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Preface

Clearly illustrated and demonstrated by the entire series of Advances in Poly-
mer Science., the area of polymer science is a rapidly developing and growing
field, strongly influencing other areas of chemistry. Among other polymeriza-
tion techniques, those based on metathesis polymerization have experienced
significant progress. With a rapidly developing armory of initiators on hand,
one is now capable of polymerizing various types of functional monomers
by metathesis-based techniques. Thus, ring-opening metathesis polymeriza-
tion (ROMP) uses strained monomers such as (substituted) norborn-2-enes,
norbornadienes, benzbarrelenes, etc. Acyclic diene metathesis (ADMET) poly-
merization utilizes functional a,@-dienes. And finally, an almost unlimited
number of 1-alkynes as well as 1,6-heptadiynes may be polymerized via 1-
alkyne or cyclopolymerization to yield highly conjugated materials. The latest
developments in all these areas of metathesis-based polymerizations are
summarized in this book. It is designed to attract equally students and
advanced scientists working in the areas of polymer science, physical, and
organometallic chemistry by providing both extensive background informa-
tion and up-to-date interdisciplinary knowledge. Special consideration has
been given to the literature sections in order to facilitate further reading.

Any edited book strongly depends on the quality of every individual con-
tribution. It was both my privilege and honor to win over such well-known
authors. I wish to thank all of them for the time they spent on writing the
corresponding chapters and for the unprecedented timely delivery of their
contributions. Both their professional attitude and the quality of their manu-
scripts have made my job as an editor an easy one. With their contributions,
I am convinced that we now have a book that represents the state of the art and
is comprehensive summary of the status quo in the selected research areas.

What remains to be done is to thank all those who have provided profes-
sional help, i.e. Springer and in particular Ms. Ulrike Kreusel, for her support,
encouraging e-mails and patience.

Innsbruck, Fall 2004 Michael R. Buchmeiser



Contents

Recent Advances in ADMET Polymerization
T.W.Baughman-K.B.Wagener . . ..................... 1

Liquid Crystalline Polymers by Metathesis Polymerization
G. Trimmel - S. Riegler - G. Fuchs - C. Slugovc - E. Stelzer . . . .. ... .. 43

Regioselective Polymerization of 1-Alkynes and Stereoselective
Cyclopolymerization of o, -Heptadiynes

M.R.Buchmeiser . .. ...... ... .. .. .. .. .. ... 89
Author Index Volumes 101-176 . . . . ... .. ... ... ........ 121

SubjectIndex . . ... ... ... .. ... 141



Adv Polym Sci (2005) 176: 1-42
DOI 10.1007/b101318
© Springer-Verlag Berlin Heidelberg 2005

Recent Advances in ADMET Polymerization

Travis W. Baughman - Kenneth B. Wagener (<)

George and Josephine Butler Polymer Laboratory, Department of Chemistry,
University of Florida, Gainesville, FL32605, USA
wagener@chem.ufl.edu

1 Introduction . . .. ... .. ... L
1.1  History of Olefin Metathesis . . .. .......................
1.2 Historyof ADMET . . . ... .. it

2 Functionalized Polyethylene via ADMET: Model Copolymers of Ethylene
andVinyl Monomers . . .. ... ... ... ... ...
2.1  Ethylene-Propylene Copolymers . . . . .. ... ... ... ...,
2.2 Ethylene-Vinyl Acetate Copolymers . . . ... .................
2.3 Other Ethylene Copolymers . . . .. ... .. ... .. ... ... ......
2.3.1 Ethylene-Styrene Copolymers . . .. ... ... ... ...,
2.3.2 Ethylene-Acrylate Copolymers . . . . . ... ... .. ... ...
2.3.3 Ethylene-Vinyl Chloride Copolymers . . ... .................

3 Block and Graft Copolymers viaADMET . ... ... .............
3.1  Grafted Polyethylenes . ... ... .. ... ... .. ... .. ... .. ..
3.2 Polyethylene-g-Poly(Ethylene Glycol) . ... ... ...............
3.3 Polyethylene-g-Polystyrene . .. .. .. .. ... ... ...,
3.4  Block Copolymers via ADMET Polyoctenamer Telechelics . . . ... ... ..
3.5  Alternating Copolymers . . .. ... ... ... ... ...

4 Polymeric Materials via ADMET . . .. ... .................
4.1  PhosphazenePolymers . . ... ... ... ... ... .. . ...
4.2 Poly(p-phenylene vinylene) Oligomers . . . . .. ... .. .. .. ......

5 Chiral Polymers viaADMET . . . . ... ... ... .. ... ...,
5.1  Amino Acid-Containing Polymers . . . . . ... ... .. .. ... ......
5.2 D-chiro-Inositol-Based ADMET Polymers . . .. ................

6 Silicon-Containing Polymers . . . . .. .. ... ... ... .........
6.1  PDMS-b-Polyoctenamer-b-PDMS . . . . . ... ... .. ..
6.2  Carbosilane Polymers via ADMET . . . . . .. .. ... ... ... ......
6.3  Latent Reactive Carbosilane Polymers . . . . . ... ... ... .......

7 Conclusion . . . . . . . . . .. .. e

References . . . . . o v i i i i i i e e e e e e e

Abstract Acyclic diene metathesis (ADMET) polymerization techniques and methodologies
developed over the past five years are reviewed. Through constant catalyst development
and further understanding of catalytic activity and side reactions, metathesis has solved a
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number of synthetic problems through the mild carbon-carbon bond-forming reaction.
Polymerization of functionalized a,w-dienes has afforded strictly linear copolymers of
ethylene and various polar monomers that are unattainable through chain polymerization
methodology. Telechelic preparation via ADMET allows the synthesis of reactive polymers
as starting points for block and segmented copolymers. Application of ADMET to materials
synthesis has yielded novel amino acid and peptide polymers as well as silicon-based
materials.

Keywords ADMET - Metathesis - Polymerization - Polyethylene - Copolymers

List of Abbreviations

ADMET Acyclic diene metathesis

ATRP Atom transfer radical polymerization
CPE Chlorinated polyethylene

DSC Differential scanning calorimetry
EEA Ethylene-ethylacrylate

EMA Ethylene-methylacrylate

EVA Ethylene-vinyl acetate

ES Ethylene-styrene

GPC Gel permeation chromatography
LALLS Low-angle laser light scattering
MALDI-TOF Matrix assisted laser desorption ionization-time of flight
MEM methoxyethoxymethyl

OLED Organic light emitting diode

PDMS Poly(dimethylsiloxane)

PEG Poly(ethylene glycol)

PPV Poly(p-phenylene vinylene)

PS Poly(styrene)

RCM Ring-closing metathesis

ROMP Ring-opening metathesis polymerization
TFA Trifluoroacetic acid

THF Tetrahydrofuran

VPO Vapor pressure osmometry

1

Introduction

Olefin metathesis has quickly become one of the most widely used methods
for mild carbon-carbon bond formation in organic synthesis [1, 2]. With the
development of highly active, functional group-tolerant catalysts, like Grubbs’
second generation catalyst ([Ru]*), metathesis has been successfully applied
across many areas of research, and some reviews already exist that deal with
metathesis catalysis and applications [1-5]. This review focuses on recent devel-
opments in acyclic diene metathesis (ADMET) polymerization chemistry and
methodology that have been published over the past five years, starting with a
short discussion on the history of olefin metathesis and ADMET polymerization.
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Cross Metathesis (CM) R'

Vi + /—: > /:_"J + f—
R R’ R

,-RL\‘ Ring-Closing Metathesis (RCM) ( R\> P
R ' Ring-Opening Metathesis (ROM ,
( \) N :/R ing-Opening is ( ); /-R\:,.HR

R\_ Acyclic Diene Metathesis (ADMET) MR\]\—- R

Polymerization n

( R\> Ring-Opening Metathesis R\}f
— Polymerization (ROMP) V n_—

Scheme 1 Olefin metathesis

A metathesis reaction is defined as a chemical transformation in which atoms
from different functional groups interchange with one another, resulting in
the redistribution of functionality yielding similar bonding patterns for both
molecules [6].

For olefin metathesis, two carbon-carbon double bonds are reacted to form
two new olefins (Scheme 1). This transformation was initially reported in the
1950s, but it was not until 1967 that Calderon coined the term “olefin meta-
thesis” [7-11]. Since then, olefin metathesis has been applied to polymer and
small molecule synthesis. Pharmaceutical chemists rely on olefin metathesis to
create complex cyclic systems, and previously difficult medium and large ring
closures can now be achieved rather easily using ring-closing metathesis
(RCM) [1,2,12,13]. While RCM is performed at low concentrations to inhibit
dimerization, reactions in the presence of high olefin concentrations yield
polymers. Macromolecular chemists have embraced olefin metathesis, as it
allows the preparation of functionalized hydrocarbon polymers through ring-
opening metathesis polymerization (ROMP) [6, 14, 15] and acyclic diene meta-
thesis (ADMET) [16-20].

1.1
History of Olefin Metathesis

Olefin metathesis began as an industrial process involving ill-defined hetero-
geneous catalysts comprising high oxidation state metal salts and various
activating metal oxides [3]. Due to low concentrations of the active species, no
spectroscopic evidence could be obtained and little mechanistic data was avail-
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Fig. 1 Chauvin mechanism

able. Debates over the metathesis mechanism continued until the introduction
of the now widely accepted Chauvin mechanism in 1971 (Fig. 1) [21, 22].

His proposal involved a metal carbene and a metallocyclobutane intermedi-
ate and was the first proposed mechanism consistent with all experimental
observations to date. Later, Grubbs and coworkers performed spectroscopic
studies on reaction intermediates and confirmed the presence of the proposed
metal carbene. These results, along with the isolation of various metal alkyli-
dene complexes from reaction mixtures eventually led to the development of
well-defined metal carbene-containing catalysts of tungsten and molybdenum
[23-25] (Fig.2). After decades of research on olefin metathesis polymerization,
polymer chemists started to use these well-defined catalysts to create novel
polymer structures, while the application of metathesis in small molecule
chemistry was just beginning. These advances in the understanding of meta-
thesis continued, but low catalyst stability greatly hindered extensive use of the
reaction.

In particular, Schrock-type catalysts suffered from extreme moisture and air
sensitivity because of the high oxidation state of the metal center, molybdenum.
Due to the oxophilicity of the central atom, polar or protic functional groups
coordinate to the metal center, poisoning the catalyst and rendering it inactive
for metathesis. Since late transition metal complexes are typically more stable
in the presence of a wide range of functionalities, research was focused on
the creation of late transition metal carbene complexes for use as metathesis
catalysts.

Grubbs’ first well-defined ruthenium carbene catalyst ([Ru]) was introduced
in the early 1990s as the first air stable metathesis catalyst allowing for manip-

cl, b OV N_ _N
F3C H /1, = Y
} Clvi 1/,

FSC On-Mo=— PCy3ph g|CR|uR
HsC o/ pCy,Ph
Fag ¢ CM

3
[Mo] [Ru] [Ru]*

Fig. 2 Metathesis catalysts
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ulation of this species outside of inert atmospheres (Fig. 3) [26]. Although cata-
lyst stability was significantly improved, the metathesis activity was reduced
substantially relative to Schrock-type catalysts, and the first-generation com-
plexes exhibited slower, lower-yielding reactions. Metathesis activity and func-
tional group tolerance were substantially increased for [Ru]* with the intro-
duction of the N-heterocyclic carbene ligand as a replacement for one of the
trialkyl phosphine ligands [27-36]. These catalysts exhibited activity close to
that of [Mo], and this development brought olefin metathesis to the forefront
of modern chemistry. However, one major disadvantage was later discovered;
the second-generation complex simultaneously catalyzed metathesis and olefin
isomerization. Since then, cross metathesis studies have revealed isomerization
occurring at the same time as metathesis, leading to a myriad of olefin prod-
ucts [37, 38]. While this creates synthetic issues for the design of exact chemi-
cal structures through RCM or ADMET, polymer chemists who only desire
the incorporation of functionality into polymer systems through ROMP or
ADMET are still able to take advantage of the improved stability and reactiv-
ity of the [Ru]* complex.

1.2
History of ADMET

ADMET polymerization is performed on o,-dienes to produce strictly linear
polymers with unsaturated polyethylene backbones, as shown in Scheme 2.
This step-growth polymerization is a thermally neutral process driven by the
release of a small molecule condensate, ethylene [16-20]. Ring-opening
metathesis polymerization (ROMP) is widely used to polymerize cyclic olefins
and is performed with the same catalysts as in ADMET polymerizations.

Acyclic Diene METathesis (ADMET)

Catalyst
ORI :h L"[”‘/\RT R + S

Ring-Opening Metathesis Polymerization (ROMP)

— Catalyst
L) e J{\/\ R/i\
R n

Scheme 2 Metathesis polymerization

The equilibrium of the ADMET polymerization is forced towards high
polymer by running bulk polymerizations under vacuum to remove ethylene.
Working under bulk conditions or in solution, ADMET polymer products have
been isolated up to 80 kg mol™ using [Mo] on hydrocarbon monomers and
up to 70 kg mol™ using [Ru]* on peptide functionalized monomers [39, 40].
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Near-quantitative conversion of monomer to polymer is standard in these
polymerizations, as few side reactions occur other than a small amount of
cyclic formation common in all polycondensation chemistry [41]. ADMET
depolymerization also occurs when unsaturated olefins are exposed to pres-
sures of ethylene gas [42,43].In this case, the equilibrium nature of metathesis
is shifted towards low molecular weight products under saturation with ethy-
lene. Due to the high catalytic activity of [Ru]* and the ability of [Mo] and [Ru]
to create exact structures, ADMET has proven a valuable tool for production of
novel polymer structures for material applications as well as model copolymer
systems to help elucidate fundamental structure property relationships [5].

2
Functionalized Polyethylene via ADMET: Model Copolymers of Ethylene
and Vinyl Monomers

Polyethylene is the polymer produced in the greatest amounts (by weight)
around the world, and is sought after for various applications due to its cost-
effectiveness, ease of production and range of available polymer properties. For
decades, researchers have been trying to produce functionalized polyethylenes
in an attempt to enhance overall properties of the material through incorpo-
ration of polar groups along the polymer backbone. Addition of polar func-
tional groups within the hydrophobic material has been shown to improve
polymer adhesion, barrier properties, and chemical resistance [44].

Post-polymerization functionalization has been used to this end, but most
research has been directed toward the copolymerization of ethylene with polar
monomers. In this manner, inexpensive monomers can be used to create novel
polymeric materials with a wide range of applications. The major drawback to
this methodology is the inherent difference in reactivity between ethylene and
other vinyl monomers during chain polymerization. This phenomenon is
known to yield copolymers with low polar monomer incorporation and in-
creased branch content arising from chain transfer events caused by side reac-
tions with polar and/or protic functionalities [45].

Historically, high-pressure free radical copolymerization has been used to
produce highly branched, ill-defined copolymers of ethylene and various polar
monomers. Although these materials are in production and extensively used
throughout the world, the controlled incorporation of polar functionality cou-
pled with linear polymer structure is still desired to improve material proper-
ties. Recent focus in this area has led to the development of new transition
metal catalysts for ethylene copolymerization; however, due to the electro-
philicity of the metal centers in these catalysts, polar functional groups often
coordinate with the metal center, effectively poisoning the catalyst. There has
been some success, but comonomer incorporation is hard to control,leading to
end-functionalized, branched polyethylenes [44, 46]. These results are un-
desirable due to low incorporation of polar monomer into the polymer as well
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as the inability to control branching, that leads to decreased material proper-
ties relative to the linear systems. Linear systems afford better materials due to
their regular polymer structures, allowing for greater overall crystallinity. Since
the goal of this research is to enhance polymer properties, incorporation of
polar groups into a linear polyethylene backbone would be ideal, as material
properties tend to increase with polymer crystallinity.

ADMET offers a synthetic route to strictly linear, functionalized polyethyl-
enes through the polymerization of a,w-dienes followed by exhaustive hydro-
genation. Researchers have been able to use metathesis catalysts in conjunction
with the functionalized monomers to produce statistical or sequenced copoly-
mers of ethylene with various polar monomers. With the improved tolerance
and reactivity of [Ru]*, the broadening of ADMET methodology will allow the
syntheses of numerous functionalized systems [4]. However, due to the well
known olefin isomerization that occurs during the metathesis polymerization
with [Ru]*, monomer sequence control is lost and the methylene run length be-
tween functional groups varies widely.

While ROMP provides a facile synthetic route to functionalized polyethyl-
ene through polymerization and hydrogenation, the products lack monomer
sequence control and usually fall within a short range of comonomer compo-
sitions relative to ethylene copolymers. This can be overcome by copolymer-
ization, but as with any chain addition chemistry, the reactivity ratios of the two
monomers - in this case olefins - must be essentially identical to obtain a truly
random copolymer. Otherwise, a gradient polymer is obtained. ADMET does
allow sequence control through the use of symmetrical a,0-dienes affording
vinyl monomer analog polymers, and due to the step-growth nature of the re-
action, ADMET copolymerizations are truly random. These benefits of ADMET
can be used to create ethylene copolymer analogs for materials testing and
fundamental studies of polymer structure-property relationships. As illustrated
in ethylene-propylene ADMET copolymer research, sequence control of co-
monomers in functionalized ethylenes results in higher degrees of crystallinity,
leading to enhanced polymer properties [39,47].

2.1
Ethylene-Propylene Copolymers

Controlling branching in polyethylene has been of significant synthetic inter-
est for over 60 years, and numerous studies have been conducted on polyeth-
ylenes with different branch contents and structures [48-56]. Ethylene-propy-
lene (EP) copolymers are methyl branched polyethylenes and can be used to
study fundamental branching effects on polymer properties. Due to the large
range of material properties available from branched polyethylenes, various
architectures have been synthesized using free-radical, Ziegler-Natta, homo-
geneous metallocene, and, more recently, late transition metal catalysts [57-64].
However, side reactions such as chain transfer and chain walking persist in
these polymerizations, causing unwanted branching and broad molecular
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weight distributions [65-67]. These structural defects, although exploited to
create novel polyethylene materials, become unfavorable when trying to under-
stand specific interactions and how they affect the microstructure in copoly-
mers of ethylene and «-olefins. After decades of research focused on chain
polymerization synthesis of strictly linear polyethylenes, Wagener et al. pro-
posed a new synthetic approach to these polymers through step-growth meta-
thesis polymerization, better known as ADMET.

Polyethylene modeling using ADMET step-polymerization began with the
production of strictly linear polyethylene by polymerization of 1,9-decadiene
followed by exhaustive hydrogenation (Scheme 3) [68, 69].

1. ADMET
_—
NN NN W
2. Hy, cat. n
Strictly Linear Polyethylene
Scheme 3 Linear polyethylene via ADMET polymerization

This metathesis polymerization successfully creates defect-free macro-
molecules due to the mild nature of metathesis and its lack of side reactions.
Although the molecular weights of ADMET polymers are less than that of
industrial polyethylene, the entanglement molecular weight for linear poly-
ethylene is 1.0 kg mol™’. Since the molecular weights of ADMET polymers
are far above this value, polymers produced via ADMET make good model
polymers. We now have the ability to fully control branching in linear poly-
ethylene, allowing isolation of fundamental structure-property interactions.

Synthesis of precisely methyl-branched polyethylene began with the prep-
aration of symmetrical methyl-branched o,w-dienes to serve as ADMET
monomers [71]. A family of monomers was designed not only to determine the
effects of regular branching, but also to probe the effect of comonomer incor-
poration, in this case by adding propylene into an ethylene backbone. These
molecules can be polymerized using [Ru] and later hydrogenated, affording the
unsaturated, methyl-branched polyethylenes with number average molecular
weights ranging from 8.5-17.5 kg mol™! and PDIs approaching 2.0, typical of
step-growth polymerization [73]. A family of polymers with multiple branch
contents was obtained by varying the methylene run length between olefins in
the monomer, leading to different spacings of the methyl branches along the
polymer (Scheme 4).

For catalyst comparison, the same monomer was polymerized with [Mo]
and [Ru], affording polymers of equal branch content and M,, values of 72.0 and
17.4 kg mol-!, respectively. Upon thermal analysis of these two polymers, both
produced sharp melt transitions at 57 °C, indicating no difference in polymer
morphology across this range of molecular weights. In-depth discussions on
structural and thermal characterization are included in this report [71]. These
synthetic studies proved that ADMET step-growth chemistry was a viable
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Scheme 4 Precise methyl branching in polyethylene (from [73])

alternative to chain addition polymerization for creating model polyethylenes.
Control over molecular weight, and most importantly over branching and poly-
dispersity, allow the kind of precise control over the polymer microstructure
that has been sought for over 60 years.

Upon realizing that ADMET could be successfully used in a polymer model-
ing motif, expansion of ADMET methodology allowed for the modeling of
random methyl branches by copolymerizing previously-used monomers
with different weight percentages of 1,9-decadiene using [Mo] as the catalyst
(Scheme 5). These experiments produced a family of randomly branched,
linear polyethylenes containing 1.5-97.4 methyl branches per 1000 carbons in

(PE-OCT) - (PE-97.4)

Compound  A(mol %)  2(mol %)

PE-OCT 0 100 Exhaustive
Hydrogenation
PE-1.5 2 98
PE-7.1 5 95
PE-13.6 10 90
PE-25.0 20 80
PE-43.3 40 60
PE-55.6 50 50
(PE-OCTH) - (PE-97.4H)
PE-97.4 100 0

Scheme 5 Random methyl branching in polyethylene (from [72])
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the polymer backbone. Molecular weights between 14 and 31 kg mol™ were
determined by low angle laser light scattering (LALLS) and were in close
agreement with those measured by gel permeation chromatography (GPC)
when compared to ethylene-propylene standards. Stringent structural charac-
terization was performed using FT-IR, 'H and *C NMR to check the random
structures of these ADMET copolymerizations [72].

Thermal characterization was performed by differential scanning calori-
metry (DSC) on all unsaturated and saturated ADMET copolymers. As expect-
ed, the percent crystallinity and heats of fusion for all copolymers containing
up to 25 branches per 1000 carbons increased substantially as the polymer
backbone of the copolymers became more saturated. Also, as branch content
increased, melt transitions shifted to lower temperatures and heats of fusion
decreased, indicating a reduction of overall crystallinity. As the structural order
of the polymer chain is increased by hydrogenating the remaining olefins and
reducing the branch content, the material is able to crystallize more easily,
yielding higher melt transitions and improved material properties relative to
industrial polymers. For highly branched systems with 43 branches per 1000
carbons or higher, broad endotherms were observed, similar to the broad melts
seen with commercial polyethylenes. Even though ADMET copolymers re-
present a good model for ethylene-propylene copolymers over a wide range
of branch contents, their lack of both extensive long chain branching and im-
proved structural order is evident through characterization. Due to the grow-
ing interest in ADMET polymer modeling, current work includes the incor-
poration of longer branches into precisely and randomly branched systems
to perfect the modeling and further understand industrial polyethylene
materials.

2.2
Ethylene-Vinyl Acetate Copolymers

Historically, ethylene-vinyl acetate (EVA) copolymers have been produced
through high-pressure free-radical copolymerization, and have been used in
hot melt adhesives, packaging films, and toys [74]. Although free-radical chem-
istry has failed to produce many ethylene copolymers, ethylene and vinyl
acetate represent an ideal, or Bernoulian chain copolymerization. In this par-
ticular case, the reactivity ratio product r1.r2=1.0, and r1=r2=1.0, resulting in
a truly random incorporation of monomers into the polymer chain. Also, the
copolymer composition is identical to the monomer feed ratio [75]. Due to the
facile synthesis of EVA copolymers with varying degrees of vinyl acetate con-
tent, many studies on structure-property relationships have been performed,
gathering fundamental data for polymer behavior [76-78]. Even though the
availability of many EVA copolymers has created a large database, free-radical
polymerization stills suffer from unwanted chain transfer,leading to extensive
branching. Metathesis step polymerization offers a route to strictly linear EVA
copolymers with a wide range of comonomer incorporation.
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ADMET and ROMP followed by hydrogenation have been used to create
novel, linear EVA copolymers (Scheme 6) [79, 80]. ROMP polymers were ob-
tained by polymerizing a functionalized cyclooctene followed by hydrogena-
tion using [Ru] residue under hydrogen pressure. Although these polymers
were the first examples of linear EVA copolymers, ADMET methodology could
expand our understanding of EVA copolymers, yielding sequenced copolymers
that allow insight into fundamental polymer interactions.

OAc _ ADMET Hz, cat.
NN T M M
X X
x=8,9,10, 12 y =18, 20, 22, 26
OAc OAc
ROMP Hy, cat. QA
OAc ——» = A —_—
i n m n P
n n

z=2m, m+n, 2n
Scheme 6 EVA polymer modeling via metathesis polymerization

Starting with various acetate-functionalized dienes, ADMET polymerization
was used to model sequenced EVA copolymers. These polymers were produced
by bulk polymerization of the acetate-functionalized diene with [Ru] followed
by hydrogenation (see Scheme 7). The hydrogenation procedure, reported as
the saturation method for ROMP EVA copolymers, involves addition of silica
to the reaction mixture after polymerization followed by addition of toluene.
This heterogeneous catalyst mixture was then subjected to hydrogen pressures
until the polymers were fully saturated. After filtration and solvent removal,
colorless semicrystalline polymers of molecular weights ranging from 31-
66 kg mol™' were obtained. Due to the sequence control and lack of branching,
narrow melting temperatures were found relative to the commercially-available
Elvax series of EVA copolymers, usually exhibiting a broad melt transition typ-
ical of industrial copolymers. Experimental observations and characteriza-
tion of ADMET model polymers illustrates the idea that synthesis of regular

R R

W 1. ADMET
—_ T e
= N 2. Hy, cat.
X 2, y 0

X

R (y)=Cl(18)
Ph (18)
CO,Me (18, 22)
CO,Et (18)

Scheme 7 Functionalized polyethylenes via ADMET
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polymer structure allows access to novel polymer properties unattainable in
current industrial processes.

