to improve existing applications and create new opportunities, it is important to
combine materials with different properties (e.g. mechanical properties, thermal stability,
processability and hydrophobicity). Block copolymers form an attractive group of materials to
accomplish this goal: their properties cannot be achieved with blends of their
homopolymers.1531%* Multiple approaches are available for the synthesis of conjugated block
copolymers, e.g. the grafting to method**!°, the end-functional polymer copolymerization
method™®*1*® and the grafting from method™"1°8, However, the most desired approach is
sequential monomer addition. In contrast to the other mentioned methods, the synthesis
consists of a direct one-pot reaction in which the second monomer is added after complete
consumption of the first one. In this section, the synthesis of block copolymers through
sequential monomer addition will be discussed.

All-conjugated block copolymers with the same aromatic moieties

When different conjugated systems are combined in one polymer, rod-rod block copolymers
are obtained. The direct synthesis of these block copolymers via sequential monomer addition
requires a controlled chain-growth polymerization. This implies not only the use of a catalytic
system that is able to polymerize both monomers, but also under similar polymerization
conditions. CTP is without doubt the most used polymerization technique for sequential
monomer addition. This method results in well-defined block copolymers with a controlled
molar mass and low dispersity.

The first block copolymers synthesized in this way consisted of the same aromatic moieties,
but with different side chains. Already large assortments of side chains were combined. The
research group of McCullough was the first to combine 3-alkylthiophene monomers with
different side chain lengths. Not only diblock copolymers were formed, but even triblock

copolymers were prepared.’® Wu et al. investigated the influence of the difference in side
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chain length in poly(3-butylthiophene)-b-poly(3-octylthiophene) on the microphase
separation®®® and later, our group visualized this with STM®, Ge et al. further investigated
the influence of the length of the side chain of block copoly(3-alkylthiophenes). They
revealed that a difference exceeding two carbon atoms between the side chains of the blocks
results in microphase separation.®® Similarly, Zhang et al. obtained a block copoly(3-
alkylthiophene) in which the second monomer is a branched 3-(2-ethylhexyl)thiophene.1®2
Again, microphase separation was induced. Our research group incorporated an achiral
poly(3-hexylthiophene) block with a chiral poly(3-(3,7-dimethyloctyloxy)thiophene) block.1®3
The incorporation of chirality made it possible to investigate the influence of one conjugated
block on the other one. Because of its success, this technique was further applied to
investigate the supramolecular structure of conjugated block copolymers.?%* Other examples
are thiophenes containing alkylhalides'®®, fulleropyrrolidine!®®, lateral octylphenyl®’,
styryl*®8, amine!®®, cyclohexyl'’®, acetate'’, aliphatic hydrocarbon naphthalene diimide side
chains!’2, phenoxymethyl groups®”® and other oxygen containing side chains!’417,

When a perfect AB-block copolymerization is desired, one needs to consider ‘catalyst
walking’. Once the polymerization has started, the catalyst is able to undergo intramolecular
transfer to the active carbon-halogen bond at the other end of the growing chain, resulting in
bidirectional growth (previously discussed in section 2.2.1. Kumada catalyst transfer
polymerization (KCTP)). This is only possible when the catalyst remains associated with the
conjugated m-backbone of the polymer between the reductive elimination and the oxidative
addition. For the synthesis of homopolymers this is not really an issue, however when the
second monomer is added for the synthesis of block copolymers, insertion at both ends can
take place and a mixture of AB- and BAB- block copolymers is obtained (Scheme 9). The
solution to this problem is found in the use of external initiators lacking an active carbon-

halogen bond.*® If the catalyst binds stronger to the second monomer than to the first one, as
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can be the case if two electronically different monomers are used, it prefers to stay associated

to the second block. In this way, catalyst walking is also prevented.

| lunidirectional growth
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Scheme 9: Formation of AB- and BAB-block copolymers due to catalyst walking.

