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Preface

It is generally accepted that a new material is often developed by finding a new
synthesis method of reaction or a new reaction catalyst. Historically, a typical
example may be referred to as a Ziegler-Natta catalyst, which has allowed
large-scale production of petroleum-based polyolefins since the middle of the
20th century. New polymer synthesis, therefore, will hopefully lead to creation
of new polymer materials in the 21st century. This special issue contributed by
three groups focuses on recent advances in polymer synthesis methods, which
handle the cutting-edge aspects of the advanced technology.

The first article by Yokozawa and coworkers contains an overview of the re-
action control in various condensation polymerizations (polycondensations).
Advanced technologies enabled the control of stereochemistry (regio-, geo-
metrical-, and enantio-selections), chemoselectivity, chain topology, and stoi-
chiometry of monomers, giving a high molecular weight polymer. It has been
recognized for a long time, however, that polycondensation is a difficult pro-
cess in controlling the reaction pathway, because the reaction is of step-growth
and the reactivity of monomers, oligomers, and polymers are almost the same
during the reaction and hence, the molecular weight of polymers and its dis-
tribution (M /M,) are impossible to regulate. The authors’ group developed
anew reaction system (chain-growth condensation polymerization), changing
the nature of polycondensation from step-growth to chain-growth; namely the
propagating chain-end is active, allowing for control of the product molecular
weight as well as the distribution. With a specific initiator and/or catalyst,
the chain-growth condensation polymerization came close in behavior to that
of an addition polymerization; a M,,/M, value being even less than 1.2, like
a living system, compared with that of a most probable value 2.0 for conven-
tional polycondensations.

The second article by Kawahara and his coworkers focuses on polyolefin
(PO)-based hybrid materials (POH), in view of their synthesis, structures, and
properties. POs are currently the most widely and conveniently used polymeric
materials as recognized by the production amount of over one hundred million
tons annually in the world, due to the cheap price yet good properties. They are
basically hydrocarbon polymers, and hence hydrophobic and less polar. These
basic properties are to be modified by introducing a polar function for a wider
use in practical applications. Preparation of POHs is one of the best ways to
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provide a variety of desired properties with POs. There are three main synthetic
routes to POHs; starting from PO macroinitiators, PO macromonomers, and
reactive POs. Polymerization or copolymerization using these macroinitiators
and macromonomers are carried out by recently developed methods (living
polymerization, ATRP, RAFT, NMP, etc) to produce POHs of block, graft, or
branched-type structures. Reactive POs can be coupled with other components
to give POHs. In addition, living polymerization of olefins can also be a route
for POH synthesis. A wide range of applications of these product POHs are
exemplified.

The third article by Endo reviews synthesis and properties of cyclic poly-
mers. Polymer structure is basically divided into two classes; linear and cyclic.
Combinations of linear and/or cyclic structures yield a variety of architec-
tures such as branched, graft, block, star, ladder, dendritic, catenane, rotaxane
and other complicated structures through covalent and noncovalent bonds.
Alinear or cyclic structure has been an important, fundamental problem since
the early stages of polymer science, and yet it is still new. Fortunately, recent
developments of analytical methods enabled the structural elucidation of many
of these architectures. The synthesis principle to lead to cyclic polymers can be
cited as two main methods. One is the utilization of the ring-chain equilibrium,
occurring in many polycondensations and ring-opening polymerizations. The
other is the end-to-end cyclization (ring-closure reaction) method from o,w-
difunctional linear precursors, via bimolecular or unimolecular processes.
Synthesis of a number of cyclic polymers has been achieved by addition, con-
densation, oxidation, metathesis, and ring-opening polymerizations as well
as by polyaddition. A typical difference in physical property between cyclic
polymers and linear polymers is also demonstrated.

We hope the readers will learn something new at the forefront of the polymer
synthesis field from the above contributions.

May 2008, Kyoto Shiro Kobayashi
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Abstract Recent progress in the reaction control of condensation polymerization is de-
scribed. In the past, the reactions in condensation polymerization had been improved
for the purpose of production of high molecular weight polymer with more convenient
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methods. In recent years, chemoselective, regioselective, and stereoselective condensation
polymerizations have been developed. Furthermore, it has been revealed that most con-
densation polymerizations possess the fundamental tendency to yield cyclic polymers as
stable end products when the reactions are optimized for quantitative reaction. When
the reactivity of a functional group of a monomer was enhanced after the other func-
tional group of the monomer was reacted, condensation polymerization of AA and BB
monomers afforded polymer with high molecular weight, even under nonstoichiometric
conditions, and condensation polymerization of AB monomer involved a chain-growth
polymerization mechanism to yield polymer with narrow molecular weight distribution.

Keywords Chain-growth polymerization - Condensation polymers - Cyclic polymers -
n-Conjugated polymers - Polycondensation

Abbreviations

acac Acetylacetonate

ATRP Atom transfer radical polymerization
BINAP 2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl
BOC tert-Butoxycarbonyl

Bu Butyl

cod 1,5-Cyclooctadiene

DABCO 1,4-Diazabicyclo[2.2.2]octane

dba Dibenzylideneacetone

DBN 1,5-Diazabicyclo[4.3.0]non-5-ene

DBOP Diphenyl(2,3-dihydro-2-thioxo-3-benzoxazolyl)phosphonate
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

DFT Density functional theory

DMAc N,N-Dimethylacetamide

DMI N,N-Dimethylimidazolidinone

DMSO Dimethyl sulfoxide

DP Degree of polymerization

DPCB-OMe 1,2-Bis(4-methoxyphenyl)-3,4-bis[(2,4,6-tri-tert-butylphenyl)phosphin-
idene]cyclobutene

dppe 1,2-Bis(diphenylphosphino)ethane

dppf 1,1’-Bis(diphenylphosphino)ferrocene
dppp 1,3-Bis(diphenylphosphino)propane

DSC Differential scanning calorimetry

EB Emeraldine base

ee Enantiomeric excess

EPR Electron paramagnetic resonance spectroscopy
ES Emeraldine salt

FT-IR Fourier-transform infrared

GPC Gel-permeation chromatography

HH Head-to-head

HPLC High-performance liquid chromatography
HT Head-to-tail

LB Leucoemeraldine base

LiHMDS Lithium N,N,N,N’,N’,N’-hexamethyldisilazide
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight
MOM Methoxymethyl

NMP N-Methylpyrrolidinone
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OLED Organic light-emitting diode

PBT Poly(butylene terephthalate)

PEG Poly(ethylene glycol)

PEN Poly(ethylene naphthalene-2,6-dicarboxylate)
PET Poly(ethylene terephthalate)

Phbox 2,2'-Isopropylidenebis(4-phenyl-2-oxazoline)
PMA Poly(methyl acrylate)

PPO Poly(1,4-phenylene oxide)

PPV Poly(phenylene vinylene)

PTC Phase transfer catalyst

Py Pyridine

SEC Size-exclusion chromatography

SEM Scanning electron microscopy

tacn 1,4,7-Triisopropyl-1,4,7-triazacyclononane
TBAF Tetrabutylammonium fluoride

TFA Trifluoroacetic acid

TFSA Trifluoromethanesulfonic acid

TH Tail-to-head

THF Tetrahydrofuran

TMEDA N,N,N’,N’-Tetramethylethylenediamine
tpzb Hydrotris(3,5-diphenyl-1-pyrazolyl)borate
TT Tail-to-tail

XRD Powder X-ray diffraction

1

Introduction

In the past, most of the research on condensation polymerization was cen-
tered on development of methods for the synthesis of high molecular weight
polymers. Therefore, reaction control in condensation polymerization was
to pursue highly efficient condensation reactions, because high molecular
weight polymer is not obtained unless more than 99% of the degree of reac-
tion is attained without side reactions, according to the basic principle estab-
lished by Carothers and Flory [1-3]. Recent years have seen developments in
chemoselective, regioselective, and stereoselective condensation polymeriza-
tions as those selective reactions have been developed in organic chemistry.
Other things that are particularly controlled in condensation polymer-
ization are chain topology and cascade reactivity of monomers. In general
condensation polymerization, not only linear polymers but also cyclic poly-
mers can be produced because both ends of the polymer are reactive during
polymerization. When cascade reactions selectively occur on a monomer,
condensation polymerization proceeds in a way different from general poly-
merization behavior based on the principle of Carothers and Flory. Thus,
in condensation polymerization of AA and BB monomers, if AA monomers
successively react with both the functional groups on a BB monomer, a poly-
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mer with high molecular weight is obtained even at high feed ratio of BB
(nonstoichiometric condensation polymerization). In condensation polymer-
ization of AB monomer, by contrast, when both the functional groups on
an AB monomer successively react with the polymer end group and another
monomer, this condensation polymerization becomes chain-growth poly-
merization, such as living polymerization, to give polymer with low polydis-
persity (Scheme 1). Controlling the reaction in condensation polymerization
can change the molecular weight of the polymer, the structure of the repeat-
ing units, and even further the polydispersity of the polymer. We describe
these reaction controls in condensation polymerization in this order.

excess
AA  + BB ——> BB—AA—BB (main product)

normal end group is B
reactivity
excess AA High-molecul
E— igh-molecular-
AA + BB AA—BB  ———— AA-BB-AA e weight polymer
highly cascade reactive end group is A (non-stoichiometric
reactivity condensation polymerization)
AB—AB ~ it
AB —— AB—AB e Step-growth polymerization
normal (broad M,,/My,
reactivity
AB AB
AB AB—AB —— AB—AB—AB —_— Chain-growth polymerization
highly cascade reactive reactive (narrow M,,/M,)
reactivity
Scheme 1
2

Development of Catalysts

A variety of condensing agents, such as triphenylphosphite/pyridine [4, 5]
and DBOP/triethylamine [6], which are used in amounts equivalent to func-
tional groups on monomers, had been developed by the 1980s, whereas new
catalysts that promote condensation polymerization exactly with a catalytic
amount were developed in the last decade.

2.1
Catalysts for Transesterification and Dehydration

Transesterification was used for many decades for the technical syntheses of
PET and PBT. The most widely used catalyst is Ti(OBu)4 (or other tetraalkox-
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ides) alone [7,8] or in combination with cocatalysts such as La(acac) [9],
Hf (acac); [9, 10], or NaH,POy [11]. Kricheldorf et al. studied the influence of
various catalysts on the polymer end groups and on the extent of cyclization
(also see Sect. 5, Control of Chain Topology) in the condensation polymer-
ization of dimethyl terephthalate with a 300 mol % excess of 1,4-butanediol
in bulk up to 250 °C [12]. The highest molecular weights were obtained with
Ti(OBu)4, but the MALDI-TOF mass spectra revealed that cycles were the
main reaction products below 5000 Da. On the other hand, clean telechelics
having two OH end groups were obtained with Bi; O3 and bismuth(III) acetate
(Scheme 2). The telechelics are useful starting materials for the syntheses of
A-B-A triblock copolymers and multiblock copolymers and for a variety of
chain extension reactions. With regard to biomedical applications, it is note-
worthy that bismuth is seemingly the least toxic heavy metal.

300 mol% Bi.O o o
I
HOZCOCOZH T oSO = HO }—©—§ OH
250 °C le} e}
n

Scheme 2

The most widely used alternative approach to polyester is based on
an acid-catalyzed polyesterification of dicarboxylic acids and diols with
azeotropic removal of the liberated water. PET has been produced by the
transesterfication of dimethyl terephthalate with ethylene glycol. Nowadays,
PET is synthesized mainly by the esterification of purified terephthalic acid
with ethylene glycol. Antimony in different forms, mainly oxides and ac-
etates, is used to catalyze the condensation polymerization step in most PET
plants [13]. Many authors have published results on catalyst activities [13-
19]. It is generally accepted that titanium is the most active catalyst, fol-
lowed by tin, germanium, and antimony. Transesterfication catalysts, such as
manganese and zinc compounds, are less active in condensation polymer-
ization environments and strongly boost side reactions. Regarding aliphatic
polyesters, which are currently receiving considerable attention due to their
biodegradability and the nontoxic character of their degradation products,
Otera et al. reported that 1,3-disubstituted tetraalkyldistannoxane 1 [20] was
effective for polyesterification of L-lactic acid [21]. The polymerization was
carried out in decalin at 190 °C for 24 h to give poly(L-lactic acid) with M,, of
78000. The high activity of 1 is attributed to no reverse ester cleavage reaction
due to its hydrophobicity. Succinic acid and 1,4-butanediol also polymerized
with 1 in decalin at 190 °C for 72 h to afford poly(butylene succinate) with
M, of 147000 [22]. The longer reaction time of this polymerization could be
shortened by means of microwave irradiation; a polyester with M, of 23500
was obtained at 220 °C for 20 min (Scheme 3) [23].

Ishihara and Yamamoto et al. investigated the catalytic activities of vari-
ous metal salts for esterification of equimolar aliphatic carboxylic acid and
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CH3 1

CHs
HO/'\COZH 190 °C JVOJ}(}”
o)
1
HOC. _~ + A~_~_-OH O~
COH HO 190°C, 72 h o7,

or o
220 °C, microwave, 20 min

Cl Bu Bu
Bu | \ /
Sn-0-3-0Hg,
B”HCI)f/S'nf(f) Sn\
Bu Bu (‘3| Bu

1

Scheme 3

alcohol in toluene at reflux, and found that HfCly, Hf(O#-Bu)4, and ZrCly
were highly effective catalysts [24]. Their catalytic activities were higher
than those of Ti(VI) and Sn(IV) salts, whereas HfCly did not catalyze trans-
esterification at all. These results can be accounted for by assuming that
the active intermediates that are generated in esterification are Hf(IV) car-
boxylate and Ti(IV) alkoxide, respectively. Polyesters were synthesized by
polycondensation of w-hydroxycarboxylic acids or equimolar amounts of
aliphatic dicarboxylic acids and aliphatic diols in the presence of 0.2 mol %
of HfCly-(THF);, which is commercially available and hydrolytically more
stable than HfCly, in o-xylene with removal of water for 1 day. The M, of
the obtained polyesters was 34000-72400 (Table 1). For polyamides, 3,4,5-

Table 1 Direct polyesterification catalyzed by HfCly-(THF),

Polyester Isolated M2 M,
yield (%)

+-co(CH,)s01- 95 18200 34000

-+CO(CH)110 - 97 27700 72400

+-CO—(CH,),—CO,(CH,)s0 = 98 22400 38700

~FCO—(CH,);—CO,(CH)10 - 97 26900 58300

TCO@COZ CHy) moT 96® 13400 65100

The polymerization was carried out in the presence of 0.2 mol % of HfCly-(THF) for 1 day.
2 Determined by GPC based on polystyrene standards (eluent: THF)
b The reaction was carried out in the presence of 1 mol % of HfCly-(THF), for 4 days
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trifluorophenylboronic acid (2) [25] was effective. For example, isophthalic
acid and 4,4'-oxydianiline polymerized in the presence of 1 mol% of 2 in
a mixed solvent of m-terphenyl and N-butyl-2-pyrrolidinone at 300 °C under
a slow argon flow to remove water for 2 days to yield a high molecular weight
aramide (My = 173000) (Scheme 4). When tetracarboxylic acids were used
instead of dicarboxylic acid under similar conditions, polyimides were also
obtained [26].

F B(OH),

HO,C CO,H F o2
300 °C
2 2
Tt OO
n

Scheme 4

The above acid-catalyzed polycondensations were carried out at more than
100 °C, whereas Takasu et al. reported room temperature polyesterification
with scandium trifluoromethanesulfonate [Sc(OTf)3] or scandium trifluo-
romethanesulfoimide [Sc(NTf;)3] [27, 28]. Thus, the direct polycondensation
of methylsuccinic acid and 1,4-butanediol proceeded in bulk under reduced
pressure (0.3-30 mmHg) using 1.4 mol % of Sc(OTf)s at 35°C for 96h to
afford poly(butylene methylsuccinate) with M, of 12400 (Scheme 5). When
HfCly-(THF), was used in this room temperature polymerization instead of
Sc(OTf)3, only low molecular weight polyester (M, = 1100) was afforded. The
scandium catalysts did not promote transesterification; ethanol selectively re-
acted with acetic acid even in the presence of equimolar methyl acetate.

So(OTh3
CHs some) O CH,
C(NTT2)3
HOZC\)\COZH v HO A~y Mo\/\/\o%
35°C I n
Scheme 5

Friedel-Crafts aromatic substitution reactions have been widely explored
in polymer chemistry [29, 30] and generally proceed with Lewis acids such as
AICl; with elimination of hydrogen halides. In superacid solutions, however,
the Friedel-Crafts reactions take place with dehydration from the oxygen of
the carbonyl group and the proton of aromatics. The reactivity of the pro-
tonated carbonyl group in the superacid can be further increased by the
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presence of an electron-withdrawing group [31-35], contrary to conventional
Lewis acid-catalyzed electrophilic reactions in organic solvents, in which
a stable carbocation substituted with an electron-donating group is predom-
inantly generated to react with nucleophiles. For example, 1,2-dicarbonyl
groups form highly reactive intermediates in superacidic TFSA [36-39].
Colquhoun and Zolotukhin et al. reported the first application of superelec-
trophilic chemistry for polymer preparation by reaction of isatin (3), con-
taining 1,2-dicarbonyl groups, with aromatic hydrocarbons such as diphenyl
ether, biphenyl, or p-terphenyl in a TFSA medium at room temperature [40,
41]. The resulting polymers showed high glass transition (Tg) values (337 °C
for the polymer from diphenyl ether, and >400 °C for those based on biphenyl
and p-terphenyl) and the materials obtained were of high molar mass, with
inherent viscosities (1;,,) in the range 0.31-0.73 dL g™!. Furthermore, ether
ketone-type monomers, such as 4,4’-diphenoxybenzophenone (4) and 1,4-
bis(4-phenoxybenzoyl)benzene, exhibited very high selectivity for linear, all-
para polycondensation with 3 and afforded poly(arylene oxindole)s of very
high inherent viscosity (up to 1.8 dLg™!) (Scheme 6). Smet et al. prepared
a monomer consisting of the isatin and phenoxy benzophenone moieties and
polymerized it in TFSA to give hyperbranched poly(arylene oxindole)s with
a degree of branching of 100% [42].

¢ o)
R CF3SO3H
O +
N 25°C
R o] 0
3 4
=&
(@]
f@oo g

R=R=H;R=H,R=Ph;R=Br,R =H

Scheme 6

Cyclic a-diketone, acenaphthenequinone (5), also likewise generates highly
reactive electrophiles in TFSA and reacts with aromatic hydrocarbons
(Scheme 7) [43-45]. However, the reaction of 5 with diphenyl ether or
diphenoxybenzene did not afford high molecular weight, linear polymers,
whereas the condensation of 5 with 4,4'-diphenoxybenzophenone, a com-
pound which is less nucleophilic than the former aromatics, resulted in
linear, high molecular weight, film-forming polymer. In a superacid medium,
not only electrophiles such as ketones but also nucleophiles such as aro-
matic hydrocarbons undergo protonation. Obviously, such protonation of
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the aromatic would decrease its nucleophilicity and, therefore, prohibit an
electrophilic substitution reaction. Thus, in the case of diphenyl ether and
diphenoxybenzene, the first protonation occurs at the C4 carbons, while for
4,4'-diphenoxybenzophenone the first protonation site is carbonyl. Therefore,
in the case of the former monomers, their protonation impedes polymeriza-
tion while the latter monomer maintains its polymerizability when proto-
nated. However, a decrease of the acid strength would decrease protonation
probability. Indeed, the polycondensation of 5 and activated aromatics, such
as diphenyl ether or diphenoxybenzene, carried out in a mixture of TFSA
with TFA gave linear, high molecular weight products [45]. The Hy (Hammett
acidity function) of pure TFSA is -14.1, while the acidity of the mixture of
TFSA with TFA (44:56, w/w) used was -11.5 [38, 46]. Therefore, reaction me-
dia of acid strength Hy equal to or slightly less than -11.5 are necessary for
polycondensations of 5 with activated hydrocarbons. In addition, preparation
of polymer from 5 and the less nucleophilic aromatics mentioned above in
a mixture of TFSA with TFA was also successful. Acenaphthenequinone-based
AB; monomers also gave 100% hyperbranched polymers [47]

Carbonyl compounds bearing electron-withdrawing substituents other
than 1,2-dicarbonyl compounds were also used for this polymerization
chemistry. An equimolar mixture of 2,2,2-trifluoroacetophenone with 4,4’
diphenoxybenzophenone in a TFSA medium at room temperature for
10h afforded a linear, soluble, film-forming, high molecular weight poly-
mer. The polymer displayed Tg at 175°C. Under these conditions, 2,2,2-
trifluoroacetophenone reacted even with biphenyl to give polymer. Inher-
ent viscosity and Ty were found to be 0.32dLg™" and 326 °C, respectively
(Scheme 8) [48]. Quantum mechanics calculation of model reactions be-
tween acetophenone and 2,2,2-trifluoroacetophenone with biphenyl revealed
that electron-withdrawing groups favor formation of o-complexes, which is
the limiting step of the electrophilic aromatic substitution reaction. This
shows that the adjacent electron-withdrawing trifluoromethyl group en-
hances significantly the electrophilicity of the carbocation, formed from the
carbonyl group, toward nonactivated aromatic hydrocarbons [48-50]. Other
fluorinated carbonyl compounds, such as 1,1,1-trifluoroacetone, 1,2,3,4,5-
pentafluorobenzaldehyde, and octafluoroacetophenone, were also effect-
ive for superacid-catalyzed polycondensation [51]. Electron-withdrawing
groups, nonadjacent to the carbocation center, also increase the electrophilic-
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ity of the carbocation. Thus, 2,7-dinitro-9-fluorenone reacted with 4,4’
diphenoxybenzophenone to produce the high molecular weight polymer with
an inherent viscosity of 0.38 dL g‘1 and Tg of 270 °C (Scheme 9) [48].

0
ON NO, @ H _CFsSOsH.
O‘O C C C 20 °C

G

Scheme 9

2.2
Transition-Metal Catalysts

Transition-metal-catalyzed synthesis of poly(arylene)s via carbon-carbon
coupling reactions was started by Yamamoto et al. three decades ago [52, 53];
since then various carbon-carbon bond formation processes with transition-
metal catalysts have been applied to polycondensation [54-57]. In recent
years, Buchwald et al. and Hartwig et al. developed Pd-catalyzed amination
and etherification of aromatic halides by using bulky, electron-rich phosphine
ligands [58-60], and this chemistry has been applied to polycondensation; for
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example, poly(triarylamine) as a hole-transporting material in OLEDs was
easily synthesized by this method.

Kanbara et al. first reported the polycondensation of dibromobenzenes
and aliphatic secondary diamines with PdCl;[P(o-tolyl)3],, but the M,
of the polymer was not higher than 10000 [61]. When the catalyst was
changed to a zero-valent palladium complex, such as a combination of
Pd,(dba)s and P(o-tolyl)s or P(¢-butyl)s, the yield and molecular weight of
polymer were significantly improved; the M, reached 14100 (Scheme 10).
In the polymerization with the Pd(II) catalyst, the formation of arene
from aryl bromide during reduction of the Pd(II) precursor to Pd(0) oc-
curred [62]. The zero-valent palladium complex suppressed this undesirable
reaction [63]. The polycondensation using aromatic secondary diamines
instead of aliphatic diamines was conducted by Goodson and Hartwig to
synthesize polymeric triarylamines that display important conductive and
magnetic properties [64]. The polymerization was carried out in the presence
of 2% of Pd[P(o-tolyl)s]2, 2% of P(o-tolyl);, and 1.5 equivalents of tert-
BuONa. When m-diaminobenzene monomers were used, cyclic oligomers
were obtained in the polymerization with both m- and p-dibromobenzene.
On the other hand, p-diaminobenzene monomers appeared to be less suscep-
tible to the cyclization than the meta analogues; the highest M,, was 45400
(Scheme 11). However, all of the polymers showed some contamination of
the linear material with cyclic oligomers, as evidenced by the multimodal
GPC chromatogram. Polymers obtained from bis(amine) monomers and 4,4'-
dibromobenzophenone are all bright yellow or orange and exhibit strong
fluorescence, making them possible candidates for emissive components in
electroluminescence devices.

H3C Pdy(dba);s
P(o-tolyl); or P(t-Bu)s
Br Br + HNC>/\/\CNH
t-BuONa
CHs
H3C
OrOn
n
Scheme 10

Polycondensation of aromatic primary diamines and aromatic dibromides
gave high molecular weight polyamine (M., > 15000) irrespective of the m-
and p-substituted positions of both monomers (Scheme 12). In this poly-
condensation, BINAP was effective as a ligand of the Pd(0) catalyst; use of
P(t-butyl)s, which was effective for the above polymerization using secondary
diamines, afforded polymer in a low yield [65,66]. When BINAP was used
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with Ni(cod); instead of Pd,(dba)s, aryl dichlorides were able to react with
primary diamines [67].

Photocatalytically active polymer having acridine units in the backbone
was synthesized by the polycondensation of 3,6-diaminoacridine (proflavine)
as a diamine and m-dibromobenzene (Scheme 13) [68]. Miillen and cowor-
kers synthesized a series of novel poly(imino ketone)s via Pd-catalyzed poly-
condensation of aromatic dichloro or dibromo ketones with various aromatic
diamines (Scheme 14) [69]. The M, values were in the range of 19500-
474500. The FT-IR spectra of the obtained polymer revealed that in the solid
state intermolecular and intramolecular hydrogen bonding (N-H--.-0=C)
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are present, and therefore the poly(imino ketone)s can be regarded as an
analogue to polyaramides. Actually, the polymers were thermally stable
up to 323-494°C and showed high Tg ranging from 202 to 227 °C. The
solubility, however, was enhanced. Ward and Meyer reported that a urea-
protected trimeric aniline monomer 6 with para-ortho-para connectivity
and bromine end groups was condensed using a Pd catalyst with a di-
BOC-protected trimeric aniline comonomer 7 with all-para connectivity
and amine end groups to give (para)s-ortho-polyaniline with the protecting
groups (Scheme 15) [70]. The BOC groups were removed by heating at 185 °C.
Analogous to polyaniline, the 5-p,o-polyaniline exhibited three distinct oxi-
dation states. This result suggests that the presence of the ortho-substituted
aniline ring does not critically disrupt the conjugation of the polymer or in-
terfere significantly with interchain interactions.

Aromatic primary monoamine such as aniline serves as a difunc-
tional monomer for Pd-catalyzed amination polycondensation to afford
poly(triarylamine)s. For example, m-dibromobenzene [71] or 2,7-dibromo-
fluorenes [72] reacted with aniline derivatives (Scheme 16). In these polymer-
izations, P(t-butyl); was an effective ligand of Pd;(dba)s in a manner similar
to the amination of aryl dibromides with secondary diamines. The My, values
were in the range of 9000-37 700.

Meta-substituted AB-type monomer such as m-bromoaniline also under-
went Pd-catalyzed polycondensation [65], but the para counterpart has not
been reported, possibly because aryl halides bearing the NH group in the
para position are generally poor substrates for the aryl amination process.
Buchwald et al. prepared a dimeric para-substituted AB monomer bearing
the BOC protecting group and polymerized it with Pd,(dba); and 2-(di-
tert-butylphosphino)biphenyl [73]. The polymerization carried out at room
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temperature in THF using 1.0 mol % of Pd,(dba)s; and 3.0 mol % of the phos-
phine ligand gave the best result, with a My, of 98300 in 92% yield. This
polymer is a BOC-protected polyaniline, which is soluble in common organic
solvents and easily deprotected. Thermolysis of the polymer film at 185°C
under an inert atmosphere afforded polyaniline in the fully reduced LB form,
whereas thermolysis in air affords the deep blue, partially oxidized EB form.
Alternatively, the BOC-protected polymer film was directly transformed to
the dark green, conductive ES form simply by immersion in acid solution
under air (Scheme 17).

P(t-Bu),
BOC
.
T, e
Br NHz £BuONa

Oy
pm = OOy
ooy

Shibasaki and Ueda applied Pd-catalyzed etherification, developed by
Buchwald et al. [74], to the synthesis of polyether [75]. Dibromobiphenyl
underwent etherification with a bisphenol in the presence of 4 mol% of
Pd(OAc);, 6 mol % of 2-(di-tert-butylphosphino)biphenyl, and 6 equivalents
of K3PO4 at 90 °C (Scheme 18). The M, value of the polymer was 18 000.
Many aromatic polyethers have been synthesized by nucleophilic substitution
of aromatic halides having electron-withdrawing groups, such as the sulfonyl
group and keto group, with bisphenols. However, these electron-withdrawing
groups in the backbone cause transetherification, resulting in limitation of
molecular weight. The Pd-catalyzed polyetherification, in which aromatic di-
halides without an electron-withdrawing group can be used, can afford new
types of aromatic polyethers and does not contain this side reaction.

Scheme 17
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The Pd-catalyzed synthesis of polycarbonate from bisphenol A and carbon
monoxide has also been developed in the last decade (Scheme 19). Aromatic
polycarbonates are generally prepared from toxic phosgene and bisphenol
or its transesterification with carbonic acid derivatives such as diphenyl car-
bonate, which in turn are also prepared by phosgenation. In recent years,
there has been increasing demand for a safer and more environmentally be-
nign process for polycarbonate synthesis. Takeuchi and coworkers started
investigation of direct polycondensation of bisphenol A with CO by using
a PdCl,-Cu(OAc),-based redox catalyst system [76]. The M,, of the obtained
polymer was 3600. Analysis of the polymer end groups by MALDI-TOF mass
spectrometry revealed that o-phenylene carbonate and salicylic acid struc-
tures were formed by oxidation of the terminal bisphenol A unit.

Catalyst o
o Y Sl St
n

Scheme 19

Scheme 18

To suppress the undesirable oxidation of the terminal group, various modi-
fications were made in the catalyst system. On replacing Cu(OAc), with
Ce(OAc)3, the o-phenylene carbonate terminal group was not formed, and
the use of bis(triphenylphosphoranylidene) ammonium bromide instead of
tetrabutylammonium bromide resulted in suppression of the salicylic acid end
group. The M., however, was still 3800. Since the obtained polymer had the
hydroxy groups at both chain ends, the polycondensation of this polymer,
instead of bisphenol A, and CO was again carried out under the same condi-
tions to obtain high molecular weight polycarbonate with My, of 33000 [77].
These results imply that the Pd catalyst was inactivated during polymeriza-
tion. Finally, Takeuchi and coworkers found that the Pd/2,2-bipyridyl complex
with 6,6’-dimethyl groups (Scheme 20a) [78] and the Pd/carbene complex
(Scheme 20b) [79, 80] gave polycarbonate with My, of 12 900 and 24 000, respec-
tively. The Pd/carbene complex anchored to a polystyrene resin (Scheme 20c)
was also similarly effective; the total turnover number was 5100 [81].
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Poly(silyl ether)s were classically synthesized by polycondensation of
dichlorosilanes and diols, in which high molecular weight polymers were not
obtained [82, 83]. In the last decade, however, efficient synthesis of poly(silyl
ether)s by Pd- or Rh-catalyzed polycondensation with dehydrogenation has
been reported. Li and Kawakami polymerized 1,4-bis(dimethylsilyl)benzene
with labile hydrogen-containing compounds, such as water, ammonia, dis-
ilanol, aliphatic and aromatic diols, and dicarboxylic acids, in the pres-
ence of Pd;(dba); or RhCI(PPh3)s; at 25-50 °C (Scheme 21) [84-86]. The
polymerization proceeded exothermically with vigorous gas evolution. The
poly(silyl ether) obtained by the reaction with water possessed the M, of
163000 and formed a spherulite texture from melt (T, = 123.5°C). Mark
et al. also conducted the dehydrogenative polycondensation of 1,4- or 1,2-
bis(dimethylsilyl)benzene and 1,4- or 1,3-(dimethylhydroxysilyl)benzene
with RhCI(PPh3)s catalyst [87]. The poly(silphenylenesiloxane) with the
highest M, of 17200 was obtained from both 1,4-substituted monomers
(Scheme 22).

