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Group Transfer Polymerization: Mechanism and
Comparison with Other Methods for Controlled
Polymerization of Acrylic Monomers

Owen W. Webster

South Village Ln, 318, Chadds Ford, PA 1931, USA
E-mail: OWWebster@aol.com

Abstract Group transfer polymerization (GTP) was announced 20 years ago by DuPont as a
method for synthesis of acrylic block polymers. It operates at high enough temperatures to
allow reactor cooling by water-cooled reflux condensers, rather than more costly refrigera-
tion units. GTP uses 1-methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene (MTS) as initiator
and a carboxylic acid salt as catalyst. The number of growing polymer chains corresponds
to the amount of MTS used. Chain growth stops when the monomer is depleted. Addition
of a new monomer at this point starts chain growth again to produce a block polymer. Du-
Pont sells pigmented inks containing GTP block polymer dispersing agents.

Initial mechanism studies pointed to a trimethylsilyl transfer process that now appears
to be incorrect. Strong evidence is presented for a dissociative anionic process. Reactivation
of silylated chain ends by the alkoxide eliminated during end group cyclization is proposed
as the reason GTP works at 80 �C.

A comparison of GTP with other methods for block polymer synthesis is presented.

Keywords Group transfer polymerization · Polymethacrylates · Polyacrylates · Living
polymerization · GTP mechanism · Living anionic polymerization of MMA
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MMA Methyl methacrylate
MTS 1-Methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene
Mn Number average molecular weight
Mw Weight average molecular weight
MWD Molecular weight dispersity, Mw/Mn
MW Molecular weight
P Polymer
P5 Tetrakis[tris(dimethylamino)phosphoranyliden-

amino]phosphonium
PBMA Poly(butyl methacrylate)
PMA Poly(methyl acrylate)
PMMA Poly(methyl methacrylate)
RAFT Reversible addition fragmentation transfer
S Styrene
SFRP Stable free radical polymerization
TAS Trisdimethylaminosulfonium
TBA Tetrabutylammonium
tol Tolyl
TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy
TMS Trimethylsilyl

1
Introduction

Twenty years have passed since DuPont announced a startling new process
for polymerization of methacrylate monomers [1]. The method uses a
trimethylsilyl ketene acetal initiator catalyzed by nucleophilic anions. It op-
erates at 80 �C and gives unprecedented control over polymer chain architec-
ture (Scheme 1).

Scheme 1

Based on evidence available at the time, the DuPont workers proposed
that the trimethylsilyl group was transferring to monomer as it was adding
to the polymer chain ends and thus named the new procedure Group Trans-
fer Polymerization (GTP). Based on all the evidence now available this
mechanism is almost certainly wrong but the name should remain since it is
firmly imbedded in the chemical literature.
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There are already several excellent detailed reviews on GTP [2–5]. In this
chapter I will critically analyze the existing data that strongly support a dis-
sociative (anionic) mechanism originally proposed by R. Quirk of Akron
University [6]. I will also explain how GTP can operate at 80 �C when it is
well known that the classical anionic polymerization of methacrylates does
not proceed above ambient temperatures. In addition, GTP will be compared
to other controlled polymerization methods.

2
Desirable Attributes for Commercial Controlled Polymerization
of (Meth)acrylates

During the mid-1970s DuPont investigated the living polymerization of
methacrylate monomers by anionic initiation at �80 �C [7]. Di and tri block
polymers were made that had potential for use as pigment dispersing agents
and for rheology control. The project was abandoned when calculations
showed that the refrigeration necessary to keep the reactors at �80 �C was
too costly. To be commercially viable the following characteristics for con-
trolled polymerization were deemed necessary:

– Operating temperatures in the 50–80 �C range so that reflux condensers can
be used to remove the heat of polymerization

– The ability to make block polymers containing no more than 10% homo-
polymer (minimal chain termination)

– Nearly colorless product
– Low sensitivity to impurities
– Overall cost of resin under $5/lb
– Ability to produce resin with molecular weights in the 20,000 range and

molecular weight distributions (MWDs) under 1.3
– Minimal metallic or halide impurities in the final product
– Nontoxic ingredients
– Product free from unpleasant odors

Group transfer polymerization meets most of these criteria. However, it is
sensitive to protic impurities and the present cost of the initiator is too high.
Other living processes for polymerization of (meth)acrylates will be evaluat-
ed with respect to these criteria.

3
The GTP Process

As shown in Scheme 1, GTP converts methacrylate monomer to a polymer
with one end group corresponding to the R on the initiator and the other
end a trimethylsilyl ketene acetal. If the initiator contains a vinyl group not
reactive to GTP, a macromonomer results [8]. The silyl ketene acetal end can
be used to initiate another monomer, for example butyl methacrylate, to give
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a block polymer (Scheme 2b) [1] or with other reagents to add additional
functionality. Thus benzaldehyde generates a phenylhydroxymethyl end [9].
Reaction of silyl ended polymer with a difunctional methacrylate
(Scheme 2c) generates a multi-armed star polymer (Scheme 2d) [10]. GTP
can be quenched by addition of methanol (Scheme 2e) [1]. Thus one can
safely abort a polymerization run that is proceeding too fast.

Scheme 2

GTP operates at temperatures up to 100 �C when catalyzed by weak nucle-
ophiles such as tetrabutylammonium benzoate [11]. Molecular weights in
the 20,000 range are easily obtained but generation of polymer in the 60,000
range is difficult. As in other living systems the molecular weight is con-
trolled by the monomer/initiator ratio and the MWDs are narrow. During
the polymerization especially at higher temperatures the resulting polymer
will contain up to 30% dead ends, the result of backbiting of enolate chain
ends (Scheme 3) and/or reaction with protic impurities [10]. Brittain [12]
has studied chain termination and found that at the trimer stage (3 DP) the
rate of backbiting is ten times that occurring at higher DPs. Thus one should
start GTP with more than three equivalents of monomer to by-pass the tri-
mer stage quickly.

Scheme 3

The tetrabutylammonium (TBA) catalysts are slowly consumed during
the progress of the polymerization and in longer runs additional amounts
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must be added with the monomer to keep the polymerization going. Since
the TBA cation, if it still exists, must be associated with an anion, it follows
that the catalytic activity would not decrease unless the TBA ion had been
consumed. Reetz has shown that tributylamine is produced during anionic
polymerization with TBA as the counterion, no doubt the result of Hoffman
elimination or SN2 attack on the TBA [13] (Scheme 4). Butene was detected
but no quantitative measurement was made.

Scheme 4

It would be of interest to see if the more stable cesium carboxylates would
be better catalysts for GTP than TBA carboxylates since Quirk showed that
cesium 9-methylfluorenide works as well as TBA 9-methylfluorenide as a
catalyst in his mechanism studies [6].

3.1
GTP Monomers

By far the best monomers for GTP are the methacrylates. Glycidyl methacry-
late and other substituted members of the family can be used to make highly
functional block polymers. If the monomer contains active hydrogen, for ex-
ample, hydroxyethyl methacrylate or methacrylic acid, GTP does not pro-
ceed. These functions can, however, be masked by trimethylsilyl groups [9]
(Scheme 5).

Scheme 5

Acrylates polymerize two orders of magnitude faster than methacrylates
by anion catalyzed GTP; however, the polymerization dies at about
10,000 MW. During the anion catalyzed polymerization of acrylates the silyl
ketene acetal end groups migrate to internal positions. These ketene acetals
are too hindered to act as initiators for branch formation [9].

The living polymerization of acrylates by GTP does proceed under Lewis
acid catalysis [14]. ZnCl2 or ZnBr2 are effective but require concentrations of
catalyst at a level of 10% based on monomer. R2AlCl works at lower levels.
However, HgCl2 activated by TMS iodide is the best Lewis acid system and
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gives living acrylate polymers at low catalyst levels [15]. For industrial use
the toxicity of mercury compounds is a problem.

Under GTP conditions conjugated dienoates as well as trienoates poly-
merize faster than methacrylates with anionic catalysis. The dienesilyl acetal
6a is a better initiator than MTS [16] (Scheme 6).

Scheme 6

Acrylonitrile and methacrylonitrile (MAN) polymerize extremely rapidly
by GTP [9]. Molecular weight control is difficult since the polymers form be-
fore uniform mixing occurs. Although 7a can be used to initiate MAN, MTS
is better. The silyl imine end 7b is the likely chain carrier (Scheme 7).

Scheme 7

3.2
Aldol GTP

In a process related to GTP, aldehydes initiate the polymerization of silyl vi-
nyl ethers and silyl diene ethers. Here the silyl group is present in the mono-
mer and transfers to the aldehyde ended chains regenerating aldehyde ends
[17] (Scheme 8). A Lewis acid catalyst is required. tert-Butyldimethylsilyl
works best as a transfer group for vinyl ether while trimethylsilyl is suitable
for diene ethers [18]. Even though aldol GTP provides a route to polyvinyl
alcohol segments in the subsequent block polymer synthesis, the projected
cost of the monomers discouraged further research aimed at commercializa-
tion.
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Scheme 8

3.3
Initiators for GTP

To obtain polymer with low MWDs in a living polymerization the rate of ini-
tiation must be faster or similar to the rate of propagation. This can suitably
be accomplished if the structure of the initiator is the same as that of the
growing chain end. For GTP this is a silyl ketene acetal (Scheme 9). The

pre-ferred initiator for GTP is MTS where R1, R2, R3, and R4 are all methyl
groups [1]. MTS is made by addition of trimethylsilane to MMA and, al-
though it is commercially available, it is relatively expensive. A low cost ini-
tiator would greatly increase the use of GTP for commercial products. If R1

is large and R2 methyl, initiation is not retarded but if both R1 and R2 are
large the ketene acetal will not work as an initiator [9]. Trimethylsilyl is ideal
for the silyl function. Phenyldimethylsilyl seems to have about the same ac-
tivity as MTS but tert-butyldimethyl [9] and triethylsilyl [19] groups are
much less reactive. Large groups on the ether function R4 do not appear to
affect the rate of initiation [9]. Silyl ketone enolates initiate GTP but the rate
of initiation is slower than the rate of propagation [20]. A number of silicon
compounds initiate GTP by first adding to the methacrylate monomer to
generate silyl ketene acetals (Scheme 9b,c,d).

Scheme 9
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3.4
Catalysts for GTP

3.4.1
Nucleophilic Anions

The preferred catalysts for GTP are nucleophilic anions. The most active cat-
alysts are fluorides and bifluorides [1]. At above ambient temperatures, how-
ever, carboxylates and bicarboxlates are preferred [11]. A large counter ion
is required for maximum efficiency. In the early work trisdimethylaminosul-
fonium (TAS) was used, but later the more readily available tetrabutylam-
monium (TBA) salts have gained favor. Since TBA slowly decomposes under
the basic conditions used for GTP, other positive ions may work better.
Quirk used cesium ion for his mechanistic studies and found it to be equiva-
lent to TBA [6]. Bywater worked with the very stable Ph3PNPPh3

+ bifluoride
in his mechanistic probes [19] and Jenkins [21] showed that potassium com-
plexed with 18-crown-6 was a possible alternative to TBA (Scheme 10).

Scheme 10

The catalysts are used at about 1–0.1% vs initiator concentration; in fact
if too much catalyst is used the polymerization ceases [1].

3.4.2
Lewis Acids

Lewis acid catalysts were discussed in the acrylic monomer section. They
are used at about 10% concentration vs monomer. Although no significant
research has been done with them, other than looking for new ones, they
most likely work by activating the monomers. Type Y zeolites catalyze GTP
at about 25% concentration vs initiator. Conversions are quantitative and
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MWDs as low as 1.02 were obtained [22]. Helmchen and Preston [23] report
that P4O10 in acetonitrile catalyzes the addition of silyl ketene acetals to en-
ones in a high yield.

3.5
The GTP Mechanism

3.5.1
GTP Phenomena that Must Be Accounted for by a Reasonable Mechanism

– Ester enolates operate as both catalysts and initiators for GTP
– The need for low catalyst concentration
– A living methacrylate polymerization process that operates at 80 �C
– The reaction of catalyst with initiator
– The need for large unreactive counterions
– Induction periods
– �Livingness� enhancing agents
– Rapid end group exchange in the presence of anionic catalysts
– Lack of exchange in double label experiments
– Reactivity ratios that differ from those of anionic and radical polymeriza-

tions
– Chain stereochemistry
– Monomer effects

The two main mechanistic routes for base catalyzed GTP under consider-
ation are the dissociative pathway (Scheme 11) and the associative pathway
(Scheme 12). In the dissociative route the nucleophilic catalyst complexes
with the silyl ketene acetal end groups and in a reversible cleavage step gen-

Scheme 11
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erates a reactive enolate end that adds monomer. The enolate end groups are
then capped by R3SiNu to regenerate silyl ketene acetal ends. Since low
MWD and controlled molecular weight polymer is obtained at low catalyst
concentrations, the equilibrium generating enolate ends must be much fas-
ter than the rate of polymerization.

Scheme 12

In the associative mechanism the silyl ketene acetal group is activated by
complexation with catalyst for addition to monomer. The silyl group trans-
fers to incoming monomer and remains on the same polymer chain during
the polymerization step. The well-documented silyl end group exchange
would be occurring by some unknown process. The equilibrium rate for cat-
alyst complex formation must be fast to insure molecular weight control and
low MWD.

3.5.1.1
Ester Enolates Operate as Both Initiators and Catalysts for GTP

In a study that in itself almost lays to rest the associative mechanism for
GTP, Quirk generated an ester enolate by addition of TBA 9-methylfluo-
renide to MMA and used it as a catalyst for GTP of MMA initiated by MTS
at 50 �C. The conversion was quantitative, the MWD was in the 1.2 range,
and the molecular weight was controlled by the ratio of MTS to monomer
[6]. In similar experiments without the MTS, conversions of only 14–52%
were obtained, the MWD was broad and molecular weight control was lost.

Quirk postulates that the ester enolate end groups are being stabilized by
complexation with the silyl ketene acetal end groups (Scheme 13). He agrees
that the complex could be adding monomer by the associative process but
that since all chains are growing at the same rate, the equilibrium between
complex and bare enolate must be faster than the rate of polymerization.
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Thus unless the rate of polymerization of MMA by complex and by bare
enolate where the same (which is highly unlikely) the MWD and Mn control
would be lost.

Scheme 13

Quirk�s argument is strengthened by Muller�s finding that increasing the
concentration of silyl ketene acetal retards GTP; the result of shifting the
equilibrium between enolate and complex to the complex side and thus low-
ering the concentration of bare enolate and the rate of polymerization [24]
(Scheme 13).

3.5.1.2
The Need for Low Catalyst Concentrations

The Quirk mechanism also provides us with an answer to a problem that
has been with us since the inception of GTP: why does too much catalyst
ruin the polymerization? In the associative mechanism increasing the
amount of catalyst should merely increase the rate of reaction. However, in
the dissociative mechanism increasing the amount of catalyst may generate
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more enolate than can be stabilized through complexation with the existing
silyl ketene acetal end groups. (The equilibrium constant for association of
one of the few pentavalent silicon complexes that has been studied, TBA
Me3Si(CN)2

�, is 2.3 in THF [25]). Bandermann has studied the effect of cata-
lyst concentration on GTP [26].

3.5.1.3
A Living Methacrylate Polymerization Process that Operates at 80 �C

Most of the early work on GTP was conducted by combining monomer, ini-
tiator and catalyst at room temperature and letting the reaction temperature
rise to about 50 �C. Later process work was conducted in solvents at 80 �C so
that the heat of polymerization could be removed by cooling with a reflux
condenser. One of our reasons for proposing an associative GTP over a disso-
ciative GTP was that an associative process would involve stable silyl ketene
acetal groups as key intermediates in the formation of polymer. On the other
hand the dissociative process would involve free ester enolate, known to be
unstable at 80 �C. A closer look at the whole system however reveals why GTP
works at above ambient temperatures, while classical anionic polymerization
does not. In GTP the backbiting termination reaction turns into a chain trans-
fer process. The backbiting reaction of chain ends produces a cyclohexanone
derivative and methoxide. In classical anionic polymerization this terminates
the chain. In GTP the methoxide can react with the latent silyl ketene acetal
ends to regenerate enolate ends for further polymerization (Scheme 14).

Scheme 14

For acrylate polymerization by GTP the cyclohexanone that results from
backbiting is an a-ketoester with an active hydrogen that reacts with the
methoxide thus thwarting the transfer process (Scheme 15).
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Scheme 15

3.5.1.4
The Reaction of the Catalyst with the Initiator

In the absence of monomer, GTP catalysts are destroyed by the initiator. A
one to one molar mixture of bifluoride and MTS, for example produces
methyl isobuterate, trimethylsilylfluoride, trimethylsilylmethoxide, methyl
2,2,4-trimethyl-3-oxopentanoate, and other oligomers [19, 26]. Seebach has
shown that ester enolates generate ketenes at room temperature [27]
(Scheme 16). These reactions support the dissociative mechanism wherein

Scheme 16
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ester enolate is generated. In the associative process the catalyst should
merely complex reversibly with the MTS and not destroy it. At less than 1:1
ratios considerable isomerization of the ketene acetal to its C-silyl isomer
occurs [19, 26]. At low concentrations of catalyst compared to initiator, the
small amount of ester enolate generated would be stabilized by the presence
of large amounts of MTS, therefore the catalyst and initiator can be com-
bined before the addition of monomer.

3.5.1.5
The Need for Large Unreactive Counterions for Anionic GTP

In the initial studies on GTP TAS difluorosiliconate and bifluoride were
found to be much better catalyst than alkali metal bifluorides. Later the
more readily available TBA salts were used (Scheme 10). We assumed these
large ion catalysts worked better because they formed stronger complexes
with the silicon ketene acetal end groups by the associative mechanism.
However, if one assumes a dissociative mechanism, then the large ions may
work better by slowing down the rate of backbiting termination and forma-
tion of ketenes [27] (Schemes 14 and 16) from ester enolate ends. Reetz
speculates that elimination of TBA alkoxide would be a higher energy pro-
cess compared to elimination of metal alkoxide in these side reactions [13].
In addition in the dissociative process the large counterions would foster
complex formation of enolate polymer ends with silyl ketene acetal ends.

3.5.1.6
Induction Periods

In many GTP experiments an induction period of up to a half an hour is ob-
served before polymerization begins. This implies that during the induction
period some inhibitor is being consumed or that some intermediate is
formed that is the true initiator. In an associative process straightforward
formation of catalyst/silylketene acetal complex should not require an in-
duction period. On the other hand, in a dissociative process the catalyst first
has to make a small amount of enolate.

An example of an inhibitor being consumed is seen in the initiation of
GTP with TMS cyanide catalyzed by TBA CN�. Here the polymerization does
not begin until all of the TMS cyanide has added to the MMA (Scheme 17).
Hertler studied the system by NMR and showed that Me3SiCN complexes
with the cyanide catalyst to the extent that polymerization will not take place
[28] until the complex is gone. This complexation will certainly take place;
however, the cyanide catalyst should continue to add to monomer until it is
also gone leaving the polymer enolate complex (Scheme 17a), which then
initiates polymerization.
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Scheme 17

3.5.1.7
�Livingness� Enhancing Agents

Early in our studies on GTP we discovered that certain additives lowered
MWDs and gave better molecular weight control (livingness enhancement).
They also lowered the rate of polymerization. Some examples are: ArCO2-
SiMe3, MeCO2SiMe3, MeCN, and Me3SiNMe2. In the associative mechanism
these agents would be complexing with catalyst to lower its concentration
and thereby lower the rate of polymerization (Scheme 18a). In the dissocia-

tive mechanism they would be complexing with enolate chain ends as well
as with the catalyst. The trimethylsilyl carboxylates [29] are a special case
since these reagents also possess the ability to silylate the reactive enolate

Scheme 18
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ends (Scheme 18b). Brittain showed that at a concentration of trimethylsilyl
benzoate equal to that of catalyst the rate of polymerization is lowered 50-
fold [30] (the TMS benzoate was produced by the in situ reaction of TBA
bibenzoate with MTS). At a concentration equal to five times that of initia-
tor, the rate is lowered still further [31] (Scheme 18). Similar results were ob-
tained with TMS Ac [32].

3.5.1.8
Rapid End Group Exchange in the Presence of Anionic Catalysts

Early work on the GTP mechanism showed that the silyl groups on chain
ends rapidly exchange in the presence of anionic catalysts [33, 34]. Without
catalyst no exchange occurs [35]. No exchange occurred in the bifluoride
catalyzed polymerization of MMA with dimethylphenylsilyl ketene acetal
(Scheme 19a) in the presence of dimethyltolylsilyl fluoride [1]. However,
in a similar experiment with trimethylsilyl acetate, TBA Ac, and dime-
thylphenylsilyl ketene acetal, complete exchange occurred within 5 min [36]
(Scheme 19b).

Scheme 19

In the associative mechanism this exchange would be a side reaction not
related to the polymerization process. The exchange would have to occur by
a four centered transition state between two chain ends at least one of which
is complexed to catalyst.