When the same aromatic moieties with similar side-chains are polymerized, the order of the
blocks does not matter. However, when a combination of hydrophobic and hydrophilic side
chains is used, the monomer with the hydrophobic side chain must be polymerized first.174-179
This sequential addition technique can also be extended to more advanced structures, e.g. the
formation of triblock copolymers is possible by employing a bifunctional initiator.*
Additionally, block copolymers with a random copolymer as a second block were
formed.166.180-182 Qyr research group prepared a block copolymer in which each block is a
random copolymer.1&3

All-conjugated block copolymers with different aromatic moieties

Although an extensive number of all-conjugated block copolymers with the same aromatic
moiety have appeared in literature, examples of block copolymers with different aromatic
moieties are limited (Scheme 10).1%° This can be attributed to two factors: the control of CTP

relies on the complexation of the catalytic species to the n-conjugated system and monomers
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must undergo a controlled polymerization under the same reaction conditions. When
electronically different monomers are used, it is more favorable for the catalyst to remain
complexed with the most electron rich monomer or polymer chain. Therefore, the
complexation between the catalytic species and the monomer must always increase during the
polymerization or remain the same. If not, the catalyst will stay complexed to the first block,
thereby ending the polymerization, as reported by the research group of Yokozawa.'® Other
research groups confirmed this hypothesis by synthesizing block copolymers with
electronically different monomers.8-187 Accordingly, PF!%187 ppp9.18418  pp\pile gngd
PDTS? must be polymerized before P3AT, while PCPDT* and PTP*2 must be polymerized
after P3AT. For the same reason also PPP must be polymerized before PF!8” and PP, When
thiophenes with alkoxy!63164176.188 and thioalkyl!®® side chains are combined with 3-
alkylthiophenes, the monomer with the thioalkyl side chain must be polymerized first,
followed by the monomer with the alkyl side chain and finally the monomer containing the
alkoxy side chain. A second reason why alkoxy thiophenes must be polymerized last is its
uncontrolled polymerization. In case the catalytic species complexes equally to electron rich
and electron poor monomers, the order of addition is not important. The group of Seferos
synthesized block copolymers of thiophene and benzotriazole without any effect of the
monomer sequence. To accomplish this, they used a Ni(ll) diimine catalyst, which
polymerizes both monomers smoothly.*?? Also block copolymers of P3AT and P3ASe can be
copolymerized in both directions, due to the limited difference in electron density of the two
monomers_105,190,191

Although KCTP is the most popular approach to obtain block copolymers, also other CTPs
have been used. The research group of Higashihara was the first to accomplish a NCTP of
poly(3-hexyltiophene) (P3HT) and poly(3-octadecylthiophene), resulting in well-defined

block copolymers.'®2 Yokozawa polymerized PF and PPP using a SCTP.1® Also for this type
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of block copolymerization the order of addition was shown to be important. Later, SCTP was
used to copolymerize PF and P3AT.}*1142 The research group of Kiriy combined KCTP and
NCTP, in which P3AT was polymerized via KCTP and PDTS via NCTP (Scheme 10).113

Also the Pd(RuPhos) polymerization, developed by our research group, can be used to
produce block copolymers with different aromatic moieties. Using this method, triblock
copolymers composed of three different aromatic moieties were produced for the first time.1%
Since this polymerization mechanism does not rely on catalyst association but on deactivation

of the monomers, this will be discussed in section 3. Monomer deactivation.
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Scheme 10: All-conjugated block copolymers with different aromatic moieties.

2.2.9. Conjugated alternating copolymers
CPs with a low bandgap are materials of great interest for opto-electronic applications. The