Pd,(dba)s
or
CHs CHs RhCI(PPhg)s CHs CH,
HfS‘iOS‘ifH + H-X-H — {»s‘iOs‘Hﬁ} + Hy
CHj CHg CHg CHy /N
X = 0, NH, OSiPh,0, O(CH,),0, etc.
Scheme 21
CHs, CHs CHs CHs RhCI(PPhg)s CHs CH; CHs CHs
H—gi@g—n—q + HO*S‘iOS‘i*OH _ {»s‘if@s‘,i—o—s‘iOs‘,i—o%
CH, CH, CH, CH, Ha CH, CH; CH, CH; /n
Scheme 22

These polysiloxanes were also found to be synthesized by the condensa-
tion reaction between organosilanes and organoalkoxysilanes with release
of alkane as an inert by-product. For this polycondensation, B(CsFs)3 was
used as an effective catalyst [88]. This process involves cleavage of C-O
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and Si-H bonds and formation of Si-O and C-H bonds, and hence the re-
action is extremely exothermic due to a very large enthalpy of reaction,
AH ~ -250 k] mol~!. The experiment should be carefully carried out. It is
preferable to add the dialkoxysilane to a mixture of the hydrosilane and
catalyst. The dehydrogenative polycondensations, mentioned above, use 0.2-
0.5mol % of Pd and Rh catalysts, whereas this polycondensation effectively
proceeds with only 0.004 mol % of the catalyst, and high molecular weight
materials (M, = 10000-50000) were obtained (Scheme 23).

(FH3 CH3 B(CeFs)s CH3 CH3

H-Si Si-H + CHi0-Si-OCH; {» -0-Si- % CH,
CHg CH3 CH3 CH3

Scheme 23

3

Control of Chemoselectivity

Chemoselective condensation polymerization is applicable to the synthesis
of sequential condensation polymers from unsymmetrical monomers and of
polymers with pendant functional groups without using protecting groups.
The former study had been conducted since the 1960s, and Ueda summa-
rized it by including his work in a review about a decade ago [89]. Ueda et al.
also initiated the latter study in 1988 and synthesized polyamides containing
hydroxy, amino, and carboxyl groups on the aromatic rings of the polymer
backbone by the chemoselective polyamidation of dicarboxylic acids with di-
amines bearing these functional groups in the presence of condensing agent,
DBOP [90,91]. Wang and Nakamura synthesized polyesters containing carb-
oxyl group, quaternary ammonium, sulfonic acid, and chlorohydrin moieties
by the chemoselective polycondensation of isophthaloyl dichloride and these
functional diols [92-97].

More elaborate chemoselective polycondensations have been reported
since 2000. Ueda and coworkers tried direct polycondensation of 5-hydroxy
or 5-aminoisophthalic acid and an aromatic diamine bearing a phenol moi-
ety in the presence of DBOP (Scheme 24) [98]. The model reactions were
first carried out to find the conditions for chemoselective polycondensation.
The reaction of 5-hydroxyisophthalic acid with p-toluidine in the presence of
DBOP and triethylamine afforded the corresponding amide in a way simi-
lar to ordinary amidations with DBOP. On the other hand, the reaction of
5-aminoisophthalic acid with p-toluidine was dependent on the base used.
When triethylamine, DBN, and DBU were used, a mixture of the desired
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amide and a hyperbranched polymer from 5-aminoisophthalic acid were
obtained. When TMEDA, a slightly weaker base, was used, selective amida-
tion with p-toluidine was attained without reaction of the amino group of
5-aminoisophthalic acid. On the basis of these results, the polycondensations
of 5-hydroxyisophthalic acid with the diamine and of 5-aminoisophthalic
acid with the diamine were carried out with triethylamine and TMEDA
in the presence of DBOP, respectively. The polyamide obtained in the for-
mer polycondensation showed an inherent viscosity of 0.73dLg™!, and the
latter polyamide 0.48 dL g~!. However, the 'H NMR spectrum of the latter
polyamide showed that about 3% of the pendant amino group was converted
into amide linkage.

Furthermore, the chemoselective polyesterification of isophthalic acid
with a bisphenol bearing amino group was investigated by direct polycon-
densation with DBOP and base (Scheme 25) [99]. Ueda and coworkers ex-
pected that phenolate was more nucleophilic than the aromatic amino group,
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NH,

Scheme 25
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although phenol was less nucleophilic than the aromatic amino group. Ac-
cordingly, this polymerization was also dependent on the base used in the
reaction. When triethylamine was used, amidation predominantly occurred.
When DBN, a stronger base, was used, esterification took place but phenox-
ide also attacked DBOP to give phosphate. To suppress this side reaction,
isophthalic acid was first reacted with DBOP in the presence of DBN to gener-
ate a carboxylic-phosphoric anhydride, then a solution of the bisphenol and
DBN was added. The obtained polyester bearing the pendant amino group
possessed a My of 22000 and Ty of 192 °C.

Takasu et al. found that polycondensation catalyzed by Sc(OTf); under
mild conditions, mentioned in Sect. 2.2 and Scheme 5, can distinguish pri-
mary and secondary hydroxy groups of monomers, and it was applied to
the chemoselective synthesis of polyesters bearing the secondary hydroxy
group [100]. Malic acid and tartaric acid, having pendant secondary hydroxy
groups, were reacted with 1,9-nonanediol in the presence of 0.5 mol % of
Sc(OTf)3 under reduced pressure (0.3-3 mmHg) at 80 °C to give polyesters
with M, of 13100 and 8300, respectively, without reaction of the pendant
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secondary hydroxy groups in the dicarboxylic acids (Scheme 26). The poly-
condensation of diols containing secondary hydroxy groups, including glyc-
erol and sorbitol, with dicarboxylic acids also proceeded chemoselectively
to afford the corresponding polyesters. The obtained polyester smoothly un-
derwent glycosidation by the reaction of the secondary hydroxy group on
the polyester with a glycosyl donor by virtue of BF3OEt; as a catalyst to
afford a sugar-containing polyester (50% glycosidation) (Scheme 27). Lipase-
catalyzed copolycondensation of malic acid, adipic acid, and 1,8-octanediol
also gave polyester bearing hydroxy groups, the My, of which was dependent
on the reaction solvent and increased up to 17800 by polymerization in hex-
ane [101, 102].

4
Control of Stereochemistry

4.1
Regioselective Polymerization

411
General Polycondensation Between Nucleophile and Electrophile

Regioselective polycondensation of polyols, such as sugars, reduced sugar
polyols, and glycerol, has been generally achieved by enzyme catalysts except
for a recent work of Sc(OTf)s-catalyzed polyesterification of polyols men-
tioned in the previous section [100]. Kobayashi et al. reported the first syn-
thetic cellulose by polycondensation of B-D-cellobiosyl fluoride, a monomer
having seven hydroxy groups and one fluorine, with cellulase, a hydrolysis
enzyme of cellulose, in the early 1990s [103]. After that, xylan [104], amy-
lose [105], a cellulose-xylan hybrid [106], and an unnatural polysaccharide,
an alternating 6-O-methylated cellulose [107], were synthesized by poly-
condensations of the corresponding sugar fluorides catalyzed by hydrolase
enzymes. On the other hand, glycosaminoglycans, such as hyaluronan and
chondroitin, were synthesized by enzymatic ring-opening polyaddition, not
polycondensation, of sugar oxazoline-type monomers [108].

Regarding polyesters, Russell and coworkers reported the lipase (Novo-
zyme-435)-catalyzed polycondensation of various triols and divinyl adipate
for the synthesis of polyesters having pendant hydroxy groups
(Scheme 28) [109]. Before this report, the divinyl adipate was reported to be
available for enzymatic polyesterification of diols by Kobayashi and cowor-
kers [110,111], in which the equilibrium of esterification is shifted in the
forward direction by tautomerization of the eliminated vinyl alcohol to ac-
etaldehyde. The My, values of the resulting polyesters varied according to the
triol used and ranged from 3000 to 14000. Analysis by MALDI-TOF mass
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spectrometry showed the presence of a linear polyester with hydroxy sub-
stituents, and there was no evidence for network formation. The pendant
groups were 90-95% secondary and 5-10% primary hydroxy groups. Al-
though the activation of carboxylic acids with electron-withdrawing groups
had been thought to be necessary for enzyme-catalyzed polyesterifications of
polyols [112-120], Gross and coworkers recently reported the direct lipase-
catalyzed condensation polymerization between diacids and reduced sugar
polyols [121]. The polycondensation of adipic acid and sorbitol was per-
formed in bulk for 48 h at 90 °C using Novozyme-435. The M, of the obtained
polyester was 17030, and sorbitol was esterified with high regioselectivity
(8516%) at the primary hydroxy groups. (Scheme 29). When adipic acid, 1,8-
octanediol, and sorbitol were copolymerized in the molar ratio 50:35:15, the
methanol-insoluble product had a M,, of 117000.
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Regioselective polycondensations with transition-metal catalysts were also
reported. Nomura et al. developed palladium-catalyzed allylation polycon-
densation, in which nucleophile predominantly reacted with mw-allyl palla-
dium at the terminal allylic carbon to give E-linear products [122,123]. On
the other hand, polymerization with an iridium catalyst selectively proceeded
at the internal allylic carbon to yield branched polymers with pendant vinyl
groups (Scheme 30). These polycondensations demonstrate that polymers
having different structures can be synthesized from the same monomers by
changing the catalyst [124].
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4.2
Oxidative Polycondensation

In oxidative polymerization of phenol and naphthol derivatives, the struc-
ture of the resulting polymers is often very complicated since they are
multifunctional monomers. Only some 2,6-disubstituted phenols are oxida-
tively polymerized to give poly(1,4-oxyphenylene)s exclusively [125,126].
Even enzymatic polymerization of phenol derivatives with peroxidase af-
forded polyphenols consisting of a mixture of phenylene and oxyphenylene
units, which are formed by the C-C and C-O coupling of phenols, respec-
tively [127-129]. In the enzymatic polymerization of 4-substituted phenols,
however, the regioselectivity was controlled by changing the hydrophobicity
of the monomer and solvent in the range of the phenylene content from 40 to
70% [130,131]. Furthermore, Kobayashi and coworkers found that addition
of PEG to the reaction mixture for the enzymatic polymerization of phenol
resulted in the polymer mainly consisting of the phenylene unit (95%) [132].
The role of PEG was thought to be a template for the oxidative polymeriza-
tion of phenol, because the hydrogen-bonding interaction of PEG with the
hydroxy group of phenol and polyphenol was observed by UV absorption and
FT-IR spectroscopy (Scheme 31).
.
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On the other hand, polyphenol consisting of oxyphenylene units, PPO,
was successfully synthesized by the highly regioselective oxidative polycon-
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densation of 4-phenoxyphenol with tyrosinase model complexes [133, 134].
Higashimura, Moro-oka, Kobayashi, and coworkers selected two copper(II)
chloride complexes, Cu(tpzb)Cl [135] and Cu(tacn)Cl, [136], as catalysts for
the oxidative polycondensation. The polymerization mechanism was postu-
lated as follows (Scheme 32). First, Cu(tpzb)Cl and Cu(tacn)Cl, react with
4-phenoxyphenol or its oligomers to give phenoxo copper(II) complex 8,
equivalent to phenoxy radical-copper(I) complex 9. Intermediates 8 and/or
9 are not free radicals but “controlled” radicals, and hence regioselective
coupling takes place to produce copper(I) complexes 10 of Cu(tpzb) and
Cu(tacn)CL The complexes 10 afford p-n%n?-peroxo dicopper(II) complex
11 [137], a copper-dioxygen model complex for tyrosinase, under dioxygen
and react with phenols to regenerate intermediates 8 or 9 and hydrogen per-
oxide. The coupling between the phenoxy radicals was thought to proceed
via a quinone-ketal intermediate, which would be subjected to rearrange-
ment to afford the linear oligomer (Scheme 33). The polymers obtained
showed the same IR spectra as crystalline PPO, and their melting points were
171-194 °C, which were lower than that of linear, high molecular weight PPO
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(298 °C) [138]. This may be because the polymers contained a small amount
of ortho C-O linkage (<9%) and/or had a lower molecular weight.

The oxidative polycondensation of 2,5-dialkylphenols was also conducted by
this polymerization system [139]. In the polymerization of 2,5-dimethylphenol
with 5 mol % of Cu(tacn)Cl,, the My, was 19 300 and the polymer was composed
exclusively of a 2,5-dimethyl-1,4-phenylene oxide unit (Scheme 34). The DSC
traces of the polymer showed heat-reversible crystallinity with a high melting
point at ca. 300 °C. The isomeric polymer 2,6-dimethyl-PPO showed a melting
point at 237 °C [140]. However, once the crystal part had been totally melted,
recrystallization never occurred during slow cooling or after annealing in the
temperature range between Ty (209 °C) and melting point [140]. In the oxida-
tive polymerization of the diethyl and dipropyl counterparts, the M,, values
of the obtained polymers were 23100 and 32200, respectively. Interestingly,
thelatter 2,5-dipropyl-PPO possessed heat-reversible crystallinity, whereas the
former 2,5-diethyl-PPO did not. Shibasaki and Ueda et al. also conducted the
regioselective oxidative polycondensation of 2,5-dimethylphenol by a copper-
amine catalyst immobilized on mesoporous silica material (Scheme 34) [141].
They proposed that regioselective polymerization was induced by the interior
of the mesoporous channel (6.0 nm) because the polymerization with conven-
tional CuCl-amine catalyst showed poor regioselectivity. In the polymerization
of o-cresol with the same catalyst, a regioselectivity of 80% was attained in the
presence of 2-phenylpyridine [142].

Cu(tacn)Cl,
R or R
Cu-amine on mesoporous silica
HO %O
02 n
R R

R = CHj, CoHs, C3Hy

Scheme 34

Not only phenol derivatives but also 1,4-dialkoxybenzenes undergo oxi-
dative polycondensation to give poly(p-phenylene). However, the oxidative



26 T. Yokozawa et al.

polycondensation using excess amounts of FeCls as an oxidant and Lewis acid
showed no regioselectivity; almost 1:1 of 1,3- and 1,4-linkages [143]. Ueda
and coworkers found that the use of VO(acac); catalyst [144] under an oxygen
atmosphere for the oxidative polycondensation of 1,4-dibutoxybenzene re-
sulted in the almost completely 1,4-regiocontrolled polyphenylene, poly(2,5-
dibutoxy-1,4-phenylene) (Scheme 35) [145]. The M, was 10000-12000.
The maximum absorption wavelength of the regioregular polymer (Amax =
331-333 nm) was slightly higher than that of the regiorandom polymer ob-
tained with FeCl3 (Apmax = 328 nm).

OBu

/©/OBU Vo(acac),, H"
BuO n

BuO

Scheme 35

The oxidative coupling of phenol derivatives involves mainly C-O coup-
ling as mentioned above, whereas that of naphthol derivatives involves C-
C coupling. For example, Koga and coworkers reported that the oxidative
coupling of 2-naphthol with CuCl(OH)TMEDA catalyst selectively afforded
1,1-bi(2-naphthol) [146]. Ueda and coworkers applied this reaction sys-
tem to the regioselective polycondensation of a naphthol derivative, which
was prepared from 6-bromo-2-methoxynaphthalene and bisphenol A in two
steps [147]. The oxidative polymerization of the monomer was carried out
in the presence of 5mol% of CuCl(OH)TMEDA at room temperature to
yield a polymer with the My of 33000 (Scheme 36). The polymer showed
a good thermal stability; a 10% weight loss occurred at 450 °C. A simple
monomer, 2,6-dihydroxynaphthalene, also polymerized with this catalyst to
give a polymer with the My of 93600 [148]. The polymer was confirmed
to consist completely of the 1,5-linkage from 'H and *C NMR analysis
(Scheme 37). This catalyst, however, was not effective for the oxidative coup-
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ling of 1- and 2-alkoxynaphthalenes, the oxidation potentials of which are
higher than that of 2-naphthol [147]. Accordingly, the oxidative polymeriza-
tion of a 1-naphthyl ether monomer was conducted with 2.5-5.0 equivalents
of FeCls [149]. The coupling reaction selectively took place at the 4-position
of the 1-aryloxynaphthyl moiety (Scheme 38). This polymer possessed a M,
of 44600 and was extremely thermally stable; the 5% weight loss tempera-
ture and Ty were 520 and 301 °C, respectively. Furthermore, the molecular
density was so low that the polymer showed a low dielectric constant of
2.50. This polymer will be a good insulating material for future generations
of microchips.

-

Scheme 38

If aromatic monomers polymerize with high regioselectivity, the poly-
merization of monomers bearing the substituent at the dissymmetrical pos-
ition gives rise to another problem of stereochemistry: regioregularity. For
example, in oxidative polymerization of 3-alkylthiophenes, regioselectively
proceeds at the 2- and 5-positons of the thiophene ring, but the polymer in-
cludes four types of diad sequences: head-to-tail (HT), head-to-head (HH),
tail-to-tail (TT), and tail-to-head (TH) (Scheme 39). Anderson et al. reported
the synthesis of HT poly[3-(4-alkylphenyl)thiophene] with an excellent re-
gioregularity through the oxidative polycondensation of the corresponding
thiophene by slow addition of FeCls [150]. Ueda and coworkers also attained
high regioregularity by the use of a catalytic amount of VO(acac), [151]. Re-
garding poly(3-alkylthiophene), Wegner and coworkers reported that 80%
of HT regioregularity was obtained by oxidative polymerization with FeCls
in a dilute solution [152], and Ueda and coworkers reported 88% of HT
regioregularity under the optimum conditions [153]. Besides oxidative poly-
condensation, McCullough et al. [154] and Rieke et al. [155] achieved more
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than 95% of HT regioregularity of poly(3-alkylthiophene)s by the polymer-
ization of 3-alkyl-5-bromo-2-metallated thiophenes with a Ni catalyst.

43
Geometrically Selective Polymerization

PPVs have applications in optoelectronic devices, such as light-emitting
diodes and photovoltaic cells, and the geometries of the vinylene linkages
are known to profoundly affect the optical properties [156-160]. How-
ever, efficient ways of regulating these geometries had remained almost
unexplored. Katayama and Ozawa et al. recently synthesized all-trans-
[161] and all-cis-PPVs [162,163] by using stereocontrolled hydrosilyla-
tion of p-diethynylbenzene with ruthenium catalysts (Scheme 40). Thus,
RuHCI(CO)(PPh3)3 formed (E,E)-isomer, whereas [RuCl, (CO)(DPCB-OMe)],
afforded (Z,Z)-isomer [164] with over 99% selectivities in both cases.
The (E,E)-isomer underwent Hiyama coupling polycondensation with 2,5-
dioctyloxy-1,4-diiodobenzene in the presence of a palladium catalyst and
TBAF hydrate, giving all-trans-PPVs with more than 99% geometrical pu-
rity [161]. In the Hiyama coupling polycondensation of the (Z,Z)-isomer
with the diiodobenzene, however, the stereoregularity for cis-PPV was limited
to 66%. The reason for this drop in stereoregularity is that trans iso-
mer is formed by TBAF-induced desilylation of the alkenylsilane followed
by Mizoroki-Heck arylation of the resulting alkene. Probably, the bulky
octyloxy groups on the diiodobenzene retard the transmetalation of the
(Z,Z)-isomer with an arylpalladium complex formed by oxidative addition
of the diiodobenzene to a palladium(0) species, resulting in the TBAF-
induced desilylation of the (Z,Z)-isomer [163]. Overcoming this side reaction,
they converted the (Z,Z)-isomer into the corresponding (Z,Z)-bromide with
N-bromosuccinimide, then performed Suzuki-Miyaura coupling polycon-
densation of this bromide and diboronic acid in the presence of a palladium
catalyst. The obtained PPV was confirmed to be all-cis by NMR spec-
troscopy [162]. The all-cis-PPVs underwent one-way photoisomerization to
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the corresponding trans-PPVs, both in solution and in the solid. This phe-
nomenon was applied to direct microscale patterning of PPVs onto a quartz
substrate [162, 165].

4.4
Enantioselective Polymerization

Asymmetric oxidative coupling polymerization of hydroxynaphthalene de-
rivatives was investigated by Habaue and Okamoto et al. First, they studied
the oxidative coupling polymerization of optically active 3,3'-hydroxy-2,2’-
dimethoxy-1,1"-binaphthalene with copper catalysts bearing chiral ligands
under an oxygen atmosphere (Scheme 41) [166]. The obtained polymers had
molecular weights of 3100-5200. When the polymerization of (R)-monomer
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was carried out with CuCl,-(-)-sparteine complex, the selectivity was R: § =
84:16 (68% ee). The polymerization of (S)-monomer with the same cata-
lyst, however, showed almost no selectivity (R : S = 52 : 48). Another catalyst,
CuCl-(S)-Phbox complex, also showed similar selectivity (52-60% ee) [167].
The polymerization of the MOM counterparts instead of the methoxy group
with CuCl-(S)-Phbox complex showed 52% ee [168].

They next studied the asymmetric oxidative polymerization of achiral 2,3-
dihydroxynaphthalene (Scheme 42). The polymerization of this monomer
with CuCl,-(-)-sparteine complex resulted in a low yield and gave a low mo-
lecular weight oligomer, whereas the polymerization with CuCl-(S)-Phbox
quantitatively gave a polymer with M; of 10600-15300. The enantioselectiv-
ity attained in this polymerization, however, was estimated to be low, with
43% ee from the model reaction [169]. When vanadyl sulfate (VOSO4)-Phbox
complex was used instead of the copper catalyst system, the enantioselectivity
was improved up to 80% ee [170]. Asymmetric cross-coupling polymerization
of two kinds of naphthol derivatives was also reported [171,172].
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Kawakami and coworkers synthesized stereoregular and optically active
polysiloxanes by polycondensation with deamination or dehydrogenation.
Optically active disiloxane disilanol [173] and achiral bis(dimethylamino)si-
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lane were polymerized in toluene at 100°C to afford optically active
polysiloxane with 100% retention of configuration (Scheme 43) [174]. The
M, of the polymers was 18400-170000. When tris(dimethylamino)silane
was used instead of bis(dimethylamino)silane, optically active poly(silsesqui-
oxane) gel was obtained [175]. If a chiral aminosilane was reacted with
a chiral silanol, racemization of the silicon atom of the aminosilane seemed to
occur [176]. Similarly, in the dehydrogenative polycondensation of the above
disilanol and optically active disiloxane with an Rh catalyst at 60 °C, racem-
ization of the silicon atom of the disiloxane took place (Scheme 44) [176].
When an achiral silane was used, the chirality of the silicon atom of the
disilanol was confirmed to be retained [177].
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Optically active poly(silyl ether)s were also synthesized by asymmetric in-
duction on the silicon atom from chiral diols or a chiral Rh catalyst [178].
In the dehydrogenative polycondensations of bis(silane)s and several chiral
diols, the highest ee value of the silicon atom was 13.7%. In the polymer-
ization of a bis(silane) and an achiral diol, however, the use of only 5 mol %
of RhCI[(R)-BINAP] resulted in induction of 39.8% ee of the silicon atom
(Scheme 45).
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5
Control of Chain Topology

5.1
Synthesis of Cyclic Polymers

It is thought to be difficult to synthesize cyclic polymers by general polymer-
ization methods, such as addition polymerization and ring-opening polymer-
ization. Regarding polycondensation, it also seemed difficult, as indicated by
the fact that Carothers and Flory did not take into account cyclization reac-
tions in their theory of step-growth polymerization. However, it was identifi-
cation of cyclic polymers that was difficult. The development of MALDI-TOF
mass spectrometry during the past decade has provided a new powerful tool
for qualitative analyses of cyclic oligomers and polymers.

Kricheldorf et al. first studied the reaction of tin-containing macrocyclic
polylactone or copoly(ether-ester) with dicarboxylic dichloride to obtain
polycondensates under elimination of dibutyltin chloride [179,180]. They
found limitation of the molecular weight of the obtained polymers and specu-
lated that this result might come from competition between the propagation
and cyclization steps [180]. In the polycondensation of 2,2-dibutyl-2-stanna-
1,3-dioxepane and dicarboxylic dichloride, it was revealed that macrocyclic
polyesters were the main products by means of MALDI-TOF mass spectrom-
etry (Scheme 46) [181]. When acyclic 1,4-bis(tributylstannoxy)butane was
reacted with dicarboxylic dichlorides, macrocyclic polyesters were preferen-
tially formed. Therefore, cyclic tin monomer did not play a decisive role in the
formation of the macrocyclic polyesters. At this time they did not conclude
that special interactions between the alkoxytin group and the acid chloride
moiety at both ends of the polymer favored cyclization, or that the cyclization
was a normal result of all polycondensations at high conversion. After this
report, however, they demonstrated for numerous polycondensations that
cyclization takes place at any concentration and at any stage of the polycon-
densation process. Therefore, cyclization limits the degree of polymerization
(DP) as expressed by Eq. 1, where V;, and V. are the rates of propagation and
cyclization, and X is a constant >1.0 [182].

1
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Furthermore, Kricheldorf made the following statement: “All step-growth
polymerizations possess the fundamental tendency to yield cycles as stable
end products with linear chains being the reactive intermediates or end prod-
ucts of side reaction” [183].

Several examples of producing cyclic polymers are described below. In-
terfacial hydrolytic polycondensation of bisphenol A bischloroformate af-
forded polycarbonate with the M, of 65000 under optimized conditions
(Scheme 47). The MALDI-TOF mass spectrum of this polymer displayed
peaks of cyclic oligo- and polycarbonates up to 18000 Da and no peaks for
linear chains. Furthermore, the optimum mass spectrum of the polymer
sample fractionalized by SEC showed the peaks of cycles up to 55000 Da cor-
responding to a DP of around 210 [184]. This result indicates that cyclization
competes with propagation at any chain length. It should be noted that the
molecular weight resulting from this interfacial polycondensation was by fac-
tors of 12-20 higher than those obtained under homogeneous conditions.
This result is also interpreted in terms of different efficiency of cyclization
in the interfacial polycondensation. Under homogeneous conditions the re-
action mixture of an A; + B, polycondensation contains three species with
respect to the end group combination: “A-A chains”, “B-B chains”, and
“A-B chains”. Under ideal conditions, their molar ratio is 1:1:2. Since the
A-A and B-B chains can contribute to the chain growth but not to cycli-
zation, 50 mol % of the A-B chains are able to cyclize. In the case of the
hydrolytic interfacial polycondensation of bisphenol A bischloroformate, the
phenoxide ions, which are gradually generated by the hydrolysis of the chlo-
roformate groups, are surrounded by a huge excess of chloroformate groups,
so that the chains having two chloroformate groups largely dominate over
the chains with the phenoxide and chloroformate groups. Therefore, the frac-
tion of chains that can cyclize is far lower than in the case of a one-phasic
polycondensation [185].
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Poly(ether sulfone)s are like polycarbonates, a group of engineering plas-
tics, and are synthesized generally by the polycondensation of a bisphe-
nol with 4,4'-dichlorodiphenylsulfone in the presence of K;CO3 in DMSO
(Scheme 48). Commercial poly(ether sulfone)s have My, in the range of 15000
to 25000, and the MALDI-TOF mass spectrum revealed a moderate content
of the cyclic polymers, increasing in parallel to the molecular weights. How-
ever, the mass peaks of OH- and Cl-terminated linear chains were detectable,
indicating that conversion was far from completion [186]. When more reac-
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tive 4,4’ -difluorodiphenylsulfone was used instead of the dichloro counterpart
and the polymerization conditions were optimized, a polymer with the My of
45000 was obtained. The MALDI-TOF mass spectrum displayed mass peaks
of cyclic polymers up to 13000 Da, and no linear species was detectable [186].

Although rigid-rod poly(p-phenyleneterephthalamide) analogues having
alkyl side chains did not contain cyclic polymers, the polycondensation of
silylated m-phenylenediamine and aliphatic dicarboxylic acid chloride af-
forded cyclic polyamides predominantly (Scheme 49) [187]. Furthermore,
cyclic polymers were also produced in polycondensations for polyesters,
poly(ether ketone)s, polyimides, and polyurethanes [183]. These examples
are the products in polycondensation of AB monomers or in “A; + B,” poly-
condensations, but cyclization of oligomer and polymer was also confirmed
in polycondensation of AB, monomers [188-195] and in “A; + B3” [196-202]
and “A; + B4” polycondensations [203-206], which afford hyperbranched
polymers.
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5.2
Interconversion of Cyclic Oligomer and Chain Polymer

Ring-opening polymerization of cyclic oligomers that are synthesized from
polycondensation of monomers has received much attention since Brunelle
et al. reported the polymerization of bisphenol A cyclic oligomeric car-
bonates [207,208]. The attractiveness of using cyclic oligomers to prepare
polymer is that the low molecular weight oligomeric materials have signifi-
cantly lower viscosities than high molecular weight polymer, thus facilitating
the reactive process. Another advantage of using cyclic oligomers for reac-
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tive processing is that no volatile or nonvolatile by-products are liberated
during polymerization, which resulted in high molecular weight polymer.
Brunelle et al. polymerized a mixture of cyclic oligomeric carbonates (dimer
to henicosamer) with a catalyst to obtain polycarbonate with high molecular
weight (M, = 50000-300000). Nagahata and Sugiyama et al. isolated cyclic
dimer to tetramer and studied the polymerization of each cyclic oligomer
(Scheme 50). The cyclic dimer has the highest reactivity of the three cyclic
oligomers, and polymerized without any catalyst at 300 °C for 5 min to afford
an ultrahigh molecular weight polymer estimated as a My, of 2000000 [209].
Although the cyclic tetramer showed much lower reactivity than the cyclic
dimer and tetramer, the polymerization was promoted by addition of the
cyclic dimer [209] or bisphenol A [210] to afford a high molecular weight
polymer (M, > 1000000). An interesting thing in this polymerization is that
it proceeded below their melting points, thus the polymerization took place
in the solid phase.

o OHO8 o £O+HO4

n=2234

Scheme 50

Brunelle et al. also studied the preparation and ring-opening polymeriza-
tion of cyclic oligomeric esters [211]. The efficient preparation of alkylene
phthalate cyclic oligomers was conducted by the condensation of alkylene di-
ols with iso- and terephthaloyl chlorides in the presence of 2.5-10% of DABCO
or quinuclidine and triethylamine making up the remainder of the organic
base. The diols and acid chlorides were simultaneously slowly added to a so-
lution of the amines (pseudo-high dilution conditions). The yield of the cyclic
oligomers was 49-85%. Ring-opening polymerization using tin or titanate cat-
alysts afforded high molecular weight polyesters within minutes. For example,
complete polymerization of PBT cyclic oligomer was able to be achieved at 180-
200 °C (the mixture of PBT cyclic oligomers began to melt at about 140 °C and
was completely molten at 160-190 °C), significantly below the polymer’s melt-
ing point of 225 °C, and with molecular weights as high as 445 000 (Scheme 51).
Polymers prepared from cyclic oligomers showed higher levels of crystallinity
than conventionally prepared polyester. Nagahata et al. reported solid-phase
polymerization of ethylene terephthalate cyclic dimer (m.p. =225 °C) with dis-
tannoxane 1 as a catalyst at 200 °C to afford PET with the M,, of 36 100 [212].
They also studied copolymerization of ethylene isophthalate cyclic dimer and
bis(2-hydroxyethyl) terephthalate in the presence of a catalytic amount of
1 [213]. Chen and coworkers reported the ring-opening polymerization of
phenolphthalein based on polyarylate macrocyclic oligomers [214].
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The cyclic oligomers mentioned above were prepared from polyconden-
sation monomers, whereas another source of considerable interest is from
the cyclodepolymerization of the corresponding linear polymer because,
when used in combination with the ring-opening polymerization of cyclic
oligomers, it provides a possible means of recycling many condensation poly-
mers. Hodge and coworkers investigated the synthesis of cyclic oligo(alkylene
isophthalate)s by the cyclodepolymerization of the corresponding linear
polymers. For example, poly(ethylene isophthalate) with M, of 27000 was
treated with 3 mol % of dibutyltin oxide in 1,2-dichlorobenzene (polymer
concentration = 2.00% (w/v)) at reflux temperature for 10 days to give the
cyclic dimer in 90% yield [215]. Similarly, commercial PEN afforded a mix-
ture of cyclic oligomers in 93% yield. The obtained cyclic oligomers were then
heated in the presence of the same tin catalyst at 350 °C for 10 min to give
PEN with an inherent viscosity of 0.55 (Scheme 52) [216].
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Regarding poly(ether ketone), cyclic oligomers were prepared from the
corresponding monomers under pseudo-high dilution conditions [217-221]
and then polymerized with anionic initiators in early works [222-224].
Recently, Colquhoun and coworkers found that catechol-based poly(ether
ether ketone) underwent cyclodepolymerization with CsF in DMAc at 230 °C
to yield macrocyclic oligomers. The ring-opening polymerization of the
macrocyclic oligomers with the cesium salt of 4-hydroxybenzophenone as
a catalyst at 350°C for 15min regenerated the poly(ether ether ketone)
with M,, of 640000 (Scheme 53) [225]. Cyclic oligomeric ether sulfones
were also prepared by fluoride-catalyzed cyclodepolymerization of poly(ether
sulfone)s in DMAc at 165°C [186,226,227]. These macrocyclic oligomers
underwent efficient ring-opening polymerization in the presence of phe-
noxide and especially thiophenoxide initiators at 320 °C to regenerate high
molecular weight polymer (My = 151000) (Scheme 54) [228]. The cyclic
ether sulfone also underwent copolymerization with bisphenoxide and
bis(dichlorophenyl)sulfone to give a copolymer of poly(ether sulfone) with
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M,, of 73000 (Scheme 55) [229]. Colquhoun and coworkers also reported
a ring-chain interconversion system in poly(m-phenylene isophthalamide)
(Nomex) [230]. Cyclodepolymerization was best achieved by treating a so-
lution of the polymer in DMSO containing CaCl, or LiCl as a solubilizing
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salt with 3-4 mol % of NaH or the sodium salt of benzanilide as a catalyst
at 150 °C. Treatment of a concentrated solution of the macrocyclic oligomers
(25% w/v) with 4 mol % of NaH or the sodium salt of benzanilide in a so-
lution of LiCl in DMSO at 170 °C for 6 h resulted in efficient ring-opening
polymerization to give poly(m-phenylene isophthalamide) with M, of 46000
(Scheme 56). These reports demonstrate that the chemical recovery and recy-
cling of high-performance aromatic polymers is in principle entirely feasible.

i i NaH, 150 °C i i
C C—NH NH ’ C C—NH NH
m n
Scheme 56

The macrocyclic aromatic ethers mentioned above are almost strain-free,
and their ring-opening polymerization thus depends almost entirely on en-
tropic effects. Colquhoun et al. synthesized highly strained biaryl-containing
macrocyclic aromatic ether ketones and ether sulfones by nickel(0)-catalyzed
cyclization of the halogen-terminated oligomers [231-233], and conducted
the enthalpy-driven ring-opening polymerization of such macrocycles [234].
For example, slow addition of a solution of a linear precursor containing the
dibenzofuran structure in DMACc to a solution of Ni(PPhs)4, generated in situ
from Ni(Py)4Cly, PPhs, and BuyNI by reaction with excess powdered zinc, in
the same solvent resulted in the biaryl macrocycle in 54% yield. The macro-
cycle polymerized even in solution with potassium 4,4’-biphenoxide at 200 °C
to afford polymer with inherent viscosity of 1.10 (Scheme 57). The strain en-
thalpy of this macrocycle, from DSC analysis of the exothermic ring-opening
polymerization was 81 k] mol™'.

