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Preface

Why conjugated polymers? A convincing answer to this question can be given
in three parts: conjugated polymers are fascinating species from i) a structural
point of view due to the many ways of establishing an extended pi-conjugation;
ii) a functional point of view due to their electronic and optical properties,
which qualify them as active components of organic electronics; and iii) a
research point of view due to their potential of fostering cross-disciplinary
research.

Since we live in a material world there cannot be novel technology without
new or improved materials, and they must be synthesized. Synthesis is both a
matter of creative design and experimental skill, and no target structure can
prove this claim better than conjugated polymers. The crucial role of synthesis
is what has led to the concept of this book; not so much as a theoretical exercise
“on-paper”, but as a practical, “hands-on’ approach. It is intended to convince
the reader of the beauty of conjugated polymer design and synthesis, but not set
aside the technical difficulties and experimental pitfalls.

A good case can be made by first taking a look at the device and then work
backwards to the synthesis of the functional molecules. Technologies and also
the underlying materials stand in competition with each other. Organic elec-
tronics face the fact that inorganic semiconductors, such as silicon, have
beautiful properties and are thus strong contenders. One may think of the high
charge carrier mobilities and the vanishing exciton binding energy. What stands
against that is the ‘““designable” structural and functional versatility of their
organic counterparts, highlighted by the ease of their synthesis and processing.
Even in the organic field, conjugated polymers must compete with small or-
ganic molecules, which can be made structurally perfect and can be processed
by vacuum techniques.

Whatever material is considered, organic synthesis is generally performed in
solution. The active function of an organic electronic device, however, cannot
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viil Preface
be understood or even tailored by restricting one’s attention to the dilute so-
lution. It is rather a matter of solid thin films and their interfaces. An important
criterion, when judging the function of an organic field effect transistor (OFET)
as a switch, is high charge carrier mobility. This depends upon the solid state
packing and thus the supramolecular order of the semiconductor. Likewise,
“bright” emission from an organic light emitting diode (OLED) requires
different layers with defined interfaces to keep the charge recombination zone
away from the metal electrode; and this, next to high film quality, depends
upon the orthogonal solubility of the different conjugated polymers used. The
situation in an organic photovoltaic device (OPV) is, from a morphological
point of view, even more complex. What is needed in such a device is a
nanophase separation of electron donor and electron acceptor components to
ensure, after charge separation, efficient percolation of holes and electrons. It is
the complexity of the underlying functional processes that explains why
physics, engineering and materials science are so important — or at least have
the last say when it comes to device performance and stability.

Again, the whole endeavor starts with synthesis and this shall be
considered in greater detail now. Even the more distant reader will be aware of
“classical” conjugated polymer structures, such as poly(p-phenylene) (PPP),
poly(phenylenevinylene) (PPV) and polythiophene (PT). Here the “usual sus-
pects” are incorporated as building blocks: benzene, thiophene or a C=C
double bond. It does not need much imagination, however, to dream up
structural modifications, which brings us to the unbelievable manifold of design
opportunities. When we take a closer look at the nature of the building blocks,
benzene can be replaced by larger polycyclic aromatic hydrocarbons (PAHs)
that also leave us with different ring positions as coupling points. Hydro-
carbons can be replaced by their heterocyclic analogues, which is particularly
important for the electron donor or acceptor character of the final macro-
molecule. The search for even more repeat units can have different driving
forces, empirical or theoretical, and is often coupled to device results. This
can also explain why the community sometimes follows fashion. Presently,
donor units, such as bridged dithiophenes, and acceptor units, such as ben-
zothiadiazole or diketopyrrolopyrrole, seem to be particularly popular. When
different building blocks are incorporated there are many ways of doing this,
statistically or in a defined sequence. Conjugated polymers with an alternating
array of donor and acceptor repeat units have been studied as low band gap
materials for efficient light harvesting in OPV. Another important structural
modification becomes possible by an increase in the dimensionality of the
macromolecules when going from a (linear) chain to a step ladder or even full
ladder polymer. A logical extension then is a true two-dimensional pi-system,
such as a graphene sheet, which has recently attracted immense attention.
Finally, all these polymer architectures possess inherent rigidity that can
severely limit solubility and thus solution processability. Alkyl substitution is
therefore a mandatory step. There is of course, the danger of compromising
extended conjugation when the additional substituent causes torsion of the
building blocks about the interring bonds, and substituents may be considered
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to “dilute” electronic properties. Nevertheless, alkyl substituents can also have
beneficial effects by directing supramolecular order during film formation. This
is also true when more complex topologies are targeted, such as diblock or
multiblock copolymers made from rod or coil segments. The latter aspect is not
only relevant for electronic reasons — bringing electron rich and electron poor
domains into close proximity to one another — but also for morphological
reasons, where phase separation can be enforced at the desired length scale.

All these design opportunities concern the macromolecular structure — prior
to processing — and they are, indeed, decisive for key electronic and optical
features, such as, for example, the wavelength of absorption and emission or
their function as n-type vs. p-type semiconductors. One might go as far as to
claim that, based on these subtle structure—property relationships, (opto)elec-
tronic properties can be “‘synthesized”. Or one might even go a step further
and encode desired supramolecular characteristics to introduce weak inter-
molecular forces during molecular design, although in this case structure—
property relationships are much less well developed. Here is, however, a very
critical point: all these design opportunities are easily sketched on paper but do
not necessarily translate easily into a glass flask. This brings us to the key issue
of this book: the synthesis of conjugated polymers.

When talking about conjugated polymer synthesis, an initial question con-
cerns the availability and purity of the suitably functionalized building blocks.
Thereby, the required synthetic efforts can be quite different and demands by
the community can lead to the commercial availability of starting compounds.
Closely connected to this is the question of the polymerization reaction, that is
to say how the building blocks are subjected to a repetitive coupling. Re-
markably enough, while step-growth methods have long been the “classical”
polymerization mode, chain-growth methods have recently been realized as
well. This of course holds promise for establishing “living” end-groups and
offers new opportunities for block copolymer synthesis. Transition metal-
catalyzed reactions developed in organic and organometallic chemistry have
had a huge impact on conjugated polymer synthesis, and this holds true for
methods not only of carbon-carbon, but also carbon-heteroatom (e.g. nitrogen)
connections. Many of these commonly used pathways are addressed as ‘“‘named
reactions’” honoring their inventors and, indeed, these inventions can hardly be
overestimated. These reactions allow the connection of aromatic ring systems
to a polymer chain via homo- or hetero-atom couplings, and there the reader
will readily envisage how important the above mentioned strictly alternating
incorporation of donor and acceptor moieties is. Apart from aromatic building
blocks, vinylene and ethynylene elements can be introduced as well. Here it is
rewarding to compare transition-metal catalysis with older procedures, such as
connective double-bond formation.

Is it thus sufficient, when targeting a particular polymer structure, to check
the literature for the right building blocks and the best mode of coupling? The
answer is definitely no, and there are at least two reasons for that. The first one,
even if somewhat discouraging for a physicist who feels that the synthetic plan
looks quite easy, concerns the experimental conditions. A typical case is
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rigorous exclusion of oxygen and water since these can affect catalyst activity
and trigger unwanted side-reactions. The choice of reaction temperature and
time should be mentioned here as well. The second reason is that the nature of
the building block and the chosen synthetic method must be carefully adjusted.
Thus, steric hindrance may slow down the growth of the macromolecule so
much that side reactions come into play, which can either stop further growth
or induce side reactions. The issue of side reactions, even if occurring as minor
processes, is critical. A typical case is the so-called Wessling Zimmermann
synthesis of PPV, which played an important role for the development of light
emitting devices based upon conjugated polymers in the early nineties. This
advance in the synthetic procedure was achieved via a precursor polymer, which
was finally transformed into the conjugated chain via a 1,2-elimination process.
Failure to accomplish this quantitatively will, of course, lead to an interrupted
pi-conjugation. Even more severe is the fact that side reactions can lead to
(ketonic) defects that act as traps for the excited states of the light emitting
device. Let us come back to the question of the mechanism of the polymer
forming reaction. In a step-growth polycondensation, high molecular weights
can only be achieved for high degrees of conversion and thus the coupling of
intermediate oligomers. Even if limitations imposed by solubility can be
excluded, mismatch of the stoichiometries must be avoided, and this relates to
the absence of side reactions.