synthesis of donor-acceptor m-conjugated alternating copolymers is a successful strategy to
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obtain this property and enables tailoring of the bandgap.1®1° The most popular approach
towards the synthesis of alternating CPs uses a step-growth polycondensation mechanism,
resulting in poor control over the molar mass and high dispersities. Examples of alternating
CPs produced via controlled chain-growth polymerizations are limited. This can be attributed
to the fact that the control of CTP relies on the complexation of the catalytic species to the -
conjugated system, which is significantly different for electron poor and electron rich
monomers. A promising method towards alternating CPs is the synthesis of a monomer
containing both building units. Kiriy and coworkers prepared alternating poly(fluorene-alt-
benzothiadiazole) (P(F-alt-BTDZ)) via a SCTP of AB-monomers (Scheme 11).8 Although
this approach is based on a chain-growth polymerization, control over the molar mass was not
obtained. The research group of Bielawski succeeded in the synthesis of poly(thiophene-alt-p-
phenylene) (P(3HT-alt-PP))®" and poly(5,6-difluorobenzotriazole-alt-3-hexylthiophene)
(P(FBTz-alt-3AT))!*®® via KCTP. KCTP has further been applied for the synthesis of
alternating CPs of P3HT and PTZ (P(3HT-alt-TZ))!, poly(3-alkylfuran) and P3AT (P(3AF-
alt-3AT))? and P3AT and P3ASe (P(3AT-alt-3ASe))?L. The use of biaryl monomers for the
production of alternating CPs was further extended to a transition-metal-free controlled
polymerization. This approach has been introduced by Sanji et al. for the synthesis of P(PP-

alt-T)'*® and P(PP-alt-PE).**°
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Scheme 11: Alternating conjugated copolymers prepared via chain-growth polymerization.

2.2.10. Random/gradient copolymers

Because the association of the catalyst to the polymer chain is the key to success in CTP,
combining monomers with different electronic properties in a random conjugated polymer is
difficult. The catalyst can stay associated to more electron rich sequences in the polymer and
growth is discontinued. For example, when a mixture of thiophene and fluorene monomers is
combined with a Ni(dppp)Cl. catalyst, almost pure poly(thiophene) is formed and only
marginal quantities of fluorene are incorporated.?®® Hence, most examples of random
copolymers synthesized using CTP are copolymers of thiophenes with different side
chains.*3293-2% Thjophene was also copolymerized with selenophene and due to their similar
electronic properties this resulted in a random copolymer as well 127 palermo et al. were
also able to synthesize a gradient copolymer of these two monomers via syringe pump
addition of the selenophene monomer during the copolymerization.*®® The same procedure
was used to obtain gradient copolymers of two thiophenes with hexyl and hexyloxymethyl or

hexyl and hexylbromide side chains.?4?% To be able to combine more electronically distinct
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monomers, Ni(ll) diimine catalysts were developed by the research group of Seferos. Using
this type of catalyst, even dithienosilole-benzotriazole random copolymers could be
synthesized.?®® Another possibility is to combine monomers with different electronic
properties in biaryl or larger monomers and subsequently polymerize these in combination
with other monomers. Using this method, a series of ‘random’ thiophene-phenylene
copolymers was obtained.?%2%° Finally, stepping away from CTP and using a controlled
polymerization based on deactivation of the monomer is possible. The latter is much less
dependent on the electronic properties of the monomer and e.g. the Pd(RuPhos) protocol was
used to synthesize thiophene-fluorene gradient copolymers.2%

2.3.  Termination and endcapping in CTP

2.3.1. Termination in KCTP

When Ni(dppp)Cl2 or an external initiator is used to initiate the polymerization, the polymer
chains will bear respectively a bromine atom or the functional group of the initiator (In) at the
a-end of the polymer chain. If termination is induced by the addition of HCI, H-terminated
polymers (Scheme 12) are produced. In this way, control over the polymerization and perfect
termination yields Br/H- or In/H-terminated polymer chains. However, when dissociation of
the catalyst during the polymerization occurs, the polymers will be Br/Br- or In/Br-
terminated. The dissociated catalyst can also initiate a new polymerization. After termination

with HCI, this transfer reaction leads to H/H-terminated polymer chains.
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Scheme 12: The KCTP mechanism for the Ni(dppp)Cl; and externally initiated polymerization of a
substituted thiophene monomer. The initiator group (In) is replaced by FG-Ar.