23
Other Ethylene Copolymers

More industrial polyethylene copolymers were modeled using the same me-
thod of ADMET polymerization followed by hydrogenation using catalyst
residue. Copolymers of ethylene-styrene, ethylene-vinyl chloride, and ethylene-
acrylate were prepared to examine the effect of incorporation of available vinyl
monomer feed stocks into polyethylene [81]. Previously prepared ADMET
model copolymers include ethylene-co-carbon monoxide, ethylene-co-carbon
dioxide, and ethylene-co-vinyl alcohol [82,83]. In most cases, these copolymers
are unattainable by traditional chain polymerization chemistry, but a recent
report has revealed a highly active Ni catalyst that can successfully copoly-
merize ethylene with some functionalized monomers [84]. Although catalyst
advances are proving more and more useful in novel polymer synthesis, poor
structure control and reactivity ratio considerations are still problematic in
chain polymerization chemistry.

2.3.1
Ethylene-Styrene Copolymers

Ethylene-styrene copolymers have been difficult to produce in the past due to
reactivity differences between these monomers in chain polymerization chem-
istry. Although incorporation of styrene into a polyethylene backbone has been
successfully achieved with Ziegler-Natta and metallocene catalysts, the styrene
content is low and is usually included at the chain ends [85-88]. ADMET poly-
merization followed by hydrogenation has produced copolymers of this nature
with exactly one phenyl substitution on every 19th carbon of polyethylene.
Characterization by GPC yielded a molecular weight of 18 kg mol~! when com-
pared to polystyrene standards, while the presence of speculated low molecular
weight oligomers and cyclics were detected at longer retention times. Thermal
analysis of the styrene branched polyethylene using DSC showed two broad
melt transitions at -22.5 °C and -1.5 °C. After annealing the sample between the
two endotherms, a single melt transition at -6 °C is obtained with second order
transitions detected as an unstable baseline between 5-20 °C. These interesting
thermal characteristics are left as assumptions with future morphological and
crystallographic work to be performed.

23.2
Ethylene-Acrylate Copolymers

Acrylate-ethylene copolymers have also been synthesized using the same
tandem polymerization/hydrogenation methodology. Commercially, ethylene-
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methyl acrylate (EMA) and ethylene-ethyl acrylate (EEA) copolymers are avail-
able with about 20 wt% acrylate via high-pressure free radical polymeriza-
tion. EMA and EEA copolymers suffer from extensive branching defects and
large polydispersities; differences in the reactivity ratios of the two monomers
make the synthesis of copolymers with varying comonomer contents diffi-
cult [89].

ADMET polymerization of methoxy- and ethoxycarbonyl-containing dienes
followed by hydrogenation has been used to prepare suitable models of methyl
acrylate and ethyl acrylate copolymers [83]. Both acrylate copolymers were
synthesized with ester functionality on every 19th carbon. One methacrylate
copolymer was synthesized with an ester on every 23rd carbon for direct com-
parison with similar EVA model copolymers already discussed in this review
[79]. Molecular weights of 4.8 kg mol~! and 6.4 kg mol! were obtained by GPC
analysis for the methyl and ethyl acrylate polymers, respectively. Melting
temperatures of 14.4 °C and 37 °C were found by DSC for the methyl acrylate
polymers, again illustrating that an increase in functional group size on the
polymer backbone leads to a greater decrease in polymer crystallinity. The
ethyl acrylate polymer exhibited two melt transitions at 9.8 °C and 15.1 °C,
similar to the phenyl-substituted polymer. Although the appearance of two
endothermic events is not explained, the increased size of the pendant group
is responsible for such a low melting point and possibly for second order tran-
sitions involving side group conformation similar to those seen in commercial
EVAs and EMAs. The ethylene-methyl acrylate copolymer and the previously
synthesized ethylene-vinyl acetate copolymer were compared in extensive
discussions that also focused on NMR spectroscopy and thermal behavior [81].
This comparison is interesting, as EMA and EVA pendant groups exist as struc-
tural isomers.

233
Ethylene-Vinyl Chloride Copolymers

The final copolymer synthesized in this report on functionalized polyethylenes
was an ethylene-vinyl chloride copolymer. Also referred to as chlorinated poly-
ethylene (CPE), this copolymer is of significant interest to the polymer com-
munity for morphological and crystallinity studies [90-93]. Wegner et al. per-
formed X-ray and DSC studies on CPEs developed from post-functionalization
of polyethylene, which indicated that the relatively small chlorine atom can be
incorporated into the polyethylene crystalline structure as a defect [92]. This
means that CPEs could lead to materials with improved properties by adding
polar functionality without sacrificing crystallinity. Wegner’s studies proved
that crystallinity control was dependent on functional group placement along
the polymer chain. This is in agreement with all results obtained for the
ADMET functionalized polyethylenes.

The synthesis of ADMET CPE started with the isolation of the symmetrical
chlorine functionalized «,w-diene. Upon polymerization with [Ru] followed
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56°C

Ph CO,Et COMe  OAc Me
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Fig.3 Bar graph of melt transitions versus functional group on every 19th carbon
(from [81])

by hydrogenation and precipitation in acidic methanol, a colorless crystalline
polymer was obtained in good yield. Thermal analysis via DSC revealed an
expectedly high melting point of 77 °C due to chlorine incorporation into the
polyethylene crystal lattice. The melting point is sharp and well-defined, similar
to melting points of precisely methyl-branched polyethylenes [71]. When com-
paring free radical ethylene-vinyl chloride and ethylene-propylene copolymers,
alinear relationship is observed between melting points of the copolymers and
the comonomer content [90]. For ADMET model copolymers, the situation is
reversed, and the methyl and chloro polymers melt at 20 and 57 °C, respectively.
In addition, the high degree of crystallinity and lack of branching accounts for
the low solubilities of the model CPEs in various organic solvents.

A family of ADMET model copolymers were synthesized and used to study
the effects of regular microstructure on polymer properties, in particular
functionalized polyethylenes. The structure-property relationships of various
ethylene copolymers can be clarified using these model systems. This is illus-
trated in Fig. 3 by the relationship of T, to functional group size. Future
studies on these and similar systems should lead to fundamental discoveries
concerning the class of materials known as polyethylenes and their physical
properties.
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3
Block and Graft Copolymers via ADMET

3.1
Grafted Polyethylenes

ADMET has been used to create well-defined architectures of various func-
tionalized polyethylenes that have been discussed throughout this review. Com-
binations of ADMET with atom transfer radical polymerization (ATRP) and
ring-opening polymerization have both proven successful in synthesizing well-
defined graft copolymers. Careful polymerization techniques are extremely
important in grafted polymer synthesis as the graft density, graft length, and
chemical nature of the graft must all be controlled to attain the desired polymer
structure. Properties of grafted systems render them desirable for many pur-
poses, including impact-resistant materials and polymeric emulsifiers, while
poly(ethylene glycol) (PEG) grafted polymers have shown some success in bio-
medical applications due the biocompatibility of this polymer [94-99]. Apply-
ing macromonomer and macroinitiator polymerization techniques, ADMET
polymerization in conjunction with other common polymerization techniques
has afforded PEG and polystyrene (PS) grafted unsaturated polyethylenes
[100, 101].

3.2
Polyethylene-g-Poly(Ethylene Glycol)

For this study, two polyether graft copolymers were synthesized, one contain-
ing a short polyether graft and another with an extended graft architecture
(Scheme 8) [102]. The short graft was prepared by reacting an alcohol func-
tionalized diene with methoxyethoxymethyl chloride (MEMCI) to afford the
MEM functionalized alcohol. This monomer was polymerized with [Ru] af-
fording the precisely spaced short graft copolymer. Although molecular weight
determination by NMR endgroup analysis was impossible, GPC analysis by
comparison to PS standards determined a molecular weight of 15 kg mol~! for
the MEM grafted copolymer.

For the longer polyether graft, the same alcohol functionalized diene was
used to initiate a ring-opening polymerization of ethylene oxide. This reaction
afforded a graft length of twelve repeat units of PEG on the diene macro-
monomer, which was verified via MALDI-TOF analysis, confirming the mono-
dispersity of the graft length prior to polymerization. Upon isolation of the
PEG grafted diene, polymerizations were conducted using [Ru],and a polymer
of 5.5 kg mol~! was obtained. Catalyst complexation with the PEG graft may be
responsible for low conversions during the ADMET reaction. Macromonomer
polymerization was also performed using [Ru]*, affording a 12.0 kg mol!
polymer as analyzed by GPC. Although this report refers to these structures as
“perfect comb” graft copolymers, it is now well known that [Ru]* isomerizes
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olefins prior to and during polymerization, yielding polymers with irregular
methylene run lengths between grafts. Despite imperfect polymer structure,a
novel PEG grafted unsaturated polyethylene was successfully prepared. This
copolymer demonstrated interesting thermal behavior when analyzed by DSC,
and extensive discussion concerning thermal and spectroscopic characteriza-
tion is included within the article [102].

33
Polyethylene-g-Polystyrene

Polyethylene-g-polystyrene has also been prepared using similar macromo-
nomer and macroinitiator techniques [103]. In these experiments, ATRP was per-
formed with an a,-diene macromonomer or a previously synthesized polymer
was used as a multiple point macroinitiator (Scheme 9). For the ADMET
macromonomer synthesis, PS grafts were prepared by exposing the diene
initiator to ATRP conditions in the presence of styrene. Following removal of the
initiator by passing the crude polymerization mixture through silica, two macro-
monomers with graft lengths of 15 and 30 repeat units were isolated by precipita-

tion in cold methanol.
Br
0& Route B

Route A
/\MJ:M/\

9 9
CuBr/bipy
styrene
Ph,O
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Scheme 9 Polystyrene grafted ADMET polymers (from [103])
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All graft lengths were verified by MALDI-TOF analysis, and the molecular
weights of two macromonomers were determined at 2-3 kg mol™! by GPC.
Since these macromonomers existed as solids, ADMET polymerization could
not be performed in the bulk, so polymerizations were performed in solution.
Dissolution of the macromonomer in dried, degassed toluene followed by ad-
dition of [Ru]* afforded only dimerization for the large PS-grafted macro-
monomer and a degree of polymerization of 5 for the shorter PS-grafted
macromonomer. Steric hinderance was speculated as the cause for these low
conversions as the large PS grafts reside close to the metathesis reactive site on
the macromonomer. The PS-grafted diene was copolymerized with 1,9-de-
cadiene, but similar conversions were obtained and the polymers exhibited
number average molecular weights between 7.4 and 13.8 kg mol™'. Again,
macromonomer sterics were to blame for the low olefin conversion. Once
macromonomer techniques were exhausted, the ATRP initiator functionalized
diene was polymerized yielding the highest molecular weight polymer in this
study at 17 kg mol™'. Application of this polymer as a macroinitiator was
attempted under ATRP conditions in the presence of styrene; however, only
short graft lengths were obtained.

The thermal characterization of these novel grafted systems revealed unique
behavior not associated with either of the two homopolymers or random co-
polymers of styrene and ethylene. These results are discussed in the original
article along with NMR and GPC characterization. This is not the first exam-
ple of the use of metathesis coupled with ATRP to create novel copolymers,
as ROMP followed by ATRP has successfully produced novel ABA triblock
copolymers [104, 105]. In this study, Grubbs and colleagues performed ROMP
on cyclooctene with a small amount of ATRP initiator functionalized mono-
olefin. The telechelic obtained allowed for the ATRP of styrene or methyl-
methacrylate from the chain ends. Telechelic monomers have produced co-
polymers up to 40 kg mol-}, well above the molecular weights obtained with the
ADMET studies. This is most likely due to the placement of the ATRP initiator
at the chain ends rather than throughout the polymer backbone, creating a less
hindered environment for subsequent radical polymerization. Further applica-
tion of telechelics as metathesis products will be discussed in the next section.

Combination of ADMET with other well-known polymerization techniques
has yielded new materials with interesting thermal behaviors. Further use of
tandem techniques in this type of materials synthesis can be useful for creat-
ing hybrid materials unattainable through conventional methods.

3.4
Block Copolymers via ADMET Polyoctenamer Telechelics

Telechelic polymers are defined as macromolecules with reactive sites on the
polymer chain, usually as endgroups on linear polymers [106]. This macro-
molecular architecture has successfully produced a wide variety of block co-
polymers using macroinititated polymerizations. Living anionic polymeriza-
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tions have been used to create well-defined block copolymers for various ap-
plications. In this case, the anionic chain ends act as initiators in the sequen-
tial polymerization of vinyl monomers. This method allows for the preparation
of highly monodisperse block copolymers that exhibit a range of widely vary-
ing physical properties. Upon termination of the anionic chain ends with elec-
trophilic reagents such as anhydrides, carbon dioxide, or ethylene oxide,
selective placement of the desired end groups can be achieved for future func-
tionalization or polymerization. Initiators containing protected functionality
have also been used to this end when, upon deprotection, reactive groups reside
on chain ends. Diblock copolymers are synthesized through this methodology
using the macroinitiator approach to polymerize a different monomer from the
reactive chain end. For metathesis polymerization, monofunctional olefins are
added to the polymerization mixture not only to control overall molecular
weight, but also to attach desired functionality to the chain ends.

A variety of telechelic polymers have been synthesized through tandem
ADMET and cross metathesis experiments [107-109]. Although the vinyl end
groups created from ADMET polymerization are reactive and able to be used
in subsequent polymerization, chemical differentiation of these olefins from
the internal olefins in the polymer chain is difficult in most reactions and im-
possible in metathesis chemistry. Copolymerization of an o,c0-diene monomer
with a previously synthesized ADMET polymer yielded a copolymer random-
ized through trans-metathesis along the polymer backbone [110, 111]. The
inability to differentiate olefins leads to a randomization of olefins within the
metathesis regime, and end groups can be incorporated into the polymer
using a functionalized monoolefin that can undergo cross metathesis with any
double bonds in the polymer creating chain ends in situ. As long as the func-
tionality within the endcapping unit does not affect metathesis, telechelic
polymers of desired mass and low polydispersities can be prepared. Recently,
triblock copolymers and segmented copolymers have been synthesized using
this methodology. Subsequent polymerization from the chain ends and use of
the telechelic as a reactive monomer in a second polymerization has been per-
formed, yielding novel block copolymer architectures.

Brzeznska and Deming have synthesized novel poly(y-benzyl-L-glutamate)-
b-polyoctenamer-b-(y-benzyl-L-glutamate) triblock copolymers (Scheme 10)
[112]. These copolymers are of interest as the incorporation of biopolymers into
a block system may offer morphological control through tunable con-
formations of biological materials. Specifically, the production of synthetic
protein-lipid bilayers for membrane development has been targeted [113].
Previous work has shown that influences of alpha and beta conformations
of biological systems can alter the morphologies and thermal properties of com-
mon homopolymers [109, 114]. The recent development of low glass transition
telechelic polymers has become of interest in regard to the development of novel
polymeric networks. As the methodology of incorporating chemically different
polymers into covalent networks becomes available, access to previously un-
attainable morphologies and polymer properties will also become available.



T.W. Baughman - K. B. Wagener
o]

20
NN NN eSS SN
o}

o l [Ru] o
@”MW@@
8 6 'n 8
(e} o}

2 NH,NH,
HZNMWNW
8 6 'n 8
Ho Q
" /\/OTN___*)\O-Nb
oOR 2

B
2 depeNi(COD) l 2C0O,
2 =N depe
Ni-NH

depe
~Ni ,
HT\«NWN
8 6 8 >/) R
R 5 n g

HN

Scheme 10 Block copolymers via ADMET telechelics (adapted from [112])



Recent Advances in ADMET Polymerization 21

Synthesis of poly(y-benzyl-L-glutamate)-b-polyoctenamer-b-(y-benzyl-L-
glutamate) triblock copolymers began with the preparation of a telechelic poly-
octenamer via ADMET polymerization [112].1,9-decadine was polymerized in
the presence of 11-phthalimido-1-undecene with [Ru], affording a telechelic
polymer endcapped with phthalimido groups. Incorporation of the phthalim-
ido groups undoubtedly begins with the polymerization, but trans metathesis
incorporates units of 1,9-decadiene while retaining chain end functionality.
In this case, telechelics were synthesized at desired molecular weights of 2.1-
12.5 kg mol™ by careful control of catalyst to monomer ratio. Molecular weight
data were obtained by endgroup analysis in 'H NMR and by GPC. Upon full
characterization of the telechelic, the phthalimido endgroups were converted
to amino end groups by reaction with hydrazine. This deprotected telechelic
was then utilized as a macroinitiator in the living polymerization of glutamatic
acid-N-carboxyanhydride [115, 116, 117]. Thermal characterization by DSC
isolated melt transitions arising from the polyoctenamer block at 48.6 °C.
Selective polyocteneamer degradation studies using osmium tetroxide allowed
isolation of homo poly(glutamic acid) and confirmed the identity and structure
of different blocks within this copolymer [119]. Upon isolation of the un-
saturated triblock copolymer, hydrogenation was performed with Wilkinson’s
Rh catalyst to attain a linear polyethylene middle block, in the hope of raising
the melt transition of this block, affording desirable material properties.
Creation of homopolypeptide contaminants was avoided through the use of
macroinitiator methodology that only allowed initiation from the polyocte-
namer chain ends. This work has proven beneficial, illustrating the flexibility
of ADMET chemistry in syntheses of novel materials with possible biological
activity.

Tamura and colleagues have synthesized novel triblock copolymers through
a starting middle block of epoxy functionalized polyoctenamer (Scheme 11)
[119]. A telechelic polyoctenamer was synthesized via metathesis condensa-
tion of 1,9-decadiene with an epoxy functionalized monoolefin at 90 °C for
96 hours. A relationship between molecular weight and temperature dependence
was determined and allowed synthesis of the ideal telechelics for these experi-
ments. Ethylene removal was accomplished through intermittent vacuum cycles
every three hours. Following precipitation of the reaction mixture from chloro-
form into acetone to remove catalyst residue, NMR and GPC analysis confirmed
the synthesis of the epoxy telechelic of M, 4700. Yields of the telechelic synthe-
sis were around 25%, but high conversion of the olefin was noted in crude NMR
experiments. The authors attributed these results to the loss of low molecular
weight oligomers during post polymerization precipitation.

Copolymerization of the telechelic polyoctenamer diepoxide was performed
by exposure to toluene diisocyannate, tributyl phosphate, and lithium bromide
in toluene. Upon reaction of the isocyannate and epoxide, an oxazolidone
moiety is placed in-between each segment of polyoctenamer. IR, NMR, and
GPC analysis support these claims, but molecular weight data could not be
obtained. GPC data alluded to the presence of two polymeric species in the
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Scheme 11 Segemented copolymer via ADMET telechelic

product and current work is underway to separate and analyze the reaction
products. Evaluation of small molecule test reactions of epoxy olefin dimer-
ization and small molecule oxazolidone synthesis was performed and is also
discussed within the article.

Numerous block copolymer architectures can be devised using functional-
ized polyoctenamer telechelics via ADMET polycondensation. Using protect-
ing group chemistry or metathesis friendly functionalized monoolefins, almost
any reactive group can be placed on the terminus of polyoctenamer through
the previously reported procedures. One other example of silane-terminated
telechelics was recently published, and discussion of this is included in the later
section concerning silicon-containing polymers.

3.5
Alternating Copolymers

Alternating copolymers have been previously synthesized via metathesis poly-
merization by Grubbs et al. using ring-opening insertion metathesis polymer-
ization (ROIMP) [120,121]. Here, a fast ROMP polymerization of a cyclic olefin
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is followed by incorporation of a linear electron deficient diolefin into the
polymer chain via in situ CM. While this method offers a synthetic route to AB
copolymers, monomer selection is limited by ROIMP methodology. Recently,
ADMET has been applied to this synthetic problem of affording novel AB
alternating copolymers of widely varying structures.

Insertion metathesis polycondensation based on ADMET has been developed
as a method of alternating copolymer production. Alternating diene metathesis
polycondensation (ALTMET) was performed by reacting electron-poor dienes
with terminal alkyl diolefins [122]. This polymerization successfully creates per-
fectly AB alternating structures due to the use of olefins with widely varying
reactivity. Production of the electron-poor diene cross-product is suppressed
due to the lower activity of the acrylate relative to the alkyl-substituted olefin
and the inherent inactivity of the acrylate-functionalized catalyst intermediate
towards other electron poor olefins. This selectivity allows for the polymeriza-
tion of the alkyl diolefin followed by CM of the electron-poor olefin into the
polymer backbone. A library of alternating copolymers was produced by copoly-
merization of monomers from families of alkyl diolefins and electron-poor
diacrylates [122]. Since no electron-poor diolefin can be placed next to a similar
monomer in the polymer, acrylates are incorporated into the polymer between
two dissimilar monomers, creating the alternating AB copolymer. A wide range
of unsaturated polyesters were produced, illustrating the flexibility of ALTMET
relative to ROIMP for the synthesis of alternating copolymers.

4
Polymeric Materials via ADMET

4.1
Phosphazene Polymers

Phosphazenes are an interesting class of hybrid materials that have been used
to create polymers with widely varying mechanical properties, and they have
been recently incorporated into polyimides, polyamides, polyesters,
polyurethanes, and polyketones [123-131]. Offering synthetic flexibility due to
the labile P-Cl bond, parent cyclic phophazene trimers are easily accessible
starting materials that allow substitution of almost any nucleophile to the
phosphazene prior to polymerization. Linear phosphazene polymers have been
produced in this manner with a wide range of substituents, allowing tunability
of polymer properties [132]. Many of these polymers are suitable for use in fuel
cell membranes, ion transport, elastomers, and biodegradable polymers. To
date, literally hundreds of phosphazene polymers have been produced, ranging
from water soluble, biodegradable polymers to hydrophobic elastomers [123,
124, 132]. Using metathesis to incorporate cyclic phosphazene units into
commodity polymers like polyethylene has been of interest for morphology
control as well as preparation of combustion-resistant materials.
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Allcock and colleagues have used ROMP and ADMET to create novel poly-
meric systems containing cyclic phosphazene trimer unties in the polymer.
Using ROMP, phosphazene units are incorporated as pendant groups through-
out the main chain of an unsaturated polymer by polymerization of a func-
tionalized norbornene [133]. For ADMET polymerization, a cyclic phospha-
zene was disubstituted with a terminal diene yielding the target monomer.
Upon bulk polymerization, the cyclic phosphazene was included in the main
chain of the polymer, creating a cyclolinear macromolecule [134-136]. As seen
in Scheme 12, many cyclolinear polymers were prepared, containing various
substituents.

_OO
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Scheme 12 Phosphazene-containing ADMET polymers
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Allcock and colleagues isolated the off-white polymers by reprecipitation
from THF into hexanes. Subsequent hydrogenation was performed, and as
expected, the hydrogenated products exhibited higher melt transitions relative
to the unsaturated polymers. An overall decrease in polymer melting point
relative to polyethylene was observed due to the disruption of polymer crystal-
linity by incorporation of the cyclic moieties into the system. While the crystal-
linity decrease was expected, more robust materials were desired. To achieve
this end, polymers containing more sterically encumbered groups and lower
incorporations of the cyclic phosphazene were prepared and exhibited higher
glass transition temperatures. Although material properties were significantly
improved, preparation of polymers with even lower phosphazene contents were
desired. Copolymerization of the phosphazene monomer with 1,9-decadiene
afforded a copolymer of higher crystallinity and low phosphazene incorpora-
tion. Combustion resistance experiments are ongoing.
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4.2
Poly(p-phenylene vinylene) Oligomers

Poly(p-phenylene vinylene) and various substituted derivatives belong to
the family of conducting polymers [137]. This family of polymers can conduct
electrons along the polymer chain through an uninterrupted arrangement
of T orbitals. These polymers exhibit many unique properties due to this
conductivity,and much research is underway to incorporate these flexible con-
ductors into numerous applications. Due to low densities relative to metallic
conductors and the chemical resistance of these systems, lightweight electronic
devices can be fabricated and put into use where old technology fails. Electro-
luminescence, nonlinear optical response, photoconductivity, and photolumi-
nescence are just a few properties of these polymers that make them attractive
for use in many novel applications or devices [138-143]. Production of viable
organic light emitting diodes is of interest, as applications of these polymers in
flat panel displays become a reality.

Although much is known about these polymers, they continue to be studied
throughout the world to delineate structure-property relationships, especially
relating to conjugation length and electronic properties. Polymer modification
via substitution has proven useful in determining systemic effects on bulk poly-
mer systems, but additional research is directed toward conjugated oligomers
to determine precisely what happens as you add repeat units into the system
one at a time. These studies should yield a fundamental understanding of how
conjugation length affects material properties. Once these relationships are well
understood, novel conjugated polymers of desired conjugation lengths may
be constructed, affording enhanced electronic properties for use in various
devices.

Recently, a family of diheptyloxy-substituted PPV oligomers has been syn-
thesized using ADMET methodology [144]. Upon polymerization of 2,5-de-
heptyloxy-1,4-divinylbenzene with [Mo], vinyl-endcapped PPV oligomers
were obtained (Scheme 13). Although the vinyl-endcapped PPVs lack thermal
stability and cannot be used directly for any applications, the vinyl groups allow
unique possibilities for further functionalization through cross metathesis of
the oligomers. In this case, trans-3-hexene was added to the polymerization
mixture to endcap the oligomers with 1-butenyl groups rather than the vinyl
substituents. Column chromatography with basic alumina was used to separate
the vinyl and butenyl oligomers into crude mixtures, followed by subsequent
rounds of chromatography on the crude mixtures to isolate the single
oligomers of each type.

Characterization of the oligomers was performed using DSC, MALDI-TOF,
FT-IR and NMR. DSC analysis on the monomer and all endcapped oligomers
revealed an expected trend of increasing melting point with increasing
oligomer molecular weight. MALDI-TOF was used to verify the monodisper-
sity of each oligomeric sample, ensuring that chemical separation was suitable
for isolating single oligomers. Extensive characterization by FT-IR and NMR
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Scheme 13 PPV oligomers (adapted from [144])

was performed and is included within the text, focusing on the relation of
oligomer size to spectral properties [144].