Macrocycles containing the thioether linkage underwent not only anionic
ring-opening polymerization [235] but also free-radical ring-opening poly-
merization [236-248]. For example, Hay and coworkers reported that macro-
cyclic aryl ether thioether ketone oligomers polymerized in the presence of
a catalytic amount of elemental sulfur or 2,2’-dithiobis(benzothiazole) in the
melt or in solution at 380 °C to yield high molecular weight polymers (M, =
143000) with a small amount of the cyclics remaining (Scheme 58). The free-
radical nature of the polymerization reaction was indicated by EPR [238].
Zolotukhin, Colquhoun, and coworkers conducted the ring-opening poly-
merization of macrocyclic arylene thioether ketones under dynamic heating
conditions up to 480 °C. The polymer obtained did not contain residual
macrocycles, and the inherent viscosity showed 1.06 (Scheme 59) [248].

These sulfur-containing macrocycles had been prepared under pseudo-
high dilution conditions, but Hay and coworkers demonstrated that the cy-
clodepolymerization of aromatic disulfide polymers was an efficient and easier
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way to synthesize the corresponding macrocyclic disulfide oligomers [249].
Thus, the disulfide polymer was depolymerized in DMAc at 100°C for
several hours in the presence of a catalytic amount of K,CO3; and 4,4'-
oxybis(benzenethiol) to afford the macrocycles in more than 98% yield. Melt
ring-opening polymerization of the macrocyclic oligomers was performed at
180 °C for 30 min in a nitrogen protective atmosphere. The resulting polymer
was insoluble in both DMAc and THF and behaved as an elastic material when
heated to the glass transition temperature (Scheme 60) [249, 250].

6
Control of Nonstoichiometric Condensation Polymerization

In condensation polymerization of AA and BB monomers, it is necessary to
use exactly equimolar amount of the monomers for production of high mo-
lecular weight polymers. However, this fact is based on an assumption that
the reactivity of the functional group of monomer is not changed during
polymerization. If a functional group in the monomer becomes more reactive
when the other functional group has reacted, the condensation polymeriza-
tion affords a polymer with high molecular weight even when this monomer
is used in excess. This is because the AA monomer having the reactivity-
enhanced functional groups is liable to react with 2 equivalents of BB to afford
BB-AA-BB even though an excess amount of AA is in the reaction mixture.
If there is no enhancement of reactivity in the excess monomer AA, both
end groups of the oligomer or polymer would be the AA units to termi-
nate the polymerization when all of BB is consumed. This stoichiometrically
imbalanced condensation polymerization is desirable, considering that it is
sometimes difficult to maintain strict stoichiometric balance between two
monomers due to side reactions and physical loss from the reaction medium
by evaporation of the monomers or precipitation of the polymer segments.

6.1
Polycondensation of «,-Dihalogenated Monomers

A well-known example of stoichiometrically imbalanced polycondensation is
the polycondensation of dihalomethane and bisphenol derivatives, leading
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to polyformal (Scheme 61) [251]. In this polycondensation, a polymer with
high molecular weight is obtained even when an excess of dihalomethane is
used as a solvent. This is attributed to involvement of an active intermediate
formed by dihalomethane and the phenol moiety of the bisphenol, which is
more reactive than dihalomethane and reacts faster with another phenol moi-
ety. Thus, the polymer end groups are always the phenol moieties, not the
halomethyl group, even in the presence of excess dihalomethane, and then
polymerization continues without termination with the excess monomer.

CHg3 CHg3
o+ vo)-E)-on = reno )£ )-on
X =Cl, Br CHs CH;

reactive intermediate
CHs
fo- O ECony
CHgy n

Scheme 61

A practical problem in this polycondensation is formation of cyclic
oligomers, resulting in a decrease of the average molecular weight of the
polymer [252]. This side reaction is caused by slow dissolution of the potas-
sium salt of bisphenol, which creates high dilution conditions in the reaction
mixture. For example, the polymerization was carried out at room tem-
perature by addition of the potassium salt of bisphenol A to a solution of
dibromomethane in NMP over several hours to give polyformal, which had
a bimodal distribution (My = 46900, M.,/ My = 3.1). In addition, this polyfor-
mal contained 23% macrocycles. On the other hand, when bisphenol A and
KOH were vigorously stirred in NMP for 2 min, followed by addition of dibro-
momethane, high molecular weight polymer (M, = 250100, My /M, = 1.3)
was obtained after vigorous stirring for only 5 min. Only miniscule amounts
of cyclic oligomers were present. The production of high molecular weight
polyformal by high-intensity mixing can be explained as follows (Scheme 62).

high conc.
B C I T0—Ar—0°
O—Ar—0O~nr OCH,—Br "O—Ar—Owwvr OCH,—O—Ar—0°~
reactive CH,Br,
_Iow cone. “0—-Ar—0-
O—Ar—0
O/Ar—cg Polyformal with high M,
CH,-0

Scheme 62
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Since an intermediate bromomethyl ether is much more reactive than dibro-
momethane, as mentioned above, the intermediate could react with itself to
give a cycle under normal stirring conditions where the salt of bisphenol
very slowly goes into the solution. Under high-intensity mixing conditions the
concentration of the salt of bisphenol is high, so that the intermediate would
preferentially react with the salt to give high molecular weight polymer while
suppressing the formation of macrocycles.

The polycondensation of dibromomethane with bis(benzenethiol) instead
of bisphenol also shows stoichiometrically imbalanced polymerization behav-
ior (Scheme 63) [253]. When 1.5 equivalents of dibromomethane was reacted
with dithiol in NMP at 75 °C for 4 h, polysulfide with the maximum inher-
ent viscosity (i, = 0.50 dLg™!) was obtained. On the basis of the model
reaction, a reactive intermediate, in which a bromine in dibromomethane is
substituted with the mercapto group of the monomer, is estimated to be 61
times more reactive than dibromomethane.

— DBU
CHzBrz + HS S— \ / SH —

reactive intermediate
n
Scheme 63

Not only dihalomethane but also 2,2-dichloro-1,3-benzodioxole (12) affords
a reactive intermediate by the reaction with bisphenol A (Scheme 64) [254].
Thus, the polycondensation of 1.7 equivalents of 12 with bisphenol A in re-
fluxing dichlorobenzene for 3 h yielded polyorthocarbonate with the highest
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Scheme 64
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molecular weight (My =120000). In the model reaction of 12 and phenol
at -40 °C, the rate of the second nucleophilic substitution of monochloride
formed by the first substitution was 27 times faster than that of the first sub-
stitution reaction.

6.2
Palladium-Catalyzed Polycondensation

The above nonstoichiometric polycondensations are derived from the spe-
cific reactivity of electrophilic monomers. Catalysts for polycondensa-
tion also bring about these polycondensations without strict stoichiomet-
ric balance between the monomers. Nomura et al. applied palladium-
catalyzed allylic substitution (Tsuji-Trost reaction) to the polycondensation
between 1,4-diacetoxybut-2-ene (13) and diethyl malonate in the presence of
a Pd(0) catalyst, resulting in high molecular weight polymer (M, = 21800)
(Scheme 65) [255, 256]. Surprisingly, the polycondensation by using excess of
13 was also found to afford similar high molecular weight polymers [257].
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Scheme 65
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The observed stoichiometrically imbalanced polymerization behavior is ra-
tionalized by involvement of olefin-Pd(0) complex 14, which leads to cascade
bidirectional allylation. Thus, after the first allylation of 13, 14 selectively
forms the allylpalladium(II) complex at the other allylic terminal. Therefore,
the polymer end groups are always the malonic ester moiety even in the pres-
ence of excess 13, which would not terminate the polycondensation by the
attack on both polymer end groups. This behavior is dependent on the ligand
of the Pd(0) catalyst; bis(diphenylphosphino)butane (dppb) is indispensable,
and use of PPhs results in low molecular weight polymer as expected by
Carothers and Flory’s basic principle [1-3].

The Pd-catalyzed nonstoichiometric polycondensations of other mono-
mers, in which an olefin-Pd(0) complex after the first allylic substitution
exchanges the olefin ligand with the remote double bond, was also re-
ported [258]. The dependence of nonstoichiometric polycondensation be-
havior on a catalyst is interesting in comparison to the polycondensation
mentioned above, where that behavior only stems from the structure of the
monomers.

6.3
Crystallization Polycondensation

When polycondensation of AB monomer is carried out in the presence of
a monofunctional compound, polycondensation is terminated with the mono-
functional compound, and the DP is estimated by Carothers and Flory’s basic
principle. However, Kimura et al. reported that the polycondensation of 4-
acetoxybenzoic acid in the presence of monofunctional compound in liquid
paraffin at 320 °C affords poly(4-oxybenzoyl) crystal (whisker) consisting of
higher molecular weight polymers compared with the products obtained by
melt polymerization (Scheme 66) [259]. The DP of the aromatic polyester
obtained was much higher than that calculated according to the Carothers
and Flory equation. For example, in the polymerization with 30 mol % of the
monofunctional compound, where the calculated DP is 3.3, the observed DPs
were 232 (R = CH3(CH3)9) and 283 (R = CH3(CH3)17). This polymerization
would proceed through the following mechanisms. Oligomers are formed in
the solution, and when the DP of the oligomers exceeds a critical value, they
are crystallized. End-free oligomers are preferentially crystallized due to a sol-
ubility lower than that of end-capped oligomers. End-capped oligomers are
also crystallized and polycondensation proceeds with elimination of the end-

2 2
ACOOCOH + RO —CoH

Scheme 66
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capping groups of the oligomers by transesterification just when they are
crystallized. Although some of the end-capped oligomers are contained in the
crystals, the end-capping groups are excluded by solid-state polycondensation.

Similar polycondensation giving crystals was attained by the reaction of
4-hydroxybenzoic acid with 4-ethoxybenzoic acid anhydride, which imme-
diately affords 4-(4-ethoxybenzoyloxy)benzoic acid, a monomer, and mono-
functional compound [260]. Polyesters with a DP of 38-76 were obtained
even if 30-60 mol % of the anhydride was added to the reaction mixture
(Scheme 67). This polycondensation is noteworthy not only as a stoichio-
metrically imbalanced polycondensation, but also as a valuable method for
morphology control of condensation polymers during polymerization [261].

2 eQ
HOOCOH + EtOOCOC\QOEt

Q Q Q Q Q
n
Scheme 67
6.4

Nucleation-Elongation Polycondensation

The closed-system, reversible polymerization of m-phenylene ethynylene
starter sequences 15 and 16 in solution was driven by the folding energy of
the resulting polymers [262, 263]. Zhao and Moore also performed this poly-
merization under conditions of imbalanced stoichiometry to obtain polymers
whose molecular weight was higher than expected from the Flory distribu-
tion [264] (Scheme 68). For instance, in the reaction of 15 and 16 at a molar
ratio of 1:2 in the presence of oxalic acid at room temperature, polymer
products were present at equilibrium along with a substantial amount of
monomer but relatively little dimer or trimer. When the polymerization of
the corresponding diamine and dialdehyde at the same monomer stoichio-
metry was carried out in the melt, only low molecular weight oligomers were
produced, and the DP was in good agreement with the prediction from the
Flory equation. Because the helical folding of m-phenylene ethynylene chains
should not take place under these melt conditions, the stoichiometrically im-
balanced polymerization of 15 and 16 in solution was proposed to proceed
in the folding-driven nucleation-elongation mechanism. Thus, an oligomer
with a certain length starts folding in solution, and further extending the
molecule would result in polymers with increasing folding stability. Excess
monomer remains unreacted at equilibrium because it would not take part in
producing the folded polymer.
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7
Control of Molecular Weight and Polydispersity

Until quite recently, controlling molecular weight and polydispersity of
a polymer in condensation polymerization was thought to be essentially im-
possible, because condensation polymerization proceeds in a step-growth
polymerization manner: the polymerization is initiated by the reaction of
monomers with each other, and propagation involves the reaction between
both end groups of all types of oligomers that are formed, as well as the re-
action of the oligomers with the monomer. In contrast, nature synthesizes
monodispersed biopolymers, such as DNA and polypeptides, by condensa-
tion polymerization. This system involves selective reaction of monomers
with the polymer end group that is activated by an enzyme, which is chain-
growth polymerization.

Accordingly, artificial condensation polymerization is also able to control
molecular weight and polydispersity when the condensation polymeriza-
tion proceeds in a chain-growth polymerization manner similar to biological
polycondensation (we call it chain-growth condensation polymerization). For
chain-growth condensation polymerization, it is necessary that the polymer
end group is always more reactive than the monomer to prevent the monomer
from reacting with another monomer, leading to step-growth polymerization.
There are four approaches to maintain the reactive polymer end group during
polymerization: the first is transfer of reactive species, derived from the ini-
tiator, to the polymer end group; the second is activation of the polymer end
group by different substituent effects between the monomer and polymer;
the third is transfer of the catalyst to the polymer end group like biological
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condensation polymerization; and the fourth is biphasic polymerization, in
which solid monomer, transferred with PTC to a solution of polymer, reacts
with the polymer end group.

7.1
Transfer of Reactive Species

Specific elements can transmit a reactive species, stemmed from an initia-
tor, with elimination of small molecules. The first category is insertion of the
monomer to the terminal M-F bond (Scheme 69). The second one is transfer
of the cationic species (Scheme 70).

menM=F + M-X wonM—F  ——= v M-M-F

Scheme 69
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The polymerization of dimethylsulfoxonium methylide (17) initiated by
trialkylborane, which Shea et al. developed, is classified as the first category.
Propagation involves insertion of 17 into the terminal C-B bond with elimi-
nation of DMSO. The polymerization was carried out in toluene at 70-80 °C,
followed by oxidative workup to yield hydroxyl-terminated polymethylene
(Scheme 71). The M, values were very close to the calculated values from the
feed ratio of 17 to trialkylborane, and the M, /M, ratio ranged from 1.04 to
1.17. These results are consistent with the character of living polymerization.

B 9 Et3;B H,0,/NaOH Et%CH %CH OH
CHzSMe; 7080 °C &/
17
R—CH,
R—CH,—8 CH,SMe, —— N . RCH,—CHy— i
_ _ + e - - + MeSMe
2 \ 2+ 2 (H) / \ 2 2 \
17 M92§ijH2

Scheme 71
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The insertion mechanism involves initial attack of the ylide on the alkylb-
orane. The borate complex undergoes 1,2-migration of the alkyl group to
produce the homologated alkylborane and a molecule of DMSO [265, 266].

This polyhomologation with alkylboranes is amenable to the synthe-
sis of telechelic polymethylene, because alkylboranes can be prepared by
hydroboration of a variety of a-olefins. For example, polymethylene with
4-methoxyphenyl and hydroxy groups at both ends was synthesized from
an initiator prepared by hydroboration of 4-vinylanisole with BH3-THF
(Scheme 72) [265]. Other functional groups including biotin, carbohydrates,
primary and secondary amines, and dansyl and pyrene fluorescent groups
were also introduced as an end group from the corresponding a-olefins [267].
When B-thexylboracycloheptane, prepared by the hydroboration of 1,5-
heptadiene with thexylborane, was used as an initiator, methylene was
inserted into only the C-B bond of boracyclane, not the thexyl-B bond, re-
sulting in ring expansion. The expanded boracycle was treated with sodium
cyanide, followed by benzoyl chloride then peroxide oxidation to yield cyclic
ketone (Scheme 73) [268]. Furthermore, tri-armed star polymethylenes were
also synthesized by this polymerization method [269, 270].
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Mioskowski and coworkers reported similar polymerization of arsonium
ylide 18 initiated by trialkylborane [271, 272]. However, the reaction of 18 at
0°C in THF did not lead to polymers substituted on every carbon atom like
the polymerization of sulfoxonium ylide 17, but rather to a polymer in which
the main chain was elongated by three carbon atoms at a time (Scheme 74).
Polymers of varying DPs were obtained by using varying ratios of ylide 18
to trialkylborane, but the DPs were larger than expected from these ratios.
The M, /M, ratio ranged from 1.21 to 1.58. This suggests that the initiation
of the polymerization was not completely efficient, but the propagation was



Reaction Control in Condensation Polymerization 49

PhsAs -AsPh
R—| B + Ph3As\/J\ [ 3 \(& 3 %—4_, R\)\

Bl [1,3] sigmatropic B

rearrangement
_—
n

Scheme 74

controlled. The polymerization mechanism, which is different from that of
the polymerization of ylide 17, involves [1,3] sigmatropic rearrangement after
1,2-migration of the alkyl group of borate. This is the reason for the elonga-
tion of three carbons in this insertion polymerization. Block copolymers were
also synthesized by successive polymerization of different arsonium ylides
(Scheme 75) [272].
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An example of the second category is the polymerization of phosphora-
nimines 19 initiated with electrophiles, leading to polyphosphazenes. Maty-
jaszewski and coworkers found that N-silylated phosphoranimine 19a poly-
merized with SbCls at 100 °C to yield poly[bis(trifluoroethoxy)phosphazene]
20 with M; of 10000-50000 and My /M, of 1.2-2.5 [273]. The molecular
weight reached a maximum at partial conversion and leveled off, most likely
due to transfer reactions. However, the inverse relationship of molecular
weight and SbCls, the appearance of high molecular weight polymer at partial
conversion, and the first order in SbCls kinetics of the reaction supported the
notion that SbCl; was the true initiator and that polymerization proceeded in
a chain-growth manner. The zero order in monomer kinetics of the reaction
indicates that a reactive intermediate is formed in fast equilibrium with the
monomer, followed by slow unimolecular elimination of trimethylsilyl triflu-
oroethoxide (Scheme 76).

Allcock and coworkers reported that trichloro(trimethylsilyl)phosphor-
animine 19b polymerized with PCls at ambient temperature with elimina-
tion of trimethylsilyl chloride. The resultant poly(dichlorophosphazene) was
treated with an excess of NaOCH,CF;3 to give polymer 20. When the polymer-
ization was carried out in dichloromethane, the molecular weight increased
with increase in the ratio of 19b to PCls (M,, = 7000-14 000), and the mo-
lecular weight distribution was kept narrow (My /My = 1.04-1.20) [274]. The
polymerization in toluene proceeded faster than in dichloromethane to give
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polymers with higher molecular weights in the range of 10> with low polydis-
persities (<1.3) [275]. Phenyl-substituted monomer 19¢, PhCl,P = NSiMes,
also underwent controlled polymerization until the feed ratio of 19¢c to PCls
was 100. Other related initiators such as SbCls, TaCls, or PhPCly also appear
to initiate the ambient temperature polymerization of 19b,c. The polymer-
ization is initiated by the reaction of 19b with 2 equivalents of PCls with
elimination of Me3SiCl to generate a salt, to which 19b successively reacts
with elimination of Me3SiCl, resulting in the elongated cation (Scheme 77).
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Scheme 77

Monomer 19b was synthesized by the reaction of PCls with either
LiN(SiMe3), or N(SiMes)s. These methods give relatively low product yields,
because PCls is an initiator for the polymerization of 19b. To circumvent this
concurrent polymerization, a new method for synthesizing 19b and the sub-
sequent polymerization in one pot has been recently reported [276]. Thus,
PCl; was reacted with LiN(SiMes), to afford CI,P — N(SiMes),, which was
oxidized with SO,Cl, to yield 19b. Into the mixture, mainly containing 19b,
Me3SiCl, and LiCl, was added PCls to produce the polyphosphazene. Under
the optimized conditions, the derivative polymer 20 showed a relatively nar-
row molecular weight distribution (M, /My = 1.24) even in one-pot reaction
from PCls (Scheme 78). Monomer 19a also polymerized with an anionic cata-
lyst via a chain-growth process, although this polymerization is not included
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in the second category of Scheme 78. Montague and Matyjaszewski reported
this polymerization before the cationic polymerization mentioned above. The
polymerization was carried out with TBAF as an initiator at 95 °C to yield 20
with My /My, of about 1.5 [277]. The proposed polymerization mechanism is
as follows. The polymerization is initiated by the abstraction of the silyl group
from 19a with TBAF, followed by the attack of the resultant phosphazene
anion on another monomer. Propagation proceeds through the attack of
the resultant trifluoroethoxide on the silyl group of the growing polymer
chain, producing an anion which can then attack another monomer molecule
(Scheme 79). Selective desilylation of the polymer end group can be explained
by the possibility that the strength of the N-Si bond on a polymer end group
is weaker than that on a monomer molecule due to long conjugation of the
polymer [278].
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Scheme 79

Polyphosphazene block copolymers were synthesized by these chain-
growth polymerization methods. The successive anionic polymerization of
N-silylphosphoranimines 19d and 19a at 133 °C yielded the block copolymer
with My, /M, of 1.4-2.3 (Scheme 80) [278, 279]. However, due to the presence
of two possible leaving groups in 19d, this approach yielded block copoly-
mers where one of the block segments contained a mixture of side groups. On
the other hand, the cationic polymerization of 19b with PCls was carried out
at ambient temperature, followed by addition of a second phosphoranimine
to yield a block copolymer with My, /M, of 1.1-1.4, where each block segment
had one kind of side chain (Scheme 81) [280].

Some block copolymers of polyphosphazene and conventional polymers
were also synthesized. The first example is a block copolymer of polyphos-
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phazene and PEG. Amino-terminated PEG was reacted with bromophospho-
ranimine 21 in the presence of triethylamine to afford PEG-phosphoranimine,
which was treated with 2 equivalents of PCl; at -78 °C, resulting in the
formation of a macroinitiator. This macroinitiator induced chain-growth poly-
merization of 19b to yield the diblock copolymer. Following termination,
the chlorine atoms were replaced with trifluoroethoxide groups (Scheme 82).
When difunctional amino-terminated PEG was used, the triblock copolymer
was obtained [281, 282]. The micellar characteristics of this amphiphilic di-
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block copolymer were studied [283]. Triblock copolymers consisting of PEG
and two kinds of polyphosphazenes were also synthesized [284].

Di- and triblock copolymers of polyphosphazene and polystyrene were
prepared by the macroterminator method. Phosphine-terminated polystyr-
ene, prepared by quenching anionic living polystyrene with Ph,PCl, was
treated with N3SiMe; to afford polystyryl phosphoranimine. This species was
used as a macromolecular terminator for monofunctional and difunctional
living poly(dichlorophosphazene)s, derived from the cationic polymeriza-
tion of 19b, to yield the di- and triblock copolymers, respectively. Follow-
ing termination, the chlorine atoms were replaced with trifluoroethoxide
groups [285] (Scheme 83). The monofunctional poly(dichlorophosphazene)
was prepared by using nonhalogen phosphoranimines, such as (CF3CH,0)3P
= NSiMes, to generate the initiating species with PCls for the living poly-
merization of 19b [286]. Diblock copolymers of polystyrene and polyphos-
phazene with a diethylene glycol monomethyl ether side chain were also
synthesized, and the self-association behavior of the block copolymers in
aqueous media was investigated [287].
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Since the procedure for the formation of macroinitiator by using 21,
mentioned in the synthesis of block copolymers of polyphosphazene and
PEG, enabled the synthesis of monofunctional polyphosphazenes [288],
monoallyl functional polyphosphazene was prepared and underwent hy-
drosilylation with dihydride-terminated poly(dimethylsiloxane) to pro-
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duce polyphosphazene-polysiloxane-polyphosphazene triblock copolymer
(Scheme 84). When phosphoranimine-terminated polysiloxane was used,
polysiloxane-polyphosphazene-polysiloxane triblock copolymer was ob-
tained in a similar manner to that mentioned in the synthesis of block
copolymers of polyphosphazene and polystyrene [289,290]. Tri-armed star
polyphosphazene [291] and graft copolymers of conventional polymer with
polyphosphazene [285, 292, 293] were also reported.

7.2
Different Substituent Effects Between Monomer and Polymer

Even general AB-type monomers, affording polyamide, polyester, polyether,
and so on, undergo chain-growth condensation polymerization if the poly-
mer end group becomes more reactive than the monomer by virtue of the
change of substituent effects between the monomer and polymer. Both the
resonance effect and inductive effect of the nucleophilic site on the reactiv-
ity of the electrophilic site at the para and meta positions of the monomer are
applicable, respectively.

7.2.1
Resonance Effect (Polymerization of p-Substituted Monomers)

In polycondensation of some p-substituted monomers, the polymer end
group was reported to become more reactive than the monomer, but the
polycondensation did not precisely control the molecular weight of polymer
within narrow molecular weight distributions because of the insolubility of
the polymers and the contamination of step-growth condensation polymer-
ization [294-299]. However, we found that the polycondensation of phenyl
4-(octylamino)benzoate (22a) proceeded homogeneously in the presence of
a base (a combination of N-octyl-N-triethylsilylaniline, CsF, and 18-crown-6)
and phenyl 4-nitrobenzoate (23) as an initiator in THF at ambient tempera-
ture to yield well-defined aromatic polyamides with very low polydispersities
(Myw /My < 1.1) [300]. The My, of the polymer was controlled by the feed ratio
of monomer 22a to initiator 23 up to 22000, and the polydispersity was quite
narrow. Furthermore, the My, values also increased in proportion to monomer
conversion, indicating that this condensation polymerization proceeded in
the manner of chain-growth polymerization. This result is explained by the
different substituent effects between the monomer and polymer (Scheme 85).
The base abstracts the proton of the amino group of monomer 22a to generate
the aminyl anion 22a’. This anion deactivates the phenyl ester moiety of 22a’
by its strong electron-donating ability through the resonance effect, result-
ing in preventing the monomer from reacting with another one. The anion
monomer 22a’ would react with initiator 23 having an electron-withdrawing
group, because the phenyl ester moiety of 23 is more reactive than that of
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22a’. The obtained amide has a weak electron-donating amide linkage, and
the phenyl ester moiety of the amide is more reactive than that of 22a’. Thus,
the next monomer would selectively react with the phenyl ester moiety of
the amide. Growth would continue in a chain polymerization manner by the
selective reaction of 22a” with the polymer terminal phenyl ester moiety.
The above synthetic method for well-defined aromatic polyamides, how-
ever, needs a peculiar base, N-octyl-N-triethylsilylaniline, along with CsF and
18-crown-6, and the monomer has a phenyl ester moiety as an electrophilic
site, which is not that common compared with a methyl ester or an ethyl
ester. Furthermore, it is necessary to separate the obtained polyamide from
by-products, such as N-octylaniline and phenol, by HPLC. For convenient
synthesis, the polycondensation of the corresponding methyl ester monomer
22b with a commercially available base has been developed [301]. The methyl
ester 22b polymerized with LiHMDS in the presence of an initiator in THF
at =10 °C (Scheme 86). The highly pure polyamide with a defined molecu-
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lar weight and low polydispersity was obtained after simple treatment of the
reaction mixture with aqueous NaOH solution followed by evaporation, be-
cause the by-products in this condensation polymerization after treatment
with water are low-boiling methanol, ammonia, and hexamethyldisiloxane.
The condensation polymerization of a similar monomer containing a 3-acyl-
2-benzothiazolethione as the electrophilic site instead of the methyl ester
moiety of 22b would also make the purification of the obtained polyamide
easier; by-products could be washed out with water [302].