Termination with H,O or MeOH leads to the same functionality at both chain ends and
polymers with a molar mass double as expected.??* This indicates the occurrence of
disproportionation reactions and yields Br/Br-terminated chains for Ni(dppp)Clz-initiated
polymerizations and In/In-terminated chains when an external Ni-initiator is used (Scheme

13).
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Scheme 13: Disproportionation in KCTP of 3-alkylthiophene monomers.

An incomplete Grignard metathesis reaction or an excess of Grignard reagent can result in a
variety of side reactions at the chain ends, depending on the nature of the Grignard reagent
used.?!! For example, an excess of 'BUMgCI can react with the a-C-Br bond, which, after
termination with HCI, results in H/H-terminated chains. This side reaction could also occur
when less bulky 'PrMgCl is used, but in this case also an 'Pr-group could be built in,
potentially leading to H/H-, In/Pr-, H/Pr-, and Br/Pr-terminated polymer chains.
Determination of the end groups is generally done using *H NMR and MALDI-ToF analysis.
2.3.2. Endcapping in KCTP

Apart from the use of external initiators, also endcapping is an interesting strategy towards
end-functionalized polymers. Endcapping in KCTP usually utilizes functionalized Grignard
reagents, which are added to the reaction mixture at the end of the polymerization. After the
oxidative addition of the Ni-catalyst into the terminal C-Br bond, transmetalation with the
endcapper occurs and the following reductive elimination yields the endcapped polymer.

The first endcapping experiments for KCTP were conducted by the group of McCullough.
The Ni(dppp)Cl: initiated polymerization of 3-alkylthiophenes was quenched with an excess
of various Grignard reagents.?*?2'® They observed primarily mono-capped polymers with
vinyl-, allyl-, ethynyl- and 3-aminophenylmagnesium bromide, but mainly di-capped chains
with the other Grignard reagents (Scheme 14). For these endcappers, the catalyst reinserts in

the o-C-Br bond after endcapping at the w-end, allowing a second endcapping. It can be
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hypothesized that the unsaturated Grignard reagents form a stable complex with the Ni-
catalyst. This prevents the reinsertion at the a-C-Br bond and hence a second endcapping.
This hypothesis is supported by the observation that the addition of unsaturated molecules,
such as styrene or 1-pentene, increases the ratio of mono- over di-capped polymer chains.?!*

Later, the group of Ueda observed only mono-capped chains when the polymerization was
quenched with 3-[bis(trimethylsilyl)amino]phenylmagnesium bromide. Comparable effects
can play a role since complexation of Ni(11) with bis(trimethylsilyl)amide ligands is known.?t®
Several other endcappers have been used to endcap Ni(dppp)Cl: initiated 3-alkylthiophene

polymerizations (Scheme 14).1%5:212-214216-224 A| these experiments yield di-capped polymer

chains.
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Scheme 14: Endcappers used in Ni(dppp)Cl: initiated 3-alkylthiophene polymerizations.
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Next to the standard Ni(dppp)Clz-catalyst, also external initiators have been used in similar
endcapping research.?®22® The use of external initiators eliminates the possibility of
reinsertion of the catalyst at the a-chain end, yielding only mono-capped polymer.
Unfortunately, often a significant amount of uncapped chains is present.

Interestingly, the group of Luscombe synthesized sulphur-capped poly(3-hexylthiophene), not
by using a Grignard reagent, but through reaction with powdered sulphur.??®> Both the
Ni(dppp)Cl. and externally initiated polymerizations yielded mono-capped chains, which can
be attributed to the interaction of S~ with the Ni-catalyst.

Besides 3-alkylthiophene, also fluorene-based monomers have been used in endcapping
experiments based on KCTP.1® However, endcapping of PF was proved more difficult than
for P3ATs. This might be due to the lower degree of control over the polymerization of
fluorene-based monomers.