Upon isolation and characterization of single oligomers containing 2-8 PPV
repeat units, research was focused on preparation of easily separable, higher
order oligomers through metathesis telomerization; the polymerization of low
oligomers [145]. Using [Mo], selective telomerization was performed on mono-
disperse low oligomers to obtain only CM products with terminal double bonds
and no reaction with internal vinylene units. Since only the terminal double
bonds of monodisperse oligomers react, product mixtures will contain
oligomers of integer multiplicity relative to the starting material. This creates
oligomeric mixtures differing by the number of repeat units in the original low
oligomer material. Easily separable reaction mixtures of all trans configured
PPV oligomers can be isolated and purified on a large scale using standard
chromatographic techniques. Application of previously described methods fails
in this motif if higher degrees of polymerization or larger quantities of mono-
disperse oligomers are needed. NMR analysis of products and time-dependent
MALDI-TOF characterization of telomerization reactions are discussed in de-
tail. While [Ru]* seems the catalyst of choice for dimerization of low oligomers,
[Mo] is the catalyst of choice for telomerization due to higher conversions, no
“side reactions” with internal vinylene units, and the kinetic control displayed
during telomerization. Selective dimerization of lower oligomers has been
shown to be a valuable method of monodisperse trans-PPV oligomer synthesis.

The PPV oligomers synthesized here represent a novel class of oligomers
that prove valuable as model compounds for furthering the understanding of
conjugated systems. Optical characterization along with detailed microstruc-
ture analysis of the oligomers correlated to the chain length should yield valu-
able data concerning conjugation length and optical properties of conjugated
polymers.
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5
Chiral Polymers via ADMET

Chiral polymers have been applied in many areas of research, including chiral
separation of organic molecules, asymmetric induction in organic synthesis,
and wave guiding in non-linear optics [146, 147]. Two distinct classes of poly-
mers represent these optically active materials: those with induced chirality
based on the catalyst and polymerization mechanism and those produced from
chiral monomers. Achiral monomers like propylene have been polymerized
stereoselectively using chiral initiators or catalysts yielding isotactic, helical
polymers [148-150]. On the other hand, polymerization of chiral monomers
such as diepoxides, dimethacrylates, diisocyanides, and vinyl ethers yields
chiral polymers by incorporation of chirality into the main chain of the poly-
mer or as a pedant side group [151-155]. A number of chiral metathesis cata-
lysts have been made, and they have proven useful in asymmetric RCM as well
as in stereospecific polymerization of norbornene and norbornadiene
[156-159]. This section of the review will focus on the ADMET polymerization
of chiral monomers as a method of chiral polymer synthesis.

5.1
Amino Acid-Containing Polymers

Amino acid-containing polymers are target molecules of great interest due to
their possible application as biocompatible materials. Incorporation of glu-
tamic acid functionality into a triblock copolymer has already been discussed
in a previous section of this review [116]. Incorporation of these moieties into
commodity polymers resulting in chiral materials is now feasible due to recent
advances in amino acid isolation and purification [160]. Polymer chemists are
interested in amino acids due to the hydrogen bonding nature of these units
and their ability to take on a higher degree of order through a-helix or 3-sheet
formation. These ordered structures may lead to enhanced polymer behavior
or advanced applications, as found in drug-delivery agents, chiral recognition
stationary phases, or metal-ion absorbents [160].

Synthetic methods targeting amino acid incorporation into functional mate-
rials vary widely. Free-radical polymerization of various amino acid substituted
acrylates has produced many hydrocarbon-amino acid materials [161, 162].
In separate efforts, Morcellet and Endo have synthesized and meticulously char-
acterized a library of polymers using this chain addition chemistry [163- 166].
Grubbs has shown ROMP to be successful in this motif, polymerizing amino acid
substituted norbornenes [167-168]. To remain within the scope of this review,
the next section will focus only on ADMET polymerization as a method of
amino acid and peptide incorporation into polyethylene-based polymers.

Wagener and colleagues first reported the use of ADMET as a method of
amino acid incorporation into polymers in 2001, and have since expanded their
research to focus on the production of novel polymeric materials targeted
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Table 1 Properties of amino acid-containing ADMET polymers I (from [169])

Monomer Polymer [a], (deg) [al,(deg) M, (g/mol)* PDI® T, (°C)¢ T, (°C)d

4 12 =32 -32 4700 1.73 € €

5 13 -34 -20 27000 1.77 29 38
6 14 33000 1.64 € 39
7 15 -13 -64 31000 2.02 114 114
8 16 -13 -7 26000 2.10 135 135
9 17 21000 1.70 € 46

@ M, values were calculated by GPC vs polystyrene standards. Specific rotationswere mea-
sured in CH,Cl, at 25 °C, where [a],, is the specific rotation of the monomer and [a],, is
the specific rotation of the polymer; " the polydispersity was determined by GPC analysis;
¢ determined by DSC. Reported T,, is due to melt crystallization; ¢ Determined by DSC.
Reported Ty, is due to solution crystallization; ¢ No T, was detected.

at biological applications [169, 170]. The first report revealed a novel approach
for synthesis of amino acid moieties within the main chain and as pendant
groups in an unsaturated polyethylene backbone (Table 1, Schemes 14 and 15).
Due to reaction mixture solidification after only a few couplings, standard
bulk polymerization procedures were inappropriate, and solution polymer-
ization procedures were developed to counteract this phenomenon. Polymers
synthesized with amino acids within the main chain were hydrolytically un-
stable, as degradation of the amino acid lead to polymer degradation. These

Table 2 Properties of amino acid and peptide ADMET polymers (from [170])

Polymer M,, (g/mol)? PDI* T,, (°C)® T, (°C)
19 26,000 1.54 € 28
20 36,000 1.45 € 18
21 73,000 1.55 132 d
22 63,000 1.67 €

23 21,000 1.62 38¢ =21
24 25,000 1.91 €

25 42,000 1.85 € -10
26 29,000 1.59 € 3
27 44,000 1.80 79 d
28 26,000 1.40 € 69
29 73,000 1.50 106 5
30 21,000 1.40 71¢ d
31 38,000 1.64 74 d

@ M,, and PDI values were calculated by GPC using LALLS; ® data obtained using a Perkin-
Elmer DSC 7 at 10 °C/min; © the T, reported is that of the solvent crystallized sample and
noT,, was observed from the melt crystallized sample; ¢ no T, wasobserved over the scanned
range of -80 to +180 °C; ¢ No T,, was observed over the scanned range of -80 to +180 °C.
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Scheme 14 Amino acid-containing ADMET polymers I (from [169])

polymers were synthesized in the hope that they could be used as biodegrad-
able materials.

Pendant amino acid and peptide polymers synthesized via ADMET have
been studied in greater detail than their linear analogs; to date more than
twenty pendant functionalized unsaturated polyethylenes have been prepared
and characterized (Table 2, Scheme 16) [170]. Synthesis of these polymers began
with the synthesis of an amino acid functionalized diene for polymerization
with [Ru]* in THF at 50 °C. Extra catalyst and solvent was added when neces-
sary. Initial thermal characterization of unsaturated polymers revealed signi-
ficant differences in morphologies, with some polymers being fully amorphous
while others were crystalline. Wide-angle X-ray studies have revealed crystal-
line domains unlike any ever seen in polyethylene materials. Optical studies
and material characterizations are underway to determine solution and bulk
morphological properties of this family of polymers. If biomaterials can be
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Scheme 15 Amino acid-containing ADMET polymers II (from [170])

produced with selective surface aggregation of amino acid functionality, bio-
activity of the bulk polymer could be used in various applications.

5.2
p-chiro-Inositol-Based ADMET Polymers

ADMET polymers containing D-chiro-inositol have been prepared by poly-
merizing the acetonide-protected inositol diene followed by deprotection to
the p-chiro-inositol containing polymer [171]. Synthesis of the monomer pre-
cursor was performed using whole-cell fermentation of bromobenzene with
E. coli JM109.pDTG601A, a recombinant organism expressing toluene dioxo-
genase [172]. This diol precursor was easily converted to the acetonide pro-
tected inositol and then exposed to [Ru] to obtain the protected polymer
(Scheme 17). The 18 kg mol-'D-chiro-inositol polymer was isolated in good
yield upon quantitative deprotection with trifluoroacetic acid, and applications
of this polymer in chiral separation and/or catalyst development are being
investigated.
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6
Silicon-Containing Polymers

Silicon-containing polymers have been of great interest in the polymer com-
munity. Such polymers have found use in biomedical, electronic, ceramic, and
agricultural applications, since they offer properties unattainable with organic
polymers [173]. Siloxane-based polymers retain flexibility and impact resis-
tance far below operating temperatures of conventional elastomeric materials
[174]. Desirable features, such as low glass transition, water repellency, oxida-
tion resistance, and chemical stability, have led to applications as elastomers,
sealants, lubricants, and laminates across many areas of industrial and do-
mestic use. Carbosilane polymers exhibit enhanced thermal stability, yielding
materials applicable in high-temperature applications. Hybrid inorganic-
organic materials have been the goal of many synthetic chemists in recent
years, as incorporation of these desirable properties into existing organic
materials should lead to improved performance. Relatively few synthetic routes
exist to produce materials containing silicon and organic polymers, and with
the recently expanded graft and block copolymer methodologies of ADMET
polymerization, synthesis of hybrid copolymers in this manner is now feasible.

ADMET polymerization has been used to integrate silicon into linear and
network hydrocarbon polymers in an attempt to produce novel materials with
enhanced thermal and mechanical stability. While ADMET has been used to
produce copolymeric architectures unattainable through conventional methods,
application of this polymerization to synthesis is feasible only if the silicon-
based functionality does not inhibit metathesis. This research, initiated in the
early 1990s by Wagener and colleagues, has shown that the silane and siloxane
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functionalities can be tolerated by [Mo], and even by the most highly reactive
tungsten-based metathesis catalysts, to produce hybrid polymers [175-178].

6.1
PDMS-b-Polyoctenamer-b-PDMS

ADMET telechelic synthesis has been employed to produce novel block co-
polymers of polyoctenamer and poly(dimethylsiloxane) (PDMS) [108].In this
synthesis, 4-pentenylchlorodimethylsilane was prepared as a chain terminat-
ing endgroup for the telechelic. This endcapping unit was polymerized with
1,9-decadiene using either [Mo] or [Ru] to afford the telechelic oligomers
(Scheme 18); NMR, GPC, and vapor pressure osmometry (VPO) confirmed the
synthesis of telechelics with M,, values between 1-10 kg mol™'. These highly
reactive silane-terminated polyoctenamers were then converted to block
copolymers by exposure to hydroxy-terminated PDMS polymer. The single
hydroxyl group present at one chain end of the PDMS chain quickly reacted
with the disilane telechelics forming two Si-O bonds, releasing HCI, and yield-
ing a novel block copolymer represented as PDMS-b-polyoctenamer-b-PDMS.
Again, NMR, GPC, and VPO were used to confirm the block copolymer struc-
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Scheme 18 PDMS-b-POCT-b-PDMS synthesis



34 T.W. Baughman - K. B. Wagener

ture; number average molecular weights of around 11.5 kg mol™ were obtained
for the block copolymers.

6.2
Carbosilane Polymers via ADMET

Upon synthesis of the telechelic oligomers and further modification of the
reactive Si-Cl bond, Wagener and colleagues devised a macromolecular subs-
titution route to polycarbosilanes (Scheme 19) [179]. These experiments in-
volved synthesis of a reactive polymer followed by substitution chemistry
throughout the polymer chain. Although many chemical transformations have
been attempted on macromolecular systems, few have proven quantitative due
to the increased sterics associated with main chain functionality, leading to
decreased reactivity and low conversions. However, quantitative substitutions
using highly reactive chlorosilanes have been achieved. As an example, West
and coworkers demonstrated quantitative substitutions when synthesizing
functionalized polycarbosilanes through macromolecular substitution chem-
istry [180, 181].

cl,_cl (Mo] il
NS oS ’ ~
n
. R_.R
RLi, PhH WSi\/\% R = Me, n-Bu, Ph
n

Scheme 19 Carbosilane ADMET polymers

With this past success in mind, ADMET experiments began with the syn-
thesis of di(4-pentenyl)dichlorosilane via Grignard addition of 4-pentenyl
bromide to tetrachlorosilane. This monomer was polymerized under strin-
gently dry conditions, yielding linear, unsaturated homopolymers with highly
reactive Si-Cl bonds dispersed along the polymer backbone. Quantitative
substitution of methyl and n-butyl groups onto the polymer was then accom-
plished by exposure of the polymer to the appropriate alkyl lithium salt. Only
partial substitution with phenyl lithium was accomplished; addition of methyl
lithium allowed the preparation of an air stable polymer. Upon substitution
and conversion of the Si-Cl bonds to Si-C bonds, the polymer was no longer
hydrolytically unstable. NMR analysis of all three polymers indicated quanti-
tative substitution of the Si-Cl bond, which was also evident by the solubilities
of the polymers, as they had not crosslinked upon exposure to atmospheric
moisture. It had been previously shown that only 1% of unreacted Si-Cl bonds
would yield an insoluble network upon exposure to moisture [182]. GPC ana-
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lyses of the modified parent polymer and all substituted polymers were per-
formed, that indicated number average molecular weights near 20 kg mol-' and
polydispersities around 2.0. Production of amorphous hybrid materials via
ADMET methodology has proven successful, and this method enables the syn-
thesis of novel functionalized systems through well-known silane substitution
chemistry.

6.3
Latent Reactive Carbosilane Polymers

The ADMET monomer di(4-pentenyl)dichlorosilane was also used in the syn-
thesis of carbosilane-based latent reactive polymers [183]. Here, the parent
silane was used as a starting point to synthesize a library of silane monomers.
Phenoxy, methoxy, ethoxy, and trifluoroethoxy bis chloro silanes were synthe-
sized using standard small substitution techniques, and polymerization was
conducted using [Ru]* with a monomer/catalyst ratio of 200:1 (Scheme 20).
Only the phenoxy substituted polymer could be characterized via GPC ana-
lysis due to the inherent air instabilities of the other alkoxy silane polymers.
NMR end group analysis revealed number average molecular weights of 11—
15 kg mol™! for the air sensitive polymers, while the phenyl silyl ether polymer
was measured at 18 kg mol! and had a polydispersity of 1.8 via GPC. These
polymers illustrate the apparent inactivity of the silicon-oxygen bond during
metathesis polymerization.

cl. cl KOR RO, OR
. o .
NS Et,0 PV UL NN N

R= Me, Et, CH20F3, Ph

[Ru]* RO, ,OR Moisture

- \fMSI\/\/]/ —_— Crosslinked Network
n

Scheme 20 Latent reactive carbosilane polymers

Homopolymers and copolymers containing carbosiloxane and carbosilane
units have been produced that bear latent reactive sites along the chain [184].
Reactive carbosiloxane and unreactive carbosilane homopolymers were first
prepared in order to ensure catalyst monomer compatibility and to set end
points for copolymer properties. Carbosiloxane homo- and copolymers were
synthesized with latent reactivity dispersed throughout the polymer chain in
the form of methyl silyl ethers (Scheme 21). It is well known that Si-OMe bonds,
although inert during metathesis, can react with atmospheric moisture creat-
ing stable Si-O-Si bonds and methanol [185].
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This type of network synthesis allows for the preparation of a wide variety
of copolymers and ultimately networks, offering widely varying chemical and
physical properties depending on the comonomer ratio and the density of
latent reactive groups along the polymer chain. Linear homo- and copolymers
were obtained by ADMET with [Mo] in a glovebox. NMR analysis of the
product polymers illustrated the appearance of an internal olefin peak indica-
tive of metathesis polycondensation, as well as the unchanged silyl ether signal
indicating the presence of the latent reactive site.

Latent reactive silyl ethers have been used in the sealant industry to cure
siloxane caulks and adhesives [185]. A silanol (Si-OH) group is produced upon
exposure of the silyl ether to atmospheric moisture, which can undergo further
reaction with another silyl ether to create a thermodynamically stable Si-O-Si
bond between polymer chains. Varying the molar ratio of the latent reactive
carbosilane to the unreactive carbosiloxane allows us to control the crosslink
density and material properties of the resultant polymer network. Previous
work from this research group has shown the ability of other latent reactive
sites to be used to prepare novel hybrid polymers, but the rate of reaction of
the Si-Cl bond is much faster than that of the silyl ether, making the latent
reactivity hard to control and too fast to allow proper molding of the linear
polymer prior to crosslinking [179]. Metathesis polymerization of latent reac-
tive carbosiloxanes into various homo- and copolymeric systems has shown
that ADMET is a useful method for synthesizing functional materials. Currently,
a family of novel latent reactive monomers is being prepared by copolymer-
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ization of carbosilane and carbosiloxane monomers in order to prepare novel
hybrid segmented networks for various low temperature applications [186].

7
Conclusion

Recent developments in ADMET polymerization and its use in materials prep-
aration have been presented. Due to the mild nature of the polymerization and
the ease of monomer synthesis, ADMET polymers have been incorporated into
various materials and functionalized hydrocarbon polymers. Modeling indus-
trial polymers has proven successful, and continues to be applied in order to
study polyethylene structure-property relationships. Ethylene copolymers have
also been modeled with a wide range of comonomer contents and absolutely
no branching. Increased metathesis catalyst activity and functional group
tolerance has allowed polymer chemists to incorporate amino acids, peptides,
and various chiral materials into metathesis polymers. Silicon incorporation
into hydrocarbon-based polymers has been achieved, and work continues
toward the application of latent reactive ADMET polymers in low-temperature
resistant coatings.
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Abstract Liquid crystalline polymers (LCPs) have gained attention as materials with inter-
esting optical, mechanical and rheological properties. This review summarizes research on
thermotropic liquid crystalline polymers synthesized by metathesis polymerization tech-
niques. Ring opening metathesis polymerization (ROMP) is a versatile tool for preparing
side chain liquid crystalline polymers (SCLCPs) with different mesogenic units. The living
character of ROMP allows us to design well-defined polymers and copolymers with con-
trolled molecular weight and molecular weight distributions. The mesophase type and the
thermal transition temperatures are influenced not only by the attached mesogenic moiety
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but also by the stiffness of the polymer backbone, the spacer lengths between the main chain
and the liquid crystalline entity, the Z/E isomerism, the tacticity, and so on. In addition, the
use of acyclic diene metathesis polymerization (ADMET) or alternating diene metathesis
polycondensation (ALTMET) offer new possibilities for creating new main chain liquid crys-
talline polymers (MCLCPs). A short discussion of new trends and potential applications
for these polymers concludes the review.

Keywords Liquid crystalline polymers - Metathesis - ROMP - ADMET - ALTMET

List of Abbreviations

LC Liquid Crystal(line)

ROMP  Ring-opening metathesis polymerization
ADMET Acyclic diene metathesis polymerization
ALTMET Alternating diene metathesis polycondensation
MCLCP Main chain liquid crystalline polymer

SCLCP  Side chain liquid crystalline polymer

mru molecular repeating unit

k crystalline

g glassy

s smectic

n nematic

i isotropic

Dy discotic hexagonal

Dy hexagonal columnar

PDI polydispersity index (M,,/M,)
DP degree of polymerization

T, glass transition temperature
DSC differential scanning calorimetry
SEC size exclusion chromatography

POM polarized optical microscopy
WAXD  wide angle X-ray diffraction
SAXS small angle X-ray scattering

1
Introduction

1.1
Liquid Crystalline Polymers

Since their discovery in the nineteenth century [1], liquid crystals have fasci-
nated scientists due to their unusual properties and their wide range of poten-
tial applications, especially in optoelectronics. LC systems can be divided into
two categories: thermotropic LC phases and lyotropic LC phases. Thermotropic
LC systems result from anisotropic molecules or molecular parts (so called
mesogens or mesogenic moieties, respectively), and form “liquid crystalline”
phases between the solid state and the isotropic liquid state, where they flow
like liquids but possess some of the characteristic physical properties of crys-
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tals [2]. One can distinguish between rod-like (calamitic) and disk-like (dis-
cotic) mesogens, which are the two most important mesogen classes.

Lyotropic liquid crystal phases are formed by amphiphilic molecules (sur-
factants, block copolymers) in solution, driven by repulsive forces between
hydrophobic and hydrophilic parts. In a polar solvent, the hydrophilic parts
associate with the solvent, whereas the hydrophobic parts interact to form the
interiors of micelles (as in low-molecular surfactants). Micelles can be spher-
ical, rod-like or discotic in shape. The contour of the micelle is determined by
the relative sizes of the hydrophilic and hydrophobic groups. Micelle shapes are
influenced by solvent, concentration and temperature.

Liquid crystallinity can be attained in polymers of various polymer archi-
tectures, allowing the chemist to combine properties of macromolecules with
the anisotropic properties of LC-phases. Mesogenic units can be introduced
into a polymer chain in different ways, as outlined in Fig. 1. For thermotropic
LC systems, the LC-active units can be connected directly to each other in a
condensation-type polymer to form the main chain (“main chain liquid crys-
talline polymers”, MCLCPs) or they can be attached to the main chain as side
chains (“side chain liquid crystalline polymers”, SCLCPs). Calamitic (rod-like)
as well as discotic mesogens have successfully been incorporated into polymers.
Lyotropic LC-systems can also be formed by macromolecules. Amphiphilic
block copolymers show this behavior when they have well-defined block struc-
tures with narrow molecular weight distributions.

Liquid crystalline polymers (LCPs) have gained attraction as materials with
interesting optical, mechanical and rheological properties [3-7]. This review
summarizes research on thermotropic liquid crystalline polymers synthesized
by metathesis routes, as this chemistry has proven to be a versatile way to build
up well-defined polymer architectures [8]. Recent results promise to expand
the possible uses of these methods.

Ring opening metathesis polymerization (ROMP) can be used to build up
SCLCPs using various mesogenic units. ROMP-derived SCLCPs exhibit a num-

thermotropic systems lyotropic systems
mesogen Wiy
. » N . amphiphilic
rod-like (calamitic) disk-like (discotic)

block co-polymer

MCLCP  — e

OOE

Fig. 1 Possible architectures for thermotropic and lyotropic LCPs
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ber of additional structural features compared to polymers prepared by other
polymerization methods: Z/E-isomerism, head/tail connections, tacticity and
the substitution pattern of the monomers, to name but a few. Some exceptional
properties result from special variations of these structural elements. Statistical
copolymers and (due to the fact that ROMP is a living polymerization method)
block copolymers with narrow molecular weight distributions can easily be
prepared thus combining the properties of the co-monomers. Depending on
the initiating system, almost all parameters can be modified in a well-defined
way. In addition, the use of ADMET or ALTMET offers new possibilities for
creating MCLCPs that are not accessible by other methods.

1.2
Initiator Systems

Olefin metathesis is one of the few fundamentally new organic reactions dis-
covered over the last few decades that has revolutionized organic and polymer
chemistry. Olefin metathesis provides a convenient and reliable way to synthe-
size unsaturated molecules that are often hard to prepare by any other method.
A number of reviews [8-17] and books [18-20] have been published in this area,
all of which focus on the ever-increasing use of olefin metathesis in organic syn-
thesis and polymer chemistry. Particularly in the latter research area, ROMP has
become a powerful and popular method to synthesize polymers with narrow
molecular weight distributions. Due to the living nature of polymerizations ini-
tiated by state-of-the-art initiators, well-defined diblock, triblock or multiblock
copolymers are available today.

It is not the aim of this review article to discuss the chemistry of the initia-
tors (or catalysts) for alkene metathesis, but some comments on the initiators
used might contribute to our understanding of why this remarkable polymer-
ization technique has not attracted more attention up to now.

Initiators can be subdivided into ill-defined and well-defined initator-
systems. The latter ones dominate in this review. Ill-defined initiators like
WCI,(OAr),-PbEt, (Ar=2,6-diphenylphenyl) have only been used in isolated
examples [21]. Preferred initiators comprise two classes: molybdenum-based
systems and ruthenium compounds. Most work summarized in the following
sections is based on molybdenum alkylidenes Mo(NAr’)(CHCMe,R)(OR"),
(Ar'=2,6-i-PrC¢H;; R=Me, Ph; R’=t-But, CMe,(CF;), CMe(CF;),) 1-5 (Fig. 2).

These complexes exhibit high activity and, in most cases, provide complete
initiation [22]. The E/Z-ratio of the resulting polymers can be varied over a
broad range depending on which initiator is used. Another fact is that cyano
groups, often present in LC-materials, are fully tolerated, which constitutes an
advantage over initiator 6 (RuCl,(PCy;),(CHPh), Cy=cyclohexyl). On the other
hand, initiator 6 tolerates moisture and air to an extent that allows its conve-
nient handling and the use of less rigorously dried solvents and monomers.
Polymerizations with 6 are characterized by moderate reaction rates. The in-
troduction of RuCl,(H,IMes)(PCy;)(CHPh) (H,IMes=N,N-di(mesityl)-4,5-di-
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FaC CF3 5R=Ph
Fs
N N_ N
- N — -
Mes Mes Mes Mes
ol FCys o, . Ta
J= Ru=\ <//_ N—Ru=
I h c’l Pn R c’ ! Pn
PCys 6 PCys 7 ~ 8R=H
« | 9R=Br
Fig. 2 Chemical structures of frequently-used initiators R

hydroimidazolin-2-ylidene) 7 (Fig. 2) has improved not only the activity but
also the functional group tolerance of ruthenium based initiators — CN groups
are unrestrictedly tolerated by this catalyst [23, 24]. Interestingly, 7 is sparely
used for the preparation of liquid crystalline polymers, which might be due
to the relatively low initiation efficiency of 7 in ROMP reactions. Very recent
developments in the field of initiators will certainly provide a new impetus
in metathesis polymerization. Pyridine-based ruthenium benzylidenes like
RuCl,(H,IMes)(pyridine),(CHPh) (8) [25] or RuCl,(H,IMes)(3-bromo-pyri-
dine),(CHPh) (9) [26-28] provide complete initiation, high activity, and extra-
ordinary functional group tolerance. This new generation of initiators will
allow the reliable synthesis of an even wider array of liquid crystalline poly-
mers of different architectures without important restrictions on the choice
of monomer.

2
Side chain liquid crystalline polymers (SCLCPs)

SCLCPs combine liquid crystalline properties and polymeric behavior in one
material. If the mesogenic unit is fixed directly to the polymer main chain, the
motion of the liquid crystalline side chain is coupled with the motion of the
polymer backbone, preventing the formation of a LC mesophase. Therefore,
Finkelmann and Ringsdorf proposed that the introduction of a flexible spacer
between the main chain and the mesogenic unit would decouple their motions,
allowing the mesogenic moiety to build up an orientational order [29, 30].
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Based on this concept, a broad variety of SCLCPs have been synthesized that
utilize different backbones, such as polymers based on poly(acrylate), poly-
(siloxane) or poly(phosphazene) and that have different rod-like or disc-like
mesogenic units. The type of liquid crystalline phase formed is mainly deter-
mined by the mesogenic unit chosen, but the main chain (rigidity, tacticity), the
spacer (rigidity, length), and the molecular weight and polydispersity also
strongly influence the resulting LC phase [31].