In the dissociative mechanism the exchange is readily explained by the
formation and dissociation of the enolate ends with neutral silyl ketene ace-
tal ends (Scheme 13). The lack of exchange of fluorosilane with enolate ends
could be caused by the complex with fluorosilane breaking only at the SiO
bond to revert to fluorosilane (no exchange).
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3.5.1.9
The Lack of Exchange in Double-Label Experiments

The main evidence for the associative mechanism consists in double-label-
ing experiments conducted by Farnham and Sogah [33, 34]. At �90 �C in
THF a mixture of PMMA with a dimethyltolylsilyl ketene acetal end group
and PBMA with a dimethylphenylsilyl ketene acetal end group was treated
with a small amount of BMA and TASF catalyst (Scheme 20). After 5 min the
polymerization was quenched and the polymers separated by solubility.
NMR showed a small PBMA block on the PMMA polymer but the end group
was only tolyldimethylsilyl.

Scheme 20

At �70 �C complete scrambling of end groups occurred. It thus appears that
at �90 �C an associative mechanism is operating but at �70 �C a dissociative
mechanism takes over (Scheme 21). In any case, polymerization at �90 �C is
impractical and the room temperature mechanism is the important one.

Scheme 21

Similar results were obtained with PBMA and PMMA tagged with tri-
ethylsilyl and trimethylsilyl groups. However here Bywater has noted that
the triethylsilyl ended polymer may not be polymerizing significantly during
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the 5 min before quenching. Thus its silyl group would remain with its chain
[19].

In double-labeling experiments using PMMA of two different molecular
weights Quirk obtained partial exchange in 2 h [37]. Since the dissociate
mechanism demands complete exchange, these experiments support an as-
sociative pathway.

Evidence favoring an associative mechanism was obtained in dual initia-
tor studies. Under an associative mechanism with two different initiators in
the same reactor each set of chains would grow at slightly different rates.
Thus the MWD of the resulting polymer should be higher than the one with
one initiator. This is the case when dimethylphenylsilyl ketene acetal and
TMS were used to polymerize MMA with TBA biacetate as catalyst [38]
(Scheme 22).

Scheme 22

3.5.1.10
Reactivity Ratios that Differ from those of Anionic and Radical Polymerizations

Haddleton determined the reactivity ratios for copolymerization of MMA
with BMA by classical anionic as 1.04: 0.81: by alkyllithium/trialkylalu-
minum initiation, 1.10: 0.72; by GTP, 1.76: 0.67: by ATRP, 0.98: 1.26; by cata-
lytic chain transfer, 0.75: 0.98; by classical free radical, 0.93: 1.22 [39]. The
difference in reactivity ratios between GTP and classical anionic polymeriza-
tion seems to indicate GTP is an associative process. However, Jenkins has
also measured reactivity ratios for the same pair by GTP and reports differ-
ent results: rMMA=0.44 and rBMA=0.26 [40].

3.5.1.11
Chain Stereochemistry

The stereochemistry of GTP of MMA polymerization was measured for Lew-
is acid as well as for bifluoride catalysis. Lewis acid catalysts gave a ratio of
syndiotactic:heterotactic triads of 2:1 while bifluoride catalysis gave ratios
near 1:1 [9, 41]. The amount of isotactic triads was about 5%. The effect of
temperature on triad and diad composition provided data to calculate the
difference in activation enthalpy (DDH#) and activation entropy (DDS#) for
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m and r diad formation. The (DDH#) favoring r formation is only 1.0 kcal/
mol while the (DDG#) favoring m formation is 1.1 eu.. At 273 �C:
G=0.70 kcal/mol. Nearly the same values were found for free radical poly-
merization [42]. The amount of isotactic triads for GTP of tert-butyl meth-
acrylate rose to 21% [43].

The differences between Lewis acid and anionic catalyzed GTP are expect-
ed. The similarities between radical initiated and GTP of MMA indicates
chain stereochemistry will not contribute any answers to the mechanistic
problem.

3.5.1.12
Monomer Effects

Certain monomers provide evidence relating to the GTP mechanism prob-
lem. Ober has shown that [3-(methacryloxy)propyl]pentamethyldisiloxane,
(Scheme 23a) polymerizes very slowly under GTP conditions (100 h). Molec-
ular weight control and MWD, however, were excellent [44]. A dissociative
mechanism can explain this unusual property. The tethered siloxane group
is stabilizing the enolate ends by forming a cyclic complex (Scheme 23). No
mention has been made of a similar stabilizing effect for 2-trimethylsily-
loxyethyl methacrylate (Scheme 23b).

Scheme 23

The fact that trimethylsilyl methacrylate is a sluggish monomer under
GTP conditions [45, 46] also bodes well for a dissociative mechanism. The
excess silyl carboxy groups are silylating enolate chain ends Thus lowering
the rate of polymerization and changing the nature of the carboxylate cata-
lyst (Scheme 23c).
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3.5.1.13
Kinetic Studies Relating to GTP

GTP kinetics have been studied by Brittain [30] using stopped flow FT-IR,
by Muller [24, 47, 48] using gravimetrics, and by Bandermann [49–51] using
dilatometry. Based on what we now know about GTP these studies are cloud-
ed by several factors. The catalysts are very likely reacting irreversibly with
the initiators to produce products that are involved in the polymerization:
TAS fluoride makes ester enolate plus silyl fluoride (Scheme 16). Bifluoride
makes ester enolate plus silyl fluoride plus methyl isobuterate (Scheme 16).
TBA bibenzoate makes silyl benzoate plus TBA benzoate [31]. (Therefore ki-
netic studies on bibenzoate are really studies on benzoate plus one equiva-
lent of silyl benzoate). These are known “side" reactions. What is critical,
however, is how fast do the “side" reactions occur? Do they happen during
the induction periods? Are they over before significant polymerization takes
place?

One thing everyone more or less agrees on is that GTP is first order in
monomer and in catalyst. A significant result by Muller is that the initiator
has a slight retarding effect on GTP [24]. Brittain has found that the rate of
polymerization to be 50 times slower for bibenzoate than for benzoate catal-
ysis [30]. This means that silyl benzoate has a retarding effect (most likely
due to both complexation with catalyst and re-silylation of ester enolate end
groups) (Scheme 18). In a similar manner, bifluoride may be lowering the
rate of polymerization by providing silyl fluoride that complexes with eno-
late chain ends.

The relative order for catalyst activity is F�>HF2
�>Ac�>Bz�>Bz2H� [30].

3.5.2
Conclusions Relating to the Mechanism of GTP

The fact that known anionic initiators for MMA can act as catalysts for GTP
and the need for low amounts of catalysts in itself nearly puts to rest the as-
sociative mechanism. Seven of the other factors support the dissociative
process. Except for the low temperature exchange studies, none supports the
associative mechanism. Based on the lack of exchange of added silyl fluoride
with silyl ketene acetal ends it looks like fluoride and bifluoride catalysts op-
erate by irreversible generation of ester enolate chain ends [1] (Scheme 19b).
On the other hand carboxylate catalysts appear to operate by reversible gen-
eration of ester enolate ends as evidenced by rapid exchange of silyl acetate
with silyl ketene acetal ends [36] (Scheme 19c).

4
Commercial Uses for GTP

GTP is currently being used by DuPont to manufacture dispersing agents for
pigments and for emulsion stabilizers. Water-based dispersants are used in
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jet printer inks and organic-solvent-based dispersants for auto finishes. Less
pigment is needed to reach the desired color intensity for auto finishes thus
offsetting the cost of the dispersing agent. Spinelli has published limited de-
tails relating to the water based dispersants [52]. The AB block block poly-
mers have a balance of hydrophobic �A� blocks and very hydrophilic �B�
blocks that are composed of neutralized acid or amine containing methacry-
lates.

5
Comparison with Other Systems

In the early years of the polymer age, 1920–1950, free radical vinyl polymer-
ization was used to manufacture homo- and random copolymers of ethylene,
propylene, styrene, vinyl chloride, butadiene, and members of the acrylic
family of monomers. In the mid-1950s Szwarc [53] opened a new era in po-
lymerization technology with his recognition of the living nature of the an-
ionic polymerization of styrene and isoprene. Similar techniques were soon
found for acrylic monomers [7]. However the flood gates for controlled po-
lymerization were really opened in the 1980s by Higashimura and Sawmoto�s
discovery of living cationic polymerization of vinyl ethers [54], by Kennedy�s
living cationic polymerization of isobutylene [55], and by the DuPont
group�s discovery of GTP for polymerization of acylic monomers [1].

Since GTP deals mainly with the acrylic family of monomers, comparison
to other controlled methods for polymerization of this class will be covered.
The huge, as yet unrealized, commercial potential of controlled free radical
polymerization is of special note.

5.1
Immortal Polymerization

Inoue [56] has developed a method similar to GTP for polymerization of
acrylic monomers. A methylaluminum porphyrin (MeAlTPP) is converted
to a ketene acetal by in situ reaction of MMA and used to polymerize MMA
(Scheme 24). A hindered Lewis acid catalyst is needed to activate the MMA.

Scheme 24
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No separate step to form the enolate is required if an alkylthio TPP is used.
High molecular weight polymer with low MWD is formed. The method was
first used to polymerize oxiranes. No industrial applications have been re-
ported, possibly due to the initiator expense and its deep red color. Immor-
tal polymerization has been reviewed [57, 58].

5.2
Rare Earth Enolates as Initiators

Yasuda [59, 60] has found that (Cp*)2SmH (Cp*=C5Me5) will initiate living
polymerization of MMA. Very high molecular weight polymer with low
MWDs is produced (Scheme 25a). A block polymer with ethylene has been
made. Novak [61] claims that a dimer intermediate first forms
(Scheme 25b).

Scheme 25

This method looks good but the extreme difficulty in handling the unsta-
ble initiators may be holding back its use other than for research. The cost
of the C5Me5 ligand may also be a problem.

5.3
Other Transition Metal Initiators

Collins [62] has shown that Cp2ZrMe BPh4 will also initiate polymerization
of MMA. PMMA with Mn in the 100,000 can be made (Scheme 26). Cost
may be holding back development of these types of initiators.
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Scheme 26

5.4
Anionic Polymerization of Acrylic Monomers

5.4.1
Classical Living Anionic Polymerization

In the mid 1970s DuPont conducted research on anionic polymerization of
methacrylates [7] to produce block polymer dispersing agents. Diphenyl-
hexyl lithium was used as the initiator at below �60 �C (Scheme 27). At these
temperatures the bulky initiator does not react with the ester groups on the
monomers and the backbiting reaction (Scheme 3) is frozen out. Molecular
weight control and low MWDs were obtained and the products were excel-
lent dispersing agents, but the cost of purifying solvents and monomers and
the need for refrigeration to cool reactors killed the project.

Scheme 27

5.4.2
Ligated Living Anionic Polymerization

Teyssie and Jerome [63] have solved the temperature problem to some extent
by conducting anionic polymerization of acrylates and methacrylates in the
presence of LiCl, LiOR, or LiO(CH2CH2O)nMe. These agents complex with
lithium enolate chain ends.

Ballard et al. [64] found that bulky dialkyl aluminum phenolate additives
would improve the anionic polymerization of acrylic monomers. They called
their method Screened Anionic Polymerization (Scheme 28).
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Scheme 28

5.4.3
Tetraalkylammonium and Other Bulky Counterions for Anionic Polymerization

Reetz [13, 65] and also Sivaram [66] have shown that nucleophilic tetrabuty-
lammonium salts will initiate living polymerization of acrylates at room
temperature. Molecular weights 1500–25,000 are obtained with MWDs of
1.1–1.4. Methyl and ethyl acrylates don�t work as well as the more bulky
acrylates. Side reactions are end group cyclization and Hoffmann elimina-
tion [13] (Scheme 29).

Scheme 29

We have found that the size of the gegenion is more important than the
fact that it is nonmetallic. Potassium dimethyl malonate/18-crown-6 poly-
merizes MMA at 25–60 �C to give quantitative yields of PMMA, MWD 1.5–
1.9. Excess malonate or methanol lowered the molecular weight of the
PMMA but did not shut down the polymerization [67]. It is tempting to pos-
tulate that a hydrogen-bonded version of the Quirk intermediate
(Scheme 13) is stabilizing enolate ends (Scheme 30).

Scheme 30
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Haggard and Lewis have shown that tetrabutylammonium alkoxides poly-
merize methacrylates in alcohol solution [68]. Block polymer synthesis is
not possible since the ester groups on the monomer exchange with the sol-
vent.

Seebach [69] used P4 base (Scheme 31a) as an initiator for the anionic po-
lymerization of MMA. Good control of molecular weight and MWDs are re-
alized at temperatures up to 60 �C (Scheme 31a). The process has the strange
property of not proceeding at temperatures below �20 �C (all other anionic
polymerizations of MMA work better at low temperatures). The experimen-
tal MWs are higher than those expected by the amount of P4 base used. A.
Muller has confirmed these results using P5 counterion at 20 �C in a tubular
reactor [70] (Scheme 31b).

Scheme 31

H. Muller has used the related bis(triphenylposphoranylidene)ammonium
ion (PNP) as a counterion for polymerization of MMA at 0 �C [71]
(Scheme 31c).

Hogen-Esch [72] used a tetraphenylphosphonium gegenion for anionic
polymerization of MMA. Low temperatures (�80 �C) were used
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(Scheme 31d), however, A. Muller has shown that �20 to 20 �C is adequate
[73].

Anionic polymerization of (meth)acrylates with hindered ester functions
can most likely be conducted at room temperature and above to remove the
heat of polymerization with low boiling solvents. Polymerization of the im-
portant methyl and ethyl (meth)acrylate members of the family, however,
are still plagued by chain termination at higher temperatures. The phospho-
rus based counterions have a stability advantage over tetraalkylammonium
counterions which undergo Hoffman elimination.

5.5
Controlled Free Radical Polymerization of Acrylic Monomers

The goal of producing low cost ($1–5/lb.) acrylic block, comb, star, and
telechelic polymers by GTP and anionic polymerization has not been met.
Free radical polymerization of acrylics and other vinyl monomers on the
other hand requires little purification of materials, works in water and other
protic solvents, and is low cost. Considerable efforts are presently under way
therefore to develop controlled free radical polymerization methods.

Early work by Otsu [74] and by Braun [75] showed some promise using
Me2NCS2 and triphenylmethyl radicals as reversible capping agents for free
radical chain ends. But the capping agents themselves initiated monomer
and were thus slowly depleted. The iniferter concept has been reviewed by
Otsu [76].

5.5.1
Nitroxide as a Reversible Cap for Free Radical Polymerization

The first workable capping agents for controlled radical polymerization were
discovered by Rizzardo et al. [77, 78] who used nitroxides. The nitroxide re-
acts reversibly with radical chain ends but itself does not initiate the mono-
mer. They called their new system Stable Free Radical Polymerization (SFRP).
Scheme 32a depicts an example of SFRP using TEMPO (2,2,6,6-tetramethyl-
1-piperidinyloxy). SFRP was developed independently by Georges at Xerox
for the synthesis of styrene block polymer as dispersing agents [79].

While SFRP has the advantage of being all organic (no metals or halogen
to cause corrosion problems), it is too slow for an ideal industrial process.
On average to get suitable conversions, polymerizations take about 24 h.
Camphor sulfonic or benzoic acids have been use as catalysts to increase the
rate of polymerization [79]. The system operates at 100–120 �C with good
control of polymer molecular weight. MWDs in the 1.1 range are obtained.
Block polymers are possible but excess monomer must be removed before
proceeding with the formation of the second block.

Hawker has done a combinatorial study to find the best nitroxide [80].
His work shows that nitroxide (Scheme 32b) is the best SFRP capping agent
available at this time. He proposes that it is better since it is not as stable as
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TEMPO. Thus it is depleted from the polymerization solution at about the
same rate that chain ends are being depleted by combination. Without this
depletion the nitroxide concentration builds up and lowers the polymeriza-
tion rate. A similar “unstable” nitroxide has been reported by Gnanou [81]
(Scheme 32c). Hawker has reviewed SFRP [82].

Scheme 32

5.5.2
Atom Transfer Polymerization (ATRP)

Matyjaszewski [83] and Sawamoto [84] have found that a-halo ester chain
ends can be used to generate radical ends reversibly by treatment with cop-
per complexes or RuCl2/MeAl(ODBP)2 (ODBP=ortho-di-tert-butylphenoxy)
(Scheme 33a,b). In his early work Sawamoto used carbon tetrachloride as
initiator and Matyjaszewski, a-halo esters. Percec [85, 86] discovered that
sulfonyl chlorides provided advantages over the other initiators and has
used these initiators extensively in his research (Scheme 33c). ATRP has
been fine-tuned by the three groups. The reader is directed to reviews by
Matyjaszewski [87] and by Sawamoto [88].

ATRP gives excellent control of polymer chain architecture. For industrial
use, however, two problems need to be overcome: residual halides and met-
als in the product would be a problem for electronic device uses. The rate of
polymerization may be too slow. This is because the chain end concentra-
tions must be low so that typical radical chain termination is kept to a mini-
mum. Chain termination is a second order reaction and will be minimized
by low concentrations of chain end radicals. The low rate of polymerization
may increase the cost of the process since the optimum time for a polymer-
ization run is about 6 h.

28 Owen W. Webster



Scheme 33

5.5.3
Reversible Addition Fragmentation Transfer (RAFT)

Rizzardo et al. [89, 90] has developed a method for the controlled polymer-
ization of acrylic monomers that involves the addition of a radical chain end
to other chain ends capped with dithioester functions. After addition the re-
sulting stabilized radical fragments back to the same radical that added or to
a new fragment. Either fragment can then add monomer. In essence, the
process is a reversible transfer of polymer chain ends. They named it Radi-
cal Addition Fragmentation Transfer (RAFT). At any one time all but a trace
of the end groups are dithioesters (Scheme 34). Although excellent molecu-
lar weight and MWDs are obtained the product is smelly and yellow colored.
Davis [91] claims the odors disappear on boiling in THF containing a little
peroxide.

Scheme 34
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5.5.4
1,1-Diphenylethylene as a Reversible Cap

In a process related to RAFT, BASF workers have shown that 1,1-
diphenylethylene will control the molecular weight of PMMA and polysty-
rene, and permit block polymer synthesis [92]. They propose that radical
chain ends add to the diphenylethylene to form a stable diphenylalkyl radi-
cal that does not add more monomer but can reverse to diphenylethylene
and the same radical chain end for addition of more monomer. The
diphenylalkyl radical cap has the additional possibility of forming a revers-
ible dimer (Scheme 35).

Scheme 35

Details of the new process are minimal but it looks promising for com-
mercial use.

5.5.5
Catalytic Chain Transfer (CCT)

Although it is not a living polymerization CCT has the ability to control the
molecular weight of PMMA and to end up with a vinyl end group. These
macromonomers are suitable for copolymerization with other monomers to
form comb polymers. The technique [93.94] uses a cobalt tetraphenylpor-
phrin or glyoxime to remove a hydrogen atom from the methyl group of rad-
ical chain ends and transfer it to monomer to start new chains
(Scheme 36a). CCT is presently being used commercially to manufacture
medium molecular weight PMMA.

Acrylates (which have no methyl group adjacent to the radical ends dur-
ing polymerization) are reversibly capped by cobalt tetraphenylporphrin re-
sulting in a living polymerization [95] (Scheme 36b).
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6
Conclusions

With respect to living polymerization of meth(acrylates), GTP is the only
technique being used commercially. Block polymer dispersing agents for
pigmented water based inks and for dispersing pigment in polymer resins
are the products. These hi-tech uses can afford the additional cost to run
GTP vs traditional polymerization procedures. For other uses lower cost
methods are still needed.

Classic anionic polymerization must be conducted at too low temperature
for commercial feasibility. Anionic polymerization of hindered acrylates and
methacrylates with stable large counterions works at temperatures close to
those required for condenser cooling. The anionic polymerization of lower
alkyl acrylates and methacrylates is still a problem.

SFRP takes too much time to complete the polymerization run and the
nitroxide end reagents are expensive and unstable.

The products from ATRP will most likely contain metallic and halide im-
purities. The sulfonyl halide initiators for ATRP have considerable advan-
tages over alkyl halides in cost and in operating with any monomer capable
of undergoing ATRP.

RAFT produces polymers that contain foul smelling by-products that
must be removed by a separate oxidation step.

In all the free radical procedures, to obtain complete monomer consump-
tion before the addition of the second monomer to make a pure second
block is a problem.

Reversible addition of �unpolymerizable� monomers for end capping
shows considerable promise.