Conjugated polymer synthesis, in order to be meaningful, requires an even
higher level of sophistication, and this raises the question of how we describe its
molecular structure. We commonly denote the prevailing repeat units, written
in parenthesis, and then add “n” for the number of repeat units, even if it is
often not specified. There are ample cases, particularly in recent literature,
where the molecular weight and the polydispersity of an individual polymer
play a decisive role in the device performance, such as charge carrier mobility.
This, by the way, can readily be understood when considering the above
mentioned ordered packing of polymer chains. Then, it is clear that further
features come into play, such as the mode of end-capping. Impurities, as has
been mentioned, can serve as traps not only for excitons, but also for charges,
and structural irregularities do not only interrupt pi-conjugation, but also
hamper regular packing. It follows that the above way of denoting a polymer is
in urgent need of careful specification. Otherwise, the whole research field is
in danger of criticism, such as “‘they measure very precisely, but they do not
precisely know what they measure”.

This book is intended to show the beauty of conjugated polymer synthesis
without ignoring the difficulties and obstacles. While organic electronics are
often tempted to follow the fascination of device fabrication, this book takes
the opposite direction in a synthesis-first approach. This approach requires
imagination, but also scrupulous optimization of experimental conditions
combined with careful proof of structural perfection.

Considering the above, a strong plea is made herein to activate the good old
virtues of organic synthesis, and these will certainly prove their value when, for
example, pushing the limits of molecular weight or handling a low band gap



Preface Xi

polymer with its inherent chemical instability. There are, however, still many
open territories for conjugated polymer synthesis. The new challenges could
concern a complex combination of properties, such as making a charge
transporting polymer also responsive to stimulus-driven switching or by con-
necting a conjugated polymer segment to a biomacromolecule for recognition
and self-assembly processes. Furthermore, while we have so far focused on the
power of solution synthesis, performing synthesis in the (bulk) solid state or on
a surface could create significant advantages as one could not only build in the
supramolecular order, but also avoid the additional difficulties of controlling
solution processing. Whether synthesis is structure or method oriented,
knowledge or application driven, or whether it targets new polymer structures
or up-scales established ones, it finds room everywhere. But it is not always
easy. However, we believe that this book will help to make it easier — and more
successful.

Last but not least, we would like to thank all the authors who actively do
research in the forefront of the conjugated polymer field for their excellent
contributions. Thanks are also due to Professor Ben Zhong Tang, Editor-
in-Chief of this book series for his continuous support and to Ms. Leanne
Marle at the RSC office for her clerical assistance.

Klaus Miillen
On behalf of the Editors
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CHAPTER 1

Pi-Conjugated Polymers: The
Importance of Polymer Synthesis

JOHN R. REYNOLDS

School of Chemistry and Biochemistry, School of Materials Science and
Engineering, Center for Organic Photonics and Electronics, Georgia Institute
of Technology, 901 Atlantic Drive, Atlanta, GA 30332-0400, USA

Email: reynolds@chemistry.gatech.edu

1.1 Historical Perspective

When one considers the early days of conjugated and conducting polymer
synthesis, the early work by Letheby on the oxidation of aniline, presumably
forming polyaniline (1),! and Dall’Olio ef al. on polypyrrole (2) are often re-
ferred to as landmark developments in the field. To gain an important historical
view, the reader is directed to the work of Rasmussen who provides a per-
spective on the field where the work of Weiss on polypyrrole, as well as that of
Buvet and Jozefowicz on polyaniline, are highlighted.? These materials, while
completely insoluble and infusible as formed from oxidative polymerization
from the parent monomers, served as the basis for inducing electroactivity into
polymer systems. Over the years, numerous review articles, book chapters and
reviews have issued around the field, most often directed to a class of polymers
or type of property they impart, with the 1986, 1998, and 2007 editions of the
“Handbook of Conducting Polymers” providing a deep and complete scientific
overview* ® (Chart 1.1).

The 1950s saw the Nobel Prize winning work of Karl Ziegler and Giulio
Natta on coordination polymerization of unsaturated molecules, which
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Chart 1.1

provided a route to structurally well-defined polymers.” Most known for the
development of commercially important polyolefins (e.g. polyethylene and
polypropylene), the work of Natta demonstrated that acetylene polymerization
could yield the conjugated polymer polyacetylene (CH)y (3) as an infusible grey
powder.® While the 1960s saw the development of many aromatic units con-
taining polymers, it also became understood that pi-conjugation led to semi-
conducting material properties. In one fascinating study, Berets and Smith’
examined the vapor phase treatment of (CH)y powders with various Lewis
acids and bases. In fact, when using BFj; as the reacting dopant, they measured
conductivity enhancements by a factor of 1000 on pressed pellets. In this work,
they also treated (CH)y with Cl,, yet only saw small conductivity increases by a
factor of 5. Interestingly for the discussion that will follow, this work did not
use iodine or bromine as an oxidizing system.

Serendipity and careful observation go hand-in-hand in science, and this has
been especially important for many discoveries in the conjugated and con-
ducting polymer field. An especially important discovery was the formation of
free-standing films of (CH)y by Ito ef al. in 1974 caused by rapid polymer-
ization of acetylene at a quiescent Ziegler—Natta polymerization initiator sys-
tem solution.'® While the Shirakawa research group was mainly dedicated to
understanding structural properties (e.g. cis—trans ratios), the fact that these
films were mechanically flexible, with a metallic silver luster, suggested im-
portant underlying electronic properties.

In a landmark series of experiments, Heeger, MacDiarmid, and Shirakawa
combined efforts to study the electronic properties and gas-phase doping
of polyacetylene films. Their discovery that treatment of these films with
controlled amounts of Cl,, Br,, I, and AsFs could yield conductivity
enhancements greater than 107, and ultimately yield electronic conductivities in
excess of 500 S/cm, demonstrated unprecedented conductivity in an organic
polymer.'" While charge transfer salts, such as those based on tetra-
thiafulvalene and tetracyanoquinodimethane were known to exhibit high
conductivity and metallic properties,'? the fact that such properties were ac-
cessible in the more disordered and flexible polymer films was especially
stunning. Researchers around the world quickly picked up on this, and it was
demonstrated that the high level of conjugation in the polymer, along with pi-
stacking and interchain interactions, all played an important role in the elec-
tronic properties. Chemists quickly realized that many polymer structures
could be prepared that were fully conjugated; thus, the stage was set for a
major synthetic effort. This work has now spanned 30 years and has led
from insoluble, infusible, materials that were highly unstable conductors to
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well-characterized, solution processable polymers with fine structural control
that are finding utility across a broad number of applications.

With this background in mind, this book seeks to teach the details of syn-
thetic preparative polymer chemistry in all of the major classes of pi-conjugated
polymers that have been developed to researchers in the field. The authors of
each chapter have carefully overviewed the various polymer types employed in
the field with a special focus on experimental details that yield reproducible and
high-quality materials. Prior to moving to those specific chapters, let’s take
some time to review the general concepts in polymerization that are important
for the development of such materials.

1.2 Considerations in Polymerizations

Fundamental polymer chemistry teaches us two main relevant mechanisms for
polymerization; specifically step-growth and chain-growth methods."? These
methods provide polymers with distinctly different structures in terms of repeat
unit functionality, molecular weight, and dispersity. As these molecular struc-
tures relate to higher-level macromolecular considerations, such as chain—chain
interactions and the development of material morphology, it is important that
the mechanism be understood for any system under study. Step-growth poly-
merization sees the step-wise buildup of molecular weight as a function of the
extent of conversion of reactive monomer functional groups. As taught by
Carother’s equation, high molecular weight polymers are obtained at high
extents of conversion requiring especially high degrees of monomer purity. The
excess of any one monomer type (more formally the excess of any one func-
tional group in polymerization) limits the molecular weight considerably where
oligomers can provide non-optimal properties.