The liquid crystalline state only exists above the glass transition temperature
T, of the polymer, and it competes with the tendency of the main chain to form
a random orientation.

Probably the most interesting feature of SCLCPs is their ability to freeze an
anisotropic alignment below the glass transition, coupled with the fluidity of
the mesophase [32]. This alignment can be attained by electric, magnetic or
mechanical fields.

This makes these polymers useful for optical data storage, non-linear optics,
stationary phases for gas chromatography, supercritical-fluid chromatography
and HPLG, solid polymer electrolytes, separation membranes and display ma-
terials. Syntheses, properties and applications of SCLCPs have been reviewed
[5, 6, 31, 33, 34]. Different polymerization techniques and build-up strategies
have been used to synthesize these polymers. To synthesize LC-polymers with
well-defined architectures, living polymerization techniques such as anionic
and group transfer polymerization, cationic polymerization, ring-opening
metathesis polymerization or controlled radical polymerization techniques are
necessary. Furthermore, these techniques allow us to couple SCLCP blocks with
other blocks and to introduce additional properties or functionalities into the
material. Using this approach, lyotropic and thermotropic LC properties can be
combined into one polymer [31, 35, 36]. This kind of polymer is interesting
because of the appearance of both ordering principles, microphase separation
and thermotropic LC-mesophases in the same polymer.

Ring opening metathesis polymerization (ROMP) has proven to be a con-
venient technique that allows us to synthesize a wide variety of SCLCPs [8].

2.1
Biphenyl-Based Mesogens

The liquid crystalline phases of a SCLCP are influenced by the design of the
polymer: the polymer backbone, the spacer, the linking or anchoring group (A),
the mesogen (M) and the number of mesogens per monomer unit (“mesogen
density”); see Fig. 3. In addition, the mesophase depends on the molecular
weight, the molecular weight distribution, the Z/E ratio and the tacticity of the
polymer. Because of the numerous articles published on SCLCPs with biphenyl
units as mesogens (M=C4H,-C;H,-R, R=CN, OCHj;), we will now discuss these
features in more detail.
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polymer backbone
anchoring group Q Q 0

spacer

mesogen

%{__J

mesogen density / repeat unit
Fig. 3 Schematic design of a SCLCP

2.1.1
Influence of Spacer Length

Biphenyl mesogens with R=CN [(4’-cyanobiphenyl-4-yl-)oxy-] or R=OCHj;
[(4"-methoxybiphenyl-4-yl)-oxy-] were attached to norborn-2-ene moieties,

and separated by different spacer lengths and carboxylic acid ester, ether or
imido-groups as anchoring moieties, as shown in Fig. 4.

/(CHQ o/‘/‘/ ,(CHQ o/‘/‘

I'n:R=0CH; n=2-12 III-n: R=0CH; n=4-6
II-n: R=CN n=3-7,9-12

R

AR ongol @j J
fCHz 0 O
g

© o\(on}-o

IVin: R=CN n=2-12 VI-n: n=2-8
V-n: R=0CHj3 n=4-10

Fig. 4 Chemical structures of monomers with biphenyl mesogens
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The ROMP of bicyclo[2.2.1]hept-5-ene-2-carboxylic acid (4-cyanobiphenyl-
4-yl)oxyalkyl ester (I-n, n=2-12) used as a 3:1 exo/endo mixture (Fig. 4) -
a monosubstituted norbornene derivative - with the Schrock-type initiator 1
was described by Komiya et al. [37, 38]. Oligomers and polymers with degrees
of polymerization from 5 to 100 and narrow molecular weight distributions
(M,,/M,=1.05-1.28) were obtained (for the results of DSC and SEC see Table 1).
All oligomers and polymers with spacer lengths of up to n=10 show an enan-
tiotropic nematic mesophase, whereas oligomers and polymers with n=11 or 12
have an enantiotropic smectic phase. Exceptions are the two shortest oligomers
of I-12, that exhibit a monotropic smectic mesophase. Polymers with an odd
number of methylene units in the spacer display higher isotropization temper-
atures than those with an even number. This odd-even effect vanishes when
the spacer length is greater than n=6. Glass transition temperatures decrease
whereas isotropization temperatures increase with increasing molecular weight,
but the transitions become independent of molecular weight when the polymer
chains contain more than 30-50 repeat units (see Table 1, I-5 for different
monomer: initiator ratios). This effect has also been confirmed by other authors,
and it may be considered to be a general feature for ROMP-derived SCLC poly-
norbornenes [39, 40]. Increasing the length of spacer chains also induces side
chain crystallization in low molecular oligomers. This effect takes place in
oligomers I-n with n>9 and with a degree of polymerization less than 20, and
in all samples of I-11 and I-12. Side-chain crystallization is strongly kinetically
controlled and is therefore suppressed by increasing molecular weight; so the
enthalpy of melting and therefore the extent of crystallinity decreases as the
polymer chain length increases. The effect of side chain crystallization was not
observed for polymers with shorter spacer lengths, except for the two shortest
oligomers of I-5. The authors could not explain why only these oligomers show
side chain crystallization. In two blends of low molecular oligomers with higher
molecular polymers (I-6,1-7), the authors showed that the thermal transitions
of polydisperse samples have also sharp transitions. Polydispersity has no in-
fluence on the peak widths of the transitions if the component polymers are iso-
morphic over the temperature range at which the transition occurs [38].

Changing the methoxy-substituent of the biphenyl entity to a cyano-group
produces a significant influence on the mesophases. Komiya et al. report the
synthesis of norbornene derivatives with the (4’-cyanobiphenyl-4-yl)oxy-
mesogen linked to the norbornene entity with different spacer lengths via an
ester (II-n, n=3-7, 9-12) as anchoring group, see Fig. 4 [39]. Polymerization
was carried out with the Schrock-type initiator 1. Polymers of IT-3 were amor-
phous, whereas all other polymers (n=4-7, 9-12) displayed enantiotropic ne-
matic mesophases (Table 1). Analogous to poly-(I-n), transition temperatures
increased with molecular weight, but became independent of molecular weight
at 30-50 repeat units. In contrast to the methoxy analogues, no odd-even effect
was found for the isotropization temperature, which was almost independent
of spacer length, whereas the glass transitions decreased with increasing spacer
lengths. No tendency towards side chain crystallization, even for oligomers
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Table 1 Polymerization of monomers I-n, II-n and III-n with initiator 1 (data given for
monomer to initiator ratio=1:100; for other ratios see references)

Mono-  [1]:[1-n]; PDI M, DP Phase transitions (°C) and Refer-
mer [mol]:[mol] enthalpy changes (k] mru, ence
in parentheses)?

I-2 1:100 1.05 37,306 102 g74n93 (0.65) i [38]
1-3 1:100 1.20 43,993 116 g61n88 (0.64) i

1-4 1:100 1.05 52,857 135 g51n96 (1.13) i

1-5 1:100 1.12 61,247 151 g44n88 (1.34) i

1-5 1:50 1.06 26,386 65 g43n87 (1.39) i

1-5 1:20 1.11 8185 20 g40n 80 (1.16) i

1-5 1:10 1.12 4963 12 g5l k 74 (-3.64) k90 (5.93) i

1-5 1:5 1.12 3490 9 g 46 k66 (-1.92) k 87 (6.85) i

1-6 1:100 1.17 61,022 145 g43n95 (1.43) 1

1-7 1:100 1.17 34,089 78 g38n95 (2.12)1

1-8 1:100 1.23 46,386 103 g30n91(1.86) i

-9 1:100 107 47,949 104  g29n91(2.24) [37]
I-10 1:100 1.26 62,683 132 g23n87 (1.85) 1

I-11 1:100 1.23 35,086 72 g40 k 49 (1.01) s 84 (3.56) i

1-12 1:100 1.28 49,568 98 g23 k 61 (2.99) s 89 (2.70) i

I1-3 1:100 1.23 65,700 176 g781i [39]
11-4 1:100 1.17 52,000 134 g66n103 (1.58) i

II-5 1:100 1.18 42,800 107 g54n92 (1.58) i

11-6 1:100 1.27 64,600 155 g48n92 (1.84) i

11-7 1:100 1.27 124,800 290 g45n95 (2.15) 1

11-9 1:100 1.20 91,500 200 g41n96(2.80) 1

I11-10 1:100 1.27 44,800 95 g36n9%4 (3.23)1

II-11 1:100 1.20 99,500 205 g43n97 (3.12) i

1I-12 1:100 1.24 52,900 106 g27n85 (3.46) i

111-4 1:100 1.15 44,700 118 g54 k 108 (8.45) i

III-5 1:100 1.14 79,500 202 g—k 92 (7.60) i

I11-6 1:100 1.12 49,400 122 g—k 94 (9.15) i

III-5° 1:50 2.8 31,000 - smectic [21]

* Phase transitions are given for the second heating run (DSC); mru: molecular repeating unit;
b initiator: WCl,[OC¢H;(C4Hs)2],-PbEt, (1:2).

with relatively long spacers, could be detected. These effects were attributed to
dipole-dipole repulsions between adjacent (4’-cyano-biphenyl-4-yl)-oxy-
mesogens, disturbing an ordered arrangement of the side chain. The normal
antiparallel arrangement of cyanobiphenyloxy-mesogens cannot be adopted
because of the linkage to the polymer chain.

In the same work, norbornene derivatives with a (4’-methoxy-biphenyl-4-
yl)-oxy mesogen linked by an ether group III-n (n=4-6, see Fig. 4) were syn-
thesized. Surprisingly, in contrast to ester-linked polymers (I-n) [38], all of the
poly-(III-n) polymers gave highly crystalline polymers (Table 1) caused by side
chain crystallization, even in polymers with relatively short spacers (n=4-6).
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This effect was attributed to the higher flexibility of the ether linkage, as there
is no rotational restriction of the C-O-C bond in contrast to the ester group,
whose asymmetry is believed to disturb the side chain crystallization.

In contrast to this work, polymerization of III-5 with the tungsten initiator
WCI,[OC¢H;(C4H;),],-PbEt, (1:2) led to polymers with a smectic mesophase
(see Table 1,last entry) [21].

Gangadhara et al. have linked the cyanobiphenyl mesogen via a dicarbox-
imide-group to an oxanorbornene ring system VI-n, n=2-8 (see Fig. 4). Poly-
merization was carried out with Schrock type initiator 4. The dicarboximide
linkage probably hindered the formation of LC phases; even the introduction
of relatively long spacers between the polymer backbone and the mesogen did
not lead to liquid crystalline monomers or polymers [41].

2.1.2
Influence of Mesogen Density

A double mesogen density is easily achieved by using disubstituted norbornene
monomers of type IV-n and V-n (Fig. 4).

Our group investigated the influence of the spacer length of 2,3-disubsti-
tuted norbornene derivatives with cyanobiphenyl-mesogenic units [42] and
with methoxybiphenyl-mesogenic units [43] on the mesophases. Exo,endo-bis-
[(4’-cyanobiphenyl-4-yl)oxy-n-alkylJnorborn-5-ene-2,3-dicarboxylates with
different alkyl spacer lengths (IV-n, n=2-12) were synthesized in a straight-
forward manner.

Polymers were prepared by ROMP using initiator 1 in an initiator to monomer
ratio of 1:100. Because of the high reactivity of the initiator towards solvent im-
purities and moisture, the DP of almost all polymers exceeds the theoretical
value (see Table 2). All polymers showed thermotropic liquid crystalline phases.
A strong decrease in the glass transition temperature T, with increasing spacer
length was observed. It changed from about 90 °C for poly-(IV-2) to 20 °C for
poly-(IV-12) in an exponential manner, whereas the isotropization tempera-
tures remained within a narrow temperature range, from 107 to 118 °C. Poly-
mers with spacers of 2-7 methylene units showed enantiotropic nematic phases,
and in contrast to the monosubstituted cyanobiphenyl polynorbornene deriv-
atives (II-n) [39], their isotropization temperatures exhibited a strong odd-even
effect. The higher number of mesogens shifted the clearing temperatures of the
LC-phases to higher temperatures (compared to poly-(II-n), with values around
90-100 °C, see Table 1). Polymers with longer spacers (n=8 to 12) showed a
smectic A phase without a significant odd-even effect. With a spacer length
of six methylene groups, the mesophase type for poly-(IV-6) was strongly
dependent on the stereochemistry in the main chain - the Z/E ratio of the
double bonds - as will be discussed in the next section. Poly-(IV-6), contain-
ing almost all Z-isomers, formed a smectic A phase.

Another set of polymers were synthesized from (x)-exo,endo-bis[w-(4’-
methoxybiphenyl-4-yloxy)alkyl]bicyclo[2.2.1]-hept-5-ene-2,3-dicarboxylates,
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Table 2 Physico-chemical data for poly-(IV-n) and poly-(V-n)

Monomer Initiator PDI M, DP Phase transitions (°C) and Refer-
enthalpy changes (k] mru!, ence
in parentheses)?

V-2 1 1.68 99,900 159  g95.4n115.1(1.9)i [42]

V-3 122 81,400 124  g80.8n107.3(L7)i

V-4 134 59,400 87  g62.4n114.0(1.8)i

IV-5 1.66 108,100 153  g56.7n109.5(2.1)i

IV-6 144 103,300 140  g527n118.4(22)i

V-7 135 139,300 182  g46.5n112.9 (2.1)i

V-8 1.58 294,700 372  g39.0s, 114.8 (5.4) i

IV-9 134 209,000 255  g30.9s,116.3 (4.8)i

IV-10 131 111,500 131  g27.25s,114.9 (5.9)i

IV-11 139 189,000 215  g25.7s,118.0(7.2)i

IV-12 138 149,500 165  g24.9s,116.1(7.2)i
-4 2 120 27,000 - k 144.9 (19.4) s 153.7 (2.9)1  [43]
- 136 55,000 - k 127.0 (16.1) s 140.7 (4.0) i

146 53,000 71 k122.6 (14.7) s 150.5 (4.4) i
126 27,500 29 k123.2(14.4) s 147.7 (4.5) i
129 22,900 24 k123.3(15.4) s 145.3 (4.6) i
1.35 18,800 19 k123.3(16.5)s137.7 (4.9)

<<i<<<|<<1<<<1<
R - JEN - NI - N~ N N ]

- 1.23 9400 10 k124051322 (-)i

- 1.19 23,000 - k 103.0 (12.1) s 140.0 (4.1) i
- 213 99,000 - k 130.7 (29.2) s 152.9 (6.0) i
- 275 144,000 - k 124.29 (25.8) s 148.1 (6.8) i
-10 252 80,000 - k 134.3 (32.8) s 150.4 (8.3) i

* Phase transitions are given for the second heating run (DSC).

with spacer lengths varying from four to ten methylene units (V-n, n=4-10),
using initiator 2 (see Table 2) [43]. All of these polymers showed smectic
mesophases. Independently of the spacer length, no glass transition was de-
tected; all of the polymers had a crystalline-smectic transition. Some polymers
showed additional thermal transitions with low enthalpy changes, but no iden-
tification of the type of transition was possible. A dependency of the liquid
crystalline transition temperature on the molecular weight was observed for
poly-(V-n) (Table 2). Transition temperatures were roughly constant for poly-
mers consisting of more than 30 repeating units. In contrast, the enthalpy
changes of these transitions were nearly independent of the molecular weights
once the polymers contained more than ten repeating units, but they were
strongly dependent on spacer length, with a minimum at n=6.

In both cases, the increase in the number of mesogenic units led to a pref-
erential formation of smectic phases, especially with methoxy-biphenyl as
mesogen.

Danch et al. studied the effect of thermal history on the assignment of the
glass transition event associated with the biaxial orientation of the smectic
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phase of IV-n with n=6 or 11, using DSC [44]. In further works, relaxation
phenomena of these polymers were studied by dynamic mechanical thermo-
analysis and dielectric thermoanalysis measurements [45]. The rheological
behaviors of solutions of low and high molecular poly-(IV-n) (n=5, 9) were
investigated by Wewerka [46].

2.1.3
Influence of Tacticity

Ungerank et al. investigated the influence of different molybdenum Schrock-
type initiators 1, 2 and 3 (see Fig. 2) on the polymerization of (£)- and (-)-
exo,endo-bis[4’-cyanobiphenyl-4-yl)oxyalkyl]norborn-5-ene-2,3-dicarboxy-
lates [(£)-IV-n and (-)-IV-n] [47]. The initiator had a strong influence on
the Z/E ratio of the double bond in the polymer chain and therefore also on the
tacticity of the polymer chain. Using racemic 2,3-disubstituted norbornene
derivatives, such as (£)-IV-n, the two adjacent monomers (diads) can in prin-
ciple form eight different stereoisomers, as depicted in Fig. 5 [48].

None of these three initiators formed one specific diad; only a certain per-
centage of cis double bonds (o,) or of tacticity (iso- or syndio-tactic) was

N = N N ,/—_N
S R S R
X X X X
cis, meso, head-tail (cmHT) cis, meso, head-head (cmHH)
W W
cis, racemic, head-head (crHH) cis, racemic, head-tail (crHT)

trans,meso, head-tail (tmHT) trans, meso, head-head (tmHH)
S— sX
N ,— N N ,— N
S S
X X
trans, racemic, head-head (trHH) trans, racemic, head-tail (trHT)

Fig. 5 Eight possible diads for a (£)-trans-2,3 disubstituted polynorbornene chain; the X
substituent is derived from the exo-position, N from the endo position in the monomer
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Table 3 Percentage of Z-double bonds in a poly(norbornene) chain

Polymer Polymerized with

1 3 2
(¥)-poly-NbdMe 20 54 78
(-)-poly-NbdMe 26 56 80

achieved. The tacticity of the polynorbornene main chain was first determined
by various NMR techniques for model polymers (poly-{bicyclo[2.2.1]hept-5-
ene-2,3-dicarboxylic acid dimethyl ester}, NbdMe). In the case of poly-(IV-n),
the resolutions of the carbon spectra were too low for detailed microstructure
investigations. Using the pure enantiomers (-)-NbdMe, the number of poten-
tial diads could be reduced by half. The percentage of Z-double bonds strongly
increased from 20%, in polymers obtained with initiator 1, to around 55% with
initiator 3 and 80% with initiator 2 (Table 3).

Data for the polymers poly-(IV-6) and poly-(IV-11) are presented in Table 4.
In general, the increase in the number of Z-double bonds led to higher iso-
tropization temperatures but lower T, temperatures. All polymers with shorter
spacer chains (n< 5) showed a nematic mesophase, whereas all polymers with
spacer lengths n>7 gave a smectic A phase, independent of the initiator used.
Polymers of IV-6 were an interesting case, since they were prepared with initia-
tor 1 and so had a low percentage of cis bonds. They formed nematic mesophases,
but polymers synthesized with initiators 2 and 3 showed smectic A phases.

This means that the formation of the mesophase was sensitive to the initia-
tor used. In the case of a trans-diad, the length of one repeating unit is 6.2 A,

Table 4 SEC and DSC data for selected polymers from [47]

Polymer Initiator PDI M, DP Phase transitions (°C) and
enthalpy changes (k] mru,
in parentheses)?

(+)-pIV-6 1 1.44 103,300 140 g52.7n 118.4 (2.2) i
(+)-pIV-6 3 1.52 61,300 87 g51.25,123.9 (3.7) i
(+)-pIV-6 2 1.10 61,300 83 g45.55,139.5 (3.9) i
(#£)-pIv-11 1 1.39 189,000 215 g25.75,118.0 (7.2) i
(+)-pIV-11 3 1.20 77,700 88 g24.75,125.9 (8.7) i
(+)-pIV-11 2 1.12 91,400 104 g23.45, 141.5 (9.0) i
(-)-pIv-11 1 1.88 124,400 141 g19.55,118.0 (6.9) i
(-)-pIv-11 3 1.54 117,900 134 g21.0s, 131.6 (7.5) i
(-)-pIv-11 2 1.48 154,700 175 g18.55, 148.6 (8.8) i

2 Phase transitions are given for the second heating run (DSC).
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while it is only 5.2 A for the cis-diad. If the space requirement of a mesogenic
unit in a smectic phase - about 4.5 A - is taken into account, a cis-diad meets
this requirement much better than a trans-diad does. A trans-diad is too long,
which causes kinks in the backbone and in the smectic A layer. Therefore,
the formation of smectic phases is disfavored for polymers synthesized with
initiator 1 compared to 2.

Differences in tacticity were also reflected by thermal data. While the iso-
tropization temperature of (-)-poly-(IV-11) and (+)-poly-(IV-11), synthesized
using initiator 1, stayed approximately unchanged, the isotropization temper-
atures for the chiral liquid crystalline polymers shifted to higher values when
initiators 2 or 3 were used. The difference was up to 7 °C. If the decreased glass
transition temperatures (T,) for the chiral analogues were taken into account,
the temperature range of the liquid crystalline phase was broadened by up to
12 °C. This means that a certain diad must be responsible for this behavior. The
authors assumed that the diad cmHT was most suitable one for the formation
of stable liquid crystalline phases in poly(norbornene) main chains.

The influence of diluting on mesogenic units with a non-LC-monomer was
investigated by synthesizing copolymers of IV-6 and NbdMe in different ratios
with initiator 2. The isotropization temperature decreased with increasing
amounts of NbdME. Above a critical value (around 50% for this system), no
LC-phase was observed [47].

2.1.4
Magnetic Orientation of SCLCPs

One of the most interesting features of SCLCPs is related to the fact that a
liquid crystalline phase can be orientated and frozen by cooling it to below the
glass transition temperature. It is therefore necessary to drive SCLCP systems
from microscopic self-organized mesophases to macroscopic order.

Boamfa et al. investigated macroscopic orientation of disubstituted cyano-
biphenyl poly(norbornene) IV-n (n=3, 5) using different magnetic fields of up
to 20 T. Both the degree of orientation and optical properties were compared
with a cyanobiphenyl-substituted acrylate polymer with a spacer of four meth-
ylene units [49, 50].

Birefringence and optical transmission data were collected simultaneously
while cooling the SCLCPs in the magnetic field down from the isotropic phase
through nematic phase to below T,. The samples obtained were highly trans-
parent and show uniaxial orientation of the mesogen moieties along the mag-
netic field direction.

The degree of polymerization was related to the minimum field needed to
induce a significant effect. For DP=20 the minimum field was 6 T, whereas for
DP=30 it was at least 10 T, rising to 19 T for DP=40. For a shorter spacer length
(n=3), no induced effect was observed up to 20 T, which can be explained by
the reduced mobility of the mesogenic moieties, resulting in reduced rotation
towards the field director.
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Fig. 6 Magnetic field-induced birefringence and transmission for a poly-(IV-5-COEN)
sample in various magnetic fields

Recently, the orientation behavior of poly-(IV-5) was compared to both
poly-(IV-4) and a statistical copolymer poly-IV-5-COEN (COEN=cyclooctene)
[51]. The experiments showed that, compared to poly-(IV-5), samples of poly-
(IV-5-COEN) were easier to orientate, a finding that was attributed to the more
flexible chain. The dependence of the magnetic field and the temperature on
the degree of orientation, measured by the birefringence and the optical trans-
parency, is shown in Fig. 6.

After orientation at high magnetic field, the previously turbid samples were
optically transparent, as can be seen in Fig. 7. Poly-(IV-4) lost some degree of
orientation after removing the sample from the magnetic field, leading to a
slight turbidity (see the glass slide denoted C4 in Fig. 7). The other two samples
were found to be stable for several weeks.

Finally, this method possesses a unique set of advantages compared to other
orientation methods (electric field, flow field, mechanical field): it is clean and
contact-free, it does not create any electrodynamic instabilities, and it does not

Fig. 7 Samples of poly-(IV-5) (“C5”), poly-(IV-4) (“C4”),and copolymer poly-(IV-5-COEN)
(“C5-Cyoct”) before (left) and after (right) orientation in a magnetic field

120
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change the sample thickness. Such highly ordered SCLCPs may be applicable
to the field of optical applications (nonlinear optics, retardation-polarizer
plates, alignment layers for low molecular weight liquid crystals).

2.1.5
LC Elastomers

Mechanical alignment of the mesogens in the LC-state is only possible if the
polymers are crosslinked to form an elastomer. For the poly(norbornene)s
poly-(V-n) this was accomplished by adding a small amount (up to 10 mol %)
of a difunctional polymer. In order to achieve a good crosslinking yield, it was
necessary to adopt the chain between the two norbornenes to the spacer length
of the LC monomers. In addition, a stiff link - preferably a phenylene or
biphenylene group - was required in the center of the molecule, otherwise the
effectiveness of the crosslinking was reduced dramatically (most probably due
to the formation of loops). In a polymer with a low T,-gained by copolymer-
izing the norbornene compound with cyclooctadiene, forming poly(butadiene)
sequences, for example-mesogen orientation could be accomplished by me-
chanical stretching of the “rubber band”. In the stretched mode the polymer
was very transparent, while it was opaque in the unstrained state [52].

2.1.6
SCLCPs with Different Backbones

ROMP of monomer VII (see Scheme 1) was successfully carried out by our
group with initiator 2 [53]. Due to the different ring structure - cyclooctene was

S

Vil

O, O
?—@—4 ROMP Ho/Pd(C)
(0] 0 OCH 3 P-VIIia P-VIIIb

VIII

Scheme 1

used instead of the highly strained bicyclic norbornene - a large excess of
monomer was needed to shift the reaction to the polymer side. The polymer
had a T,<0°C, and showed a nematic LC phase, and was therefore considered
a good candidate for LC elastomers (Table 5).
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Table 5 Molecular weight characteristics and thermal transitions of poly-VII and poly-VIII

Polymer Initiator PDI M, Phase transitions (°C) and  Reference
enthalpy changes (k] mru,
in parentheses)?

p-VII 2 6.8 38,000 c-53n53.2(1,4)i [53]
p-VIila WCl,(OAr), 2 10,500 g62s1l16i [54]
p-VIIIb - - - g6ls113i

2 Phase transitions are given for the second heating run (DSC).

Cho et al. described the synthesis and polymerization of 4,8-cyclododeca-
dien-1-yl-(4"-methoxy-4-biphenyl) terephthalate VIII [54, 55]. Polymerization
was carried out with WCl,(OAr),/PbEt,. The double bonds in the polymer back-
bone were subsequently hydrogenated with H,/Pd(C),leading to a SCLCP with
a fully saturated hydrocarbon backbone. This polymer system had a very flex-
ible polymer backbone but a stiff connection between the main chain and the
mesogenic unit. The distance between two adjacent side chains was about 12
methylene units. This very flexible main chain allowed the polymer to organize
into a LC mesophase. Both polymers - the unsaturated and the saturated -
showed smectic liquid crystalline mesophases with almost the same transition
temperatures (see Table 5).