Scheme 36
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Catalytic chain transfer is used to control the molecular weight of PMMA
commercially. The macromonomers produced by CCT show promise for
synthesis of comb polymers.
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Abstract Ozone constitutes a convenient reagent to modify natural or synthetic polymers
and to functionalize them with acid or hydroxyl groups. The synthesis of telechelic oligo-
mers or copolymers starting from ozone pre-activated polymers has been explored by nu-
merous authors. In a first part, the mechanisms of ozone attack onto polymers of different
structures such as polyolefins, polydienes and polyaromatic polymers are developed and
detailed. In a second part, the synthesis of well defined copolymers starting from ozonized
polymers is described. Thus, the copolymerization of different monomers starting from the
thermal decomposition of peroxides and hydroperoxides resulting from the ozonization of
polymers, leads to different kinds of block and graft copolymers or telechelic oligomers. In
a third part, the treatment of natural polymers is described since its permits to obtain new
properties. At least, the chemical modification of polymer surfaces can be achieved by treat-
ing them with ozone that confers interesting surface properties.
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1
Introduction

The chemical modification of polymers in order to obtain particular struc-
tures or to confer specific properties to materials remains a current funda-
mental topic of research. So, progress and development are extensive in this
area. Beside the great conventional chemical ways of synthesis leading to the
most widely used polymers and to engineering polymers, during the last few
years new kinds of chemical reactions based on the modification of conven-
tional polymers have emerged. Thus, new structures, that can be used as re-
agents in further macromolecules and materials syntheses were obtained.
This area has been widely investigated by specialists in polymer chemistry.
Ozone appears as a very interesting and cheap reagent.

It is interesting to note that ozone is the subject today of many discus-
sions in relation with environmental concerns. However, this gas remains an
important chemical reagent in industrial areas like the sterilization of water
or the bleaching of wood pulp [1].
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The composition of this gas is very complex as a result of the coexistence
of several chemical species. First, ozone is most often produced by cold plas-
ma based on the flow of air or pure oxygen through electrodes. Oxygen is
then decomposed in different species: negative ions: O�, O2

�, O3
�, O4

�, posi-
tive ions: O+, O2

+, O3
+, O4

+, neutral molecules: O, O2, O3 which behave as ex-
cited states [2]. The plasma of oxygen is called ozone (O3). This gas is rela-
tively stable up to 70 �C and can decompose in ionic species or other excited
species when increasing temperature, like O2

* being the first excited state of
oxygen. Ozone is a very dipolar molecule used for its oxidative properties.

Ozone, which is commonly written as O3 for simplification, is easily pro-
duced and does not need sophisticated apparatus that could be totally unac-
ceptable for normal use. Therefore, this gaseous mixture composed of differ-
ent entities is not stable, its destruction is relatively simple and does not re-
quire specific and expensive plants.

The first uses of ozone in chemistry were mainly restrained to analytical
ones like titration of double bonds [3, 4] by adding O3 onto unsaturations
followed by titration of non-reacted ozone by iodine in solution.

Later, the use of ozone has been extensively developed in the modification
of polymers or in the synthesis of new entities. We will try to summarize in
this chapter the main research using ozone in the field of chemistry of poly-
mers, in their processing, and also for their recycling at the end of their life.

2
Principles of Ozonolysis of Low Molecular Compounds

Ozone acts as a very powerful oxidation agent and is capable of cleaving
double bonds in a selective and fast way. Although this reagent can react
with different organic groups (amines, sulfur compounds, phosphites, multi-
ple and hetero multiple bonds, etc.), oxidation of olefins stays the most often
encountered reaction, even on an industrial scale.

Many studies relative to the obtaining of oxygen-containing products,
starting from a wide variety of unsaturated compounds, in different solvents,
have been mainly realized by Criegee and some other authors [5–12] and
the mechanism he proposed is outlined in Scheme 1.

This mechanism proceed via a peroxidic Zwitterion what is now largely
accepted by all the scientific community. Product 1, an ozone-olefin adduct
is a very unstable compound giving rapidly product 3, probably through in-
termediate 2. The Criegee intermediate 3 can lead to different structures
like:

– Ozonide 5 through reaction of Zwitterion species with aldehyde or ketone 4.
This reaction can also lead to polymeric peroxide.

– Dimer 6 or polymers favored when structure 4 is a ketone; This reaction
can also lead to polymeric ozonide.

– Hydroperoxide 7 through reaction of Zwitterion 3 with protic, nucleophilic
molecule like ROH, H2O, R-COO, NHR.
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It must be noted here that ketone or aldehyde, diperoxides and peroxide
oligomers are obtained in non participating solvents whereas alkoxy or alkyl
hydroperoxides result from ozonolysis conducted in participating solvents
[13].

In some cases, some abnormal products have been observed for example
in the ozonolysis of allylic compounds [14] such as CH3CH=CH-CH2OH
where formation of HCOOH is identified.

Generally, the ozonolysis reaction shows best yields for olefins with few
or small substituents. Several authors tried to define a general rule concern-
ing the stereochemistry of this reaction without any success. The cleavage of
double bonds with ozone differs greatly according to the electronic and ster-

Scheme 1
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ic effect and each case has to be considered separately. Nevertheless, cis dou-
ble bonds show higher reactivity than trans double bonds. These aspects of

the question have been studied in details by Criegee [9–11] and other au-
thors [15, 26] and are summed up in Bailey�s review [13, 27].

Scheme 2

Scheme 3

Scheme 4
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The reactivity of double bonds has been used in organic industrial chem-
istry and pharmaceutical applications. For example, glyoxylic acid is pro-
duced by ozonolysis of dimethyl maleate (Scheme 2).

Similarly, azelaic acid (1.9-nonanedioic acid) is synthesized from oleic
acid (9-octadecenoic acid) (Scheme 3) and heliatropine, which a widely used
fragrance, can be produced starting from isosafrol (Scheme 4).

Scheme 5

Scheme 6
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Likewise, haloethylenes have been reacted with ozone and Griesbaum has
shown that this type of olefinic compounds leads to esters in participating
solvents [28] (Scheme 5).

1,2-Dihaloethylenes have also been studied and some surprising products
were obtained, showing that in these cases, mechanisms are more complex
[29, 30] (Scheme 6).

The authors identified the epoxide CH3Cl-COC-CH3Cl that they attributed
to the addition of carbonyl oxide (1) to the olefin, which has not been clearly
demonstrated [31, 32]. The epoxide formation has also been observed in the
case of the ozonization of tetrachloroethylene [33–35] which yielded tri-
chloroacetyl chloride (CCl3-CO-Cl) and phosgene (Cl2C=O) (Scheme 7) and
in the case of a highly hindered olefin like compound (Scheme 8).

Finally, dienes such as 1,3-butadiene react easily with ozone in gas-phase
reaction which gives more complex mechanisms [36, 37] than in a liquid-
phase one. The proposed scheme is shown in Scheme 9.

Although the ozonization of double bonds has been most widely studied,
other compounds can react with O3 and a relationship taking into account
rates of reaction has been established [38] (Scheme 10).

Scheme 7

Scheme 8

Scheme 9
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Criegee [39] proposed a mechanism of the ozonization of acetylenic com-
pounds as shown in Scheme 11.

As it can be seen, the ozonization of alcyne gives complex mixtures of or-
ganic compounds and this type of reaction is not selective.

In the case of benzene and substituted benzene, attack of a first molecule
of ozone is slow but the resulting molecule reacts more rapidly since they
belong to the group of olefins. At the end of the reaction, the peroxidic com-
pounds are unstable and contain different products coming from more than
one mode of ozone attack [40–43] and competing reaction leading to perox-

Scheme 10

Scheme 11
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idized and non-peroxidized structures like polymeric compounds. Harries
and Wibaut [44–51] proposed the production of triozonides (Scheme 12)
whereas Bailey [52] suggested the scheme shown in Scheme 13.

Moreover, when ozonizations are performed in acids such as acetic acid
or formic acid [53, 54] acyloxyalkyl hydroperoxides are formed (Scheme 14.

Other simple compounds like alcohols, aldehydes, acids, ketones have
been oxidized using ozone.

Scheme 12

Scheme 13
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First, primary alcohols are transformed in their corresponding aldehydes
and acids with formation of hydrogen peroxide whereas secondary alcohols
give formaldehyde [55–58] (Scheme 15) where CH3OOH will give in a fur-
ther step methanol and formaldehyde.

Aldehydes are easily oxidized in their corresponding acid homologous
[59–65] but also with formation of peracids (Scheme 16).

Paillard [66] showed in his studies that acids like acetic acid are converted
in peracids and this reaction has been accelerated by the use of UV light
[67].

Scheme 14

Scheme 15
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In the case of ketones, the attack of O3 is observed but is very slow and
mainly occurs on the methylene group in alpha position of the carbonyl
group [68–72] (Schemes 17 and 18).

Scheme 16

Scheme 17
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At last, some workers focused their studies on organosilicon compounds
[73–82]. Schemes 19 and 20 summarize the action of ozone on silanes, tetra-

substituted silanes and onto Si-Si bond [83]. It has to be noted that the ease
of bond cleavage is Si-H>Si-OR>Si-OH>Si-R, and Si-Si>Si-R, and Si-Ar>Si-
R and also Si-C2H5>Si-CH3. So, ozonization of (C2H5)3SiCH3 leads exclusive-
ly to CH3(C2H5)2Si-O-Si(C2H5)2CH3 and that of (CH3)3SiC6H5 gives
(CH3)3SiOSi(CH3)3.

Scheme 18

Scheme 19
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3
Study of Reaction Mechanisms of Ozone Attack Onto Polymers

3.1
Reactions with Polyolefins

The action of ozone onto polymers leads to numerous chemical modification
[84] and has been studied by numerous authors, polyolefins being the most
often investigated polymers. Oueslati et al. [85, 86] focused their work on
polypropylene and showed that ozone leads rapidly to formation of oxy-
genated functions and that a chemical reaction occurred at the surface of the
polymer as well as in the depth of material. So, a gradient in composition is
observed. On the basis of Carlsson [87] and Razumovski�s researches [88],
Oueslati et al. demonstrated that the main functions appearing during treat-
ment are unsaturated compounds, ketones, aldehydes, acids, esters, hydroxyl
groups, peroxides and hydroperoxides, and finally, g-lactones. The main
mechanism is illustrated in Scheme 21.

This complicated scheme shows that the species R·, HO·, and HOO· are re-
sponsible for the further abstraction of hydrogen from polypropylene lead-
ing to alcohol functions by abstraction of hydrogen from a neighboring
chain of polymer, but also and mainly, to the b-scissions. Moreover, the rad-
icals obtained can react with oxygen giving hydroperoxides. On the other

Scheme 20
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hand, intramolecular rearrangement produces different species leading to
esters and ketones.

We have to mention that, in a minor proportion, the ozone attack can oc-
cur on a secondary carbon (Scheme 22).

Compounds (a) (Scheme 21) and (b) (Scheme 22) can generate alcohol
functions by usual combination of hydroxyl-radical and carbon-radical
(Scheme 23).

The formation of g-lactones can be explained by intramolecular rear-
rangements as shown in Scheme 24.

Scheme 21

48 Jean Jacques Robin



At last, unsaturated compounds come from either intramolecular water
elimination (Scheme 25) or normal rearrangements (Scheme 26).

In this case, the last unsaturated compound (c) is sensitive to different
radical attacks coming from all radicals existing in the medium
(Scheme 27).

The whole reaction scheme leads to numerous chain scissions, the major
mechanism being the b-scission as has been demonstrated by A. Michel et
al. [89]. These authors showed that the formation of carbonyl functions is
directly related to chain scissions and that peroxidic species are mainly hy-
droperoxides rather than peroxides inserted in the macromolecular chain.

Scheme 22

Scheme 23

Scheme 24
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The ozonization of polyethylene constitutes a case derived from ozoniza-
tion of polypropylene since this polymer presents branchings involving ter-
tiary carbons and also double bonds coming from the type of polymer syn-

thesis. Concerning the mechanisms occurring during the different steps of
ozonization, the schemes described for PP are valid for PE. Razumovski et
al. [88] must be mentioned here, as they were pioneers in the elucidation of
the peroxidation process of polymers and proposed the equation in the case
of PE shown in Scheme 28.

Scheme 26

Scheme 25
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PE/PP blends have also been studied in terms of stability to oxidation. Li-
vanova shown that oxidative degradation reaches a maximum when PP is in
an isotropic structure and minimum for an oriented one [90].

Scheme 28

Scheme 27
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3.2
Reactions with Polydienes

The reactivity of polymers containing unsaturations has also been extensive-
ly studied in terms of reactivity and structures [91, 92].

So Cataldo et al. [101] have focused their studies on polymers like 1-2
polybutadiene, 3-4 polyisoprene and poly(4-methyl-1,3 pentadiene). These
polymers are very sensitive to ozone, and their own tacticity seems to have a
very low influence on their reactivity. In a usual way, substituents make

Scheme 29

52 Jean Jacques Robin



them more sensitive to ozone attack. For polymers containing unsaturations
in their backbone, we observe a very rapid decrease in molecular weights,
that is not the case for polymers presenting lateral unsaturations as pure 1-
2-polybutadiene [102–104]. We observe at a very rapid decrease in molecu-
lar weights that can be correlated to the number of unsaturations in the
polymer backbone. According to the reaction schemes described above, the
products obtained in the experimental conditions applied by authors are
mainly carbonyl groups, particularly aldehydes, acids, but also ozonides
(Scheme 29).

The reactivity of unsaturations with ozone has been applied to produce
structures which allow subsequent degradation of materials by ozonolysis.
In this way, Peters et al. [105] prepared polyurethanes using novel unsaturat-
ed diisocyanates which can be degraded by oxidative cleavage of the double
bonds.

3.3
Reactions with Aromatic Polymers

The ozonization of polymers presenting aromatic structures has been sub-
jected to other studies, but in a less detailed way than polymers described in
the last section. We have to mention here the most famous results of S.D.
Razumovski and G.E. Zaikov [88] who proposed the reactions shown in
Schemes 17 and 18. Their work demonstrates that the second mechanism re-
mains the major and that, in the most often encountered cases, cycles are at-
tacked in a second step after ring substituents. Further, experimental condi-
tions (ozonization in solid phase or in dilute solution) leads to different
products and the appearance of cross-linking is specific to solid phase
ozonization.

3.3.1
Ozonide Formation

This is illustrated in Scheme 30.

3.3.2
Radical Formation

The subject of degradation of aromatic polymers, especially polystyrene re-
mains controversial. Zaiko et al. [106] published a review focused on this
theme (Scheme 31).

Radicals supported by macromolecular chains induce numerous cross-
linking, which has been proved by Saito [107] and Razumovskii [108], but
also favor the attack of aromatic rings as demonstrated by Kefely [109] and
Peeling [110] (Scheme 32).

Saito et al. [107] investigated ozonolysis of polystyrene in carbon tetra-
chloride. Their results indicated the formation of carboxylic acids and,
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above all, cross-linking. Although the tertiary carbon of PS is less sensitive
to O3 attack than that of polypropylene, it seems to be the favorite site con-
stituting the preliminary step of the overall reaction. In the next steps, the
cleavage of aromatic rings has been postulated by several authors who men-
tioned in addition to that, the formation of formic acid in products generat-
ed by the successive degradative reactions. Despite these different works, the
real mechanisms have not been yet clearly elucidated and the ozonization of
polystyrene seems to be difficult to overcome in terms of control of the ob-
tained structures. This subject is still widely studied in order to clarify the
mechanisms for which all authors do not agree [112].

3.4
Reactions with Halogenated Polymers

Among the well known polymers, the ozonolysis of PVC was subject to a
great number of studies, especially by A. Michel et al. [113–115]. These au-
thors showed that the sensitivity of this polymer depends closely at first on
the temperature, and also on the structure of the starting polymer, and thus,
on its way of synthesis. So, the presence of double bonds on the polymer
backbone constitutes a weak point which will constitute the starting step of
the degradation leading to a very quick decrease in molecular weights.

Hydrogen atoms in allylic position are favorite sites for hydroperoxida-
tion of chains. So, this mechanism proceeds in the formation of lateral hy-
droperoxides, and not like for other polymers, in intramolecular peroxides.
Rearrangement of chemical structures coming from ozonides are rapidly ob-
served (Scheme 33).

Scheme 30
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In a second step, hydroperoxides lead to intramolecular rearrangements
(Scheme 34).

Low molecular weight radicals lead to different oxidative products that
have not been clearly characterized by authors. One hypothesis could be that
reaction (b) occurs in a last step.

Scheme 31
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These different rearrangements lead to chain scissions with formation of
a-w dialdehyde oligomers presenting very low molecular weights which are
rapidly oxidized to their acid homologues and to by-products and hydro-

chloric acid. Structures like those shown in Scheme 35 will lead to hydrogen
transfer to polymer chains, thus giving a new dehydrochlorination produc-
ing further reactions as described above.

Studies performed by Michel et al. [113–115] showed that the peroxide
content is in the range 0.5–40�10�5 mol g�1 and the acidity content is be-
tween 0.5 and 60 mole of acid functions per initial PVC chain. This last value
is consistent with the observed decreases in molecular weights and evi-
denced by Landler and Lebel [116].

Scheme 32

Scheme 33

56 Jean Jacques Robin



Scheme 34

Scheme 35
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4
Synthesis of Well Defined Copolymer Structures Starting
from Ozonized Polymers: Block Copolymers, Graft Copolymers,
Telechelic Oligomers

4.1
Synthesis of a,w-Functional Oligomers and Block Copolymers

The synthesis of telechelic oligomers by oxidative cleavage has been exten-
sively studied by numerous authors and Cheradame [117] reviewed the main
reactions leading to telechelic polymers starting from high molecular poly-
mers. As he showed, ozonolysis remains one of the preferred method in ad-
dition to Ruthenium tetroxide oxidation to obtain a-w functional oligomers.

Rimmer [118] and Caffetera [119] focused their studies on the reactivity
of polymers bearing double bonds in order to synthesize macroinitiators
able to give block copolymers. These authors copolymerized monomers
such as methyl methacrylate (MMA) or styrene (St) with 2-3 dimethyl buta-
diene giving copolymers presenting the structure shown in Scheme 36 with

a molar ratio of 1.6–1.8% of unsaturated monomer. In a second step, the
ozonization at low temperature (�60 �C) of these copolymers lead to partic-
ular diperoxides (Scheme 37).

Above 60 �C this polymer decomposes, generating free radicals able to
initiate copolymerization with an second monomer. In this way, the authors
obtained copolymers with molecular weight of 5000 g mol�1.

Model studies applied to simple molecules permitted one to propose the
mechanism [119] shown in Scheme 38.

This scheme explaining the copolymerization observed has not yet been
explained in kinetic aspects. Indeed, if decomposition rate of diacetyl perox-
ide equals 10�5 s�1 at 60 �C [120], this value does not follow the classic evo-
lution of rate vs temperature (according to Arrhenius law). The authors sug-
gest induced decompositions of these peroxides by CH3

· radicals existing in
the medium, and also by macroradicals coming from growing chains during

Scheme 36

Scheme 37
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polymerization of the monomer. So a great polydispersity can be observed
for the obtained products.

Other works have been developed by Rimmer and Ebdon [121, 122] on
the subject of ozonolysis of polymers, and mainly, on unsaturated polymers.
These authors activated copolymers of butadiene and methyl methacrylate P
(MMA co But) by ozone, but also copolymers of butadiene and styrene P(St-
But). Concerning this last copolymer, polybutadiene segments are first at-
tacked by ozone, but the authors proved that aromatic rings are rapidly de-
graded, which should be avoided. They discovered that when ozonolysis is
conducted in solution in N,N0-dialkyl amides, like dimethyl acetamide, this
drawback can be avoided. Indeed, ozone reacts with substituted amides with
a rate which is intermediary between that of ozone onto double bond and
that of ozone onto aromatic rings. In fact, the excess of ozone in solution
which did not react with double bonds of polybutadiene segments, is de-
stroyed by reacting with N,N0-dimethyl acetamide. According to this meth-
od, these authors obtained, a,w-dihydroxyl oligopolystyrene and a,w-dialde-
hyde oligopolymethyl methacrylate [123] the end groups of which will later
be converted by chemical modification in acid groups or sulfonate groups
(sulfonation). Furthermore, polymer-supported oxidizing or reducing
agents were successfully used for the chemical modification of chain ends of
the ozonized polymers, mainly with the aim of improving yields and well
controlling the nature of end groups.

Other authors took advantage of the use of ozone in the object of block
copolymerization. Smets et al. ozonized polypropylene and studied the ob-
tained hydroperoxides/peroxides ratios [124, 125] vs ozonization time. They
show that hydroperoxide content is favored by long ozonization time (Ta-
ble 1).

After a treatment at 100 �C in oxygen atmosphere, intra- and inter-molec-
ular peroxides are formed. This phenomenon occurs to the detriment of hy-
droperoxides which content decreases to the benefit of peroxide content. So
it becomes conceivable to adjust the reactivity of polymer towards mono-
mer, knowing that peroxides and hydroperoxides do not present the same
decomposition rate. In this way, Smets et al. [125] experimented with the
copolymerization in emulsion of these activated polymers with (meth)acryl-
ic or styrenic monomers at low temperature (35 �C) using reducing agents
such as amines. During this stage, hydroperoxide functions behave as fa-
vorite sites for the initiation of monomer M. In a second stage, increasing

Scheme 38
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the temperature to 50 �C permits the decomposition of intra- or inter-molec-
ular peroxide functions, thus producing copolymerization of a second
monomer such as vinyl chloride (VC). We have to note here that the decom-
position of hydroperoxides in RO· and HO· gives homopolymers HO-(M)n

·

which can react in the second step with VC to give diblock segments and fi-
nally transfer to polymer (entity 1 as described in the scheme below). On
the contrary, peroxide decomposition does not produce homopolymeriza-
tion of monomers as above [125].