Chain-growth polymerizations to form addition polymers are most often
accomplished using monomers with multiple bonds and loss of unsaturation. In
this mechanism, a reactive intermediate is first created in an initiation step and
subsequently propagates via repeated monomer addition to provide a macro-
molecule. When the reactive intermediate is ionic, impurity termination or
quenching processes can kill the reactive intermediate, while in the case of
radical polymerization, coupling termination can lead to an overall doubling of
the average molecular weight. Many early attempts at forming conjugated
polyarylenes and polyheterocycles attempted to use step-growth polymer-
ization under non-optimized conditions, thus yielding low molecular weight
polymers. Significant efforts detailed in this book demonstrate how careful
control of the reagents and polymerization conditions now lead to quality
polymers as high molecular weight, well-defined chemical systems. In fact, in
some instances where it was believed that step-growth couplings were occur-
ring, detailed studies show that indeed chain-growth (and in some instances
living) polymerizations were in fact underway. While one of the benefits of a
chain-growth polymerization can be the formation of high molecular weight
polymers at a low degree of monomer conversion, the fact that unsaturation is
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lost tends to limit simple chain-growth polymerizations to directly form con-
jugated polymers to alkyne derivatives.

1.3 Side Chains, Processability and Molecular Weight

One of the most important physical limitations that have been addressed by
synthetic chemists over the years is the inherent insolubility of pi-conjugated
polymer chains. With a tendency towards rigidity and strong interchain pi-
stacking interactions, the inherent systems tend to be completely insoluble and
infusible, as illustrated by the structures of unsubstituted (R=H) poly-
thiophenes (4), poly(p-phenylenes) (5), and poly(p-phenylene vinylene) (6).
A major success of synthetic efforts over the years has been to create highly
soluble pi-conjugated polymers that can be processed into thin-film and fiber
forms for potential applications. Overcoming these solubility issues was one of
the most important early contributions the synthetic community made to the
field. The introduction of pendant flexible side chains (R = alkyl and alkoxy in
4, 5, and 6) on conjugated polymers provides conformational entropy that
induces solubility into the polymer product. As a generality, alkyl groups on the
order of 6-8 carbons in length (hexyl to octyl), provide sufficient conforma-
tional disorder to induce solubility in the high molecular weight polymers with
simple single aryl ring repeat units. This method is illustrated throughout this
text, as it has become the main approach for preparing usefully processable
conjugated polymers (Chart 1.2).

Considering the high molecular weights possible with chain-growth poly-
merizations, the synthesis of soluble and processable polymer precursors to
fully conjugated materials has proven to be an excellent route for preparing
useful materials. An early example of this is the synthesis of poly(p-phenylene
vinylene) (PPV) via the polymerization of bis-sulfonium salts of bis-dichloro-
methylbenzene.'*'> Basic treatment of the bis-sulfonium salt leads to in situ
formation of a quinoidal structured intermediate (not isolated), which sub-
sequently polymerizes to form a nonconjugated polyelectrolyte that is soluble
in alcoholic media. This soluble precursor polymer solution can be stored for
quite some time, and subsequently processed into thin films by any number of
solution processing methods. Thermal treatment of the solid material leads to
elimination of HCl and dialkylsulfide or tetrahydrothiophene yielding the final
conjugated PPV derivative. This general concept of soluble precursor polymer
synthesis has found use in the preparation of various polyacetylenes,'® poly(p-
phenylenes),!” and poly(thienylene vinylenes)'® along with numerous other

R R
s
R R
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Chart 1.2
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poly(arylene vinylene) systems in general. A major benefit of this methodology
is that high molecular weight polymers can be obtained, even at low monomer
conversion, with the precursor polymers tending to solution process well.
A major drawback of the polymer precursor route is the chemical purity of the
final conjugated polymer. As with any reaction on a macromolecule, complete
conversion is not possible. In addition, many of the conversion reactions are
thermally driven eliminations where side reactions are induced.

A standard question asked in any new polymer study is, what is the mag-
nitude of the molecular weight that is required to provide the limiting prop-
erties for a particular application? This will be an important concept addressed
throughout the many chapters in this book, as the polymerization chemistry
used to attain conjugated systems can be quite varied. As just one example,
consider the evolution of the optical absorption spectra of conjugated polymers
as a function of chain length and the effect on the resultant color (important
when considering electrochromic applications) transmitted or reflected by the
final polymer films. In a combined size exclusion chromatography/UV-Vis
spectroscopy experiment, it was found that a series of cyanovinylene-linked
dioxythiophene polymers attained their limiting spectra at a GPC estimated
number average molecular weight of approximately 10 kg/mol."”” Simul-
taneously, this molecular weight also provided materials with sufficient film-
forming properties for stable and reproducible electrochemical switching and,
as such, this molecular weight is adequate for this specific electrochromic
polymer application. In general, many step-growth polymerization method-
ologies can provide conjugated polymers of sufficient molecular weight for the
application at hand where the materials are used as thin, electrode-supported,
films. Standard equilibrium controlled step-growth polymerizations have de-
grees of polymerizations controlled by Carother’s equation. The necessity for a
high degree of functional-group conversion for molecular weight creates the
situation in which the synthetic chemist must be especially careful about
monomer purity and functionality. At the same time, it has been demonstrated
that higher molecular weights, beyond which there is no visible change in the
spectroscopic signature of a conjugated polymer, can provide elevated power
conversion efficiencies in solar cell and field effect transistor applications.?
These considerations of molecular weight are subtle from polymer to polymer,
and application to application, and must be addressed separately for each
system. These concepts are illustrated nicely throughout this book.

1.4 Structural Control via Repeat Unit and
Functionality

When one considers how synthetic chemistry has impacted the development of
conjugated polymers, there is no better example than the poly(3-alkylthio-
phenes) (P3ATs, 4). Early work focused on oxidative polymerization methods
as a means of preparing soluble forms of this polymer.>' Subsequently,
Grignard coupling reactions were able to prepare the polymer directly in the
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reduced state, such that there were no residual charge carriers in the materials
(this would ultimately prove useful in the concepts of using P3ATs as semi-
conducting and charge-transporting organic electronic materials).?> Disorder
through the formation of head/head and tail/tail defects led researchers to
develop controlled polymerizations that provided regioregular P3ATs with a
high degree of order.>* Even finer control has been brought through the util-
ization of Grignard metathesis reactions and the examination of polymer-
ization catalytic processes, such that the polymerization can be carried out
under living conditions.>® It is just these considerations that are the major
driving force that led us to edit this book. It is crucial that synthetic chemists
obtain polymers with high repeat unit purity, backbones with no branching or
crosslinking, high molecular weights with low dispersity, and overall high
purity in the removal of residual chemical species formed during polymer-
ization, such as entrapment of metallic catalyst impurities. Further, the con-
trolled introduction of end groups on the conjugated polymer chains provides
another degree of purity, and depth of structural understanding.

This book is designed to provide the reader with a comprehensive view of
how the various classes of conjugated polymers are synthesized. Contained
within these 20 chapters are overviews of the reactions, structures, and syn-
thetic conditions required for effective polymer formation, along with experi-
mental details. Throughout the text, the evolution of structural build up is a
focus; moving from simple polymer repeat units, to highly functionalized
polymers, to more complicated structures with specific property design in mind.
Building on the fundamental conjugated polymer systems introduced above, a
number of chapters are directed to various forms of polyarylenes such as the
poly(phenylene ethynylenes) (7, Chapter 8), polyfluorenes (8, Chapter 5), and
polycarbazoles (9 and 10, Chapter 6), to name just a few. Property modification
becomes evident through the extent of conjugation provided in these types of
polymers. For example, comparison of the 2,7- and 3,6-linked polycarbazoles
allow examination of the effects of full compared to broken conjugation, where
the latter structure leads to discrete chromophores. Ultimately, the ability to
form these specific linkages in polymers plays an important role in determining
ultimate properties as the 2,7-linked carbazole units are found to be useful in
high-performance solar polymers,>® while the electron-rich 3,6-linked carbazoles
find use in easily switchable, redox-active electrochromic polymers*® (Chart 1.3).

As noted earlier, polythiophene has served as an easily functionalized system
where the nature of the side chains, and their regio-orientation, provides a

Chart 1.3
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broad range of controllable solution and solid-state order properties. Many
functionalized conjugated polymers are illustrated throughout this collection of
chapters where the side chains bring added functionality. Using the oligoether
and naphthylene containing side-group-substituted polythiophenes 11 and 12,
respectively, (Chapter 9) as examples, polar ion coordinating and liquid-
crystalline behavior can be introduced into the resultant materials. Dioxythio-
phene chemistry, led by poly(3,4-ethylenedioxythiophene) (PEDOT) (Chapter
10),%” provides a class of polymers that are easily oxidized, thus providing highly
stable conducting materials. The poly(3,4-propylenedioxythiophene) (PPro-
DOT, 13) family of polymers can be prepared using oxidative, Grignard me-
tathesis, and direct arylation conditions to yield a family of polymers that are
especially vibrantly colored in their neutral states and transmissive in their
oxidized forms, as desired for electrochromic applications®® (Chart 1.4).