2.1.7
Comparison of Cyanobiphenyl-Based SCLCPs Prepared by Different Methods

In this chapter we want to discuss the correlation of the mesophase behavior
of a cyanobiphenyl-based SCLCP with its backbone structure. As shown before,
the backbone structure, the spacer lengths, and the mesogen density per repeat
unit have great influence on the LC mesophase evolved. Figure 8 shows some
examples of backbone structures bearing the cyanobiphenyl-moiety that have
been reported in literature. The above-mentioned ROMP-derived polymers
poly-(II-n) [39], poly-(IV-n) [42,47], poly-(VI-n) [41],and poly-(VII-n) [53]
will be compared with each other and with acrylate-based [56-59], siloxane-
based [60] and vinylcyclopropane-based systems [61]. The detected mesophases
and their transition temperatures are summarized in Table 6.

For polymers in which the mesogen is separated by a spacer of six methyl-
enes units from the polymer backbone, it is obvious that the more rigid
poly(norbornene)s favor nematic liquid crystalline phases. Poly-(VI-6) with
the rigid and bulky 2,5-dimethine oxacyclopentane-3,4-dicarboximide unit in
the main chain does not show liquid crystalline behavior (Table 6, entry 12).
The more flexible poly-(II-6) backbone allowed the formation of a nematic
mesophase. If the mesogen density was increased, as realized in poly-(IV-6),
the isotropization temperature was found to be 26 °C higher than that for poly-
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Fig. 8 Polymer backbone structures of SCLCPs based on cyanobiphenyl mesogens

Table 6 Comparison of SCLCPs with different main chains based on the cyanobiphenyl-

mesogen
Entry  Polymer Initiator n Phase transition Reference
1 poly-(1I-6) 1 6 g48n921i [39]
2 poly-(II-11) 1 11 g43n971 [39]
3 poly-(IV-6) 1 6  g527n118.4i [42]
4 poly-(IV-6) 3 6  g51.2s,123.9i [47]
5 poly-(IV-6) 2 6 g45.55,139.51 [47]
6 (#)-poly-(IV-11) 1 11 g27.25, 11491 [42]
7 (+)-poly-(IV-11) 3 11 g24.75, 12591 [47]
8 (+)-poly-(IV-11) 2 11 g23.45, 141,51 [47]
9 (=)-poly-(IV-11) 1 11 g19.55,118.0i [47]
10 (-)-poly-(IV-11) 3 11 g21.0s, 131,61 [47]
11 (-)-poly-(IV-11) 2 11 g18.5s, 148.6i [47]
12 poly-(VI-6) 4 6 g77.4 [41]
12 poly-VII 2 11 k-53n53.2i [53]
13 A 6 g321np. 805, 12401321 [56]
14 A 11 8255305, 1451 (57]
15 B 6 g5551001i [58]
16 B 11 g40s, 121 [59]
17 C 6 glds, 1661
18 C 11 g-1sc48s,1571i (60]
19 D 6  g39sl5li [61]
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(I1-6) (Table 6, entries 1 and 3). This indicates an enhanced stability, and con-
sequently a higher state of order for the liquid crystalline phase. This is con-
firmed by the fact that polymers with a higher number of Z-double bonds
(Table 6, entries 4 and 5) show a smectic mesophase. Smectic mesophases were
also found in polymers with poly(acrylate) A, poly(methacrylate) B, poly(silox-
ane) C, and poly(vinylcyclopropene) D backbones (Table 6 entries 13, 15, 17,
19). The isotropization temperatures of these polymers were approximately the
same.

For a spacer length of 11 methylene units, all polymers showed smectic
mesophases except for poly-(II-11) and poly-(VII). Even the flexible poly-(cy-
clooctene) main chain prevented a smectic mesophase. Compared to all of
the other polymer architectures, poly-(II-11) and poly-VII present the lowest
ratios of mesogens to atoms in the main chain. It can therefore be assumed that
smectic phases will only be formed when there is sufficient mesogen density.
For the norbornene chain, it is notable that a high Z/E-ratio and a high tactic-
ity increased the stability of the smectic A phase.

2.1.8
SCLCP Block Copolymers

Statistical copolymerization of SCLC-monomers with non-liquid crystalline
monomers leads to dilution of the mesogenic units in the polymer, and (below
a critical value) to the loss of the LC behavior of the polymer [47].

Block copolymers with well-defined segments often show microphase-sep-
arated morphologies (such as lamellar layers, hexagonal ordered cylinders, and
micelle formation). If we use SCLCP blocks together with non-liquid crystalline
segments, the mesophases are formed within one of the separated micro-
domains. If the non-SCLCP block has a higher T, than the phase transition
temperature of the mesophase, the amorphous block should physically support
the SCLCP microdomains, forming a “self-supported” SCLCP system.

Komiya et al. described the living ROMP synthesis of AB-type block copoly-
mers that contain side chain liquid crystalline polymer blocks and amorphous
blocks [62]. Norbornene (NBE), 5-cyano-2-norbornene (NBCN) and methyl-
tetracyclododecene (MTD) were used for the amorphous polymer blocks, while
I-n (n=3,6) were used for the SCLCP block (see Fig.9). Initiator 1 was used for
the ROMP. Block copolymers with monomer ratios from 75/25 to 20/80 (amor-

Ay Ay % 4@)&4%0 O

NBE NBECN In,n=3,6

Fig. 9 Monomers used for block copolymerization in [62]
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Table 7 Properties of block copolymers containing I-n and norbornene(NBE), methylcy-
clododecene (MTD) or cyanonorbornene (NBECN)

Monomer1  Monomer2  Block PDI M, Phase transitions (°C)
(found) ratio

NBE 1-6 75125 1.11 54,100 g42n971

NBE 1-6 49/51 1.17 27,100 g38n941i

NBE 1-6 30/70 1.25 38,000 g38n9li

NBE 1-6 20/80 1.11 32,700 g38n931i

NBE 1I-3 79/21 1.06 88,900 g44g58n84i

NBE 1-3 53/47 1.10 37,600 g39g55n921i

NBE 1-3 33/67 1.13 64,200 £39g59n861i

NBE I-3 20/80 1.16 50,800 g36g60n871i

MTD 1-6 67/33 1.08 28,500 g41n85g208i

MTD 1-6 47/53 1.18 42,900 g41n92g2071i

NBECN 1-6 70/30 1.17 113,000 g45n87g112i

NBECN 1-6 52/48 1.13 145,900 g43n93gll4i

NBECN 1-6 38/62 1.16 79,300 g43n91g-*i

NBECN 1-6 21/79 1.16 47,000 g45n91 g-*i

NBECN 1I-3 72/28 1.09 66,200 (g-n-)*g112i

NBECN 1-3 54/46 1.17 108,700 g67n86-91g1191

NBECN 1-3 33/67 1.08 61,800 g67n82g-"1i

NBECN I-3 23/77 1.15 46,600 g67n82g-i

- 1-6 0/100 1.15 24,100 g42n931

- 1-3 0/100 1.12 20,200 g61n86i

NBE - 100/0 1.07 47,674 g43i

MTD - 100/0 1.07 19,995 g2l4i

NBECN - 100/0 1.06 82,079 gll6i

2 Could not be detected.

phous/SCLCP) and narrow molecular weight distributions (PDI=1.06-1.25)
were obtained in high yields (Table 7; the values of the enthalpy changes are
given in the reference). The glass transition temperatures of each block and the
isotropization temperatures of the mesophases were found to be independent
of the composition of the block copolymer and identical to those of the re-
spective homopolymers. Except for the block copolymer with the highest con-
tent of NBECN, which was amorphous, the LC mesophases and the transition
temperatures were independent of the block size. These findings suggest phase
separation in both amorphous and LC domains. The enthalpy changes of
isotropization depended on the composition of the block copolymer. Block
copolymers below 60% SCLCP block showed smaller enthalpy changes than
expected. The effect on enthalpy change was less pronounced for block copoly-
mers with NBE, which had almost the same T, (40-43 °C) as I-6 (35-42 °C) and
I-3 (57-61 °C), than for block copolymers with NBCN and MTD, which showed
glass transition temperatures above the isotropization temperature of I-n (poly-
MTD: T,=214 °C, poly-NBECN: T,=116 °C). The amorphous glassy domains
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of poly-NBECN and poly-MTD hindered the orientation of the LC phases and
moreover had a higher impact on the mesophase of I-3 with a shorter spacer
length. On the other hand, the NBE-block was already above the glass transition
and therefore more flexible.

Block copolymers consisting of a smectic SCLCP-block and a partially
crystalline apolar block were synthesized via ROMP of IV-n with cyclooctene
and initiator 1 or 2 [63]. The block copolymers also formed smectic liquid
crystalline mesophases and showed lamellar phase-separation.

2.2
Terminally Attached Mesogens of Various Kinds

The influence of the rigidity of the backbone on the mesophases of p-nitro-
stilbene-containing polymers was the subject of a study by Maughon et al. [64].
The rigid poly(norbornene) backbone was compared with the flexible poly-
(butadiene) chain. For this purpose, p-nitrostilbene was linked by an ester
group to the norbornene bicycle, IX-n (n=6,8,10, 12), and to the cyclobutene,
X-n, n=6,8, 10, 12, respectively (Fig. 10). Polymers were synthesized with ini-
tiator 6; SEC and DSC data of the resulting polymers are summarized in Table 8.

Stabilization of the mesophase was observed as the degree of polymeriza-
tion was increased. The T, values of the poly(norbornene)-polymers were
about 30 °C higher than those of the poly(butadiene) polymers. Both polymers
showed similar isotropization temperatures, but they differed substantially in
their liquid crystalline behaviors. Poly-(IX-n)s with a poly(norbornene) back-
bone exhibited textures typical of nematic mesophases, whereas the poly-
(butadiene)-based polymers poly-(X-n) displayed textures representative of
smectic A mesophases. The more flexible backbone of poly(butadiene) allowed
a higher order of alignment of the mesogenic units, resulting in the more or-
dered liquid crystalline smectic A phase.

One example of a 1:1 AB block copolymer with poly-(IX-8) and poly-(X-8)
blocks showed a smectic A phase; the mesophase of the homopolymer of
X-8. The more ordered smectic A phase dominated the nematic phase of the
polynorbornene block.

NO, O NOg
Wi
Z&/mo{’\}‘p O\)]\of\}no

IX-n X-n
n=6, 8, 10, 12 n=6, 8, 10, 12

Fig. 10 Chemical structures of monomers based on p-nitrostilbene
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Table 8 SEC and DSC data for poly-(IX-n) and poly-(X-n)

Monomer Monomer: PDI M, Phase transitions (°C)?
initiator

IX-6 25 1.08 13,400 g64n12li
IX-8 25 1.08 13,000 g52nl1l7i
IX-10 25 1.11 22,000 g50n 108 i
IX-12 25 1.10 20,800 g44n108i
IX-8 5 1.11 7300 g46n 1081
IX-8 10 1.09 9800 g50n114i
IX-8 50 1.07 18,000 g51n118i
IX-8 100 1.08 23,200 g49n121i
X-6 25 1.16 33,300 g31s51041
X-8 25 1.15 35,400 g25s1041
X-10 52 1.16 31,900 g23s1l1li
X-12 25 1.14 38,500 g21s1081
X-8 5 1.13 15,000 g23s741
X-8 10 1.11 21,600 g21s861i
X-8 50 1.27 57,000 g 1551051
X-8 100 1.38 89,100 g14s51071

2 Phase transitions are given for the second heating run (DSC).

Very recently, the azobenzene norbornene derivative XI (Scheme 2) was
successfully prepared and polymerized with initiator 5 and 9, and it showed a
nematic mesophase. The polymer was photo-switchable due to photo cis/trans-
isomerization of the N=N double bond [65]. This is the first step towards
ROMP-derived materials that may be used for optical data storage.
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2.2.1
Block Copolymers

The introduction of perfluorinated groups generally favors microphase sep-
aration due to the immiscibility of fluorocarbons with hydrocarbons [66].
Norbornene derivatives with perfluorinated endgroups in the side chain were
prepared by Wewerka et al. [67]. Monomer XII contained a relatively long
(CF,)g-chain, separated via a long spacer (11 methylene-groups) from the nor-
bornene, whereas monomer XIII has two relatively short (CH,),(CF,),-side
chains (Fig. 11). Homopolymers and block copolymers were synthesized with
one fluorinated monomer (XII or XIII) and one non-fluorinated non-liquid
crystalline monomer (NBDE or COEN) with the Schrock-type initiators 4 and
5, respectively, leading to microphase-separated block copolymers. Table 9 and
Table 10 summarize the physico-chemical properties of the homopolymers and
block copolymers.

Among the homopolymers, poly-XII showed smectic mesophases, poly-XIII
and poly-NBDE were amorphous, and poly-COEN was semi-crystalline. The

0 o)

0 dON(CFZ)BF 7 O/\
Z&/\koﬁo
1 oo
X1I
NBDE
0

7 O/\/(CF2)4F ©

A~ (CF2)4F
S COEN

XIIT

Fig. 11 Monomers used for the preparation of partially perfluorinated block copolymers

Table 9 Physico-chemical properties for the homopolymerspoly-XII, poly-XIII, poly-NBDE,
and poly-COEN

Polymer Initiator M, PDI Phase transitions (°C)?
poly-XII 5 87,000 1.38 g28597i

poly-XIII 5 N.D. N.D. g16i

poly-NBDE 4 100,000 1.63 g321

poly-COEN 4 80,000 1.63 g-80k 651

2 Phase transitions are given for the second heating run and first cooling run, respectively
(DSC).
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Table 10 Physico-chemical properties of AB-diblock copolymers

Copolymer Initiator M, PDI A:B  BlockA Phase transitions (°C)*

Tg Ti Block B Tg Ti
poly-XII- 5 132,000 1.48 1:8 XII 30 100 COEN -78 59
b-COEN
poly-XIII- 5 157,000 1.58 1:1.5 XIII 9 - NBEN 31 -
b-NBDE
poly-XIII- 5 102,000 1.57 1:6 XII 1 - COEN -71 58
b-COEN

2 Phase transitions are given for the second heating run and first cooling run, respectively
(DSC).

identified sequence of mesophases of poly-XII was smectic I, - smectic F, -
smectic C, with rising temperature, as identified by Wide Angle X-ray Diffrac-
tion (WAXD). No transition temperatures were given for this sequence in the
article. These findings suggest that the coupling of long fluorinated chains with
an aromatic ring resulted in a rigid rod-like side group (realized in poly-XII)
with an aspect ratio sufficient to originate a smectic mesophase. In poly-XII-
b-COEN, both blocks acted like homopolymers, and all of the transitions and
mesophases of poly-XII could be obtained via DSC and WAXD measurements
too.

In contrast to that, the short fluorinated side groups of poly-XIII did not lead
to thermotropic LC phases, but resulted in microphase-separated block copoly-
mers caused by the hydrophobic and oleophobic character of fluorinated poly-
mers. This interpretation was supported by DSC data, which gave the thermal
transitions for both blocks.

Koltzenburg et al. report the synthesis of AB block copolymers of acetylene
and norbornene derivatives bearing mesogenic moieties [68]. A norbornene

e O(ng);o o

1-octyne

Fig. 12 Monomers used for the copolymerization of norbornene derivatives with alkynes
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derivative with cyanostilbenyl side groups XIV and an acetylene derivative
with cholesteryl group XV or 1-octyne were prepared, as shown in Fig. 12. Poly-
merizations were carried out with initiator 1. Homopolymers poly-XIV and
poly-XV as well as block-copolymers poly-XIV-b-XV and poly-XIV-b-(octyne)
formed thermotropic mesophases. The acetylene polymer poly-XV showed
a smectic A phase, while the poly(norbornene) poly-XIV was nematic. The
block copolymer poly-XIV-b-XV showed microphase separation, retaining the
homopolymers’ mesophases.

23
Laterally-Attached Mesogens

In SCLCPs with laterally-attached mesogens, the spacer is linked to the middle
of the mesogenic unit. Therefore, the symmetry of mesogens substituted with
two long alkyl chains - a very common motive in mesogens - is less disturbed
than by terminal attachment. In this kind of SCLCP, the nematic mesophase is
favored over other phases. Due to the large size of the mesogenic unit compared
to the repeating unit of the polymer backbone, the nematic orientation of the
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Fig. 13 Structural representations of monomers XVI-XIX
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mesogen forces the polymer backbone into an extended helical structure, in
which the mesogens wrap around the backbone and form a cylindrical jacket.
Smectic phases can be induced by long spacer groups and/or the introduction
of immiscible moieties like fluorocarbons into the mesogenic unit [40].

Norbornene derivatives with laterally attached 2,5-bis[(4’-n-alkoxyben-
zoyl)oxy]phenyl mesogens were prepared by Pugh et al. (Fig. 13). [40, 69]. Even
the fusion of the middle benzene ring of the mesogens to the norbornene
(XVI-n, n=1-9), as well as separation by a COOCH,-spacer (monomers XVII-n,
n=1-6), led to substances with a nematic liquid crystalline phase. Monomers
XVIII-1 and XIX-1 were constitutional stereoisomers of XVII-1. The intro-
duction of the flexible CH, unit into the mesogenic units altered the rigidity of
the mesogenic unit and no LC phases were observed.

Polymerization of monomers XVI-n and XVII-n with initiator 4 led to
SCLCPs with nematic mesophases. Polymers poly-XVI-n had high T, values (in
the range of 160-200 °C) and formed nematic phases. The polymers did not
show any isotropization temperature, but decomposed to a certain degree, as
illustrated by the darkening of the samples during polarized optical microscopy
(POM) observations. The lateral arrangement forces the polymer to adopt a ne-
matic mesophase. The dependence of the phase transition temperatures on the
polymerization degree (DP) was investigated by varying the polymerization
degree of poly-(XVII-1) from 5 to 100 (Table 11). Both T, and T; became in-
dependent of molecular weight at approximately 25 repeating units — an effect
already seen in terminally-attached mesogens [38]. The isotropization tem-

Table 11 SEC and DSC data for poly-(XVII-n), poly-(XVIII-1), and poly-(XIX-1)

Monomer M/, M, PDI DP Phase transitions (°C) and
enthalpy changes (k] mru,
in parentheses)?

XVII-1 3.8 2670 1.16 5.1 £79.2n131.4 (1.80) i
XVII-1 9.7 4320 1.20 8.2 £89.6 1 145.9 (2.16) i
XVII-1 19.5 7707 1.18 14.6 £93.9n156.4 (2.88) i
XVII-1 49.6 20,773 1.13 39.3b £96.9 1 162.6 (2.76) i
XVII-1 30.7 24,051 1.13 45.5 g97.7n163.5 (2.76) i
XVII-1 68.6 52,631° 1.16° 99.6° £97.1n162.5 (2.63) i
XVII-2 39.0 17,990° 1.19 32.3 £92.5n172.2 (3.96) i
XVII-3 45.3 25,826° 1.24° 44.2° g83.0n140.2 (2.88) i
XVII-4 4.7 5174 1.16 8.4 £62.8n122.8(3.04) i
XVII-4 39.2 14,316 2.17 23.4 §73.4n138.5(3.57) i
XVII-5 50.8 28,7480 1.18° 44.8" £60.31n123.2(3.14) i
XVII-6 52.4 44,082 1.24° 65.9" g55.6n126.1 (3.72) i
XVIII-1 60.7 21,235 1.14 40.2 g789i

XIX-1 158.6 89,008 1.20 168.4 g84.1i

2 Phase transitions are given for the second heating run (DSC).
b Fractionated polymer.
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peratures of poly-(XVII-n) showed an odd-even effect; spacers with odd num-
bers of methylene units had lower isotropization temperatures.

In order to induce smectic layering in SCLCPs with laterally attached meso-
gens, Pugh et al. suggested three different approaches [32, 70]. In the first one,
mesogens, which exhibit the smectic C - nematic - isotropic phase sequence,
as in 1,4-bis[(3’fluoro-4"-n-alkoxyphenyl)-ethenyl|benzenes, are linked to nor-
bornenes; XX-n, XXI-n in Fig. 14. In the second approach, smectic layering
was attempted by replacing the terminating alkoxy-groups of XVII-n by a par-
tially perfluorinated group, as realized in the precursor XXIII-m-n (see
Fig. 14). The immiscibility of the fluorocarbon and hydrocarbon segments
can induce smectic layering. This effect had been observed for oligomers
consisting of diblocks and triblocks of composition H(CH,),(CF,)F or
F(CF,)n(CH,),(CF,),F (m>6 and 4<n<14). These oligomers underwent
a crystalline-smectic phase transition prior to melting [71]. The third was

O(CHp) H R OCHs

HsCO

XXII

O(CHa)n(CF2)mH

H(CF2)m(CH2)nO

XXIII-m-n
n=3-6, 8
m =2-4, 6-8

Fig. 14 Monomers with laterally-attached mesogens featuring fluoro substituents
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copolymerization of one monomer containing an electron-rich mesogen with
a second monomer containing an electron-poor mesogen. The electron-donor-
acceptor interactions of adjacent mesogenic units were expected to form
layered structures, facilitating smectic mesophases.

Following the idea of the first approach, monomers with the 1,4-bis[(3’-flu-
oro-4’-n-alkoxyphenyl)-ethynyl]benzene mesogens were laterally linked via a
CH,-spacer to norbornene, XX-n (n=1-12). The low molecular mesogens with
n>6 showed a k-Sg-Sc-n-i phase sequence, whereas the norbornene monomers
XX-n exhibited only a monotropic or enantiotropic nematic mesophase, re-
spectively [72].

Polymerizations of XX-n were carried out with Schrock-type initiator 4 in
a monomer:initiator ratio of about 50, to be independent of polymer chain
length, leading to well-defined polymers with low PDIs from 1.08-1.29, as
shown in Table 12.

All polymers, even those with relative short spacers (n=1-3), showed an
enantiotropic nematic LC phase. After annealing for several days, polymers
with 723 exhibited an additional endotherm in the DSC diagram that coincided
with the glass transition. A crystalline or smectic E mesophase was identified
by X-ray scattering experiments over a narrow temperature range between T,
and the nematic phase; see Table 12. The time of crystallization decreased with
increasing n. This crystallization process took place at room temperature (for
up to nine months) in the glassy state. This indicates that long side chains in
this kind of polymer tend to organize very slowly into layers, an effect not seen
in the reference polymers, poly-(XVII-n). In more detailed WAXD studies of
poly-(XX-n) (n=9-12), Pugh et al. showed that these polymers had a smectic

Table 12 Physico-chemical data for poly-(XX-n)

Monomer My/I, M, DP PDI Phase transitions (°C) and enthalpy
changes (k] mru!, in parentheses)?

XX-1 44 33,300 63 123 g90n122(1.54)i

XX-2 51 23,100 42 1.14  g87n139(2.48) i

XX-3 46 33,000 57 112 g76k74(0.87) n115 (1.58) i
XX-4 50 40,700 67 1.11 g 64k 68 (1.58) n 115 (1.74)i
XX-5 50 25,500 40 120  g56k64(2,09) n 105 (1.49) i
XX-6 50 33,600 51 1.14  g53k62(2.95) n 106 (2.03) i
XX-7 87 52,600 76 1.08  g47k55(3.36) n 100 (1.81) i
XX-8 46 42,900 60 115 g45k55(3.48) n 103 (2.22) i
XX-9b 52 54,200 72 1.10  g43k52(2.44) n 101 (2.50)i°
XX-10° 46 30,200 39 1.09  g44k51(2.90)n99 (2.77)i®
XX-11° 47 38,600 48 117 g(41k51(4.42)n99 (2.75)i°
XX-12° 47 45,500 55 129  g36k47(3.69) n93 (2.52)i"

2 Phase transitions are given for the second heating run (DSC).
b See also Table 13.
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Table 13 Phase transitions (°C) and enthalpy changes (k] mol-!, in parentheses) for poly-
(XX-n)

n Tsen Ty
XX-9 97 (0.9) 101 (1.9)
XX-10 96 (1.0) 99 (2.0)
XX-11 95 (1.3) 98(2.2)
XX-12 87(0.8) 91 (2.3)

C - nematic mesophase sequence, and in the case of n=12 the tilt angle of
the smectic C phases decreased with temperature, resulting in the formation
of an additional smectic A phase [73]. The phase transitions of these polymers
are given in Table 13. WAXD studies of poly-(XX-n), n=2-7 confirmed that
these polymers had a nematic phase. Some additional structural features in the
X-ray pattern were interpreted as smectic C fluctuations. Poly-(XX-8), however,
showed a smectic C mesophase similar to those of poly-(XX-n), n=9-12 [74].

Following the same concept, the short spacer p=1 was exchanged with a long
alkyl spacer with 11 methylene units,and monomers XXI-n, with n=1-12, were
synthesized (Fig. 14) [75]. Increasing the spacer length led to a lower mesogen
density in the final polymer. All monomers, except XXI-1 and XXI-3, showed
a nematic mesophase. Polymerization of XXI-n was carried out using initiator
4 with a monomer to initiator ratio of about 50. The molecular weight data and
the thermal transition are listed in Table 14. The synthesized polymers had
relatively low PDIs (1.11-1.37), and their thermal transition temperatures were
independent of their molecular weights when the degree of polymerization
was >25,as shown by a series of different sizes of poly-(XXI-9) in Table 14. The
goal, to synthesize SCLCPs with smectic mesophases, could not be achieved by
this route. All polymers showed an enantiotropic nematic phase, except poly-
(XXI-1), which did not show any LC phase. In contrast to poly-(XX-n) with
the short C;-spacer, these polymers had a reduced tendency to crystallize. This
indicated that it was the poly(norbornene) backbone that crystallizes rather
than the side chains.