Based on this principle, different block and graft copolymers presenting
molecular weights between 400,000 and 1,000,000 g mol�1 have been pre-
pared, the proportion of the different blocks being adjusted by the initial
stoichiometry of monomers.

The authors demonstrated that polyvinyl chloride segments of these graft
and block copolymers are more stable than PVC homopolymers prepared
according to traditional ways. These last ways lead to disproportionation re-
actions giving unsaturations at the ends of polymers and these ends are re-
sponsible for the poor thermal stability of the polymers. In the present
method, termination occurring essentially by transfer reaction, no unsatura-
tions are observed and the authors showed an improvement in stability of
the PVC segments of about 20 �C (Scheme 39).

Other authors have been interested in the synthesis of multiblock copoly-
mers starting from ozonization of PVC which essentially leads to a-w acid
oligomers. Michel et al. [113, 115, 126] synthesized the compounds shown in
Scheme 40 using ozonization of PVC in solvents.

In all cases, authors showed that such copolymers are stable only if intra-
molecular peroxides resulting from ozonization have been preliminary ther-
mally decomposed before the above reactions. Their presence in the poly-
mer backbones leads, in a very short time, to dehydrochlorination reactions
and degradation of polymers. These works have been extended to other
polymers, such as chlorinated polyethylene, vinyl chloride-vinyl acetate
copolymers [127].

Numerous authors took advantage of the reactivity of double bonds to-
wards ozone to prepare a-w functional oligomers usable in the synthesis of
multiblock copolymers by copolycondensation, or in the synthesis of precur-
sors of surfactants or ionomer resins. Results in this field of investigation
are numerous, mainly in terms of industrial applications.

Table 1 Peroxide and hydroperoxide contents for ozonized PP at 22 �C [125]

Ozonization time [POOP] mol/g of PP�105 [POOH] mol/g of P�105 % POOH

1 h 0.30 0.25 45
2 h 0.75 0.90 55
3 h 0.85 1.35 61
4 h 0.85 1.85 69
5 h 1.15 5.05 76
6 h 1.6 5.95 79
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Firstly, Aharoni et al. [128] described a process of ozonization of poly-
mers or copolymers containing unsaturations in a mixture of two solvents.
One of them is inert to ozone and the other one is less reactive than polymer
double bonds but more reactive than the single C-C bonds of this polymer.
A typical solvent mixture is composed of toluene and 1,1,2,2,-tetra-
chloroethane, or xylene and decaline. This mixture permits one to control
the attack of polymer only onto unsaturations and not to produce unstable
sites in the polymer backbone (as peroxides or hydroperoxides coming from
single bond C-C attack) which could decompose in a second step producing
undesirable by-products. In this way, only unsaturations are reacted and

Scheme 39
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lead finally to a-w oligomers when starting from linear polymers. In the par-
ticular case of graft copolymers, mixtures of mono and multi functional
compounds are obtained. The good control of the nature of the obtained ex-
tremities (di acids) permits many applications such as:

– Synthesis of telechelic oligomers usable in the synthesis of multiblock
polyesters or polyamides with different segments presenting specific physi-
cal properties

– Synthesis of additives for epoxy resins
– Synthesis of macromonomers when converting acid extremities in unsatu-

rations of vinylic or acrylic type
– Synthesis of macrodiols after selective reduction of acid terminal groups in

hydroxyl groups
– Synthesis of ionomer resins after neutralization of acid groups by metallic

cations

Other authors have also been interested in this field of research and we
will sum up the main results.

The processes described in Table 2 present a peculiar interest in the work-
ing out of new materials as polyurethanes. These last polymers are very of-
ten based on macro diols coming from polyethers or polyesters, a-w func-
tional polyolefins being relatively uncommon. Hence, Rhein and Ingham
[139] prepared macrodiols by ozonization of polyisobutylene in CCl4 at

Scheme 40
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25 �C followed by reduction using a hydride like (CH3OCH2CH2)2AlNaH2.
The diols prepared according to this technique present an average molecular
weight of 2000 g mol�1, starting from a polymer of 82,000 g mol�1. After re-
action in bulk with tolylene diisocyanate, these diols give good binders for
solid propellants. The same reaction procedure has been applied to copoly-
mers of ethylene-propylene-butadiene and permitted to obtain diols with av-
erage molecular weights around 8000 g/mol usable in polyurethane formula-
tion [140, 141]. The macrodiols listed in Table 2 are obtained according to
different types of reduction but the final applications are mainly the polyur-
ethanes [142].

More recently, Weider et al. [143] prepared polycarbonates starting from
chlorinated rubbers. The diacids obtained after ozonization of these poly-
mers are reacted with phosgene and Bisphenol A to give a polycarbonate
used as additive in commercial polycarbonate or in blends of polycarbonate
with polyisobutylene.

The chemical modification of polymers with a view to confer them new
properties presents a great interest. In this area, the activation of natural or
synthetic polymers by ozone followed in a second step by grafting of mono-
mers or reactive molecules in radical medium constitutes a field of impor-
tant developments, mainly in terms of patents. We will give here the main
outlines.

4.2
Synthesis of Graft Copolymers. Modification of Polymers

Janssen et al. [144] focused their work on ozonization of polyvinyl lactam,
grafting with hydrophilic methacrylic monomers for applications in the field
of contact lenses and other products used in the medical domain. The most
studied polymer remains the poly-N-vinyl pyrrolidone which is ozonized ei-
ther in solid state or in aqueous solution. This activation step leads to three
hydroperoxides per chain but also to chain scissions. The resulting product
is formulated with different mixtures of methacrylic and dimethacrylic
monomers to graft them onto activated polymer by UV initiation. Using di-
methacrylic monomers lead to perfect cross-linked polymers presenting ex-
cellent resistance to solvents. Unfortunately, the mechanisms of action of
ozone onto polyvinyl lactams do not seem to have been studied in detail.

In a similar way, Iwasaki et al. [145] modified the surface of polyamide 6
films or fibers after ozonization. These authors grafted in a second step hy-
drophilic monomers such as acrylamide, and also vinyl acetate or methyl
methacrylate. Once more, oxidation mechanisms and preferential sites of at-
tack of ozone have not been clearly described in the literature.

The Idemitsu Kosan Co. Ltd developed an original process of grafting of
monomers (for example styrene) onto aromatic polyesters like poly bisphe-
nol A terephthalate. In this process, the time of treatment of the cited poly-
mer remains long what is due to its aromatic character well known to be
more resistant to ozone than aliphatic polymers [146]. It can be noted that
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the graft copolymers obtained according to this procedure present excellent
mechanical properties and good transparency.

The field of research of improving weatherability of polymers containing
organic dyes has been subjected to numerous studies. One of the solutions
proposed by Asahi Chemical Industry and Co. consists, in a first step, in the
ozone activation of polymers such as polyolefins, polyvinyl chloride, aro-
matic polyesters, and in a second step, in grafting of organic dyes presenting
unsaturations (acrylic, methacrylic, or vinylic). Such graftings prevent mi-
gration of dyes in the polymer and improve their stability and aging [147].

Only little work has been focused on the action of ozone onto non-hydro-
carbon polymers. This area of research has been investigated by Karandinos
et al. [148] who cross-linked polydimethylsiloxanes (PDMS) bearing silane
groups Si-H after ozonization. These workers studied the reaction shown in
Scheme 41.

Starting from this concept, the authors developed different types of cross-
linked elastomers starting from PDMS bearing Si-H bonds either located on
the polymer backbone or at the extremities. The PDMS have been cross-
linked using phenyl silane (Scheme 42).

The phenyl silane reacts with ozone to give a tri silanol ØSi(OH)3 which

condenses with PDMS bearing silanols groups coming from the action of
ozone onto PDMS including Si-H groups. The authors increased the cross-
linking rate of these elastomers when adding some agents such as
C6H5POCl2 or P2O5 which provide the total conversion of the last Si-OH
groups [149]. Materials obtained according to this procedure present out-
standing thermal resistance while keeping low Tg.

In terms of industrial developments, the reactivity of PDMS with ozone
has been turned to account for the elaboration of contact lenses or other
similar products used in medical field. The main difficulty in this applica-
tion is the biocompatibility of polymers with the human body. This lack of
synthetic polymers has been overcome by grafting hydrophilic monomers
on the surface of polymers, grafting in the depth having to be absolutely
avoided. Hence, Bertrand et al. [150] grafted N-vinyl pyrrolidone onto ozo-
nized polydimethylsiloxane. This monomer being incompatible with the
polymer, its penetration in the depth of the polymer remains very low and
grafting is mainly observed at the surface of the material. Moreover, in order
to avoid the formation of homopolymers coming from the initiation of radi-
cals OH· resulting from the decomposition of hydroperoxides, the authors

Scheme 41
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worked in basic aqueous medium containing additives such as ferrous am-
monium sulfate. This system is a well known composition used to limit the
formation of homopolymer by a Redox mechanism converting ferrous ions
in ferric ones (Scheme 43).

The effect of this composition has been subsequently improved to regen-
erate the oxidized metal in its reduced form by formation of a complex with
squaric acid [151, 152] (Scheme 44).

Scheme 43

Scheme 42
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This last compound also prevent the penetration of metal salts in the
depth of the polymer. Otherwise, other authors such as Janssen et al. [153,
154] investigated the chemical modification of polydimethylsiloxane to pre-
pare materials used in the medical field. Hence, they modified the wettability
of PDMS by a treatment of surfaces with ozone followed by UV decomposi-

tion of the formed hydroperoxides in the presence of transfer agents such as
alcohol or mercaptans.

The authors demonstrated also the conversion of peroxides into OH func-
tions which greatly improve the wettability of materials. It is interesting to
note that the activation of the polymer by ozone is operated in fluorinated
solvents (Freon 113) in which the polymer is not soluble but ozone is very
soluble.

The same authors developed a process of encapsulation of polymers
swelled by halogenated solvents in which ozone is greatly soluble but not
monomers to be grafted. After ozonization of polymers swelled in solvents,
mixtures of mono unsaturated or di unsaturated monomers are added to the
activated polymers. Then, grafting is operated by UV irradiation. Grafting is
mainly located at the surface of the starting polymer what prevents the mod-
ification of its intrinsic properties. This process permits to produce hy-
drophilic polysiloxanes used in medical applications (contact lenses, tubes,
catheters, etc.).

An important part of the works focused on the synthesis of graft copoly-
mers starting from ozone activated polymers is devoted to polyolefins and
chlorinated polymers. These graft copolymers have been applied in different
areas such as compatibilizers for polymer blends, hot melt adhesives, ion-
exchange membranes. In all the described processes, the same general pro-
cedure consists in the ozonization of a polymer backbone in solid state, in
solution or in suspension and in a second step, in the grafting of one or sev-
eral monomers. This last step can be achieved in the molten state or in solu-
tion. The following table gives examples of different graft copolymers pre-
pared according to this conventional procedure (Table 3).

The activation of polyolefins has been extensively studied by numerous
authors as Boutevin and Robin. As mentioned in Table 3, Robin [174] devel-

Scheme 44
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oped original work using the principle of the living radical polymerization
to ozonized polymers. Hence, starting from activated polyethylene, they
grafted monomers such as styrene in the presence of nitroxyl radicals, these
last compounds permitting a real control of the copolymerization kinetics
and of the chain length. Consequently, the grafting rates are superior to
those obtained with conventional experimental conditions and the living
character has been demonstrated. So, copolymers obtained after copolymer-
ization and further purifications are able to initiate a new polymerization
when a monomer is added to the copolymer and heated. This ability to start
the polymerization again when a supplementary quantity of monomer is

Table 3 Summary of studies devoted to graft copolymers from ozonized polyolefins or chlo-
rinated polymers

Polymer Experi-
mental
ozoniza-
tion condi-
tions

Grafted
monomer

Experi-
mental
grafting
conditions

Application Ref.

EVA
crosslinking

Suspension Styrene Solution Emulsifier [155]

EVA
crosslinking

Suspension AA Solution Adhesive [156]

PVC Solid state Styrene Solution Emulsifier [157]
PE Solid state Styrene Bulk Emulsifier [158–160]
PE Solid state Methyl acrylate Bulk Emulsifier [161, 162]
PE Solid state AA Bulk Adhesive [163, 164]

MAGLY
VAC
HEA

PVDF Solid state AA Bulk Emulsifier [165, 166]
or MAGLY
or MMA

PE Solid state AA
or MADAME

Bulk or sus-
pension

Ion exchange
membrane

[167]

PE Solid state Vinyl chloride Suspension [168]
PE Solid state Fluorinated

monomers
Suspension [169]

PE or PP Suspension Acrylamide
or AA

Suspension [170, 171]

E.P.D.M. Solution Methyl
methacrylate

Solution Transparent
elastic sheet

[172]

E.P. Suspension Styrene Suspension Improving
of wettability

[173]

AA: acrylic acid
HEA: hydroxy ethyl acrylate
MAGLY: glycidyl methacrylate
MADAME: dimethyl amino ethyl methacrylate
HEMA: hydroxy ethyl methacrylate
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added proof of the living character of this type of copolymerization
(Scheme 45).

Some authors took advantage of the reactivity of polymers with ozone to
recycle some peculiar plastic wastes coming from different origins. In this
way, Farg�re [155, 156] succeeded in degradation of cross-linked ethylene-vi-
nyl acetate copolymers used in the production of sport shoes. This operation
was achieved on grinded industrial wastes in suspension in CCl4. In a second

step, they grafted on the activated copolymers different monomers such as
styrene or acrylic acid. The resulting products can be used in aqueous emul-
sion usable in the field of adhesives or coatings. So, ozone constitutes an
original way to degrade this type of cross-linked polymers and to graft them
with monomers that confer new properties to them.

In the same manner, Platz [175] investigated the use of ozone to depoly-
merize different vulcanizated rubbers (wastes coming from tires for exam-
ple). The first step consists in the grinding of tires which are ozonized. In a
second step, these granulates are heated under reduced pressure with cata-
lysts like MgCl2 or AlCl3 to produce a mixture of monomers. This depoly-
merization reaction is conducted at temperatures lower than that applied
during conventional pyrolysis. The use of a catalyst and of moderated tem-
peratures permits to obtain products which compositions are less complex
than those obtained with more drastic conditions. This process can also be
applied to cross-linked polyethylene or to polyurethane foams to convert
them in a-w macrodiols. This type of treatment can be realized in solvent
such as acetone but in this case, the resulting products are more complex
since solvent is sensitive to ozone and can be degraded. However, solvent is
necessary to make soluble macrodiols as soon as they are produced in the
medium [176].

Boutevin et al. [177–180] treated different types of wastes of polyolefins
(more often low density polyethylene) with a mixture air/ozone. They fo-
cused their studies on the quantification of the formed oxygenated species
based on colorimetric titration using stable radicals such as diphenylpicryl-
hydrazyl. They investigated the influence of mineral compounds (iron oxide,
for example) used as catalysts for oxidative reactions. The ozonized poly-
mers have been used as binders for composites materials containing mineral
materials (sand, stones, etc.).

At last, we must mention studies developed by Robin [181–183] who
added ozonized polyolefins to bituminous materials to obtain new binders

Scheme 45
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for road construction. They demonstrated that peroxides synthesized during
the ozonization step decompose and react with specific compounds con-
tained in bitumen. It follows that it can be observed a very sharp improve-
ment in mechanical properties of binders and also of mechanical behavior
and aging of composite materials used in road construction.

5
Modification of Natural Polymers Using Ozone

The reactivity of compounds like natural oils has been extensively studied
with the aim to produce surfactants or resins [184, 185]. The modification of
natural compounds, such as natural polymers, by synthetic monomers to
confer them new properties has been extensively studied by researchers and
presents a great interest. Indeed, natural polymers constitute a renewable re-
source providing interesting specific properties but affording some lacks,
notably in terms of mechanical properties. Hence, researchers tried, either
to mix them with synthetic polymers or to modify them by copolymeriza-
tion. Ozone constitutes a interesting reactant to activate natural compounds
like cellulose in order to graft monomers in a second step. However,
ozonization of natural polymers remains a very complex chemical reaction
and researchers tried recently to elucidate mechanisms using model com-
pounds like methyl pyranosides [186]. We will try to show now the main re-
sults in this field when using ozone as activator of polymers.

The main grafting described in the literature and experimental conditions
applied can be summarized in Table 4.

In all cases, the authors propose technical solutions permitting one to
reach non-negligible grafting rates knowing that the majority of natural
starting compounds contain substances such as phenols inhibiting all poly-
merization of monomers when using conventional methods. So, ozonization

Table 4 Summary of studies focused on the chemical modification of natural polymers us-
ing ozone as activator

Material
support

Grafted monomers Comments Ref.

Cotton Methyl methacrylate [187]
Cellulose Acrylamide Application in paper making industry.

Improvement of fire resistance
[188,
189]

Ligno
sulfonates

Styrene, acrylonitrile Grafting of styrene in methanolic solution [190,
191]

Gelatine Styrene [192]
Cellulose (Meth)acrylic

monomers
Great improvement in mechanical
properties and lowering of hygroscopy

[193]

Collagene Methyl methacrylate [194]
Lignin Styrene [195]
Lignin Styrene Ozonization avoids inhibiting effect

of lignin on styrene polymerization
[196]
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of these natural polymers constitutes an original and interesting way for
modification of natural polymers. Moreover, ozonization in methanolic me-
dium or in dimethyl acetamide leads to a sharp increase in grafting rate,
what can be explained by the swelling of substrates in solvents.

Yoshida et al. [197] developed thermostable materials based on ozonized
lignin. Hence, the authors ozonized lignin to prepare muconic acid or its
hemi-ester, as shown in Scheme 46.

In a second step, a Diels-Alder reaction leads to a maleimide compound
(Scheme 47).

Afterwards, the authors prepared also polyamides according to the reac-
tion shown in Scheme 48.

Scheme 46

Scheme 47

Scheme 48
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All these syntheses produce interesting products in terms of thermal sta-
bility. It must be noted that this muconic acid has been used by the same
authors [198] to participate to the hardening of epoxy resins where it is sol-
uble above 120 �C. These resins are mainly used as adhesives for wood.

The treatment of lignin by ozone, and so its functionalization by acid
groups provided them outlets, knowing that lignin constitutes a voluminous
by-product resulting from wood delignification in the paper industry [199–
202].

6
Modification and Treatment of Surfaces by Ozone

The low surface tension of the majority of polymers makes them difficult to
paint, to assembly with adhesives, or to print with inks. Table 5 gathers sur-
face tension values of usual commodity plastics [203].

The modification of the chemical composition of polymer surfaces, and
thus their wettability with chemical substances, can be realized in different
ways: electric discharges more commonly called Corona effect, oxidation by
a flame, plasma treatment, UV irradiation and also UV irradiation under
ozone atmosphere. Numerous studies have been devoted to the effects of
these different treatments. More recently, Strobel et al. [204] compared the
effects of these treatments on polypropylene and polyethylene terephthalate
using analytical methods such as E.S.C.A., F.T.I.R., and contact angle mea-
surements. They demonstrated that a flame oxidizes polymers only superfi-
cially (2–3 nm) whereas treatment realized by plasma effect or Corona effect
permits one to work deeply in the polymer (10 nm). The combination of UV
irradiation with ozone flux modifies the chemical composition of the poly-
mers to a depth much greater than 10 nm, introducing oxygenated functions
into the core of the polymer.

Kulik et al. [205] focused their studies on the identification of chemical
species formed during the treatment of polyolefins such as polyethylene or
polypropylene by gaseous ozone or ozone in aqueous medium. Experimental
conditions have a great influence on the nature of the obtained species. For
example, peroxidic functions, carboxylic acids, and ketones have been iden-
tified, aldehydes being absent of the surface of the materials. It must be not-
ed here the instability of the peroxidic species formed during the treatment

Table 5 Surface tensions of usual polymers

Polymers Surface tensions (in mN/m)

Nylon 6–6 46
PET 43
PCTFE 31
PE 31
PTFE 18.5
PHFP 16.2
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and their slow degradation in carbonyl groups (ketones, acids). In a same
manner, Yu and Song [206] studied the same polymers and demonstrated
that the surface oxidation of polyolefins comes from a preferential attack of
the tertiary carbon, mainly in the amorphous zones of the material, the acid
functions being the major functions at the end of the ozone treatment.