The range of properties introduced by side chains on conjugated polymers is
quite broad and can include redox activity, charge transporting capabilities,
optical absorption and emission, and chemical reactivity. This is illustrated by
the two polyfluorenes, 14 and 15 (Chapter 5), which are functionalized with
electron-rich and hole-transporting groups. In these polymers, light emission is
provided by the polymer backbone, while the charge-carrying properties are
dominated by the pendant side chains. Synthetic chemistry employed in pre-
paring conjugated polymers with functional side chains must take their po-
tential reactivity (such as ease of oxidation) into account, an aspect that is
nicely illustrated throughout this book (Chart 1.5).

S
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As synthetic chemists desired to tune the optoelectronic and redox properties
of conjugated polymers in a fine manner, more complicated conjugated systems
were required. The two fused heterocycles-substituted polythiophenes 16 and
17 (Chapter 18) illustrate this as electron-poor imine functionality in 16 brings
donor—acceptor character to the material, while the more electron-rich thio-
based system 17 provides for especially easy oxidation. Polymerization of these
complicated bis-2-thienyl monomers by electrochemical methods paves the way
for fundamental structure—property relationships to be understood, ultimately
directing the synthetic chemist towards soluble polymers (Chart 1.6).

Initiated around concepts of self-doping in which an anion is covalently
bound to a pi-conjugated redox-active polymer and provided charge balance
during oxidative doping in 19 and 20,-° the synthesis of ion-containing
conjugated polymers has required a unique set of synthetic capabilities. While
early work focused on controlling the dominant ion transport during redox
switching, many derivatives, such as that shown in the poly(p-phenylene
vinylene) (21) and poly(p-phenylene) (22) derivatives, led to water-soluble
polymers. Due to their amphiphilic nature, a number of these ionic polymers
have been processed via solution methods (e.g. layer-by-layer film formation)
and are used as active materials for sensing applications, exemplified by the
highly fluorescent poly(p-phenylene ethynylene) derivative 23. The use of or-
ganic solvent soluble precursor polymers that could be purified prior to con-
version to their ionic forms gave a synthetic route to more structurally defined
and pure conjugated polyelectrolytes (Chapter 16)*>' (Chart 1.7).

Polyheterocycle synthesis has been especially prevalent in the synthesis of
new polymers for organic electronic and photovoltaic applications.***> Re-
volving around a series of metal-mediated coupling reactions (Heck, Suzuki,
Kosugi-Migita—Stille, direct arylation, ezc.) electron-rich donor (D) and
electron-poor acceptor (A) monomer units are combined in DA polymer motifs
that allow fine control over the redox and electronic states of the pi-conjugated
system. Examination of structures 24 and 25 shows the subtle synthetic control
chemists have used in providing new and optimal structures in polymers de-
signed for bulk heterojunction solar cells.***> For example, the use of

3
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germanium (replacing carbon and silicon) in 24 controls bond length and
stacking, while the incorporation of fluorine in 25 tunes electronic properties,
such that organic solar cells constructed using both of these polymers provide
high AM 1.5 power conversion efficiencies in excess of 8% (Chart 1.8).

1.5 Summary

It is evident from this collection of repeat-unit structures that synthetic
chemistry, both at the molecular and macromolecular levels, is the enabling
science for the preparation of a host of new materials with a broad array of
properties. The collection of chapters assembled in this book address the
structural and experimental details that are required for the preparation of the
main classes of pi-conjugated polymers in high quality. It is hoped that both
those having a general interest in the field, and those that are actively involved
in the laboratory synthesizing these materials, will find this text useful and
enjoyable.
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CHAPTER 2

Polyacetylenes

KAZUO AKAGI

Kyoto University, Department of Polymer Chemistry, Katsura Campus,
Kyoto 615-8510, Japan
Email: akagi@fps.polym.kyoto-u.ac.jp

2.1 Introduction

Since the synthesis of polyacetylene (PA) thin film and the discovery of
chemical doping disclosed the uncultivated field of conductive polymers,'*
conductive polymers have been extensively investigated and widely used in such
products as electrolytic capacitors and secondary batteries.>’ Today, polymers
have become essential for lightweight, high-performance batteries used in
notebook computers, cellular phones, and other portable equipment. Much
research and development has also been conducted on polymer light-emitting
diodes, organic solar cells that are anticipated for use in next-generation dis-
plays and energy sources.” Conductive polymers are also being studied for their
use as materials in molecular devices, called the ultimate electronic devices.®
Thus, although many conductive polymers have been developed for various
applications, PA is still the highest conductive polymer, showing an electrical
conductivity of 10° S/cm after iodine doping.”'°

Helical PA (H-PA) is a unique conductive polymer because it has a super-
hierarchical helical structure forming a spiral morphology, and it is synthesized
in an asymmetric reaction field consisting of a chiral nematic liquid crystal,
even though an acetylene monomer has no chiral moiety.!'! Despite the helical
structure, the relatively high conductivity of 10* S/cm allowed us to anticipate
that H-PA might be a prototype exhibiting novel electromagnetic properties
such as a nanosize polymer solenoid. It is intriguing to elucidate H-PA from an
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interdisciplinary viewpoint between polymers, liquid crystals and synthetic
metals.

2.1.1 Polyacetylene (PA)

Acetylene was first polymerized by Natta and coworkers using a Ziegler—Natta
catalyst, Ti(O-n-Bu)s — AlEt;.'? The polymer obtained was a gray, infusible,
and powdery material, which was not soluble in any common solvents. It was
not amenable to most characterization methods and did not possess the
interesting electrical properties that were anticipated. Several other catalyst
systems were shown to polymerize acetylene, yielding similar products.'* '
Pristine PA is a typical semiconductor, but its electrical conductivity of
10 °~10° S/cm can be varied by over 14 orders of magnitude through chemical
doping.'”'"® The maximum conductivity reported to date for mechanically
stretched and highly aligned PA is more than 10° S/cm after iodine doping,”'®
which is comparable to that of copper and gold.

2.1.1.1 Shirakawa-Type PA

Using the same Ziegler—Natta catalyst employed by Natta er al., but with
different experimental conditions, Shirakawa and coworkers succeeded in
preparing free-standing polyacetylene (PA) films having metallic luster
(Figure 2.1)."%° The polymerization at low temperature yields cis PA. The cis
content of the polymer decreases with increasing polymerization temperature.
Thus, a polymer synthesized and purified carefully at —78 °C contains 98% cis
form, whereas a polymer obtained at room temperature is about 60% cis (40%
trans).?" Since the rate of isomerization of cis-rich polymer in the solid state is
too slow at room temperature, heat treatment at 75 °C for 300 min is necessary
to obtain a polymer containing the same trans content as the polymer syn-
thesized at room temperature. The trans PA film is an intense black material
with a metallic luster (Figure 2.1), whereas the cis PA film has a copper-like

(b)

Figure 2.1 Polyacetylene film with metallic luster (a) and molecular structures (b).
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luster. Very thin films of trans and cis polymers show deep blue and clear red
colors, respectively.