The synthesis and polymerization of monomer XXII with initiator 4 was
mentioned by Pugh et al. [32]. Poly-XXII exhibited a nematic mesophase be-
tween 103-128 °C.

Following the second approach, Pugh and co-workers synthesized a series
of norbornene derivatives with laterally attached mesogens of type XVII-n,
where the terminating alkoxy group was replaced by a partially perfluorinated
endgroup, XXIII-n-m, with n=3-6, 8 and m=2-4 and 6-8 (Fig. 14) [76-78].
This route used the immiscibility of hydrocarbons with fluorocarbon segments,
which was expected to force the polymer to adopt a layered structure, favoring
a smectic mesophase. In a first work, mesogens with relatively long perfluori-
nated endgroups, m=6-8, were investigated, based on the observation that
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Table 14 SEC and DSC data for poly-(XXI-n)

Monomer  [4]:[XXI-n] PDI M, DP Phase transitions (°C) and
enthalpy changes (k] mru,
in parentheses)?

XXI-1 1:50 1.17 44,200 66 g24k 29 (0.47)

XXI-2 1:50 1.29 36,300 51 g25k 31 (1.58) n 48 (1.41) i
XXI-3 1:42 1.19 25,800 36 g29k 35 (2.38) n 47 (0.88) i
XXI-4 1:50 1.13 36,700 49 g15n45 (1.27) i

XXI-5 1:50 1.14 53,400 68 g8n40(1.38)i

XXI-6 1:50 1.21 35,400 44 g3n48(2.08)i

XXI-7 1:50 1.18 42,300 50 g0n 44 (1.86) i

XXI-8 1:50 1.16 41,700 49 g-2n51(2.69)i

XXI-9 1:5 1.20 12,900 14 g-4k37(157)n41(1.92)i
XXI-9 1:20 1.11 15,400 17 g -3k 40 (14.2) n 46 (1.47) i
XXI-9 1:35 1.26 24,100 27 g-3k38(1.53) n47 (1.43) i
XXI-9 1:55 1.19 52,000 58 g -3k 39 (16.5) n 48 (2.32) i
XXI-9 1:80 1.37 80,800 91 g -3k 37(6.29) n49 (2.54) i
XXI-9 1:100 1.37 140,000 158 g -3k 38 (0.76) n 50 (2.19) i
XXI-10 1:50 1.13 44,200 48 g-4n52(3.10)i

XXI-11 1:42 1.15 35,100 37 g-5k39 (11.1)n 50 (3.16) i
XXI-12 1:50 1.20 44,300 45 g-3n53(3.98) i

2 Phase transitions are given for the second heating run (DSC).

saturated molecules containing fluorocarbon segments with at least six CF,
groups organize into layers [76].

All of the monomers XXIII-n-m with n=4-6, 8 and m=6-8 showed a
monotropic smectic C and an enantiotropic smectic A phase, whereas the pure
hydrocarbon analogues formed only a monotropic nematic phase [40]. Poly-
merization was carried out with initiator 4 in a monomer to initiator ratio of
about 50:1. The final purified polymers had degrees of polymerization ranging
from 8 to 52, and rather high PDIs of between 1.18 and 2.06, due to immisci-
bility and bimodal polymerization problems. However, it was possible to prove
that introducing fluorocarbon moieties into the mesogenic unit leads to for-
mation of a smectic C phase over a broad temperature range. A very narrow
smectic A phase was also observed shortly below T;. The second part of Table 15
summarizes the physico-chemical data for poly-(XXIII-n-m). Preliminary
results from small angle X-ray scattering (SAXS) experiments confirmed the
smectic A phase. The segregation effect of the fluorocarbon segments turned
out to be so strong that the polymer backbone’s influence was minimal, with
the polymers’ transition temperatures being similar to those of the model
compounds 2,5-bis-[4’-(n-(perfluoroalkyl)-alkoxy)-benzoyl)oxy)-toluenes. In
general, the melting points of the model compounds were simply replaced by
a glass transition and the isotropization temperatures were about 20 °C higher
in the polymers than in the model compounds.
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Table 15 Molecular weight and thermal transitions for poly-(XXIII-m-n)

n m [XXIII]:[4] PDI M, DP Phase transitions (°C) and Refer-
enthalpy changes (k] mru, ence
in parentheses)?

3 2 50 143 32,400 40 g76i (78]
4 2 54 147 75900 89  g75n99(2.00)i

5 2 50 134 31,200 36 g65n94(0.77)i

6 2 52 140 22,600 25  g65n102(1.30)i

8 2 45 149 30,300 31  g6lnl104(L.21)i

3 3 49 136 99,800 108  g81n106(0.86) i

4 3 52 1.16 13,800 15  g85n108(0.83)i

5 3 38 128 43,700 45  g75n120(0.80) i

6 3 49 132 43,600 43  g90n124(L18)i

8 3 51 125 27,500 26  g6ls,139(3.18)i

3 4 52 134 46,100 45  g96n137(0.710) i

4 4 50 145 60,600 58  g91nl144(L.18)i

5 4 50 1.57 74,400 69  g8ls,164(2.59)i

6 4 53 145 43,700 40  g77s,171(3.06)i

8 4 50 139 59,900 80  g8ls, 169 (4.00)i

4 6 50 139 55800 52 g106sc227 (6.97) s, 234 (4.09) [76]
5 6 44 132 43,100 35  g96sc228s, 231 (4.42) i

6 6 50 139 25900 19  g90sc2165, 223 (4.36) i

8 6 50 149 52,700 39 g77sc2135,216(4.22) i

4 7 50 145 18,400 14  g90s.242(3.21)s, 251 (0.52) i
5 7 50 162 22,600 16  g965.239s, 248 (4.35)i

6 7 48 128 19,700 14  g935.230s, 236 (3.56) i

8 7 52 122 39,500 27  g97sc228s,232(3.45) i

4 8 51 1.18 12,700 9 g93s.251s,264(3.87) i

5 8 49 1.48 12,000 8  g93s.2585,262(3.81)i

6 8 49 206 21,300 14  g98s:250s, 261 (3.78) i

8 8 50 137 25900 17  g98s.231s,234(0.69)i

2 Phase transitions are given for the second heating run (DSC).

In a subsequent paper, Pugh and co-workers investigated the LC properties
of XXIII-n-m with short fluorocarbon endgroups, m=2-4 [78]. Monomers
with the shortest fluorocarbon segment, m=2, did not show any mesophase
when the hydrocarbon segment was short (n=3-5). However, longer hydro-
carbon spacers showed monotropic (n=6) or enantiotropic (n=8) nematic
mesophases. Monomers with m=3 were on the borderline for smectic induc-
tion. Whereas monomers with n=3 and 4 did not exhibit any mesophase,
monomers with n=5, 6 and 8 as well as all monomers with m=4 exhibited an
enantiotropic smectic A phase. Polymerization of these monomers was carried
out with initiator 4 in a monomer to initiator ratio of about 50. The polymer-
ization was less problematical than for monomers with longer perfluorinated
segments, and polymers with low PDIs of between 1.16 and 1.57 were obtained.
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Molecular weights and molecular weight distributions, together with the ther-
mal transitions of poly-XXIII-m-n are summarized in Table 15. From these data
it can be concluded that inducing smectic layering requires a minimum of eight
methylene units and three difluoromethylene units or three methylene units and
four difluoromethylene units. All other polymers with m=3, 4 exhibited nematic
mesophases. Polymers with m=2 displayed only nematic mesophases, or in the
case of n=3 no mesophase at all. Because of the thermal transition data, the au-
thors concluded that the polymers were not microphase-separated.

Spurred on by discussions on whether the smectic layers of the fluorocar-
bon-substituted polymers XXIII-m-n are induced by the immiscibility be-
tween hydrocarbon and fluorocarbon segments or by the fact that fluorocarbon
segments form rod-like mesogenic units by themselves, Pugh et al. synthesized
a series of siloxane-terminated monomers XXIV-m-n, with m=1,2 and n=4-8
[79]. In these monomers, the rigid fluorocarbon segment was replaced by short
polydimethylsiloxane (PDMS) segments that are also immiscible with hydro-
carbons but are very flexible (Fig. 15).
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Fig. 15 Monomers designed for inducing smectic layering following concepts 2 and 3
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Table 16 Physico-chemical data for poly-(XXIV-m-n)

n m  [XXIV]:[4] PDI M, DP Phase transitions (°C) and
enthalpy changes (k] mru,
in parentheses)?

4 1 48 1.57 46,900 52 g26s¢ 38 (2.03) i
5 1 41 1.51 42,400 45 g 48557 (4.70) i
6 1 45 1.51 50,800 53 g 46 s¢ 56 (5.55) i
8 1 49 1.55 70,400 69 g 51 k60 (2.50) sc 72 (3.37) i
4 2 48 1.37 41,200 39 g175sc23 (2.11) 1
5 2 50 1.26 39,900 37 g 44 s 54 (4.99) i
6 2 50 1.87 70,500 63 g 46 s¢ 55 (4.10) i
8 2 47 1.65 10,600 91 g 50k 61 (3.94) sc 72 (2.47) i

2 Phase transitions are given for the second heating run (DSC).

The monomers XXIV-m-n were crystalline solids and only the monomers
with the shortest carbon-segments (n=4) showed an enantiotropic smectic C
mesophase. Monomers with higher carbon chains did not exhibit a LC phase.

The monomers XXIV-m-n were polymerized with initiator 4 in a monomer
to initiator ratio of about 50. Table 16 summarizes the physico-chemical data for
these polymers. Poly-(XXIV-m-n) exhibited smectic C mesophases, but these
phases were only observed over a small temperature range and isotropization
occurred shortly after the glass transition. It was not possible to identify the
mesophase by polarized optical microscopy, but the smectic phase was con-
firmed by X-ray scattering experiments. Transition temperatures increased with
the length of the carbon segments (1) but decreased with increasing siloxane
segment (m1).

Physical data for these polymers supported the idea that induction of smec-
tic layering stems from the immiscibilities of the hydrocarbon and the oligo-
dimethylsiloxane or fluorocarbon segments, and not from the rigid rod-like
shape of the fluorocarbon segments.

Following the third concept described above, of using electron-donor-ac-
ceptor interactions for inducing smectic mesophases in SCLCPs, Pugh et al. pre-
sented the thioether monomers XXV-n as electron-donating and the sulfone
derivatives XXVI-n as electron-accepting entities in a preliminary paper, as
shown in Fig. 15 [80].

2.3.1
Block Copolymers

A block copolymer consisting of a SCLCP-block of monomer XXVII with a
laterally-attached mesogenic unit, and butyl-acrylate, was synthesized using
a combination of ROMP and atom transfer radical polymerization (ATRP)
(Fig. 16) [81].



76 G. Trimmel et al.

O
Lb/{ O(CHy)4H
2 0

CH,)
\( 2)4 0
COOC4Hg
) =/
(@)
o BA
H(CH,),O
XXVII

Fig. 16 Monomers used for block copolymerization containing laterally-attached mesogens

ROMP of the SCLCP block was carried out with the “Grubbs”-initiator 6 in
a monomer to initiator ratio of about 25. The polymerization was terminated
by reaction with 4-(2-bromopropionyloxy)-but-2-enyl 2-bromopropionate, lead-
ing to a macroinitiator for ATRP. The radical polymerization was carried out
with CuCl, 4,4’-di(n-nonyl)-2,2-bipyridine, and butylacrylate (BA), giving a
poly-XXVII-b-BA copolymer. The homopolymer of poly-XXVII had a narrow
PDI of 1.06, while the diblock copolymer showed a PDI of 1.32.

The homopolymer showed an enantiotropic nematic mesophase, whereas
the diblock copolymer generated microphase-separated lamellae, in which the
SCLCP block possessed a nematic-isotropization transition similar to the ho-
mopolymer (Table 17). Upon heating, the nematic microphase decreased con-
tinuously in the nematic phase from 38.5 nm to 27 nm and showed a constant
value of about 26 nm after the nematic-isotropization transition. Therefore,
materials in which these block copolymers are macroscopically aligned are ex-
pected to show reversible contraction in one dimension, making this polymer
system an interesting candidates for an artificial muscle or actuator.

Table 17 Molecular weights and thermal transitions of poly-XXVII and poly-XXVII-b-BA

Polymer M, PDI Phase transitions (°C) and enthalpy changes
(J g, in parentheses)?

poly-XXVII 22,900 1.06* k 60.9 (8.48) n 102.5 (2.24) i

poly-XXVII-b-BA 36,100  1.28° g -46 (poly-BA) k 55.8 (3.15) n 103.3 (1.97) i

2 Phase transitions are given for the second heating run (DSC).
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2.4
Discotic Mesogens

In contrast to calamitic mesogens, discotic liquid crystals are built from disk-like
molecules that can arrange into different structures, such as the discotic nematic
mesophase, the discotic columnar mesophase, or the discotic hexagonal meso-
phase.

Discotic liquid crystalline materials, like triphenylenes, show high charge
carrier mobilities within their highly ordered mesophases. This enhanced pho-
toconductivity has been attributed to long-range ordering along the columns in
the discotic hexagonal and helical phase. In combination with polymers, discotic
phases can be arranged in a mechanically stable manner for use in industrial
applications. Possible architectures for discotic liquid crystalline polymers are
pictured in Fig. 17.

Discotic SCLCPs were synthesized by the group of Grubbs [82]. For this pur-
pose, norbornenes XXVIII-n (n=5, 10) and cyclobutenes XXIX-n (n=5, 10)
with alkoxy-substituted triphenylenes as mesogenic units (see Fig. 18) were
prepared. Polymerization was carried out with initiator 6. The resulting poly-
mers had a narrow PDI between 1.09 and 1.17. Physico-chemical data for poly-
XXVIII and poly-XXIX are listed in Table 18.

DSC measurements and X-ray-scattering experiments demonstrated that
polymers with decyloxy-substituted triphenylenes exhibit discotic hexagonal
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Fig. 17 Discotic polymer architectures. A: MCLCP; B: SCLCP; C: discotic network
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Fig. 18 Chemical structures of monomers with discotic mesogens
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Table 18 Physico-chemical data for poly-(XXVIII-n) and poly-(XXIX-n)

Polymer M, PDI Phase transitions (°C)
poly-(XXVIII-5) 46,500 1.09 g —3 Dyq1 36 Dy, 421
poly—(XXVIII-10) 48,500 1.17 g-4i

poly—(XXIX-5) 33,000 1.11 g -17 Dyg1 37 Dpgp 45 1
poly-(XXIX-10) 157,000 1.19 g-12i
poly-(XXIX-5)a 50,000 1.11 g -18 Dyg; 34 D, 43 1
poly-(XXIX-10)a 125,000 1.32 g-171i

(Dy,) mesophases up to 40 °C, but polymers containing the pentyloxy-substi-
tuted triphenylenes do not show any LC phase at all.

Based on previous work which showed that backbone rigidity correlates
with mesophase behavior for SCLCPs bearing calamitic mesogens [64], the
double bonds of the main chain in polybutadienes were hydrogenated, leading
to pure saturated alkane main chains, poly-(XXIX-5)a and poly-(XXIX-10)a
in Table 18. But in contrast to the studies of calamitic SCLCPs, no dependency
of backbone rigidity on mesophase behavior could be established.

2.5
Dendritic Side Chains

Norbornene-based and oxa-norbornene-based monomers bearing dendritic
side chains, XXX and XXXI (Fig. 19), were synthesized and polymerized via
ROMP with initiator 6 [83]. Based on size exclusion chromatography data, the
polymerization shows living-like character up to DP=70. 'H- and *C-NMR-
spectroscopy revealed 35% cis and 65% trans sequences. These polymers dis-
played enantiotropic nematic and smectic mesophases, except for DP=5. In
contrast to other classes of SCLCPs, the dependence of the DP on the transition
temperature of the polymer was very weak. Glass transition and isotropization
temperatures became independent of molecular weight above a degree of poly-
merization of about 10.

X-ray characterization revealed non-conventional packing in the smectic
phase. It represented a novel class of SCLCPs in which the main chain was not
confined in-between the smectic layers but rather penetrated them.

The bulkiness of dendritic side chains can force the polymer backbone to
adopt special geometries [84]. The overall contour of the polymer can then be
spherical or rod-like so that the polymers adopt liquid crystalline phases. Even
when the driving force of this behavior is caused by the bulkiness of the side
chain, these polymers show MCLCP-like behavior.

Different dendritic side groups were linked to 7-oxanorbornene via an ester
group (XXXII-XXXVI) (Fig. 20) [84-86]. The monomers by themselves also
assembled into a supramolecular arrangement of spherical or columnar shapes.
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Fig. 19 Chemical structures of monomer XXX and XXXI

Generally, these pre-self-assembled structural motives are often found in the
final polymer materials.

RuCl;-xH,0 and RuCl,(Ph;P),(CHCHCPh,) were used for the polymeriza-
tion of XXXII, leading to polymers with moderate PDIs. Structural investiga-
tions revealed a glass — hexagonal columnar - isotropization phase sequence.
The more complex monomer XXXIII was polymerized using initiator 6.
Monomer XXXIII, oligomers, and polymers showed all hexagonal, columnar
LC phases. The enthalpy changes and the thermal transition temperatures were
divided into three regimes. Up to a DP of 25, the columns were built from self-
assembled structures of monomers or oligomers, so enthalpy changes were
high and thermal transition temperatures were low. At higher DPs, the columns
were built from short polymer entities, and transition temperatures increased
up to a plateau for DP>65.

Polymerization of XXXIV was carried out with initiator 6 using monomer
to initiator ratios of 20-400, generally resulting in polymers with low PDIs
(1.02-1.31). Molecular weight characteristics and thermal transitions of poly-
XXXIV are listed in Table 19. The polymer chains developed helical structures,
forming columns that self-assembled into hexagonal columnar LC phases [84].
The space requirements of the bulky dendritic side groups forced the polymer
main chain to adopt a helical structure in the core of a columnar jacket formed
by the dendritic side chains. The same structures were found for polymers
poly-XXXV and poly-XXXVI, but oligomers with DPs<25 formed spheres.
The change from spherical to columnar polymers was accompanied by an
acceleration of the polymerization reaction due reduced sterical hindrance in
the columnar arrangement.
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Table 19 Physico-chemical data for poly-(XXXIV)

[6]:[XXXIV] M, PDI Phase transitions (°C) and enthalpy changes
(kcal mru!, in parentheses)?

1:30 45,200 1.04 k -3.7 (3.8) k 95.6 (-0.2) ®;; 106.2 (0.1) i

1:50 69,200 1.05 k2.5 (6.3) g40.6 (-0.2) ®; 111.9(0.1) i

1:75 95,500 1.15 k2.2 (6.0) g40.6 &5 116.0 (0.2) i

1:100 158,900 1.06 k2.1(4.8) g4l.4 ®4127.9(0.2) 1

1:150 189,800 1.17 k 2.9 (6.0) g 41.6 ®;; 129.5 (0.2) i

1:200 246,500 1.18 k2.7 (6.8) g41.9 & 132.1 (0.2) i

1:400 511,300 1.13 k2.6 (5.7) g41.0 &y 132.9(0.2) i

* Phase transitions are given for the second heating run (DSC).

3
Main Chain Liquid Crystalline Polymers by ADMET und ALTMET

In contrast to ROMP, ADMET offers the possibility of synthesizing both side-
chain and main-chain liquid crystalline polymers. The scope and limitations
of ADMET are discussed in detail by Wagener et al. in this issue. We herein
focus on a few contributions that used step growth polymerization methods to
prepare MCLCPs and SCLCPs.

Ferroelectric liquid crystalline monomers (Fig. 21, XXXVII) bearing two
terminal vinyl groups were polymerized directly from their smectic A* liquid
crystal phase using a Grubbs-type initiator.

A degree of polymerization of about ten was determined by end-group
analysis via '"H-NMR. Glass transitions were found to occur below room tem-
perature. In each case, the material was smectic C* at 80 °C. The polymers
exhibited a broad enantiotropic C* phase range. A uniaxial teflon monolayer
gave well-aligned parallel samples which were used to determine the smec-
tic C* tilt angle as a function of temperature. The materials were well-behaved
ferroelectric liquid crystals that exhibited large maximum ferroelectric polar-
ization values [87].

Jung-Ii Jin et al. prepared a series of ester-based MCLCPs and realized a
combination of MCLCP and SCLCP by copolymerizing the monomers
XXXVIII and XXXIX shown in Fig. 22. The Grubbs catalyst 6 was used for this

AV Yo Yatatel L Vo WS ea Wy

XXXVII n=2,3,4 poly-XXXVII n=2,3,4
Fig. 21 Monomers and corresponding polymers prepared by ADMET
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Fig. 22 Chemical structures of the dienes XXXVIII and XXXIX

purpose. They obtained polymers with degrees of polymerization ranging from
5 to 134. PDIs were determined to be about 2, typical for ADMET polymeriza-
tions. Polymers were investigated by DSC and POM. Preliminary WAXD mea-
surements suggested that smectic and nematic mesophases were present. It was
outlined that ADMET generally provides a convenient and reliable entry into
MCLCPs, and it might be feasible to incorporate functional groups into such
polymers that cannot be incorporated by other methods [88].

The same group reported on the synthesis and characterization of all-hy-
drocarbon MCLCPs, poly-(XXXX), and their hydrogenated derivatives poly-
(XXXXI), based on 4,4"-bis(x-w-alkenyl)-1,1"-biphenyl derivatives, see Fig. 23.
Monomers with different a-w-alkenyl chain lengths were used to prepare not
only the corresponding homopolymers but also statistical copolymers. Crys-
tallinity, thermal transition properties and LC properties were studied.

All polymers showed semicrystalline behavior, as demonstrated by WAXD
measurements. DSC thermograms were presented, but LC properties were
found to be difficult to determine due to the concomitant thermally-induced
crosslinking of the unsaturated polymers upon melting. In some cases smec-
tic B phases were identified by POM. The melting temperatures of the saturated
analogues were lower than for the corresponding unsaturated derivatives. Op-
tical textures of the saturated polymers showed lancets in the background,
typical of a solid-like smectic phase [89].

poly-XXXX n=1,3,6 poly-XXXXI n=1,3,6
Fig. 23 All hydrocarbon polymers derived from ADMET
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Closing this section, a new metathesis-based method for the preparation of
strictly alternating copolymers should be mentioned. Alternating diene
metathesis polycondensation (ALTMET) was used to prepare a MCLCP con-
sisting of an alternating architecture of a calamitic (linear rod-like core) and a
banana-shaped (bend-shape core) mesogen (Fig. 24).

Characterization revealed a degree of alternation of 99%, an apparent My, of
43700 g/mol, and a PDI of 1.9. Poly-XXXXII formed a nematic phase between
the glass transition temperature at 46 °C and the T; at 120 °C (T; from DSC
118 °C). Further examples with liquid crystalline diacrylates were disclosed in
the publication [90].

4
Conclusion and Outlook

This review of liquid crystalline polymers (LCPs) has highlighted the versa-
tility of olefin metathesis reactions in the synthesis of functional polymers.
The chemistry of side chain crystalline polymers (SCLCPs) and main chain
liquid crystalline polymers (MCLCPs) has received new impetus from ROMP,
ADMET and ALTMET over the last decade. In particular, ROMP has allowed
the synthesis of a broad variety of SCLCPs in a controlled way, mostly leading
to polymers with narrow molecular weight distributions. Many different
mesogen types have been attached terminally as well as laterally to monomers,
mainly norbornene and oxanorbornene derivatives. The living character of
ROMP makes this method capable of preparing block copolymers just by
adding a second monomer. In addition, the latest generation of ruthenium ini-
tiators (8 and 9) features high functional group tolerance, provides full initi-
ation, and is easy to handle. Therefore, ROMP seems to be one of the most
promising approaches for synthesizing SCLCP polymers and copolymers in
the future.

Even though the results from current ROMP-derived SCLCPs are not very
homogeneous, some general trends are evident. Following the spacer concept
of Finkelmann, the introduction of a flexible spacer between the polymer main
chain and the mesogenic unit favors the formation of LC phases. The spacer
length often has a dramatic influence on the mesophase evolved. The thermal
transition temperatures show a linear dependence on molecular weight, reach-
ing a final value above a DP of 25. In addition, the tacticity of the main chain
and the Z/E isomerism has an influence not only on the thermal transition tem-
peratures but also the mesophase, as shown by Ungerank [47]. Beside this work,
there is little known about the correlation between backbone microstructure
and LC phase.

A great number of initiators and monomers are now available, allowing
almost perfect control over most of the important parameters of LCPs: main
chain stiffness; tacticity; glass transition temperatures; processability from
solution or melt; mesogen density along the main chain; combination with
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different functionalities in statistical and block copolymers. However, this
series of easily tunable properties is not yet complete.

Regarding the possible applications of metathesis-derived LCPs, it was shown
that the mesophases of SCLCPs can be aligned in magnetic fields, leading to
optically transparent materials with high birefringence (Sect. 2.1). These ma-
terials are certainly interesting materials for optical applications.

The aligned microphase-separated block copolymer poly-XXVII-b-BA
(Sect. 2.3) shows reversible contraction in one dimension - in other words, it
acts like an actuator.

Beside classical SCLCPs, attaching dendritic side chains to poly(norborn-
enes) and poly(7-oxanorbornenes) leads to highly-ordered columnar meso-
phases (Sect.2.5). In these polymers, the dendritic side chains force the polymer
to adopt a rod-like structure.