Block copolymers of aromatic polyamides were synthesized by the chain-
growth condensation polymerization of a variety of 4-(alkylamino)benzoic
acid esters 22. An example of the block copolymer of N-alkyl and N-H
polyamides is shown in Scheme 87 [303]. First, N-octyl monomer 22a was
polymerized, and then monomer 22¢ having a protecting group on the amino
group and a base were added to the reaction mixture. The added 22c¢ poly-
merized smoothly from the end of poly22a to yield the block copolymer of
poly22a and poly22c. The protecting group was quantitatively removed with
TFA to afford the desired block copolymer of N-alkyl and N-H polyamides
with narrow polydispersity. The reason why 22c was used for this block
copolymerization was that a monomer having a primary amino group did not
polymerize under these polymerization conditions [304]. The block copoly-
mer was arranged through self-assembly in THF by virtue of intermole-
cular hydrogen bonding of the N-H polyamide unit. SEM images showed
micrometer-sized bundles and aggregates of flake-like structures. Recently,
block copolymers of N-octyl and N-fluoroalkyl polyamides with narrow poly-
dispersity were synthesized and their self-assembly was studied [305, 306].
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Block copolymers of aromatic polyamide and conventional coil polymer
are prepared by the reaction of the polymer end group of the polyamide with
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the living propagating group of the coil polymer. Thus, the phenyl ester moi-
ety of the polyamide reacts with the anionic living end of the coil polymer,
whereas the amino group of the polyamide reacts with the cationic living
end of the coil polymer. For example, PEG monomethyl ether was reacted
with the polyamide prepared by the chain-growth polycondensation of 22a
in the presence of NaH to yield a block copolymer of polyamide and PEG
(Scheme 88). Excess PEG was used in this polymer reaction, but unreacted
PEG could be washed out with water to isolate the block copolymer [304, 307].
Similar reaction of PEG with a polyamide obtained by the chain-growth poly-
condensation of 22a with phenyl terephthalate as a bifunctional initiator gave
a triblock copolymer of PEG-aromatic polyamide-PEG [308].

o
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m 3
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Scheme 88

Polyamide with a terminal amino group was prepared by the polymerization
of 22a with an initiator bearing the BOC group on the amino group, followed by
treatment with TFA to remove the BOC group. The terminal amino group of the
polymer reacted with living poly(THF) to yield a block copolymer of polyamide
and poly(THF) (Scheme 89). When difunctional living poly(THF) initiated by
trifluoromethanesulfonic anhydride was reacted with the above polyamide,
polyamide-poly(THF)-polyamide triblock copolymer was produced [309].
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Another approach to block copolymers of the aromatic polyamide and coil
polymer is the macroinitiator method: the chain-growth condensation poly-
merization of 22a from a macroinitiator derived from coil polymer. A diblock
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copolymer of polystyrene and the polyamide was synthesized with this ap-
proach (Scheme 90). First, polystyrene with a terminal carboxyl group was
prepared by anionic living polymerization of styrene, followed by quenching
with dry ice, and then the carboxyl group was converted to the phenyl ester
by using phenol and a condensation agent. From this terminal, chain-growth
polycondensation of 22a was carried out to yield the desired block copolymer.
When low molecular weight macroinitiators were used, block copolymers with
low polydispersity were obtained in good yields. When high molecular weight
macroinitiators were used, the homopolymer of the polyamide was contami-
nated. This is probably because the polymer effect of polystyrene decreased the
efficiency of initiation from the macroinitiator to induce self-polycondensation
of 22a [310]. Tri-armed star polyamides were also synthesized [311].
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Scheme 90

The synthesis of well-defined aromatic polyester was more difficult than
that of polyamide, because polyester easily undergoes transesterification. The
monomer can attack the polymer ester linkage to generate the cleaved chain
with the phenoxide moiety and the acyl group at both ends, leading to con-
ventional step-growth condensation polymerization. Actually, transesterifi-
cation occurred in the condensation polymerization of monomer having an
active amide moiety as a good leaving group, even with a weak base such as
tertiary amine at room temperature [312]. However, when the polymerization
of this monomer was carried out at -30 °C with Et3SiH, CsE, and 18-crown-6
as a base system, transesterification was almost suppressed and the molecu-
lar weight was controlled up to 7300 with low polydispersity (My /M, < 1.3)
(Scheme 91) [313].
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From the perspective of the use of different substituent effects between the
monomer and the polymer for chain-growth condensation polymerization,
the synthesis of well-defined polyethers seemed to be difficult because the
hydroxyl group in a monomer and the ether linkage of a polymer have simi-
lar electron-donating ability. However, monomer 24a bearing a phenoxide
moiety underwent chain-growth condensation polymerization in sulfolane at
150 °C to yield an aromatic polyether with low polydispersity (My, /M, < 1.1).
The molecular weight was controlled up to 3500, because the polyether with
molecular weight higher than that precipitated during polymerization [314].
Monomer 24b substituted with an octyl group instead of the propyl group
in 24a also afforded an insoluble polymer in sulfolane when attempts were
made to prepare higher molecular weight polymer. In other solvents, such as
DMI and tetraglyme, the polymerization proceeded homogeneously, but both
chain-growth and step-growth polymerization took place to give a polyether
with broad molecular weight distribution [315]. The key to successful chain-
growth condensation polymerization of 24 is the use of phenoxide in the
monomer instead of phenol. The phenoxide moiety works as a stronger
electron-donating group than the phenol moiety and the ether linkage, and
the carbon attached to the fluorine in monomer 24 is strongly deactivated to
prevent 24 from reacting with each other. Accordingly, 24 reacts selectively
with the initiator and the polymer end group, resulting in chain-growth con-
densation polymerization (Scheme 92).
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An interesting thing is that the polyether with low polydispersity from
chain-growth condensation polymerization possessed higher crystallinity
than the one with broad molecular weight distribution from conventional
step-growth condensation polymerization. The XRD pattern of the for-
mer polymer showed a stronger intensity, and the DSC profile showed the
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exothermic peak at 172 °C (cold crystallization) by heating from the glassy
state [316]. This implies that the crystallinity of condensation polymers could
be controlled by polydispersity.

Well-defined diblock copolymers of polystyrene and aromatic polyether
have been recently synthesized by the combination of ATRP and this chain-
growth condensation polymerization from an orthogonal initiator, which has
two different initiating sites for two kinds of polymerization, with one of the
initiating sites being inert with respect to polymerization from the other ini-
tiating site [317]. A polystyrene macroinitiator was first synthesized by the
ATRP of styrene in the presence of an orthogonal initiator with the benzylic
bromide moiety, then the terminal bromine of the polystyrene was dehalo-
genated with BuzSnH. The chain-growth condensation polymerization of 24a
was then carried out with the polystyrene macroinitiator in sulfolane at
150 °C to afford well-defined polystyrene-b-aromatic polyether (Scheme 93).
This diblock copolymer self-assembled in THF to form spherical aggregates.
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The chain-growth condensation polymerization leading to aromatic
polyether can be applied to the synthesis of a well-defined poly(ether sul-
fone) by the condensation polymerization of 25, which is different from other
monomers for chain-growth condensation polymerization in that the nucleo-
philic site and electrophilic site are on each benzene ring connected with an
electron-withdrawing group, a sulfonyl group (Scheme 94). In the polymer-
ization of 25 in the presence of an initiator and 18-crown-6 in sulfolane at
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120 °C, the molecular weight was controlled up to 5700 and the molecular
weight distribution was less than 1.5. When the polymerization was carried
out at higher feed ratio of the monomer to initiator, both chain-growth and
step-growth condensation polymerization occurred [318]. This undesirable
step-growth condensation polymerization is caused by transetherification
of the backbone ether linkage with the monomer and/or fluoride, which is
common in the condensation polymerization for poly(ether sulfone) at high
temperature [225, 226]. Similar chain-growth condensation polymerization in
the case of poly(ether ketone) was also reported [319].

Recently, Ueda, Rusanov, and coworkers attempted chain-growth conden-
sation polymerization of a 4-iodophenylethyne derivative with a Pd and Cu
catalyst in the presence of 1-ethynyl-2,5-dihexyl-4-(2-phenylethynyl)benzene
as an initiator and tertiary amine as a base [320] (Scheme 95). The acidity of
the proton of the ethynyl group in the polymer end group was expected to be
higher than that of the monomer, owing to longer conjugation in the poly-
mer chain, and to result in selective abstraction of the proton of the polymer
end group with the base. However, oxidative coupling of the ethynyl group oc-
curred as a side reaction, and poly(phenylethynylene) with low polydispersity
was obtained when the feed ratio of monomer to initiator was only 1 or 2.
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Scheme 95
7.2.2

Inductive Effect (Polymerization of m-Substituted Monomers)

In condensation polymerization of meta-substituted monomers, the induc-
tive effect (+I effect) of the nucleophilic site on the reactivity of the elec-
trophilic site at the meta position of the monomer is as applicable to chain-
growth condensation polymerization as is the R effect of the para-substituted
monomers mentioned above. Thus, ethyl 3-(alkylamino)benzoate (26) poly-
merized in the presence of LIHMDS as a base and phenyl 4-methylbenzoate
as an initiator in THF at 0°C to yield N-alkylated poly(m-benzamide)s
with well-defined molecular weights and low polydispersities (M, /My < 1.1)
(Scheme 96). When the N-alkyl group is an octyl group, the M, of the poly-
mer was controlled up to 12000 by the feed ratio of the monomer to ini-
tiator, and the polydispersity was kept narrow. In this polymerization, the
aminyl anion of deprotonated 26 would deactivate the acyl group at the meta
position through the strong +I effect, resulting in suppression of the self-
polycondensation of 26. The anion of 26 would then selectively react with
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an initiator and the polymer chain end, the acyl group of which is more re-
active than that of the monomer with the aminyl anion, and growth would
continue in a chain-polymerization manner. To support this mechanism, DFT
calculations were performed. The activation energies for the propagation and
self-condensation are 21.6 and 27.0 kcal mol™!, respectively. On the basis of
the geometries, energies, and vibrational frequencies obtained, the theoret-
ical rate constants were then evaluated at 298.15K and 1 atm. The reaction
rate constant (1.1 x 107 s71) for the propagation is 8.6 x 10°-fold greater than
that for the self-condensation (1.3 x 10~7 s1), and hence is consistent with
the experimental finding that propagation was observed exclusively over self-
condensation; that is, chain-growth condensation polymerization of meta-
substituted aminobenzoic ester monomers proceeded [321].

A variety of well-defined poly(m-benzamide)s were synthesized from
the corresponding monomers (Scheme 96). All these polymers have higher
solubility than the para-substituted counterparts [322]. Especially, the
polyamides having an oligo(ethylene glycol) are soluble in water and show
reversible cloud points by heating [323].

A well-defined diblock copolymer of meta- and para-substituted poly(benz-
amide) was also synthesized by this polymerization method (Scheme 97). Thus,
ethyl 3-(octylamino)benzoate (26a) was polymerized with 2.2 equivalents
of LiHMDS at 0°C to give a prepolymer. A fresh feed of methyl 4-(octyl-
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amino)benzoate (22b) was added to the prepolymer in the reaction mixture
at the same temperature to yield the block copolymer. It should be noted that
excess LIHMDS in the polymerization of 26a as the first step did not react at
all with the terminal ester moiety of poly26a, which was able to initiate the
polymerization of 22b as the second step [321].

7.3
Transfer of Catalyst

Condensation polymerization with a catalyst can involve another mechan-
ism for chain-growth condensation polymerization, that is, a catalyst-transfer
mechanism, in which the catalyst activates the polymer end group, followed
by reaction with the monomer and transfer of the catalyst to the elongated
polymer end group, in a similar manner to biological condensation poly-
merization. We and McCullough et al. have established this mechanism for
the Ni-catalyzed condensation polymerization leading to polythiophene. The
polymerization of 27a with a Ni catalyst was well known as a region-regulated
synthetic method for poly(alkylthiophene)s developed by McCullough et al.,
but the polymers obtained possessed a broad molecular weight distribu-
tion [154]. However, when the polymerization was carried out at room tem-
perature, with care to use the exact amount of isopropyl magnesium chlor-
ide for generation of monomer 27a from the corresponding dehalogenated
monomer, the M, values of polymers increased in proportion to monomer
conversion, with narrow polydispersities bring retained, and were controlled
by the amount of the Ni catalyst; the M, values were proportional to the feed
ratio of [27a]o/[Ni catalyst]y [324, 325]. A similar zinc monomer showed the
same polymerization behavior [326]. Furthermore, the M, /M, ratios were
around 1.1 up to My, of 28 700 when the polymerization of 27a was quenched
with hydrochloric acid [327].

After a detailed study of the polymerization of 27a, four important points
were clarified: (1) the polymer end groups are uniform among molecules—
one end group is Br and the other is H; (2) the propagating end group is
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a polymer-Ni-Br complex; (3) one Ni molecule forms one polymer chain;
and (4) the chain initiator is a dimer of 27a formed in situ. On the basis of
these results, we have proposed a catalyst-transfer condensation polymeriza-
tion mechanism (Scheme 98). Thus, Ni(dppp)Cl, reacts with 2 equivalents of
27a, and the coupling reaction occurs with concomitant generation of a zero-
valent Ni complex. The Ni(0) complex is not stable, and is inserted into the
intramolecular C-Br bond. Another 27a molecule reacts with this Ni, fol-
lowed by the coupling reaction and transfer of the Ni catalyst to the next C-Br
bond. Growth would continue in such a way that the Ni catalyst moves to the
polymer end group [328].
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In the chain-growth condensation polymerization mechanism based on
the substituent effect, it would sometimes be difficult to control the molecular
weight in the region of very high molecular weights because the reaction be-
tween monomers, which leads to self-polycondensation, cannot be completely
suppressed at very low concentration of the propagating group. On the other
hand, this catalyst-transfer condensation polymerization is different in that
the monomers essentially do not react with each other but react with only
the polymer end group if the catalyst moves to the polymer end group. This
means that the molecular weight of a polymer ideally can be controlled no
matter how large it is.

On the basis of the nature of the polythiophene end group containing the
Ni complex, functional groups can be introduced to one or both ends of the
polymer by Grignard reagents. Allyl, ethynyl, and vinyl Grignard reagents af-
ford monofunctionalized polythiophenes, whereas aryl and alkyl Grignard
reagents yield difunctionalized polythiophenes. By utilizing the proper pro-
tecting groups, hydroxyl, formyl, and amino groups can also be incorporated
into the polymer ends [329].

Regioregular polythiophenes with various side chains containing ether,
ester, and thiol units had been synthesized, and showed interesting prop-
erties [330]. However, the polydispersity of these polymers was not con-
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trolled. We studied chain-growth polymerization of a thiophene monomer
27b with an oxyethylene side chain. The polymerization of 27b depended
on the ligands of the Ni catalyst, and poly27b with the lowest polydispersity
was obtained when dppe was used as the ligand (Scheme 99) [331]. Catala
and coworkers reported that the polymerization of a thiophene monomer
27¢ containing an ester moiety on the side chain with Ni(dppp)Cl, also
proceeded in a chain-growth polymerization manner to yield head-to-tail
poly27c with a narrow polydispersity, and that the molecular weight of the
polymer was controlled by the feed ratio of the monomer to Ni(dppp)Cl,
(Scheme 100) [332]. The block copolymer of poly(3-hexylthiophene) and
poly(3-dodecylthiophene) [325] and the block copolymer of poly(3-hexyl-
thiophene) and poly27b [333] were synthesized by the successive chain-
growth polymerization of different thiophene monomers.
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McCullough and coworkers had synthesized block copolymers of poly(3-
hexylthiophene) and polystyrene or PMA by ATRP of the vinyl monomer
from a polythiophene macroinitiator, which was prepared in several steps
[334]. After the development of catalyst-transfer condensation polymeriza-
tion of polythiophene, the block copolymer of polythiophene and PMA
could be prepared more easily. As mentioned above, the vinyl-terminated
polythiophene was first prepared. The vinyl group was converted to the
2-hydroxyethyl group by hydroboration, followed by esterification with
2-bromopropionyl bromide to give a macroinitiator for ATRP (Scheme 101)
[335]. Recently, Dai, Su, and coworkers synthesized the block copolymer of
polythiophene and polypyridine from the vinyl-terminated polythiophene
(Scheme 102) [336]. Meijer and coworkers used an allyl-terminated poly-
thiophene to synthesize a block copolymer of poly(3-hexylthiophene) and
polyethylene: the ring-opening metathesis polymerization of cyclooctene in
the presence of the allyl-terminated polythiophene was followed by hydro-
genation (Scheme 103) [337].
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It is important to clarify whether catalyst-transfer condensation polymer-
ization is specific to polythiophene, or whether it is generally applicable to the
synthesis of well-defined m-conjugated polymers. We investigated the syn-
thesis of poly(p-phenylene), to see whether a monomer 28 containing no
heteroatom in the aromatic ring would undergo catalyst-transfer polymeriza-
tion. However, all polymers obtained in the polymerization with Ni(dppp)Cly,
Ni(dppe)Cl,, or Ni(dppf)Cl, possessed low molecular weights and broad
polydispersities. Nevertheless, we found that LiCl was necessary for opti-
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mizing the chain-growth condensation polymerization leading to poly(p-
phenylene) with low polydispersity, and that the molecular weight was con-
trolled by the feed ratio of 28 to the Ni catalyst (Scheme 104) [338].

OCBH13 OCBH13
Ni(dppe)Cly, LiCl

ClMg— Br -
Chain-growth polymn.

CgH130 CeH150
28

Scheme 104

Furthermore, we investigated chain-growth Suzuki-Miyaura coupling poly-
merization. In this polymerization, stable arylpalladium(II) halide complex
could be used as an externally added initiator, and the aryl group of the com-
plex would serve as an initiator unit of the polymer. The polymerization of
a fluorene monomer 29 was carried out in the presence of ‘BusPPd(Ph)Br as
a catalyst to yield polyfluorene with a narrow polydispersity (Scheme 105).
The molecular weight of the obtained polymer increased linearly in propor-
tion to the conversion of monomer with low polydispersity throughout the
polymerization, and also increased linearly in proportion to the feed ratio of
29 to the initiator up to 17700 with low polydispersity, indicating that this
Suzuki-Miyaura coupling condensation polymerization proceeded through
a chain-growth polymerization mechanism [339], as shown in the model reac-
tions [340-342]. The MALDI-TOF mass spectrum of the obtained polyfluorene
showed that all the polymers bore the phenyl group at one end. This obser-
vation strongly supported the view that ‘BusPPd(Ph)Br served as an initiator.
The catalyst-transfer polymerization with an externally added initiator would
provide surface-grafted -conjugated polymers with defined molecular weight
and low polydispersity by the use of a surface-bound Pd complex initiator.

I‘Br
io\ @PdfP(t-Buh
2 2
g

Chain-growth polymn.

CgH CgH n

817 817 CgH17 (CSH”
29

Scheme 105

7.4

Biphasic System

A quite different approach to chain-growth condensation polymerization is
phase-transfer-catalyzed polycondensation of solid monomer dispersed in an
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organic solvent. We expected that the solid phase of the monomer would
prevent the reaction of monomers with each other, and that the monomer
dissolved in an organic solvent with the aid of a PTC in a certain amount
would react with an initiator and the polymer end group in the solution
phase. The solid monomer, potassium 4-bromomethyl-2-octyloxybenzoate,
was polymerized in the presence of 18-crown-6 as a PTC and 4-nitrobenzyl
bromide as the initiator in acetone (Scheme 106) [343]. The polymerization
successfully proceeded by chain growth to yield polyesters with My, /M, less
than 1.3 until the feed of the monomer to the initiator reached 15. With
a ratio of 20 or above, the control of polymerization was not perfect: poly-
mers having My, values close to the calculated ones were obtained as well
as oligomers without the initiator unit. Similar chain-growth polymerization
was also attained with tetrabutylammonium iodide as the PTC instead of 18-
crown-6 [344].

Solid Phase | Liquid Phase |

CgH470, oM

[o & o] . CgH170
- r N
K ooc@—\ 0 0 o2 ooc
Br 0 ; Br

monomer ! n+1
:

_ CgH170
00C O,N
KBr O™ Br 2 0oc
(0] K+ [ON ] Br
C )i Polymerization Phase I n

I (0] o
Monomer Store Phase o |

Scheme 106

n = 0: initiator

8
Conclusion and Future Outlook

We have described reaction control in condensation polymerization during
a decade, examples of which have been far more than we thought at the
first outline. If reaction control of addition polymerization, for example, were
reviewed, so many sections would not be described, although a huge num-
ber of works have been carried out in a certain section: for example, living
radical polymerization. A reason why many kinds of control have been in-
vestigated in condensation polymerization seems to be that condensation
polymerization can involve considerably more kinds of reactions than add-
ition polymerization. Most of the substitution reactions developed in organic
chemistry can apply to condensation polymerization. Therefore, further new
condensation polymerizations will be developed along with the development
of organic chemistry.
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Abstract Recent advances in polyolefin chemistry have led to the creation of polymer
hybrid linking between different polymer segments to broaden their applications to-
wards use in highly profitable fields. Synthesized polymer hybrids based on polyolefins
are expected to possess the properties of each polymer segment. Several method-
ologies have been reported for the preparation of polyolefin hybrids which employ
processes, such as radical, anionic, cationic polymerizations, and post-polymerization
reactions, bringing certain improved and unique properties to ordinary polyolefins.
These new polymer hybrids can be synthesized using functionalized polyolefins, such
as polyolefin (PO) macroinitiator, PO macromonomer, and reactive PO. Synthesized
polymer hybrids based on PO, with a well-defined molecular structure, show excel-
lent properties compared to conventional POs, including compatibility and mechanical
strength.

Keywords Block copolymer - Controlled-nano architecture - Functionalization -
Polymer hybrid - Polyolefin
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Abbreviations

acac Acetylacetonate
ADMS  Allyldimethylsilane
AFM Atomic force microscopy

AIBN 2,2'-Azobisisobutyronitrile

ATR/IR  Attenuated total reflection infrared
ATRP Atom transfer radical polymerization
9-BBN  9-Borabicyclononane

BzInd Benzindenyl

n-Bu n-Butyl

s-Bu sec-butyl

t-Bu tert-butyl

e-CL e-Caprolactone

Cp Cyclopentadienyl

CRP Controlled radical polymerization
CTA Chain transfer agent

DSC Differential scanning calorimeter
EPR Poly(ethylene-co-propylene)

EBR Poly(ethylene-co-butene)

EPDM  Ethylene-propylene terpolymer
Et Ethyl, ethylene

FEP Tetrafluoroethylene-hexafluoropropylene copolymer
GPC Gel permeation chromatography
HEMA  2-Hydroxyl-ethylmethacrylate

Ind Indenyl

IR Infrared

MA Methacrylate

MAH Maleic anhydride
MAO Methylaluminoxane

Me Methyl

Mw Weight average molecular weight
Mn Number average molecular weight
p-MS p-Methylstyrene

NBS N-bromosuccinimide

NMP Nitroxide mediated polymerization
NMR Nuclear magnetic resonance

Oct Octyl

P4MP1  Poly(4-methylpent-1-ene)

PBMA  Poly(butyl methacrylate)

PnBA Poly(n-butyl acrylate)

PtBA Poly(tert-butyl acrylate)

PCL Polycaprolactone

PE Polyethylene

PEO Poly(ethylene oxide)

PMDETA N,N,N’,N”,N”-pentamethyldiethylenetriamine
PMMA  Poly(methyl methacrylate)

PO Polyolefin
PP Polypropylene
sPP Syndiotactic-polypropylene

py-PP Pyrolysis polypropylene
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PPG Poly(propylene oxide)

PS Polystyrene

Ph Phenyl

RAFT Reversible addition fragmentation chain transfer
SEM Scanning electron microscopy

TEM Transmission electron microscopy

TEMPO  2,2,6,6-tetramethyl-1-piperidinyloxy
THF Tetrahydrofurane

TMEDA N,N,N’,N’-tetramethylethylenediamine
THInd  Tertahydroindenyl

Tg Glass transition temperature
1
Introduction

Polyolefins (POs), represented by polyethylene (PE) and polypropylene (PP),
are indispensable materials with a certain social impact and are the most widely
used commercial polymers with a worldwide production of more than one
thousand million tons per year, accounting for 50% of the total amounts of
synthetic polymers. They are used in our daily lives for such applications as
films, pipes, automobile parts, electric and electronic parts, medical and sani-
tary products, toys, construction materials, and agricultural materials, which is
to say, they are used in various fields from the cradle to the grave. This is due to
POs possessing excellent properties, such as high mechanical strength, flexibil-
ity, chemical stability, and processability. POs are also responsible for catalyst
and process innovations since the discovery of the Ziegler-Natta catalyst sys-
tems in 1950s [1]. In addition, polyolefins are clean materials, because they are
composed of only carbon and hydrogen atoms. Also, they are easily recycled.
These advantages have led to a reduction in environmental pollution.

Despite the great success of polyolefins, deficiencies, such as lack of com-
patibility with other materials including polymers, have limited some of their
end-uses, particularly regarding adhesion, dyeability, paintability, and print-
ability. Therefore, many research activities have been geared toward the prep-
aration of functional polyolefins. In addition, many scientists have tried to
overcome these disadvantages by introducing suitable functional groups to
polyolefins, thereby broadening the applications of polyolefins towards highly
profitable fields [2].

So far, theoretically, there have been two possible approaches for the syn-
thesis of functional polyolefins, namely, (a) direct copolymerization of olefins
with functional monomers using polymerization and catalyst technologies,
and (b) post-polymerization reaction with polyolefins.

The first approach has found limited applications. Concerning the direct
copolymerization of olefins with functional monomers, studies of copolymer-
ization of olefins by metallocene catalysts have been reported with functional
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monomers, such as w-chloro-«-olefins [3], 5-(N,N-diimidopropylamino)-1-
pentene [4], cubic silsequioxane [5,6], 6-tert-butyl-2-(1,1-dimethylhept-6-
enyl)-4-methyl phenol [7,8], hindered amine light stabilizers (HALS) [9],
carbazole-based comonomer [10], Oxazoline-based comonomer [11], allyl-
anisole [12], hydroxyl olefins, etc.

The second synthetic route has found widespread application in PO tech-
nology. Regarding the post-polymerization reaction, it is common for poly-
olefins to be treated with a radical initiator and functional chemicals, such
as maleic anhydride, halogen, (meth)acrylate monomers, and so on. Chem-
ical modification of the pre-formed polyolefins has usually been carried out
in situ during the fabrication process to reduce the production cost. In add-
ition, surface modification of polymer materials continues to be an important
area, because of the many cases where the surface properties of polymers af-
fect their utilities. Several methods, such as radical modification with maleic
anhydride [13, 14], oxidation of the surface of PE film [15,16], and plasma
treatment of polymer films [17, 18], were good for the improvement of hy-
drophilicity of polyolefin materials. However, there are no facile reaction sites
in saturated polyolefins. The only way is to activate the polymer by breaking
some stable C-H bonds and forming free radicals along the polymer chain,
as mentioned above. These functionalization reactions are usually accompa-
nied by many undesirable side reactions, such as crosslinking and degrada-
tion. Unsaturated groups of polyolefins were converted by several functional
groups, such as the epoxy group, silyl group, hydroxyl group, maleic anhy-
dride group, etc. [19]. Unsaturated structures, such as vinyl and vinylidene,
are generally observed in pyrolized polyolefins. Metallocene catalyst systems,
however, offer significant advantages for the synthesis of functional poly-
olefins, because they are able to produce polyolefins possessing unsaturated
structures at the end of (or in the) polymer chain. The chain transfer reac-
tions in metallocene catalyzed polymerization have led to terminal double
bonds that are used to further chemical reactions. Halogenation [20, 21] and
amination [22,23] of terminally unsaturated groups of PP have been de-
scribed in previous papers. Oxazoline terminated PP [24] was synthesized
from metallocene catalyzed PP having a terminally vinylidene group. Ter-
minally unsaturated polyolefins, possessing vinyl or vinylidene groups, are
valuable as macromonomers for cationic, radical, and coordination polymer-
ization reactions [25, 26].

Recent advances in polyolefin chemistry have led to the creation of poly-
mer hybrids linking between different polymer segments, namely crystal
polyolefins, amorphous polyolefens, and other polar polymers (Fig. 1) to cre-
ate polyolefin materials with novel functionalities, including polarity, etc.

Synthesized polymer hybrids based on polyolefins are expected to possess
the properties of each polymer segment. Several methodologies for the prep-
aration of polyolefin hybrids have been reported in recent papers [27,28]. In
particular, processes such as radical, anionic, cationic polymerizations and
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post-polymerization reactions have resulted in ordinary polyolefins with im-
proved and unique properties that broaden their applications. So far, Chung’s
group has proposed the synthetic methods of polymer hybrids using poly-
merization and post-polymerization techniques. Other research groups have
also reported on synthetic procedures for polyolefin hybrids using function-
alized polyolefins. We herein propose three tools to produce polymer hybrids
based on polyolefins using PO macroinitiator, PO macromonomer and reac-
tive PO. These methodologies offer a comprehensive coverage of polyolefin
block or graft copolymers with well-defined molecular structures, such as lin-
ear block type, graft type, and multi-armed type copolymers (Fig. 2). It is
possible to design a new class of PO-based polymers with unique topologies
and compositions. Synthesized polymer hybrids based on POs have different
characteristics resulting in new functions as new materials as a result of their
synergic effect.

In this article, we would like to review recent advances in polymer hybrids
based on polyolefins and to classify them into four methodologies, namely,
PO macroinitiator, PO macromonomer, reactive PO and living copolymeriza-
tion of olefins, with their well-defined structures and applications.

2
Synthetic Methodologies of Polyolefin Hybrids

2.1
Polymerization with Polyolefin Macroinitiator

The concept of PO macroinitiators centers on the introduction of an initiation
moiety into an olefinic polymer chain for polymerization. The most effective
route for preparing PO macroinitiators is by employing functional polyolefins
containing hydroxyl groups or other reactive groups. These functional POs
are prepared by copolymerization of olefins with functional monomers and
post-polymerization reaction, as mentioned above. In the case where an ini-
tiation moiety was at the chain-end of the polyolefins, a block type copolymer
is produced. It has been reported that thiol-terminated PP was used as poly-
meric chain transfer agent in styrene and styrene/acrylonitrile polymeriza-
tion to form polypropylene-block-polystyrene (PP-b-PS) and polypropylene-
block-poly(styrene-co-acrylonitrile) (PP-b-SAN) block copolymer [19]. On
the other hand, polymer hybrids with block and graft structures can be pro-
duced if initiation moieties are in the polymer chain.
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2141
Living Anionic Polymerization with PO Macroinitiator

For Block Copolymers:

In the 1980s, a synthetic method to produce AB block copolymers of propy-
lene and tetrahydrofurane (THF) was proposed [29]. Polypropylene-block-
poly(THF) was prepared by a combination of living polymerization of propy-
lene with a V(acac)s catalyst and the living polymerization of THE Its
synthesis was based on the transformation of living polypropylene chain ends
to cationic ones, which initiated the living polymerization of THE.

The methodology to synthesize polymer hybrids by living anionic poly-
merization is shown in Fig. 3 [30]. Polyolefins containing p-tolyl groups have
been used to initiate anionic polymerization by the lithiation of the methyl
moiety using alkyl lithium and amine compounds system.

As methods to synthesize block copolymers, they have reported on the
preparation of p-tolyl group terminated polyolefins. Copolymerizations of «-
olefin with p-methylstyrene (p-MS) and hydrogen simultaneously in the pres-
ence of metallocene, which was Me,Si(4-Ph-2-Me(Ind)),ZrCl,, can produce
p-MS terminated PO. In this case, during the polymerization of propylene, the
propagation Zr—C site would react with p-MS to form p-MS terminated PP.
The catalytic Zr—C site in the compound became inactive to both propylene
and p-MS, due to the combination of steric hindrance between the active site
(Zr-C) and incoming monomer, which is a dormant site [31]. With the pres-
ence of hydrogen as chain transfer agent, the dormant Zr—C site could react
with hydrogen to form p-MS terminated PP and regenerate the Zr—H site,
which is capable of reinitiating the polymerization of propylene and p-MS.
The lithiation of the p-tolyl group at the end of the PO chain with sec-butyl
lithium (s-BuLi)/N,N,N’,N’-tetramethylethylenediamine (TMEDA) gives PO
macroinitiator for a living anionic polymerization.

Block copolymers, polyethylene-block-polystyrene (PE-b-PS) and PP-b-PS,
were prepared by the polymerization of styrene with terminally lithiated PO
macroinitiators [31].

It was also reported that terminally borane-containing POs is available
as another macroinitiator to prepare block copolymers (Fig. 4). These poly-
mers were prepared by (1) the metallocene-catalyzed (co)polymerization of
olefin(s) with organoborane compounds, for example, 9-borabicyclononane
(9-BBN), as chain transfer agents [32], or by (2) the hydroboration of termi-
nally unsaturated polyolefins with BBN [33-36].

In case of (1), they proposed the use of dialkylborane compounds as chain
transfer for catalytic polymerization. These compounds form stable dimers
in organic solvents, such as toluene or hexane. The B-H groups in these bo-
ranes were very reactive toward a metal-carbon (M-C) active site formed
during the catalytic polymerization with metallocenes. The transfer reaction
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s-BuLi/TMEDA

Monomer (M): Styrene, Butadiene,
Methylmethacrylate,
Acrylonitrile

Fig.3 Synthetic route of PP hybrids via terminally lithiated PP macroinitiator
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Fig.4 Synthesis of PO macroinitiator via terminally borane-containing POs for living
anionic polymerization

between B-H and the M—C active site results in a polyolefin terminated with
a 9-BBN group and in the regeneration of the active species M—H. The molar
mass of the polymer formed was inversely proportional to the concentration
of the borane-based compounds, since the transfer reaction was a dominant
process in this polymerization mechanism. In case of (2), borane-containing
polyolefins can also be prepared by hydroboration of terminally unsaturated
polyolefins prepared by metallocene-catalyzed olefin polymerization, with
BBN compounds.