PA has a planar structure, irrespective of cis and trans forms, due to strong
n-conjugation between the sp>-hybridized carbon atoms in the PA polymer
chain.?*?* Strong interchain interactions give rise to a fibrillar crystal consisting
of rigid, m-stacked polymer chains.'®**?* This makes PA infusible and insol-
uble in any kind of solvent. Thus, the solid-state structure and morphology of
PA are determined during acetylene polymerization. The fibril morphology of
PA films is randomly oriented, as is typical for ordinary polymers, depressing
the inherent one-dimensionality of this polymer (Figure 2.2). Hence, several
types of procedures and polymerization methods for macroscopic alignment of
the polymer have been developed to achieve higher electrical conductivity with
an anisotropic nature.?*>*

2.1.1.2 Mechanically Stretchable PA

PA films can be stretch-aligned to a limited degree of orientation, resulting in
anisotropic electrical and optical properties.>> However, it is unclear to what
extent the orientation of the polymer chain contributes to these properties.
Other morphological parameters are unknown, such as the distribution of
crystalline and amorphous domains in the PA films, as well as their influence on
physical properties of the films. Therefore, a novel synthetic method for con-
trolling the morphology of PA during acetylene polymerization was carried
out. Heeger and coworkers synthesized a partially oriented PA film by poly-
merizing acetylene on the surface of a biphenyl crystal.***” Despite the in-
completeness of this work in obtaining macroscopically aligned PA, this
experimental trial yielded an important idea for how one can control the
morphology of PA via the polymerization of acetylene.

Figure 2.2 Random fibril morphology of polyacetylene film.
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One approach is the mechanical stretching of an as-grown PA film.”!%2673!

The conductivity of the film is enhanced through a uniaxial alignment of the
fibrils associated with the mechanical stretching of the film. It is therefore de-
sirable to develop highly stretchable PA films with high-modulus and high-
tensile properties that might prevent the cleavage of fibrils and/or of PA chains
during mechanical stretching. In other words, profound mechanical strengths
such as Young’s modulus and tensile strength are responsible for the uniaxial
alignment and hence the electrical conductivity of the stretched film.

2.1.1.2.1 Naarmann and Theophilou-Type PA. Naarmann and Theophilou’
synthesized highly stretchable PA films using a high-temperature aged
Ziegler—Natta catalyst, Ti(O-n-Bu), and AlEt;, dissolved in viscous silicone
oil or toluene, and reported high conductivities of 10> S/cm after iodine dop-
ing in CCly solution. Their polymerization method is characterized by use of
silicone oil as a solvent, aging of the catalyst at 120 °C and addition of re-
ducing agents (ARA) such as n-butyllithium or Mg-derivative before poly-
merization.>>*® An acetylene polymerization using the aged catalyst in a
silicone oil yields a homogeneous, defect-free PA film that can be stretched
mechanically by up to 550%, corresponding to stretching rates of 6.5. When
doped with iodine in CCly, the film displays an electrical conductivity
of ~1.6x10* S/cm. An aged catalyst in a silicone oil that has been mixed
with various quantities of n-butyllithium and allowed to react with acetylene
yields PA that is highly regular, compact and crystalline in well-defined par-
allel planes. In special cases, the transparent films can be stretched by up to
400% (1/l,=5) and gives a conductivity of higher than 10° S/cm after doping
in CCly. Bulk densities of the films are 0.85-0.9 and 1.12-1.15 before and
after doping. The stability studies show that the cis fraction (70-80%), con-
ductivity and morphology of the films are unchanged after several months.
Here, it should be noted that Naarmann’s method including the ARA techni-
que lacks for reproducibility of the conductivity higher than 10° S/cm.*® The
transmission electron microscope (TEM) results indicate inhomogeneous
doping within the fibrils, showing highly doped regions separated by non-
doped regions, which are typically 1-3 nm wide. The temperature dependence
of the dc conductivity of iodine-doped PA film can be fitted with the Sheng
formula within a model of a heterogeneously conducting material consisting
of highly conducting regions that are separated by insulating barriers.>

2.1.1.2.2 Tsukamoto-Type PA. Tsukamoto et al.' modified Naarmann’s
method using a higher-temperature aged catalyst dissolved in decaline and
employing acetylene gas under low pressure. An SEM micrograph of un-
stretched PA film shows that the film is composed of a densely packed
globular structure and is contrasted with the fibril structures of conventional
PA. Such densely packed structure indicates a high volume density. The bulk
density of PA is around 1.1 g/cm®. The cis content is estimated to be 96%
and the mechanical stretchability is 8-10. The mechanically stretched films
show electrical conductivities of higher than 10° S/cm after iodine doping.



16 Chapter 2

However, all the samples do not always yield conductivity higher than 10° S/cm.
The reproducibility is 70 to 80%.%° As the thickness of highly conducting PA
is around 1 pm, accurate thickness measurement is one of the most crucial
points in determination of conductivity. Temperature dependences of con-
ductivities of fully iodine-doped PA were measured in the temperature range
between 12 K and 300 K. The temperature dependence shows that
activation-type conduction is still dominant in this temperature range, just as
does that of doped conventional PA. Namely, the temperature dependence of
conductivity is not metallic, suggesting that interdomain and interfibrillar
processes are still dominant in the conductivity.

2.1.1.2.3 High Mechanical Modulus and Strength PA. Akagi er al***
developed two solvent-free acetylene polymerization methods: a solvent-
evacuation (SE) method and an intrinsic nonsolvent (INS) one. In the for-
mer, cumene used as a solvent is evacuated after the high-temperature aging
of the catalyst. In the latter, no solvent is used from the preparation and
high-temperature aging of the catalyst to the polymerization. PA films
synthesized by these methods exhibit extremely high mechanical strengths
characterized by a Young’s modulus of 40-100 GPa and a tensile strength of
0.9-2.1 GPa,***" comparable to those (132 and 3.9 GPa) of well-known en-
gineering plastics such as Kevlar, in addition to a high bulk density of more
than 1.0 g/cm®. The films show well-reproducible and high conductivities of
2.2-4.3%10* S/cm, which are enhanced by the uniaxial alignment of polymer
chains associated with a mechanical stretching of 8-9 times. It can be noted
from these results that the high mechanical strength is a prerequisite for the
achievement of high electrical conductivity, and that in the INS polymer-
ization, the cocatalyst of AlRj, by virtue of its liquidity, plays the role of a
solvent toward catalytically active complexes formed between Ti(OR), and
AIRj, which guarantees the homogeneity of the catalyst system in spite of
the absence of solvent.*?

The ESR studies**** show that high-temperature aging at 150-200 °C on the
Ti(O-n-Bu), and AlEt; catalyst yields a bulky aggregate of Ti** complex with a
bridged structure through butoxy and/or ethyl groups. Such a bulky complex
should lead to a decrease of apparent catalytic activity and hence a depression
of the exothermic heat associated with the acetylene polymerization. This
allows a moderate condition that guarantees production of a cis-rich and highly
homogeneous PA film.

The numerical evaluations based on the analytical formulae*’ indicates that
the inplane alignment contributes to enhance the conductivity of the aligned
film in a cooperative manner with the mechanically forced fibril alignment
(parallel alignment). In particular, the inplane alignment becomes crucially
dominant when the film thickness is less than 1.0 pm. On the other hand,
although the parallel alignment expectedly decreases the conductivity per-
pendicular to the elongation direction along with the mechanical stretching,
the decrease is partly compensated by an increase due to the inplane
alignment.
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2.1.1.3 Directly Aligned PA

Another approach is a direct alignment of the film using a liquid crystal as an
anisotropic solvent for acetylene polymerization under an external perturb-
ation such as gravity flow and magnetic field.>>** This approach affords an
alignment of even ultrathin films with semitransparency that is suitable for
measurements of nonlinear optics.*® A nematic LC (N-LC) has long-range
orientational order. Furthermore, the orientational order of a N-LC can be
easily controllable using external perturbations, such as an electric field, mag-
netic field, sheer force, or gravity flow. For this reason, N-LC is useful for an
anisotropic reaction solvent for controlling the morphology of PA during
acetylene polymerization. N-LCs that could be used as solvents for the Ziegler—
Natta catalyst are limited, because they can act as reactive substituents with the
active species and/or components of the catalyst. Among the available N-LCs,
a phenylcyclohexane (PCH) derivative is stable in the presence of Ziegler—Natta
catalyst.*>3*

Acetylene polymerization was carried out under a gravity flow of the LC
reaction field, in which the Ziegler—Natta catalyst was dissolved. Macro-
scopically aligned fibrils were found along the gravity flow direction of the
N-LC catalyst solution. The direction of fibril growth appeared to coincide
with that of N-LC molecules under the gravity flow of the solution. In fact, PA
chains propagate along the director (average direction of LC molecules within a
domain) of the N-LC. This novel and simple method produces highly oriented
PA films, making it possible to investigate various anisotropic properties of
PA 323447