MCLCPs prepared by ADMET and ALTMET have recently gained much
attention. In particular, ALTMET allows the synthesis of perfectly alternating
copolymers, opening new possibilities for the design of materials with specific
properties.
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Abstract Metathesis-based polymerizations of 1-alkynes and cyclopolymerizations of 1,6-
heptadiynes using late transition metal catalysts are reviewed. Results obtained with both
binary, ternary,and quaternary catalytic systems and well-defined molybdenum- and ruthe-
nium-based catalysts are presented. Special consideration is given to advancements in
catalyst design and mechanistic understanding that have been made in this area over the last
few years; advancements that have facilitated tailor-made syntheses of poly(ene)s. In addition,
the first supported ruthenium-based cyclopolymerization-active systems are summarized.
Finally, selected structure-dependent properties will be outlined where applicable.
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List of Abbreviations
ADMET polymerization acyclic diene metathesis polymerization

CT charge transfer

HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
PDI polydispersity

TCDTF6 7,8-bis(trifluoromethyl)tricyclo [4.2.2.0%°]deca-3,7,9-triene
THF tetrahydrofurane

Neg effective conjugation length

ROMP ring-opening metathesis polymerization
Anax UV absorption maximum

0-TMSPA o-trimethylsilylphenylacetylene

IS isomer shift (Moessbauer)

DEDPM diethyl dipropargylmalonate

SDS sodium dodecylsulfate

1

Introduction

Fully conjugated polymers based on poly(ene)s and related structures have
many potential applications in the fields of organic (semi-) conductors, opto-
electronics, and photonics [1-6]. Unfortunately, poly(acetylene), the simplest
representative of this class of compounds, suffers from insolubility, lack of
processability, and insufficient oxygen stability. Substituted poly(acetylene)s
overcome these problems, and are accessible via three different routes. The first,
ADMET (acyclic diene metathesis) polymerization, is a metathesis-based con-
densation reaction of a,-dienes [7, 8] and is widely used in syntheses of
poly(p-phenylenevinylene)s (PPVs) and their derivatives [9-15]. This poly-
merization technique is characterized by a comparable easy set-up, and many
catalysts are suitable for metathesis polymerization in principle [14]. Never-
theless, the current preference is for well-defined catalytic systems, in order to
obtain well-defined polymers and to avoid comparably low molecular weights
[16]. A detailed description of this polymerization method is given in the chap-
ter by Baughman and Wagener. The second approach to poly(ene)s, ROMP
(ring-opening metathesis polymerization), is restricted to specifically designed
poly(ene) precursors such as substituted and unsubstituted cyclooctatetraenes
or paracyclophenes [13-23]. The third, 1-alkyne polymerization, allows a wide
range of structural variations in principle, once a suitable initiator monomer
system has been identified (Scheme 1) [17-24].

Although classic ternary systems based on molybdenum, tungsten and
rhodium have been widely used for these purposes [25-52], terminal alkynes
are still best polymerized by well-defined Schrock-type metathesis initiators in
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Scheme 1 Metathesis-based polymerization techniques for the synthesis of conjugated
materials

order to yield conjugated poly(ene)s. Where a suitable initiator is found, these
polymerizations can be carried out in a living manner [21, 23, 53-55]. In the
case of 1,2-disubstituted alkynes, polymerizations are restricted to the use
of binary and ternary systems, respectively [56-68]. Generally speaking, the
degree of conjugation in conjugated materials strongly depends on the steric
nature of the substituents in the starting alkyne. The desired coplanarity of
the double bonds, a prerequisite for most applications, is best described by the
effective conjugation length (N.¢). This is a measure of the number of coplanar
double bonds in a conjugated system resulting from overlap of the p,-orbitals.
Highly conjugated systems show narrow bandgaps between HOMO and LUMO,
which result in low-energy charge-transfer (CT) bands. As a consequence, these
materials exhibit strongly bathochromic shifts in absorption. In 2000, recent
achievements made in this area of research were acknowledged by awarding the
Nobel Prize in Chemistry to H. Shirakawa, A.G. MacDiarmid and A.]. Heeger for
their discovery and development of electrically-conducting polymers [3-5].
Despite their outstanding and promising role in the development of conjugated
materials, poly(ene)s based on poly(acetylene)s were not able to fulfill these
high expectations. Consequently, conjugated materials are currently generally
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based on poly(thiophene)s, poly(pyrrole)s, poly(thiazole)s, poly(p-phenylene)s,
PPV and related materials [69-71]. With these systems, a large variety of
conjugated polymer-based devices, such as organic field transistors [72, 73],
diodes, light-emitting diodes [70, 74-76], photodiodes, polymer grid triodes,
light emitting electrochemical cells,and optocouplers are available [71,77,78].

A major reason for the failure of poly(acetylene)s in the above-mentioned
applications is related to their inherent instability versus moisture and oxygen,
and their high susceptibility to decomposition/rearrangement in the partially
oxidized/doped state. Nevertheless, poly(ene)s stabilized by appropriate ligand
systems and/or incorporated into cyclic structures are believed to exhibit
similar stabilities to poly(thiophene)s, poly(pyrrole)s, poly(p-phenylene)s, PPV,
and so on. In the following, we will outline the basic concepts of poly(ene)s as
well as reviewing the structures that have been realized so far.

2
Polymerization of Ferrocene- and Ruthenocene-Substituted 1-Alkynes

Besides other intriguing properties, such as inherent planar chirality, metal-
locenes are of interest due to their considerable Lewis basicity. Their direct or
conjugative attachment to a polymer chain should enhance the electron den-
sity along the main chain and therefore lower the HOMO-LUMO band gap. In
addition, organometallic compounds and metallocene-based monomers and
polymers represent interesting potential nonlinear optical materials, useful for
frequency doubling, modulation, and switching, for three reasons:

i) The compounds show metal-ligand (M-L) and L-M charge transfer (CT)
bands in the UV-vis region. These transitions are very often associated with
large second order nonlinearities.

ii) Intense colors (and therefore high transition dipole moments) are respon-
sible for high second order nonlinearities.

iii) Since metallocenes are stable in different oxidation states, and Bis expected
to increase as N*% (N is the number of carbons in the chain) for a charged
species, cationic and anionic monomers and polymers would appear to be
promising compounds. In particular, y shows a high dependency on N (~N4
with 5.0<g<5.25) in charged systems.

Taking these features into consideration, polymerizations of the simplest met-
allocenyl alkynes (ferrocenyl- and ruthenocenylacetylene) were chosen to start
with. Many attempts to polymerize ferrocenylacetylene (or more attractively
ethynylferrocene) in a controlled way have been reported [79, 80]. Nevertheless,
none of the systems investigated allowed a high yield synthesis of poly(ethynyl-
ferrocene) with satisfying physical properties (especially polydispersity (PDI),
solubility, and molecular weight). In all cases,low molecular weight oligomers
with high PDIs (5-10) were obtained as mostly insoluble, brown, probably par-
tially oxidized, barely characterized materials. No relevant information about
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the general polymer structure or possible crosslinkage was accessible at all.
In view of the encouraging results from 1-alkyne polymerization obtained
with well-defined Mo-based initiators [17, 18, 20, 21, 81], usually referred to as
“Schrock initiators”, an extension of this chemistry to the preparation of met-
allocenyl-substituted poly(ene)s appeared promising.

Ethynylferrocene and ethynylruthenocene are, due to the Lewis base char-
acter of the metallocene moiety, highly reactive terminal acetylenes. In contrast
to their phenyl analogues, they can (in principle) be polymerized using a wide
variety of classic Schrock initiators. Nevertheless, in order to obtain a well-de-
fined polymerization system that permits access to tailor-made polymers, one
needs to bear in mind the two possible reaction pathways for 1-alkyne poly-
merization (Scheme 2).

CMGQPh

[Mcj:[ H CMe,Ph
R M o=
R
o-insertion
*.\r' /!

H
R_o..ng— + R-CCH first insertion product
o’ CMe,Ph

|
R \ CMe,Ph
[MO]:[ R CMe,Ph
:2:<H
H

H R [MO]

B-insertion

Scheme 2 Two different modes of insertion into 1-alkyne polymerization

The monomer can insert into the metal-carbene double bond via a- or
P-insertion. In principle, both insertion modes result in the formation of a con-
jugated poly(ene). Nevertheless, in particular with highly reactive monomers,
P-insertion often results in the formation of ill-defined polymers because of
the subtle differences in the reactivities of the initiator and the first insertion
products. If the rate constant for polymerization (k,) is much larger than the
rate constant for initiation (k;) in these systems, only a low percentage of the
initiator forms a propagating polymer chain, which directly results in a loss of
control over the molecular weight. One observes the precipitation of virtually in-
soluble polymer from the reaction mixture within a few seconds after initiation.
At this point it should be mentioned that the ratios of k;/k,, are conveniently de-
termined via 'H-NMR [82] when the polymerization system fulfills the criteria
of a truly “living” system [83-85]. In addition, one can easily distinguish between
these two mechanisms by applying '"H-NMR. When the polymerization pro-



94 M. R. Buchmeiser

ceeds via a-addition, disappearance of the starting alkylidene and formation
of (usually trans) coupled signals is observed (Scheme 2). On the other hand,
new alkylidene signals as well as isolated, non-coupled signals in the olefinic
region appear when polymerization proceeds via f-addition. Based on the
concept of “small alkoxides” developed by Schrock [21], where initiators that
contain small alkoxide ligands favor a-addition due to the absence of steric
interaction between the monomer and the alkoxides, Mo(N-2,6-Me,-C4H;)
(CHCMe,Ph)(OCMe(CF;),), turned out to be the best initiator among many
other investigated systems. It allowed the synthesis of homo- as well as co-
polymers in high yields and with high selectivity in terms of insertion mode
and consequently head-to-tail connectivity [53]. The polymerization systems
turned out to be truly living, facilitating syntheses of the corresponding
poly(ene)s with required molecular weights and with PDIs typically <1.3.
As a consequence of the living character, end-group functionalization was
carried out with various aldehydes including ferrocene aldehyde and pyridine-
4-aldehyde (see also Scheme 3). Unfortunately, values for N, obtained with
poly(ethynylferrocene) and poly(ethynylruthenocene) in THF were quite low
(<10). This is a direct consequence of the presence of bulky groups in linear
poly(acetylene)s, which often prevent high values for N due to 1,3-steric
interactions.

1. [Mo]

PhMe,C

Scheme 3 Synthesis of ferrocene-substituted poly(ene) by alternating copolymerization
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3
Alternating 1-Alkyne-Ring-Opening Metathesis-Polymerization

As an alternative, copolymerization of alkynes bearing bulky substituents
with TCDTF6 (7,8-bis(trifluoromethyl)tricyclo [4.2.2.0%°]deca-3,7,9-triene)
was carried out. In the course of this copolymerization, usually referred to
as the “Durham Route” [86-89], the “Feast-monomer” was introduced into the
polymer main chain and subsequently converted into three unsubstituted,
conjugated double bonds via a thermally-induced retro-Diels Alder reaction
(Scheme 3) [53].

Sufficient separation of one ferrocenyl substituent from the other is achieved
for perfectly alternating copolymers. Ferrocene-substituted alkynes prepared
by this route exhibit a remarkable stability due to steric protection by the bulky
ferrocene substituents, despite the large number of unsubstituted double bonds.
This translates directly into a significant bathochromic shift in absorption,
which can even be enhanced by endgroup functionalization (quaternization).
This quaternization which is carried out by simply treating with methyl iodide,
results in the formation of highly conjugated, charged poly(ene)s (1,,,,=595 nm,
N.=54, CHCl;), which exhibit a strong solvatochromic behavior. The prepara-
tion of such perfectly alternating copolymers using ROMP and 1-alkyne
polymerization strongly depends on the ratios k;;/kis;) as well as k,y/kpsi)
where ki Kiip» Kp(aip and ks, and so on, represent the rates of insertion and
the rates of propagation of the two monomers A (ethynylferrocene) and B
(TCDTF6) at the corresponding insertion step i (i=1,2,3,...DP=degree of poly-
merization) with the active carbene, respectively. Ideally, k;;> k;s; if the
last monomer that was inserted was B and vice versa. Unfortunately, these rate
constants are difficult to control, significantly limiting the applicability of this
concept.

As a direct consequence, the synthesis of highly conjugated poly(ene)s via
the preparation of homopolymers from a single functional monomer still
seems highly preferable. In order to do this, the substituted alkyne must fulfill
at least two requirements in order to be suitable for the synthesis of poly(ene)s
with high values of N g On the one hand, the substituent should possess elec-
tron-donating character in order to activate the carbon-carbon triple bond and
make it more reactive towards a transition metal alkylidene, which usually
speeds up initiation. In addition, Lewis base character provides an enhanced
electron-density in the resulting polymer backbone. On the other hand, the
substituent should ideally be designed in such way that the conjugated double
bonds in the resulting poly(ene) are as coplanar as possible. In principle this
may be achieved by reducing the steric interaction between the substituents (by
introducing spacers).
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4
Spaced Metallocenylalkynes

4.1
(Ferrocenylethynyl)-4’-ethynyltolan: A Tailor-Made 1-Alkyne
for Mechanistic Investigations

As already briefly mentioned, Schrock et al. proposed that the use of “small”,
electron-withdrawing alkoxides favors a-addition, whereas larger alkoxides
should give rise to f-addition due to sterical hindrance. This concept proved
to be useful, particularly for the polymerization of o-substituted pheny-
lacetylenes, such as o-trimethylsilylphenylacetylene (0-TMSPA) and related
compounds [21, 23], although other terminal acetylenes (like the above-men-
tioned compounds ethynylferrocene and ethynylruthenocene) behaved in
a different way (adding via a-insertion despite the use of large alkoxides in
Mo(N-2,6-Me,C¢H;)(CHCMe,Ph)(OCMe(CFs;),),, and vice versa with metal car-
benes containing small alkoxides such as Mo(N-2,6-Me,C¢H;)(CHCMe,Ph)
(OCgFs), quinuclidine) [53]. Evidently and not surprisingly, not only the initia-
tor but also the monomer plays an important role in terms of sterics and elec-
tronics. Therefore, acetylenes containing electron-withdrawing groups do not
readily react, even with one of the most reactive molybdenum-based initiators,
Mo(N-2,6-iso-Pr,C4H;)(CHCMe,Ph)(OCMe(CF;),),. Interestingly enough, nor
do other either electron-rich, yet sterically-hindered acetylenes, such as tert-
butylacetylene. As the ferrocene moiety obviously possesses some special prop-
erties with regard to the reactivity of the monomer itself, the polymerization
of a tailor-made monomer, 4-(ferrocenylethynyl)-4'-ethynyltolan, a diethynyl-
tolan-spaced homologue of ethynylferrocene, appeared promising for two
reasons (Fig. 1).

First, this compound was sterically demanding and should therefore, if there
is any reactivity at all, undergo f-addition. Second, it contained the ferrocene
moiety, yet the reactivity of the terminal alkyne group was reduced because of
the ethynyltolan spacer. As expected, the monomer was significantly less reac-
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<oy
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Fig. 1 Structures of ferrocene-substituted alkynes
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tive than ethynylferrocene, as the additional electron density was distributed
over a larger Ti-system. As anticipated, this compound polymerized via f-addi-
tion using Mo(N-2,6-iso-Pr,C,H;)(CHCMe,Ph)(OCMe(CF;),), as the initiator
[90]. Evidence for this type of insertion was provided by 'H NMR spectroscopy.
Upon treatment of the initiator with 1 equiv of the monomer, a sharp singlet for
H, appeared at 5.93 ppm. No coupling was observed. The signal for the termi-
nal alkyne at 3.17 ppm disappeared and a new alkylidene resonance for H, at
12.37 ppm appeared. Surprisingly, no signals for a second or third insertion
product were observed, indicating a ratio of k,/k;<1. Beside the signals for H,
and H,, only one characteristic signal group for the ferrocene moiety of the first
insertion product was observed. These NMR data were in accord with the
living character of the polymerization, which was confirmed for the first time
for a 1-alkyne polymerization that proceeded via -addition, indicating the im-
portance of kinetic parameters (k,/k;) as well as insertion issues for controlling
the molecular weight. Consequently and in contrast to other polymerizations
proceeding via f-addition, the resulting materials containing up to 50 metal-
locene groups possessed excellent solubility and could be prepared with con-
trol over molecular weight and PDI (generally <1.3). For the first time there was
access to the controlled synthesis of poly(ene)s containing large side groups.
The remaining question was whether this mode of insertion and polymeriza-
tion behavior applied to other spaced 1-alkynes too.

4.2
Tailor-Made Spaced Alkynes for Main Chain Tuning

To answer this question, the conjugated ferrocenylacetylenes 2-(4-ethynylphen-
1-yl)-vin-1-ylferrocene, 1-ferrocenyl-2-(4-ethynylphenyl)diazene, and 2-ethynyl-
phenylferrocene were synthesized (Fig. 1) [54].

The length and structure of these spacers had significant influence on the
mode of insertion of the corresponding alkyne into the Schrock-carbene as
well as on the structure of the resulting poly(ene). Both 2-(4-ethynylphen-1-yl)-
vin-1-ylferrocene and 1-ferrocenyl-2-(4-ethynylphenyl)diazene underwent
selective f-addition with Mo(N-2,6-Me,-C,H;)(CHCMe,Ph)(OCMe(CF;),), and
Mo(N-2,6-iso-Pr,-C¢H;)(CHCMe,Ph)(OCMe(CF;),),, respectively. This was not
surprising, since their molecular structures are quite similar to that of 4-(fer-
rocenylethynyl)-4’-ethynyltolan (Fig. 1). Interestingly, 2-ethynylphenylferrocene
turned out to be a sensitive probe for the steric (and electronic) situation of an
initiator. Therefore, polymerization proceeded via a-addition with Mo(N-2,6-
Me,-C¢H;)(CHCMe,Ph)(OCMe(CF;),),, while B-addition was observed with
Mo(N-2,6-is0-Pr,-C4H;) (CHCMe,Ph)(OCMe(CF;),),. Since both initiators were
based on identical alkoxides, an additional factor had to be responsible for this
observation. The transition state of both insertion modes provided some
useful insight (Fig. 2).

We can deduce from this that the 2-ferrocenylphenyl group gains maximum
distance from the initiator end group (-CMe,Ph) at the expense of steric inter-
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Fig. 2 Influence of aryl substituents on the mode of insertion in the polymerization of
sterically-demanding 1-alkynes

actions with the comparably small methyl groups (chain end controlled, a-ad-
dition). In contrast, this is no longer possible in the case of the “large” isopropyl
groups; the reaction is initiator controlled and proceeds via f-addition. This
only applies to o-substituted phenylalkynes with no steric interactions of the
ferrocene substitutent with the hexafluoro-tert-butoxide group.

k; was at least comparable to k,, for all three monomers, leading to truly living
polymerization with good control over molecular weight. Polymers prepared
from the linearly spaced monomers 2-(4-ethynylphen-1-yl)-vin-1-ylferrocene
and 1-ferrocenyl-2-(4-ethynylphenyl)diazene possessed low effective conjuga-
tion (N4<10, THF), while poly(2-ethynylphenylferrocene) showed a significant
bathochromic shift in absorption with a A,,,, of 515 nm, corresponding to an N
of 17 (THF). The rather high value for N for 2-trimethylsilylphenylacetylene
[21,23] compared to other metallocene-substituted poly(ene)s was suggested
to be due to m-stacking [91, 92] of the adjacent phenyl rings, but this explana-
tion requires final proof.

In order to enhance the effective conjugation lengths, a series of octamethyl-
derivatized ferrocene-based 1-alkynes were synthesized (Fig. 3).

The monomers [2- [4-(ethynyl)-phenyl]-ethenyl]-1",2,2",3,3’,4,4",5-octameth-
ylferrocene, [2- [(5-ethynyl)-thien-2-yl]-ethenyl]ferrocene, [2- [(5-ethynyl)-
thien-2-yl]-ethenyl]-1",2,2",3,3",4,4’,5-octamethylferrocene, (E)-2-(ethynylfer-
rocenyl)-ethenyl]-1",2,2,3,3",4,4",5-octamethylferrocene and [2-(2-ethynyl-
phenyl)-ethenyl]-1’,2,2",3,3",4,4’,5-octamethylferrocene all polymerized via
P-addition with Mo(N-2,6-Me,-C,H;)(CHCMe,Ph)(OCMe(CF;),), as the ini-
tiator. Again only the o-substituted analogue to 2-ethynylphenylferrocene,
[2-(2-ethynylphenyl)-ethenyl]-1’,2,2",3,3",4,4,5-octamethylferrocene, facilitated
the synthesis of conjugated poly(ene)s with N.¢ values of 20 (THF). In order to
shed some light on whether the proposed Lewis base character of the pendent



Regioselective Polymerization of 1-Alkynes 99

Fig. 3 Structure of octamethylferrocene-substituted 1-alkynes and [2-[(5-ethynyl)-thien-
2-yl]-ethenyl]-ferrocene

or spaced ferrocenes enhances the electron density along the poly(ene) back-
bone, >’Fe-Mossbauer experiments were carried out. Aside from the quadru-
pole splitting, the isomer shift (IS) is a good indicator of electron density
around the metal core. If electron density is transferred to the backbone,
a positive deviation from the standard, ferrocene and ethynylferrocene, re-
spectively, is observed. In fact, investigations revealed a significant positive
deviation from the standard ISs, indicative of electron transfer to the backbone
[93]. Therefore, data obtained by *’Fe-Mdssbauer spectroscopy reflect a small
decrease in s-electron density within the ferrocene moiety and its transfer to
the conjugated backbone, as demonstrated by the reduced ISs of the monomers
ethynylferrocene, 2-ethynylphenylferrocene, [2- [ethynylphen-2-yl]ethen-1-yl]-
1',2,2',3,3",4,4’,5-octamethylferrocene compared to the corresponding poly-
mers. In addition, the temperature dependence of the recoil-free fraction and
the calculated lattice temperatures indicated that the polymers were much
“softer” (within the definitions of Mdssbauer spectroscopy) than the corre-
sponding monomers.
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5
Cyclopolymerization of 1,6-Diynes

The cyclopolymerization of 1,6-heptadiynes represents a powerful alternative
to 1-alkyne polymerization [81, 94]. Cyclopolymerizations may be accom-
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Fig. 4 1,6-Heptadiyne derivatives used in cyclopolymerization
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Fig. 5 Charged 1,6-heptadiyne derivatives used in cyclopolymerization

plished using Ziegler-Natta-catalysts [95-100], Pd-catalysts [101], anionic poly-
merization [102], binary and ternary Mo- or W-based catalysts [103] and
Ni-based catalysts [104]. MoCls-derived systems were more reactive than the
corresponding WCls-based in Terms of with Group VI-based initiators [105].In
the case of unsubstituted diynes such as 1,2-diethynylbenzene or 1,6-hep-
tadiyne, most of these catalytic systems lead to mostly brown, insoluble, ill-de-
fined polymers with variable repetitive units and broad molecular weight dis-
tributions. Introduction of a ligand in the 4-position generally improves the
solubility of the resulting polymers. Therefore, substituted heptadiynes possess
good solubilities in common organic solvents (C¢Hg, toluene, CH,Cl,, CHCl;),
good long-term stabilities towards oxidation, and high effective conjugation
lengths [24,81,103,106]. Cyclopolymerizations of a large number of uncharged
[24, 81,94, 106-118] and ionic monomers with substituents at the 4-, 2- and 5-
position have been investigated [119-124]. In most of these investigations, bi-
nary and ternary catalysts have been employed. These monomers are reviewed
in Figs. 4 and 5.

5.1
Polymer Structure

In terms of polymer structure, cyclopolymerizations of 1,6-heptadiynes usually
yield poly(ene)s that contain a mixture of five- and six-membered rings (Fig. 6).
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Fig. 6 Possible ring structures of poly(1,6-heptadiynes) prepared via cyclopolymerization.
Poly(cyclopent-1-enylene-1-vinylene)s (A); poly(cyclohex-1-ene-3-methylidene)s (B); and
mixed structures (C)

One of the first 1,6-heptadiyne-derived monomers that was subject to
cyclopolymerization and whose structure was unambiguously identified was
diethyl dipropargylmalonate (DEDPM) [81, 125], which turned out to be the
working horse in this research area [24, 81, 106]. Its polymerization with Mo(N-
2,6-iPr,-C4H;)(CHCMe,Ph)(OCMe(CF;),), yielded a polymer containing both
five- and six-membered ring structures. It is important to note that these two
ring structures generally occur within one single polymer chain, and not in a
mixture of polymer chains consisting either of five- or six-membered rings. The
structure of this polymer was determined by *C-NMR, since the carbonyl car-
bon and the quaternary carbon are especially sensitive to the ring size. Carbon
resonances at 172.0 ppm (carbonyl carbon) and 57-58 ppm (quaternary carbon)
are characteristic of five-membered rings, while resonances at 170.8 and 54 ppm
are characteristic of six-membered rings. Nevertheless, the cis/trans configura-

s-Cis

s-trans

trans

cis

Fig. 7 Possible conformations of poly(cyclopent-1-enylene-1-vinylene)s and poly(cyclohex-
1-ene-3-methylidene)s



Regioselective Polymerization of 1-Alkynes 103

tion of the exocyclic double bond or the s-cis/s-trans configuration of the back-
bone single bond in poly(cyclohex-1-ene-3-vinylene) and the configuration of
the double bonds in poly(cyclopent-1-enylene-1-vinylene) cannot be deter-
mined, making it difficult to distinguish between the two possible idealized pla-
nar conformational isomers (Fig. 7).

The reasons for this are various elements of symmetry: mirror planes, axes
of rotation, centers of inversion that can be found in poly(cyclopent-1-enylene-
1-vinylene)s and which relate each repetitive unit to each other. In poly(cyclo-
hex-1-ene-3-vinylene)s, these elements are missing, but the low values for 4,4
do not allow any statements on configuration.

5.2
Stereoselective Cyclopolymerization

5.2.1
Diethyl Dipropargylmalonate (DEDPM)

In order to understand the polymer structures that are obtained in the poly-
merization of 1,6-heptadiynes, one needs to consider all possible polymeriza-
tion mechanisms. If 1,6-heptadiynes are subject to cyclopolymerization using
well-defined Schrock catalysts, polymerization can proceed via two mecha-
nisms. One is based on monomer insertion, where the first alkyne group adds
to the molybdenum alkylidene forming a disubstituted alkylidene, which then
reacts with the second terminal alkyne group to form poly(ene)s consisting of
five-membered rings. Analogous to 1-alkyne polymerization, one refers to this
type of insertion as a-insertion (Scheme 4).