Introduced as a chain-end group, the BBN group was converted to an
alkoxide group, that is, -O"K™, an efficient initiator for anionic polymer-
ization for ethylene oxide. The ring opening living anionic polymerizations
of ethylene oxide were carried out with potassium alkoxide polyolefins to
prepare polyethylene-block-poly(ethylene oxide) (PE-b-PEO), poly(ethylene-
co-styrene)-block-poly(ethylene oxide), and poly(ethylene-co-octene)-block-
poly(ethylene oxide) (EOR-b-PEO) [37].

Polyethylene-block-polycaprolactone (PE-b-PCL) was produced with ter-
minally hydroxylated polyolefins prepared from terminally borane-containing
polyolefins [38]. The terminal borane group was converted to a hydroxyl
group by an oxidation reaction with NaOH/H,O, reagent, and to an active
initiator by metallation reaction of the terminal OH group with diethylalu-
minum chloride. This was adopted in ring-opening anionic polymerization
of e-caprolactone to form the resulting block copolymer.
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The synthetic procedure of PE-b-PCL using hydroxyl terminated polyethy-
lene was reported [39]. Terminally hydroxylated polyethylene was prepared
during a metallocene-catalyzed polymerization using controlled chain trans-
fer reaction with alkylaluminum compounds. PE-b-PCL block copolymer
was synthesized from terminally hydroxylated PE and e-caprolactone (e-CL)
using Sn(Oct), as a catalyst for ring opening polymerization.

For Graft Copolymers:

To synthesize graft copolymers, it has also been reported on the preparation
of p-tolyl group contained polyolefins. In general, the preparation of p-MS
containing PO copolymers has been greatly enhanced by the metallocene
catalysts with constrained ligand geometry, having a spatially opened cata-
lytic site, allowing the effective incorporation of styrenic comonomers, which
was quite difficult using Ziegler-Natta catalyst systems. In the copolymeriza-
tion reaction, p-MS comonomers exhibit good incorporation with ethylene
using metallocene catalysts, such as [CsMe4(SiMe;N-£-Bu)]TiCly, Cp2ZrCl,
or Et(Ind),ZrCl, activated with methylaluminoxane (MAO) [40-42]. The
resulting copolymer contained 40 mol % of p-MS. Both DSC and *C nu-
clear magnetic resonance (NMR) results showed the random distribution
of p-MS units in the copolymer chain. As a result, methyl groups of p-MS
units in PE can be effectively lithiated by a s-BuLi and TMEDA system at
ambient temperature to prepare the PO macroinitiator. Graft copolymers,
polyethylene-graft-polystyrene (PE-g-PS), polyethylene-graft-poly(methyl
methacrylate) (PE-g-PMMA), and polyethylene-graft-polyacrylonitrile were
prepared from these PO macroinitiators in cyclohexane by living anionic
polymerization [42-44]. Also, graft copolymers, PE-g-PS, poly(ethylene-
co-propylene)-graft-polystyrene (EPR-g-PS), and poly(ethylene-co-octene)-
graft-polystyrene (EOR-g-PS) were obtained [45, 46].

Olefin copolymers containing a hydroxyl group can be used as the PO
macroinitiator for ring opening anionic polymerization. Copolymerization
of olefins with hydroxyl olefin monomers protected with alkylaluminum
compounds by metallocene/MAO catalyst systems gave hydroxylated olefin
copolymers, such as terminally hydroxylated PE, hydroxylated PE, and hy-
droxylated PP [47-49]. The control of hydroxylated PE structures was investi-
gated by Kashiwa et al. in the copolymerization of ethylene with allyl alcohol
or 10-undecen-1-ol with a specific metallocene, MAO and a trialkylaluminum
catalyst system through changes in the copolymerization conditions [50].
The incorporation of allyl alcohol into the PE backbones was controllable
through changes in the trialkylaluminum, leading to terminally hydroxylated
PE or a copolymer possessing hydroxyalkyl side chains. The copolymeriza-
tion of ethylene with 10-undecen-1-ol gave copolymers with hydroxyalkyl
side chains of various contents with a variety of molecular weights through
changes in the copolymerization conditions. The obtained hydroxylated PE
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could be used as PO macroinitiators, which allowed polar polymer segments
to grow on the PE backbones, leading to the creation of graft copolymers that
possessed PE and polar polymer segments (Fig. 5).

Graft copolymer, polyethylene-graft-poly(propylene oxide) (PE-g-PPG),
has been synthesized by ring opening anionic polymerization of propylene
oxide with a phosphazene catalyst and hydroxylated polyethylene (M, =
12400, [OH] = 5 units/chain). Polymerization of propylene oxide was carried
out in tetraline at 120 °C for 20 hours. The 1*C NMR analysis of PE-g-PPG
suggested that all the hydroxyl groups were consumed for propylene oxide
polymerization (Fig. 6).

Polyethylene-graft-polycaprolactone (PE-g-PCL) was synthesized by ring
opening anionic polymerization of e-CL with a triethylalminum catalyst and
hydroxylated PE. Polymerization of e-CL was performed in toluene for 24
hours. The obtained PE-g-PCL, in which 36-80 mol % of the hydroxyl groups
worked as initiators for e-CL polymerization, possessed 29 units of ¢-CL in
polymer hybrids (Fig. 7).

Microstructures of (1) PE-g-PPG polymer hybrid and (2) the blended sam-
ple of PE and PPG were observed by transmission electron microscopy (TEM)
images after the preparation of press sheets of each polymer sample at 200 °C.
The TEM images of the resulting polymer hybrid reveal the nanometer level
microphase-separation morphology between the PE segment and the PPG
segment compared with the PE/PPG blended polymer. From the result, the
nanodispersion of different segments in polymer hybrids is possible, but dif-
ferent from the blended polymer sample (Fig. 8).
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Fig.5 Synthetic route of PE hybrids containing (1) PPG segment and (2) PCL segment via
hydroxylated PE
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Fig.8 TEM images of a PP-g-PPG and b homo-PE/homo-PPG blended sample (homo-
PE/homo-PPG = 6/4 wt ratio)

It is known that borane containing polymers were converted to hydroxy-
lated polyomers, as mentioned above. From borane-containing PE, PE-g-PCL
was also synthesized [51].

2.1.2
Living Radical Polymerization Via Borane Groups

Controlled radical polymerization (CRP) is an attractive tool, because of the
resultant controllability of polymerization, and because of it being a versatile
method to synthesize of well-defined polymer hybrids. The three main radical
polymerization techniques, ATRP, NMP, and RAFT polymerization, have thus
been employed. Other techniques, such as the oxidation of borane groups,
have also been studied. In general, using CRP techniques, block copolymers
can be synthesized from terminally functionalized PO as PO macroinitiator,
and block copolymers can be prepared from functionalized PO produced by
the copolymerization of olefins with functional monomers.

The living radical polymerization via borane side groups has been pro-
posed to synthesize polymer hybrids (Fig.9). Copolymerization of olefins
with the borane monomer, 5-hexenyl-9-borabicyclononane (5-hexenyl-9-
BBN), was deemed a very convenient way to prepare borane-containing
polyolefins [52,53]. Alternatively, borane-containing POs were prepared by
hydroboration of unsaturated POs, such as poly(propylene-co-1,4-hexadiene)
and poly(ethylene-co-propylene-co-1,4-hexadiene) [53]. These POs contain-
ing borane side groups synthesized by metallocene catalyst systems could be
oxidized to produce a peroxyborane (C—O—O-B) moiety. The peroxyborane
group would decompose by itself, followed by a homolytical cleavage of per-
oxide to generate an alkoxy radical (C-O*) and a borinate radical (*O-B) [54].
The alkoxy radical moiety (C-O*) would be very reactive and could be used
as an initiator of radical polymerization. This radical polymerization was
carried out as living nature.
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Fig.9 Synthetic route of PE hybrids by living radical polymerization via borane-
containing PE
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For Block Copolymers:

Block copolymers can be produced from terminally borane-containing poly-
olefins. These borane-containing POs can be synthesized by the metallocene-
catalyzed (co)polymerization of olefin(s) monomer with 9-BBN as a chain
transfer agent or by the metallocene catalyzed copolymerization of olefins
with allyl-9-BBN [55, 56], as referred to above. Alternatively, borane-contain-
ing POs were prepared by hydroboration of terminally unsaturated PO,
for instance, terminally vinyl PE and terminally vinylidene PP [33-35, 57].
Such method could produce diblock copolymers, such as polyethylene-block-
poly(methyl methacrylate) (PE-b-PMMA), polypropylene-block-poly(methyl
methacrylate) (PP-b-PMMA), polypropylene-block-poly(butyl methacrylate)
(PP-b-PBMA), and PP-b-PS.

For Graft Copolymers:

Graft copolymers can be synthesized from borane-containing POs. POs hav-
ing borane groups can also be prepared by copolymerization of olefins
with w-borane-w-olefins, such as 5-hexenyl-9-BBN [58-62]. Copolymers of
5-hexenyl-9-BBN and propylene, or other «-olefins were obtained using
TiCl3 /Al compound catalyst systems. Copolymerization of ethylene with 5-
hexenyl-9-BBN was carried out with Et(Ind),ZrCl, or Cp,ZrCl, activated
with MAO.

In addition, borane-containing POs can be prepared by copolymeriza-
tion of olefin with borane monomers or by hydroboration of polyolefins
including unsaturated groups, such as olefin-divinylbenzene copolymer and
olefin-diene copolymers. Many kinds of graft copolymers, such as poly-
ethylene-graft-poly(vinyl alcohol), PE-g-PMMA, polypropylene-graft-poly-
(maleicanhydride-co-styrene), polypropylene-graft-poly(methacrylic acid),
polypropylene-graft-poly(vinyl alcohol), polypropylene-graft-polycaprolac-
tone (PP-g-PCL), polypropylene-graft-poly(methyl methacrylate) (PP-g-
PMMA), poly(ethylene-co-propylene)-graft-poly(methyl methacrylate) (EPR-
g-PMMA), and poly(ethylene-co-propylene)-graft-poly(maleic anhydride-co-
styrene), have been synthesized by such a method resulting in controllable
composition and molecular microstructures [63-66].

213
Atom Transfer Radical Polymerization

Among the several controlled radical polymerization methods, atom transfer
radical polymerization (ATRP) is one of the most attractive techniques. The
proposed mechanism of ATRP is shown in Fig. 10. The radicals were formed
by atom transfer of a halogen from a dormant species to a metal. This transfer
is possible due to the capacity of the metal to change its oxidation state. This
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Fig. 10 ATRP mechanism

reversible reaction allows the establishment of equilibrium between dormant
and active species, ensuring controlled polymerization.

For Block Copolymers:

To prepare block copolymers by ATRP, the initiation site for living radical
polymerization can be introduced at the end of a polymer chain. In this
context, terminally functionalized POs are useful for the synthesis of block
copolymers.

It has been reported by Matsugi et al. that PE-b-PMMA can be synthesized
by ATRP techniques with a CuBr and an N,N,N’,N”,N”-pentamethyldiethyl-
enetriamine (PMDETA) catalyst system, or with a RuCl,(PPh3)3 and dibuty-
lamine catalyst system. They have used terminally hydroxylated PE, produced
by the metallocene-catalyzed polymerization of ethylene with allyl alcohol as
starting material. The PE macroinitiator was converted to terminally bromi-
nated PE by the bromination of obtained PE-OH with bromo-isobutyric
bromide (Fig. 11) [67].

The resulting PE-b-PMMA was purified by soxhlet extraction with THF
and characterized by NMR, DSC, and TEM micrography (Table 1). The TEM
of the obtained PE-b-PMMA revealed unique morphological features which
depended on the content of the PMMA segment. The block copolymer pos-
sessing 75 wt % PMMA contained 50-100 nm spherical polyethylene lamellae
uniformly dispersed in the PMMA matrix (Fig. 12). Moreover, the PE-b-
PMMA block copolymers effectively compatibilized homo-PE and homo-
PMMA at a nanometer level (Fig. 13).

Terminally brominated PE as PE macroinitiator can be produced by
other methods. It has been reported that vinyl terminated PE produced
by a bis(phenoxy-imine)metal complex and MAO catalyst system (M, =
1800, M, /My =1.70) was converted to terminally 2-bromoisobutyrate PE
through the addition reaction of 2-bromoisobutyric acid to the vinyl chain
end. Polyethylene-block-poly(n-butyl acrylate) (PE-b-PnBA) from terminally
brominated PE by ATRP procedure has also been produced [68]. It was re-
ported that degenerative transfer coordination polymerization with an iron
complex can be used to prepare terminally brominated PE as a macroinitia-
tor [69]. A Zn-terminated PE prepared using an iron complex and diethylzinc,
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Table 1 Preparation results of polyolefin hybrids, PE-b-PMMA, by ATRP?

Entry Catalyst PE-t-Br [MMA]/[PE-Br]| Polymn. Yield MMA  My°© Tmd
(mM[Br])  (Molar ratio)  Time (h) (g) Content (g/mol) (°C)
(Wt%)®
1 CuBr 0.41g (4.0) 600 6.0 0.60 27 31700 132.3
2 CuBr 0.82g (8.0) 600 6.0 091 55 - 130.2
4 CuBr 0.49¢g (11.0) 400 7.0 1.14 60 40700 129.9
5 CuBr 0.49¢g (11.0) 600 7.0 1.95 75 49400 129.2
Ref. (PE-£-OH) 26500 132.5

2 Polymerization conditions; [PE —Br]/[CuBr]/[PMDETA]| = 1/1/2 (molar ratio),
temperature: 120 °C, solvent: o-xylene

b Determined by '"H NMR

¢ Determined by GPC and calibrated with PE

4 Measured by DSC
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100 nm

Fig.13 TEM images of a homo-PE/homo-PMMA/PE-b-PMMA blended sample (homo-
PE/homo-PMMA/PE-b-PMMA = 4/6/1 wt ratio) and b homo-PE/homo-PMMA blended
sample (homo-PE/homo-PMMA = 4/6 wt ratio)

as chain transfer reagent, resulted in a binary catalyst system being oxidized
using dry air at 100 °C, followed by hydrolysis with HCI to provide a termi-
nally hydroxyl PE. It was converted to brominated PE using bromo-isobutyric
bromide. PE-b-PnBA (M, = 10400, PE segment: 7.4 wt %) and Polyethylene-
block-poly(t-butyl acrylate) (PE-b-PtBA) (M, = 11 000, PE segment: 6.8 wt %)
copolymers were obtained sucussessfully by ATRP.

PP-b-PMMA (M, = 22220, My,/M, = 1.14) was produced by CRP via
another route. Terminally vinyl PP (M, = 3100, M,,/M, = 1.45, isotactic-
ity = 32%) prepared using a zirconocene catalyst was converted to ter-
minally brominated PP via PP-SiH prepared by hydrosilylation [70]. The
resulting PP-b-PMMA was purified by extraction of unreacted PP with di-
ethyl ether. Poly(ethylene-co-butene)-block-poly(methyl methacrylate) (EBR-
b-PMMA) was synthesized through the bromination of terminally hydroxy-
lated EBR (M, = 3600 g/mol, My, /My = 1.05), which was commercially avail-
able [71]. An atactic PP/PMMA had been synthesized by a combination
of metallocene catalyses, Cp,ZrCl, and Me;Si(CpMey)(N-¢-Bu)TiCly, and
ATRP [72].
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PP-b-PMMA and PP-b-PS block copolymers were produced using a bromi-
nated styrene-terminated PP, which was synthesized from styrene-terminated
PP prepared with Me,Si(2-Me-4-NaphylInd),ZrCl, [73].

For Graft Copolymers:

To synthesize graft copolymers by ATRP, the initiation site for living rad-
ical polymerization can be incorporated into the polymer chain. In general,
copolymerization of olefins with functional monomers can be adopted for
syntheses of PO macroinitiators.

PE graft copolymers were synthesized from PE-OH by Inoue et al. using
ATRP techniques, adopting similar techniques as mentioned above [74]. PE-
g-PMMA and Polyethylene-graft-poly(n-butyl acrylate) (PE-g-PnBA) were
prepared through the combination of metallocene-catalyzed ethylene/10-
undecen-1-ol copolymerization and conversion of the copolymer into PE-g-
Br, as a macroinitiator, for ATRP. Well-defined graft copolymers, PE-g-PMMA
and PE-g-PnBA, were confirmed by analyses of the detached side chains. Re-
sulting PE-g-PMMA worked well as a compatibilizer.

The copolymer of ethylene with p-MS was available as a PE macroinitiator.
PE-g-Br, which works as a PE macroinitiator for ATRP, was prepared from PE-
g-MS by bromination with NBS [78], and PE-g-Br can be used to prepare PE-
g-PMMA, PE-g-PS and PE-g-PnBA.

PP hybrids with grafted structures have been synthesized by Kaneko et al.
adopting similar methods [76]. PP-g-OH prepared by metallocene (Me;Si(2-
Me-4-PhInd),ZrCl,) -catalyzed copolymerization of propylene/10-undecen-
1-ol was converted to PP-g-Br by bromination with 2-bromoisobutyryl bro-
mide, which was used as a PP macroinitiator. The radical polymerization
of methylmethacrylate, styrene, and n-butyl acrylate with the obtained PP
macroinitiator using a CuBr/PMDETA catalyst system resulted in most of the
consumed monomer being grafted onto the PP backbone following a soxh-
let extraction test. The content of the polar segments in the obtained graft
copolymers were controlled in the range of 11.6-46.6 wt %. For PP-g-PMMA
and polypropylene-graft-polystyrene (PP-g-PS), the flexural modulus clearly
increased in comparison with the base polymer (PP-g-OH), and the increase
of the flexural modulus depended on the content of the grafted segment. On
the other hand, for polypropylene-graft-poly(n-butyl acrylate) (PP-g-PnBA)
the flexural modulus considerably decreased with the increase of PnBA con-
tent because of its softness. Figure 14 shows a plot of the flexural modulus
and flexural strength versus the content of the polar segment. As in the case
of the flexural modulus, the flexural strength has also been expected to in-
crease by the grafting of a PMMA and a PS segment and to decrease by
a PnBA segment. However, the flexural strength of PP-g-PS copolymers grad-
ually decreased with the increase of PS content. This demonstrates that the
balance of the mechanical properties for these new graft copolymers can
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Fig.14 Plot of a flexural modulus and b flexural strength versus content of polar seg-
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be controlled by the kind of grafting polar segment. Furthermore, since the
flexural strength of the physical blended sample of PP-g-OH and PMMA
(weight ratio = 7/3) was much lower than that of the obtained PP-g-PMMA
graft copolymers, it has been confirmed that the chemical linkage between
both segments significantly contributes to the enhancement of the mechani-
cal properties. Finally, the result of Izod impact test is shown in Fig. 15. The
Izod impact strength was remarkably improved by the incorporation of the
PnBA segment, indicating the function of the PnBA segment as an impact
modifier of PP. Thus, the polymer hybrids by chemical linkage between PP
and other polymers are useful as a new material possessing unique and im-
proved mechanical properties reflecting the kind and content of the grafted
polar segments.
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The copolymerization of propylene with allyldimethylsilane (ADMS) was
carried out with Ziegler-Natta catalyst systems supported on MgCl,. The
obtained PP-g-ADMS was treated with SOCI, to produce PP-g-Cl, which
works as a macroinitiator for ATRP. PP-g-PMMA (M, = 67700, M,,/My = 5.3,
PMMA segment: 79.6 wt %) was produced from PP-Si-Cl with MMA and
CuCl/PMDETA [77].

The synthesis of polyethylene-based graft copolymers by ATRP has been
reported [78]. Poly(ethylene-co-styrene) prepared with a Ti complex cata-
lyst system was used as starting material. The copolymer was converted to
brominated poly(ethylene-co-styrene) as macroinitiator for ATRP by a bromi-
nation using NBS and AIBN. Resulting graft copolymers, PE/St-g-PS, PE/St-
g-(PMMA-b-PS), PE/St-g-(PMMA-b-PMA), and PE/St-g-(PMMA-b-PHEMA),
were characterized by NMR, DSC, GPC analyses, and scanning electron mi-
croscopy (SEM) images. PE-g-PS and PE-g-PMMA graft copolymers were
prepared through the conversion of commercially available ethylene/(glycidyl
methacrylate) copolymer to halogenated copolymers [79].

EPDM-g-PMMA was produced through ATRP with CuBr/bipyridine [80].
The graft copolymer, which had an ethylene-propylene terpolymer (EPDM)
backbone and PMMA branches, was prepared from brominated EPDM that
was produced with NBS to introduce allylbromine moiety on the backbone.
Resulting EPDM-g-PMMA graft copolymers were characterized by solvent
extraction, infrared (IR), and NMR techniques.

214
Reversible Addition-Fragmentation Chain Transfer Polymerization

Concerning the reversible addition-fragmentation chain transfer (RAFT)
polymerization, which is a metal free CRP method (Fig. 16) [81-85], several
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Fig.16 RAFT polymerization mechanism

polymer hybrids based on polystyrene, cellulose, FEP film, and silica surface,
have already been reported [86-91]. The growth of PS on PP via the RAFT
process has been reported [92]. The y-ray irradiation generates a radical on
the surface of PP. Then, polymerization of styrene is initiated. Control of
polymerization was performed by the presence of cumyl phenyldithioacetate
(CPDA) as a chain transfer agent (CTA).

For Block Copolymers:

It has been proposed that the RAFT process was available to synthesize
block copolymer containing PO segments. Polyethylene containing thio moi-
ety would be obtained using Grignard chemistry. It could be shown that
a pseudo-living ethylene polymerization via chain transfer reaction between
dialkylmagnesium derivatives and a polymerization catalyst was carried out.
Di-polyethylene magnesium compounds, obtained by a transition metal cat-
alyzed chain growth reaction on butyloctyl magnesium, were reacted with
a range of disulfides of thiocarbonilated compounds. These PEs with dithio-
carbonate, dithiocarbamate, dithioester, and trithiocarbonate, which were
macromonomer agents for RAFT polymerization, would serve as building
blocks for the synthesis of block copolymers based on POs and polar seg-
ments. They were synthesized PE-b-PnBA from di-polyethylene magnesium
compounds [93].

For Graft Copolymers:

The RAFT polymerization technique has been applied to synthesize polymer
hybrids based on POs, according to Kawahara et al. [94]. A PE-PMMA poly-
mer hybrid was synthesized using PE-CTA, which was prepared by sequential
functionalization of terminally hydroxylated PE (Fig. 17). The structure of
PE-CTA was confirmed by 'H NMR and FT-IR analyses. The results of GPC
after MMA polymerization revealed that the molecular weight (M,,) of the
purified polymers increased from 36600 by PE-CTA, to 38500 and 40000,
respectively. 'H NMR analysis of the purified polymers confirmed that the
amounts of PMMA segments were in a range of 7.8 and 23 wt %. TEM mi-
crographs indicated the nanometer level microphase-separation morphology
between the PE segment and PMMA segment (Fig. 18), suggesting that poly-
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Fig. 18 TEM images of polymer sheets; a PE-PMMA purified polymer (PMMA contents;
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wt ratio)
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mer hybrids based on PE were synthesized via the RAFT polymerization
method.

2.1.5
Nitroxide Mediated Polymerization

Nitroxide mediated polymerization (NMP) is another type of controlled rad-
ical polymerization technique used to synthesize polymer hybrids. It relies
on the reversible trapping of growing macro-radicals by nitroxide to form
dormant species in which the C-ON covalent bond is thermally cleavaged
(Fig. 19). At a polymerization temperature, the equilibrium between dormant
and active species is strongly shifted to the dormant side, which limits the
irreversible chain termination reaction.

R ka R
Pm—O—N ~——— Pm* + *O—N
k
R' da R
ko
monomer

Fig. 19 NMP mechanism

The transformation of PP chains into macroalkoxyamine based on 2,2,6,6-
tetramethyl-1-piperidinyl-1-oxy (TEMPO) was reported [95-98]. Commer-
cial PP was irradiated by y-rays to form peroxide groups into the polymer
chain. Increasing the reaction temperature to 125 °C with a styrene monomer,
copolymers based on PP and exhibiting PS or P(St-co-MMA) grafts were ob-
tained.

For Block Copolymers:

The incorporation of TEMPO alkoxy amine at the end of a PE chain has
been achieved [99]. The dialkylmagnesium compound in ethylene polymer-
ization was adopted as a chain transfer agent, as mentioned above. It was
also reported that PE-TEMPO and terminally N-(2-methyl-2-propyl)-N-(1-
diethylphosphono-2,2-dimethylpropyl)-N-oxyl PE were synthesized by the
reaction with di-polyethylene magnesium produced in ethylene polymeriza-
tion. They were used for CRP of n-butyl acrylate, leading to PE-b-PnBA.

For Graft Copolymers:

A pure monomolecular initiation system would be more appropriate for
the synthesis of graft copolymers. For the copolymerization of olefins with
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functional monomers, such as 1-(4-oxa-2-phenyl-11-dodeceneoxy)-2,2,6,6-
tetramethylpiperidine or N-[4-(1-{[tert-butyl(2-methyl-1-phenylpropyl)am-
ino]oxy }ethyl)benzyl]-N-cyclohexyl-N-pent-4-enylamine, metallocene cat-
alysts have taken advantage of the potential [100]. PP-g-PS and poly(4-
methylpent-1-ene)-graft-polystyrene (P4MP1)-g-PS) were synthesized from
PP-TEMPO and P4MP1-TEMPO compounds, respectively. Also, poly(ethyl-
ene-co-butene)-graft-polystyrene  (EBR-g-PS), poly(ethylene-co-butene)-
graft-polybutadiene, and poly(ethylene-co-butene)-graft-poly(butyl acrylate)
(EBR-g-PBA) were prepared. A highly branched PE graft copolymer, PE-g-PS,
was synthesized from the copolymer of ethylene with 1-(4-oxa-2-phenyl-11-
dodeceneoxy)-2,2,6,6-tetramethylpiperidine [101].

PE-g-PS and PP-g-PS were synthesized from PE-TEMPO and PP-TEMPO,
respectively, which were prepared from PE and PP reacting with benzoyl per-
oxide and TEMPO [102].

Graft copolymers were also prepared by a combination of metallocene
polymerization and living radical polymerization techniques [103]. Propy-
lene was copolymerized with vinyl monomer bearing alkoxyamine using a
Et(THInd),ZrCl,/B(CsF5)4~ catalyst system. The alkoxyamine group present
as a pendant group was utilized as a living radical initiator for styrene to give
PP-g-PS with high molecular weight (M, =210 000).

2.2
Polymerization with Macromonomers

In general, macromonomers possessing a polymerization chain end moi-
ety were reported to be useful in producing graft copolymers with polymer
branches. For instance, PO macromonomer possessing an acryl or metacryl
chain end moiety would be useful for radical (controlled radical or free rad-
ical) and ionic polymerization. In this case, the polymer backbone was of
a non-PO nature, and PO segments were graft chain. On the other hand, non-
PO macromonomers possessing a vinyl chain end moiety would be useful for
olefin polymerization. In that case, the polymer backbone was PO, and the
non-PO segment would be graft chain and non-PO macromonomer used as
a comonomer in the polymerization.

2.2
Polyolefin Macromonomer

A PP macromonomer with a methacryloyl end group was synthesized, and
was used to prepare PMMA-g-PP graft copolymers by conventional free rad-
ical copolymerization [104]. Vinylidene-terminated PP (M; = 1000) was con-
verted into terminally hydroxylated PP (PP-OH) by a combination of the
hydroboration reaction of the unsaturated group and oxidation reaction.
Resulting PP-OH was reacted with methacryloylchloride to synthesize termi-
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nally methacrylated PP (PP-MA). PMMA-g-PP graft copolymers have been
synthesized with MMA and 2,2'-azobis(isobutyronitrile) (AIBN).

The PnBA-g-PE graft copolymer was successfully prepared by a combi-
nation of two living polymerization techniques, Pd-mediated living ethylene
polymerization and ATRP [105]. The living polymerization of ethylene with
a Pd «-diimine catalyst afforded highly branched PE macromonomers end
capped with methacrylate functional groups (M = 10000, M,,/M, = 1.1).
The PE macromonomer was then copolymerized with n-butyl acrylate by
ATRP. The morphologies of the resulting graft copolymers were observed by
atomic force microscopy (AFM).

Kaneko et al. have reported the preparation of EPR macromonomers,
which is useful to synthesize PMMA-g-EPR graft copolymers [106]. Graft
copolymers possessing a poly(methacrylate) backbone and EPR branches
were successfully synthesized by the copolymerization of EPR macromonom-
ers with MMA. Methacryloyl terminated EPR, which were EPR macro-
monomers, were prepared by the sequential end functionalization of EPRs
with vinylidene end group via hydroalumination, oxidation, and esteri-
fication (Fig.20). The ATRP method can be used for the copolymeriza-

Ethylene/Propylene
Copolymerization

Metallocene/MAO l

:

DIBAL-H

Vinylidene-terminated EPR
(Hydroalumination)

3

Al(Bu),
m n
N Al-terminated EPR
O,/H
(Oxidation) l
WOH
m n
OH-terminated EPR
Methacryloyl chloride
/Et;N
(Esterification) l

<

(0]

Methacryloyl-terminated EPR

Fig.20 Synthetic route of EPR macromonomer
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tion reaction to give the PMMA-g-EPR graft copolymers with various
EPR contents (8.6-38.1 wt%) and EPR branch numbers (1-14 branches)
(Fig. 21, Table 2).

Furthermore, by using the ATRP method with a tetrafunctional initia-
tor, the star copolymers consisting of four PMMA-g-EPR graft copolymer
arms were also synthesized (Fig. 22). These unique topologies of the obtained
copolymers can be confirmed by GPC measurement and NMR analysis. From
TEM observation, the morphologies of these graft and star copolymers were
remarkably altered by changing EPR branch number and the structure of the

(o}
\
MMA - .
> X
(0] Br O =0 =0 =0 =0 =0 =0 =0
0 0O 0O 0O 0O O O o o
NN NN\ NN
BEB
m m m
CuBr(l)/PMDETA
in o-xylene, 90 °C, 6h
n n n
EPR
Macromonomer PMMA-g-EPR Graft Copolymer

Fig.21 Synthesis of PMMA-g-EPR graft copolymer

Table2 Preparation of PMMA-g-EPR graft copolymers?