2.3.3. Termination and Endcapping in SCTP

To obtain a controlled SCTP, an external Pd-initiator is necessary, conveniently capping the
polymer with a functionalized aryl group (Ar) at the a-chain end. After quenching with HCI,
Ar/H- or Ar/Br-terminated chains are obtained (Scheme 15).862 When instead of HCI, a
boronic acid or ester is added to the polymerization mixture, a second functional group is
installed at the w-chain end.%%%®

R\ R'
Pd(P'Bus), HCI/MeOH
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n B . Br— FG-Ar . Pd(P'Bus) R
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B-ArFG' .
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Scheme 15: General SCTP-mechanism for the synthesis of functionalized PFs.
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3. Monomer deactivation

Instead of relying on catalyst association, a controlled polymerization can also be achieved
via deactivation of the monomer. This method has been applied to the synthesis of conjugated
polymers by our group, more specifically using Negishi coupling reactions with a Pd(RuPhos)
catalyst (Scheme 16).1® The bromozinc functionality on the monomer deactivates the C-Br
bond. As a consequence, the oxidative addition of the catalyst into this bond is prevented and
no reaction occurs between monomer and catalyst. Hence, an initiator is required. This
initiator is synthesized by combining the catalyst with a monomer lacking the deactivating
bromozinc group. The C-Br bond is then active and oxidative addition can occur. When this
initiator is added to a batch of monomer, the polymerization will start with a transmetalation
and subsequent reductive elimination. At this point, the catalyst can diffuse away from the
polymer chain, so it is essential that it is stable in solution and very efficient in the next
oxidative addition in a “dormant” polymer chain. Because of the deactivation of the
monomer, no side reactions with other monomer occur. Once a new monomer is incorporated
in the polymer chain, the deactivating functionality is no longer present. As a consequence,
the C-Br bond at the end of the polymer chain is always available for oxidative addition of the
catalyst. In other words, the catalytic cycle can only continue at the end of a polymer chain,

resulting in a chain-growth polymerization instead of a step-growth polymerization.
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Scheme 16: Mechanism of the Pd(RuPhos) polymerization of 3-alkylthiophene.

To confer control to this chain-growth polymerization, termination and transfer reactions need
to be retarded. Although termination reactions do not occur significantly, transfer reactions
can pose a problem if no precautions are taken to work in very dry conditions. If moisture is
present, the monomer is protonated and the deactivating functionality is lost. As a result, the
Pd(RuPhos) catalyst can also insert in the C-Br bond of this protonated monomer which acts
as a transfer agent. However, if appropriately carried out, a controlled polymerization can be
achieved.

Because association of the catalyst to the polymer chain is of no importance, the
polymerization is much less dependent on the nature of the monomers. This advantage was
exploited for the synthesis of multiblock copolymers with varying order of addition (Scheme
17).1%3 Using CTP, only one specific monomer sequence — with the monomers in order of

increasing association with the catalyst, i.e. electron density — would be possible. Also, it
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enables the synthesis of random/gradient copolymers. While almost exclusively thiophene is
incorporated in the polymer chain when thiophene and fluorene are copolymerized using

CTP, the Pd(RuPhos) protocol allows the formation of gradient copolymers.2%?

R

Scheme 17: Block copolymers synthesized through a varying order of addition using the Pd(RuPhos)
protocol.

Furthermore, the larger size of the Pd atom with respect to Ni eases the formation of head-to-
head couplings. Consequently, using both isomers of the thiophene monomer (2-bromo-5-
bromozinc-3-alkylthiophene and 5-bromo-2-bromozinc-3-alkylthiophene), P3AT with a
controlled degree of regio-irregularity could be synthesized (Scheme 18).2°3227 While this is
in principle also possible with CTP, the most used catalysts, Ni(dppp)X2 and Ni(dppe)Xz,

always provide head-to-tail P3AT.

Scheme 18: Synthesis of poly(thiophene)s with a controlled regioregularity.
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4, Advanced Topologies

The focus in the field of conjugated polymers has mostly been on the development of linear
structures. However, in recent years efforts were made to synthesize structures with different
and more advanced topologies. Different architectures, e.g. graft copolymers, cyclic, branched
and star polymers, have been explored.