These studies devoted to the reactivity of polymers in relation to their
structure have been used by industrials and many patents claimed the use of
ozone to improve the welding of polymers or the paintability of polymer
surfaces. Mitsubishi Petrochemical Co. [207] developed a process to obtain
low density polyethylene based on multilayers where adhesiveness of the dif-
ferent layers is favored by an ozone treatment. Moreover, the process can be
improved when using a combination of ozone with reactants such as ammo-
nia, hydrazine which improve in a better way the surface modifications.
Thus, the immersion of activated polyolefins in aqueous solution of ammo-
nia confers to surfaces a better hydrophilicity but also permits a very good
adhesion of epoxy resins or all other coating [208]. The same company in-
vented a process to oxidize polyolefins with ozone immediately after extru-
sion and calandring what greatly improves the laminating on other sub-
strates [209]. In another way, Ko et al. [210] described the preparation of
surface-modified polymer culture dishes using ion beam irradiation to acti-
vate polymer surfaces followed by reaction with ozone to produce hy-
drophilic functions.

Other industries developed in the same manner the use of ozone for the
treatment of surfaces. Hoechst AG claimed a process of ozonization of
poly(ethylene-co-5-vinyl-2 norbornene) to give polymers usable as protec-
tive coatings for metals or plastic materials [211].

7
Conclusion

The aim of this chapter was to show that ozone constitutes a good reagent
since the majority of polymers are sensitive to its attack. Polymers like poly-
olefins react in giving functions such as acid or hydroxyl groups, and also
ketones and lactones. Polymers containing unsaturations are the most sensi-
tive and their treatment leads rapidly to ozonides of low stability and involve
a rapid decrease in molecular weights of polymers, producing a-w oligo-
mers. Some authors modified other kinds of polymers like halogenated poly-
mers or polysiloxanes which present a significant reactivity to ozone.

Most authors use ozone with the target to obtain different types of well
defined structures starting from natural or synthetic polymers. Most of
them ozonize polydienes or polymers containing some unsaturations along
the chain, producing chain scissions with chain end reactive groups. The lat-
ter permit copolymerization of different monomers and the production of
block copolymers. Graft copolymers are most often produced by ozonization
of saturated polymers or natural polymer and grafting of monomers after
decomposition of the formed peroxides and hydroperoxides. Some authors
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succeeded in a good control of the chain length and kinetic polymerization
with the use of nitroxyl radicals.

Another field of research concerns the modification of polymer surfaces
or natural polymers bearing some lacks in properties like dyeing, hy-
drophilicity, etc. The treatment of such materials by ozone permits to confer
them better performance.

Ozone being unstable in temperature, its elimination after reaction can be
easily achieved by heating, producing oxygen. Furthermore, taking into ac-
count the straightforwardness of its use since polymers can be activated in
the solid state, without solvent or purifications, many applications have been
developed starting from this reagent.
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Abstract This review highlights the recent progress of macromolecules consisted of elec-
tron-donating dithiafulvene units. p-Conjugated polymers with the dithiafulvene deriva-
tives, including main-chain and side-chain systems, have been studied with the aim of im-
proving processability of the charge-transfer (CT) complexes and increasing dimensionality
of conduction state in the solid state. Such dithiafulvene structures have been applied not
only for components of molecular conductor but also p-rich redox active building blocks.
Dendritic macromolecules comprised with tetrathiafulvalene (TTF) moiety have accom-
plished controlled and reversible multi-redox systems. Investigations of interlocked dithia-
fulvene superstructures toward intelligent molecular devices have been attractive subjects
for many scientists. Instead of such dithiafulvene moieties, thioketene dimers have been
emerged as promising donor molecules recently, and also utilized for an electroactive poly-
mer and an interesting intramolecular CT system.
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1
Introduction

A dithiafulvene (1) can form a 1,3-dithiolium cation by an easy one-electron
oxidation, as a result of its electron-donating property. The 1,3-dithiolium
ion is an unsaturated five-membered-ring cation in which each sulfur atom
contributes a pair of 3p electrons and, consequently, would be expected to
show aromatic stability [1, 2]. The chemistry of the dithiafulvene and its



derivatives has been a subject of intense interest for the last several decades.
Many dithiafulvene derivatives are now well-established as building blocks
in the widespread fields of materials chemistry [3–5]. The prominent fea-
tures of the dithiafulvene are as follows:

1. Dithiafulvene derivatives behave as p-electron donors and form stable
charge-transfer complexes and radical ion salts with a wide variety of or-
ganic and inorganic acceptor species.

2. Oxidative dimerizations of the dithiafulvenes by both cyclic voltammetry
(CV) and chemical method afford dimeric dications (Scheme 1) [6–11].

3. The oxidation potentials can be finely tuned by the attachment of sub-
stituents. Delocalized p-electron systems of the dithiafulvenes show low ox-
idation potentials; however, non-conjugated dithiafulvenes are typically oxi-
dized at between Eox+0.9 and +1.4 V. Electron-sufficient and deficient sub-
stituents on the dithiafulvenes also affect the potentials.

4. Dithiafulvenes undergo attack by electrophiles at the exocyclic carbon to
give 6-substituted derivatives (Scheme 1).

In the chemistry of the dithiafulvenes, especially the focus has been cen-
tered on derivatives of tetrathiafulvalene (TTF) (2) [13, 14] containing two
1,3-dithiole rings in conjugation, since the discoveries of a high electrical
conductivity in a chloride salt of TTF [15] and metallic behavior in the
charge-transfer (CT) complex with 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ) [16, 17]. These crystalline materials are composed of stable segre-
gated stacks of the p-donors and counter-anions. Charge-delocalizations
throughout the column structures induce short interplanar distances, giving
rise to efficient interactions between neighboring p-molecular orbitals, con-

Scheme 1
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sequently, a high anisotropic conductivity along the direction of stacking
through intermolecular intra-stack migration of aromaticity [18].

Despite the inherent electronic advantages of the dithiafulvenes, the do-
nors have two serious problems. The first one is that their CT complexes and
radical cation salts tend to be brittle and unprocessable. This can be im-
proved by the incorporation of the dithiafulvenes into polymeric backbones
that are well known for their good processability and film-forming property.
Several attempts to incorporate the donor units into main-chain or side-
chain of polymers have been achieved to prepare formations of good pro-
cessable CT complexes [19–25]. The second one is that some dithiafulvene-
based conductors, especially TTF, behave as quasi-one-dimensional metals
because of their highly-ordered stacks. Such low-dimensional conductors
have been predicted by Peierls to undergo a lattice distortion at low temper-
atures resulting in a metal-insulator transition [26, 27]. To overcome this is-
sue, modifications of the dithiafulvenes to produce new conductors of high-
er dimensionality have been intensively studied [28–30]. Conjugation-ex-
tended donor molecules containing an extended p-framework between the
dithiafulvene moieties are expected as promising electron donors for the or-
ganic metals, since the extended conjugation decreases the intramolecular
Coulomb repulsive energy between the donor units and hence increases the
stability of the oxidation states to enhance intramolecular and interstack in-
teractions (increased dimensionality) [31–33]. An increase of the sulfur con-
tent in the structure is also effective to achieve the high dimension.
Bisethylenedithiotetrathiafulvalene (BEDT-TTF, 3) [34] contains extra
chalcogen atoms, which can participate in interstack as well as intrastack in-
teraction. The peripheral ethylene units of 3 are flexible allowing the mole-
cule to adopt a variety of different conformations. Most BEDT-TTF CT salts
are found to be quasi-two-dimensional compounds and some partially oxi-
dized salts have shown ambient-pressure superconductivities up to ca. 12 K
[35–37].

A hybrid system between the dithiafulvene derivatives and p-conjugated
polymers is interesting. Many kinds of the p-conjugated polymers have been
synthesized and studied extensively for a past few decades owing to their
linear p-electron delocalization systems extending over a large number of re-
current units [38–41]. The dithiafulvene derivatives and the p-conjugated
polymers are representative examples of the main two classes of the organic
metals. Although these two classes of the materials differ in many respects,
the association of some of their structural characters and properties may
contribute to mutual fertilization by development of new materials of both
fundamental and technological interest. The conjugated polymers are basi-
cally low dimensional conductors, similarly to the TTF CT salts. An incorpo-
ration of the donor units into the conjugated polymers would increase the
dimensionality of the conduction process in the CT state, due to improved
electron mobility along the polymer backbone via p-conjugation, as well as
along the stacking direction via p-orbital overlap [28–30]. Furthermore, the
donor polymer constitutes a highly polarizable species due to the large
number of sulfur atoms in the structure. Therefore, inter- and intramolecu-
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lar Coulombic repulsions between the charged species would be suppressed,
resulting in enhanced stacking CT formations. The processability of the re-
sulting polymer CT salts, needless to say, are better than single CT salts.

The dithiafulvene derivatives have been utilized not only for components
of the molecular conductor but also p-rich redox active building blocks [5,
42]. The reversible redox and intermolecular CT properties of the donors
are attracting attention in the context of molecular/supramolecular systems
which are prototype nanoscale devices. Interlocked and intertwined mole-
cules (e.g., catenanes and rotaxanens) based on the dithiafulvene units could
act as chemically- and electrochemically-switches at the molecular level [43–
47]. Dithiafulvene derivatives have been also used with a great success as
materials with marked nonlinear optical properties [48, 49]. Another inter-
esting application implicates crown-annelated TTFs [50–56], in which the
crown ether moiety is located at the dithiole rings, as complexing agents for
the recognition of metal ions and for the synthesis of electroactive donor-ac-
ceptor diads [57–63]. Development in synthetic dithiafulvene chemistry dur-
ing the past decade has allowed the preparation of a number of such elabo-
rate molecular systems.

In this review, the recent progresses of functional macromolecules com-
prised with the dithiafulvene moiety, e.g., dithiafulvene/p-conjugated poly-
mer hybrid systems, dendritic dithiafulvenes, polyrotaxane structures, and
intramolecular CTs are highlighted.

1.1
Conjugated Dithiafulvenes in Polymer Main-Chain System

Since the first polymer containing the TTF moiety was prepared via a poly-
coupling process [19], a lot of attempts to incorporate such donor molecules
into a polymeric framework have been carried out. Although some of them
showed semiconducting properties upon doping, they were generally disor-
dered or poorly characterizable materials. Progress in synthetic chemistry of
the dithiafulvene derivatives during the past decade has allowed the prepara-
tion of new conjugated polymeric donor systems, in particular, the donor
units incorporated in the conjugated main-chain systems.

Fully conjugated ribbon structure polymers with TTF unit (4, 5) were pre-
pared by M�llen and coworkers [64, 65]. Although 5 showed poor solubility
owing to its rigid structure, 4 was soluble in common organic solvents such
as dichloromethane and THF. Different approach via processable precursor
polymers gave 4 and 5 effectively. For polymer 4, the highest conductivity
(0.55 S/cm) was measured with an iodine content (I3

�) of 60%. For 5, the
maximum conductivity of 1.5�10�2 S/cm was detected at 55% iodine con-
tent.
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Yamamoto et al. reported the Ni- and Pd-promoted polycondensations
and copolymerizations giving p-conjugated TTF polymers (6–9) [66].
Among the polymers, the poly(aryleneethynylene) type polymers 8 and 9
had effectively expanded p-conjugation systems due to C�C spacer groups
and they were active for both chemical and electrochemical oxidation, even
though they contained electron-withdrawing C�C group. Electrical conduc-
tivities of 8 and 9 after oxidation with iodine were 4.7�10�3 and 2.7�10�4 S/
cm, respectively. Suzuki coupling reaction between dibrominated TTF
derivatives and diboronic acid derivatives afforded conjugated TTF main
chain polymers (10) [67]. The polymer 10 showed very high solubility owing
to the introduction of the alkoxy chains. The color of the films of 10 changed
reversibly from yellow to red purple depending on the applied potential in
CV. The conductivities of 10 in non-doped state were below 10�10 S/cm. After
doped with iodine, 10a and 10b showed electrical conductivities of 3.8�10�7

and 4.9�10�7 S/cm, respectively. The relatively low conductivities of 10,
compared with those of other TTF polymers, may result from amorphous
structures of 10.

The oxidation of di(benzylidene)tetrathiapentalenes in CV resulted in the
stepwise formation of linearly extended TTF polymers (11) (Scheme 2) [68,
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69]. The polymerizations involved as a first step the formation of the mono-
mer radical cations which underwent rapidly radical dimerization reactions
to produce dicationic protonated TTF derivatives. The dicationic intermedi-
ates deprotonated slowly to stable vinylogous TTF polymers. This new syn-

thetic strategy would offer promising approach to prepare various kinds of
TTF polymers. Although the reaction mechanism was investigated in detail,
this report did not describe hopeful physical and electrical properties of 11.

A series of p-conjugated poly(dithiafulvene)s (12) have been prepared by
cycloaddition polymerization of aldothioketenes and their alkynethiol tau-
tomers, which were derived from aromatic diynes (Scheme 3) [70–73]. Effi-
cient expansions of p-conjugation systems in the polymers were evident

from their UV-vis absorption spectra (Table 1). The polymer 12c with dode-
cyl substituent on phenyl moiety exhibited the most extended p-conjugation
system [74], owing to increased coplanarity of adjacent units induced by the
long alkyl-chain. Absorptions of heteroaromatic polymers (12d, 12e) were
located at longer wavelengths than those of aromatic polymers (12a, 12b),

Scheme 2

Scheme 3
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indicating effective p-conjugation through the heteroaromatic moieties [73].
The CV analyses of 12 showed oxidation peaks for the dithiafulvene unit
from 0.6 to 1.4 V. The fairly high oxidation potential of 12e was caused by an
interaction between the electron-sufficient dithiafulvene and the electron-de-
ficient pyridine units [73]. The polymer 12 formed CT complexes with
TCNQ (Scheme 4), which were soluble in common organic solvents and

formed processable films [72]. The stoichiometries of the CT complexes
were the dithiafulvene repeating unit/TCNQ=1/1. Electrical conductivities of
12 were improved after formation of the CT complexes (Table 1). For exam-
ple, the CT complex of 12a showed conductivity, which was three orders of
magnitude greater than that of the uncomplexed polymer. Unexpectedly, the
conductivity of 12e in non-doped state was significantly high [73]. This ob-
servation was explained by intramolecular CT effect between the dithiaful-
vene and the pyridine moieties. An oxidation of 12a with iodine raised the
electrical conductivity of 1�10�3 S/cm [71].

Stable colloidal forms of nanocomposites protected with the polymer 12a
have been recently synthesized (Scheme 5) [75]. Gold colloidal particles were
formed with narrow size distribution (average size 6 nm) via reduction of
HAuCl4 by 12a due to its electron donating property. The oxidized polymer
then protected and stabilized the gold nanoparticles which were stable in

Table 1 Various properties of poly(dithiafulvene)s 12

UV-vis absorption lmax

(nm)
Oxidation peak Eox

(V)d
Conductivity (S/cm)

Non-dope TCNQ complex

12a 398a 0.61 3�10�7 2�10�4

12b 379a 0.75 - -
12c 451b 0.74 <10�7 4�10�6

12d 421a 0.78 1�10�6 1�10�4

12e 416 (sh)a,c 1.38 2�10�4 3�10�4

a Measured in CH3CN
b Measured in CHCl3
c Shoulder peak
d Measured in CH3CN solution of 0.1 mol/l [NEt4]BF4 at 300 mV/s

Scheme 4
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DMSO without precipitation for more than one month under air. This con-
venient preparation of the nanoparticle gave new methodology for interest-
ing hybrid systems consisting of inorganic nanoparticles with p-conjugated
polymers.

Poly(dithiafulvene)s toward intelligent functional materials have been
synthesized [76–78]. An alternating p-conjugated copolymer (13) of fer-
rocene with dithiafulvene showed a unique redox property [76]. Although 13

Scheme 5

Fig. 1 Cyclic voltammograms of 13, measured in CH2Cl2 solution of 0.2 mol/l tetrabuty-
lammonium hexafluorophosphate at 300 mV/s
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had two kinds of redox active sites in the main chain, the cyclic voltammo-
gram showed only single-broad oxidation peak at 0.58 V involving 1.21 elec-
tron transfer (Fig. 1), resulting from an effective interaction between two dif-
ferent donors in 13. Usually, the oxidation of the dithiafulvenes leads to the
formation of the dimers during CV scans (Scheme 1). It should be noted that
such a dimerization of 13 was not observed during the CV. On repeated cy-
cling, there was no marked change in the trace and no evidence was ob-
tained for the dimer formations due to the high stability of 13 in an oxida-
tive state. This combined redox system of 13 would offer new applications of
molecular materials with interesting properties such as unique conducting,
magnetic and non-linear-optical (NLO) effects. A poly(dithiafulvene) having
2,20-bipyridyl unit (14) gave a formation of ruthenium complex [77]. Cyclic
voltammogram of the complex showed redox peaks, which were characteris-
tic of the dithiafulvene unit and the tris(bipyridyl) ruthenium complex. Al-
ternating donor-acceptor p-conjugated copolymers of the dithiafulvene with
cyclodiborazane (15) were prepared by hydroboration polymerization [78].
The polymer 15a showed absorption maximum and fluorescence emissions
in chloroform at 415 and 531 nm, respectively. The poly(dithiafulvene) 12a
did not show the emission. The relatively large Stokes shift of 15a system
was explained by effective energy transfer from the dithiafulvene unit to the
cyclodiborazane unit in the polymer. All the polymers 13–15 formed soluble
CT complexes with TCNQ.

A new s-p conjugation system through saturated polymethylene chains
has been established very recently [79]. Initial UV-vis absorption study of
polyviologens and ab initio calculations suggested a possibility of conjuga-
tive effects through saturated polymethylene chains by combination with
pyridinium moiety in polymeric frameworks. The polymers 16a–e with an
electron acceptor-donor-acceptor (pyridinium-dithiafulvene-pyridinium)
moiety in the p-unit showed the absorptions which were located at signifi-
cantly longer wavelengths than that of the model compound (16f) and shift-
ed gradually to lower energy side as the methylene spacer decreased (Fig. 2).
These facts showed that an incorporation of the acceptor-donor-acceptor
structure, particularly 16a, enhanced the conjugative effect through poly-
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methylenes. The electron-donating dithiafulvene units increased electron
densities of the adjacent pyridinium moieties by the CT interaction, which
would effectively enhance the electronic flows along the polymer chains.
Usually polymethylene spacer units inevitably act as interrupters of conjuga-
tive effects between p-units, however, use of intramolecular CT effect in-
duced by the dithiafulvene derivative showed efficient s-p conjugations be-
tween the polymethylene chains and the p-units.

1.2
Incorporation of Donors Into Side-Chains of p-Conjugated Polymers

Similarly to monomeric donors, side-chain donor polymers can afford for-
mation of partially stacking donor moieties, which is necessary for high
conductivity, if they achieve a smectic phase. A thiophene derivative con-

Fig. 2 UV-vis spectra of 16a (open circles), 16c (open squares), 16e (open triangles), and
16f (solid line) in DMSO
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taining the TTF moiety covalently attached to the thiophene ring (17) was
synthesized [80]. Electropolymerization of the thiophene unit of 17 by CV in
acetonitrile was unsuccessful because of the scavenging of the thiophene cat-
ion radicals by the TTF. In contrast, the polymerization could be achieved in
nitrobenzene solutions (Scheme 6), suggesting that the formation of a do-
nor-acceptor complex between the TTF and nitrobenzene decrease its reac-
tivity toward the thiophene cation radicals [80]. A complicated oxidation
process of the resultant polymer (17) was investigated. A diacetylene con-
taining a TTF substituent (18) was synthesized by Shimada et al., which
polymerized in the solid state (Scheme 7) [81, 82]. The color of the bulk
crystal of 18 changed to blue from light yellow after exposure to UV with a
low-pressure mercury lamp or 60Co g-ray irradiation, indicating solid-state
polymerization proceeded via 1,4-addition to yield 19. A detailed study of
the polymerization by 60Co g-ray irradiation was achieved by gravimetry.
The polymer content of the crystals increased with the g-ray dose up to
250KGy, to about 72% conversion.