Copolymer EPR macro- MMA [MMA]/ Yield M, b My /My b EPR content®

monomer (ml) [EPR]  (g) (mol%) (wt%)
Gl EPR M (0.9k) 4.28 10 2.77 28200 1.40 6.2 38.1
G2 EPR M (0.9k) 4.28 25 2,52 27500 1.41 2.6 19.9
G3 EPR M (0.9k) 2.14 50 1.06 29300 1.39 2.0 15.9
G4 EPR M (0.9k) 2.14 100 1.01 32300 1.45 1.0 8.6
G5 EPR M (3k) 2.14 50 1.49 27700 1.48 1.1 24.9
G6 EPR M (3k) 2.14 80 1.19 34600 1.56 0.72 18.0
G7 EPR M (3k) 2.14 200 1.00 29000 1.62 0.37 10.0

a Polymn. Conditions: [BEB]/[CuBr]/[PMDETA]/[MMA] = 0.01/0.01/0.02/2 0 M
in o-xylene, 90°C x 6 h

b Determined by GPC at 40 °C in CHCl; and calibrated with PS

¢ Determined by 'H NMR
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Fig.22 Synthesis of the four arm (PMMA-g-EPR) star copolymer

Fig.23 TEM images of a PMMA-g-EPR graft copolymer (EPR content; 8.6 wt %),
b PMMA-g-EPR graft copolymer (EPR content; 38.1 wt %), ¢ four-arms (PMMA-g-EPR)
star copolymer (EPR content; 36.3 wt %)

PMMA backbone, which can control the segmental dispersion of PMMA and
EPR segments in the range from 1 nm to 100 nm (Fig. 23). Moreover, it was
clearly demonstrated that the PMMA-g-EPR graft copolymer with 38.1 wt %
of EPR content worked efficiently as a compatibilizer for an EPR/PMMA poly-
mer blend (Fig. 24). DSC analysis revealed the effect of the EPR branch on the
Tg value of the PMMA backbone and a little incorporation of an EPR branch
caused a large deviation of the T value from the homo-PMMA.
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Fig.24 TEM images of EPR/PMMA blend samples a before adding PMMA-g-EPR graft
copolymer (EPR/PMMA = 5/5 wt ratio) and b after adding PMMA-g-EPR graft copolymer
(EPR/PMMA-g-EPR/PMMA = 45/10/45 wt ratio)

On the other hand, the PMMA-g-EPR graft copolymers using the FRP
method with AIBN showed a different morphology and thermal property
from those after using the ATRP method, leading to the fact that the ATRP
method is preferable compared to FRP method for the purpose of preparing
well-defined macromolecular structures. Poly(EPR) can also be prepared by
the free radical polymerization with AIBN [107].

The preparation of PnBA-g-PE and PtBA-g-PE graft copolymers was re-
ported using Fe-mediated olefin polymerization, chain shuttling with Zn and
ATRP techniques [108]. Terminally hydroxyl PE was synthesized from Zn-
terminated PE by oxidation and hydrolysis, as referred to above. It was con-
verted to methacrylated PE, as PE macromonomer, using methacryloyl chlo-
ride. The resulting PE macromonomer was used for the copolymerization of
nBA or tBA by ATRP using CuBr/tris((N,N-dimethylamino)ethyl)amine. The
obtained graft copolymers were characterized by GPC, DSC, and 'H NMR.

222
Polystyrene Macromonomer

PS macromonomers have been efficiently applied to the synthesis of well-
defined polymer hybrids with controlled length of grafts. They are, in general,
prepared via living anionic polymerization of styrene monomers and their
treatment with vinyl compounds, such as w-allyl, w-undecenyl, and styryl
compounds.

Far better results have been obtained for the copolymerization of propy-
lene and w-allyl PS macromonomers, prepared by s-Buli, using a zir-
conocene catalyst, Me;Si(2-Me-4,5-BzInd), ZrCl,/MAO. At high metallocene
catalyst concentrations, the activity is rather high, but only 7 wt % of the PS
macromonomer was incorporated. At lower catalyst concentrations, the in-
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corporation of PS macromonomer increased up to 72 wt % with a decrease of
the catalytic activity [109].

w-Allyl PS macromonomers, which were synthesized by the ATRP of
styrene with CuBr/bipyridine, have been used as comonomers in metallocene-
catalyzed propylene copolymerizataions using Me,Si(2-Me-4,5-BzInd), ZrCl,/
MAO [110]. It has been found that the incorporation of the PS macromono-
mers increases with a decrease in molar mass of the macromonomer and
propylene concentration and increasing polymerization temperature. The
highest comonomer incorporation (10.8 wt %) was achieved in the copoly-
merization at 70 °C.

The synthetic pathway of PE-g-PS graft copolymer via the coordination
copolymerization of ethylene with PS macromonomers has been prepared
using a Pd complex [111]. w-Vinylbenzyl PS macromonomers could not be
incorporated into PE chains. On the other hand, the incorporation of w-allyl
PS macromonomers was achieved. It has also been reported on the com-
parison of the ease of incorporation of PS macromonomers among w-allyl,
w-undecenyl, and «, w-undecenyl PS macromonomers into PE chains [112]. It
was shown that the undecenyl end group was more reactive than an allyl end
group.

PP graft copolymers were synthesized by a PS macromonomer method.
Norbornenyl terminated PS macromonomers prepared by anionic polymer-
ization of styrene (M, = 800-18500) were copolymerized with propylene
using a Me;Si(2-Me-4,5-BzInd),ZrCl,/MAO catalyst to give PP-g-PS [113].
The maximum incorporation of PS macromonomer was 69 wt %. Resulting
PP-g-PS showed a good compatibilizing effect in PP and PS blends.

2.3
Coupling Reaction with Reactive Polyolefin

Reactive POs having reactive functional groups are considered to be the most
conventional way to produce various polymer hybrids, most of which were
graft type copolymers. Typically, it is well-known that the maleic anhydride
modified POs are useful as a reactive PO to prepare the polymer hybrid [114].

A synthetic route to graft polyolefinic block copolymers have been investi-
gated by Kashiwa et al. with a polymer coupling reaction as an application of
our expertise in synthesizing terminally hydroxylated PP (PP-OH) [115]. In
previous papers, a hydroxyl group of PP—OH is expected to show high reactiv-
ity to maleic anhydride modified polymers [116-118]. The PP-OH was used
for the coupling reaction with maleic anhydride modified PE (PE-g-MAH)
to synthesize polyolefin hybrid, PE-g-PP [119]. For its comparison, PP was
blended with PE-g-MAH under the same conditions as the coupling reaction.
As shown in Fig. 25, a peak in the low molecular weight region of the coupling
product is relatively reduced compared to that of the polymer blend and, in its
place, the coupling product has the larger peak in the high molecular weight
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Fig.25 GPC diagrams of a a product by coupling reaction between PP-OH and PE-g-MAH
and b a polymer blend consisting of py-PP and PE-g-MAH

region. It would be indicated that PE-g-PP was produced by coupling reac-
tion between —OH and ~-MAH units. They also reported the coupling reaction
between EBR-g-MAH and PP-OH to prepare polyolefin hybrid, EBR-g-PP.

It has been reported on the synthesis method of PP-g-PS by a coup-
ling reaction by Kawahara et al. At first, they synthesized propylene/11-
bromoundec-1-ene copolymer (PP-Br) using an En(Ind);ZrCl,/MAO catalyst
system. Then, PP-g-PS was synthesized by the coupling reaction between
PP-Br and polystyryl lithium salts (PS-Li) prepared by living anionic poly-
merization of styrene with n-butyl lithium (n-BuLi) (Fig. 26) [120]. Struc-
tures of the resulting polyolefin hybrids were confirmed by 'H NMR analy-
sis. TEM micrographs of PP-g-PS copolymers indicated the nanometer level
microphase-separation morphology between the polypropylene segment and
the polystyrene segment. Obtained PP-g-PS copolymers is expected to work
as an effective compatibilizer for PP and PS. To estimate this effectiveness,
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Fig.26 Synthetic route of PP-g-PS copolymers by coupling reaction

the PP-g-PS copolymer and homo-PP and homo-PS (homo-PP/homo-PS/PP-
g-PS = 5/5/1 wt ratio) were blended at 130 °C in o-xylene. For comparison,
a blended sample without PP-g-PS (homo-PP/homo-PS = 5/5 wt ratio) was
also prepared. Figure 27 shows TEM images of these blended polymers. The
blended polymers containing PP-g-PS showed morphology in which the size
of the dispersed domains was smaller than that of the blended polymer with-
out PP-g-PS. From the TEM images, it can be suggested that the size of the
domain in the PP/PS blended polymer depended on the PS contents of the PP-

1 pm 1 um 1 pum

Fig.27 TEM images of PP/PS (5/5 wt ratio) polymer sheets a without PP-g-PS, b with PP-
g-PS (PS content; 20 wt %), ¢ with PP-g-PS (PS content; 51 wt %)
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g-PS. These results indicate that such PP-g-PS copolymers effectively improve
the compatibility between PP and PS.

PE-g-PS graft copolymer was produced by a coupling reaction, too. a-
Carboxyl PS prepared by an ATRP technique was reacted with PE-g-glycidyl
methacrylate (GMA) to produce PE-g-PS [121]. A PP-b-PMMA block copoly-
mer was synthesized using a magnesium bromide terminated PP as an ini-
tiator for the radical polymerization of MMA, which was prepared from the
vinylidene terminated PP obtained with the Et(Ind),ZrCl,/MAO catalyst sys-
tem [122].

24
Living Polymerization of Olefins

Using living conditions with the state-of-the-art in catalyst technologies,
crystal-amorphous polyolefin hybrids can be synthesized by successive poly-
merization, for instance, homo-polymerization and co-polymerization, of
olefin monomers. By this methodology, block copolymers of polymer hybrids
can be obtained.

Bis(phenoxy-imine)metal complexes opened the way to the synthesis of
olefin block copolymers. Polyolefin hybrids, such as polyethylene-block-
syndiotacticpolypropylene (PE-b-sPP), polyethylene-block-poly(ethylene-co-
propylene) (PE-b-EPR), sPP-b-EPR, PE-b-EPR-b-sPP, PE-b-EPR-b-PE, and
polyethylene-block-poly(ethylene-co-hexene) have been synthesized with
those complexes via living olefin (co)polymerizations [123-128]. Morph-
ology of PE-b-EPR was also studied by atomic force microscopy (AFM)
images [129]. The morphology and thermodynamic behavior of sPP-b-
EPR produced with bis(salicylaldiminate)titanium complex/MAO system was
studied using DMS, DSC, and TEM as analytical methods [130, 131].

The synthesis of PP-b-EPR can be accomplished by a stopped-flow poly-
merization method, whose polymerization time is very short and which is
a quasi-living system, in the presence of a MgCl,-supported titanium cat-
alyst [132-135]. The results of GPC, 1*C NMR, CFC, DSC, and optical mi-
croscopic observation indicated the formation of a block copolymer having
a chemical linkage between PP and EPR segments.

Polyethylene-block-poly(ethylene-co-norbornene) (PE-b-P(E-co-NBE) block
copolymer was successfully synthesized by a titanium complex with two non-
symmetric bidentate S-enaminoketonato ligands [136, 137]. Bis(pyrrolide-
imine)titanium complex also has the ability to produce the PE-b-P(E-co-NBE)
block copolymer. PE-b-PS was synthesized via sequential monomer addition
during homogeneous polymerization with bis(phenoxy-imine)metal cata-
lysts [138].

A zirconium-based post-metallocene catalyst can produce PP-b-PE. This
has been reported as 1°C NMR evidence of the real block nature for a poly-
olefin based materials [139].



112 N. Kawahara et al.

Controlled block copolymerization of olefins with polar monomers was
performed with a lanthanide complex by the successive polymerization of
hexene (or pentene) and methylmethacrylate (or caprolactone). Polyhexene-
block-poly(methyl methacrylate), polyhexene-block-polycaprolactone, poly-
pentene-block-poly(methyl methacrylate), and polypentene-block-polycapro-
lactone were synthesized using a lanthanide complex as initiator [140-143].

A Ni «-diimine catalyst was adopted to synthesize elastmeric block
copolymers, such as polypropylene-block-polyhexene and polyoctadece-
block-poly(propylene-co-octadecene)-block-polyoctadecene [144].

It has also been demonstrated that a PP-b-EPR block copolymer was pre-
pared with a living polymerization catalyst composed of V(acac)s/AlEt,Cl at
-78 °C [145]. Also, PP-b-EPR was produced with metallocene catalyst systems
at =78 °C [146].

The production of olefin block copolymers with alternating semicrys-
talline and amorphous segments has been achieved by varying the ratio of
a-olefin to ethylene in the two types of block segments [147]. The catalyst sys-
tem used a chain shuttling agent to transfer growing chains between two dis-
tinct catalysts with different monomer selectivities in a single polymerization
reactor. The block copolymers, which were probably multi-block copolymers,
simultaneously have high melting temperatures and low glass-transition tem-
peratures, and, therefore, they maintained excellent elastic properties at high
temperatures. Furthermore, the materials were effectively produced in an
economically favorable, continuous polymerization process.

3
Polyolefin Hybrids Applications

As mentioned, polymer hybrids based on POs are effective as a compati-
bilizer between the olefinic materials and polar ones. Furthermore, some
polymer hybrids, such as PP-g-PMMA, etc., show good mechanical strength
as polymer materials. On the other hand, surface modification of the molded
polymer is one of the most attractive methods to let polyolefin materials
functionalize. In this sense, surface polymerization of functional monomers
on polyolefins is an important subject for polyolefin hybrids. As previously
referred to, the growth of PS on PP via the RAFT process has been re-
ported [92].

Surface polymerization of 2-hydroxyethyl methacrylate (HEMA), which
possessed a functional group, at the initiation sites on the molded sheet of the
PP macroinitiator was performed by Matsuo et al. using the ATRP-mediated
CuBr/PMDETA catalyst system [148]. The molded PP sheet (d = 1.0 mm) was
prepared by a molding press from PP—Br, which was synthesized by bromina-
tion of propylene/10-undecen-1-ol copolymer (PP-OH; M, = 15500, [-OH] =
3.8 units/chain). The ATRP of HEMA was carried out on the molded PP—Br
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Fig.29 TEM images of the section nearby the surface of PP-graft-Poly(HEMA) sheet at
a magnification of a x5000 and b x60000

sheet in ethanol with a CuBr/PMDETA catalyst system at ambient tempera-
ture.

The resulting sheets can be coated with poly(HEMA), then, analyzed by
attenuated total reflection infrared (ATR/IR) (Fig. 28) and transmission elec-
tron microscopy (TEM) (Fig. 29) to investigate the structure and the morph-
ology. During the polymerization of HEMA, according to ATR/IR analysis,
it was observed that the peaks of the surface region were changed from the
original PP-Br to that of PolyHEMA. Obviously, the features of the surface
of the PP sheets were also changed after time. It was revealed that PP-g-
Poly(HEMA) was successfully synthesized and showed unique morphological
features.

This technique could be applied to introduce polar polymer segments onto
the surface of the various molded parts based on POs, such as films, sheets,
etc.

4
Conclusion

Here, we have reviewed recent advances in polymer-hybrid-based polyolefins
regarding synthetic methodologies, structures, and their applications. Sev-
eral methodologies, such as radical, anionic, cationic polymerizations, and
post-polymerization reactions for the preparation of polyolefin hybrids have
been reported. They are classified as PO macroinitiator, PO macromonomer,
and reactive PO, except for the living copolymerization of olefins. These three
tools offer a comprehensive coverage of polyolefin block or graft copolymers
with well-defined molecular structures. Polyolefin hybrid materials possess
novel and unique properties, due to the synergic effect of each segment
having different characteristics. Actually, synthesized polymer hybrids based
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on POs possess excellent properties, such as compatibility and mechani-
cal strength, compared to conventional POs. Furthermore, polymer hybrids
based on POs seem to possess several advantages, namely, energy-saving
in fabrication of polymers, process simplification, and saving of the oil re-
sources by broadening the application of olefinic materials that are eas-
ily recyclable. The production of new polymer materials is also something
of a revolution.
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Abstract Thousands of polymeric materials have been made into synthetic polymers,
based on a linear structure, and used in commercial applications. The study of synthetic
polymeric materials has focused on those derived from long chain linear molecules. Al-
ternatively, cyclic polymers (also referred to as polymer rings or macrocycles) can be
prepared, which not only can be branched or cross-linked, but can also form nonco-
valently linked structures based on their loop topology. Through a number of different
approaches and advances in cyclization techniques, a wide range of novel cyclic polymers
have been synthesized in good yields. This review will focus on a variety of synthetic
methods and some properties of cyclic polymers using many polymerization mechanisms
in various fields of polymer synthesis.

Keywords Cyclic polymer - Chain end functionalization -
End-to-end cyclization reactions - Living polymerization - Ring-chain equilibrium

Abbreviations

B-BL B-Butyrolactone

e-CL e-Caprolactone

ATRP Atom transfer radical polymerization

CDP Cyclodepolymerization

CEVE 2-Chloroethyl vinyl ether

DMAc Dimethyl acetoamide

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

GPC Gel permeation choromatography

HPLC Liquid chromatography

My Weight-average molecular weight
MALDI-TOF  Matrix-assisted laser adsorption/ionization time-of-flight
MWD Molecular weight distribution

NIPAM N-Isopropylacrylamide

NMP Nitroxide mediated polymerization

pP2VP Poly(2-vinylpyridine)

PD Degree of polymerization

PET Polyethylene telephtalete

PMDETA N,N,N’,N”,N”-Pentamethyldiethylenetriamine
RAFT Reversible addition-fragmentation chain transfer
ROMP Ring-opening metathesis polymerization

s-Bu Secondary-butyl

SEC Size exclusion choromatography

t-Bu tert-Butyl

TEMPO 2,2,6,6-Tetramethyl-1-piperidinyl oxyl

THF Tetrahydofuran

TMEDA N,N,N’,N-Tetramethylethylenediamine

TTSBI 5,5 -Tetrahydroxy-3,3,3’,3-tetramethyl spirobisindane
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1
Introduction

Before the concept of macromolecules concept was established, most chemists
believed that polymers consisted of aggregation of cyclic polymers [1]. After
the concept was established, macromolecules became commonly represented
as long, flexible random coiled chains, with the possibility of some cyclic
structures, though in small amounts. Now various kinds of polymer struc-
tures have been architected by developing synthetic methods as depicted
in Fig. 1. Many researchers have developed synthetic methods to control
polymer architecture and tailor a material’s properties for a specific appli-
cation such as hyperbranched perfluorinated/hydrophilic block copolymers
for antifouling coatings [2], branched and dendric structures for drug de-
livery [3,4], globular polymers for the microelectronics industry [5], den-
drimers for light harvesting applications [6,7], and a variety of polymer
architectures for catalysis [8, 9]. Alternatively, synthesis of cyclic polymers is
also focused not only on novel synthetic methods but also on the characteris-
tic properties that are different from linear polymers [10].

W sk 5 IR

Star chain  branched chain ladder chain network chain

o8 B o

Eight Shaped Catenane  Threaded rings Knot

Composed of cycl& /Composcd of linears

ﬂ Combinated of cycles and linears

O S AR

Theta ring Tadpole ring Branched ring

s

Rotaxane Network of rings  Rings trapped in network

Fig.1 Possible structures of linear chains and cycles
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In recent years, cyclic polymers (also referred to as polymer rings or
macrocycles) became easier to prepare. By a number of different approaches
and advances in cyclization techniques, a wide range of novel cyclic polymers
have been prepared in good yields [10]. In contrast to linear polymers, cyclic
polymers are topologically distinct species, and all monomer units of cyclic
polymers are chemically and physically equivalent. This equivalence is due to
the fact that their properties are not affected by the nature of the end groups,
since cyclic polymers have no chain ends. They include the radius of gyration,
intrinsic viscosity, translational friction coefficient, critical solution tempera-
ture, refractive index, density, dipole moment, glass transition temperature,
and surface property [11].

Another aspect of cyclic polymers is biological materials. The impor-
tance of large cyclic structures in biological chemistry and molecular biol-
ogy is emphasized by a wide coverage of circular DNA, cyclic peptides and
cyclic oligosaccharides and polysaccharides. Examples of their uses such as
ring-opening polymerization reactions give commercially important materi-
als. [12]

The ring topology is the potential to form unique polymer structures.
Like linear polymers, cyclic polymers not only can be branched or cross-
linked, but also can form non-covalently linked structures based on their loop
topology. These are referred to as topological polymers, including rotaxane,
catenane, threaded rings, and rings threaded by network chains. Recently,
much attention has been paid to how their particular properties not only dif-
fer from linear polymers, but also how they differ from a component of an
interlocked polymer system, such as polycatenanes and polyrotaxanes.

2
Synthetic Methods of Cyclic Polymers

2.1
Classification of Cyclization Process

Although some interesting synthetic processes of cyclic polymers have been
addressed, the cyclization principle can be classified into two main methods
as indicated in Fig. 2. One is the utilization of the ring-chain equilibrium that
occurs in many polycondensation and ring opening polymerization. Another
is the end-to-end cyclization method that can be used for synthesizing cyclic
polymers from o,w-difunctional linear precursors. The ring-closure reaction
by the end-to-end cyclization is further divided into intermolecular reaction
and intramolecular reaction, i.e., bimolecular process and unimolecular pro-
cess, respectively.
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1) Ring-chain equilibrium method (Backbiting method, Ring expansion polymerizat)

Cr 0

2) End-to-end cyclization method

) Bimolecular process by a,a'-difunctional polymer

o

(X,Y: complementarily reactive groups)

(b) Unimolecular process by o,m-heterodifunctional polymer

(X,Y: complementarily reactive groups)

Fig.2 Polymer cyclization processes

2.2
Ring-Chain Equilibrium Method

It is usually difficult to synthesize cyclic polymers by taking the random chain
walk into consideration, but the formation of cyclic polymers is known to
occur simultaneously with chain growth in many step-growth processes and
even in addition polymerizations [13]. A theory that accounts for the com-
petition between linear growth and cyclization was proposed by Jacobson
and Stockmayer [14]. This theory has been shown to apply to ring-opening
polymerization and step growth, which implies the presence of functional
links along the polymer backbone. The ring content is enhanced upon dilu-
tion and the formation of small ring size is favored [14, 15]. The synthesis of
such cyclic polymers has been reported since the 1950s in the preparation
of polyesters [16,17] and polyamides [18,19]. Cyclic polymers that result
from ring-chain equilibriums cover a broad range of molecular weights, be-
cause they mainly are formed by backbiting reactions. However, in the early
days, experimental confirmation was much too difficult because the synthetic
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methods were not well developed. Today, the development of many analyti-
cal instruments allows separation of cyclic and linear constituents, and the
ring-chain equilibrium has been utilized.

23
End-to-End Cyclization Method

End-to-end cyclization methods can be divided into bimolecular and uni-
molecular processes. One consists of bimolecular cyclization between a living
o,w-dicarbanionic polymer and a difunctional electrophile compound under
extreme dilution conditions.

The controlled molecular weight can be synthesized by the end-to-end ring
closure method. Reaction of a linear o,w-difunctional chain results in a cer-
tain amount of cyclic polymers of the same degree of polymerization as that
of the linear precursor. It follows that the lower the concentration of the cycli-
zation medium was used, the higher the resulting cyclic polymer content was
obtained. There is no theoretical limit as to the cyclic polymers that can be
formed by this method.

A bimolecular process was reported by two independent groups, i.e.,
Hocker [19] and Rempp [20] in 1980. Macrocyclic polymers have been suc-
cessfully prepared by the coupling reaction of a two-ended living polystyryl
anion with a difunctional electrophile such as «, «’-dibromo-p-xylene under
high dilution to yield cyclic and linear mixtures. The cyclic polymer was
isolated by a fractional precipitation. This bimolecular end-to-end reac-
tion process has been used for synthesizing cyclic polystyrene by many re-
searchers [21-25].

Another strategy for cyclic polymers is an intramolecular (unimolecular)
cyclization of linear «,w-heterodifunctional polymers, which is proposed by
Deffieux. In this case, the heterodifunctional polymers were used as pre-
cursors of the cyclic polymers, and «,w-difunctional polymers should be
designed before the cyclization [26-30]. The yields of the cyclic polymers
were reported to be high (up to 90%).

3
Synthesis of Cyclic Polymers Using Addition Polymerization

3.1
Precursor Synthesis by Radical Polymerization

Recently, living radical polymerizations have been well developed, and var-
ious methods such as (1) iniferter mediated radical polymerization [31],
(2) transition metal-mediated radical polymerization or atom transfer rad-
ical polymerization (ATRP) [32-34] (3) nitroxide-mediated free-radical poly-
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merization (NMP) [35] and (4) reversible addition fragmentation transfer
(RAFT) radical polymerization [36] have been used for preparing vinylic
polymers with well-defined structures at both chain ends (Fig. 3). These
linear polymers will be used for synthesizing cyclic polymers by the re-
action of both chain ends, if both chain ends are designed for cyclization
reaction.

Deffieux et al. have already prepared «-styrenyl-w-acetal heterodifunc-
tional vinylic polymers using living anionic polymerizations [26-30]. The
heterotelechelic polystyrene chains containing o«-hydroxy-w-carboxy end
groups using free radical polymerization were also prepared, and the in-
tramolecular cyclization (unimolecular process) was examined [37]. The

1) Iniferter mediated radical polymerization

1. CHy=CH-X
VWA CH,—CH—B = VW CH,—CHe B ——————————» CHz_Cl;H CH2_(I:H_B
[ I 2.PRT or ¥ X
X X chain transfer n

2) Nitroxide mediated radical polymerization (NMP)
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3) Atom transfer radical polymerization (ATRP)

XXH
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Fig.3 Living radical polymerizations
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Fig.4 Reaction scheme for synthesizing cyclic polystyrene using controlled radical poly-
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reaction process for preparing cyclic polymer is shown in Fig. 4. The con-
trolled free radical polymerization of styrene was carried out using 4,4'-
azobis(4-cyanovaleric acid) as the initiator and 4-hydroxy-TEMPO as the
terminator, to give «,w-heterodifunctional macromolecules (M, = 10° ~ 10°).
The polymer was confirmed to be the cyclic structure by matrix-assisted laser
desorption/ionization time-of-flight mass (MALDI-TOF mass) spectrometry
and liquid chromatography (HPLC) at the exclusion-adsorption transition
point analyses. The yield of macrocycles decreased due to additional styrene
thermal initiation at 125 °C. The macrocyclic polystyrenes with controlled di-
mensions and narrow distribution have been obtained using “living” radical
polymerization. The advantage of this method is that the linear precursor is
prepared in one step via NMP with simple experimental conditions (purifica-
tion, high-vacuum techniques) compared to ionic polymerization processes.
The unimolecular cyclization was performed by esterification reaction to give
cyclic polystyrene in a good yield.

Cyclic poly(methyl acrylate) with controlled ring size and its narrow distri-
bution was synthesized by the %°Co y-ray-induced polymerization of methyl
acrylate at — 30 °C in the presence of cyclic initiator without specific pu-
rification procedure as depicted in Fig.5 [38]. The key point for synthe-
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Fig.5 Synthesis of cyclic polymer using polymerization of styrene with cyclic initiator

sizing the cyclic polymers is the reduced diffusion rate. The polymeriza-
tion mechanism was proposed via repetitive monomer insertion into the
cyclic initiator. The ring size was controlled by the ratio of monomer to ini-
tiator, and its distribution was narrow. With the same method and using
cyclic poly(methyl acrylate) as macroinitiator instead of cyclic initiator, the
amphiphilic cyclic block copolymer of poly(N-isopropylacrylamide-block-
methyl acrylate-block-N-isopropyl acry-lamide) was also synthesized.
MALDI-TOF mass spectrometry analysis of poly(methyl acrylate) pre-
pared by the free-radical polymerization of methyl acrylate (MA) in the
presence of a cyclic dixanthate under y-ray irradiation revealed that there are
at least three distributions, i.e., molecular mass for [1-(MA),-H]* of cyclic
polymers, [1-(MA),-THF-H]*, and [1-(MA),-(THF),-H]* of linear polymers
were observed. The relative content of the cyclic polymers markedly increases
at a lower temperature, which may be related to the reduced diffusion rate and
the suppressed chain-transfer reaction at the low reaction temperature [39].
“Click” chemistry has been used extensively since its introduction in
organic chemistry, due to the high efficiency and technical simplicity of
the reaction [40]. The most popular “click” reaction has been the copper-
catalyzed dipolar cycloaddition of a terminal alkyne and an azide to form
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a 1,4-disubstituted 1,2,3-triazole [41]. Recently, Boyd et al. reported a new
route for synthesizing well-defined macrocyclic polymers using “click” cycli-
zation [42]. The linear polystyrene precursors were prepared using the
standard ATRP techniques, i.e., propargyl 2-bromoisobutyrate was used
as initiator with Cu(I)Br and N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA) as catalyst. The reaction was carried out in bulk to consistently
yield polymers with a polydispersity of less than 1.2. The bromine-terminated
product was purified by extraction from water into CH,Cl, and precipita-
tion into methanol. Azidation of the end group was carried out in DMF with
sodium azide (Fig. 6). The high efficiency of the “click” reaction enables the
cyclization of styrenic polymers prepared by ATRP polymerization. Both the
end-group modification and the cyclization of the linear polystyrene appear
to be nearly quantitative.

Poly(N-isopropylacrylamide) (PNIPAM) is considered by many chemists
as the prototype of such “smart” polymers. The conformational change of
PNIPAM in water has motivated many fundamental investigations aimed
at understanding the physics of the coil-to-globule transition. For this
purpose, the cyclic PNIPAMs was synthesized by ring closure of «,w-
heterodifunctional telechelic PNIPAM precursors produced by the RAFT
polymerization process, following the strategy reported recently for the syn-
thesis of cyclic polystyrenes based on the copper(I)-catalyzed 1,3-dipolar
azide to alkyne cycloaddition or “click chemistry” [43]. To obtain telechelic
PNIPAM suitable for “click” ligation, an azide and a propargyl group were
introduced on the «- and w-ends of each PNIPAM chain, which was accom-
plished in three steps as shown in Fig. 7. For cyclic/linear pairs of identical
molecular weight, the following results were obtained: (1) the endotherm is
broader for solutions of cyclic-PNIPAM; (2) the maximum of the endotherm
(TM) of cyclic-PNIPAM solutions is shifted to higher temperature by ~ 5 °C;
(3) the enthalpy of the transition per NIPAM unit (AH) is smaller for cyclic-
PNIPAM, and the value decreases with decreasing ring size, whereas in the
case of linear-PNIPAMs, AH is independent of chain length; (4) the transmit-
tance of cyclic-PNIPAM solutions decreases gradually upon heating, whereas
solutions of linear-PNIPAM undergo a sharp decrease in transmittance. Re-
cently, similar thermoresponsive water-soluble cyclic-PNIPAM was found via
intramolecular “click” cyclization of «-alkyne-w-azido heterodifunctional
PNIPAM linear precursor (linear-PNIPAM-N3), which was prepared by the
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ATRP of N-isopropylacrylamide (NIPAM) and subsequent nucleophilic sub-
stitution reaction with NaNj3 [44].

Synthesis of monocyclic polystyrene using the reversible coupling/cleavage
of thiol/disulfide groups was reported by Whittaker et al. [45]. The a,w-
dithiol polystyrene was synthesized by polymerizing styrene in the presence
of a difunctional RAFT agent and subsequent conversion of the dithioester
end groups to thiols via the addition of hexylamine. Oxidation gave mono-
cyclic polymer chains, but linear multiblock polymers were also formed at
high polymer concentrations as depicted in Fig. 8. To control the molecular
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weight distribution (MWD) of these linear multiblocks, monofunctional pre-
polymer was added. Disulfide linkages can be readily reduced back to the
starting polystyrene with the thiol end groups, which have potential use as
a recyclable polymer material.

3.2
Precursor Synthesis by Cationic Polymerization

Diffiuex investigated a synthesis of cyclic poly(vinyl ether) using cationic
polymerization [26,28]. The reaction process is depicted in Fig.9. They
studied on the living cationic polymerization of 2-chloroethyl vinyl ether
(CEVE) initiated with the HI adduct of 4-(vinylbenzyloxy)butyl vinyl ether
prepared by reacting chloromethyl styrene with sodium salt of 4-hydroxy-
butyl vinyl ether in THF at 80 °C. By the cationic polymerization of CEVE,
o,w-heterofunctional linear polymer precursor of cyclic poly(CEVE) was pro-
duced. The MWDs of the polymers were unimodal and very narrow (< 1.2),
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indicating that the polymerization proceeds by a living cationic mechanism.
The cyclization of the linear polymer was carried out in the presence of SnCly
under high dilution conditions. The cyclic polymer was then obtained in
a high yield. They also synthesized the cyclic block copolymer consisting of
styrene and CEVE units through a similar process [28].