An N-LC molecule can be aligned using an external magnetic field by virtue
of its anisotropy in diamagnetic susceptibility. In particular, LC molecules with
positive or negative anisotropies in diamagnetic susceptibility were aligned
parallel or perpendicular to the magnetic field direction, respectively. Akagi
et al** constructed a monodomain structured LC reaction field from a multi-
domain one, using an external magnetic field 2-14 kG. Owing to the positive
anisotropy in diamagnetic susceptibility of the phenyl moiety in the LCs, the
multidomain structure of N-LCs tends to be aligned in parallel with the mag-
netic field direction, making a monodomain structured N-LC. Highly aligned
PA was synthesized in a monodomain structured LC reaction field
(Figure 2.3).34849

The macroscopically aligned PA films prepared in N-LCs under magnetic
field show high conductivities of 10* S/cm after iodine doping, and anisotropies
of ca. 5 defined as a ratio of parallel to perpendicular to the aligned fibril
direction. The unexpectedly small anisotropy is attributed to the relatively high
conductivity in the perpendicular direction. This is because the aligned film has
highly condensed fibril morphology and hence the interchain and even inter-
fibril hopping of the charged carrier are largely enhanced. The degree of
alignment of the film is governed by that of the liquid crystal used as the
solvent. That is, the morphology and therefore the macroscopic properties of
the film are crucially dependent on the anisotropic polymerization field.***
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Figure 2.3 Macroscopically aligned polyacetylene film synthesized in nematic LC
(N-LC) reaction field under magnetic field.

This situation is common to an epitaxial polymerization, where acetylene
polymerization is carried out on the substrate crystal with a homologous iso-
morphic compound such as naphthalene, anthracene, biphenyl, or terphenyl.>
The fibril orientation is strongly dependent on the lattice matching between PA
and the substrate crystals.

It is worth noting here that a PA bearing an LC moiety in the side group was
reported in 1993.°">2 The LC-substituted PA is not only soluble in organic
solvents, but also easily aligned by spontaneous orientation of the LC group. In
addition, it was macroscopically aligned by an external perturbation, such as
shear stress, electric field, and magnetic field.>' >® This situation means that a
monodomain structure of the LC phase can be constructed on a macroscopic
level. Thus, the polymer should have a higher electrical conductivity, compared
with the case of random orientation. At the same time, one can control the
molecular orientation and, hence, the electrical conductivity of the polymers
with an external force. As the macroscopic alignment was first achieved under
magnetic field,® it is straightforward to study many kinds of LC-substituted
PA derivatives.’*%¢ % However, the electrical conductivity of LC-substituted
PA is significantly lower than that of nonsubstituted PA. This is due to a lower
coplanarity of the main chain, which arises from steric repulsion between
substituents, a higher ionization potential, and a lower electron affinity.

2.1.2 Helical Polyacetylene (H-PA)

It has been generally accepted that PA has a planar structure, irrespective of cis
and trans forms. This is due to m-conjugation between the sp>-hybridized car-
bon atoms in the polymer chain.''?? If it were possible to modify this planar
structure of PA into a helical one, novel magnetic and optical properties might
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be expected.®*®5 Here, we present the polymerization of acetylene in an
asymmetric reaction field, which is constructed with chiral nematic LCs (N*-
LCs), and show that PA films formed from helical chains and fibrils can be
synthesized.''-¢-80

2.1.2.1 Asymmetric Liquid Crystal Reaction Field

The N*-LC to be used as an asymmetric solvent is prepared by adding a small
amount of chiral compound, as a chiral dopant, into nematic LC (Figure 2.4).
The formation of N*-LC is recognized when a Schlieren texture characteristic
of nematic LC changes into a striated Schlieren or a fingerprint texture in a
polarized optical microscope (POM). The distance between the striae corres-
ponds to a half-helical pitch of the N*-LC. Note that as the degree of twist in
the N*-LC is larger, the helical pitch observed in POM is shorter.

The helical pitch of the N*-LC can be adjusted by two methods: changing the
concentration or changing the twisting power of the chiral dopant. However,
the mesophase temperature region of the N*-LC is affected by changing the
concentration of the chiral dopant. Namely, it becomes narrow as the con-
centration increases, and finally the mesophase is destroyed when the concen-
tration is close to a critical value. Herein, owing to the limitation of the
concentration method, an alternative approach of utilizing the chiral com-
pound with large twisting power is adopted. Axially chiral binaphthyl deriva-
tives are used as chiral dopants,’* since they have been reported to possess
larger twisting powers (HTPs) than asymmetric carbon-containing chiral
compounds.®’

Figure 2.4 Chiral nematic liquid crystal (N*-LC) induced by the addition of a chiral
dopant into N-LC. Schlieren texture (left) and fingerprint texture (right)
are observed for N-LC and N*-LCs, respectively, with a polarized optical
microscope.
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The axially chiral binaphthyl derivatives, (R)- and (S)-1,1-binaphthyl-2,2-di-
[p-(trans-4-n-pentylcyclohexyl) phenoxy-1-hexylJether, are synthesized using
Williamson etherification reactions of chiroptical (R)- and (S)-1,1-bi-2-naph-
thols, respectively, with phenylcyclohexyl derivatives. The products are ab-
breviated as (R)- and (S)-D-1 (Figure 2.5). To prepare an induced N*-LC,
approximately 5 to 14 wt% of (R)- or (S)-D-1 is added as a chiral dopant to an
equimolar mixture of the N-LCs 4-(trans-4-n-propylcyclohexyl)ethoxybenzene
(PCH302) and 4-(trans-4-n-propylcyclohexyl)butoxybenzene (PCH304). The
LC substituent group in (R)- and (S)-D-1 enhances miscibility between the N-
LC mixture and the binaphthyl derivative used as the chiral dopant. Note that
usage of similar substituents with a shorter methylene spacer such as PCH503
or normal alkyl substituent gave insufficient miscibility, yielding no chiral
nematic phase. In polarizing optical micrographs of the mixture of PCH302,
PCH304, and (R)-PCH506-binaphthyl and that of PCH302, PCH304, and (S)-
PCHS506-binaphthyl, a striated Schlieren or finger printed texture characteristic
of N*-LC phase is observed.

Although each component (PCH302 or PCH304) shows a LC phase, the LC
temperature region is very narrow, being less than 1 to 2 °C. This is not suitable
for acetylene polymerization in a N-LC or N*-LC reaction field, because the
exothermal heat evolved during the acetylene polymerization would raise the
temperature inside a Schlenk flask. This would easily destroy the LC phase,
making it isotropic. Hence, the LC mixture is prepared by mixing two equi-
molar LC components. In the LC mixture, the nematic — isotropic temperature,
Tn—1, and the crystalline — nematic temperature, Tc — N, are raised and

Figure 2.5 Construction of asymmetric reaction field for acetylene polymerization by
dissolving Ziegler—Natta catalyst, Ti(O-n-Bu)s—AlEt;, into the N*-LC.
The N*-LC includes an axially chiral binaphthyl derivatives, D-1 or D-2.
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lowered, respectively. In fact, the mixture exhibits the LC phase in the region
from 20 to 35 °C. Subsequently, the change of Ty — I upon addition of Ti(O-n-
Bu)s — AlEt; catalyst is examined using differential scanning calorimetry
(DSC). Taking into account the effect of supercooling for LCs, a catalyst so-
lution that consists of a LC mixture and chiral dopant is obtained for room-
temperature polymerization ranging from 5 to 25 °C. Note that supercooling is
the process of lowering the temperature of a liquid or a LC below its freezing
point without it becoming a solid. This sufficiently wide temperature region
enables the performance of acetylene polymerization in the N*-LC phase.
A Ziegler — Natta catalyst, consisting of Ti(O-n-Bu)4 and AlEts, is prepared
using (R)- or (S)-N*-LC as a solvent (see, Figure 2.5). The concentration of
Ti(O-n-Bu), is from 15 to 50 mM, and the mole ratio of the cocatalyst to
catalyst, [AIEt3] / [Ti(O-n-Bu)y], is 4.0. The catalyst solution is aged for 0.5 h at
room temperature. During the aging, the N*-LC containing the catalyst shows
no noticeable change in optical texture and only a slight lowering of the
transition temperature by 2 to 5°C. The transition temperature between the
solid and N*-LC phases is 16 to 17°C. The transition temperature between
the N*-LC and isotropic phases is 30 to 31 °C. No solidification is observed
down to —7°C, as a result of supercooling. Thus, the (R)- and (S)-N*-LCs are
confirmed to be chemically stable in the presence of the catalyst. It is therefore
possible to employ these LCs as an asymmetric solvent for acetylene
polymerization.