4.1. Graft copolymers

A graft copolymer is a comb-shaped polymer consisting of a polymer backbone with several
polymer side chains along its length. Graft copolymers can show interesting properties in
terms of supramolecular assembly and might be ideal materials for the preparation of organic
electronics.?28-233

There are three methods to prepare graft copolymers: grafting from, grafting through and
grafting onto, as shown in Scheme 19.2%* All three methods have been used to prepare all-

conjugated graft copolymers.

a) ¢ 5 - = © x ? Polymerization

Q
b) —_
Polymerization

5 OOO%OOC\O .
\ Coupling Reaction

Scheme 19: a) grafting from; b) grafting through; c) grafting onto.
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In the grafting from method, initiating units are created along the polymer backbone. A
second polymerization can then be initiated from the polymer backbone, creating a graft
copolymer. The number of side chains can be predicted if every initiating unit actually
initiates a new polymer chain. A major downside of the grafting from method is the difficult
characterization of the polymer side chains.

The first all-conjugated graft copolymer was made by Wang et al. using the grafting from
method.?®® Two different graft copolymers were made, both with thiophene side chains, but
one with a thiophene-based backbone (32) and one with a naphthalene diimide thiophene
backbone (33) (Scheme 20). After the polymerization of the backbone, the initiating groups
were formed by the reaction with Ni(COD), and PPhs. After the ligand exchange with dppp,
the KCTP was started, resulting in an all-conjugated graft copolymer with side chains
synthesized in a controlled fashion. After the grafting reaction a clear increase in molar mass
and decrease in dispersity was seen. This decrease can be attributed to the controlled character

of the KCTP mechanism.
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\_s 0]

A o (S
s s” 1 N y
(@]
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Scheme 20: Graft copolymers prepared by the grafting from technique.

In the grafting through method, the side chain polymers are synthesized first and are
commonly referred to as macromonomers. These macromonomers are then polymerized,

resulting in a graft copolymer. The group of Luscombe was the first to synthesize a
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conjugated graft copolymer using this grafting through approach (Scheme 21).2! The
polymer side chain in this graft copolymer was again poly(3-hexylthiophene), synthesized in a
controlled fashion using the KCTP mechanism with an external initiator. This initiator was
based on 9-(4-chloro-3-methylphenyl)-2,7-bis-(tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole and subsequent treatment with Ni(COD)2, PPhs and dppp resulted in the initiator.
Addition of 2-chloromagnesio-5-bromo-3-hexylthiophene to the initiator led to a controlled
polymerization. The incorporation of the initiator was confirmed by MALDI-ToF analysis.
After the macromonomers were obtained, they were copolymerized in a non-controlled
fashion with a diketopyrrolopyrrole derivative compound using Suzuki-Miyaura couplings

(34).

Scheme 21: Graft copolymers prepared by the grafting through technique.

In the grafting onto method, the polymer backbone and the polymer side chains are prepared
separately and coupled afterwards. Both polymers are equipped with functional groups to
make this coupling possible. The side chains are equipped with just one functional group at
the chain end, while the backbone has several functional groups spread across its entire
length. Our group synthesized two different conjugated graft copolymers, both using the

grafting onto method (Scheme 22).2%22% The first one consists of a PPE backbone,
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polymerized in a non-controlled fashion using Sonogashira-couplings (35). The polymer side
chains are poly(3-hexylthiophene), synthesized in a controlled way via the KCTP mechanism.
This polymerization was terminated with ethynylmagnesium bromide, resulting in an
acetylene endcapped polymer.?t® The backbone units are equipped with azide functionalities
and in this way the graft copolymer can be prepared by a CuUAAC click reaction. After the
grafting reaction, the graft copolymer was separated from the non-reacted homopolymers by
preparative GPC. Because of this purification, the resulting polymers all showed a low
dispersity between 1.2 and 1.4. The grafting density of the graft copolymers was in
accordance with the aimed values for the lower grafting densities (10 and 25%). However,
when higher grafting densities were aimed for, the graft copolymers differed more strongly
(38% instead of 50% and 50% instead of 100%). This can be explained by increased sterical
hindrance when introducing more and more polymer side chains.