3.3
Precursor Synthesis by Anionic Polymerization

3.3.1
Bimolecular Cyclization of «, &’-Difunctional Precursor

Szwarc, Levy, and Milkovich first demonstrated the “living” nature of the
polymerization of styrene initiated with sodium naphthalene to give a bifunc-
tional living chain end [46]. It will be possible to synthesize cyclic polymers
using a bifunctional living chain end. This basic strategy was suggested some
time ago with the discovery of living polymer of styrene. It is used to form
a narrow molecular weight distribution polymer with two carbanion ends
and react with a difunctional electrophile under an extreme dilution condi-
tion [47].
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Hocker reported a pioneering work on the synthesis of cyclic polymer
using living anionic polystyrene. Macrocyclic polystyrene samples (30 < DP <
250) with narrow molecular weight distribution was synthesized by liv-
ing bifunctional anionic polymerization initiated with sodium naphthalene
and by coupling with «,o’-dichloro-p-xylene as a bifunctional terminating
agent [48]. Linear and cyclic molecules were separated by fractionation after
the reaction of the linear molecules having chlorine end groups with high
molecular weight living polystyrene. The ratio of the intrinsic viscosity of
ring and linear polymer chains was close to 0.65 in cyclohexane at 34.5°C.
On the other hand, Rempp et al. used potassium naphthenide in a mixture
of benzene and THF to polymerize styrene and «,o’-dibromo-p-xylene as the
cyclization agent [49, 50]. Vollmert et al. used sodium naphthenide in THF to
polymerize styrene and «,o’-dibromo-p-xylene to perform ring closure [51].

Hogen-Esch reported the glass transition temperatures of linear and
macrocyclic poly(2-vinylpyridine) (P2VP) and polystyrene [52]. However,
the P2VP macrocycles were synthesized by reaction of the lithium dianion
“living” precursors with 1,4-bis(bromomethyl)benzene (EBr;) as shown in
Fig. 10. Macrocyclic polystyrene was synthesized by initiation of styrene in
THF at about - 70 °C using lithium naphthalene as initiator. For both the
P2VP and polystyrene cases the difference in glass transition temperature,
ATg between linear and macrocyclic polymers increases with decreasing DP.
It is unclear to what degree this increase in ATj is due to the absence of end
groups in the macrocycles and to the increasing stiffness of the macrocycles
as the DP decreases.

Alternatively, P2VP with cyclic structure was synthesized by the reaction
of linear P2VP, having two living ends followed by coupling with a bifunc-
tional coupling agent [53]. The crude product was fractionated by preparative
size exclusion chromatography to enrich the cyclic polymer portion. The ex-
istence of the ring structure in the fractionated P2VP sample was directly

, 2vp  (N-LT 1EEn
- I - Li I E +LiBr
I Li* 2.Fractionation U 1) Precipitate in H,0
2) Dissolve in THF
1) MeOH 3) Reprecipitate in hexane
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in hexane Precipitate in hexane
(1
H
\J \_J
(Linear P2VP) (Unpurified (Purified
Cyclic P2VP) Cyclic P2VP)

1": lithium naphthalene ~ EBr; : CHzBr—Q—CHzBr

Fig.10 Synthesis of Linear and Macrocyclic P2VP’s and Purification of Cyclic P2VP
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confirmed by pyrolysis-gas chromatography/mass spectrometry, and charac-
teristic fragments were observed.

Transmission electron microscopy and small-angle X-ray scattering were
used to study the effect of looped vs. bridged chain conformations on the
morphological characteristics of microphase-separated cyclic block copoly-
mers prepared by end-coupling the corresponding linear triblock precur-
sors with 1,4-bis(bromomethyl) benzene and Me,SiCl,, respectively. For
a given cyclic diblock/linear triblock pair, the cyclic polymer always had
a smaller domain spacing [54, 55]. Macrocyclic polystyrenes were also pre-
pared by coupling a two-ended living precursor dianions with 1,3-bis(1-
phenylvinyl)benzene. Macrocycles were obtained with a yield ranged be-
tween 40 and 55% [56]. Simultaneously, besides the expected cyclic poly-
mer, polycondensates (linear and cyclic) were formed. Macrocyclic products
were separated from the residual linear precursor. The linear polycondensates
byproducts were separated by preparative HPLC at the exclusion-adsorption
transition point. Isolation of highly pure cyclic polystyrenes with different
sizes was performed.
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Fig. 11 Synthesis of cyclic polystyrene by interfacial condensation
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The effect of solvent on the synthesis of cyclic polyisoprene was investi-
gated [57]. Cyclic polyisoprene has been synthesized by the reaction of «,w-
dilithiopolyisoprenes with dichlorodimethylsilane or 1,2-bis(isopropenyl-4-
phenyl)ethane. Using the dihalide compound, the effect of the solvent polarity
on the coupling reaction is more pronounced in the case of «,w-dilithio-
polyisoprene than with monofunctional polyisoprenyllithium. The yield in
cyclic compound falls from 88% in pure hexane down to 53% in the presence
of 15 vol % of THE. Using the 1,2-bis(isopropenyl-4-phenyl)ethane as linking
agent the addition of THF is required, but the formed cycle retains its living
character and allows the synthesis of cycles having two arms (after addition
of isoprene) and of a bicyclic structure after a second cyclization reaction.

On the other hand, Ishizu et al. [58] reported the synthesis of cyclic poly-
styrene using interfacial condensation reaction of «,w-dibromopolystyrene
prepared from living polystyrene initiated with sodium naphthalene and
terminated with 1,4-dibromobutane and then tetramethylenediamine as de-
picted in Fig. 11. The reaction was carried out in organic solvent/water to
yield in more than 90%. The effect of solvent on the yield of cyclic polymer
was observed, and the yield of cyclic product obtained in DMSO was higher
than that in toluene. Since DMSO dissolves in both water and toluene, the
reaction proceeded faster than that in toluene.

Recently, cyclic diblock copolymers of styrene and butadiene were syn-
thesized (Fig. 12). The synthetic approach of the cycles involved the reac-
tion of (1,3-phenylene)bis(3-methyl-1-phenyl-pentylidene)dilithium initiator

sec-Bu secBu
CH
2 CH2 c:H2
+ 2sec-BuLi — 5
L|
(A)
_ . sec-BuOLi ® © - o ®
(A) + CH=CH—CH=CH, — — > L CH,—CH=—=CH—CH,—— Li
(B)
N @
® O _ S
— > T |j—CH-CH, CH,—CH=—=CH—CH,—}CH,—CH{— Li
) o )
G
(C) + CI—Si—CH,—CH,—SI—ClI Stoichiometry, Cyclic (polystyrene-block-polybutadiene)
| |
CH3 CH3;

Fig.12 Synthesis cyclic block copolymer of styrene and butadiene using bimolecular
cyclization
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with butadiene in the presence of sec-BuOLi, followed by polymerization of
styrene. The cyclization of the resulting «,w-difunctional triblock copolymer
was performed by using bis(dimethylchlorosilyl)-ethane, under high dilution
conditions [59].

A synthetic route of cyclic polystyrene, as depicted in Fig. 13, was re-
ported [60]. A polystyrene precursor with two end vinyl groups and potas-
sium naphthalenide as a coupling agent was synthesized. Cyclic polystyrenes
were then prepared by the novel radical coupling agent with molar masses
up to 600 kg/mol. From the SEC-fractionation, the higher molecular weight
polycondensates were removed completely and obtained an amount of
highly pure single chain cyclic polystyrenes. With the HPLC techniques,
not only the linear polycondensation molecules but also the cyclic poly-
condensates were successfully separated. From the careful analysis of the
chromatograms obtained, it has been clarified that the product obtained from
the end-to-end ring closure reaction of a telechelic polystyrene under an ex-
tremely diluted condition includes relatively high abundance of dimeric and
trimeric molecules, as well as a quite high yield of the of the monomeric
one [61].

Polystyrene-block-polyisoprene-block-polystyrene (SIS) with different
compositions were synthesized and cyclized by the coupling reaction between
two chain end groups on the same molecules as depicted in Fig. 14 [62]. From
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GPC fractionation and ozonisis of the products, the yield of cyclic polymer
was estimated to be ca. 90%. The morphological transition of the cyclic block
polymer depends on composition in essentially the same manner as that of
the linear triblock copolymers, whereas the domain spacing of polystyrene-
block-polyisoprene cyclic block copolymers were all smaller than those of the
corresponding SIS linear triblock copolymers, which is attributed to looped
chain conformation.

3.3.2
Unimolecular Cydization of «,w-Heterodifunctional Polymer

Deffieux et al. proposed a new approach to the synthesis of macrocyclic
polymers with unimolecular end-to-end coupling reaction using «,w-hetero-
difunctional linear polymer precursor [26]. In the method, which involves
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the bimolecular end-to-end ring closure of an anionically prepared o,o/'-
difunctional linear polymer using a coupling agent, low cyclization yields
were sometimes observed generally due to polycondensation. In contrast to
the bimolecular process, the unimolecular end-to-end ring closure of an an-
ionically prepared o,w-difunctional linear polymer has advantages, such as
a single reaction process much less sensitive to the extremely low concentra-
tions required for cyclizations. This new technique has been applied to the
synthesis of cyclic polystyrenes in high yields (85-90%) [30].

The cyclic polystyrene was also prepared by a single-step, and pseudo-
unimolecular cyclization of a linear «-(diethoxyethyl)-w-styrenylpolystyrene.
This cyclic precursor was synthesized by living anionic polymerization ac-
cording to the reaction pathway given in Fig. 15. The cyclic polymer was
analyzed by liquid chromatography at the critical point of adsorption [63].
Using silica gel as the stationary phase and THF-hexane as the eluent, the
macrocyclic oligomers are separated from their linear precursors. The cycli-
zation yield is 90-95%. Such cyclic polystyrene was analyzed by MALDI mass
spectrometry, which was a new and powerful technique for the analysis of
macrocyclic polymers [64].

Roovers also synthesized high molecular weight cyclic polystyrene (5 x 10
to 4.5 x 10°) with a similar process [65]. The a,w-heterodifunctional prod-
uct prepared from the reaction of two-ended living polystyryl-sodium with
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Fig. 15 Reaction pathway for the synthesis of cyclic polystyrene by unimolecular process
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dimethyldichlorosilane as the cyclization agent was used to prepare narrow
molecular weight distribution cyclic polymers as shown in Fig. 16. The cyclic
and linear polymers of the same molecular weight can be fractionally precip-
itated. Ultracentrifugation sedimentation and GPC were used to monitor the
purity of the ring polymers. The purity of the very dilute anionic polymeriza-
tion systems at the point of the cyclization reaction seems to be the limiting
factor for the preparation of high molecular weight rings. Intermolecular
polycondensation took place as a side reaction, leading to the chain exten-
sion of the polymer. Cyclic polybutadiene was also synthesized by a similar
procedure [66].

A novel synthesis of «-carboxyl, w-amino heterodifunctional polystyr-
ene and its intramolecular cyclization was reported. Cyclic polystyrene with
controlled size was synthesized by the intramolecular cyclization of linear
a-carboxyl, w-amino heterodifunctional polystyrene under high dilution in
the presence of 2-chloro-1-methylpyridinium iodide [67]. The linear pre-
cursor polymer was derived from «-diethyl acetal, w-amino heterodifunc-
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tional polystyrene, which was initiated with 3-lithiopropionaldehyde diethyl
acetal in benzene in the presence of N,N,N’,N-tetramethylethylenediamine
(TMEDA) at room temperature and terminated with 2,2,5,5-tetramethyl-1-(3-
bromopropyl)-1-aza-2,5-disilacyclo-pentane as an aminating agent, as shown
in Fig. 17. The cyclic structure of the polymer was characterized by 'H NMR,
13C NMR, and IR spectra of the products.

The formed cyclic polystyrene was used to synthesize a well-defined cyclic
macromonomer as shown in Fig. 18, and the radical copolymerizations with
vinyl monomers were performed. The copolymerization with ¢-butyl acry-
late in benzene at 70 °C gave an insoluble cross-linked polymer with a good
swelling property [68]. The insoluble material was converted to soluble poly-
mers by the cleavage of cyclic polystyrene from the backbone chain, suggest-
ing a mechanically cross-linking process, due to the threading of the cyclic
polystyrene by a segment of another polymer chain during the copolymeriza-
tion [69].

A cyclic polymer of methyl methacrylate was also synthesized using a het-
erotelechelic polymer precursor, although the formation of living polymer
of methyl methacrylate is more difficult than that of styrene. Mizawa et al.
described the synthesis of heterotelechelic poly(methyl methacrylate) con-
taining «-maleimide-w-dienyl end groups and its intramolecular cyclization
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Fig. 18 Copolymerization of the cyclic polystyrene macromonomer and a vinyl monomer

via a Diels—Alder reaction [70]. Moreover, ¢-amino, w-carboxyl heterodifunc-
tional poly(methyl methacrylate) was prepared by a living anionic polymer-
ization of methyl methacrylate using N,N’-diphenylethylenediamine mono-
lithium amide and succinic anhydride as an initiator and terminator, respec-
tively. A well-defined cyclic poly(methyl methacrylate) was synthesized by the
intramolecular cyclization of the precursor [71].

The viscosity of a linear polyelectrolyte solution depends on the con-
formation of the molecules, which in turn is affected by intramolecular
electrostatic interactions between charged segments located along the poly-
mer backbone, but the interactions in systems of charged polyelectrolytes
are still far from being understood. The study on the solution property of
cyclic polyelectrolyte is of interest, since the chain expansion of a cyclic
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Fig. 19 Synthesis of cyclic potassium polyacrylate by amidation

polyelectrolyte with relatively low molecular weight is restricted due to the
presence of topological restraint. For this purpose, a novel preparation of
well-defined cyclic poly(acrylic acid) and cyclic potassium polyacrylate with
relatively short chain length was synthesized, according to the process in-
dicated in Fig. 19. The cyclic structure was confirmed by MALDI-TOF mass
spectrometry. A well-defined cyclic poly(acrylic acid) and cyclic potassium
polyacrylate, which represent interesting model polyelectrolytes, were syn-
thesized [72].

34
Synthesis of Cyclic Polymers Using Acetylene Polymerization

Synthesis of linear and cyclic alkanes (C,Hapn+2, C,Hay,) with 24 < n < 288
was achieved by the polymerization of «o,w-diacetylenic monomers with Cu
catalysts followed by hydrogenation for evidence of chain folding, chain
packing, and conformations [73, 74]. The reactions for preparation of cyclic
polyethylene are shown in Fig. 20. Evidence of chain folding in long chain
linear alkanes (C,Hjz,4+2 with n > 168) was obtained by Raman and Fourier-
transform IR spectroscopy. Investigation of cyclic alkanes (C,H,, with 24 <
n < 288) using vibration spectroscopy allowed identification of specific bands
due to folding as well as determination of conformational sequences in the
fold region. The cyclic alkanes (C,H;, with n =48, 72, and 96) were crystal-
lized from solution with monoclinic structures, whereas the linear alkanes
(C4Hap42 with n = 144 and 288) were obtained as orthorhombic crystals. The
cyclic alkanes (C,Hy, with n =72 and 96) crystallized from the melt as crys-
tallites with a high degree of orthorhombic character.
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Fig.20 Synthesis of cyclic polyethylene from acetylenic monomer

4
Synthesis of Cyclic Polymer by Polycondensation

In polycondensations, cyclization reaction takes place as a side reaction
during the polymerization, so that low molecular weight cyclic oligomers
can be formed under a dilute reaction condition in the polycondensation.
Thus, many polycondensates exhibit ring-chain equilibriums, as is the case
in polyester, polyamide, polysiloxanes, and polyacetals. This phenomenon,
called backbiting, ring expansion, or reshuffling, is basically ring-chain equi-
librium.

4.1
Cyclic Polyesters

Cyclic oligoesters from trimers to heptamers were synthesized by the reac-
tion of oligo-dicarboxylic acids and oligo-diols in benzene under high dilute
conditions as shown in Fig. 21 [75]. The cyclic trimers can be separated by ex-
traction from high molecular weight PET (m.p. 325-327 °C) [16], and cyclic
oligomer with higher molecular weight was also separated from PET. The
amount of cyclic oligomers including ethylene glycol was ca. 1.3-1.7% [17].
Mass spectral data have been directly used to determine the distribu-
tions of cyclic oligomers formed during degradation reactions. Thermal
degradation reactions occurred in polyesters to give cyclic oligomers. The
distributions of cyclic oligomers allow discrimination between thermody-
namically and kinetically controlled cyclization processes [76]. Figure 22
shows the different polycondensation processes to yield cyclic polyesters
in preparation of macrocyclic poly(1,4-butane diol-ester)s by polycondensa-
tion of 2-stanna-1,3-dioxepan with dicarboxylic acid dichlorides [77] and by
polycondensations of aliphatic dicarboxylic acid dichloride with catechol or
bistrimethylsilyl catechol in bulk or concentrated solution [78]. Various diols
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Fig.22 Synthesis of cyclic polymers by polycondensation

were polycondensed with dicarboxylic dichlorides in the presence of pyri-
dine or y-picoline. Aliphatic dicarboxylic acid dichlorides were reacted with
1,4-butanediol, catechol resorcinol, methylhydroquinone or bisphenol-A [77-
79]. The resulting polyesters were characterized by 'H NMR spectroscopy and
SEC measurements. From analysis of MALDI-TOF mass spectrometry, cyclic
oligomers or polyesters were confirmed to be the main products in all cases.
An excess of pyridine, long reaction times and a slight excess of the acid chlo-
ride play the key role for the success of the optimization. Cyclic oligomers
and polyesters are the main reaction products regardless of the monomer
structures. The cyclizations are an inherent and necessary component in step-
growth polymerizations conducted under ideal conditions (no side reactions
and equilibrations, perfect stoichiometry, and homogeneous phase), and the
cyclizations are a decisive limitation of the chain growth even under ideal
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conditions. The cyclic products were obtained by increasing conversion, and
almost cyclic polymers were obtained at a high polymer yield.

Tin-containing polylactones obtained from ring-expansion polymeriza-
tions of B-butyrolactone (8-BL) or e-caprolactone (¢-CL) initiated with 2,2-
dibutyl-2-stanna-1,3-dioxepane were polycondensed in situ either with suc-
cinyl chloride (in the case of 8-BL) or with suberoyl chloride (for £-CL) [80].
Cyclic poly(e-CL)s were detected up to masses around 10600 Dalton and
cyclic poly(B8-BL)s up to 17000 Dalton. In addition to the cyclic polyesters
linear chains having alcoholic OH and/or CO,H group were included. This
suggests that the chain growth is limited by cyclization and by incomplete
conversion of the functional groups. Thus, the cyclization made a significant
contribution to the conversion and to the limitation of the propagation [1, 81].
An incomplete conversion was one factor limiting the chain growth.

4,2
Cyclic Polyamides

Cyclic polyamides were reported to be isolated from Nylon 6 polymers in
1956 [18,19]. Thermal polycondensation of w-amino acid (carbon number
> 6) gave a cyclic and linear polymer [82]. Moreover, upon heating polyamide
in the presence of a transamidation catalyst, the cyclization equilibrium is
eventually reached, and both linear and cyclic constituents are present [83].
The proportion of the latter depends on the concentration, and cyclic com-
pounds predominate in high dilute solutions.

4.3
Cyclic Polymers Containing Ether Linkage

Poly(ether ketone)s were prepared by polycondensation of bisphenol-A with
4,4'-difluorobenzophenone or with 2,6-difluorobenzophenone and 4'-t-butyl-
2,6-difluorobenzophenone. Polycondensations of the free bisphenol-A was
performed in DMSO or sulfolane with azeotropic distillation of water. In add-
ition, polycondensations of bistrimethylsilyl bisphenol-A was conducted in
N-methylpyrrolidone. The latter approach gave higher yields and higher mo-
lecular weights. The fraction of cyclic oligomers and polymers increased with
an increase of the molecular weights [84]. The efficient preparation of a range
of cyclic (aryl ether ketone)s containing the 1,2-dibenzoylbenzene moiety via
the nucleophilic aromatic substitution route with the use of the pseudo high
dilution principle was developed. Thermoanalyses show that most of these
oligomers exhibit a high degree of crystallinity, while their corresponding
polymers are amorphous [85].

Macrocyclic aryl ether ketone oligomers containing the 1,2-dibenzoyl-
3,4,5,6-tetraphenylbenzene moiety were also synthesized in high yield by re-
action of 1,2-bis(4-fluorobenzoyl)-3,4,5,6-tetraphenylbenzene with bisphenols



Synthesis and Properties of Cyclic Polymers 147

in DMF in the presence of potassium carbonate (Fig.23). The diketone
monomer has low solubility in DMF, and high dilution conditions were ob-
tained by adding the solid reactants in portions during the course of the
reaction. The cyclic ether ketone oligomers were also transformed into cyclic
ether phthalazines by reaction with hydrazine [86].

Recently, monodisperse oligo(ethylene glycol)s were polycondensed with
trimesoyl chloride using triethylamine as HCI acceptor as shown in Fig. 24.
Despite a nearly quantitative conversion and relatively high concentration
(0.4 mol/L), no gelation occurred with tri- and tetra(ethylene glycol), re-
gardless of the feed ratio. At concentrations of 0.2 or 0.4 mol/L di-, penta-,
and hexa(ethylene glycol)s yielded gels. At concentrations of 0.2 mol/L ex-
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Fig.23 Synthesis of cyclic ketone ethers containing the tetraphenylbenzene moiety
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Fig.24 Sytheses of multicyclic poly(ether ester)s from trimesoyl chloride and monodis-
perse oligo(ethylene glycol)s
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clusively, gels were obtained from various «,w-dihydroxyalkanes. The multi-
cycles derived from tri- and tetraethylene glycol showed cryptant properties
and dissolved Li*, Na*, in tetrahydrofuran [87].

4.4
Cyclic Polycarbonates

Poly(bisphenol-A-carbonate) under pseudoideal reaction conditions was in-
vestigated, and the cyclic polycarbonate was obtained as the main product.
In the system, the interface of the water/toluene mixture might have favored
the cyclization reaction between the polar end groups [88]. Cyclic carbonates
during the (Salen)CrCl catalyzed CO;/cyclohexene oxide copolymerization
process in the presence of ionic initiators was also obtained [89]. The cyclic
carbonate is produced via the backbiting mechanism, and the process is
assumed to take place via a metal alkoxide (polymer chain) intermediate.
Subsequent ring-opening of the cyclic carbonate with concomitant formation
of polyether and CO; was fast at the reaction temperatures from 80 to 100 °C).

5
Synthesis of Cyclic Polymers Using Polyaddition

A reactive macrocyclic ether-urethane carbodiimide (MC-CDI), which is the
key intermediate for synthesizing poly(amide-urethane) and poly(amide-
imide-urethane), was prepared by the sequential self-repetitive reaction. A se-

OCN Me OCN o 0 NCO
| 40~60 °C 1] Il
NCO + HO{CH,—C—O+H —— NH—CO "N 0—-C—HN
b/
2,4-TDI PPG diol Isocyanate-terminated prepolymer (T2Pm)
o o
i I
O—C—HN—Q— O'C'HN_Q_
N—C —CH
DMPO N HOAc Lo
— . 0=C O
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Il
o—g—HNO— O'C‘HN‘G*
MC-CDI-T2Pm MC-ACUT2Pm-AcA

(DMPO: 1,3-dimethyl-3-phospholene oxide)

Fig.25 Synthesis of MC-CDI and MC-ACU
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ries of new aromatic MC-CDIs was synthesized and isolated the pure MC-
CDIs possessing only one CDI linkage as indicated in Fig. 25.

The model reaction of the purified MC-CDI-T2Pm with acetic acid pro-
duces a cyclic acylurea (MC-ACUT2Pm-AcA), which can undergo a ring-
opening reaction at above 120 °C with formation of a linear amide-isocyanate
intermediate. These macrocyclic intermediates could undergo self-ring-
opening, and the subsequent one-step polymerization in solution at around
120 °C formed modified polyurethanes of high molecular weight. The macro-
cyclic acylureas are a new latent isocyanate system and can be activated under
mild conditions. This ring system seems ideal for devising a one-component
urethane system or self-curing systems without the presence of the toxic
isocyanate group in the formulation [90].

6
Synthesis of Cyclomers by Oxidation Polymerizations

The first cyclic aromatic disulfide, reported 40 years ago [91], was synthe-
sized with an unspecified yield from oxidation of 1,4-naphthalenedithiol with
alkaline ferricyanide and only a few other cyclic aromatic disulfides. Wong
and Marvel synthesized a cyclic trimer in 30% yield by oxidation of 1,4-
dimercaptobenzene with iodine in ethanol [92]. In 1991, Wang and Hay
reported that poly(p-phenylene sulfide) can be prepared by heating 4,4'-
diiodophenyl disulfide [93, 94]. Since then, a series of cyclic aromatic disul-
fide oligomers were synthesized in high yields by catalytic oxidization of
arenedithiols in DMAc [95, 96]. The formation of the poly(arylene sulfide)
oligomers and polymers from cyclic disulfide is depicted in Fig. 26 [97].

S or Disulfide S~g
o / )

Linear

Fig.26 Formation of the poly(arylene sulfide) oligomers and polymers
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Fig.27 Synthesis of cyclic aromatic disulfide oligomers by copper catalytic oxidation
reaction

In general, the cyclic aromatic disulfide oligomers are soluble in com-
mon organic solvents and have sharp melting points. Cyclic disulfide ketone
oligomers and cyclic disulfide sulfone oligomers have higher glass transi-
tion temperatures and melting points than their ether or thioether counter-
parts. Figure 27 shows the synthesis and characterization of a series of cyclic
aromatic disulfide oligomers by copper-catalyzed oxidation of dithiol com-
pounds with oxygen [98].

A convenient and efficient synthetic route to a new class of macrocyclic
aryl ether ether sulfide oligomers was reported. The process is shown in
Fig. 28. This new class of cyclic oligomers is prepared in excellent yield by
quantitative chemical reduction of macrocyclic aryl ether ether sulfoxide
oligomers with oxalyl chloride and tetrabutylammonium iodide. The cyclic
sulfoxide oligomeric precursors are prepared in high yields by an aromatic
nucleophilic substitution reaction from bis(4-fluorophenyl) sulfoxide with
potassium salts of bisphenols under high-dilution conditions [99].

In the synthesis of a series of cyclic aromatic disulfide oligomers using
oxidative coupling of dithiols with oxygen catalyzed by copper salts and an
amine, an effective, easy, and rapid method for the synthesis of macrocyclic
aromatic disulfide oligomer from 4,4’-oxybis(benzenethiol) by cyclodepoly-
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Fig.29 Cyclopolymerization of an aromatic disulfide polymer

merization (CDP) of the linear aromatic disulfide polymer was achieved. The
synthesis can be conveniently carried out on a large scale without the ne-
cessity of high-dilution conditions. The realization of the CDP reaction is
demonstrated in Fig. 29. The yields were high, and the macrocyclic oligomers
have a good solubility in both DMAc and THF and melt upon heating, im-
plying the formation of low molecular weight oligomers. The cyclodepoly-
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Fig.30 Synthesis of cyclic oligo(thio arylene)s

merization of aromatic disulfide polymers is an efficient and easier way to
synthesize the corresponding macrocyclic disulfide oligomers as compared
with the conventional synthesis of cyclic aromatic disulfide oligomer. The
novelty and merits of this work arise from (a) elimination of the need for a
highly diluted condition and vigorous stirring, (b) high yield and narrow mo-
lecular weight distribution for as-made macrocyclics, (c) less costly and easier
workup for purifying product, and (d) a convenient technology to recycle
aromatic disulfide polymers [100].

Oxidative polymerization of aryl disulfides has been carried out under
high dilution conditions for the preparation of cyclic arylene sulfides for
synthesizing cyclic arylene sulfide polymers. The readily available diphenyl
disulfide and dichloro disulfide with diphenyl sulfide, diphenyl ether, or p-
xylene are useful monomers for the synthesis of the corresponding cyclic
oligo(thio arylene)s. The reaction scheme is shown in Fig. 30 [101].

In addition to the above, a variety of macrocyclic aromatic compounds,
including cyclic esters [102], ethers [103], amides [104,105], ether ke-
tones [106], and ether ether ketones [107,108] have also been synthesized
extensively in the past decade.

7
Synthesis of Cyclic Polymers by Metathesis Polymerization

Ring-opening metathesis polymerization is believed to produce cyclic poly-
mers, but Chauvin et al. demonstrated that the polymerization of cyclopen-
tene and cyclooctene with WOCl4/Et; AICI or WOCly/BuySn catalyst afforded
a linear polymer with alkylidene fragment at the chain end [109]. A new
synthetic route to cyclic polymers has been developed by Grubbs et al., in
which the ends of growing polymer chains remain attached to a metal com-
plex throughout the entire polymerization process. For this purpose, cata-
lyst L(PCy3)Cl,RudCHPh (L = 1,3-dimesitylimidazolylidene) in conjunction
with the ring-opening metathesis polymerization (ROMP) of strained cyclic
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Fig.31 Synthesis of cyclic PE using ROMP of cis-cyclooctene and hydrogenation

olefins was used [110]. The polymerization process is shown in Fig. 31. Poly-
mer formation is believed to proceed through the formation of a transient
macrocyclic complex in which both ends of the growing polymer chain re-
main attached to the Ru center. Subsequent intramolecular chain transfer
later releases cyclic polymer from the intermediate complex. The high affin-
ity of N-heterocyclic carbenes for Ru prevents the overall circular nature of
the system from being compromised during the course of the polymeriza-
tion. The approach eliminates the need for linear polymeric precursors and
high dilution, drawbacks of traditional macrocyclization strategies, and it
effectively removes the barrier to producing large quantities of pure cyclic
material. Hydrogenation of the isolated cyclic polyoctenamers afforded the
corresponding cyclic polyethylenes.

The formed cyclic polymer can be converted to linear polymer by
Jones’s reagent (CrOs/H;SO4) as shown in Fig. 32. Polyoctenamers contain-
ing on average only one 1,2-diol group per polymer chain were obtained by
adding a small amount of 1,2-diol-5-cyclooctene during the ROMP of cis-
cyclooctene. The cyclic and linear polymers were separately reacted with
Jones’s Reagent that selectively cleaved the 1,2-diol unit into the correspond-
ing bis-carboxylic acids.

The ROMP method was extended to synthesize cyclic polybutadiene using
1,5-cyclooctadiene (COD) or 1,5,9-trans-cis-trans-cyclododecatriene (CDT)

HO OH
Jones OH (0]
| | Reagent o) OH

Fig.32 Hydrogenation of the cyclic polymer containing only one 1,2-diol unit with Jones
reagent
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as the monomer. The advantage of this method affords an exclusive 1,4-
regioisomeric backbone. In ROMP, the presence of an acyclic impurity,
4-vinylcyclohexene, found in the COD led to linear polymer contaminants. In
contrast, CDT, which was free of the impurity, afforded cyclic polymer with
little to no contamination over a wide range of molecular weights [111].

Alternatively, ring closure metathesis reaction is applied to the formation
of cyclic polymers, although the main chain does not consist of hydrocarbon.
Such a method was reported in the preparation of cyclic poly(THF) as shown
in Fig. 33 [112]. Such ring-close metathesis was also applied for a preparation
of catenane [113].

8
Synthesis of Cyclic Polymers by Ring-Opening Polymerizations

8.1
Cyclic Polyethers from Cyclic Monomers

Crown ethers, i.e., uniform cyclic oligooxyethylenes such as dibenzo-18-
crown-6 was discovered by Pedersen in 1962. After his discovery, many
kinds of crown ethers such as substituted polyether, sulfur- and nitrogen-
containing cyclic polyethers and cryptands were synthesized [114]. The typi-
cal feature of crown ethers is able to form the metal salt complexes. However,
the interest in polymer chemistry is in cyclic polymers with chain lengths
long enough to generate characteristic “polymer” properties, i.e., 100-200
chain atoms or more. Such large cyclic ethers with high molecular weights
were synthesized by o,w-difunctional polyoxyethylene obtained from anionic
polymerization. Ishizu et al. [115] reported that cyclic polyoxyethylenes with
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Fig.34 Key reaction for synthesis of cyclic PEO

large molecular weights were prepared by the Williamson etherification re-
action. Polyethylene glycol disodium salts (I) (M, = 8000 and 20000) were
reacted with a stoichiometric amount of 1,4-dibromobutane in DMF, which
is a similar procedure for preparation of cyclic polystyrene [58]. No inter-
molecular condensation took place even at high concentrations, and the
conversion to cyclic polymer was substantially 100%. A preparation was de-
scribed, which affords good yields of cyclic polyoxyethylenes with narrow
chain length distributions and number-average molar masses in the range
1000-20 000 g mol~!. The reaction was carried out in the presence of NaOH,
and the process is indicated in Fig. 34 [116].