CMeyPh | PhMexC

CMe,Ph
Mo— _ CMePh 7 |
. MO{/ Mo X — | X
o-addition XE X |
' N — Mo
A =
R—O'-~M'|c\>|l=<H
o’ CMe,Ph
| N
R \ N CMe,Ph
- CMeoPh PhMe,C.
B-addition | p1o CMe,Ph | |
= M():/_/ Mo > | X
X = X |
=

Scheme 4 Two possible reaction pathways and resulting ring structures in the cyclopoly-
merization of 1,6-heptadiynes
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The monomer can also add to the initiator to form a monosubstituted alkyli-
dene. This sequence, again referred to as -addition, yields poly(ene)s based
on six-membered rings (Scheme 2). Poly(DEDPM) exclusively consisting of
six-membered rings was first prepared using the molybdenum imido alkylidene
complex Mo(N-2-tert-Bu-C4H,)(CH-tert-Bu)(O,CCPh;), [24, 106]. Here the
bulky ligands (the carboxylates) forced the monomer to undergo selective
p-addition by sterically preventing any other approach to the CNO-face [22].
These findings were in absolute accordance with the concept of “small alkox-
ides” developed by Schrock et al. for this type of initiator [21, 23]. Neverthe-
less, it should be emphasized that both Schrock et al. [126] and others [54]
have already emphasized the important roles played by any substituents at the
arylimido ligand, which can totally invert the mode of insertion for the same
set of alkoxides [54]. The structure of poly(DEDPM), consisting solely of cyclo-
hex-1-ene-3-vinylene units, was identified by '*C-NMR as described above.

The polymerization of DEDPM in order to synthesize of poly(1,2-cyclopent-
1-enylene-vinylene) required some significant tuning of the Schrock-type
initiator. In order to obtain a polymer consisting virtually solely of cyclopent-
1-ene-1-vinylene units, small alkoxides were required to allow a-addition.
Unfortunately, the use of small alkoxides turned out to be a necessary, although
not sufficient, prerequisite. In fact, some additional modifications in catalyst
design had to be carried out. These modifications were related to some basic
properties of molybdenum complexes of type Mo(NAr")(CHCMe,Ph)(OR’),.
Generally speaking, these compounds exist in the form of two rotamers [22,
126]. One isomer, with the 2-phenylpropyl group pointing towards the imido
ligand, is called the syn; the other, with this group pointing away from the imido
group, is called the anti rotamer. These two rotamers interconvert with a rate
that depends on both the electronic and steric effects around the Mo-center,
allowing us to tune their reactivity and selectivity (Scheme 5) [22, 126-128].
Even more importantly, the syn and anti rotamers possess different reactivities,
the anti rotamer being the more reactive.

A2 L2,

N CMeyPh N H

1
R'O"Mo RO»Mo=x<
R H ARG CMe,Ph

syn anti

Scheme 5 syn-anti interconversion of Schrock-type catalysts

These properties have already been used to synthesize a wide variety of
stereoregular norborn-2-ene- and norbornadiene-based polymers [22, 54, 55,
126,129]. Adding a base such as quinuclidine has a strong impact on these poly-
merizations. Although the base is not believed to coordinate to molybdenum
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during insertion [23], it strongly influences the reactivity of the entire system
[18, 127]. The presence of a base, particularly at low temperatures, favors the
formation of (coordinated) anti rotamers, since it stabilizes this isomer [126].
On the other hand, the presence of the base enhances the relative reactivity of
the syn isomer. Fluoroalkoxide-based initiators such as Mo(N-2,6-Me,-CsH;)
(CHCMe,Ph)(OCMe(CF;),), are not capable of forming poly(DEDPM) con-
sisting solely of five-membered rings [81]. Neither addition of quinuclidine nor
lower polymerization temperature significantly changed this situation. Since
syn-anti interconversion is slow in these complexes, the final geometry of a
cyclopolymerization-derived polymer must at least be influenced by - if not
governed by - the relative reaction rates of the syn and anti isomers and the rate
of interconversion. If this is true, initiators based on non-fluorinated alkoxides
should be expected to facilitate the preparation of the target polymer, since
they generally show fast syn-anti interconversion. As a matter of fact, Schrock
initiators containing non-fluorinated alkoxides could be used for the living poly-
merization of DEDPM to produce poly(ene)s based solely on five-membered
rings [130, 131]. Therefore, low-temperature-initiated polymerization of
DEDPM using Mo(N-2,6-iso-Pr,-CsH;)(CHCMe,Ph)(OCH(CHj;),), as the cata-
lyst yielded virtually solely poly(cyclopent-1-enylene-1-vinylene). The same
polymer was obtained using either Mo(N-2,6-Me,-C¢H;)(CHCMe,Ph)-
(OC(CHj3);),- quinuclidine or Mo(N-2,6-iso-Pr,-C¢H;)(CHCMe,Ph)(OC(CHj)5),-
quinuclidine (Fig. 8). In these cases, the polymerizations were conducted at
room temperature. Again, the polymer structure was assigned by 1>*C-NMR, as
described above.

FiC CFs

Fig. 8 Schrock-type catalysts successfully used in regioselective cyclopolymerization
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5.2.2
Polymerization of Chiral Monomers

Chiral monomers (monomers containing at least one asymmetric carbon)
allow us to retrieve extra information about the actual configuration of a
poly(ene) and the relative orientations of the repetitive units (the tacticity).
The chiral monomers di-(1S, 2R, 5S)-(+)-menthyl dipropargylmalonate and
4-(ethoxycarbonyl)-4-(1S, 2R, 55)-(+)-menthoxycarbonyl-1,6-heptadiyne were
cyclopolymerized to yield poly(ene)s consisting virtually solely of five-mem-
bered rings, using Mo(N-2,6-iso-Pr,-C4H;)(CHCMe,Ph)(OC(CH;);), and
Mo(N-2,6-is0-Pr,-C4H;)(CHCMe,Ph)(OC(CH,);),. quinuclidine, respectively.
Generally, the use of such chiral monomers reduces the elements of symmetry
one might detect during diade or triade interpretation (mirror planes, centers
of inversion, centers of rotation) to one single element (center of rotation)

HA HeHa  Hs (gt

X* =C00” ™
VAN
Ha HaHg Hg cis-st
*X *X
C*
trans-st
N+
X x
D*
trans-it

Fig. 9 Determination of double bonds in poly(cyclopent-1-enylene-1-vinylene)s containing
chiral pendent groups
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Fig. 10 3C-NMR spectrum of poly(4-(ethoxycarbonyl)-4-(1S, 2R, 55)-(+)-menthoxycar-
bonyl-1,6-heptadiyne) based on >96% five-membered rings and containing an alternating
cis-trans st structure. Signals indicated by an asterix (*) denote excess of ferrocene aldehyde
used for initiator capping

(Fig.9). Generally, no mirror planes or centers of inversion between any of the
repetitive units can be found since such an element of symmetry would re-
quire a change in the absolute configuration of the asymmetric carbons (in
this case in the pendent menthyl groups). Nevertheless, structures B* and C*
(Fig.9) possess an element of symmetry. In both cases, an axis of rotation can
be found, one lying in the plane in the middle of the exocyclic double bond
(B*) and one passing perpendicularly through the exocyclic double bond (C*).
Therefore, the two protons and carbons, respectively, of the exocyclic double
bond are chemically and magnetically equivalent and should therefore possess
the same chemical shift. In addition, the two protons should not show any
coupling.

The *C-NMR spectrum of poly(4-(ethoxycarbonyl)-4-(1S, 2R, 55)-(+)-men-
thoxycarbonyl-1,6-heptadiyne) indicates a polymer containing almost solely
five-membered rings (Fig. 10). In addition, only one single set for each type of
carbon was observed, indicative of a highly tactic base. Keeping the symmetry
restrictions described above in mind, either a cis or trans-st structure can be
assigned.

A 500 MHz '"H-'H-correlated spectrum did not show any coupling between
the olefinic protons, but a trans-structure could still be derived from analyzing
the double bonds located next to the end groups. Therefore, an alternating
cis-trans conformation was assigned to the polymer, which means that the
polymer should possess a syndiotactic base. Nevertheless, since there could be
some small, undetectable coupling, this assignment still remains speculative,
although highly probable.
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5.3
Livingness

While classical catalysts usually result in ill-controlled polymerization systems,
well-defined Schrock initiators cyclopolymerize 1,6-heptadiynes in a living
manner - in most cases a class VI living manner (according to Matyjaszewski
[84]). Polymers based on one single repetitive unit (poly(cyclopent-1-enylene-
1-vinylene)s and poly(cyclohex-1-ene-3-vinylene)s, respectively), were pre-
pared in a truly living way using the Schrock catalysts described above and
were therefore well defined in terms of molecular weights and molecular
weight distributions. It is worth mentioning that accurate determinations of the
molecular weights of such rigid structures require the use of absolute methods
such as light scattering, rather than relative methods such as calibration against
poly(styrene) [130, 131].

5.4
Initiators Based on M-n-Bu,Sn-EtOH-Quinuclidine (M=MoCl;, MoOCl,)

An important aspect of the large-scale synthesis of any material is the cost.
Despite their superiority, Schrock initiators are characterized by limited com-
mercial availability and high sensitivity to oxygen and moisture. Therefore,
classical ternary systems have been investigated but they have not yet been able
to compete with Schrock systems in terms of the quality of the material produced
(definition, purity, and so on). Nevertheless, there is still significant interest in the
use of alternative systems to cyclopolymerize 1,6-heptadiynes. While standard
ternary systems behaved much as expected, yielding ill-defined polymers with-
out any control over molecular weight, the addition of quinuclidine turned out
to be a milestone in this area of research [130, 131]. DEDPM was cyclopolymer-
ized by MoCl;-n-Bu,Sn-EtOH-quinuclidine (1:1:5:1) and MoOCl,-n-Bu,Sn-
EtOH-quinuclidine (1:1:2:1) to produce poly(DEDPM) based exclusively on
cyclopent-1-enylene-1-vinylene units. The initiator efficiency of MoOCl,-n-Bu,Sn-
EtOH-quinuclidine (1:1:2:1) was as high as 91%, the highest value ever
reported for such systems, whereas the efficiency for the corresponding MoCl;-
based initiator was <67%. The absorption maximum A, for poly(DEDPM) was
587 nm, close to that found for poly(DEDPM) prepared by a Schrock initiator
(592 nm, vide infra). A maximum effective conjugation length N of 49 (THF)
was calculated for this product. A plot of the number of monomers (N) added
versus the molecular weight (M,) as determined by light scattering showed a
linear relationship for both initiators. Multistage polymerizations of DEDPM
with both initiator systems indicated that the catalytic species were active for at
least six hours in the presence of monomer, but they did not fulfill the criteria of
a living polymerization (stability of the active chain end in the absence of
monomer). Despite the fact that identical polymers were produced, this had to
be regarded as a significant disadvantage compared to well-defined Schrock
initiators, which generally provide truly living polymerizations.
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5.5
Ruthenium-Based Cyclopolymerization Systems

Grubbs-Herrmann (such as RuCl,(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihy-
droimidazolin-2-ylidene)(CHPh)(PCy;)) and Grubbs-Hoveyda (such as
RuCl,(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)(CH(2-
(2-PrO-C¢H,)) catalysts [132] are air and moisture-stable metathesis catalysts
with remarkable activities, sometimes rivaling those of highly active Schrock
catalysts [133]. Nonetheless, despite their activity in ring-opening metathesis
polymerization (ROMP), ring-closing, enyne and ring-opening cross metathe-
sis reactions, none of the systems examined so far have been capable of poly-
merizing alkynes or cyclopolymerizing 1,6-heptadiynes. Recently, Buchmeiser
and Nuyken et al. reported on the successful synthesis of a modified Grubbs-
Hoveyda catalyst that was capable of cyclopolymerizing 1,6-heptadiynes in a
living and stereoregular way [134,135]. With the development of these catalystic
systems, one of the last gaps between molybdenum- and ruthenium-based
metathesis catalysts was closed.

Ru(CF;C00),(1,3-dimesityl-4,5-dihydroimidazl-2-ylidene) (CH-(2-(2-PrO-
CgH,))), initially developed as a highly efficient and active catalyst for ring-clos-
ing, enyne and cross metathesis [136], possesses enhanced polarization across
the ruthenium-carbon double bond, which directly translates into increased
reactivity, allowing the cyclopolymerization of DEDPM. Nevertheless, although
highly active, this catalyst did not facilitate living polymerization [83] of DEDPM.
Therefore, catalytic variations were tested to overcome this problem. Exchange
of the 2-(2-propoxy)benzylidene ligand for the 2,4,5-trimethoxybenzylidene
ligand [137] resulted in Ru(CF;C0O0),(1,3-dimesityl-4,5-dihydroimidazol-2-yli-
dene)(CH-(2,4,5-(Me0);-C¢H,)). This compound turned out to be an excellent
catalyst for the cyclopolymerization of DEDPM, allowing full control over mol-
ecular weight [134]. Similar to polymerizations carried out with well-defined
Schrock initiators, polymerizations of DEDPM with this catalyst in methylene
chloride proceeded in a class VIliving manner [84]. In terms of microstructure,
poly(DEDPM) prepared by this catalyst again consisted virtually solely (>96%)
of cyclopent-1-enylene-1-vinylene units, as shown by *C-NMR measurements
[130, 131]. The polymerization mechanism was proposed to follow that for
molybdenum-based cyclopolymerization [81] (Scheme 6), as evidenced by
'H-NMR. Here, the disappearance of the starting alkylidene at 6=17.58 ppm
and the appearance of new alkylidene signals at 6=15.63,18.67,19.90,20.84 and
21.63 ppm was observed.

Using MALDI-TOF spectroscopy, 2-propoxybenzylidene was found to be the
end group in all of the polymers prepared by the action of Ru(CF;COO),
(1,3-dimesityl-4,5-dihydroimidazl-2-ylidene)(CH-(2-(2-PrO)-C4H,))), indicat-
ing the absence of any chain transfer reactions. The polymerization of chiral
4-(ethoxycarbonyl)-4-(1S, 2R, 55)-(+)-menthoxycarbonyl-1,6-heptadiyne by
this catalyst again proceeded in a stereo- and regioselective way. The *C-NMR
spectrum of poly(4-(ethoxycarbonyl)-4-(1S, 2R, 5S)-(+)-menthoxycarbonyl-
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Scheme 6 Proposed mechanism of cyclopolymerization of 1,6-heptadiynes using a Ru-based
initiator

1,6-heptadiyne) was identical to the one recorded with a sample of this poly-
mer prepared by the action of a Schrock catalyst. Consequently, the same struc-
ture was assigned, a st poly(trans-cyclopent-1-enylene-1-vinylene) with >98%
stereoregularity [130, 131]. This finding was of particular interest, since poly-
mers prepared via ring-opening metathesis polymerization (ROMP) using
other Ru-based catalysts have a trans-content <90% and low stereoregularity
[133,138].

In an extension to this work, Krause et al. varied the catalytic system system-
atically in order to further improve the entire polymerization system [135]. For
this purpose, fourteen metathesis initiators - the Grubbs-Hoveyda catalyst
RuCl,(IMesH,) (CH-2-(2-PrO)-C¢H,), as well as Ru(CF;C0O0),(IMesH,)(CH-2-
(2-PrO)-C¢H,), Ru(CF,CF,COO0),(IMesH,)(CH-2-(2-Pr0)-CH,), Ru(CF,CE,-
CF,COO0),(IMesH,)(CH-2-(2-Pr0)-CH,), RuCl,(IMesH,)(CH-2,4,5-(MeO),-
C¢H,), Ru(CF,COO),(IMesH,)(CH-2,4,5-(MeO),-C¢H,), Ru(CF,CF,CO0),-
(IMesH,)(CH-2,4,5-(Me0);-C.H,), Ru(CF,CF,CF,C00),(IMesH,)(CH-2,4,5-
(Me0);-C¢H,), RuCl,(IMes) (CH-2-(2-PrO)-C¢H,), Ru(CE,CO0),(IMes)(CH-2-
(2-PrO)-C¢H,), RuCl,(IMesH,)(CH-2-(2-Pr0)-5-NO,-CH,), Ru(CF,COO0),-
(IMesH,)(CH-2-(2-Pr0)-5-NO,-C;Hs), Ru(CF,CF,CO0),(IMesH,)(CH-2-(2-
Pr0)-5-NO,-C¢Hs), and Ru (CE,CF,CF,CO0),(IMesH,)(CH-2-(2-Pr0)-5-NO,-
C¢H;) (IMes=1,3-dimesitylimidazol-2-ylidene; IMesH,=1,3-dimesityl-4,5-di-
hydroimidazol-2-ylidene, Fig. 11) — were investigated for their polymerization
activity vs DEDPM.



Regioselective Polymerization of 1-Alkynes 111

VA I\
Mes— NVN Mes Mes~— NVN Mes
Cl.. ] CFGCOO,

cl lb CF3000'| >\:

A o Mes— NVN Mes
Mes— N\/N Mes Mes— NvN Mes Cl,

CFgCFECOO/ CF3CFQCF2COO/
E R 2 Cl A
CFGCF2COO' I CF30F20F2COO | b

I\ ™\ I\
Mes—-NsN-Mes Mes—-N>—N-Mes Mes—N><N-Mes
CF3000~.R9 CF3CFZCOO,,,H(,3 CF4CFCFC00. -
U= u= =
CF;CO0™ | CF43CF,CO0™ | CF3CF,CF,CO07 |
/O o, /o o /O O\
o— o— o—
[\ /\ I\
Mes— NvN Mes Mes— NvN Mes Mes-NxN-Mes
CI/ CFGCOO, Cl..

U
CI'| >\: CFgCOO'| >\: - >\:
0 NO,

I\
[\ I\
Mes- N\_/N Mes Mes- NvN Mes CF.CF.CF '\é(e)SONVN Mes
CFchO/ CFSCFQCOOI 3urabima 2

CFAC00™ | >\: CFACF,C00" [ \>: OFsOF,0F,000" " I >:
2
2

Fig. 11 Ru-based initiators used in a systematic study of the cyclopolymerization of DEDPM

Class VI living polymerization systems were generated with the initiators
Ru(CF;C0O0),(IMesH,)(CH-2,4,5-(MeO),-C¢H,), Ru(CF;CF,CO0),(IMesH,)
(CH-2,4,5-(MeO),-C¢H,), Ru(CF,CF,CF,C00),(IMesH,)(CH-2,4,5-(MeO),-
Cg¢H,), containing the (CH-2,4,5-(OMe);-CsH,) group, and the initiators Ru
(CF,C00),(IMesH,)(CH-2-(2-Pr0)-5-NO,-C¢H,), Ru(CF,CF,C00),(IMesH,)
(CH-2-(2-Pr0)-5-NO,-C4H,), and Ru(CF,CF,CF,CO0),(IMesH,)(CH-2-(2-
Pr0)-5-NO,-C¢Hj;), containing the (CH-2-(2-Pr0O)-5-NO,-C¢H;) group. From
these systematic variations in catalyst structure, the following conclusions
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were drawn. In order to be suitable for the living cyclopolymerization of
DEDPM: (i) the replacement of both chlorine ligands with strongly electron-
withdrawing carboxylic salts such as CF;(CF,),_,_,COOAg is required; (ii) the
NHC has to be electron rich. In addition, the living character of the polymer-
ization of DEDPM strongly correlates with the steric and electronic situation
at the benzylidene ligand, which directly influences, the values of k,/k; and
therefore insertion efficiencies. Both types of initiators mentioned above
fulfill these criteria. These initiators gave rise to 100% a-insertion of the
monomer, resulting in the formation of poly(acetylene)s containing almost
solely (>96%) five-membered ring structures. The use of larger fluorinated car-
boxylates further reduced the chain-transfer reactions, resulting in poly(ene)s
with low PDIs.

5.6
Supported Ruthenium-Based Cyclopolymerization Systems

One of the many advantages of ruthenium-based catalysts is their tolerance
to polar functional groups and water as a reaction medium. Consequently,
reactions that could be carried out under aqueous conditions appear favorable.
One of the ways to run polymerizations under aqueous conditions is to locate
the catalyst within a micelle. While the use of sodium dodecylsulfonate (SDS)
as micelle-forming reagent clearly failed, immobilization of the catalyst on a
micelle-forming support was successful. The synthetic route necessary for the
realization of a polymer-bound catalyst must fulfill two requirements. On the
one hand, perfect mimics of Ru(CF;COO0),(IMesH,)(CH-(2,4,5-(MeO);-CsH,)
must be generated in order to maintain its reactivity and stereoselectivity. On
the other hand, and in contrast to conventional suspension/emulsion poly-
merization, the catalyst has to be permanently linked to the block copolymer
amphiphile. The catalyst only locates itself in the hydrophobic micellar core
upon micelle formation of the functionalized block copolymer in water, where
also the monomer is dissolved, under these conditions. Preparation of the func-
tionalized block copolymers was accomplished by first reacting an amphiphilc,
poly(2-oxazoline)-derived copolymer, Me;,Nong(PenOH),Pip, bearing two ran-
domly distributed hydroxyl groups in the side chain of the hydrophobic block,
with hexafluoroglutaric anhydride followed by deprotonation with aqueous
NaOH and reaction with AgNO; to yield a polymer-bound silver carboxylate.
The final steps entailed its reaction with the catalyst precursors RuCl,(1,3-
bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)(CH-2-(2-PrO)-C,H,
and RuCl,(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)
(CH-2,4,5-(OMe);-C¢H,) [137], respectively, followed by reaction with silver
trifluoroacetate to endcap the unreacted chloro groups of the catalysts. In the
course of this two-step chlorine exchange, the corresponding ruthenium com-
pounds were fixed to the support to yield the poly(2-oxazoline)-immobilized
catalyst Me;oNon,((PenOCO(CF,);CO0)(CF;CO0)Ru(CH-2,4,5-(0Me);C.H,)
(IMesH,)), s(PenOCO(CF,);CO0Ag), ,Pip (Scheme 7).
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The successful and selective immobilization was evidenced by 'H-NMR. The
immobilized system was characterized by one single alkylidene signal at
6=17.51 ppm, which perfectly fits the chemical shift for the alkylidene signal in
the homologous compound Ru(CF;COO0),(IMesH,)(CH-(2,4,5-(MeO);-CsH,)
at 6=17.58 ppm. Poly(DEDPM) prepared with the block copolymer-immobi-
lized initiator in water was characterized by comparably low polydispersity
indices (PDIs) (<1.40) compared to poly(DEDPM) prepared by Ru(CF;COO0),
(IMesH,)(CH-2-(2,4,5-(MeO);-C¢H;). Due to the increased concentration of
DEDPM within the micelles, the reaction times required to reach complete
conversion were reduced to 30 minutes compared to 2 hours with the parent
catalyst, indicating the catalytic effect of the micellar nanoreactors formed in
aqueous medium. Stabilized by the amphiphilic structure of the block-copoly-
mer, the poly(acetylene) lattices could be stored for over two weeks without
any changes in latex particle size, molecular weight and UV-Vis absorption
maxima.

5.7
Physical Properties of Poly(DEDPM),,

5.71
Poly(DEDPM), Based on Cyclopent-1-enylene-1-vinylenes [139]

Poly(DEDPM), based on cyclopent-1-enylene-1-vinylene units is a dark-col-
ored solid, that dissolves in chlorinated solvents (CH,Cl,, CHCL;) to produce so-
lutions with a deep violet color. Presumably due to the highly regular structure
[130, 131], the polymers are insoluble in THE, benzene or toluene. The chain
length had a strong influence on the fine structure of the corresponding
UV-VIS spectra. Poly(DEDPM); shows two absorption maxima, which become
more pronounced in poly(DEDPM), with a DP>10. For 10<n<50, a batho-
chromic shift in absorption was observed. Values for N4 were calculated on
the basis of poly(acetylene) model compounds [140], and were as high as 52,
corresponding to a A, of 591 nm (THF). The corresponding molar absorption
coefficient e was 1.41x10° cm? mmol-'. In addition, for 10<n<50, the intensity
of A, increased with increasing chain length. According to the literature [141],
only highly regular polymers with defined and uniform polymer architectures
possess highly resolved UV-VIS spectra. The fact that poly(DEDPM),, pos-
sesses two well-resolved absorption maxima at 550 and 590 nm, respectively,
was indicative of the well-defined microstructure, and fitted the structural data
retrieved from *C-NMR spectroscopy well, which suggested a st alternating
cis-trans structure (vide supra) [130, 131]. In addition, these poly(ene)s exhib-
ited reversible thermochromic behaviors and excellent film-building proper-
ties. Poly(DEDPM)),o_s, exhibited glass transition temperatures (T,) of around
26 °C, and was stable in air for months in the solid state as well as in solution
(for example in CH,Cl,). Finally, poly(DEDPM),<,.<oo Was found to be thermally
stable up to 185 °C under helium [130, 131].
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The physical properties of other poly(1,6-heptadiynes) prepared by classic
catalytic systems have been summarized elsewhere [103] and need to be treated
carefully in view of the poor definitions of these materials.

5.7.2
Poly(DEDPM), Based on Cylohex-1-ene-3-methylidenes [106]

Poly(DEDPM),>50 consisting solely of six-membered rings displayed an ab-
sorption maximum A, of 511 nm, corresponding to a value for N, of 20 [24].
Not surprisingly at all, samples of poly(DEDPM) consisting of a mixture of
five- and six-membered rings showed absorption maxima around 530 nm [81].
The fact that these poly(ene)s displayed reduced values for N, compared to
their analogues based on cyclopent-1-enylene-1-vinylenes was believed to be
a consequence of unfavorable sterics. In fact, copolymers of DEDPM with
acetylene (1:1.5) displayed an absorption maximum at 598 nm [24], a value
which is quite similar to the one reported for poly(DEDPM) based on five-
membered rings (591 nm) [130, 131]. Since the acetylene monomer was shown
to act as a spacer between single DEDPM-derived units [24], these findings
strongly suggested that the comparably low absorption maximum of
poly(DEDPM) based on six-membered rings stems from poor sterics. We
should also mention that poly(DEDPM) based on cyclohex-1-ene-3-methyli-
dene has been investigated recently for its non-linear optical properties [142].

6
Conclusions

Both 1-alkyne polymerization and cyclopolymerization have experienced dra-
matic improvements in terms of mechanistic understanding and definition
of the resulting polymers and materials, respectively. The knowledge about com-
plex catalytic systems has reached a level that allows the straightforward tailor-
made synthesis of materials with designed properties. The physical properties
(such as conductivity, photoconductivity) of the materials described here are
currently under investigation, and many of the materials may have potential
applications in, say, sensors. Despite these interesting and useful applications,
often in the fields of physics or chemical engineering, one should not forget that
any successful realization of “advanced materials” is dependent upon synthetic
chemistry to a major extent. Furthermore, interdisciplinary research such as that
described here, crossing the borders between organic, organometallic, physical,
and polymer chemistry, is required.
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