Fully conjugated side-chain dithiafulvene polymers have been also pre-
pared [83, 84]. Polymerization of 2-ethynyl-TTF by use of a rhodium catalyst

Scheme 7

Scheme 6
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produced a TTF-side chain polymer 20. The polymerization proceeded
smoothly at room temperature. The polymer 20 itself showed a low electrical
conductivity (<1�10�9 S/cm). The polymer reacted to give CT complexes
with various electron acceptors such as TCNQ, tetrafluorotetracyanoquin-
odimethane (TCNQF4), dichlorodicyanoquinone (DDQ), and iodine. Among
them, the CT complex with TCNQ (TTF unit: TCNQ=5:1) showed the highest
conductivity of 2.1�10�3 S/cm. The polymers 21 were synthesized by electro-
lytic oxidation of the corresponding dithiafulvenyl bithiophene monomers
[85]. Oxidation potentials of 21 depended on the substituents on the dithiole
ring, varying between 0.63 and 0.81 V vs SCE. Electrical conductivities of
21a, c, and d were 4.1�10�1, 4.4�10�1, and 1.4 S/cm in the doping state, re-
spectively. The doping states of 21 were stable and the conductivities did not
change after storage under air for a month. The high conductivities and sta-
bility of 21 might be attributed to the 1,3-dithiole ring. Recently, Skabara
and coworkers reported synthesis of a polythiophene (22) incorporating p-
conjugated 1,3-dithiole-2-ylidenefluorene units as strong donor-acceptor
components [86]. The polymer was obtained by chemical or electrochemical
oxidation. Intramolecular CT within 22 appeared at 567 nm in the UV-vis
spectrum. Photoinduced IR spectroscopy of 22 provided an evidence of
long-living photoexcited CT in the polymer. Furthermore, broad infrared ac-
tive vibration (IRAV) bands were indicative of highly delocalized radical cat-
ions, suggesting that the electron-donating site of the polymer was situated
within the polythiophene backbone. Conversely, the electron-accepting site
was localized within the fluorene unit. Electropolymerization of fluorenes is
an efficient tool to synthesize an electroactive conducting polymer. Oxida-
tion of 23 in CV showed a coating of the electrode by yellow-brown insoluble
deposit as a polymeric product [87]. IR spectroscopy of the insoluble prod-
uct exhibited the remains of the dithiole unit in the polymeric matrix. Even
though 23 formed a 2:1 CT complex with TCNQ, obtained as shiny black
needles, the CT formation of poly 23 was not investigated in this report.
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A conjugated polymer (24) was prepared from 2-benzylidene-4,5-di-
cyano-1,3-dithiole (Scheme 8) [88]. The UV-vis absorption of 24 gave broad

maxima at 572–580 nm, with tailing past 1000 nm. It is likely that the long
absorption tail was due to intramolecular CT structure of 24 and not due to
scattering from insoluble polymers. Cast films of 24 showed conductivities
in the range 5.5�10�6 to 7.5�10�7 S/cm. When the film was exposed to iodine
vapor, the conductivity increased to 1.1�10�4 S/cm.

Scheme 8
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1.3
Dendritic Macromolecules Comprising Dithiafulvene Units

Dendrimers are sphere macromolecules composed of well-defined branch
structures. They also provide regular molecular weights, molecular weight
distributions, and chemical structures [89]. The chemistry of the den-
drimers has been fascinating subjects in the wide fields of science during
this decade. Dendritic macromolecules based on TTF have been synthesized
and studied extensively by Bryce and coworkers with an aim of accomplish-
ing controlled and reversible multi-redox systems [90]. The first TTF den-
drimer (25) was prepared by a convergent strategy, which was reported in
1994 [91]. The dendrimer possessed TTF units at only exterior (surface) of
the molecule. The redox behavior of 25 exhibited a characteristic redox be-
havior typical of the TTF system, involving a simultaneous multi-electron
transfer. Formation of the species bearing multiple positive charge produced
no significant perturbation, indicating no interaction between the charged
TTF units in 25. The dendrimer 25 was stable when stored below 0 �C, al-
though notable decomposition was reported at room temperature even in
the dark and under argon atmosphere after seven days. A dendrimer (26)
having both TTF and electron-accepting anthraquinone (AQ) units has been
synthesized [92]. The solution electrochemistry of 26 was investigated by
CV in CH3CN. Scanning anodically, 26 showed two reversible four-electron
oxidation waves to form the radical cation and dication of each of the TTF
moieties. Scanning cathodically, two reversible two-electron reduction waves
were observed, corresponding to the reduction of each AQ unit producing
the radical anion and dianion. This indicated that +16, +8, 0, �4, �8 charged
states of 26 was reversibly achieved during the CV scan. The dendrimer 26
showed a very weak broad absorption band in l=460~750 nm region in
CH3CN, suggesting an intradendrimer CT from TTFs to AQs. Based on the
different redox potentials of these donor and acceptor moieties, the degree
of CT could be determined to be small (<0.1).
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A TTF-glycol dendrimer (27) was reported in 1998 [93, 94]. The den-
drimer 27 possessed 21 TTF units and showed high stability against air in
contrast to 25. Thin layer CV techniques of 27 in CH2Cl2 showed that all TTF
units underwent two single-electron oxidations to generate the +42 oxida-
tion state of the dendrimer. The spectroelectrochemistry of 27 showed par-
tially-oxidized TTF units underwent dimerizations on increasing potential.
The dimerized cation radical still remained even in very low concentration.
The authors assigned this behavior to an intradendrimer interaction,
achieved by the flexible glycol spacers.
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1.4
Polyrotaxane Systems

Mechanically interlocked molecular compounds, including catenanes, rotax-
anes, and carceplex, are constituted of molecules composed of two or more
components that cannot be separated from each other [95–98]. The develop-
ment of strategy for achieving controlled self-assembling systems by non-
covalent interaction enables one to prepare such attractive compounds for
applications in nanoscale molecular devices. The dithiafulvene derivatives
are effective electron donors, which are good candidates to form those
supramolecular systems with appropriate acceptors by virtue of intermolec-
ular CT interactions. In this chapter, dithiafulvene polymers forming rotax-
ane structures are especially described.

Stoddart and coworkers reported that a macrocyclic bisviologen acceptor
(28) acts as a versatile host for p-electron rich systems, such as diphenol
methyl ethers, dinaphthol methyl ethers, and aromatic amino acids [99–
102]. They also discovered that TTF (2) and 28 form a 1:1 complex in which
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TTF is located within the cavity of 28 (Scheme 9) [103, 104]. Mixing 2 and
28 in an equimolar proportion in CH3CN produced an emerald green solu-
tion as a result of the appearance of a CT absorption band centered on
854 nm. The association constant Ka of the complex was determined to be

1000 M�1 in CH3CN and 2600 M�1 in acetone. Bryce et al. studied electro-
chemistry of the inclusion complex in CH3CN by use of CV [105]. The first
oxidation of TTF itself occurred at E1

1/2+0.370 V and this value was shifted
anodically by 30 mV upon addition of 0.6 equivalents of 28 and by 45 mV
upon addition of 1.2 equivalents of 28. An addition of greater excess of 28
resulted in no further change in the CV. The potentials for second oxidation
of TTF remained constant, demonstrating that TTF2+ species was not gener-
ated in the cavity.

A polyrotaxane 29 possesses two electron-donating sites (TTF and hydro-
quinone moieties) as stations in the polymer backbone, hence, the incorpo-
rated cyclic acceptor 28 moves by external stimuli and possibly two transla-
tional isomers (29a and b) would exist (Scheme 10) [106, 107]. The ratio be-
tween two isomers was reported to be very solvent dependent (Table 2), with
a preference however for the hydroquinone moiety. In the CV measurement,
it was also observed that the cyclic acceptor 28 moved from TTF to hydro-
quinone moiety along the chain of 29 upon oxidation of the TTF unit.

Scheme 9

Table 2 Solvent dependent ratios between 29a and b

Solvent Isomer 29a Isomer 29b

% %

DMSO-d6 33 67
DMF-d7 29 71
CD3CN 12 88
CD3NO2 7 93
Acetone-d6 0 100
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Similarly to TTF, a dithiafulvene 30 was inserted into the cavity of 28 cre-
ating a 1:1 complex as a pseudorotaxane formation by a CT interaction be-
tween 28 and 30 (Scheme 11 upper) [108]. The complex in DMSO showed a

charge-transfer absorption band with a peak at 616 nm in the UV-vis mea-
surement. Spectrophotometric dilution analysis performed on DMSO solu-
tion at this wavelength at 25 �C yielded an association constant Ka=51 M�1.
This value was lower than that obtained for the TTF-28 complex due to the
weaker electron donating ability of 30 (Epa=0.40 V) than that of TTF
(Epa=0.39 and 0.81 V). The p-conjugated polymer 12a (n=10.3, Mn=2320)
gave a pseudopolyrotaxane formation with 28 (Scheme 11 bottom) in a sim-
ilar manner to 30 [108]. DMSO solution of 12a and 28 showed an absorption
which was diagnostic of CT complexation between the dithiafulvene moiety
in 12a and 28. The 1H NMR study suggested that the cyclic acceptor 28 was
located on 3.2 units of the repeating units in the polymer. After complexa-
tion with 28, the oxidation potential of 12a shifted anodically to 0.83 V. The
uncomplexed 12a exhibited the electrical conductivities of 3.4�10�7 S/cm.
The polymer CT complex with 27 in the ratio of the dithiafulvene unit of 12a
to 28=10:2 had a conductivity of 7.6�10�4 S/cm. This improved conductivity
arose from the effective CT interaction between the dithiafulvene unit and
the cyclic acceptor 28. There have been very limited examples that reported
on p-conjugated polymers with rotaxane moiety. Such hybrid system should

Scheme 11
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show interesting electronic properties and will find the application in the
macromolecular, supramolecular, and material fields of chemistry.

1.5
Conjugated Polymers with Thioketene Dimer Unit

There is a long standing interest in the chemistry and the properties of cyclic
compounds containing sulfur atom in modern material chemistry due to
their redox chemistry. In particular, the focus has been on dithiole deriva-
tives, e.g., dithiafulvenes and tetrathiafulvalenes, since the finding of metallic
conductivity and low temperature superconductivity in radical cation salts.
The quite low oxidation potentials of 1,4-dithiin compounds have been re-
ported, recently [109]. On the other hand, thioketene dimers (2,4-bis(alkyli-
dene)-1,3-dithietane) have been known for more than 100 years and synthe-
sized by various methods [110–115]. The structure of these dimer com-
pounds is similar to that of the redox-active sulfur compounds; therefore,
the potential electronic property of the thioketene dimer moiety is consider-
ably attractive with the aim of application to a new and better p-donor.

We have reported the first electroactivity of a thioketene dimer compound
[116]. The CV measurement of 2,4-dibenzylidene-1,3-dithietane (31), which
was prepared by a basic dimerization of phenylthioketene derived from ben-
zyltriphenylphosphonium chloride, showed irreversible two-step oxidation
peaks at 0.25 and 0.61 V vs Ag/Ag+, indicating that 31 acts as a stronger elec-
tron donor than 2,6-bisphenyl-1,4-dithiafulvene (30) and TTF (2). The dimer
(31) can form a 1:1 CT complex with TCNQ in DMSO. Cycloaddition poly-
merization of bisthioketene derived from p-xylenebis(triphenylphosphoni-
um chloride) gave a p-conjugated polymer (32) with thioketene dimer unit
in the main chain (Scheme 12). This polymer was the first polymer contain-

ing thioketene dimer unit in the structure. Although the molecular weight of
32 was relatively low, UV-vis absorption of 32 showed a red-shift compared
with that of 31, indicating an effective expansion of p-conjugation system in
32. The cast film of 32 gave irreversible two-step oxidation peaks at 0.39 and
around 0.90 V vs Ag/Ag+ in CV measurement. In DMSO, 32 reacted with
TCNQ to produce a CT complex, which had an electrical conductivity of

Scheme 12
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9.5�10�5 S/cm at room temperature. The polymer 32 doped with iodine
showed the conductivity of 1.8�10�3 S/cm.

A series of silyl and disilyl substituted thioketene dimers (2,4-diylidene-
1,3-dithietane), including polymers, have been synthesized (33, 34) [117].
HOMO-LUMO calculation by PM3 semi-empirical molecular orbital method
predicted an intramolecular CT from the thioketene dimer to the Si-Si bond
in disilyl thioketene dimer (33a) and no electronic interaction between the

Fig. 3A–D UV-vis spectra of thioketene dimers: A 33a in CHCl3; B 33b in CHCl3; C 34a
in CH3CN; D 34b in CH3CN
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Si atom and the thioketene dimer in 33b. UV-vis absorption measurements
of 33 supported the calculation (Fig. 3). The spectrum of 33a showed small
absorption at 463 nm, however, 33b shows no absorption in this region in
CHCl3 (Fig. 2). In addition, the absorption in the visible region of 33a moved
to shorter wavelength, with increasing the solvent polarity (lmax=446 nm in
CH3CN and 455 nm in acetone). This solvent-dependent shift is characteris-
tic of negative-solvatochromism, so that the peak for 33a is clearly caused by
the intramolecular CT interaction between the Si-Si and the thioketene di-
mer unit. A dimer compound 33b showed no interaction. Cycloaddition
polymerizations of bisthioketenes gave new polymers 34. The polymer 34a
showed a very large CT absorption (515 nm in CH3CN) at longer wavelength
compared with 33a (Fig. 2). A negative-solvatochromic behavior of the CT
band of 34a was observed (lmax=488 nm in H2O, 495 nm in MeOH, and
519 nm in acetone). Sunlight exposure decreased the intensity of the CT ab-
sorption of 34a, suggesting that transformation of the Si-Si unit to a siloxane
(Si-O-Si) and/or degradation of the polymer chain led to an inefficient CT
interaction. In contrast to 34a, the polymer 34b showed no absorption in the
visible range (Fig. 2). These facts indicate that the combination between the
Si-Si and the thioketene dimer units is necessary to achieve the effective in-
tramolecular CT interaction. It is known that low ionization potential (Ip ) of
a Si-Si bond leads to electronic delocalization within the s-bonded frame-
work and effective electron donating property [118–120]. Electron delocal-
ization between the Si-Si s bonds and p systems (s-p conjugation) has been
also conclusively established [121–124]. Interestingly, the study of com-
pounds 33 and 34 showed that direct attachment of a strong donor such as
the thioketene dimer to the Si-Si bond afforded intramolecular CT from the
dimer to the Si-Si moiety, even though the Si-Si unit has been regarded as an
electron donor so far. Expansion of s-p conjugation in 34a enhanced the CT
interaction efficiently.

2
Summary and Outlook

The recent approaches toward the functional macromolecules in the dithia-
fulvene-based systems have been highlighted. The conjugated poly-donor
molecules have been synthesized to combine the processability with the sig-
nificant electron-donating properties of the dithiafulvene systems. Some of
them formed CT complexes with organic acceptors, such as TCNQ, achiev-

102 Takashi Uemura et al.



ing higher conductivities and conducting dimensionalities. The dendritic
macromolecules including TTF moieties accomplished controlled and re-
versible multi-redox systems. The high electron-donating abilities of the
dithiafulvenes have been exploited in a number of the supramolecular struc-
tures, especially catenane and rotaxane systems, to be utilized for sensor,
molecular switches and devices. This review also describes that the electron-
ic properties of the thioketene dimers was hopeful, similarly to the dithiaful-
vene derivatives. The electron-donating ability of the thioketene dimer was
revealed to be fairly strong and was utilized for the various unique electronic
systems.
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Abstract During the last two decades we have witnessed the discovery and development of
living cationic polymerization. As a result of persistent growth in this field, today living cat-
ionic polymerization is an equal counterpart of anionic living polymerization although the
latter has a considerably longer history. Living cationic polymerization is an indispensable
tool for the preparation of a wide variety of homo-, block-, graft- and functional polymers.
This chapter reviews recent efforts in cationic macromolecular engineering with emphasis
on fundamental concepts and advanced technologies for polyisobutylene block copolymer
synthesis. For block copolymer synthesis by the simple sequential monomer addition tech-
nique rationalization is given for the selection of polymerization conditions and monomer
addition order. The application of non-(homo)polymerizable monomers such as 1,1-di-
arylethylenes and furan analogues, coupled with changes in the synthetic approaches for
various block copolymer architectures, is described in terms of three categories; capping,
coupling, and living coupling reactions. These appear to be versatile synthetic tools for nu-
merous linear di- and triblock copolymers, and block copolymers with non-linear architec-
tures. Finally, current developments in the combination of different polymerization mecha-
nisms are illustrated.
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List of Abbreviations and Symbols

AA0B Poly[(A)-s-(A0)-s-(B)] three-arm star-block copolymer
A2B Poly[(A)2-s-(B)] three-arm star-block copolymer
A2B2 Poly[(A)2-s-(B)2] four-arm star-block copolymer
ABC linear Poly[(A)-b-(B)-b-(C)] linear triblock copolymer
ABC star Poly[(A)-s-(B)-s-(C)] three-arm star-block copolymer
AcNMe2 N,N-Dimethylacetamide
AROP Anionic ring-opening polymerization
BDPEP 2,2-Bis[4-(1-phenylethenyl)phenyl]propane
BDTEP 2,2-Bis[4-(1-tolylethenyl)phenyl]propane
Beff Blocking efficiency
BFPF 2,5-Bis[1-(2-furanyl)-1-methylethyl]-furan
2-Bu3SnFu 2-tert-Butylstannylfuran
e-CL e-Caprolactone
CMC Critical micelle concentration
DFP 2,2-Difurylpropane
DiaMeSt-Cl 2-Chloro-2,4-diphenyl-4-methylpentane (adduct

of a-methylstyrene dimer and hydrogen chloride)
DMFu Difurylmethane
DPE 1,1-Diphenylethylene
DPn Number-average degree of polymerization
DSC Differential scanning calorimetry
DTBP 2,6-Di-tert-butylpyridine
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DTE 1,1-Ditolylethylene
DVB Divinylbenzene
FMF 2,5-Bis-(2-furylmethyl)furan
GPC Gel permeation chromatography
GTP Group transfer polymerization
HES Hexaepoxy squalene
Hex Hexane
IB Isobutylene
IB-IB-Cl Isobutylene-isobutylene end capped with chloride
IBVE Isobutyl vinyl ether
Kcd Equilibrium constant of capping/decapping equilibrium
kc Rate constant of capping
kd Rate constant of decapping
Ke Apparent equilibrium constant
Ki Equilibrium constant of ionization
MDDPE 1,3-Bis(1-phenylethenyl)benzene
MeChx Methylcyclohexane
MeCl Methyl chloride
aMeSt a-Methylstyrene
MeVE Methyl vinyl ether
MMA Methyl methacrylate
Mn Number-average molecular weight
N Nucleophilicity parameter
NMR Nuclear magnetic resonance (spectroscopy)
Rcr Rate of crossover to a second monomer
Rp Rate of homopolymerization of a second monomer
St Styrene
pClaMeSt p-Chloro-a-methylstyrene
pClSt p-Chlorostyrene
PDDPE 1,4-Bis(1-phenylethenyl)benzene
PIB Polyisobutylene
PIB-DPE+ 1,1-Diphenylethylene capped polyisobutylene carbocation
PIBVE Poly(isobutyl vinyl ether)
pMeSt p-Methylstyrene
PaMeSt Poly(a-methylstyrene)
PMeVE Poly(methyl vinyl ether)
PMMA Poly(methyl methacrylate)
Poly(e-CL-b- Poly(e-caprolactone-block-isobutylene-block-e-

IB-b-e-CL) caprolactone) copolymer
Poly(IB-b-e-CL) Poly(isobutylene-block-e-caprolactone) copolymer
Poly(IB-b-St) Poly(isobutylene-block-styrene) copolymer
Poly(IB-b-IBVE) Poly(isobutylene-block-isobutyl vinyl ether) copolymer
Poly(IB-b-aMeSt) Poly(isobutylene-block-a-methylstyrene) copolymer
Poly(IB-b-MeVE) Poly(isobutylene-block-methyl vinyl ether) copolymer
Poly(IB-b-MMA) Poly(isobutylene-block-methyl methacrylate) copolymer
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Poly(IB-b-tBMA) Poly(isobutylene-block-tert-butyl methacrylate)
copolymer

Poly(IB-b-PVL) Poly(isobutylene-block-pivalolactone) copolymer
Poly(IB-s-IB0-s-MeVE) Poly(isobutylene-star-isobutylene0-star-methyl

vinyl ether) three-arm star-block copolymer
Poly(aMeSt-b-IB) Poly(a-methylstyrene-block-isobutylene)

copolymer
Poly(PVL-b-IB-b-PVL) Poly(pivalolactone-block-isobutylene-block-pi

valolactone) triblock copolymer
Poly(aMeSt-b-IB-b-aMeSt) Poly(a-methylstyrene-block-isobutylene-block-

a-methylstyrene) triblock copolymer
Poly(MMA-b-IB-b-MMA) Poly(methyl methacrylate-block-isobutylene-

block-methyl methacrylate) triblock copolymer
Poly(St-b-IB) Poly(styrene-block-isobutylene) copolymer
Poly(pClaMeSt-b-IB) Poly(p-chloro-a-methylstyrene-block-

isobutylene) copolymer
Poly(pMeSt-b-IB-b-pMeSt) Poly(p-methylstyrene-block-isobutylene-block-

p-methylstyrene) triblock copolymer
Poly(St-b-IB-b-St) Poly(styrene-block-isobutylene-block-styrene)

triblock copolymer
PpClaMeSt Poly(p-chloro-a-methylstyrene)
PPVL Poly(pivalolactone)
PVL Pivalolactone
PSt Polystyrene
-St-IB-Cl Dormant polymer end with styrene as the

penultimate and isobutylene as the ultimate
monomer unit

t1/2 Half-life time of living chain ends
tBuDiCumCl 5-tert-Butyl-1,3-bis-(1-chloro-1-methylethyl)-

benzene
Tg Glass transition temperature
[TiCl4]free Concentration of free and uncomplexed TiCl4

Tm Melting temperature
TMPCl 2-Chloro-2,4,4-trimethylpentane
TPE Thermoplastic elastomer
s Tensile strength

1
Introduction

One of the most useful features of living polymerizations, which proceed in
the absence of chain transfer to monomer and irreversible termination, is
the ability to prepare block copolymers. Compared with living anionic poly-
merization the development of living cationic polymerization is rather re-
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cent. It was not until the mid-1980s that living cationic polymerization was
reported first with vinyl ethers, and then with isobutylene (IB), and styrenic
monomers [1–3]. Since then, great progress has been made in the field of
living cationic polymerization for the synthesis of well-defined homopoly-
mers and block copolymers with precisely controlled architectures. Particu-
larly, PIB-based block copolymers have attracted considerable attention be-
cause of their unique properties such as UV and thermo-oxidative stability
due to saturated backbone structure, high mechanical damping, high gas
barrier property, biocompatibility, and biostability. Their commercial poten-
tial has recently been reviewed [4, 5].