2.1.2.2 Characterization of H-PA

SEM images of H-PA films show that multidomains of spiral morphology are
formed (Figure 2.6a), and each domain is composed of a helical structure of a
bundle of fibrils with a one-handed screwed direction (Figure 2.6b). The
multidomain-type fibril morphology of H-PA seems to replicate that of the N*-
LC during the interfacial acetylene polymerization. A closer observation of

Figure 2.6 SEM micrographs of helical polyacetylene (H-PA) film synthesized in the
right-handed (R)-System-1 {PCH302:PCH304:(R)-D-1=100:100:2
(mole ratio)} with a helical pitch of 5 um. The photograph of (b) shows
the magnified one of (a).
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SEM images indicates that H-PAs synthesized in the (R)- and (S)-N*-LCs form
the screwed bundles of fibrils and even screwed fibrils with left-handed and
right-handed directions, respectively. This result implies that the screw dir-
ection of H-PA is controllable by choosing the helicity, i.e. optical configur-
ation of the chiral dopant, so far as the N*-LC induced by the chiral dopant is
employed as an asymmetric polymerization solvent. In addition, it is of keen
interest that the screw directions of bundle and fibrils are opposite to those of
the (R)- and (S)-N*-LCs used as solvents.

It has been elucidated so far that the PA chains propagate along the director
(an averaged direction for the LC molecules within a domain) of the N*-LC.
Since the helical axis of PA is parallel to the PA chain, and the director of the
N*-LC is perpendicular to the helical axis of N*-LC, the helical axis of PA is
perpendicular to that of N*-LC. Taking these aspects into account, one can
describe a plausible mechanism for interfacial acetylene polymerization in the
N*-LC, as shown in Figure 2.7. In the case of a right-handed N*-LC, for in-
stance, the PA chain would propagate with a left-handed manner, starting from
the catalytic species, but not with a right-handed one. This is because the PA
chains with the opposite screw direction to that of the N*-LC could propagate
along the LC molecules, but those with the same direction as that of the N*-LC
would encounter LC molecules, making the propagation stereospecifically
impossible. The detailed mechanism of acetylene polymerization in N*-LC has
been elucidated.”””®

In circular dichroism (CD) spectra of the PA thin films synthesized with (R)-
and (S)-N*-LCs, positive and negative Cotton effects are observed, respect-
ively, in the region from 450 to 800 nm. This corresponds to a t— 7" transition
in the PA chain, despite the absence of a chiroptical substituent in the side
chains. This indicates that the PA chain itself is helically screwed.®® It is evident
that this Cotton effect is not due to the chiral dopant, because the Cotton effect
of the chiral dopant is only observed at shorter wavelengths (i.e. 240 to 340 nm).
Left-handed (counterclockwise) and right-handed (clockwise) H-PA chains are

Figure 2.7 Schematic representation of mechanism for acetylene polymerization in
the N*-LC. The H-PA with left-handed screw direction grows starting
from the catalytic species in the right-handed N*-LC.
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formed in (R)- and (S)-N*-LCs, respectively. These helical chains are bundled
through van der Waals interactions to form helical fibrils.®® The bundles of
fibrils form a spiral morphology with various sizes of domains. From the results
mentioned above, it is worth noting that, by using the N*-LC as an asymmetric
polymerization solvent, a hierarchical helical structure having primary to
higher orders in H-PA is synthesized (Figure 2.8).°

The dihedral angle between neighboring unit cells, (—CH=CH-), of the
H-PA is estimated to be from 0.02° to 0.23°."'" Although such a very small
dihedral angle may allow us to regard the present PA as an approximately
planar structure, the polymer is rigorously screwed by a one-handed direction
with the nonzero dihedral angle. The present H-PA films have high trans
contents of 90% and become highly conductive upon iodine doping. In fact, the
electrical conductivities of the doped films are 1.5—1.8x10° S/cm at room
temperature, which are comparable to those of metals. The iodine-doped H-PA
showed the same Cotton effect as that of nondoped PA. This indicates that the
helical structure is preserved even after iodine doping. Furthermore, CD and
X-ray diffraction measurements show that the helical structure is also preserved
after heating to 150 °C (which corresponds to the isomerization temperature
from cis to trans form). The most stable structure of PA is the planar one.
However, since the PA is actually insoluble and infusible, the helical structure

Figure 2.8 Hierarchical helical structures from primary to higher order in helical
polyacetylene. SEM = scanning electron microscope.
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formed during the polymerization can be preserved even if it is washed by
toluene or thermally heated below the isomerization temperature. In other
words, the insolubility and infusibility of PA are indispensable for preserving
the metastable helical structure.

2.1.3 H-PA with Bundle-Free Fibril Morphology

H-PA is anticipated to act as a prototype of a molecular solenoid, by virtue of
its helical structure and high electrical conductivity.®*®* It is therefore desirable
to synthesize a sufficiently screwed H-PA and prevent the individual fibrils from
forming bundle morphology. Toward this aim, it is essential to construct a
more highly twisted LC reaction field. Here we show that a H-PA film, con-
sisting of only single fibrils and not a fibril bundle, can be synthesized using a
highly twisted N*-LC reaction field.

2.1.3.1 Powerful Helicity Inducers

It is known that binaphthyl derivatives substituted with LC groups at the
2,27,6,6’ positions of binaphthyl rings exhibit good miscibility towards the host
N-LC, due to their liquid crystallinities.®” They also have HTPs based on axial
chirality. However, despite using binaphthyl derivatives with large HTPs, it is
difficult to induce the N*-LCs with nano-ordered helical pitches. Thus, both
miscibility and large HTP are required for the effective transfer of axial chirality
from binaphthyl derivatives to the host N-LCs. To investigate the amplification
of HTPs in the axially chiral binaphthyl derivatives, several rigid substituent
groups are introduced into the 2.2/,6,6' positions of the binaphthyl rings.”
Among them, a tetra-substituted binaphthyl derivative, D-2, which has a direct
linkage between the mesogenic core of phenylcyclohexyl (PCH) moieties and
the 6,6’ position of the binaphthyl rings, shows an extremely large HTP of
449 ym™' when added as a chiral dopant into N-LC (Figure 2.5, see also
Scheme 2.2). The HTPs of D-1 and D-2 are 171 pm ' and 449 ym ', respect-
ively. It is clear that the HTP of the chiral dopant D-2 is ca. 2.6 times larger
than that of D-1. This may be rationalized with a difference in the number of
substituents. Namely, the axially twisting torque of D-2 is more effectively
transferred to environmental N-LC molecules, by virtue of intermolecular
interactions between the four PCH substituents of D-2 and the PCH moieties of
LC molecules. In contrast, D-1 bears only two PCH substituents.

2.1.3.2 Highly Twisted N*-LC Reaction Field

The N*-LCs, including D-1 at 1 mol% {PCH302:PCH304:D-1=100:100:2
(mole ratio)} and D-2 at 1.5 mol% {PCH302:PCH304:D-2=100:100:3 (mole
ratio)}, abbreviated as System-1 and System-2, respectively, are prepared as the
asymmetric reaction field for acetylene polymerization. The helical pitches of
System-1 and System-2 are 5 um and 270 nm, respectively. Figure 2.9 shows
POMs of the N*-LCs, System-1 and System-2. System-1 gives a fingerprint
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@ (b)

Figure 2.9 Polarizing optical micrographs of N*-LCs at 27 °C. (a) (S)-System-1
containing 1.0 mol% of chiral dopant, (S)-D-1. (b) (R)-System-2 con-
taining 1.5 mol% of chiral dopant, (R)-D-2.

Figure 2.10 Reflection CD spectra of the cholesteryl oleyl carbonate and the N*-LCs
induced by (R)-D-2 and (S)-D-2. (R)-N*-LC; PCH302: PCH304 : (R)-D-
2=100:100:2 (mole ratio). (S)-N*-LC; PCH302:PCH304:(S)-D-
2=100:100:2 (mole ratio).

texture with striae (Figure 2.9a). The distance between the striae (2.5 um)
corresponds to one half of the helical pitch in N*-LC. Meanwhile, the POM of
System-2 gives a fan-shaped texture, but no striae is observed (Figure 2.9b).
This is due to the fact that the distance between the striae formed in System-2 is
too small to be detected in the POM microscope, which has a resolution limit of
ca. 1 pm.