Next, our group synthesized a second graft copolymer using the CUAAC click reaction (36). It
consisted of a thiophene backbone with azide moieties on the alkyl side chain and was
prepared by KCTP. PF was used as polymer side chains. It was prepared using a method
described by Yokozawa et al.81862%:236 phpd(P'Bus)Br was used as initiator and p-boronic
phenylmethanol as endcapper. This polymerization method normally results in a controlled
polymerization with well-defined end groups. However, in this case a mixture of several end
groups was obtained. The end-capped PF can be functionalized with an ethynyl function,
making the CUAAC click reaction possible for the preparation of the graft copolymer. Also

for this polymer, the grafting density was lower than anticipated.
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Scheme 22: Graft copolymers prepared by the grafting onto technique.

4.2. Cyclic polymers

To prepare a macrocyclic polymer, the polymer needs to be equipped with well-defined end
groups, capable of reacting with each other. Several macrocyclic conjugated polymers have
already been prepared in a non-controlled fashion.?®’2** The first and only conjugated
macrocycle synthesized in a controlled way, was made by Coulembier et al.?*> The authors
opted for poly(3-hexylthiophene) prepared by KCTP with a keto-functionalized external
initiator. After polymerization, In/H-terminated polymers with a low dispersity were obtained,
as demonstrated by MALDI-ToF and GPC analysis. This polymer was then end-

functionalized with a post-polymerization Vilsmeier-reaction to introduce an aldehyde
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function in very high yield, as previously reported by McCullough.?*%47 The linear polymer

was then cyclized using an aldol condensation under very diluted conditions (37).

Scheme 23: Macrocyclic conjugated polymer synthesized in a controlled way.

4.3. Branched polymers

A wide range of conjugated branched, hyperbranched and even dendritic structures have been
described in literature.2*2°* Most of these structures were prepared using non-controlled
polymerization methods. However, some efforts have been made to prepare branched and
hyperbranched conjugated polymers in a controlled fashion.

Xu et al. were the first to synthesize a hyperbranched poly(thiophene) using a KCTP-like
mechanism.?? 2 3-dibromothiophene was treated with LDA and MgBr.. The resulting
Grignard reagent was then added to Ni(dppp)Cl.. Unfortunately, the resulting polymer was
poorly soluble. This problem was, however, solved by the addition of hexylmagnesium
bromide and an extra amount of Ni(dppp)Cl. after the polymerization (38). Scheuble et al.
used a similar approach to synthesize branched poly(thiophene)s using 5,5”-dibromo-
2,2":3' 2"-terthiophene.”®® The obtained polymer (39) was compared to branched
poly(thiophene) prepared after Grignard metathesis reaction and polymerization of 5,5’,5"-
tribromo-2,2":3’,2"-terthiophene (40). The Grignard metathesis reaction led to different regio-

isomers which were incorporated in different amounts. A hyperbranched poly(thiophene) has

46



also been synthesized by Okamoto et al. using the KCTP mechanism (41).2%* The branched

polymers are shown in Scheme 24.

x X X X X

X=Br or hexyl

Scheme 24: Hyperbranched poly(thiophene)s synthesized with KCTP.

A third method to synthesize branched poly(thiophene)s was developed by Tu et al.?® A
mixture of two thiophene monomers, after treatment with methylmagnesium bromide, was
polymerized (42): ‘linear’ 2,5-dibromo-3-hexylthiophene and ‘branched’ 2,5,2°,5’-

tetrabromo-3,3’-bithiophene. Polymerization with an increasing amount of branched
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monomer led to more soluble polymers compared to linear P3HT with similar molar masses

(Scheme 25).

Scheme 25: Branched poly(thiophene) synthesized from a mixture of two different monomers.

The controlled synthesis of hyperbranched conjugated polymers was also done with SCTP
(Scheme 26). A hyperbranched PPP (43) was synthesized in this way.?®® There was, however,
no complete control over the polymerization and properties of both chain and step-growth

mechanisms were present.