In this chapter, synthetic methodologies for PIB-based block copolymers,
as outlined in Scheme 1, are reviewed with examples developed mainly in
our laboratory.

Scheme 1 Synthesis of PIB-based block copolymers
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2
Linear Diblock Copolymers

Living cationic sequential block copolymerization is generally recognized as
one of the simplest and most convenient methods of providing well-defined
block copolymers with high structural integrity. The successful synthesis of
block copolymers via sequential monomer addition relies on the rational se-
lection of polymerization conditions such as Lewis acid, solvent, additives,
temperature, etc., and on the selection of the appropriate order of monomer
addition. For a successful living cationic sequential block copolymerization
the rate of crossover to a second monomer (Rcr) must be i) faster than or ii)
at least equal to that of the homopolymerization of a second monomer (Rp).
In other words, efficient crossover could be achieved when the two mono-
mers have similar reactivities or when crossover occurs from more reactive
to less reactive monomer. When crossover is iii) from less reactive monomer
to more reactive one a mixture of block copolymer and homopolymer is in-
variably formed due to the unfavorable Rcr/Rp ratio. The nucleophilicity pa-
rameter (N) reported by Mayr�s group might be used as the relative scale of
monomer reactivity [6]. The three cases mentioned above are discussed in
detail as follows.

2.1
RcrffiRp

When the reactivity of the two monomers is similar and steric factors are
absent RcrffiRp. For instance IB and styrene (St) possess similar reactivity,
therefore, diblock copolymers poly(IB-b-St) [7] as well as the reverse order
poly(St-b-IB) [8, 9] could be readily prepared via sequential monomer addi-
tion (Scheme 2). Moreover, identical reaction conditions (�80 �C and TiCl4
as Lewis acid) could be employed for the living cationic polymerization of
both monomers. However, whereas the living PIB chain ends are sufficiently

Scheme 2 Synthesis of poly(IB-b-St) and poly(St-b-IB) diblock copolymers via sequen-
tial monomer addition
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stable under monomer starved conditions, the living PSt chain ends undergo
decomposition at close to ~100% conversion of St [10]. Some results suggest
that this side reaction involves intramolecular hydride transfer followed by
the disappearance of the tertiary cation in intramolecular alkylation. There-
fore, IB must be added at �95% conversion of St in order to obtain poly(St-
b-IB) diblock copolymers with negligible homoPSt contamination [10–12].
The presence of unreacted St monomer, however, complicates the block
copolymerization of IB. After crossover the initial rate of IB polymerization
is similar to that observed for homopolymerization initiated by a small mol-
ecule initiator. The first order plot, which is linear for homopolymerization,
however, is curved downward for block copolymerization, indicating de-
creasing concentration and/or reactivity of active centers with time. This is
attributed to the slow formation of -St-IB-Cl chain ends, which are much
less reactive than -IB-IB-Cl [8, 9]. A similar effect of a g-phenyl substituent
has been observed by comparing the overall addition rate of 1,1-
diphenylethylene and 2-phenylfuran to 2-chloro-2,4,4-trimethylpentane and
2-chloro-2,4-dimethyl-4-phenylpentane [13]. The overall reactivity of the lat-
ter compound was 30 times lower that that of the former one, due to much
lower rate constant of ionization ascribed mainly to the negative inductive
effect of the phenyl ring. In the case of -St-IB-Cl chain ends the reactivity
may be further lowered by lower back strain relative to that of -IB-IB-Cl.

In the synthesis of the reverse sequence, poly(IB-b-St), it is important to
add St after complete polymerization of IB. When St is added at less than
100% IB conversion the polymerization of St will be slow, which again is due
to the formation and low reactivity of -St-IB-Cl chain ends. For instance
when St is added after complete polymerization of IB, St polymerization is
complete in 1 h. In contrast, when St is added at 94% IB conversion St con-
version reaches only ~50% in 1 h at otherwise identical conditions.

2.2
Rcr>Rp

Rarely does one find references to living cationic sequential block copoly-
merization from a more reactive monomer to IB, for instance, from a-
methylstyrene (aMeSt) to IB. Several reports on the living cationic polymer-
ization of aMeSt have already been published using relatively mild Lewis ac-
ids such a SnBr4, TiCln(OR)4�n, or SnCl4 as a coinitiator [14–17]. Since these
Lewis acids are too weak to initiate the polymerization of less reactive IB,
the addition of a stronger Lewis acid, e.g., TiCl4 is necessary to obtain high
molecular weight PIB after sequential monomer addition. With SnBr4 or
TiCln(OR)4�n, however, ligand exchange takes place upon addition of TiCl4,
which results in mixed titanium halides that are too weak to initiate the po-
lymerization of IB. Ligand exchange is absent with metal chlorides such as
SnCl4. However, with SnCl4 the life-time of the propagating PaMeSt end is
relatively short (half-life time of living PaMeSt chain ends (t1/2)<2 min at
�80 �C under conditions where close to complete conversion is reached in
2 min). The propagating PaMeSt end is relatively stable (t1/2ffi3 h, ~100%
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conversion in 4 min) using BCl3 as a Lewis acid, which also induces living
cationic polymerization of aMeSt in methylcyclohexane (MeChx)/methyl
chloride (MeCl) (60/40 v/v) solvent mixture at �80 �C [18, 19]. Thus BCl3 is
suitable for the synthesis of poly(aMeSt-b-IB) diblock copolymer. The order
of IB and TiCl4 addition is critical, therefore, IB must be added first to avoid
termination of living PaMeSt ends by intramolecular alkylation. Mechanistic
studies on the early crossover step and propagation indicated that, upon ad-
dition of IB to the living PaMeSt solution, quantitative crossover took place
followed by instantaneous termination (initiation without propagation) and
the selective formation of PaMeSt-IB1-Cl [20, 21]. However, the poly(aMeSt-
b-IB) diblock copolymer obtained was contaminated by a small amount of
PaMeSt homopolymer, apparently formed via intramolecular alkylation.
This was surprising since initiation was very efficient using a model initia-
tor, DiaMeSt-IB1-Cl, and indanyl ring formation was absent. It was also
shown that the blocking efficiency (Beff) was linearly dependent on the con-
centration of IB, but this effect was substantially different for PaMeSt-IB1-Cl
and DiaMeSt-IB1-Cl, which might be attributed to different local concentra-

tions of IB, a poor solvent for PaMeSt. As presented in Scheme 3, intramo-
lecular back-biting can be eliminated by modifying the PaMeSt chain end
by adding p-chloro-a-methylstyrene (pClaMeSt) (at [pClaMeSt]/[living

Scheme 3 Synthesis of poly(aMeSt-b-IB) copolymer by modifying the chain end of liv-
ing PaMeSt, followed by sequential monomer addition

114 Younghwan Kwon · Rudolf Faust



PaMeSt chain end]�10) before the addition of IB. This is based on a recent
finding that the living cationic polymerization of pClaMeSt can be accom-
plished under conditions identical to those used for the synthesis of poly
(aMeSt-b-IB) copolymer [22, 23]. Importantly, the living PpClaMeSt chain
end is very stable and there is no loss of livingness even after 5 h under
monomer starved conditions. This is attributed to the reduced tendency of
intramolecular alkylation due to the particularly large deactivating effect of
the p-chloro substituent on the 2,5-positions of the aromatic ring.

Due to our interest in PIB-based block copolymers with a crystalline
block segment the living cationic sequential block copolymerization of
pClaMeSt with IB was also studied. Sequential monomer addition has not
been reported for this type of block copolymer due to limitation in the avail-
ability of monomers that undergo living cationic polymerization and give
rise to crystalline polymers. Although cationic polymerization of aMeSt
yields a highly syndiotactic polymer, it does not crystallize even when the
syndiotactic content is higher than 90% [24]. Polymers of p-methyl- and p-
chloro-substituted aMeSt have been reported to be semicrystalline with high
Tg (140~175 �C) and Tm (210~220 �C) [25]. The living PpClaMeSt end effi-
ciently initiated the subsequent polymerization of IB, and poly(pClaMeSt-b-
IB) diblock copolymer was prepared via sequential monomer addition in
conjunction with TiCl4. On the basis of GPC UV traces of the starting
PpClaMeSt and the resulting poly(pClaMeSt-b-IB) diblock copolymer, the
Beff was ~100% and homopolymer contamination was not detected. Crys-
tallinity, however, was very low, estimated to be less than 5%.

2.3
Rcr<Rp (Capping Reaction with Non-Homopolymerizable Monomers)

Sequential block copolymerization of IB with more reactive monomers such
as aMeSt, pMeSt, isobutyl vinyl ether (IBVE), or methyl vinyl ether (MeVE)
as a second monomer usually leads to a mixture of block copolymer and
PIB homopolymer. As mentioned above, this is attributed to the unfavorable
Rcr/Rp ratio. A special method for the synthesis of poly(IB-b-MeVE) copoly-
mers was reported by Kennedy et al. [26, 27] using the TMPCl/TiCl4 initiat-
ing system in the presence of Bu4NCl in Hex/MeCl or Hex/CH2Cl2 at �80 �C,
followed by sequential addition of MeVE. Although MeVE is much more re-
active than IB, the rate of propagation of MeVE decreases with conversion
and the polymerization stops short of completion when all Lewis acid is
complexed with the polymer, suggesting strong complexation between TiCl4
and the ether oxygen. The polymerization can be restarted by a further addi-
tion of TiCl4; however, complete polymerization of MeVE can only be
achieved in the presence of excess TiCl4 relative to the monomer. Dealcoho-
lation, a side reaction that usually accompanies the polymerization of alkyl
vinyl ethers in the presence of strong Lewis acids, was observed; however, it
could be prevented by the use of tetrabutylammonium chloride (Bu4NCl).
The synthesis of poly(IB-b-IBVE) copolymer was also attempted by sequen-
tial monomer addition using the TMPCl/TiCl4 initiating system in the pres-
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ence of AcNMe2 [28]. The degradation of PIBVE block by dealcoholation
was prevented using low temperature (�100 �C).

To overcome the difficulty in the crossover step a general methodology
has been developed in our laboratory for the synthesis of block copolymers
when the second monomer is more reactive than the first one. It involves the
intermediate capping reaction with non-(homo)polymerizable monomers
such as i) 1,1-diphenylethylene (DPE) and its derivatives and ii) 2-substitut-
ed furans.

2.3.1
Synthesis Using 1,1-Diarylethylenes

As shown in Scheme 4 [29], this process involves the capping reaction of liv-
ing PIB with DPE or 1,1-ditolylethylene (DTE), followed by tuning of the

Lewis acidity to the reactivity of the second monomer. First, the capping re-
action yields a stable and fully ionized diarylcarbenium ion (PIB-DPE+) [30,
31], which has been confirmed using spectroscopic methods (NMR and UV/
Vis) and conductivity measurements. The capping reaction of living PIB
with 1,1-diarylethylenes is an equilibrium reaction, which can be shifted to-
ward completion with decreasing temperature, or with increasing Lewis
acidity, solvent polarity, electron-donating ability of p-substituents, or con-
centration of reactants. The corresponding thermodynamic (Ke=KiKcd) and
kinetic constants (kcKi and kd) of the capping/decapping reaction have been
determined [32–34]. The capping reaction is also applicable to living poly-
styrene [35, 36]; however, capping is irreversible, i.e., decapping of the chain
ends does not occur. The purpose of the Lewis acidity tuning, following the
capping reaction, is to generate more nucleophilic counterions, which en-
sure a high Rcr/Rp ratio as well as the living polymerization of a second
monomer. This has been carried out using three different methods: (i) by
the addition of titanium(IV) alkoxides (Ti(OR)4), (ii) by the substitution of
a strong Lewis acid with a weaker one, or (iii) by the addition of n-Bu4NCl.

Scheme 4 Synthesis of block copolymers via capping reaction of living PIB with DPE,
followed by Lewis acidity tuning and sequential monomer addition
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The first and best method has been successfully employed in the block
copolymerization of IB with aMeSt [37], pMeSt [38], or MeVE [39, 40].

The substitution of TiCl4 with a weaker Lewis acid (SnBr4 or SnCl4) has
also been proven to be an efficient strategy in the synthesis of poly(IB-b-
aMeSt) diblock copolymer [16, 17]. The disadvantage of this technique is
that TiCl4 needs to be deactivated by a suitable Lewis base before the addi-
tion of aMeSt and SnBr4 or SnCl4. When SnCl4 was employed, it was neces-
sary to keep [SnCl4] equal to or below 0.5�[chain end] to increase the ratio
of Rcr/Rp. Mechanistic studies indicated that, when [SnCl4]~0.5�[chain end],
a double charged counterion, SnCl6

2�, was involved during the crossover re-
action and converted to a single charged counterion, SnCl5

�, during the po-
lymerization of aMeSt.

The block copolymerization of IB with IBVE was achieved by Lewis acidi-
ty tuning using n-Bu4NCl [41, 42]. The addition of nBu4NCl reduces the con-
centration of free and uncomplexed TiCl4 ([TiCl4]free), and mechanistic stud-
ies indicated that, when [TiCl4]free<[chain end], the dimeric counterion,
Ti2Cl9

�, was converted to a more nucleophilic monomeric TiCl5
� counterion

suitable for the living polymerization of IBVE.

2.3.2
Synthesis Using Furan Derivatives

Successful block copolymerization of IB with MeVE has also been accom-
plished using 2-alkylfurans as a new class of non-(homo)polymerizable
monomers. We have discovered that certain O, S, or N containing heterocy-
clic diolefins such as 2-substituted furan, thiophene, pyrrole, etc., add to liv-
ing PIB quantitatively without homopolymerization. With less reactive thio-
phene or pyrrole even the unsubstituted compounds can be used. The re-
sulting cationic charge is retained at the polymer chain end and may provide
an efficient initiating site for certain monomers possessing high reactivity
[43]. In particular, the reaction of living PIB with 2-methyl-, 2-tert-butyl-,
and 2-phenylfuran has been studied in detail and utilized in living cationic
block copolymerization. Mechanistic studies reveal that the addition occurs
exclusively at the C-5 position on the furan ring and a stable tertiary allylic
cation is generated at the C-2 position, which is further stabilized by the
neighboring electron rich oxygen atom as shown in Scheme 5 [44]. The for-
mation of the stable allylic cation was further confirmed by UV-Vis spectros-
copy for 2-phenylfuran and from trapping experiment of the furanyl cations
with tributyltin hydride, which resulted in PIB with 2,5-dihydrofuran func-
tionality in quantitative yield. Interestingly, quenching with methanol pro-
duced the 2,5-substituted furan in quantitative yield, most probably due to
the intermediate formation of an acetal, which eliminated methanol.

One of the promising features of the capping reaction of living PIB with
furan derivatives is that rapid and quantitative mono-addition to living PIB
has been observed not only in conjunction with TiCl4 as Lewis acid in Hex/
CH2Cl2 (or MeCl) (60/40 v/v) at �80 �C but also with BCl3 in MeCl even at
�40 �C. Compared to DPE and its derivatives, the resulting tertiary allylic
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cation is more stable and retroaddition (decapping) does not take place even
at �20 �C [45]. However, a slow decomposition of the furanyl cation by pro-
ton elimination is observed at �20 �C in conjunction with TiCl4. Therefore,
it appears that 2-alkylfurans are more suitable capping agents when the sub-
sequent functionalization or block copolymerization are carried out at ele-
vated temperature.

Block copolymerization of IB with MeVE was carried out using 2-methyl-
furan or 2-tert-butylfuran as a capping agent [44, 46]. The crossover effi-
ciency of ~66% was obtained using 2-tert-butylfuran, slightly higher (~75%)
when 2-methylfuran was employed as a capping agent under similar condi-
tion. Structural analysis of the products showed that the polymerization of
MeVE was initiated at the C-4 position. This can be rationalized not only by
the larger steric hindrance at the C-2 position but by the formation of a
more reactive (i.e., less stable) cation at the C-4 position.

Scheme 5 Capping reaction of living PIB with 2-alkylfurans
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3
Linear Triblock Copolymers

3.1
Synthesis Using Difunctional Initiators

Since soluble multifunctional initiators are more readily available in cationic
polymerization than in the anionic counterpart, ABA type linear triblock
copolymers have been almost exclusively prepared using difunctional initia-
tion followed by sequential monomer addition. The preparation and proper-
ties of ABA type block copolymer thermoplastic elastomers (TPEs), where
the middle segment is PIB, have been reviewed recently [47].

The synthesis of poly(St-b-IB-b-St) triblock copolymer has been accom-
plished by many research groups [48–54]. The synthesis invariably involved
sequential monomer addition using a difunctional initiator in conjunction
with TiCl4 in a moderately polar solvent mixture at low (�70 to �90 �C) tem-
peratures. As already mentioned at the synthesis of poly(IB-b-St) it is impor-
tant to add St at ~100% IB conversion. The selection of the solvent is also
critical, because coupled product that forms in intermolecular alkylation
during St polymerization can not be avoided when the solvent is a poor sol-
vent (e.g., Hex/MeCl 60/40 v/v) for PSt [55]. The formation of coupled prod-
uct is slower in n-BuCl or in MeChx/MeCl 60/40 v/v solvent mixture. How-
ever, to obtain block copolymers essentially free of coupled product it is neces-
sary to stop the polymerization of St before completion. Studies on the rela-
tionship of macromolecular architecture/mechanical properties indicate that
the tensile strength is controlled by the molecular weight of the PSt segment
and is independent of the PIB middle block length. This can be attributed to
the morphological development; phase-separation starts when the M̄n of the
PSt segment reaches ~5000, and it is complete at M̄n~15,000. Further in-
crease in the PSt block length therefore does not increase the tensile
strength. Representative triblocks exhibited 23–25 MPa of tensile strength
[52, 56], similar to that of commercially available styrenic TPEs obtained by
anionic polymerization. The two step sequential monomer addition method
has also been employed to obtain poly(p-chlorostyrene-b-IB-b-p-chlorostyr-
ene) [57], poly(indene-b-IB-b-indene) [58], poly(p-tert-butylstyrene-b-IB-b-
p-tert-butylstyrene) [59], poly((indene-co-p-methylstyrene)-b-IB-b-(indene-
co-p-methylstyrene)) [60], and poly(pMeSt-b-IB-b-pMeSt) [61] copolymers.

When the crossover from the living PIB chain ends is slower than propa-
gation of a second monomer, e.g., aMeSt and pMeSt, the final product is in-
variably a mixture of triblock and diblock copolymers and possibly ho-
moPIB, which results in low tensile strength and low elongation (4.6 MPa at
260% elongation) [62]. This slow crossover can be circumvented by the syn-
thetic strategy shown above utilizing an intermediate capping reaction of
the living PIB with DPE followed by moderating the Lewis acidity before the
addition of the second monomer. This method has been successfully em-
ployed for the synthesis of poly(aMeSt-b-IB-b-aMeSt) [63] and poly(pMeSt-
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b-IB-b-pMeSt) [64]. Tensile strength of these TPEs as well as triblock copoly-
mers reported above was similar to that obtained with poly(St-b-IB-b-St)
and virtually identical to that of vulcanized butyl rubber, indicating failure
in the elastomeric domain.

3.2
Synthesis Using Coupling Agents

Although the synthetic strategy using non-(homo)polymerizable monomers
presented above has been shown to be highly effective for the synthesis of a
variety of di- or triblock copolymers, ABA type linear triblock copolymers
can be also prepared by coupling of living diblock copolymers. This is a gen-
eral method in living anionic polymerization. Several coupling agents for
living poly(vinyl ethers) and PaMeSt have been reported in cationic poly-
merization [65–67], but quantitative coupling was limited to the living poly-
mers with low molecular weight (DPn~10). We have recently extended the
concept of capping reaction to coupling reaction of living PIB using bis-DPE
and bis-furanyl compounds [68, 69].