The chain folding in the crystalline state of a high molecular weight cyclic
polyoxyethylene was reported [117]. Two types of photoreactive water-soluble
oligo(ethylene glycol)s (OEGs; M, = ca. 6500) were prepared by derivatiza-
tion of OEG with photodimerizable groups such as cinnamates or coumari-
nates at both ends. Coumarinate groups attached to OEG were photodimer-
ized by UV irradiation. The molecular design of nanostructure cyclic poly-
mers of various sizes is possible by changing the concentration of aqueous
solutions [118].

Cyclic polyether is also formed by the ring-chain equilibrium in the
ring opening polymerization of less strained cyclic monomers such as 1,3-
dioxolane [119-121]. 1,3-Dioxacycloalkanes were polymerized in two stages,
forming cyclic oligomers in the first stage and mainly high polymers in
the second stage, with boron trifluoride ether complex as an initiator. All
the oligomers formed in the polymerization of 1,3-dioxacycloalkanes were
proved to be cycles [122].
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Fig.35 Formation of cyclic polymers for the synthesis of cyclic poly(THF)
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Concerning a cyclic polymer of tetrahtydrofuran (THF), macrocyclic
oligomers of THF were reported to be synthesized with Me3 OBF, in CH3NO,
(the reaction is depicted in Fig. 35) [123].

Alternatively, Tezuka et al. have proposed an “electrostatic self-assembly
and covalent fixation” process for the effective synthesis of monocyclic and
three dicyclic polymer structures [124, 125]. The key reaction for formation of
cyclic polymers is an electrostatic self-assembly and covalent fixation process,
as indicated in Fig. 36.

They developed such a process [126-129], in which temporary sta-
ble, but specifically programmed noncovalent structures are constructed
through electrostatic interaction with polymer precursors containing ionic
groups and are subsequently transformed into robust and stable products
of totally covalent linkages. In this process, they have purposely employed
telechelic precursors having moderately strained cyclic ammonium, such as
five-membered cyclic (pyrrolidinium) or six-membered bicyclic (quinucli-
dinium), salt groups at the designated position of a polymer chain [130]. The
subsequent covalent conversion process has relied on the ring-opening reac-
tion of the cyclic ammonium salt group by appropriately nucleophilic coun-
teranions, such as a carboxylate, occurring at an elevated temperature. In par-
ticular, by using telechelics, having five-membered N-phenylpyrrolidinium
salt groups, a highly controlled ring-opening reaction proceeds to form cova-
lent aminoester groups [131], and the electrostatic self-assembly and covalent
fixation process has been successfully applied for the synthesis of a variety of
topologically unique polymers that have cyclic and multicyclic constructions
(Fig. 37) [132-134].

A cyclic macromonomer designed for a novel polymer network ar-
chitecture having both covalent and physical linkages. The methacrylate-
functionalized cyclic poly(THF) has been synthesized and copolymerized
through a free-radical mechanism involving methyl methacrylate and using
AIBN as the initiator in benzene at 65°C. A copolymer product with cyclic
poly(THF) branches was produced initially, with gelation taking place at
a later stage of the reaction. This gelation may be explained by the fact that
the propagating polymer segment threaded the large but constrained cyclic
polymer branches covalently attached to the polymer backbone to produce
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Fig.38 Copolymerization of cyclic macromonomer of methyl methacrylate with vinyl
nomomers

a novel polymer network architecture, exhibiting both covalent and physical
linkages as shown in Fig. 38 [135].

8.2
Cyclic Polyester from Cyclic Monomers

8.2.1
Polymerization of Lactones and Lactides

Some cyclic oligomers were formed as by-products in the polymerization
of e-caprolactone. Yamashita et al. [136] reported that the anionic polymer-
ization of e-caprolactone with #-BuOK in THF results in a living ring-chain
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Fig.39 Formation of cyclic oligomer in the polymerization of e-caprolactone

O

equilibrium system as shown in Fig. 39. The lower cycles are favored over
the linear chains at higher dilution. Terminating the reaction before estab-
lishment of the equilibrium provides direct evidence that the cyclic oligomers
are produced by backbiting degradation from the initially formed linear poly-
mers.

Recently, ring-opening polymerization of e-caprolactone initiated by
Ti(O-n-Pr)4 and Ti(OPh)4 was investigated. Polymerization was confirmed to
proceed via a coordination-insertion mechanism for both initiators after an-
alysis of end groups by 'H and '*C NMR spectroscopy. The molecular weight
of the polymer still increases beyond the end of the conversion because of
important transesterification reactions with end groups that lead to the for-
mation of larger poly(e-caprolactone) chains and to the “regeneration” of
titanate phenoxide bonds as shown in Fig. 40. However, the intramolecular
transesterification was not referred to in detail [37].
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Fig.40 Intramolecular (a) and intermolecular (b) transesterification reactions with phe-
noxyl ester end groups of poly(e-caprolactone)



Synthesis and Properties of Cyclic Polymers 159

o R no L/ 0—R—C}0 R
/ R e m

BuaSn, :>< BuZSr}( ><
o—/ R 0—R—C}0 R

R:H or CHj3

Fig.41 Polymerization of lactone with cyclic catalyst

Kricheldorf et al. reported an anionic polymerization of y-D,L-butyro-
lactone or D,L-lactide with cyclic dibutyltin initiators, such as 2,2-dibutyl-2-
stanna-1,3-dioxepane, to give cyclic polymers [138-140]. Figure 41 shows the
ring expansion polymerization of lactone for synthesizing a cyclic polymer as
an example. They also synthesized the cyclic polymer with a living mechan-
ism in the polymerization of e-caprolactone [141].

This type of ring expansion polymerization was extended for a synthe-
sis of multiblock copoly(ether-ester)s of poly(THF) and e-caprolactone with
cyclic dibutyltin initiators [142]. Such ring expansion polymerizations of lac-
tones to synthesize macrocyclics with spirocyclic tin initiators are shown in
Fig. 42 [143].

Three cyclic initiators from dibutyltin oxide and 1,2-ethanediol, 2-mer-
captoethanol, and 1,2-dimercaptoethane as indicated in Fig. 43 were pre-
pared. Polymerizations of L-lactide and racemic D,L-lactide were conducted

O—CH, H,C—0

/ N/ \

Bu,Sn C SnBu,

N, /N /

0—CH, H,C—0O

A
/( )\ Polymerization
o Cco

(6] ( ) -CO—O CH2 ZC _()_CO_(A)—( ) N
BU2

C SnBuj,
0—(A)—CO—O0—CH, H,C—0——CO—(A)—O0

Fig.42 Ring expansion polymerization of lactone with spiro-ring initiator
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Fig.43 Three types of cyclic tin initiators for synthesizing cyclic polyesters
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in bulk at 120°C. Among them, the 2,2-dibutyl-2-stanna-1,3-dithiolane is
an extremely poor initiator. The macrocyclic polylactides resulting from
the initiation with the ethanediol-based stannadioxolane can be cleaved
with 1,2-dimercaptoethane, so that the dibutyltin group was selectively re-
moved [144]. Stannylenated glucose and glycosides as cyclic initiators for the
polymerization of e-caprolactone were investigated to make biodegradable
networks [145].

Star-shaped polylactones with functional end groups via ring-expansion
polymerization of e-caprolactone or y-p,L-butyrolactone with a spiroinitia-
tor was synthesized as shown in Fig. 44 [146]. The spirocyclic polylactones
formed were reacted with various carboxylic acid chlorides and yielded four-
armed stars with the elimination of Bu,SnCl,. Star arms with chloroacetate,
4-bromobenzoate, 4-nitrobenzoate, cinnamate, stearate, or methacrylate end
groups were obtained by varying the acid chlorides.

Many works on the synthesis of cyclic polymers and block copoly-
mers using kinetically controlled ring-expansion polymerizations of cyclic
monomers, such as lactones and lactides with various types of cyclic tin
initiators, were reviewed by Kricheldorf [147, 148]. Kricheldorf‘s group con-
tinued the synthesis of cyclic polymers, and their recent works have fo-
cused on the following. Polycondensations of 4,4’-difluorodiphenylsulfone
with tris(4-hydroxy phenyl)ethane were performed in DMSO to give multi-
cyclic poly(ether sulfone)s derived from tris(4-hydroxyphenyl)ethane [149].

KO\ ((CHz)E\ [T—(CHZ)S—Coi—o\

(o} CO
Bu,Sn (CHz)y +———> Bu,SnH (CHz)n
N | )
O—(CH,)s—CO—T0
—n:4o0r8
CloC COcCl
-BUZSnclz
COCl

AneOC CO—[—O—(CH2)5—CO+O——(CH2),,—O+CO—(CH2)5—O\/‘}’V\4
CO—[O—(CH2)5—CO-]—O—(CH2)n—O+CO—(CH2)5—O~]—CO

Fig.44 Synthesis of star polymer by two stage polymerization
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Multicyclic polyesters by polycondensation of 5,5,6,6 -tetrahydroxy-3,3,3’,3'-
tetramethylspiro-bisindane with sebacoyl chloride or 1,6-hexanediol bischlo-
roformiate were synthesized, as depicted in Fig. 45, and the formed polymer
has an amorphous character [150].

5,5'-Tetrahydroxy-3,3,3',3'-tetramethyl spirobisindane (TTSBI) was depro-
tonated with #-BuOK and polycondensed with di(ethylene glycol) tosylate or
tri(ethylene glycol) tosylate as shown in Fig. 46. At concentrations of 0.1 or
0.2 mol/L no cross-linking was observed and multicyclic polyethers were iso-
lated in high yields (up to 99%). The formed polymer was an amorphous
character with two glass-transition temperatures [151].

8.2.2
Lipase-Catalyzed Polymerization of Cyclic Monomers

Conventional ring-opening polymerization of cyclic anhydrides, carbonates,
lactones, and lactides require extremely pure monomers and anhydrous con-
ditions as well as metallic catalysts, which must be completely removed before
use, particularly for medical applications. To avoid these difficult restrictions,
an enzymatic polymerization may be one of the more feasible methods to
obtain the polyesters. This method was first reported by two independent
groups (Kobayashi [152] and Gutman [153]) who showed that lipases, en-
zymes capable of catalyzing the hydrolysis of fatty acid esters, can polymerize
various medium-sized lactones.

Enzyme-catalyzed polymerization of -lactones should offer a feasible way
to create the design and synthesis of the relatively low molecular weight
Poly(3HB) (HB: hydroxybutylate) and its copolymers, because lipases can ac-
cept a wide range of substrates, including cyclic lactones, to produce a wide
range of polyesters. The polymerization of the (R)-butyrolactone (BL) was in-
duced by lipase, and the resulting poly(3HB) containing a significant amount
of cyclic polymers were produced as shown in Fig. 47. The cyclic polymer was
increased with increasing monomer conversion. The (R)-BL was more eas-
ily polymerized by lipase to form the corresponding poly(3HB) with a higher
molecular weight than that formed by using (R,S)-BL [154].

Moreover, lipase-catalyzed reactions of linear and cyclic poly(3-hydroxy-
butanoates) were subjected to hydrolysis, transesterification, and intramolec-
ular esterification. A cyclic polymer along with linear polymers was pro-

CHs

0 o<|: CH,—CO CI;H3
H,C——C”" Lipase P ) H—F£0-C—CH,—COY—OH
D —— H m + I
H n
CH—0
HyC

Fig.47 Polymerization of S-butyrolactone with lipase
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Lactide Glycolide

Fig.48 Formation of poly(lactide-co-glycolide) by copolymerization of lactide and glycol-
ide

duced by the lipase-catalyzed reaction [155]. Lipase-catalyzed copolymeriza-
tion of the monomers lactide and glycolide by Pseudomonas cepacia was
also reported. From the analysis of MALDI-TOF mass, DSC, SEC and NMR,
this lipase-catalyzed copolymerization gave a linear homopolymer of lac-
tide as the main product when the reaction carried out at 100 °C, while
at 130 °C the main product was a cyclic random copolymer as depicted in
Fig. 48 [156].

XM

Fig.49 Releasing of cyclic oligolactides from solid supported catalyst
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Brunelle et al. [157] developed high-yielding syntheses of cyclic esters de-
rived from 1,4-aromatic acyl chlorides and diols. Hodge et al. [158] used
a solid support and step growth polymerization to produce a polyester chain
followed by treatment with a metal catalyst, most often Bun,SnO, to affect in-
trachain transesterification and release of the cyclic esters into the solution
phase.

Bachmann and Seebach [159] have reported the preparation and char-
acterization of cyclic lactones (MeCHCH,C(0)O),,, where n =4 and 8. The
reaction product between butyl lithium in benzene and the solid polystyrene
support PS-C¢H4,CH,NH; leads to a lithiated species that can be represented
as PS-C¢H4CH,;NHLi(BuLi),, where x ~ 4 is active in the ring-opening of
the cyclic esters L-lactide, rac-lactide, and 2,5-morpholinediones, leading to
their respective cyclic oligoesters and cyclodepsipeptides (Fig. 49) [160]. The
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Fig.50 Synthesis of cyclic polyester using anionic ion-exchange resin
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ring enlargement occurs by the combined operations of ring opening and
monomer enchainment, followed by backbiting and ring expulsion from the
supported catalyst to the solution. In contrast to the conventional preparation
of cyclics, high-dilution techniques are not required and no linear chains are
present in the solution. The rings presented in solution can back-react with
the support catalyst, so that in time the rings present will be in equilibrium
and as such form a dynamic combinatorial library.

A similar solid state method for the preparation of cyclic polymer has
been reported. This method involves the synthesis of cyclic polymer obtained
by a combination of inter-alkylation and intra-alkylation, i.e., cyclization of
11-bromo-decanoic acid. The cyclic polymer can be liberated from an an-
ionic exchange resin. Thus, this method has the advantage that the cyclic
product from the mixture after reaction is easily produced, as indicated in
Fig. 50 [161].

Cyclic polymers synthesized from biodegradable polymer such as poly-
glycolic acid would have unique properties with respect to the degradation
rate. For example, initial breaks in the polymer chain would just convert the
cyclic polymer to a straight chain polymer without affecting the molecular
weight. Such a characteristic may have interesting applications to tissue en-
gineering and drug delivery.

8.3
Cyclic Polyamide from &-Caprolactam

From an anionic polymerization of e-caprolactam, the following conclusion
was demonstrated: The product situated between the high polymer trace and
the cyclic oligomer fraction is made of macrocycles only, usually ranging
from the nonamer up to M,s as functions of the experimental conditions
of anionic synthesis. Its constituents are not at all extracted from poly(e-
caprolactam) by the usual extraction techniques, and their overall content is
in the range of a few percent (2-3 wt. %), i.e., a much higher content than
the values attributed to the higher oligomer fraction. MALDI-TOF mass an-
alysis together with other characterization techniques have revealed that the
amount of macrocycles made of multiples of e-caprolactam repetition unit,
typically from Mg to Mjg, was dependent on the experimental conditions of
the synthesis, usually ca. 2.5 wt. % [162].

8.4
Cyclic Polymers from Dimethylsiloxanes

The synthesis of cyclic polydimethylsiloxane was first achieved through
ring—chain equilibration of siloxane oligomers in the presence of potassium
silanolate, as shown in Fig. 51 [163-165]. Cyclics recovered from ring-chain
equilibration reactions have been fractionated by preparative GPC, yielding
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Fig.51 Synthesis of cyclic polydimethylsiloxane by ring-chain equilibration beginning
with cyclic siloxanes D4 and D5

fractions with polydispersity less than 1.05 and containing on average up to
1000 skeletal bonds. Some of the properties of these synthetic cyclic poly-
mers were found to be in excellent agreement with theoretical predictions
(for example, diluted solution viscosities), while others were not (for ex-
ample, glass transition temperatures). The cyclic nature of some of the higher
fractions has been demonstrated by entrapping them in network structures.
Many works on the preparation, characterization and investigation of cyclic
polydimethylsiloxane were performed by Semlyen et al. [10, 166-169].

Studies of cyclic and linear polydimethylsiloxanes on preparative GPC
were performed [170]. Topological trapping of cyclic polymers into unimodal
and bimodal model network structures was investigated [171]. The lower crit-
ical threshold temperatures (LCTT) of cyclic and linear dimethylsiloxanes,
measured in both tetramethylsilane and 2,2-dimethylpropane (neopentane),
was investigated. The LCTT phenomena occurred in the mixtures only if the
difference in size of the polymer and solvent was sufficiently large. In all cases
the cyclic polymers showed LCTT, up to 2.5 °C, by comparison with those of
the linear molecules having the same number of skeletal bonds [172]. The
adsorbed amounts of cyclic and linear polydimethylsiloxane fractions of nar-
row molecular weight distribution on silica were investigated by FTIR. At low
molar masses the adsorption of cyclic polymer was greater than that of the
corresponding linear polymer, but at high molar masses the reverse behavior
is observed. Adsorption is greater from hexane than from CCly for both linear
and cyclic polymers [173].

Bu,SN(OCH3), M ?Hs
O— (CHy)3—Si—+0—Si
+ | |
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CH, CH,

—> BuySn o
3

[ |
HO(CH,)y—Si——| 0~8i—}-0—(CH)sOH \ CH, / CH
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CHs CHg/x O—(CHy—Si—{0—$i
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Fig.52 Synthesis of cyclic polydimethylsiloxane by polycondensation
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Fig.53 Synthesis of cyclic polydimethylsiloxane for cyclization of linear o,w-dihydroxy-
polydimethylsiloxane

Surface pressure was measured as a function of surface concentration for
monolayers of linear and cyclic polydimethylsiloxanes. In addition, the com-
parisons of linear and cyclic polymer above the overlap concentration c* lead
to the surprising conclusion that even for three-dimensional semi-dilution
solutions, the ratio c¢/c* was not a universal reduced concentration [174].

Cyclic siloxane-containing polymer was synthesized by the reaction of
Bu,Sn(OCH3), with dimethyl hydroxy-terminated polysiloxane as shown in
Fig. 52 [175].

A cyclic polydimethylsiloxane was also prepared by the end-to-end reac-
tion, i.e., @,w-dianion-functionalized polymers, which are then cyclized sim-
ply by reaction with a difunctional electrophile to give a cyclic polymer. The
cyclic polydimethylsiloxane was synthesized from a commercially available
o,w-dihydroxy-polydimethylsiloxane (M, = 2.460 g/mol). The linear precur-
sor was deprotonated using sodium hydride in dilute THF (< 10 M) and
then end-coupled using a dichlorosilane coupling agent (Fig. 53). The uncy-
clized anionic linear precursors are then removed by a macroporous anion
exchange resin. The successful cyclization and purification is monitored by IR
and ?°Si NMR, GPC, and MALDI-TOF mass [176].

8.5
Cyclic Polymers from Sulfur Containing Monomers

Sulfur is an interesting atom because of the specific characteristics of the
simple substance and compounds containing sulfur. Further, their functions
are indispensable for current technologies. Studies on sulfur compounds are
valuable not only in chemistry but also in biochemistry as well. Many cyclic
monomers containing sulfur such as cyclic disulfides, thiiranes, thietanes,
and arene dithiols were reported to form cyclic polymers by the ring-opening
polymerization. The natural source of cyclic polymers is believed to be liquid,
elemental sulfur [177-179].
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8.5.1
Ring-Opening Polymerization of Thioester Monomer

Cyclic polymer formation by the polymerization of thiolactone-stepwise
ring-expansion and cyclic polymer contraction has been reported [180].
Recently, cyclic poly(thioglycolide) and poly(D,L-thiolactide) by a zwitter-
ionic polymerization of dthiolane-2,4-diones were synthesized, as indicated
in Fig. 54. Dithiolane-2,4-dione was polymerized either by heating in bulk at
140 °C or by reacting at 20 °C in the presence of pyridine or triethylamine
as a catalyst. The thermal polymerization almost exclusively yielded cyclic
poly(thioglycolide), but the samples prepared at 20 °C by means of tertiary
amines contained cyclic and linear chains. D,L-5-methyldithiolane-2,4-dione
proved so stable that tertiary amines did not catalyze its polymerization even
at 100°C. Thermal polymerization of D,L-5-methyldithiolane-2,4-dione at
160 °C yielded oligoester mainly consisting of cylics [181]. The formation of
cyclic polymers is typical for the step-growth character of this polymerization
process. However, it should be emphasized that zwitterionic polymerizations
do not necessarily yield cyclic polymers [182].
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Fig.54 Pyridine catalyzed ring-expansion polymerization of dithiolane-2,4-dione
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Fig.55 Synthesis of the cyclicpolymer obtained by the insertion reaction of PPS into cyclic
dithioester

The ring-expansion reaction of equimolar cyclic dithioester with 3-phen-
oxypropyrene sulfide (PPS) (cyclic dithioester/PPS = 1/2) was also per-
formed in the presence of tetrabutylammonium bromide (TBAC) as a cat-
alyst in N-methyl-2-pyrrolidone [183]. Intermolecular ester-exchange reac-
tion occurred during the insertion reaction of PPS into cyclic dithioesters
to give cyclic polymers with M, = 3600-8900 in high yields. The struc-
tures of the cyclic polymers were confirmed by the NMR, IR, and MALDI
TOF-MS spectroscopy. The continuous insertion reaction of excess PPS
into cyclic dithioester proceeded quantitatively to give the corresponding
cyclic polysulfide with M, = 42000 and My /M, = 4.50 in a 96% yield, as
shown in Fig. 55. The ring-crossover polymerization of cyclic dithioester was
also performed in the presence of quaternary onium salts as catalysts at
70-150 °C for 24 h in NMP. The cyclic polymers under thermodynamic con-
trol gave a lower-molecular-weight cyclic polymer with a lower polydispersity
ratio [184].

8.5.2
Ring-Opening Polymerization of Thiaethers

A novel method for synthesizing polythiaether macrocycles with Re cluster
complex was proposed by Adams and coworkers [185]. This process involves
catalysis by the Re complex rather than the stoichiometric displacement of
dithiol or dithiolates by organic halides, and first example of a catalytic pro-
cedure for synthesis of polythiaether macrocycle using thietanes. The macro-
cyclic products formed are shown in Fig. 56.

Re;(CO)9(NCMe) also activates S-propiothiolactone toward the opening of
the heterocyclic ring under mild conditions to give polythiolactone macro-
cycles, as shown Fig. 57 [186]. However, a half amount of product was linear
polymer in the reaction.
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Fig.58 Synthesis of the cyclic polydisulfides with W(CO)s-(NCMe)

Moreover, the reactions of an excess of thiirane with W(CO)s5(NCMe)
catalyst led to the formation of the cyclic polydisulfides as depicted in
Fig. 58 [187].

8.53
Ring-Opening Polymerization of Cyclic Disulfides

The studies on the polymers containing disulfide linkages in the main chain
have been investigated [188, 189], and the biggest factor to control the reac-
tion may be the specific behavior, that is, the cleavage of the formed disulfide
linkage by heat, photo, or electrochemical reduction [190,191]. The follow-
ing are given as typical methods for synthesizing the polymers containing
disulfide bonds in the main chains: oxidative coupling reactions of o,w-
dithiols [192], polycondensations of aromatic dihalides with sulfur [193], and
ring-opening polymerizations of cyclic disulfide compounds.
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Fig.59 Ring-opening polymerization of cylic disulfides

Among them, polymerizations of cyclic disulfides have been investi-
gated since the 1940s (Fig. 59). Davis et al. reported that 1-oxa-4,5-dithia-
cycroheptane very rapidly polymerizes to rubbery polymers with aqueous
sodium sulfide [194]. Tobolsky reported that the polymerization of 1-oxa-4,5-
dithiacycroheptane and 1,3-dioxa-6,7-dithiacyclononane proceeds by ionic
catalysts [195]. 1,2-Dithiacycloalkanes also polymerize with a trace of AlCl3
or BF3 [196]. Photo-irradiation was used for the polymerization of lipoic
acid [197]. Moreover, the ring-opening polymerization of the cyclic disul-
fide trimer has been briefly studied to evaluate the stability of the cyclic
product [198]. These reactions are expected to make cyclic polymers by in-
tramolecular cyclization.

Although many studies on the polymerizations of cyclic disulfides have
been reported, the detailed structural analyses of the resulting polymers
and their characterizations have not been investigated for a long time. Endo
et al. reported the thermal polymerization of cyclic disulfide (the examined
monomers are shown in Fig. 60). Among the cyclic disulfides examined, the
polymerization of 1,2-dithiane (DT) and the structural analyses and charac-
terizations of the resulting polymers were investigated in detail [199]. They
investigated the polymerization by use of extremely pure DT monomer (not
containing any thiols or other impurities). The thermal polymerization of DT
in bulk without any initiators proceeded readily and gave a polymer with
a high molecular weight in a high yield when the disulfide monomer was
heated above the melting point (31-32 °C). The polymerization of DT was not
induced at the monomer concentration below the 4.0 mol/L in the monomer
feeds. The polymerization of DT was inhibited by an addition of radical
inhibitors, and the polymer yield decreased remarkably in the presence of thi-
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Fig.60 Cyclic disulfides family

ols, indicating that the propagation proceeds by a radical intermediate [200].
The relationship between the DT concentration in the polymerization and the
resulting polycatenane structure was also investigated [201].

From the analyses of NMR and electron-spray ionization mass (ESI-MS)
spectroscopy, the polymers obtained from the polymerization of cyclic disul-
fides were found to be a cyclic structure [202]. The cyclic structure consisting
of poly(DT) is assumed to be formed by a backbiting reaction of propa-
gating species [203]. Thermal and mechanical properties of the polymers,
and decomposition behaviors of the polymers demonstrate that the polymers
obtained from thermal polymerization of cyclic disulfides include a polyca-
tenane structure. From polymerization of cyclic disulfides in the presence of
cyclic poly(ethylene oxide), a polycatenane consisting of two different cyclic
polymers was obtained [199]. Thus, poly(DT) contains spatial entanglements
of cyclic polymers with each other (a polycatenane structure was presumed)
(Fig. 61).

Copolymerization of lipoic acid (LPA) and 1,2-dithiane (DT) was also in-
duced readily to give high polymers in high yields, and the resulting structure
contained polycatenane structures [203]. The polymers revealed characteris-

Oy — — (&2

Poly(DT)

Fig.61 Structure of poly(DT)
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tics as a shape-memory material [204, 205]. Gel containing catenane structure
was obtained from copolymerization [206].

The structure of polymer obtained from thermal polymerization of cyclic
disulfides was suggested to include an interlocked structure. This is another
consequence of the ring topology [207] Cyclic polymers not only can be
branched or cross-linked, but can also form noncovalently linked structures
based on their loop topology. Thus, cyclic polymers can be used as a compon-
ent of rotaxanes consisting of linear chains threaded through cyclic molecules
and catenane, which consist of mechanically-linked cyclic polymers. Many
cyclic polymers will be used as a component for building interlocked ma-
terials. The chemistry of polyrotaxanes and polycatenanes has gained much
attention, and many articles and reviews have been published by various
researchers [208-225].

9
Metal Containing Cyclic Polymers

The self-assembly of a novel supramolecular cyclic polymer species of general
formula [RuzO(CH3COO0)s(CO)(pz)]l¢ has been achieved by starting from
p-oxoruthenium cluster units in the presence of bridging pyrazine (pz) lig-
ands, as shown in Fig. 62 [226].

Cyclic polymers and the block copolymers bearing alkoxy and vinyli-
dene groups by Pd-complex-promoted living polymerization of 2-alkoxy-1-
methylene-cyclopropanes were synthesized. A living ring-opening polymer-
ization of 2-alkoxy-1-methylenecyclo-propanes was achieved by m-allyl Pd
complexes to afford polymers having alkoxy and vinylidene groups in the
repeating units as shown in Fig. 63. A cyclic dinuclear Pd complex was synthe-
sized and utilized for the synthesis of cyclic polymers and block copolymers
with narrow molecular weight distribution [227].

Organometallic macrocycles and cyclic polymers were prepared by the
photolytic ring opening of a silicon-bridged ferrocenophane with a bipyr-
idine initiator. The relative amounts of cyclic oligomers and cyclic polymer,
as well as the molecular weight of the cyclic polymer, can be controlled by the
reaction temperature [228].

10
Physical Properties of Cyclic Polymers

There have been many interesting theoretical studies of the average confor-
mations and physicochemical behavior of cyclic polymers. The ratio of the
radii of gyration of a random coil linear polymer to that of a cyclic polymer
was theoretically predicted. The mean square of radius of gyration ({S?)) of
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Fig.62 Self-assembly of a novel supramolecular cyclic polymer

linear and cyclic polymers with the same total number of segments N can be
calculated under the assumption of Gaussian statistics. For the linear poly-
mer, the equation is as follows: (S?)jinear = Nb/6, in which b is the length of
each segment. For the cyclic polymer, the equation of (52>cychc =Nb/12 is
conducted. In other words, in the absence of a volume effect, the ratio of
gs = (8%) eyclic/ (8%)1inear should be exactly two in the case of the same molecu-
lar weight. From the molecular dependence of the (S?) for cyclic polystyrene,
the g; was determined to be around 2 [229,230]. From neutron scattering
measurement of the polydimethylsiloxane (M, < 2.0 x 10) in benzene, the g;
was estimated to be close to 0.53, indicating that the expansion of the coil in
a good solvent is somewhat higher than for the linear polymer [231].

The limiting-viscosity number ([n]) was measured at 34.5°C for linear
and cyclic polystyrene in cyclohexane, which is 8 solvent for polystyrene at
34.5 °C. The relationship between [5] and M, is shown in Fig. 64. The ratio
of [n]cyclic/ [M]linear Was found to be close to 0.66, and the exponent of the vis-
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Fig.63 Formation of cyclic polymer with controlled molecular weight

cosity law for cyclic polymers was 0.53 (in contrast to linear polymer, which
was 0.50) [232].

A difference in volume between cyclic and linear polymers leads to dif-
ferent solution properties of the cyclic polymers compared to the linear
polymers, such as: higher GPC elution volume [233], lower intrinsic vis-
cosity [234], lower translational friction coefficient [235], neutron scattering
functions; more rapid decrease of second virial coefficient with molecular
weight [236], and higher critical solution temperature [237].

The cyclic polymers have also shown profound differences from linear
polymer in other properties including higher density [238,239] melt vis-
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cosity: greater at low molecular weights, but smaller at high molecular
weights [238], higher refractive index [239], lower dipole moment at low mo-
lecular weights [240], and higher glass transition temperature [241-243]. The
absence of chain ends has led to speculation that the dynamic properties of
polymeric rings differ from their linear analogues [244, 245].

Monte Carlo calculation of hydrodynamic properties such as the radius
of gyration, friction coefficient, and intrinsic viscosity of cyclic polystyrene
and polydimethylsilozane in ideal solution was investigated [246]. The size
of a ring polymer in a ring-linear blend was also investigated. In melts, ring
polymers assume more compact conformations compared to linear chains.
These predictions were tested by performing Monte Carlo simulations of
ring-linear blends using the bond-fluctuation model [247].

1
Conclusion

Cyclic polymers are now of great interest from the view point of not only their
unique properties but also for the component of interlocked polymers, such
as polyrotaxnenes and polycatenanes. Development of analytical instruments
makes it possible to confirm detailed structures of polymers. The polymers
with a well-defined structure can be synthesized using living polymerization
of vinyl monomers, leading to the synthesis of a variety of cyclic polymers.
The growth and commercialization of cyclic polymers has been stunted due
to problems associated in synthesizing larger-cyclic polymers with routine



Synthesis and Properties of Cyclic Polymers 177

monomers and without linear chain contamination. Despite this historic lim-
itation, cyclic polymers will continue to have a place in polymer synthesis
through further development of synthetic methods. Comprehension of the re-
lationship of structural properties of cyclic polymers may open a new door
for their application in many fields.
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