43

Scheme 26: Hyperbranched conjugated polymer synthesized with SCTP.

4.4. Star-shaped polymers
A special category of branched polymers are star polymers, which consist of linear polymer
chains attached to a core. There are two general strategies to synthesize star polymers: an arm

first approach or a core first approach.
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The arm first approach is based on a multifunctional coupling agent that serves as the core of
the star polymer. Multiple polymer chains can then react with this core. Using this approach, a
conjugated star polymer was prepared by Kim et al.?®® Poly(3-hexylthiophene) was
endcapped with an allyl moiety, which was transformed into a chlorophenylacetate initiator.
The resulting macroinitiator was then used in the ATRP (Atom transfer radical
polymerization) of divinylmonomers, creating a crosslinked polymer core with pending

thiophene arms (44) as shown in Scheme 27.
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Scheme 27: Synthetic method to prepare a star polymer using the arm-first approach.

In the core first approach, the core is synthesized first and then the polymerization is initiated
at several locations in the core periphery. This approach has been used a few times for the
synthesis of conjugated star polymers. The first example was published in 1997 by Wang et
al.?! The star polymer (45) consisted of a hyperbranched 1,3,5-polyphenylene core equipped
with terminal C-Br bonds. These C-Br bonds were reacted with 2-bromomagnesiothiophene,
followed by NBS, to minimize the differences in reactivity between the core and the growing

polymer chains. Approximately 52% of the terminal C-Br bonds were substituted with a
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thiophene unit. The thiophene branches were then synthesized by the addition of Ni(dppp)Cl2
and 2-bromo-5-bromomagnesio-3-hexylthiophene (Scheme 28).

An alternating star copolymer was also made by Wang et al. using a hyperbranched
poly(triphenylamine) core (46). The polymer arms were thiophene-phenylene alternating
copolymers synthesized by KCTP of 3,4-ethylenedioxythiophene-didodecyloxybenzene

monomers.252

45

Scheme 28: Star polymers prepared by the core first approach.

The same approach was also used by Senkovskyy et al. to synthesize a thiophene star
polymer.”? The authors used a hexa(p-bromophenyl)benzene-based core to which Ni(bipy)Et,
was added to create a multifunctional initiator with six initiating units (47).
Poly(3-hexyl)thiophene arms were then initiated from this core. Yuan et al. synthesized a
similar poly(3-hexylthiophene) star polymer starting from two and three armed biphenyl cores
using first Ni(COD), and PPhs, after which dppp was added to obtain the initiator (48, 49).7

All three multifunctional initiators are shown in Scheme 29.
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Scheme 29: Multifunctional initiators to prepare star polymers using the core first approach.

A PF star polymer (50) was recently prepared by Fischer et al. using the core first approach.”
A tetra(4-iodophenoxy)-substituted terrylene diimide was used as the core. The terminal
iodine functions can be transformed in situ into a functional initiator using Pd(dba). and
P'Bus. Addition of the 2-bromo-7-pinacol boronic ester fluorene monomer leads to a

controlled synthesis of the PF star polymer (Scheme 30).
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Scheme 30: PF star polymer synthesized a controlled synthesis.

5. Conclusions and outlook

Since P3HT was prepared using Ni(dppp)Cl2 in 1993, an enormous progress has been made.
The discovery that such polymerization actually proceeds via a controlled chain-growth
mechanism marked the beginning of this journey. Since then, many different monomers have
been polymerized in a controlled way using different (organometallic) reactions. Copolymers
— random, gradient and block — have been prepared and shown to have unique properties.
Also CPs with new topologies have been realized.

However, challenges still remain. The number of monomers that can actually be polymerized
in a controlled way remains limited: most of them are based on thiophene. The simple
replacement of thiophene by phenylene already makes the polymerization a lot more difficult.
Electron deficient or even more complex monomers are notoriously difficult to polymerize in

a controlled way. Simple structures as copolymers are often still inaccessible. It can be stated
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that there is still a long way to go to reach a fully living polymerization of CPs with all related

possibilities.
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