3.2.1
Synthesis Using Bis-DPE Derivatives

Synthetic utilization of non-(homo)polymerizable diolefins has been first
shown for the coupling reaction of living PIB [69, 70]. Using 2,2-bis[4-(1-
phenylethenyl)phenyl]propane (BDPEP) or 2,2-bis[4-(1-tolylethenyl)phe-
nyl]propane (BDTEP) as a coupling agent (Scheme 6), a rapid and quantita-

tive coupling reaction of living PIB (Scheme 7) was achieved, independently
of the molecular weight of PIB. Kinetic studies indicated that coupling reac-
tion of living PIB by bis-DPE compounds was a consecutive reaction where
the second addition was much faster than the first one. As a result, high cou-
pling efficiency was also observed, even when excess BDPEP was used. This
coupling agent is therefore best suited for the synthesis of ABA triblock
copolymers by coupling of living AB diblock copolymers, and has been em-
ployed to obtain poly(St-b-IB-b-St) [9] and poly(aMeSt-b-IB-b-aMeSt) [22]
triblock copolymers. For the synthesis of poly(St-b-IB-b-St) triblock copoly-
mers, however, the two step monomer addition method is superior. We re-
call that due to decomposition of the living PSt chain ends at close to com-
plete St conversion, IB must be added at �95% St conversion to obtain living

Scheme 6 Structures of bis-DPE compounds; R=H (BDPEP), R=CH3 (BDTEP)
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poly(St-b-IB) diblocks with negligible PSt homopolymer contamination. The
residual unreacted St in the subsequent polymerization of IB, however, gives
rise to a relatively high concentration of unreactive -St-IB-Cl chain ends,
which causes coupling of living poly(St-b-IB) diblocks to be very slow and
incomplete even after 50 h. Due to diblock contaminants in the final product
the mechanical properties were satisfactory (s=16–20 MPa) but inferior to
the best triblocks made by a difunctional initiation, followed by sequential
monomer addition.

In the case of poly(aMeSt-b-IB-b-aMeSt) triblock copolymer, coupling
could be the method of choice, since crossover from living PIB to aMeSt is
unfavorable. Poly(aMeSt-b-IB) diblock copolymers were synthesized by liv-
ing sequential cationic polymerization in MeChx/MeCl solvent mixtures at
�80 �C using BCl3 for the polymerization of aMeSt and TiCl4 as the coinitia-
tor for the polymerization of IB. By modifying the living PaMeSt chain end
with a short segment of pClaMeSt before adding IB, the crossover efficiency
of ~90% was achieved, as shown in Sect. 2.2. More importantly, subsequent
in situ coupling of the living block copolymers with BDPEP was rapid and
nearly quantitative [22].

Scheme 7 Coupling reaction of living PIB by bis-DPE compound
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3.2.2
Synthesis Using Bis-Furanyl Compounds

The advantages of furan compounds over DPE and its derivatives in capping
reaction with living PIB mentioned above have been utilized for living cou-
pling reaction using bis-furanyl compounds as coupling agents.

Several bis-furanyl compounds shown in Scheme 8 were investigated for

coupling living PIB. Using bis-furanyl compounds with a short spacer group
such as difurylmethane (DMF) and 2,2-difurylpropane (DFP) coupling was
less than quantitative (35 and ~50% respectively) suggesting that the reac-
tivity of the second furan ring was decreased significantly upon monoaddi-
tion. A relatively high coupling efficiency was obtained with 2,5-bis-(2-furyl-
methyl)furan (FMF) as coupling agents (~85%); however, the coupled prod-
uct exhibited a strong orange color, indicating the presence of well-known
side reaction, i.e., hydride abstraction at a-position to the ring [71]. This
side reaction was effectively avoided using 2,5-bis[1-(2-furanyl)-1-methy-
lethyl]-furan (BFPF), and quantitative coupling of living PIB was observed
as presented in Scheme 9.

More importantly, the coupling reaction of living PIB with BFPF could
also be achieved with the BCl3/MeCl/�40 �C system for which coupling using
bis-DPE compounds as coupling agents was not applicable.

4
Block Copolymers with Non-Linear Architecture

Cationic synthesis of block copolymers with non-linear architectures has
been reviewed recently [72]. These block copolymers have served as model
materials for systematic studies on architecture/property relationships of
macromolecules. (AB)n type star-block copolymers, where n represents the
number of arms, have been prepared by the living cationic polymerization
using three different methods: (i) via multifunctional initiators, (ii) via mul-
tifunctional coupling agents, and (iii) via linking agents.

Scheme 8 Structures of bis-furanyl compounds
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The synthesis using multifunctional initiators has been the most versatile
method due to the affluence of well-defined soluble multifunctional initia-
tors for a variety of monomers. Using trifunctional initiators many groups
have prepared three arm star-block copolymers such as poly(IBVE-b-2-hy-
droxyethyl vinyl ether)3 [73], poly(IB-b-St)3 [74, 75], and poly(IB-b-pMeSt)3
[76] star-block copolymers. The synthesis of eight arm poly(IB-b-St)8 star-
block copolymers was reported recently [77]. An octafunctional ca-
lix[8]arene-based initiator was used to initiate the living cationic polymer-
ization of IB to desirable molecular weight followed by sequential addition
of St to obtain the star-block copolymer. Star-block TPEs containing 17–
32% PSt showed high strength and elongation (up to ~26 MPa and >500%)
and relatively low melt viscosity. The rheological properties of these star-
blocks were superior to those of poly(St-b-IB-b-St) linear triblock copoly-
mers. The synthesis of poly(IB-b-p-chlorostyrene (pClSt))8 star-block copol-
ymer was accomplished using the previously mentioned method [78]. The
star-block copolymer exhibited high tensile strengths (22–27 MPa) and elon-
gations (~500%). Recently, multi-arm star-block copolymers of poly(IB-b-
St) [79] and poly(IB-b-p-tert-butylstyrene) [80] copolymers were synthe-
sized by living cationic polymerization using a hexafunctional initiator, hex-

Scheme 9 Coupling reaction of living PIB with BFPF
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aepoxy squalene (HES), which was prepared by a simple epoxidation of
squalene.

Linking reaction of living polymers has been employed as an alternative
way to prepare star-block copolymers. The synthesis of poly(St-b-IB) multi-
arm star-block copolymers was reported using divinylbenzene (DVB) as a
linking agent [81]. The synthesis and mechanical properties of star-block
copolymers consisting of 5–21 poly(St-b-IB) arms emanating from cy-
closiloxane cores have been published [82]. The synthesis involved the se-
quential living cationic block copolymerization of St and IB, followed by
quantitative allylic chain end-functionalization of the living poly(St-b-IB),
and finally linking of these prearms with SiH-containing cyclosiloxanes
(2,4,6,8,10,12-hexamethylcyclohexasiloxane) by hydrosilation. Star-block
copolymers of poly(indene(Ind)-b-IB) have been prepared using the previ-
ously mentioned method [83].

The synthesis of hetero-arm star-block copolymers with well-controlled
architecture such as AnBn- or ABC-type star-block copolymers, recently ac-
complished by a living anionic process utilizing a novel concept of the living
coupling reaction [84], however, has been a challenge by a living cationic
process.

4.1
Synthesis of Hetero-Arm Star-Block Copolymers Using Bis-DPE Derivatives

The coupling reaction of living PIB using bis-DPE compounds such as
BDPEP or BDTEP as coupling agents has been presented above [69]. It was
also conceived that bis-DPE compounds could be useful as “living” coupling
agents for living PIB. According to the definition, a living coupling agent
must react quantitatively with the living chain ends and the coupled product
must retain the living active centers stoichiometrically. For block copolymer
synthesis the living coupled product should be able to reinitiate the second
monomer rapidly and stoichiometrically. We demonstrated that living PIB
reacted quantitatively with these coupling agents to yield stoichiometric
amounts of bis(diarylalkylcarbenium) ions. Since diarylalkylcarbenium ions
have been shown above to be successful for the controlled initiation of reac-
tive monomers such as pMeSt, aMeSt, IBVE, and MeVE, it is apparent that
bis-DPE compounds are highly qualified as living coupling agents, satisfying
all the criteria mentioned above.

As a proof of the concept, an amphiphilic A2B2 star-block copolymer
(A=PIB and B=PMeVE) has been prepared by the living coupling reaction of
living PIB followed by the chain-ramification polymerization of MeVE at the
junction of the living coupled PIB as shown in Scheme 10 [85]. Architecture/
property studies were carried out by comparing the micellar properties of
star-block copolymer ((IB45)2-b-(MeVE170)2) and the corresponding linear
diblock analogues with same total molecular weight and composition (IB90-
b-MeVE340) or with same segmental lengths (IB45-b-MeVE170). A2B2 star-
block copolymers exhibited an order of magnitude higher critical micelle
concentration (CMC) in aqueous solution, compared to that of the corre-
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sponding linear diblock copolymers, indicating that the micellar properties
of star-block and linear diblock copolymers are strongly dependent on the
block architecture. Interestingly the hydrodynamic radius was also much
larger for ((IB45)2-b-(MeVE170)2, Rh=88 nm) than the corresponding (IB45-b-
MeVE170, Rh=21 nm), suggesting highly stretched chains.

During the study of the living coupling reaction of living PIB using
bis-DPE compounds, “double” diphenylethylenes such as 1,3-bis
(1-phenylethenyl)benzene (MDDPE) and 1,4-bis(1-phenylethenyl)benzene
(PDDPE), which are living anionic coupling agents, have also been exam-
ined. Coupling, however, is not observed, indicating that the second double
bond is far less reactive than the first one. Taking advantage of the quantita-
tive monoaddition, a facile route for the synthesis of PIB-DPE macromono-
mers has been developed [86]. On the basis of spectroscopic as well as chro-
matographic results, PDDPE is a better candidate than MDDPE for the syn-
thesis of the macromonomers. When PDDPE was employed, the formation
of the coupled product was not detected, even when 2 equivalent of PDDPE
was employed. Moreover PDDPE is ~2.5 times more reactive than MDDPE
toward living PIB. Using these types of macromonomers, the synthesis of

Scheme 10 Living coupling reaction of living PIB with BDTEP and chain ramification re-
action of MeVE for the synthesis of A2B2 star-block copolymer
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ABC-type star-block copolymers is currently under investigation in our lab-
oratory as shown in Scheme 11.

4.2
Synthesis of AA0B, ABB0, and ABC Asymmetric Star-Block Copolymers
Using Furan Derivatives

While the concept of coupling with w-furan functionalized PIB as a poly-
meric coupling agent has been utilized to obtain AB-type block copolymers,
it is also apparent that w-furan functionalized polymers can be used as liv-
ing coupling polymeric precursor for the synthesis of AA0B-, ABB0- and
ABC-type three-arm star-block copolymers, where A (and A0) and B (and
B0) represent PIB and PMeVE segments, respectively, with different molecu-
lar weights, and C represents chemically different block segment such a PSt.

To illustrate this concept, the strategy for the synthesis of AA0B-type star-
block copolymers, where A=PIB(1), A0=PIB(2), and B=PMeVE, is shown in

Scheme 11 Synthesis of ABC star-block copolymer
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Scheme 12. First, quantitative addition of w-furan functionalized PIB (A0),
obtained from a simple reaction between living PIB and 2-Bu3SnFu, to living
PIB (A) could be achieved in Hex/CH2Cl2 (40/60 v/v) at �80 �C in conjunc-
tion with TiCl4. The resulting living coupled PIB-Fu+-PIB0 was successfully
employed for the subsequent chain ramification polymerization of MeVE.
This technique has its unique ability to control A and A0 block length inde-
pendently. Pure poly(IB-s-IB0-s-MeVE) three-arm star-block copolymer was
obtained upon purification of the crude product by column chromatography
[87].

Scheme 12 Synthesis of AA0B asymmetric star-block copolymer
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5
Block Copolymers Prepared by the Combination
of Different Polymerization Mechanisms

5.1
Combination of Cationic and Anionic Polymerization

The combination of living cationic and anionic techniques provides a un-
ique approach to block copolymers not available by a single method. Site
transformation and coupling of two homopolymers are convenient and effi-
cient ways to prepare well-defined block copolymers.

Block copolymers of IB and MMA monomers that are polymerizable only
by different mechanisms can be prepared by several methods. The prerequi-
site for the coupling reaction is that the reactivities of the end groups have
to be matched and a good solvent has to be found for both homopolymers
and copolymer to achieve quantitative coupling. As shown in Scheme 13,

poly(IB-b-MMA) block copolymers were synthesized by coupling reaction
of two corresponding living homopolymers, obtained by living cationic and
group transfer polymerization (GTP), respectively [88]. It was found that af-
ter reaching a maximum coupling efficiency of ~80% slow decoupling took
place with increasing reaction time. This competitive decoupling reaction
was more evident at higher temperatures and high [TiCl4], and proposed to
involve the complexation of TiCl4 with the carbonyl oxygen adjacent to the
coupling site followed by anion formation and irreversible chain scission.
This side reaction was negligible when the reaction time was less than 4 h at
�40 �C and [TiCl4]/[PIBDPE+Ti2Cl9

�]=4.

Scheme 13 Synthesis of poly(IB-b-MMA) block copolymers by coupling reaction
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The synthesis of poly(MMA-b-IB-b-MMA) triblock copolymers has also
been reported using the site-transformation method, where a,w-dilithiated
PIB was used as the macroinitiator [89]. The site-transformation technique
provides a useful alternative for the synthesis of block copolymers consist-
ing of two monomers that are polymerized only by two different mecha-
nisms. In this method, the propagating active center is transformed to a dif-
ferent kind of active center and a second monomer is subsequently polymer-
ized by a mechanism different from the preceding one. The key process in
this method is the precocious control of a or w-end functionality, capable of
initiating the second monomer. Recently a novel site-transformation reac-
tion, the quantitative metalation of DPE-capped PIB carrying methoxy or
olefin functional groups, has been reported [90]. This method has been suc-
cessfully employed in the synthesis of poly(IB-b-tBMA) diblock and poly
(MMA-b-IB-b-MMA) triblock copolymers [91].

5.2
Combination of Living Cationic and Anionic Ring-Opening Polymerization
for the Synthesis of Semicrystalline Block Copolymers

Block copolymers containing crystallizable blocks have been studied not
only as alternative TPEs with improved properties but also as novel nanos-
tructured materials with much more intricate architectures compared to
those produced by the simple amorphous blocks. Since the interplay of crys-
tallization and microphase segregation of crystalline/amorphous block
copolymers greatly influences the final equilibrium ordered states, and re-
sults in a diverse morphological complexity, there has been a continued high
level of interest in the synthesis and characterization of these materials.

Due to the lack of vinyl monomers giving rise to crystalline segment by
cationic polymerization, amorphous/crystalline block copolymers have not
been prepared by living cationic sequential block copolymerization. Al-
though site-transformation has been utilized extensively for the synthesis of
block copolymers, only a few PIB/crystalline block copolymers such as
poly(L-lactide-b-IB-b-L-lactide) [92], poly(IB-b-e-caprolactone(e-CL)) [93]
diblock and poly(e-CL-b-IB-b-e-CL) [94] triblock copolymers with relatively
short PIB block segment (M̄n�10,000 g/mol) were reported. This is most
likely due to difficulties in quantitative end-functionalization of high molec-
ular weight PIB.

We recently investigated a different route for the synthesis of poly(IB-b-e-
CL) diblock and poly(e-CL-b-IB-b- e-CL) triblock copolymers by site-trans-
formation of living cationic polymerization of IB to cationic ring-opening
polymerization of e-CL via the “activated monomer mechanism” [95].

The synthesis of poly(IB-b-pivalolactone (PVL)) diblock copolymers was
also recently accomplished by site-transformation of living cationic poly-
merization of IB to AROP of PVL, as shown in Scheme 14 [96, 97]. First, PIB
with w-carboxylate potassium salt was prepared by capping living PIB with
DPE followed by quenching with 1-methoxy-1-trimethylsiloxy-propene
(MTSP), and hydrolysis of w-methoxycarbonyl end groups. The w-carboxyl-
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ate potassium salt was successfully used as a macroinitiator for the AROP of
PVL in tetrahydrofuran, leading to poly(IB-b-PVL) copolymers. The same
methodology as mentioned above was applied for the synthesis of
poly(PVL-b-IB-b-PVL) triblock copolymers, except that a difunctional ini-
tiator, 5-tert-butyl-1,3-bis-(1-chloro-1-methylethyl)-benzene (t-BuDiCum-
Cl), was used for the polymerization of IB in the first step. Characterization
of the block copolymers by 1H and 13C NMR spectroscopy, high temperature
GPC, and DSC showed that this synthetic route provided block copolymers
consisting of low glass transition (Tg~�71 �C) PIB segment, and highly crys-
talline (% crystallinity=55~82%), high melting (Tm~180~225 �C) PPVL seg-
ment with predetermined compositions and high structural integrity. Com-
parison of DSC results with morphological studies using atomic force mi-
croscopy, hot stage polarized optical microscopy and small angle X-ray scat-
tering indicated that crystallization of PPVL was constrained to the cylindri-
cal and spherical microdomains preexisting in the melt.

We have further studied the synthesis of novel ABC linear triblock copoly-
mers. Specifically, novel glassy(A)-b-rubbery(B)-b-crystalline(C) linear tri-

Scheme 14 Synthesis of poly(IB-b-PVL) copolymer by site-transformation
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block copolymers have been investigated, where A block is PaMeSt, B block
is rubbery PIB, and C block is crystalline PPVL. The synthesis was accom-
plished by living cationic sequential block copolymerization to yield living
poly(aMeSt-b-IB) followed by site-transformation to polymerize PVL [98].
In the first synthetic step, the GPC traces of poly(aMeSt-b-IB) copolymers
with w-methoxycarbonyl functional group exhibited bimodal distribution in
both RI and UV traces, and the small hump at higher elution volume was at-
tributed to PaMeSt homopolymer. This product was fractionated repeatedly
using Hex/ethyl acetate to remove homo PaMeSt and the pure poly(aMeSt-
b-IB) macroinitiator was then utilized to initiate AROP of PVL to give rise to
poly(aMeSt-b-IB-b-PVL) copolymer.

Complete crossover from living PaMeSt to IB could be achieved by modi-
fying the living PaMeSt chain end with a small amount of pClaMeSt after
complete conversion of aMeSt, as presented in Scheme 15. GPC traces of the

block copolymer exhibited narrow molecular weight distribution in both RI
and UV detection, confirming the synthesis of well-defined diblock copoly-
mers. The poly(aMeSt-b-IB) copolymer carrying w-carboxylate group, ob-
tained from hydrolysis of w-methoxycarbonyl group of the block copolymer,
was used to initiate AROP of PVL in conjunction with 18-crown-6 in THF at
60 �C to give rise to poly(aMeSt-b-pClaMeSt-b-IB-b-PVL) copolymer [98].

Scheme 15 Synthesis of poly(aMeSt-b-pClaMeSt-b-IB-b-PVL) linear ABCD block co-
polymer
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5.3
Combination of Cationic and Anionic Polymerization
Using Chlorosilyl-Functionalized PIB

The combination of living cationic and living anionic polymerizations pro-
vides a unique approach to the synthesis of block copolymers not available
by a single method. Coupling of living anionic and cationic polymers is con-
ceptually simple, but few examples have been reported so far. This is most
likely due to the different reaction conditions required for living cationic
and anionic polymerizations.

The synthesis of chlorosilyl-functional polymers has been of great scien-
tific interest. We have recently invented a new one-pot synthesis of a-
chlorosilyl-functional PIBs utilizing novel chlorosilyl-functional initiators
for the living cationic polymerization of IB [99, 100]. This was based on a
finding that the chlorosilyl head-group of initiators remained intact when
TiCl4 was employed as Lewis acid in the polymerization of IB. In the first
step as shown in Scheme 16, PIB bearing a-chlorosilyl group was obtained

using the chlorosilyl-functional initiator in conjunction with TiCl4, in the
presence of DTBP as proton trap, in Hex/MeCl (60/40 v/v) at �80 �C.

Since the terminal tert-chloro group of PIB is thermally and chemically
labile, in situ replacement of the tert-chloro group with a thermally stable
and chemically inert end group is desirable. We have described in situ meth-
ylation of living PIB using trimethylaluminum to prepare thermally stable
and chemically inert PIB [101]. However, organoaluminum compounds are
strong Lewis acids and may induce undesirable side reactions. Quantitative
in situ methylation of living PIB has been recently reported using dimethyl-
zinc, which takes place under much milder reaction conditions [102].

Scheme 16 Synthesis of a-chlorosilyl, w-methyl PIB
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Due to the versatility of the chlorosilyl group in chemical reactions,
chlorosilyl-functional PIBs, shown in Scheme 16, could be used as interme-
diates for block copolymers in coupling reactions with living anionic poly-
mers. Research in this area is ongoing in our laboratory.

6
Conclusions

Living cationic polymerization and the combination of living polymeriza-
tion techniques have been proven to be powerful tools in the design and syn-
thesis of PIB-based block copolymers. These methods provide well-defined
and compositionally homogeneous linear and star-branched materials.
Block copolymers combining immiscible plastic-rubbery, crystalline-rub-
bery, and hydrophobic-hydrophilic block segments are valuable model mate-
rials for structure-property investigation, and potentially useful materials as
elastomers, impact modifiers, compatibilizers, adhesives, etc. Growing in-
dustrial interest especially in thermoplastic elastomers and materials for
biomedical applications encourages further research in this area.
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