The helical sense of System-2 is examined through a selective light reflection
in circular dichroism (CD) spectra.®® It is known that cholesteryl oleyl car-
bonate is a left-handed cholesteric LC that shows a selective light reflection in
the visible region. Therefore, cholesteryl oleyl carbonate is used as a reference
for determining the handedness of the N*-LC. As shown in Figure 2.10, the
N*-LC inducing (R)-D-2 shows a negative sign, while the N*-LC including (S)-
D-2 and cholesteryl oleyl carbonate shows peaks having a positive sign in the
CD spectra. These results indicate that the helical senses of the (R)- and (S)-N*-
LCs are right and left directions, respectively.
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2.1.3.3 Synthesis of H-PA with Bundle-Free Fibril Morphology

Figure 2.11 show scanning electron microscope (SEM) photographs of the
H-PA films synthesized in a right-handed N*-LC with a helical pitch of 270 nm
{(S)-System-2}. Hierarchical helical structures are observed in H-PA film. It is
confirmed that the screw direction of the fibril, including even the fibril bundle,
is opposite to the helical sense of the N*-LC. For instance, in the right-handed
N*-LC of (R)-System-1, the fibrils are screwed left to form the fibril bundle.
Similarly, in the left-handed N*-LC of (S)-System-2, the fibrils are screwed
right, although no bundle is formed.®® It is of particular note that the highly
twisted N*-LC (System-2) gives the fibrils but not the fibril bundle
(Figure 2.11). This is in distinct contrast to the morphology of H-PA that is
synthesized in the moderately twisted N*-LC (System-1). It is evident from
Figures 2.11b and c that the PA fibrils synthesized in (S)-System-2 are more
highly twisted than those in (R)-System-1 (see also Figure 2.6).

To elucidate the relationship between the helical pitch degree of the N*-LC
and the morphology of H-PA, various N*-LCs are prepared with helical pit-
ches between 5 um and 270 nm (i.e. 2.3 pm, 850 nm, and 470 nm), by changing
the mole percent of the D-2 chiral dopant. The N*-LC with a helical pitch of
2.3 um gives the fibril bundle in H-PA morphology. In the case of the N*-LC
with a helical pitch of 850 nm, bundles consisting of several fibrils are observed.
The distance between bundles is less than 550 nm. When the N*-LC having a
helical pitch of 470 nm is used, almost only single fibrils are observed; however,
portions of the fibrils are overlapped. These results indicate that the morph-
ology of H-PA is dominated by the helical pitch degree of the N*-LC, but not
by the species of the chiral dopant.

Figure 2.12 shows a schematic representation of the relationship between the
twisting degree of the N*-LC and the hierarchical morphology of H-PA. In the
weakly twisted N*-LC, PA fibrils (diameters from 70 to 120 nm) are gathered to
form fibril bundles (diameters up to 1 pm). Interestingly, the distance between

Figure 2.11 SEM micrographs of helical polyacetylene film synthesized in the left-
handed (S)-System-2 {PCH302 : PCH304 : (S)-D-2=100 : 100 : 3 (mole
ratio)} with a helical pitch of 270 nm. The photograph of (b) shows the
magnified one of (a).
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Figure 2.12 Relationship between the twisting degree of N*-LC and the morphology
of helical polyacetylene.

fibril bundles is close to one half of the helical pitch. Fibril bundles can be
formed in N*-LCs with helical pitches up to 1 pm. However, in the highly
twisted N*-LC (helical pitch narrower than 1 pum), the PA has highly screwed
fibrils, but not a bundle of fibrils. Therein, the diameters of the fibrils are in the
range from 70 to 120 nm. This may be due to the fact that the helical pitch of
270 nm in the strongly twisted N*-LC is smaller than the diameter (ca. 1 pm) of
the fibril bundle. This situation might prevent the formation of fibril bundles.
This type of morphology that is free from fibril bundles should make it much
easier to evaluate the electromagnetic properties of the screwed fibril.

H-PA films having a morphology free from fibril bundles have high trans
contents of 90%. This is mainly due to the polymerization temperature of
20 —21°C. It is known that the cis form of the PA segment is a kinetically
favorable product, because of the so-called cis opening mechanism of acetylene
polymerization. On the other hand, the trans form is a thermodynamically
stable product. The cis form is actually transformed into the trans form, de-
pending on the degree of exothermal heat produced during acetylene poly-
merization. As exothermal heat is evolved in the polymerization at 20 °C, the
cis — trans isomerization is enhanced to give high trans content in the present
H-PA.”® H-PA shows high electrical conductivities, such as around 1.8x10?
to 2.0x10° S/cm, at room temperature after iodine doping. Meanwhile, the
PA films synthesized in Systems-1 and 2 have bulk densities of ca. 0.5 and
0.96 g/cm?, respectively. This indicates that single fibrils give a more closed
morphological packing than the fibril bundle structure.

By virtue of the high helical twisting power and liquid crystallinity of the
novel tetra-substituted binaphthyl derivative (D-2), we obtain a N*-LC with a
helical pitch in the nanoregime. This is performed by adding a high mole
percentage of chiral dopant to the N-LC without destroying the LC phase.
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The helical pitches (270 to 850 nm) are smaller than the radius (1 um) of the
fibril bundle of H-PA. In particular, the highly screwed N*-LC (helical pitch of
270 nm) depresses the formation of the fibril bundle, resulting in a bundle-free
fibril morphology consisting of single fibrils. Thus, we find that the degree of
screwing in the N*-LC reaction field is a key factor in controlling the bundle
formation and/or depression in PA fibril morphology. It is expected that a
highly twisted H-PA without the fibril bundle might be feasible for the evalu-
ation of unprecedented electromagnetic properties of a single fibril of con-
ducting polymer. It is worth emphasizing that by using the N*-LC as an
asymmetric polymerization solvent, helix formation is possible not only for PA
but also for aromatic n-conjugated polymers without chiral substituents on the
side chains. %78

2.1.4 Morphology-Retaining Carbonization of H-PA

Lastly, it is of particular interest that the H-PA film is useful as a precursor for
helical carbon and graphite film when the morphology-retaining carbonization
via an iodine doping is used.®!%

It has been considered difficult to prepare a freestanding carbon thin film
through the carbonization of an organic polymer film. This is because car-
bonization at high temperatures causes thermal decomposition and volatil-
ization of hydrocarbon gases, destroying the morphology of the original film.
However, the iodine-doped PA film was almost completely carbonized at
temperatures above 800 °C. No indication of thermal decomposition was ob-
served in differential thermal analysis curve for the doped PA film. Surprisingly,
the fibrous morphology of the original structure remained unchanged, even
after carbonization and heat treatment. In addition, the weight loss of the films
due to carbonization at 800 °C was very small, amounting to only 20% of the
film weight before iodine doping. Thus, the nanofibril-fabricated carbon film
was obtained through carbonization of the doped PA film. It is elucidated that
iodine doping prevents the PA film from thermally decomposing at high tem-
peratures. According to the structural model of the iodine-doped PA film,
polyiodide ions (e.g., I3~ and I5") are situated between the PA chains, forming a
charge-transfer complex. Iodine tends to react with hydrogen at high tem-
peratures. Actually, outgassing of hydrogen iodide was detected by gas chro-
matography mass spectrometry during heating of the doped PA film. It can be
assumed that hydrogen contained in the doped PA is removed to some extent as
hydrogen iodide from the PA chains, and that the PA chains partially crosslink
between the neighboring chains. Furthermore, most of the hydrogens are re-
moved with increasing temperature. As a result, networks of sp”> hexagonal
carbon bonds are formed during carbonization. It should be emphasized that
the carbon film heat treated at 2600 °C had almost the same helical structure as
those of the original H-PA film and the carbon film that was prepared at
800°C. We found a new aspect of the iodine doping by disclosing its in-
dispensable role in maintaining the nanostructure and morphology of pre-
cursors during carbonization.



